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Abstract: The Changling Depression, located in the southern part of the central depression
zone of the Songliao Basin, is characterized by complex structures and has been shaped by
multiple phases of tectonic activity. The strata in this region have undergone significant
uplift and denudation, resulting in an incomplete understanding of the prototype basin
and hindering progress in oil and gas exploration. To better understand the geological
characteristics and exploration potential of the Changling Depression, this study begins
with the reconstruction of denudation amounts. Using the stratigraphic trend extrapolation
method, the denudation of strata during the faulting period of the Changling Depression is
quantified. By combining the denudation thickness with the remaining strata thickness,
the original strata thickness is restored. Employing MOVE 2018version and Petrel 2021ver-
sion software, the paleogeomorphology of different geological periods is reconstructed.
Through an analysis of the prototype basin’s structure, its evolution history, sedimentary
filling patterns, and paleogeomorphological features, it is determined that the maximum
depositional thickness and rate during the Huoshiling period occurred in the Shenzijing,
Heidimiao, and Fulongquan areas, with strong central deposition that weakened toward
the north and south. During the Shahezi period, depositional thickness and rates exhibited
a pattern of weaker deposition in the south and stronger in the north. In the Yingcheng
Formation–Denglouku Formation period, the basin entered a subsidence phase, with an
expanded range of strata subsidence. During the Denglouku period, the Qianbei area expe-
rienced strong deposition, while the Heidimiao area saw even more pronounced deposition;
in contrast, the Shenzijing area displayed very weak depositional activity. The study reveals
a south-to-north migration of lateral subsidence centers over time, influenced by left-lateral
tectonic forces, reflecting a shift in the dominant influence pattern. These findings clarify
the morphology of the prototype basin and the distribution and migration of subsidence
centers across different periods, providing valuable insights that will facilitate deeper oil
and gas exploration efforts in the Changling Depression.

Keywords: changling depression; denudation restoration; prototype basin restoration;
paleogeomorphic restoration; sedimentary center
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1. Introduction
The Songliao Basin, located in northeastern China, is a continental basin formed during

the Mesozoic–Cenozoic era, rich in oil and gas resources. The Changling Graben, the
largest fault depression group in the southern part of the Songliao Basin, features a typical
double-layer structure of fault depression superposition [1,2]. Significant breakthroughs
were made with the deployment of the Changshen 40 and 41 wells in the Changling
Graben, revealing the vast resource potential of deep tight gas [3–5]. Since the Early
Cretaceous Huoshiling period, the Changling Graben has undergone multiple phases of
complex tectonic movements, greatly altering the basin’s landscape. According to the
“prototype controls source” theory, the development of source rocks is influenced by the
basin prototype during their formation period, such as basin type, paleogeomorphological
features, and paleo-depositional environments [6]. To further analyze the deep oil and
gas exploration potential of the Changling Graben, it is necessary to restore the basin
prototype, clarify the tectonic movements the basin has experienced, and define the impact
of later tectonic movements on the basin [6–10]. The uplift and denudation of strata can
alter the burial history of the basin, affecting the generation, migration, and preservation
conditions of oil and gas [11–15]. Therefore, reconstructing paleogeomorphology combined
with denudation amounts can restore the sedimentary records affected by denudation
and depict the basin’s appearance during the deposition period. Analyzing the prototype
basin by integrating basin structure and its evolution, sedimentary fill characteristics, and
paleogeomorphological features can summarize the basin’s evolutionary laws, providing
important evidence for the tectonic evolution of the Songliao Basin [16–18].

Previous studies on the protolithic basin of the Changling Graben have primarily
focused on individual graben layers, lacking a systematic restoration of regional denuda-
tion amounts across the entire graben [19,20]. Currently, the study area has achieved full
coverage of 3D seismic data, with partial completion of secondary acquisition. Various
methods exist for calculating stratigraphic denudation amounts, such as the stratigraphic
structural trend extrapolation method, the acoustic well logging method, and the wave
equation analysis method. In this study, the collected data include acoustic well logging
data and seismic data. However, since the upper part of the strata in the Changling Graben
period experienced much greater subsidence than denudation, the well logging data do
not conform to the principles of sedimentation and compaction, making it impossible to
calculate the denudation amount of the graben period strata using well data [21–27]. Con-
sequently, the stratigraphic structural trend extrapolation method was selected to restore
the denudation volume of the graben period strata from point to line to surface [28]. Based
on the denudation volume and the residual strata, the original depositional thickness of
the strata was reconstructed. By integrating the basin structure and evolution, sedimentary
filling characteristics, and paleotopography, the protolithic basin of different periods was
analyzed, and the patterns of subsidence filling and tectonic evolution were summarized.
This analysis provides valuable support for the selection of favorable exploration zones.

2. Geological Background
The Changling Graben is located in the southern part of the Central Depression Zone

of the Songliao Basin, extending in a northeasterly direction [29–31]. Controlled by the
basement master faults formed during the Late Jurassic to Early Cretaceous period, multiple
secondary grabens were formed, such as the Da’an Graben, Qibei Trough, Gudianzi Graben,
Shenzijing Trough, Hashitu Trough, Chaganhua Trough, Fulongquan Trough, Heidimiao
Trough, and Longfengshan Trough, etc. (Figure 1). Above the Cretaceous basement,
the graben period strata mainly include the Huoshiling Formation, Shahezi Formation,
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Yingcheng Formation, and the Denglouku Formation during the fault subsided transition
period (Figure 2).
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During the deposition period of the Huoshiling Formation, influenced by the rapid
oblique subduction of the Izanagi Plate in a NNW direction toward the Eurasian continent,
the Changling Graben was subjected to a sinistral transpressive tectonic stress field. This
led to the development of a series of NNE-trending sinistral transpressive faults and
relatively smaller-scale NW-trending extensional faults within the basin [32,33]. Under the
control of these faults, multiple graben and half-graben secondary depressions formed,
laying the foundation for the later development of fault depressions and preliminarily
establishing the basic structural framework of the fault depression basin. The overall pattern
was characterized by a wider and deeper northern part and a narrower and shallower
southern part. Building on the previously eroded and leveled Jurassic strata, the basin
entered the fault depression stage, with strata widely distributed and relatively thick
within the basin. By the end of the Huoshiling Formation deposition period, significant
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volcanic activity caused topographic variations, leading to localized denudation of the
Huoshiling Formation and the formation of the T4

2 unconformity surface [34–36]. The
Shahezi Formation deposition period marked the intense fault depression stage of the basin.
The activity of the fault-controlled depressions was strong, governing the sedimentation and
filling of the depressions and promoting the development and expansion of secondary sags.
The basin continued to extend and subside [37,38]. By the end of the Shahezi Formation
deposition period, localized areas experienced some degree of compressional inversion,
resulting in the denudation of the top strata and the formation of the T4

1 unconformity
surface [39–41]. During the Yingcheng Formation deposition period, the basin entered the
waning stage of fault depression. The sedimentary characteristics of the strata were mainly
characterized by infilling and leveling, accompanied by volcanic eruptions, which caused
localized structural inversion and the formation of the T4 unconformity surface [42,43].
In the deposition period of the Denglouku Formation, the fault-controlled depressions
continued to be active in the early stage, with non-uniform crustal subsidence. During
this stage, the scale of the faults decreased, primarily manifested as a reduction in fault
displacement. This resulted in the lower Denglouku strata being significantly controlled by
faults, exhibiting fault depression characteristics [44–46]. However, the subsidence range
of the Denglouku Formation was notably larger than that of the lower fault depression
layers, also displaying characteristics of a depression. By the end of this period, a brief
tectonic inversion occurred, forming the T3 unconformity surface(Figure 3). From this
point onward, the Changling Graben entered the depression stage, exhibiting a typical fault
depression superimposed structure in cross-section. The east–west direction displayed a
half-graben–horst-graben–horst-half-graben pattern, characterized by a zonal distribution
of three grabens and two horsts(Figure 4) [47–49].

Appl. Sci. 2025, 15, x FOR PEER REVIEW 5 of 25 
 

 

Figure 3. Stratigraphic units in the study area. 

 

Figure 4. Typical geological cross-section of Changling Graben (section location in (M,M’)). 

Figure 3. Stratigraphic units in the study area.



Appl. Sci. 2025, 15, 3149 5 of 22

Appl. Sci. 2025, 15, x FOR PEER REVIEW 5 of 25 
 

 

Figure 3. Stratigraphic units in the study area. 

 

Figure 4. Typical geological cross-section of Changling Graben (section location in (M,M’)). Figure 4. Typical geological cross-section of Changling Graben (section location in (M,M’)).

3. Databases and Methods
3.1. Seismic Data

Currently, extensive seismic exploration has been conducted in the Changling Graben
of the Songliao Basin, providing valuable data for studying deep structures and strata
(Figure 5). This study utilizes the latest 3D seismic data (40 m × 40 m) provided by
PetroChina, along with geological and well-log data. The 3D seismic data covers an area of
approximately 13,000 km2, achieving full 3D coverage with good seismic imaging quality
and clear seismic reflection structural features. This ensures reliable support for system-
atically analyzing the structural and sedimentary filling characteristics of the Changling
Graben’s various sags. Based on the 3D seismic data, five representative crosslines and
three inlines were selected. Through detailed stratigraphic and fault interpretation of these
profiles, the regional geological framework characteristics of the Changling Graben were
summarized. By utilizing the residual strata dip and the convergence trends of internal
seismic reflectors, combined with the regional geological background of the Songliao Basin,
a “point-line-surface” approach was applied to restore the denudation across the entire area.
The denudation amounts for the aforementioned four denudation periods in the Changling
Graben were restored at a density of 16 × 16, involving a total of 400 seismic profiles. By
analyzing the distribution characteristics of denudation amounts and the residual strata
distribution patterns, the tectonic framework of the prototype basin was reconstructed.
Combined with the tectonic background of the Songliao Basin, the evolutionary characteris-
tics of the Changling Graben were analyzed, and the subsidence features and evolutionary
patterns were summarized [50].

Leveraging the orientation of the residual strata obtained from seismic data and the
convergence patterns of co-phase axes within these strata, combined with the regional
geological context of the Songliao Basin, this study systematically analyzes and estimates
the denudation volumes for the four identified periods of denudation within the Changling
Graben. By examining the distribution of denudation volumes and the spatial patterns
of the remaining strata [51–53], the study reconstructs the original structural framework
of the basin. Integrating this with the tectonic setting of the Songliao Basin, the study
elucidates the evolutionary characteristics of the Changling Graben through various stages,
highlighting the sedimentological features and underlying evolutionary trends.
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3.2. Restoration Method of Formation Denudation

Numerous methods are currently available for calculating stratigraphic denudation,
including the stratigraphic structural trend extrapolation method, the acoustic well logging
curve method, and the wave equation analysis method [54,55]. Each method possesses dis-
tinct advantages and is applicable under specific conditions. The calculation of stratigraphic
denudation must be carefully aligned with the tectonic evolution context of the study area
to select the most appropriate method for restoring denudation volumes, thereby ensuring
the reliability and applicability of the results [56,57]. While most of these methods yield
denudation data at discrete points, the stratigraphic structural trend extrapolation method
emerges as the most effective approach for achieving a comprehensive understanding of
the planar distribution of denudation.

The acoustic wave time difference method is widely employed for calculating denuda-
tion volumes. Initially, we assessed the applicability of this method. The method is based
on the assumption that there is a consistent exponential relationship between the acoustic
wave time difference in rocks and their depth, provided that the compaction pattern of the
strata remains unchanged [58,59]. By statistically fitting the acoustic wave time difference
and depths of undepleted strata, a standard exponential compaction trend curve is derived.
Extrapolating this curve to where the acoustic wave time difference (∆t) equals the initial
acoustic wave time difference (∆t0) delineates the paleosurface; the interval between this
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paleosurface and the unconformity represents the denudation thickness (Figure 6). The
application of this method is subject to specific criteria. Generally, it is applicable when
the pressure exerted by the newer strata above the denudation surface on the underlying
residual strata is less than or equal to the pressure exerted by the eroded strata prior to
denudation. This ensures the integrity of the compaction curve for the residual mudstones
in the lower sections. However, drilling data from the study area reveal that the combined
thickness of the graben strata and the overlying newly deposited strata exceeds 500 m,
significantly surpassing the thickness of the eroded strata. Additionally, the deposition
process was marked by vigorous activity along the controlling fault and the formation of
extensive volcanic rocks. Consequently, the logging data do not conform to the expected
sedimentation and compaction patterns, making it impossible to generate a reliable com-
paction curve and, thus, to calculate the denudation thickness. Therefore, the acoustic wave
time difference method is not suitable for determining the denudation thickness of the
strata in this context.
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Denudation can lead to the formation of unconformities between stratigraphic layers,
with each unconformity potentially indicating multiple phases of uplift and denudation.
By integrating the analysis of tectonic activities and regional geological settings within the
study area, the stratigraphic structural trend extrapolation method proves to be highly
applicable. This methodology utilizes the orientation of residual strata and the convergence
trend of co-phase axes to reconstruct the pre-denudation strike, thereby estimating the
magnitude and spatial distribution of denudation during key tectonic episodes. It provides
a means of quantifying the multi-episodic denudation volumes of the strata [60,61]. The
integration of drilling data and 3D seismic data elucidates distinct unconformities between
the Huoshiling Formation, Shahezi Formation, Yingcheng Formation, and Denglouku
Formation with the overlying strata in the Changling Graben. Particularly in the Shenzijing–
Hashitu region, there is a notable disparity in the strike of the overlying and underlying
strata. These unconformities, characterized by truncation and onlap contact relationships on
seismic profiles, indicate that the strata underwent tectonic deformation prior to denudation.
The study area exhibits two distinct types of denudation (Figure 7), with the strata beneath
the unconformities displaying clear truncation features.
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Figure 7. Denudation types of Changling Graben. (a) Fold denudation type; (b) marginal up-
lift denudation type. H represents the residual stratigraphic thickness, and h′ represents the
denudation thickness.

By carefully analyzing the orientation of the residual strata and the convergence
patterns at internal layer interfaces, we can identify areas that have remained unaffected by
denudation. By measuring the degree of thinning over equivalent horizontal distances, we
can extend our findings to eroded zones, reconstructing the eroded thickness by adhering
to the principle of a uniform rate of thinning. This method allows us to estimate the extent
of denudation in the affected areas, as illustrated in Figure 8.
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The specific process for denudation restoration calculations is as follows:
Step One: Precisely locate two denudation reference points, A and A′, within the

sedimentary layers. Given the constraints of seismic profile lengths, the exact denudation
points may not always be identifiable. Consequently, the reference points selected are
generally the apparent denudation points A′ and A, which are positioned closest to the
basin’s center on the profile [62].
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Step Two: Compute the thinning rate K. This is achieved by identifying a strata
segment (BA′) that exhibits a relatively stable thickness change towards the basin from the
apparent denudation reference point A′. Designate the distance between BA′ as L and the
apparent thickness of the strata segment at points A′ and B as H′ and H, respectively. With
these values, the thinning rate K can be derived using Equation (1).

K = (H − H′)/L × 100%. (1)

Step Three: Ascertain the pristine thickness of the strata, denoted as Hi. Commencing
from the apparent denudation reference point A′, delineate the calculation points C1, C2,
C3, ..., Cn across the eroded region and ascertain the respective distances from these points
to point B, labeled as L1, L2, L3, ..., Ln. By applying Equation (2), one can deduce the original
thickness of the strata at each designated point.

Hi = H − K × Li. (2)

In this context, i equals 1, 2, 3,...,n.
Step Four: Calculate the denudation thickness, Hb. By subtracting the remaining strata

thickness (hi) from the original strata thickness (Hi) at each point, the denudation thickness
(Hb) at each point can be determined. Formula (3) is as follows:

Hb = Hi − hi. (3)

Step Five: Determine the actual thickness of the eroded strata. With the aid of the
thinning rate K, the angle θ can be calculated as follows:

θ = arctgK = arctg
[(

H − H′)/Li
]
. (4)

Given the apparent thickness of the strata, the true thickness of the eroded strata,
denoted as Hz, can be derived as follows:

Hz = Hi × cos θ (5)

Under the assumption of a consistent change in strata thickness, we can determine the
depositional thinning rate, K, for the study section by utilizing the geophysical imaging
attributes of the overlying strata from the regional seismic data within the research area.
This enables us to estimate the original depositional thickness of the stratigraphic interval
in question.

As the Changling Graben represents a classic graben basin, the original thickness
of the strata deposited during the graben period is influenced by the faulting within the
basin’s depression. The strata attain their maximum thickness at the fault’s root and
thin in a wedge-like way from it. By leveraging the regional tectonic features and the
characteristics of strata deposition, we apply the stratigraphic trend extrapolation method
mentioned earlier, combined with a comprehensive tectonic–sedimentary strata approach.
This integrated method accounts for the interplay between tectonics and sedimentation, as
well as the effects of tectonic activity on denudation, thereby elucidating the dynamics of
denudation. By steering clear of a purely trend-based extension and embracing the control
of tectonic–sedimentary processes, we significantly reduce the margin of human error in
our assessments. Consequently, this approach bolsters the precision of our estimates for
the volume of denudation.

4. Results
4.1. Restoration Results of Graben Denudation in Changling Formation

Using the stratigraphic trend method, we have successfully reconstructed the denuda-
tion volumes for the four main tectonically active phases within the Changling Graben. As
illustrated by the denudation volume restoration of the Shahezi Formation in the Changling
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Graben (Figure 9), the denudation characteristics of the strata exhibit a clear pattern. By
analyzing the underlying strata, their internal co-phase axes, and the strata’s diminishing
trend, and integrating these observations with the stratigraphic trend extrapolation method,
we have been able to restore the denudation thickness across various strata. This approach
not only restores the denudation thickness but also reinforces the theoretical foundation of
the stratigraphic trend extrapolation method, which transitions from individual points to
lines and ultimately to a comprehensive surface analysis.

Appl. Sci. 2025, 15, x FOR PEER REVIEW 14 of 25 
 

uplift and denudation. The reconstructed outcomes, synthesized from lithological and 
seismic facies data, align with the sedimentary facies, thereby validating the precision of 
the denudation volume restoration. 

 

Figure 9. Denudation calculation of the Shahezi Formation in Changling Graben using the strati-
graphic trend extrapolation method. Notes: (a) fold denudation type; (b) marginal uplift denudation 
type; (c) the location of the typical profile for denudation recovery is shown in (B,B’). 

Figure 9. Denudation calculation of the Shahezi Formation in Changling Graben using the strati-
graphic trend extrapolation method. Notes: (a) fold denudation type; (b) marginal uplift denudation
type; (c) the location of the typical profile for denudation recovery is shown in (B,B’).

Through the detailed restoration of the upper surfaces of each eroded stratum within
the profile, it has been observed that the primary denudation in the study area occurred
within the Huoshiling, Shahezi, and Yingcheng Formations, while the denudation thick-
ness significantly decreased in the Denglouku Formation. By integrating the analysis of
tectonic movements and regional context, we have achieved a comprehensive denudation
restoration across the entire region, systematically transitioning from point to line and then
to surface, thereby achieving a three-dimensional closure. This approach has allowed us to
meticulously restore the denudation volumes for the Huoshiling, Shahezi, Yingcheng, and
Denglouku Formations with a 16 × 16 grid density, as illustrated in Figure 9. Consequently,
we have been able to estimate the denudation and the original depositional thickness data
for the graben strata with greater precision.

(1) Denudation characteristics of Huoshiling Formation
Seismic profiles clearly reveal the most significant truncation characteristics in the

central and northern sectors of the Changling Graben (Figure 10a). The stratigraphic
distribution of the Huoshiling Formation is controlled by the boundary faults that define
the depression, thereby establishing the fundamental structural framework of the graben
basin. In the later stages of sedimentation, the strata experienced uplift due to tectonic
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activities, followed by denudation, resulting in an angular unconformity with the overlying
strata. Using the stratigraphic trend extrapolation method, we have determined that the
denudation thickness across the Huoshiling Formation ranges from 0 to 450 m, with an
average thickness of approximately 125 m. The most substantial denudation thickness is
observed near the Shenzijing and Hashituo Troughs within the Changling Graben, with
the central trough being the most severely eroded. In contrast, the northern and southern
troughs exhibit relatively milder denudation and more intact strata. The residual thickness
of the Huoshiling Formation varies from 0 to 1200 m, with the most significant denudation,
around 417 m, noted in the Shenzijing–Hashituo region. The denudation intensity is most
pronounced in the central region, decreasing from north to south, and the denudation
thickness primarily extends in a north–south orientation.

Appl. Sci. 2025, 15, x FOR PEER REVIEW 15 of 25 
 

 

Figure 10. Denudation thickness map of the Huoshiling–Denglouku Formation in Changling Gra-
ben. Notes: (a) Huoshiling Formation; (b) Shahezi Formation; (c) Yingcheng Formation; (d) 
Denglouku Formation. 

Figure 10. Denudation thickness map of the Huoshiling–Denglouku Formation in Changling Graben. Notes:
(a) Huoshiling Formation; (b) Shahezi Formation; (c) Yingcheng Formation; (d) Denglouku Formation.

(2) Denudation characteristics of Shahezizu Formation
The denudation of the Shahezi Formation is predominantly evident in the regions of

Shenzijing, Hashituo, Chaganhua, Fulongquan Troughs, and Da’an Graben, as depicted in
Figure 10b. This formation experiences the most substantial denudation among the four
targeted strata, with the remaining strata thickness varying from 0 to 1800 m across the
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area. The denudation thickness within the Shahezi Formation itself spans from 0 to 750 m,
with an average thickness of approximately 300 m.

Shaped by the faulting patterns of the depression, the strata from the graben period
have evolved in a continuous sequence, yet the extent of denudation varies significantly
across the basin’s regions. The central trough experiences the most intense denudation.
Analysis of the denudation characteristics of both the Huoshiling and Shahezi Formations
indicates that during the Shahezi Formation’s depositional phase, the Shenzijing and
Hashituo areas were part of a symmetrical dual-fault structure, which initially formed a
unified lake basin. This basin was later segmented by compressive tectonic forces towards
the end of the Shahezi period, leading to extensive denudation. The residual thickness of
the Huoshiling Formation ranges from 0 to 1200 m, with the most significant denudation,
estimated at around 417 m, occurring in the Shenzijing–Hashituo region. The denudation
intensity is most pronounced in the central areas, tapering from north to south, with the
denudation thickness primarily oriented in a north–south direction.

(3) Denudation characteristics of Yingcheng Formation
The eroded strata of the Yingcheng Formation exhibit a thickness range from 0 to 450 m,

with an average of approximately 100 m (as shown in Figure 10c). The overall pattern of
denudation is similar to that observed in the Huoshiling and Shahezi Formations, with the
central trough undergoing the most severe denudation. Notably, the degree of denudation
in the Qianbei Trough has increased compared to the earlier two periods. The thickness of
the remaining strata ranges from 0 to 2400 m.

(4) Denudation characteristics of Dengluoku Formation
The eroded strata of the Denglouku Formation exhibit a thickness range from 0 to 280 m,

with an average thickness of approximately 120 m (as illustrated in Figure 10d). Within
the Qianbei Trough, the erosive forces during the Denglouku epoch were significantly
intensified. This epoch is characterized by a more distinct overall uplift, which has led
to a significant broadening of the denudation boundaries across the basin. Despite this,
the total denudation within the basin remains comparatively modest. The Denglouku
Formation signifies a pivotal transition from a fault depression to an uplift phase, and by
the conclusion of the Denglouku depositional period, a tectonic inversion event took place,
causing a surge in denudation along both the eastern and western flanks.

The stratigraphic trend extrapolation method offers the advantages of speed and
intuitiveness in denudation restoration, enabling the reconstruction of stratigraphic mod-
ifications caused by multiple denudation events. Through the analysis of denudation
amounts across four periods, it was found that the denudation amounts ranged between
0 and 750 m, with an average of approximately 161 m. The Shenzijing–Hashituo sag area
experienced the most intense denudation. However, there are potential uncertainties in
the denudation restoration process, such as limitations in seismic data resolution. In this
study, the latest 3D seismic data with good imaging quality and clear reflection features
were collected to minimize errors caused by resolution limitations. Over long timescales,
sea-level changes can significantly affect the deposition–denudation balance, leading to
cumulative errors. By analyzing the regional geological background and sedimentary facies
maps, it was determined that the water depth in the Changling Graben was approximately
40 m, corresponding to a residual thickness of about 2200 m, resulting in a paleo-water
depth error impact of about 1.8%. Additionally, the dynamic coupling of tectonic activity
and sedimentary environments may alter the original stratigraphic distribution patterns.
This study integrated tectonic–sedimentary responses to minimize human cognitive errors
as much as possible, enhancing the credibility of the research results.

The structural characteristics and distribution of denudation thickness within the
Changling Graben demonstrate a distinct inheritability in the faults that have evolved across
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different periods. The principal faults, which are long-term syndepositional and control
the scale of development in various troughs, have directed the denudation range to evolve
inherently from the base upwards. The Shenzijing and Hashituo regions stand out as the
main denudation areas, with the Shahezi Formation recording the peak denudation values.
The Yingcheng Formation exhibits a generally elevated degree of denudation, implying that
the late-stage inversion and compression during the Yingcheng epoch were particularly
forceful, impacting a substantial portion of the study area and resulting in a considerable
uplift range. As we progress to the Denglouku Formation, denudation is notably reduced,
yet the spatial extent of denudation expands, suggesting that the compressional stress
during the Denglouku period was comparatively weaker. The concentration of denudation
on the eastern side points to a more pronounced effect of compressive stress in this region,
which also explains the greater uplift on the eastern side compared to the western side
due to compressional forces. Moreover, the extent of denudation demonstrates an inverse
relationship with fault scale: larger faults have a broader impact, while the influence of
smaller faults is more limited, to the extent that their effect can be largely overlooked.

4.2. Seismic Response Characteristics of Sedimentary Facies

By integrating existing geological survey data and conducting comprehensive anal-
yses of well logging, logging while drilling, and seismic profiles, we have developed a
depositional facies model for the study area that includes four primary rock facies types:
lacustrine, braided river delta, fan delta, and volcanic. The lacustrine facies acts as a signifi-
cant background depositional facies in the Changling Graben, with seismic characteristics
primarily displayed as parallel or sub-parallel, sheet-like reflection structures. The braided
river delta facies is predominantly found on the gentle short-axis slopes or the narrow long-
axis flanks of the graben, and its seismic response is marked by prograding, hummocky, or
sheet-like reflection structures. The fan delta facies mainly develops along the side of the
controlling depression fault, with seismic signatures typically presenting as hummocky
wedge-shaped or discontinuous hummocky hill-shaped reflection structures. The volcanic
facies, widely distributed within the Huoshiling and Yingcheng formations, often exhibit
distinct arched, cone-shaped chaotic reflection structures on seismic profiles.

By integrating the distribution of denudation and sedimentary facies analysis (Figure 11)
and using the depositional period of the Shahezi Formation as a case study, it is evident
that the basin’s structure during this era was profoundly influenced by the boundary
fault-controlled depression. Intense graben activity resulted in the formation of multiple
lake basins within the Changling Graben, which are classified as key background sedi-
mentary facies of the Graben period. These can be categorized into marginal shallow lake,
semi-deep lake, and deep lake subfacies. Driven by sediment supply from the Gudian
Uplift and Shenzijing Uplift, small-scale fan delta deposits formed along the fault sides
of each subordinate graben lake basin, transitioning to marginal shallow lake deposits
towards the lake centers. The gentle short-axis slope of the Gudian Graben fostered the
development of a braided river facies. Except for the central Trough, which extends contin-
uously from Qianbei to Shenzijing to Chaganhua Trough, all other subordinate Troughs
are distinctly segmented, creating a characteristic pattern of alternating depressions and
uplifts [19,20]. Aligning with the denudation range, the differential uplift and subsidence
of strata on either side of the controlling fault caused the upper plate strata to rapidly
subside, accepting sedimentation, and leading the graben to evolve from initial compen-
sation sedimentation to under-compensation sedimentation. This transition resulted in
the deepening of water bodies and a swift shift to semi-deep to deep lake environments,
triggering stratal onlap phenomena. Fan delta and braided river delta sand bodies devel-
oped on the steep and gentle slopes of the trough, respectively. Towards the end of the
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Shahezi Formation’s depositional period, the basin transitioned into a rapid graben phase,
marked by localized compression, uplift, and denudation, predominantly within the semi-
deep to deep lake zones. Denudation intensified from the depositional center outwards,
peaking on the slopes and then gradually diminishing. This pattern corresponds to areas
where under-compensation sedimentation was succeeded by compressional uplift and
denudation. The reconstructed outcomes, synthesized from lithological and seismic facies
data, align with the sedimentary facies, thereby validating the precision of the denudation
volume restoration.
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5. Discussion
Drawing on the calculated denudation thickness and its spatial distribution, in con-

junction with the remaining strata thickness, we can deduce the original thickness of the
strata. This foundation allows us to connect the evolution of geological structures with that
of the strata and to correlate these denudation events with the principal tectonic activity
periods within the basin, thereby establishing a link between tectonics and the evolution
of troughs. This process aids in the reconstruction of the graben basin’s original form.
By integrating the regional geological context with an analysis of sedimentary facies, it
was found that the maximum water depth in the Changling Graben was around 40 m,
associated with a residual thickness of approximately 2200 m. The error impact on paleoto-
pography is estimated to be about 1.8%. Therefore, this study has not included an analysis
of paleowater depth. Instead, geological modeling techniques are utilized to reconstruct
the paleotopography of the basin across various periods and are contrasted with current
structural configurations. This comparison enables a more profound examination of the
paleotectonic setup and the evolutionary history of the basin’s prototype.

5.1. Analysis of Basin Tectonic Evolution

(1) Basin structure and sedimentary formation filling characteristics
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Initial Stage of Graben—Huoshiling Formation Deposition: The remaining strata
of the Huoshiling Formation reveal that the Changling Graben is composed of multiple
independent residual depression groups, with individual grabens being relatively small
in scale. During this period, the Shenzijing and Fulongquan areas exhibit the maximum
depositional thickness and rate, with intense deposition concentrated in the central region,
gradually decreasing towards the north and south.

Intense Stage of Graben—Shahezi–Yingcheng Formation Deposition: During the
Shahezi Formation depositional period, compared to the Huoshiling Formation, the scale of
the Qianbei Trough expanded. In the Yingcheng Formation period, faults and strata acted
simultaneously to promote the further development and strengthening of each subordinate
graben, with significant tectonic subsidence in the Heidimiao area during this period. The
depositional thickness and rate at this time show a pattern of weaker in the south and
stronger in the north, indicating a northward shift in the depositional center compared to
the Huoshiling period.

Transition from Fault Depression to Uplift—Denglouku Formation Deposition: During
this period, the strata underwent non-uniform subsidence, and by the end of this period,
some grabens experienced tectonic inversion, leading to denudation on the eastern and
western sides. The basin began to subside, and the depositional range started to expand,
gradually evolving into a unified large depression lake basin, marking the initial stage of
the Songliao Basin’s subsidence. At this time, the Qianbei area exhibited strong deposition,
while the Heidimiao area experienced relatively strong deposition. In contrast, the deposi-
tional thickness and rate in the Shenzijing area during the Denglouku period were notably
weak. This reflects the controlling influence of the structural deformation differences in the
Changling Graben on the thickness and rate of depositional strata.

(2) Basin tectonic evolution
Based on the geological background of the Changling Graben area, the characteristics

of basin sedimentation and filling, and the patterns of geological structures, combined
with the research findings of previous studies, the tectonic evolution of the Changling
Graben is divided into three stages(Figure 12): the graben stage, the sag stage, and the
inversion stage. This study adheres to the principle of cutting through the main tectonic
units with key profiles, dividing them into five representative horizontal and three vertical
structural framework profiles. Through the analysis of the basin’s structural framework, it
is determined that the Changling Graben has a characteristic structure of being divided
into eastern and western zones and northern and southern sections. This study selects
the profile passing through the Shenzijing, Hashituo, and Fulongquan areas as a typical
profile. By integrating regional geological background analysis, seismic profile structural
interpretation, regional unconformities, and the restoration of denudation volumes, the
tectonic evolution process of the Changling Graben is analyzed.

The Huoshiling-Yingcheng Formation period (145 Ma–124 Ma) represents the graben
stage. During the depositional period of the Huoshiling Formation, following the formation
of the basin’s base, the basin experienced NNW-directed compression from the Izanagi
Plate to the east, accompanied by large-scale volcanic activity. This led to the formation of
several NNE- and NNW-oriented major faults within the basin. These faults have distinct
graben and half-graben structural forms, laying the foundation for the later development
of the graben and initially forming the basic structural pattern of the graben basin. At
the end of the Huoshiling depositional period, fault activity weakened, the strata were
uplifted as a whole, and the shrinkage of the lake basin at the end of the deposition led
to extensive denudation of the early-deposited Huoshiling Formation in the Changling
Graben, resulting in an angular unconformity with the overlying strata. During the Shahezi–
Yingcheng Formation depositional period, the controlling depression faults continued to be
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active, governing the deposition and development of the strata, which mainly developed
in the sag on the downthrown side of the faults. The strata were thickest at the fault roots
and wedged out away from the faults. In the Shenzijing Trough, it manifests as the stage of
filling and compensation. At the end of the graben period, tectonic inversion occurred; the
strata were uplifted and eroded, forming an unconformity interface.
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During the Denglouku Formation’s (124 Ma–112 Ma) depositional epoch, which sig-
nifies the shift from fault-controlled depression to sag, the basin collectively entered a
phase characterized by sag subsidence. The robust tectonic inversion and crustal uplift that
marked the conclusion of the Yingcheng Formation’s deposition evolved into a period of
relaxation and elongation. The early continued activity of the controlling depression faults
led to non-uniform crustal subsidence, with the strata beneath the Denglouku Formation
being notably influenced by fault control, displaying graben traits [63]. However, Den-
glouku’s subsidence area is significantly more expansive than the underlying graben layers,
also reflecting sag features. Towards the end of the Denglouku Formation’s deposition,
certain grabens experienced tectonic inversion, with denudation affecting the eastern and
western flanks. The basin commenced sinking, its depositional range broadened, and it
progressively transformed into a cohesive large depression lake basin, thereby heralding
the commencement of the Songliao Basin’s sag phase.

The Quantou–Nenjiang Formation’s depositional interval marks the sag phase, char-
acterized by widespread blanket sedimentation that extended across the entire region,
connecting various troughs and showcasing a distinct, unified stratigraphic distribution
pattern. At the end of the Nenjiang Formation’s deposition, compressive folding move-
ments occurred, with the graben’s controlling faults reversing and thrusting, forming
low-amplitude, broad-fold structures. However, during this period, inversion structures
were minimal in the Shenzijing–Hashituo areas of the Changling Graben, with only slight
stratal flexures evident near the principal controlling faults, suggesting a generally subdued
degree of deformation.

As the deposition of the Nenjiang Formation neared its end, the basin began a gradual
contraction, entering the inversion phase, which coincided with the late-stage tectonic
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inversion of the Songliao Basin. During this period, the Changling Graben also experienced
regional tectonic inversion. Additionally, extensional activities were present, giving rise to a
modest number of normal faults that interconnected segmentally with the underlying faults.
This resulted in more substantial displacements in the upper sections and comparatively
minor ones in the lower sections.

5.2. Analysis of Paleogeomorphic Features of Basin

During the Huoshiling Formation epoch (Figure 13a), the Changling Graben was
characterized by low-amplitude, scattered troughs, with the more significant ones located
along the central and eastern trough belts. The basin’s prototype at this time exhibited a
classic graben structure, featuring a pattern of alternating depressions and uplifts, with the
Shenzijing Trough as the central subsidence point and a notably high sedimentation rate.
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As the Shahezi Formation period progressed (Figure 13b), the impact of tectonic uplift
transformed the previously scattered small troughs into more expansive regional troughs.
Notable examples include the Heidimiao Trough in the southwest, the Qianbei Trough in
the center, the Shenzijing Trough, the Hashituo Trough, and the Fulongquan Trough in
the southeast, effectively defining the distribution range of Troughs within the Changling
Graben. The general low-lying paleotopographic areas were concentrated in the central
band of the Changling Graben, indicating that the primary subsidence region during
the Shahezi period was likely centered on the Qianbei–Shenzijing–Chaganhua–Hashituo
axis [64].

During the Yingcheng Formation period (Figure 13c), troughs were mainly located in
the Qianbei Trough and the Heidimiao–Longfengshan Trough, while the paleotopography
of the Da’an Graben, Fulongquan, and Gudian Trough was relatively higher. The slope
development areas for the Yingcheng Formation were identified in the southern part of
the Da’an Graben, along the eastern and western flanks of the Qianbei Trough, between
Chaganhua and Hashituo, in the eastern portion of the Gudian Graben, and in the southern
reaches of the Heidimiao Trough. The regions experiencing rapid subsidence and significant
deposition in the Changling Graben at this time were primarily concentrated in the Qianbei
Trough and the Heidimiao–Longfengshan Trough.

During the Denglouku Formation period (Figure 13d), troughs were primarily dis-
tributed across the Qianbei–Shenzijing northern part, Hashituo Trough, Heidimiao, and
Longfengshan Trough. The area between Shenzijing–Chaganhua and Fulongquan stood
as a high paleotopographic area, while other areas were characterized as slope zones.
Throughout this period, the paleotopographic troughs, slopes, and uplifts in the Changling
Graben developed in tandem.

The structural analysis of the Changling Graben’s prototypical basin (as illustrated
in Figure 13) reveals a strong inheritability in the development of troughs throughout the
graben phase. The Qianbei Trough, which has consistently served as a tectonic subsidence
center since the Huoshiling Formation’s depositional phase, stands out as the most deeply
incised structural trough on an extensive scale. During the Huoshiling period, the epicen-
ters of subsidence were located in the Shenzijing and Fulongquan areas. Subsidence in
the Qianbei area began to intensify from the Shahezi period, reaching its peak during the
Yingcheng period, with Qianbei being the most significant and Heidimiao being the sec-
ondary center. By the Denglouku period, the Qianbei area had become a robust subsidence
zone, while Heidimiao maintained a stable, albeit weaker, subsidence pattern.

In the early stages of the tectonic graben, the Shenzijing area was notably active,
with the Shenzijing Trough transitioning from a deep to a shallow configuration from the
Huoshiling to the Denglouku period. This shift indicates a gradual decline in tectonic
subsidence at the Shenzijing Trough over time. In the later stages, the Qianbei area exhibited
strong activity. Stratigraphically, this is reflected in the thickness variations, with the
Shenzijing area displaying thick deposits in the early stages and thinner layers in the later
stages, while the Qianbei area showed the opposite pattern [33,34]. The Heidimiao Trough’s
depth at the base of the Yingcheng Formation indicates substantial tectonic subsidence
during that era.

The lateral sedimentary centers of the Changling Graben exhibit a northward mi-
gration from early to late periods. The prototypical basin formed during the Huoshiling
Formation established the foundational structural framework of the Changling Graben,
with the central subsidence area shifting from the Shenzijing Trough in the early stages to
the northern Qianbei Trough. During the Denglouku depositional phase, the basin grad-
ually evolved into a cohesive, large depression lake basin, characterized by widespread
blanket sedimentation across the entire region [65]. This evolution outlines a longitudinal
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trend from graben to sag to inversion, essentially mapping out the basin-formation journey
of the Changling Graben.

By synthesizing the evolutionary trajectories of each trough, the Changling Graben
can be categorized into two models comprising three types of Troughs: the “inversion-type”
troughs that begin with intense rifting, followed by a subdued graben phase, and culminate
in inversion, such as the Shenzijing Trough, Chaganhua Trough, and Gudian Graben; the
“inversion-type” troughs that start with a weaker phase, evolve into a robust graben, and
conclude with inversion, like the Heidimiao Trough, Longfengshan Trough, Da’an Graben,
Hashituo Trough, and Fulongquan Graben; and the “inherited-type” Troughs that begin
with a weaker phase, strengthen in the middle Graben phase, and maintain their intensity
in the later stages, exemplified by the Qianbei Trough.

6. Conclusions
(1) The denudation volume restoration of the graben strata within the Changling Graben

reveals an inheritable expansion of denudation from the base upwards, strongly influenced by
faulting, with the most intense denudation occurring in the central regions. The denudation
thickness data indicate that the Shahezi Formation undergoes the most significant denudation,
while the Yingcheng Formation exhibits a consistently high degree of denudation. This
suggests a period of pronounced structural inversion after the Shahezi–Yingcheng depositional
phase, characterized by substantial uplift and denudation of the strata.

(2) The protolithic basin restoration of the Changling Graben reveals that the Hu-
oshiling Formation exhibits its maximum depositional thickness and rate in the Shenzijing
and Fulongquan areas, with deposition intensity decreasing towards the north and south.
During the Shahezi period, the depositional thickness and rate show a gradient that is
weaker in the south and stronger in the north. In the case of the Yingcheng–Denglouku
Formations, the basin transitioned into a subsidence phase, characterized by an expanded
sedimentation range, with a notably high deposition rate in the Qianbei and Heidimiao
areas during the Denglouku period. In contrast, the depositional thickness and rate in the
Shenzijing area during the Denglouku period are significantly reduced, confirming the
temporal migration of the lateral subsidence center from south to north.

(3) The troughs within the graben period exhibit a distinct inheritable developmental
pattern, with faults demonstrating clear inheritability across different periods, thereby gov-
erning the scale of development for each trough. Strata beneath the Denglouku Formation
are strongly influenced by fault control, displaying characteristics of a graben. Following
the deposition of the Denglouku Formation, the basin transitioned into a subsidence phase,
characterized by a significantly broader sedimentation range compared to the underlying
graben, illustrating a vertical evolutionary trajectory from early graben formation through
subsidence to eventual inversion.
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