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Abstract

:

Chlorite is one of the most important hydrothermal minerals in many hydrothermal uranium deposits worldwide and is commonly closely associated with the uranium mineralization. Trace elements in chlorite have been extensively applied to fingerprinting the hydrothermal fluid evolution and indicating the concealed ore bodies in porphyry Cu (-Au) deposits and skarn-related Pb-Zn deposits. However, this approach was rarely attempted on hydrothermal uranium deposits to date. Xiangshan uranium ore field, located in the southeast part of Gan-Hang Metallogenic (or Volcanic) Belt (GHMB), is the largest volcanic-related ore field in the whole country. In this study, the focus was placed on the petrographic characteristics and trace elements in hydrothermal chlorite from two typical deposits (Zoujiashan and Yunji) at Xiangshan. Four types of chlorites were identified, i.e., Chl1-Y and Chl2 from Yunji deposit, and Chl1-Z and Chl3 from Zoujiashan deposit. The pre-ore Chl1-Y and Chl1-Z are formed through replacing the original magmatic biotite. Chl2 and Chl3 occur as veinlets or disseminated, and are closely associated with early-ore U mineralization and main-ore U mineralization, respectively. All the four types of chlorites are typically trioctahedral chlorite. Vein-type/disseminated Chl2 and Chl3 in ore veins were precipitated directly from the hydrothermal fluids through dissolution-migration-precipitation mechanism, whereas the replacement-type chlorite was formed by the dissolution–crystallization mechanism. Empirical geothermometry indicates that the chlorite from Yunji and Zoujiashan were crystallized at 179~277 °C, indicating a mesothermal-epithermal precipitation environment. EPMA and LA-ICP-MS results show that the replacement-type chlorite has relatively consistent compositions at Yunji and Zoujiashan. Both Chl2 and Chl3 are enriched in U, Th but depleted in Mn and Ti. Compared with the Chl2 related to early-ore U mineralization, Chl3 that formed at main-ore stage has higher concentrations of Fe, U, Th, REEs, Mn and Ti, as well as higer Fe/(Fe + Mg) ratios. Such compositional differences between Chl2 and Chl3 are mainly attributed to the formation temperatures and fluid compositions/natures. Combined with petrology and chemical compositions of different types of chlorite, we propose that the presence of vein-type/disseminated chlorite with high U and Fe/(Fe + Mg) ratio but relatively low Mn, Ti and Pb contents can be regarded as an effective vector toward the most economic (high U grade) mineralized zone, whereas the occurrence of Chl2 is likely to indicate the subeconomic U mineralization and less potential exploration for uranium at depth.
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1. Introduction


Chlorite mineral group (Mg, Fe2+, Fe3+, Mn, Al)12[(Si, Al)8O20](OH)16) comprises the most common phyllosilicates in nature, and can form during sedimentary, metamorphic, and magmatic-hydrothermal processes [1,2]; for simplicity, it will be hereafter referred to as a mineral. In most of the magmatic-hydrothermal systems, chlorite is closely associated with the formation of some deposits, such as in porphyry-related Cu-Au deposits [3,4,5,6,7,8], volcanogenic massive sulfide (VMS) Zn-Pb deposits [9], orogenic Au deposits [10,11,12], skarn Fe-Cu deposits [13,14], and hydrothermal U (Th) deposits [15,16,17,18,19,20,21,22,23]. Chlorite commonly exhibits a wide range of variations in crystallochemical and chemical compositions, hinging on the bulk rock composition and physicochemical conditions at the formation [24]. For instance, Cathelineau and Nieva [25] found good linear relations between temperatures and concentrations of Fe, Mg, Aliv in chlorite. Some researchers also found that the chemical compositions in chlorite show correlations with sulfur fugacity and oxygen fugacity during the crystallization of chlorite [26,27,28,29]. Therefore, chlorite has been widely used as a very effective geothermometer to calculate the temperature of ore formation [30,31] and as a vector mineral to trace the fluid evolution [32,33,34]. A total of four approaches to chlorite geothermometry have been proposed in the past few decades, including structural, empirical, thermodynamic and semi-empirical, of which the empirical and semi-empirical methods were mostly used in ore deposit studies ([31], and reference therein). More recently, the spatial variation of trace elements in chlorite was utilized to fingerprint the hydrothermal center or concealed orebodies of the porphyry-related and skarn-related deposits [3,4,5,14]. Because chlorite is also widely found in most of the hydrothermal uranium deposits [15,16,17,18,19,20,21,22,23], the studies on chemical variation of chlorite in these U deposits may provide some new insights into the ore fluids evolution and ore prospecting implications. However, the characterization on the trace elements of chlorite were rarely reported for hydrothermal uranium deposits to date.



The Xiangshan uranium ore field, located in the northeastern part of Gan-Hang Metallogenic Belt (hereafter referred to as the GHMB), is the largest volcanic-related uranium ore field in China with a proven metal reserves of 26,000 t U [35,36]. An abundance of gangue minerals (e.g., chlorite, fluorite, calcite) are widely developed in most of the discovered U deposits and are closely associated with uranium mineralization. The chlorite and illite alteration are mostly developed in the host rocks and ore bodies. In addition, the wall-rock alteration commonly shows both vertical and lateral variations [37,38]. As such, the compositional variations of the widespread chlorite may potentially serve as the vector mineral to reflect the nature and evolution of ore-forming fluids and indicate the concealed U mineralization.



In this contribution, we collected the samples from two typical uranium deposits (Zoujiashan and Yunji deposits) at Xiangshan. Based on the field geological surveys and detailed microscopic observations, we performed the EPMA and LA–ICP–MS analyses for different types of chlorite from the two deposits, with the aim to discuss the chemical compositions and origin of chlorites, and their implications for uranium ore exploration.




2. Geological Setting


The Gan-Hang Metallogenic (or Volcanic) Belt is the most important volcanic-related uranium ore belt which hosts a number of U deposits with tonnage of >3000 t U. Tectonically, the GHMB is localized on the southwestern part of the Jiang-Shao Suture Zone [39,40,41], a giant collisional zone which spatially separates the Yangtze and Cathaysia blocks [42,43] (Figure 1a). The GHMB extends along the Jiangshan–Shaoxing suture and starts from Yongfeng in Jiangxi Province to the Shaoxing in Zhejiang Province. The exposed stratigraphy of the GHMB mainly includes the Precambrian metamorphic rocks, Mesozoic volcanics/granitoids and Cretaceous terrestrial clastics [39]. From southwest to northeast, three major uranium ore fields, i.e., Xiangshan, Shengyuan and Dazhou, are present within three fault-controlled volcanic basins of the GHMB. In addition to uranium, these volcanic basins also abound in copper, gold, silver, lead and zinc resources [41,44].



As the largest volcanic-related uranium deposits in China, the Xiangshan ore field hosts a total of twenty-six uranium deposits associated with the early Cretaceous intermediate-felsic magmatism [37,45] (Figure 1b). The large-scale magmatic eruption, effusion and intrusion resulted in the formation of a volcanic-intrusive complex which comprises a resurgent caldera. The exposed stratigraphy in the study area mainly consists of the Mesoproterozoic metamorphic rocks, Lower Carboniferous and Upper Triassic metasedimentary rocks and early Cretaceous volcanic rocks (Figure 1b). The metamorphic rocks are widespread in the region and mainly comprise phyllites, schists and amphibolites with metamorphic grade ranging from lower greenschist to lower amphibolite facies. There are basically two volcanic formations which are separated by intermittent pyroclastic rocs (e.g., tuff, tuffaceous sandstone) [46,47,48]. The lower Daguding Fm. volcanics are mainly composed of rhyodacite and minor rhyolitic crystal tuff, ignimbrite, whrereas the upper Ehuling Fm. volcanics primarily consist of porphyritic lava which is the most voluminous volcanic rock in Xiangshan. Recent work on the zircon U-Pb geochronology indicated that these (sub) volcanic rocks were emplaced within a very short period (ca.137–132 Ma) [49,50]. The western parts of the Xiangshan volcanic basin were covered by the Cretaceous red clastic sedimentary rocks which are composed of marls and evaporites (gypsum) [42,44].



Most of the discovered uranium deposits are regionally controlled by NE-trending faults. The majority of uranium ore bodies are predominately hosted by the volcanic (subvolcanic) rocks. Based on the mineral assemblages and crosscutting relationships, two important episodes of uranium mineralization have been distinguished in the Xiangshan ore field, i.e., the early ore stage (alkali metasomatic U mineralization) with subeconomic U mineralization and the main ore stage (acidic metasomatic U-Th mineralization) [36,45,51]. The uranium mineralization of early ore stage is predominately characterized by albite-hematite-chlorite assemblages, whereas the main ore stage is featured by abundant pitchblende, fluorite and illite. The pitchblende-fluorite-illite veins (main ore stage) commonly overlap with the red-colored mineralized body (early ore stage).




3. Ore Deposit Geology and Hydrothermal Alteration


3.1. Ore Deposit Geology


The Zoujiashan U-Th deposit is situated in the western Xiangshan caldera. The ore reserves in the Zoujiashan mining area exceeds over U 10,000 t [52]. The major exposed sequences are the Ehuling Fm. porphyritic lava (Figure 1b). From the surface down, the strata in this deposit are mainly composed of porphyritic lava, rhyodacite and ignimbrite, as well as Mesoproterozoic quartz schist (Figure 2a). The metamorphic rocks are mainly distributed at depths of <1000 m. The main minerals of unaltered volcanic rocks are intermediate-felsic in composition and mainly include plagioclase, K-feldspar, quartz and biotite. The uranium ore bodies of the Zoujiashan are mainly hosted in the rhyodacite and porphyritic lava (Figure 2a). Only a minor proportion of orebodies are hosted in the pyroclastic rocks. The spatial location of the ore bodies is rigidly controlled by the NE-oriented Zoujiashan-Shidong Fault and its subordinated NNE-, NS- and NNW-oriented faults, and hosted by the altered fractured volcanic rocks. There are numerous ore bodies with different sizes. The ore bodies commonly occur as lenses or veins with 50–150 m in length, 20–100 m in width and 1–3 m in thickness [51]. The uranium grades of the ores generally range from 0.1% to 0.5%, with an average of 0.3%. The most important metallic minerals include thorium-bearing pitchblende, brannerite and coffinite, along with minor thorite, pyrite, galena and molybdenite. Gangue minerals include illite, fluorite, calcite and clay minerals (Figure 3).



The Yunji deposit is located in the northern part of the Xiangshan caldera and contains >1000 t U ores with an average grade of 0.1% [52]. The Yunji deposit is the only one where alkali metasomatic U mineralization (subeconomic) is predominated. The exposed strata of the deposit are the Ehuling Fm. porphyritic lava, tuffaceous sandstone and ignimbrite, and the uranium ore bodies are mainly hosted by the porphyritic lava (Figure 2b). The granitic porphyry occurs as dykes at the depth of the deposit, intruding into the porphyritic lava. The granitic porphyry has the similar compositions with rhyidacite and porphyritic lava. The ore bodies are strictly controlled by a near NS-trending arc-like fault and mainly distributed along the subordinated fractures. The major ore bodies extend stably, with large veins being 45 m in width and 2 m in thickness. In contrast, some small ore veins are lenticular with limited length and thickness. Because the development of fractures in Yunji are not abundant as those in Zoujiashan, the ore bodies in the two ore deposits have different morphology and size. The mineralogy of the Yunji deposit is also distinguishable from that of the Zoujiashan. In comparison with the Zoujiashan deposit, albite and hematite (typical altered minerals of alkali metasomatic U mineralization) are abundant and extensively distributed, and horizontal zoning of alteration is also widespread and unequivocal. The main uranium minerals include brannerite, U-Ti phases and coffinite, along with minor galena and sphalerite. Gangue minerals include albite, hematite, calcite, chlorite and apatite (Figure 3).




3.2. Alteration Paragenesis


Chloritization is one of the most extensive alteration types at Xiangshan. At Yunji, two chlorite types have been identified based on their spatial distribution, morphology and paragenesis, i.e., Chl1-Y and Chl2 [18]. Chl1-Y is partially or totally altered from igneous biotite and closely associated with pre-ore alteration. Chl1-Y alteration occurs pervasively in both proximal and distal parts of the ore body and generally can extend over tens of meters. The associated pre-ore minerals are albite and calcite. Chl2 predominately occurs as disseminated aggregates or veinlets in the center of the ore bodies and is genetically associated with alkali metasomatic U mineralization. The Chl2 was commonly observed to coexist with U minerals (Figure 4e,f). Alteration mineral assemblage for Chl2 stage is composed of chlorite, calcite, apatite, and hematite (Figure 3 and Figure 4e,f).



Likewise, two chlorite types were found at Zoujiashan, i.e., Chl1-Z and Chl3. The pre-ore Chl1-Z is also widespread in the surrounding wall rocks of this deposit and the extension of Chl1-Z alteration could spread over hundreds of meters. Chl1-Z has similar characteristics with pre-ore Chl-Y from Yunji deposit in morphology and genesis. Similarly, Chl1-Z is also derived from partial or complete transformation of the magmatic biotite during the pre-ore stage (Figure 4d). The Chl3 at Zoujiashan is intensively modified or devoid due to the overprinting by later acidic metasomatic alteration (Figure 4b). In contrast to Chl2, the Chl3 is related to acidic metasomatic U-Th mineralization. The disseminated pitchblende, fluorite and illte were commonly intergrown with Chl3 (Figure 4g,h).





4. Sampling and Analytical Methods


In this study, twenty-one ore and wall-rock samples were collected from drill holes and underground mining tunnels at the Zoujiashan and Yunji mining area. The approximate sample locations are shown in Figure 1. For better comparison, the protolith of all samples is porphyritic lava. For the chlorite-bearing or fluorite-bearing samples, more than 50 polished thin sections were prepared for backscattered electron imaging, in-situ EPMA and LA–ICP–MS elemental analyses.



The major element analysis for chlorite was carried out with the JXA-8100 electron microprobe at the Beijing Research Institute of Uranium Geology (BRIUG, CNNC). The operating conditions included accelerated voltage of 20 kV, beam current of 1 × 10−8 A, beam diameter of 1 μm and 0.01% detection limit. Ten to thirty seconds counting time on different peaks were set and the detection limit was 0.002%. The elements measured included Si, Mg, Fe, Al, Na, K, Ca. The standards used include kaersutite for K, Fe and Mg, hornblende for Si and Ca, topaz for Al. The chemical formula of chlorite is calculated based on 14 oxygen atoms per formula unit (a.p.f.u).



The in-site LA-ICP-MS trace elements for chlorite were performed at the Ore Deposit and Exploration Centre, Hefei University of Technology, Hefei, China. The laser ablation was performed using an Agilent 7900 ICP-MS coupled to a Teledyne Cetac Technologies Analyte HE 193 nm ArF excimer laser. The analysis conditions include a spot diameter of 30 μm, a 10 Hz pulse repetition rate, and an energy density of 4 J/cm−2. Samples and standards were ablated for 40 s after measuring the gas blank for ~20 s. The standards NIST 610, NIST 612, and BCR 2G were utilized as used as the external standards. Aluminium was used as the internal standard for chlorite. A total of 50 chemical elements have been analyzed for the Xiangshan chlorite, including Si, Al, Mg, Fe, Mn, K, Ca, Na, Sc, Ti, V, Cr, Co, Ni, Cu, Zn, Ga, As, Rb, Sr, Y, Zr, Nb, Mo, Cd, Sn, Sb, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Bi, Pb, Th and U. The data reduction was performed using in-house ICPMSDataCal software [53]. The analytical uncertainties were <10% for most trace element analyses. The detailed procedures are similar to Xiao et al. [4].




5. Results


5.1. Major Elements and Classification of Chlorite


The major and trace element compositions for chlorite determined by EMPA and LA-ICP-MS, are given in Tables S1 and S3, respectively. The chlorite commonly contains mineral inclusions (e.g., uranium minerals) and primary mineral phases (e.g., zircon, apatite) [24]. In the LA–ICP–MS time-resolved signal spectra, most of the elemental signals for chlorite are flat, suggesting that the trace elements are mainly present in the crystal lattice. In addition, to further avoid contamination by other phyllosilicate minerals, chlorite analyses with more than w(Na2 O + K2O + CaO) > 0.5% were discarded [4]. Accordingly, a total of 92 EPMA spot analyses and 57 LA-ICP-MS spot analyses were validated and selected for discussion.



Overall, chlorite from Zoujishan and Yunji have total value ranging for 85.25% to 93.12%. They show a relatively wide range of SiO2 and Al2O3 contents that vary from 23.73% to 30.48%, and 15.43% to 22.01%, respectively. There is a wide variation in MgO and FeO contents in different types of chlorites due probably to the main substitutions: Mg2+ ↔ Fe2+. The Chl1 and Chl3 have relatively high FeO contents with average of 36.77% and 40.96%, respectively, but relatively low MgO contents with average of 5.15% and 4.47%, respectively. In contrast, the Chl2 has relatively low FeO content with average of 26.81% but higher MgO content with average of 12.73%. The EPMA results for CaO, K2O, and Na2O for all different types of chlorites are uniformly low.



In this study, we also recalculated chlorite EPMA data based on the 14 oxygen atoms per formula unit (a.p.f.u.). In the ternary Al + □–Mg–Fe diagram (Figure 5b), almost all the data plotted in the Fe-chlorite domain. The Si vs. Fe (a.p.f.u) classification diagram (Figure 5a) indicates that most of Chl1-Y and Chl-Z mainly plotted in/near the brunsvigite domain, whereas Chl2 mainly fall in the pycnochlorite and brunsvigite. Chl3 displays a large compositional variation and mainly scattered across the brunsvigite to daphnite domains.




5.2. Trace Elements in Chlorite


LA-ICP-MS trace element data for different types of chlorites are presented in Table S3 and illustrated in Figure 6. The contents of Fe, Mg, Si and Al measured by LA-ICP-MS are consistent with those given by EPMA. Certain trace elements of these chlorite (e.g., Mn, Ti, Zn, V, Cr, Ni, Sc, Co, Ga, Sr, Ce, U and Pb) are significantly higher than the detection limits (Figure 7). However, contents of other trace elements (e.g., Be, Cu, Ba, Zr, Nb, Mo, Ag, Sn, Sb, Cs, Ta, Tl, Bi) are nearly below the detection limits. Thus, these elements will not be included in the following discussion.



Manganese is the most abundant trace element in all of these chlorite analyses and generally range from 2000 to 15,000 ppm. The Chl1, Chl2, and Chl3 contain similar high Sr contents (6–37 ppm, 6–44 ppm, and 5–39 ppm). Overall, the pre-ore Chl1-Y have the similar trace element patterns with Chl1-Z except for higher V (130–279 ppm) and Cr (15.5–186 ppm). Compared with the pre-ore chlorite (Chl1-Z and Chl1-Y), the vein-like/disseminated chlorite (Chl2 and Chl3) related to uranium mineralization exhibit markedly distinct trace element trends, such as much lower Ti, Mn, Sc, Rb, REEs and Pb, but pronouncedly higher U and Th (Figure 6 and Table S3). Compared to the Chl2 that formed in the early ore stage, Chl3 is slightly enriched in Ti (140–550 ppm), Mn (3981–6200 ppm), REEs (1.3–21 ppm), U (51–901 ppm) and Pb (1.7–135 ppm), but depleted in Zn (280–1176 ppm), V (63–131 ppm), Cr (5–188 ppm), Ni (16–82 ppm), Sc (9–27 ppm), Co (10–49 ppm), and Ga (30–68 ppm).





6. Discussion


6.1. Elemental Substitution Mechanism of Chlorite


Chlorite group minerals are hydrous phyllosilicates with a wide compositional range, in which Si and AlⅣ generally occupy the tetrahedral position, whereas Mg, Fe and AlⅥ occupy the octahedral position [24,56,57]. Three ion substitution mechanisms for chlorite were proposed in the past, i.e., (1) Fe2+ ⇔ Mg2+, (2) Tschermak AlⅣ and AlⅥ ⇔ Si (Mg2+, Fe2+), and (3) di-trioctahedral 3(Mg2+, Fe2+) ⇔ □ + 2 AlⅥ [14]. The substitution mechanism is mainly dependent on the pressure, temperature, chemical compositions of host rock and physicochemical conditions of the hydrothermal environment [24].



As shown in Figure 7a, the Fe (a.p.f.u) has a good negative correlation with Mg (a.p.f.u) (R2 = 0.87), suggesting that the replacement between Mg2+ and Fe2+ is predominant for ionic substitution in the octahedral position [31]. For all types of chlorites, the AlⅥ values of Xiangshan chlorite range from 1.031 to 1.664, and the AlⅣ values range from 0.876 to 1.312. In general, the AlⅥ values are higher than AlⅣ in four types of chlorites. In the AlⅣ vs. AlⅥ diagram (Figure 7b), the AlⅣ has no correlation with AlⅥ, suggesting that the ditrioctahedral substitution (3(Mg2+, Fe2+) ⇔ □ + 2 AlⅥ) is likely not that important [26]. The Altotal shows a good negative correlation (R2 = 0.77) with (Si + Fe2+ + Mg2+) value (Figure 7c), indicating the Tschermark substitution at Xiangshan chlorite is prevalent. In the Mg-(Fe + AlⅥ) diagram (Figure 7e), all of the four types of chlorites show perfectly negative correlation (R2 = 0.98), suggesting that Fe and AlⅥ predominantly substitute the Mg in the octahedral position. In addition, there is a moderate correlation between AlⅣ and Fe/(Fe + Mg) in chlorite from the two depostits (Figure 7d), indicating that Fe/(Fe + Mg) ratio has substantial effect on the calculated chlorite formation temperatures which will be discussed later.




6.2. Chlorite Geothermometry


Numerous studies have proven that the formation temperatures of chlorite can be estimated using the chemical composition. Up to now, several empirical formula geothermometers have been proposed and successfully used in different geological evironments [1,20,58].



Hey [54] firstly found that there is a qualitative relationship between the polytype of chlorite and its formation temperature. Cathelineau and Nieva [47] studied the relationship between composition and temperature of chlorite at the Los Azufres and Salton Sea geothermal systems in Mexico, and proposed a chlorite geothermometer based on the positive correlation between AlⅣ in chlorite and the formation temperature. Kranidiotis and MacLean [57] revised Cathelineau’s thermometer and further pointed out that the formula is suitable for Al-saturated chlorite. Jowett [58] further modified the thermometer proposed by Kranidiotis and MacLean, and suggested that the premise of the thermometer formula is applicable to the chlorite with n(Fe)/n(Fe + Mg) < 0.6 that formed at a temperature of 150∼325 °C in the geothermal system. Stefano [59] used the XRD results to calculate the temperature at which chlorite was formed.



In this study, the Fe/(Fe + Mg) ratio and AlIV shows a good positive correlation (Figure 7d), and the majority of Fe/(Fe + Mg) ratios of Zoujiashan and Yunji chlorite is higher than 0.6 (Table S2). Thus, the contribution of Fe and Mg in the chlorite thermometer cannot be ignored [1,57]. The Al2O3 contents of the four types of chlorites generally vary from 16% to 21% (mean = 19.05%), and the Al-rich minerals are absent in the ores, indicating the chlorite at Xiangshan is Al-unsaturated. Therefore, the empirical formulae proposed by Stefano [59] was used to evaluate the chlorite formation temperatures (Figure 8; Table S2), and the calculation formula is: t(°C) = [14.379 − (d001/0.l nm)]/0.001. The d001/0.1 nm value was obtained by the formulae as d001/0.1 nm = 14.339 − 0.115 n(AlⅣ) − 0.0201 n(Fe2+) (the structural formula of chlorite in this formula is calculated based on 14 oxygen atoms), which was proposed by Raused-Colom et al. [60] and modified by Nieto [61]. Based on these empirical formulae, the synthetic diagram yielded a wide temperature range of 179~277 °C (Table S2). The calculated temperatures of pre-ore Chl1-Y (214~264 °C, mean = 242 °C) from Yunji are consistent with those of Chl1-Z (225~275 °C, mean = 249 °C). By contrast, the calculated results of Chl2 (179~231 °C, mean = 203°C) related to alkali metasomatic U mineralization are unequivocally lower than those of Chl3 from Zoujiashan that formed in the acidic metasomatic U mineralization (22~278 °C, mean = 253 °C). Meanwhile, the results for Chl3 are also similar to the fluid-inclusion (FI) homogenization temperatures of quartz and fluorite from Zoujiashan deposit (180–320 °C) [62], whereas the results for Chl2 are consistent with the homogenization temperatures of calcite that is coeval with uranium minerals (120–210 °C, our unpubl. data). Therefore, we suggest that these calculated temperatures can represent the chlorite crystallization temperature at both Zoujiashan deposit and Yunji deposit, since the formation of Chl2 and Chl3 are associated with low-intermediate temperature hydrothermal fluids. The large variation of chlorite crystallization temperatures is probably due to the multi-stage hydrothermal activities.




6.3. The Formation Mechanism of Chlorite


As discussed above, the wall rock alteration is very widespread at Zoujiashan and Yunji deposit, especially chloritization and illitization. Through field and microscopic observations, the chlorite is mainly divided into three types based on the occurrences, i.e., (1) replacement-type chlorite (Chl1-Z and Chl1-Y), which partially or completely replaced biotite; (2) disseminated-type chlorite that is (nearly) coeval with uranium minerals; (3) vein-type chlorite in the uranium ores. The replacement-type chlorite (Chl1-Z and Chl1-Y) is formed in the pre-ore stage and commonly has little or no direct links with uranium mineralization, whereas the other two types are closely related to uranium mineralization.



Different mechanisms of chlorite crystallization were reported in previous literature such as solid-state transformation (SST) mechanism, the dissolution–crystallization mechanism (DC mechanism) and the direct precipitation of chlorite from supersaturated solutions [63,64,65]. In this study, the altered biotite (Chl1-Z and Chl1-Y) basically retained the original morphology and structure (Figure 4d). Thus, the formation mechanism responsible for the replacement-type chlorite is unequivocally dissolution-recrystallization mechanism (DC mechanism). Over the course of pre-ore alteration, the hydrothermal fluid came into contact with the host rock, migrated along the micro fissures of the wall rock or minerals, and further transformed the biotite into chlorite. Almost no Mg and Fe are derived from the hydrothermal fluids. Another very important mechanism resulting in the formation of vein-type and disseminated chlorite at Xiangshan is dissolution-migration-precipitation. Unlike the case for pre-ore chlorite as they are formed via dissolution–precipitation mechanism, the hydrothermal fluids rich in uranium flux might dissolve the rock-forming minerals (i.e., biotite, feldspar) and were directly precipitated as newly formed chlorite after migration for a certain distance. This type of chlorite (Chl2 and Chl3) is closely associated with uranium mineralization and coexists with pyrite, illite and albite, though they may be formed in different ore stages. As such, a large amount of Fe, Mg and other important trace element in disseminated or vein-type chlorite may be introduced from external fluids.




6.4. Chemical Comparision of the Four Styles of Chlorite at Xiangshan


Chlorite can be formed in many hydrothermal environments and thus exhibits various chemical compositions [3,14]. These compositional variations in chlorite were largely caused by different formation conditions (e.g., temperature–pressure (P–T) and redox state), and fluid and protolith compositions [3,66]. Therefore, in this study, the chemical variation of chlorite formed in different ore stages may reflect the compositional evolution of ore fluids.



The Chl1-Y and Chl1-Z have the similar trace elements contents, such as Ti, Mn, Ce, Ga, Ni, Zn, and U, indicating that they were formed in the same stage, though they occurred in Yunji and Zoujiashan, respectively. This further suggests that the pre-ore hydrothermal fluids forming Chl1-Y and Chl1-Z are characterized by the similar compositions. As illustrated in Figure 6, the replacement-type chlorite samples (Chl1-Y and Chl1-Z) are characterized by relatively high concentrations of Ti, Mn, Rb, some compatible elements (e.g., V, Sc, Co) and rare earth elements, suggesting that this type of chlorite was mainly affected by the protolith and primary mineral compositions rather than the external fluids.



As mentioned above, among the four types of chlorites, the disseminated and vein-type chlorite, i.e., Chl2 and Chl3, are more uranium mineralization-related (Figure 4f–j). However, the Chl3 that formed in the late ore stage has higher FeO and Fe/(Fe + Mg) ratios, whereas Chl2 has higher MgO content. FeO and MgO contents of chlorite were considered to be controlled by primary biotite [5]. Because the protolith that host all types of chlorites from Yunji and Zoujiashan is felsic porphyritic lave in this study, the primary minerals or protolith may not be the main factors responsible for the discrepancy of FeO and MgO contents between Chl2 and Chl3. In addition, the Chl2 and Chl3 commonly coexist with uranium minerals, pyrite, and other newly-formed hydrothermal minerals, indicating that the disseminated or vein-like chlorite was most likely to be directly precipitated from ore-bearing hydrothermal fluids. As such, a reasonable explanation is that the formation conditions (e.g., temperature, pressure) and fluid compositions result in the chemical variations of Chl2 and Chl3. The large difference of calculated formation temperatures for Chl2 and Chl3 confirmed this conjecture. Additionally, the different nature of ore fluids that lead to two episodes of uranium mineralization may therefore influence the compositional variations of newly-formed hydrothermal chlorite. Thus, trace element composition of Chl2 and Chl3 indicate a large distinction. The hydrothermal fluid forming Chl3 is enriched in U, Th, REEs, Mn and Ti, whereas the Chl2 related to alkali metasomatic alteration is more abundant in Zn, Cr, Ni, Ga, and Co (Figure 6).



To conclude, the formation temperatures and fluid chemistry are probably the dominant factor for the compositional discrepancy between the Chl2 and Chl3 that relates to two episodes of uranium mineralization. However, for the replacement-type chlorite (Chl1-Z and Chl1-Y), the differential composition was possibly controlled by the protolith and primary minerals (e.g., biotite), respectively.




6.5. Chlorite Characteristic for Exploration Significance


In this contribution, we focused on two typical uranium deposits in Xiangshan and identified the disseminated- and vein-type chlorite within or proximal to the ore body and replacement-type chlorite in the distal altered country rocks (Figure 4). The samples nearby the ore body are generally characterized by intense chloritization, whereas the distal samples show weak chloritization. As such, the disseminated- and vein-type chlorite presented in proximity to the uranium mineralization can be used as a effective vector toward concealed uranium orebodies. For the majority of uranium deposits in Xiangshan, the alkali metasomatic U mineralization (early ore stage) is widely distributed in the deep part, whereas the acidic metasomatic U mineralization commonly occur in the upper part [37,38,45], although the early-ore alteration is often observed to overprint the main-ore alteration zone (Figure 4b). Thus, the presence of Chl3 is an effective indicator toward the most economic (high U grade) mineralized zone at Xiangshan. On the contrary, Chl2 is a vectoring mineral to likely indicate the subeconomic U mineralization and relatively poor uranium exploration at depth.



For porphyry and skarn-related deposits, the chemical compositions of chlorite spatially or temporally exhibit a progressive and continuous trend [3,4,9,14]. These trends were thus used to trace the hydrothermal center or concealed orebodies at depth. However, most analyzed elements of Chl1, Chl2 and Chl3 from Xiangshan do not show such a continuous trend from pre-ore stage to post-ore stage. This is probably because the two episodes of uranium mineralization in Xiangshan were derived from different sources and have significant distinction in ore-forming ages (120–105 Ma and 100–80 Ma, respectively), mineral assemblages and nature of ore fluids [36,37,45]. Nevertheless, compared with the widespread replacement-type chlorite (Chl1), vein-type or disseminated chlorite proximal to the ore body have relatively high U but low Mn, Ti, REEs and Pb contents, which may be used as exploration vectors for the concealed uranium orebodies. Moreover, the Chl3 in the most economical mineralized bodies (main ore stage) commonly have higher U concentration and Fe/(Fe + Mg) ratio. Thus, the Fe/(Fe + Mg) ratio, FeO, MgO, and U contents in chlorite may be regarded as effective geochemical indicators for evaluating the economical mineability of uranium mineralization. Even so, more robust chemical indicators must be further examined by producing more data in the future.





7. Conclusions


(1) At Xiangshan, there are roughly four types of chlorites, i.e., Chl1-Y, Chl1-Z, Chl2 and Chl3. Both Chl1-Y from Yunji and Chl1-Z from Zoujiashan are replacement-type chlorite that are altered from biotite and formed in the pre-ore stage. The pre-ore chlorite is widely distributed in the distal altered country rocks. Chl2 and Chl3 occurs as vein-type/disseminated and are closely related to early-ore U mineralization and main-ore U mineralization, respectively.



(2) The calculated formation temperatures of Chl2 at Yunji and Chl3 at Zoujiashan range from 179 °C to 231 °C and from 221 °C to 278 °C, respectively, which are similar to the homogeneous temperatures of fluid inclusions in calcite of early-ore stage at Yunji and fluorite of main-ore stage at Zoujiahshan.



(3) Two important formation mechanisms are responsible for chlorite crystallization at Xiangshan, i.e., dissolution–crystallization mechanism for pre-ore Chl1-Y and Chl1-Z, and dissolution-migration-precipitation mechanism for Chl2 and Chl3.



(4) The compositional difference between Chl2 and Chl3 is mainly controlled by the formation temperatures and fluid compositions/natures. The differential composition of replacement-type chlorite (i.e., Chl1-Z and Chl1-Y) was possibly controlled by the protolith and primary minerals (e.g., biotite, hornblende).



(5) At Xiangshan, the presence of vein-type/disseminated chlorite with high U concentration and Fe/(Fe + Mg) ratio but low Mn, Ti and Pb contents is proximal indicator for the most economic (high U grade) mineralized zone. In contrast, the occurrence of Chl2 is a vectoring mineral to indicate the subeconomic U mineralization and poor uranium exploration at depth.
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Figure 1. (a) Sketched map showing the location of the Xiangshan uranium ore field in South China; (b) Simplified geological map of Xiangshan uranium ore field showing the location of Zoujiashan deposit and Yunji deposit investigated in this study (modified after Lin et al. [37]). 
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Figure 2. Typical geologic profiles for uranium prospecting at Zoujiashan deposit (a) and Yunji deposit (b) (modified from Zoujiashan and Yunji exploration reports). 
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Figure 3. Paragenetic sequence of altered and ore minerals at Xiangshan uranium ore field. 
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Figure 4. Photographs of typical uranium ore body and micrographs of typical chlorite alteration (Chl1, Chl2 and Chl3) at Zoujiashan and Yunji. (a) Alkali metasomatic uranium mineralization (early ore stage) at Yunji deposit, the red line is the fracture; (b) alkali metasomatic uranium mineralization (early ore stage) was overprinted with the fluorite-illite alteration (main ore stage) at Zoujishan deposit, the yellow line is the boundary of two styles of alteration; (c) typical high grade uranium ore body at Zoujiashan deposit; (d,e) biotite replaced by chlorite (Chl1-Y and Chl1-Z) in the weakly altered wall rock; (f,g) vein-type Chl2 is intergrown with brannerite or uraninite in alkali metasomatic type ores (Yunji deposit), accompanied by apatite and albite deposition; (h–j) disseminated Chl3 are closely associated with uranium minerals, illite, and fluorite (Zoujiashan deposit). Abbreviations: Pit—pitchblende; Brn—brannerite; Chl—chlorite; Ap—apatite; Ab—albite; Hem—hematite; Kf—potassium feldspar; Flu—fluorite; ill—illite; Zr-zircon. 
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Figure 5. Chlorite classification diagrams at the Zoujiashan deposit and Yunji deposit. (a) Si vs. Fe (a.p.f.u) diagram (after [54]); (b) (Al)–Mg–Fe diagram (after [55]). 
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Figure 6. Trace element box plot for chlorite at the Zoujiashan deposit and Yunji deposit. 
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Figure 7. Binary diagram of chlorite at the Zoujiashan deposit and Yunji deposit (calculated based on 14 oxygen atoms, a.p.f.u.) (a) Fe vs. Mg; (b) AlⅥ vs. AlⅣ; (c) Al vs. Si + Fe + Mg; (d) Fe/(Mg + Fe) vs. AlⅣ; (e) Mg vs. Fe + Al; (f) Mg vs. Si. 
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Figure 8. Histogram of the formation temperature range for the Zoujiashan and Yunji chlorite. Empirical geothermometric formula were from [57]. 
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