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Abstract: The Qiantang Sag, as one of the East China Sea Shelf Basin’s sags with thick residual
Mesozoic strata, has long lacked comprehensive foundational sedimentary research, significantly
impeding the understanding of the region’s resource potential and geological history. This study
focuses on the Cretaceous strata of the Qiantang Sag, proposing a multi-phase sedimentary model for
the Cretaceous Period. Through detailed analysis of the regional geological structure and sedimentary
strata, this study unveils the complex sedimentary processes experienced by the Qiantang Sag during
the Cretaceous. Utilizing drilling and core data combined with seismic geological interpretation,
this study identifies that the western part of the Qiantang Sag predominantly developed alluvial
fan and braided river deposits in an arid to semi-arid environment during the Cretaceous. Detrital
zircon U-Pb dating analysis provides key information on the provenance areas and sedimentation
ages, indicating that the Zhe-Min Uplift was the primary source region for the Qiantang Sag during
the Cretaceous. Integrating vertical sedimentary sequences with provenance analysis, this study
proposes sedimentary models and reconstructs the paleo-depositional evolution of the Qiantang
Sag across different geological periods. During the Early Cretaceous Yushan Period, the region
was influenced by intense volcanic activity, while also developing alluvial fan deposits in an arid
environment. The Late Cretaceous Minjiang Period was characterized by semi-arid alluvial fan and
braided river deposits. In contrast, the subsequent Shimentan Period saw the development of similar
deposits, with the possible addition of seasonal lake deposits.

Keywords: Cretaceous; sedimentary models; provenance analysis; detrital zircon; East China Sea
Shelf Basin; Qiantang Sag

1. Introduction

The East China Sea (ECS) Shelf Basin, located in the East China Sea waters, is a large
oil- and gas-bearing basin formed by the superposition of Mesozoic–Cenozoic sedimentary
layers [1–5]. Over the past half-century of oil and gas exploration, more than ten commercial
oil and gas fields have been discovered in this basin [6]. However, compared to the vast scale
of this sedimentary basin, such oil and gas discoveries seem relatively insufficient [6–9].
All current oil and gas discoveries originate from Cenozoic strata, and researchers have
divergent views on the distribution characteristics and oil and gas resource potential of the
Mesozoic strata [5–22].

Despite the ECS Shelf Basin retaining abundant Mesozoic strata, understanding of
its distribution characteristics and resource potential remains limited. This limitation
stems partly from scarce basic data, such as little drilling into the Mesozoic layers and
poor quality of mid-to-deep seismic data, hindering extensive studies of sedimentary
characteristics [4,23–25]. Moreover, the ECS Shelf Basin has been under the influence of the
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subduction system since the Mesozoic era, experiencing the subduction of the Paleo-Pacific,
Pacific, and Philippine plates, making it the most prolonged and complex subduction-
affected region in China’s offshore areas [22,25–33]. This history of multiple tectonic
shifts and superimposed prototypical basins adds to the complexity of understanding the
sedimentary evolution of the ECS Shelf Basin.

With the intensification of exploration of Mesozoic oil and gas resources, numerous
researchers have begun to focus on the study of Mesozoic strata [3,4,6,13,15,20,21,23–25,29,32].
Current research mainly concentrates on the Fuzhou Sag in the southern part of the ECS Shelf
Basin, while the study of Mesozoic sedimentation in the Qiantang Sag, located in the central-
southern part of the ECS Shelf Basin, is relatively scarce due to the extensive development
of ‘red beds’. As a significant component of the ECS Shelf Basin, the Qiantang Sag retains
substantial Mesozoic sedimentary strata [6,34–37], potentially rich in geological records related
to plate subduction. This makes the study of its provenance and sedimentary evolution of
great significance for a deeper understanding of the subduction history of the West Pacific
margin and the development of the basin. Therefore, research on the characteristics of its
source and sedimentary evolution is highly necessary.

Despite the lack of attention from researchers and energy companies, research on the
Qiantang Depression has still made some progress since the beginning of the 21st century.
Gao Dezhang et al., based on the 1:200,000 gravity and magnetic results of the Qiantang area
in the East China Sea, used techniques such as wavelet multi-scale decomposition and full
magnetic latitude tilt angle polar conversion to determine the presence of Mesozoic strata
in the Qiantang Sag area, and speculated the possible existence of Paleozoic strata [34].
Zhao Lei and Xia Qingqing, through their study of seismic profile stratigraphic frameworks,
believe that the Qiantang Sag is a structural unit with Mesozoic–Cenozoic sedimentary
infill, where the Cenozoic sedimentation is thin and of relatively small scale, and it has
a distinct double fault structure [35,36]. Jiang Yiming et al., in their research on the edge
structure of the Xihu Sag, found that the sedimentary strata of the Qiantang Sag can be
traced in the seismic profile to the Pinghu Main Fault of the Xihu Sag, but due to limitations
in seismic data quality, the contact relationship is difficult to confirm [37]. Zhong Kai et al.,
through a comprehensive study combining seismic profiles and drilling data with borehole
seismic calibration, pointed out that Mesozoic strata are extensively eroded in the central
part of the entire ECS Shelf Basin. Simultaneously, it was discovered that there are multiple
syncline structures, characteristics of strong stratigraphic folds, and that the Mesozoic strata
are mainly concentrated in the Qiantang Sag [6].

It should be emphasized that studies related to the Qiantang Sag are often mentioned
as a part of the overall research on the ECS Shelf Basin [6,35,36]. Some scholars have also
conducted certain studies on the Qiantang Sag while researching its adjacent areas [37].
However, research specifically focused on the Qiantang Sag itself is relatively limited, and
studies that primarily focus on its Mesozoic sedimentary strata are even rarer.

This study comprehensively collected data related to the Qiantang Sag and for the first
time conducted a detailed stratigraphic and sedimentary sequence analysis of the Creta-
ceous strata in the Qiantang Sag’s A-1 borehole. By integrating stratigraphic identification
from seismic profiles and borehole seismic correlation, a deep analysis of the structure and
stratigraphic distribution of the Qiantang Sag was performed. Following the identification
of the vertical sedimentary facies of the Cretaceous strata, a detrital zircon provenance
study was conducted, revealing the main source directions and types, thus constructing
the sedimentary evolution model of the Qiantang Sag during the Cretaceous Period.

2. Geological Setting

The ECS Shelf Basin, located on the southeastern margin of the Eurasian Plate and
at the convergence zone of the Pacific and Eurasian Plates [2,38,39], is closely linked to
the evolution of the subduction of the Paleo-Pacific Plate and the Pacific Plate, forming a
key component of the West Pacific continental margin system [40–47]. In recent years, the
academic community has conducted numerous studies on the tectonic background and
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sedimentary characteristics of the ECS Shelf Basin, making it one of the most extensively
studied basins in China’s offshore areas.

The ECS Shelf Basin is the largest Mesozoic and Cenozoic superimposed basin in
China’s offshore area, covering an area of 267,000 km2, approximately 1100 km long from
north to south, and 325 to 500 km wide from east to west [2,3]. The basin mainly extends
in a northeast direction, bordered by the structural units of the Ryukyu Uplift to the
east-southeast and the Zhe-Min Uplift to the west-northwest. (Figure 1) [9,23,46].

Structurally, it can be divided into three primary tectonic units and seven secondary
tectonic units, including the western depression belt (Yangtze Depression, Taibei Depres-
sion, and Pengjia Island Depression), the central uplift belt (Hupijiao Uplift, etc.), and the
eastern depression belt (Zhedong Depression) (Figure 1) [6,9].

The main tertiary level units include the Fujiang Sag, Xihu Sag, and Diaobei Sag in
the northern, central, and southern parts of the Zhedong Depression; the Qiantang Sag,
Jiaojiang Sag, Lishui Sag, Fuzhou Sag, and Yandang Uplift in the Taibei Depression; and
the Kunshan Sag, Jinshan North Sag, Changshu Low Uplift, and Jinshan South Sag in the
Yangtze Depression (Figure 1) [6].

The Qiantang Sag, analyzed in this study, is positioned within the Taibei Depression,
part of the western depression belt. It lies southwest of the Haijiao Uplift. To the south,
the sag is bounded by a northeast-dipping normal fault, marking the boundary with the
Yushan Eastern Uplift. Northward, it adjoins the Haijiao Uplift, transitioning through a
slope that rises westward. The sag’s western proximity is to the Zhe-Min Uplift, and on
the east, it intermittently connects to the Xihu Sag via a high saddle area, indicating an
intermittent transition zone where the strata are not continuously traceable across the two
depressions. Additionally, the southwest portion of the Qiantang Sag transitions into the
Oujiang Sag through a distinct low saddle area [6,48].

Regarding the Mesozoic basin type of various sags within the East China Sea Shelf
Basin, scholarly opinions are diverse. Some sags are considered forearc basins, while
others are regarded as foreland basins. However, for those depressions adjacent to the
Zhe-Min Uplift, such as the Lishui Sag and Qiantang Sag, researchers generally classify
them as rift basins [6,35,36,48]. They exhibit rift basin characteristics similar to several
Mesozoic basins along the coastal region of present-day South China (e.g., the Jinqu Basin,
Linhai Basin). This similarity is unsurprising as the East China Sea Shelf Basin is closely
adjacent to South China. Scholars suggest that the basement of the current East China Sea
Shelf Basin is naturally extended from South China [44,49], which underwent significant
geological and environmental changes during the Cretaceous period, as evidenced by
the widespread distribution of red beds. Characterized by distinctive red sedimentary
rocks, these Cretaceous red beds cover numerous sedimentary basins in South China and
adjacent areas, indicating the extensive terrestrial depositional environment of the South
China region during the Cretaceous period [50–52]. These basins often underwent rapid
sedimentary filling, forming sedimentary rock sequences of red beds with thicknesses
reaching several kilometers, mainly composed of red mudstone, sandstone, and conglom-
erate. Current research also indicates that the Cretaceous red beds developed in the coastal
areas of Eastern South China, in the Zhejiang (Zhe)-Fujian (Min) region, primarily formed
in subtropical–tropical arid to semi-arid depositional environments [53–55]. As a basin
adjacent to the Zhejiang–Fujian region, the Qiantang Sag also developed similar red bed
sedimentation during the Cretaceous.

However, unlike the less studied Qiantang Sag, the Lishui Sag has been more thor-
oughly researched. The Lishui Sag developed extensive red mudstone strata in the Upper
Cretaceous and displayed seismic profiles interpreted as showing characteristics of alluvial
fans and volcaniclastic facies [56]. This can be mutually corroborated with the continental
red beds of the basins along the coast of South China, providing inferential evidence for
the Qiantang Sag, which is closely adjacent to the Zhe-Min Uplift and Lishui Sag.
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Figure 1. (a) Tectonic sketch of the East China Sea Shelf Basin and the location of the Qiantang
Sag (modified from References [2,45]). (b) The tectonic location of the East China Sea Shelf Basin
(modified from References [2,56]).
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Moreover, limited by the quality of seismic data in the Qiantang Sag, it is difficult to
identify the seismic facies of the Mesozoic strata down to the second level. In this area, there
is only one exploration borehole available for stratigraphic and sedimentary constraints,
and the vertical sedimentary sequence of this sole borehole has not been studied in detail.
Additionally, due to the difficulty in obtaining samples, no detrital zircon provenance
analysis has been conducted for the Mesozoic basin of the Qiantang Sag. Overall, basic
sedimentological research on the Qiantang Sag is significantly lacking.

3. Materials and Methods
3.1. Data and Materials

Borehole A-1 is situated in the central-southern part of the Qiantang Sag, and currently,
it is the sole available borehole in the Qiantang Sag. CNOOC and Sinopec provided the
stratigraphic division scheme for each section within this borehole and supplied basic
lithological characteristics data of the Cretaceous strata. CNOOC and Sinopec also supplied
two seismic lines that pass through borehole A-1 from different directions.

Observations of the Cretaceous intervals in borehole A-1 involved core examination,
with a hundred high-resolution photographs taken, covering both continuous drilling core
segments and focused shots of particularly typical individual cores. A total of 10 samples
were collected, of which 7 samples were used to prepare microscopic thin sections, and the
other three samples were used for detrital zircon provenance analysis.

3.2. Methods
3.2.1. Seismic Data Study and Application

The analysis of seismic data was carried out at the Center for Marine Resources, Tongji
University. Based on the stratigraphic division scheme for the A-1 borehole provided
by Sinopec, key stratigraphic reflection interfaces on the seismic lines passing through
borehole A-1 were identified and marked. By locating these markers, the extension of
strata could be tracked. Utilizing borehole seismic integration study [57], the distribution of
Cretaceous strata in various directions across the western part of the Qiantang Depression
was revealed.

3.2.2. Preparation and Observation of Microscopic Thin Sections

The pretreatment of thin section samples was carried out at the Key Laboratory of
Marine Geology, Tongji University. Before the preparation of thin sections, all samples were
repeatedly washed with pure water to completely eliminate mud interference, followed
by drying using a dryer. After drying, the samples were not stained and were prepared
into microscopic thin sections following the rock thin section identification standard SY/T
5368–2016 [58], with a specification of 50 µm. Observations of the thin sections were
conducted using the Mshot MP41 professional polarizing microscope (Mshot, Guangzhou,
China) [59,60]. The main observations included mineral composition, particle size, sorting,
rounding, clastic types, and rock types.

3.2.3. Core Observation

Before starting the core observations, the cores were wiped and cleaned with distilled
water to avoid the impact of covering dust. After air drying, photographs of the cores were
taken using a Huawei P40 device (Huawei, Shenzhen, China) equipped with a Leica triple
camera (50 MP Ultra Vision Wide Angle Lens f/1.9 +, 16 MP Ultra-Wide Angle Movie
Lens f/2.2 +, 8 MP Telephoto Lens f/2.4 OIS +, Leica, Wetzlar, Germany). The focus of the
observations was on rock types, lithological combinations, particle sizes, clastic types, and
roundness [61].

Through the observation of cores from the Cretaceous section and microscopic thin
sections, combined with the basic lithological data of borehole A-1, a detailed description of
the petrological characteristics and lithological combinations of segmented sections of bore-
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hole A-1 was achieved. This allowed for a preliminary inference of the main sedimentary
facies types in the western part of the Qiantang Depression during various periods.

3.2.4. Detrital Zircon Sample Preparation and Analysis Methods

By comparing the ages of detrital zircons to the age of strata in the source area, the
provenance of sediments can be definitively ascertained [62,63]. Regrettably, not only
Cretaceous strata but also all the sedimentary layers of different ages in Qiantang Sag
have not undergone detrital zircon source analysis, leaving us without direct data from the
area. Fortunately, this research obtained valuable drilling samples, allowing us to conduct
the first detrital source analysis of the Qiantang Sag. This part of the study focused on
the Cretaceous strata of the western Qiantang Sag, employing LA-ICP-MS detrital zircon
U-Pb geochronology to define the depositional age of strata and to explore and reveal their
source evolution characteristics.

To gain a deeper understanding of the sedimentary sources of the Qiantang Sag, sys-
tematic sampling was conducted on the sole drilling borehole, borehole A-1. The samples
included detrital sandstone from the contact of the Upper Cretaceous and Paleocene, the
lowermost of the Upper Cretaceous, and the lowermost of the Lower Cretaceous. The
samples were crushed and sieved to 70 mesh (212 µm) at the State Key Laboratory of
Marine Geology at Tongji University, then sent to Langfang Quanxin Geological Technical
Service Co., Ltd. (Langfang, China) for washing, electromagnetic and heavy liquid sepa-
ration. Afterwards, under a binocular microscope, zircons with complete crystal shapes
and larger grain sizes were selected for subsequent analysis. The samples were then sent
to Nanjing Zhuyan Space Technology Co., Ltd. (Hangzhou, China) for further processing,
where zircons with complete crystal shapes and larger grains were targeted, and about
150 grains per sample were glued with colorless transparent epoxy resin. After the resin
solidified, the zircons were polished, and high-definition cathodoluminescence images and
transmitted and reflected light photographs of the zircon targets were taken. Based on
the internal structure, inclusions, and grain size of the zircons, suitable locations for laser
ablation were determined.

The LA-ICP-MS zircon U-Pb dating test was conducted at Nanjing Jupu Detection
Technology Co., Ltd. (Nanjing, China) It utilized a 193 nm ArF excimer laser ablation system
(Analyte Excite) manufactured by Teledyne Cetac Technologies (Omaha, NE, USA) and an
Agilent 7700x quadrupole ICP-MS manufactured by Agilent Technologies (Santa Clara, CA,
USA). The deep ultraviolet beam generated by the excimer laser was focused on the zircon
surface through a homogenizing optical path, with an energy density of 6.0 J/cm2, a beam
diameter of 35 µm, a frequency of 8 Hz, and an ablation time of 40 s. The ablated aerosol
was introduced into the ICP-MS with helium gas [64]. The standard zircon 91,500 [65] was
used to correct instrument mass discrimination and elemental fractionation during the
test process; standard zircon GJ-1 was used as a blind sample to verify the quality of U-Pb
dating data; and NIST SRM 610 [66] was used as an external standard, with Si as an internal
standard for calibrating Pb content in zircon, and other trace elements calibrated against Zr.
The raw test data were processed offline using ICPMS DataCal software v4.6 [67,68]. The
U-Pb age Concordia plots were created using Isoplot software 4.0 [67,68]

4. Results
4.1. Stratigraphic Characteristics and Sedimentary Sequence
4.1.1. Sag Structure and Stratigraphic Distribution

The Qiantang Sag is a typical rift basin and hosts the thickest residual strata in the cen-
tral part of the ECS Shelf Basin. These massive sedimentary strata are primarily Mesozoic,
followed by the Paleogene’s Paleocene and Eocene formations [6,35,36]. The Mesozoic and
Cenozoic strata explicitly revealed by drilling reach a thickness of 3600 m. Seismic profile
interpretation suggests the existence of Jurassic strata in the Qiantang Sag that were not
encountered by drilling. It is estimated that the total thickness of sedimentary deposits in
the central part of the Qiantang Sag could exceed 4000 m (Figures 2 and 3).
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Dong Uplift.

The sedimentary Mesozoic strata remaining in the Qiantang Sag are exceptionally
thick. The Mesozoic Cretaceous strata encountered by drilling exceed 2000 m. Based on
seismic geological interpretation profiles, the thickness of the Jurassic strata in the Qiantang
Sag is mainly between 400 and 1900 m, with the maximum thickness located at the center
of the sag. The thickness of the Cretaceous strata ranges from 400 to 3000 m, predominantly
situated in the southern part of the Qiantang Sag. The seismic profiles of the Mesozoic
strata in the Qiantang Sag primarily show weak vibrations, medium-poor continuity, and
medium-low frequency, making it difficult to accurately identify the seismic facies. It is
generally conjectured that these sedimentary layers are likely continental deposits.

4.1.2. Vertical Stratigraphic Features and Sedimentary Sequence

Borehole A-1, the sole exploratory borehole in the Qiantang Sag, is located in the
southwestern part of the sag and reaches a total depth of 4501 m. It encountered Mesozoic
strata up to 2650 m thick, all belonging to the Cretaceous system. The Lower Cretaceous
comprises 600 m of the Yushan Formation, and the Upper Cretaceous exceeds 2000 m,
identifying two main strata: the Shimentan and Minjiang Formations (Figure 4).
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The Lower Cretaceous Yushan Formation represents typical Cretaceous red beds,
primarily composed of flesh-red and gray-green conglomerates, coarse-grained sandstones
with gravel, and brownish-red mudstone and silty mudstone in continuous interbedding
relationship (Figure 4). The conglomerates mainly consist of quartz, volcanic, and meta-
morphic rock fragments. Granules range from 2 to 4 mm, while larger clasts range in size
from 1 to 4 cm, with some even reaching up to 8 cm. These are poorly sorted and exhibit
angular to sub-angular shapes (Figure 5). At the base of the Yushan Formation, there is
a layer of flesh-red and greenish-gray fractured granitic conglomerate interbedded with
brownish mudstone, with large granitic fragments visible (Figure 5a,b). The mudstones
locally contain rock fragment clasts and crystals of feldspar and quartz, and they are rela-
tively hard. (Figure 5). Such characteristics show strong similarities to the continental rift
valley red beds formed under oxidizing conditions in a continental environment, as found
in southern New England, USA [69,70]. This lithological sequence suggests a typical arid
alluvial fan deposit influenced by intense volcanic activity, and the grain size, sorting, and
morphology of the clastic particles indicate likely proximal deposits.
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Figure 5. Stratigraphic Features of the Lower Cretaceous Yushan Formation in the Qiantang Sag.
(a) Giant greenish-gray fractured granitic clasts at 4501.2 m; (b) conglomerate mudstone with sand-
stone and gravel at 4499.1 m; (c) microscopic features of quartz clastic conglomerate sandstone at
4500.7 m; (d) microscopic features of feldspar clastic conglomerate sandstone at 4479 m.
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The Upper Cretaceous Minjiang Formation, encountered in borehole A-1, represents
the thickest secondary stratigraphic unit, reaching a depth of 1700 m. This considerable
thickness allows for greater diversity in the vertical lithological composition (Figure 4). The
lower section consists of interbedded layers of greyish-white coarse sandstone with gravel,
conglomerates, light grey medium sandstone, grey fine sandstone, and brownish-grey to
grey mudstone and siltstone. The gravel primarily comprises quartz, followed by feldspar
and dark minerals. This composition indicates a period of reduced magmatic activity.
However, despite the subdued magmatic activities, the sedimentation environment was
still characterized as an alluvial fan under semi-arid conditions with episodic high-energy
flow but insufficient duration of hydrodynamics to create rounding and sorting.

Progressing upwards, the formation shows layers of brown, greyish-brown, and
grey mudstone; siltstone with grey coarse sandstone, fine sandstone, and feldspar-bearing
medium sandstone; and conglomerates (Figure 6). The detrital components of the sandstone
predominantly exhibit fewer magmatic rock fragments and demonstrate improved sorting,
along with a slight enhancement in hydrodynamic conditions. The coloration of the
mudstones points toward a likely oxidizing environment, which is indicative of deposits
typically formed in braided river systems within a semi-arid alluvial fan setting.
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Figure 6. Features of the Upper Cretaceous Minjiang Formation in the Qiantang Sag. (a) Brown
siltstone mudstone at 3316 m; (b) greyish-white gritty fine sandstone (gravelly fine sandstone) at
3314.8 m; (c) microscopic features of sandy mudstone at 3485 m; (d) microscopic features of siltstone
mudstone at 3485 m.
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Notably, in the middle section of the Minjiang Formation, grey tholeiitic basalt layers
were identified (Figure 7), with increased magmatic rock fragments in the surrounding
clastic deposits. These included medium to coarse sand-sized grains predominantly of
quartz and lithic fragments, with conglomerates mainly composed of volcanic rock frag-
ments, exhibiting colors like flesh-red, grey-white, and grey-black. The fragments, ranging
from 3 to 5 mm in size, showed poor sorting and sub-angular shapes. Despite the thickness
of the basalt layers and characteristics of the basaltic magma flow, it is inferred that no
intense volcanic eruption occurred near the A-1 borehole. However, during this period,
there might have been instances of basaltic magma extruding through fissures in the strata
to the surface, consistent with the vertical characteristics of the aforementioned strata.
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Formation in the Qiantang Sag. (a,b) Tholeiitic basalt with blastoporphyritic texture.

The upper Cretaceous Shimentan Formation is relatively thin, with a thickness of
about 300 m. At the base of the Shimentan Formation, a set of green-gray altered basalt,
light gray silty sandstone, and brownish mudstone are interbedded (Figure 4). This
stratigraphic sequence is in disconformable contact with the underlying layers, indicating
another instance of basaltic magma overflowing along fissures, though on a smaller scale
compared to the Minjiang period (Figure 4). The middle and upper parts of the Shimentan
Formation comprise brown, reddish-brown mudstone; gray-green silty mudstone; gray-
white silty sandstone; light gray fine sandstone; and silty sandstone mudstone interlayers
(Figure 8). Considering the prevalent formation of red beds in South China and adjacent
regions during the Cretaceous, primarily in arid to semi-arid sedimentary environments,
the red coloration of the mudstones here suggests an oxidizing environment characteristic
of these dry conditions. However, given the improved sorting observed in these rock
sequences, it suggests that hydrodynamic conditions experienced an enhancement and
relative stability, indicative of deposits typical of semi-arid alluvial fans and braided rivers.
Moreover, the lithological variation locally displays deltaic traits, hinting at the existence
of significant braided rivers and seasonal lakes at times, possibly including fan deltas or
braided river deltas.
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(a,b) Brownish mudstone and silty siltstone at 2027 m.

4.2. Detrital Zircon Provenance Analysis

The analysis results are as follows (Figure 9):
1. Samples from the contact position between the Upper Cretaceous and Paleocene

formations (at a depth of 1832 m): A total of 70 zircon grains were tested, with grain sizes
ranging from 50 to 150 µm. Some zircon grains were darker in color, and some lacked
oscillatory zoning, possibly indicating a metamorphic origin. The overall Th content ranged
from 52.8 to 1302.2 ppm, U content from 58.1 to 1620 ppm, with Th/U ratios of 0.14–2.36.
A portion of the ages were scattered, with 59 ages falling on or near the Concordia line,
mainly concentrated in the range of 130–90 Ma.

2. Samples of clastic sandstone from the lowermost part of the Upper Cretaceous (at a
depth of 3856 m): A total of 120 zircon grains were analyzed, with grain sizes ranging from
50 to 140 µm. The zircons were colorless or slightly brownish, with developed oscillatory
zoning. The overall Th content varied between 61.2 and 2084 ppm and U content between
76.9 and 1246.5 ppm, with Th/U values ranging from 0.12 to 1.77. The majority of the ages
fell on or near the Concordia line, primarily concentrated around 105 Ma, with the main
distribution being between 110 and 100 Ma.

3. Samples of clastic sandstone from the lowermost part of the Lower Cretaceous (at
a depth of 4479 m): A total of 120 zircon grains were analyzed, with grain sizes ranging
from 70 to 250 µm. The zircons exhibited well-developed oscillatory zoning and intact
crystal forms. The overall Th content ranged from 16 to 1851.1 ppm and U content from
53.3 to 1431.3 ppm, with Th/U values between 0.02 and 2.4. Most of the ages, barring a
few scattered ones, fell on or near the Concordia line, predominantly concentrated around
106 Ma, with a primary distribution between 120 and 100 Ma.
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5. Discussion
5.1. Discussion on Provenance

Sedimentary provenance analysis is fundamental to studying source-to-sink systems
and is of prospective significance in sedimentology, reservoir geology, and petroleum
geology [71]. In the Qiantang Sag, provenance analysis is crucial for discussing sedimentary
evolution patterns. Given the limited number of drilling boreholes and the poor quality
of seismic data in the area, scientifically reconstructing the sedimentary evolution model
necessitates provenance analysis to identify the main source areas. This, combined with
the sag’s structure, stratigraphic distribution, and vertical sedimentary sequences, allows
for the construction of a scientifically sound sedimentary evolution model.

Despite the long-term lack of substantial progress in sedimentary provenance analysis
for the Qiantang Sag, based on the results of the aforementioned studies, a certain under-
standing of the sedimentary provenance during the Cretaceous period of the Qiantang Sag
has been gained. Firstly, considering the structure and stratigraphic distribution of the sag
(Figures 2 and 3), it is a typical rift basin, controlled by faults. Some scholars speculate
that the Qiantang Sag was in the rift stage during the Mesozoic era [35,36,48]. Rift basins
primarily develop proximal deposits during the rifting stage [72], Based on the basin type to
which the Qiantang Sag belonged during the Mesozoic era, it is inferred that the Qiantang
Sag may have also developed proximal sedimentation during this period.

Secondly, the analysis of the vertical sedimentary sequence revealed that the Creta-
ceous strata of borehole A-1 predominantly consist of alluvial fan-braided river facies.
This indicates that during the Cretaceous Period, especially in the early Cretaceous, the
development of alluvial fan deposits was more pronounced in the western part of the
Qiantang Sag, which is a typical feature of proximal deposition [73]. The sedimentary
characteristics of the Cretaceous system in the Qiantang Sag thus highlight the aspect of
proximal deposition.

From a regional perspective, the western part of the Qiantang Sag is adjacent to the
Zhe-Min Uplift. During the Cretaceous Period, there was a significant elevation difference
between these two areas, with a sudden change in slope gradient [6,48]. The uplift provided
clastic material sources for multiple depressions in the vicinity. Other major uplifts in the
surrounding areas are located at a certain distance from the Qiantang Sag. Therefore, it can
be inferred that the western part of the Qiantang Sag predominantly developed proximal
deposits, and the main source of these deposits was likely from the Zhe-Min Uplift to
the west.

To precisely explore the provenance evolution in the western part of the Qiantang
Sag, detrital zircon age analysis provides the most compelling evidence [74,75]. Zircons
are extremely stable, maintaining stability and isotopic system closure in processes like
weathering, transport, sedimentation, diagenesis, and even low-grade metamorphism.
Detrital zircon dating is a crucial method for provenance analysis, as the ages revealed
by this technique can reliably constrain the age of sedimentary layers, particularly those
lacking fossil evidence.

Detrital zircon provenance analyses from three different beds in borehole A-1 exhibit
a characteristic unimodal age spectrum, predominantly within the range of 90–110 Ma
(Figure 9). This age distribution guides the investigation into the potential source areas’
rock units and their ages, associated with the peripheral tectonic structures.

Within the western depression belt of the ECS Shelf Basin, the Lishui Sag in the south,
like the Qiantang Sag, is proximal to the Zhe-Min Uplift to its west [76–78]. This location of
the Lishui Sag offers an indirect basis for contrasting the provenance relations between the
Qiantang Sag and the Zhe-Min Uplift.

Compared to the Qiantang Sag, the provenance study of the Lishui Sag is more
comprehensive. Some researchers suggest that analyses of detrital zircon ages and rare earth
element partitioning patterns indicate west Lishui Subsag (LSWS)’s provenance originates
from the Zhe-Min Uplift, with no evident source variation among different strata [62]. Other
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researchers have noted that in the upper strata of the Mingyuefeng Formation (E1m) in the
Lishui Sag, the provenance from the Zhe-Min Uplift area is predominantly evident [77].

However, before the submergence of the Lingfeng barrier, the western subsags of the
Lishui Sag were also dominated by proximal deposition, with the primary provenance being
from the Zhe-Min Uplift to its west [78]. The Shimentan to Upper Lingfeng Formations
(K2s–E1l2) provide 472 age data points from the LSWS [78]. U-Pb age comparison of detrital
zircons (with concordance ≥90%) between the western Lishui Subsag (post-Lingfeng
barrier submergence) and three samples from the Qiantang Sag reveals a high degree
of similarity. This further demonstrates the highly similar age background of detrital
provenance between the aforementioned source areas and the depositional basin.

Considering the aforementioned age characteristics of source–sink detrital prove-
nances, in conjunction with the structural and stratigraphic distribution characteristics
of the Qiantang Sag, the vertical depositional sequences revealed by drilling, and the
inter-regional relationships, it becomes evident that the primary source area for the western
part of the Qiantang Sag is the adjacent Zhe-Min Uplift. Although a small number of
Jurassic and Triassic age detrital zircons are observed in the samples from the top part
of the Upper Cretaceous, this might be attributed to the Late Cretaceous arc-ward sea
jump [40], resulting in intense arc-back erosion and widespread erosional areas, leading
to the Qiantang Sag potentially receiving minor provenance from more distant sources.
Overall, it is still considered that the source supply from the Zhe-Min Uplift on the west
is the primary contributor to the Cretaceous strata deposition in the western part of the
Qiantang Sag.

5.2. Discussion on Sedimentary Models
5.2.1. Discussion of Key Conditions

In the Cretaceous vertical depositional sequence revealed by the A-1 borehole, features
indicative of alluvial fan sedimentation such as significant grain size variability, poor
sorting, and angularity were identified (Figures 4–8). These characteristics resonate with
the Cretaceous provenance analysis results (Figure 9). Considering the characteristics of
proximal deposition, it is inferred that during the Cretaceous Period, the Qiantang Sag was
predominantly characterized by alluvial fan deposition.

The formation of alluvial fans necessitates multiple conditions [79]. Firstly, Within the
tectonic context of the study area, orogenic activity may be one of several potential factors
contributing to the formation of alluvial fans. The main provenance area of the western
Qiantang Sag–Zhe-Min Uplift is a result of such orogenic movements. This orogenic activity
enhanced erosion in the source area and river energy, leading to the transport of a large
amount of detrital material, thus forming extensive alluvial fans.

Secondly, arid and semi-arid climatic conditions often provide a substantial supply
of detrital material for the formation of alluvial fans, especially in the context of South
China and adjacent areas, which are predominantly characterized by oxidative sedimentary
environments developed under arid and semi-arid conditions. It is inferred that the
brownish-red and reddish-brown hues of the Cretaceous mudstones observed in the A-1
borehole also reflect such sedimentary environments [80,81].

Furthermore, a sudden change in topographic gradient is also crucial for the formation
of alluvial fans. Seismic geological interpretations reveal a significant elevation difference
between the Zhe-Min Uplift and the Qiantang Sag. The abrupt change in terrain leads to
a rapid reduction in mountainous river flow, resulting in extensive deposition of detrital
materials at the foothills.

Lastly, for vertically superimposed fans, prolonged relative tectonic subsidence is
necessary [72], and the Qiantang Sag, being a rift basin during the Mesozoic era, provided
such subsidence conditions, favorable for the preservation of alluvial fans.



J. Mar. Sci. Eng. 2024, 12, 474 16 of 22

5.2.2. Multi-Phase Sedimentary Evolution Model

The study on the evolutionary pattern of Cretaceous sedimentation in the western
Qiantang Sag is based on the tectonic and stratigraphic distribution characteristics of the
Qiantang Sag. Combined with the vertical depositional sequence of the A-1 borehole,
integrated with the primary provenance areas and directions and the characteristics of
proximal deposition, this leads to the inference of a multi-phase sedimentary evolution
model for the western Qiantang Sag during the Cretaceous Period.

During the Yushan period of the Early Cretaceous, influenced by the accelerated
subduction of the ancient Pacific Plate, the Zhe-Min Uplift experienced intense volcanic
activity. The severe volcanic activity and magmatic intrusion introduced a substantial
amount of magmatic rock detritus to the uplift area. Accompanied by rapid changes in
river energy, large alluvial fans developed in the adjacent western Qiantang Sag (Figure 10).
At this time, the hydrodynamic force was episodic, characterized mainly by the presence of
abundant volcanic detritus in an arid environment and the uneven distribution of water
flow in alluvial fan deposits.
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Figure 10. Sedimentary model diagram of the Early Cretaceous Yushan period in the western part of
the Qiantang Sag.

During the Minjiang period of the Late Cretaceous, volcanic activity relatively dimin-
ished, leading to a reduced impact of volcanic activity in the western region of the Qiantang
Sag. Despite this, the main supply of detrital material still originated from the Zhe-Min Up-
lift to the west. As the uplift area receded and hydrodynamic force increased, the original
alluvial fans gradually retreated, and the influence of fluvial deposition correspondingly
expanded. Given the climatic characteristics of the broader regional area at that time, it
is inferred that the area remained in an oxidizing environment, exhibiting interbedded
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depositional characteristics of alluvial fans and braided rivers, driven by periodic changes
in hydrodynamics (Figure 11). Although volcanic activity in the Zhe-Min Uplift weakened,
magmatic activity in the Qiantang Sag persisted. In the mid-Minjiang Period, magma
overflowed along faults, covering parts of the western Qiantang Sag. As this magmatic
event was short-lived and did not form thick basaltic deposits, it still provided a certain
amount of detrital material for the mid-Minjiang Period alluvial fan-braided river deposits.
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Figure 11. Sedimentary model diagram of the Late Cretaceous Minjiang period in the western part of
the Qiantang Sag.

During the Shimentan period of the Late Cretaceous, magmatic activity within the
region further subsided. With the decline of volcanic activity in the Zhe-Min Uplift to the
west, there was only a brief episode of basaltic magma overflow along faults during the early
part of this period. This suggests that external forces began to dominate the sedimentation
in the western part of the Qiantang Sag during the Shimentan Period (Figure 12). The
continual influence of external forces led to further retreat of the uplift area, resulting in
a corresponding reduction and shrinkage in alluvial fan deposits. The detrital materials
provided by the Zhe-Min Uplift were transported to the western part of the Qiantang Sag
by stronger hydrodynamic forces, leading to further expansion of the fluvial depositional
area. In some cases, the hydrodynamic conditions here could be influenced by seasonal
precipitation. During periods with stronger hydrodynamics, lakes might develop, as well
as fan deltas or braided river deltas. However, the observation of mudstone colors indicates
that the climate during this period still favored a semi-arid environment, suggesting that
these lakes and deltas could be seasonal or intermittent phenomena.
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6. Conclusions

Based on the identification of the sag structure and stratigraphy, it has been discerned
that the Qiantang Sag developed thick Cretaceous sedimentary strata. Furthermore, vertical
sedimentary sequences have revealed the predominant development of alluvial fan-braided
river deposits in arid to semi-arid environments in the western part of the Qiantang Sag
during the Cretaceous.

Detrital zircon dating analysis of the Cretaceous samples from borehole A-1 reveals
a typical unimodal age spectrum, predominantly concentrated around 90–110 Ma. Inte-
grating the sag’s structure and sedimentary characteristics, and by comparing with the
provenance characteristics of the Lishui Sag, it is inferred that the western part of the
Qiantang Sag developed proximal deposition, mainly sourced from the Zhe-Min Uplift to
the west.

Synthesizing the aforementioned research evidence, it is posited that during the Early
Cretaceous Yushan period, the western Qiantang Sag experienced arid alluvial fan deposi-
tion influenced by intense volcanic activity. During the Late Cretaceous Minjiang period,
it underwent semi-arid alluvial fan-braided river deposition influenced intermittently by
magmatic activity. In the Late Cretaceous Shimentan period, the region was character-
ized by semi-arid alluvial fan-braided river-seasonal lake deposits, influenced briefly by
magmatic activity.
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