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Abstract

:

The Youjiang Basin in China is the world’s second-largest concentrated area of Carlin-type Au deposits after Nevada, USA, boasting cumulative Au reserves nearing 1000 t. This study examined the recently unearthed Lintan Carlin-type Au deposit within the Youjiang Basin. Factor analysis and association rule algorithms were used to identify exploration vectors and indicators essential for navigating this promising geological territory. In the Lintan mining area, the geological strata encompass the Triassic Bianyang, Niluo, and Xuman formations comprised clastic rocks, followed by the deeper Permian Wujiaping Formation with massive carbonate rocks. The orebodies are restricted to the F14 inverse fault, cutting through the Xuman Formation, with an additional F7 fault between the Wujiaping and Xuman formations. A total of 125 rock samples from the F14 fault and a representative cross-section were analyzed for 15 elements (Au, Ag, As, Bi, Cd, Co, Cu, Hg, Mo, Ni, Pb, Sb, Tl, W, and Zn). The elements were divided into four groups based on cluster and factor analysis. Group 1 (Co, Cu, Zn, Ni, Tl, W, and Bi) was mainly enriched in the Xuman, Niluo, and Bianyang formations controlled by sedimentary diagenesis. Group 2 (Au, As, Hg, and Sb) was concentrated in the F14 and F7 faults, representing Au mineralization. Group 3 (Pb, Ag, and Mo) was mostly enriched near the F14 and F7 faults, displaying a peripheral halo of Au mineralization, and was probability controlled by ore-forming hydrothermal activities. Group 4 (Cd and Mo) exhibited extreme enrichment along the periphery of the F7 fault. This pattern indicates the presence of a substantial hydrothermal alteration zone surrounding the fault, likely influenced by ore-forming hydrothermal processes. Additionally, Pb, Ag, Cd, Mo, and W are considered essential indicators for ore formation besides Au, As, Sb, Hg, and Tl. Twelve effective association rules were derived using the association rule algorithm, which can aid in discriminating Au mineralization. The spatial distributions of the 15 elements indicated that the F14 fault is the main ore-bearing fracture zone, while the F7 fault serves as the ore-conducting structure, channeling ore-forming fluids into the F14 fault. Faults between the Wujiaping and Xuman formations, along with their associated reverse faults, present potential prospecting targets both within and outside the Lintan Au deposit in the Youjiang Basin. Exploration geochemical data can be fully utilized by combining factor analysis and association rule algorithms, offering key guidance for prospecting Carlin-type gold and similar deposits.
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1. Introduction


Carlin-type gold deposit is considered to be one of the most important types of gold deposits in the world, renowned for its high Au content and economically valuable [1,2]. Youjiang Basin is the second-largest district of Carlin-type Au deposits (Figure 1) and contains more than 200 Au deposits or occurrences with approximatively 1000 t of total proven Au reserves [3,4,5,6,7]. Superficial Au resources (<500 m) in the Youjiang Basin have been gradually exhausted by extensive exploitation, necessitating urgent new prospecting methods to explore deep or concealed orebodies. Traditionally, the drilling targets of Carlin-type Au deposits in the Youjiang Basin have been identified by delineating geochemical anomalies [8,9,10,11,12], relying on an understanding of the deep tectonic framework obtained from geophysical surveys [13,14,15]. Geochemical anomalies primarily depend on the content of ore-related elements, such as Au, As, Sb, Hg, and Tl. Surprisingly, data on other metal elements such as Ag, Bi, Co, Cu, Mo, Ni, Pb, W, and Zn are often overlooked or disregarded. Nevertheless, these neglected elements could harbor valuable yet undiscovered information relevant to Au mineralization.



The primary method of ore prospecting involves the integration of geological, geochemical, geophysical, and remote-sensing data [16,17]. These data in question are typically voluminous, diverse, heterogeneous, high-dimensional, computationally complex, and subject to high levels of uncertainty, aligning closely with the defining characteristics of big data, often referred to as the “4V” characteristics. This is particularly true for spatiotemporal big data in geoscience [18,19]. Leveraging big data science for geochemical feature extraction and information fusion is poised to enhance the efficacy of deep prospecting endeavors in concealed areas [20]. Making full use of the complete characteristics of high-dimensional geochemical data may be the key to achieving a breakthrough in deep prospecting for Carlin-type Au deposits in the Youjiang Basin.



Widely used in various fields, including ore exploration, factor analysis and association rule algorithms play a crucial role in feature extraction and information fusion [21,22,23,24,25,26,27]. Specifically, factor analysis is a dimensionality reduction method applied to extract common factors from a group of variables [26,28]. Geologically, it can reduce numerous geochemical variables to a few factors to identify hidden indicators for metallogenic predictions [23,24,25,26,28,29]. The association rule algorithm, first proposed by Agrawal et al. [30], refers to the discovery of interesting and frequent patterns, associations, and correlations among items in a database. Strong association rules that meet the minimum support, minimum confidence, and lift thresholds greater than 1 are typically selected for metallogenic predictions based on the local correlation and association of elements within a deposit [21,22,30,31,32,33,34]. Notable distinctions exist between these two methods. Factor analysis elucidates overall correlations or spatial distribution trends among elements, while the association rule algorithm focuses on local correlations or local spatial distribution similarities among elements.



Considering the above disparities, this paper employs the recently discovered Lintan Carlin-type Au deposit in the northern Youjiang Basin as a case study. Situated adjacent to the super-large Lannigou Au deposit (refer to Figure 1), the Lintan Au deposit exhibits promising prospecting potential. Rock samples from the ore-bearing fracture zone and a representative cross-section were systematically collected, and 15 elements in the rock samples, including Au, As, Hg, Sb, Tl, Cu, Pb, Zn, Ag, W, Co, Cd, Ni, Mo, and Bi, were analyzed. Factor analysis and association rule algorithms were jointly used to extract metallogenic information, providing significant exploration vectors and indicators for the Lintan Au deposit.




2. Geological Background


The Youjiang Basin, also referred to as the ‘‘Golden Triangle’’ of Yunnan-Guizhou-Guangxi because of the extensive development of Carlin-type Au deposits, is located at the southwest margin of the Yangtze Craton (Figure 1). The basin underwent three evolutionary stages: a rift basin (Late Early Devonian to Late Devonian), a passive continental margin (Early Carboniferous to Early Triassic), and a foreland basin (Middle Triassic) [35,36,37]. Following basin evolution, a super-thick (6–12 km) Paleozoic–Mesozoic marine sedimentary sequence was deposited. This sequence, comprising claystone, siltstone, carbonate rock, and sandstone, predominated over the Proterozoic basement, which consisted of low-grade metamorphosed clastic rocks. Tectonic activities in the Youjiang Basin were chiefly influenced by NNE-ward subduction and collision of the Paleo-Tethys Ocean [38,39], as well as W-ward flat-slab subduction of the Paleo-Pacific plate [40]. These tectonic events resulted in parallel NW-striking and NE-striking fault-and-fold systems in the Youjiang Basin [41,42]. Igneous rocks are absent in the Youjiang Basin and primarily consist of Emeishan flood basalts and shallow volcanic facies diabase (ca. 260 Ma) [43,44], with minor occurrences ultra-mafic (ca. 84 Ma) [45] and quartz porphyry dikes (ca. 100–94 Ma) [46].
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Figure 1. Geological map of the Dian-Qian-Gui “Golden Triangle” region in Southwestern China (modified from Tan et al. [42]). 
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The Lintan Au deposit is a recently discovered Carlin-type deposit in the northern Youjiang Basin, adjacent to the super-large Lannigou Au deposit (Figure 1). Recent explorations in the Lintan mining area have revealed Au reserves totaling 1.18 t with an average Au grade of 5.61 g/t. The stratigraphic and structural characteristics of the Lintan Au deposit are illustrated in Figure 2, with a concise summary provided below.



The Lintan mining area mainly consists of Permian shallow-water platform facies carbonate rocks and Triassic deep-water slope facies clastic rocks (Figure 2). The exposed and drilled strata, from shallow to deep, are the Triassic Bianyang, Niluo, and Xuman formations and the Permian Wujiaping Formation. The Bianyang Formation (T2by) is composed of moderately bedded graywacke, fine sandstone, and siltstone interbedded with thin-layered claystone. The Niluo Formation (T2nl) comprises claystone interspersed with thinly layered argillaceous siltstone and nodular limestone. The Xuman Formation (T2xm) consists of thick-bedded to massive claystone, mudstone, limestone, and sandstone. The Wujiaping Formation (P3wj) comprises super-thick, dolomitic, bioclastic, and reef limestones.



In the Lintan mining area, the geological formations underwent folding, forming an NW-trending Lintan anticline that is 3000 m long and nearly 700 m wide. This anticline is categorized as a tractive anticline positioned above the gentle F7 fault, situated between the Wujiaping and Xuman formations. The core of the Lintan anticline primarily comprises rocks from the Xuman Formation, while the SW and NE limbs consist of formations from the Niluo and Bianyang series. The NE limb of the anticline is cut by a series of NW-striking steeply dipping (50–60°) reverse faults (e.g., F14 and F24), which are cut by younger NE-striking high-angle strike-slip faults (e.g., F12). Au orebodies commonly occur as veins and lenses in the steeply dipping F14 fault and are hosted in the calcareous siltstone, sandstone, and mudstone of the Xuman Formation. The average thickness of the orebodies is approximately 2.2 m, with a vertical continuity of approximately 600 m.



Au mineralization within the Lintan deposit exhibits a close association with several geological processes, including decarbonatization, silicification, sulfidation, argillization, and dolomitization, like other Carlin-type deposits found in Nevada, USA, and the Youjiang Basin, China [1,47]. Predominantly, ore minerals consist of sulfides formed through sulfidation, comprising arsenian pyrite and arsenopyrite, with lesser occurrences of orpiment, realgar, and stibnite. Au primarily resides within arsenian pyrite and arsenopyrite in invisible forms (e.g., nanoparticles and crystal lattice Au). Gangue minerals comprise calcite, quartz, dolomite, and clay minerals (e.g., illite), commonly filling fractures at the periphery of highly porous decarbonated rocks that host high-grade orebodies.




3. Sampling and Analyses


A total of 125 rock samples, each weighing approximately 500 g, were collected from the F14 fault fracture zone and a representative A–B cross-section at the Lintan deposit. The detailed sampling locations are shown in Figure 2. The samples were cleaned, dried, crushed, and ground to a size of <200 mesh for subsequent chemical analysis.



Rock samples were analyzed at the Geological Experimental Testing Center of Hubei Province, China, and the contents of 15 elements, namely Au, As, Hg, Sb, Tl, Cu, Pb, Zn, Ag, W, Co, Cd, Ni, Mo, and Bi, were determined. The contents of Bi, Co, Cu, Mo, Ni, Pb, Sb, Tl, W, and Zn were analyzed through Inductively Coupled Plasma Mass Spectrometry (ICP-MS), while Atomic Fluorescence Spectrometry (AFS) was employed for As and Hg analysis. The content of Ag was determined using Alternating Current Arc Emission Spectrometry (AC-AES), while the Au content was analyzed using activated carbon adsorption coupled with Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES). The detection limits are listed in Table 1. During the testing process, the national primary standard reference materials from China were used for accuracy testing, resulting in a 100% pass rate. Additionally, six random rock samples that were selected for repeatability testing achieved a 100% pass rate.




4. Results


4.1. Statistical Characteristics


The statistical parameters of the 15 elements in the rock samples from the Lintan deposit are listed in Table 1 and shown in Figure 3a. The raw data (see Supplementary Materials) were log-transformed before calculating the standard deviation, skewness, kurtosis, and coefficient of variation. The Au content was 1.1–9615 ng/g, with a mean of 290 ng/g, median of 8.2 ng/g, skewness of 1.22, kurtosis of 0.47, and variation coefficient of 3.52. These metrics reflect a log-normal distribution with a right-skewed trend, flat peak shape, and a wide variation range.



Among other elements, those with skewness values above 0, such as, Hg, Sb, Cd, Mo, and Pb, exhibit a right-skewed trend. In contrast, elements like Ag, Bi, Co, Cu, Ni, Tl, W, and Zn, with skewness values below 0, display a left-skewed trend. Additionally, elements with kurtosis above 5, including Ag, Bi, Cd, Co, Cu, Ni, Tl, W, and Zn, present a steep peak shape. Elements with kurtosis ranging from 0 to 5, such as Hg, Mo, and Pb, feature a moderately steep peak shape. Lastly, elements with kurtosis below 0, like As and Sb, demonstrate a flat peak shape. Moreover, As, Hg, Sb, and Mo had variation coefficients above 1, indicating a large variation range. Ag, Cd, Hg, and Pb had variation coefficients between 0.5 and 1, showing a moderate variation range, while Bi, Co, Cu, Ni, Tl, W, and Zn had variation coefficients below 0.5, indicating a narrow variation range.



Correlation and R-type cluster analyses were conducted using SPSS Statistics Software (IBM Corp., Armonk, NY, USA) based on log-transformed data, and the results are presented in Table 2 and Figure 3b, respectively. As depicted in Figure 3b, with the distance coefficient set to 8, the 15 elements can be classified into five distinct groups, each displaying strong internal correlations. The first group encompasses Co, Cu, Zn, Ni, Tl, W, and Bi, with correlation coefficients ranging from 0.53 to 0.86. In the second group, Pb and Ag exhibit a correlation coefficient of 0.69. The third group comprises Au, As, Hg, and Sb, demonstrating correlation coefficients spanning from 0.57 to 0.81. The fourth and fifth groups consist of Cd and Mo, respectively. Notably, Ag and Pb also display strong positive correlations with Bi, Co, and Cu, with correlation coefficients ranging from 0.50 to 0.70. Thus, the elements in the first and second groups can be combined into a new group with a distance coefficient of approximately 12.




4.2. Spatial Distribution of Elements


Figure 4 and Figure 5 display the spatial distributions of single elements in the A-B cross-section and F14 fault of the Lintan deposit, respectively. The interpolation method of Figure 4 and Figure 5, as well as subsequent spatial distribution maps, is inverse distance square weighting. Figure 6 shows the vertical variations in the 15 elements of the F14 fault. Eleven color grades based on the percentiles of the raw data (Table 3) were used to display the enrichment or depletion of elements.



In Figure 4a, areas with high Au content (≥75%, orange to deep red) were mainly located in the F14 fault, corresponding to strong Au mineralization (Figure 2c). Analogously, rocks containing Au content ranging from 11.5 to 39.8 ng/g (60%–75%, yellow), indicative of weak Au mineralization, were found distributed within or along the periphery of the F14 and F7 faults. The spatial distributions of As, Ag, Sb, Hg, Tl, and W (Figure 4b–g) were comparable to those of Au, although some significant differences existed. The F7 faults and their vicinity demonstrated intense Sb, Hg, Tl, and W anomalies (orange to deep red). Additionally, local positions in the Xuman and Bianyang formations above the F14 fault also showed high contents of Ag, Hg, Tl, and W (Figure 4c–g). Other elements displayed markedly different spatial distributions than Au (Figure 4h–o). Areas with high contents of Bi, Co, Cu, Ni, Pb, and Zn were primarily distributed outside the F14 fault in the Xuman, Niluo, and Bianyang formations. However, Cd (Figure 4i) and Mo (Figure 4l) mainly displayed intense anomalies in the Wujiaping Formation and the nearby Xuman Formation, particularly within and at the periphery of the F7 fault.



In Figure 5a, several areas exhibiting high Au content (ranging from orange to deep red) are observed scattered across the central and shallow regions of the F14 fault, with elevations approximately around 250 m and 450 m, respectively. Similarly, elements such as As, Sb, Hg, Tl, and W demonstrate similar characteristics to Au, with their high-content sites primarily concentrated at elevations of 200–300 m and 400–500 m. Areas with a high Bi content are predominantly found at elevations of 150–300 m and 550 m, indicating localized similarities with Au distribution. Notably, molybdenum exhibits high content along the depth of the F14 fault, at elevation of 100–200 m. Conversely, the contents of Ag, Cd, and Ni gradually rose from deep to shallow and showed the highest values at a shallow altitude of 550 m. Lastly, the spatial distributions of Pb, Zn, Co, and Cu were disordered and scattered, which were significantly different from those of Au.




4.3. Factor Analysis


Factor analysis is a statistical method used to analyze the correlation between multiple variables and reduce them to fewer factors [26,28]. Its advantages include simplifying data, improving analysis efficiency, exploring data structures and patterns, and constructing reliable indicator systems [48]. Before conducting the factor analysis, it was imperative to perform the Kaiser–Meyer–Olkin (KMO) measure of sampling adequacy and Bartlett’s test of sphericity. The value of KMO should be greater than 0.6, and the p-value of Bartlett’s test should be less than 0.05, indicating a correlation between elements [49]. This meets the requirements of factor analysis and confirms the significance of its effect [23,28,50].



Factor analysis was performed using SPSS Statistics Software (IBM Corp., Armonk, NY, USA) based on the log-transformed data of 15 elements in the rock samples from the Lintan deposit. The KMO value was 0.803, and the p-value of Bartlett’s test was 0.000, meeting the requirements of factor analysis and yielding significant results. Four factors were extracted using principal component analysis with a cumulative contribution rate of variance greater than 80%. The rotated component matrix of the elements is listed in Table 4 and shown in Figure 7. The Kaiser normalizing maximum variance method was used for rotation, and the rotation converged after six iterations.



Factor 1 (F1) explained 35% of the dataset total variance and had high positive loading coefficients for W (0.89), Ni (0.85), Tl (0.83), Cu (0.82), Co (0.82), Zn (0.80), and Bi (0.75), which was consistent with the first group of elements obtained by cluster analysis. Additionally, F1 displayed a moderately positive loading coefficient for Ag (0.43) and a negative loading coefficient for Cd (−0.35). Conversely, Factor 2 (F2) with 21% of the total variance, showed high positive loading coefficients for As (0.91), Au (0.90), Sb (0.87), and Hg (0.77), similar to the third group of elements obtained by cluster analysis. Notably, F2 also had a weak positive loading of Tl (0.31), which is an ore-related element. Factor 3 (F3) exhibiting a percentage explained variable of 15%, had high positive loading coefficients for Pb (0.86), Ag (0.77), and Mo (0.57) and weak positive loading coefficients for Cu (0.39), Co (0.40), and Bi (0.38), resembling the second group elements of cluster analysis. Similarly, Factor 4 (F4) with 10% of explained variance, had high positive loadings for Cd (0.77) and Mo (0.66) and weak positive loadings for Sb (0.32) and Hg (0.35).



The spatial distributions of the four factors in the A–B cross-section and F14 fault are presented in Figure 8 and Figure 9, respectively. The vertical variations in factor scores of the F14 fault are shown in Figure 6. In the A-B cross-section, areas with high F1 scores (orange to deep red) were mainly distributed in the Xuman, Niluo, and Bianyang formations. The high-scoring areas of F2 were in the F14 and F7 faults, corresponding to the sites of intense Au mineralization. Areas with high F3 scores were mostly distributed in the Xuman, Niluo, and Bianyang formations at the periphery of the F14 and F7 faults. Finally, F4 displayed high scores near the contact areas of the Wujiaping and Xuman formations, particularly within and at the periphery of the F7 fault.



In the F14 fault, the high-scoring areas of F1 were primarily situated in the south-central and superficial areas at elevations of 250–350 m and 480–550 m. The spatial distribution of F2 was highly consistent with the distribution of Au and was mainly located in the central area of the F14 fault at elevations of approximately 250–300 and 450 m. F3 mainly showed high scores in deep areas with elevations of 100–200 m, followed by shallow areas with elevations of approximately 400 m and 500 m. F4 had high scores in the shallow and deep regions, with elevations of 100–200 m to 500–550 m.




4.4. Association Rule Algorithm


The association rule algorithm, a method for uncovering significant relationships between items within a dataset, reflects the interdependence and association among these items [30,48]. Implemented through SPSS Modeler Software (IBM Corp., Armonk, NY, USA), the Apriori algorithm is employed for this purpose. This process comprises two primary steps: identifying frequent item sets and generating robust association rules. These association rules typically employ metrics such as support, confidence, and lifting to gauge and filter out rules that satisfy specific conditions [21,22,30,32,34]. The association rules are expressed as A → B, where A and B are disjointed. Support is the probability of A and B occurring simultaneously, i.e., support (A → B) = P(A ∩ B). Confidence refers to the probability of B occurring under the condition that A occurs, i.e., confidence (A → B) = P(B|A). Lift reflects whether the rule has a gain, which is the ratio of the probability of B occurring under the condition of A occurring relative to the total probability of B occurring, i.e., lift (A → B) = P(B|A)/P(B). Rules that satisfy the minimum support and confidence are strong association rules. After obtaining the strong association rules, a lift was used to determine whether the strong association rules were valid. If the lift of A → B < 1, this indicates that the rule is negatively correlated and has no gain. Conversely, if the lift of A → B > 1, this indicates that the rule is positively correlated and has a gain.



The high- and low-outlier limits of the 15 elements in rock samples from the Lintan deposit were determined from box plots (Figure 3a) using log-transformed data. The data falling within the limits of high and low outliers underwent k-means clustering, resulting in three distinct groups: high, medium, and low. Automatically, data surpassing the high-outlier limit were categorized as high content, while those falling below the low-outlier limit were classified as low content. Specifically, Au was categorized into three groups: low content (Au1), consisting of 40 samples ranging from 1.1 to 4.5 μg/g; medium content (Au2), comprising 58 samples ranging from 4.5 to 69.2 μg/g; and high content (Au3), encompassing 27 samples ranging from 69.2 to 9615 μg/g.



Table 5 lists the clustering results for the 15 elements. Au serves as the primary ore-forming and target element. Its low-content category (Au1) signifies the absence of mineralization, while its medium-content category (Au2) indicates weak mineralization. Conversely, its high-content category (Au3) represents significant mineralization. The probability of randomly selecting a sample from the dataset was 32.0% for Au1, 46.4% for Au2, and 21.6% for Au3.



Association rule analysis was performed using Au as the target and other elements as inputs. Table 6 displays 12 representative rules generated with a minimum support of 2%, a minimum confidence of 80%, a minimum lift of 1, and a maximum of seven antecedents. Rules 1, 6, and 9 are described as follows.



Rule 1 (Ag1-As1→Au1) indicates that when the samples have contents of Ag1 and As1, the probability of Au contents being Au1 is 95.2%, which is 2.98 times the normal occurrence probability of Au1 samples. The opposite event of Rule 1 occurs when the samples do not contain Ag1 and As1; the probability of the Au contents being Au2 or Au3 in the samples is 95.2%. Rule 6 (As2-Hg2-Tl2-W2→Au2) indicates that when the samples show contents of As2, Hg2, Tl2, and W2, the probability of Au contents being Au2 is 100%, which is 2.16 times the normal occurrence probability of Au2 samples. Rule 9 (Tl3-As3-Ag2 → Au3) indicates that when the samples have contents of Tl3, As3, and Ag2, the probability of Au contents being Au3 is 100%, which is 4.63 times the normal occurrence probability of Au3 samples.





5. Discussion


5.1. Control Mechanisms of Element Spatial Distributions


Elements controlled by the same geological processes tend to have similar spatial distribution patterns [51]. Factor analysis can extract the primary information from a geochemical dataset as fewer factors that can be interpreted in terms of various geological processes [24,25,26]. Factor analysis of the 15 element contents from rock samples obtained from the Lintan deposit revealed the extraction of four distinct factors. This suggests that the spatial distributions of these elements exhibit four distinct patterns controlled by varying mechanisms.



Elements in F1 (W, Ni, Tl, Cu, Co, Zn, and Bi) were primarily enriched in the Bianyang, Xuman, and Niluo formations (Figure 8a) and relatively depleted in the ore-bearing F14 and F7 faults, indicating that F1 was mainly controlled by sedimentary diagenesis and represented the background characteristics of the strata. Notably, W and Tl also exhibited weak positive correlations with the ore-related elements of Au, As, Sb, and Hg, with correlation coefficients of 0.22–0.47 and an average of 0.28 (Table 2). Tan et al. [52], Li et al. [11], and Hu, et al. [53] reported that Tl and W are also closely associated with Carlin-type Au mineralization in the Youjiang Basin, showing geochemical halos consistent with Au, As, Sb, and Hg. Therefore, although the spatial distribution of W and Tl was mainly controlled by sedimentary diagenesis, it was likely partially influenced by Au metallogenic activities and displayed high contents in the F14 and F7 faults (Figure 4f,g).



F2 exhibited notably high positive loading coefficients for Au, As, Sb, and Hg, all of which are recognized as metallogenic elements in Carlin-type deposits. The close correlation among the Au, As, Sb, and Hg result from the precipitation of sulfide minerals (e.g., arsenian pyrite, arsenopyrite, orpiment, realgar, and stibnite) in ore during Au mineralization. The areas with high scores in F2 were predominantly concentrated around the F14 and F7 faults (refer to Figure 8b) and showed relatively low concentrations in the Bianyang, Xuman, and Niluo formations. Therefore, F2 is indicative of Au mineralization. Furthermore, Tl demonstrated a weak positive loading coefficient (0.31) in F2 (refer to Table 4), emphasizing its minor contribution during Au mineralization.



F3 exhibited high positive loading coefficients for Pb, Ag, and Mo. While the high-scoring areas of F3 were primarily situated within the Xuman Formation, they were mainly distributed in the vicinity of the F14 and F7 faults (refer to Figure 8c), displaying an exceptional peripheral halo of Au mineralization. In addition, F3 had a weak positive loading of Cu, Co, and Bi, which had a high background in the Bianyang, Xuman, and Niluo formations. These results suggest that F3 was mainly controlled by ore-forming hydrothermal activity, although it was partly influenced by sedimentary diagenesis.



F4 (Cd and Mo) showed high scores in the contact zone between the Wujiaping and Xuman formations, particularly in the F7 fault (Figure 8d), demonstrating a large hydrothermal alteration zone surrounding the F7 fault. Structurally, the contact zone between the Wujiaping and Xuman formations is a regional unconformity interface [54], which easily undergoes large-scale tectonic sliding during subsequent tectonic activities, resulting in large tectonic fracture zones (e.g., F7 fault). Upwelling deep ore-forming hydrothermal fluids usually preferentially crowd into regional fracture zones and alter the surrounding rocks [52]. Combining the weak positive loading coefficients of Sb, Hg, and Tl on F4 (Table 4), it appears that F4 was also likely controlled by ore-forming hydrothermal activity.




5.2. Exploration Vectors


Geochemical exploration is one of the most direct methods for prospecting hydrothermal metal deposits [16,17,55]. This is commonly achieved by systematically measuring the elemental composition and spatial distribution of natural substances at different scales, studying their dispersion, migration, enrichment, and evolution, and then delineating geochemical anomalies related to mineralization [16,17]. Moreover, the two- or three-dimensional spatial distributions of elements at the deposit scale have been used to trace the migration channels and precipitation spaces of ore-forming fluids [52,56,57,58].



In the A-B cross-section of the Lintan Au deposit (Figure 4), areas with high contents (orange to deep red) of Au, As, Sb, Hg, and Tl were mainly distributed in the ore-bearing F14 fault. If the Au anomaly threshold (4.5 ng/g) was set to three times the average Au content of the upper continental crust (1.5 ng/g) [59] and 78.6% of the samples from the F14 fault were mineralized (Figure 5a). The gentle F7 fault between the Wujiaping and Xuman formations shows high Sb, Tl, Hg, W, Mo, and Cd contents (orange to deep red), although the F7 fault was barren and only displayed a weak enrichment of Au (yellow; Figure 4a). Tan et al. [52] noted significant enrichment of Sb and Tl along a regional ore-conducting structure (referred to as SBT) along an unconformity between the Middle and Upper Permian at the Shuiyindong Au deposit, the largest Carlin-type deposit in the Youjiang Basin. It is plausible that the F7 fault at Lintan bears similarities to the SBT at Shuiyindong, potentially serving as a structural conduit for transporting ore-forming fluids to the F14 fault. In addition, recent isotopic studies on Mg [60], Hg [61], and noble gases (He, Ne, and Ar) [62] have shown that the ore-forming fluids of Carlin-type Au deposits in the Youjiang Basin have a magmatic origin. W, Mo, and Cd are usually enriched or mineralized and are accompanied by magma-associated hydrothermal activities [63,64,65]. The strong enrichment of W (Figure 5g), Mo (Figure 5i), and Cd (Figure 5l) in and around the F7 fault suggests that these elements, along with As, Sb, Hg, and Tl, likely acted as influx elements during Au mineralization. Consequently, while the F14 fault is identified as the primary ore-bearing fracture zone, the F7 fault appears to serve as the regional ore-conducting structure of the Lintan deposit. Accordingly, the intersection site of the F14 and F7 faults emerges as an unquestionably favorable prospecting target for the Lintan Au deposit. Outside the Lintan Au deposit, faults between the Wujiaping and Xuman formations and related reverse faults are potential prospective regions. The recognition of the F7 fault as a potential ore-conducting structure highlights the importance of understanding regional structural controls on Carlin-type gold mineralization. Future exploration efforts should focus on identifying similar regional faults and unconformities that may have acted as conduits for ore-forming fluids.




5.3. Prospecting Indicators


Anomalies of single Au and ore-related elements (i.e., As, Hg, Sb, and Tl), which usually correspond to the main Au mineralization space, are generally used to delineate the drilling targets of Carlin-type Au deposits in the Youjiang Basin [9,10,11]. However, this method likely neglects hidden orebodies in covered areas that commonly exhibit weak anomalies of metallogenic elements. Factor analysis is a useful tool for extracting the most information from a geochemistry dataset and reducing it to fewer independent factors [48]. The spatial distribution of a factor can reveal a consistent trend of high-loading elements, aiding in the tracking and reinforcement of mineralization trails or other geological processes [23,28]. In the Lintan deposit, F2 (As, Au, Sb, and Hg), F3 (Pb, Ag, and Mo), and F4 (Cd and Mo) extracted through factor analysis have all been demonstrated to be influenced by Au mineralization, despite each exhibiting distinct spatial distribution patterns (Figure 8 and Figure 9). In addition, W and Tl had weak positive correlations with ore-related elements (Table 2) and displayed high contents in the F14 and F7 faults (Figure 4f,g). Therefore, Pb, Ag, Cd, Mo, and W are significant prospecting indicator elements besides Au, As, Sb, Hg, and Tl in the Lintan deposit. These findings have significant implications for future exploration efforts in the Youjiang Basin and other regions with Carlin-type gold deposits. The identification of Pb, Ag, Cd, Mo, and W as potential prospecting indicators, in addition to the conventional Au, As, Sb, Hg, and Tl, encourages explorationists to look beyond the traditional suite of pathfinder elements. This expanded toolbox of indicators can be particularly valuable in areas with concealed mineralization or weak geochemical anomalies of the typical Carlin-type pathfinder elements in the Youjiang Basin.



Factor analysis is productive for extracting the common spatial trends of elements. However, it comes with the drawback of losing a small portion of geochemical information and overlooking the differences in local spatial distributions among elements. Analyzing the spatial relationships of each element individually in exploration geochemistry data is a time-intensive process, making it challenging to extract precise spatial relationships among elements. The association rule algorithm can uncover local spatial relationships between elements and establish quantitative indicators for exploration [21,22,30,31,32,33,34]. Strong association rules with high support, confidence, and lift are typically selected as prospecting indicators [27,48]. In the case of the Lintan Au deposit, Au was designated as the target element, while the remaining 14 elements were used as input for association rule analysis. This process identified 12 effective strong association rules (Table 6). These association rules can recognize Au mineralization not only through metallogenic elements (As, Sb, and Hg) but also by other trace elements (Ag, Cd, W, Mo, Ni, Tl, Cu, Co, Zn, Bi, and Pb). Rules 1–4 can be used to evaluate no mineralization, rules 5–8 to evaluate weak mineralization, and rules 9–12 to evaluate strong mineralization. These rules are consistent with the accumulated experience of predecessors, proving that they align with reality. The combination of factor analysis and association rule algorithm can take full advantage of exploration geochemistry data, which is significant for uncovering common trends among elements and finding hidden element combinations and potential correlations among elements. This demonstrates the power of combining factor analysis and association rule algorithms to extract comprehensive information from geochemical data, which can be applied to other Carlin-type gold deposits and, more broadly, to various types of mineral deposits worldwide.





6. Conclusions


(1) The 15 elements present in the rock samples from the Lintan Au deposit were categorized into four distinct groups through R-type cluster and factor analysis. Group 1 consisted of Co, Cu, Zn, Ni, Tl, W, and Bi, which were controlled by sedimentary diagenesis. Group 2 comprised Au, As, Hg, and Sb, indicating Au mineralization. Group 3 encompassed Pb, Ag, and Mo, primarily influenced by ore-forming hydrothermal activities. Lastly, Group 4 included Cd and Mo, which may have been constrained by ore-forming hydrothermal activities.



(2) The spatial distributions of the 15 elements in the Lintan Au deposit indicated that the F14 fault serve as the primary ore-bearing fracture zone, while the F7 fault acts as the ore-conducting structure. Faults situated between the Wujiaping and Xuman formations, along with associated reverse faults, represent potential prospecting targets both within and outside the Lintan Au deposit in the Youjiang Basin.



(3) Pb, Ag, Cd, Mo, and W emerged as significant prospecting indicator elements, alongside to Au, As, Sb, Hg, and Tl, in the Lintan and other Au deposits within the Youjiang Basin. Additionally, the association rule algorithm yielded 12 effective association rules, which can aid in identifying whether samples have suffered mineralization.



(4) The integration of factor analysis and association rule algorithms proves to be a prospecting method that deserves wider adoption. This approach facilitates the extraction of common trends among elements, aiding in tracking and reinforcing mineralization trails or other geological processes. Additionally, it unveils local spatial relationships between elements and establishes quantitative indicators for exploration purposes.
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Figure 2. (a) Geological map, (b) three-dimensional map of the ore-bearing F14 fault, and (c) representative A–B profile map of the Lintan Au deposit. 
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Figure 3. (a) Box plots of 15 elements; (b) Dendrogram of the R-cluster analysis of the 15 elements. 
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Figure 4. Spatial distributions of 15 elements (a–o) in the A–B cross-section. 
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Figure 5. Spatial distributions of 15 elements (a–o) in the F14 fault. 
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Figure 6. Vertical variations in 15 elements from the F14 fault. 
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Figure 7. Diagram of factor loading coefficients. 
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Figure 8. Spatial distributions of factor scores (a–d) in the A-B cross-section. 
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Figure 9. Spatial distributions of factor scores (a–d) in the F14 fault. 
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Table 1. Statistical parameters of elements in rock samples from the Lintan deposit.
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	Parameters
	Au
	Ag
	As
	Bi
	Cd
	Co
	Cu
	Hg
	Mo
	Ni
	Pb
	Sb
	Tl
	W
	Zn





	DL
	0.2
	0.01
	0.2
	0.03
	0.02
	0.1
	0.1
	0.0005
	0.12
	1
	0.2
	0.03
	0.05
	0.3
	1



	Average
	290
	0.08
	436
	0.36
	0.18
	15.4
	33.2
	0.42
	0.44
	29.6
	22.1
	3.13
	0.68
	1.66
	80.6



	Median
	8.2
	0.07
	29.3
	0.35
	0.15
	15.2
	32.5
	0.28
	0.30
	29.1
	18.9
	1.93
	0.70
	1.61
	80.5



	Minimum
	1.1
	0.01
	1.61
	0.06
	0.07
	1.02
	1.2
	0.063
	0.13
	6.23
	3.4
	0.31
	0.09
	0.11
	8.64



	Maximum
	9615
	0.39
	4473
	1.17
	0.97
	29.5
	107
	4.99
	2.81
	56.2
	107
	39.7
	1.10
	3.13
	132



	Std
	0.85
	0.05
	0.91
	0.03
	0.03
	0.03
	0.04
	0.35
	0.08
	0.01
	0.06
	0.16
	0.02
	0.02
	0.02



	Skewness
	1.22
	−0.34
	0.34
	−1.12
	1.89
	−4.09
	−3.72
	0.57
	1.13
	−2.27
	0.32
	0.26
	−3.12
	−5.17
	−4.3



	Kurtosis
	0.47
	6.37
	−1.25
	5.84
	6.42
	23.4
	24.0
	0.83
	1.38
	11.9
	1.67
	−0.24
	17.01
	37.9
	24



	CV
	3.52
	0.68
	1.83
	0.37
	0.75
	0.26
	0.35
	0.64
	1.01
	0.23
	0.72
	1.34
	0.22
	0.21
	0.21







Note: The unit of Au is ng/g and other elements are μg/g. DL is Detection limit, Std is Standard Deviation, and CV is Coefficient of Variation.













 





Table 2. Correlation matrix of elements in rock samples from the Lintan deposit.
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	Elements
	As
	Sb
	Au
	Hg
	Cd
	Mo
	Pb
	Ag
	Bi
	W
	Tl
	Ni
	Zn
	Cu
	Co





	As
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Sb
	0.81
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	



	Au
	0.79
	0.69
	1.00
	
	
	
	
	
	
	
	
	
	
	
	



	Hg
	0.56
	0.70
	0.59
	1.00
	
	
	
	
	
	
	
	
	
	
	



	Cd
	0.06
	0.31
	0.06
	0.39
	1.00
	
	
	
	
	
	
	
	
	
	



	Mo
	0.12
	0.34
	0.09
	0.28
	0.26
	1.00
	
	
	
	
	
	
	
	
	



	Pb
	0.03
	0.02
	0.01
	−0.20
	−0.25
	0.40
	1.00
	
	
	
	
	
	
	
	



	Ag
	0.13
	0.18
	0.11
	−0.01
	−0.32
	0.28
	0.69
	1.00
	
	
	
	
	
	
	



	Bi
	0.05
	0.02
	0.01
	−0.25
	−0.40
	0.10
	0.54
	0.61
	1.00
	
	
	
	
	
	



	W
	0.29
	0.24
	0.22
	0.03
	−0.37
	0.05
	0.33
	0.46
	0.69
	1.00
	
	
	
	
	



	Tl
	0.39
	0.47
	0.34
	0.22
	−0.13
	0.18
	0.28
	0.43
	0.64
	0.81
	1.00
	
	
	
	



	Ni
	0.20
	0.05
	0.11
	−0.14
	−0.33
	0.03
	0.35
	0.37
	0.56
	0.64
	0.59
	1.00
	
	
	



	Zn
	0.27
	0.09
	0.18
	−0.02
	−0.46
	0.07
	0.44
	0.49
	0.58
	0.71
	0.53
	0.80
	1.00
	
	



	Cu
	0.22
	0.18
	0.11
	−0.03
	−0.47
	0.15
	0.50
	0.70
	0.73
	0.73
	0.68
	0.69
	0.79
	1.00
	



	Co
	0.22
	0.09
	0.11
	−0.13
	−0.53
	0.14
	0.53
	0.66
	0.71
	0.68
	0.60
	0.84
	0.83
	0.86
	1










 





Table 3. Percentiles of elements and factor scores.
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	Percentiles
	Au
	Ag
	As
	Bi
	Cd
	Co
	Cu
	Hg
	Mo
	Ni
	Pb
	Sb
	Tl
	W
	Zn
	F1
	F2
	F3
	F4





	97.5%
	2570
	0.26
	2904
	0.66
	0.64
	23.6
	57.3
	1.61
	1.71
	47.2
	62.9
	10.2
	0.93
	2.29
	106
	1.20
	1.95
	2.57
	2.69



	90%
	739
	0.11
	1362
	0.49
	0.23
	19.3
	43.4
	0.73
	0.78
	35.9
	34.2
	6.87
	0.86
	2.10
	97.6
	0.71
	1.55
	0.99
	0.89



	85%
	282
	0.10
	1063
	0.44
	0.21
	18.3
	39.5
	0.58
	0.60
	34.9
	31.4
	5.17
	0.83
	1.96
	93.1
	0.61
	1.22
	0.66
	0.72



	75%
	39.8
	0.09
	520
	0.40
	0.18
	17.1
	37.7
	0.51
	0.47
	32.1
	25.5
	3.74
	0.78
	1.83
	91.0
	0.45
	0.79
	0.48
	0.39



	60%
	11.5
	0.08
	113
	0.37
	0.16
	16.4
	34.6
	0.35
	0.34
	30.2
	19.9
	2.54
	0.74
	1.67
	85.2
	0.26
	0.03
	0.09
	0.07



	40%
	6.02
	0.07
	16.0
	0.33
	0.14
	14.5
	31.1
	0.23
	0.27
	28.2
	16.3
	1.48
	0.65
	1.56
	78.4
	0.00
	−0.48
	−0.30
	−0.31



	25%
	3.80
	0.06
	10.6
	0.29
	0.12
	13.5
	27.6
	0.16
	0.21
	25.9
	13.4
	1.00
	0.59
	1.51
	74.1
	−0.21
	−0.80
	−0.63
	−0.52



	15%
	3.10
	0.05
	7.34
	0.27
	0.11
	12.4
	24.0
	0.11
	0.18
	24.9
	11.8
	0.74
	0.55
	1.43
	69.9
	−0.45
	−1.00
	−0.88
	−0.71



	10%
	2.74
	0.04
	5.11
	0.23
	0.10
	11.7
	22.0
	0.10
	0.17
	23.6
	10.1
	0.63
	0.51
	1.38
	64.3
	−0.71
	−1.14
	−0.95
	−1.01



	2.5%
	1.70
	0.03
	2.78
	0.17
	0.08
	7.64
	14.8
	0.08
	0.14
	18.3
	7.85
	0.42
	0.32
	1.04
	35.0
	−1.62
	−1.37
	−1.45
	−1.52










 





Table 4. Rotated loading coefficient matrix of the 15 elements.
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	Elements
	F1
	F2
	F3
	F4





	W
	0.87
	0.16
	0.07
	−0.03



	Ni
	0.85
	0.00
	0.08
	−0.13



	Tl
	0.83
	0.31
	0.05
	0.23



	Cu
	0.82
	0.08
	0.39
	−0.13



	Co
	0.82
	0.03
	0.40
	−0.23



	Zn
	0.80
	0.11
	0.24
	−0.25



	Bi
	0.75
	−0.13
	0.38
	−0.05



	As
	0.18
	0.91
	0.02
	−0.07



	Au
	0.08
	0.90
	0.03
	−0.12



	Sb
	0.13
	0.87
	0.08
	0.32



	Hg
	−0.07
	0.77
	−0.09
	0.35



	Pb
	0.28
	−0.08
	0.86
	−0.01



	Ag
	0.43
	0.09
	0.77
	−0.08



	Cd
	−0.35
	0.17
	−0.24
	0.77



	Mo
	0.02
	0.14
	0.57
	0.66



	Eigenvalue
	6.42
	3.35
	1.48
	0.87



	% of variance
	34.6
	21.4
	14.9
	9.85



	Cumulative %
	34.6
	56.0
	70.9
	80.8







Note: The absolute value of loading coefficient greater than 0.3 are bold.













 





Table 5. K-means clustering results for elements.
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Element

	
Categories

	
Range

	
Numbers

	
Element

	
Categories

	
Range

	
Numbers






	
Au

	
Au1

	
[1.1, 4.5)

	
40

	
Ag

	
Ag1

	
[0.01, 0.06)

	
35




	
Au2

	
[4.5, 69.2)

	
58

	
Ag2

	
[0.06, 0.08)

	
43




	
Au3

	
[69.2, 9615]

	
27

	
Ag3

	
[0.08, 6.37]

	
47




	
As

	
As1

	
[1.61, 33.1)

	
64

	
Bi

	
Bi1

	
[0.06, 0.29)

	
29




	
As2

	
[33.1, 339)

	
27

	
Bi2

	
[0.29, 0.41)

	
67




	
As3

	
[339, 4473]

	
34

	
Bi3

	
[0.41, 1.17]

	
29




	
Cd

	
Cd1

	
[0.07, 0.13)

	
33

	
Co

	
Co1

	
[1.02, 14.1)

	
41




	
Cd2

	
[0.13, 0.19)

	
62

	
Co2

	
[14.1, 17.8)

	
58




	
Cd3

	
[0.19, 0.97]

	
30

	
Co3

	
[17.8, 29.5]

	
26




	
Cu

	
Cu1

	
[1.20, 28.2)

	
35

	
Hg

	
Hg1

	
[0.06, 0.20)

	
44




	
Cu2

	
[28.2, 39.8)

	
72

	
Hg2

	
[0.20, 0.48)

	
47




	
Cu3

	
[39.8, 107]

	
18

	
Hg3

	
[0.48, 4.99]

	
34




	
Mo

	
Mo1

	
[0.13, 0.26)

	
47

	
Ni

	
Ni1

	
[6.23, 27.5)

	
42




	
Mo2

	
[0.26, 0.52)

	
50

	
Ni2

	
[27.5, 33.1)

	
60




	
Mo3

	
[0.52, 2.81]

	
28

	
Ni3

	
[33.1, 56.2]

	
23




	
Pb

	
Pb1

	
[3.40, 15.1)

	
42

	
Sb

	
Sb1

	
[0.31, 1.24)

	
45




	
Pb2

	
[15.1, 26.9)

	
57

	
Sb2

	
[0.52, 3.61)

	
48




	
Pb3

	
[26.9, 107]

	
26

	
Sb3

	
[3.61, 39.7]

	
32




	
Tl

	
Tl1

	
[0.09, 0.62)

	
35

	
W

	
W1

	
[0.11, 1.51)

	
31




	
Tl2

	
[0.62, 0.78)

	
55

	
W2

	
[1.51, 1.82)

	
62




	
Tl3

	
[0.78, 1.1]

	
35

	
W3

	
[1.82, 3.13]

	
32




	
Zn

	
Zn1

	
[8.64, 70.8)

	
21

	

	

	

	




	
Zn2

	
[70.8, 87.1)

	
64

	

	

	

	




	
Zn3

	
[87.1, 132]

	
40

	

	

	

	











 





Table 6. Representative association rules.
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	Number
	Association Rules
	Support (%)
	Confidence (%)
	Lift





	Rule 1
	Ag1-As1 → Au1
	16.8
	95.2
	2.98



	Rule 3
	Tl1-Sb1-As1-Ag1 → Au1
	9.60
	100
	3.13



	Rule 2
	Cu1-Ag1-Sb1 → Au1
	10.4
	100
	3.13



	Rule 4
	Bi1-Cu1-Co1-Sb1-Mo1 → Au1
	6.40
	100
	3.13



	Rule 5
	Mo3-Pb2-Bi2 → Au2
	7.20
	100
	2.16



	Rule 6
	As2-Hg2-Tl2-W2 → Au2
	4.80
	100
	2.16



	Rule 7
	Cu3-Bi3-As1 → Au2
	6.40
	100
	2.16



	Rule 8
	Hg2-Ag2-Tl2-Cd2 → Au2
	6.40
	100
	2.16



	Rule 9
	Tl3-As3-Ag2 → Au3
	8.00
	100
	4.63



	Rule 10
	Sb3-W3-Tl3-As3-Ni2 → Au3
	8.00
	100
	4.63



	Rule 11
	Ni2-Tl3-As3-Cu2 → Au3
	8.00
	100
	4.63



	Rule 12
	W3-Tl3-As3-Zn3-Ni2-Cd2 → Au3
	5.60
	100
	4.63
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