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Vein-type gold deposits in the Atud area are related to the metagabbro–diorite complex that occurred in Gabal
Atud in the Central Eastern Desert of Egypt. This gold mineralization is located within quartz veins and intense
hydrothermal alteration haloes along the NW–SE brittle–ductile shear zone, as well as along the contacts be-
tween them. By using themass balance calculations, this work is to determine themass/volume gains and losses
of the chemical components during the hydrothermal alteration processes in the studieddeposits. In addition,we
report newdata on themineral chemistry of the alterationminerals to define the condition of the gold deposition
and the mineralizing fluid based on the convenient geothermometers. Two generations of quartz veins include
the mineralized grayish-to-white old vein (trending NW–SE), and the younger, non-mineralized milky white
vein (trending NE–SW). The ore minerals associated with gold are essentially arsenopyrite and pyrite, with
chalcopyrite, sphalerite, enargite, and goethite forming during three phases of mineralization; first, second
(main ore), and third (supergene) phases. Three main hydrothermal alteration zones of mineral assemblages
were identified (zones 1–3), placed around mineralized and non-mineralized quartz veins in the underground
levels. The concentrations of Au, Ag, and Cu are different from zone to zone having 25–790 ppb, 0.7–69.6 ppm,
and 6–93.8 ppm; 48.6–176.1 ppb, 0.9–12.3 ppm, and 39.6–118.2 ppm; and 53.9–155.4 ppb, 0.7–3.4 ppm, and
0.2–79 ppm for zones 1, 2, and 3, respectively.
The mass balance calculations and isocon diagrams (calculated using the GEOISO-Windows program) revealed
the gold to be highly associated with the main mineralized zone as well as sericitization/kaolinitization and
muscovitization in zone 1 more than in zones 2 and 3. The sericite had a higher muscovite component in all an-
alyzed flakes (average XMs= 0.89), with 0.10%–0.55% phengite content in wall rocks and 0.13%–0.29% phengite
content inmineralized quartz veins.Wall rocks had higher calcite (CaCO3) contents and lowerMgCO3 and FeCO3

contents than the quartz veins. The chlorite flakes in the alteredwall rocks were composed of pycnochlorite and
ripidolite, with estimated formation temperatures of 289–295 °C and 301–312 °C, respectively. Albite has higher
albite content (95.08%–99.20%) which occurs with chlorite in zone 3.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Mineralogical and bulk chemical changes reveal differences in the
geochemical composition of hydrothermally altered and unaltered
rocks. Reed (1997) stated that hydrothermal alteration processes refer
to the physicochemical conditions in the hydrothermal system and
ore precipitation results from the chemical interactions between rocks
and hydrothermal solutions (Rose and Burt, 1979; Susak, 1994). These
processes are typically associated with the gain and loss of components

of the entire rock mass (Middelburg et al., 1988). Alteration zones reg-
ularly occur around mineralized veins and have definite fluid composi-
tions based on the time and/or extent of interaction with the host rocks
(Meyer and Hemley, 1967). The hydrothermal alteration zones around
the ore and/or vein arrays are determined by the extent to which the
original wall rocks were out of chemical equilibrium with the mineral-
izing fluids (Lindgren, 1894).

In the intrusion-related hydrothermal mineral systems, oxidized, I-
type alkaline, and calc-alkaline magmas are considered to have a large
capacity to carry and concentrate the base metals Au, Cu and Mo
(Pirajno, 2009). The hydrothermal alteration minerals associated
with intrusion-related gold deposits are formed during magmatic–
hydrothermal processes by breakdown of host minerals by interaction
with magmatic–hydrothermal fluids (Pirajno, 2009). In addition, the
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hydrothermal alteration associated with brittle–ductile shear zones
suggests the presence of chemical ion exchange between wall rocks
and hydrothermal fluids.

In Egypt, gold occurs in the Precambrian basement rocks of the
Arabian-Nubian shield (ANS) that extends from the river Nile eastwards
toward the Arabian Peninsula and southwards to the Mozambique Belt
(Vail, 1988). Gold deposits are mainly confined to quartz-mineralized
shear zones, which occur in the ophiolitic sequences, the island arc
assemblages, the Hammamat and Dokhan Groups, and in the post-
orogenic granitoids (El-Gaby et al., 1988; Pohl, 1988). Gold mineraliza-
tion related to post-orogenic granitoids is very important as productive
shear zones and quartz veins. Structurally, these shear zones were
formed during compressional or transpressional late-stage events of
the orogeny. Thus, the post-orogenic intrusions predated the quartz
veins or shear zones and provided heat sources that resulted in the
formation of hydrothermal convection cells. Interstitial waters dis-
solved available mineral species, and low concentrations of gold were
derived from the strained rocks due to elevated temperature and pres-
sure (Klemm et al., 2001).

The Atud gold deposit is located in the central part of the Egyptian
Eastern Desert of Egypt (Fig. 1a) and represents one of the vein-type
gold deposits in the ANS. Furthermore, this gold mineralization was
largely distributed and controlled by two prominent fracture systems
in the Eastern Desert of Egypt (Sabet and Bordonosov, 1984; Harraz
and Ashmawy, 1994) and was closely associated with intense hydro-
thermal alteration haloes along the NW–SE brittle–ductile shear zone
in the mined area (Harraz, 1999). El-Taher et al. (2003) determined
the average concentration of gold in the Atud deposit to be 25.7 g/t
using instrumental neutron activation analysis.

This paper focuses on the geochemical characteristics of least-
altered host rock and hydrothermal alterations of the Atud gold deposit.
We evaluated chemical exchanges between host rocks and hydro-
thermal fluids during hydrothermal alteration processes by apply-
ing mass/volume gains and losses of chemical components along with
the mass balance calculations (Gresens, 1967; Grant, 1986, 2005;
Middelburg et al., 1988; Leitch and Lentz, 1994). Electron microprobe
analyses of alterationminerals were performed to determine the condi-
tions of gold deposition and the mineralizing fluid according to the ap-
propriate geothermometers.

2. Sampling and analytical methods

A total of 150 host rock, altered rock, and mineralized samples were
collected during a number of field workings. Sixty thin-sections and
polished sections were examined petrographically, and a subset were
analyzed by scanning electron microscope (SEM) back-scattered elec-
tron imaging. Whole-rock (major and trace) and rare earth element
analyses were conducted on 29 rock samples in the Geochemistry Re-
search Laboratories of Istanbul Technical University (ITU/JAL). The sam-
ples were grounded using a Tungsten Carbide milling device. Major
elements of the samples were analyzed using a BRUKER S8 TIGER
model X-ray fluorescence spectrometer with a wavelength range from
0.01–12 nm. Trace elements were analyzed by Inductively Coupled
Plasma-Mass Spectrometry using an ELAN DRC-e Perkin Elmer model.
Approximately 50 mg of powdered sample was digested in two steps.
The first step was completed with 6 ml of 37% HCl, 2 ml of 65% HNO3

and 1ml of 38–40%HF in a pressure- and temperature-controlled Teflon
beaker using a Berghoff Microwave at 135 °C. The second step was

Fig. 1. a) Location map of Atud gold mine in the Central Eastern Desert of Egypt; b) Geologic map of the study area.
Modified from Gabra (1986) and Harraz (1999).
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completed with the addition of 6 ml of 5% boric acid solution. The al-
tered rocks were also analyzed for mineralogy using a BRUKER X-ray
diffractometer (XRD). Diagrams of rare earth elements were created
using Igpet version 2.3 (Carr, 2007). Mass balance/volume changes
were calculated and plotted using GEOISO-Windows (Coelho, 2006)
by determining the absolute mobility of the elements using equations
from Gresens (1967) and drawing isocon diagrams from Grant (1986,
2005). Mineral chemistry of hydrothermal minerals was performed by
wavelength-dispersive X-ray spectrometry at TU-Clausthal, Germany,

using a Cameca SX100 four spectrometer and a fully automated electron
microprobe.

3. Geology of the study area

The Atud area is located at the extreme southern part of the Central
Eastern Desert of Egypt (Fig. 1a). Atud lies within a region of low-grade
metagabbro–diorite complex, ophiolitic rocks and a mélange of
Neoproterozoic age and younger gabbro (Fig. 1b).

Fig. 2. a) Metagabbro–diorite complex (MG) of Gabal Atud intruded into country rocks and latterly intruded by olivine gabbro (OG); b) deformation and shearing in serpentinite rocks
(SP); c) photomicrograph shows the mineral compositions of serpentinite rocks; d) Graphite (gr) with antigorite (ant) in serpentinite rocks; e) talc–carbonate rocks (TC) are
associated with serpentinite rocks (SP) and metatuffs (MT); f) talc (tlc) with dolomite (dol) and antigorite (ant) in talc–carbonate rocks; g) dolomite (dol) with subordinate amounts
of magnesite (mgs) and chromite (chr) in dolomitic marble; h) mineral compositions of calc–silicate rocks; i) basic lapilli metatuffs (MT) thrust over the serpentinites (SP) at Wadi
Atud; j) mineral compositions of basic lapilli metatuffs; k) intermediate metatuffs (MT) occur serpentinite rocks (SP) at the northern part of the study area; l) kaolinitized
microperthite (kfs), biotite (bt), phlogopite (pht), and quartz (qz) represent the main constituents of intermediate metatuffs.
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A detailed field study revealed that the study area covers 18 km2 and
is composed mainly of metagabbro–diorite complex emplaced into
serpentinites and their derivatives andmetatuffs (Fig. 1b). This complex
is later intruded by olivine gabbro norite rocks. The Atud gold deposit
area is traversed by many quartz veins and dykes of different composi-
tions and directions, which are concentrated in the eastern, northeast-
ern and southeastern parts of the area (Fig. 1b). Structurally, the Atud
area was affected by brittle–ductile shear zone that showed in altered
metagabbro–diorite rocks trending in the NW–SE direction (Fig. 1b).

The serpentinites and their derivatives represent the Pan-African
dismembered ophiolitic rocks exposed in the Atud area. These rocks

occupy a large area which is distributed around Gabal Atud (Figs. 1b
& 2a). The rocks are geologically and petrographically differentiated
into serpentinite, talc-carbonate, dolomitic marble, and calc-silicate
rocks. Serpentinite rocks are highly deformed and shearing; their
foliation directions are N 60 W dipping 70° toward SW (Fig. 2b). The
serpentinites are composed of antigorite and chrysotile, with minor
amounts of tremolite, actinolite, dolomite, and chromite (Fig. 2c).
They are also rich in graphite in the northern part of the study area,
that occurred along with the talc serpentinite and the calc silicate
rocks (Fig. 2d). Talc-carbonate rocks are exposed at the southern part
of the study area, and are closely associated with serpentinite rocks

Fig. 3. a); b) Photomicrographs of metachert and quartz biotite schist, respectively; c) metagabbro–diorite complex represents the main body of Gabal Atud; d), e) plagioclase (plag),
actinolite (act), and tremolite (tr) with quartz (qz), chlorite (chl), clinopyroxene (cpx), orthopyroxene (opx) in the metagabbros (MG); f) diorite is affected by shearing;
g) photomicrograph of dioritic rocks; h) boulder weathering of olivine gabbro norite (OG); i) olivine (ol) with plagioclase (plag), clinopyroxene (cpx), and orthopyroxene (opx) in
olivine gabbro norite; j) aplitic dyke cut through the metagabbro-dioritic rocks at Gabal Atud; k) ankeritic dyke cut through the serpentinite rocks (SP) at the northern part of the
study area; l) mineral compositions of aplite dyke.
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and metatuffs (Figs. 1b and 2e). These rocks are mainly composed of
talc (45–55 vol.%) and carbonate (dolomite; 40–50 vol.%), with minor
amount of antigorite, actinolite, and chromite (Fig. 2f). Dolomitic mar-
ble is exposed only in the southern slope of Gabal Atud, occurring as
small isolated masses of dark grayish medium-to-fine-grained rocks
(Fig. 1b). The marble consists essentially of dolomite (90 vol.%) with
subordinate amounts of magnesite and chromite (Fig. 2g). Calc-silicate
rocks occur at the northern part of the study area and are composed es-
sentially of ankerite, dolomite, and quartz, with minor amounts of cal-
cite, clinochlore, epidote, and chromite (Fig. 2h).

Metatuffs are exposed associated with serpentinite rocks and form
low-lying outcrops distributed around Gabal Atud (Figs. 1b and 2a).
Metatuffs are microscopically differentiated into different varieties;
mafic lapilli metatuffs, intermediate metatuffs, metacherts, and quartz
biotite schists. All are slightly layered, and were subjected to low-
grade metamorphism within the greenschist facies. Mafic lapilli
metatuffs are exposed as an elongate body trending NW–SE and thrust
over the serpentinites at the southern part of the study area, at Wadi
Atud (Fig. 2i). These metatuffs are fine-grained dark gray-to-greenish
gray in color and are composed of carbonatized plagioclase with
actinolite, tremolite, epidote, and dolomite set in a microcrystalline
tuffaceousmatrix ofmicrocrystalline aggregates of kaolinitized feldspar,
tremolite–actinolite, zoisite, quartz, and dusty iron oxide (Fig. 2j).

Fig. 4. Modal mineralogy of olivine gabbro norite, Streckeisen (1976), Pl = plagioclase;
Px = pyroxene; Ol = olivine.

Fig. 5. Longitudinal section shows drifting of underground working of the Atud gold mine (traced quartz vein stages and alteration zones, after Gabra, 1986; Harraz, 1999).
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Intermediate metatuffs, which occur at the northern part of the study
area with serpentinite rocks (Fig. 2k), are composed of kaolinitized
microperthite, biotite, plagopite, and quartz with minor amounts of
plagioclase and ironoxide in amuchfiner tuffaceousmatrix ofmicrocrys-
talline aggregates of kaolinitized feldspar, quartz, biotite and dusty
iron oxide (Fig. 2l). Metacherts occupy a small area on the southern
slope of Gabal Atud, interposed with serpentinite rock. They are slightly

laminated, consisting of irregularly banded quartz- and feldspar-
containing laminae containing muscovite, carbonate, and iron oxide
(Fig. 3a). Quartz biotite schists, which form low-lying foliated outcrops,
are composedmainly of quartz and feldsparwith biotite and subordinate
muscovite, carbonate, and opaque minerals (Fig. 3b).

Themetagabbro–diorite complex forms themain part of Gabal Atud,
occurring as a semicircular body, and has an obvious intrusive contact

Table 1
Description of three levels of the underground working of main Atud deposits.

1st level 2nd level 3rd level

Depth ~40 m ~70 m ~160 m
Alteration –Sericitization

–Carbonation (ankerite)
–Argillic

–Sericitization
–Carbonation (ankerite & calcite)
–Silicification
–Agillic
–Sulfidation

–Sericitization
–Agillic (kaolinite)
–Carbonation (ankerite & calcite)

Quartz veins –Mostly gray quartz (N20W/45W) with
variable amount of milky quartz (N30W/50SW)
and very little of smoky quartz.

–Mostly milky quartz and gray quartz with
laminated quartz (N40W/50 W).

–Mostly milky quartz with gray quartz
(N40W/50SW) and laminated quartz.

Deformation –N–S/55 W.
–N 40 W/70 NE.
–N 20 W/60 NE.
–N 20 E/10 SE.

–N–S/55 W. –N 25 W/50 SW.

Fig. 6. a) Rose diagram showing for two type of quartz veins; b)mineralized gray quartz vein cut through altered rocks; c) gray quartz veinwith variable amounts of milky one in the first
underground level (42mdepth); d)milky quartz veinsmainly placed in the second underground level (72m depth); e) pinching, swelling and bifurcation into small veins and veinlets in
level 2, f) carbonate veinlets cut through the thirdunderground level (165mdepth)withmilky quartz; g) high amount of pyrite (py) and arsenopyrite (apy)within the alterationminerals
in zone 1; h)milky quartz vein and calcite (cal) veinlets cut through thewall rocks at sulfidized zone 2; i) reflected light centimeter-scale view of chloritization (chl), albitization (ab), and
silicification (qz) with arsenopyrite (apy) in zone 3.
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against serpentinites and metatuffs (Figs. 1b and 2a–3c). This complex
is one of the early orogenic gabbro–diorite complexes in the Egyptian
part of the Nubian shield, with an age ranging from 987 Ma to 830 Ma

(Hashad, 2013; Abdel-Rahman and Doig, 1987). It was invaded by oliv-
ine gabbro norite of group III of Ghoneim (1989). At the study area, this
complex consists of metamorphosed gabbros and diorite, with quartzo-

Fig. 7. Photomicrographs of reflected lightmicroscopy: a) Deformed arsenopyrite (apy) in the altered rocks; b) gold (Au) filled the cracks in arsenopyrite (apy) that associatedwith pyrite
(py); c) pyrite (py)with arsenopyrite (apy) and goethite (goe); d) chalcopyrite (ccp) associatedwith pyrite (py); e) inclusions of sphalerite (sp) in the large pyrite (py); f) enargite (eng)
occurred as inclusion in arsenopyrite grains (apy); g) microfractures of pyrite (py) filled by gold (Au); h) inclusions of gold (Au) in pyrite crystals (py); i) gold (Au) occurred as
disseminated grains with chalcopyrite (ccp) and pyrite (py) in the alteration zones.

Fig. 8. Paragenetic sequence of quartz, sulfide minerals, and supergene minerals as defined by mineral assemblages.
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feldspathic veined hybrid leucocratic metagabbros between them
(Fig. 3c). The complex, which is affected by many types of alterations,
represents the main host rocks of the gold-bearing quartz veins occur-
ring along the shear zone trendingNW–SE at the eastern and southeast-
ern slopes of Gabal Atud (Fig. 1b). The metagabbros are medium-to-
coarse-grained and have hypidiomorphic granular textures with
poikilitic or ophitic-to-subophitic textures composed of plagioclase,
actinolite, and tremolite together with variable amounts of secondary
quartz, chlorite, clinopyroxene, orthopyroxene, and opaque miner-
als (hematitic iron oxides) (Fig. 3d-e). Plagioclase is labradorite in com-
position (An50–65), zoned (Fig. 2d), and affected by sericitization,

kaolinitization, and carbonatization (Fig. 3e). In contrast, the diorite is
affected by shearing (Fig. 2f) and is composed essentially of altered pla-
gioclase and hornblende with minor amounts of quartz, tremolite–ac-
tinolite, chlorite and iron oxide (Fig. 3g).

Olivine gabbro–norites are non-deformed rocks equivalent to youn-
ger gabbro of group III of Ghoneim (1989), that intrude into the
metagabbro–diorite complex of Gabal Atud (Figs. 1b and 3a). Therefore,
these rocks have intrusive contactwith themetagabbro diorite complex
and are different from it because they have very little and/or no alter-
ation relative to the metagabbro–diorite complex that represent the
host rocks of Atud gold deposit which are typically altered. In addition,

Fig. 9. a)Mainmineralized quartz (qz) in veins grayish/reddishwall rocks of zone 1 affected by faulting; b) highly sulfidizedwall rocks in zone 1; c) gray quartz (qz) vein cut throughwall
rocks; d) variable amounts of milky and smoky quartz veins in zone 1; e), f) photomicrographs show the alteration products at zone 1; g) milky quartz vein (qz) and calcite veinlets cut
through thewall rocks at sulfidized zone 2; h), i) quartz (qz), albite (ab), and sericite (ser)/kaolinite (kln) with pyrite (py), dolomite (dol), clinochlore (clc), andmuscovite (ms) in zone 2;
j); k) photomicrographs show the alteration productswith arsenopyrite (apy) in zone3; l) backscattered images of the calcite (cal), quartz (qz), and albite (ab)with sericite (ser) in zone 3.

8 A. Abdelnasser, M. Kumral / Ore Geology Reviews 77 (2016) 1–24



Fig. 10. XRD patterns of altered samples collected from the different alteration zones: a), b) zone 1; c) zone 2; d) zone 3. Abbreviation: ankerite (ank), anorthite (an), anthophyllite (ath),
arsenopyrite (apy), calcite (cal), chamosite (chm), chlorite (chl), clinochlore (clc), dolomite (dol), epidote (ep), graphite (gr), kaolinite (kln), magnetite (mag),muscovite (ms), orthoclase
(or), pyrite (py), quartz (qz), sericite (ser), titanite (ttn), tremolite (tr), zeolite (zeo).
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they are massive, dark gray and coarse-to-medium-grained, with no
signs ofmineral foliation andno evidence of ductile and/or brittle defor-
mation, emphasizing the rocks' post-tectonic emplacement. They also
show as small boulders along the western slope of Gabal Atud
(Fig. 3h). They consist mainly of plagioclase (labradorite to bytownite;
35–40 vol.%), hypersthene (15–20 vol.%), diopside (25–30 vol.%) par-
tially altered to tremolite–actinolite (~5 vol.%), cumulate olivine (partly
altered into serpentine minerals, 15–20 vol.%) and opaque minerals
(~3 vol.%) (Fig. 3i). Based on modal mineralogical studies, these rocks
are olivine gabbro norite (Fig. 4).

Dykes, in the study area, trend mostly in the NW–SE direction. Por-
phyritic andesite and aplitic dykes (trending N 40W dipping at 50° to-
ward SW) cut through the metagabbro-dioritic rocks at Gabal Atud
(Fig. 3j), but few dykes run roughly NNE–SSW except for an ankerite
dyke which is the oldest one and cuts through the serpentinite rocks
at the northern part of the study area (Fig. 3k). The samples of the aplite
dyke are yellowish, fine-grained rocks with porphyritic textures com-
posed mainly of phenocrysts of carbonatized plagioclase, biotite and/
or phlogopite (partly altered to chlorite) in a carbonate-rich ground-
mass with potassium feldspar, quartz, sericite, and iron oxide (Fig. 3l).

Fig. 10 (continued).
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Table 2
Major, trace, and rare earth elements (REE) of metagabbro–diorite complex at Atud area.

Metagabbro Diorite

Sample ID A 42 A105 A124 A96 A124 A128 AT10.4 A14 A 103 A115 A116

SiO2 53.11 49.87 54.13 49.67 54.13 45.24 45.68 57.77 53.10 54.00 55.80
Al2O3 15.81 16.19 16.79 13.79 16.79 13.96 16.72 16.69 18.33 15.79 16.37
Fe2O3 7.83 8.53 7.73 9.00 7.73 6.47 7.05 6.71 7.39 7.43 6.24
MgO 6.94 8.19 3.86 9.43 3.86 11.26 10.45 3.16 5.58 6.34 5.25
CaO 6.99 10.26 5.16 8.57 5.16 15.69 15.09 6.59 8.66 7.18 6.40
Na2O 2.62 2.43 3.10 2.93 3.10 1.46 1.37 4.39 3.10 2.84 3.53
K2O 0.74 0.36 2.05 0.76 2.05 0.20 0.14 0.93 0.37 0.67 0.83
TiO2 0.74 0.65 1.23 1.00 1.23 0.45 0.48 0.92 0.98 0.71 0.63
P2O5 0.13 0.11 0.38 0.35 0.38 0.06 0.06 0.26 0.18 0.12 0.11
MnO 0.14 0.14 0.11 0.16 0.11 0.12 0.13 0.11 0.13 0.13 0.11
Cr2O3 0.05 0.01 0.09 0.01 0.17 0.05 0.01
LOI 3.99 3.23 5.45 4.26 5.45 4.91 2.28 2.45 2.28 3.66 3.78

Trace and rare earth elements (ppm)
Ag 0.9 0.8 1.4 1.1 1.4 0.6 0.3 0.7 0.3 0.8 1.1
As 16.0 3.0 1.0 7.0 1.0 9.0 33.0 8.0 3.0 26.0 10.0
Au (ppb) 35.9 156.2 22.2 27.2 22.2 69.6 8.4 75.1 16.9 49.5 27.7
Ba 167.0 113.0 43.0 131.0 43.0 26.0 41.5 208.0 126.0 160.0 194.0
Be 1.2 1.2 1.8 1.5 1.8 0.9 0.5 1.4 0.7 1.4 1.3
C 349.9 1647.1 6602.0 2461.8 6602.0 3620.0 1096.6 2543.7 100.7 323.2 399.5
Cd 0.4 0.3 0.5 0.7 0.5 0.3 4.0 0.2 0.2 0.6 0.6
Co 31.0 50.0 28.0 44.0 28.0 36.0 45.2 42.0 24.0 31.0 26.0
Cr 0.0 329.8 95.8 604.1 95.8 1132.4 93.7 0.0 0.0 0.0
Cs 32.0 0.3 0.4 0.3 0.4 0.4 0.0 0.9 0.1 0.6 1.3
Cu 15.1 21.8 72.1 22.3 72.1 28.8 12.7 18.5 15.8 22.6 19.5
Ga 0.7 30.9 62.4 32.2 62.4 15.4 10.0 40.8 15.9 33.4 38.4
Hf 1.6 0.8 5.9 3.1 5.9 0.9 0.9 1.2 3.1 2.6 1.2
In 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.1 0.0 0.1 0.1
Ir 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0
Li 10.0 8.6 15.3 12.6 15.3 4.8 4.8 12.2 3.0 9.4 10.1
Ni 42.0 237.4 240.0 352.5 240.0 224.1 34.5 209.3 23.0 31.0 22.0
Pb 3.6 8.1 25.4 16.3 25.4 14.9 21.0 15.8 0.2 3.9 4.8
Pd 1.0 0.7 5.4 2.7 5.4 0.8 1.1 0.9 1.2 0.8 0.8
Pt 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rb 29.5 15.0 39.8 19.0 39.8 10.7 1.8 36.5 11.0 60.0 27.0
Rh 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Ru 0.1 0.2 0.1 0.1 0.1 0.2 0.0 0.1 0.1 0.1 0.2
S 250.0 132.1 99.4 208.2 99.4 104.5 1398.3 235.8 244.3 656.9 213.5
Sb 0.8 4.1 4.6 8.8 4.6 7.9 0.2 5.5 0.5 0.7 1.1
Sn 1.7 1.3 2.9 1.8 2.9 1.6 0.8 2.0 1.7 1.6 1.5
Sr 436.2 362.9 366.0 347.1 366.0 336.5 229.7 454.2 334.0 317.0 443.9
Te – – – – 0.0 0.0 – – – –
Tl 0.1 0.0 0.1 0.1 0.1 0.0 0.0 0.1 0.0 0.1 0.1
U 0.5 0.2 1.2 0.7 1.2 0.2 0.3 0.5 0.1 0.4 0.4
V 369.7 510.4 486.7 577.6 486.7 443.8 344.4 417.1 442.1 389.4
Zn 101.9 109.7 141.1 189.4 141.1 84.8 20.8 134.6 51.1 105.6 109.2
Zr 80.0 47.0 202.0 115.0 202.0 42.0 73.0 107.0 105.0 86.0 96.0
Sc 245.6 234.4 216.5 220.0 216.5 275.7 123.7 221.5 217.7 213.2 206.5
Y 29.1 22.0 58.0 31.6 58.0 17.0 9.6 36.0 37.5 29.4 24.6
La 11.3 5.5 28.4 25.7 28.4 3.4 2.2 15.0 14.3 11.7 11.0
Ce 25.6 12.9 67.2 58.7 67.2 8.6 5.7 34.0 32.8 26.5 23.3
Pr 3.3 1.8 8.5 7.2 8.5 1.3 0.8 4.4 4.4 3.5 3.0
Nd 15.4 8.9 37.4 30.8 37.4 6.5 3.9 20.7 20.4 15.7 13.6
Sm 6.1 2.6 9.4 6.5 9.4 2.0 1.3 5.5 5.2 4.1 3.5
Eu 3.1 1.4 2.4 2.0 2.4 0.8 0.6 2.1 1.8 1.5 1.4
Gd 4.8 3.3 10.1 6.7 10.1 2.7 1.7 6.2 6.1 4.7 4.0
Tb 0.7 0.5 1.5 0.9 1.5 0.4 0.3 0.9 0.9 0.7 0.6
Dy 4.7 3.4 9.1 5.4 9.1 2.8 1.8 5.7 5.9 4.7 3.9
Ho 1.0 0.7 1.8 1.1 1.8 0.6 0.4 1.2 1.2 0.9 0.8
Er 2.9 2.1 5.4 3.1 5.4 1.6 1.0 3.5 3.6 2.8 2.3
Tm 0.4 0.3 0.7 0.4 0.7 0.2 0.1 0.5 0.5 0.4 0.3
Yb 2.7 2.0 4.6 2.7 4.6 1.4 0.9 3.0 3.1 2.6 2.1
Lu 0.5 0.3 0.7 0.4 0.7 0.2 0.1 0.4 0.5 0.4 0.3
Th 2.1 3.4 5.6 4.0 5.6 0.5 0.3 2.5 1.9 2.1 2.3

Parameters
FeO* 7.5 8.0 7.4 8.5 7.4 6.2 6.6 6.2 6.8 7.1 5.9
Na2O + K2O 3.4 2.8 5.1 3.7 5.1 1.7 1.5 5.3 3.5 3.5 4.4
FeO*/MgO 1.1 1.0 1.9 0.9 1.9 0.5 0.6 2.0 1.2 1.1 1.1
Zr/Y 2.7 2.1 3.5 3.6 3.5 2.5 7.6 3.0 2.8 2.9 3.9
Σ REE 82.4 45.9 187.2 151.6 187.2 32.4 20.8 103.1 100.7 80.1 70.2
Σ LREE 64.8 33.1 153.3 130.9 153.3 22.5 14.4 81.7 78.9 62.9 55.9
Σ HREE 17.6 12.7 33.9 20.7 33.9 9.8 6.4 21.5 21.8 17.2 14.3

(continued on next page)
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4. Intrusion-related gold mineralization in the Atud area

Gold mineralization occurred in three areas: the main Atud occur-
ring on the eastern and northeastern slopes of Gabal Atud, Atud East-I
(NE of the Atud area), and Atud East-II (SE of the Atud area) (Harraz,
1999) (Fig. 1b). The main Atud mineralization was genetically related
to the metagabbro–diorite complex that was intruded by quartz veins
(Fig. 1b). The mineralization was associated with a NNW–SSE brittle–
ductile shear zone within hydrothermal alteration zones and quartz
veins that occupy the pre-existing fractures. Furthermore, this mineral-
ization represents amesothermal vein-type goldmineralization style of
the Arabian–Nubian Shield (Harraz, 1999, 2002).

The Atud gold mine is one of many in the Egyptian Eastern Desert
that was exploited during Pharaonic times, but no ore has been pro-
duced since then (Gabra, 1986). Detailed work was done at the Atud
gold mine by the Egyptian Geologic Survey and Mining Authorities
(EGSMA) between 1953 and 1969, including surface and subsurface
geological studies, drilling, mapping, mine workings and sampling of
the altered rocks, quartz veins and country rocks (Gabra, 1986). In the
main Atud mine, EGSMA performed underground prospecting and
drifting on three levels along the strike of the main lode (NNW–SSE
brittle–ductile shear zone) for a total length of 690 m (Fig. 5). The in-
clined shafts connected these levels and winzes down the dip of the
lode for a total length of 230 m. The levels are about 30 m, along the
dip, below one another, and four main shafts are recognized (Fig. 5).
The characteristics of these levels are shown in Table 1. In addition,
EGSMA excavated 135 surface trenches in the main Atud mine area.
Six quartz veins were exposed on the eastern slope of Gabal Atud and
12 quartz veins were exposed on the southeastern slope. The gold con-
tent varied from b0.l to 31 g/t (average: 16.28 g/t), with 19,000 tons of
rock and 348 kg of pure gold in the principal lode (Gabra, 1986). In ad-
dition, 1600 tons of dump with 12.4 g/t of gold are present in the area
(Hussein and El Sharkawi, 1990). More information can be found in un-
published EGSMA reports in the Information Center.

4.1. Quartz veins

Field and opticalmicroscopy observations suggest that there are two
generations of quartz veins; the older one is grayish-to-white, mineral-
ized trending N 30°–40°W dipping 45° toward SW. The younger vein is
non-mineralized, milky-white, trending NE–SW dipping 15° toward
NW (Fig. 6a–b). These veins are differentiated in the different under-
ground levels. In the first level (42 m depth), the main quartz vein is
composed of bluish or grayish quartz and is frequently associated with
variable amounts of milky quartz (Fig. 6c). In the second level (72 m
depth), the main quartz veins are milky quartz trending N 30°–40° W
dipping 55° SW with variable amounts of bluish or grayish quartz. The
quartz veins extend discontinuously up to 270 m and are nearly
70 cm-thick (Fig. 6d). Pinching, swelling and bifurcation into small
veins and veinlets are observed in this level (Fig. 6e). The third level
(165mdepth) contains large amounts ofmilky quartzwith subordinate
bluish or grayish quartz, directed N 40°W, and is cut by carbonate vein-
lets (Fig. 6f).

4.2. Ore mineralogy

The ore mineralogical studies revealed that the sulfides associated
with gold mineralization include arsenopyrite, pyrite, chalcopyrite,
sphalerite, and enargite with goethite as iron oxide minerals. These
ore minerals occur as disseminations within the metasomatic hydro-
thermal alteration zones (Fig. 6g–i), as well as along the borders be-
tween the zones and the quartz veins (Fig. 6h), cutting through the
altered metagabbro–diorite complex. Gangue minerals include quartz,
sericite/kaolinite, carbonate (calcite, dolomite, and ankerite), and
chlorite.

Arsenopyrite occurs as individual rhombic or prismatic zoned
grains disseminated in the quartz veins and wall rock (Fig. 7a) and is
intergrown with euhedral arsenian-pyrite (with ~2 atom% As; unpub-
lished data) (Fig. 7b). Pyrite occurs as arsenic-bearing pyrite associated
with arsenopyrite (Fig. 7c) and also occurs as disseminated subhedral
or anhedral zoned grains replacing by chalcopyrite in some samples
(Fig. 7d). Inclusions of sphalerite and enargite are common in the
large pyrite and arsenopyrite grains, respectively (Fig. 7e–f). Goethite
occurs mainly as alteration products replacing the iron-bearing sulfide
minerals in the quartz veins and alteration zones (Fig. 7b–d). Gold is
mostly associated with arsenopyrite, arsenic-bearing pyrite and sphal-
erite, with an average ~70 wt.% Au (+26 wt.% Ag) (unpublished
data). Gold occurs alongmicrofractures of arsenopyrite (Fig. 7b) and py-
rite (Fig. 7g) in altered wall rocks and mineralized quartz veins. Gold
also occurs either as inclusions in large pyrite crystals (Fig. 7h) or as dis-
seminated grains with chalcopyrite and pyrite in the alteration zones
(Fig. 7i).

The contact relationships of theminerals in the paragenesis revealed
the three mineralization phases at the Atud Au deposit (Fig 8). The first
phase is represented by disseminated euhedral pyrite and arsenopyrite,
aswell as quartz that are observed as large anhedral crystals. The second
(main ore) phase is represented by chalcopyrite, sphalerite, and
enargite, with gold enclosed as inclusions in pyrite and arsenopyrite.
During this stage, small polygonal crystals of a second type of quartz
were deposited, forming thin veinlest. The third phase is represented
by goethite mineral occurred under the supergene condition.

4.3. Hydrothermal alteration types

The Atud gold mineralization is closely associated with intense hy-
drothermal alteration in the metagabbro–diorite complex along the
NNW–SSE shear zones at the eastern and northeastern slopes of Gabal
Atud, with typical greenschist facies alteration assemblages (Harraz,
1999, 2002.

The hydrothermal alteration is divided into three zones: Zone-1,
zone-2 and zone-3 according to field, petrographic and XRD data.
They occur around quartz veins and are associated with the main
shear/fault zone trending NNW–SSE (Fig. 5).

Zone 1 occurs around themain mineralized quartz veins distributed
in all underground levels (Fig. 5). The zone is characterized by grayish/
reddish color (Fig. 9a), highly sulfidized (Fig. 9b), cut by mostly gray
quartz veins (Fig. 9c) with variable amounts of milky and smoky quartz

Table 2 (continued)

Metagabbro Diorite

Sample ID A 42 A105 A124 A96 A124 A128 AT10.4 A14 A 103 A115 A116

Parameters
Eu/Eu* 1.7 1.4 0.8 0.9 0.8 1.1 1.2 1.1 1.0 1.0 1.2
(La/Sm)N 1.1 1.3 1.9 2.4 1.9 1.0 1.1 1.7 1.7 1.8 1.9
(Gd/Yb)N 1.5 1.3 1.8 2.0 1.8 1.6 1.6 1.6 1.6 1.5 1.5
Sr/Sr* 0.2 0.3 0.1 0.1 0.1 0.4 0.4 0.1 0.1 0.1 0.2

12 A. Abdelnasser, M. Kumral / Ore Geology Reviews 77 (2016) 1–24



Ta
bl
e
3

M
aj
or

an
d
tr
ac
e
el
em

en
ts

of
th
e
m
ed

ia
n
of

le
as
t
al
te
re
d
ro
ck
s
an

d
th
e
al
te
re
d
ro
ck
s
fr
om

al
te
ra
ti
on

zo
ne

s
1,

2,
an

d
3.

M
ea

n
Zo

ne
1

Zo
ne

2
Zo

ne
3

Sa
m
pl
e
ID

A
34

A
39

A
47

A
49

A
53

A
60

A
64

A
t6
8

A
75

A
-s
h-

1
A
66

A
67

A
81

A
19

A
40

A
58

A
T1

0.
1

Si
O
2

52
.0
5

52
.5
7

52
.2
4

50
.2
1

48
.7
1

52
.3
7

42
.1
0

44
.4
4

70
.6
7

42
.9
9

51
.8
6

56
.5
8

57
.8
5

57
.8
5

53
.2
1

53
.6
2

49
.1
3

23
.4
2

A
l 2
O
3

16
.1
1

17
.3
9

15
.3
6

15
.4
3

16
.4
8

14
.0
0

18
.4
0

10
.7
8

10
.8
2

17
.5
3

16
.3
0

18
.6
4

13
.7
1

17
.5
1

16
.3
6

17
.4
6

15
.2
1

10
.1
8

Fe
2
O
3

7.
46

5.
06

4.
97

5.
60

5.
28

6.
27

5.
61

7.
10

3.
02

7.
32

4.
02

3.
74

6.
09

4.
58

7.
32

7.
39

9.
84

3.
13

Fe
O
t

6.
72

4.
55

4.
47

5.
04

4.
75

5.
64

5.
05

6.
39

2.
72

6.
59

3.
62

3.
36

5.
48

4.
12

6.
59

6.
65

8.
85

2.
81

M
gO

6.
76

2.
40

3.
60

3.
89

3.
72

3.
04

3.
35

6.
77

1.
14

3.
59

3.
47

1.
43

1.
48

1.
96

4.
28

4.
90

3.
25

4.
17

Ca
O

8.
71

4.
94

6.
08

6.
27

6.
20

5.
81

8.
19

7.
71

1.
65

6.
28

7.
01

3.
98

4.
39

4.
64

7.
89

3.
93

5.
79

32
.5
6

N
a 2
O

2.
81

0.
22

0.
31

0.
84

0.
20

0.
25

0.
25

0.
12

0.
10

0.
54

0.
61

3.
78

2.
40

3.
27

3.
25

5.
10

2.
23

0.
91

K
2O

0.
83

4.
56

3.
83

3.
53

4.
22

3.
63

4.
44

2.
75

2.
54

4.
50

3.
67

3.
03

2.
56

2.
52

0.
59

0.
28

2.
09

0.
14

Ti
O
2

0.
82

0.
83

0.
66

0.
65

0.
65

1.
03

0.
63

0.
61

0.
37

1.
13

0.
59

0.
42

0.
82

0.
59

0.
81

1.
01

1.
82

0.
18

P 2
O
5

0.
20

0.
20

0.
12

0.
13

0.
11

0.
10

0.
08

0.
11

0.
07

0.
14

0.
06

0.
23

0.
22

0.
15

0.
21

0.
20

0.
17

0.
00

M
nO

0.
13

0.
08

0.
09

0.
09

0.
09

0.
11

0.
12

0.
15

0.
03

0.
13

0.
09

0.
07

0.
08

0.
06

0.
13

0.
09

0.
12

0.
05

LO
I

3.
79

10
.6
7

11
.7
5

13
.0
6

12
.9
0

12
.1
0

14
.1
6

17
.7
8

6.
34

14
.0
1

12
.2
9

8.
09

8.
91

6.
87

5.
93

4.
49

8.
75

24
.6
9

Tr
ac
e
el
em

en
ts

(p
pm

)
A
g

0.
8

7.
0

1.
3

0.
7

2.
2

10
.0

14
.0

1.
2

69
.6

29
.4

0.
9

0.
9

12
.3

2.
4

0.
7

1.
2

3.
4

1.
0

A
s

10
.6

81
0.
7

91
.1

30
40

.2
25

22
.3

19
69

.5
14

04
.0

29
4.
4

42
20

.0
26

97
.4

21
1.
0

15
8.
0

11
94

.5
17

2.
0

6.
0

64
50

.4
40

93
.9

48
.5

A
u
(p

pb
)

46
.4

27
5.
1

25
.0

15
6.
3

23
7.
8

18
2.
6

27
0.
6

28
.0

79
0.
2

18
4.
2

15
9.
6

11
8.
6

17
6.
1

48
.6

53
.9

74
.7

90
.3

15
5.
4

Ba
11

3.
9

37
5.
2

44
0.
4

13
1.
2

18
5.
6

27
3.
7

25
.0

72
.0

9.
0

25
9.
2

21
1.
0

33
4.
0

18
8.
1

24
5.
0

14
4.
0

80
.9

34
7.
9

73
.8

C
23

40
.6

27
,0
56

.0
19

,7
85

.0
25

,3
64

.0
14

,5
53

.0
48

82
.4

30
,9
03

.0
13

,2
95

.0
57

17
.3

24
,7
49

.0
25

,5
41

.0
12

,5
29

.0
26

,1
80

.0
12

,5
89

.0
76

87
.8

44
,6
81

.0
23

,0
86

.0
52

,8
87

.0
Co

35
.0

13
.0

20
.7

20
.7

16
.0

19
.1

16
.0

25
.8

36
.0

21
.8

13
.0

5.
0

11
.2

31
.0

27
.0

22
.1

22
.0

26
.2

Cu
29

.2
27

.9
19

.1
6.
0

15
.6

44
.6

46
.5

6.
3

83
.8

35
.3

27
.2

11
2.
6

11
8.
2

39
.6

19
.9

32
.7

79
.0

0.
2

G
a

31
.1

25
.4

22
.4

16
.8

17
.2

20
.8

38
.4

11
.1

20
.4

22
.1

33
.1

52
.7

16
.4

40
.5

33
.6

20
.7

25
.6

9.
7

H
f

2.
5

0.
6

0.
8

1.
1

0.
8

1.
0

1.
5

0.
6

1.
0

1.
1

1.
3

1.
5

2.
7

1.
4

0.
9

3.
0

1.
7

0.
4

N
i

15
0.
5

19
.4

52
.3

25
.8

21
.0

24
.9

36
0.
9

32
.5

39
8.
3

25
.1

40
8.
9

15
7.
6

6.
8

16
3.
4

20
6.
5

47
.3

11
.2

55
.6

Pb
12

.7
9.
4

7.
6

9.
3

10
.9

10
.8

4.
0

10
.6

23
.4

12
.8

1.
6

5.
3

9.
2

5.
5

35
.7

10
.3

14
.6

22
.0

S
33

1.
1

36
,1
68

.0
20

,7
41

.0
20

,4
27

.0
33

,4
25

.0
59

86
.8

26
,1
86

.0
16

,3
16

.0
21

,2
24

.0
10

91
.8

60
15

.9
91

23
.3

16
,3
01

.0
19

89
.2

70
.7

55
25

.8
28

,2
74

.0
82

3.
0

Sb
3.
5

8.
6

26
.4

20
.0

9.
8

21
.7

30
.4

3.
8

14
3.
1

37
.6

13
.6

7.
0

17
.5

10
.3

14
.4

3.
9

3.
6

0.
4

Sn
1.
8

1.
4

1.
2

1.
3

0.
9

1.
3

2.
3

1.
0

1.
6

1.
4

2.
5

1.
9

0.
8

1.
7

2.
0

2.
5

2.
0

0.
5

Sr
36

3.
1

10
6.
5

14
5.
6

11
4.
6

13
3.
8

13
3.
5

13
1.
7

13
2.
5

32
.1

14
2.
3

20
3.
7

16
9.
9

88
.5

11
0.
6

37
5.
7

19
7.
9

16
0.
4

27
6.
7

V
44

6.
8

11
3.
0

13
7.
0

13
2.
0

12
4.
0

15
6.
0

35
7.
0

14
2.
0

25
8.
2

16
7.
0

26
4.
2

21
4.
7

66
.0

27
5.
1

34
4.
3

17
9.
0

33
7.
0

Y
32

.1
10

.0
7.
5

9.
9

8.
6

12
.6

14
.7

8.
2

8.
0

10
.7

12
.9

20
.1

15
.0

18
.9

32
.1

19
.2

21
.2

5.
2

Zn
10

8.
1

25
.3

53
.2

72
.2

77
.3

12
3.
4

82
.9

97
.0

10
0.
1

79
.0

90
.8

85
.8

24
.7

97
.5

21
6.
4

65
.5

11
9.
3

11
.3

Zr
10

5.
0

18
4.
0

74
.0

76
.0

68
.0

90
.0

96
.0

67
.0

74
.0

98
.0

70
.0

16
3.
0

16
7.
0

10
0.
0

90
.0

12
4.
0

13
7.
0

15
.0

D
en

si
ty

(g
/c
m

3
)

2.
91

2.
85

2.
88

2.
89

2.
91

2.
88

2.
90

3.
00

2.
79

2.
92

2.
87

2.
87

2.
85

2.
86

2.
88

2.
90

2.
97

2.
84

Is
hi
ka

w
a
A
I

39
.7
1

57
.4
3

53
.7
6

51
.0
7

55
.3
7

52
.4
0

47
.9
8

54
.8
7

67
.7
9

54
.2
6

48
.3
8

36
.4
7

37
.3
0

36
.1
4

30
.4
4

36
.4
5

39
.9
7

11
.4
0

13A. Abdelnasser, M. Kumral / Ore Geology Reviews 77 (2016) 1–24



veins (Fig. 9d), and is affected by faulting (N30W/80SW) (Fig. 9a). Based
on the petrographic and XRD studies, the samples of this zone are com-
posed mainly of sericite and muscovite with quartz and pyrite and
minor amounts of ankerite, dolomite, albite, and graphite (Figs. 9e–f
and 10a–b). Mineralogical studies revealed large amounts of pyrite
and arsenopyrite with the alteration minerals (Fig. 6g).

Zone 2 represents the outer halo of zone 1 (Fig. 5) and is cut by a
milky quartz vein and calcite veinlets (Figs. 9g and 6i). The zone is char-
acterized by a large amount of quartz, albite, and sericite/kaolinite with
pyrite, dolomite, clinochlore, andmuscovite (Figs. 9h–i and 10c). Zone 2
is rich in pyrite (Fig. 6i).

Zone 3 occurs along the outer contact of zone 2 (Fig. 5) and is repre-
sented by rocks enriched in carbonate (dolomite and ankerite) and
chlorite alongwith arsenopyrite (Fig. 6h). The zone consists of ankerite,
calcite, dolomite, chlorite, chamosite (XRD results), chlinochlore, and al-
bite, with minor amounts of muscovite and quartz (Figs. 9j–l and 10d).

5. Geochemical characteristics

The metagabbro–diorite complex, which includes the Atud gold
mineralization, was divided into least-altered and altered rocks.
Ten representative samples were collected from the least-altered
metagabbro–diorite complex, including 6 samples of metagabbros and

4 samples of dioritic rocks. In addition, 18 representative samples
were collected from the different alteration zones. Each sample was an-
alyzed for major, trace, and rare earth elements (Tables 2 and 3).

5.1. Geochemistry of the least-altered metagabbro–diorite complex

Geochemical classification using the Na2O + K2O versus SiO2 dia-
gram (Fig. 11a) suggested by Cox et al. (1979) in Wilson (1989)
shows that metagabbros are in fields of gabbro and gabbro/diorite,
whereas diorites fall in the diorite and gabbro/diorite fields. These
rocks have calc-alkaline affinities (Fig. 11b), and are equivalent to
calc-alkaline basalt (CAB) (Fig. 11c). The relationship between Ni and
FeO⁎/MgO contentwas used byMiyashiro and Shido (1975) to differen-
tiate volcanic rocks according to different tectonic settings, whereas the
plots of the analyzed metagabbro–diorite complex mostly fall in the
island arc field (Fig. 11d). Pearce and Norry (1979) suggested that Zr/
Y ratios increase from mid-ocean ridges to within plate basalts due to
heterogeneities of the source, whereas the low Zr and Zr/Y ratio of vol-
canic arc basalts result from a high degree of partial melting of a deplet-
ed source. On the other hand, the high Zr and similar Zr/Y ratio of basalts
are due to open-system fractional crystallization. Floyd (1993) stated
that amphibole and clinopyroxene fractionation significantly increase
the abundance of Zr, whereas olivine and plagioclase fractionation

Fig. 11. Geochemical diagrams of metagabbro–diorite diagrams: a) TAS diagram after Cox et al. (1979). The dividing line between alkalic and subalkalic after Miyashiro (1978); b) AFM
ternary diagram after Irvine and Baragar (1971); c) Ti/100–Zr–Sr/2 ternary diagram after Pearce and Cann (1973); d) FeO*/MgO–Ni diagram after Miyashiro and Shido (1975).
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does not change the Zr/Y ratio. Based on a Zr versus Zr/Y binary diagram,
a significant variation of Zr/Y ratios increase with increasing Zr
(Fig. 12a); their trend closely follows curve I of Drury et al. (1983),
indicating fractional crystallization ofmafic phaseswith orwithout feld-
spars (Drury et al., 1983). The metagabbro samples reflect clinopy-
roxene fractionation crystallized from mafic phases from island arcs
(Drury et al., 1983), whereas themetadiorite samples reflect amphibole
fractionation crystallized from mafic phases from Andean-type arcs

(Drury et al., 1983) and are typical of calc-alkaline volcanic arc lavas
(Brown et al., 1977). The chondrite-, N-type MORB, and primitive
mantle-normalized REE patterns of metagabbro–diorite complex rocks
are characterized by concave profiles (Fig. 12b–d). These patterns are
characterized by an enriched LREE,with an average 81.8 formetagabbro
and 69.9 for dioritic rocks [(La/Sm)N=1.1–2.4 formetagabbro and 1.7–
2.0 for dioritic rocks], and a practically flat HREE, with an average 19.3
for metagabbro and 18.7 for dioritic rocks [average (Gd/Yb)N = 1.6

Fig. 12. Geochemical diagrams of metagabbro–diorite diagrams: a) Zr/Y–Zr binary diagram, vectors for fractional crystallization after Floyd (1993) and melting curves I and II after Drury
et al. (1983); b) Chondrite-normalized REE patterns (Sun and McDonough, 1989); c) N-type MORB-normalized patterns (Sun and McDonough, 1989); d) Primitive mantle-normalized
trace element patterns (Sun and McDonough, 1989).

Fig. 13. Relationship between alteration index (AI) and (a) Na2O and (b) K2O for the altered rocks (Large et al., 2001).
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and 1.5 for metagabbro and dioritic rocks, respectively]. The patterns
also show slight positive Eu anomalies (Eu/Eu* = 0.8–1.7 and 1.0–1.2
for metagabbro and dioritic rocks, respectively). The positive Eu anom-
alies are due to plagioclase accumulations that contributed to Eu and
light REE abundances, and led to a dilution of the HREE (Hassanipak
et al., 1996). In addition, the Sr/Sr* is used as a comparison with the
Eu contents, and positive Eu/Eu* and Sr/Sr* anomalies of analyzed
rocks refer to plagioclase accumulations (Nagihara and Casey, 2001)
(Fig. 12c–d).

5.2. Alteration geochemistry

The geochemical characteristics of the hydrothermally altered wall
rocks associated with the Atud gold deposit are based on a number of
whole-rock geochemical analyses of the samples from the underground
levels of the alteration zones (Table 3). The major factor responsible for
the precipitation of different ores is the chemical interaction between
the rocks and the circulating hydrothermal solutions (Rose and Burt,
1979 and Susak, 1994). When the hydrothermally altered wall rocks
were compared to the least-altered rocks, a higher K2O content was
observed, indicating that sericite, kaolinite, muscovite and chlorite are
the main alteration phases in all the alteration zones, with higher loss
on ignition (LOI) content referring tomore intense alteration. Generally,
these altered wall rocks have a large proportion of sulfur representing
arsenopyrite and pyrite. Furthermore the model percentages of the
arsenopyrite, chalcopyrite, and enargite are changed in the three alter-
ation zones. Zone 1 and 2 which have no enragite contain 5–8 vol.%
and 3–5 vol.% arsenopyrite, and 2–3 vol.% and 1–2 vol.% chalcopyrite,
respectively. On the other hand zone 3 has high amount of arsenopyrite
(5–8 vol.%) with enargite (1–2 vol.%). Some elements, e.g. Au, Ag, S, and
Sb with As, are most common in alteration zone 1 decreasing outward

to zone 3. In zone 2, a high amount of SiO2 reflects silicification,whereas
in zone 3, a significant amount of CaO and C with Na2O indicates
carbonatization and albitization. In addition, the relationship between
Na2O and K2O in the Ishikawa alteration index (AI = [100(K2O +
MgO) / (K2O + MgO + CaO + Na2O)]) of Ishikawa et al. (1976) for al-
tered rocks suggests sericite in zone 1with some chlorite and carbonate,
dolomite/ankerite in zones 2 and 3, and albite/calcite in zone 3
(Fig. 13a–b).

5.2.1. Mass balance calculation
During hydrothermal alteration processes, the mass changes of

each alteration zone are respected to the unaltered precursor and ele-
mental compositions that experience gains/losses or dilutions are set
from the composition-volume comparison of altered and unaltered
rocks (Gresens, 1967). The Gresens' equation was improved by Grant
(1986, 2005) who suggested that the immobile elements plot along
an isocon line that has no mass transfer during alteration processes.
GEOISO-Windows (Coelho, 2006) is a recent version of software
whichdetermines and plotsmass balance/volume changes during alter-
ation processes. The absolutemobility of different elements,which indi-
cates themass balance/volume change, is defined using Gresens (1967)
equations and a best-fit isocon line (Grant, 1986) and requires selection
of immobile elements. This enables the determination of mass gains/
losses of mobile elements in altered rocks. Al, Ti, and Zr represent high
field strength elements and are assumed to be immobile elements
(or their mobility is not significant during alteration processes). Fur-
thermore, aluminum is considered to be an immobile element within
greenschist-grade metamorphic conditions under low-to-moderate
temperature hydrothermal systems (Barton et al., 1991). Based on
mass/volume gains and losses, each of the alteration zones has different
additions and depletions of major/trace elements (Tables 3 and 4). On

Table 4
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
resulted from GEOISO—A Windows™ program).

Zone 1 Zone 2 Zone 3

(Mfi − Moi)/Mo (Mfi − Moi) / Moi (Mfi − Moi) / Mo (Mfi − Moi) / Moi (Mfi − Moi) / Mo (Mfi − Moi) / Moi

SiO2 1.636 0.031 3.618 0.07 −3.241 −0.062
Al2O3 0 0 0 0 0 0
Fe2O3 −1.724 −0.231 −2.807 −0.376 0.073 0.01
FeOt −1.565 −0.233 −2.533 −0.377 0.061 0.009
MgO −3.063 −0.453 −5.19 −0.768 −2.243 −0.332
CaO −2.361 −0.271 −4.503 −0.517 4.94 0.567
Na2O −2.451 −0.872 0.243 0.087 0.314 0.112
K2O 3.153 3.798 1.787 2.153 0.019 0.023
TiO2 −0.07 −0.085 −0.229 −0.279 0.225 0.274
P2O5 −0.084 −0.419 −0.006 −0.031 −0.037 −0.184
MnO −0.024 −0.187 −0.062 −0.478 −0.021 −0.163
LOI 9.425 2.487 3.926 1.036 8.151 2.151
Ag 13.559 16.141 4.21 5.012 0.88 1.047
As 1812.758 170.372 481.917 45.293 2873.594 270.075
Au 197.514 4.252 64.488 1.388 55.402 1.193
Ba 95.528 0.839 133.974 1.177 62.077 0.545
C 17,925.864 7.659 14,234.031 6.081 32,584.856 13.922
Co −13.66 −0.39 −19.753 −0.564 −8.526 −0.244
Cu 3.751 0.128 58.154 1.99 6.626 0.227
Ga −7.107 −0.228 4.259 0.137 −6.757 −0.217
Hf −1.455 −0.587 −0.648 −0.261 −0.847 −0.342
Ni −5.89 −0.039 −44.593 −0.296 −63.255 −0.42
Pb −2.063 −0.163 −6.224 −0.491 9.809 0.774
S 19,484.857 58.844 8526.297 25.749 9109.961 27.512
Sb 29.726 8.397 7.704 2.176 2.545 0.719
Sn −0.216 −0.121 −0.355 −0.199 0.137 0.076
Sr −228.211 −0.629 −243.834 −0.672 −88.036 −0.242
V −251.304 −0.562 −267.195 −0.598 −134.648 −0.301
Y −21.179 −0.66 −14.622 −0.456 −10.92 −0.341
Zn −23.461 −0.217 −40.907 −0.378 4.148 0.038
Zr −10.242 −0.098 33.932 0.323 −5.401 −0.051

(Mfi − Moi) / Mo: Mass change in relation to original rock mass.
(Mfi − Moi) / Moi: Mass change in relation to original element mass.
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the x–y plots of least-altered vs. altered samples (calculated using
GEOISO-Windows), Al2O3 is shown to be an immobile element in all al-
teration zones during hydrothermal alteration (Fig. 14a–c). The mass

balance calculations and isocon diagrams reveal that the samples from
zone 1 are enriched in K2O, SiO2, and LOI with Au, Ag, As, Ba, C, Cu, S,
and Sb (Figs. 14a and 15a–b). Mass change (MC) and volume change

Fig. 14. Isocon diagram comparing the mean composition of least-altered samples and altered samples from (a) zone 1; (b) zone 2; and (c) zone 3.
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(VC) of this zone are calculated as 5.6% and 6.4%, respectively (Table 5).
Enrichment of K2O, Na2O, and SiO2 with higher Au, Ag, As, Ba, C, Cu, Ga,
S, Sb, and Zr is observed in samples from zone 2 (Figs. 14b and 15a–b),
with−3.1% MC and −1.4% VC (Table 5). Finally, common additions of
CaO, Fe2O3, K2O, Na2O, TiO2 and LOI with significant Au, Ag, As, Ba, C,
Cu, Pb, S, Sb, Sn, and Zn enrichments characterize the chemical changes
in the altered rocks in zone 3 (Fig. 14c and 15a–b) with 8.8% MC and
9.2% VC (Table 5). Zone 3 has the highest amount ofMC and VC, because
it is rich in iron and titanium which they easily leached from the least
altered metagabbro–diorite rocks and concentrated in this zone.

6. Chemistry of alteration minerals

The alteration minerals, e.g. sericite, carbonate, chlorite, and albite
(Fig. 16a), were analyzed with an electron microprobe. These minerals

are distributed in the alteration zones associated with ore minerals
and associated with gold mineralization in the underground levels.

Sericite is a very fine-grained white mica of white and yellowish
color, and typically forms by the decomposition of feldspars. Sericite is
the main secondary and alteration mineral observed in the gold-
bearing hydrothermal alteration zone 1 and in mineralized quartz
veins. Sericite is associatedwith kaolinite,muscovite, quartz, and pyrite.
Electronmicroprobedata of sericite (Table 6) showed that itsmuscovite
component was high in all analyzed flakes (average XMs = 0.89) and
that its phengite content (Mg + Fea.p.f.u.) varied from 0.10 to 0.55 and
0.13 to 0.29 inwall rocks andmineralized veins, respectively. A negative
correlation between (Si + Mg + Fe2+) and (Aliv + Alvi) for sericite
minerals (Fig. 16b) indicates that their chemical compositional
variations are controlled by phengitic substitutions of Si for Al (Fe(VI),
Mg(VI) + Si(IV) + Al(VI) + Al(IV)) (Muscovite formula calculated by
Monier and Robert, 1986 and Tindle and Webb, 1990).

Carbonate minerals represent the second component of the second-
aryminerals, after sericite. Carbonateminerals occur either as thin vein-
lets traversing the silicified and chloritizedwall rocks in alteration zones
2 and 3 or as disseminated grains intermingling with the mineralized
quartz veins andwall rocks (Fig. 9l). The electronmicroprobe data indi-
cate that these carbonate minerals have higher amounts of CaCO3 and
lower amounts of MgCO3 and FeCO3 in the quartz veins than in the
wall rocks (Table 7). Furthermore, in alteration zones 2 and 3, carbonate

Fig. 15.Gain/loss of major oxides (wt.%) and trace elements (ppm) during alteration in the different zones of hydrothermal alteration based onmean data of the least altered samples as a
reference for calculations, a) for zone 1; b) for zone 2, and (c) for zone 3.

Table 5
Whole rock mass and volume change in different zones of alteration at Atud gold mine
area.

Zone 1 Zone 2 Zone 3

MC: whole rock mass change 5.639 −3.069 8.851
VC: Whole rock volume change 6.37 −1.374 9.227
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minerals occur principally as dolomite, iron-dolomite and magnesium-
ankerite, whereas in quartz veins the carbonate minerals differentiated
into iron-dolomite (Fig. 16c).

Chlorite occurs as colorless-to-olive green flakes associated with dis-
seminated arsenopyrite in hydrothermal alteration zone 3. Electron
microprobe data of chlorite flakes (Table 8) revealed that they are gen-
erally iron-rich (FeOt 20.64–20.10 wt.%) and are composed of pycno-
chlorite or ripidolite (Al(iv) = 2.30–2.36 pfu and 2.41–2.51 pfu,
respectively) (Fig. 17a). The estimated formation temperatures are
289–295 °C and 301–312 °C for pycnochlorite and ripidolite, respective-
ly, and were calculated using the empirical Si–Aliv substitution geo-
thermometer of Cathelineau (1988).

Albite represents the main secondary feldspar produced by plagio-
clase substitution, and is found disseminated in altered wall rocks
with chlorite in alteration zone 2. The representative chemical composi-
tions of albite show high SiO2 (68.2–79.5 wt.%), Al2O3 (14.2–19.9 wt.%),
and Na2O (7.3–11.9 wt.%) content and low amounts of CaO (0.1–
0.2 wt.%) (Table 9). Albite was relatively pure having a high Ab content
in all analyzed samples (Ab = 95.08%–99.20%). The triangular diagram

of albite (Ab), anorthite (An) and orthoclase (Or) end-members refers
to the analyzed samples plotted in the albite field (Fig. 17b).

7. Discussions and conclusions

In the Atud area, themetagabbro–diorite complex occurred in Gabal
Atud in the central part of the Egyptian Eastern Desert. The complex is
intruded into serpentinites and their derivatives and metatuffs, and is
later intruded by younger olivine gabbro norite. The Atud gold mineral-
ization is considered as a vein-type gold deposit closely associated with
intense hydrothermal alteration haloes along theNW–SE brittle–ductile
shear zone. It was genetically related to the metagabbro–diorite com-
plex that was intruded by quartz veins that occupied the pre-existing
fractures. These quartz veins that are linked to the shear zone system
are younger than the intrusion of olivine gabbro norite, having two gen-
erations: a mineralized grayish-to-white old vein (trending N 30°–40°
W), and a younger, non-mineralized milky white vein (trending NE–
SW). Underground levels were drifting along the NNW–SSE brittle–
ductile shear zone that represents the strike of the main lode. The

Fig. 16. a) Si–Al– (Fe + Mg) cation ternary diagram showing representative composition of different secondary and hydrothermal minerals from Atud gold mine (after Kranidiotis and
MacLean, 1987); b) (Si + Mg + Fe2+) versus (Aliv + Alvi) of the sericite minerals from the mineralized quartz vein and altered wall rocks; c) FeCO3–MgCO3–MnCO3 triangular
classification diagram of Trdlička and Hoffman (1976) showing compositions of carbonate of the dolomite–ankerite series in samples of the mineralized veins and altered rocks.
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geological, petrographical and XRD analytical studies suggest that
there are three main hydrothermal alteration zones of mineral assem-
blages with gradual boundaries placed around mineralized and non-
mineralized quartz veins in these levels. Zone 1 is a zone of sericite/
kaolinite, muscovite, quartz, and pyritewithminor amounts of graphite,
ankerite, dolomite, and/or albite. Larger amounts of quartz, albite, and
sericite/kaolinite are found in zone 2 withminor amounts of pyrite, do-
lomite, clinochlore, andmuscovite. Zone3 is characterized by significant
amounts of carbonate (ankerite/calcite) and chlorite (chamosite/
chlinochlore)with albite and arsenopyrite and lower amounts of pyrite,

muscovite, and quartz. The ore mineralogy includes mainly arsenopy-
rite and pyrite, with minor amounts of chalcopyrite, sphalerite, and
enargite with goethite, associated with gold mineralization that oc-
curred along the contact of quartz veins with hydrothermal alteration
zones as well as within these zones. The first, second (main ore), and
third (supergene) phases of mineralization represent the contact rela-
tionships of gold with sulfide and gangue minerals in the paragenesis.
The geochemical behavior of the least-alteredmetagabbro–diorite com-
plex rocks reveals that the metagabbros are calc-alkaline gabbro and
gabbro/diorite, whereas the diorites are calc-alkaline diorite and gab-
bro/diorite. These rocks are equivalent to calc-alkaline basalt (CAB)
formed in island arc environments indicating clinopyroxene fraction-
ation for metagabbros and amphibole fractionation for dioritic rocks.

GEOISO-Windows calculated the mass/volume gain and loss values,
with Al2O3 considered as an immobile element. Themass balance calcu-
lations and isocon diagrams concluded that K2O, Au, S, and Sb decrease
from alteration zone 1 to zone 2, indicating that gold mineralization is
highly related to sericitic, kaolinitic and muscovite alteration. Zone 3,
which has a high amount of CaO, Fe2O3, and Na2Owith K2O – indicating

Table 8
Representative electron microprobe data of chlorite from the alteration zones in the Atud
gold mine area.

Spot no 3/1 4/1 5/1 11/1

SiO2 27.67 27.37 27.00 26.42
TiO2 0.04 0.02 0.10 0.05
Al2O3 19.64 19.99 20.10 20.04
FeO 20.44 20.79 20.35 21.71
MnO 0.28 0.25 0.23 0.25
MgO 18.89 18.67 18.96 18.53
CaO 0.03 0.03 0.03 0.08
Na2O 0.02 0.01 0.05
K2O
Cl 0.01
F 0.01
TOTAL 86.34 86.50 86.13 86.49
O = F,Cl 0.00 0.00 0.00 0.00
T2 12.40 12.41 12.44 12.51

Cations based on 28 anions (O, F), anhydrous basis
Si 5.71 5.65 5.59 5.50
Ti 0.01 0.00 0.02 0.01
Al(iv) 2.29 2.35 2.41 2.50
Al(vi) 2.49 2.52 2.50 2.42
Al 4.78 4.86 4.91 4.92
Fe2 3.53 3.59 3.52 3.78
Mn 0.05 0.04 0.04 0.04
Mg 5.81 5.75 5.85 5.75
Ca 0.01 0.01 0.01 0.02
Na 0.00 0.01 0.00 0.02
K 0.00 0.00 0.00 0.00
Cl 0.00 0.00 0.00 0.00
F 0.00 0.01 0.00 0.00
Fe/(Fe + Mg) 0.38 0.38 0.38 0.40
Alivc 2.29 2.35 2.41 2.50
T(°C) 288.57 295.40 301.17 312.30

Fig. 17. a) Si versus (Fe2++ Fe3+) diagram showing chlorite composition in the alteration zone in the Atud goldmine (classification of Hey (1954)); b) feldspars chemistry in theOr–Ab–
An diagram of Deer et al. (1992) (Ab: albite; Or: orthoclase; An: anorthite).

Table 9
Representative electron microprobe data of albite from the alteration zones in the Atud
gold mine area.

Spot no. 1/1 12/1 13/1 14/1 18/1

SiO2 68.95 69.02 69.31 68.22 79.49
Al2O3 19.49 19.50 19.88 19.96 14.20
FeO 0.03 0.08 0.04 0.10 0.09
CaO 0.24 0.11 0.10 0.16 0.11
Na2O 11.87 11.57 11.73 11.98 7.28
K2O 0.05 0.05 0.07 0.06 0.48
BaO 0.06 0.03 0.04
Total 100.69 100.36 101.17 100.48 101.65

Formula
Si 2.99 3.00 2.99 2.97 3.32
Al 1.00 1.00 1.01 1.02 0.70
Fe2 0.00 0.00 0.00 0.00 0.00
Ca 0.01 0.01 0.00 0.01 0.00
Na 1.00 0.98 0.98 1.01 0.59
K 0.00 0.00 0.00 0.00 0.03
Ba 0.00 0.00 0.00 0.00 0.00
T2 2.61 2.61 2.59 2.62 2.51
Anorthite 1.10 0.52 0.47 0.73 0.79
Albite 98.62 99.20 99.14 98.94 95.08
Orthoclase 0.27 0.28 0.39 0.33 4.12
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carbonatization, chloritization and albitization – is characterized by a
lower amount of gold. Therefore, gold decreases from zone 1 outwards
to zone 3.

Sericite exhibited a highmuscovite component in all analyzed flakes
(average XMs = 0.89) and a phengite content ranging from 0.10 to 0.55
and 0.13 to 0.29 in wall rocks and mineralized veins, respectively.
Carbonate has higher amounts of calcite (CaCO3) and lower amounts
of MgCO3 and FeCO3 in wall rocks than in quartz veins. Chlorite flakes
are generally iron-rich (FeOt 20.64–20.10 wt.%) and are composed of
pycnochlorite and ripidolite, with Al(iv) = 2.30–2.36 pfu and 2.41–
2.51 pfu, respectively and estimated formation temperatures of
289–295 °C and 301–312 °C, respectively. Albite is accompanied with
chlorite but was generally pure in all samples (Ab = 95.08%–99.20%).
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