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ABSTRACT

In contrast to well-studied rift basins in NE China, the Hailar Basin has received relatively less attention regarding
the combined patterns of different types of grabens and half-grabens. This study aims to explore whether the combined
patterns of grabens in the Hailar Basin exhibit similar characteristics to those in other NE China rift basins and to identify
the underlying causes. To achieve this, a comprehensive analysis of the major fault systems and the combined patterns
of faulted sub-depressions, as well as their controlling mechanisms, was conducted. This analysis utilized the latest 3D
seismic data that cover nearly the entire Beier Depression. Three groups of pre-existing fault systems were observed in
the basement of the Beier Depression, and they are the NEE-EW-trending fault systems, the NE-trending fault systems,
and the NW-trending fault systems. The NEE-EW-trending fault systems were distributed in the central part of the Beier
Depression and primarily controlled the sedimentary filling of the Tongbomiao and the Lower Nantun Formations. The
NE-trending fault systems were distributed in the southwestern part of the Beier Depression and primarily controlled the
sedimentary filling of the Upper Nantun Formations. The NW-trending fault systems were distributed rarely in the Beier
Depression. Five kinds of combined patterns of the sub-depressions were developed in the Beier Depression, and they
are the parallel, en echelon, face-to-face, back-to-back, and S-shaped combined patterns. They were controlled by the
NEE-EW-trending and the NE-trending fault systems with different orientations, arrangements, and activation sequences.
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1. Introduction

Intracontinental rift basins are a type of sedimentary
basin primarily controlled by normal or strike-slip normal
faults that develop within the upper crustal layers{'l. The
basins are typically characterized by a complex interplay of
numerous grabens and half-grabens, which occur in various
configurations and superpositions > 31. The overall structural
framework and tectonic architecture of a rift basin are signif-
icantly shaped by the specific ways in which these grabens
and half-grabens are combined and superimposed. Regional
extension of the crust can simultaneously produce numerous
half-grabens. Due to the heterogeneity of the basement, the
distribution of extension laterally is uneven. In areas with
less extension, there are fewer half-grabens, which may exist
in isolation. In areas with greater extension, more numerous
and densely packed half-grabens can connect in certain ways
to form larger groups of half-grabens, thereby constituting
basins or depressions. Throughout the evolution of intra-
continental rift basins, variations in the regional stress field
can induce the development of faults with distinct charac-
teristics or cause a single fault to display diverse modes of
activity across different stages. Normal faults with varying
strike orientations and temporal activities interconnect to
form an extensional fault system that governs the rifting pro-
cess. This results in the complex interplay and superposition
of grabens or half-grabens with different trends and temporal
behaviors, ultimately leading to the formation of composite
rift basins. A thorough understanding of the fundamental
combination patterns of half-grabens and grabens is essential
for the analysis of rift basins and has significant implications
for petroleum exploration.

Situated within the eastern part of the Central Asian
Orogenic Belt (CAOB), Northeastern China (NE China)
and its adjacent areas are bordered by the Siberian Craton,
the Western Pacific plate, and the North China Craton* 31,
This region contains evidence of the closure of the Paleo-
Asian Ocean and the imposition and transformation of the
Mongol-Okhotsk and circum-Pacific tectonic regimes dur-
ing the Mesozoic!® 7. The Hailar Basin, positioned at the
tri-national junction of Russia, Mongolia, and China in NE
China (Figure 1a), is an extensive intracontinental rift system
that mainly took shape during the late Jurassic and Creta-
ceous periods!® %1, The basin has undergone multidirectional

lithospheric extension and multiple rifting events, causing

the development of grabens and half-grabens with varying

2,10, 11 Ppreyious research has shown that other

orientations|
basins in NE China, such as the Erlian Basin to the west and
the Songliao Basin to the southeast of the Hailar Basin, have
also experienced multiphase tectonic evolution, resulting
in diverse combinations of grabens and half-grabens[> 12,
In the Erlian Basin, fault-bounded sub-depressions can be
categorized into four types based on the arrangement of ma-
jor faults: linear, parallel, diagonal, and interlaced. Each
type comprises four compound patterns: 1) the connection
of two or more half-grabens in the same direction; 2) the
connection of two or more half-grabens in opposite direc-
tions; 3) the connection of a graben and a half-graben; 4)
the connection of two or more grabens. Research has shown
that the distribution of Early Cretaceous fault-bounded sub-
depressions in the Erlian Basin was influenced by Hercynian
basement zones, with depressions extending in various direc-
tions3l. The Changling Depression Zone, one of the largest
depressions in the southern part of the Songliao Basin, is
a composite depression made up of multiple secondary de-
pressions that have undergone multiple-phase tectonic evolu-
tion['?]. Based on the structural characteristics of the basin,
the Changling Depression Zone can be divided into four
combination types: linear, parallel, en echelon, and opposed,;
and two superposition types: inherited and non-inherited
(coherent). The successive activity of the master boundary
faults controlling the Changling composite depression zone
has resulted in the vertical superposition of depressions from
different periods, affecting the development of high-quality
hydrocarbon source rocks. The Bohai Bay Basin also dis-
plays a similar basin structure with various combinations of
grabens and half-grabens!!].,

In summary, the combination patterns of different types
of grabens or half-grabens in the intracontinental rift basins
are primarily governed by transformations in the regional
stress field and reactivation constraints imposed by pre-
existing basement structures. The Beier Depression, lo-
cated in the southern Middle Depression Zone of the Hailar
Basin, is a composite depression composed of multiple sec-
ondary sub-depressions. It is an area where significant break-
throughs have been made in petroleum exploration within the
Hailar Basin and is currently the main petroleum-producing
area of the Hailar Basin. Studying the combination patterns

of different types of grabens in the Beier Depression helps to
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understand the combination patterns and petroleum geologi-
cal characteristics of the Hailar Basin’s depressions and aids
in advancing knowledge of petroleum exploration in other

depressions within the Hailar Basin.

o Russia_"Ching
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S.Korea
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Figure 1. (a) Topographical map of Northeast China and its sur-
rounding regions, illustrating the position of the Hailar Basin. (b)
Tectonic map of the Hailar Basin, showing its subdivisions and the
location of the Beier Depression.

In contrast to the basins in Northeast China, research on
the combination patterns of different types of grabens or half-
grabens in the Hailar Basin has been relatively limited. Do
the combination patterns of different types of grabens in the
basin also display similar characteristics, and what factors
are responsible for this? To tackle these questions and offer
novel perspectives on petroleum exploration in the Hailar
Basin, this study systematically analyzed the principal fault
systems, the combination patterns of faulted sub-depressions,
and the underlying controlling mechanisms. The analysis
was based on the most recent high-resolution 3D seismic re-
flection profiles that cover nearly the entire Beier Depression.
The aim of this study was to elucidate the major fault systems
controlling the sub-depressions, the combination patterns of
different faulted sub-depressions in the Beier Depression,
and the associated controlling mechanisms. The findings
offer novel insights into the regional tectonic evolution of
the basin, which is expected to benefit petroleum exploration

in the Hailar Basin.

2. Geological Setting
2.1. Structural Framework

The Hailar-Tamtsag Basin is a northeast-trending, ex-
tensive intracontinental superimposed rift system that pri-
marily formed during the late Jurassic and Cretaceous pe-
riods[® 9. Located in Northeast China and Mongolia, the
basin spans approximately 400 km in length and 200 km in

width[', The basin comprises the Hailar Basin and the Tamt
Basin, with the former located in China (Figure 1a) and the
latter in Mongolia. The formation of the Hailar-Tamtsag
Basin was triggered by the closure of the Mongol-Okhotsk
Ocean and the multi-phase rollback of the Paleo-Pacific
slabl!% 1] The Hailar Basin is partitioned into five major
structural segments, extending from west to east: the West-
ern Depression Zone, the Western Uplift Zone, the Central
Depression Zone, the Eastern Uplift Zone, and the Eastern
Depression Zone (Figure 1b). In these zones, the Western
Depression Zone comprises three depressions, the Central
Depression Zone six, and the Eastern Depression Zone seven.
The Beier Depression, the principal focus of this study, is
located in the southern segment of the Central Depression
Zone (Figure 1b) and includes 13 sub-depressions (Figure
2a). The basin has undergone three primary developmental
phases: the pre-rift stage before the Cretaceous, the syn-rift
stage during the Early-Middle Cretaceous, and the post-rift
stage since the Late Cretaceous. During the pre-rift stage,
the basin was primarily subjected to tectonic events such as
uplift, folding, and magmatism. In the pre-rift sedimentary
successions, two stratigraphic units were established: the
pre-rift strata and crystalline basement and the Tamulangou
Formation (Figure 2b). Throughout the syn-rift period, the
basin experienced three stages of rifting. Within the syn-
rift sedimentary successions, two stratigraphic units were
formed: the Tongbomiao Formation and the Nantun For-
mation. The Nantun Formation is separated into the Lower
and Upper Nantun Formations by the T23 horizon (Figure
2b). During the post-rift stage, the basin was primarily sub-
jected to subsidence, extension, and tectonic inversion events.
In the post-rift sedimentary successions, three stratigraphic
units were created: the Damoguaihe Formation, the Yimin
Formation, and the Qingyuangang Formation (Figure 2b).
From bottom to top, these stratigraphic units are separated
by seven major horizons, namely TS, T4, T3, T23, T22, T2,
and T04 (Figure 2b). However, the Tamulangou Formation
is not present in the Beier Depression, as this sedimentary

sequence had been eroded away before the onset of rifting.

2.2. Stratigraphy

The pre-rift strata and crystalline basement mainly con-
sist of dark sandy mudstone formations, variegated sandy

conglomerate formations, and volcanic rock formations that
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are interbedded between them[% 13

1. The Tamulangou Forma-
tion is primarily composed of basalt, andesite, and basaltic
andesite['*]. On a regional scale, the Tamulangou Formation
represents the lowest stratigraphic unit of the Late Mesozoic
volcanic rock sequences in the northern part of the Greater
Khingan Mountains in Northeast China. It marks the be-
ginning of extensive volcanic activity within the study area
during the Late Mesozoic!'#!. The Tongbomiao Formation is
mainly characterized by shallow lake facies and fan delta fa-
cies sedimentary clastic rocks, which are divided into upper
and lower sections. The lower section consists of variegated
sandy conglomerate with thin mudstone interlayers, while
the upper section is composed of gray sandstone, sandy con-
glomerate, and conglomerate with thin tuffaceous rock inter-
layers. This formation represents the first set of hydrocarbon
source rocks in the study area!'>]. The Nantun Formation is
divided into two sections: the lower Nantun and the upper
Nantun, which are generally in conformable contact. The
lower Nantun Formation is composed of fan delta facies and
deep lake facies sedimentary clastics, primarily character-
ized by gray to gray-black tuffaceous sandstone, siltstone,
and interbedded mudstone. The upper Nantun Formation
is made up of thick layers of dark gray to black mudstone,
indicative of a deep lake sedimentary environment!'3], The
Damoguaihe Formation consists of a set of semi-deep lake to
braided river delta facies sediments. The lower section of the
Damoguaihe Formation is marked by black mudstone and
interbedded muddy siltstone and siltstone. The upper sec-
tion comprises gray siltstone and sandstone with intercalated
black mudstone, exhibiting rhythmic bedding. Within the
basin, the Damoguaihe Formation typically transitions from
a parallel unconformable contact to a conformable contact
with the underlying Nantun Formation. The Yimin Forma-
tion is composed of shallow lake to fluvial facies sediments
characterized by interbedded sandstone and mudstone. It
is in conformable or parallel unconformable contact with
the underlying Damoguaihe Formation. The Qingyuangang
Formation is primarily made up of polychromatic mudstone
interbedded with sandstone deposits, mainly of fluvial facies.
The lower part develops gray-white conglomerate and sandy
conglomerate, and it is in angular unconformity with the un-
derlying Yimin Formation strata, with the boundary marked

by the T04 seismic reflection horizon.

Figure 2. (a) Map of sub-depression divisions in the Beier Depres-
sion. (b) A stratigraphic column and the principal tectonic phases
of the Hailar Basin. (¢) A sample of seismic data that demonstrates
the key interfaces and stratigraphic architecture.

3. Data and Methodology
3.1. Data Acquisition

This study predominantly utilizes pre-stack time-
migrated high-resolution 3D reflection seismic surveys,
which are integrated with numerous industrial wells. We
also leverage published research outcomes and the regional
and local tectonic evolution to conduct an exhaustive analy-
sis of the major fault system that governs the sub-depressions.
Furthermore, we scrutinize the combination patterns of differ-
ent faulted sub-depressions in the Beier Depression, as well
as the associated controlling mechanisms. All the 3D seis-
mic surveys were collected, processed, and provided by the
Exploration and Development Research Institute of Daqing
Oilfield Limited Company. The Beier Depression is entirely
covered by 3D reflection seismic surveys. The 3D seismic
dataset features a bin spacing of 20 meters in both the inline
and crossline directions. The seismic volume has sampling
rates of 2 milliseconds and an average dominant frequency
of 30 Hz, resulting in a vertical resolution of approximately
15 meters, given an average seismic velocity of 2000 meters
per second. The vertical scale for all seismic sections in this

study is based on two-way travel time.
3.2. Methodology

In this study, faults and horizons across the basin were
interpreted using high-resolution seismic data processed in
the Geoeast workstation. Fault identification primarily relied
on seismic reflection characteristics and nearby drilling data.
When an exploration well intersects a fault, the presence
of fault gouge confirms the fault’s existence. On seismic

sections, the most evident indicator of a fault is the interrup-
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tion of seismic reflectors. The number and morphological
features of these reflectors may also change (e.g., increase,
decrease, or show blank reflections) '], Interpretations were
tightly constrained and calibrated using drilling data. Years
of hydrocarbon exploration have yielded extensive drilling
data, enabling precise fault analysis. Horizon interpreta-
tion was mainly guided by well-logging and lithology data
from nearby exploratory wells, while also considering sed-
imentary environmental changes and reflector characteris-
tics (such as continuity, amplitude strength, and truncation).
Biostratigraphic information from foraminifera, palynology,
and other petrological dating data in exploration wells was
crucial for defining the chronostratigraphic framework. Six
key horizons were interpreted to delineate the stratigraphy
of the Beier Depression: T5, T3, T23, T22, T2, and T04.
Rift-related faults throughout the Beier Depression were also
interpreted and depicted by mapping fault polygons based on
hanging wall and footwall cut-offs and variance slices of key
seismic horizons. After interpreting faults and horizons, a
3D basement contour map featuring major rift-related faults
was generated. This allowed for a clear visualization of the

sub-depressions and their combination patterns.

4. Patterns of Combined Faulted Sub-
Depressions in the Beier Depres-
sion and Their Characteristics

4.1. Patterns of Combined Faulted Sub-
Depressions in the Beier Depression

Large numbers of normal faults often form during
the early development of rift basins, with each normal
fault’s hanging wall developing a small-scaled half-graben.
As crustal extension continued progressively, adjacent
small-scaled half-grabens combine to form relatively larger
structural-sedimentary units. The small-scaled faults devel-
oped in the early stage gradually link up to form long, linearly
extended fault zones, which become the boundary faults con-
trolling the structural-sedimentary units. This causes the
relatively independent structural-sedimentary unit to exhibit
characteristics of combined faulted sub-depressions!? 3 121,
As shown in Figure 3, according to the combination rela-
tionship of the main boundary faults controlling the grabens

or half-grabens, several small half-grabens can be combined

into larger scale rift patterns. These are divided into five
major patterns in the Beier Depression: parallel, en echelon,
face-to-face, back-to-back and S-shaped patterns.
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Figure 3. Summary of the combined patterns of sub-depressions
in the Beier Depression.

The same directional combined patterns of the sub-
depressions mainly include parallel and en echelon patterns.
The parallel combined pattern (Pattern I) occurs when two or
more main boundary faults with roughly the same strike and
the same dip are aligned approximately parallel to each other,
allowing the small half-grabens on their respective hanging
walls to overlap and form a relatively unified rifted area. The
en echelon combined pattern (Pattern II) involves two or
more main boundary faults with essentially the same strike
and the same dip arranged in an imbricated pattern, facilitat-
ing the overlap of the small half-grabens on their respective
hanging walls and resulting in a relatively unified rifted area.
The reverse combined patterns of the sub-depressions pri-
marily comprise face-to-face, back-to-back, and S-shaped
patterns. The face-to-face combined pattern (Pattern III) is
characterized by two half-grabens in the early stage con-
trolled by two main boundary faults with the same strike
and opposite dips, distributed in parallel, with parallel sedi-
mentation and subsidence centers within the sub-depressions.
After the early stage, the two half-grabens may form a rela-
tively unified rifted area, and that is a graben. On seismic
sections, it exhibits two half-grabens with an uplifted central
area in the bottom sequence unit and a graben in the later
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sequence unit. The back-to-back combined pattern (Pattern
IV) is defined by two small half-grabens controlled by main
boundary faults with similar strikes and dips facing away
from each other, distributed in parallel, with parallel sedi-
mentation and subsidence centers within the sub-depressions.
In cross-section, they manifest as an asymmetric horst struc-
ture. The S-shaped combined pattern (Pattern V) refers to
two small half-grabens controlled by main boundary faults
with essentially the same strike, distributed along the fault
strike and connected end-to-end. However, due to the op-
posite fault dips, the actual sedimentation and subsidence
centers of the two depressions are located parallel on both
sides of the faults. In cross-section, the two sub-depressions

respectively display a half-graben structure.

4.2. Characteristics of Combined Faulted Sub-
Depressions on the Seismic Sections in the
Beier Depression

There are 13 sub-depressions developed in the Beier
Depression. The parallel combined pattern of the sub-
depressions is primarily distributed in the northern Beier
Depression, such as sub-depression 1 with sub-depression
5, and sub-depression 10 with sub-depression 11. The sub-
depression 1 and sub-depression 5 controlled by main bound-
ary faults with approximately NE-trending and NW-dipping,
are distributed in parallel. Together, they form a relatively
unified structural zone, within which sedimentation and
subsidence centers are arranged in near-parallel sequences
(Figure 2a). The sub-depression 10 and sub-depression 11
also exhibit similar characteristics on plan view. On the
seismic section, it exhibits a step-like half-graben structure
characterized by continuous fault steps (Figure 4). Moreover,
the half-graben structures and stratigraphic filling patterns
within the two half-grabens display similar characteristics.
The en echelon combined pattern of the sub-depressions
is primarily distributed in the western Beier Depression,
such as tsub-depression 2, and sub-depression 3 with sub-
depression 4. These three sub-depressions controlled by
main boundary faults with approximately NE-trending and
NW-dipping, are distributed in a right-stepping en echelon
pattern, with sedimentation and subsidence centers aligned
in parallel (Figure 2a). On the seismic section, the sub-
depressions each exhibit a step-like half-graben structure
characterized by continuous fault steps, and the half-graben

structures and stratigraphic filling patterns within the two
half-grabens display similar characteristics, similar to the
parallel combined pattern of the sub-depressions (Figure 5).
The face-to-face combined pattern of the sub-depressions is
primarily distributed in the central Beier Depression, such
as sub-depression 8, sub-depression 7 and sub-depression
12. These three sub-depressions are controlled separately
by main boundary faults with approximately NNE-trending,
NE-trending, and NEE-trending with opposite dips. In each
sub-depression, the sedimentation and subsidence centers
are parallel to their main boundary faults (Figure 2a). On the
seismic section, this configuration is characterized by two
half-grabens structures with an uplifted central area when the
Tongbomiao Formation was developed, and then a graben
structure with a subsided central area since the Nantun For-
mation developed (Figure 6). The back-to-back combined
pattern of the sub-depressions is primarily distributed in the
southern Beier Depression, such as sub-depression 4 with
sub-depression 8, and sub-depression 8 with sub-depression
13 (Figure 2a). They are all separated by the uplift zones,
and controlled by main boundary faults with NNE-trending
and dips facing away from each other, are distributed in par-
allel. The sedimentation and subsidence centers within these
sub-depressions are also parallel to each other. On the seis-
mic section, this is expressed as a horst structure between
the two sub-depressions (Figure 7). The S-shaped combined
pattern of the sub-depressions is primarily distributed in the
central Beier Depression, such as sub-depression 5 with sub-
depression 6 (Figure 2a). These two sub-depressions, con-
trolled by main boundary faults with essentially NE-trending
and dips facing away from each other, are distributed along
the fault strike and connected end-to-end. However, due to
the opposite fault dips, the actual sedimentation and subsi-
dence centers of the two sub-depressions are located paral-
lel on both sides of the faults. On the seismic section, the
two sub-depressions each display a half-graben structure
(Figure 8).

Figure 4. Seismic profile characteristics illustrate the parallel com-
bined pattern of sub-depressions within the Beier Depression.

Note: For the location of the profile, see Figure 2a.
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Figure 5. Seismic profile characteristics illustrate the en echelon
combined pattern of sub-depressions within the Beier Depression.

Note: For the location of the profile, see Figure 2a.
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combined pattern of sub-depressions within the Beier Depression.
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Figure 7. Seismic profile characteristics illustrate the back-to-back
combined pattern of sub-depressions within the Beier Depression.

Note: Refer to Figure 2a for the profile’s location.

—
—
=

v Z 28, T

Figure 8. Seismic profile characteristics illustrate the S-shaped
combined pattern of sub-depressions within the Beier Depression.

Note: Refer to Figure 2a for the profile’s location.

5. Discussion

5.1. The Geological Development in Northeast-
ern China Preceding the Formation of the
Hailar Basin, along with the Fault Systems
in the Underlying Basement

The initiation of tectonic plate separation and amalga-
mation often commences in regions where the lithosphere
or crust harbors pre-existing weaknesses. These weaknesses
typically encompass fault systems and shear zones, which
are remnants of prior tectonic activities!!”> 181, The forma-
tion and evolution of rift basins are influenced not only by
regional tectonic forces but also by the heterogeneity result-
ing from pre-existing structures such as faults and various
weak zones in the basement of the rift basins!!”23. The
development of structures during rift basin formation is not
random; normal faults tend to preferentially inherit these pre-
existing fault surfaces or weak zones, thereby influencing the
spatial distribution of the rift basin’s location, shape, struc-
ture, and intensity, as well as the localization of the rifting
process 2+ 26381 Over the past two decades, the impact of
pre-existing structural systems on rifting in rift basins world-
wide has been extensively studied using high-precision seis-
mic reflection datal?!>3336.37,39,401 "gych as the North Sea
Basin[??, the East African Rift[*!!, and the Northwest Shelf
of Australial*?]. Studies on the Jianghan Basin inland **), the
Bohai Bay Basin in China!** 441, the Erlian Basin[*!, and the
Liaohe Basin!'?l in Northeast China also indicate that pre-
existing structures at the base constrained the development,
formation, and evolutionary process of the basin during the
rifting period.

Located in the convergence of the Siberian, North
China, and Pacific Plates, Northeast China marks the east-

ern segment of the “Central Asian Orogenic Belt” and lies
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in the overlapping area of the Mongolian-Okhotsk Sea and
the Pacific tectonic domain!* 3], The Hailar Basin is situ-
ated between the Tahe-Xiguitu Suture Zone and the Der-
bugan Fault Zone. As part of the Asian continent, it expe-
rienced multiple tectonic cycles before the basin formation
(during the Cretaceous and earlier). Since the basin forma-
tion period (after the Mesozoic), it has been influenced by
the Mongolian-Okhotsk Suture in the north and the move-
ment of the Pacific Plate in the southeast, showing complex

tectonic evolution processes!’> 43311,

During the early to
middle Jurassic, the Mongolian-Okhotsk Ocean experienced
north-south subduction in both directions, closing “scissor-
like” from west to east to form the northeast-trending suture

[52-551 " After the closing event, the study area and the

zone
adjacent Northern China-Mongolia tract experienced magma-
tism events under the influence of the breakoff at depth of the
north-dipping Mongol-Okhotsk oceanic slab>®!. With the
continued collision between the Mongol-Okhotsk Oceanic
Block and the Ergun Block, the study area experienced uplift
and orogenic events[®”). In the late Jurassic to early Creta-
ceous, the Siberian Plate further squeezed southward and
collided with the Ergun Block, leading to left-lateral com-
pressional deformation along the Mongolian-Okhotsk suture
zone. This resulted in the formation of northeast-trending
strike-slip faults within the Ergun Block (such as the Der-
bugan Fault Zone) % 3%, Concurrently, under this left-lateral
compressional deformation mechanism, a series of strike-
slip associated structures were generated within the Der-
bugan Fault Zone, including: (Figure 9): 1) Northeast-east-
west-trending compressional reverse faults; 2) Conjugate
northeast-trending (R-shear) and northwest-trending (R’-
shear) faults; 3) North-south-trending faults (T-fractures).

// —— NEE-trending fault

/' ~—— NE-trending fault
e Ny

—— NW-trending fault
—> Locations of the profiles

LN /
.0, /
. /

Figure 9. The arrangement of pre-existing fault systems within the
basement of the Beier Depression.

The Beier Depression, part of the Hailar Basin, has
a basement structure originating from the aforementioned
deformation mechanisms, which include the NEE-trending
reverse faults, the NE-trending R-shear faults, and the NW-
trending R’-shear faults. The basement NEE-trending re-
verse faults are mainly found in the southwestern Beier De-
pression. The basement R-shear and R’-shear faults have
conjugate trends. The NE-trending R-shear faults are widely
developed in the central Beier Depression, while the NW-
trending R’-shear faults are less common and mainly lo-
cated in the northeastern part. The basement NS-trending
T-faults are not developed in the Beier Depression but are
mainly found in the Wuerxun Depression to the north. These
basement faults with various trends, acting as pre-existing
structures, undergo multiple deformations when the tectonic
regime changes later, thus exhibiting different character-
istics. The NEE-trending and NE-trending fault systems
are the dominant pre-existing fault systems controlling the
Beier Depression’s structure. The basement NE-trending R-
shear faults are characterized by high-amplitude, continuous
strong reflections on seismic sections (Figure 10). These
faults typically have a listric shape, with most dipping to-
wards the NW and some towards the SE (Figure 10). In
the central uplift’s basement, fault-plane-like reflections can
be observed (Figure 7). The basement faults on the far left
and right have been reactivated, controlling the formation of
Sub-depressions 4 and 8, respectively. These two faults are
pre-existing NE-trending faults. Thus, the reflective layer
in the central uplift zone, resembling fault planes, should be
NE-trending pre-existing faults with different dips. In the
sedimentary layers, the primary fault plane is relatively pla-
nar, converging towards shear zones in the basement (Figure
10). Almost all these faults offset the Tongbomiao, Nan-
tun, Damoguaihe, and Yimin Formations, extending to the
basement and the T04 interface. The NEE-trending fault
systems are characterized by medium-amplitude, moderately
continuous strong reflections in the sedimentary layers on
seismic sections (Figure 11). In the basement, one major
NEE-trending fault shows high-amplitude, continuous strong
reflections, with other NEE-trending faults converging to-
wards it. These faults typically have a listric shape, all dip-
ping towards the NW (Figure 11). Almost all these faults
offset the Tongbomiao and Nantun Formations, with three

offsetting the Damoguaihe and Yimin Formations. All extend
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to the basement, with only one reaching the T04 interface.
Since the early Early Cretaceous, the Hailar Basin entered the
rifting stage, and these faults were successively reactivated
under different stress fields.

Figure 10. The seismic profile features depict the pre-existing
northeast-trending fault systems in the Beier Depression.

Note: The location of the profile is shown in Figure 9.

o0 T04

® RT227° 123"

2.8km

Figure 11. The seismic profile characteristics illustrate the pre-
existing NEE-trending fault systems in the Beier Depression.

Note: Refer to Figure 9 for the profile’s location.

5.2. The Tectonic Evolution in Northeast China
since the Initiation of the Hailar Basin’s
Formation

Since the Early Cretaceous, tectonic movements from
various periods have been successively superimposed on
the basement structure, resulting in multiple phases of tec-
tonic deformation in the Hailar Basin[® 464936, 60-65] = Ag
previously mentioned, the Mongolian-Okhotsk Ocean closed
“scissor-like” from west to east to form the northeast-trending
suture zone, followed by the breakoff of the slab and subse-
quent uplift events from the early to late Jurassic*>>7]. In the
late Jurassic to early Cretaceous, the Siberian Plate further
moved southward and collided with the Ergun Block, causing

left-lateral compressional deformation along the Mongolian-

Okhotsk suture zone and forming northeast-trending strike-
slip faults within the Ergun Block. In the early Early Cre-
taceous, this regional strike-slip movement led to the litho-
spheric delamination of the Mongol-Okhotsk orogenic belt,
triggering regional extensional tectonics in the study area
and resulting in the formation of fault-controlled rift basins
bounded by boundary faults and the deposition of the Tong-
bomiao Formation!®). During this period, the direction of
regional extensional stress was NNW-SSE. As the collision
between the Siberian Block and the Ergun Block contin-
ued, along with the onset of subduction of the eastern Paleo-
Pacific Plate, the Hailar Basin remained under an extensional
stress regime oriented in the NNW-SSE direction, leading to
the deposition of the Lower Nantun Formation. With the con-
tinued horizontal subduction of the Paleo-Pacific Plate, slab
delamination of the Pacific Plate occurred, triggering another
episode of rifting in the Hailar Basin and depositing the Up-

[6,46,60,61] 'The direction of regional

per Nantun Formation
extensional stress during this period was NW-SE, indicating
a counterclockwise rotation compared to the previous period.
At the end of the Nantun Formation deposition, the subduc-
tion direction of the Paleo-Pacific Plate changed from SSW
to NW, causing approximately S-N directed compression in
the study area, tilting and eroding the strata, and the basin
experienced fold-type inversion[®> %1 Around 125 Ma later,
the retreat of the Paleo-Pacific Plate subduction led to near E-
W directed extension in the study area, causing extensional
or oblique extensional deformation of faults and deposit-
ing the Damoguaihe and Yimin Formations, marking the

6,671 Around 110 Ma, a reorgani-

basin’s subsidence period!
zation of the Paleo-Pacific Plate resulted in low-angle, rapid
westward subduction, causing near E-W directed regional
compression in the study area, intrabasinal transpressional
inversion, and deposition of the Qingyuangang Formation

during the basin’s inversion period!® 8

. In summary, the
Hailar Basin experienced multiple episodes of regional sub-
sidence and extension events induced by regional strike-slip
activities and thickened lithospheric delamination (during
the Tongbomiao Formation deposition), Paleo-Pacific Plate
subduction slab delamination (during the Nantun Formation
deposition), and the return of the Paleo-Pacific Plate (during
the Damoguaihe-Yimin Formation deposition). Additionally,
changes in the subduction direction of the Paleo-Pacific Plate

(at the end of the Nantun Formation) and the reorganization
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of the Paleo-Pacific Plate (Andean-type active margin) led
to multiple episodes of regional tectonic compression events
due to low-angle subduction of the Paleo-Pacific Plate.

5.3. Factors Controlling the Patterns of Com-
bined Faulted Sub-Depressions in the Beier
Depression

Pre-existing structures can generally be divided into
three categories: lithospheric-scale pre-existing structures
and weak zones, basin-scale pre-existing structural systems,
and small-scale individual pre-existing faults[?!-28 69721,
Lithospheric-scale pre-existing structures and weak zones
(including large-scale lithospheric shear zones and plate su-
ture boundaries formed by tectonic activities) typically de-
termine the development location and rift axis orientation of
rift basins due to their position and distribution [23- 6% 71, 73-76]
Basin-scale pre-existing structural systems mainly consist of
pre-existing faults and folds that develop within the upper
crust. Rift basins influenced by pre-existing structures typi-
cally exhibit irregular basin morphologies, segmentation of
rifts, special combinations of graben and half-graben units,

22,41,72,77-79] The reac-

and multi-directional fault systems!
tivation of small-scale individual pre-existing faults in later
stages significantly impacts the geometric characteristics and
kinematic processes of normal faults?!: 71, The pre-existing
fault system developed in the basement of the Hailar Basin
mainly belongs to the basin-scale pre-existing structural sys-
tem, which primarily controls the basin morphology, special
combinations of graben and half-graben units, and so on. As
discussed in Section 5.2, during the periods when the Tong-
bomiao and the Lower Nantun Formations were deposited,
the Hailar Basin was under an NNW-SSE extensional stress
field. Under such a stress field, pre-existing fault systems
with NEE-trending are more likely to become reactivated.
During the period when the Upper Nantun Formation was
deposited, the Hailar Basin was under an NW-SE extensional
stress field. In such a stress field, the pre-existing basement
fault systems with NE-trending are more likely to be reac-
tivated, as the orientation of these faults is more favorably
aligned with the direction of the stress field. Observations
based on the depositional characteristics of strata in seis-
mic profiles also support this viewpoint (Figures 10 and
11). That is, the deposition of the Tongbomiao Formation

and the Lower Nantun Formation in the Hailar Basin was

primarily controlled by the reactivation of pre-existing faults
trending in the NEE direction within the basement, while
the deposition of the Upper Nantun Formation was mainly
controlled by the reactivation of pre-existing faults trending
in the NE direction within the basement. In the Beier De-
pression, the thickness of the Tongbomiao Formation is very
thin, indicating that the rifting was relatively weak during
this period (Figures 10 and 11). The thickness of the Lower
and Upper Nantun Formations are much thicker, indicating
a relatively much more intensive rifting process in the study
area.

In regions where sedimentary strata are influenced by
pre-existing NEE-trending faults, the paleo-throw of the
Lower Nantun Formation is typically greater than that of
the Upper Nantun Formation. This is attributed to the higher
activity of NEE-trending faults during the deposition of the
Lower Nantun Formation, resulting in a larger vertical oft-
set between the hanging wall and footwall. In contrast, in
areas controlled by NE-trending pre-existing faults, the paleo-
throw of the Lower Nantun Formation is smaller than that of
the Upper Nantun Formation, indicating increased activity
of NE-trending faults during the Upper Nantun depositional
period. For example, with NE-trending faults numbered 1
and 2 (Figure 10), the thickness of the Lower Nantun For-
mation is consistent between the hanging wall and footwall,
while the hanging wall’s Upper Nantun Formation is sig-
nificantly thicker than the footwall’s, suggesting enhanced
fault activity during the Upper Nantun period. Moreover,
for faults numbered 3, 4, and 5 (Figure 10), which are NE-
trending pre-existing faults, the Upper Nantun Formation is
noticeably thicker than the Lower Nantun Formation, further
indicating the reactivation of NE-trending faults during the
Upper Nantun period. By comparison, faults numbered 7 to
11 (Figure 11), which are NEE-trending pre-existing faults,
show a clear predominance in the thickness of the Lower
Nantun Formation over the Upper Nantun Formation, with a
greater paleo-throw for the Lower Nantun Formation. This
suggests that these NEE-trending faults were the primary
active fault systems during the Lower Nantun depositional
period. These observations all indicate that during the rifting
process in the Hailar Basin, the NEE-trending pre-existing
fault system was activated first, followed by the NE-trending
fault system. This sequence of fault activation has affected
the depositional patterns and the stratigraphic thickness dis-
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tribution within the basin, reflecting the evolving tectonic
regime throughout the depositional history of the basin.
The varying orientations, dips, arrangements, and acti-
vation sequences of the pre-existing fault systems together
shaped the developmental features and spatial distribution
of the sub-depressions within the Beier Depression. These
elements influenced the diverse patterns of combined faulted
sub-depressions in the Beier Depression. Faults with similar
strikes and dips arranged in an En echelon pattern (faults
numbered 1, 2, and 3) control the En echelon combination
of sub-depressions. Faults with similar strikes and dips ar-
ranged approximately parallel to each other (faults numbered
9 and 12) control the Parallel combination of sub-depressions.
Faults with the same strike and opposite dips (face-to-face),
distributed in parallel (faults numbered 4 and 5), control the
face-to-face combination of sub-depressions. Meanwhile,
faults with similar strikes and dips facing away from each
other, distributed in parallel (faults numbered 3 and 4), con-
trol the back-to-back combination of sub-depressions. Faults
with the same strike, distributed along the fault strike and
connected end-to-end (faults numbered 9 and 13), control

the S-shaped combination of sub-depressions.

6. Conclusions

A comprehensive study focusing on the major fault
system, the combination patterns of faulted sub-depressions,
and the underlying controlling mechanisms was conducted.
This study was based on the most recent high-resolution 3D
seismic reflection profiles that nearly cover the entire Beier
Depression. The principal findings are as follows:

1. Three groups of pre-existing fault systems were iden-
tified in the basement of the Beier Depression. These
are the NEE-EW-trending fault systems, the NE-
trending fault systems, and the NW-trending fault
systems.

2. The NEE-EW-trending fault systems were distributed
in the central part of the Beier Depression and pri-
marily controlled the sedimentary filling of the Tong-
bomiao and the Lower Nantun Formations. The NE-
trending fault systems were distributed in the south-
western part of the Beier Depression and primarily
controlled the sedimentary filling of the Upper Nan-

tun Formations. The NW-trending fault systems were

distributed rarely in the Beier Depression.

3. Five kinds of combined patterns of the sub-
depressions were developed in the Beier Depression,
and they are the parallel, en echelon, face-to-face,
back-to-back, and S-shaped combined patterns.

4. The parallel combined pattern of sub-depressions was
mainly controlled by the faults with essentially the
same strike and the same dip arranged approximately
parallel to each other. The en echelon combined pat-
tern of sub-depressions was mainly controlled by
the faults with essentially the same strike and the
same dip arranged in en echelon pattern. Face-to-
face combined pattern of sub-depressions was mainly
controlled by the faults with the same strike and op-
posite dips (face-to-face), distributed in parallel. The
back-to-back combined pattern of sub-depressions
was mainly controlled by the faults with the same
strike and dips facing away from each other, dis-
tributed in parallel. The faults with the same strike,
distributed along the fault strike and connected end-
to-end, control the S-shaped combined pattern of sub-
depressions.

In summary, the five kinds of combined patterns of
the sub-depressions developed in the Beier Depression are
predominantly governed by the reorientation of the regional
stress field and the reactivation constraints imposed by pre-
existing basement structures. The hydrocarbon exploration
implications of these five distinct graben/half-depression
configurations for basin-scale resource assessment will con-

stitute a key focus for future research priorities.
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