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Abstract: In post-rift basins, the thickness center, fine-grained deposit center, and subsidence center
rarely converge. Clearing the three centers with the thickest center is difficult. In the Huangyan district
of Xihu Sag, the East China Sea Shelf Basin, an Oligocene post-rift basin beneath major potential
igneous provinces, has inconsistent thickness and composition. Analysis of core samples, drilling,
and 3D seismic data corroborated this finding. This means that the formation thickness center does
not match the lithology center, which indicates water depth. Gravity and magnetic measurements in
the studied region show that significant magmatic activity is responsible for the difference between
the center of thickness and the fine-grained deposit. Thermal sinking must be restored to fix this.
Therefore, we propose (1) recreating the early Oligocene residual geomorphology in Huangyan
using 3D seismic data. (2) Software computing quantitative subsidence. (3) Paleogeomorphology is
verified by normal and trace element paleowater depths. (4) Reconstruct the paleogeomorphology
and analyze how volcanic activity affected them and the three centers in the basin formed after
tectonic plates separated. A shallow water delta and thermal subsidence show that magmatic activity
is persistent in the north. With less thermal subsidence and deeper water, the southern area features
a shallow lake sedimentary system. The thickness and fine-grained deposition centers were in the
north and south, respectively. Geophysical and geological methods were used to reproduce the
post-rift paleogeomorphology shaped by magmatic processes.

Keywords: paleogeomorphology restoration; fine-grained deposit center; thermal subsidence;
Xihu Sag

1. Introduction

An essential aspect is the examination of sedimentary facies and sedimentary processes
by restoring paleogeomorphology in post-rift basins. Paleogeomorphology is the main
factor influencing the formation and distribution of sand bodies. This has been underscored
by multiple investigations [1-5]. Paleogeomorphology is commonly attributed to tectonic
activity, differential compaction, and weathering erosion [6-10].

Since the 1950s, numerous restoration techniques have emerged, which can be classi-
fied into three fundamental categories: (1) the method of restoring ancient geomorphology
involves analyzing stratigraphic thickness using the residual thickness method and the
impression method [11]. (2) Applying sedimentology principles—specifically, qualitatively
reconstructing ancient geomorphology based on changes in sedimentary facies—allows for
the restoration of ancient geomorphology. (3) Three-dimensional seismic data were used to
learn about the ancient landscape, and seismic profiles and slices were used to learn about
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the pattern [8,12—14]. The residual thickness method has become a popular approach for
restoring ancient geomorphology in recent years [15,16].

The reconstruction of paleogeomorphology is closely related to oil and gas explo-
ration. The concentrations of oil and gas reservoirs associated with ancient geomorphology
include paleouplifts, paleoslopes, and unconformable belts [5,17,18]. Consequently, the
current emphasis in paleogeomorphology restoration is on reconstructing paleogeomorphic
characteristics at the periphery of basins or in source areas. However, there is a dearth of
studies on restoring paleogeomorphology at the center of sedimentary basins. Typically,
the residual thickness approach meets the issue of reconstructing paleogeomorphology in
sedimentary areas of post-rift basins.

The formation of the East China Sea Shelf Basin was simultaneously influenced by
the tectonic activities of the Eurasian Plate, the Pacific Plate, and the Indian Ocean Plate,
resulting in intense magmatic activity during the basin’s formation process. During periods
of active volcanism, differential thermal subsidence renders the residual thickness method
less accurate when attempting to determine the actual paleogeomorphology of the post-rift
basin [19].

There are two types of basin subsidence mechanisms: tectonic subsidence and non-
tectonic subsidence. The non-structural mechanism of basin subsidence refers to basement
subsidence caused by the gravitational load of water, deposits, and lithosphere. Tectonic
subsidence refers to the active subsidence of the basement caused by tectonic driving forces
such as lithospheric extension and thinning, fault activity, or thermal cooling. The mecha-
nism of thermal subsidence is controlled by changes in lithospheric temperature [20,21].

Post-rift basins frequently contain numerous centers where fine-grained deposits
accumulate and areas where subsidence occurs. Depositional sites in certain robust rift
basins frequently coincide with areas of increased thickness. The ideal post-rift basin
coincides with the center of fine-grained deposits, subsidence, and thickness [19,22].

A fine-grained deposit is composed of sediments that have a particle size smaller
than 62 micrometers in diameter, specifically clay-sized and silt-sized particles [23,24].
This research examines the concept of a fine-grained deposit center, which corresponds
in the study area to an area of greater water depth and where the mudstone and fine-
grained sandstone are concentrated distribution. A coarse-grained deposit center refers
to a specific area with shallow water depth in the study area and a highly concentrated
distribution of medium- to coarse-grained sandstones. During the formation of the basin,
the subsidence center refers to the specific area where deposition occurs at the highest
rate [25]. This deposition rate is influenced by tectonic activity. The thickness center is
the specific point within a sedimentary deposit where the thickness reaches its maximum
value. The genesis and position of the fine-grained deposit center and thickness center are
strongly influenced by the subsidence center. A thickness center that coincides with the
center of the fine-grained deposit suggests an advantageous location for the development
of hydrocarbon source rocks. On the other hand, if the thickness center is aligned with
the center of the coarse-grained deposit, this indicates an advantageous position for the
formation of reservoir rocks.

In empirical investigations, due to the influence of volcanic activity, it has been ob-
served that the precise locations of the fine-grained deposit center, the subsidence center,
and the thickness center do not align perfectly in the Huangyan district of Xihu Sag in the
East China Sea Shelf Basin. Conventional methods mentioned above cannot completely
restore true paleogeomorphology. The objective of this study is to address the challenge of
restoring the paleogeomorphology and determining effective fine-grained deposit centers
in post-rift basins while considering three-center separation conditions.

2. Regional Geological Conditions
2.1. Tectonic Events and Volcanic Background

The East China Sea Shelf Basin is located in the tectonic region at the edge of the
western Pacific Plate, situated at the convergence zone of the Eurasian Plate and the Pacific
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Plate (Figure 1a). Covering an area of over 280,000 square kilometers, it has Cenozoic
sedimentary thicknesses exceeding 10,000 m, with Oligocene sedimentary thicknesses
ranging from 1000 to 2000 m. The Xihu Sag is situated in the middle of the East China Sea
shelf basin (Figure 1b) [26]. It is situated west of the Diaoyu Islands uplift fold belt, west of
the reef uplift, and south of the Hupi reef uplift. The region can be geologically categorized
into three tectonic units from west to east: the west slope belt, the central depression belt,
and the east rift terrace belt (Figure 1c).
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Figure 1. (a) The location of the East China Sea Shelf Basin. (b) The distribution of structural units in
Xihu Sag. (c) The study area of the Huangyan district is located at the Xihu Sag, East China Sea shelf
basin. (d) Stratigraphy, sedimentary facies, tectonic events, and stages of Xihu Sag [27,28].

The Xihu Sag is a basin formed during the Cenozoic period due to the stretching of
the Earth’s crust. It is located on top of pre-Mesozoic igneous rocks. During the Paleogene
period, two significant tectonic movements occurred in this basin: the Jilong movement
and the Yuquan movement [28]. The uplift movement during the early Paleogene occurred
65 million years ago (Figure 1b), and it formed the fundamental basin layout [29]. The
collision of the Indian plate and the Eurasian plate resulted in an east-west-oriented
stretching force along the boundary of the Eurasian plate, leading to the formation of a
sequence of northeast-to-north-northeast-oriented fault systems. The Xihu Sag transitioned
into the syn-rift stage following the Jilong movement [30]. The Yuquan movement took
place during the late Eocene, 32 million years ago, as stated by Yang et al. in 2010 [31].
This movement resulted in the subduction of the Pacific plate from north-northwest to
northwest direction, causing a decrease in tensile tension and transitioning the basin into
the post-rift stage [30]. Meanwhile, due to the uplift of the Xihu Sag, the Diaoyu Island
fold belt was closed, the seawater retreated, and the basin developed a continental lake
sedimentary system [10,26,27].

During the late Yanshan migration to the Himalayan orogeny, there were large volcanic
eruptions and intrusions in the area [32]. Exploratory drilling indicated the presence of
substantial deposits of granites, volcanic lavas, and associated clastic materials during
the Mesozoic era [33]. The findings of these investigations on the dating of igneous
rocks indicate that they predominantly originated from the Late Jurassic to Cretaceous,
specifically between 160 and 70 million years ago (Figure 1d).

During the Oligocene, the Xihu Sag served as a post-rift basin in an extensional tectonic
setting, with sedimentary strata exhibiting stability. The research area (Figure 1c) is located
within the central depression belt in the northeast region. Specifically, it is situated in a
sink area. The target stratum consists of sedimentary strata between the seismic horizon
T30 and SB31.2, which formed during the post-rift stage, as shown in Figure 1d. The ages
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of T30 and SB31.2 are 33.5 Ma and 31.2 Ma. Volcanism is clearly evident in the northern
portion of the research area, as indicated by the analysis of drilling, gravity, and magnetic
inversion data [34].

The Bouguer gravity anomaly illustrates the uneven distribution of density within
the Earth’s crust (Figure 2a). The lower Bouguer gravity values observed in the northern
region than the surrounding areas suggest a greater thickness of underlying strata in the
north. This finding aligns with the drilling results reported by Oldenburg (1974) [35] and
Mancinelli et al. (2021) [36].

Magnetic anomaly interpretation can be used to differentiate between igneous rock
basements and sedimentary/metamorphic rock basements on a regional scale because
of the considerably greater magnetic susceptibility of igneous rocks compared to that of
sedimentary and metamorphic rocks [37-40]. The magnetic polarization anomaly map
reveals that the research area corresponds to the igneous basement (Figure 2b,c). The
northern anomaly of the Huangyan district exhibits a greater magnitude than the southern
anomaly, and the igneous rocks in the north possess a greater composition.
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Figure 2. (a) Bouguer gravity anomaly in the East China Sea shelf basin. Modified from Han [41].
(b) Superposition diagram of aeromagnetic anomaly in Xihu Sag. Modified from Jiang et al. (2020) [10]
(c) Superposition diagram of an aeromagnetic anomaly in Huangyan district.
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2.2. Sedimentary and Drilling Background

In the southern region of the research area, the thickness of the Oligocene strata
thickness is approximately 1000 m, whereas in the northern region, the drilling strata are
more than 1600 m thick. Figure 3a displays the data of lithology and Gamma Ray log
that spans from the northern to southern regions. Exploratory drilling revealed that the
sedimentary strata in the northern region (wells A1-A2) have a considerable thickness,
with sandstone being the predominant lithology. The sandstone exhibits a coarse grain size,
predominantly consisting of medium-thick to medium-to-coarse sandstone (Figure 3a).
The sedimentary formations in the southern section (wells A3-A5) are relatively thin. The
predominant lithology consists primarily of mudstone, with a moderately fine-grained
sandstone component. The sandstone consists mostly of fine-grained sandstone and
siltstone (Figure 3a). The mudstone color in the northern area predominantly exhibited
shades of reddish brown, brownish yellow, and light grey. Conversely, the mudstone
color in the southern area was primarily characterized by greenish-gray and blackish-gray
hues, which were notably thick and consistent (Figure 3b). The depositional environment
indicated that the northern region exhibited features of high-energy shallow water with
exposed oxidation, whereas the southern region had the characteristics of deep water
with reduction.
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Figure 3. (a) Data of lithology and Gamma Ray log in early Oligocene of Huangyan district, Xihu
Sag. The position and direction of the wells are shown in Figure 2c. (b) Late Oligocene variegated
mudstone distribution frequency pie chart.
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There is an inconsistency between the sedimentary information gained from drilling
and the sedimentary information obtained from the stratigraphic thickness in the Xihu Sag.
Essentially, the post-rift does not contain a fine-grained deposit center or a thickness center
at the same location. The differential distribution of deep igneous rocks just corresponds
to the north—south position of the phenomenon that the three centers do not coincide in
the study area, and the genesis of Large Igneous Provinces can also explain this relation-
ship. The genetic models of Large Igneous Provinces are explained by Common Mantle
Models [42-46]. If the mantle plume fails to penetrate the lithosphere and remains buried
inside it for a prolonged duration, localized surface manifestations of early dome-related
rifting occur. This further affects the process of deposition of the overlying strata [47-49].
For the noncoincidence of fine-grained deposit centers and thickness centers, we start
from the igneous rock background and focus on differential subsidence to restore the
paleogeomorphology of the post-rift basin.

3. Materials and Methods
3.1. Materials

This study utilized the most current full-coverage 3D seismic data to analyze the
Oligocene sedimentary formations in the Huangyan district. A comprehensive investiga-
tion was undertaken to validate the sedimentary background by merging the lithological
compositions of quantities of wells in the research area. Furthermore, the paleowater
depth of each well was determined by analyzing the elemental composition of the entire
sequence of the two wells. The rationale for restoring paleogeomorphology is substantiated
by the sedimentary context and paleowater depth conditions. China National Offshore
Oil Corporation (CNOOC) Shanghai Branch (Shanghai, China) provides both 3D seismic
data and drilling data. The synthetic seismic records exhibited an excellent relationship
between the wells and the seismic data [50], and the dependability of these data was
confirmed during the actual oilfield production process. Intuitive topographic maps were
created with Schlumberger’s Petrel 2019 software for terrain analysis, utilizing two-way
reflections on residual thickness maps and seismic contour maps. The determination of tec-
tonic and non-tectonic subsidence was dependent on the use of Extension Basin Modeling
(EBM) software.

3.2. Restoration Method for Paleogeomorphology

Deep magmatic activity results in differential thermal subsidence, which has signifi-
cant effects on the geomorphological patterns. Reconstructing the differential subsidence
caused by magmatic activity is an essential step in understanding the paleogeomorphology
of the studied area. The specific steps are as follows:

(1) Utilizing the analysis of the T30 and SB31.2 seismic horizons to determine the residual
thickness and, subsequently, to finalize the restoration of the residual paleogeomor-
phology.

(2) Achieve precise measurements of tectonic subsidence and load subsidence in the target
strata by utilizing lithological parameters, fully recovering differential subsidence,
and reconstructing paleogeomorphology.

3.2.1. Restoration of Residual Paleogeomorphology

The residual thickness approach for studying paleogeomorphology is based on the
premise that the original sedimentary thickness of the strata being investigated remains
relatively constant prior to denudation. In this method, a marker layer underneath the
strata is chosen as the isochronous datum plane. The residual thickness between the datum
plane and the top interface of ancient geomorphology is utilized to describe the morphology
of the ancient landforms that are being restored. The T30 interface, which spans the whole
region, marks the lower boundary between the Oligocene era and the interface between the
syn-rift and post-rift phases (see Figure 4a). This formation is consistently distributed and
serves as a prominent interface that can be easily identified during drilling and tracked in
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seismic profiles. Extensive drilling data indicate significant changes in the logging facies,
sedimentary features, lithofacies, and sedimentary facies above and below the T30 interface.
The logging curves at the upper and lower boundaries of the T30 interface exhibit distinct
and abrupt variations. The gamma-ray (GR) value below the T30 interface (as shown in
Figure 4a) is significantly greater than the GR value above the T30 interface. The Eocene
strata (Figure 4a) mostly consist of coal deposits in a bay environment and a tidal flat
environment influenced by tidal action. The lithology of these deposits is predominantly
fine sandstone, siltstone, and dark gray mudstone, with the presence of coal seams. The
T30 interface is primarily composed of coarse clastic deposits, including thick, massive
glutenite and coarse sandstone seen in composite channels.
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Figure 4. (a) Drilling GR, lithology, and acoustic (AC) of well B6. (b) The geomorphology is based on
subtracting the depth of SB31.2 from the depth of T30.

Using the latest 3D seismic data of Xihu Sag, a seismic interpretation of the T30 and
SB31.2 interfaces was completed. The residual geomorphology is determined by subtracting
the interface SB31.2 from seismic interface T30. A larger thickness indicates a comparatively
low potential area, whereas a smaller thickness indicates a relatively high potential area.
By examining the remaining paleogeomorphology (Figure 4b), it has been determined that
the thickness center is located in the A2-B2 well area. The fine-grained deposit center is
expected to be dispersed within the A2-B2 well area, while the A3—-A4 well area is classified
as a sloped area.

3.2.2. Recovery of Differential Subsidence

By analyzing the subsidence history, it is possible to thoroughly investigate the struc-
tural characteristics and formation processes of the basin within the three-dimensional
space of the sedimentary system. The precise procedure is depicted in Figure 5. We have
utilized Extension Basin Modeling (EBM) software to conduct subsidence history analysis
on 11 wells (Figure 1c) within the study area. The dominant sedimentary facies in the study
area during the early Oligocene epoch were mostly continental fluvial-delta facies and
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shallow lake facies. Currently, water depth and sediment do not significantly influence the
deposition process.
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Figure 5. The principle of EBM [44]. Input formation interface depth, rock physical parameters, and
ancient water depth data, using the back-stripping of the method to calculate the output subsidence
curve and subsidence rate.

The EBM software back-stripping approach was used to quantitatively calculate the
settling volume. This involved systematically removing the younger strata to reveal the
underlying older strata. The porosity, recovered strata thickness, loading subsidence, and
tectonic subsidence were computed based on Equations (1)—(4) [51].

¢ = Ppme" )

where ¢ is the porosity at depth Z, ¢, is the surface porosity, and C is the compacting
coefficient.

ZA -2 =7, - 71+ ‘%’" (e—czz - e—Czl) + %’” (e—cz% - e—CZ%) ?)

where Z] and Z] are the new depths recovered, and Z, and Z; are the bottom and top
depths of the target strata, respectively.

Pa — Pw
S=|——|H 3
(Pu_PS> ©)

where S is the loading subsidence, p,, pw, and ps are the densities of mantle, water, and
sediments, respectively, which are 3.33 g/cm3, 1.00 g/cm?, and 2.33 g/cm?, respectively; H
is the strata thickness after compaction correction.

DT—(pm—psH— Pw
Om — Pw Oom — Pw

ASL) T (Wy— ASy) @

where Dr is the tectonic subsidence, H is the sediment thickness after compaction correction
(unit: m), ps is the average density of sediments (g/cm?), S; is the ancient sea level (unit:
m), and Wj is the ancient water depth (unit: m). AS; is a positive and negative value when
the sea level rises and falls, respectively.

By utilizing Equations (1)—(4), it is imperative to ascertain the correlation between
porosity and the depth as well as the age of the top-bottom contact of the strata. Based on
the seismic profile, the thickness of the deposited strata corresponding to total subsidence,
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load subsidence, and tectonic subsidence may be identified as h0, h1, and h2 accordingly
(Figure 6). Tectonic subsidence in post-rift basins is commonly estimated to be thermal
subsidence. Thus, we successfully calculated the subsidence of a single well by performing
back stripping. We integrated the subsidence data from all individual wells in the study
area onto a flat base map, and a contour map illustrating the subsidence caused by the load
was created. This will allow for a quantitative reconstruction of the original topography
during this period.

section @

Depth/km

Depth/km

o 10km
C——

section @

Figure 6. Recovery results of structural subsidence and thermal subsidence. See the black lines
in Figure 1c for the location of the seismic profiles. h0 = total subsidence; hl = load subsidence;

h2 = tectonic subsidence.

4. Results and Verification

EBM software is used to compute the tectonic subsidence, load subsidence, and their
respective proportions under the constraints of key wells. We utilized the alteration and
degree of sinking to reinstate the initial geomorphological structure (Figure 7) of the typical
post-rift basin. The vertical displacement of the northern region is between 444 m and
732 m due to the load, whereas the tectonic displacement in the same region ranges from
504 m to 1038 m (Figure 6). The vertical sinking of the ground in the southern region ranges
from 113 m to 420 m. The A2-B2 area experiences the most downward movement due to
tectonics, with a maximum subsidence of 611 m (Figure 6). We utilize an entire sequence
of normal, trace, and rare earth elements to accurately determine the paleowater depth
(Table 1) and validate the reconstructed paleogeomorphology.

In Figure 7, the warm color indicates thinner layers, which suggest higher structural
positions, while cooler colors, ranging to blue, indicate thicker layers, which suggest lower
structural positions. By integrating prior drilling and lithology data, it is evident that
the northern area features thin layers characterized by large grain sizes and primarily
reddish-brown oxidized mudstone colors. The lithological assemblage primarily consists
of medium-coarse sandstones and is classified as part of the slope region in terms of
geomorphology. Conversely, the southern section contains large layers of mudstones
with fine grain sizes and mostly gray-green reducing colors. The lithological composition
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consists mostly of mudstone, alternating with fine sandstone and is classified as part of
the sag area in terms of geomorphology. The A3-A4 well area in the Huangyan district
is identified as the primary location with the largest formation thickness based on the
analysis of the reconstructed paleogeomorphology. This area serves as the main center for
the deposition of fine-grained sediments.

Elevation/m
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500
450
400

— 350

— 250
200
150
100

Figure 7. Paleogeomorphology after eliminating differential subsidence.

Table 1. Elemental content and paleowater depth results of well C2 and well A6.

Well Name Co/ppm La/ppm Paleowater Depth/m
16.3 35 5.3
C2
225 33.7 9
A6 20.62 49.67 6.8

Cobalt (Co) has been shown to be a reliable quantitative technique for reconstructing
ancient water depths in sedimentary basins and has been extensively utilized [52-54]. This
technique utilizes the fluctuations in the abundance of Co in sediment samples and applies
empirical equations to recreate the historical water depths of the Oligocene Huangyan
region. The specific method is as follows:

VoxNe, ,  3.05x10°
SCO —t X TCO P V51'5

Vs =

where Vs represents the sedimentation rate of a sample during deposition; Vj represents
the normal lake deposition rate (9.56 mm/a); N¢, represents the abundance of normal
lake sediments (20 ppm); Sc, represents the abundance of samples; t represents element
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(La) in samples to the average abundance in terrigenous clastic rocks (38.99 ppm); and T,
represents the abundance of drills in terrigenous clastic rocks (4.68 ppm).

The paleowater depth, as shown in Table 1, reveals a disparity in water depth between
the southern and northern regions, with the southern region experiencing a depth of 9 m
and the marginal slope region experiencing a depth of only 6.8 m. Based on geomorphologic
trends, the water depth is shallower in the north. The paleowater depth findings are
consistent with the mudstone colors and lithological compositions in both the northern and
southern regions. The restoration of the paleowater depth provides additional confirmation
of the accuracy of the reconstructed paleogeomorphology.

5. Discussion
5.1. The Advantages and Application of This Method

Compared to traditional approaches, this method combines the advantages of the
residual stratum thickness method and the back-stripping method (Table 2). It allows for
accurate calculation of the geomorphology and subsidence in sedimentary areas without
the need to restore the geomorphology and erosion volume of the source area. Taking into
account the geological conditions of the study area, this approach not only restored the
early Oligocene paleogeomorphology in the study area but also clarified the location of the
fine-grained deposit center, thickness center, and subsidence center.

Table 2. Characteristics of different restoration methods of paleogeomorphology.

Type

Material Advantage Limitation

Residual stratum thickness

Not suitable for
denudation area

High accuracy for

Seismic interpretation .
deposition area

Sequence stratigraphy

Sequence interpretation results
(initial flooding surface,
super-cusp extinction line on
maximum flooding surface,
slope broken line, fold shape)

An ideal research idea cannot
adapt to the complex research
environment.

Conducive to the fine
correlation of reservoirs

Better restore the

o formation thickness, geomorphological Restoration results are not
Back-stripping technology . . . . .
compaction, porosity, age characteristics of low-lying reliable for the denuded area
landform

Highly dependent on the

. Seismic interpretation, synthetic . fineness of seismic data, it can
Geophysics . High accuracy
seismogram not adapt to complex
geological environments.
Geological map, stratum
Sedimentation thickness map, sandstone Simple and basic Low accuracy

thickness map, lithofacies
palaeogeographic map

This approach reduces uncertainty in restoring eroded regions and is only applicable
to 3D seismic data and drilling data. The operation steps are clearly defined, and the
system has a high level of operability. The recovery of basin paleogeomorphology in the
post-rift is helpful for explaining the inconsistency of the three centers and can also provide
methods and ideas for identifying hydrocarbon generation centers and lithologic traps to
some extent. Lithologic trap exploration is also one of the focuses and centers of oil and
gas exploration.

In the research area of Xihu Sag, the typical approach for reconstructing the Oligocene
paleogeomorphology involves primarily relying on residual geomorphology as a repre-
sentation of the paleogeomorphology. This is commonly performed as the initial step in
the restoration process. In the context of a prospective large igneous province, utilizing
gravity, magnetic, and seismic methods to quantitatively assess tectonic subsidence and
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thermal subsidence can provide a more accurate representation of the paleogeomorphology
during periods of post-rift. However, the application of this method is also restricted by
the igneous background, which means considerable differential thermal subsidence in
the post-rift.

Conventional approaches prioritize the characterization of the paleogeomorphological
pattern that remains uneroded. Figure 4b depicts residues of ancient geomorphological
features. Typically, when analyzing the residual paleogeomorphology (Figure 4b) in the
post-rift basin, the area around well A3 has the largest stratum thickness. This suggests that
the centers of fine-grained deposits, subsidence, and thickness are aligned at this location.
However, the subsidence center is influenced by many non-structural processes, such as
compaction and magma, resulting in a partial misalignment between the fine-grained
deposit center and the subsidence center. To put it differently, this uncomplicated recovery
procedure lacks dependability. In contrast to the conventional approach, we utilized a
quantitative strategy to address the issues of tectonic subsidence and non-tectonic subsi-
dence (Figures 5 and 6) by considering differential subsidence. This approach effectively
resolved the problem of discrepancies between the centers of fine-grained deposits and the
center of sinking in the post-rift. According to Figure 6, it is evident that the fine-grained
deposit center should be located to the south of Well A3. The drilling findings further
support the validity of this result.

Our results further elucidate the rationale behind the noncoincidence of the three
centers of the sedimentary basin in the post-rift. The subsidence center and the thickness
center coincide in this study area.

5.2. Inspiration for Dynamic Geomorphological Evolution

From the previous study, the following information may be derived: During the
rift stage in the Xihu Sag (Figure 8a), the upwelling of deep material and the stretching
of the asthenosphere, which is unable to penetrate the crust quickly and is temporarily
trapped beneath it, led to the thinning of the crust and the intrusion of magma into the
lower layers, causing significant thermal anomalies [48]. The thermal anomalies steadily
decreased after the rifting, leading to a continual cooling of the lithosphere and causing
significant thermal subsidence (Figure 8b). The study area exhibits unusually high positive
magnetic anomalies, weakening of the Earth’s crust, and low Bouguer gravity anomaly
values in well regions A2 to B2. These observations suggest the occurrence of significant
volcanic intrusion activity in the northern region (Figure 2). This action caused significant
thermal subsidence in the area, leading to the accumulation of exceptionally thick strata.
Moreover, areas experiencing substantial thermal subsidence will progressively impose
a greater gravitational burden on the layers above. The increased gravitational force will
induce additional flexural subsidence of the layers, leading to an increase in thickness. A
direct and evident positive relationship exists between the subsidence of thermal anomalies
and the sinking caused by gravity. Hence, there is an inconsistency between the residual
geomorphic centers interpreted based on seismic data and the environments revealed by
lithology from drilled wells in this area.

The southern part of the study area is mostly characterized by normal tectonic sub-
sidence and load subsidence. When there is a low-lying structure (Figure 6), a thin layer
of sediment, consisting mostly of mudstone, forms. This indicates a relatively deep-water
environment (Figure 8b).
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(a) Syn-rift period
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Earth-mantle IE
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(b) Post-rift period
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Figure 8. Differential subsidence causes pattern diagrams. Magma intrusion led to a magnetic base
and huge anomalous thermal subsidence, resulting in the deposition of extremely thick strata in the
original shallow water area.

6. Conclusions

This study aimed to implement the geomorphic restoration approach in Xihu Sag,
taking into account the presence of possible Large Igneous Provinces. The residual thickness
method and differential subsidence recovery were utilized to quantitatively recreate the
paleogeomorphology of the Huangyan district in the Xihu Sag during the Oligocene era.
The main conclusions can be summarized as follows:

The Oligocene paleogeomorphology of the Huangyan district during the post-rift
period was restored by eliminating differential subsidence. The northern region, with a
larger thickness of strata and coarse-grained lithology, characterized by the widespread
distribution of reddish-brown mudstones, represents the thickness center. In contrast, the
southern region, characterized by thinner layers and a lithology composed of fine-grained
sediments, is considered the primary location for the deposition of fine-grained sediments
due to the extensive and frequent distribution of gray—green mudstones.

In the northern region, the stratigraphy is 40% thicker than that in the southern part.
Additionally, both the tectonic subsidence and the load subsidence are much higher in
the north, with increases of 40-50% compared to the south. The paleowater depth in the
southern region is higher than that in the northern region.

Intense volcanic activity causes the Earth’s crust to become thinner, which in turn
affects the process of differential thermal subsidence of the layers above. This results in
a situation where the center of the fine-grained deposits is not coincident with the center
of thickness.
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Paleogeomorphology restoration in the center of the post-rift basin can help us to
clarify the fine-grained center of the sedimentary basin and provide a theoretical basis and
support for finding favorable hydrocarbon generation centers and structural highs.
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