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Abstract

:

Gold-sulfide mineralization in the Abu Zawal (Fatira) mine area, North Eastern Desert of Egypt, is related to porphyritic felsite dikes and elongate silicification zones in granitic rocks. These felsite dikes and the host granitic rocks exhibit major and trace element geochemical features typical of calc-alkaline and metaluminous I-type granites, likely originated in a late-orogenic setting. Their geochemical characteristics along with their fractionated LREE relative to HREE patterns imply either formation in a subduction-related environment or generation from subduction-modified source materials. Partial melting of subduction-metasomatized lower crustal rocks during extension following the lithospheric thickening may account for the production of such fertile, high Sr/Y and La/Yb magmas. In the Abu Zawal (Fatira) area, NE-trending altered felsite dikes, hydrothermal breccias, quartz enclaves, and wall-rock replacements are characterized by disseminations of chalcopyrite, pyrite, and rare gold. Alteration mineralogy, dominated by sericite, drusy quartz, kaolinite, calcite, and specular hematite, combined with the available fluid inclusion data suggests moderate to low temperature and near neutral pH conditions. The geochemical data of the altered wallrocks and mass balance calculations indicate significant mass losses in the altered rocks consistent with fluid/wallrock ratios higher than unity and near neutral pH conditions. Considering that the silica-rich host rocks, hydrothermal alteration, and sulfide-bearing hydrothermal quartz breccia in Fatira mine area were intuitively related to sulfur-saturated, oxidized felsic magmatism and associated hydrothermal systems, they are most likely linked to the post-subduction felsite porphyries (post-Hammamat felsites ~ 607 Ma), or pertaining to the late phases of the subaerial high-K calc-alkaline volcanics (Dokhan Volcanics ≤ 620 Ma).
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1. Introduction


Most of the porphyry Cu ± Mo ± Au, as well as some epithermal Au deposits that originated during subduction, are genetically linked to magmatic and hydrothermal processes, where calc-alkaline arc magmatism is predominant [1,2]. Following the cessation of active subduction, the metasomatized Sub Continental Lithospheric Mantle (SCLM) may undergo localized partial melting [3,4]. Small-volume, hydrous, moderately alkaline (shoshonitic, hawaiitic), and sulfur-poor magmas are produced by post-subduction lithospheric thickening and extension and/or mantle lithosphere delamination processes [1]. Because these magmas are generated by remelting the metasomatized roots of pre-existent arc magmatic systems, they inherit their metal endowment and arc geochemical signature. Moreover, during the ascent through the lithosphere, they might assimilate various amounts of crustal materials—which include trace amounts of chalcophile and siderophile element-rich sulfides (as Cu, Ni, Au, and PGE)—differentiate and locally accumulate at a variety of depths [1,5]. When these magmas cool and crystallize at upper crustal levels, these metals are partitioned into magmatic-hydrothermal fluids as bisulfide, chloride, and hydroxyl complexes and subsequently exsolved [6]. As metallic-rich fluids concentrate in specific rock volumes and become supersaturated, hydrothermal minerals precipitate, leading to the formation of magmatic-hydrothermal ore deposits [1,6]. These deposits, generated via post-subduction magmas at the second-stage arc system, resemble arc-related porphyry and epithermal deposits but they are often more concentrated in gold and have lower sulfidation levels than deposits formed at the first-stage arc system [1].



The production and mining activities of gold deposits in the Eastern Desert of Egypt date back to ancient Egyptian times [7] and were mostly confined to gold-bearing quartz vein occurrences in the Precambrian basement complex (Figure 1). Based on the tectonic-magmatic evolution of the Nubian shield, Botros [8] grouped the gold deposits and occurrences in the Eastern Desert into: (1) stratabound deposits hosted in Algoma-type Banded Iron Formation (BIF) (e.g., Abu Marawat and Um Nar areas), tuffaceous sediments, and volcanogenic massive sulfide (VMS) ores (e.g., Um Samuki, Helgit, Maakal, Darhib, Abu Gurdi, Egat and El Atshan areas); (2) non-stratabound vein-type and disseminated mineralization in hydrothermally altered island arc and ophiolitic rocks (e.g., Atud, Dungash, Haimur, Sukkari, Um Garaiart, Um Rus areas); and (3) placer deposits mostly associated with the other two types. The majority of the gold deposits in Egypt are orogenic gold systems, which are structurally controlled [9,10]. Other gold systems include porphyry systems, Fe-oxide-Cu-Au (IOCG) systems, volcanic massive sulfide (VMS), and intrusion-related systems (IRGS) [9,10].



The Abu Zawal (Fatira) gold mine is located in the northern part of the Egyptian Eastern Desert which belongs to the northernmost extension of the Arabian-Nubian Shield (ANS) (Figure 1 and Figure 2). According to Bakhit [11], the Abu Zawal (Fatira) area exhibits four distinct tectonic trends: the oldest is the E-W trend, followed by the NW-SE, the most prevalent is the NE-SW trend, and the youngest is the N-S. The NE-trending highly fractured felsite dikes in the study area served as the host rock for the gold mineralization. According to Dourgham et al. [12] and Abu-Alam et al. [13], metamorphic devolatilization processes buffered by Fe-bearing wall rocks caused remobilization of metals from iron oxides by hydrothermal fluids and then precipitate in pre-existing extensional faults from low-salinity metamorphic fluids mixed with magmatic/meteoric ones at shallow- to medium-crustal levels at a temperature between 250 and 350 °C [13]. Gold mineralization in the Fatira area, according to Abd El Monsef et al. [14], displays characteristics typical of structurally (shear zone) controlled orogenic gold deposits and intrusion-related gold systems. They postulated that the intrusion of granitic masses could release magmatic fluid, which was the initial source of mineralized fluids (intrusion-related type). The released magmatic heat from the batholiths was thought to be the main factor of the activation of the metamorphic process and evolution of the metal-rich metamorphic fluids (orogenic type) through the greenschist-amphibolite system. This activation of hydrothermal metamorphic circuits led to an increase in metal concentration [14].



Gold mineralization in the Abu Zawal (Fatira) mine area is linked to felsite dikes and associated hydrothermally altered wallrocks, as opposed to the majority of gold mineralization in Egypt, which is usually associated with quartz veins. Despite the numerous studies which have been done on the targeted area, the origin of gold mineralization and its relationship to these felsite dikes remain unclear. The present work entails geological, petrographic, geochemical, and ore mineralogy studies, along with the identification of the key characteristics of the host felsite dikes and mineralogical alterations associated with gold mineralization. Aside from assessing the REE characteristics of the various hydrothermally altered rocks, the newly acquired geochemical dataset is also used to assess the characteristics of the post-subduction magmatism (represented by post-subduction volcanoplutonic rocks) and its role in gold deposition in the Abu Zawal (Fatira) area.




2. Regional and Local Geology


2.1. The Geology of the Egyptian Nubian Shield


The Arabian-Nubian Shield (ANS) is one of the largest outcrops of Neoproterozoic juvenile rocks on Earth (950–450 Ma). Two main parts of the ANS are recorded: Nubian Shield in Egypt, Sudan, Eritrea, Ethiopia, and Somalia, and Arabian Shield in Jordan, Saudi Arabia, and Yemen (Figure 2) [15,16,17,18]. The ANS was developed during the collision between East and West Gondwana with the closure of the Mozambique Ocean (Pacific-sized Ocean) at the north part of the East African Orogen (EAO). The Pan-African orogeny occurred between 650 and 620 Ma [19] due to the final collision between West and East Gondwana, which led the supra-subduction zone (SSZ) ophiolitic rocks to be obducted over the West Gondwana continental margin [20,21]. When the subduction was active under the continent, the ophiolitic assemblages underwent overthrust along the thrust planes [22]. The melting and mixing zone developed generally above the recycled subducted oceanic lithosphere, forming some of the rock units in the ANS of the Egyptian Eastern Desert [23]. Large volume of mafic to felsic, K-rich Dokhan volcanics (610–560 Ma) and shallow-seated A-type granites (610–550 Ma) as well as post-Hammamat felsite porphyries (607 ± 2 Ma) [24] were formed during this post-collision stage referring to post-subduction magmatism [25,26,27].
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Figure 2. Tectonic map of the ANS showing the locations and extents of terranes, sutures and post-accretionary structures [28,29,30]. 
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2.2. Local Geologic Setting of the Abu Zawal Area


The Abu Zawal (Fatira) gold mine area is located at the northern part of the Egyptian Eastern Desert at Lat. 26°39′46″ N. Long. 33°14′39″ E (Figure 3a). The local geology consists of island-arc metavolcanic and metavolcaniclastic rocks that were intruded by synorogenic granitoids and Dokhan Volcanics (Figure 3b). These were later intruded by late to post-orogenic granitoids. Acidic (felsite), intermediate, and basic dikes, which are the latest magmatic products in the area cutting across previous lithologies, are controlled by several faults and joints widespread in the study area (Figure 3).



The island-arc metavolcanic and metavolcaniclastic rocks are exposed at Wadi Abu Zawal, Wadi Fatira Elbida, Gabal Hadrabiya, and on the northwestern slope of Gabal Magl Elrashayda (Figure 3b and Figure 4a,b). They are dominated by rocks with acidic and intermediate affinities, such as metarhyolite and meta-andesite. The metarhyolite is composed of quartz and kaolinized microperthite porphyroblasts embedded in a fine-grained groundmass of kaolinized and sericitized feldspar (Figure 4c), while the meta-andesite is a coarse-grained rock composed of sericitized plagioclase and chlorite with a subordinate amount of biotite, quartz, kaolinite, epidote, carbonate, and iron oxides (Figure 4d). On the other hand, the metavolcaniclastic rocks are represented by felsic metatuffs and intermediate metatuffs. They locally enclosed thin layers of metamorphic banded iron formation (BIF) at Gabal Magl Elrashayda (Figure 4b). The felsic metatuffs are fine-grained laminated to massive rocks consisting mainly of quartz, kaolinized microperthite and plagioclase, biotite, and muscovite set in a micro-crystalline tuffaceous matrix of kaolinized feldspar, chlorite, and iron oxides (Figure 4e).



Synorogenic granitoid rock forms a N-S elongated body that is intruded by late- to post-granitoid rocks and dike swarms of various kinds and trends (Figure 3b). It is strongly jointed and fractured, with exfoliation and gneissose structure (Figure 4f), and contains xenoliths of metavolcanic rocks (Figure 4g). Microscopically, it is distinguished into granodiorite and tonalite. The granodiorite is mostly made of quartz (20–35 vol%), plagioclase (35–45 vol%; An14–28, oligoclase in composition), microperthite (10–15 vol%), and biotite (Figure 4h). Tonalite consists essentially of quartz (15–35 vol%) and plagioclase (35–60 vol%) (oligoclase in composition, An18–27), with less microperthite (3–5 vol%), biotite, hornblende, and sericite (Figure 4i).



Dokhan Volcanic rocks are located in the northwestern part of the study area, represented by rhyolite porphyry forming NE-elongated bodies with reddish to massive pinkish color (Figure 3b and Figure 4a). The rhyolite porphyry represents the younger phase of Dokhan Volcanics related to anorogenic volcanic rocks [32,33,34]. It is composed of phenocrysts of kaolinized microperthite and quartz in a microcrystalline groundmass of quartz, plagioclase, biotite, kaolinized and sericitized feldspar, and iron oxides (Figure 4j).



Late- to post-orogenic granitoid rocks produce lenticular and elongated bodies in the Wadi Abu Zawal area, with exfoliation and cutting by joint and shearing (Figure 3b and Figure 4k). They are largely made up of monzogranite and syenogranite. Monzogranite is composed of quartz (20–35 vol%), microperthite (16–30 vol%), and kaolinized plagioclase (albite in composition An8–10, 25–35 vol%), as well as biotite, muscovite, titanite, and Fe-oxide (Figure 4l). Syenogranite is mostly quartz (25–30 vol%) and kaolinized microperthite (30–40 vol%), with a lower amount of altered plagioclase (albite in composition, 10–15 vol%), biotite, and sericite (Figure 4m). The study area is cut by different types of parallel and subparallel dike swarms of acidic, intermediate, and basic affinities (Figure 3b and Figure 4n–o). The acidic dikes are represented mainly by NE-trending felsite dikes, which are extensively present in the Abu Zawal gold mineralization, suggesting a significant role in the genesis of gold mineralization [13]. The felsite dike is a fine-grained porphyritic rock made mostly of quartz, orthoclase, microperthite, and albite, with subordinate muscovite and biotite in a groundmass of sericitized and kaolinized feldspar and iron oxides (Figure 4p). Faults and joints are oriented NE-SW, E-W, and NNE-SSW, with a small NW-SE and N-S (Figure 3b).





3. Gold Mineralization at Abu Zawal (Fatira) Area


The Abu Zawal (Fatira) gold mineralization is hosted by granodiorite cut by porphyritic dikes. The main ore body is a felsite porphyritic dike of 1–2 m in thickness cut by several fractures and joints. The gold mineralization is associated with limonite and copper hydroxides having at least 15–50 g/t [31]. Abu Zawal mine area includes three main old mining zones, eastern, central, and western, representing the high potential ore zones along the granodiorite and metavocaniclastics as well as their contacts, respectively (Figure 5) [31,35,36]. The eastern ore zone is subdivided by Murr [36] into Fatira I, Fatira II, and Fatira III (Figure 5). The ancient gold mining activities in the Abu Zawal area (Fatira mine) began in the period of the Pharaohs (new Kingdom, Ptolemaic, and Roman Periods) and have continued till the modern era [31] (Figure 5). Some ruins of settlements, wadi workings, grinding mills and stones, Roman forts and walls enclosing a well, small mines, multiple mine adits, and shafts are evidence of these old mining activities (Figure 5). The Egyptian Mining and Prospecting Company surveyed the area in 1957 and estimated that the Abu Zawal area’s high prospective ore reserves (approximately 70,000 tons) might produce 600–1200 kg of gold [31]. According to Abd El Nabi, et al. [37], the old working at Abu Zawal (Fatira) mine contains between 25,000 and 30,000 tons of ore from felsite dikes, as well as approximately 8000 tons of tailing.



The Abu Zawal gold mineralization is confined to the gently dipping shear joints, fractures, and fissures within the highly fractured, and mylonitized felsite dikes which have undergone hydrothermal alteration (Figure 6a). Moreover, some discontinuous quartz enclaves are locally encountered along the felsite dikes (Figure 6b). The highly fractured felsite dikes have been intensively affected by irregular hydrothermal alterations that extend beyond unit borders, overlapping several crosscutting lithologies of felsite dikes and granodiorite, indicating a secondary overprint, and are occasionally rich in malachite (Figure 6c). These altered dikes are commonly distinguished by pale gray, yellowish, dark red, or black to red-dish tint overprinting and stained by higher iron oxides and hydroxides (Figure 6a,b). Four major fracture trends were identified in the Abu Zawal area: E-W, N-S, NW-SE, and NE-SW, which cut through different rock units. The main ore fractures are primarily oriented NNE-SSW, dipping 50–70° SE, and intermittently NE-SW, dipping 40–70° NW and sometimes 10–20° W. They are 300 m long and 0.15 to 1.2 m wide at the central mine area.




4. Materials and Methods


110 representative surface samples of least altered host rocks and mineralized and non-mineralized altered rocks including 13 profiles were collected from the Abu Zawal gold area. Petrographic studies were performed on 54 thin and 35 polished sections. Twenty-one representative samples of the altered rocks were also analyzed for mineral composition using a D8 ADVANCE BRUKER X-ray diffractometer (XRD) (Östliche Rheinbrückenstraße 49, 76187 Karlsruhe, Germany) in the Geochemistry Research Laboratories of Istanbul Technical University (ITU/JAL, Turkey), having a theta: theta geometry with a copper-sealed tube X-ray source producing Cu Kα radiation at a wavelength of 1.5406 Å from a generator operating at 40 kV and 40 mA. The diffractometer has an X-ray energy operating range of 3–30 KeV and a detection limit of 1% by volume. XRD data were taken from 5 to 90° 2θ, and the obtained diffraction patterns were recognized and indexed using the X’Pert HighScore Plus v. 3.0 program for mineral identification and semi-quantitative estimation of mineral composition. Major, trace, and rare earth element (REE) of 42 samples of the whole-rocks and alteration were analyzed by a BRUKER S8 TIGER model X-ray fluorescence spectrometer (with a wavelength range from 0.01–12 nm) (Östliche Rheinbrückenstraße 49, 76187 Karlsruhe, Germany) and Inductively Coupled Plasma-Mass Spectrometry using an ELAN DRC-e Perkin Elmer model, trace in the ITU/JAL laboratories. The relative standard deviation (RSD%) in the analyses does not exceed 2%. A Tungsten Carbide milling device was used for grinding samples. The 50 mg of powdered sample was dissolved in two steps, first by adding 6 mL of 37% HCl, 2 mL of 65% HNO3, and 1 mL of 38–40% HF in a Teflon beaker using a Bergh off Microwave at 135 °C under controlled pressure and temperature, then by adding 6 mL of 5% boric acid solution. The geochemical results were processed by Igpet version 2.3 [38]. Moreover, GEOISO-Windows [39] was used to calculate the mass balance and determine the mobility of the absolute elements by using Gresens [40]’equations to obtain the isocon diagram according to Grant [41].



The chemistry of sulfide minerals was examined in a subset of mineralized samples (five polished sections) by wavelength-dispersive X-ray spectrometry at the Technical University of Clausthal in Germany, utalizing a Cameca SX100 four spectrometer and a fully automated electron microprobe. These sulfide minerals were examined using a 2 μm beam diameter with an accelerating voltage of 20 keV, a beam current of 40 nA, and counting times ranging from 10 s to 60 s. For calibration and quality control, sulfides, both natural and artificial, were utilized as certified reference materials. Using a Phi-Rho-Z (CITZAF; Armstrong [42]) scheme that was provided with the Cameca SX100 electron microprobe, the results were corrected for electron beam/matrix effects, experimental drift, and dead time. The relative accuracy of the analyses is within 1–2% for concentrations >1 wt.% and 5–10% for concentrations <1 wt.%, based on the comparison between measured and published compositions of standard reference materials.




5. Results


5.1. Petrography and XRD of Hydrothermal Alteration


According to the field studies, petrographic investigations, and XRD analysis, the alteration assemblages are mainly represented by muscovite (+sericite) (Figure 7a–c), kaolinite (Figure 7a–c), silicification (Figure 7c), chlorite (Figure 7d–f), and carbonate alterations (Figure 7f). Two main alteration zones are distinguished: sericite-kaolinite-quartz-pyrite ± albite alteration zone-1 and chlorite + calcite + dolomite ± albite ± sericite alteration zone-2.



The sericite-kaolinite-quartz-pyrite ± albite alteration zone-1 represents the main alteration type that occurs closely around the ore zone and has high potassic and silica mineral assemblages. It comprises mainly a high amount of sericite (+muscovite) and kaolinite with subordinate quartz and pyrite (Figure 7a–c). Its XRD pattern shows that it has quartz, sericite, kaolinite, albite, clinochlore, and epidote with subordinate amounts of pyrite and chalcopyrite (Figure 8a).



On the other hand, the chlorite–calcite–dolomite ± albite ± sericite alteration zone-2 has higher magnesium and carbonate mineral assemblage. It represents the peripheral zone having higher amount of chlorite and calcite with a minor amount of albite, sericite, and kaolinite pseudomorphs after biotite, hornblende, and plagioclase feldspar (Figure 7d–f). The sulfide minerals rarely formed across this zone. The XRD analysis shows that this alteration zone consists mainly of chlorite, clinochlore, calcite, dolomite, malachite, biotite, microcline, muscovite (sericite), with a lower amount of orthoclase, quartz, and albite (Figure 8b).




5.2. Ore Mineralogy and Paragenesis


The ore minerals include chalcopyrite, pyrite, and gold that formed within the alteration zone-1 (sericite-kaolinite-quartz-pyrite ± albite). They also include magnetite and specular hematite as well as barite that are associated with the alteration zone-2 (chlorite + calcite + dolomite ± albite ± sericite). Malachite and goethite represent the supergene products formed with some carbonate minerals.



Chalcopyrite is the most abundant sulfide mineral, having a brazen yellow color commonly with weak bireflectance and anisotropy (Figure 9a). Pyrite is detected as whitish-yellow euhedral to subhedral fine-to-medium crystals highly altered to goethite along the outer peripheries and the microfractures (Figure 9b). Gold occurs as a bright or golden yellow color with high reflectivity as free globules and specks associated with pyrite within alteration zone-1 (Figure 9c) along the felsite dike. Some samples have gold locally associated with magnetite (Figure 9d).



Magnetite occurs as a medium to coarse grained subhedral crystal, partially pseudomorphic, transformed into hematite (martitization) along its outer boundaries and/or along its cleavage planes (Figure 9e,h). Hematite has a grey-white color with a bluish tint and occurs as needle-like crystals (specularite) partially altered to goethite (Figure 9f,g). Barite occurs as tabular or prismatic dark euhedral to subhedral gray crystals formed at the late stage of mineralization, associated with magnetite and hematite within alteration zone-2 (Figure 9h).



Malachite represents a supergene mineral found as stains around vugs or at the contact between the altered rocks and surrounding the felsite dike. It is characterized by green color and formed in the oxidizing zones due to the carbonatization of chalcopyrite (Figure 9i). Goethite displays colloform texture formed because of the weathering products pseudomorph after pyrite and magnetite (Figure 9b).



Three phases of mineralization are observed at Abu Zawal (Fatira) gold deposits based on the paragenetic relationships between ore and gangue minerals; gold-sulfide, Fe-oxide, and supergene phases (Figure 10). The first mineralization phase which represents the gold-sulfide phase has chalcopyrite and pyrite as well as gold and occurs within alteration zone-1, which has sericite, kaolinite, and quartz. The second phase has Fe-oxide phases including magnetite, and hematite with barite, and occurs within alteration zone-2, which has chlorite, calcite, dolomite, and albite. Some free gold occurs within this Fe-oxide assemblage. The third phase consists of a supergene overprint with formation of malachite and goethite mineral pseudomorphs after chalcopyrite and pyrite and/or magnetite and hematite (Figure 10).




5.3. Mineral Chemistry of Sulfide Minerals


Sulfide minerals in the Abu Zawal area are represented by chalcopyrite and pyrite (Figure 9a–c). Gold is mainly associated with pyrite formed during the gold-sulfide phase (Figure 9c). Cu contents in chalcopyrite vary from 30.44 to 33.55 wt.% with an average of 32.71 wt.%, while Fe contents range from 32.05 to 36.07 wt.%, and S contents range from 32.11 to 34.72 wt.% (Table 1), with subordinate amounts of Te, Au, As, Ag, Sb, and Zn having averages of 0.01, 0.02, 0.03, 0.03, 0.05, and 0.02 wt.%, respectively. The chalcopyrite formula is near stoichiometric composition Cu0.96Fe1.1S1.94 (Table 1).



For pyrite, Fe varies from 46.22 to 47.46 wt.% with an average value of 47.04 wt.%, S content range from 49.95 to 52.84 wt.% with an average value of 51.87 wt.%, with minor amounts of As, Cu, Te, Au, Ni, Ag, Sb, and Zn having values up to 3.58, 0.16, 0.05, 0.05, 0.01, 0.05, 0.06, and 0.02 wt.%, respectively (Table 1). Its calculated formula (Fe1.02As0.01S1.97), which is near stoichiometric composition, reveals that the pyrite is As-bearing pyrite (Table 1).




5.4. Geochemistry


5.4.1. Geochemistry of Host Rocks


The felsite dike samples have mostly calc-alkaline affinities ranging from typical calc-alkaline to mild calc-alkaline series (Figure 11a). The geochemical classification using the total alkali versus silica (TAS) diagram suggested by Le Maitre, et al. [43] shows that the felsite dike is subalkaline rhyolite, similar to Dokhan Volcanics of Moghazi [44] and Eliwa, et al. [23] (Figure 11b). The samples of the studied felsite dike plot mostly in the field of volcanic rocks of island arcs [45] (Figure 11c). The felsite dike samples are characterized by enrichment in light rare earth elements (LREE) (an average of 115.9 ppm) relative to heavy (H)REE (an average 9.4 ppm) (Table 2). The chondrite-normalized REE patterns of these rock units also show the LREE enrichments relative to the HREE [46] (Figure 11d) with an average of (La/Yb)N = 14.9, (La/Sm)N = 4.0, (Gd/Yb)N = 2.0, and (Tb/Yb)N = 1.9 (Table 2). The Eu-negative anomalies (Eu/Eu* = 0.8) of the felsite dike revealed that it evolved through differentiation and is akin to the felsic Dokhan Volcanics of Moghazi [44] and Eliwa et al. [23] (Figure 11d).



Nine samples from the Abu Zawal granitoid rocks (three synorogenic granitoids and six late-orogenic granitoids) were selected for geochemical studies. The major oxides and trace elements including the REE compositions are presented in Table 3. The synorogenic granitoid samples have rather constant SiO2 (60.59–66.04 wt.%), Al2O3 (15.64–16.73 wt.%), K2O (3.01–3.92 wt.%) and Na2O (4.27–5.14 wt.%), CaO (3.71–4.69 wt.%) contents. The MgO (1.53–2.14 wt.%) and TiO2 (0.57–1.03 wt.%) contents are relatively variable. In comparison with the synorogenic granitoids, the late-orogenic granitoid samples have higher SiO2 (69.86–74.08 wt.%) and K2O (4.97–5.98 wt.%) contents, and lower Al2O3 (13.05–14.46 wt.%), Na2O (3.89–5.19 wt.%), CaO (0.81–1.85 wt.%), MgO (0.19–0.97 wt.%), and TiO2 (0.17–0.42 wt.%) contents.



The investigated granitoid rocks have calc-alkaline affinities because of the enrichments of the total alkalis (Na2O + K2O) [48,50] (Figure 12a). They mostly follow the trends of compressional suites (e.g., subduction related granites) (Figure 12a) having intermediate unimodal frequency distributions of differentiation index and normative plagioclase [51]. Based on the alumina saturation index (ASI) value (molar Al2O3/CaO + Na2O + K2O) of Shand [52], all the granitoids have A/CNK less than 1.1 clustered into metaluminous group and classified as I-type granitic suites [53] (Figure 12b). Moreover, the Rb, Ba, and Sr ternary diagram by El Bouseily and El Sokkary [54] reveals that the late-orogenic granitoid rocks are highly differentiated than the synorogenic granitoid rocks which plot in the field of granodiorite and quartz diorite (Figure 12c). Late orogenic granitoid rock samples plot in the fields of normal and anomalous granite (Figure 12c). The granitoids are recognized obviously as magnetite series granitoids by the Fe2O3 + TiO2-FeO + MnO-MgO diagram [55] (Figure 12d), as well as classified mostly into magnesian I-type granite (Figure 12e) and volcanic-arc granite (VAG) [56] (Figure 12f).



The studied granitoid rocks are characterized by high enrichment in LREE (an average of 127.1 ppm and 109.5 ppm for synorogenic and late orogenic granitoid rocks, respectively) relative to HREE (an average of 13.4 ppm and 9.3 ppm for synorogenic and late orogenic granitoid rocks, respectively) (Table 3). The chondrite-normalized REE patterns of these rock units also show enriched LREE relative to the HREE (Figure 12g), with an average of (La/Yb)N = 10.9 and 14.8, (La/Sm)N = 2.9 and 4.5, (Gd/Yb)N = 2.3 and 1.9, and (Tb/Yb)N = 1.8 and 1.7 for synorogenic and late orogenic granitoid rocks, respectively (Table 3). The Eu-anomalies are relatively positive for metavolcanics (Eu/Eu* = 0.9 to 1.1) (Figure 12g). The Eu-negative anomalies of the late orogenic granitoid samples with an average of Eu/Eu* = 0.72 reveal that they have evolved by means of differentiation [46] (Figure 12g). The primitive mantle-normalized immobile elements profiles of the studied granitoid rocks [46] (Figure 12h) show depletion in Nb, Sr, P, Zr, Eu, and Ti relative to Th-U, K, and La-Ce, compatible with a subduction-associated petrogenesis [47]. The Upper Continental Crust (UCC)-normalized REE pattern of these rocks shows flat behavior [57] (Figure 12i), mostly lower than 1, suggesting that these rocks are mostly consistent with the UCC compositions.
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Figure 12. Geochemical diagrams of the synorogenic and late orogenic granitoid rocks: (a) AFM diagram [48,50], the trends of compressional and extensional environments after Petro et al. [51]. (b) Alumina saturation index (ASI) in the studied granitoid rocks. ASI  =  1 from Shand [52], ASI  =  1.1 from Chappell and White [53]. (c) Ba-Rb-Sr ternary diagram after El Bouseily and El Sokkary [54]. (d) Fe2O3 + TiO2-FeO + MnO-MgO diagram after Ishihara [55]. (e) SiO2 vs. FeOt/(FeOt + MgO) diagram after Frost et al. [58]. (f) Rb vs. (Y + Nb) tectonic discrimination diagram, after Pearce et al. [56]. (g) Chondrite-normalized REE patterns [46]. (h) Primitive mantle-normalized trace element patterns [46]. (i) Upper continental crust (UCC)–normalized REEs [57]. 
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5.4.2. Alteration Geochemistry


Table 4 shows the major, trace, and REE elements of the different alteration and ore zones. Pyritization, chloritization, and sericitization are demonstrated by mineralogical evidence. The alteration box plot of the chlorite-carbonate-pyrite index (CCPI) of Large et al. [59] vs. the alteration index of Ishikawa, et al. [60] (Figure 13a), as well as the Na2O + CaO vs. MgO + FeOt binary diagram (Figure 13b), are consistent with this evidence. Figure 13a shows that the samples of the ore zone and zone-1 plot in the field of strongly altered rocks have sericite-pyrite-chlorite alteration types. On the other hand, the samples of zone-2 fall in the fields of weakly sericite altered rocks and carbonate altered host rock which have Mn-carbonate-sericite-chlorite alteration types (Figure 13a). While Figure 13b reveals that the ore zone is highly affected by pyritization and chloritization, zone-1 is highly affected by sericitization which is formed by plagioclase destruction, and zone-2 is affected by high albitization, high carbonate alteration, and weak sericite alteration [61] (Figure 13b).






6. Discussion


6.1. Mass Balance Calculations


Throughout the alteration process, the mass of each alteration zone changes in comparison to the unaffected rocks [40]. By comparing the composition and volume of the altered and untreated rocks, these alterations correspond to elemental gains and/or losses in the altered rocks [40,41,62]. Grant [41] improved the Gresens’ equation of Gresens [40] which assumed that immobile elements (e.g., Al, Ti, and Zr) do not undergo mass transfer throughout the process of alteration plotted along the isocon line. Coelho [39] developed a software program called GEOISO-Windows™ that calculates the mass/volume changes of the different mobile elements by assuming the immobile elements show few or no changes during the different hydrothermal alteration processes [63]. This software indicates that the samples from ore zone and alteration zone-1 are enriched in Fe2O3, FeO, K2O, and LOI with As, Au, Cu, Mo, Ni, S, and Sb (Table 5). Enrichments of Fe2O3, FeO, and K2O with high sulfur reflect mainly pyrite and sericite alteration associated with gold enriched in the ore zone. On the other hand, the enrichments of Fe2O3, FeO, MgO, CaO, lower K2O, and TiO2 with higher Cu in zone-2 suggested chlorite and carbonate with low sericite alteration associated with enriched Cu (Table 5).




6.2. Behavior of Large Ion Lithophile Elements (LILE) and High Field Strength Elements (HFSE)


Considering the range of silica and other geochemical parameters, as well as textural evidence, feldspar minerals have an important role in the magmatic evolution of granitoid rocks [64]. Rb, Ba, and Sr are useful in estimating the extent of fractionation of the minerals, whereas magma evolution was controlled dominantly by fractional crystallization, partial melting, or more complex processes [64]. The granitoid rocks exhibit depletion of incompatible HFS elements and enrichment in LIL elements (see Figure 12g–i). According to Arculus [65], these characteristics might be the product of a subduction event or crustal contamination during the ascent of the magma to the surface. Multi-element diagrams (Figure 12h) that show negative anomalies in Nb and Ti might be explained by the preservation of these elements in minerals like rutile and titanite in subduction zones [66,67], with this feature representing the most typical aspect of arc magmatism [68,69,70]. Nevertheless, spider diagrams (see Figure 12h) may reveal unpredictable Pb anomaly behavior that exhibits both positive and negative anomalies in the granitoid samples. This behavior can be explained by the preservation of Pb inside the source at varying levels of partial melting of the mantle source and by interactions between slab-melts produced at various mantle depths [71]. Additionally, the modest negative anomaly in the Eu element might be caused by the preservation of feldspar mineral at the source during the partial melting process or by the dominating fractionation of the feldspar mineral during the formation of these rocks [71].



The felsite dike samples are depleted in HFSE (e.g., Nb, Th, Zr) and enriched in LILE (e.g., K, Rb, Sr, Ba) (Figure 14). This feature indicates partial melting from an enriched lithospheric mantle source that was significantly contaminated with crustal components (having trace amounts of Cu, Ni, Au, and PGE-rich sulfides). Furthermore, fluids, particularly those released from the subducted slab, caused metasomatism of the subducted lithosphere during the active subduction [4]. Small-volume, hydrous, and sulfur-poor magmas are generated by remelting the metasomatized subducted lithosphere, forming the post-subduction volcanic rocks (e.g., Dokhan volcanic and felsite dike), and their metals are subsequently partitioned and exsolved in hydrothermal fluids.




6.3. REE Behavior during the Alteration Process and Gold Deposition


In general, the REE amount in hydrothermal fluids is usually low, although it tends to rise when the pH decreases [72]. In the aqueous solutions, REEs are transported as complexes, where the ionic complexing plays a significant role in transporting and precipitating the REEs and HFSE in magmatic-hydrothermal systems [2,73,74]. Moreover, the REE patterns of a rock provide geochemical evidence on the origin, petrogenetic history, degree of fractionation, efficient index (relating to the fluid source), and understanding of the evolution of hydrothermal alteration [75,76,77,78,79]. The REE data analysis of the ore zone (highly altered felsite dikes) and the different alteration zones are shown in Table 2 and Table 3. The patterns of REE normalized to chondrite of ore zone and the different alteration zones both illustrate the behavior of the REE in the hydrothermal system. Enrichment of LREE relative to HREE, and slight depletion of erratic Eu, especially in Zone-2 relative to chondrite, have been reported (Figure 15a–c). The reason is that the LREEs are more susceptible to mobility throughout the strong alteration than HREE [80]. Nevertheless, when normalized to the unaltered felsite dike samples, both LREE and HREE patterns exhibit flat normal anomalies, except for a few altered samples in alteration zone-1 that show Eu depletion due to plagioclase fractionation and alteration to sericite and carbonate (Figure 15d–f). The distribution of Eu is particularly important because of its availability in two oxidation states, divalent (Eu2+) and trivalent (Eu3+) depending on oxygen fugacity, therefore the Eu anomaly decreases with increasing oxygen fugacity and temperature. Eu3+ remains stable in the solution under oxidizing conditions, while it can be reduced to Eu2+ under a reducing environment, so observed Eu-anomalies may then reflect a reducing environment [81]. The negative Eu anomaly is mainly organized by replacing Ca in the early commitment of the divalent state within the alteration of plagioclase to sericite, while the enrichment of the LREEs is due to the alteration [82]. Consistent with the results of LREE and HREE in ore body (altered felsite dikes), alteration zone-1 and zone-2 reflected the role of slab-derived fluid in the mantle wedge; furthermore, the alteration fluid was released from the subduction slap [83,84].



One of the most beneficial methods to help understand the REEs behavior in the different alteration zones is to compare the REE parameters [LREE ratio (∑LREE/∑REE), HREE ratio (∑HREE/∑REE), and Eu-anomaly (Eu/Eu*)] of the altered rocks with the different geochemical exploration indices. The alteration index (A.I.), MgO index (M.I.), and K2O index (K.I.) are calculated by the following equations according to Shikazono, et al. [85]:


A.I. = (MgO + K2O)/(Na2O + K2O + CaO + MgO) × 100










M.I. = MgO/(Na2O + K2O + CaO + MgO) × 100










K.I. = K2O/(Na2O + K2O + CaO + MgO) × 100











The A.I. and K.I. of most samples in alteration zone-1 show a negative correlation with the HREE ratio and Eu/Eu*. However, they show a positive correlation with the LREE ratio (Figure 16a–f). The M.I. shows negative correlation with LREE ratio and positive correlation with both HREE ratio and Eu/Eu* (Figure 16g–i). This attribute is due to the mobility of LREEs in the hydrothermal alteration while the Fe-alteration relatively controls the mobility of the HREEs [86]. Moreover, the presence of sericite, kaolinite, and quartz in alteration zone-1s suggests LREE enrichments [87]. The alteration zone-2 samples are randomly distributed and often exhibit a negative correlation of A.I. and K.I. with the LREE ratio and Eu/Eu* and a positive correlation with the HREE ratio (Figure 16a–f). The M.I shows a negative correlation with the HREE ratio and displays a positive correlation with both the LREE ratio and Eu/Eu*, indicating that the LREEs (+Eu) have been incorporated in the Mg-bearing minerals (e.g., chlorite) [88,89] (Figure 16g–i). Furthermore, the increasing M.I. with the loss of HREE within alteration zone-2 suggests a low solubility of HREE in alkaline hydrothermal solutions during chlorite and carbonate alterations [90,91,92].




6.4. Tectono-Magmatic Controls of Post-Subduction Gold Mineralization at Abu Zawal Area


The occurrences of post-subduction gold mineralization in orogenic environments suggests that post-subduction magmatism may be crucial in broadening the variety of ore-forming conditions [1,93,94]. Post-subduction (or non-arc) deposits suggest that ore-formation conditions for orogenic, IRGS, porphyry, skarn, and epithermal vein deposit types may overlap. However, several transient geodynamic scenarios can be depicted to identify various mineralizing systems. For instance, pulses of excessive heat, magmatism, and hydrothermal activity are caused by fluctuating plate-boundary kinematics throughout post-subduction slab break-off and sub-continental lithospheric mantle delamination (Figure 17) [95]. These processes might be especially important to enable the necessary mass and energy flux for gold mineralization in the weak collisional settings when crustal thickening is insufficient to generate regional metamorphism to the greenschist-amphibolite facies [1,96].



The Abu Zawal region is made up of a variety of Late Precambrian igneous and metamorphic rocks. The metamorphic rocks are represented by island-arc metavolcanic and metavolcaniclastic that have been intruded by syn- to late orogenic subduction-related granitoids and then have been cut by post-subduction magmatism and volcanism, which are either represented by a variety of dike swarms and Dokhan volcanics (rhyolite porphyry). These dike swarms are mostly rhyolitic, rhyodacitic and andesitic in composition (Figure 17). It is likely that the felsic dikes and granitoid rocks, which have major and trace element geochemical characteristics typical of calc-alkaline rhyolite and metaluminous I-type granites, respectively, formed in a late-orogenic environment. Their fractionated LREE relative to HREE patterns indicate either generation from subduction-modified source material or formation in a subduction-related environment. Moreover, their high Sr/Y and La/Yb magmas were produced by partial melting of subduction-metasomatized lower crustal rocks during the lithospheric expansion after the lithospheric thickening throughout arc magmatism.



Botros [97] hypothesized volcanic activity as a source of sulfur for gold mineralization in some gold deposits in Egyptian Eastern Desert, such as the Semna mine area [98]. This is supported by the presence of several sulfide-bearing acidic to intermediate dikes, which may impose further constraints on a volcanic sulfur source [97]. The gold-sulfide formation in Abu Zawal (Fatira) area along with extensional tectonics is associated with fracture-controlled subvolcanic dikes represented by NE-trending altered felsite and rhyolite dikes. Chalcopyrite, pyrite, and rare gold are disseminated throughout the altered felsite dikes, hydrothermal breccias, some quartz enclaves, and wall-rock replacements. Two major alteration zones, sericite-kaolinite-quartz-pyrite-albite alteration zone-1 and outer chlorite + calcite + dolomite-albite sericite alteration zone-2, are related to this gold mineralization (Figure 17). These alteration assemblages. slightly resemble the phyllic alteration associated with carbonate alteration, implying that they formed in acidic (4.5–7 pH) [99] and moderate temperature conditions (~250–350 °C measured from the fluid inclusion studies of Abu-Alam et al. [13], Abd El Monsef, et al. [14], Murr [36]). According to the geochemical properties of the different alteration types, LREEs are more prone to mobility than HREEs during the main stage of alteration, which manifests the contribution of slab-derived fluid to the mantle wedge, on which fluid was released from the subduction slab. Furthermore, the transition of the alteration system from sericite to outer chlorite and the replacement of the magnetite by martite provide further evidence of the slow cooling and neutralization of the collapsing hot acid fluids [100]. In other words, a large mass loss in the altered rocks which is indicated by mass balance calculations, is compatible with fluid/wallrock ratios greater than unity and pH conditions that are close to neutral. Given the strong association between gold and sulfide minerals (pyrite) and the relatively low salinity mineralizing fluid [14,36], it is reasonable to assume that gold was transported in the fluid as a gold-sulfide complex. The gold-sulfide complex was precipitated from the fluid on one hand by a reaction of sulfide with Fe from the wallrock and decomposed on the other by ex-solution of the CO2-H2O phase, leading to pyrite formation and concurrent gold deposition. Consequently, the gold is thought to have migrated to the altered felsite dike with silica released throughout the numerous events of alterations indicated by sericite-kaolinite-quartz-pyrite-albite alteration types in alteration zone-1. Finally, the hydrothermal alteration and gold-sulfide mineralization at the Abu Zawal (Fatira) mine can be systematically related to post-subduction oxidized granitic and subvolcanic magmatism and associated hydrothermal systems, most likely linked to the felsite dikes that are similar to the post-Hammamat felsite porphyries in the Eastern Desert of Egypt, which have U-Pb zircon dating of 607 ± 2 Ma by Zoheir, et al. [24], and are assumed to have originated shortly after and/or concurrently with the high-K calc–alkaline felsic member Dokhan Volcanics, 618 ± 4 Ma [101].





7. Conclusions


In the Abu Zawal area, felsite and intermediate dikes and quartz veins are substantially controlled by fault and joint systems striking in different directions. The granitic rocks are mainly calc-alkaline, metaluminous I-type granites. These rocks, along with the felsite dikes, exhibit variable enrichments in LREE relative to HREE, suggestive of a subduction-related setting. The absence of remarkable association with shear zone(s) and the close specific association with sulfide-rich felsic dikes and hematitic hydrothermal quartz breccias suggest a genetic link between the host felsic magmatic rocks and the gold-sulfide mineralization. Hydrothermal alteration, as manifested by sericite-kaolinite-quartz-pyrite-albite and chlorite + calcite + dolomite-albite-sericite assemblages, is associated with the gold mineralized veins and sulfide-bearing felsic dikes. Chalcopyrite, pyrite, and gold disseminations occur within the sericite-kaolinite-quartz-pyrite-albite assemblage. Barite, magnetite, and specular hematite occur in alteration zone-2. Supergene malachite and goethite are associated with disseminated carbonate minerals.



The LREEs in the felsite dikes and granitic host rocks were noticeably more susceptible to mobility during the gold-sulfide hydrothermal system compared to the HREEs. Generally, the LREEs are markedly depleted (mobilized) in the sericite-pyrite alteration zones and silicified wallrocks, reflecting high fluid:wallrock ratios and relatively high temperatures alteration conditions. The available fluid inclusion data suggest a high geothermal gradient associated with the gold-sulfide mineralization in the study area, coupled with sericitization and pyritization of the host rocks, may imply that gold-sulfide mineralization at the Abu Zawal (Fatira) mine was related to oxidized granitic and sub-volcanic magmatism, which was widespread at the inferred time period based on available U-Pb ages of the widespread felsic porphyries and dikes (post-Hammamat felsite) in the NED (607 ± 2 Ma) [24], post-dating the onset of the Dokhan Volcanics extrusion (618 ± 4 Ma) [101].
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Figure 1. Gold occurrences in the main structural blocks in the Eastern Desert of Egypt [9]. 






Figure 1. Gold occurrences in the main structural blocks in the Eastern Desert of Egypt [9].



[image: Minerals 13 00489 g001]







[image: Minerals 13 00489 g003 550] 





Figure 3. (a) Location map of the Abu Zawal area. (b) Geologic map of the late Precambrian rock units at Abu Zawal area [31]. 
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Figure 4. (a) Bedding and layering pattern of the metavolcaniclastics rocks (MVC) that intruded by Dokhan volcanics (DV) at Wadi Fatira Elbida (looking NW). (b) Metavolcaniclastics rocks include banded Iron Formation (BIF) at the northwestern slope of Gabal Magl Elrashayda. (Looking NW). (c) Kaolinized microperthite and quartz, biotite, and chlorite in metarhyolite. (d) Sericitized plagioclase, chlorite, and biotite in meta-andesite. (e) Altered plagioclase, quartz, biotite, chlorite, and opaques in the felsic metatuffs. (f) Exfoliation in synorogenic granitoid rocks (looking S). (g) Synorogenic granitoid rocks contain metavolcanic xenoliths (looking SW). (h) Quartz, plagioclase, microperthite, biotite, chlorite, sericite, kaolinite, and iron oxides in the granodiorite. (i) Tonalite has quartz and plagioclase, biotite, hornblende, and sericite. (j) Phenocrysts of altered plagioclase, kaolinized microperthite, chlorite, and quartz in a groundmass of quartz, plagioclase, chloritized biotite, kaolinized and sericitized feldspar, and iron oxides in rhyolite of Dokhan Volcanics. (k) Late to post-orogenic granitoid rock affected by joints (looking E). (l) Quartz and altered microperthite with plagioclase, and titanite in micrographic texture in the monzogranite. (m) Quartz, plagioclase, microperthite, muscovite, and iron oxides in monzogranite. (n,o) Felsite dike (F.dk) cut the metavolcanic rocks (MV) at Wadi Abu Zawal (looking NE). (p) Phenocrysts of kaolinized microperthite, chlorite, and quartz in a groundmass of quartz, plagioclase, chloritized biotite, kaolinized and sericitized feldspar, and iron oxides in felsite dike. Abbreviations: biotite (Bt); chlorite (Chl); K-feldspar (Kfs); hornblende (Hbl); kaolinite (Kln); microperthite (Prt); muscovite (Ms); opaque minerals (Opq); plagioclase (Pl); pyroxene (Py); quartz (Qtz and Qz); sericite (Ser); titanite (Ttn); tonalite-granodiorite (TO-GR); and xenolith (XEN). 
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Figure 5. Geological and Archaeological map showing the different mining periods of Fatira area. Modified after Murr [36] and Klemm and Klemm [31]. 
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Figure 6. (a) Felsite dike cut through granodiorite rocks with different alteration zones stained with iron oxides. (b) Discontinuous quartz enclaves are encountered along the felsite dikes stained with iron oxides. (c) Malachite rich band in zone-2. Abbreviations: felsite dike (FD); alteration zone-1 (Z1); alteration zone-2 (Z2); and quartz veinlets (Qz). 
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Figure 7. (a) Muscovite (sericite), kaolinite, and opaque minerals in alteration zone-1. (b) Muscovite (sericite), kaolinite, and malachite in alteration zone-1. (c) Kaolinite and sericite with quartz veinlets in alteration zone-1. (d,e) Chlorite with subordinate amount of sericite and kaolinite in alteration zone-2. (f) Calcite and chlorite minerals in alteration zone-2. Abbreviations: calcite (cal); chlorite (chl); kaolinite (kln); malachite (mlc); muscovite (ms); opaque minerals (opq); plagioclase (plag); quartz (qz); and sericite (ser). 
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Figure 8. XRD patterns of some selected altered samples collected from the different alteration types: (a) Sericite-kaolinite-quartz-pyrite ± albite alteration zone-1. (b) Chlorite–calcite–dolomite ± albite ± sericite alteration zone-2. 
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Figure 9. Photomicrographs of the different ore minerals: (a) Chalcopyrite (ccp) occurred at quartz vein. (b) Pyrite (py) is highly altered to goethite (gt) associated with hematite (hem). (c) Free gold (Au) grains with pyrite (py) disseminated along the alteration zone-1. (d) Gold (Au) is associated with magnetite (mag). (e) Magnetite (mag) crystal is partially pseudomorphic and transformed into hematite (hem) (martitization). (f,g) Specularite (spc) associated with hematite (hem) and goethite (gt). (h) Barite (brt) is associated with magnetite (mag) and hematite (hem). (i) Malachite (mlc) pseudomorph after chalcopyrite. 
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Figure 10. Paragenetic sequence of alteration, sulfide, Fe-oxide, and supergene minerals, as defined by mineral assemblages. 
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Figure 11. (a) FeO*/MgO vs. SiO2 diagram for the studied metavolcanics and felsite dike [47]. (b) Total alkalis vs. silica (TAS) diagram for the geochemical classification of the studied felsite dike [43]. The boundary between alkaline and subalkaline fields after Irvine and Baragar [48]. For comparison, a field for Dokhan volcanics (DV) from Moghazi [44] and Eliwa et al. [23], and fields for older and younger metavolcanics (OMV and YMV) from Stern [49]. (c) Hf/3-Th-Nb/16 tectonomagmatic discrimination diagram for the metavolcanic and felsite dike samples [45]. (d) Chondrite-normalized REE patterns [46]. For comparison, a field of the felsic Dokhan Volcanics from Moghazi [44] and Eliwa et al. [23]. 
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Figure 13. (a) AI [60] vs. CCPI [59] of the studied alteration samples of Abu Zawal area. (b) Na2O + CaO vs. MgO + FeO* (FeO total) after Paulick et al. [61]. 
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Figure 14. Primitive mantle-normalized trace element patterns of the felsite dike [46]. 
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Figure 15. (a) REE-Chondrite normalized of ore zone [46]. (b) REE-Chondrite normalized of alteration zones-1 [46]. (c) REE-Chondrite normalized of alteration zones-2 [46]. (d) Chondrite-normalized REE patterns of the ore zone (e) Chondrite-normalized REE patterns of the alteration zones-1. (f) Chondrite-normalized REE patterns of the alteration zones-2. 






Figure 15. (a) REE-Chondrite normalized of ore zone [46]. (b) REE-Chondrite normalized of alteration zones-1 [46]. (c) REE-Chondrite normalized of alteration zones-2 [46]. (d) Chondrite-normalized REE patterns of the ore zone (e) Chondrite-normalized REE patterns of the alteration zones-1. (f) Chondrite-normalized REE patterns of the alteration zones-2.



[image: Minerals 13 00489 g015]







[image: Minerals 13 00489 g016 550] 





Figure 16. (a) The alteration index (A.I.) vs. HREE ratio. (b) The alteration index (A.I.) vs. LREE ratio. (c) The alteration index (A.I.) vs. Eu-anomaly (Eu/Eu*). (d) K2O index (K.I.) vs. HREE ratio. (e) K2O index (K.I.) vs. LREE ratio. (f) K2O index (K.I.) vs. Eu-anomaly (Eu/Eu*). (g) MgO index (M.I.) vs. HREE ratio. (h) MgO index (M.I.) vs. LREE ratio. (i) MgO index (M.I.) vs. Eu-anomaly (Eu/Eu*). 
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Figure 17. Simplified sketch cross section showing the magmatic-metasomatic processes at the Abu Zawal (Fatira) gold mine. 
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Table 1. Representative electron microprobe data of chalcopyrite and pyrite from Abu Zawal (Fatira) area.






Table 1. Representative electron microprobe data of chalcopyrite and pyrite from Abu Zawal (Fatira) area.





	

	
Chalcopyrite (n = 10)

	
Pyrite (n = 11)




	
Dataset/Point

	
Min

	
Max

	
Av.

	
Min

	
Max

	
Av.






	
S

	
32.11

	
34.72

	
33.56

	
49.95

	
52.84

	
51.87




	
Fe

	
32.05

	
36.07

	
32.99

	
46.22

	
47.46

	
47.04




	
Te

	
0.01

	
0.02

	
0.01

	
0.01

	
0.05

	
0.02




	
Cu

	
30.44

	
33.55

	
32.71

	
0.01

	
0.16

	
0.05




	
Au

	
0.02

	
0.04

	
0.03

	
0.01

	
0.05

	
0.03




	
As

	
0.03

	
0.14

	
0.06

	
0.03

	
3.58

	
0.80




	
Ni

	
0.01

	
0.03

	
0.02

	
0.01

	
0.01

	
0.01




	
Ag

	
0.01

	
0.08

	
0.03

	
0.02

	
0.05

	
0.03




	
Sb

	
0.51

	
0.51

	
0.51

	
0.06

	
0.06

	
0.06




	
Zn

	
0.01

	
0.04

	
0.02

	
0.01

	
0.02

	
0.02




	
Total

	
98.69

	
100.32

	
99.42

	
99.05

	
100.13

	
99.52




	
atom %

	

	

	

	

	

	




	
S

	
47.20

	
49.57

	
48.59

	
63.98

	
66.36

	
65.55




	
Fe

	
26.73

	
29.75

	
27.43

	
33.60

	
34.56

	
34.13




	
Te

	
0.01

	
0.01

	
0.01

	
0.02

	
0.02

	
0.02




	
Cu

	
22.06

	
24.55

	
23.91

	
0.01

	
0.10

	
0.03




	
Au

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01




	
As

	
0.02

	
0.09

	
0.04

	
0.02

	
1.96

	
0.43




	
Ni

	
0.01

	
0.02

	
0.02

	
0.01

	
0.01

	
0.01




	
Ag

	
0.01

	
0.03

	
0.01

	
0.01

	
0.02

	
0.01




	
Sb

	
0.20

	
0.20

	
0.20

	
0.02

	
0.02

	
0.02




	
Zn

	
0.01

	
0.03

	
0.02

	
0.01

	
0.01

	
0.01




	
Sum

	
100

	
100

	
100

	
100

	
100

	
100




	
Formula

	
Cu0.96Fe1.1S1.94

	
Fe1.02As0.01S1.97




	
S

	
1.89

	
1.98

	
1.94

	
1.92

	
1.99

	
1.97




	
Fe

	
1.07

	
1.19

	
1.10

	
1.01

	
1.04

	
1.02




	
Cu

	
0.88

	
0.98

	
0.96

	

	

	




	
As

	

	

	

	
0.01

	
0.06

	
0.02




	
Sum

	
4.00

	
4.00

	
4.00

	
3.00

	
3.00

	
3.00
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Table 2. Major oxides, trace, and REE of the felsite dikes of Abu Zawal (Fatira) area.
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Z-2

	
Z-106

	
Z-107

	
Z-107a

	
Z-107b

	
Z-107c

	
Z-107d






	
SiO2

	
75.28

	
75.35

	
73.60

	
74.71

	
74.62

	
74.46

	
74.63




	
Al2O3

	
13.63

	
12.77

	
13.28

	
13.20

	
13.17

	
13.20

	
13.20




	
Fe2O3

	
1.38

	
1.07

	
1.44

	
1.29

	
1.29

	
1.32

	
1.30




	
MgO

	
0.28

	
0.14

	
0.30

	
0.24

	
0.24

	
0.25

	
0.24




	
CaO

	
0.27

	
0.54

	
1.07

	
0.65

	
0.70

	
0.75

	
0.68




	
Na2O

	
4.66

	
3.83

	
4.10

	
4.17

	
4.13

	
4.14

	
4.16




	
K2O

	
3.40

	
5.41

	
5.34

	
4.80

	
4.92

	
4.96

	
4.86




	
TiO2

	
0.23

	
0.14

	
0.22

	
0.19

	
0.19

	
0.20

	
0.20




	
P2O5

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01




	
MnO

	
0.02

	
0.02

	
0.02

	
0.02

	
0.02

	
0.02

	
0.02




	
Cr2O3

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01




	
LOI

	
0.70

	
0.55

	
0.39

	
0.54

	
0.52

	
0.50

	
0.52




	
Sum

	
99.87

	
99.84

	
99.78

	
99.83

	
99.82

	
99.82

	
99.83




	
Trace and rare earth elements (REE)




	
As

	
28.0

	
10.0

	
10.0

	
15.2

	
14.1

	
13.7

	
14.7




	
Ba

	
818.0

	
985.2

	
985.2

	
936.9

	
947.2

	
950.5

	
941.6




	
Cd

	
8.5

	
0.0

	
0.8

	
2.7

	
2.3

	
2.2

	
2.5




	
Co

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0




	
Cs

	
1.1

	
1.4

	
1.5

	
1.3

	
1.4

	
1.4

	
1.4




	
Cu

	
16.0

	
3.0

	
4.0

	
7.1

	
6.4

	
6.2

	
6.8




	
Ga

	
19.0

	
17.0

	
19.0

	
18.3

	
18.3

	
18.4

	
18.3




	
Hf

	
3.2

	
3.2

	
3.5

	
3.3

	
3.4

	
3.4

	
3.4




	
Mo

	
3.0

	
2.0

	
1.0

	
1.9

	
1.8

	
1.7

	
1.9




	
Nb

	
16.0

	
18.0

	
8.0

	
13.9

	
13.5

	
12.6

	
13.4




	
Ni

	
3.0

	
2.0

	
3.0

	
2.6

	
2.6

	
2.7

	
2.7




	
Pb

	
24.0

	
12.0

	
1.0

	
11.6

	
10.2

	
9.0

	
10.7




	
Pd

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
Pt

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
Rb

	
63.6

	
97.4

	
179.4

	
116.8

	
123.2

	
131.4

	
121.7




	
Rh

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
Ru

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
S

	
80.1

	
120.1

	
320.4

	
179.8

	
192.8

	
211.8

	
190.3




	
Sb

	
0.4

	
0.6

	
0.7

	
0.6

	
0.6

	
0.6

	
0.6




	
Sn

	
0.6

	
0.1

	
0.1

	
0.2

	
0.2

	
0.2

	
0.2




	
Sr

	
124.0

	
86.0

	
222.0

	
145.3

	
150.2

	
161.8

	
150.7




	
Te

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
Tl

	
0.4

	
0.6

	
0.8

	
0.6

	
0.6

	
0.7

	
0.6




	
U

	
5.6

	
5.4

	
8.3

	
6.4

	
6.6

	
6.8

	
6.6




	
V

	
7.0

	
4.0

	
8.0

	
6.3

	
6.3

	
6.6

	
6.4




	
Zn

	
18.0

	
24.0

	
27.0

	
23.3

	
23.9

	
24.3

	
23.6




	
Zr

	
99.0

	
96.0

	
124.0

	
106.8

	
108.1

	
110.6

	
108.1




	
Sc

	
1.0

	
3.0

	
1.0

	
1.7

	
1.7

	
1.6

	
1.7




	
Y

	
17.2

	
13.4

	
11.1

	
13.7

	
13.3

	
13.0

	
13.5




	
La

	
24.2

	
17.0

	
39.3

	
27.0

	
27.7

	
29.6

	
27.9




	
Ce

	
46.5

	
37.5

	
79.1

	
54.9

	
56.6

	
60.2

	
56.6




	
Pr

	
5.4

	
4.1

	
8.4

	
6.0

	
6.1

	
6.5

	
6.1




	
Nd

	
18.0

	
14.7

	
29.2

	
20.8

	
21.4

	
22.6

	
21.4




	
Sm

	
3.4

	
3.3

	
5.5

	
4.1

	
4.2

	
4.4

	
4.2




	
Eu

	
0.7

	
0.6

	
1.5

	
0.9

	
1.0

	
1.1

	
1.0




	
Gd

	
3.1

	
2.7

	
3.5

	
3.1

	
3.1

	
3.2

	
3.1




	
Tb

	
0.6

	
0.4

	
0.5

	
0.5

	
0.5

	
0.5

	
0.5




	
Dy

	
2.9

	
2.2

	
2.1

	
2.4

	
2.3

	
2.3

	
2.4




	
Ho

	
0.6

	
0.5

	
0.4

	
0.5

	
0.5

	
0.4

	
0.5




	
Er

	
1.7

	
1.2

	
1.0

	
1.3

	
1.2

	
1.2

	
1.3




	
Tm

	
0.3

	
0.3

	
0.1

	
0.2

	
0.2

	
0.2

	
0.2




	
Yb

	
1.6

	
1.5

	
0.9

	
1.3

	
1.3

	
1.2

	
1.3




	
Lu

	
0.2

	
0.3

	
0.2

	
0.2

	
0.2

	
0.2

	
0.2




	
Th

	
9.6

	
8.3

	
19.5

	
12.7

	
13.2

	
14.2

	
13.2




	
Parameters




	
FeO* (FeO total)

	
1.24

	
0.96

	
1.30

	
1.16

	
1.16

	
1.19

	
1.17




	
FeO*/MgO

	
4.44

	
6.88

	
4.32

	
4.90

	
4.90

	
4.77

	
4.85




	
Na2O + K2O

	
8.06

	
9.24

	
9.44

	
8.97

	
9.05

	
9.09

	
9.01




	
ΣREE

	
109.2

	
86.1

	
171.8

	
123.3

	
126.4

	
133.7

	
126.7




	
ΣLREE

	
98.2

	
77.2

	
163.0

	
113.8

	
117.0

	
124.4

	
117.3




	
ΣHREE

	
10.9

	
8.9

	
8.8

	
9.5

	
9.3

	
9.3

	
9.4




	
(La/Yb)N

	
10.2

	
7.8

	
27.6

	
13.7

	
14.5

	
16.1

	
14.4




	
(La/Sm)N

	
4.3

	
3.2

	
4.4

	
4.0

	
4.0

	
4.1

	
4.1




	
(Gd/Yb)N

	
1.5

	
1.5

	
2.9

	
1.9

	
1.9

	
2.0

	
1.9




	
(Tb/Yb)N

	
1.63

	
1.35

	
2.63

	
1.78

	
1.82

	
1.92

	
1.82




	
Eu/Eu*

	
0.6

	
0.6

	
1.1

	
0.8

	
0.8

	
0.9

	
0.8








Note: FeO*: FeO total; Eu*: Eu total.
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Table 3. Major oxides, trace and REE data of the synorogenic and late orogenic granitoids of the Abu Zawal (Fatira) area.
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Synorogenic Granitoid Rocks

	
Late Orogenic Granitoid Rocks




	
Z-10

	
Z-44

	
Z-103

	
Z-33

	
Z-38

	
Z-46

	
Z-98

	
Z-43

	
Z-104






	
SiO2

	
60.59

	
62.9

	
66.04

	
69.86

	
74.08

	
71.52

	
71.63

	
71.49

	
72.2




	
Al2O3

	
16.73

	
15.64

	
15.75

	
13.86

	
13.05

	
14.46

	
13.93

	
14.13

	
14.3




	
Fe2O3

	
4.37

	
4.07

	
2.99

	
1.86

	
1.36

	
1.23

	
1.39

	
1.31

	
1.09




	
MgO

	
2.14

	
2.01

	
1.53

	
0.97

	
0.19

	
0.38

	
0.64

	
0.66

	
0.34




	
CaO

	
4.69

	
4.38

	
3.71

	
1.85

	
0.81

	
1.06

	
1.2

	
0.96

	
1.01




	
Na2O

	
4.8

	
4.27

	
5.14

	
3.89

	
4.12

	
4.58

	
4.97

	
4.43

	
5.19




	
K2O

	
3.81

	
3.92

	
3.01

	
5.98

	
5.5

	
5.81

	
4.97

	
5.98

	
5.09




	
TiO2

	
0.89

	
1.03

	
0.57

	
0.42

	
0.19

	
0.3

	
0.31

	
0.29

	
0.17




	
P2O5

	
0.5

	
0.47

	
0.33

	
0.09

	
0.05

	
0.07

	
0.13

	
0.08

	
0.07




	
MnO

	
0.07

	
0.08

	
0.07

	
0.05

	
0.01

	
0.03

	
0.05

	
0.03

	
0.03




	
Cr2O3

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01




	
Cl

	
0.03

	
0.05

	
0.04

	
0.03

	
0.01

	
0.02

	
0.02

	
0.02

	
0.01




	
LOI

	
1.12

	
0.91

	
0.57

	
0.72

	
0.46

	
0.36

	
0.6

	
0.45

	
0.35




	
Sum

	
99.75

	
99.74

	
99.76

	
99.59

	
99.84

	
99.83

	
99.85

	
99.84

	
99.86




	
Trace and rare earth elements (REE)




	
As

	
9

	
10

	
10

	
7

	
3

	
7

	
6

	
6

	
9




	
Ba

	
985.2

	
895.7

	
895.7

	
985.2

	
502

	
1164.4

	
825

	
895.7

	
895.7




	
Cd

	
3

	
0.5

	
0

	
1.6

	
1.1

	
0.2

	
0

	
3.7

	
0.4




	
Co

	
7

	
6

	
4

	
1

	
1

	
1

	
1

	
1

	
1




	
Cs

	
1.4

	
2.3

	
1.3

	
1.8

	
0.6

	
1.3

	
0.9

	
1.4

	
0.7




	
Cu

	
12

	
10

	
7

	
1

	
6

	
5

	
1

	
3

	
5




	
Ga

	
23

	
21

	
19

	
17

	
19

	
17

	
19

	
18

	
20




	
Hf

	
0.9

	
1.5

	
2

	
2.2

	
3.2

	
2.4

	
1.3

	
2.8

	
0.8




	
Mo

	
3

	
1

	
4

	
1

	
3

	
1

	
2

	
1

	
1




	
Nb

	
9

	
11

	
9

	
13

	
13

	
13

	
10

	
14

	
7




	
Ni

	
13

	
11

	
11

	
2

	
1

	
3

	
4

	
3

	
2




	
Pb

	
1

	
1

	
1

	
3

	
1

	
1

	
1

	
3

	
3




	
Rb

	
72.8

	
65.9

	
49.4

	
104.8

	
70.5

	
85

	
69.3

	
114.1

	
67.7




	
S

	
40

	
80.1

	
80.1

	
1001.1

	
360.4

	
40

	
120.1

	
80.1

	
40




	
Sb

	
0.2

	
0.1

	
0.1

	
0.1

	
0.2

	
0.1

	
0.1

	
0.1

	
0.1




	
Sn

	
0.1

	
0.5

	
0.1

	
0.7

	
0.1

	
0.3

	
0.1

	
0.8

	
0.1




	
Sr

	
845.6

	
845.6

	
748

	
130

	
149

	
137

	
201

	
114

	
237




	
Tl

	
0.3

	
0.4

	
0.3

	
0.5

	
0.4

	
0.4

	
0.2

	
0.4

	
0.3




	
U

	
1.2

	
2.5

	
2.1

	
2.2

	
5.6

	
1.8

	
1.5

	
4.3

	
0.9




	
V

	
41

	
45

	
28

	
9

	
6

	
7

	
11

	
8

	
9




	
Zn

	
68

	
65

	
44

	
36

	
12

	
17

	
36

	
22

	
33




	
Zr

	
214

	
237

	
166

	
194

	
89

	
178

	
142

	
183

	
155




	
Sc

	
7

	
8

	
3

	
3

	
1

	
2

	
4

	
1

	
1




	
Y

	
17

	
20.2

	
13

	
17.7

	
5.5

	
17.7

	
10.9

	
17.6

	
6.3




	
La

	
27

	
32

	
21.9

	
31.3

	
23

	
27.8

	
22.3

	
32.7

	
15.6




	
Ce

	
57.9

	
69.1

	
48.1

	
65.9

	
40.2

	
61

	
48.2

	
67.1

	
30.6




	
Pr

	
7

	
8.1

	
5.6

	
7.6

	
3.7

	
7.3

	
5.7

	
7.6

	
3.4




	
Nd

	
28.6

	
33.2

	
20.8

	
27.2

	
11.1

	
27.5

	
21.9

	
26.8

	
13




	
Sm

	
5.7

	
6.7

	
4.6

	
5.1

	
1.6

	
5.4

	
4

	
5.3

	
2.4




	
Eu

	
1.8

	
1.7

	
1.3

	
0.8

	
0.4

	
1

	
0.8

	
1.1

	
0.6




	
Gd

	
4.8

	
5.6

	
3.7

	
4.1

	
1.3

	
3.9

	
3.1

	
4

	
1.5




	
Tb

	
0.7

	
0.8

	
0.5

	
0.6

	
0.3

	
0.6

	
0.4

	
0.6

	
0.2




	
Dy

	
3.6

	
4.4

	
2.6

	
3.4

	
1

	
3.1

	
2.2

	
3.4

	
1.4




	
Ho

	
0.6

	
0.7

	
0.5

	
0.7

	
0.2

	
0.6

	
0.4

	
0.6

	
0.2




	
Er

	
1.7

	
2.3

	
1.4

	
1.8

	
0.6

	
1.7

	
1.1

	
2.1

	
0.7




	
Tm

	
0.2

	
0.3

	
0.2

	
0.2

	
0

	
0.2

	
0.1

	
0.3

	
0.1




	
Yb

	
1.7

	
2

	
1.3

	
1.9

	
0.7

	
1.8

	
1

	
1.8

	
0.6




	
Lu

	
0.3

	
0.3

	
0.2

	
0.3

	
0.1

	
0.3

	
0.1

	
0.3

	
0.1




	
Th

	
3.7

	
5.6

	
6.4

	
8.1

	
11.7

	
6.2

	
4.6

	
14.5

	
2.7




	
Parameters




	
FeO* (FeO total)

	
3.93

	
3.66

	
2.69

	
1.67

	
1.22

	
1.11

	
1.25

	
1.18

	
0.98




	
Na2O + K2O

	
8.61

	
8.19

	
8.15

	
9.87

	
9.62

	
10.39

	
9.94

	
10.41

	
10.28




	
Fe2O3 + TiO2

	
5.26

	
5.1

	
3.56

	
2.28

	
1.55

	
1.53

	
1.7

	
1.6

	
1.26




	
FeO* + MnO

	
4

	
3.74

	
2.76

	
1.72

	
1.23

	
1.14

	
1.3

	
1.21

	
1.01




	
FeO*/(FeO* + MgO)

	
0.65

	
0.65

	
0.64

	
0.63

	
0.87

	
0.74

	
0.66

	
0.64

	
0.74




	
Y + Nb

	
26.04

	
31.16

	
22.01

	
30.72

	
18.51

	
30.66

	
20.92

	
31.6

	
13.27








Note: FeO*: FeO total.













[image: Table] 





Table 4. Major oxides, trace, and REE of the ore zone and different alteration zones of Abu the Zawal (Fatira) area.
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Ore Zone

	
Alteration Zone 1

	
Alteration Zone 2




	
Z12D

	
Z15

	
Z12C

	
Z18D

	
Z18D1

	
Z18E

	
Z24C

	
Z24D

	
Z25D

	
Z12A

	
Z12B

	
Z18A

	
Z24A

	
Z24B

	
Z24E

	
Z24F

	
Z24G






	
SiO2

	
37.62

	
46.35

	
74.71

	
75.25

	
70.86

	
77.10

	
55.80

	
62.96

	
73.65

	
50.00

	
61.67

	
61.86

	
59.36

	
57.42

	
65.39

	
53.47

	
50.84




	
Al2O3

	
18.78

	
17.48

	
14.25

	
13.55

	
14.89

	
11.93

	
22.03

	
16.53

	
15.86

	
17.89

	
16.38

	
15.26

	
15.22

	
15.66

	
16.05

	
16.32

	
15.81




	
Fe2O3

	
28.27

	
22.13

	
2.61

	
3.12

	
4.98

	
3.57

	
7.26

	
8.66

	
1.85

	
5.68

	
4.29

	
4.80

	
6.64

	
8.41

	
4.17

	
7.24

	
6.32




	
MgO

	
0.84

	
0.79

	
0.50

	
0.52

	
0.44

	
0.29

	
0.98

	
0.84

	
0.48

	
2.76

	
1.75

	
1.78

	
1.46

	
2.13

	
1.48

	
1.99

	
2.89




	
CaO

	
0.27

	
0.05

	
0.02

	
0.06

	
0.04

	
0.06

	
0.45

	
0.67

	
0.06

	
3.67

	
3.51

	
3.38

	
6.88

	
3.54

	
3.01

	
6.29

	
7.76




	
Na2O

	
0.21

	
0.12

	
0.10

	
0.14

	
0.17

	
0.13

	
0.19

	
0.13

	
0.17

	
4.08

	
4.56

	
5.64

	
2.67

	
0.93

	
0.78

	
2.15

	
2.98




	
K2O

	
4.30

	
5.11

	
4.70

	
4.72

	
4.88

	
3.90

	
7.56

	
5.60

	
5.05

	
3.72

	
3.08

	
3.30

	
2.14

	
6.24

	
5.22

	
4.22

	
3.18




	
TiO2

	
1.42

	
1.52

	
0.12

	
0.11

	
0.12

	
0.12

	
0.85

	
0.62

	
0.09

	
0.93

	
0.84

	
0.88

	
0.67

	
0.82

	
0.36

	
1.30

	
1.25




	
P2O5

	
0.30

	
0.29

	
0.02

	
0.02

	
0.03

	
0.02

	
0.29

	
0.20

	
0.01

	
0.31

	
0.11

	
0.37

	
0.24

	
0.26

	
0.11

	
0.49

	
0.49




	
MnO

	
0.01

	
0.01

	
0.01

	
0.01

	
0.02

	
0.01

	
0.26

	
0.21

	
0.14

	
0.38

	
0.03

	
0.08

	
0.14

	
0.35

	
0.16

	
0.13

	
0.10




	
Cr2O3

	
0.01

	
0.01

	
0.01

	
0.01

	
0.42

	
0.29

	
0.38

	
0.01

	
0.32

	
0.01

	
0.01

	
0.01

	
0.01

	
0.25

	
0.01

	
0.31

	
0.02




	
Cl

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.02

	
0.01

	
0.01

	
0.02

	
0.02

	
0.02

	
0.03

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01




	
LOI

	
6.86

	
5.55

	
2.78

	
2.27

	
2.56

	
2.34

	
3.72

	
3.31

	
2.14

	
5.02

	
3.26

	
2.07

	
4.34

	
3.73

	
3.14

	
5.88

	
7.91




	
Sum

	
98.9

	
99.42

	
99.84

	
99.79

	
99.42

	
99.78

	
99.78

	
99.75

	
99.84

	
94.47

	
99.51

	
99.46

	
99.78

	
99.75

	
99.89

	
99.8

	
99.56




	
Trace and rare earth elements (REE)




	
As

	
24.0

	
56.0

	
23.0

	
20.0

	
37.0

	
31.0

	
306.0

	
472.0

	
25.0

	
26.0

	
20.0

	
17.0

	
17.0

	
182.0

	
75.0

	
121.0

	
19.0




	
Au

	
0.0

	
1.3

	
0.5

	
0.4

	
0.0

	
2.6

	
0.0

	
0.7

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
Ba

	
628.0

	
960.1

	
561.0

	
419.0

	
389.0

	
351.0

	
898.3

	
912.7

	
241.0

	
878.6

	
859.8

	
1067.6

	
897.4

	
1008.5

	
398.0

	
424.0

	
1569.2




	
Cd

	
0.0

	
0.0

	
0.0

	
0.4

	
0.0

	
0.0

	
1.4

	
0.6

	
2.8

	
6.4

	
0.8

	
0.0

	
0.0

	
2.3

	
0.8

	
0.0

	
0.0




	
Co

	
23.0

	
41.0

	
20.0

	
24.0

	
33.0

	
49.0

	
27.0

	
67.0

	
44.0

	
87.0

	
34.0

	
48.0

	
32.0

	
36.0

	
23.0

	
41.0

	
28.0




	
Cs

	
2.3

	
1.3

	
1.0

	
0.9

	
0.8

	
0.7

	
14.0

	
6.3

	
2.5

	
3.8

	
1.2

	
0.8

	
1.2

	
4.6

	
3.4

	
3.9

	
3.0




	
Cu

	
1156.7

	
442.0

	
55.0

	
12.0

	
20.0

	
27.0

	
22.0

	
13.0

	
63.0

	
39,068.5

	
1791.8

	
16.0

	
13.0

	
99.0

	
111.0

	
15.0

	
26.0




	
Ga

	
33.0

	
28.0

	
21.0

	
18.0

	
20.0

	
19.0

	
21.0

	
16.0

	
18.0

	
27.0

	
20.0

	
1.0

	
15.0

	
19.0

	
16.0

	
21.0

	
19.0




	
Hf

	
3.4

	
3.5

	
2.8

	
2.5

	
2.0

	
1.4

	
0.9

	
0.3

	
1.4

	
1.0

	
0.0

	
0.0

	
1.4

	
0.3

	
2.3

	
2.0

	
2.9




	
Mo

	
11.0

	
19.0

	
3.0

	
4.0

	
25.0

	
4.0

	
2.0

	
2.0

	
1.0

	
2.0

	
2.0

	
2.0

	
2.0

	
2.0

	
1.0

	
1.0

	
2.0




	
Nb

	
13.0

	
11.0

	
18.0

	
16.0

	
16.0

	
17.0

	
5.0

	
5.0

	
20.0

	
10.0

	
10.0

	
9.0

	
6.0

	
5.0

	
12.0

	
8.0

	
9.0




	
Ni

	
82.0

	
50.0

	
6.0

	
7.0

	
6.0

	
5.0

	
16.0

	
24.0

	
7.0

	
25.0

	
14.0

	
10.0

	
17.0

	
16.0

	
8.0

	
63.0

	
72.0




	
Pb

	
1.0

	
1.0

	
1.0

	
1.0

	
25.0

	
1.0

	
73.0

	
68.0

	
42.0

	
1.0

	
1.0

	
1.0

	
5.0

	
1.0

	
19.0

	
1.0

	
1.0




	
Rb

	
103.8

	
111.5

	
109.6

	
101.7

	
80.6

	
86.7

	
266.0

	
168.2

	
125.0

	
108.1

	
53.4

	
63.0

	
51.4

	
165.2

	
127.1

	
110.3

	
77.0




	
S

	
3067.9

	
1383.1

	
294.0

	
599.1

	
2017.9

	
589.1

	
113.4

	
221.7

	
219.3

	
161.7

	
260.2

	
1293.4

	
233.5

	
146.1

	
40.0

	
284.4

	
596.7




	
Sb

	
1.3

	
1.4

	
0.4

	
0.7

	
0.4

	
0.3

	
3.4

	
3.0

	
0.8

	
1.0

	
0.6

	
0.1

	
1.2

	
3.3

	
1.6

	
1.4

	
2.2




	
Sn

	
0.1

	
0.3

	
0.6

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1




	
Sr

	
470.0

	
335.0

	
63.0

	
32.0

	
47.0

	
29.0

	
35.0

	
39.0

	
17.0

	
180.0

	
658.0

	
580.0

	
321.0

	
80.0

	
38.0

	
214.0

	
422.0




	
Tl

	
0.5

	
0.6

	
0.5

	
0.4

	
0.4

	
0.4

	
1.8

	
1.0

	
0.7

	
0.7

	
0.3

	
0.3

	
0.4

	
0.9

	
0.7

	
0.6

	
0.5




	
U

	
4.5

	
3.7

	
4.6

	
4.2

	
3.9

	
4.3

	
0.8

	
0.7

	
3.6

	
5.4

	
2.5

	
1.2

	
0.8

	
0.8

	
1.6

	
0.8

	
0.6




	
V

	
195.0

	
120.0

	
12.0

	
11.0

	
9.0

	
9.0

	
113.0

	
87.0

	
4.0

	
75.0

	
54.0

	
58.0

	
69.0

	
111.0

	
42.0

	
91.0

	
85.0




	
Zn

	
51.0

	
29.0

	
15.0

	
14.0

	
13.0

	
12.0

	
152.0

	
63.0

	
481.0

	
3473.7

	
88.0

	
76.0

	
90.0

	
204.0

	
182.0

	
102.0

	
122.0




	
Zr

	
174.0

	
172.0

	
107.0

	
99.0

	
98.0

	
101.0

	
124.0

	
123.0

	
93.0

	
242.0

	
199.0

	
234.0

	
160.0

	
100.0

	
120.0

	
187.0

	
178.0




	
Sc

	
10.0

	
12.0

	
1.0

	
3.0

	
1.0

	
1.0

	
22.0

	
15.0

	
1.0

	
11.0

	
7.0

	
5.0

	
16.0

	
21.0

	
9.0

	
9.0

	
8.0




	
Y

	
12.2

	
14.1

	
11.9

	
11.0

	
8.0

	
9.4

	
23.3

	
19.5

	
9.7

	
19.8

	
21.3

	
18.9

	
24.1

	
24.0

	
12.4

	
11.3

	
10.2




	
La

	
18.9

	
22.6

	
28.6

	
22.0

	
18.7

	
24.1

	
12.7

	
10.6

	
20.0

	
28.7

	
14.4

	
25.4

	
13.2

	
11.2

	
14.7

	
23.5

	
22.5




	
Ce

	
39.3

	
45.4

	
59.6

	
47.3

	
40.2

	
48.7

	
27.3

	
23.9

	
39.0

	
66.7

	
33.7

	
58.4

	
31.8

	
25.4

	
30.1

	
53.1

	
52.0




	
Pr

	
4.8

	
5.5

	
7.0

	
5.6

	
4.5

	
5.4

	
4.1

	
3.3

	
3.7

	
8.1

	
4.2

	
7.2

	
4.4

	
3.5

	
3.4

	
6.6

	
6.6




	
Nd

	
18.1

	
21.0

	
27.1

	
17.9

	
15.3

	
19.8

	
17.2

	
15.8

	
9.8

	
32.8

	
19.5

	
30.6

	
19.0

	
15.8

	
12.1

	
29.4

	
27.6




	
Sm

	
3.7

	
4.1

	
4.2

	
3.8

	
2.4

	
3.5

	
4.5

	
3.8

	
1.6

	
6.5

	
5.2

	
5.9

	
4.9

	
4.6

	
2.6

	
5.9

	
6.0




	
Eu

	
1.0

	
0.8

	
0.8

	
0.6

	
0.4

	
0.5

	
1.4

	
1.1

	
0.5

	
2.0

	
1.6

	
2.0

	
1.3

	
1.6

	
0.6

	
1.8

	
2.1




	
Gd

	
2.8

	
3.5

	
3.2

	
2.7

	
1.7

	
2.1

	
4.8

	
3.7

	
1.5

	
5.6

	
4.6

	
5.4

	
4.8

	
4.0

	
2.4

	
4.6

	
4.4




	
Tb

	
0.3

	
0.5

	
0.4

	
0.3

	
0.3

	
0.3

	
0.7

	
0.6

	
0.3

	
0.8

	
0.7

	
0.8

	
0.8

	
0.6

	
0.4

	
0.6

	
0.6




	
Dy

	
2.1

	
3.0

	
2.3

	
1.8

	
1.4

	
1.7

	
4.0

	
2.8

	
1.3

	
3.7

	
3.9

	
3.7

	
4.7

	
3.7

	
2.1

	
2.5

	
2.6




	
Ho

	
0.4

	
0.6

	
0.3

	
0.3

	
0.2

	
0.3

	
0.8

	
0.6

	
0.3

	
0.6

	
0.7

	
0.7

	
0.9

	
0.8

	
0.4

	
0.4

	
0.4




	
Er

	
1.1

	
1.6

	
1.2

	
1.3

	
1.0

	
1.0

	
2.7

	
2.0

	
1.2

	
2.1

	
1.7

	
2.0

	
2.7

	
2.3

	
1.6

	
1.2

	
1.1




	
Tm

	
0.1

	
0.2

	
0.2

	
0.3

	
0.1

	
0.2

	
0.4

	
0.3

	
0.1

	
0.2

	
0.3

	
0.2

	
0.3

	
0.4

	
0.2

	
0.1

	
0.1




	
Yb

	
1.3

	
1.7

	
1.2

	
1.4

	
1.2

	
1.4

	
2.4

	
2.0

	
1.0

	
1.6

	
1.8

	
1.5

	
2.6

	
3.2

	
1.8

	
1.2

	
0.9




	
Lu

	
0.2

	
0.3

	
0.2

	
0.2

	
0.1

	
0.2

	
0.4

	
0.3

	
0.2

	
0.2

	
0.3

	
0.2

	
0.5

	
0.4

	
0.3

	
0.1

	
0.1




	
Th

	
2.6

	
2.6

	
8.0

	
7.7

	
7.6

	
7.0

	
1.6

	
1.4

	
11.4

	
4.4

	
3.4

	
3.3

	
2.2

	
1.2

	
6.4

	
1.7

	
1.7




	
Parameters




	
FeO* (FeO total)

	
25.44

	
19.92

	
2.35

	
2.81

	
4.48

	
3.21

	
6.53

	
7.79

	
1.67

	
5.11

	
3.86

	
4.32

	
5.98

	
7.57

	
3.75

	
6.52

	
5.69




	
CCPI

	
85.35

	
79.84

	
37.25

	
40.64

	
49.36

	
46.50

	
49.23

	
60.11

	
29.12

	
50.23

	
42.34

	
40.56

	
60.72

	
57.50

	
46.59

	
57.18

	
58.20




	
Ishikawa AI

	
91.46

	
97.20

	
97.74

	
96.32

	
96.20

	
95.66

	
93.03

	
88.95

	
96.01

	
45.54

	
37.44

	
36.03

	
27.38

	
65.19

	
63.87

	
42.39

	
36.11




	
Na2O + CaO

	
0.48

	
0.17

	
0.12

	
0.20

	
0.21

	
0.19

	
0.64

	
0.80

	
0.23

	
7.75

	
8.07

	
9.02

	
9.55

	
4.47

	
3.79

	
8.44

	
10.74




	
MgO + FeO*

	
26.28

	
20.71

	
2.85

	
3.33

	
4.92

	
3.50

	
7.51

	
8.63

	
2.15

	
7.87

	
5.61

	
6.10

	
7.44

	
9.70

	
5.23

	
8.51

	
8.58




	
ΣREE

	
94.03

	
110.61

	
136.39

	
105.57

	
87.48

	
109.25

	
83.33

	
70.85

	
80.52

	
159.62

	
92.39

	
143.99

	
91.80

	
77.53

	
72.60

	
130.98

	
127.14




	
ΣLREE

	
85.72

	
99.31

	
127.30

	
97.27

	
81.50

	
102.08

	
67.17

	
58.54

	
74.62

	
144.82

	
78.55

	
129.47

	
74.59

	
62.04

	
63.43

	
120.28

	
116.88




	
ΣHREE

	
8.31

	
11.29

	
9.09

	
8.30

	
5.98

	
7.17

	
16.16

	
12.31

	
5.90

	
14.80

	
13.84

	
14.51

	
17.21

	
15.48

	
9.17

	
10.70

	
10.26




	
ΣHREE/ΣREE

	
0.09

	
0.10

	
0.07

	
0.08

	
0.07

	
0.07

	
0.19

	
0.17

	
0.07

	
0.09

	
0.15

	
0.10

	
0.19

	
0.20

	
0.13

	
0.08

	
0.08




	
ΣLREE/ΣREE

	
0.91

	
0.90

	
0.93

	
0.92

	
0.93

	
0.93

	
0.81

	
0.83

	
0.93

	
0.91

	
0.85

	
0.90

	
0.81

	
0.80

	
0.87

	
0.92

	
0.92




	
Eu/Eu*

	
0.91

	
0.61

	
0.66

	
0.62

	
0.67

	
0.60

	
0.93

	
0.90

	
0.95

	
1.03

	
1.03

	
1.07

	
0.83

	
1.11

	
0.72

	
1.06

	
1.28




	
K2O Index (K.I.)

	
76.51

	
84.18

	
88.35

	
86.76

	
88.25

	
89.04

	
82.35

	
77.35

	
87.67

	
26.14

	
23.88

	
23.40

	
16.27

	
48.60

	
49.76

	
28.81

	
18.92




	
MgO Index (M.I.)

	
14.95

	
13.01

	
9.40

	
9.56

	
7.96

	
6.62

	
10.68

	
11.60

	
8.33

	
19.40

	
13.57

	
12.62

	
11.10

	
16.59

	
14.11

	
13.58

	
17.19








Note: FeO*: FeO total; Eu*: Eu total.
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Table 5. Elements/oxides mass changes in relation to original whole rock mass ((Mfi − Moi)/Mo) and in relation to original elements/oxides mass in original rock ((Mfi − Moi)/Moi) (data from GEOISO-A Windows™ program).






Table 5. Elements/oxides mass changes in relation to original whole rock mass ((Mfi − Moi)/Mo) and in relation to original elements/oxides mass in original rock ((Mfi − Moi)/Moi) (data from GEOISO-A Windows™ program).





	

	
Ore Zone

	
Zone-1

	
Zone-2




	
(Mfi − Moi)/Mo

	
(Mfi − Moi)/Moi

	
(Mfi − Moi)/Mo

	
(Mfi − Moi)/Moi

	
(Mfi − Moi)/Mo

	
(Mfi − Moi)/Moi






	
SiO2

	
−26.03

	
−0.41

	
8.94

	
0.14

	
−5.79

	
−0.09




	
Al2O3

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Fe2O3

	
0.93

	
4.87

	
0.05

	
0.25

	
0.11

	
0.58




	
FeO

	
15.80

	
4.85

	
0.77

	
0.24

	
1.81

	
0.56




	
MgO

	
−1.17

	
−0.62

	
−1.29

	
−0.68

	
0.14

	
0.07




	
CaO

	
−4.12

	
−0.97

	
−4.06

	
−0.95

	
0.49

	
0.12




	
Na2O

	
−4.59

	
−0.97

	
−4.59

	
−0.97

	
−1.78

	
−0.38




	
K2O

	
0.59

	
0.16

	
1.77

	
0.50

	
0.30

	
0.09




	
TiO2

	
0.47

	
0.57

	
−0.53

	
−0.64

	
0.05

	
0.06




	
P2O5

	
−0.17

	
−0.38

	
−0.35

	
−0.81

	
−0.13

	
−0.30




	
MnO

	
−0.06

	
−0.87

	
0.02

	
0.32

	
0.10

	
1.42




	
Cr2O3

	
0.00

	
−0.12

	
0.21

	
20.62

	
0.07

	
6.99




	
LOI

	
4.62

	
5.32

	
1.94

	
2.23

	
3.54

	
4.07




	
As

	
25.72

	
2.66

	
124.76

	
12.90

	
49.85

	
5.16




	
Au

	
0.58

	
29.08

	
0.61

	
30.40

	

	




	
Ba

	
−222.98

	
−0.24

	
−370.74

	
−0.40

	
−39.27

	
−0.04




	
Cd

	
−1.16

	
−1.00

	
−0.38

	
−0.33

	
0.13

	
0.11




	
Co

	
22.64

	
3.99

	
33.15

	
5.85

	
35.38

	
6.24




	
Cu

	
697.55

	
72.14

	
21.51

	
2.23

	
5123.28

	
529.81




	
Ga

	
5.98

	
0.29

	
−1.44

	
−0.07

	
−3.78

	
−0.18




	
Hf

	
1.61

	
1.09

	
0.18

	
0.12

	
−0.24

	
−0.16




	
Mo

	
10.60

	
3.97

	
3.36

	
1.26

	
−0.92

	
−0.35




	
Nb

	
0.95

	
0.10

	
4.60

	
0.48

	
−1.06

	
−0.11




	
Ni

	
46.72

	
4.00

	
−1.23

	
−0.11

	
16.41

	
1.41




	
Pb

	
−0.12

	
−0.12

	
30.03

	
30.03

	
2.74

	
2.74




	
Rb

	
32.53

	
0.52

	
75.25

	
1.20

	
31.55

	
0.50




	
S

	
1902.22

	
28.50

	
529.55

	
7.94

	
309.56

	
4.64




	
Sb

	
1.06

	
7.08

	
1.18

	
7.85

	
1.27

	
8.45




	
Sn

	
−0.02

	
−0.12

	
−0.07

	
−0.35

	
−0.14

	
−0.74




	
Sr

	
−456.96

	
−0.56

	
−774.53

	
−0.95

	
−502.01

	
−0.62




	
U

	
1.64

	
0.84

	
1.29

	
0.66

	
−0.24

	
−0.13




	
V

	
101.34

	
2.67

	
−1.97

	
−0.05

	
34.99

	
0.92




	
Zn

	
−23.61

	
−0.40

	
51.30

	
0.87

	
482.20

	
8.17




	
Zr

	
−52.61

	
−0.26

	
−96.10

	
−0.47

	
−28.50

	
−0.14




	
Mass Change

	
MC = −11.528

	
MC = 2.953

	
MC = −0.187




	
Volume Change

	
VC = −26.318

	
VC = 0.746

	
VC = −1.623
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