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Abstract: Gold-silver deposits in Atalla area occur as hydrothermal quartz veins in NE-SW pre-existing fractures within the Atalla 

granitic pluton. The orientation of such quartz veins has been attributed to extensional behavior related to Atalla Shear Zone (ASZ). 

The Atalla area is covered by various litholigies that are (from older to younger): metasedimentary rocks, metavolcanic rocks, 

ophiolite assemblage (serpentinites/talc-carbonates), Atalla granite and Dokhan volcanic rocks. Microscopically, Atalla granite ranges 

in composition from granodiorite to monzogranite. Whole-rock geochemistry constrains the calc-alkaine affinity of the Atalla granite 

that was intruded within orogenic (syn-collision) tectonic regime. The ore minerals are represented by gold/silver (electrum), pyrite 

(Py1 & Py2), arsenopyrite, pyrrhotite, sphalerite, chalcopyrite, galena, covellite and goethite. The temperature of ore formation ranges 

from 240 to 285 °C and the estimated fluid pressure is in the range of (20–100 MPa). Based on the geologic setting, ore textures and 

fluid characteristics; the Atalla Au-Ag deposits are considered to be of orogenic type formed at continental collision (~653-590 Ma), 

synchronous with emplacement of calc-alkaline magmatism during the evolution history of Arabian Nubian Shield (ANS). The initial 

ore-forming fluid was mostly derived from a metamorphic source related to ophiolitic-serpentinite rocks under deep regional 

conditions of greenschist-amphibolite facies, where the Atalla granitic eruption provided the sufficient temperature for metamorphic 

process. The transportation of ore metals as bisulfide complexes is preferred under such conditions. The deposition of ore minerals was 

triggered by fluid/wallrock interaction through fracture pathways consequence with temperature/pressure drop that are likely related to 

uplifting into crustal levels. 
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1. Introduction 

 

The Eastern Desert of Egypt (ED) constitutes a major part of the Nubian Shield that previously formed as continuous 

part of the Arabian-Nubian Shield (ANS) before the rifting of Red Sea since the Oligo-Miocene times (23 Ma??). The 

ANS forms the northern basement rocks exposure of the East African Orogen that developed in the Middle Cryogenian–

Ediacaran age (790–560 Ma) between north-east Africa and west of Arabia and extends to Mozambique (Stern et al., 

2004; Hamimi et al., 2019). The ANS occurs along the suture between East and West Gondwana at the northern end of 

the East African Orogen (Fig. 1-A). The ANS was accreted during Neoproterozoic time (~950–540 Ma) during the Pan-

African orogeny and consists of a collage of oceanic and continental magmatic arcs associated with subduction/obduction 

of the oceanic crust and post-tectonic magmatism (Hamimi et al., 2019). The formation of crystalline basement rocks of 

ANS was synchronous with closure of the Mozambique Ocean between (~800–600 Ma) (Kroner, 1985; Stern, 1994; 

Loizenbauer et al., 2001) 
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Fig 1: A) Map of Gondwana collision showing the general arrangement of cratons, shields and oceans at the end of the 

Neoproterozoic age (Abu Alam et al., 2013), B) Distribution for different types of gold deposits in the Eastern Desert of Egypt with 

referring to Atalla Au-Ag mine, (modified after Abdelnasser, 2016) with additions from (Johnson et al., 2014), and C) Sketch 

summary for the megashears structural trends (1st & 2nd order) in the Eastern Desert of Egypt (El Gaby, 2007). 

 

 

 

The tectonic evolution of ANS can be described by three major successive stages: 1) subduction stage (~850–635 Ma), 

characterized by island arc volcanics, volcano-sedimentary assemblage and metagabbro-diorite intrusive rocks, (2) 

continental-orogeny stage (~635–590 Ma), characterized by transitional magmatism of calc-alkaine intrusions, tectonic 

escape and extension, and (3) post-collision stage (590–540 Ma), characterized by emplacement of fresh gabbro and 

alkaline granitic masses (Khalil et al., 2016 and references in). 

The basement rocks in the ED occur as an elongated belt 800 km length parallel to the Red Sea coast, and comprise a 

series of intra-oceanic island arcs, oceanic islands, obducted oceanic lithosphere, continental plutons and molasse-type 

sediments. The basement belt crops out from Ras Gharieb area in the north to the Egypt-Sudan border into the south, and 

hosts more than a hundred of widely distributed-gold occurrences in Egypt (Fig. 1-B). There are three main models for 

genetic evolution of the gold in Egypt: 1) Orogenic gold related to hydrothermal activity which is either derived from 

pure metamorphic or combined metamorphic-magmatic sources (ex. Gidami
(12)

, Fawakhir
(19)

, Barramiya
(45)

, Sukari
(51)

) 

(Harraz, 2000; Klemm et al., 2001; Helmy et al., 2004; Zoheir and Lehmann, 2011; Zoheir and Moritz, 2014, Abd El 

Monsef et al., 2018b), 2) Intrusion/porphyry related-gold connected with younger granite/fresh gabbro or Dokhan 

volcanics,  in particular to their post-magmatic fluids (ex: Um Monqul
(1)

, Um Balad
(2)

, Abu Dabbab
(40)

, Atud
(50)

) (Botros, 

1995; El Gaby et al., 1988; Takla, et al., 1990; Abdelnasser and Kumral, 2017; Abd El Monsef et al., 2018a), and 3) Gold 

disseminated in volcanoclastic rocks (VMS) associated with island arc system (ex: Abu Marawat
(5)

, Semna
(7)

, 

Hamama
(13)

, Um Samuki
(67)

, Darhib
(70)

) (Helmy, 1999, Helmy and El Mahallawi, 2004; Johnson et al., 2014). The 

hydrothermal vein-type mineralization (ex: Atalla deposits) resembles the majority of the gold deposits in Egypt, where 

gold-bearing quartz veins are found enveloped within different rock varieties including; ophiolitic serpentinites, island-

arc assemblage, gabbros and graniotoids. Generally, the hydrothermal system of Au-rich quartz veins in the ED are 

clearly structural controlled and related to brittle–ductile shear zones, which have been developed during late 

deformational stages of the evolution history for ANS (Akaad et al., 1996; El Shimi, 1996; Loizenbauer and Neumayr, 

1996; Zoheir et al., 2008). 
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Tectonically, the ED is traversed by several major shear zones and ophiolite-decorated sutures during the deformation 

associated with Pan-African orogeny (El Ramly et al., 1984; Kroner, 1985; El Gaby, 2007). In the Late Proterozoic 

period, a compression force from the east direction resulted in two conjugate megashears (First Order, 1
st
) including; the 

older dextral NE-SW (Qena-Safaga) with sinistral (Idfu-Marsa Alam or Nugrus megashears) and another younger 

sinistral NW-SE Kom Ombo-Halaib or Najd megashear (620–560 Ma; Stern, 1985). They were followed by the (Second 

Order, 2
nd

) megashears including; sinistral NNW-SSE (Atalla shear), dextral (Sheikh Salem shear), approximately 

trending E-W and another dextral N-S (Hamisana shear) (El Gaby, 2007) as shown in (Fig. 1-C). 

Wadi Atalla area is located in the Central Eastern Desert of Egypt (CED), north of the Qift-Quseir asphaltic road, 

which traverses the CED in a W-E direction. Atalla gold mine is located at the intersection of lat. 26° 9' 22" N and long. 

33° 30' 51" E, covers a surface area of about (~4 Km
2
). Due to its importance as a gold province, the area of Atalla has 

been extensively investigated in term of its geology, morphology, structure, mineralization and mining investigations (i.e. 

Hume, 1937; Sabet et al., 1976; Essawy and Abu Zeid, 1972; Akaad and Noweir, 1980; El-Bouseily et al., 1986; El Gaby 

et al., 1988; Mostafa and Bakhit, 1988; Ragab et al., 1993; Harraz, 1985 and Akawy, 2003 & 2007). 

Hume (1937) stated that the average of gold content in ordinary samples is 30 g/t and Au:Ag ratio varies from (1:2.4 to 

1:3.8). Sabet et al. (1976) calculated an average Ag/Au value of about 3.5 in the productive zone of Atalla gold mine of. 

Harraz (1985) stated that, the gold content in Atalla mine increases with depth; the richer zone in quartz veins occur at 

depth of 15–20 meter. The average gold content ranges 11-29.7 g/t and the silver content is about 22.76 g/t. El-Bouseily 

et al. (1986) showed that the Atalla gold mineralization is characterized by high Ag content up to 92 ppm, and they (op. 

cit) provided a preliminary estimated of the Ag and Au geological reserves in Atalla as 78 and 28 tons respectively. 

The present contribution aims to shed light on the geology, mineralogy, structure controls and mechanism responsible 

for the formation of the gold-silver deposits in Atalla area, and to estimate the pressure-temperature conditions that 

prevailed during the ore precipitation in order to provide a scenario of fluid evolution and a model of mineralization. 

 

2. Geologic and Structural Settings 

 

The Atalla area comprises a variety of basement rocks including igneous and metamorphic units (Fig. 2). The geology 

of the Atalla area was included in the regional studies carried by (Akaad and Noweir, 1980, El Gaby et al., 1988; Wetait, 

1994). The area is covered by metasedimentary rocks, metavolcanic rocks and ophiolite assemblage (serpentinites/talc-

carbonates) that are intruded by Atalla granitic and Dokhan volcanic rocks. These rocks units are intruded by post granitic 

dykes of various compositions. 

 

 
Fig 2: Geologic map of Atalla area (modified after Murr, 1998). 

 

Metasedimentary rocks are represented mainly by meta-greywackes that are found as an elongated belt in the east of 

the study area and small scattered outcrops in the central and western parts. Microscopically, they consist of sub-parallel 
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sericite-muscovite and quartz plagioclase bands. Scattered masses of meta-siltstone occur near meta-greywakes that are 

separated by the Wadi Atalla fault. 

Metavolcanic rocks are found as a large block occupy the northern west side of the area. They are dominated by meta-

andesite with subordinate amount of meta-basalt and tuffs which belong to the island-arc assemblage. The meta-andesite 

is essentially composed of tremolite, plagioclase, quartz and opaque minerals. The meta-basalt is traced as shield margin 

surrounding the meta-andesite rocks at the north-eastern part of the area. 

Ophiolite rocks are represented by serpentinites and related talc-carbonates. These rocks are observed adjacent to 

Atalla granitic pluton with an elongated belt trending NW-SE. Serpentinites are commonly blackish green and intensely 

sheared especially along the contact zone with granitic masses, they always show schistose appearance. Serpentinite is 

composed mainly of antigorite, tremolite, and opaques as well as some secondary quartz occurring in small aggregates or 

as veinlets. Talc-carbonates are found as scattered outcrops of light green/yellow appearance, they always exhibit 

gradational contacts with the adjacent serpentinite rocks. 

The Atalla granitic body occupies the central part of the area and occurs as large elongated body extending NW-SE that 

is oriented parallel to of Atalla shear zone (ASZ). It is transected at the middle by a small Wadi trending ENE–WSW that 

is probably following a fault zone. This fault separated the granite mass into; Atalla North and Atalla South. Atalla South 

is of lower relief relative to Atalla North that may represent the down thrown side of this fault. In addition, Atalla North 

mass is intruded by felsic dykes that are absent in Atalla South mass, one of these dykes occupies the highest peak in the 

granite mass. The granite rocks are homogeneous, medium to fine grained, generally white to grey in color and composed 

of feldspar, quartz and muscovite. The Atalla granite intrudes metasediments, metavolcanics and serpentinites, and 

occasionally containing xenoliths of metavolcanic rocks. 

Dokhan volcanic rocks exhibit wide range of composition from felsic to mafic varieties, they are represented by felsite, 

dacite, andesite and basalt that occupy mainly the north, central and southwest corner of the mapped area. They 

commonly form rugged low to medium relief relative to the surrounding rocks. Felsite is widespread in the area, it is 

locally intruding Atalla granitic body. Near the mining area, it is composed of phenocrysts of orthoclase, plagioclase and 

perthite in microcrystalline groundmass of quartz, plagioclase, biotite, muscovite and opaques. 

 Post granitic rhyolitic and basaltic dykes intrude most of the country rocks with sharp contacts and may extend for 

several kilometers. 

The CED is generally dominated by a strong NW–SE structural trend expressed by steeply dipping ductile–brittle shear 

zones related to Atalla and Najd shear zones that are dissected by ENE deep-seated faults (Garson and Krs, 1976; Bennett 

and Mosley, 1987; Greiling et al., 1988). Hence, most of gold deposits in the CED are commonly linked with ophiolites 

in association of granites and major wrench deformation (Zoheir and Moritz, 2014). 

The structural elements in the CED were traced from Google Earth image along either straight or slightly curved lines 

(Figs. 3-A&B). The faults are trending mainly in NW-SE as general trend and NE-SW and N-S trends are less common 

(Fig. 3-C). In the small scale of the study area around Atalla mine (Figs. 4-A&B), it is obvious that the structural trends 

repeat themselves from macro to micro scales. However, the NE-SW trend are the most dominant followed by NNE-

SSW, NW-SE and E-W trends (Fig. 4-C). The whole area is supposed to be controlled firstly by NW-SE or NNW-SSE 

shearing that delineated the positioning of Atalla granitic pluton. El Gaby et al. (1988) mentioned that Atalla felsites were 

intruded and sheared along a left lateral NNW-SSE shear zone. Then, the post granitic deformation was expressed mainly 

by NE-SW oriented fractures of quartz veins and felsic dykes within Atalla granite. Zoheir et al. (2018a) proposed that 

the NE-SW structural trend and related elements (faults, veins and fissures) represent a high order reactivation of 

formerly NW-SW trend of (ASZ). Mostafa and Bakhit (1988) stated that the NNW-SSE direction is the main strain axis, 

while the NE-SW direction is the minimum strain axis affecting on the area of Wadi Atalla. Akawy (2003) showed that, 

two major (NW–SE and NNW–SSE) shear zones control the course of Wadi Atalla in which a left lateral strike-slip 

movement was recorded along these shear zones. He (op. cit) concluded that the vein concentration increases at the 

intersection zones of faults. The current structural observation reveals that the main fault system in the studied area 

comprise three main trends; NNW-SSE, NE-SW and E-W. Such trends manifest the morphology of quartz veins within 

Atalla granitic rock. Three sets of joints typically found dissecting the Atalla granitic mass, trend NW-SE, NE-SW and E-

W as main directions (Fig. 4-D). The field observations reveal that the E-W trend is the oldest followed by NE-SW trend 

and finally dissected by NW-SE trend as the youngest one. 
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Fig 3: A) Google Earth image for the Central Eastern Desert of Egypt, B) Fracture map for the Central Eastern Desert of Egypt, and 

(C) Rose diagram showing the frequency distribution patterns of the different structural trends in the Central Eastern Desert of Egypt. 
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Fig 4: A) Google Earth image for the area around Atalla Au-Ag mine, B) Field photograph showing the different joint sets cutting 

through Atalla granitic rock, C) Close-up view for the main fractural lineaments at the Atalla area, and D) Rose diagram for the 

frequency distribution of the structural trends at the studied Atalla area. 

 

3. Analytical Methods 

 

Field trips for the studied area were carried out in order to record the main field observations and characteristic features 

of the ore bodies and country rocks, and to select different-representative samples of the host rocks, as well as 

mineralized- and barren quartz veins in the Atalla area. The structural setting, including orientation of faults, joints as 

well as structural lineaments were measured and interpreted in order to better understand the deformation history and to 

determine its relationship with the trends of gold bearing-quartz veins. Petrographically, samples of Atalla granite were 

examined under polarizing microscope to identify the mineral constituents and main textures. Some representative 

samples of Atalla granite were crushed and powdered in an agate mortar, then analyzed for whole rock geochemistry 

including (major oxides and trace elements) using ICP-Emission Spectrometry at the Acme Analytical Laboratories, 

Vancouver, Canada. Twenty thin and polished sections from quartz veins were examined in order to detect the main ore 

and gangue minerals, and to define ore textures and minor structures for paragenetic purpose. The microscopic 

examination was performed using research microscope (transmitted and reflected light) at petrographic laboratory of 

geology department, faculty of science, Tanta University. Selected samples were further investigated by CAMECA SX-

100 electron microprobe analyzer (EMPA) at the Institute of Geological Sciences, Masaryk University, Czech Republic. 

The microprobe analyses were performed in order to aid the petrographic identification of ore minerals and for detection 

of major elemental compositions of the sulphide minerals. The operating conditions applied for sulphide minerals were: 

15 keV accelerating potential and (10 nA) for beam current. Natural minerals and synthetic oxides were used as reference 

materials during the analysis. The sulphide minerals which have been analyzed are pyrite, arsenopyrite, gold/silver, 

galena and sphalerite. 

Fluid inclusions study was conducted on samples from the mineralized quartz veins through relatively transparent 

quartz crystals. Microthermometric measurements were carried out at laboratory of fluid inclusions, institute of 

Geological Sciences, Masaryk University, Czech Republic. All measurements were carried out on a model of (LINKAM 

THSMG-600 heating and freezing stage), attached by Pixelink digital camera for capturing of photomicrographs. The 

microthermometer device allows increasing or diminishing temperature over a wide range, between –193 and +600 °C 
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approximately. The accuracy rate during measurements was 1 ºC/min to record phase changes below 60 ºC.  A higher 

heating rate of 10 ºC/min was established for detection of homogenization temperature. Chemical composition of fluids, 

densities, salinities and isochores construction were estimated by using the software package ‘‘FLUIDS’’ of (Bakker, 

2003). The fluid inclusion studies were applied to deduce the nature of ore-bearing fluid and physico-chemical conditions 

of gold precipitation in the study area. 

 

4. Petrography and Geochemistry of Atalla Granite 

 

The granitic pluton in Atalla area is of medium- to coarse-grained with grey to pink color and found as intensively 

sheared, altered and foliated mass. Under microscope, granite ranges in composition from granodiorite to monzogranite 

that display a distinct hypidiomorphic, perthitic texture and partially simple Carlsbad twining. The major constituents are 

plagioclase, quartz and K-feldspar in variable proportions (Fig. 5-A). The mafic minerals are very rare and completely 

altered to chlorite and iron oxides. Rutile and apatite are recorded as the main accessories. K-feldspars (2-4 mm) are the 

dominant mineral with average (30-50%) of the total volume of the rock. They are found in form of microcline, perthite 

and orthoclase, occasionally proportions of K-feldspars enclose aggregates of plagioclase crystals giving rise perthitic 

texture (Fig. 5-B). Plagioclase ranges in composition from andesine to oligoclase. It occurs as euhedral to subhedral, thick 

tabular crystals (4-10 mm) that displays different degrees of sericitization (Fig 5-C). Zoning in plagioclase is usually a 

pronounced feature observed in most of studied samples. Sometimes, plagioclase crystals are corroded by quartz in which 

the plagioclase lamellae are twisted, folded and faulted showing cataclased portions. Quartz commonly forms anhedral 

crystals and crystal aggregates, showing highly corrosive outlines against other minerals and undoluse extinction. 

Muscovite is recorded as small fibrous aggregates or spherulites scattered through the interstitial spaces of the main 

silicate minerals, it is colorless with low relief and exhibits high interference colors (Fig 5-D). Depending on the modal 

composition QAP ternary diagram (Streckeisen, 1976) for the Atalla granite can be classified as monzogranite (Fig. 6-A). 

Atalla granitic samples were geochemically analyzed to confirm the petrographic identification, showing the chemical 

data of major oxides, trace elements and calculated CIPW norms (Table 1). Plotting of the granitic samples on the 

classification R1-R2 diagram (De La Roche et al., 1980) (Fig. 6-B), revealed that the studied samples fall in the fields of 

granodiorite to monzogranite. Using the total alkali (Na2O+K2O) versus SiO2 wt.% (Irvine and Baragar, 1971) and the 

SiO2 wt.% versus Alk/10 (Wright, 1969) binary diagrams (Figs. 6-C&D), the Atalla granite was derived from calc-

alkaine magma source. On the discrimination diagrams for the tectonic setting: Nb (ppm) versus Y (ppm) of (Pearce et 

al., 1984) and R1-R2 of (Batchelor and Bowden 1985), the data plot in the field of syn-collision setting. 

 
Table (1): Geochemical analyses data (major oxides, calculated CIPW norms and trace elements) for the Atalla granite. 

Rock Granite 

Sample No. A7 A11 A12 A15 A16 Average 

Major oxides (Wt.%) 

SiO2 77.03 76.99 74.36 76.55 76.16 76.22 

TiO2 0.17 0.18 0.20 0.19 0.17 0.18 

Al2O3 13.04 13.20 13.05 12.95 12.83 13.01 

Fe2O3 0.55 0.74 1.23 1.06 0.94 0.90 

MnO 0.02 0.01 0.07 0.04 0.05 0.04 

MgO 0.17 0.25 0.20 0.21 0.28 0.22 

CaO 0.29 0.05 1.05 0.19 0.55 0.43 

Na2O 4.15 2.83 4.33 4.17 3.89 3.87 

K2O 3.62 4.19 3.48 3.57 3.74 3.72 

P2O5 0.05 0.03 0.06 0.05 0.04 0.05 

LOI 0.8 1.4 1.8 0.9 1.2 1.22 

Total 99.09 98.46 98.03 98.98 98.65 98.64 

CIPW Norms (%) 

Quartz 38 44 33 37 37 37.70 

Albite 35.12 23.95 36.64 35.28 32.92 32.78 

Anorthite 1.31 0.22 5.05 0.81 2.66 2.01 

Orthoclase 21.39 24.76 20.56 21.1 22.1 21.98 

chromite 0.02 0.02 0.02 0.02 0.03 0.02 

Zircon 0.03 0.03 0.03 0.03 0.03 0.03 

Ilmenite 0.32 0.34 0.38 0.36 0.32 0.34 
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Corundum 1.81 3.93 0.31 1.93 1.41 1.88 

Magnetite 0.08 0.11 0.18 0.15 0.14 0.13 

Hyperthene 1.04 1.5 2.22 1.94 1.98 1.74 

Apatite 0.12 0.07 0.14 0.12 0.09 0.11 

Trace Elements (ppm) 

Ba 736 706 914 762 767 777.00 

Sr 155 70 155 135 121 127.20 

Y 21 25 20 22 21 21.80 

Zr 164 170 171 170 166 168.20 

Zn 46 69 26 28 82 50.20 

Cu 5 3 4 5 2 3.80 

Ni 24 25 26 22 41 27.60 

Cr 90 80 90 80 140 96.00 

Co 12 14 01 06 16 9.80 

Sc 2 2 2 2 2 2.00 

Ce 62 62 72 60 63 63.80 

Nb 16 18 12 15 15 15.20 

 

 
Fig 5: Photomicrographs of: A) hypidiomorphic texture in Atalla granite including plagioclase (Pla), quartz (Qtz) and K-feldspar 

(K-Fd) in variable proportions, B) large K-feldspars (K-Fd) crystal encloses small plagioclase (Pla) laths in perthitic texture, C) 

Twisted crystal of plagioclase (Pla) partially altered to sericite (Ser), and D) undoluse extinction in Quartz (Qtz) associated with flakes 

of muscovite (Mus) filling the interstitial spaces within other silicate minerals. 
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Fig 6: (A) Classification of plutonic rocks in QAP diagram according to (Streckeisen, 1976). (B) R1-R2 discrimination diagram 

(after De La Roche et al., 1980), (C) Total alkali versus silica binary diagram (Irvine and Baragar, 1971), (D) SiO2-(Alk/10) magma 

type diagram (after Wright, 1969), (E) Y-Nb (ppm) binary diagram (after Pearce et al., 1984); VAG: volcanic arc granites; SYN-

COLG: syn-collisional granites; WPG: within plate granites; ORG: ocean ridge granites, (F) Plots of the studied granitoids on the R1-

R2 tectonic setting diagram (after Batchelor and Bowden, 1985). 

 

 

 

5. Vein Morphology 

 

The Atalla mine was exhausted in ancient times, and abundant remnants of ancient gold mining are still present until 

now. There are evidences for the extraction during Old and Middle Kingdom, further mining was took place in New 

Kingdom, Ptolemaic, Roman and Islamic eras including stopped-out quartz veins, tailings and stone huts (Fig. 7-A). The 

mine was re-opened in 1914 and lasted successfully for about twenty years until (1934) with total income of about 38,347 

L.E in the year of 1918 (Hume, 1937). The old working is restricted essentially to auriferous quartz veins where the 

mineralized veins have been mined to about 98 m below the surface and in zone of about 270 m thick (Harraz, 1985). The 

mine excavations are represented by a large number of vertical, inclined shafts and adits that followed the mineralization 

zones (Figs. 7-B&C). Two underground levels with maximum depth of about 60 m have been drilled for extraction 

purposes parallel to the strike of the mineralized quartz veins. 
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Fig 7: A) Panoramic view for Atalla mine the granitic outcrop with tails and dumps of ancient mining activities, B) Field 

photograph showing nearly horizontal adit driven down through mineralized quartz vein, C) Excavated quartz vein has been subjected 

to extensive underground working, D) Barren quartz-calcite veinlets cutting through Atalla granitic body and trending in NW-SE 

direction, and E) Hybrid alteration zone (sericite-kaolinite-goethite) associated with smoky/greyish quartz vein. 

 

The mineralization in Atalla area is confined to gold/silver-bearing quartz veins cutting through granitic rocks. The 

hosting granitic rocks are leucocratic, medium to coarse-grained, grey to pink color and extensively sheared, altered and 

foliated. The mineralized veins are grayish white and smoky, trending NE-SW and dipping about 60º/S. In the northern 

part of the studied area, other milky-white quartz trend NW-SE and dip about 40º/W (Fig. 8). Field relationships indicate 

that the latter trend of veins is younger than the earlier one. Small quartz-calcite veinlets were recorded filling the free 

space of joints and minor fractures, which typically trend with the same course as the younger veins (i.e. NW-SE 

direction) (Fig. 7-D). The first generation of quartz veins are always mineralized with visible sulphides. However, the 

second generation of quartz veins and veinlets are mostly barren or with very little mineralization. The barren quartz 

veins represent multistage impulses followed the main ore stage. Akawy (2007) stated that the oldest generation of quartz 

veins is concordant with the foliation and shear planes of the oldest structural element in the study area. 
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Fig 8: Close-up geologic map for Atalla Au-Ag mine showing the orientation of mineralized and barren quartz veins. 

 

Individual quartz veins vary in length and thickness, the large quartz vein extends for about 250 m length and the 

thickness ranges from veinlets of few centimeters up to 1 m wide. These veins are always compact, brecciated and smoky 

to bluish-black varieties and some have reddish appearance due to limonitic varnish. Each vein may show difference in 

color or gradational change in tone. 

The surrounding rocks closed to auriferous quartz veins are highly altered. The size and intensity of the alteration 

shows positive correlation with the thickness of veins or veinlets. The alteration zones vary in thickness from few 

centimeters adjacent to quartz veinlets up to 5 m adjacent to large veins. The contacts between veins and wall rocks are 

commonly sharp and are occasionally outlined by wallrock alteration (Fig 7-E). The alteration is characterized by a wide 

zone with a sericite-kaolinite-goethite mineral assemblage. The altered rocks are mainly of reddish brown color due to 

their iron oxide content as a result of oxidation of iron-sulphides with obvious silicification. Carbonates and chlorites 

commonly occur in the alteration zone that results from the saussuritization of plagioclases. Locally, some secondary 

calcite aggregates and/or veinlets have been observed interstitial to the quartz grains. 

The petrographic examination for the studied quartz veins revealed that; quartz and calcite are the most predominant 

minerals and are commonly associated with other opaque minerals, muscovite, sericite, chlorite, clay minerals and 

apatite. Preliminary observation for the thin sections in the studied quartz veins reveal different types of quartz 

generations and microstructures. At least, two generations of quartz veins formed at different stages (namely: Qz1 & 

Qz2), where laminated quartz veins are made up of alternating bands of recrystallized white quartz grains (Qz1) and other 
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bands of large less-deformed smoky quartz grains with a grayish tint (Qz2) (Fig. 9-A). Textural relationships reveal that 

Qz1 is an older generation than Qz2 (Fig. 9-B). 

 

 
Fig 9: A) Alternating bands between first (Qz1) and second (Qz2) generations of quartz (hand specimen), B) Photomicrograph 

showing well crystalline grains of second quartz generation (Qz2) cutting through fine matrix of first quartz generation (Qz1), C) 

Photomicrograph showing comb structure, large quartz porphyroblast and serrate boundary in quartz vein, and D) Photomicrograph 

showing kaolinite (Kao), calcite (Cal) and sericite (Ser) and filing the interstitial spaces between quartz grains (Qz) in the studied 

quartz veins. 

 

Quartz is always subhedral to anhedral with serrate edges and sutured borders, larger crystals are mostly sub-rounded 

to elongate and exhibit strong undulose extinction. There are variable degrees of recrystallization vary from buck (large 

porphyroblasts), comb (recrystallized grains) and microcrystalline (minute subgrains) (Fig. 9-C). A positive correlation 

between well-developed comb structure and disseminated sulfide minerals is inferred in many samples. Occasionally, the 

quartz veins envelopes some wallrock fragments as an evidence for their epigenetic nature. 

Lamellar structure is representing by alternating bands of recrystallized and deformed quartz grains, with other bands 

of large less-deformed quartz grains. Microstructures are indicated by grain-boundary migration/recrystallization and 

shearing in quartz veins that are characteristic of brittle deformation stages or ductile microshearing. Deformation caused 

undulose extinction and cracking or breaking of large quartz grains to finer grained crystals. The interstitial spaces 

between quartz crystals have everywhere been sealed by kaolinite-sericite-carbonate and rarely iron oxides (Fig. 9-D). 

 

6. Ore Microscopy 

 

The ore minerals are mainly found in assemblage or occasionally as disseminated grains within quartz matrix. The 

EMPA was used as modern technique for accurate identification of the ore minerals that have been identified by the 

microscopic study. Representative electron microprobe analyses of pyrite, gold/silver (electrum), galena and sphalerite 

are listed in (Table 2).
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Table (2): Microprobe analyses data and chemical formula for pyrite, gold/silver (electrum), galena and sphalerite. 

Wt.% 
Pyrite Gold/Silver 

(Electrum) 
Galena Sphalerite 

Coarse-grained (Py
1
) Minute-grained (Py

2
) 

S 53.47 53.85 53.54 53.61 53.82 53.99 53.51 0 0 0 0 0 13.72 12.8 13.55 33.70 33.78 33.71 

Au 0 0 0 0 0.014 0.016 0.002 71.47 66.50 70.16 70.4 69.5 0 0 0 0 0 0 

Zn 0.125 0.16 0.14 0.16 0.19 0.23 0.003 0 0 0 0 0 0 0.002 0 61.63 62.67 61.68 

Fe 46.44 46.28 46.3 46.38 46.48 46.76 46.15 1.114 2.354 1.30 1.11 1.9 0.035 0.033 0.06 4.88 3.77 4.27 

Ag 0.023 0.026 0 0 0.035 0.038 0.041 26.20 26.64 24.28 27.8 26.3 0 0 0 0.052 0.012 0.056 

Cu 0.005 0 0 0.006 0 0.005 0.008 0.006 0 0.005 0.004 0 0.021 0.044 0.08 0.032 0.003 0.012 

Ni 0.005 0.003 0.004 0 0 0 0 0.008 0 0 0 0 0.006 0 0.004 0 0.007 0 

Pb 0.169 0.144 0.12 0.161 0.174 0.165 0.177 0 0 0 0 0 86.65 87.25 86.88 0 0 0 

As 0.315 0.039 0.285 0.3 0.008 0 0.002 0.075 2.991 0.737 0.05 1.2 0 0 0 0.004 0.033 0 

Bi 0.125 0.278 0 0.165 0.15 0.02 0.12 0 0 0 0 0 0.27 0.03 0.1 0.056 0 0 

Te 0.016 0 0 0 0 0 0 0 0 0 0 0 0.016 0.02 0.05 0.008 0.013 0.027 

Se 0 0 0 0 0.025 0.019 0.047 0 0 0 0 0 0.055 0.08 0.03 0 0 0.056 

Cd 0 0.022 0.04 0 0.020 0.026 0.008 0 0 0 0 0 0 0 0.001 0.083 0.176 0.169 

Total 100.5 100.5 100.5 100.5 100.5 100.9 99.99 98.8 98.49 96.49 99.36 98.9 100.5 100.1 100.6 100.4 100.4 100 

Formula Fe (0.991-0.998) S (2.001-2.008) Ag (0.77-0.84) Au (1.15-1.22) Pb (0.98-1.01) S (0.98-1.01) Fe (0.06–0.08) Zn (0.9–0.92) S (1.01) 

Atom prop. 
                  

S 0.665 0.667 0.665 0.666 0.668 0.668 0.669 - - - - - 0.505 0.493 0.499 0.505 0.506 0.507 

Fe 0.332 0.332 0.332 0.333 0.333 0.331 0.330 0.032 0.063 0.038 0.031 0.031 0.001 0.001 0.001 0.042 0.032 0.037 

Zn - 0.001 - 0.001 0.002 0.004 - - - - - - - - - 0.453 0.460 0.455 

Pb - - - - - - - - - - - - 0.493 0.504 0.497 - - - 

Au - - - - - - - 0.579 0.506 0.580 0.562 0.562 - - - - - - 

Ag - - - - - 0.668 - 0.388 0.370 0.366 0.405 0.405 - - - - - - 

 

The gold/silver minerals are typically associated with others sulphide minerals including; pyrite, arsenopyrite, galena chalcopyrite, sphalerite with subordinate amount of 

pyrrhotite, covellite and goethite. Gold, silver and other base-metal sulphides are more enriched where enclosed within greyish quartz veins (Qz2). Gold is mainly detected as 

small inclusions within pyrite or along stringers interstitial and partially healed fractures formed later than primary sulphides precipitation (i.e. pyrite and arsenopyrite) (Fig. 

10-A&B). The EMPA data (Table 2) show that Au grains in the quartz veins contain up to 27.8 wt.% Ag and traces of Fe and As. The sulphides minerals are commonly found 
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in assemblage in close relation to each other’s, occasionally with visible mineralization in the quartz veins (Fig. 10-C).  

Pyrite is the common sulphide mineral that was detected in most samples. It is found in two forms a) Py
1
, as euhedral to 

subhedral-large crystals ranging in size between (50–200 μm in diameter), and b) Py
2
, as anhedral minute-grains either 

within or nearby other sulphide minerals (i.e. galena, sphalerite, and seldom covellite). The EPMA data show small 

amount of gold within the crystal lattice of Py
2
 (Au = 0.002–0.016 wt.%). The coarse-grained pyrites (Py

1
) exhibit an 

enrichment in arsenic content (As = 0.039–0.315 wt.%) in comparison with analyses from minute-grained pyrites (Py
1
). 

Arsenopyrite forms idiomorphic to hypidiomorphic large crystals (up to 4 mm in diameter). Occasionally, smaller grains 

of arsenopyrite are enclosed within larger crystals of pyrite indicating that arsenopyrite inclusions existed before the 

crystallization of hosting pyrite crystals. Arsenopyrite has a narrow range in arsenic composition (As = 44.66–46.63 

wt.%) (As = 44.66–46.63 wt.%) and is characterized by yellowish white color (lighter than pyrite) and anisotropic 

behavior. Pyrrhotite was observed as small inclusions within large-euhedral pyrite or arsenopyrite crystals. It is 

characterized by light brown color with strong anisotropy and distinct cleavage. Galena occurs as coarse crystals (30–200 

m in diameter), filling cavities in quartz and may enclose hypidiomorphic crystals of sphalerite. Textural relationships 

reveal replacement phenomena for galena by younger generation of sphalerite. Galena is characterized by three sets of 

cleavage forming triangles dots (Fig. 10-D). Chalcopyrite and sphalerite are always associated with each other' and 

typically display an intergrowth texture, in which small grains of chalcopyrite are enveloped in random distribution 

within larger sphalerite (chalcopyrite disease) giving rise to an exsolution texture (Fig. 10-E). In polished sections, 

sphalerite occurs as gray subhedral-anhedral crystals, while chalcopyrite is existed as anhedral dark yellow inclusions. 

Covellite occurs as scattered patches within or nearby sulphide minerals (Fig. 10-D), it is commonly formed due to 

alteration of chalcopyrite. Covellite is recognized by blue color with low reflectivity. Goethite is recorded as secondary 

mineral that is found along the periphery and outer rim of pyrite. Microscopically, it exhibits different shades of grey 

color with moderate reflectivity (Fig. 10-F). 

 

 
Fig 10: A) Photomicrograph showing small inclusions of gold (Au) enveloped by arsenopyrite (Ars) grain, B) Back scattered 

Electron (BSE) for native gold (Au) crystal filling fracture within euhedral grain of pyrite (Py), C) visible sulphide mineralization 

including; pyrite (Py), arsenopyrite (Ars), galena (Ga) and sphalerite (Sph) in the Atalla mineralized quartz vein (hand specimen), D) 

Photomicrograph showing triangle pits of Galena (Ga) in association with other primary-sulphide minerals (pyrite=Py; 

sphalerite=Sph) as well as covellite (Cov) as secondary mineral, E) Photomicrograph of exsolution texture, showing growing of small 
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inclusion of chalcopyrite (Chp) within sphalerite (Sph), and F) Photomicrograph showing alteration of pyrite (Py) through the grain 

boundary giving rise of secondary goethite (Goe). 

 

Textural relationships and corrosive criteria were used to reveal the sequence of formation for the ore minerals. At least 

three phases of mineralization are evident in the Atalla Au-Ag deposits (Table 3); the first stage (1
st 

stage, arsenic) started 

with formation of arsenopyrite and first generation of pyrite (Py
1
) that both are found as well crystallized-large crystals 

enclosing blebs of pyrrhotite. These minerals were probably formed at higher temperature (> 340 ºC) in the early period 

of crystallization, this assumption is supported by the calculated temperature obtained from mineral chemistry data of 

arsenopyrite (see arsenopyrite geothermometery section). The second stage (2
nd 

stage, gold/silver) is represented mainly 

by precious metals (gold±silver), second generation of pyrite (Py
2
) associated with galena, sphalerite as well as minor 

chalcopyrite. This stage was characterized by temperature decrease between (240–285 ºC), as indicated by fluid 

inclusions microthermometry as a minimum temperature of entrapment (see fluid inclusions section). This interpretation 

is consistent with the concept introduced by (Hutchison and Scott, 1981), that chalcopyrite disease in sphalerite could be 

deposited by some other replacement mechanisms at maximum temperature of 300 °C. Gold seems to be formed during 

this stage, however gold is always detected in synchronous with such sulphide minerals or commonly being replaced 

along microfractures of pre-formed minerals in the first stage (i.e. arsenopyrite and Py
1
). Replacement phenomena reveal 

that sphalerite was formed later than galena, as it is always overlying and corroding the previously-formed grains of 

galena. The 3
rd 

stage is a supergene stage, occurring at the end of the ore precipitation with temperature less than 200 ºC. 

This stage is characterized by secondary minerals (i.e. covellite & goethite) that are locally formed due to alteration of 

primary sulphide minerals. Covellite seems to have been formed as a result of alteration of chalcopyrite and other 

sulphide minerals. However, Goethite is recorded as oxidation product of pyrite as an indication for the replacement 

process. 

 
Table (3): Paragenetic sequence primary sulphide minerals and supergene minerals as defined by mineral assemblage 

(temperatures are based on arsenopyrite geothermometery and fluid inclusions data). 

 
7. Arsenopyrite Geothermometery 

 

In order to estimate the physico-chemical conditions for the hydrothermal system during ore formation, the mineral 

chemistry data for specific sulfide mineral (i.e. arsenopyrite) can be used as geothermometer (Kretchmar and Scott, 

1976). The arsenopyrite must be in chemical equilibrium with the mineral assemblage which could be achieved if this 

mineral shares grain contacts with all other minerals in the assemblage. The analyzed spots for arsenopyrite were placed 

where the different minerals are attached or adjacent. The As/S ratio in arsenopyrite may be used as a geothermometer if 

the sulfur activity is buffered by other dependent iron- or arsenic sulfides, including pyrite, loellingite and pyrrhotite 

(Kretchmar and Scott, 1976). For arsenopyrite from Atalla deposits; the microprobe data, mineral chemistry and 

calculated temperatures are listed in (Table 4). The arsenic content ranges from 32.14 to 33.79 %As, the iron values 

range from 32.9 to 33.29% Fe. However, sulfur abundance ranges from 34.31 to 36.34% S. Based on the Fe–As–S 

mineral assemblage (loellingite + arsenic cotectic phase) with respect to the sulfur fugacity (ƒS2), the formation 
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conditions of the arsenopyrite lie within a temperature range of 343–400 °C with an average temperature of ≈365 °C. The 

logarithmic values for sulfur fugacity (Log ƒS2) are estimated to range from −11 to −9.5 (Fig. 11). 

 

 
Fig 11: Logarithmic values for sulfur fugacity (Log ƒS2) diagram of the stability of arsenopyrite (Kretschmar and Scott, 1976). Blue 

area zone outlines the arsenopyrite conditions of formation, the estimated temperature range between (343–400 °C) and Log ƒS2 

values of −11 to −9.5. 

 

Table (4): Microprobe analysis data and geothermal calculations for arsenopyrite from Atalla Au-Ag ore. 

Wt. % Arsenopyrite 

Ag 0.001 0.101 0.028 0 0.075 0.025 0.022 

Pb 0 0 0 0 0 0 0 

Bi 0 0 0 0 0.005 0 0 

Fe 34.48 34.304 34.62 34.16 34.46 34.46 34.62 

As 44.67 45.228 44.93 46.04 45.36 45.7 45.35 

Cu 0 0.003 0 0.008 0.017 0 0 

Zn 0 0 0 0.01 0.005 0 0.005 

Cd 0 0.015 0 0 0 0.005 0 

Au 0 0 0.002 0 0 0 0 

Sb 0.007 0.01 0 0.007 0.005 0.005 0.007 

Co 0 0 0 0 0 0 0 

Ni 0 0.011 0 0 0 0 0.002 

S 21.48 20.754 21.72 20.7 21.269 21.01 21.1 

Total 99.17 99.66 100 100 99.19 99.25 99.28 

Atom %  

Ag 0.005 0.05 0.014 0 0.037 0.012 0.009 

Pb 0 0 0 0 0 0 0 

Bi 0 0 0 0 0.0012 0 0 

Fe 33.292 33.038 33.253 32.989 33.193 33.5 33.28 

As 32.152 32.472 32.173 33.14 32.57 33.117 32.14 

Cu 0 0.0025 0 0.006 0.014 0 0 

Zn 0 0 0 0.008 0.0041 0 0.004 

Cd 0 0.007 0 0 0 0.002 0 

Au 0 0 0.011 0 0 0 0 

Sb 0.003 0.004 0 0.003 0.002 0.002 0.003 

Co 0 0 0 0 0 0 0 

Ni 0 0.01 0 0 0 0 0.002 

S 36.13 34.82 36.34 34.82 35.68 35.57 35.25 

Formula Fe (0.980-0.987) As (0.948-0.984) S (1.034-1.071) 

Fe 0.983 0.987 0.980 0.980 0.981 0.983 0.982 

As 0.949 0.970 0.948 0.984 0.963 0.972 0.971 

S 1.067 1.041 1.071 1.034 1.055 1.044 1.046 

Temperature  

(°C) 
343 360 347 400 369 398 355 
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8. Fluid Inclusions 

 

Fluid inclusions (F.I.) study was applied on doubly-polished sections of about (100-300 microns) thickness. Samples 

were carefully selected from the mineralized quartz veins in domains that show less deformation in order to avoid any 

post-entrapment modifications.  More than 50 inclusions were measured to detect phase changes through heating and 

cooling cycles to estimate the different types and compositions of fluid inclusions. These cycles were generally repeated 

several times in order to ensure accurate measurements and avoid problems with nucleation during freezing runs. The 

measurements were applied only on primary and pseudosecondary F.I. measurements of secondary F.I. were avoided. On 

the basis of room temperature appearance combined with heating and freezing behavior, fluid inclusions can be 

principally subdivided into two main groups based on number of phases at the room temperature (20 °C) as well as the 

main components of the system, namely: A) Aqueous F.I. and B) Aqueous-carbonic F.I. (Figs. 12-A&B).  

 

 
Fig 12: fluid inclusions photomicrographs of; A) Colony of primary origin-aqueous F.I. B) two phases aqueous-carbonic F.I., C) 

trial of secondary origin F.I. along transgranular microfracture, D) Isolated and negatively shaped CO2 monophase F.I. 

 

Most of inclusions are of primary and/or pseudosecondary origin, and are always found in colonies or along growth 

planes as trails. Some of F.I. are of secondary origin are commonly arranged in planes or along microfractures (Fig. 12-

C). Other smaller monophase-carbonic F.I. (up to 8 µm) have been detected in form of dark equantshaped inclusions of 

euhedral faces (negative crystals) (Fig. 12-D). But these inclusions are too small to be traced for phase changes through 

microthermometric measurements. None of the studied inclusions contain any daughter or accidentally trapped solid 

phases. 

A) Aqueous F.I.:  
Petrography: These inclusions contain two visible phases at room temperature in form of an outer aqueous-liquid 

phase and an inner small aqueous-vapor bubble (H2O System). They resemble about 40 % of the total number of all 

detected inclusion at room temperature. These inclusions range in size between (12–18 µm), they are always irregular in 

shape. The degree of fill (F) ranges from 0.7 to 0.95. 

Microthermometry: During cooling, the freezing temperature of water (Tf H2O) ranges from −36.8 to −31.7 °C with an 

average of −35.6 °C. During heating, eutectic temperature (T eu) ranges from −20.4 to −22.2 °C, which is characteristic 

for fluids of H2O-NaCl composition (Shepherd et al., 1985). Melting temperature of ice (Tm ice) ranges from −4.6 to −1.5 

°C with median of −2.6 °C. The total homogenization temperature (Th total) ranges from to 165.6 to 259.2 °C with median 

of 235 °C (Fig. 13). All of them were homogenized to liquid phase before decrepitating. 
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Fig 13: Frequency distribution Histogram for the microthermometric data of total homogenization temperatures in the different fluid 

systems. 

 

B) Aqueous-carbonic F.I.:  

Petrography: These inclusions contain two visible phases at room temperature in form of an outer aqueous liquid 

phase and an inner carbonic-vapor bubble (H2O–CO2 System). The CO2 bubbles always exhibit dark boundaries 

(meniscus) against the liquid H2O fraction. They resemble about 60 % of the total number of all detected inclusion at 

room temperature. These inclusions range in size between (10–21 µm) and liquid/vapor content ranges from 0.7 to 0.85. 

They are found in form of oval, ellipsoidal or irregular shapes. 

Microthermometry: The freezing temperature of clatherate (Tf Clath) ranges from −38.9 to −30.8 °C with an average of 

−32.5 °C. Tf H2O ranges from −46.3 to −34.3 °C with an average of −37.5 °C. No freezing temperatures of CO2 were 

detected that may reflect little amount of CO2 phase within the inclusions. During heating, Tm ice ranges from −5.8 to 

−1.7 °C with median of −4.3 °C. Melting temperature of clathrate (Tm clath) ranges from 6.2 to 10.6 °C with median of 8.3 

°C, it is recognized by little motion of vapor bubble. The higher degrees of final melting temperature for clathrate (above 

+10 °C) refer to the presence of such gas (es), probably methane (CH4). The aqueous-carbonic F.I commonly exhibit 

relatively high temperature at total homogenization relative to pure aqueous F.I, which could be attributed to the effect of 

CO2 molecules. The (Th total) show between wide range of (242.2–332.9 °C) with median of 295 °C, specific cluster of 

measurements were noticed at temperature around 305 °C (Fig. 13). The Th total were observed in most of samples before 

decrepitating, where the homogenization was achieved to vapor state. 

 

9. Discussion 

 

9.1. Fluid properties 

For pure H2O system, salinity and density were calculated using BULK fluid inclusion program, version 01/03 of 

Bakker (2003). Salinities were estimated by final melting temperature of ice and total temperature of homogenization 

according to the equation of Hall et al. (1988) for NaCl rich-system, salinity was expressed as wt.% of NaCl equivalent. 

Density (D) and amount of substance fractions of various species (XH2O, XCO2, XNa
+
 and XCI

−
) were calculated using 

equation of state for Zhang and Frantz (1987). For the H2O-CO2 system, the amount of substance fractions (molar ratios) 

and densities for both aqueous and non-aqueous phases were calculated according to the equation of Duan et al. (1992) 

using ICE version 12/02 by Bakker (2003), depending on the final melting temperature of clathrate, ice and the volume 

percentage of aqueous liquid solution phase after final melting of clathrate. Total Density and bulk Salinities were 

estimated using BULK, version 01/03 (Bakker, 2003), using density for non-aqueous phase salinity of dissolved salt in 

aqueous phase (wt.%) as well as the volume percentage of aqueous liquid solution phase according to the combination 

equation of (Bakker, 1999).  

Bulk density for aqueous F.I. (H2O-NaCl) ranges from 0.84 to 0.92 g/cm
3
 with median of 0.86 g/cm

3
. Total salinity has 

a range between (2.47–7.25 wt.% of NaCl equi.) with median of 4.32 wt.% of NaCl equi. Regarding to aqueous-carbonic 

F.I.  (H2O-CO2-NaCl±CH4), no density of CO2 was detected due to the unclear liquid CO2 phase. Bulk density has a 

range of (0.75–0.86 g/cm
3
) with median of 0.77 g/cm

3
. Total Salinity ranges between (4.06–5.03 wt.% of NaCl equi.) 

with median of 4.54 wt.% of NaCl equi. These inclusion show high content of water molecules relative to carbonic 

molecules with range of 0.82 to 0.88 mole) and a median of 0.87 mole. The microthermometric data, densities, salinities 

and mole fractions for different types of F.I. are summarized in (Table 5). 
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Table (5): Summary of the characteristics, properties and mole fractions of different fluid systems. 

Type Composition 
Size 

(µm) 
Shape 

Th 

total 

(°C) 

Total 
Salinity 

(wt.%) 

Bulk 

Density (D) 

(g/cm3) 

Density of 
H2O 

(g/cm3) 

Density of 
CO2 

(g/cm3) 

Mole Fractions 

(Unit) 

XH2O X(Na+/Cl−) XCO2 

Aqueous 

F.I. 
H2O-NaCl 12 – 18 Irregular 

165 – 259 

(M = 235) 

2.47 to 7.25 

(M = 4.32) 

0.84 - 0.92 

(M = 0.86) 
-------- -------- 

0.96- 0.98 

(M = 0.97) 

0.016 – 0.007 

(M = 0.013) 
------ 

Aqueous- 

Carbonic 

F.I. 

H2O-CO2- 

NaCl±CH4 
10 – 21 

Oval, 

ellipsoidal,  

irregular 

242 - 333 

(M = 295) 

4.06 – 5.03 

(M = 4.54) 

0.75 - 0.86 

(M = 0.77) 

1.016 - 1.024 

(M = 1.017) 

0.09 – 0.156 

(M = 0.12) 

0.82- 0.88 

(M = 0.87) 

0.012 – 0.014 

(M = 0.013) 

0.08- 0.15 

(M = 0.10) 

M = Median 

 

 

9.2. Fluid evolution and P-T estimation 

The molecules of H2O and CO2 have different physico-chemical attributes. So, the occurrence of such assemblage of F.I. within the same field of view and variable phase 

proportions as well as a wide range of the total homogenization temperatures without any evidences of leakage or necking-down suggested that, the formation of F.I. was 

probably initiated by fluid immiscibility and/or phase separation (two stable fluids, one rich in H2O and the another rich in CO2) followed by heterogeneous entrapment 

(Robert and Kelly, 1987; Sherlock et al., 1993; Neumayr and Hagemann, 2002; Ramboz et al., 1982). The presence of pure monophase-carbonic F.I. may support the 

assumption of primary fluid/phase separation, where the pure carbon F.I. could be attributed to post-trapping equilibrium and/or P–T fluctuation during the formation of the 

inclusions. 

According to Roedder and Bodnar (1980); F.I. that have been trapped under conditions of immiscibility and/or boiling are reliable indicators for P–T conditions, because 

the homogenization temperature was supposed to be equal to the crystallization temperature of the host mineral (i.e. quartz). However, the boiling is generally evidenced by 

coexistence of liquid-rich and vapor-rich F.I. Estimation of P-T conditions of ore deposition has been achieved by a method of intersection for various density-based isochores 

of coexisting aqueous and carbonic F.I. (Roedder and Bodnar, 1980). Due to a recognizable variation in aqueous/carbonic ratio detected in F.I., both primary aqueous and 

aqueous-carbonic F.I. can be used in combination to estimate the trapping condition. Isochores were constructed using the equations of state (Bakker, 1999; Bowers and 

Helgeson, 1983; Duan et al., 1992 & 1996). The calculation of isochoric points was essentially based on fluid properties (fluid composition and density) as well as the total 

homogenization temperatures (Th total) using the ISOC program, version 01/03 (Bakker, 2003).  

Pure aqueous and mixed aqueous-carbonic isochores are precisely constructed to intersect with each other’s at different densities (highest and lowest densities) revealing 

the corresponding range of temperature-pressure conditions of trapping (Fig. 14). The presence of heterogeneous parental fluids (H2O+CO2) indicates that P–T conditions 

were applied within two immiscible phase region (2Φ) during entrapment conditions, that was formerly explained by fluid immiscibility and/or phase separation, where the 

solvus curve separating one phase and two phases region at condition of (H2O+4.5 wt.% NaCl equi.+10 mol.% CO2; Gehrig, 1980). The intersection between highest density 

value of aqueous-carbonic isochores (d = 0.68 g/cm
3
) with same density value for pure aqueous isochores pass through the field of one phase region (1Φ), which is apparently 

not realistic. Neglecting of the intersection area in field of one region phase (1Φ), the outlined P–T conditions fall in the temperature range of (240–285 °C) and pressure 

between (20–100 MPa) with. Hence, if the fluid pressure is lithostaic, the pressure is calculated between (0.25–1 Kbar) gives an estimation of formation depth (h) ranging 

from 0.75 to 3.8 km (Aver. ≈2.3 km) based on the equation (P = h*g*ρ), assuming an average density of granitic rocks (ρ = 2.7  g/cm
3
) and specific gravity of the earth (g = 

9.8). The estimated depth for purely lithostaic pressure is considered to be a minimum depth. The maximum depth can be indicated in range of 2.1 to 10.2 km (Aver. ≈6.1 

km), assuming pure hydrostatic depth of pressure. Thus, the Atalla Au-Ag deposit was presumably formed at average depth between (2.3 to 6.1 km), which is comparable 

with the depth of mesozonal orogenic deposits (Goldfarb et al., 2001; Groves et al., 2003; Robb, 2005).
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Fig 14: General P–T reconstruction of the conditions prevailing in Atalla ore deposits. Lithostatic and hydrostatic depths have been 

calculated assuming (average granitic rock density of 2.7 g/cm3). Solvus of the immiscibility boundary between one phase field and 

two phases field, following fluid composition of conditions (H2O+4.5 wt.% NaCl equi.+10 mol.% CO2) is modified after (Gehrig, 

1980).  

 

9.3. Model of mineralization 

Understanding the model of deposition for Au-Ag mineralization in Atalla area can provide a set of basic information 

in a concise and comprehensible manner for similar kind of deposits in ANS. Studying of ore controls, P-T conditions, 

fluid sources, tectonic setting and timing of deposition relative to tectonic activity is very essential step for recognizing of 

ore type. The style of mineralization at Atalla Au-Ag deposits are clearly of vein-type; where the course of mineralized 

veins follow a set of en-echelon faults striking NE-SW that cut across the Atalla granitic body as a consequence of 

incremental filling of mineralized quartz load. However, the compressional deformation related to (ASZ) opened the 

fracture spaces in which mineralizing fluids could penetrate. On the basis of petrographic features, EMPA data and 

microthermometric results for the gold/silver-bearing quartz veins at Atalla gold mine area, the hydrothermal regime is 

favorable. The formation of precious metals (i.e. gold & silver minerals) mostly resulted from a process of gradual 

decrease in temperature/pressure and increase of sulfur content between 1
st
 and 2

nd
 stages of mineralization. The late 

base-metal sulphides and associated gold were remobilized and diffused during the second stage of mineralization at 

temperature between (240 to 285 °C). Hence, the native grains of gold are commonly found disseminated or enveloped 

inside microfractures of early-formed pyrite and/or arsenopyrite. Such evidences suggest the important role of 

temperature in the solubility of metals, implying that a decrease of temperature would reduce the solubility of metals. 

The microthermometric results show that the ore-forming fluids are of low salinity and medium temperature, these 

fluids have a metamorphic source. Using the Th total (°C) against salinity (wt.% NaCl equi.) diagram, Kesler (2005) 

proposed that the gold-bearing fluids were derived from pure metamorphic water without any evidences for meteoric 

and/or magmatic contamination (Fig. 15). Gold, silver and sulfur content were probably leached by hydrothermal fluids 

derived from the neighbor ophiolitic-serpentinite rocks under regional conditions of greenschist-amphibolite facies 

(Groves and Phillips, 1987; Powell et al., 1991, Zoheir et al., 2008, Abu Alam et al., 2018). The source of CO2 may be 

attributed to the carbonization as subsidiary products during metamorphism of ophiolite at depth. The emplacement of 

Atalla granite seems to have a significant role during the ore formation, which generated the thermal energy required for 

metamorphic process and circulation of hydrothermal currents. Another proposal for the source of gold deposits was that 

of combined magmatic-hydrothermal water, where the magmatic fluids were released during the intrusion of granitic 

masses (Klemm et al., 2001; Botros, 2015; Abd El Monsef, et al. 2018b). However, mineralogical evidence (absence of 

tellurides, molybdenite, rutile, ilmenite and Bi-rich galena) as well as fluid inclusion data for Atalla Au-Ag deposits do 

not support any magmatic linkage, implying that this model is not applicable for these kind of deposits. 
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Fig 15: Plotting of temperature of total homogenization (°C) versus salinity (wt.% NaCl equi.) for the different types of F.I. (Kesler, 

2005). 

 

The metals-carrying fluids subsequently migrated from the greenschist to low amphibolite transition at depth to a lower 

temperature regime in upper crustal levels (brittle–ductile zone), where the Atalla granitic body acted as a preferential site 

for hosting of mineralized fluids due to its brittle-deformation contrast compared to neighboring country rocks. The 

transportation of Au-Ag metals in hydrothermal solutions is mainly manifest by bisulfide complexes rather than chlorides 

at temperature of formation lower than 300 °C (Seward, 1984). The deposition of precious metals and sulphides was 

mainly controlled by fluid/wallrock interaction through fractures pathways as a consequence of the decrease of 

temperature and pressure associated with uplifting. 

The common gold deposit classification are: orogenic, intrusion related, porphyry, epithermal (low and high 

sulphidation), Carlin type, VMS-related, skarn and placer deposits. Geologic features of the Atalla deposits are 

comparable with other orogenic deposits elsewhere in the world, including: metamorphic terrains, granitic emplacement, 

post peak-metamorphic setting, epigenetic, low sulfide content and in association with structurally-controlled shear zones, 

faults or extensional veins (Table 6). The orogenic deposits form at convergence/collision stage between oceanic and 

continental plates (Fyfe and Kerrich, 1985; Groves et al., 1998). The origin of Atalla Au-Ag mineralization in relation to 

the Precambrian basement rocks appear to be dominated by continental collision terminated by emplacement of calc-

alkaine, collisional, I-type granitic intrusion between (~635–590 Ma; Stern, 1994). Zoheir et al. (2018b) revealed an 

absolute age for Atalla gold mineralization of (601 ± 5.5 Ma), based on 
40

Ar/
39

Ar dating for hydrothermal white mica. 

The mica age for Atalla Au-Ag deposits is acceptably correlated with Re-Os geochronology of arsenopyrite from 

auriferous quartz veins in Fawakhir gold mine (~20 km south-east of Atalla) that yield an age of (~600 Ma) (Zoheir et al., 

2015). 
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Table (6): Comparison between Atalla Au-Ag deposits with other local (Egypt) and worldwide orogenic deposits in term of geologic setting, mineralogy and fluid characteristics. 

Deposits Location 
Host 
rocks 

Ore  
type 

Mineralization 

style 

Ore 

minerals 

Fluid 

source 

P-T 

conditions 

Atalla 

(Current study) 
Egypt 

Schist, 

granodiorite 
Au-Ag 

Quartz veins filling NE-SW pre-

existing fractures 

Pyrite, arsenopyrite, pyrrhotite, 

sphalerite, chalcopyrite, galena,  

gold/electrum, covellite 

Metamorphic 
T = 240 – 285 ºC 

P = 0.2 – 1 kbar 

Um El Tuyor 

(Zoheir, 2004) 
Egypt 

Metasediments, 

metabasalt, 

tonalite-granodiorite 

Au 

Quartz and quartz–carbonate 

veins, lenses and veinlets trending 

NNW- to NW 

Arsenopyrite, pyrite, chalcopyrite, 

pyrrhotite, sphalerite, galena, gold,  

marcasite, diginite 

Metamorphic 
T ≤ 325 ºC 

P = 1.3 – 1.6 kbar 

El Sid 

(Zoheir and Moritz, 

2014) 

Egypt 
Ophiolite mélange, 

granite 
Au-Ag 

Quartz (+carbonate) veins trending 

in ENE–WSW fault/shear zone 

Pyrite, arsenopyrite, galena, sphalerite, 

pyrrhotite, chalcopyrite, gold/electrum 

Metamorphic 

& 

Magmatic 

T = 320 ± 20 ºC 

P = 1.3 ± 0.2 kbar 

Barramiya 

(Zoheir and 

Lehmann, 2011) 

Egypt 

Listwanite, 

metasediments, 

Quartz diorite 

/granodiorite 

Au 
Quartz and quartz–carbonate veins 

associated with E–W shear zones 

Arsenopyrite, pyrite, chalcopyrite, 

sphalerite, tetrahedrite, pyrrhotite, 

galena, gersdorffite, gold 

Metamorphic 

& 

Magmatic 

T = 325 – 370 ºC 

P = 1.3 – 2.4 kbar 

Gidami 

(Abd El Monsef et 

al., 2018b) 

Egypt 
Metavolcanics, 

tonalite-granodiorite 
Au 

Quartz veins and aplitic dikes  

trending in NNW shear/fault zones 

Pyrite, sphalerite, chalcopyrite, 

molybdenite, pyrrhotite, covellite, 

galena, pentlandite, gold 

Metamorphic 

& 

Magmatic 

T= 270 – 300 ºC 

P = 0.75 – 0.85 kbar 

Carará 

(Klein and  

Fuzikawa, 2010) 

Brazil 

Lecugranite, 

metavolcanic-

sedimentary 

association 

Au Quartz veins trending NNW–SSE Tourmaline, pyrite, gold Metamorphic 
T = 350 – 475 ºC 

P = 1.8 – 3.6 kbar 

Jonnagiri 

(Saravanan et al., 

2009) 

India 

Granodiorite, 

metatuffs, meta-

mafic/ultramafic 

Au 
laminated quartz veins within the 

sheared granodiorite 

Pyrite, chalcopyrite, arsenopyrite, 

pyrrhotite, löllingite, scheelite, gold 
Metamorphic 

T =  263 – 323 ºC 

P =  1.39 – 2.57 kbar 

Golden Crown 

(Uemoto et al., 

2002) 

Western 

Australia 

Monzogranite, 

granodiorite, 

syenogranite, 

greenstones 

Au 

Series of quartz veins developed 

over 400 m strike and of 600 m 

depth 

Arsenopyrite, pyrrhotite, pyrite, 

galena, chalcopyrite, sphalerite, gold 

Metamorphic 

& 

Magmatic 

T = 300 – 400 ºC 

P = 2.5  ± 0.5 kbar 

Liancheng 

(Wang et al., 2018) 
China 

Low and high grade 

metamorphic rocks 
Cu-Mo 

Quartz and carbonate veins hosted 

by layer-parallel shear zones and 

tensile fractures 

Chalcopyrite, tetrahedrite, bornite, 

tennantit 
Metamorphic 

T = 124 – 446 ºC 

P = up to 0.5 kbar 
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10. Conclusions 

 

A combination of geological, structural, mineral chemistry and fluid inclusions data was used to deduce nature, P-T 

conditions and evolution mechanism of formation for the Atalla gold-silver ore deposits. The metal-bearing quartz veins 

occupy NE-SW pre-existing fractures within the Atalla granitic pluton. The Atalla Shear Zone (ASZ) appears to be the 

main responsible force that drawn and delineated the geometry of the mineralized quartz veins. All analytical studies 

suggest an orogenic (mesozonal) origin for this mineralization, and the measured pressure-temperature conditions were 

estimated as (T = 240–285 °C & P = 20–100 MPa). The obtained temperatures from arsenopyrite thermometers are high 

(343–400 °C), and may reflect the multiple stages of ore formation at which the precious metals (i.e. gold±silver) were 

formed in later stage following the primary-formed arsenopyrite. The hydrothermal fluids are likely of metamorphic 

origin linked with the ophiolitic-serpentinite rocks that underwent regional metamorphic conditions of greenschist–

amphibolite facies. At a critical stage of basement uplift, a drop in temperature and pressure accompanying with fluid-

wallrock interaction had a significant role for the ore deposition.  
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