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Abstract: Understanding the characteristics of lead—zinc mine occurrences and mastering effective
investigative techniques are paramount in modern ore prospecting. This research focuses on the
forested region of Yichun city in China, with a specific emphasis on the strategic mineral resource of a
lead-zinc mine. The study examines the distribution patterns of this mineral and employs advanced
aeromagnetic exploration methods. Firstly, we analyzed the geological structure and features of the
region by leveraging the latest high-precision aeromagnetic data collected using dynamic delta wing
technology. This analysis was complemented by an assessment of the geological conditions of the
research area, existing lead—zinc deposits, ground magnetic surveys, and verification studies. With
the goal of establishing a meaningful correlation between aeromagnetic anomalies and lead-zinc
deposits, we employed various potential field conversion techniques, including the reduction to the
pole, vertical derivatives, upward continuation, and residual anomaly analysis techniques. Secondly,
we investigated the metallogenic sites within this region and provided a comprehensive summary
of the metallogenic circumstances and characteristics related to aeromagnetic prospecting. Thirdly,
we employed human—computer interaction fitting inversion techniques to predict the potential for
lead-zinc mine prospecting in areas exhibiting aeromagnetic anomalies. The study underscores the
significance of high-amplitude and large-scale aeromagnetic anomalies in the study area. Furthermore,
we examined the interplay between intrusive rocks, strata, and structural elements within the region to
identify favorable conditions for lead—zinc mineralization. As a result of our analysis and discussions,
a location was predicted where a lead-zinc mine may exist. The research methodology outlined in this
article provides valuable insights for future lead-zinc mine exploration efforts in areas characterized
by similar geological conditions.

Keywords: dynamic delta wing; high-precision aeromagnetic data; lead-zinc mine; aeromagnetic
data inversion

1. Introduction

Magnetic prospecting is one of the key methods for mineral resources exploration,
using the Earth’s magnetic field to carry out subsurface surveys [1]. It is possible to acquire
details about the magnetic properties and the geographical distribution of subsurface
materials by measuring and analyzing the Earth’s magnetic field anomalies. Magnetic
prospecting has been widely applied in many distinct fields, such as the exploration
of petroleum and mineral resources, the monitoring of environmental quality, and the

Minerals 2023, 13, 1414. https:/ /doi.org/10.3390/min13111414

https:/ /www.mdpi.com/journal /minerals


https://doi.org/10.3390/min13111414
https://doi.org/10.3390/min13111414
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0009-0000-6360-8281
https://orcid.org/0000-0002-7799-087X
https://doi.org/10.3390/min13111414
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min13111414?type=check_update&version=2

Minerals 2023, 13, 1414

2 0f23

engineering of geological surveys [2]. Ground magnetic survey [3] and aeromagnetic
survey are two typical types of magnetic surveys. For small-area, large-scale exploration
activities, a traditional ground magnetic survey is appropriate. However, it may be labor-
intensive, ineffective, and dangerous for the operators and equipment. The rugged terrain
and other factors also create many exploring blind spots. The aeromagnetic survey [4-14]
is a high technology that combines geophysical exploration techniques with aviation
technology [15-18]. It is used to investigate and identify mineral resources and subsurface
geological structures, with high-precision optically pumped magnetometers and real-
time compensation systems mounted on the aircraft to detect changes in the magnetic
field while the aircraft is in operation. An aeromagnetic survey has many advantages,
including deeper exploration depths, lower cost, high efficiency, and practicability in large-
scale operations. It is considered one of the symbols of the modernization of geological
exploration [19]. However, the mainstream platforms used in aeromagnetic exploration,
such as fixed-wing aircraft and helicopters, require relatively high flying altitudes and
the use of suitable airports as bases. As a result, they have some limitations in large-scale
measurements and are constrained by relatively short flight ranges [20-22]. Dynamic
delta wing aeromagnetic platforms [23,24], which has evolved from outdoor sports, offers
advantages such as flexibility, lightness, low flight speed, low flying altitude, ease of
transportation, and convenient takeoff and landing. Besides, they are very economical,
requiring minimal operating and maintenance expenses. In addition, large-scale operations
in small and medium-sized areas also make them less dangerous for employees. Therefore,
it makes up for the disadvantages of surface magnetic methods and other airborne magnetic
survey platforms.

In order to perform high-precision magnetic surveys in the range from low-altitude
(actual altitude 0-1000 m) to ultra-low-altitude (actual altitude 0-100 m), the low-altitude
dynamic delta wing aeromagnetic survey system, with the integration of advanced software
and hardware technologies, uses a powered dynamic delta wing as the flight carrier. The
system consists of six parts including a powered delta wing, a navigation controller, a mag-
netic survey system, a magnetic compensation system, a positioning system, and a digital
acquisition system (Figure 1). These six components are reorganized into three systems: the
flight carrier system, the magnetic measurement system, and the data acquisition system.

— - Digital data collector
:am helium optical | | Three-comy ponent =t
tic probe | | magnetic compensator

v < Control monitor

| d—
Laser altimeter

Figure 1. The dynamic delta wing aeromagnetic survey system in a low-altitude range.

The 400 km range flight carrier system (Figure 1) is an aircraft, which can operate
within a maximum radius of 50 km, utilized in regions where it is challenging for people
to work and take up residence due to poor traffic conditions. It is not necessary to use
standard airports or runways because the flight conditions are simple [25-30]; aside from
the engine, the whole fuselage is primarily constructed of non-magnetic aviation aluminum
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with fabric wings. With a width of 2.5 m and a length of less than 4.0 m, the overall mass of
the aircraft is less than 300 kg. The glider’s transport vehicle and hangar are made of a small
van, making it easier to assemble, disassemble, and transfer during field flight operations
(Figure 2). The magnetic measurement system comprises a helium magnetometer and a
saturated three-component magnetometer. The sensitivity of the helium magnetometer
(RS-GB10) is +0.001 nT, with an accuracy of 0.01 nT, a sample rate of 0.5/s, and a range of
35,000 to 70,000 nT. The three-component automatic compensation device, which is also
called saturated three-component magnetometer, measures the magnetic field. When the
magnetic field sensor and the airplane are in different locations, the influence of the aircraft
changes. There could be anomalies in a course when the compensation is insufficient,
and there will be a systematic bias in the anomalies detected in different courses. The
saturated three-component magnetometer’s aim is to reduce such errors. The magnetic
survey collector GB-10 is used in the data acquisition system. The system is used to set the
flight survey lines before takeoff. The pilot will first navigate and locate, on the basis of a
GPS, the pre-set flight survey lines and will fly while measuring and recording the flight
route in real-time, depending on the navigation measurement data provided on the screen.
All flight-related data can be immediately exported from the system after the flight.

(a) (b)

Figure 2. (a,b) The transport and storage of dynamic delta win.

The research area for this paper is located in a forested region of Yichun city, where
there are well-developed intrusive rocks, notably monzonitic granite from the Late Triassic.
These rocks are largely exposed, with an appearance of bedrocks and vein-like and lens-like
rocks, and the trending direction of these rocks is mostly aligning with faults and fracture
zones. The lithology is composed of monzonitic granite with fine to medium-sized grains,
mylonitic granite with fine to medium-sized grains (biotite), and monzonitic granite with
coarse to medium-sized grains. During the intrusion of magma, there existed contact
metasomatism between the rocks of the Qianshan formation and intrusive rocks which
have a close relationship with the mineralization of tin and copper. Intrusive rocks are
also mineral-surrounding rocks, primarily found in silica—carbonate rocks and mineral-rich
strata created by post-Late Triassic hydrothermal activity. The intrusive rocks formed at
this stage are appropriate geological bodies for mineralization, especially for non-ferrous
metals such as molybdenum, lead, and zinc [31].

The Xiaoxilin lead-zinc deposit founded in the Yichun region is a hydrothermal
contact-metasomatic deposit. It is nestled within the contact zone between the upper
Ordovician Qianshan formation’s marble and the Late Triassic-Early Jurassic monzonitic
granite. There are many types of alterations in the surrounding rocks, and silicification,
thermalization, mangano-siderite, mineral-bearing dolomitization, garnet chlorination,
skarn mineralization, sericitization, and biotitization are those related to mineralization.
There are more than 30 distinct types of metals and gangue minerals that comprise ores,
mainly including pyrrhotite, pyrite, sphalerite, galena, magnetite, dolomite, and calcite [32].

There were some anomalies of lead, zinc, and molybdenum in the monzonitic granite
during the period from the Late Triassic to the Early Jurassic. The anomalies of lead and
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zinc mainly occurred within the contact zone between the granite and the stratum, while
the anomalies of molybdenum occurred within the granite.

Granites from this age are magma-mixed rocks, and the fine-grained porphyritic
granites of the Early Cretaceous sporadically occur in the form of stocks in the study area,
where there are also vein rocks. Therefore, these factors are likely to lead to the subsequent
enrichment of elements such as lead, zinc, molybdenum, creating favorable conditions for
mineralization. The Late Triassic-Early Jurassic monzonitic granite, a symbolic intrusive
rock in this region, serves as a marker for mineral exploration. Therefore, it will be easy to
explore the lead-zinc deposits in the study area.

The study area is a typical geological survey area where there are dense forests, shrubs,
and a swamp, the depth of which is generally between 0 and 3 m, with some specific areas
deeper than 3 m. Therefore, it is hard to carry out geophysical prospecting operations in
such a place, with poor transportation and working conditions. The dynamic delta wing
magnetic system, characterized by its efficiency, adaptability, and longer endurance, can
efficiently reduce human disturbances and the disturbances brough about by anomalies
caused by magnetic sources in shallow layers. As such, it is suitable for use in areas where
rocks are mostly covered by forests, swamps, and slope deposits and where there are some
human disturbances, meaning that surface geophysical explorations are hard to carry out.
Therefore, this paper adopts the dynamic delta wing magnetic survey method to carry out
the research for lead-zinc deposits in the study area.

2. Theory and Method
2.1. Method Principle

Polygonal section is a key method for analyzing gravity and magnetic data through
human-computer interactions, as it has a high computing speed and can reasonably
approximate the shape of any object. It can be used to resolve the forward and inversion
problems of gravity and magnetic anomalies on the basis of exploration data. The polygonal
section method can approximate any shape with an arbitrary precision, since the number
of edges of a polygon can be arbitrary. In addition, each section’s effect can be described
with precise analytical expressions [31,32].

For the two-dimensional numerical model shown in Figure 3, x is assumed to be
the magnetic susceptibility; M;s is the surrounding geomagnetic field intensity; Iy is the
magnetization inclination; A’ is the angle of the positive x direction to the magnetic north
in a counterclockwise direction, and the direction of the measurement of the magnetic field
is assumed to be consistent with that of the geomagnetic field. The formula for the Z, and
H,y components of the two-dimensional numerical model are as follows:

0
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Among them, G is the constant of universal gravitation; p is the vacuum permeability;
p is the density of the two-dimension numerical model; Vi, and V., are the gravitational
potential along various coordinate axes; Z, is the vertical component of the magnetic
anomaly; H,y is the horizontal component of the magnetic anomaly, and i is the effective
magnetization inclination angle of M;. From this, the components Z, and H;y and the
overall magnetic anomaly AT can be deduced as follows:
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Figure 3. A polygon graph in two dimensions with any cross-section.

Here, AT is the total magnetic intensity; Vy and V, are the respective partial differ-
ential of V in the x and z directions. In addition, Z, = A [(9,1 —0,01) + Blnr”r—:”l and

X, = A[—(Gn —0,41) +Blnr’;—:1} Settox; = x;—xandz;, = z;—z (i =norn+1),
respectively, so that the partial differential calculation can be carried out). Among this,
Vi =2Gp Zﬁ;l Xy and V, = 2Gp 25:1 Zy; zn and z, 41 are the respective z coordinates of
the two endpoints of the nth edge of the polygon; x,, and x,,.1 are the z coordinates of the
two endpoints of the nth edge of the polygon, respectively; A and B are the matrices of
order m X n; 0 is the angle between the cross-sectional line segment and the coordinate axis;
r is the distance between the observation point and the end or the center point of the field
source. The calculating partial derivatives are as follows:
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The magnetic anomaly of any combination of several two-dimensional models can be
calculated using the equation above.

2.2. Magnetic Data Fitting in 2.5D with Human—Computer Interaction

Magnetic profile joint inversion is used to estimate the depth and the geometrical
characteristics of a geological interface based on graphic geological profiles and data on
rock magnetism. The initial model derives from a priori information on geophysics and
geology. The model is continuously adjusted to make calculated values match the measured
values closely, enabling the intuitive forward and inverse modeling of magnetic profiles.
Compared to the automated direct inversion techniques, the 2.5D human—computer inter-
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active magnetic data inversion method is appropriate for inverting geological boundaries
with significant differences in their physical characteristics, such as formation boundaries,
intrusive bodies, folds, and faults. A 2.5D model in magnetic data refers to a geological
mass that extends to a specific distance in the strike direction, with an arbitrarily shaped
cross-section. Polygons can be used to simulate the shape of the cross-section. The model’s
magnetic anomaly value at any location in space can be determined as long as the vertex
coordinates, orientation, length, and magnetization of the polygon are known. By compar-
ing the calculated magnetic anomaly effect of the initial model with the measured magnetic
anomaly along the profile, the model can be continuously adjusted until the difference
between the calculated magnetic anomaly and the measured magnetic anomaly on the
profile meets the predetermined accuracy (Figure 4).

Importing data

Initializing
the model
Forward

modeling

Calculating the root mean square Modifying

error between the forward-modeled the model
magnetic anomaly

and the measured values

<10%

Yes

Outputting
the model

Figure 4. Diagram of the procedure for fitting human—computer interaction.

This 2.5-dimensional inversion utilizes the Oasis Montaj software, of which the GM-
SYS profile simulation module is a user-friendly, feature-rich, and interactive heavy mag-
netic simulation software which can quickly build a geological model and test its accuracy
by comparing the error between the model’s heavy magnetic response and the collected
data to create a model swiftly.

The specific steps are as follows:

(1) Import the measured magnetic anomaly data of the profile;

(2) Import the initial model and initial physical parameters;

(3) Add, delete, and modify the field source model based on the comparison between the
theoretical anomalies of the module’s forwarding and the measured anomalies;

(4) Continue until the root-mean-square (RMS) error between the theoretical anomalies
of the forwarding and the measured anomalies is less than or equal to 10%;

(5) Output the inverse model [33-37].

3. Introduction to the Research Area
3.1. Location of the Study Area

The study area is one of the administrative districts in Yichun city, which is located in
the northeast of the Heilongjiang province. It spans a total area of around 104.83 km?. The
geotectonic location is in the tertiary structural unit of the Yichun-Yanshou fold orogenic
belt, an overlapped area between the Mongolian—Okhotsk collision orogenic belt and the
outer margin of the Circum-Pacific subduction zones. The secondary tectonic belt is the
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quaternary structural unit of the Wuxingzhen—Xilin composite-fold belt, which mainly
comprises the lower Heilonggong formation of the Devonian and the Xilin group of the
lower Cambrian [38,39].

3.2. Geology of the Study Area
3.2.1. Geological Structure

The fold structure of the Heilongjiang province can be roughly divided from east to
west into three composite fold belts, i.e., the Fengmao-Chenming fold belt, the Wuxingzhen-
Xilin fold belt, and the Cuiluan-Tieli fold belt. The fault structures in the Heilongjiang
province are highly developed and are characterized by various scales and directions. There
are two regional faults, as follows: the Xunke-Tieli-Shangzhi north-south lithosphere fault,
which is more than 5000 km long and is located in the western part of the study area, and
the Mudanjiang north—south lithosphere fault, which is longer than 5000 km but is located
in the eastern part of the study area. In general, faults can be categorized according to their
directions, such as nearly north-south trending faults, east-west trending faults, north—
east trending faults, and north-west trending faults. According to a regional geological
survey, the fold structure and the fault structure are the primary structural manifestations
in the study area. The study area is located in the northern part of the Yichun-Yanshou
polymetallic metallogenic belt (Figure 5), which belongs to the peripheral extension area
of the Wuxing lead-zinc mine and the Wuxing iron—-polymetallic mine. The tectonic
position of the study area belongs to the Wuxing-Guansongzhen uplift zone in the middle
of the Yichun—Yanshou fold orogenic belt, which is the overlapping area between the
Mongolian-Okhotsk collision orogenic belt and the outer margin belt of the Circum—Pacific
subduction belt. The Yichun-Yanshou belt is distributed in a north—south direction, with
an extensive distribution range, adjacent to the Jiamusi block [40]. To the west of it is the
Xunke-Tieli-Shangzhi fault, and to the east is the Jiayin—Yilan-Mudanjiang fault. The
low-flying aeromagnetic study area is situated in the Wuxingzhen—Xilin complex’s fold
belt, which is a part of the Yichun—Yanshou polymetallic metallogenic belt.

3.2.2. Stratum

In the Yichun area, the geological strata become younger and younger from north to
south and from east to west. The remnants of the strata from the Paleozoic, pre-Paleozoic,
and Proterozoic eras are sporadically distributed within the granite formations. And, most
of the rocks in these layers are metamorphic rocks. The strata from the Mesozoic and the
later eras are broader and more developed [41].

Figure 6 is the regional geological map of the study area. The main strata in the
study area are as follows: the lower Cambrian Qianshan formation (€; g), the lithology
of which is primarily composed of microcrystalline limestone, muddy limestone, marble,
metamorphic siltstone, etc.; the Cambrian Laodaomiaogou formation (€; [), the lithology
of which is mainly composed of marl limestone, marble, metasandstone, and argillaceous
slate; the Banzifang formation (K;b), which comprises sedimentary rocks from continental
volcanic eruptions; and the Honglin formation (Pt;hn). Generally, there are monzogranite
(medium-grained) (T3777), granite (Oz7y), and granodiorite (O27d) exposures in the research
area. And, the Yanshanian diorite mass (K;J) can be seen in the northeastern part of this
area. The diorite mass is the cause of the anomaly in this area, and the anomaly’s edge is
located in the contact zone between the diorite mass and the sedimentary Laodaomiaogou
formation (€1 I). In the anomaly area, nearly south-north linear structures exist. This
demonstrates that a geological body can be affected by hydrothermal activities in a later
period [42].
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Figure 5. The approximate location of the research area and the geotectonic location of the Yichun area.

Pt.lm Honglin Formation

Figure 6. Regional geological map of the study area.

3.2.3. Intrusive Rock

Intrusive rocks are relatively well-developed in the study area, where they are primar-
ily made up of Late Triassic monzogranite, widely exposed in the appearance of batholiths.
The lithology of these intrusive rocks consists of mylonitized fine-medium-grained (bi-
otite) monzogranite, mylonitized coarse-medium-grained (biotite) monzogranite, and
fine-medium-grained (biotite) monzogranite. During magmatic intrusion, there was con-
tact metasomatism between the intrusive rocks and the rocks of the Qianshan formation,
and this is closely related to the mineralization of tin and copper. These intrusive rocks are
also ore-forming, surrounding rocks, which are usually found in the skarn and ore-rich
layers formed by hydrothermal fluids in the later period of the Late Triassic.

The regional features of a magnetic field are intimately connected to those of the
geological units, which means that the magnetic field of Mesozoic basic-mesobasic volcanic
rocks changes greatly, while the magnetic properties of Paleozoic metamorphic rocks are
rather weak. It is challenging to categorize these magnetic fields as there are few differences
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between intrusive rocks from different ages. As a sign of hydrothermal activity, vein rocks
also serve as a source of material for the enrichment of ore-forming components [43].

4. Application

The Yichun area in the Heilongjiang province, situated in the Xiaoxing’anling metallo-
genic belt, is an important base for the metal-mineral sector and a large-scale metallogenic
concentration of precious metals and non-ferrous metals in northern China. At present, the
Yichun area has more than ten lead and zinc polymetallic deposits of various scales [44].
There are various types of minerals, such as Au, Ag, Cu, Pb, Zn, W, Sn, Mo, Fe, Nj, etc., all of
which are urgently needed for economic development. In recent years, new deposits have
been continuously discovered, and some progress has been made in mineral exploration.
However, due to some objective restraints, such as the unique metallogenic geological
background, complex metallogenic geological conditions, multiple metallogenic ages, thick
vegetation on the surface, and poor transportation, the area has a relatively low level of
basic geological research, and a series of fundamental geological issues, such resource
prospect appraisal, have yet to be well resolved. Therefore, the search for new deposits is
seriously affected, to some extent. This paper is going to carry out a preliminary prediction
and analysis of the distribution of lead—zinc mines in the research region by applying the
dynamic delta wing low-altitude magnetic survey technology [43].

4.1. Magnetic Petrophysics

Magnetic susceptibility and natural remanent magnetization (NRM) data related to
magnetic field interpretation play a crucial role in geophysical research. They are among
the key components that are based on aeromagnetic data, and, in order to gain a deeper
understanding of subsurface geological structures and resource potential, geophysicists
often utilize these data for three-dimensional geological modeling [45]. Rocks” magnetic
susceptibility reflects their response to external magnetic fields, while the NRM represents
the magnetic history recorded within rocks during their formation. Together, they influence
magnetic anomalies’ characteristics in aeromagnetic data.

These physical data not only play a critical role in geological interpretation but also
are of paramount importance in forward-modeling calculations. Forward modeling is
a numerical method used to simulate the response of underground rocks and mineral
deposits to the Earth’s magnetic field, aiding researchers in understanding how various
geological and mineral structures impact the behavior of the magnetic field. Hence, the
accuracy and comprehensive analysis of these data are vital for geological exploration and
resource assessment.

The data in Table 1 are sourced from reference [46]. The measurements in this study
were conducted using the Czech-manufactured KT-6 handheld magnetic susceptibility
meter, which is known for its strong stability, ease of use, and ability to yield reliable
magnetic susceptibility data. The measurement work described in the reference above
primarily relied on geological maps and topographic maps, with a focus on in situ mea-
surements at rock outcrops. Fresh rock surfaces at rock outcrops were chosen, and, for
each physical property point, no fewer than 30 data points were collected within a 10-m
radius (of the same rock type). This approach accounted for rocks (minerals) of different
ages, different lithologies, and various geological regions, ensuring a relatively uniform
spatial distribution. In this study, a total of 3236 physical property points were measured,
resulting in 96,930 valid magnetic susceptibility data points. Additionally, 971 oriented
samples were collected and measured.
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Table 1. Magnetic susceptibility and natural remanent magnetization of volcanic rocks.

Susceptibility Natural Remanent

. . (10-6 SI) Magrlgtization
Chronostrzjltlgraphlc Rock Type (103 A/m)
Unit Range of Range of
Samples Variation Average  Samples Variation
Stomatal basalt,
Quaternary almond-shaped olivine basalt, 2102 30-26,620 4210 56 687-22,865

olivine basalt, basalt

Pyroxene andesite, pyroxene
andesite porphyrite, andesite 3780 6420-33,300 18,070 151 82-5970
basalt, olivine basalt

Andesite porphyrite, andesite,

andesitic tuff, breccia tuff 3900 410-18,400 6770 244 45-6451
Cretaceous
Tuff, tuff lava, perlite 1620 10-8670 1890 128 59-2757
Dacite, rhyolite,
rhyolite porphyry,
conglomerate tuff, 606 10-4830 180
gravelly tuff,
tuffaceous lava
Tuff, tuffaceous-fused breccia 270 3560-23,700 12,100
Rhyolite porphyry tuff lava,
Jurassic tuff lava, 2172 10-13,300 4210 33 80-469
tuff sandstone
Rhyolite porphyry 275 70-1480 330
Triassic Andesite 42 510-13,690 5830
Andesitic tuff, tuff lava 1170 10-29,800 6050 11 79-453
Triassic-Permian '
Rhyolite porphyry, tuff 690 10-10,600 2970
Permian- Tuff, andesitic tuff 241 130-9900 1550
Carboniferous
Ordovician Gray-green tuff lava 91 190-26,690 13,870
Cambrian Rhyolite porphyry tuff lava 180 3100-17,900 10,000 31 47-214

The volcanic rocks in the study area generally formed before the Mesozoic era, encom-
passing a range from acidic to basic compositions. Overall, they exhibit dramatic variations
in their magnetic susceptibility, characterized by a dispersed distribution and a tendency
for the magnetic susceptibility to increase from the acidic to the basic compositions. As
observed in Table 1, the magnetic susceptibility of the Quaternary rocks in the area ex-
hibits the greatest variability, spanning a range of (30 to 26,620) x 10~° SI, with a high
remanent magnetization of 22,865 x 1072 A /m. These rocks are a primary contributor to
the disturbed magnetic field within the formation area. Cretaceous volcanic rocks are also
prevalent in the region, typically having a magnetic susceptibility around 18,070 x10° SI,
with variations of (6420 and 33,300) x10~° SI. Their remanent magnetization can reach
a value as high as 5970 x10~3 A/m, often resulting in a highly variable magnetic field
pattern. Acidic volcanic rocks such as rhyolites, andesites, and dacites exhibit relatively
weaker magnetic properties, with a susceptibility range of (10 to 4830) x 10~ SL.

From Table 2 (where rock types with similar magnetic susceptibility from the same
geological era have been merged), it is evident that, in the study area, the Proterozoic
dolerites exhibit the strongest magnetism, with magnetic susceptibilities ranges of (21,530
to 185,000) x 10~° SI, typically around 52,190 x 10~ SI, and a high remanent magnetiza-
tion of 8441 x10~3 A/m. Acidic intrusive rocks from the Mesozoic and Paleozoic eras are
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widespread and generally exhibit moderately low magnetism. The weakest magnetism
is observed in Mesozoic syenite porphyry, Late Paleozoic granite, and some acidic dikes.
Overall, as the lithology of the rocks changes from acidic to ultrabasic, their magnetic
susceptibility gradually increases. This is related to the higher concentration of ferromag-
netic minerals in the rocks, indicating that the primary factor influencing the magnetism of
intrusive rocks is the composition of the original magma.

Table 2. Magnetic susceptibility and natural remanent magnetization of intrusive rocks.

Natural Remanent

Suscegstlblhty Magnetization
(1075 STy (103 A/m)
Age Rock Type
Range of Range of
Samples Variation Average  Samples Variation
Albitophyre 150 40-100 60
Alaskite granite, Syenogranite 5760 20-7110 2270
Biotite granite,
) Plagiogranite, Granite,
Mesozoic Alkali feldspar granite, 30,420 430-25,300 2860 216 38-584
Granite porphyry
Diorite, Pyroxene diorite, 5820 320-49,100 12,390 147 229-5200
Granodiorite
Biotite granite, Plagiogranite,
Monzogranite, 8580 10-7450 270
Alkali feldspar granite
Late Paleozoic ; ;
Alaskite granite, 3240 207050 2120
Porphyritic granodiorite
Granodiorite 3450 340-30,000 8580
Mixed granite, 600 20-220 9
Porphyritic granite
Cataclastic granite,
) Syenite granite, 3420 10-7660 710 55 0-65
Early Paleozoic Biotite granite, Plagiogranite
Granodiorite 120 650-7520 2840 14 32-196
Diorite 150 400-14,700 6750
Gabbro 330 1280-45,900 15,820
) Mixed granite 300 100-1330 750
Mesoproterozoic
Peridotite 60 21530-185,000 52,190 11 3320-8441
Mixed rock, Mixed granite,
Porphyritic mixed granite, 930 10-670 190
Paleoproterozoic Biotite granite
Biotite monzogranite 60 930-4530 2610

From Table 3, it can be observed that the magnetic susceptibility of the magnetite ore
in the Yichun area generally falls around 700,000 x10~° SI, with the maximum reach-
ing up to 5,947,450 x107° SI. The ore’s remanent magnetization range of (91,600 to
681,400) x10~2 A/m indicates an extremely strong magnetism. The measured siliciclas-
tic rocks exhibit a moderate magnetism, with a magnetic susceptibility not exceeding
8000 x10~° SI. The siliciclastic rocks transformed from limestone have a magnetic suscepti-
bility of no more than 2000 x10~° SI.
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Table 3. Magnetic parameters of ore and surrounding rocks.

Susceptibility Natural Remanent
(10-6 SI) Magnetization (10—3 A/m)
Ores and Surrounding Rocks Samples Range of Averane Range of Averase
Variation & Variation 8
Skarn 3 100-7750 2430
Skarnization marble 1 20-1720 300
Magnetized hornblende gabbro 21 36,820-23,2420 149,850
Magnetite 11 164,010-5,947,450 701,830 91,600-681,400 255,000

The study area is characterized by an extensive distribution of intrusive rocks, pre-
dominantly acidic to intermediate-acidic in composition. Based on the magnetic properties
and the combination of anomalies associated with different intrusive rocks, it is possible
to delineate these intrusions. The magnetic field characteristics reflected in aeromagnetic
measurements have a certain depth, and the differences in magnetic properties between
the rock body, overlying strata, and surrounding rocks can effectively aid in identifying the
lithology of concealed rock bodies and delineating their boundaries.

4.2. Data Acquisition

The low-flying aeromagnetic working area is situated in the Wuxingzhen—Xilin com-
plex fold belt, a part of the Yichun—Yanshou polymetallic metallogenic belt. The magnetic
field characteristics of this area are strongly tied to those of the geological units, charac-
terized by substantial variations in the magnetic field of the Mesozoic basic-mesobasic
volcanic rocks and the weak magnetic properties of the Paleozoic metamorphic rocks. It
is challenging to categorize magnetic fields since there are not many differences between
intrusive rocks from various ages. Granodiorite and alkali feldspar granite are among the
rocks with a high magnetic field, while metamorphic siltstone is among those with a low
magnetic field. In addition, there are interfering magnetic anomalies caused by diorite
porphyrite veins and magnetic anomalies caused by magnetite [47].

We used the aeromagnetic exploration instrument introduced in the Section 1 of this
paper to acquire the magnetic anomalies in the study area. For this measurement, the
scale was set to 1:10,000, the line spacing was 100 m, and the measurement lines were
oriented at 90° (east-west) based on the geological data and previous aeromagnetic data.
The total number of measurement points amounted to approximately 500,000 physical data
points. The surveyed area covered 104.83 km?, with a control area spanning 121.44 km?, as
depicted in Figure 7a.

4.3. Data Processing

The magnetic anomalies in the study area vary in form and in amplitude (Figure 7a).
The main positive and negative AT anomalies are relatively concentrated.

The distribution of the AT magnetic anomalies in the study area is relatively regular.
The maximum value of the measured AT magnetic anomaly is 775 nT, and the minimum
value is —239 nT. The anomalies in general exhibit a north-northeastern (NNE) orientation.
The general morphology of the magnetic anomalies is planar and linear, and it can be
divided into the following three categories: high-value positive planar anomalies in the
north, low and mild linear anomalies in the middle, and negative anomalies in the south.

The magnetic field’s strength in the study area is 55,753.3 nT, with a magnetic inclina-
tion angle of 65°13" and a magnetic declination angle of —11°45’. The main features after
the RTP are an increase in the strength of the positive anomalies, a northward movement of
the anomaly peak, and an improved regularity in the anomaly’s arrangement. In the eastern
part of the study area, the fine anomalies are basically connected. The morphology of the
local anomalies also varies, but these changes follow different rules, and some anomalies
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tend to stretch in the north-south direction. The anomaly variations in this area are mainly
in the north—south direction and very few in the east-west direction (Figure 7b). In the
northeastern corner of the study area, there is an increase in the amplitude of the large-scale
positive anomalies, and the boundaries become more transparent. The magnetic anomalies
after the RTP can better manifest the characteristics of the geological structures.
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Figure 7. Aeromagnetic AT processing effect comparison. (a) Aeromagnetic AT anomaly and
(b) aeromagnetic AT after reduction to the pole of magnetic field (RTP).

To eliminate a shallow magnetic interference, information deep below the surface is
extracted using the upward continuation in the frequency domain, based on aeromagnetic
AT grid data after RTP. After performing an upward continuation of 500 m to AT anomalies,
all the AT anomalies on the observing plane in the study area vanished. The zonation of
the positive anomalies in the north, of the low and mild anomalies in the middle, and of the
negative anomalies in the south became clearer, while the widespread and high-amplitude
planar body mostly remained unaltered (Figure 8). This qualitatively reflects the fact that
the anomaly source in the study area is deeply buried.

Figure 9 illustrates that the distribution of the geomagnetic anomalies in the study
area is complicated, so large amounts of rock masses with high magnetic properties can
be found in this area. Comparing Figures 7b and 8 shows that the geomagnetic anomalies
in the study area are primarily impacted by deep geological bodies. Figure 9 serves as a
critical point for determining rock masses (veins) and linear structures, since it not only
highlights local anomalies, but also the fact that the location of these local anomalies is
basically consistent with that of the magnetic bodies.

After extracting the residual anomalies in the study area, the local anomalies caused
by small-scale shallow magnetic bodies were highlighted (Figure 10).

4.4. Anomaly Extraction
4.4.1. Inference of Anomaly

Based on the data processing results presented above and considering the geological
context, it is inferred that the study area exhibits seven distinct high magnetic anomalies,
as shown in Figure 11. These seven anomalies will be analyzed in the following sections.
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Figure 8. Aeromagnetic AT processing diagram for upward continuation of 500 m after RTP.
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Figure 10. Aeromagnetic AT residual anomalies extraction processing diagram after RTP.
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Figure 11. The division of anomalies and their numbering.

e Tanomaly

The I anomaly, located in the northeast part of the study area, extends in the north—
south direction with a vast size, appearing as a plane, the north side of which remains open.
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The I anomaly extends 3.2 km in a northwest-southeast direction, with a width of 2 km,
covering an area of 10.6 km?. The anomaly’s intensity is 120-700 nT. The corresponding
surface geology is the Yanshanian diorite rock mass (K16), and the anomaly’s edge is located
within the contact zone between the diorite rock mass and the sedimentary strata of the
Laodaomiaogou formation (€7 [). The anomaly is caused by the diorite rock mass, and
nearly north—south linear structures are developed in the anomaly area. Given the absence
of any diorite-related ore deposits and occurrences in the area, this anomaly lacks the
potential for deposits’ discovery.

o I Anomaly

The II anomaly is located in the southwest part of the I anomaly, appearing as an
elongate shape in the northwest direction. With an area of 0.7 km?, it is 1.2 km long in
a northwest-southeast direction, with a width of about 0.6 km. The anomaly’s intensity
is 100-780 nT. According to the data processing results, the feature of the II anomaly
after the RTP is similar to that of the I anomaly. It can be speculated that the II anomaly
may be caused by diorite veins. The anomaly’s edge is located within the contact zone
between the Laodaomiaogou formation (€4 /) and the rock mass. The II anomaly has no
prospecting potential.

e III Anomaly

The III anomaly is located on the south side of the II anomaly, in the middle of the
study area. It extends in the shape of a strip in the north-west direction, with a length of
3.4 km and a width of 1.3 km, covering an area of about 2.8 km?. The anomaly’s intensity
is 20-134 nT. According to the results of the data processing, the IIl anomaly after the RTP
is located within the contact zone between the surface geological Ordovician granite and
the Laodaomiaogou formation (€1 /), and it can be speculated that the anomaly is caused
by the contact metasomatism between the granite rock mass and the formation. The III
anomaly is located in multiple areas, characterized by a nearly north-south linear structure,
and lacks mineralization potential, requiring further investigation.

e IV Anomaly

The IV anomaly is located on the south side of III anomaly and in the southern part of
the study area. The morphology of the IV anomaly is approximately regular and intact,
remaining closed in general. The anomaly extends by 2.5 km in length in the east-west
direction, with a width of about 1.7 km, covering an area of 4 km?. The anomaly’s intensity
ranges from —53 to 265 nT. The location and shape of the IV anomaly after the RTP corre-
spond to those of the surface geological Andesan dikes. The anomaly is generally located
in the exposed area of the Late Triassic—Early Jurassic monzogranite. The magnetic suscep-
tibility of the Indosinian Yanshan monzonitic granite ranges from 50 to 150 X 10047 SI,
while the magnetic susceptibility of the andesite is around 1500 x 10~%47 SI. It can be
speculated that the anomaly is caused by intrusive andesite or andesite porphyrite veins.
The overall anomaly is located in the intersection of multiple nearly north-south linear
structural anomalies. The prospect for mineral prospecting is not optimistic and further
work will be needed.

e V Anomaly

The V anomaly is located in the southeastern part of the study area. It is an ellipse
with its axis stretching in the north-west direction and is enclosed in general. It measures
2.5 km along the axis and is roughly 1.5 km wide, covering an area of 2.8 km?. The
anomaly’s intensity varies from —33 nT to 237 nT. The surface geology of the V anomaly
can be found within the contact zone between the Cambrian Qianshan formation (€ g)
and the Late Triassic—Early Jurassic monzogranite, where granite porphyry veins and
fine-grained veins also exist. The Late Triassic-Early Jurassic monzogranite is a notable
intrusive rock for mineral exploration in the study area, and it is abundantly exposed. This
phase of intrusive rocks, primarily consisting of hydrothermal metasomatic molybdenum
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tin and lead-zinc deposits, is intimately associated with mineralization and is a favored
ore-forming geological body in this area.

The entire anomaly area is traversed by the NNE trending fault. In the northern
part of the V anomaly lies a limestone mine, in the Quanhe Forest Farm, where limestone
from the Qianshan formation can be explored. According to the magnetic features and the
surface geology of this anomaly, it can be deduced that this anomaly formed as a result
of the contact metasomatism within the contact zone between the Cambrian Qianshan
formation and the Late Triassic-Early Jurassic monzogranite and that it is closely related to
the mineralization of tin and copper. The main anomaly is thought to have been caused by
skarn and hydrothermal filling and metasomatism, and the intrusive rocks in this area are
also ore-forming, surrounding rocks. The V anomaly, related to ore-controlling factors, is
closely associated with mineralization.

e VI Anomaly

The VI anomaly is located in the southern edge of the study area and remains unen-
closed. It appears as an oval plane, with its axis in the east-north direction. The anomaly
is about 1.8 km long along the axis and about 0.85 km wide, covering an area of 1.2 km?.
The anomaly’s intensity varies from —111 to 139 nT. The surface geology of the anomaly
corresponds to that of the area where the granite fine-grained rock veins occur. It can be
speculated that the VI anomaly is caused by these veins. The prospecting prospect in this
area is not optimistic, and more work is required.

e VIl Anomaly

The VII anomaly, which is unenclosed, is located in the southeastern edge of the study
area, covering an area of about 3.8 km?. The anomaly’s intensity ranges from —230 to 181 nT.
The surface geology of the VII anomaly consists of the middle Ordovician monzonitic
granite and andesite and of the andesite veins of the Lower Cretaceous Banzifang formation.
The magnetic susceptibility of the andesite is high. The anomaly is thought to have been
caused by andesite minerals, and there is little hope of being able to prospect in this
anomaly area.

4.4.2. Inference of Rock Mass Distribution

According to the morphology of the magnetic anomaly after RTP and by identifying
boundaries through analytic signal amplitude(ASA)s, six distributions of rock mass (vein)
within the area have been determined, which are consistent with the anomaly’s distribution.
As shown in Figure 12, the bottom image is the amplitude of the analytic signal’s diagram.
The largest rock mass is found in the northeastern part of the study area, in an oval shape,
while other lenticular anomalies of various sizes are distributed in the middle and western
regions of the study area. The rock mass V is speculated to be monzogranite.

4.4.3. Linear Structural Distribution

The magnetic field’s features of this area are strongly related to the geological units’,
characterized by substantial variations in the magnetic field of the Mesozoic basic-mesobasic
volcanic rocks and the relatively weak magnetic properties of the Paleozoic metamorphic
rocks (Figure 13). The magnetic basement in the study area is deep in the north and shallow
in the south, with noticeable gradient changes.

This report splits the fault structures in the study area according to the results of the
aeromagnetic survey and estimates the distribution of the ten lines (or structures) in the
study area (Figure 12). The linear faults in the study area are clearly developed on a large
scale and in a complete morphology, extending in an NNE orientation. The area is believed
to be strongly associated with the magmatic activity of the Caledonian and Indosinian
periods and can be a favorable foundation for lead-zinc mineralization [48].

Comprehensive inferences have been produced in this study by thoroughly investi-
gating the geological backgrounds in the study area, including the lithology, rock mass
distribution, and fault structures (Figure 14). The V anomaly is considered to be related
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to ore-controlling factors and has the necessary conditions for the formation of lead-zinc
deposits. Therefore, we will now cut and process the AB profile traversing the V anomaly,

as it is shown in Figure 14.
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Figure 12. Inference map of rock mass (vein).
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Figure 14. Comprehensive map of inferences.

4.5. Inversion and Interpretation
4.5.1. The Profile of V Anomaly

The profile of the V anomaly is hereby intercepted from south to north. Figure 15
shows the magnetic anomaly’s morphology, which is low in the south and high in the
north, progressively rising in the south and stabilizing in the north, with a clear anomaly

uplift moving towards the north. The values of the magnetic anomalies in the profile
approximately range from —110 to 190 nT.
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Figure 15. Map of the V anomaly’s profile.

4.5.2. Human-Computer Interaction Fitting Inversion

Figure 16 shows the results of the profile inversion fitting of the V anomaly, where
the black line represents the original curve of the measured data, and the blue dashed line
represents the forward-fitting curve. With a fitting error of 8.01%, the fitting result is well
in agreement with the detected magnetic anomaly.

The magnetic geological body, with a magnetic basement which is high in the south
and low in the north, forms as a result of the local enrichment of ferromagnetic minerals
through hydrothermal activity in the contact zone. The main magnetic anomaly part is a
single-peak, positive magnetic anomaly with an amplitude of 190 nT. The fitted magnetic
ore is in the shape of an inverted ladder that slopes northward, with no exposures. The
overall length of the magnetic geological body is 150 m, with a width of 400 m, and the top
of the magnetic geological body is buried at 150 m and the bottom at 300 m. The main body
is the middle part of the magnetic body, the thickness which is roughly 120 m. According to
the inversion results, the magnetic susceptibility of the magnetic body is 1000 x 10~°47 SI,
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which indicates that the prediction in this article is in accord with the practice, and it is one
of the possible manifestations of the true underground geological conditions.

210

Figure 16. The human-computer interaction fitting inversion (the black line represents the original

curve of the measured data, and the blue dashed line represents the forward-fitting curve).

5. Discussion and Conclusions
5.1. Discussion

In this paper, based on the geological information and the geophysical discovery

indicators, it is inferred that the V anomaly is a mineral control anomaly, and the particular
grounds are as follows:

1.

From the point of view of geological ore-searching signs, according to the tectonic
location map of the Yichun area (Figure 5) and the regional geological map of the study
area (Figure 6), this aeromagnetic study region is located within the Wuxingzhen-Xilin
compound fold belt, which belongs to the Yichun—Yanshou polymetallic metallogenic
belt. In addition, there are one large iron ore mine and over ten iron and lead-zinc
deposits (points) around the study area. Moreover, the intrusive rocks in the study area
are predominantly Late Triassic dioritic granites with lead, zinc, and molybdenum
anomalies, and the granite generated in this period is magmatic mixed granite. In
the study area, Early Cretaceous fine-grained granite occurs sporadically in the form
of dykes, and vein rocks are also developed within the area. These factors make it
conducive to the later enrichment of elements such as lead, zinc, molybdenum, thereby
creating favorable conditions for mineralization.. Additionally, the Late Triassic-Early
Jurassic diorite is a landmark intrusive rock for ore-searching in the area, which
demonstrates that the geology of the study area possesses favorable conditions for
lead and zinc mineralization.

Regarding the geophysical ore-searching signs lead—-zinc mines have the following
aeromagnetic signatures:

A gently varying weak magnetic field (low, gently positive, negative, or positively and
negatively varying magnetic field) as the background field, which typically reflects
the mineralizing geological environment (carbonate rocks and acidic and moderately
acidic intrusive rocks) of skarn-type deposits (Figure 7b).

They are typically found around or near strong magnetic anomalies, which may be
caused by iron ore or polymetallic iron deposits. Moreover, they are aligned with the
spatial distribution of strong magnetic anomalies, indicating that lead-zinc polymetal-
lic deposits are often associated with iron ore or distributed in close proximity.
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e  The amplitude of the aeromagnetic anomalies of iron polymetallic ores is relatively
high, essentially in the range of 550-2500 nT, and several of them are even higher; the
aeromagnetic anomalies of lead-zinc polymetallic ores are largely striped or isolated
point-like single-peak anomalies (bands), with low and slow peaks, and the amplitude
of the anomalies is primarily in the range of 100 nT. The majority of the resolved
signals are background noise.

e  The majority of AS are weak background fields with isolated anomalies (bands)
(Figure 9a). The amplitude is generally 1-2 nT/m, accompanied by iron ore for up to
tens of nT/m. Hence, the V anomaly was identified as an anomaly in the study area, a
single-peaked anomaly (band).

Thus, the V anomaly in the study area is defined as a lead-zinc ore anomaly, and the
anomaly area should be a primary focus for future exploration of lead—zinc ore.

5.2. Conclusions

e In the Yichun area, there are substantial magnetic differences between the lead-zinc
deposits and the surrounding rocks. The dynamic delta wing low-altitude magnetic
survey system is characterized by anti-interference and high efficiency and offers clear
advantages when locating lead-zinc resources in swamps or forests.

e  The Yichun area has seen positive results in exploring lead-zinc resources by applying
the low-altitude, high-precision magnetic survey approach. The magnetic basement in
the study area is deeper in the north and shallower in the south, with considerable
gradient changes. This analysis infers that, in the study area, there are ten linear
structures and six rock bodies (veins), pinpointing seven anomaly areas for prospecting,
among which the V anomaly is identified to be controlling factors-related and the
focus of further works.

The lead-zinc mine anomaly (the V anomaly) is located in the southeastern part of
the study area. It is overall enclosed and in the shape of an oval plane, with a north-west
axial orientation. It extends 2.5 km along the strike direction and is about 1.5 km wide,
covering an area of 2.8 km?. The anomaly’s intensity varies from —33 nT to 237 nT. Through
inversing the anomaly by applying the human—computer interaction fitting method, it
can be inferred that the magnetic ore is in the shape of an inverted trapezoidal inclining
northward, without any outcrops. The overall length of the magnetic geological body is
150 m, with a width of 400 m, and the top of the magnetic geological body is buried at
150 m and the bottom at 300 m. The main body corresponds to the middle part of the
magnetic body, the thickness of which is roughly 120 m. According to the inversion results,
the magnetic susceptibility of the magnetic body is 1000 x 10~°47 SL.

This paper conducted a two-dimensional magnetic anomaly inversion within the study
area. As the work progresses, subsequent research will be carried out on three-dimensional
magnetic anomaly inversion in conjunction with other geophysical methods to achieve a
joint inversion method.
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