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Introduction: The Yangtze River Metallogenic Belt (YMB) hosts extensive 
Mesozoic iron oxide-apatite (IOA) and skarn iron-copper deposits, with 
significant high-grade iron ore potential. However, the lack of systematic 
understanding of mineralization types, distribution controls, and metallogenic 
mechanisms limits exploration efficiency, particularly due to widespread 
alluvium cover.
Methods: We integrated aeromagnetic data with reduction-to-pole 
(RTP) transformation, upward continuation, and Curie point isothermal 
surface calculations. A novel robust principal component analysis 
(RPCA) based on the inexact augmented Lagrangian method (IALM) 
was applied to discriminate mineralization zones. Structural controls 
on deposits were analyzed using updated aeromagnetic and gravity
datasets.
Results: Prospective zones for iron oxide-apatite (IOA) and skarn 
mineralization were systematically delineated, demonstrating a robust 
spatial correlation between ore-bearing magmatic systems and iron 
deposit localization. The study further highlights the dominance of deep-
seated structural frameworks and magmatic conduits in governing the 
distribution of mineralization, emphasizing their role as primary controls on
ore formation.
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1 Introduction

The YMB, located in eastern China, spans four provinces: 
Hubei, Jiangxi, Anhui, and Jiangsu. As an important polymetallic 
metallogenic belt in China, the YMB hosts minerals dominated 
by iron, copper, cobalt, nickel, gold, silver, lead, and zinc. In 
addition, the YMB constitutes a significant part of the Pacific Rim 
metallogenic domain (Lü et al., 2014; Lü et al., 2015; Lü et al., 2021). 
Structurally, it forms a “V”-shaped tectono-magmatic belt that is 
narrow in the southwest and widens toward the northeast (Figure 1).

Previous studies have shown that metallogenic explosion 
occurred in the YMB during the Mesozoic, leading to the 
formation of numerous large- and medium-sized IOA iron 
deposits, skarn iron-copper deposits, and hydrothermal-porphyry 
copper polymetallic deposits (Chang et al., 1991; Lü et al., 2014; 
Lü et al., 2015; Lü et al., 2021). Among these, primary IOA iron 
deposits include Luohe, Nihe, Gaocun, Heshangqiao, Meishan, 
and Gushan, which are located in the Luzong and Ningwu ore 
cluster areas. IOA deposits are characterized by magnetite-apatite-
actinolite/diopside assemblages, typically linked to intermediate-
felsic magmatism (e.g., andesitic intrusives). Notably, high-grade 
iron ores are primarily found in the Meishan, Gushan, and 
Baixiangshan deposits. The major skarn iron deposits include 
Longqiao, Zhuchong, Baixiangshan, Chengchao, Tieshan, and 
Jinshandian, which are largely distributed in the Edongnan ore 

cluster area; all these deposits contain significant high-grade iron 
ores. Skarn deposits form through metasomatic processes at contact 
zones between silicate intrusives (e.g., granites) and carbonate 
rocks (limestone/dolomite), resulting in calcium/magnesium/iron-
rich silicate minerals like garnet, pyroxene, and epidote. In addition, 
the YMB hosts a large number of copper polymetallic deposits, 
which are mainly of skarn and IOA types.

Previous geological studies on the ore-prospecting potential of 
the Middle-Lower Yangtze River Metallogenic Belt are abundant 
(Zhai et al., 1992; Lü et al., 1998; Mao et al., 2011); however, 
research utilizing geophysical methods to delineate exploration 
targets remains insufficient. Additionally, although seismic and 
electrical profiling has been conducted to investigate deep structures 
in this region, and hypotheses regarding deep ore-forming material 
migration have been proposed, these lack support from regional 
geophysical data such as gravity and magnetic surveys (Dong et al., 
2011; Lü et al., 2014; Lü et al., 2020; Lü et al., 2021; Gao B., 
2021). Given the extensive coverage of fluvial alluvium (Figures 2, 
3), geophysical prospecting can play an important role in mineral 
exploration in the YMB, especially for IOA and skarn deposits. The 
magma and hydrothermal systems associated with such deposits 
are generally characterized by distinctive density and magnetic 
affinity (Tweto and Case, 1972; Lü et al., 1998; Shahabpour, 1999; 
De Oliveira et al., 2008; Lü et al., 2020). The host rocks of these 
deposits frequently exhibit characteristic magnetic and density 

FIGURE 1
Tectonic maps with major igneous rocks in the study area (modified after Zhou et al., 2017) NCB: North China Block; SCB: South China Block; YMB: 
Middle and Lower Reaches of the Yangtze Metallogenic Belt; DOB: Dabie Orogenic Belt; TLF: Tanlu Fault; XGF: Xiangfan-guangji Faulth; 
HXF:Huaiyin-XIangshui fault; CHF: Changjiang fault; JNF: Jiangnan fault; HPF: Huanglishu-Poliangting Fault; XMF: Xintian-Mozitan fault; MSF: 
Maoshan fault.
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FIGURE 2
1:2500000 geological map in the study area.

features, establishing gravity and magnetic surveys as important 
methods for exploring these deposits. Therefore, this study employs 
a primarily high-precision aeromagnetic dataset supplemented by 
gravity data to address these research gaps.

This study suggests that regional-scale Bouguer gravity and 
aeromagnetic data help reveal IOA and skarn deposit-associated 
geological structures, which include deep-seated magmatic rocks 
and related structural features. These rocks and structures are 
genetically related to iron-copper hydrothermal mineralization 
systems. By applying upward continuation filtering and a fast 
discrimination method based on the IALM-RPCA algorithm, 
the distribution of igneous rocks associated with IOA and 
skarn deposits can be delineated. These methods also allow 
for the identification of areas that show gravity and magnetic 
anomaly patterns similar to those of IOA and skarn deposits, 
thus assisting in targeting magnetic iron deposits and associated
magmatic rocks. 

2 Materials and methods

2.1 Regional geology

The study area can be divided into four major tectonic units: the 
North China Plate, the Dabie orogenic belt, the YMB, and the South 
China Plate. These units are separated by regional-scale deep-seated 
faults such as the Tanlu, Xiangfan-Guangji, Jiangnan, and Xiaotian-
Mozitan faults (Figure 1).

To the west of the Tanlu fault zone lie the North China Craton 
and the Dabie orogenic belt, which are also bounded by the Xiaotian-
Mozitan fault. The main body of the North China Craton consists of 
Archean-Paleoproterozoic strong metamorphic basement overlain 
by a Mesoproterozoic-Early Permian marine sedimentary cover, 
with many terrestrial basins formed during the Mesozoic. The 
Dabie orogenic belt (also known as the Dabie ultra-high-pressure 
metamorphic belt) was formed by the collision of the southern 
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FIGURE 3
Topographic map in the study area [The terrain data was downloaded from (https://www.gscloud.cn/)].

margin of the North China Block and the Yangtze Plate during the 
Middle Triassic. Within this orogenic belt, rocks of different degrees 
of metamorphism and Early Cretaceous magmatic rocks (Figure 2) 
are exposed. The deep subduction and folding of the continental 
crust led to the formation of the well-known ultra-high-pressure 
metamorphic belt in this area (Zhu et al., 2009).

The YMB is recognized as a collisional belt between the 
South China and the North China blocks. Its northwestern 
and southeastern boundaries are defined by the Tanlu fault 
and the Jiangnan fault (also known as the Yangxin-Changzhou 
fault), respectively. Previous studies have shown that this belt 
was formed under complex continental dynamic processes and 
magmatic activity backgrounds, including a Mesozoic tectonic 
system subjected to transformation and recombination, as well as 
strong crust-mantle interactions. The stratigraphy of this region is 
relatively complete, primarily comprising high-grade metamorphic 
rocks from the Archean–Lower Proterozoic, Cambrian-Ordovician 
marine sediments of the Paleozoic, and Triassic-Jurassic terrestrial 
pyroclastic rocks, with a minor distribution of Proterozoic low-grade 
metamorphic rocks (Figure 2). To the southeast of the Jiangnan 
fault lies the South China Plate, which consists primarily of a 
series of epimetamorphic and strongly deformed Neoproterozoic 
sedimentary-volcanic rocks and coeval intrusions, which form a 
structural belt.

The study area primarily experienced two periods of tectono-
magmatic activity: the Indosinian and the Yanshanian (Yin and 
Nie, 1993; Li, 1994; Wu et al., 2003; Dong et al., 2011), with a peak 
occurring between 150 and 110 Ma. The Indosinian movement was 
mainly characterized by the collision between the North China 
and South China blocks, leading to the formation of the Dabie 
ultra-high-pressure metamorphic belt and the large-scale Tanlu 
strike-slip fault system (Yin and Nie, 1993; Li, 1994). In contrast, 
the Yanshanian movement was dominated by intra-continental 

compression caused by the subduction of the Paleo-Pacific Plate, 
resulting in large-scale uplift in eastern China and subsequent 
lithospheric extension and thinning (Wu et al., 2003; Dong et al., 
2011). These active tectonic movements facilitated the widespread 
emplacement of intermediate-acidic intrusions and volcanic-
subvolcanic rocks. 

2.2 Iron deposits in the YMB

The YMB ranks among the most extensively explored 
and researched polymetallic metallogenic belts in China, with 
geological exploration and scientific research dating back to 
the early 20th century (Chang et al., 1991; Zhai et al., 1992; 
Zhou et al., 2011). This region exhibits abundant mineral resources, 
including 22 large deposits, 46 medium-sized deposits, and 109 
small deposits (Figure 4). Specifically, the Ningwu and Luzong 
basins of volcanic origin contain numerous IOA iron deposits 
related to Early Cretaceous (about 130 Ma) terrestrial volcanic-
subvolcanic rocks, while the Edongnan ore cluster area hosts 
abundant skarn iron deposits related to Early Cretaceous (about 
130 Ma) high-K, calc-alkaline, intermediate-acidic intrusions 
(composed primarily of quartz diorite).

To date, over 30 iron deposits have been delineated in the 
Ningwu area, with total reserves of about 2.7 billion tons (Zhou et al., 
2011). Several large concealed iron deposits, such as Luohe and 
Nihe, have been discovered in the deep part of the Luzong volcanic 
rock basin. The IOA iron deposits in the Ningwu and Luzong 
basins, formed at about 130 Ma, exhibit significant characteristics 
of metallogenic explosion (Zhou et al., 2010; Zhou et al., 2011). 
Meanwhile, the Chengchao, Wangbaoshan, and Jinshandian skarn 
iron deposits along the western margin of the Jinniushan volcanic 
basin in the Edongnan ore cluster area were all formed at about 
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FIGURE 4
Map of the Bouguer Gravity (a) and Aeromagnetic (b) anomalies in the study area.

130 Ma (Zhai et al., 1992; Mao et al., 2011; Hu et al., 2020), aligning 
closely with the ages of the IOA iron deposits in the YMB. The 
IOA-type ores of the same period have been identified in the 
deep part of the Wangbaoshan iron deposit, indicating a genetic 
relationship between skarn and IOA iron deposits (Hu et al., 2020). 

Therefore, this expands the distribution range of IOA iron deposits
in the YMB.

From a geophysical perspective, the quartz diorite and granite 
in the ore-bearing rocks of skarn iron deposits produce relatively 
low-amplitude gravity anomalies and moderate-to-high-amplitude 
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FIGURE 5
Map of Aeromagnetic anomalies with Upward Continuation to 5 km (a), 10 km (b) and 20 km (c).

magnetic anomalies owing to their composition of low-density 
felsic minerals and magnetite with high magnetic susceptibility 
(Shang et al., 2014; Lü et al., 2020; Zheng et al., 2022). In contrast, 
IOA iron deposits occur in basal-affinity volcanic rocks with 
relatively high density and magnetic susceptibility, resulting in high-
amplitude gravity and magnetic anomalies (Figure 4) (Lü et al., 
2020; Gao et al., 2021; Zheng et al., 2022). Both the analysis of 
regional geophysical data and the geophysical investigation of iron-
copper mineralization areas suggest that skarn-type mineralization 
tends to occur along areas with gravity-magnetic anomaly gradients 
(i.e., on the flanks of high-amplitude gravity-magnetic anomaly 
backgrounds), where gravity anomalies transition from low to 
moderate amplitude and magnetic anomalies from moderate to high 
amplitude. In contrast, IOA iron deposits are commonly found near 
the peaks of gravity–magnetic anomalies (Shang et al., 2014; Lü et al., 
2020; Gao M. et al., 2021; Zheng et al., 2022). Given the similar 
geological features, the characteristic gravity-magnetic anomaly 
patterns of IOA iron and skarn iron-copper deposits have been 
widely applied as models for the geophysical exploration of iron-
copper deposits in the YMB. These models have proven effective in 
the exploration and potential assessment of similar minerals in this 
region (Yan et al., 2015; Lü et al., 2020; Gao M. et al., 2021). 

2.3 Geophysical surveys in the study area

Over the past few decades, the Ministry of Natural Resources 
(MNR) has conducted extensive regional-scale aeromagnetic and 
gravity surveys across the YMB (Xiong et al., 2016; Liu et al., 2021; 
Yang, 2023). The most recent survey was conducted by the China 
Aero Geophysical Survey and Remote Sensing Center for Natural 
Resources (AGRS) in 2019 (Zheng et al., 2022). Aeromagnetic and 
gravity surveys in the YMB were conducted along nearly north-south-
striking flight lines, which were generally perpendicular to tectonic 
zones. The resulting data were initially gridded using a grid size of 
0.5 km × 0.5 km (Figures 4–6), with a higher-resolution grid size 
of 0.1 km × 0.1 km (Figures 6–11) applied to specific ore cluster 
areas. These data were processed according to Chinese industrial 
standards (National Standardization Administration of China, 2019). 
Specifically, the Bouguer gravity data were derived from Bouguer 
correction, for which height, mass, and terrain effects in natural gravity 
measurements were considered (Ge et al., 2020; Zhao et al., 1989). 

2.4 Magnetic and density properties of 
rocks

Density and magnetic properties are widely employed to 
interpret gravity and magnetic data for regional rock units 
(Guan, 2005; Ge et al., 2020). Accordingly, to facilitate the 
interpretation of Bouguer gravity and aeromagnetic data, this study 
summarized the density and magnetic data-including magnetic 
susceptibility and residual magnetization-based on both sampling 
and measurements in this study, as well as previous results. The main 
rock units in the YMB were then further examined, and the results 
are shown in Table 1.

Tertiary-Quaternary loose sediments in river channels exhibit 
the lowest density, the weakest magnetism (Zhu, 2018). Therefore, 
these sediments are generally considered to generate low-amplitude 
gravity and magnetic anomalies. Common sedimentary rocks such 
as limestones and sandtones generally have low to moderate density, 
weak magnetic susceptibility, and low residual magnetization. 
Therefore, they typically yield low-to moderate-amplitude gravity 
anomalies and low-amplitude magnetic anomalies. Volcanic and 
intrusions show significant variability in density and magnetism, 
and their magnetic susceptibility and residual magnetization 
depend primarily on their mineralogical composition. Overall, 
volcanic and intrusive rocks containing higher proportions of 
magnesian minerals and fewer felsic minerals exhibit higher density, 
magnetic susceptibility, and residual magnetization (Table 1). 
Therefore, felsic volcanic rocks and intrusions (i.e., tuffs, porphyries, 
volcanic breccias, granites, and granodiorites) typically produce 
relatively low-amplitude gravity and magnetic anomalies, while 
intermediate volcanic rocks and intrusions (i.e., andesites, diorites, 
and monzonites) generally yield medium-to high-amplitude gravity 
and magnetic anomalies. Metamorphic rocks-including gneisses, 
schists, metamorphic sandstones, marbles, and amphibolites-
typically have extremely weak magnetic susceptibility and very 
low remanence. However, Archean metamorphic rocks, such 
as certain igneous metamorphic rocks in the Dabie complex, 
exhibit relatively high magnetic susceptibility. Metamorphic rocks 
feature moderate to high densities (Table 1), depending primarily 
on lithology and metamorphic conditions (Zheng et al., 2022). 
Therefore, metamorphic rocks typically exhibit low-to high-
amplitude magnetic anomalies and moderate-to high-amplitude 
gravity anomalies. 
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FIGURE 6
Map of the Bouguer Gravity (a) and Aeromagnetic (b) anomalies with Upward Continuation to 10 km in the study area.

2.5 Fast discrimination method based on 
IALM-RPCA algorithm

Robust Principal Component Analysis (RPCA) has been 
widely applied in data representation, data denoising, and 
discrimination (Turk and Pentland, 1991; Yang et al., 2004; 

Zhang et al., 2015). This study separated local anomalies from 
regional anomalies using a fast discrimination method based on 
the Inexact Augmented Lagrange Multiplier (IALM) Algorithm 
(Fan et al., 2025), aiming to identify and extract magnetic anomalies 
related to iron deposits in the YMB. This method, solving the 
RPCA model based on the IALM algorithm, can effectively 
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FIGURE 7
Map showing the magnetic data of Ningwu area Deposits: ①Meishan, ②Washan, ③Gaocun, ④Heshangqiao, ⑤Baixiangshan, ⑥Gushan.

separate accurate, high-amplitude local anomalies from regional 
anomalies and minimize false anomalies. Furthermore, it overcomes 
the disadvantage of time-consuming calculations in the time 
domain, achieving much higher computational efficiency than 
the Exact Augmented Lagrange Multiplier (EALM) algorithm 
proposed by previous researchers (Lin et al., 2010; Wright et al., 
2009). Therefore, the fast discrimination method is suitable to 
use in the processing of vast aeromagnetic data. This method is 
detailed as follows:

Assuming that the given high-dimensional data are located 
near a low-dimensional linear subspace, the calculations based 
on principal components analysis (PCA) are to efficiently and 
accurately estimate this subspace. Provided that the observed data 
contains matrix E that follows a Gaussian distribution, the mixed 
low-rank and high-rank data observed can be arranged as a large 

matrix D ∈ Rm×n. To decompose this matrix D into low-rank matrix 
A and high-rank matrix E while minimizing the differences between 
A and D, the PCA mathematical model can be transformed into 
solving an optimization problem:

min
A,E
‖E‖F rank(A) ≤ r, D = A+E

where r≪min(m,n) is the target dimension of the subspace, and r 
‖·‖F is the Frobenius norm. The optimization problem can be solved 
by calculating the singular value decomposition (SVD) of D first, 
with r dominant singular values reflecting the main characteristics 
of signals. If matrix E consists of non-independent and identically 
distributed (IID) data following a Gaussian distribution, PCA can be 
modified to a dual-objective minimal mathematical model of RPCA:

min
A,E
[ rank(A), ‖E‖0] D = A+E
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FIGURE 8
Map showing the magnetic data of Luzong area Deposits: ①Longqiao, ②Luohe, ③Nihe.

where ‖E‖0 is the zero norm. The RPCA mathematical model can 
ensure the low rank of A while minimizing the sparsity of E. A 
penalty function is introduced to solve the problem:

min
A,E
[ rank(A) + λ‖E‖0] D = A+E

where λ represents the weight coefficient.
To solve the non-convex optimization problem mentioned 

above, the objective function is relaxed as follows (Lin et al., 2010):

min
A,E
[‖A‖∗ + λ‖E‖1,1] D = A+E (1)

where trace(·) is the trace of the matrix to be calculated, and ‖·‖1,1
and ‖·‖∗ are defined as follows:

‖E‖1,1 =
m

∑
i=1

n

∑
j=1
|ai,j|

‖A‖∗ =max[trace(UTAV): UTU = Im, VTV = In]

For the convex relaxation of the RPCA problem in 
Equation 1, it is necessary to construct an augmented 

Lagrangian function (Wright et al., 2009):

X = (A,E), f(X) = ‖A‖∗ + λ‖E‖1,1, h(X) = D−A−E (2)

The Lagrangian function can be expressed as follows:

L(A,E,Y,μ) = ‖A‖∗ + λ‖E‖1,1 + ⟨Y,D−A−E⟩ +
μ
2
‖D−A−E‖2F (3)

Observation data D ∈ Rm×n and weight coefficients λ
were input, and calculations were conducted in the following
steps: 

① Calculating Y0 =
D

J(D)
 while setting E0 = 0,μ0 > 0,ρ > 1,k = 0k =

0.
② Solving the optimization problem: Ak+1 = argminAL(A,Ek,Yk,

μk), where the iterative formula is:

Ak+1 = D−1μk
(D−Ek + μk

−1Yk)

③ Solving the optimization problem: Ek+1 = argminEL(Ak+1,E,
Yk,μk), where the iterative formula is:
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FIGURE 9
Map showing the magnetic data of Edongnan area Deposits: ①Chengchao, ②Tieshan, ③Jinshandian.

Ek+1 = S−1λμk
(D−Ak+1 + μk

−1Yk)

④ Calculating: Yk+1 = Yk + μk(D−Ak+1 −Ek+1) and μk+1 = ρμk.
⑤ If Equation 2 meets the conditions of convergence, Ak+1 and 

Ek+1 are the optimal solution of Lagrangian function (Equation 
3). If Ak+1, Ek+1 , and Yk+1 fail to converge, k = k+ 1 and 
calculations are repeated from step ②.

Parameters ρ and μ0 are related to the convergence speed while 
producing minor impacts on the calculation results. In this study, 
ρ = 1.5 and μ0 = 1.25/‖D‖2 were used in the IALM algorithm. Based 
on the RTP transformed aeromagnetic data from the study area, 
this study determined a series of weight parameters λ (λ = 2 in this 
paper) and constructed a dual objective optimization model. Then, 
the IALM algorithm was emoloyed to solve low-rank matrices A and 
sparse matrices E.

2.6 Curie isothermal surface cauculation

The Curie isothermal surface represents the fundamental 
lower boundary of the magnetic layer within the Earth’s upper 
lithosphere. Below this critical interface, where temperatures reach 
the Curie point (the characteristic demagnetization temperature 
of ferromagnetic minerals), the magnetization of these minerals 
progressively diminishes, effectively defining the depth limit of 
magnetically active crustal materials. As a temperature interface of 
the lithosphere, the Curie isothermal surface reflects the distribution 
of magnetic layers and heat flow in the continental crust. It indirectly 
manifests the undulating nature of the isothermal surface at a certain 
depth within the crust, playing a crucial role in studies on tectonics, 
earthquakes, geothermal resources, mineral resources, and volcanic 
activity (Gao et al., 2021; Ge et al., 2020; Nabi, 2016).

There are two main methods to calculate the depth of the 
Curie isothermal surface based on magnetic data: the individual 
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FIGURE 10
Map showing the background (a) and separated local (b) magnetic data in Ningwu area.
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FIGURE 11
Map showing the background (a) and local (b) magnetic data separated in Luzong area.
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magnetic anomaly method (Bhattacharyya and Leu, 1975; Vacquier 
and Affleck, 1941) and the combined magnetic anomaly method 
(Spector and Grant, 1970). Both methods establish the relationship 
between magnetic anomalies and the depths of the magnetic bodies’ 
bases by converting spatial domain data to the frequency domain. 
In this study, a power spectrum analysis based on the combined 
magnetic anomaly method (e.g., Tanaka et al., 1999) was employed 
using the software Geoprobe 4.1 (Xue et al., 2014).The formula is 
as follows (Zhang et al., 2023):

θ△T = ae−2kλZt(1− e−kλ(Zb−Zt))2

→
{
{
{

ln[θ1/2
△T] = ln b− kλZt

ln[θ1/2
kλ
] = ln c− kλZ0

where θ△T represents the radial averaging of the power spectrum 
for magnetic anomaly △T; a, b, and c are optional constants; kλ is 
the wavenumber; Zt and Zb denote the depths of the top and bottom 
interfaces of the magnetic body, respectively; Z0 is the mid-depth of 
the magnetic layer.

When calculating the Curie surface depth using the power 
spectrum method, a sliding window is employed (100 km × 100 km 
in this paper). Within each window, Zt is estimated in the high-
frequency band from the slope of the magnetic anomaly power 
spectrum using the equation above, while Z0 is estimated in the low-
frequency band based on the slope of the fitted curve1. Subsequently, 
the basal interface depth of the magnetic body (i.e., the Curie surface 
depth) within the window is derived by Z = 2Z0 −Zt. Finally, the 
Curie surface depth across the entire study area is obtained through 
interpolation. 

3 Results

3.1 Geological interpretation of Bouguer 
Gravity data

Gravity-derived geophysical features effectively analyze regional 
geology (Kosaroglu et al., 2016; Mousa et al., 2020; Naveen et al., 
2023) and identify mineralization zones, particularly IOA and 
skarn deposits (Gao et al., 2021; Lü et al., 2020; Yan et al., 2015). 
The Bouguer gravity anomaly (Ge et al., 2020; Mallick et al., 
2012) is derived by subtracting normal gravity from corrected 
gravimeter readings, accounting for elevation, altitude, middle-layer, 
and terrain effects. As a key tool in geophysical exploration, it 
isolates subsurface density variations from local topography, aiding 
geological interpretation.

While generally independent of surface features, Bouguer 
anomalies may reflect density changes below the elevation datum. 
Regionally, they often inversely correlate with terrain due to crustal 
compensation, linked to lower crustal morphology (Figures 3, 4a). 
These anomalies combine shallow/localized signals (tens of meters 
to kilometers deep) with deeper regional components, including 
lower crustal and Moho density variations.

Regional Bouguer gravity anomalies range from approximately 
4 mGal to −62 mGal. The Bouguer anomaly map (Figure 4A) 
presents local rock mass anomalies with significantly high and low 
gravity values. The banded high-amplitude gravity anomalies are 

primarily distributed along the YMB, especially in its east part, 
while low-amplitude gravity anomalies are found in the southern 
and western parts of the YMB. Overall, gravity highs correspond to 
low terrain elevation (along the Yangtze River), while gravity lows 
are principally related to the mountainous terrain in the western 
and southern parts of this region (Figures 3, 4a). Changes in the 
regional Bouguer gravity anomalies are related to the crust-mantle 
gravity balance, somewhat reflecting the thickening and thinning 
of the crust.

The Dabie orogenic belt generally exhibits a significant Bouguer 
gravity low, which is generally negatively correlated with the terrain 
of this region. The axis of the gravity low is in the NW-SE direction 
and protrudes southeastward, indicating that this region is subjected 
to pronounced compression in the NE-SW direction. In contrast, 
the North China block to the north exhibits moderate-to high-
amplitude gravity anomalies, with high-amplitude gravity anomalies 
corresponding to the Hefei Basin (Figures 3, 4a).

Despite relatively consistent elevations, the YMB exhibits different 
gravity anomalies, with anomaly amplitude being high in the east and 
low in the west overall. In fact, this region is covered by extensive 
alluvium, with rocks exposed including only andesites, sandstones, 
and conglomerates, all of which have medium to low densities. The 
strong Bouguer gravity anomalies in this region tend to correspond 
to the detected basins of volcanic origin and iron deposits in areas 
including Ningwu, Luzong, and Huaining. They are supposed to 
represent a comprehensive reflection of deeply buried mafic volcanic 
rocks, subvolcanic rocks, and iron ores. As these anomalies correspond 
to the Ningwu and Luzong IOA ore cluster areas locally, they can be 
interpreted as being genetically associated with the IOA mineralization 
system. The steep gradients of gravity anomalies in the southern part 
of the YMB reflect the boundary between the YMB and the Jiangnan 
orogenic belt, coinciding with the Jiangnan fault zone. The Ningwu and 
Luzong IOA ore cluster areas exhibit NE-trending gravity anomalies 
with high gradients. In contrast, the Edongnan skarn ore cluster 
area lies along the margin of the NW-trending gravity anomalies 
with medium-to-high gradients. The Jiangnan orogenic belt, to the 
south of the Jiangnan fault, primarily exhibits low-amplitude Bouguer 
gravity anomalies, which gradually increase eastward and roughly 
correlate with the terrain. 

To separate Bouguer gravity anomalies of different wavelengths, 
this study filtered the Bouguer gravity data through upward 
continuation (Blakely, 1995), highlighting long-wavelength regional 
anomalies while filtering out short-wavelength local anomalies. 
The choice of upward continuation height significantly impacts 
geophysical data interpretation, with distinct effects observed 
at lower versus higher elevations. As the upward continuation 
height increases, high-frequency signals from shallow sources (e.g., 
small-scale geological structures or near-surface mineralizations) 
progressively weaken, while low-frequency signals from deep 
sources (e.g., basement faults or large igneous bodies) become 
enhanced. We tested various upward continuation parameters and 
found that when the continuation height reached 10 km, the 
manifestations of basement faults or large igneous bodies became 
most prominent (Figure 5). The 10-km upward continuation of 
Bouguer gravity data of the YMB (Figure 6A) revealed pounced 
features of deep gravity anomalies, including two distinct gravity 
highs in the eastern part of the YMB and a gentle gravity high along 
the YMB. A large, distinct V-shaped gravity high can be observed 
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along the YMB, strong in the east and weak in the west. The long-
wavelength, large-scale gravity anomaly is inferred to be caused by 
large-scale, high-density igneous rocks, corresponding well to the 
large-scale volcanic activity in the region. The gravity high, also 
strong in the east and weak in the west, suggests that the deep 
sources of volcanic rocks should still be reflected in the modern 
crust-mantle structures. The Tanlu, Jiangnan, Xiangfan-Guangji, 
and Xiaotian-Mozitan faults feature steep Bouguer gravity gradients, 
forming the structural boundaries between the North China Plate, 
the Dabie orogenic belt, the YMB, and the South China Plate Belt. 
In addition, faults not serving as plate boundaries, such as Huangshi 
and Changjiang faults, are also distinct in the Bouguer anomaly 
map, suggesting that these faults might extend to very deep parts. 
These major faults serve as conduits for deep-seated ore-forming 
materials and magmas, thereby broadly controlling the distribution 
of iron-polymetallic deposits. However, gravity data fail to reveal 
the distribution of smaller ore-hosting fractures and structures. 
This limitation arises because signals from such minor faults 
and ore-hosting structures are inherently weaker-often remaining 
undetected or being filtered out during signal processing-and this 
phenomenon is likewise manifested in the aeromagnetic data. 

3.2 Geological interpretation of 
aeromagnetic data

Aeromagnetic data effectively reveal subsurface structures and 
support mineral exploration (e.g., De Oliveira et al., 2008; El-
Badrawy et al., 2024; Evans, 2005; Ge et al., 2020; Kosaroglu et al., 
2016; Mousa et al., 2020; Naveen et al., 2023; Prasad et al., 
2023; Rao et al., 2011; Zhu et al., 2022). Magnetic anomalies 
originate from induced fields (rock susceptibility-dependent) and 
residual fields (remanence history), with induced magnetization 
typically dominant except in volcanic rocks (Hinze et al., 
2013; Table 1). High-susceptibility rocks show stronger anomaly 
variations (Table 1).

In the YMB (inclination 47.7°, declination −5.3°), RTP 
processing was applied to align anomalies with geological targets 
(Guan, 2005; Ge et al., 2020). The regional aeromagnetic data reveal 
complex local magnetic anomalies (Figure 6b), which spatially 
correlate with known rocks and structures overall. A series of NE-
trending magnetic anomalies are observed in the eastern South 
China Plate (Figure 6), corresponding to Jurassic volcanic rocks 
with medium to high magnetism. In contrast, the western part of 
the plate primarily exhibits quiet magnetic fields, corresponding 
to the exposed Ordovician-Cambrian carbonate rocks and more 
ancient non-magnetic metamorphic rocks. The North China 
Plate and the Dabie orogenic belt are mainly characterized by 
concentrated high-amplitude magnetic anomalies with significantly 
different orientations. Specifically, the Dabie orogenic belt mainly 
exhibits NW-trending magnetic anomalies, while the North China 
Plate manifests E-W trending ones. This reflects the widespread 
distribution of high magnetic I-type granites, as well as Archean 
magnetic metamorphic rocks and migmatites, in both regions. 
Furthermore, the magnetic anomaly trending is consistent with 
the distribution of the primary faults and magmatic belts in both 
regions. The most prominent linear aeromagnetic anomalies are 
observed along the NE-trending Tanlu fault.

The YMB exhibits a relatively weak background magnetic 
field, with several moderate-to high-amplitude, linear magnetic 
anomalies present. Each individual anomaly measures about 
20–30 km in width and 25–140 km in length. These magnetic 
anomalies are mostly NE-trending to the east of Jiujiang and 
are NW-trending to the west of Jiujiang, forming a U-shaped, 
intermittent anomaly belt parallel to the primary boundary faults 
in the region. The aeromagnetic anomalies correspond to the 
distribution of volcanic-subvolcanic rocks in ore cluster areas such as 
Ningwu, Luzong, and Jinniushan, also highlighting the distribution 
of intrusions including quartz diorites, granite diorite porphyries, 
and granites in the Edongnan ore cluster area. These magnetic 
rocks exhibit isotope ages of around 130 Ma, suggesting that these 
volcanic and intrusive rocks are the product of magmatic events of 
the same period.

The aeromagnetic data were also filtered using 10-km upward 
continuation to highlight long-wavelength aeromagnetic anomalies 
(Figure 6b). The results reveal a large magnetic anomaly belt on 
the north side of the Tanlu fault, weak background magnetic 
fields superimposed by beaded anomalies in the YMB, and a 
gradually intensifying magnetic field to the south of the Jiangnan 
Fault. The high-amplitude magnetic anomalies in volcanic basins 
such as Ningwu and Luzong are consistent with the Bouguer 
gravity anomalies, indicating that both anomalies are caused by 
intermediate-basic volcanic rocks. The upward continuation filtered 
out the short-wavelength anomalies related to shallow Jurassic 
igneous rocks (Figure 6). The rock magnetization and remanence 
data indicate that the shallow Jurassic igneous rocks in the YMB 
exhibit moderate to high magnetism, depending on their content 
of mafic minerals. The long-wavelength magnetic anomalies in 
the Ningwu and Luzong basins are related to deep and thick 
volcanic-subvolcanic rocks. The upward continuation map reveals 
distinct linear magnetic field characteristics of the Tanlu, Jiangnan, 
Xiangfan-Guangji, Xiaotian-Mozitan, Huangshi, and Changjiang 
faults, suggesting that they are crustal faults. 

3.3 Fast discrimination results based on 
IALM-RPCA algorithm

Local magnetic anomalies related to iron deposits in the 
Ningwu, Luzong, and Edongnan ore cluster areas in the YMB were 
identified and extracted from the RTP-transformed aeromagnetic 
data using the fast discrimination method based on the IALM-
RPCA algorithm (Figures 7–12). The results indicate that the 
separated local magnetic anomalies correlated strongly with the 
distribution of iron deposits (Figures 10–12).

In the Ningwu and Luzong areas, the extracted major magnetic 
anomalies predominantly exhibit NE-trending linear characteristics, 
while those in the Edongnan area display clustered block-like 
features.Within the Ningwu area, the linear magnetic anomalies are 
primarily located in Wuhu, northeastern Wuhu, and Ma’anshan. 
These positive anomalies largely reflect subvolcanic structures and 
hypabyssal intrusive rocks. The background anomalies, distributed 
in sheet-like patterns from Wuhu to Nanjing, predominantly 
signify effusive rock types extensively covering volcanic basins.In 
the Ningwu area, four prominent linear-shaped local anomalies 
(M1-M4) are observed (Figure 10). Similarly, in the Luzong 
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FIGURE 12
Map showing the background (a) and local (b) magnetic data separated in Edongnan area.
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area, linear magnetic anomalies are predominantly concentrated 
in the northwestern Tongling region (Figure 11). Among these, 
the M6 anomaly exhibits an elongated NE-trending distribution, 
while the M1 anomaly displays a circular-linear pattern, likely 
linked to volcanic ring fractures. The background anomalies  are 
characterized by sheet-like distributions over extensive areas, closely 
corresponding to the spatial extent of the  Luzong volcanic basin. 
Nearly all known IOA (iron-oxide-apatite) type metallic deposits 
exhibit spatial associations with these delineated anomaly zones, 
with deposits either located within or near the margins of these 
zones. Isotopic age data further indicate that subvolcanic rocks 
aged approximately 130 Ma are detectable near the prominent 
positive anomaly zones (Mao et al., 2011; Zhai et al., 1992; 
Zhou et al., 2011). This anomaly pattern suggests the potential 
presence of highly magnetized, fault-controlled intrusive magma 
sources along these linear anomaly zones, which may be linked to 
magmatic systems associated with IOA-type iron mineralization. 
In contrast to the regions hosting IOA-type iron deposits, the 
local anomalies (Figure 12) (M1–M7) extracted in the southeastern 
Hubei (Edongnan) area exhibit clustered block-like features with 
varying orientations, reflecting the geometry of intrusive rock 
masses in this region. Skarn-type iron deposits are predominantly 
localized along the margins of these clustered anomalies. Notably, 
the large-scale volcanic-related magnetic anomalies in the western 
parts of the M6 and M7 anomalies have been significantly filtered 
out, highlighting the distinct geophysical signature of intrusive-
dominated systems in Edongnan area. 

3.4 Curie isothermal surface results

The Curie-point isothermal surface within the study region 
demonstrates remarkable homogeneity (Figure 13a), with two 
distinctive dome-shaped uplifts (termed Curie uplifts) identified in: (1) 
the southeastern sector of the Ningwu metallogenic cluster, and (2) the 
Huangshi City vicinity within the Edongnan ore district. These Curie 
uplifts display contrasting depths, measuring approximately 19 km 
and 21 km for the Ningwu and Huangshi anomalies respectively, 
significantly shallower than the regional background Curie depth 
of ∼29 km observed throughout the study area. The dual Curie 
uplifts demonstratepronounced magmatic processes accompanied by 
deep crustal thermal conduction, serving as prominent indicators 
of regional magmatic activity. Moreover, the core zones of these 
twin Curie uplifts demonstrate pronounced linear gravity-magnetic 
anomaly signatures, strongly suggesting the existence of deep-seated 
fault systems beneath these structural highs. 

4 Discussion

4.1 Regional geophysical data and iron 
deposits

The regional gravity and magnetic data of the YMB obtained 
in this study serve as a supplement to previous geological 
understandings of the IOA and skarn-type Fe polymetallic deposits 
in the region. Furthermore, these data clearly reflect the distribution 

range of large-scale faults, especially in areas covered by widely 
distributed river alluvial deposits.

The Bouguer gravity and aeromagnetic data (Figure 4) indicate 
that IOA iron deposits in the YMB are located in banded Bouguer 
gravity and aeromagnetic anomalies parallel to the NNE-trending 
Tanlu, Changjiang, and Jiangnan faults. In contrast, the skarn iron 
deposits in the region are located in areas with steep changes in E-
W-trending gravity and aeromagnetic anomalies. Furthermore, the 
aeromagnetic data reveal that the IOA and skarn iron ore clusters 
were positioned at the edges of the intense linear aeromagnetic highs 
trending NNE and NNW.

The upward continuation (10 km) processing of Bouguer gravity 
and aeromagnetic datasets (Figure 6) reveals that iron oxide-apatite 
(IOA) and skarn-type iron deposits consistently occur along the 
transitional zones of prominent high-amplitude gravity-magnetic 
anomalies. This spatial correlation strongly suggests genetic linkages 
between these mineralization systems and deep-seated magmatic 
bodies exhibiting coupled gravity-magnetic responses characteristic 
of IOA and skarn ore-forming processes. 

4.2 Potential anomalies related to iron 
deposits

Regarding deposit exploration, local anomalies demonstrate a 
more significant correspondence with deposits compared to regional 
anomalies. Regional anomalies, heavily influenced by broader regional 
background fields, are typically characterized by subdued signals and 
indistinct boundaries. Conversely, local anomalies exhibit a stronger 
association with discrete ore bodies after filtering out the regional 
background field, and typically manifest with more pronounced 
peak amplitudes and sharper boundary features. In this study, a 
fast discrimination method based on the IALM-RPCA algorithm 
was used for the Ningwu, Luzong, and Edongnan ore cluster areas 
(Figures 7–9). Several NE and NEE-trending linear anomalies were 
extracted from the Ningwu and Luzong areas (Figures 9b, 10b), with 
IOA iron deposits found at the peaks of these linear anomalies 
(Figure 13b). The linear anomalies including anomalies M1-4 marked 
in Figure 10b and anomalies M1-6 marked in Figure 11b, reflected 
subvolcanic intrusions with high magnetite content that have intruded 
along faults, and these subvolcanic intrusions are closely related to iron 
mineralization. In the Edongnan skarn ore cluster area (Figure 13b), 
several NE-trending magnetic anomaly belts marked as M1-7 
correspond to quartz diorites and granites that are closely related to 
iron deposits. Skarn iron deposits have been found near the steep-
gradient edges of these anomalies, indicating that iron mineralization 
mostly occurred in the surrounding quartz diorites and granites. 

The results of fast discrimination method based on the IALM-
RPCA algorithm identify potential exploration locations of IOA and 
skarn deposits, thus facilitating the exploration of iron deposits. 
In contrast, copper deposits exhibit a lower correlation with local 
magnetic anomalies. 

4.3 Metallogenic evolution in the YMB

Our Curie point depth (CPD) analysis identifies two thermally 
anomalous domains within the Yangtze Metallogenic Belt (YMB): 
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FIGURE 13
Map showing the Curie depths (a) and geological interpretation section seismic profile (b) (Moho depth and seismic inferred faults after Lü et al., 2014) 
LAB (the lithosphere-asthenosphere boundary).
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(1) the southeastern Ningwu iron ore cluster (31.1°N, 119.2°E) 
and (2) the Huangshi district of the Edongnan ore cluster 
(30.2°N, 114.8°E) (Figure 13a), which confirms earlier CPD 
estimations by Xiong et al. (2016b). Integrated analysis demonstrates 
remarkable consistency between these thermal anomalies and 
crust-mantle boundary deformations. The Sino Probe seismic 
profiles (Lü et al., 2015) document contemporaneous uplift 
features at both the lithosphere-asthenosphere boundary (LAB) 
and Moho discontinuity beneath these regions (Figure 13B). The 
spatial coincidence of these multi-layer uplift structures with: (1) 
distinct linear gravity/magnetic anomalies, (2) southeast-dipping 
fault systems (particularly in the Ningwu cluster’s basement), 
and (3) high-density fracture networks strongly suggests their 
genetic relationship as potential conduits for mantle-derived fluid 
migration. This interpretation is further supported by the observed 
spatial correlation among the Curie isotherm perturbations, 
deep-crustal fault architectures, and magmato-hydrothermal 
mineralization systems characteristic of IOA and skarn-type 
deposits in the YMB.

The metallogenic processes in the Yangtze Metallogenic Belt 
(YMB) can be effectively explained by the melting-assimilation-
storage-homogenization (MASH) model proposed by Hildreth and 
Moorbath (1988), Hildreth (2007). From the Middle-Late Jurassic 
to the Early Cretaceous, the regional tectonic system underwent 
a significant transformation, shifting from a nearly-E-W-trending 
collisional tectonic system to a NW-trending subduction tectonic 
system (Xu et al., 2009; Zhang et al., 2009). This shift was driven by 
remote compressive stresses resulting from the NW-trending low-
angle subduction of the Paleo-Pacific Plate. Accordingly, continental 
subduction and lithospheric delamination occurred in the YMB. 
These processes caused mantle-derived basaltic melts, generated by 
the upwelling of asthenospheric materials, underplated the lower 
crust near the crust-mantle boundary. The interactions between the 
basaltic melts and crustal materials produced adakite-like magmas. 
During the Early Cretaceous (approximately 130 Ma), magmas 
and hydrothermal fluids migrated toward shallower areas within 
extensional environments. This migration facilitated the formation 
of shallow magma chambers and the metallogenic explosion of IOA 
and skarn-type iron deposits in the YMB.

The 2 Curie point uplifts observed in the Yangtze Metallogenic 
Belt (YMB, Figure 13a) exhibit a strong spatial correlation with 
regional iron ore clusters, indicating their genetic relationship to 
mantle upwelling zones associated with continental subduction. The 
primary subduction event occurred in the southeastern sector of the 
Ningwu ore cluster, inducing the ascent of mantle-derived magmas. 
These magmas were subsequently channeled along fault systems 
into the Ningwu basin, ultimately forming iron oxide-apatite (IOA) 
type deposits.

A contemporaneous subduction episode developed near 
Huangshi City within the Edongnan ore cluster, likely influenced by 
the structural barrier created by the pre-existing Dabie ultra-high-
pressure metamorphic belt. Petrogenetic studies suggest the Ningwu 
IOA deposits originated from the southeastern margin of the cluster, 
having undergone significant lateral transport exceeding 80 km 
along fault systems. This extensive migration contrasts sharply with 
the more localized formation of skarn-type iron deposits in the 
Edongnan cluster, which show no evidence of comparable lateral 

displacement. Compared to the known deposits, many anomalies 
warrant further investigation. 

5 Conclusion

This study presents a comprehensive geological interpretation 
of newly acquired aeromagnetic and gravity data to evaluate the 
metallogenic potential and evolutionary characteristics of IOA-
type and skarn iron deposits in the Middle-Lower Yangtze River 
Metallogenic Belt (YMB), with particular emphasis on key ore 
cluster areas including Luzong, Ningwu, and Edongnan. The 
research yields several significant findings: 

1. Distinct spatial patterns were identified: IOA-type iron 
deposits consistently occur near gravity and magnetic highs, 
while skarn-type deposits are preferentially located along the 
margins of steep-gradient gravity and magnetic anomalies.

2. Application of an innovative dimensionality reduction method 
based on the IALM-RPCA algorithm successfully isolated local 
magnetic anomalies, enabling precise delineation of potential 
mineralization zones and associated igneous rocks within the 
ore cluster areas.

3. Thermal modeling revealed two prominent isothermal uplift 
zones proximal to the IOA and skarn ore clusters, providing 
crucial thermodynamic constraints for mineralization 
processes.

4. Systematic investigation of ore-forming material sources and 
migration pathways offers critical insights into the genetic 
processes of iron deposits in IOA-type and skarn-type ore 
cluster systems in the YMB.
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