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Chlorite is present extensively in many types of deposits. The mechanism underlying the chemical variations in chlorite remains unclear. The Naruo porphyry deposit is a giant copper porphyry deposit in the Duolong ore district of Tibet. Chlorite, which is abundant in this deposit, has yet to be studied systematically; hence, we used principal component analysis (PCA) to assess the correlation between chlorite elements and various types of mineral deposits. We then conducted a preliminary investigation into its mineralogy and geochemistry to better understand its formation process and identify potential prospecting indicators. The PCA method proved effective in discerning two distinctive element signatures within the chlorite and categorising them into four deposit types: orogenic Au deposits, granite-type U deposits, and skarn-type Sn deposits that exhibit high FeO and low MgO distinguishing them from porphyry copper deposits. The chlorite in the Naruo deposit is classified as either early metasomatic (M-type), consisting mainly of clinochlore, or late hydrothermal (H-type), primarily consisting of clinochlore and chamosite. This classification suggests that H-type chlorite formed in a reductive environment conducive to Cu precipitation at medium temperatures (255°C–342°C). Al-Si and Fe-Mg substitutions were found to be the primary processes involved in its generation. Additionally, from the mineralisation centre outwards, there was an observed decrease in Si content as well as the Fe/(Fe+Mg) ratio in H-type chlorite, along with decreases in temperature, sulphur, and oxygen fugacity of all chlorites; conversely, increases were observed for Al content along with Mg and Mn elements in H-type chlorite. Chlorite is useful for exploring porphyry copper systems as an indicator mineral.
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1 INTRODUCTION
Chlorite is a common alteration mineral that can be found in sedimentary, low-grade metamorphic, and hydrothermally altered rocks, among multiple types of rocks and geological settings (De Caritat et al., 1993; Vidal et al., 2001; Yavuz et al., 2015), especially some Cu, Au, and U deposits (Sillitoe et al., 2010; Zhong et al., 2011; Wilkinson et al., 2015). Chlorite’s typical crystallochemical formula is represented by [image: image], where [image: image] = Fe2+, Mg2+, Mn2+, Co2+, Ni2+, Zn2+ and Cu2+; [image: image] = Al3+, Fe3+, ±Cr3+, ±V3+; F2A5= octahedral vacancy; [image: image] = Al3+, ±B3+, ±Fe3+ (Yavuz et al., 2015; Zane et al., 1998). The chemical formula demonstrates that chlorite mineral has a wide range of stoichiometric compositions, and its chemical composition changes are influenced by the temperature, pressure, and physicochemical conditions of the whole-rock compositions during chlorite formation (Bourdelle et al., 2013; Inoue et al., 2009; Vidal et al., 2000). Hence, the chemical elements of chlorite can be used to calculate the temperature, oxygen fugacity, sulphur fugacity, and other environmental conditions during its formation (Cathelineau et al., 1985; Walshe et al., 1986; Kranidiotis et al., 1987; Xie et al., 1997; Battaglia, 1999; Inoue et al., 2009; Chang et al., 2011; Bourdelle et al., 2013; Bourdelle, 2021). The geochemical elements and isotopes of altered minerals (such as chlorite and epidote) can now be widely used in the study of the genesis, prospecting, and exploration of various types of deposits, owing to the development of in situ testing and analysis technologies, such as EPMA and LA-ICP-MS, as well as improvements in testing accuracy (Chang et al., 2011; Wilkinson et al., 2015; Cooke et al., 2020; Pacey et al., 2020; Fan et al., 2021). However, distinct differences in chlorite elements between various metal deposits are yet to be determined.
The Bangonghu-Nujiang metallogenic belt, alongside the Gangdise belt (Sun et al., 2023; Lin et al., 2024), is one of the pivotal metallogenic belts in Xizang and has recently been marked by significant advancements in ore prospecting. Among these, the Duolong Ore District emerged as the primary contributor. Notably, the Naruo deposit represents a substantial large-scale porphyry Cu deposit within this region (Figures 1A,B), with Cu resources exceeding 2.5 million tons and associated Au resources exceeding 80 tons (Tang et al., 2017; Lin et al., 2019). Several studies on the geochronology of diagenesis and metallogenesis, magmatic petrogenesis, and metallogenic dynamic settings have been the primary subjects of earlier studies that have achieved significant progress (Ding et al., 2014; Sun et al., 2015; Zhu et al., 2015; Bai et al., 2016; Ding et al., 2017; Lin et al., 2019; Zhu et al., 2019; Gao et al., 2021). However, little research has been conducted on the mineralogy of chlorite, which is one of the most widely distributed minerals in the Naruo deposit and is closely related to mineralisation (Lin et al., 2019; Li, 2022). Yang et al. (2015) studied the chlorite in the Naruo deposit, including its mineralogy and geochemistry, and discussed the relationship between some chlorite elements and mineralisation to guide prospecting and exploration. Nevertheless, the study of the classification and elemental geochemistry of chlorite is relatively preliminary and fails to give full play to the maximum utilisation of chlorite minerals in the genesis of the deposit and the prospecting and exploration of indicators.
[image: Figure 1]FIGURE 1 | A geotectonic map of the Qinghai-Tibet plateau (A), a brief geological map of the Duolong district (B) (modified from Lin et al., 2019), and the Naruo deposit (C) (modified from Zhu et al., 2015). KLSZ, Kunlun Suture Zone; JSSZ, Jinsha Suture Zone; BNSZ, Bangongco-Nujiang Suture Zone; YZSZ, Yarlung-Zangbo Suture Zone.
I In this study, we collected chlorite data from prior studies on Cu, Au, U, and Sn deposits to evaluate their compositions and determine the compositional differences using PCA. Mineralogy and elemental geochemistry were used to produce a more precise mineralogical and geochemical classification of the chlorite in the Naruo deposit. This helps to clarify the origin of the deposit and provides significant insights for future prospecting and exploration efforts.
2 REGIONAL GEOLOGICAL BACKGROUND
The Bangongco-Nujiang suture zone (BNSZ) stretches through the middle of the Qinghai Tibet Plateau, representing the remnants of the Bangongco-Nujiang Tethys Ocean after its closure (Yin et al., 2000), and is also the boundary between the Qiangtang and Lhasa terranes (Figure 1A) (Li, 1987; Li et al., 2008; Pan et al., 2011). It has recently developed into one of Tibet’s three main metallogenic belts, the Bangongco-Nujiang metallogenic belt, due to multiple mineral exploration breakthroughs in the region (Tang et al., 2014; Tang et al., 2014; Tang et al., 2016; Lin et al., 2017; Tang et al., 2017). Duolong, the most representative porphyry-epithermal copper polymetallic ore district, is located in the western section of the BNSZ (Figure 1A). The Duolong district comprises four large-to-giant-sized deposits, two medium-sized deposits, and several mineralisation spots (Figure 1B). Cumulative identified and potential Cu resources exceed 25 million tons. The associated Au and Ag resources are more than 400 tons and 3,500 tons, respectively, making the Duolong district a world-class copper polymetallic ore district (Tang et al., 2017). The stratigraphic units in the Duolong district mainly include the limestone within the Upper Triassic Riganpeicuo Formation (T3r), covered by the sandstone, siltstone of the Lower Jurassic Quse Formation (J1q), and the lithic quartz sandstone of the Middle Jurassic Sewa Formation (J2s), overlain by andesite and dacite of the Lower Cretaceous Meiriqiecuo Formation (K1m), and the sandstone, conglomerate of the Upper Cretaceous Abushan Formation (K2a) through fault (Figure 1B). The mineralisation-related strata are mainly sandstone and siltstone of the Quse and Sewa Formations and andesite from the Meiriqiecuo Formation. The fault structures in the district are divided into three groups, namely, the E-W fault before mineralisation, the NW ore-controlling fault, and the NE fault structure after mineralisation, forming the ‘diamond’ structure framework jointly (Figure 1B) (Lin et al., 2019; Wang et al., 2019). This type of structural framework provides a favourable environment for magma emplacement. Consequently, there was more magmatic activity during the Yanshan period, which was characterised by intermediate to acidic magmatic rocks. Basic, intermediate-felsic, and felsic magmatic activities also occurred. Basic volcanic rocks are covered by fissure- and overflow-type eruptions, and intermediate-felsic magmatic rocks primarily intrude into the Jurassic strata in the form of rock branches and dikes (Figure 1B); these magmatic rocks formed in an arc environment caused by the northward subduction of the Bangonghu-Nujiang Tethys Ocean (Li et al., 2016; Tang et al., 2016; Lin et al., 2017; 2019; Li et al., 2022).
3 GEOLOGY OF THE NARUO DEPOSIT
The Naruo deposit is the third-largest porphyry Cu (Au) deposit in the Duolong ore district. The second member of the Middle Jurassic Sewa Formation (J2s2) feldspathic quartz sandstone, which is a flysch-like-to-flysch formation in a passive continental margin setting, comprises most of the developed strata in Naruo and is an ore-bearing strata (Figure 1C). No obvious ore-controlling fault was identified on the surface; however, the possibility of deep existence cannot be ruled out. Although less visible on the surface (Figure 1C), the magmatic activity of the Naruo deposit was developed and revealed through drilling engineering. The magmatic rocks related to mineralisation are mainly granodiorite porphyry in the form of columnar stock-like bodies and have been dated to ca. 122–116 Ma (Sun et al., 2015; Zhu et al., 2015; Ding et al., 2014; Bai et al., 2016; Gao et al., 2017; Lin et al., 2019; Zhu et al., 2019). The barren intrusions are mainly composed of granodiorite porphyry (∼116 Ma) to the north and diorite (∼121 Ma) to the east of the deposit (Zhu et al., 2015). The geochemistry and isotopic characteristics of the entire rock revealed that Naro ore-bearing magma was formed under the background of the northward subduction of the Bangongcu-Nujiang Tethys Ocean (Ding et al., 2014; Zhu et al., 2015; Li et al., 2016; Gao et al., 2017; Lin et al., 2019; Zhu et al., 2019). The orebody of the Naruo deposit is separated into porphyry and crypto-explosive breccia metallogenic systems and is dispersed in a NE-SW direction (Figure 1C). Currently, there are more than 2.5 million tons of identified and potential copper metal resources, more than 80 tons of gold, and approximately 900 tons of silver.
From the centre to the periphery, the alteration zoning of the Naruo deposit can be roughly divided into potassium feldspar alteration, sericitization, propylitization, high-grade argillization, and silicification (Figure 2A). However, many controversies exist regarding the classification of alteration types, the location of alteration zoning, and the sequence of alteration development (Ding et al., 2014; Sun et al., 2015; Sun et al., 2015; Yang et al., 2015; Zhu et al., 2015; Gao et al., 2016; Lin et al., 2019; Zhu et al., 2019). One view suggests that mineralisation develops in the potassium alteration zone (Sun et al., 2015), whereas the opposite view holds that mineralisation develops in the propylitic alteration zone (Yang et al., 2015; Lin et al., 2019). In this study, large-scale chloritization developed in the porphyry and crypto-explosive breccia systems of the Naruo deposit (Figure 2), and chalcopyrite mineralisation was mostly associated with chlorite (Figures 3A–D). The chloritization alteration developed near the mineralisation centre of the porphyry system (Figures 3A,B). Similarly, the crypto-explosive breccia system also developed a strong chloritization alteration, mainly in the breccia interstitial matrix and breccia (Figures 3C,D). These conclusions coincide with those of previous studies showing that Cu mineralisation is mostly related to chlorite alteration (Yang et al., 2015; Lin et al., 2019).
[image: Figure 2]FIGURE 2 | Brief AA’ section geological and alteration map (modified from Lin et al., 2019). GDP, granodiorite porphyry.
[image: Figure 3]FIGURE 3 | Drill core specimen photographs and microscopic photographs of typical samples in the Naruo deposit. (A) ZK0001-155.4, earlier chalcopyrite+pyrite coarse veins, later quartz+chalcopyrite+pyrite veins and chlorite developed at the centre of the porphyry metallogenic system; (B) The microscopic photo corresponding to Figure (A) show the development of chalcopyrite mineralization and chloritization alteration; (C) ZK3124-343.9m, the breccia in crypto-explosive breccia system is mainly composed of granodiorite porphyry and sandstone; Strong hydrothermal type of chlorite can be seen in matrix and breccia of sandstone and granodiorite; Mineralization is characterized by the development of a large amount of magnetite and a small amount of brass and pyrite; (D) Strong chlorite alteration is developed. Hydrothermal type of chlorite is filled in the matrix and coexists with magnetite; (E) ZK0701-293m, granodiorite porphyry in the porphyry Cu system developed an obvious metasomatic type of chlorite alteration and disseminated, vein pyrite and chalcopyrite; (F) The metasomatic type of chlorite; it shows the metasomatic pseudomorphic structure, with biotite framework still visible, and chlorite coexists with magnetite, plagioclase, and apatite; (G) Metamorphic chlorite is cut through by hydrothermal vein chlorite, indicating that the latter was formed earlier than the former; (H) The metasomatic type of chlorite, which was formed from metasomatizing hornblende, showing the metasomatic pseudo structure and coexisting with magnetite and chalcopyrite. Qtz, quartz; Pl, plagioclase; Bt, biotite; Ap, apatite; Chl, chlorite; Py, pyrite; Ccp, Chalcopyrite; Mt, magnetite; Hem, Hematite.
4 MINERALOGICAL CLASSIFICATION OF CHLORITE
Different methods are used for the mineralogical classification of chlorite minerals in different deposits. Yang et al. (Yang et al., 2015) classified the chlorite in the Naruo deposit into four categories based on its appearance: type I is chlorite in the crypto-explosive breccia system, type II is chlorite in the porphyry system, type III is chlorite in feldspar quartz sandstone, and type IV is chlorite in the form of vein. Several metallogenic systems of the Naruo deposit have been studied in detail using this categorisation technique, which has several advantages. According to the order of alteration of the porphyry Cu deposits, Xiao et al., 2018, 2017) separates the chlorite in the Yandong and Tuwu porphyry Cu deposits in Xinjiang into two phases, namely, the propylitization and the supergene stage. The geochemical properties of chlorite can now more accurately represent the mineralisation process owing to this categorisation approach. Other researchers have classified chlorite according to its degree of alteration, which may clearly illustrate the coupling relationship between the degree of alteration (mineralisation) and some indicative geochemical components of chlorite (Zhang et al., 2014; Wang et al., 2018).
In this study, the chlorite in the Naruo deposit was separated into the primary early metasomatic type (M-type) and the late hydrothermal precipitation type (H-type) by combining extensive core geological logging and polished thin section observations. The M-type is mainly schistose chlorite formed by early metasomatic mafic minerals such as amphibole and biotite (Figures 3F–H), which are widely developed in ore-bearing intrusions throughout the deposit. This type of chlorite mainly presents a metasomatic residual or pseudotexture (Figure 3H), and the associated minerals include quartz, magnetite, pyrite, and chalcopyrite (Figures 3F–H). The H-type is mainly scaly and vermicular chlorite formed by dissolution and precipitation, which are interspersed in early minerals in veined form or developed in the mineral gap of the wall rock in a disseminated form, coexisting with quartz, pyrite, and chalcopyrite (Figures 3A–D,G). This type of chlorite is mainly developed in porphyry copper ore systems and crypto-explosive breccia mineralisation centres.
5 METHODS AND RESULTS
5.1 Methods
This study primarily collected samples from ZK0001, ZK0701, and ZK0801 in the porphyry metallogenic system of the Naro deposit and ZK3124 in the cryptoexplosive breccia metallogenic system (the marked red drill holes in Figure 1) based on thorough cataloging. Following detailed microscopic mineral identification, in situ EPMA major elements testing of chlorite was then performed.
The test was performed on thin slices at the Electron Probe Laboratory of the Institute of Mineral Resources, Chinese Academy of Geological Sciences. The model of the experimental instrument was JXA-8230, and the specific experimental conditions were, an acceleration voltage of 15 kV, current of 20 nA, and beam spot diameter of 5 μm. During the test and analysis, the Si, Na, and Al contents were tested with a jadeite standard sample, and the contents of Mg, K, Ca, Fe, Ti, Mn, Cr, and P elements were tested with forsterite, potassium feldspar, wollastonite, haematite, rutile, manganese oxide, chromium oxide, and apatite standard samples. The test points avoided fractures and other mineral inclusions in the chlorite minerals.
Principal Component Analysis (PCA) is a widely used statistical technique that transforms high-dimensional data into a new coordinate system by capturing the maximum variance in the first few principal components. This method was employed to simplify complex datasets and reveal the underlying patterns in the data (Jolliffe et al., 2002; Hu et al., 2022). PCA simplifies the data by replacing the original variables with a reduced set, preserving the maximum information through correlation, and explaining significant relationships in the first two principal components. This study compiled 1,208 primary elemental data points of chlorite in publicly disclosed porphyry-type Cu-polymetallic deposits in China (a reference to raw data can be found in the note of Figure 5), using the major elemental content of the chlorite formed in the sedimentary rocks as the reference value. Before conducting the PCA, values below the detection limit or equal to zero were excluded. And the dataset used in this study met the criterion of w (Na2O+ K2O+ CaO) <1 wt% (>90% of the data were limited to <0.5 wt%) to exclude contamination by other minerals (Li et al., 2022). Because Na2O, K2O, and CaO mainly originate from other minerals intermixed in chlorite, F and Cl are volatile components, and EPMA cannot directly determine Fe2O3, this study chose higher-content elements, namely, SiO2, Al2O3, FeO, MnO, and MgO, as the subjects for the principal component analysis to minimise errors.
5.2 Results
5.2.1 Principal component analysis
The results of PCA are shown in Figure 4A. The cumulative variance contribution rate of the first two principal components (PC1: 58.63, PC2: 23.60) accounted for 82.23%, indicating that the distinguishing characteristics of the chlorite from the various deposits were prominently separated on the PC2 vs PC1 planes (Figure 4B). FeO, SiO2, and MgO contributed the most to PC1, whereas Al2O3, MnO, and SiO2 were the main contributors to PC2 (Figure 4B). Clearly, chlorite within the ore deposits of various metal types manifested distinct elemental attributes (Figure 4B). The porphyry Cu-polymetallic deposit strongly correlated with Al2O3, MgO, and SiO2, concentrated mainly in the first, second, and fourth quadrants (blue, cyan, green, and light blue dots in Figure 4B). SiO2 was the primary factor associated with U deposits distributed throughout the second, third, and fourth quadrants (purple dots in Figure 4B). FeO and MnO are key elements linked to the Sn-polymetallic deposits and are primarily found in the second and third quadrants (red dots in Figure 4B). The distribution of porphyry Cu-Au deposits ly overlaps that of orogenic Au deposits (cyan and yellow dots in Figure 4B).
[image: Figure 4]FIGURE 4 | Compositional eigenvalues and cumulative proportion (A), and score and loading plots (B) of the chlorites with different origins. Black vector lines represent the PC loadings for the elements. Data on porphyry Cu deposit was from Xiao et al. (2017), Sun et al. (2015), Wang et al. (2014); porphyry Cu-Au deposit was from Yang et al. (2015), Zhang et al. (2020) and this study; porphyry cCu-Mo deposit was from Feng et al. (2022, Tang (2022); porphyry Cu-Mo-Au deposit was from Li (2021); granitic U was from Wu et al. (2018), Qin et al. (2018), Zhang et al. (2018), Wang et al. (2018), Xu et al. (2017), Zhang et al. (2007); skarn-type Sn was from Liu et al. (2022), Liao et al. (2010); orogenic Au was from Zhou et al. (2018), Zheng et al. (1997), Xiao et al. (1993).
5.2.2 Major elements
Because of the complex structure of chlorite and other associated minerals and inclusions in the mineral, it was necessary to eliminate the influence of contamination effects on the obtained EPMA data. Contaminated chlorites often exhibit high values of (CaO + Na2O+ K2O) >0.5 wt% (Foster, 1962; Inoue et al., 2010); therefore, it is necessary to exclude the data on this feature before discussion. After excluding unqualified data, the contents of the major elements in the 129 chlorite minerals are listed in Table 1. The main oxide contents are as follows: M-type chlorite contains SiO2 = 26.79–31.00 wt%, Al2O3 = 17.70–21.98 wt%, MgO = 14.22–20.83 wt%, Fe2O3= 0.29–3.48 wt%, FeO = 14.24–24.09 wt%, MnO = 0.27–2.13 wt%; Comparatively, H-type chlorite has lower SiO2 = 24.93–30.13 wt%, higher Al2O3 = 17.66–21.43 wt%, lower MgO = 7.96–19.17 wt%, same Fe2O3= 0.53–3.70 wt%, higher FeO= 17.15–30.35 wt%, MnO = 0.37–2.19 wt%. Both M- and H-type chlorites have low CaO, Na2O, K2O, and Cr2O3 contents. The atomic number of each element was calculated using WinCcac based on 14 oxygen atoms (Yavuz et al., 2015). The atomic numbers of each element are listed in Table 2.
TABLE 1 | Major elements of chlorite in the Naruo deposit.
[image: Table 1]TABLE 2 | Atom number and important parameters of chlorite in Naruo deposit.
[image: Table 2]Data were calculated using WinCcac software based on 14 oxygen atoms (Yavuz et al., 2015), and the calculation formulas of oxygen fugacity and sulphur fugacity were calculated using the six-component solid solution model formula proposed by Walshe (1986) (for detailed calculation steps, please refer to Zhang et al., 2014); the calculation formula of chlorite thermometer (t) proposed by Kranidiotis and Maclean (1987) was used for the calculation of oxygen and sulphur fugacity.
6 DISCUSSION
6.1 Major elemental characteristics of chlorite in different types of metal deposits
The diverse chemical composition of chlorite is a valuable indicator of the physicochemical conditions during its formation. Consequently, they play a crucial role in characterising the hydrothermal alteration process and estimating the temperature of ore formation (Yavuz et al., 2015; Cathelineau, 1988), particularly for Cu, Au, and U deposits (Sillitoe et al., 2010; Zhong et al., 2012; Wilkinson et al., 2015; Deer et al., 1963). Therefore, we propose that elemental profiling of chlorite is a pivotal methodology for classifying diverse categories of hydrothermal metal deposits.
The score plots (Figure 4B) illustrate the varying degrees of clustering among the four deposit types in close proximity to the origin. Differentiation among the four metal deposit types was primarily observed along the principal component 1 (PC1) direction. The loading diagram (Figure 4B) indicates that FeO and MgO exhibited the smallest and most extended angles in the PC1 direction, highlighting their substantial role in classifying the four types of metal deposits, followed by SiO2 and MnO. We systematically identified the key elemental factors pivotal for categorising the four distinct types of metal deposits and subsequently created comprehensive plots (Figure 5) to visualise their significance. Our findings highlight the substantial influence of SiO2, FeO, and MgO in the chlorite on classifying these diverse metal deposits. In the ternary diagram (Figure 5A), SiO2 exhibits a linear trend, whereas the spatial positions of MgO and FeO vary among the four types of deposits. The chlorite range in Cu deposits exhibits significant breadth, whereas Au, U, and Sn deposits are primarily concentrated in regions characterised by elevated FeO and diminished MgO. Furthermore, their respective ranges overlapped. A more in-depth analysis of the binary diagram (Figure 5B) reveals that within copper deposits, the distribution of FeO in chlorite is predominantly concentrated within the range of 5%–40%, whereas MgO is distributed between 3% and 27%. Conversely, in Au, U, and Sn deposits, the FeO distribution primarily spans 20%–40%, with MgO ranging from 3% to 16%, indicating notable distinctions in their elemental compositions.
[image: Figure 5]FIGURE 5 | Ternary diagram (A) of SiO2- FeO -MgO and binary diagram of FeO- MgO (B) in chlorite from different hydrothermal metal deposits.
Earlier research has demonstrated that the concentrations of FeO and MgO in chlorite can be influenced by factors such as temperature, pressure, whole-rock composition, and fluid properties (Vidal et al., 2016). Li et al. (2022) discovered that chlorite in porphyry Cu-Mo-Au deposits, formed under various geological conditions, is primarily affected by the hydrothermal composition. The subsequent influencing factors included the composition of the surrounding rocks, whereas the impacts of pressure and temperature were nearly negligible. Intuitively, the fluid composition, encompassing various types of minerals, is likely a contributing factor to the FeO and MgO contents observed in the chlorite. Intuitively, the fluid composition, which encompasses various types of minerals, is likely a contributing factor to the magnesium (Mg) and iron (Fe) contents observed in the chlorite. However, as illustrated in Figure 5, the FeO and MgO contents of chlorite in porphyry Cu-polymetallic deposits exhibited notable differences when compared to those in granite-type U deposits, orogenic Au deposits, and skarn-type Sn deposits. Statistics reveal that the fluid temperature of porphyry Cu-polymetallic deposits ranges from 90°C to 957°C (Prokofiev et al., 2022), spanning high, medium, and low-temperature environments. In contrast, granite-type U deposits (80°C–440°C, Sassano et al., 1972), orogenic Au deposits (220°C–450°C, Goldfarb et al., 2015) and skarn-type Sn polymetallic minerals (180°C–350°C, Bao et al., 2013) form in medium and low-temperature environments. The observed variation in the formation temperature closely aligns with the distribution ranges of the different mineral species, as depicted in Figure 5. Consequently, this study posits that one of the contributing factors to the distinct FeO and MgO contents in chlorite among the various mineral species is the variance in the ambient temperature during their formation. Investigating the potentially substantial impact of environmental pressure and the composition of the surrounding rock requires a more detailed examination. Principal component analysis (PCA) plays a crucial role in identifying the distinctive characteristics of the major elements in chlorite and identifying the various mineral species. Their significance extends to the potential analysis of trace elements and provides valuable insights for future research.
6.2 Geochemical characteristics of chlorite in Naruo deposit
6.2.1 Geochemical classification of chlorite
Chlorite can be divided into metasomatic-type (M-type) and hydrothermal vein-type (H-type) chlorite. However, the classification of the chemical composition is complicated owing to the complexity of the crystal structure. Previous studies have used the Si-TFe/(TFe+ Mg) classification method proposed by Hey (1954) to classify the chlorite in the Naruo deposit as mainly a diabase (Yang et al., 2015). However, this classification method failed to reflect the structural information of chlorite and was not genetically significant (Liu et al., 2016). In this study, the R2+-Si (Wiewióra et al., 1990) and (Al+F2A5)-Mg-Fe (Zane et al., 1998) classification methods have become popular and useful in recent years. The R2+-Si classification diagram shows that the M- and H-type of chlorites are located near the clinochlore and chamosite ranges and belong to the trioctahedral–trioctahedral structure (Figure 6A). Through the further division of the (Al+F2A5)–Mg–Fe three-terminal diagram, it can be clearly seen that there are differences in the chemical compositions of the M- and H-type chlorites. The results show that M-type chlorite is dominated by clinochlore, and all points fall into the Mg end-member area, whereas H-type chlorite includes clinochlore and chamosite, and points fall into the Mg and Fe end-member areas (Figure 6B). The formation of magnesium chlorite represents a low-oxygen fugacity and low-pH environment, whereas the formation of iron chlorite represents a relatively reduced environment (Inoue, 1995). Therefore, the M-type chlorite formed in the early stage was mainly formed in an environment of low oxygen fugacity and low pH value, whereas the H-type chlorite in the later stage had a large amount of iron chlorite, representing the reduced environment, indicating a reduced environment favourable for mineralisation.
[image: Figure 6]FIGURE 6 | Classification diagram of the chemical composition of chlorite [(A) after Wiewióra and Weiss, 1990; (B) after Zane and Weiss, 1998].
6.2.2 Chlorite ion (cluster) replacement reaction
Chlorite formation is accompanied by three cation replacement modes: Fe2+=Mg, Tschermak replacement, and dioctahedral-trioctahedral replacement (Bourdelle et al., 2013). Determining the type of ion replacement reaction involved in chlorite formation in the Naruo deposit is useful for understanding the ion replacement rules and reflecting the physical and chemical circumstances of chlorite production. The diagram of the correlation among ions (clusters) of chlorite in the Naruo deposit shows that, overall, there is no 1:1 linear relationship between the AlIV and AlVI contents (Figure 7A), indicating that the ion replacement method of chlorite is not dominated by calcium–magnesium amphibole replacement but by other complex replacement methods (Xie et al., 1997).
[image: Figure 7]FIGURE 7 | Binary diagram of AlVI vs AlIV (A), Al vs Si (B), AlIV vs Fe2+/(Fe2++Mg2+) (C), Fe2+ vs Mg2+ (D), Si vs Mg2+ (E), and AlVI vs Mg2+ (F) of chlorite in the Naruo deposit.
The fundamental change in the alteration from clay and mica to chlorite is substituting aluminium for silicon (Hillier, 1993). The strong negative correlation between Al and Si (Figure 7B) verified this dominant alteration process. AlIV and Fe2+/(Fe2++ Mg2+) had a mild positive phase association (Figure 5C), demonstrating that when AlIV and Si were substituted in the tetrahedral position, the absorption of Fe2+ and Mg2+ occurred in the octahedral position, causing Fe2+ to increase and Mg2+ to decrease. This assertion was supported by the negative relationship between Fe2+ and Mg2+ in Figure 5D. As Fe2+ replaces Mg2+, more AlIV is replaced by Si due to the modification of the chlorite structure (Xie et al., 1997). Consequently, the substitution of Fe2+ with Mg2+ promotes the development of chlorite alteration (Zhang et al., 2014). The higher Fe2+ content in the H-type chlorite (Figures 7B–D) suggests a more advanced state of chloritization alteration. The principal cations and Mg were shown to have a good linear connection after only one stage of chloritization alteration (Xie et al., 1997). However, the nonlinear relationship between Si, AlIV, and Mg2+ (Figures 7E,F) in the chlorite in this study demonstrates that chloritization in the Naruo deposit was caused by a multitude of hydrothermal events rather than by a single metamorphism.
6.3 Formation environments and exploration indication of chlorite in Naruo deposit
6.3.1 Formation environments of chlorite
Geological thermometers are among the most frequently used tools for chlorite minerals in deposit research. The applicable conditions, advantages, and disadvantages of various chlorite geothermometers and their development histories have been comprehensively summarised and introduced by previous researchers (Yavuz et al., 2015; Liu et al., 2016). Because substitution between Al, Fe, and Mg (Figure 7B) occurred during the formation of chlorite in the Naruo deposit, an empirical geothermometer involving AlIV and Fe2+/(Fe2++Mg2+) content proposed by Kranidiotis and Maclean (1987) was chosen.
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The calculated results (Table 2) show that the chlorite formation temperature of the Nara deposit is between 255°C and 342°C (Figure 6A) with an average value of 286°C. The above temperature falls within the 200°C–350°C range for fluid inclusion homogenisation during the chloritization stage (Sun et al., 2015). Given the intimate association between chlorite and the development of chalcopyrite, the geological temperature of chlorite (238°C–342°C) suggested that the Naruo deposit’s Cu mineralisation occurred primarily in a medium-temperature environment. Among them, M-type chlorite is formed at 238°C–310°C (average value of 277°C), which is generally lower than the formation temperature of H-type chlorite at 255°C–342°C (average value of 301°C) (Figure 8A). Chloritization alteration generally occurs during the cooling process after the emplacement of high-temperature magmatic melts (Yang et al., 2005; Yang et al., 2008; Hou et al., 2009; Sillitoe et al., 2010). The phenomenon of increasing H-type chlorite formation temperature in the Naruo deposit implies the presence of multistage magmatic-hydrothermal activity, which agrees with the conclusion that chloritization of the Naruo deposit does not occur in a single metamorphism.
[image: Figure 8]FIGURE 8 | Frequency distribution histogram of chlorite formation temperature (A), oxygen fugacity (B), and sulphur fugacity (C).
Since Walshe (1986) proposed a six-component solid-solution model of chlorite, it has become possible to calculate the oxygen and sulphur fugacities of chlorite, and this method has been widely used (Xiao et al., 1993; Zheng et al., 1997; Zhang et al., 2014; Zhang et al., 2020). In this work, it was discovered that the Naruo deposit has a mineral combination of chlorite+quartz+Al2SiO5 (aluminosilicate mineral) ± oxide ± sulphide; therefore, the oxygen and sulphur fugacity of chlorite may be calculated using the six-component solid solution model (Walshe, 1986). Please refer to Walshe (1986) for the calculation method. The calculation method involving the equilibrium constant adopts the formula modified by Zhang et al. (2014).
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The oxygen fugacity of chlorite ranges between - 49.6 and −32.7, with an average of −37.3. The M-type chlorite (−41.9–32.7) and H-type chlorite (−39.1–33.3) in the Naruo deposit have similar lgfO2 value ranges (Figure 6B). The sulphur fugacity lgfS2 value of chlorite is between −14.8 and −10.1. The two types of chlorites have similar sulphur fugacity values: lgfS2 (M-type) = −14.8–10.1, lgfS2 (H-type) = −13.5–10.3 (Figure 8C). The precipitation of Cu sulphide indicates the progressive transition of the ore-bearing hydrothermal fluid environment from oxidation to reduction (Sillitoe et al., 2010; Li et al., 2006; Hou et al., 2020), resulting in lower oxygen and sulphur fugacity in the environment. However, the oxygen and sulphur fugacities of the late H-type chlorite did not vary appreciably (Figures 8B,C), confirming that several magmatic-hydrothermal processes influenced the mineralisation of the Naruo deposit.
6.3.2 Prospecting and exploration indication of chlorite
The chemical elements of chlorite in porphyry Cu deposits exhibit specific spatial changes (Wilkinson et al., 2015; Cooke et al., 2020; Fan et al., 2021). For example, the chemical composition of chlorite in Indonesia’s Batu Hijau porphyry Cu deposit shows systematic changes from the hydrothermal mineralisation centre to the edge of the deposit, especially within a radius of 2.5 km from the mineralisation centre (Wilkinson et al., 2015). This has also been verified in a resolution porphyry deposit in the United States, and the hydrothermal mineralisation centre was successfully found in the blind area (Cooke et al., 2020). Consequently, the alteration of chlorite chemical components is becoming increasingly popular in the prospecting and investigation of porphyry deposits, although Xiao et al., 2020a, b) proposed that using elements such as Fe, Mg, Co, and Ni as geochemical vectors might not be appropriate. Previous studies have revealed a significant positive correlation between the chlorite AlⅣ, Fe2+/(Fe2++Mg2+), and Cr/Ti ratios within the porphyry body and the ore grades of Cu and Au, serving as indicative markers for locating enriched ore bodies within porphyry-type deposits (Yang et al., 2015).
To mitigate the influence of multiphase hydrothermal activities on chlorite composition and considering the heightened sensitivity and mobility of H-type chlorite, we chose the elevation of M-type chlorite samples within the magmatic metallogenic system (ZK0001, ZK0701, and ZK0801) as the abscissa. This selection enabled us to observe the chemical indicators of chlorite in ore prospecting, particularly considering the pronounced sensitivity of H-type chlorite to external environmental factors. According to the Cu grade and AA’ profile (Figure 2), an altitude of 4784 m (red dotted line) is the most Cu-rich mineralisation centre (Figure 9). As shown in Figure 7, some chlorite chemical components follow specific patterns as they progress from the shallow mineralisation centre to the deep intrusions. The contents of Si, Fe, and the ratio of Fe/(Fe+Mg) in the main elements of chlorite gradually decrease but increase with depth. In contrast, the Al, Mg, and Mn content gradually increased and then decreased with depth. In particular, Si and Al showed different trends from the other elements at an altitude of 4,300 m (Figures 9A,B).
[image: Figure 9]FIGURE 9 | Diagram of Si (A), Al (B), Fe (C), Mg (D), Mn (E), and Fe/(Fe+Mg) (F) of chlorite vs altitude of sample location, the green dotted line in (A) and (B) show the predicted trend of a single hydrothermal source. M-type, metasomatic type chlorite.
Xiao et al., 2020a, b) proposed that in the process of chloritization of the mafic minerals in the Xiaokelehe and Atlas porphyry Cu deposits, the contents of the major elements Fe, Mg, and Mn are greatly affected by the composition and type of the precursor minerals, whereas the contents of elements such as Al and Ti can be used as a reflection of the hydrothermal characteristics. Therefore, we believe that the Al and Si elements of the Naruo metasomatic-type chlorite may have originated primarily from hydrothermal fluid, making them more sensitive and reflecting more information about hydrothermal characteristics. In contrast, Fe, Mg, Mn, and other elements were significantly influenced by the type and composition of the precursor minerals and reflected less on the hydrothermal composition; therefore, they only exhibited a single change trend (Figures 9C–F). As a result, we believe there might be another hydrothermal mineralisation centre deep in the Naruo porphyry system, but it is still necessary to strengthen the mineralogy and trace element research of chlorite to determine the location of another mineralisation centre and properly direct upcoming prospecting work.
In addition, the continuous precipitation of metal sulphides also reduces oxygen and sulphur fugacity as the ore-forming system cools, atmospheric water is added, and other factors (Richards et al., 1993; 1995). In contrast, the temperature, oxygen fugacity, and sulphur fugacity of the late H-type chlorite are significantly higher than those of the early M-type chlorite (Figure 10), indicating the addition of magmatic-hydrothermal fluid at a later stage. Among the contemporaneous chlorites, the oxygen and sulphur fugacity values of the proximal chlorite near the mineralisation centre were higher than those of the distal chlorite, which is compatible with the properties of the fluid in the magma dissolving centre. The chlorite temperature, oxygen fugacity, and sulphur fugacity values demonstrated a pattern of decreasing and then increasing from the shallow mineralisation centre to the deep intrusion, suggesting that the second stage of hydrothermal mineralisation may have occurred from the deep.
[image: Figure 10]FIGURE 10 | Diagrams of temperature (A), oxygen fugacity (B), and sulphur fugacity (C) vs altitude of sample location. M, metasomatic type chlorite; H, hydrothermal type chlorite.
7 CONCLUSION

(1) The principal component analysis method was proven to be effective in distinguishing two distinctive element signatures within chlorite and categorising them into four deposit types. These types include orogenic Au deposits, granite-type U deposits, and skarn-type Sn polymetallic deposits, which are characterised by high FeO and low MgO contents, separating them from porphyry Cu deposits. These distinctions can be attributed to temperature and fluid composition variations during their formation.
(2) Clinochlore (Mg end-member) and chamosite (Fe end-member) are two subgroups of the Naruo chlorite distinguished by their chemical components. Metasomatic (M-type) chlorite is entirely composed of Mg chlorite, indicating a low oxygen fugacity and pH value; hydrothermal (H-type) chlorite is a mixture of Mg and Fe chlorites, representing a reduced environment conducive to mineralisation.
(3) The chlorite in the Naruo deposit is generated primarily in a medium-temperature environment (255°C–342 °C). Late H-type chlorite has a higher formation temperature and oxygen and sulphur fugacities, similar to those of M-type chlorite, indicating the presence of multiple magmatic-hydrothermal events.
(4) From the mineralisation centre to the periphery, the contents of Si and Fe and the Fe/(Fe+Mg) ratio in M-type chlorite gradually decreased, whereas those of Al, Mg, and Mn in M-type chlorite gradually increased. Temperature, sulphur, and oxygen fugacity in all chlorites decreased. Using the above indicators, it can be predicted that there may be a large prospecting potential in the deep regions. (Xiao et al., 2018a; Wangm et al., 2018).
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38222 285 | 255 | 010 | 016 176 | 011 0.01 236 - 29 | 0007 | 0006 = -22 | -22 | -368 -122
3822-3 286 ‘ 252 ‘ 010 | 015 177 | on — 236 - 292 ‘ 0008 | 0007 | -21 | -22 | -359 | -117
38224 284 | 249 | 009 | 010 186 | 0.10 — 245 | 001 298 | 0007 | 0007 & -22 | -21 | -383 ' -130
3822-5 285 | 252 | o1l 0.13 180 | 013 — 240 - 295 | 0007 | 0005 = -22 | -23 | -388 -133
38226 278 | 259 | 014 | 009 | 254 | 015 - 170 - 321 | 0006 @ 0002 @ -23 | -27 | -383 | -131
4534-3 273 | 268 | 017 | 008 | 267 | 019 - 153 - 335 | 0007 | 0.005 “ 22 | 23 | =361 | -118
453.4-4 276 | 267 | 016 | 011 250 | 017 — 1.63 - 326 | 0006 | 0005 = -22 | -23 | -37.2  -124
453.4-6 287 | 248 | 007 | 013 182 0.08 — 244 — 291 | 0006 0001 = -22 | -30 | -39.1  -135
257.9-1 294 | 239 | 007 | 017 144 | 0.08 - 276 - 271 | 0007 | 0005 = -22 | -23 | -368 @ -122
4447-4 289 | 244 | 007 | 014 174 | 0.08 - 247 | 0.02 286 | 0006 | 0005 = -22 [ -23 ' -369 | -122
4447-6 288 | 243 | 008 | 014 175 | 0.09 - 246 | 0.04 287 | 0016 | 0012 -18 | -19 | -350 -112
444.7-7 288 | 246 | 009 | 013 173 | 010 — 252 - 287 | 0014 | 0008 & -19 | -21 | -347 | -1L1
5911-1 284 | 248 | 010 | 012 182 | o1 — 245 | 001 29 | 0011 | 0006 = -20 | -22 | -355  -115
3766 281 254 | 009 | 012 | 206 | 010 — 217 | 002 307 | 0008 | 0006 = -21 | -22 | -37.2  -124
3767 277 | 260 | o011 0.09 200 | 012 — 225 | 002 314 | 0007 | 0001 = -21 | -29 | -388 -134

376-8 279 | 256 | 010 | 008 193 011 - 240 - 308 | 0007 | 0005 | -22 | -23 | -373 | -124





OPS/images/inline_3.gif





OPS/images/inline_2.gif
gt





OPS/images/feart-12-1378820-t001.jpg
Major elements (%)

Distance
(m) FeO MnO TiO, CaO

841.8-3 706 28.80 18.97 15.32 216 20.80 203 0.04 0.06 0.01 0.04 0.10
841.8-4 706 28.70 19.04 15.70 1.94 20.30 1.96 0.06 0.09 0.04 0.01 0.59
841.8-7 706 2823 18.96 16.38 1.07 2178 209 0.10 0.05 — - 0.09
841.8-8 706 28.28 20.22 17.93 1.50 19.70 0.52 0.03 - 0.03 0.02 0.02
841.8-9 706 2823 20.00 17.29 141 20.88 0.56 0.07 o o - 0.08
841.8-1 706 27.89 20.24 17.07 111 21.56 0.53 0.04 0.02 0.02 0.01 0.02
841.8-11 706 28.06 20.31 17.77 142 19.92 0.58 0.07 - 0.01 0.02 0.02
841.8-13 706 27.93 19.88 17.12 1.08 2159 0.57 0.03 0.03 - 0.02 0.06
841.8-14 706 28.50 19.83 17.84 1.50 20.09 0.53 0.03 0.01 0.02 0.01 0.05
841.8-15 706 28.69 20.34 1737 193 19.42 0.50 0.03 0.01 — 0.02 0.01
169.4-3 197 28.80 18.46 16.42 1.46 2264 0.77 0.02 0.02 - - 0.04
169.4-4 197 29.39 18.63 17.17 1.80 20.62 0.74 0.10 0.01 0.01 0.02 -

169.4-5 197 28.58 19.42 16.88 1.83 20.46 0.71 - 0.07 0.03 0.01 0.13
669.5-1 543 30.60 17.70 17.77 235 19.19 0.36 0.05 0.17 0.01 0.05 0.01
669.5-2 543 29.13 20.11 18.67 1.83 18.09 0.39 0.02 0.05 0.04 0.02 0.04
239.8-3 211 2949 18.95 18.66 1.94 18.59 043 0.03 0.05 — 0.02 0.13
239.8-4 211 29.00 19.62 18.75 1.66 18.81 041 0.01 0.01 0.01 ] =

239.8-5 211 29.14 19.79 18.67 1.88 1829 0.40 0.04 - 0.01 0.02 0.01
754.6-1 623 30.25 18.82 17.70 265 18.05 0.66 0.05 0.14 - - 021
754.6-3 623 29.89 19.27 18.63 213 17.74 0.72 0.06 0.05 0.01 0.01 —

754.6-4 623 29.96 18.59 18.38 218 18.14 0.69 0.05 0.06 — 0.06 0.02
636T2-1 511 31.00 18.88 18.03 3.48 15.96 0.70 0.02 0.08 0.02 0.03 0.02
636T2-3 511 30.30 19.47 18.68 245 16.55 0.77 0.03 0.07 0.01 0.32 0.04
636T2-4 511 29.21 19.97 18.78 1.82 17.26 0.83 0.11 0.02 — 0.18 0.03
636T2-5 511 29.47 19.71 19.38 2.00 16.61 0.82 0.09 0.06 - 0.02 —

553-1 436 27.71 20.16 19.58 0.73 17.71 170 - 0.05 0.04 — 1.06
553-2 436 28.11 21.07 18.20 1.49 17.70 1.64 0.01 0.03 = - 0.05
553-3 436 28.15 19.66 19.08 0.60 18.69 213 0.06 0.01 0.04 0.01 021
553-5 436 27.75 21.01 20.52 0.40 18.17 0.99 0.04 0.01 0.01 0.02 0.03
553-6 436 27.35 21.98 18.63 1.26 17.45 118 0.11 - - 0.02 —

293-1 235 28.63 18.61 17.49 1.36 21.01 0.81 0.11 0.01 — 0.02 0.03
819.5-1 684 29.85 18.88 17.36 232 18.78 0.81 0.01 0.08 0.03 0.24 0.05
819.5-2 684 28.25 A 18.39 0.53 21.70 0.77 0.03 0.11 0.03 0.02 031
819.5-5 684 28.39 19.55 17.83 110 20.53 0.93 0.02 0.07 0.02 0.01 0.22
819.5-6 684 28.46 19.86 17.99 1.29 20.00 091 0.02 0.05 — - 0.04
242.16-1 198 29.20 19.12 17.46 224 19.23 0.58 0.03 0.09 0.02 — 0.09
242162 198 29.16 19.27 17.65 2.00 19.41 0.53 0.06 0.01 0.02 - 0.04
242.16-4 198 28.48 19.92 18.22 172 19.39 048 0.03 0.03 0.01 0.02 0.06
242.16-5 198 29.62 19.09 17.34 2,65 18.69 0.59 0.10 0.02 — = =

245.2-1 198 28.48 18.61 18.93 0.49 2142 0.48 0.08 0.04 0.01 0.02 0.18
24522 198 28.41 19.66 16.21 1.92 2115 0.61 0.10 0.01 0.01 0.04 -

150.9-4 197 29.16 20.62 16.06 290 19.04 0.46 0.04 — — 0.05 0.03
150.9-5 197 28.04 20.19 15.98 1.80 2142 0.50 0.10 0.03 0.02 0.06 0.06
245.36-2 198 2837 19.18 16.48 129 2239 0.53 0.03 0.05 0.02 0.02 0.24
245.36-3 198 29.22 18.37 16.78 205 21.30 0.39 — 0.07 — 0.02 031
245.36-4 198 28.74 19.18 16.48 1.55 2222 043 0.03 0.01 0.02 - 0.03
245.36-5 198 28.31 19.39 15.81 1.70 22.86 0.46 0.06 - - 0.02 -

245.36-6 198 2852 19.04 17.26 119 21.78 0.39 0.03 0.01 0.02 0.02 0.01
245.36-7 198 29.42 18.58 18.10 197 19.45 039 - 0.05 —_ 0.01 0.53
245.36-9 198 28.38 19.03 16.35 1.74 2167 0.40 0.07 0.07 0.06 0.03 0.62
328.622 221 30.82 18.97 20.83 2.58 14.24 0.52 0.05 0.04 — 0.08 0.10
328623 221 29.48 18.59 19.82 117 18.76 0.54 0.04 0.00 - 0.02 0.04
328.624 221 2942 18.69 19.72 145 18.51 0.54 - 0.02 - 0.01 0.06
328-1 il 28.69 18.98 18.66 L11 19.32 0.60 0.21 0.04 0.03 0.27 0.12
328-4 21 29.49 18.97 18.98 1.64 18.71 0.53 0.11 0.07 0.01 0.01 0.01
328-6 221 28.78 19.55 17.92 1.66 19.85 0.59 0.04 o = 0.01 -

328-7 221 28.49 19.58 17.74 137 20.73 0.54 0.01 — — 0.03 0.02
455.22-1 301 2872 L5 ] 18.73 1.60 1843 0.38 0.08 0.07 0.01 - 0.80
480.65-3 320 2825 18.97 19.30 0.65 20.26 0.86 0.04 0.07 0.03 0.03 0.20
480.65-4 320 28.01 19.40 17.64 1.21 20.85 0.72 0.14 0.03 0.05 0.05 0.14
480.65-5 320 2834 19.86 17.87 1.50 19.49 091 0.11 0.05 0.01 0.04 0.02
480.65-6 320 2845 19.67 17.35 1.76 19.90 0.83 0.08 0.02 — 0.03 0.06
24122 197 28.71 18.45 19.62 0.83 20.34 037 0.03 0.03 0.02 0.01 0.06
241.2-3 197 28.68 18.55 17.40 1.58 21.36 0.34 0.10 0.01 - 0.01 0.02
241.2-4 197 28.19 19.16 18.82 0.74 2029 037 0.05 0.08 0.03 - 0.20
78.8-3 76 nn 19.92 18.78 0.29 21.03 0.73 - 0.04 0.11 0.01 0.08
78.8-4 76 28.55 20.08 17.47 1.66 19.75 0.44 0.02 e 0.01 0.15 0.05
78.8-5 76 29.19 18.66 17.91 1.86 2022 027 =k 0.03 0.02 b 0.02
453.4-1 1,010 217 20.91 14.71 1.52 2318 0.92 0.03 0.02 i ) 0.02
453.4-2 1,010 28.07 2119 14.22 232 2116 0.89 0.01 0.03 0.06 0.34 0.06
453.4-5 1,010 26.79 20.16 16.05 0.38 24.09 081 0.03 - 0.03 0.01 0.14
444.7-1 1,008 27.90 20.63 15.64 1.80 2121 0.78 0.08 0.08 0.05 — 025
591.1-3 1,043 2891 19.44 16.22 203 2032 094 0.08 0.08 0.04 0.03 0.08
591.1-5 1,043 28.67 1891 17.42 1.28 21.06 0.73 0.02 - 0.03 - 0.04
591.1-6 1,043 28.11 19.45 18.75 0.62 20.68 0.95 0.07 0.03 - - 0.07
376-1 221 27.56 19.95 16.36 1.44 20.40 1.03 0.03 0.03 0.03 0.09 120
376-2 221 28.12 20.16 17.00 1.42 2034 1.00 - 0.01 0.02 0.03 0.04
376-3 o 27.86 19.50 18.85 0.33 20.80 0.95 0.04 0.03 - 0.05 0.06
376-4 221 27.85 2027 16.84 131 20.64 1.00 0.05 0.01 0.03 0.01 0.04
376-5 221 2822 20.07 17.05 171 19.90 1.04 0.09 = o 0.01 -

376-9 221 2821 20.05 16.44 1.45 2098 0.99 0.04 0.10 0.08 0.02 0.19
376-1- 221 27.69 19.60 18.30 0.35 2157 091 0.01 0.04 - - 0.01
376-11 221 28.10 20.06 17.05 1.26 20.65 0.96 — 0.11 0.04 0.02 0.01
841.8 706 2793 17.66 17.17 0.53 2219 193 0.04 0.06 0.02 0.03 123
239.8-1 211 28.18 20.77 19.05 1.64 17.74 0.37 0.04 - 0.02 - 049
239.8-2 i 2972 1851 18.89 1.90 18.85 0.40 0.01 0.06 — - 0.03
636T2-7 511 29.34 18.64 18.95 147 18.95 081 0.02 0.10 0.01 0.05 0.07
636T2-8 511 3013 19.25 18.29 246 17.39 0.78 0.10 0.03 0.03 0.26 -

293-2 235 29.58 1875 16.65 227 2012 0.80 0.09 0.02 - 0.02 0.03
293-3 235 29.10 18.62 17.26 1.43 2129 0.83 - 0.05 —_ 0.01 0.09
174.2-1 197 2579 20.05 10.52 ‘ 0.86 3035 0.61 - 0.02 0.02 — 0.05
174.2-2 197 26.14 20.14 13.35 0.65 27.31 0.60 - - 0.03 - 0.03
174.2-3 197 26.74 20.01 12.51 112 2732 0.70 - 0.02 0.01 0.03 —

174.2-4 197 26.02 19.79 10.99 1.03 29.56 0.66 - - 0.01 - 0.01
174.2-5 197 25.54 20.71 1112 0.78 29.58 0.66 0.10 - 0.01 0.01 0.03
245.36-1 198 26.14 20.31 10.22 b 2854 0.60 0.05 0.08 0.02 0.02 0.62
359.85-1 237 2557 21.37 10.47 135 2827 114 0.07 et — ol 0.09
359.85-2 237 26.71 20.76 10.32 246 26.82 0.88 0.15 — = - 0.02
359.85-3 237 2493 21.43 9.98 0.99 29.68 1.09 0.09 - 0.01 - 0.03
359.85-4 237 28.18 20.72 9.32 3.70 25.15 091 - 0.03 0.07 0.04 0.18
359.85-5 237 27.34 20.84 7.96 331 2821 0.50 0.05 0.09 0.01 — 0.05
359.85-6 237 25.98 21.24 11.71 129 2699 118 0.10 — 0.04 — 0.04
359.85-7 237 25.88 20.91 8.04 1.90 29.31 219 — 0.05 0.05 0.01 025
78.8-1 76 28.20 20.12 17.96 1.28 2027 0.54 0.02 - 0.03 - -

382.2-1 1,000 28.17 18.16 19.17 0.00 2142 1.09 - 0.07 0.08 0.07 0.44
38222 1,000 2791 2L 15.55 205 2059 1.33 0.07 0.01 0.02 - 0.02
382.2-3 1,000 2791 20.88 15.43 1.95 20.60 132 0.05 0.02 0.02 0.01 0.03
38224 1,000 27.69 20.65 16.06 1.26 2177 1.20 " - 0.04 0.02 0.10
382.2-5 1,000 27.76 20.80 15.70 1.67 2095 145 = T 0.03 0.03 0.04
382.2-6 1,000 26.09 20.56 10.69 1.14 28.40 1.69 0.02 0.04 0.05 0.01 0.06
453.4-3 1,010 25.40 2112 9.56 1.05 29.65 209 0.05 - 0.02 — -

453.4-4 1,010 2571 21.07 10.17 1.37 27.85 191 - 0.01 0.02 - 0.03
453.4-6 1,010 28.13 20.60 16.07 1.68 2131 093 0.02 0.02 0.01 0.02 0.06
257.9-1 994 29.22 2017 18.40 21 17.15 0.96 0.04 0.01 0.03 0.03 0.04
444.7-4 1,008 28.29 20.30 16.24 1.79 2042 0.94 0.02 0.13 0.02 0.03 0.24
444.7-6 1,008 28.16 2017 16.12 1.85 2042 1.06 0.02 0.03 0.05 0.02 043
444.7-7 1,008 28.26 20.49 16.62 1.66 2033 L12 0.02 - 0.03 - —

591.1-1 1,043 27.68 20.51 16.03 1.60 2117 129 - 0.05 0.03 0.03 0.14
376-6 221 26.92 20.68 13.91 1.55 23.63 117 0.02 0.02 0.05 0.03 027
376-7 b4 26.69 21.22 14.50 21 23.03 133 - — 0.05 Eod 029
376-8 221 26.96 21.00 15.51 1.07 2228 125 - - 0.04 0.03 -
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