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Abstract: On the basis of elaborating on the regional geological background, this paper analyzes
the lithological and sedimentary characteristics and explorative prospects of new strata with oil
and gas in the southern and surrounding areas of Dayangshu Basin. Based on the latest high-
precision airborne gravity and magnetic comprehensive survey data, combined with the latest data
from geological explorations, physical surveys, and drilling, and the use of basin structure layering
combination methods, we clarified the characteristics of the bottom of the Jurassic–Cretaceous and
the occurrence characteristics of the Upper Paleozoic in the study area and revealed the determinative
effect of multi-period structures on the most important sedimentary layers. Then, we summarized
the accumulation conditions and prediction methods of hydrocarbons and proposed the oil and gas
prospects of these deep new strata. The results show that the Liuhe Sag in Dayangshu Basin, the
depression in the northeast of Longjiang Basin, and the northern parts of the Taikang swell have
good source–reservoir–cap combination conditions and favorable structural characteristics for oil
and gas, where there is a high potential for exploration.

Keywords: oil and gas; occurrence characteristics; airborne gravity and magnetism; new strata;
exploration potential; Dayangshu Basin

1. Introduction

The exploration of Dayangshu Basin began in the late 1950s. In the beginning, the
purpose was to find coal and metal ores, and then oil and gas exploration began to be
carried out. Due to the low level of exploration, the geological conditions relating to
petroleum in the basin are not well understood, and only a preliminary understanding of
the relevant geological issues is available. Additionally, the basin lacks airborne gravity
data, and the airborne physical survey method is the most effective for sedimentary basin
investigation. Previous aeromagnetic surveys suffer from scattered areas and inconsistent
accuracy and measurement scales [1–11].

At present, the implementation of integrated aerial gravity and magnetic surveys has
greatly enhanced the capabilities and application areas of aerial geophysical surveys [2,6,7,12].
In particular, a series of important results and steps have been made in the deep structural
analysis of key oil and gas basins in China’s onshore and offshore areas, and the lithological
composition of tectonic layers, the controlling role of multi-phase tectonic stress fields in
relation to sedimentary layers [13–16], and the distribution patterns of favorable oil- and
gas-bearing structures [9,17–26].

Based on the newly collected high-precision airborne gravity and magnetic data, this
paper reveals the lithological characteristics of new oil- and gas-bearing systems in the
southern part of Dayangshu Basin, the spread pattern of deep new systems, the influence
of multi-phase tectonics over sedimentary layers, and the characteristics of oil and gas
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reservoirs. The results provide a reference for the exploration of new oil- and gas-bearing
formations in Dayangshu Basin and similar areas.

2. Regional Geological Background
2.1. Stratum

According to the ground outcrops and drilling data, the stratigraphy of the region
can be seen from old to new in the Palaeoproterozoic, Lower Paleozoic, Upper Paleozoic,
Triassic, Jurassic, Cretaceous, and Cenozoic (Figure 1).
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2.2. Regional Structural

With the exploration of regional geological structures and the revelation of deep
structures, tectonic evolution played an important role in the analysis of crustal structures
and the development of geological structures [6,10,15,27,28].

The western boundary of Dayangshu Basin is toward the Daxinganling supercrustal
fault zone, and the eastern boundary is toward the western boundary of Songliao Basin.
There are two nearly east–west crust faults across Dayangshu Basin near the Hailar-Jiayin
and Boketu-Namur Riversand Dayangshu Basin is divided into three sections in the north–
south direction. Among them, the Daxinganling fault zone, developed on the west side of
Dayangshu Basin, has an important influence on the formation and evolution of Dayang-
shu Basin.

2.3. Regional Magmatic Rocks

According to the differences in formation environment, heterogeneity of fault activity,
and different formation times, the size of magmatic rocks is quite different and the lithofa-
cies and rock types are diverse. It even presents the landscape of a magmatic rock belt with
specific spatial distribution rules. Magmatic activities often have important influences on
regional tectonic history [29,30].

The magmatic activity in the study area and its periphery is very frequent, and it can
be divided into five major cycles from old to new: Pre-Auranian, Garidonian, Hercynian,
Yanshanian, and Xishanian, among which, the Hercynian and Yanshanian are the most
intense. Both intrusive rocks and volcanic rocks are widely distributed. There are many
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kinds of intrusive rocks, including ultramafic, basic, neutral, acidic, and basic rocks; volcanic
rocks are mainly acidic, neutral, and basic rocks.

3. Data and Methods
3.1. Aero Gravity and Magnetic Data

We use the comprehensive aeromagnetic measurements collected in 2018 by the
China Natural Resources Airborne Physical Exploration and Remote Sensing Center in
the southern part of Dayanshu Basin at a scale of 1:100,000, with a survey line direction
of 115–295◦, a cut line direction of 25–205◦, and an average flight height of 175 m above
ground. The total accuracy of spatial gravity measurements after data processing in the
study area is 0.26 × 10−5 m/s2, and the total accuracy of aeromagnetic measurement is
0.69 nT.

3.2. Physical Properties and Other Data

According to the distribution of stratigraphy and bedrock outcrop in the study area,
the field survey completed 103 physical measurement points, obtained 3127 magnetization
rate data, 435 density data, collected 454 specimens (including 8 magnetically oriented
specimens); collected 5 seismic profiles, 3 boreholes, 2 geodetic electromagnetic bathymetric
profiles, etc.

3.3. Constructing Layering Method

In this paper, based on aeromagnetic and gravity data, combined with the determi-
nation and analysis of stratigraphic density and magnetization rate parameters, different
geophysical methods [31] are combined with seismic and drilling data as constraints,
among which, the anomaly stripping method and Parker’s iteration method are used for
the depth of the Mesozoic bottom surface; the wavelet decomposition method is used
for the regional gravity anomaly caused by the deep (mainly Moho surface) [32–37]; the
calculated depth data are corrected with known drilling and seismic data as constraint
control in the calculation process, and the thickness of the Upper Paleozoic and the depth
of the Jurassic–Cretaceous bottom surface are obtained, respectively.

4. Oil and Gas Reservoir Characteristics of the Study Area

Based on the data of drilling and oil and gas exploration in Dayangshu Basin and
nearby Longjiang Basin and Songliao Basin, this paper studies the geological conditions of
these areas and surrounding areas as they relate to oil and gas, focusing on the source rock,
reservoir, cap, and their combination, as well as the local structure and trap type.

4.1. Oil and Gas Source Rocks

The oil and gas source rocks in the study area, from top to bottom, mainly include
the Upper Paleozoic Linxi Formation, the Dashiizhai Formation, the Zhezhi Formation,
the Lower Cretaceous Ganhe Formation, the Jiufengshan Formation, and the Longjiang
Formation.

4.1.1. Upper Paleozoic Oil and Gas Source Rocks

The Upper Permian and the Middle Permian all developed from dark mudstone.
These dark mudstones show high organic matter abundance; the types of organic matter
are mostly type II and type III, and the stage of evolution of this matter is high and mostly
mature, meaning it has good oil and gas generation potential, and thus constitutes the main
oil and gas source rocks in the region.

4.1.2. Lower Cretaceous Oil and Gas Source Rocks

The Ganhe Formation is mainly distributed in the depressional zone of Dayangshu
Basin, and in the southern depressional zone, the stratigraphic thickness of the formation
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reaches over 2400 m. The maximum thickness of oil and gas source rocks in this formation
reaches over 80 m, and it is thicker in the central part, becoming thinner toward the sides.

The Jiufengshan Formation developed in both the depression and uplift areas of
the southern part of Dayangshu Basin; its thickness is relatively large in the depression
area, reaching over 1000 m. The maximum thickness of oil and gas source rocks in the
JiuFengshan Group is over 180 m, and the thicker strata of this group are distributed in
the northeast of the Yang D1 well and the southwest of the Yang D2 well, with a trend of
gradual thinning toward the sides.

The Longjiang Formation is mainly distributed in the southern depression of Dayang-
shu Basin, and then less so in the central and northern parts of the basin. The maximum
thickness of oil and gas source rocks in the Longjiang Formation exceeds 40 m, and the
thickest part of the formation is distributed in Dural and its southern area, south of the
Yang D1 well and southeast of Dingjiatun.

The evaluation index of oil-bearing rocks indicates that all three sets of dark mudstone
in the basin have oil- and gas-producing abilities, and the main oil and gas source rock is
the Jiufeng Mountain Formation.

4.2. Reservoirs

The geological and geophysical data of the study area show that the Lower Cretaceous
Longjiang, Jiufengshan, and Ganhe Formations have developed reservoirs. The Upper
Paleozoic reservoir is found at the sea–land interface, where tuff and sandstone layers
develop, and it mainly comprises sedimentary clastic rocks and fractured tuff.

4.3. Cover Layer

Dense volcanic lava, volcanic tuff, mudstone, and muddy siltstone have developed in
the Longjiang, Jiufengshan, and Ganhe Formations in Dayangshu Basin, with dense rock
structures and undeveloped pores and fissures, which together constitute the oil and gas
cover of the basin.

5. Spatial Distribution Characteristics of the New Strata
5.1. Physical Characteristics of the New Strata
5.1.1. Density Characteristics

Regarding the variation in the formation’s density, the formation extends from old
to new, and its density generally ranges from large to small (Figure 2). The strata can be
divided into three density layers, which are Proterozoic–Late Paleozoic, Mesozoic (Triassic,
Jurassic, Cretaceous), and Cenozoic (Quaternary), listed from bottom to top. On the
whole, the densities of volcanic rocks with different lithologies in the Jurassic–Cretaceous
are obviously different. The density gradually increases from acid rock to intermediate
acid rock, intermediate rock, and basic rock. The density of sedimentary rocks gradually
decreases from the Proterozoic to the Paleozoic, Mesozoic, and Cenozoic.
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Figure 2. A density histogram of strata (rocks) in the study area and its surroundings.

5.1.2. Magnetic Characteristics

Regardings the magnetic difference, the magmatic rocks in the research area show
strong magnetism, while the metamorphic rocks show weak magnetism, and the sedi-
mentary rocks show the weakest magnetism (Figure 3). The main features include the
following:

(1) The weak magnetic layer is mainly composed of sedimentary clastic rocks, and the
average magnetic susceptibility is 30 × 10−5 SI, which does not cause obvious positive
magnetic anomalies;

(2) The Cretaceous and Jurassic local distribution is a strongly magnetic layer, comprising
thick but unstable intermediate–basic volcanic (clastic) rock types. Among these, the
neutral volcanic rock’s magnetism is greatly affected by lithology, and its magnetic
susceptibility ranges from 1340 to 1867 × 10−5 SI. The average magnetic susceptibility
of basic rock is 2052 × 10−5 SI, and this often causes high-amplitude jump changes
that manifest positive magnetic anomalies;

(3) The Paleozoic regional distribution comprises a weak magnetic layer that is mainly
composed of sedimentary rocks, with a magnetic susceptibility of less than 100 × 10−5 SI
that does not cause obvious positive magnetic anomalies;

(4) The Proterozoic medium-strong magnetic layer comprises a set of medium-strength
magnetic metamorphic rock series, which cause certain gentle-amplitude positive
magnetic anomalies.
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5.2. Occurrence Characteristics of Deep New Strata
5.2.1. Upper Paleozoic Spreading Characteristics

Since the classic target layer of oil and gas exploration is the Mesozoic, there are
relatively few data or results related to exploration in the deeper layers of the Upper
Paleozoic, whether from drilling or seismic exploration. The thickness of the Upper
Paleozoic has been calculated, and a thickness contour map has been drawn (Figure 4). It
can be seen that the Upper Paleozoic in the study area has the following characteristics:

(1) The Upper Paleozoic boundary mainly developed in the central and eastern parts of
the study area, while the thickness of the Upper Paleozoic boundary in the western
part of the study area is small and locally missing;
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(2) The thickness of the Upper Paleozoic boundary varies from 0 to 6000 m, and the
development stage of the Upper Paleozoic boundary in different tectonic units varies
significantly. The Upper Paleozoic boundary in the northern Dayangshu Basin is
buried at a greater depth, and an obvious center of thickness can be seen in the
northwest corner of the Pingyang Terrane (the thickness of the center is greater than
6000 m), which gradually increases as one moves from the surrounding terrane
to the center. The depth of the central and south-central Longjiang Basin is about
2000–6000 m, and the three centers of thickness are located in the northeast and
southeast of Longjiang Basin (the thickness value of the center is greater than 6000 m).
The eastern part of the study area (the western slope of Songliao Basin) also shows a
thickness characteristic of the Upper Paleozoic, and the thickness of deposition here is
relatively stable, mostly around 3500–5000 m;

(3) A series of thickness gradient zones have developed in the Upper Paleozoic, such
as in the central and western parts of the study area where the thickness gradient
is dense, and the distribution of the Upper Paleozoic is obviously controlled by the
NWW-oriented F3 fracture. In the eastern part of the south of the study area, the
Upper Paleozoic thickness gradient zone near the southern section of the F1 fracture
is more apparent, and the thicknesses of the upper and lower plates of the fracture
vary significantly, indicating that the fracture structure controls the development of
the Upper Paleozoic in this region;

(4) In the same zone, the thickness of the Upper Paleozoic is relatively stable, without
obvious local jump changes.
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5.2.2. Jurassic–Cretaceous Spreading Characteristics

Drilling and seismic data regarding the density of this set of strata locate them between
the Cenozoic and pre-Jurassic strata. The characteristic features of the Jurassic–Cretaceous
stratigraphic development in the study area are obvious (Figure 5).

(1) Jurassic–Cretaceous stratigraphy is more developed.

It is preserved in several tectonic units in the northern, south-central, and eastern parts
of the study area. In the west, the strata set is missing in most areas.
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(2) Jurassic–Cretaceous thickness zoning is obvious.

The thickness of the whole region varies from 0 to 3000 m and is greater in the central
and southern parts. The thickness of the Mesozoic boundary in the western slope of
Songliao Basin gradually increases from west to east, while the thickness of this boundary
in the western Guangfeng Bulge and the western part of the southern Taikang Bulge is
mostly 500–1500 m. The Mesozoic boundary in the eastern depressions is relatively thick,
and its maximum depth exceeds 2000 m.

(3) The Mesozoic bottom surface has distinct depth centers. They are at the northeast
and southwest of the Liuhe Sag, the south of the Pingyang Terrane, the northeast
and northwest of the northeastern depression of Longjiang Basin, the Shanquan
Depression, the Fufu Depression, the gentle slope zone of the Heping Farm, the
eastern part of the Yantongtun Depression, and the southwest of the Taikang Bulge,
for a total of 10 depth centers.

(4) Jurassic–Cretaceous depression boundaries are mostly fractured structures. For exam-
ple, the Jurassic–Cretaceous system that has developed in the Liuhe Sag of Dayanshu
Basin is sandwiched between the F24 fault, the F25 fault, and the F26 fault, and the
distribution of the Mesozoic boundary in this region is obviously controlled by the
fault structure.
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6. Oil and Gas Exploration Potential
6.1. Evaluation Methodology

Here, based on the Mesozoic and Upper Paleozoic ranges and their thicknesses, as
illustrated by airborne gravity and magnetic data, combined with known drilling data, the
prospective oil- and gas-bearing conditions in the study area were comparatively evaluated
on the basis of production, storage, and cover combinations, as well as oil and gas transport,
accumulation, and preservation conditions, and two categories of prospective oil and gas
zones were delineated.



Minerals 2023, 13, 706 9 of 14

6.2. Division of Prospective Oil- and Gas-Bearing Areas
6.2.1. The Class I Prospective Oil- and Gas-Bearing Areas

The Class I prospective oil- and gas-bearing areas are the most favorable for oil and
gas enrichment, and the most promising for oil and gas transport and gathering units
in the study area. These areas are located in the western part of Dayangshu Basin, the
eastern part of Longjiang Basin, and the southern part of the western slope of Songliao
Basin, respectively. They contain three prospective oil- and gas-bearing areas, including
Liouhe, Harakhai North, and Taikang (Figure 6).
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Figure 6. Prospective prediction of oil and gas in the study area.

(1) The Liuhe prospective oil- and gas-bearing area basically corresponds to the Liuhe Sag
in the western part of Dayangshu Basin, which covers a large area of about 1660 km2

and is the main oil and gas generation and transport area in the region of interest. A
Mesoproterozoic boundary of a certain thickness has been deposited in this area. In
addition, the Upper Paleozoic boundary, with a thickness of about 1000–6000 m, is
also deposited in this prospective area. Vertically speaking, this prospective area has
a good configuration of raw reservoir and cover. Across the plane, there are sufficient
oil and gas sources in the area, and the data on the parameter wells in the area show
that oil and gas are visible here. In addition, a series of local high-gravity anomalies
are apparent in the interior of the Liuhe Sag, mainly in the central, northwestern,
and southern areas. These local high-gravity anomalies are mostly local structures
within the depression, which provide good conditions for oil and gas accumulation
and preservation.

(2) The prospective oil- and gas-bearing area of Harahay North is located in the central
part of the study area, which basically corresponds to the northeastern depression of
Longjiang Basin, with an area of about 2403 km2, and also has good conditions for
oil and gas generation and transportation. The thickness of the Mesozoic boundary
deposited in this area is relatively stable, with a varied range of about 1500–2500 m.
Five Mesozoic depth centers can be seen in the prospective area, located in the north-
east, center, southwest, and northwest of the prospective area. The aerial Bouguer
gravity vertical one-guide anomaly map and the remaining anomaly map of the area
show several local anomalies of small amplitude, which indicate storage sites in the
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northeastern depression with sufficient oil and gas sources. The geomagnetic profile
shows that this low-gravity and low-magnetic area is basically consistent with the
distribution range of the larger low-resistance body (Figures 7–9). It is inferred that
this area represents a relatively stable and continuous sedimentary depression, and
the local gravity anomalies (Figure 8a–d) that have developed within the depression
reflect the development of local structures, such as low swells and fault noses. The
aeromagnetic anomaly maps and the related upward continuation maps (Figure 8e,f)
indicate that the magmatic activity in this area is weaker compared to the surrounding
area. A large range of negative magnetic anomalies indicates that a certain thickness
of weakly magnetic sedimentary strata has developed in this area.

(3) The Taikang prospective oil- and gas-bearing area is located in the southeast corner
of the study area, roughly corresponding to the north-central part of the Taikang
Bulge on the western slope of Songliao Basin. The depth of the Mesozoic boundary
in this prospective area is mostly 1000–2000 m, with relatively little variation, and
the depth center is located in the northwest. In addition to the Mesozoic boundary,
an Upper Paleozoic boundary of a certain thickness also developed in this area. The
thickness of the Upper Paleozoic boundary gradually increases from the southeast to
the northwest. The local anomalies are mainly distributed in the northeast, southeast
and western parts of the area, and can provide a place for oil and gas storage. Drilling
data for the area show that local industrial oil flow has been registered.
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6.2.2. The Class II Prospective Oil- and Gas-Bearing Areas

Class II prospective oil- and gas-bearing areas refer to the more oil- and gas-rich
regions in the study area, the secondary oil- and gas-bearing and aggregating regions in
the study area, or the areas that are closer to effective oil- and gas-bearing depressions, and
which show certain prospects for oil and gas exploration. These are mainly located in the
eastern part of Dayangshu Basin, the northern and central parts of the western slope of
Songliao Basin, and the southern and western parts of Longjiang Basin.

(1) The prospective oil- and gas-bearing area of Pingyang is located in the southern part
of Dayangshu Basin, which basically corresponds to the Pingyang Terrace and covers
an area of 1110 km2. The Mesozoic boundary is more developed here, and has been
deposited at a thickness of about 1500–2500 m. An obvious center of thickness can
be seen in the southwest, with a maximum thickness value of more than 2500 m.
The area also shows characteristics of the Upper Paleozoic, with a thickness value of
about 3000–6000 m, and its maximum thickness (more than 6000 m) is detected in
the northwest corner of Pingyang Terrace. A certain number of local anomalies have
developed in the prospective area. The area is well-configured, with good reservoir
cover, and should have good oil and gas prospects.

(2) The Shanquan oil- and gas-bearing prospective area corresponds to the Shanquan
Depression in Longjiang Basin, with an area of about 714 km2. The Mesozoic bound-
ary here is relatively developed, with a thickness of about 1500–2500 m, which is
relatively stable. In addition, an Upper Paleozoic boundary of a certain thickness
also developed in this prospective area, and the thickness of sediment here is about
1000–3000 m, showing a trend of gradually increasing from the northwest to the
southeast. The reservoir cover in the area is well-configured, and it should have good
oil and gas prospects.

(3) The Yantongtun oil- and gas-bearing prospective area corresponds to the Yantong-
tun Depression and its western side. The two tectonic units contained in the area
have deposited a Mesozoic boundary of a certain thickness—about 1500–2000 m.
In addition, an Upper Paleozoic boundary with a thickness of about 4500–5000 m
has also developed in this area. Its thickness center is located in the transition area
between Yantongtun Depression and the gentle slope of Heping Farm. The Mesozoic
and Upper Paleozoic boundaries are relatively thick and have a good reservoir cover
configuration, which should yield good oil and gas prospects. According to the latest
information derived from airborne physical prospecting, the Shenyang Geological
Survey Center has implemented heavy, magnetic, electric, seismic, and drilling work
in this prospect area, and encountered a Carboniferous–Permian system at 1370 m.

7. Conclusions

(1) The Liuhe Sag in Dayangshu Basin, the northeastern depression in Longjiang Basin,
and the northern part of the Taikang Bulge show good conditions for production,
storage, and cover. The results of comprehensive high-precision airborne gravity and
magnetic studies show that a series of local high-gravity anomalies have developed
in the prospective area, and these anomalies mainly reflect the existence of bedrock
bumps, including bedrock backslopes, subduction hills, and broken noses. These
are mostly favorable local structures within the depressions and provide good sites
for oil and gas accumulation and preservation. The new deep oil- and gas-bearing
formations show a certain thickness and extension in the vertical direction; in the
plane, the parameter data of wells in the Liuhe Sag and Taikang Bulge show that oil
and gas have been found, and high-precision airborne heavy magnetic data combined
with electrical, seismic, and drilling data have recently shown that the northeast
depression of Longjiang Basin has low weight, low magnetism, and low resistance.
The Mesozoic Depression is thus characterized by the “three lows”.

(2) Using a combination of data conversion and processing, we can further reveal the spa-
tial spreading pattern, tectonic control factors, main lithological composition, oil and
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gas reservoir, and oil- and gas-bearing new formation system based on the analysis
of oil and gas geological conditions in the study area. In this study, the thickness of
the Upper Paleozoic and the depth of the Jurassic–Cretaceous base were calculated
for the first time by using high-precision airborne gravity and magnetic inversion,
which indicates that not only the Jurassic–Cretaceous (thickness 0–3250 m, mostly
1000–2500 m) but also the Upper Paleozoic (thickness 0–6500 m, mostly 2000–6000 m)
are developed in the study area.

(3) Based on the latest measured large-area high-precision aeromagnetic data, the favor-
able structural parts of new oil- and gas-bearing systems can be quickly screened. The
high-precision aeromagnetic survey, combined with drilling, seismic, and electrical
methods, and other auxiliary means, is one of the important ways to achieve an
accurate, rapid, and efficient search for oil and gas resources.
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