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The Makeng-type Fe–polymetallic deposits in the southwestern Fujian constitute one of the most economically significant iron-polymetallic metallogenic belts of southeastern China. The Dapai iron–polymetallic deposit in Yongding County is an representative example of the Makeng-type iron–polymetallic deposits. With the progress in mining and exploration, the priority has transferred to deep and peripheral orebodies. However, the lack of high-precision ground magnetic survey, especially for the surrounding area of the Dapai deposit, constrains our understanding of its prospecting potential and further exploration orientation. Based on previous studies and an analysis of ore-controlling factors, in this study, we performed a high-precision magnetic ground survey in the Dapai deposit’s surrounding area. The reduction to the pole, upward continuation, total horizontal derivatives and magnetization vector inversion with an unstructured tetrahedral mesh were conducted on the magnetic anomaly results. The structure framework and favorable prospecting area were consequently inferred. Both of the resulting anomalies and three-dimensional inversion showed a trend extending northwards. The results were verified by borehole, revealing multi-layer ore bodies and ore-related intrusions with strong alteration below. The magnetic anomaly features, ore-controlling characteristics, and drilling results indicated that there is potential for prospecting in deeper and more peripheral positions. Based on geological and geophysical characteristics, we proposed a comprehensive prospecting model and summarized an exploration method for the Dapai iron–polymetallic deposit, which enables prospecting the deeper and surrounding areas of the Dapai deposit and provides a basis for investigations of similar Makeng-type iron–polymetallic deposits in this area.
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1 INTRODUCTION
The Southwestern Fujian Depression Belt (SFDB), located in the southeastern part of the South China Block (SCB), straddles the superimposed part of the Tethyan tectonic domain and the Pacific tectonic domain (Wu et al., 2000). Owing to its unique position, the SFDB has experienced prolonged and complex tectonic evolution, therefore significant magmatism and mineralization have developed within it (Wu et al., 2000; Zhang et al., 2021). Makeng-type iron deposits are located in the SFDB and include the Makeng, Dapai, Yangshan, Luoyang and Pantian deposits, which are some of the most economically important iron deposits in the southeastern coastal area of China (Figure 1; Zhang et al., 2021; Vatuva et al., 2023). It is known that orebodies generally occur within Lower Carboniferous–Middle Permian carbonate and clastic sequences with stratiform or stratoid patterns (Zhao et al., 1980; Wang et al., 1982; Liang et al., 1982).
[image: Map illustrating geological features of Fujian, China, highlighting major faults and rock types. Regions include the Northwestern Fujian Uplift Belt and Southwestern Fujian Depression Belt. Key faults are labeled in red. The map shows various rock formations, such as Late Paleozoic-Early Triassic and Jurassic-Cretaceous, with colors denoting different geological periods. Cities like Beijing and Fuzhou are marked, along with significant iron deposits. A location inset shows broader geographic context within China.]FIGURE 1 | (A) Simplified tectonic map of China showing the location of the study area (modified after Li et al., 2016). (B) Simplified regional geological map of the Southwestern Fujian Depression Belt, showing the distribution of the major Makeng-type iron deposits (modified after FJIGS, 2016).The Dapai iron–polymetallic deposit, as a typical Makeng-type iron deposit, has aroused widespread attention. Many researches on its ore-forming mechanism or ore-controlling factors have been carried out. The different viewpoints regarding on the ore genesis model of the Dapai iron–polymetallic deposit include: 1) or strata-bound skarn deposits (Xu et al., 2008; Yuan et al., 2014; Feng et al., 2015); 2) strata-bound–skarn-porphyry-type composite deposits (Zhao et al., 2016; Zhao et al., 2021); 3) deposits characterized by a marine volcanic sedimentary origin with hydrothermal reworking (Ni, 2012). Despite the disputes relating to the ore genesis, previous studies on the mineralization and diagenetic age of the Dapai deposit indicate that the Dapai deposit was formed during the Mesozoic (Zhao et al., 2016; Vatuva et al., 2023; Wang et al., 2023). Besides, there is a general consensus that the ore bodies of the Dapai iron–polymetallic deposit are closely controlled by the thrusting structures and intrusions (Xu et al., 2008; Ni, 2012; Zhang et al., 2021).
With the progress in mining and exploration in recent years, there is increasing demand for an expanded prospecting techniques to discover concealed ore bodies all over the world (Kreuzer et al., 2020; Su et al., 2023; Xue et al., 2024a; Xue et al., 2024b; Xue et al., 2024c; Mahdi et al., 2025). Comprehensive geophysical exploration plays a crucial role in detecting the concealed ore bodies (Di et al., 2021; Xue et al., 2023; Zhu et al., 2024). As a consequence, several geophysical methods have been applied in the Dapai deposit, including aeromagnetic surveys, 2D seismic reflection and the controlled source audio magnetotelluric (CSAMT) method, to analyze the deep structure characteristics, potential intrusions and ore bodies (Liu et al., 2018; Zhang et al., 2018; Wang and Meng, 2019; Meng et al., 2021). Among these methods, magnetic prospecting has been widely used in metallic deposit exploration and to detect concealed structures because of its efficiency and convenience (Yan et al., 2016; Lv et al., 2023; Hamdi Nasr et al., 2025; Madrid et al., 2025; Ye et al., 2025; Zhang et al., 2025). Given that the ore bodies of the Dapai deposit are closely controlled by thrust structures, magnetic prospecting is essential to ascertain the structure characteristics and potential ore bodies in the area. However, high precision ground magnetic survey has rarely been conducted due to the large areas of vegetation and rugged topography in the Dapai deposit. And previous studies have mostly focused on the Dapai deposit and deep prospecting, less attention has been given to its surrounding area, which limits our knowledge concerning the potential for iron-polymetallic resources in the surrounding of the deposit.
In this study, a high-precision magnetic ground survey was carried out in the surrounding area north of the Dapai iron–polymetallic deposit. On the acquired magnetic anomaly results, reduction to the pole, upward continuation, total horizontal derivatives and magnetization vector inversion with an unstructured tetrahedral mesh are applied. Maps of these transformed data are plotted revealing the magnetic features in the surrounding area of the Dapai deposit. The structure characteristics and favorable ore-forming regions in the study area are inferred, and then, the favorable ore-forming locations were verified using borehole data, which revealed multi-layer iron-polymetallic ore bodies. Combining our findings with those of previous studies on the Dapai deposit, we propose a prospecting model for Dapai iron–polymetallic deposit in southwest Fujian. This study provides not only an example for the exploration of other similar concealed deposits in the adjacent area in the future but also gives insights on the mineralization distribution of the Makeng-type iron–polymetallic deposits in the SFDB, southwestern China.
2 GEOLOGICAL BACKGROUND
2.1 Regional geology
The SCB was formed by the amalgamation of the Yangtze and Cathaysia blocks in the early Neoproterozoic and subsequently underwent intracontinental rifting (Charvet et al., 1996; Li et al., 2009; Zhao and Cawood, 2012; Mao et al., 2014; Faure et al., 2017). The SFDB, located on the southeast part of the Cathaysia block, has developed crystalline basement by late Neoproterozoic Jinning movement (Figure 1A). In the early Paleozoic, Caledonian Orogeny generated deformation and low-grade metamorphism and formed folded basement in the SFDB (Zhang, 2000; Zhang et al., 2015). Afterward, the SFDB was dominated by crustal uplifting and depression with a neritic–bathyal sedimentary environment, forming thick marine sedimentation from the Late Devonian to Early Triassic (Zhang, 2000). In the early Mesozoic, the Indosinian movement lead to the closure of the Late Paleozoic basin in the SFDB and the transition from regional extension to compression. East China then turned into an active continental margin attributed to the subduction of the paleo-Pacific plate (Shu et al., 2021; Hu et al., 2023; Zhou et al., 2023; Wang H. et al., 2024). Intense structural deformation and magmatism–mineralization activity occurred in the SFDB during this period (Mao et al., 2001; Vatuva et al., 2023).
The sedimentary sequence of the SFDB and its adjacent areas comprise a pre-Devonian basement, overlaid with Late Paleozoic–Middle Triassic cover rocks and Mesozoic–Cenozoic terrestrial clastic–volcanic rocks (Figure 2; Zhang, 2000; Mao et al., 2001). Different types of structures, such as regional faults and folds, thrust nappes, and detachment structures, were well developed in the SFDB (Lv, 2014; Zhang et al., 2021). The NEE-trending Nanping–Ninghua fault, NE-trending Zhenghe–Dapu fault and NW-trending Shanghang–Yunxiao fault roughly delineate the boundaries of the SFDB on the north, southeast and southwest, respectively (Figure 1B). The fold structures in the SFDB are dominated by a series of NE–NNE-trending composite folds, mainly including, from west to east, the Ninghua–Wuping synclinorium, Xuanhe anticlinorium and Datian–Longyan synclinorium (Mao et al., 2001). In addition, the nappe structures were formed in the Mesozoic and are characterized by older allochthonous pre-Devonian and Early Carboniferous rocks thrusting over the younger Late Carboniferous and Permian autochthonous rocks (Chen, 1999; Wang et al., 2017; Vatuva et al., 2023). Detachment faults are common in the SFDB arising from the Early Mesozoic compression deformation and Late Mesozoic extension (Zhang et al., 2021). Intrusive rocks mainly outcropped in the SFDB consist of Silurian, Carboniferous–Triassic, and Middle Jurassic–Early Cretaceous granitoids with a few Carboniferous and Cretaceous mafic dikes and sills, resulting from different tectonic events (Zhang et al., 2015; Vatuva et al., 2023). The distribution of these intrusions is generally controlled by the NE-trending structure (Zhang, 2006; Wang et al., 2017).
[image: Geological chart detailing the thickness and main lithologies across different geological periods, including Cretaceous, Jurassic, Triassic, Permian, Carboniferous, Devonian, Ordovician-Cambrian, and Pre-Cambrian. Each period features various rock types such as conglomerates, dacitic ignimbrites, volcanic rocks, sandstones, limestones, and schists, with specified thickness ranges. The chart uses various patterns and colors to differentiate between the lithologies.]FIGURE 2 | Stratigraphic column of the Southwestern Fujian Depression Belt and its adjacent area (modified after Yuan, 2020).2.2 Geology of the Dapai deposit and its surrounding area
The Dapai iron–polymetallic deposit, Yongding County, is located on the southeastern margin of the SFDB. The study area is located on the northern surrounding part of Dapai deposit (Figure 3).
[image: Geological map showing various formations in a surveyed area. Key formations include Devonian-Lower Carboniferous, Upper Carboniferous, Middle Permian, and more, differentiated by colors. The map features annotations for towns, sampling sites, and fault lines, with a legend at the bottom detailing symbols and colors. An arrow indicates north, and a scale bar shows distances.]FIGURE 3 | Geological map of the Dapai iron–polymetallic deposit and surrounding area. The black polygon and hollow dots represent the ground magnetic survey area and survey sites, respectively.The main stratigraphic sequence in the study area consists of carbonate rocks of the Upper Carboniferous Jingshe, Lower Permian Chuanshan, and Middle Permian Qixia Formations and clastic rocks of the Lower Carboniferous Lindi, Middle Permian Wenbishan and Tongziyan, Upper Permian Cuipingshan and Dalong Formations and minor Upper Devonian and Lower Triassic. The Carboniferous Jingshe Formation and Permian Chuanshan, Qixia Formations are closely associated with mineralization. The mineralization is affected by a series of NNW-SSE-trending thrust faults and NNW-SSE-trending detachment faults. The fold structures in the study area are dominated by the nearly N–S-trending anticlinorium which generally plunges northwards and is cored by the limestone of the Jingshe, Chuanshan and Qixia Formations with limbs composed of the Permian Wenbishan and Tongziyan Formations. Magmatic rocks, which are rarely exposed in the study area, include stocks or dikes of granodiorite, granodiorite porphyry, monzogranite, and quartz monzonite. Granodiorite porphyry is the main magmatic rock closely related to the iron mineralization. The iron ore bodies are stratabound in the skarn and generally occur along the contact zone between the intrusions and the carbonate sequence (Vatuva et al., 2023).
The Dapai deposit dominantly features Fe-Pb-Zn-Cu-Mo mineralization, exhibiting vertical zonation from shallow Pb-Zn, middle Cu-Pb-Zn, Fe-Pb-Zn to deep Fe-Mo. Horizontally, the magnetite mainly developed in the northwestern and southeastern part of the Dapai deposit, while the Pb-Zn mineralization is common in the middle and transitioned into Fe-dominant mineralization at depth. The ore minerals in the Dapai deposit include magnetite, galena, sphalerite, chalcopyrite, and molybdenite. A total of 65 Fe-Pb-Zn polymetallic ore bodies have been identified in the Dapai deposit, generally striking NNW and dipping towards NEE at angles of 5°–25° (Ni et al., 2012). The ore bodies occur within the fault-related fractures and around the contact zone between the granite porphyry intrusions and carbonate surrounding rocks. Notably, the ore bodies are primarily hosted in the carbonate of Jingshe-Qixia strata, which constitutes the core of the Dapai anticlinorium. Alteration including silicification, marbleization, argillization and skarn alteration are well developed in the study area.
3 METHODS
3.1 High-precision magnetic ground survey—data acquisition
Depending on the geological characteristics of the Dapai deposit, a magnetic ground survey was carried out on the northern area of Dapai deposit, covering ∼25 km2. To obtain the underground high-magnetic bodies and deduce potential ore bodies, total field measurement was employed. Besides, the study area features complex topography with residential areas distributed, which limits gradiometer or vector measurements. Therefore, total field data are used in this study.
The magnetic survey data were collected using Overhauser proton-precession magnetometers (GSM-19T) ∼2 m above the ground. Total magnetic field intensity was measured with a sensitivity of 0.15 nT/Hz and 0.2 nT absolute accuracy. The measurement was conducted at intervals of 40 m along west–east oriented survey lines with 90°azimuth spaced 100 m apart, and a total of 6,467 points were recorded. Portable GARMIN 72 GPS receivers were used to determine the measuring point position, with horizontal positioning accuracy <3 m (using the root mean square (RMS) method) and elevation accuracy <10 m. The diurnal observation ground station used an Overhauser proton-precession magnetometer (GSM-19T). The measurement accuracy of the magnetic anomalies is 1.51 nT. The total magnetic field was corrected for diurnal variations depending on the data recorded at the diurnal observation station. Normal field correction, height correction, and calculation of the magnetic anomalies were performed on the acquired data. Then, the data was processed with gridding spacing of 50 m × 50 m.
The magnetic susceptibility of 94 rock samples from the study area was collected and measured to determine their physical properties. The results are listed in Table 1.
TABLE 1 | Magnetic parameter of the rock samples in the study area.	Samples	Number of samples	Average susceptibility
(4π×10-6SI)	Susceptibility
	Max	Min
	Wenbishan
Formation(P2w)clastic rock	12	14.16	38.27	4.53
	Tongziyan
Formation(P1t)clastic rock	14	34.86	90.00	8.80
	Tongziyan
Formation(P1t)clastic rock	8	28.39	77.91	6.02
	Wenbishan
Formation(P2w)clastic rock	30	22.09	93.05	2.06
	Wenbishan
Formation(P2w)clastic rock	30	11.27	42.28	2.90
	Marble		58 (Zhang et al., 2018)		
	Skarn		2,150 (Zhang et al., 2018)		
	Granite		650 (Zhang et al., 2018)		
	Magnetite-bearing Granite		4,780 (Zhang et al., 2018)		


According to the table, the magnetic susceptibility of the Wenbishan and Tongziyan Formations exposed in this area are weak; the magnetic susceptibility of the rocks is mainly between 10 and 50 (4π·10−6SI). As a reference, a previous study analyzed the anisotropy of magnetic susceptibility (AMS) data from the Makeng iron deposit, indicating that the mean susceptibility (Km) of the Jingshe-Qixia Formation varies from 7.54 to 8.89 (4π·10−6SI) (Wang, 2016). It can be concluded that the sedimentary rocks in Dapai’s surrounding area generally exhibit weak magnetic or non-magnetic properties. In contrast, the susceptibility of skarn, granite, and magnetite-bearing granite is high, and the marble displays moderate magnetic properties. Generally, the susceptibility of granite and altered rocks is clearly stronger than that of sedimentary rocks. With the change in mineral composition, the susceptibility of the magmatic rocks in the study area gradually increases from the acidic rock to the ultrabasic rock. And the remanent magnetization in the study area is much smaller than the induced magnetization. Thus, only the induced magnetization was taken into account in this study (Wang and Meng, 2019).
3.2 Reduction to the pole
The magnetic anomaly corresponds well to the causative body under vertical magnetization, which only naturally exist at the north and south geomagnetic pole. However, elsewhere on earth, due to the effect of the oblique magnetization of geomagnetic fields, the shape of the anomaly is often complicated and its extreme value is often offset from the causative body. To eliminate the effect of oblique magnetization and achieve a better interpretation, the observed magnetic anomaly needs to be calculated and transformed into the anomaly under the vertical magnetization, that is to say, to the geomagnetic pole. The non-rectangular survey area was interpolated to a 50 m × 50 m grid using minimum curvature interpolation (Wang Y. et al., 2024). The scheme of cosine decreasing to zero was applied to extend edge, which provides a foundation for subsequent data processing. Therefore, we processed reduction to the pole (RTP) with an inclination of 38°45′ and a declination of −3°35′ in the study area.
3.3 Potential field separation
Upward continuation is a useful approach of data processing to reduce the shallow and local anomaly interference and highlight the signature of deep magnetic sources (Xiong, 1992). Peters (1949) first introduced the continuation by which the signals with different frequencies can be separated. In this study, upward continuation was utilized to reduce the effect of shallow and small ore bodies and enhance the deep causative bodies. In addition, to highlight the anomaly caused by magnetic bodies, the residual magnetic map was calculated by removing the regional field through high pass filtering method in this study.
3.4 Boundary identification
Calculation of derivatives is an instrumental method to suppress interference from the regional field and separate the superposition effects of different anomalies. Evjen (1936) first introduced boundary identification by using the zero value of the vertical derivative on gravity anomalies. The maximum of the total horizontal derivates (THD) of the gravity anomaly was then applied to distinguish the boundary of geological bodies (Cordell, 1979). Shortly after, Cordell and Grauch (1985) employed THD in the magnetic anomaly interpretation. For the identification of the structures and potential ore bodies in the study area, the total horizontal derivates were calculated in this work. The maximum of the THD is considered to represent the potential source boundaries. Thus, the THD of the RTP and upward continuation results were calculated to determine the structural framework of the study area.
3.5 Magnetization vector inversion with an unstructured tetrahedral mesh
The anomaly data obtained in the magnetic ground survey is the result of integrated anomaly response of subsurface geological bodies. The inversion of the magnetic data can visually illustrate the patterns of field sources and locate potential mineralization position. In this study, the inversion method introduced by Meng et al. (2023), Meng et al. (2024) was employed. It divides the subsurface into tetrahedral unstructured grid, which is more suitable for the undulating surface, irregular geological bodies and remanent magnetization. The volume weighting function is used to improve the convergence of inversion. To improve the computational efficiency, the calculation terms are combined depending on the equivalent surface characteristic between elements of the kernel matrix and Gaussian quadrature with a nonuniform fast Fourier transform method is used to calculate the function of a triangular facet in the kernel matrix.
4 RESULTS AND DISCUSSION
The following sections describe and discuss the results of the processing, interpretation and inversion of the magnetic anomaly data acquired.
4.1 High-precision magnetic maps of the study area
As illustrated on the total magnetic intensity (TMI) map in Figure 4A, the relative total magnetic intensity ranges from −1,384 nT to 1,369 nT.
[image: Two colored maps, labeled (A) and (B), depict magnetic anomalies in nanoteslas for a region with towns marked: Qiuwu, Zhangwu, Youwu, Caiwu, and Dapai. The Dongzhong coal mine is also indicated. The maps use a color scale from -1600 to 2400 nanoteslas, with reddish shades showing higher values. The maps are oriented north, with a 1 kilometer scale bar.]FIGURE 4 | (A) Total magnetic intensity (TMI) map and (B) reduced-to-pole (RTP) magnetic map of the study area.The magnetic field of the northern, southwestern, and southeastern part of the study area is flat with little fluctuation. The magnetic intensity is roughly −50 nT in the north and varies from −100 nT to 0 nT in the southwest, which can be regarded as the background field value of the study area. The weakly magnetic Permian Tongziyan, Qixia, and Wenbishan Formations are exposed from west to east in the north, while in the southwest, the strata of the Permian Tongziyan and Wenbishan Formations with weak susceptibility are mainly exposed. There are only sporadic and localized anomalies distributed in the NW-direction magnetic field in the north of the Dongzhong coal mine, which is probably related to the concealed thrust fault in the southeastern part of the study area.
The central of the study area is generally in the strong NW-trending anomaly field, consisting of several local magnetic anomalies randomly distributed with amplitudes ranging from −1,384 nT to 1,369 nT. The anomaly distribution characteristics in the central part are slightly different in the north and south. The northern part is a beaded strong magnetic anomaly zone with a pronounced oriented arrangement whereas the southern part exhibits relatively clustered features that correspond to the Dapai deposit in exploitation.
In order to reduce the effect of the oblique magnetization of the geomagnetic field and simplify the anomaly morphology and data processing, the RTP method was utilized, the results are shown in Figure 4B. Compared with the TMI map, it can be seen that the amplitudes of the magnetic anomalies after RTP are increased. In addition, the overall positive anomalies have moved slightly northward. The positive anomaly in the southern part and the NNW-oriented characteristics have become more conspicuous. The general magnetic anomaly intensity demonstrates an NNW-trending linear configuration, which is probably a result of the distribution pattern of the northward plunging anticlinorium.
To highlight the anomaly caused by the deep magnetic sources and reduce the effect of near-surface and small geological bodies, in this work, the upward continuation at a 200 m height was calculated on the basis of the RTP results. As is shown in Figure 5A, the southern part of the study area displays strong anomalies, whereas the northern part exhibits extensive weak anomalies. The anomaly amplitude in the central part is small, as a result of the weak susceptibility of the Permian Tongziyan, Qixia and Wenbishan Formations. Notably, the anomaly demarcation is obvious along Qiuwu–Zhangwu–Youwu, which implies that there may be concealed faults favorable to the magma emplacement on the two sides. This strong anomaly is probably related to magmatic rocks or the magnetic ore bodies. In addition, it can be seen that the anomaly around the Caiwu–Dongzhong warps, obvious on the upward continuation of the reduced-to-pole magnetic map, suggests the existence of deep faults in the subsurface. These faults intersect with the NNW-trending faults, contributing to magma emplacement and mineralization enrichment. A residual magnetic map was also calculated. It is helpful to reflect causative bodies in relatively shallow position. As is illustrated in Figure 5B, the NNW-oriented pattern of the positive anomaly generally remains unchanged. There is a wide range of positive anomalies around the Dapai deposit, extending northward in several local positive anomalies. These local strong anomalies might imply potential ore bodies.
[image: Two geospatial contour maps displaying magnetic anomalies over a region in northeastern coordinates. Map (A) shows smooth blue to red gradient contours indicating magnetic intensity from -180 nT to 340 nT, highlighting regions like Qiuwu and Caiwu. Map (B) displays a detailed, colorful pattern with intensity ranging from -1600 nT to 2000 nT, indicating more variation in magnetic properties. Both maps include towns like Zhangwu and a coal mine, with scale bars indicating 1 kilometer. The maps use the WGS84/UTM 50°N coordinate system.]FIGURE 5 | (A) Upward continuation 200 m height map and (B) residual magnetic map of the study area.4.2 Structure characteristics of the study area
The THD maps were used to determine the potential boundaries of the magnetic body and structures in the study area. As portrayed in Figure 6A, the study area is dominated by NNW-trending structures. In order to suppress shallow noise and understand the deep characteristics more clearly, the THD on the upward continuation at 200 m height map was calculated and is shown in Figure 6B. It can be seen that the general structural features are similar to those shown in Figure 6A. There are three NNW-trending faults and two nearly E–W-trending faults, namely, F1, F2, F3, F4, and F5, respectively (Figure 7). Notably, the F4 fault crosscuts the F1 and F2 faults. According to the susceptibility of the collected samples, the Permian Tongziyan and Wenbishan Formations demonstrate weak magnetic properties and, thus, do not result in an obvious anomaly. However, moderate anomalies were detected between F1 and F2 and northeast of F3, which correspond with the distribution of the Qixia Formation. The susceptibility of the Qixia Formation or alteration within Qixia Formation may be one factor accounting for this anomaly.
[image: Two heat maps labeled A and B showing geophysical survey data of a region with towns marked as dots. The maps use color gradients to represent magnetic intensity, with color bars on the right indicating measurements in nanoteslas per meter. Notable towns include Qiuwu, Zhangwu, Youwu, Caiwu, and Dapai, alongside Dongzhong coal mine. The maps use the WGS84/UTM zone 50N coordinate system, covering areas from Easting 2049300 to 2049600 meters and Northing 2754000 to 2760600 meters. A north arrow and scale of 1 kilometer are provided.]FIGURE 6 | (A) Total horizontal derivates (THD) map and (B) the THD on the upward continuation at 200 m height map of the study area.[image: Geophysical map showing magnetic anomalies in varied colors. Key points include towns marked with dots, inferred faults as dashed lines, and potential ore bodies outlined. Boreholes ZK2001, ZK1001, and ZK403 are identified. Notable areas marked are Qiuwu, Zhangwu, Youwu, Caiwu, Dapai, and Dongzhong coal mine. The map uses WGS84/UTM Zone 50N with a scale denoting 1 kilometer. Color gradient ranges from 0 to 0.92 nT/m.]FIGURE 7 | Inferred tectonic framework map and prospecting target of the study area. The crosshatch part represents potential ore body.As is noted above, the faults in the study area were favorable to magma emplacement and mineralization enrichment. In addition, the geological characteristics of the Dapai deposit indicate that the ore bodies are controlled by thrust structures. Therefore, any potential ore bodies are more likely to be spatially close to the faults, especially at the intersection of different faults. Depending on the inferred structures in the study area, the variation zone between the positive and negative anomalies on the TMI map, the maximum value of the RTP map and residual map, the gradient zone of the upward continuation, and the maximum of total horizontal derivates, two regions characterized by greater ore formation potential were inferred, namely, C1and C2, as shown in Figure 7.
Region C1 is located near the Dapai deposit, which is at the boundary of the thrust nappe. The main exposed strata in region C1 are the Permian Tongziyan, Wenbishan and Qixia Formations. According to the inferred structure in the study area, region C1 is situated in a position where the F4 intersects with F1 and F2, covering about 3 km2 with an anomaly amplitude ranging from −1,384 to 1,370 nT. Compared with the southeastern anomaly, the anomaly on the southwest side is larger spatially and has a smaller amplitude, implying that the southeastern causative body is shallower and smaller, while the southwestern magnetic source is deeper. In addition, these two anomalies merge together along with an increase in the heights of the upward continuation, suggesting that there is a common magnetic source in the deep position. Therefore, it is deduced that the anomaly around Caiwu is caused by magnetic bodies and region C1 is a more favorable area for mineralization.
Region C2, between F1 and F2, is on the eastern part of Zhangwu. The anomaly of region C2 has smaller scale covers about 0.8 km2, with a medium amplitude ranging from −692 to 626 nT. The region C2 anomaly disappeared in the upward continuation map, indicating that its magnetic source is shallow. Besides, there is an inferred E–W striking fault, F5, in region C2, depending on the THD and structure map (Figures 6, 7) The C2 moderate anomaly is probably related to the magmatic rocks distributed along the faults, or the Permian Qixia Formation, which is the main exposed stratum in region C2. Moreover, the influence of the dense residential area in region C2 should not be neglected. Thus, there is relatively less mineralization potential on region C2.
4.3 Inversion results
To further define the underground structure characteristics and locate potential ore bodies, the inversion of the magnetic anomalies of region C1 around the Dapai deposit was carried out (Figure 7). The underground space from the surface to an elevation of −1000 m of the study area was divided into an unstructured tetrahedral mesh with 10,073 cells. The iteration termination condition is the relative root mean square error between the modeled magnetic anomalies derived from the inversion results and the measured magnetic anomalies less than 10−2. The computer used in the inversion is equipped with 2.4 GHz CPU and 64 GB RAM and the computation time of inversion is 6,963 s.
The three-dimensional magnetization inversion result is shown in Figure 8A. Depending on the magnetic parameter of the rock samples in the study area, the high-magnetization bodies mainly represent integration of the granite, skarn and magnetite-bearing granite. The slice along the core of anticline intuitively demonstrates the subsurface distribution of the high magnetization intensity bodies. The normalized sensitivity analysis data of magnetic weighted kernel matrix in Figure 8B is for uncertainty appraisal. It shows where the three-dimensional inversion model is reliable. The position with large normalized sensitivity data has more accurate and reliable physical properties (Meng et al., 2024).
[image: Two 3D models represent geological data. Panel (A) shows magnetization with a color gradient from blue to pink, identifying potential ore bodies. Panel (B) displays weighted sensitivity analysis data with similar color variation. Both panels include axes for Northing, Easting, and Elevation, with corresponding color scales for data interpretation.]FIGURE 8 | (A) Three-dimensional magnetic inversion result of the study area. The inferred faults are marked with black dotted lines and the location of boreholes are shown in the model. (B) Normalized sensitivity analysis data of magnetic weighted kernel matrix.It can be seen that the high-magnetic body generally demonstrate a deepening trend towards the NNW direction, which is consistent with the plunging orientation of the fold. The top of high-magnetic body in region C1, as revealed by the inversion result, is about −100 m elevation and corresponds well with the geological information from existing borehole ZK403 and ZK1001. There are also some isolated high magnetic bodies at approximately −100 m elevation, which may be attributed to the isolated ore bodies or to local skarn caused by the hydrothermal alteration.
4.4 Drilling verification
The Dapai deposit shows a strong positive magnetic anomaly and extends northward in both plan magnetic anomaly maps and three-dimensional inversion result. According to the regional geological background, geological characteristics of the deposit and magnetic anomaly characteristics, drill hole validation was carried out in the northern part of the Dapai iron–polymetallic deposit in the locally strong anomaly area (ZK2001 in Figure 7).
As is shown in Figure 9, the drilling results reveal thrust nappe structures between the Qixia and Wenbishan Formations at a depth of around 550 m. The decollement fault between the Wenbishan formation and Qixia formation is about 850 m deep, developing magnetite ore body within its fracture zone with a total Fe grade of 26.40%. The 850–1,014 m limestone stratum exhibits strong marbleization, with a local multi-layer skarn. Between 1,014 m and 1,054 m there is two-layers of lead-zinc mineralization, accompanied by magnetite and chalcopyrite mineralization (mFe 4.5%, Cu 0.09%).
[image: Geological cross-section showing layers from drill hole ZK2001, indicating rock types and mineral deposits. Depths marked in meters. Key includes limestone, mudstone, skarn, marble, granite porphyry, magnetite, lead-zinc, fault, and fracture zones. Insets display core samples showing ore types like Fe and Pb-Zn, with specific mineral contents labeled, including TFe 26.40%, Zn 1.34%, and Pb 0.53% for Fe ores; Zn 3.59%, Pb 0.86% for Pb-Zn ores.]FIGURE 9 | The column of verification borehole ZK2001.The maximum depth of the drill hole is 1,105.64 m. Compared with drill holes ZK1001 and ZK403, the geological unit in ZK2001 is discontinuous with the southern ZK1001 and ZK403 drill holes and is much deeper than its counterparts. Therefore, it is inferred that there is a nearly E–W-trending concealed fault that has caused the northern geological unit in ZK2001 to be deeper, which is consistent with the fault on the north of Caiwu represented in Figure 7 and proves the reliability of our anomaly interpretation and explanation.
Drill hole ZK2001 revealed at least three-layers of Fe-Pb-Zn ore bodies. It also disclosed relatively strong alteration at depth and the existence of an intrusion associated with the mineralization. As is described above, the Dapai deposit is closely controlled by structures and strata. Based on the geological characteristics of the study area, it can be concluded that the increasing depth of the ore bodies and the NNW-oriented magnetic anomaly are affected by the faults and NNW-plunging fold. As a consequence, there is still great potential for the deeper and more peripheral prospecting to the north of the Dapai deposit.
4.5 Geological-geophysical model
Zhang et al. (2012) proposed an ore-control model for the thrust structures in the SFDB, believing there to be great potential for mineralization where the thrust nappe structures developed and the ore-bearing strata, including the Upper Carboniferous to Middle Permian strata, were overlapped by the older strata and intruded by granite.
The ore-bearing strata of the Dapai iron–polymetallic deposit are similar to those of the Makeng iron deposit, including the Upper Carboniferous Jingshe to Middle Permian Qixia Formations. Ore bodies occur within these strata especially at the interface between the carbonate and clastic sequences. In addition, the ore bodies are obviously controlled spatially by thrust faults, fracture zones, and the core of folds. There are also some ore bodies reformed or crosscut by later faults. Furthermore, the Dapai deposit mineralization is closely associated with Mesozoic granitic rocks. This favorable mineralization position could be preliminarily deduced through a geological survey focusing on all of these factors. Afterward, geophysical methods could be employed to probe the potential ore bodies. The potential shallow ore bodies often demonstrate strong magnetic anomalies and deep ore bodies exhibit weak or moderate anomalies in magnetic surveys. Therefore, it would be more accurate to determine the prospecting target coupled with the geological characteristics.
On the basis of the geological characteristics of the Dapai deposit, combined with the interpretation and inversion of the high-precision magnetic survey data and the verified borehole results presented in this study, a prospecting model for the surrounding of the Dapai iron–polymetallic deposit is summarized in the Figure 10.
[image: Geological cross-section diagram depicting various formations and mineral deposits. Layers include Upper Carboniferous Jingshe-Middle Permian Qixia Formation, Middle Permian Wenbishan Formation, and Granodiorite. Symbols indicate lead-zinc deposits, magnetite, fracture zones, skarn, and fault/potential ore bodies. Elevations range from 335 meters to negative 1000 meters, with labeled boreholes ZK2001, ZK1001, and ZK403.]FIGURE 10 | Schematic of the prospecting model of the study area.5 CONCLUSION
In this work, high-precision magnetic maps were obtained and a structural framework and potential locations of ore bodies in the area surrounding the Dapai deposit were delineated preliminarily through processing, interpreting and inversion of the high-precision magnetic ground data. Then these results were verified by drill holes.
The borehole drilling uncovered thrust nappe structures among the Qixia and Wenbishan Formations, magnetite and Pb–Zn ore bodies, ore-related alteration, and intrusions. The drilling results revealed at least three-layers of ore bodies and indicated great exploration potential within this deeper location. The verification result proves the effectiveness of the high precision ground magnetic survey in prospecting of iron–polymetallic ore bodies in the surrounding area of the Dapai deposit.
Combined with the regional geology, the ore deposit geology characteristics, the magnetic anomalies, and the distribution of ore bodies and intrusions revealed by the drilling results, we propose a prospecting model for the Dapai iron-polymetallic deposit in this study. According to this model, the structural interface between the carbonate and clastic rocks of the Upper Carboniferous–Middle Permian strata is a major ore-controlling feature. The Makeng-type ore bodies in the SFDB mainly occur at these interfaces or within these strata. In addition, the ore-controlling structures such as the thrust faults and cores of the folds need to be taken into account. Furthermore, the Mesozoic intrusions and alteration related to the mineralization are also important prospecting indicators. The high-precision magnetic ground survey anomalies can guide the exploration for iron–polymetallic ore bodies in the SFDB through proper processing and interpretation. The prospecting model, together with the magnetic survey utilized in the surrounding area of the Dapai deposit, provides reference and feasible solution for the future exploration of similar Makeng-type deposits in this region. Given that the precision of the interpretation results is usually affected by the ambiguity of one single geophysical method, the implementation of comprehensive methods, together with a geological survey, is essential and beneficial for further exploration.
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