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Abstract: The Tankou area is a vital production capacity replacement area in the Jianghan oilfield.
The recovery of the amount of erosion in Qianjiang Formation and Jinghezhen Formation is
significant for studying this area’s tectonic evolution and geothermal history. The target layer,
characterised by well-developed plastic materials, intense tectonic deformation, and insufficient
well data, fails to meet the applicability criteria of the conventional denudation estimation
methods. This study proposes a novel approach based on the structural strain characteristics.
The method estimates the stratigraphic denudation by analysing residual formation features and
fault characteristics. First, a stress analysis is performed using the fault characteristics, and the
change law for the thickness of the target layer is summarised based on the characteristics of the
residual strata to recover the amount of erosion in the profile. Second, a grid of the stratigraphic
lines in the profiles of the main line and the tie line is used to complete the recovery of the
amount of erosion in the plane through interpolation, and the results of the profile recovery
are corrected again. Finally, the evolution results of the geological equilibrium method and the
stress—strain analysis are compared to analyse the reasonableness of their differences and verify
the accuracy of the erosion recovery results. The area of erosion in each layer increases from
bottom to top. The amount of denudation in each layer gradually increases from the denudation
area near the southern slope to the surrounding area. It converges to 0 at the boundary of
the denudation area. The maximum amount of erosion is distributed in the erosion area close
to the side of the residual layer with a low dip angle. The specific denudation results are as
follows: Qianl Member + Jinghezhen Formation has a denudation area of 6.3 km? with a
maximum denudation thickness of 551 m; Qian2 Member has a denudation area of 2.6 km?
with a maximum denudation thickness of 164 m; Qian3 Member has a denudation area of
2.3 km? with a maximum denudation thickness of 215 m; Upper Qian4 Submember has a
denudation area of 1.54 km? with a maximum denudation thickness of 191 m; and Lower Qian4
Submember has a denudation area of 1.2 km? with a maximum denudation thickness of 286 m.
This method overcomes the conventional denudation restoration approaches’ reliance on well
logging and geochemical parameters. Using only seismic interpretation results, it achieves
relatively accurate denudation restoration in the study area, thereby providing reliable data
for timely analyses of the tectonic evolution, sedimentary facies, and hydrocarbon distribution
patterns. In particular, the fault displacement characteristics can be employed to promptly
examine how reasonable the results on the amount of denudation between faults are during the
denudation restoration process.

Keywords: denudation recovery; Tangkou area; tectonic strain; Qianjiang formation;
residual reservoir
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1. Introduction

The Tankou area is located on the frontal margin of the downthrown block of the
Qianbei fault—the largest sediment-controlling fault in the Jianghan basin. Influenced by
sediment sources from the northern Han River and Jingmen, it has primarily developed
alluvial fans, (fan) deltas, and beach-bar systems, with its well-developed reservoirs ex-
hibiting relatively good physical properties. Adjacent to the hydrocarbon-generating sags
of Banghu and Wangchang, this area is rich in oil and gas resources. Controlled by the
denudation surface of the Jingsha Formation on the downthrown block of the Qianbei
fault, as well as lithological and structural factors, it possesses favourable conditions for the
formation of multi-target zones and diverse types of hydrocarbon accumulation. The study
area includes two developed oilfields—Tankou and Daihe—with rich oil-bearing intervals,
spanning from the Upper Neogene Guanghuasi Formation to Lower Qian4 Member. A
third resource assessment to be undertaken indicates significant remaining exploration
potential in this region. Recent drilling results from key appraisal wells suggest substantial
untapped potential, particularly in the Qian3 Member and the eastern sector of the Tan-71
well area [1-3].

There is no literature including specific research and a systematic demonstration of the
three-dimensional erosion recovery of the Qianjiang Formation and Jinghezhen Formation
in the Tankou area. However, understanding the three-dimensional erosion recovery is
crucial for deepening the basic research in the Tankou area. An integrated understanding of
this research area requires three-dimensional erosion values, whether through the analysis
of the evolution of the sedimentary structure or the thermal evolution or a study of the
oil and gas migration and the reservoir formation rules [4,5]. Many previous studies have
covered the erosion recovery in the Tangkou area. Still, most of them have sufficed with
providing a single profile, and the recovery methods and erosion values have not been
explained in detail [3-5]. Under the current conditions with the available data, recovering
3D erosion is an urgent task which will strengthen the basic research in the Tangkou area of
the oilfield [6].

The fundamental principle of denudation restoration is to estimate the paleo-thickness
of eroded strata based on the distribution patterns of specific parameter(s) within preserved
formations. To address the needs of sedimentological, tectonic, thermal evolution, and
hydrocarbon resource evaluation studies, various techniques have been developed for dif-
ferent data availability scenarios and geological contexts. These methods can be classified
into three categories: (1) Vertical parameter—depth relationship methods: the rock porosity
method, the shale acoustic transit time (AlogR) technique, vitrinite reflectance (Ro) analy-
ses, the illite crystallinity index, and fluid inclusion thermometry. (2) Lateral parameter—
distribution trend methods: thickness trend analyses, the sedimentation—denudation rate
ratio method, and sedimentary wave process analyses. (3) Temporal-volumetric parameter
variation methods: the natural gas equilibrium concentration technique and the cosmogenic
nuclide dating method.

The technical challenges in 3D denudation restoration of the Qianjiang Formation and
Jinghezhen Formation in the Tangkou area primarily concern three aspects: (1) There is
a lack of sound data in the eroded area, which limits the use of logging methods such as
the sonic time difference [7-9] and the rock porosity method [10]. (2) The section under
study is rich in plastic substances, the thickness distribution of the residual formation is
not consistent, and the vigorous tectonic activity does not meet the conditions for applying
the stratigraphic thickness trend method or the sedimentation rate ratio method [11,12].
3. There is a lack of chemical measurement data [13], which makes it impossible to use
methods such as vitrinite reflectance natural gas concentration. Therefore, using the
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characteristics of residual layers and faults to determine the thickness distribution of
eroded layers has become the core of this study [14,15].

This study develops a method to recover the amount of denudation based on con-
struction strain [16]. Specifically, fault characteristics are utilised to analyse the paleostress
field [17]. Integrated with stratigraphic lithology and residual thickness data, strain dis-
tribution patterns are established to reconstruct denuded stratigraphic thickness trends
along geological profiles. Then, the closure of the profile stratigraphic boundary along
the central and tie lines is implemented, the results of profile erosion recovery are cali-
brated [18,19], and the planar distribution map of erosion of each layer is constructed using
the interpolation method in Petrel 2021version software [20]. Finally, balanced cross-section
modelling in MOVE 2018version software is employed to invert syn-sedimentary tectonic
activities using denudation reconstruction data. The characteristics of tectonic activities
reflected by the inversion results were compared with those indicated by the residual strata
and faults to evaluate the degree of consistency or the reasonableness of discrepancies,
thereby verifying the accuracy of the denudation recovery results [21]. This study provides
reference significance for denudation recovery under similar conditions and offers data
support for subsequent research on tectonic evolution and sedimentary characteristics in
this area.

2. Geological Background

The Tankou structural zone (55 km?) occupies the central-eastern segment of the
Qianbei fault zone within the Qianjiang Depression, Jianghan Basin (Figure 1a). It has
the structural characteristics of “one slope, two convexities and three depressions”. From
west to east, the Tankou Uplift is flanked by the Benghu Depression, Wangchang Up-
lift, Wangchang Depression, Huangyang Slope belt, and Sanhechang Depression. Pla-
nar geometry reveals the Tankou Uplift as an eroded, dome-capped short-axis syncline
(Figure 1b) [22], representing our primary study target. This study focuses on the Ceno-
zoic era, with the Quaternary Pingyuan Group, Neogene Guanghuasi Group, Paleogene
Jinghezhen Formation, Qianjiang Formation, Jingsha Formation, Xingouzui Formation,
and Shashi Formation in order from top to bottom. Among them, Qianjiang Formation
and Jinghezhen Formation are the target strata for this study, which are divided into five
sets of strata: Jinghezhen Formation + Qianl Member, Qian2 Member, Qian3 Member,
Upper Qian4 Member, and Lower Qian4 Member. Sandstone, gypsum, saltstone, and dark
mudstone are abundant in each layer (Figure 1c) [23].

On the seismic profile, the target layer is distributed on the hanging wall of the
Qianbei fault. The bottom of the Guanghuasi Formation is adjacent to an unconformity
(erosion line), with an angular unconformity contact with the Jinghezhen Formation,
Qian2 Member, Qian3 Member, Upper Qian4 Member and Lower Qian4 Member. Within
the target layer, multiple normal and syn-sedimentary faults cut the layers at different
levels and have different geometric and kinematic characteristics. The eastern limb of the
Tankou Uplift is characterised by steeply inclined, thinly laminated tectonic features that
undergo abrupt westward transition into a stable domain of gently dipping, thickly bedded
strata, displaying markedly greater formation thickness compared to the western limb
(Figures 2-5).
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Figure 1. Structural background and formation of the Tankou area. (a) Structural location map of
Qianbei Depression, Jianghan Basin; (b) structural location map of Tankou Uplift, Qianbei Depression;

(c) lithologic histogram of Tankou area.
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Figure 2. Restoration results of denuded strata in profile AA’.
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Figure 3. Restoration results of denuded strata in profile BB'.
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Figure 4. Restoration results of denuded strata in profile CC’.
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Figure 5. Restoration results of denuded strata in profile DD'.

3. Materials and Methods

3.1. Principles of Stratigraphic Denudation Restoration
3.1.1. Control Patterns of Structural Deformation Types on Sedimentary Thickness of
Overlying Strata

The relationship between sedimentary thickness and basement relief morphology
can be classified into three types: (1) basement uplift, where sedimentary thickness at the
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highest point of the basement is less than that on the surrounding slopes, with steeper slopes
exhibiting greater thickness variation rates than gentler slopes; (2) basement depression,
where sedimentary thickness at the lowest point of the basement is greater than that on the
surrounding slopes, with steeper slopes exhibiting greater thickness variation rates than
gentler slopes; (3) horizontal basement plane, where uniform-thickness strata are deposited
above the basement.

The relationship between sedimentary thickness and fault types can be classified into
three types: (1) uniform-displacement faults, (2) growth normal faults, and (3) composite
faults exhibiting both uniform-displacement and growth characteristics. For uniform-
displacement normal faults, faulting occurs after strata deposition, with both the hanging
wall and footwall maintaining original sedimentary thickness trends. For growth normal
faults, faulting occurs synchronously with deposition, resulting in greater thickness in the
hanging wall than in the footwall. For composite faults combining uniform-displacement
and growth characteristics, the fault is divided into two segments based on displacement
features, with thickness controlled by uniform-displacement behaviour in one segment and
growth fault behaviour in the other.

3.1.2. Identification of Structural Deformation Characteristics and Locations
in Denuded Areas

The study area predominantly develops two major types of structural deformation:
growth anticlines and normal faults. The restoration of denuded strata requires that two
key problems be addressed: The first problem is determining where the crest of the base-
ment anticline was located during strata deposition. The second problem is defining the
temporal range of fault activity superimposed on the growth anticline. (1) Determination of
the basement’s highest location requires comprehensive consideration of multiple factors:
residual stratigraphic intervals, thinning trends of adjacent strata, fault assemblage com-
parisons, and pre-existing fault geometries in the basement. When the preserved portion of
the target layer or adjacent strata above and below exhibit thickness reduction, it indicates
that during the depositional period, the anticlinal crest of this area was located in the direc-
tion of thinning. Compared to planar and listric geometries, curved fault morphologies
within the sedimentary basement suggest the anticlinal crest is located above the outer side
of the fault’s “convex bend”. For two contemporaneously active sets of parallel normal
faults, the anticlinal crest occurs above the opposing fault step. (2) Fault activity duration
must also be determined. The temporal range of fault activity is determined through
two approaches: one based on displacement distribution characteristics, and the other by
referencing kinematic features of correlative faults in adjacent cross-sections.

3.1.3. Procedures for Denuded Strata Restoration

First, preliminarily determine the potential range of existing basement highs based on
strata thinning directions, then integrate fault characteristics within this range to precisely
locate anticlinal crests. Next, analyse fault features and activity duration in denuded areas,
following the principle of “restoring simple sections before complex ones”, and initiate
denuded strata restoration according to corresponding thickness distribution patterns.
Finally, verify the accuracy of restored denuded sections by examining their consistency
with displacement development patterns of bounding faults on both sides. On this basis,
maintaining smoothness of restored strata and ensuring closure of stratigraphic lines in both
crossline and inline seismic sections can further improve restoration accuracy. On seismic
profiles, denudation boundaries are identified at positions where residual stratigraphic
boundaries intersect with truncation surfaces. Finally, the denudation amount distribution
map is obtained by subtracting structural contour maps of upper and lower strata.
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3.2. Process of Stratigraphic Denudation Restoration

When the temperature and pressure reach a specific value, the plastic layer will
show the phenomenon of tensile thinning or agglomerative thickening under tectonic
stress. According to the type of tectonic stress on the target layer at a certain period, the
strain characteristics of plastic rock layer thinning or thickening can be determined [24].
Combined with the law of change in the thickness of the residual layers on both sides of
the denudation zone, the trend of thickness distribution of layers in the study area can
be determined.

Based on this idea, tectonic strain analysis was carried out on the seismic profiles of
60 mainline profiles and 28 tie line profiles in the Tangkou area, the thickness distribution
trend of the strata was summarised, and the denuded strata were restored. The stratigraphic
lines of the two types of profiles were closed throughout the area, and a planar distribution
map of the denudation of each layer was drawn. Due to space limitations, this article
provides a detailed explanation of four representative profiles, including the main lines
AA’, BB/, CC/, and the tie line DD’ (Figure 1b).

3.2.1. Main Line Profile AA’
(1) Structural Strain Analysis

The seismic profile (Figure 2) shows three sets of normal faults distributed on the
hanging well of the Qianbei fault. (i) The SE-trending normal fault (F4 series fault) near the
Qianbei fault stops at the erosion line on the top and converges with the Qianbei fault on the
bottom. The small and nearly equal fault distance indicates that the strata cut by the fault
were stable during deposition. Before erosion occurred, the series of strata were in a state of
tensile stress. (ii) NW-dipping normal faults (F3 series) proximal to the Ftk Fault terminate
at the unconformity surface, with some terminating within the Qian2 Member. It converges
downward to the Ftk fault with a small and almost equal fault distance, indicating that the
deposition of Lower Qian4 Member Jinghezhen Formation was stable. At the end of the
deposition of the Jinghezhen Formation, the Formation entered a state of tensile stress [25].
(iii) Between these two fault sets, SE-dipping normal faults (F1, F2) occur, including both
steeply dipping and low-angle varieties. The fault distance decreases from the Jingsha
Formation to the lower part of the Qian4 Formation. It converges in the upper part of the
Qian4 Formation, indicating that the activity of this type of fault stopped in the late stage of
the deposition of the upper part of the Qian4 Formation. At the same time, the thickness of
the hanging well layers immediately adjacent to the fault is smaller than that of the footwell
layers, indicating that the layers were subjected to uplift and tensile thinning in the later
stage [20]. These observations indicate that F1 and F2 were active during deposition of both
Lower and Upper Qian4 Members. The Qian3 Member was deposited in the Jinghezhen
Formation, and the deposition was stable. At the end of the deposition of the Jingsha
Formation, the Qianjiang Formation-Jinghezhen Formation, which is located between
two sets of normal faults with NW and SE orientations, was subjected to forces, forming
the highest point of the uplift. The strata on both sides entered a state of tensile stress
and underwent tectonic stress of tensile thinning, creating a trend of rock layer thickness
distribution that gradually thins from both sides to the highest point.

(2) Restoration of Denuded Strata

The T1 unconformity represents a key stratigraphic boundary. This study aims to
reconstruct the stratigraphic configuration at the transition from tectonic uplift to denuda-
tion. The restoration methodology involves the following three key steps: (i) Adjust the
hanging wall strata along the Ftk fault to align and level the hanging wall and footwall
denudation surfaces. (ii) Regional stratigraphic correlation indicates that the denuded
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succession comprises the Qian3, Qian2 Members, and Jinghezhen Formation. Notably, the
upper boundaries of the preserved Qian2 and Qian3 Members show near-conformable
relationships, suggesting that during Qian2 Member deposition, arid conditions caused
lake-level drop, exposing the Qian3 Member as a paleo-high; alternatively, they may have
caused differential thinning of the ductile Qian2 Member during later extension. Preceding
Upper-to-Lower Qian4 Member deposition, only SE-trending growth faults F1 and F2
developed in the study area, with strata thinning toward the Qianbei fault, indicating pre-
Qian3 Member basement uplift. (iii) Eroded strata reconstruction can be performed based
on thickness variations in Upper Qian4-Jinghezhen Formation strata across the F3-F4 fault
system, which thin toward the central area between faults. Following structural balancing
along 20 tie lines, the denudation reconstruction along the AA’ profile was completed
(Figure 2).

3.2.2. Main Line BB’ Profile
(1)  Structural Strain Analysis

The seismic profile (Figure 3) reveals two distinct fault types within the residual strata.
(i) The F3 normal fault system, developed along the Ftk fault’s right flank, exhibits consis-
tent displacement magnitudes, with lower tips terminating at the Ftk fault while upper tips
in thinner Qian2 Member sections terminate within the Jinghezhen—Qing1 interval, and
those in thicker sections extend into the Qingshan 2 Member. This behaviour reflects the
Qingshan 2 Member’s composition as a ductile, salt mud-rich unit that exerts stratabound
deformation resistance proportional to its thickness [27,28]. Integrated analysis of adjacent
section fault patterns constrains this system’s timing to the Jinghezhen Formation’s deposi-
tional termination. (ii) The F1-F2’ fault system between the Qianbei and Ftk faults displays
NW-concave crescent morphology, with lower tips merging at the Qianbei fault and upper
tips at the unconformity. This geometry, modified by subsequent NW-directed material
flow [29], indicates that the structural high occurs at the NW-oriented fault tips. Thickness
variations show near-uniform strata near the Qianbei fault versus abrupt thinning near the
Ftk fault, suggesting the Tan Kou uplift’s gentle western limb (slow thinning rate) contrasts
sharply with its steep eastern limb (rapid thinning rate).

(2) Restoration of Denuded Layers

The T1 unconformity constrains the denudation timing to the Jinghezhen Formation
depositional termination. The restoration procedure involves the following steps: (i) Verti-
cally adjust the Ftk fault’s hanging wall to align its denudation surface with the footwall,
creating a continuous horizontal datum. (ii) Regional stratigraphic correlation (Figure 1b)
reveals the denuded succession includes (from base to top): sedimentary basement, Lower
Qian4 Member, Upper Qian4 Member, Qian3 Member, Qian2 Member, and Qianl Member—
Jinghezhen Formation, with partial erosion of Lower Qian4—-Qian3 Members and complete
removal of overlying units in the Ftk fault footwall. (iii) Eroded strata reconstruction:
Guided by strain analysis results, restoration proceeded stratigraphically upward from
preserved Lower Qian4—-Qian3 Member remnants. Only basement-penetrating segments
of F1-F2’ faults (Jingsha—Shashi formations) are preserved, precluding fault displacement
measurements in the completely eroded Qianjiang-Jinghezhen interval. Consequently,
fault displacement was excluded during restoration, treating these zones as continuous
strata. Following structural balancing along 20 tie lines, the final restored stratigraphic
profile was obtained (Figure 3).

3.2.3. Main Line CC’ Profile
(1)  Structural Strain Analysis
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The seismic profile (Figure 4) reveals three distinct sets of normal faults within the
preserved stratigraphic succession: (i) Syn-depositional faults occurring in the mid-upper
section of the Qianbei fault, penetrating the Lower-to-Upper Qian4 Members and terminat-
ing at the unconformity surface. Fault displacement decreases upward, becoming negligible
at the Upper Qian4 Member boundary, indicating cessation during Qian3 Member deposi-
tion. (ii) Post-depositional normal faults, comprising two subsets: Step-like faults within
thin, ductile intervals of Lower Qian4 Member, recording syn-sedimentary extension and
faults along the central Qianbei fault zone, displaying uniform displacement between the
main fault and unconformity, suggesting post-uplift formation. (iii) Curvature-controlled
faults developing in zones where significant thickness gradients and high stratigraphic
curvature coexist. These faults demarcate transitional zones between rapidly thinned and
relatively stable stratigraphic domains.

(2) Restoration of Denuded Strata

Stratigraphic denudation in this section occurred at the Jinghezhen Formation depo-
sitional termination, resulting in the complete erosion of Upper Qian4 Member, Qian2
Member, and Qian1 Member-Jinghezhen Formation intervals. The restoration procedure
adopted a systematic approach progressing from basal to upper units and from right to left.
For Lower Qian4 Member restoration, the entire downslope section beyond the F4-2 fault
was eroded and reconstructed based on overlying strata thickness, F4-2 fault displacement,
and strain analysis results. The Qian3 Member was similarly restored using preserved
sections and Upper Qian4 Member relationships, constrained by strain analysis data.

This restoration methodology revealed consistent denudation patterns characterised
by (i) uniform thickness distribution in the F4-1 fault footwall, (ii) an anticlinal flexure
with thickness reduction between F4-1 and F4-3 faults, and (iii) progressive thickening of
hanging wall strata toward the Qianbei fault. Final stratigraphic reconstruction (Figure 4)
was achieved through structural balancing along 20 tie lines.

3.2.4. Tie Line DD’ Profile
(1)  Structural Strain Analysis

The seismic profile (Figure 5) reveals two syn-depositional faults flanking the Qianbei
fault’s uplifted segment: the western fault’s basal termination intersects the Qianbei fault,
terminating within Upper Qian4 Member, whereas the eastern fault intersects basally in a
similar manner but extends into the Qian2 Member. Displacement variations are prominent
between the Lower and Upper Qian4 Members but negligible between the Qian3 and Qian2
Members, indicating predominant fault activity during Qian4 Member deposition.

Strata overlying the western flank exhibit shallower dip angles than the eastern flank,
containing a synclinal depression with progressively decreasing dip angles from Lower
Qian4 to Qian2 Member. These observations suggest that Qian2 Member deposition
coincided with SW-NE directed compressional stresses, resulting in fault-parallel slip and
uplift [30,31], with maximum uplift occurring near the fault’s dip-transition zone.

During uplift, stress concentration at the uplift apex formed a low-angle normal fault
on the western flank. The high-uplift zone exhibits a sub-Qianjiang Formation pressure
deficit, driving ductile basement material to intrude along the fault plane and accumulate
above the uplift [32-34]. Consequently, basement material shows greater thickness at the
uplift centre compared to flanking areas.

Denudation patterns demonstrate fault-controlled uplift, with (i) maximum uplift near
the fault’s inflexion point and (ii) stratigraphic thickening toward the uplift axis. These
characteristics reflect syn-sedimentary tectonic control on basin evolution.

(2) Restoration of Denuded Layers
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Integrating the denudation line’s intersection with the target layer upper boundary
and strain analysis results, the denuded area exhibits an uplifted morphology, where
maximum uplift coincides with the dip-direction transition of the Qianbei fault, enabling
complete stratigraphic restoration (Figure 5).

4. Results

Based on cross-sectional research, the study of the amount of strata erosion in the
Tankouarea was extended to the plane (surface). The entire area was restored on the 3D
seismic data volume using a 16 x 16 survey line grid, with 60 main lines and 20 tie lines
completed for denudation recovery. All stratigraphic horizons from both types of survey
line profiles achieved complete intersection closure. On this basis, we verified the denuda-
tion recovery results using an 8 x 8 survey line grid, achieving an average accuracy rate
of 95%. Meanwhile, according to the lithostratigraphy under high temperature—pressure
conditions, local plastic creep may occur, resulting in local thickness inconsistencies, which
causes local stratigraphic thickness to not follow the same thickness variation rate, leading
to certain deviations. Meanwhile, in some areas with intense tectonic activity, the seis-
mic events appear severely fragmented, making accurate identification of both strata and
faults difficult, which introduces deviations to the local stratigraphic restoration using
this method. According to the verification results from the 8 x 8 seismic survey grid, the
denudation recovery errors caused by uncertainty factors are generally controlled within
10% across all sections of the study area.

The denudation area in the Tankou area is mainly the top of the Tankou uplift. The
denudation results show that the Qianl Member + Jinghezhen Formation has a denudation
area of 6.3 square kilometres and a maximum denudation thickness of 551 m (Figure 6a); the
Qian2 Member has a denudation area of 2.6 square kilometres and a maximum denudation
thickness of 164 m (Figure 6b); the Qian3 Member, with an area of 2.3 square kilometres
and a maximum denudation thickness of 215 m (Figure 6¢); for Upper Qian4 Member, the
denudation area is 1.54 square kilometres and the maximum denudation thickness is 191 m
(Figure 6d); for Lower Qian4 Member, the denudation area is 1.2 square kilometres and the
maximum denudation thickness is 286 m (Figure 6e).

The planimetric distribution of the stripping volume shows that the high part of the
Tankou uplift is located in the stripping area near the south slope. Taking the high part of
Tankou uplift as the centre, the stripping volume gradually increases in all directions and
converges to 0 at the boundary of the stripping area. The maximum stripping of Lower
Qian4 Member, Upper Qian4 Member, Qian3 Member and Qian2 Member is in the north
slope area of Tankou Uplift, which is consistent with the slight inclination angle of the
strata in this area and the low thinning rate of the thickness. The denudation of the Qianl
Member + Jinghezhen Formation is uniformly distributed from the high point of the uplift
to the surrounding area, with an increase occurring locally on the west and south slopes. In
this area, the boundary between Qian2 Member and Qian3 Member is close to the boundary,
which indicates that the stratum here suffers from extrusion, and it is the conversion zone
from high stratum dip to ground dip, so the thickness of the stratum there is greater than
that of the stratum in the stripping area.
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Figure 6. Plane distribution map of denudation amount. (a) Plane distribution map of denudation

(e)

amount of Jinghezhen Formation + Qianl Member; (b) plane distribution map of denudation amount
of Qian2 Member; (c) plane distribution map of denudation amount of Qian3 Member; (d) plane
distribution map of denudation amount of Upper Qian4 Member; (e) plane distribution map of
denudation amount of Lower Qian4 Member.

5. Discussion

The key to judging whether the erosion recovery is accurate is whether the regional
tectonic evolution history derived from the erosion recovery data is consistent with the
characteristics of stratigraphic lithology and regional tectonic stress evolution [35-37].

5.1. Fundamental Principles of Balanced Cross-Section Analysis

The balanced cross-section method assumes that the deformation of strata on the
cross-section conforms to the plane strain condition, and the structural restoration of the
cross-section is carried out according to the geometric balance principle of constant area.

During structural inversion, it is essential to remove the effects of tectonic deformation
(folding and faulting) on stratigraphic layers. The oblique shear method is currently the
most widely used technique for fault and fold restoration.

5.1.1. Fault Restoration Using Oblique Shear

This method applies to directional slip models where the hanging wall moves at an
angle to the fault plane (Figure 7a). The restoration process involves the following steps:
(1) Slip vector definition: The hanging wall displacement direction and magnitude are
specified. The hanging wall is moved backward along the slip vector to remove fault offset.
(2) Gap formation and collapse: A gap forms between the fault plane and the hanging
wall due to reverse displacement. The hanging wall collapses toward the fault plane
under shear vector control, with point-to-point correspondence along the fault surface.
(3) Fold propagation: Since the shear vector length remains constant, deformation near
the fault plane propagates into the hanging wall strata as folded structures, completing
fault restoration.
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Figure 7. Sketch map showing the principle of de-fault and de-fold by using inclined shear. (a) De-
fault; (b) de-fold.

5.1.2. Fold Restoration Using Oblique Shear

For fold restoration, the shear vector is oriented parallel or subparallel to the fold
axial plane. The restoration vector is determined by (1) Axial plane observation: Direct
measurement of fold axial plane orientation from structural data, constrained by balanced
cross-section principles (area/length conservation). (2) Layer-by-layer retrodeformation:
The restoration vector is applied downward sequentially. Its magnitude equals the original
folding displacement, but in the opposite direction, accurately reconstructing the pre-fold
geometry (Figure 7b) [38].

5.2. Ideas for Verifying the Accuracy of Results

Tectonic deformation in geological sections reflects the evolution of tectonic stress [39,40].
Fault and stratigraphic characteristics are essential elements that show tectonic deformation
and are also essential carriers that reflect the evolution of tectonic stress [41]. In the same
area, the stress evolution characteristics the two independently or jointly reflect should be
the same.

Within saline mud layers, tectonic activity elevates both temperature and pressure,
thereby enhancing material fluidity. In regions of pronounced tectonic deformation, layer
materials undergo stress-induced outward flow, resulting in measurable thickness vari-
ations (thinning or thickening) [42]. Successive tectonic stresses from distinct periods
superimpose their geometric and kinematic signatures onto fault characteristic, without
inducing slip along pre-existing fault planes. Consequently, two-dimensional profiles
preserve more comprehensive and authentic records of tectonic stress evolution, providing
reliable indicators of regional tectonic history. Employing geological equilibrium princi-
ples, post-deformation profile data were processed through MOVE software for tectonic
inversion modelling [43]. Comparative analysis reveals measurable discrepancies between
modelled and observed tectonic geometries, attributable to deformation-induced areal
changes in layer profiles.

Analyse this deviation. If the deviation is consistent with the MOVE software calcu-
lation principles and geological theory, it indicates that the deviation is reasonable and
the denudation recovery result is credible. If the deviation does not agree with the MOVE
software or geological principles, it indicates that the deviation is unreasonable and the
denudation recovery result has a significant error. In this paper, the AA’ profile is used as
an example. The geological form of the profile before the end of deposition of the Jinghe-
hzhen Formation and the occurrence of uplift is the standard to compare the structural
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inversion results obtained based on fault characteristics and using stress—strain analysis.
The structural inversion results were obtained based on the area of the stratigraphic section
and using the geological equilibrium method to verify the credibility of the denudation
recovery results.

5.3. Structural Inversion Results of the Two Methods
5.3.1. Results of Structural Inversion Based on Fault Characteristics

According to the structural strain analysis in Section 3.1.1, the main body shape of the
Qianbei fault did not change much after the deposition of the upper Member of the Jingsha
Formation and before the deposition of the Guanghuasi Formation. During the deposition
of Lower Qian4 Member and Upper Qian4 Member, the strata were under tensile stress and
in the same depositional state. The syn-deposition faults F1 and F2 developed, and the fault
shapes were plate-like or spatulate [44,45]. The upper boundary of the strata is controlled
by faults F1 and F2 and is stepped, with the terrain decreasing from west to east. The Qian3
Member-Jinghezhen Formation’s deposition was not affected by tectonic activity, and the
deposition was stable. The upper boundary of the strata remained continuous and gentle,
with the west side higher and the east side lower. From the bottom to the top, the softness
of each layer gradually increases (Figure 8d).

(b)
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Figure 8. Comparison map of tectonic inversion. (a) The structural form of the AA’ profile after the
amount of erosion has been restored; (b) the structural morphology of the AA’ profile after removing
fault; (c) the structural morphology of the AA’ profile after flattening the Jinghe Town Formation;
(d) the structural morphology at the end of deposition in the Jinghe Formation based on structural
stress—strain.

5.3.2. Results of Structural Inversion Based on Preservation of Stratigraphic Section Area

The profile data for the restoration of the eroded strata (Figure 8a) were imported into
the MOVE software for structural inversion calculations. (1) Faults developed at the end
of Jinghezhen Formation deposition were removed to obtain the geological shape of the
section at the end of Jinghezhen Formation deposition, when the uplift of the strata ended,
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and the geological shape of the section at a time when the rock strata had not yet broken
(Figure 8b). (2) Structural flattening was applied to the Qianl Member and Jinghezhen
Formation (Figure 7a) to reconstruct the original depositional geometry of the Jinghezhen
Formation, representing the pre-uplift configuration (Figure 8c). The results show that in
the denudation area (the high part of the Tankou uplift), the Qian2 Member is basically
horizontal with slight undulations. The Qian3—Upper Qian4 Member is slightly flattened
but still in an uplifted state. The two syn-depositional faults maintain a dip-flat shape,
but the degree of dip-flatness has decreased. The corresponding Qianbei fault segment
below the denudation area shows a concave change. This is a deviation from the structural
inversion results presented in Section 5.3.1.

5.4. Analysis of the Reasonableness of the Deviation

(1) When the strata rise, the material flows out, and the section area decreases due to
the stress and thinning of the Qian1 Member + Jinghezhen Formation. When calculating
the levelling of the strata, compared with the relatively large area of the strata before the
uplift, the ability to flatten the underlying strata and reduce the curvature of the fault line
is weakened, but still exists. (2) The Qian2 Member is thin, and the uplift area is closest to
that of Qianl Member + Jinghezhen Formation. Therefore, after the flattening of the Qian1
Member + Jinghezhen Formation, the Qian2 Member is the most flattened, with a slight
uplift range compared to the underlying strata [46]. (3) Because the Qianjiang Formation is
rich in plastic materials, there was no material outflow of different degrees during the uplift
of each layer. In the denudation area, the overall thinning of the overlying strata is more
remarkable, as the stratigraphic position becomes deeper compared to before the uplift.
During the flattening process, the greater the lack of braking force received, the more easily
the shape of the uplift is maintained. (4) After the uplift of the strata, a low-pressure space
is formed below the lower boundary of the Qianjiang Formation vertically corresponding
to the high part of the uplift, causing the inflow of highly plastic basement materials and
resulting in a positive increase in the basement profile [47]. Therefore, the corresponding
section of the Qianbei fault appears to concave in the MOVE software calculation based on
area preservation.

Assuming that the result of denudation recovery is greater than the actual denuda-
tion, after flattening the Qianl Member + Jinghezhen Formation section, Lower Qian4
Member—Qian2 Member will appear horizontal or concave. In contrast, a sedimentary
fault should appear as a plate or spatula shape or even a change in dip. However, this is
inconsistent with the characteristics of saline layers and the current tectonic characteristics.
When the amount of denudation is restored, the result is less than the actual amount of
denudation [48-50]. After Qianl Member + Jinghezhen Formation is flattened, the braking
ability of the underlying strata is even weaker. The strata of the second subduction stage
maintain a higher uplifted form, and the degree of uplift of the remaining strata increases
from top to bottom. This is inconsistent because the second subduction stage has thin
deposits, and the uplifted area is closest to the overlying strata [51]. This shows that the
deviation is reasonable, and the result of this denudation recovery is credible.

6. Conclusions

(1) At the end of the deposition of the Jinghezhen Formation, the combined effects of
compressional forces and the upwelling of saline basement materials in the Tankou
area jointly facilitated the formation of the Tankou uplift. This study clarifies the
genetic mechanism of the high point of Tankou, providing critical references for
subsequent research on hydrocarbon reservoir distribution and migration patterns in
the deeper sections of the oilfield.
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(2) The tectonic strain-based denudation restoration method can perform stress—strain
analysis in fault zones by integrating fault characteristics, residual strata, and litho-
logical properties, thereby obtaining stratigraphic thickness variation patterns and
tectonic morphological attributes of the target area. With only seismic data available,
this method still achieves accurate denudation estimation and is applicable to both
ductile and brittle formations. This approach significantly enhances feasibility for
structural interpretation studies in both data-scarce new exploration areas and geo-
logically complex mature fields, while avoiding the economic costs associated with
extensive testing programmes.

(3) We recommend comparing the structural inversion results obtained from MOVE
software simulation with the denudation restoration data based on tectonic stress—
strain analysis. Whether the deviations between them conform to the calculation
principles of MOVE software, regional geological conditions, and geological theories
can verify the credibility of the stratigraphic denudation restoration results. This
study mainly restored the denudation amounts of five layers in the Lower Qian4
Member of the Tankou area. The minimum denudation of each layer is distributed
on the steeper side of the residual strata, while the maximum denudation is located
near the gentler part of the residual strata. During the depositional period, areas with
greater denudation had larger depositional spaces and thicker sedimentary deposits
compared to areas with less denudation. Therefore, residual strata in areas with
greater denudation have higher potential for hydrocarbon accumulation, providing
new insights for deeper exploration in the oilfield.

This method is primarily applicable to areas with clear seismic interpretation results,
and thus is unsuitable for strata with poor seismic data quality or low resolution.
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