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Supradetachment basins can record the stratigraphy and development of
metamorphic core complexes (MCCs). The Fuxin supradetachment basin, which
lies immediately to the west of the Yiwulvshan MCC in NE China, provides an
excellent opportunity to establish the relationship between supradetachment basins
and MCCs. In this study, we conducted field investigations, sedimentary facies
analysis, and seismic profile interpretation to decipher the sedimentary processes
and structural evolution of the basin and link them to the development of the
Yiwulvshan MCC. The Fuxin Basin is filled predominantly by syn-rift volcanic
sedimentary and post-rift clastic rocks, which developed in four stages, namely,
proto-rift, fault subsidence, transition, and compression. The Fuxin Basin developed
simultaneously with the two stages (earlier faulting-dominated and later exhumation
stages) of development of the MCC. Erosion of the core of the Yiwulvshan MCC
provided clastic material to the Fuxin Basin. Based on multi-stage reconstruction of the
formation and evolution of the Fuxin Basin and Yiwulvshan MCC, we propose that
rollback of the Paleo-Pacific Plate and retreat of the subduction trench provided the
geodynamic setting for the crustal extension that formed the basin and MCC.
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1 INTRODUCTION

Metamorphic core complexes (MCCs) comprisemetamorphic rocks at the bottom and unmetamorphosed
sequences at the top (e.g., Davis and Coney, 1979; Martinez et al., 2001; Whitney et al., 2013). Detachment
fault zones are dominated by mylonite and separate the brittle top and ductile bottom of MCCs (e.g., Qiu
et al., 2020a). The upper unit of anMCC develops brittle normal faults that merge into a master fault, with
sedimentary basins being formed in association with this fault geometry. Supradetachment basins
controlled by listric normal faults record the progressive development and evolution of detachment
faults as well as the exhumation of MCCs (e.g., Friedmann and Burbank, 1995; Zeynep et al., 2011). Thus,
the provenance of sedimentary rocks and the structural evolution of supradetachment basins are key to
understanding the mechanism of formation of MCCs and reconstructing their evolution.

The Fuxin Basin, which is in the northern North China Craton (Qiu et al., 2020b), is a half-graben
basin whose development and geometry have been controlled by the Songling and Waziyu normal
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faults. The basin is filled by Jurassic volcano-sedimentary and
Cretaceous clastic rocks (e.g., Li et al., 1985; Cai et al., 2011; Su
et al., 2020; Jia et al., 2021). Some studies have interpreted it as a
supradetachment basin in the western part of the Yiwulvshan
MCC (e.g., Jia et al., 2021). However, other studies have argued
that the basin is a rift or back-arc basin of the Paleo-Pacific Plate
(e.g., Li et al., 1988; Wei et al., 2010; Suo et al., 2020; Wu et al.,
2019). The sedimentary–structural evolution of the basin thus
remains uncertain. Nevertheless, the basin constitutes an
excellent natural laboratory to reconstruct the evolution of the
Yiwulvshan MCC.

In this study, we present results of field geological
mapping, seismic profile imaging, and sedimentary facies
analysis to reveal the development and evolution of the
Fuxin Basin. We construct a structural and sedimentary
model to link the development of the basin to the
evolution of the Yiwulvshan MCC.

2 GEOLOGICAL SETTING

2.1 Tectonic History
The Fuxin Basin is located on Liaodong Peninsula in the eastern
North China Craton (Figure 1). During the Triassic, NE China
was in a compressive tectonic environment as a result of
Indosinian orogenesis (e.g., Li et al., 2017; Zhao et al., 2020;
Dong et al., 2021). The collision between the North China and
Siberian cratons during the Late Triassic formed the Central
Asian Orogenic Belt (e.g., Windley et al., 2007; Xiao and Santosh,
2014). Also, during the Triassic, the North China Craton collided
with the South China Block, producing the Qinling–Dabie and
Sulu orogens. The Liaodong Peninsula lay between these
collisional boundaries, forming an E- or NNE-striking
fold–thrust belt (e.g., Yang et al., 2011). NW–SE-directed
compression resulting from subduction of the Paleo-Pacific
Plate during the Early–Middle Jurassic formed NE-oriented

FIGURE 1 | Tectonic sketch with digital elevation map of the North China Block and adjacent regions. (A) Inset map of tectonic sketch of northeastern Asia. (B)
Simplified tectonic map and the MCC distribution of North China, showing the continents, suture zones, major faults, and location of the study area (after Clinkscales and
Kapp, 2019).
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compressional depression basins. From the Jurassic to the Early
Cretaceous, the regional structure changed markedly as a result of
a transition from compression to extension in the overriding plate
caused by rollback of the subducted Paleo-Pacific Plate (e.g., Xiao
et al., 2003; Zhang et al., 2020; Ren et al., 2021). Large-scale
lithospheric thinning took place, forming a series of NE- or NNE-
trending extensional basins, and MCCs, including the Fuxin
Basin (e.g., Wang et al., 1997; Li et al., 2007; Dong et al., 2008).

2.2 Regional Geology
The western Liaoning region contains several
Jurassic–Cretaceous NE- to N-trending basins, including the

Beipiao, Jinyang, Chaoyang, Fuxin, Yixian, and Shaohuyingzi
basins. The Early Cretaceous Fuxin and Yixian basins are
located on the western Liaodong Peninsula and in the
northeastern part of the Yanshan tectonic belt of the North
China Craton (Figure 2). NE-striking normal, reverse, and
strike-slip faults are widely distributed on the western
Liaodong Peninsula. Larger normal faults, such as the
Lvshan Fault, are generally developed along basin
boundaries, and smaller normal faults are developed
throughout the basins. The NW-dipping Nantianmen and
Dongguanyingzi Faults are major reverse faults. At a
regional map scale, there are two angular unconformities on

FIGURE 2 | Geological map of the Yiwulvshan metamorphic core complex and Fuxin supradetachment basin in the eastern Asian margin (modified after Su et al.,
2020).
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the western Liaodong Peninsula: one between the Tuchengzi
(J3–K1t) and Yixian (K1y) formations, and one between the
Fuxin (K1f) and Sunjiawan (K2s) formations (Figure 3). The
NNE- to NE-trending Fuxin and Yixian Basins are bordered by
the NNE-trending Lvshan and Songling mountains to the east
and west, respectively (Figure 3). The Fuxin Basin covers an
area of 1500 km2 and is 11–22 km wide and 80 km long (e.g.,
Wu et al., 2007; Chen et al., 2019).

3 DATA AND METHOD

3.1 Data Summary
Based on the structural analysis on map view, we observed and
collected field data of structures and strata from 72 field
observation sites. We used Tensor software to analyze field
data of structures. In addition, we selected representative
seismic reflection profiles and borehole data from the
dataset of Fuxin Basin that was conducted in the last half

century. The dataset includes 4481 km of 2-D seismic data,
78 km2 of 2-D seismic data, and more than 3000 wells for
coal exploration and approximately 10 wells for
hydrocarbon exploration. These materials were used to
study stratigraphy and structural patterns in the Fuxin
Basin.

3.2 Sedimentary Facies
The lithology and logging curves and seismic data were
conducted to reconstruct and interpret sedimentary facies
and environments (Shi et al., 2012; Jia et al., 2021). The
types of sedimentary facies in the Fuxin Basin have been
identified directly from field outcrops and drill cores,
including color, texture, bedding, structure, fossils, and
mineral assemblage. Additionally, mud logging and well-log
data without drill cores and 2-D seismic interpretation were
used to infer sedimentary facies in areas without boreholes and
fault patterns (Jia et al., 2014). All data in this study were
collected by the Liaohe Oilfield Company, Petrochina, China.

FIGURE 3 |Geological map and transects of the Fuxin Basin on the Liaodong Peninsula (modified after the Regional Geological Map of Yixian, scale 1:20,000). (A)
Geological map of the Fuxin Basin and adjacent area, showing the strata, faults, observation sites (red stars), and section lines. (B,C) Sections of NW–SE transects
through the Fuxin Basin.
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4 GEOLOGY OF THE FUXIN BASIN

4.1 Stratigraphy and Sedimentology
Mesozoic strata distributed in the Fuxin Basin are mainly
Cretaceous in age (K2s, Sunjiawan Formation; K1f, Fuxin
Formation; K1sh, Shahai Formation; K1jf, Jiufotang
Formation; and K1y, Yixian Formation). The Tiaojishan
(J3t) and Tuchengzi (J3–K1t) formations are poorly exposed
in the western Fuxin Basin. The Lower Cretaceous strata

unconformably overlie Archean metamorphic rocks
(Figure 4).

Controlled by the Lvshan Fault, the Sunjiawan Formation is
distributed in the eastern and northeastern margins of the Fuxin
Basin (Figure 3). The lithology comprises mainly conglomerate
and glutenite, intercalated with sandstone, and shale. The
conglomerate is poorly cemented, with clasts showing a wide
range of compositions, poor sorting, and subangular–subrounded
shapes. The maximum size of the clasts is greater than 2 m.

The Fuxin Formation is unconformably overlain by the
Sunjiawan Formation and is widely exposed in the eastern and
northern margins of the Fuxin Basin. This formation is composed
of sandstone, glutenite, shale, and coal seams. Cross-bedding
structures measuring 5–6 m long and 0.5 m high are observed.
The lithological assemblage and sedimentary structures indicate
that the Fuxin Formation was deposited in a sedimentary
environment consisting of floodplains and swamps.

The Shahai Formation is conformably overlain by the Fuxin
Formation and divided into four members. From bottom to top,
the first and second members are composed mainly of siliceous
cemented conglomerate, and the third member consists
predominantly of greyish-green mudstone and dark-grey
carbonaceous mudstone, intercalated with gray feldspar debris,
medium- to coarse-grained sandstone, and thin layers of black
coal. The fourth member comprises mainly dark-gray and gray
mudstone of deep- and moderately deep-lacustrine facies. In
addition, subaqueous fan deposits with intervening sub-deep-
water gravity flow sandy conglomerates are found in the eastern
part of the basin, and fan-delta deposits are developed over the
entire Fuxin Basin.

The Jiufotang Formation is conformably overlain by the
Shahai Formation. The lower Jiufotang Formation is
dominated by tuffaceous conglomerate and sandstone,
gray–green tuffaceous mudstone, and gray–green calcareous
shale that were deposited in an alluvial-fan–shallow-lacustrine
environment. The middle part of the formation is dominated by a
set of fine-grained sedimentary rocks, with extensive grayish-
green, dark-gray, and black mudstone, and represents further
development of the lacustrine depositional environment. The
upper part of the formation comprises a set of variegated
conglomerates containing volcanic gravel intercalated within
grayish green to light-red mudstone that was deposited in a
moderately deep lake. The period of sedimentation of the
Jiufotang Formation represents subsidence during the initial
expansion of the Fuxin Basin, involving transformation from
alluvial-fan to fan-delta and moderately deep-lacustrine
environments.

The Yixian Formation is unconformably overlain by the
Jiufotang Formation. The Yixian Formation is divided into the
Yixian, Jingangshan, and Tuhulu members from bottom to top.
The Yixian Member is dominated by a volcanic rock assemblage
evolving from mafic to felsic, intercalated with multi-cycle
intermittent volcanic sediments. Grayish-green to purplish-red
andesite and porphyritic trachyandesite are widely developed and
show extensive stomatal almonds structure. The Tuhulu Member
comprises agglomerate, tuffaceous sandstone, and mudstone and
shows cross-, parallel-, and horizontal-bedding.

FIGURE 4 | Columnar section of the Fuxin Basin (modified after Su et al.,
2020; Jia et al., 2021).
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4.2 Structures
4.2.1 Mesoscopic Structures
There are few outcrops of the Cretaceous stratigraphy in the
Fuxin Basin, meaning that a limited number of structural features
were observed in the field (Figure 5). During our field
investigation, we observed two large-scale folds in the Fuxin
Basin, exposed in an abandoned coal mine. The folded strata
are ~1 m thick and comprise sandstone and a coal seam. The
twofold axes trend 82° with a dip angle of 64° and 165° with a dip
angle of 77°, respectively. Some smaller structures were also
observed (Figure 6). Stress tensor data for joints recorded in
dolomite and tuff to the east (Figure 6G) and west (Figure 6H) of
the basin analyzed using Tensor software show a NE–SW-
directed compressive stress field, which reflects a
compressional setting in the study area before the formation
of the Fuxin Basin.

We observed three normal faults in the Fuxin Basin, which cut
through the Sunjiawan, Fuxin, and Jiufotang Formations,
respectively (Figures 6A,B). The fault that cuts through the

Shahai Formation extends along the boundary between this
formation and Quaternary strata. The 30-m-long fault plane
strikes 091° with a dip angle of 40°. The fault cutting through
the Fuxin Formation is developed at the junction of sandstone
and a mafic dyke (Figure 5B). The 10-m-long fault plane strikes
155° with a dip angle of 48°. Three intrusive dykes can be seen at
the outcrop of this fault. Microscopic observations show that
these three rock bodies are composed of olivine, feldspar, and
pyroxene, consistent with a basaltic composition. The 10-m-long
fault in the Jiufotang Formation strikes 060° with a dip angle of
34°. The fault plane cuts through another smaller normal fault
below that strikes 237° with a dip angle of 85°.

4.2.2 Seismic Reflection Profiles
We obtained high-resolution seismic reflection profiles from the
Fuxin Basin over an area of ~2000 km2. Multichannel seismic
data were collected and processed (filtered and stacked) using
Landmark software. The results presented here are based on
interpretations of ultrahigh-resolution chirp profiles and time

FIGURE 5 | Field photographs of the Fuxin Basin, showing the sedimentology and unconformities. (A) Conglomerates in the Shahai Formation. (B) Mafic dyke
intruding sandstone of the Fuxin Formation that is cut by a normal fault. (C) Sandstone with conglomerate in the Jiufotang Formation. (D,E) Andesite in the Yixian and
Tiaojishan formations. (F) Agglomerate interlayered with tuffaceous sandy shale in the Yixian Formation.
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slices analyzed using this software. Data from several deep
boreholes (Figure 3) were also used for well-ties with the
seismic data.

Seismic profile c–c′ shows 11 faults (F1–F11; Figures 7C, C9).
Faults F1 (Songling Fault) and F11 (Lvshan Fault) are located on
the eastern and western sides of the basin, respectively. These are
two oppositely inclined listric faults with large offset, cutting the
strata of the Yixian to Fuxin formations in the basin and
controlling the sedimentary evolution of the Fuxin Basin as
boundary faults. The F11 (Lvshan Fault) is a high-angle
normal fault that gradually shallows in deeper strata and
transitions into the Waziyu detachment fault. F3 and F5 are
two east-dipping listric secondary faults that also cut all of the
strata from the Yixian to Fuxin formations. F2, F6, and F7 are
three ~2.5-km-long east-dipping listric normal faults that cut the
Jiufotang to Fuxin formations. F8 and F10 have shallow dip
angles and control the deposition of the Sunjiawan Formation in
the eastern Fuxin Basin, cutting the Shahai to Sunjiawan
formations.

Seismic profile d–d′ shows eight faults (F1–F8; Figures 7D,
D9). The characteristics of F1 (Songling Fault) and F8 (Lvshan
Fault) are the same as those in profile c–c′ described previously.
F2 and F3 are two east-dipping listric secondary faults and cut the
Yixian to Fuxin formations. F4, F5, and F6 are three ~2.5-km-
long faults that cut the Yixian to lower Shahai formations. F4–F6

form a series of west-dipping listric faults whose respective dips
steepen progressively toward the center of the basin, thereby
converging downward and intersecting with the main eastern
boundary fault to form a fault terrace. F7 is a 1-km-long normal
fault developed in shallow strata and dips eastward, opposite in a
sense to faults developed in the deeper strata.

Seismic profile c–c′ reveals nine faults (F1–F9; Figures 7E, E9).
The characteristics of F1 (Songling Fault) and F8 (Lvshan Fault)
are the same as those in profiles c–c′ and d–d′. F2 is a high-angle
west-dipping normal fault in the western part of the profile and
cuts the Yixian Formation to the lower Shahai Formation. F3 and
F4 are two small-scale listric faults. F3 cuts only the upper Shahai
Formation, but F4 cuts the entire formation. F3 to F6 together
form a ~3.5-km-wide graben. F7 cuts the Yixian to Fuxin
formations, and F8 cuts the Yixian Formation to the upper
Shahai Formation. Both faults are listric and dip to the west.

The faults in the Fuxin Basin as revealed by the seismic profiles
are mainly listric normal faults, with small grabens being
developed locally. Integrating the three profiles, the basin can
be divided into three structural zones: the western step-fault zone,
central graben zone, and eastern step-fault zone.

4.2.3 Sequence of Deformation
On the basis of deformation style and the cross-cutting
relationships between strata and faults observed in seismic

FIGURE 6 | Field photographs of the Fuxin Basin, showing structural patterns, mesoscopic structures, and kinematics. (A) Normal fault dipping to the northeast in
the Shahai Formation. (B) Normal fault cutting the Jiufotang Formation. (C) Slickenside on fault plane cutting the Neoproterozoic basement.; (D) Folds in the Archean
basement. (E) Folds in the Proterozoic basement. (F)Porphyry clasts in granitic mylonite showing dextral shearing. (G) Joints cutting Neoproterozoic dolomite. (H) Joints
developed within Late Jurassic Tiaojishan tuffaceous rocks. (I) Felsic dykes truncating granite in the core of the Yiwulvshan MCC to the east of the Fuxin Basin.
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profiles and outcrops, and disregarding the pre-D1 shortening
events marked by faults and folds of the basement rocks, we
define three stages of deformation during D1 extension: 1) D1

1,

extensional deformation represented by normal faults controlling
the deposition of the Yixian Formation to the first member of the
Shahai Formation (K1y–K1sh

1); 2) D1
2, extensional deformation

FIGURE 7 | Interpreted seismic profiles [(c,c9), (d,d9), and (e,e9)] across the Fuxin Basin.
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represented by normal faults controlling the deposition of the
Yixian to Fuxin formations (K1y–K1f); and 3) D1

3, extensional
deformation represented by low-angle normal faults and coeval
secondary faults controlling the deposition of the second member
of the Shahai Formation to the Sunjiawan Formation
(K2s–K1sh

2).
Integrating the regional geology with the results of the

present study allows chronological constraints to be placed
on the three stages of deformation. The timing of D1

1 is
contained by the deposition of K1sh

2 and K1sh
1, which

lasted until approximately 113 Ma (He et al., 2004; Zhu
et al., 2004); the end of D1

2 is constrained by the deposition
of K2s and K1f, at approximately 97 Ma (Zheng et al., 2004);
and D1

3 took place after the deposition of K2s, after the
cessation of MCC activity, through to approximately 57 Ma
(Lin et al., 2013).

5 DISCUSSION

5.1Model of the Evolution of the Fuxin Basin
5.1.1 Pre-Extensional Deformation
Lower Cretaceous strata of the Fuxin Basin lie directly on pre-
Sinian basement, which underwent multi-stage structural
deformation before the formation of the basin. During the
Early and Middle Jurassic, owing to westward subduction of
the Paleo-Pacific Plate, the Liaodong Peninsula underwent
NW–SE-directed compression, forming NE-oriented
fold–thrust structures and compression-related depression
basins (e.g., Yang et al., 2011; Qiu et al., 2018).

5.1.2 Evolution of the Extensional Environment
During the formation of the Yixian Formation, strong regional
extension led to the development of the Waziyu detachment fault

FIGURE 8 | Sedimentary facies of the formations of the Fuxin Basin. (A) Jiufotang Formation. (B) First member of the Shahai Formation. (C) Fourth member of the
Shahai Formation. (D) The Fuxin Formation.
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and rapid uplift and exhumation of the Yiwulvshan MCC (Liang
et al., 2020; Su et al., 2020). Large-scale volcanic eruptions
occurred, forming an association of mafic–intermediate–felsic
volcanic rocks belonging to the calc-alkaline series. The source
magma of these rocks was derived from the lithosphere with a
component of metasomatized subducted oceanic crust (Wu et al.,
2005; Pei et al., 2011).

With the weakening of volcanism during the development
of the Yixian Formation and the continuing uplift of the
Yiwulv Mountains to the east, the Fuxin Basin entered the
sedimentary period corresponding to deposition of the
Jiufotang Formation. A fan-delta–shallow-lake sedimentary
system developed on both the western and eastern sides of
the basin. With the expansion of the lacustrine-based basin,
subsidence and deepening of the lakes occurred, into which
sediments were deposited, ranging from moderately deep- to
shallow-lake facies together with locally developed fan-delta
deposits and fan slumps (Figure 8A).

During deposition of the first member of the Shahai
Formation, regional extension became more pronounced,
and the rate of uplift of mountain ranges bordering the
Fuxin Basin increased. In addition, the sedimentary area of
the basin underwent marked expansion, with lake
environments correspondingly shallowing and reducing in
area and being transformed to fan-delta and plain
sedimentary environments (Figure 8B).

During the depositional period of the fourth member of the
Shahai Formation, the Fuxin Basin continued to extend and
formed an extensive area of sediments of moderately deep-
lacustrine facies. A fan-delta–lake sedimentary system
developed in the eastern part of the basin, and several

small-scale slump-fan deposits formed at the ends of fan
deltas. In the western part of the basin, owing to the
reduced influence of the Songling Fault, a small-scale fan-
delta–shallow-lake sedimentary system developed but without
slump-fan deposition, and some strata were locally uplifted
and eroded (Figure 8C).

During the depositional period of the Fuxin Formation, the
activity of the Songling Fault in the west of the basin and the
Waziyu detachment fault in the east weakened, and expansion
of the basin ceased. Strata in the west of the basin continued to
be eroded, large-scale alluvial-fan sediments and local swamp-
facies deposits developed in the center of the basin, and
lacustrine sedimentation stopped. Swamp-facies deposits
developed in areas of subsidence, forming a high-quality
coal seam in the Fuxin Formation, as exposed at Haizhou
open-pit coal mine (Figure 8D).

Deposition of the Sunjiawan Formation was controlled by the
uplift of the Yiwulv Mountains to the east of the Fuxin Basin. The
Sunjiawan Formation is developed only near the eastern
boundary fault of the basin, where narrow, large-scale alluvial-
fan deposits are found, alongside variegated molasse deposits
with a thickness of several hundred meters. The central–western
part of the basin was severely eroded because of local uplift.

In summary, the sedimentary evolution of the Fuxin Basin
included two phases of lacustrine expansion and two phases of
lacustrine contraction. There was continuous expansion of
lake bodies from the deposition of the lower Jiufotang
Formation until gradual shrinkage during the deposition of
the lower Shahai Formation. The climax of the lacustrine
environment in terms of lake extent and depth occurred
during the deposition of the upper Shahai Formation,

FIGURE 9 | Sedimentary section compiled from borehole data from the Fuxin Basin, showing the vertical variation in the sedimentary facies.
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following which the lakes shrank during deposition of the
upper Shahai to Sunjiawan Formations (Figure 9).

5.2 Implications for the Evolution of the
Yiwulvshan MCC
The Mesozoic tectonic evolution of the Yiwulvshan NCC was
characterized by tectonic switching from early Mesozoic
shortening to late Mesozoic extension (e.g., Yan et al., 2021). The
extensional tectonic regime identified from structures in the present
study is reflected in the development of the Yiwulvshan MCC, the
Fuxin superdetachment basin, and normal faulting. Lin et al. (2013)
proposed that the deformation of the Yiwulvshan MCC can be
divided into two stages, namely, D1 and D2. D1 deformation is
defined by compressional structures that developed in the Yiwulv
Mountains from the Late Jurassic to the Early Cretaceous (ca.
141Ma). D2 deformation represents an Early Cretaceous
extension event at approximately 126Ma (e.g., Li et al., 2012; Lin
et al., 2013; Li et al., 2016). Furthermore, Liang et al. (2020) proposed
that the D2 extensional event involved the main period of cooling
and exhumation of the Yiwulvshan MCC along the Waziyu ductile
shear zone on the western boundary of the Fuxin Basin between 130

and 100Ma. The Late Jurassic to Early Cretaceous (135–130Ma)
extension was caused bymovement on a low-angle detachment fault
rooted in the middle crust (e.g., Liang et al., 2020). The Early
Cretaceous (ca. 125Ma) syn-tectonic magmatism resulted in
isostatic rebound and in the abandonment of the initial
breakaway and MCC dome formation. The timing of formation
of the MCC is coeval with the timing of the Early Cretaceous
magmatism. Previous studies have shown that the oldest age of the
volcanic rocks of the Yixian Formation deposited during the early
stage of development of the Fuxin Basin is 129Ma (Xu et al., 2012;
Zhang et al., 2016). Early Cretaceous (115–97Ma) detachment of the
upper plate and isostatic uplift of the lower plate, and a new
breakaway developed in the transport direction and subsequently
the activity of the MCC ceased. The late stage of deposition of the
Fuxin Formation in the Fuxin Basin involved contraction of the
lacustrine sedimentary environment and corresponded to the
cessation of MCC activity. The oldest age of the Fuxin Formation
is 100–97Ma (e.g., Zhang et al., 2003; Zheng et al., 2004; Sun et al.,
2010; Zhang et al., 2012), which is consistent with the timing of
cessation of MCC evolution. According to the provenance arrows in
sedimentary facies diagrams (Figure 8), erosion of the core of the
Yiwulvshan MCC provided clastic materials for the filling of the

FIGURE 10 |Model of the evolution of the Fuxin Basin, NE China. (A,B) Tectonic evolution of the Yiwulvshan MCC from compression to extension (modified after
Lin et al., 2013). (C) Early Cretaceous (ca. 125 Ma) syn-tectonic magmatism generated isostatic rebound that resulted in abandonment of the initial breakaway and dome
formation. (D) The Fuxin Basin expanded during deposition of the Jiufotang Formation, with a lacustrine sedimentary environment prevailing in the basin. (E) Extension
intensified, and lakes reduced in area and depth, leading to only limited areas of lacustrine conditions in the basin. (F) The Fuxin Basin expanded and formed an
extensive area of moderately deep-lacustrine facies. (G) Activity of the MCC ceased, the Fuxin Basin stopped expanding, and the lacustrine sedimentary environment
was terminated.
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Fuxin Basin. The interpreted seismic profiles (Figure 7) show that
the deposition of sediments into the Fuxin Basin was controlled by
the Waziyu detachment fault. In summary, we propose that the
Fuxin Basin is a supradetachment basin located to the west of the
Yiwulvshan MCC.

5.3 Tectonic Implications
The close spatial and temporal relationship between volcanic and
sedimentary strata in the Fuxin Basin and the Yiwulvshan MCC
to the east of the basin shows that the eastern NCC was in an
extensional regime during the Early Cretaceous. Su et al. (2020)
proposed four stages of deformation during the Cretaceous on the
western Liaodong Peninsula, of which the first stage was
characterized by compression during the early Cretaceous
(137–136 Ma). The regional angular unconformity in the
Fuxin Basin and in the nearby Yixian and Jinyang Basins can
be used to constrain the transition time from compression to
extension. Zircon U–Pb ages for the Tuchengzi Formation
(J3–K1t) below the angular unconformity and the Zhangjiakou
Formation (K1z) above the angular unconformity constrain the
transition to 137–136 Ma (Su et al., 2020).

Integration of fieldwork results with seismic-profile data and
sedimentary-facies information suggests that volcanic rocks of
the Yixian Formation were deposited in the Fuxin Basin at
129–118 Ma (Xu et al., 2012; Zhang et al., 2016). The duration
of magmatic activity in the region is around 29 Myr. From
southwest to the northeast across the Fuxin and Yixian basins,
ages of volcanic rocks of the Yixian Formation show a younging
trend. Early Cretaceous igneous rocks in western Liaoning were
derived mainly from the partial melting of crustal materials or
lithospheric mantle (Wu et al., 2005; Pei et al., 2011). Therefore,
we propose that the Fuxin supradetachment basin and the related
YiwulvshanMCC constitute an extensional basin that formed as a
result of westward subduction and eastward trench retreat of the
Paleo-Pacific Plate (e.g., Dmitrienko et al., 2016; Li et al., 2018).

6 CONCLUSION

Our multidisciplinary study of the stratigraphy and structure of
the Fuxin Basin in NE China allows the following conclusions to
be made:

1) The Fuxin Basin is a supradetachment basin located to the west of
theYiwulvshanMCC.The basin contains sedimentary rocks of the
Yixian Formation (proto-rift), the Jiufotang and Shahai
Formations (fault subsidence), the Fuxin Formation (transition),
and the Sunjiawan Formation (post-rift). These sedimentary rocks
were deposited during 120–97Ma after a compressive event.

2) Mesoscopic-scale structures and seismic profiles reveal two
deformation events, i.e., D1 and D2. D1 represents the
expansion of the Fuxin Basin under the control of normal
faults and can be divided into three stages: D1

1, D1
2, and D1

3.
The three stages of D1 deformation are respectively defined by
a group of large-scale normal faults that developed during the
deposition of all strata in the basin, high-angle normal faults
that developed during deposition of the fourth member of the

Shahai Formation, and inverted low-angle normal faults that
developed during deposition of the Sunjiawan Formation. D2

deformation is defined by the folds and the angular
unconformity between the Fuxin and Sunjiawan
Formations and by the shortening that occurred between
deposition of these two formations. The deformations are
consistent with the sedimentary facies of the basin, including
two phases of expansion and two phases of contraction of
lacustrine sedimentary environments, indicating that the
basin developed in four phases: proto-rift, fault subsidence,
transition, and compression.

3) Integrating our new stratigraphic and structural results with
the regional geology and nearby coeval rift basins, the Fuxin
Basin is interpreted as a supradetachment basin. The tectonic
activity of the Yiwulvshan MCC and deposition of the Fuxin
Formation ceased simultaneously at 100–97 Ma. Rollback of
the Paleo-Pacific slab and slab retreat provided the
geodynamic setting that caused tectonic extension and the
development of the Fuxin Basin (Figure 10).
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