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Abstract

The Hamama metavolcanics and their sulfide deposits are an important part of the Neoproterozoic Shadli bimodal metavol-
canics in the central Eastern Desert (CED) of Egypt and recently became a promising target for gold exploration in Egypt.
Semi-massive to massive sulfide deposits occur in quartz-carbonate exhalite and as disseminated grains in metabasalt and
metadacite. The Hamama prospect comprises polymetallic bimodal-mafic-type volcanogenic massive sulfide (VMS) deposits,
particularly Zn—Cu—Ag—Au VMS deposits. Polybasite is a silver-bearing sulfosalt (65.17-71.81 wt% Ag). Arsenic-bearing
framboidal pyrite is the main host of the precious metals (Au and Ag contents reach up to 0.12 wt% and up to 0.55 wt%,
respectively). The arsenic-rich fluids likely promoted gold and silver accumulation in framboidal pyrite, which is hosted in
the quartz-carbonate exhalite. This exhalite may have acted as a cap rock preventing the dissipation of the metal-rich hydro-
thermal fluids. Gold- and silver-bearing sulfides were possibly formed in a back-arc basin, which is considered as a suitable
environment for VMS formation. The dominance of Zn and Ag reveals that the Hamama VMS deposits were generated
at low temperature and a shallow water depth during rifting of the intra-oceanic island arc. Supergene processes formed
secondary copper deposits in the upper part of the exhalite. Gold and silver are also accumulated in the gossan zone that is
formed by low-temperature oxidized fluids. The factors controlling precious metal mineralization in the CED of Egypt are
possibly related to the composition of the host rock and the hydrothermal fluid beside shear zones that act as channels for
fluid circulation in an extensional tectonic setting.
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Introduction

Responsible Editor: Settimio Ferlisi. Volcanogenic massive sulfide (VMS) deposits are usually
polymetallic (e.g., Zn-Pb-Cu-Au—-Ag) massive sulfide lenses
formed at or near the seafloor due to the circulation of metal-
bearing hydrothermal fluids in the subsurface (Large 1992;
< Shehata Ali Franklin et al. 2005; Galley et al. 2007; Piercey et al. 2014;
shehata.ali@mu.edu.cg Abd El-Rahman et al. 2015). Hydrothermal fluids arise
from a volcanic vent and combine with seawater, caus-
ing the deposition of sulfides on the seafloor as exhalative
) o L deposits (Ohmoto 1996; Franklin et al. 2005). VMS depos-
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processes (e.g., Hannington et al. 1999). These deposits are
generally associated with arc and ophiolite assemblages that
were formed mainly in rifted back-arc or marginal basins
(Franklin et al. 2005; Piercey 2011; Khedr et al. 2023). VMS
deposits were formed over geologic time in extensional
geodynamic settings and during accretionary orogenesis
(e.g., Huston et al. 2010; Piercey 2011; Hannington 2014).
They are grouped according to their base metal contents
into Cu—Zn, Zn—Cu, and Zn-Pb—Cu groups (Large 1992).
Moreover, they are classified into normal and Au-rich VMS
deposits according to their gold contents (Poulsen and Han-
nington 1995).

The Arabian-Nubian Shield (ANS) was formed due to
the accretion of island arcs and microcontinents (850—620
Ma) during the terminal collision between East and West
Gondwana (Stern 1994, Fritz et al. 2013). Several volcano-
genic base metal deposits in the ANS have been documented
(e.g., Al-Shanti et al. 1993; Barrie et al. 2007; Surour and
Bakhsh 2013; Harbi et al. 2014; Abd El-Rahman et al. 2015;
Khedr et al. 2023). The Neoproterozoic Shadli metavolcan-
ics, a part of the ANS, represent one of the most important
rock units in the basement complex of the Eastern Desert
of Egypt because they host volcanogenic Zn—Cu deposits
with precious metals (Minex Mineral Egypt 1991; Aton
2012). They are bimodal island-arc assemblages consisting
of weakly metamorphosed mafic and felsic rocks (Abd El-
Rahman et al. 2015; Abdel-Karim et al. 2019; Khedr et al.
2023). These rock assemblages are relatively scarce in the
northern Eastern Desert (NED) but present large exposures
in the central (CED) and southern (SED) parts of the East-
ern Desert of Egypt (EI-Gaby 1994; Khedr et al. 2023). The
volcanogenic base metal deposits occur in the Eastern Desert
in the vicinity of the Um Samiuki area, which is possibly the
main VMS deposit in Egypt (e.g., Takla et al. 1998; Helmy
1999; Botros 2003; Shalaby et al. 2004).

The Hamama area, one of the best outcrops of the Shadli
metavolcanics, is located near the major NE-SW-trending
shear zone in the CED of Egypt (Fig. 1). El-Gaby et al.
(1988) described this shear as a major dextral strike-slip
shear zone. It is also considered as a major steep extensional
shear zone (Fowler et al. 2006) and as a low-angle thrust
fault overprinted by strike-slip shear zones with complex
orientations (Kamal El-Din and Abdelkareem 2018).

Few studies have been carried out on the geology, petrog-
raphy, and mineralization of the Hamama area (Abdel Nabi
et al. 1977). Abd El-Rahman et al. (2015) stated that the
Hamama sulfide deposits were mainly hosted by tholeiitic
bimodal volcanic rocks with island-arc geochemical sig-
natures. These deposits exhibit geologic features (i.e., ore
body geometries, metal grades, and mineral alteration) com-
parable to other major VMS deposits in the ANS (Barrie
et al. 2007; Aton 2012). Abdel-Karim et al. (2019) studied
the petrography, the mineral chemistry of silicates, and the
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geochemistry of the Hamama metavolcanics. They con-
cluded that the Hamama metavolcanics were derived from
arc-related magmas at a subduction zone setting.

This study presents new field geology, petrography, and
mineral chemistry data for the sulfide deposits hosted in the
Hamama metavolcanics and the quartz-carbonate horizon.
Moreover, new trace and rare earth elements (REEs) in the
clinopyroxene (Cpx) of basalts are presented to provide
information about the mantle source and tectonic setting of
these basalts.

The main objective of this study was to understand the
origin of these deposits and the genetic relationship of these
deposits with their host rocks and to discuss their tectonic
setting and mode of deposition. In addition, data from Aton
(2012, 2017) are used to obtain a better understanding of the
origin of the Hamama VMS deposits.

Geologic setting
Regional geologic setting

The Precambrian basement rocks of the Egyptian Nubian
Shield, a part of the ANS, consist of volcano-sedimentary
sequences, ophiolite assemblages, a metagabbro/diorite
complex, and calc-alkaline granites that were formed dur-
ing the island-arc phase (Kroner et al. 1994; Abdelsalam and
Stern 1996; Stern 2002; Johnson et al. 2011; Abdel-Karim
et al. 2016, 2018; El-Bialy 2020; Ali et al. 2021, 2023; Sami
et al. 2023). The syntectonic granites in the Eastern Desert
of Egypt are younger than 750 Ma and are I-type gran-
ites that were formed during active subduction processes
(Stern and Hedge 1985; El-Gaby et al. 1990; Kroner et al.
1994; Farahat et al. 2007; Ali et al. 2016; Sami et al. 2023).
Moreover, the undeformed late-collisional highly evolved
calc-alkaline granites were formed after the crustal thicken-
ing stage and before the beginning of the crustal extension
period (630-590 Ma) (Stern and Hedge 1985; El-Gaby et al.
1990; Kroner et al. 1994; Farahat et al. 2007; Ali et al. 2016;
El-Bialy 2020). Later, mafic to felsic, high-K, Dokhan vol-
canics (610-580 Ma) and A-type granites (610-560 Ma)
were emplaced during the post-collisional extension (Ben-
tor 1985; Hassan and Hashad 1990; Moghazi 2003; Farahat
et al. 2007; Ali et al. 2016; Mohamed et al. 2019; El-Bialy
2020).

Local geologic setting

The main volcanic episodes during the Neoproterozoic
time in the Eastern Desert of Egypt are represented by
metavolcanic and Dokhan volcanic rocks (Akaad and El-
Ramly 1960). The metavolcanic rocks characterize the
older volcanic episode (~770-695 Ma) (e.g., Stern and
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Fig. 1 a Location map of the
study area. b Geologic map of
the Wadi Hamama area (Minex
Mineral Egypt 1991). ¢ Detailed 3
geologic map of the ancient
mining area (after Abdel Nabi
etal. 1977)
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Hedge 1985; Kroner et al. 1992; Ali et al. 2009; Biih-
ler et al. 2014; Abd El-Rahman et al. 2017, 2020; Gamal
El Dien et al. 2021). They document the early stages of
Neoproterozoic crustal growth in the northern part of the
ANS (Al et al. 2009). Shadli metavolcanic rocks represent
the largest metavolcanic occurrences in the Nubian Shield
(Shukri and Mansour 1980; Stern et al. 1991). On the other
hand, the Dokhan volcanic rocks are unmetamorphosed
and represent the younger volcanic episode (614-550 Ma)

(Akaad and El-Ramly 1960; El-Gaby et al. 1991; Azer and
Farahat 2011).

The Hamama area lies in the CED of Egypt, particularly
southwest Safaga (Fig. 1a). This area consists of metavolcan-
ics intruded by syntectonic granites as well as felsic dikes
and overlain by Nubian sandstones (Fig. 1b). The meta-
volcanics, the oldest rock unit in the area, are considered
as a member of the Neoproterozoic Shadli metavolcanics.
The U-Pb zircon dates from ca. 695 Ma for these rocks,
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corresponding to a Cryogenian volcanic episode (Abd El-
Rahman et al. 2020). This age is consistent with that given
by Gamal El Dien et al. (2021) for Shadli bimodal metavol-
canics (~700 Ma). These rocks are represented by a series
of weakly metamorphosed mafic and felsic varieties. They
comprise mainly metabasalts and less common metadacites,
metarhyolites, and their tuffs. The NE-SW-trending quartz-
feldspar porphyry dikes intrude metabasalts (Figs. lc, 2a).
The metavolcanics host a N-S-trending quartz-specularite
vein (Fig. 2b). Sporadic patches of Nubian sandstones non-
conformably overlie the metabasalts (Fig. 2¢). Metabasalts,
the dominant rock type, are mainly massive and sometimes

Quartz feldspar | __
porphyry dykes

Metabasalt

1 porphyry dykes |

Quartz-carbonate

Fig.2 Field photographs showing a metabasalt intruded by quartz-
feldspar porphyry dikes, b a quartz-specularite vein hosted in meta-
volcanic rocks, ¢ metabasalt non-conformably overlain by Nubian
sandstone, d a close-up view of volcaniclastic rocks enclosing angu-
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show evidence of epidotization and/or chloritization in the
footwall alteration zone. Spilitization is also recorded, espe-
cially near the contact with the tonalite—trondhjemite mass.
Metadacites and metarhyolites occur as small masses in the
southern and northern parts of the area. The altered meta-
volcanics (Fig. 1c) represent the footwall alteration zone
(Abdel Nabi et al. 1977). Porphyritic metadacites occur
within the footwall alteration zone that extends along the
boundary between the metabasaltic and metavolcaniclastic
rocks (Fig. 1c). They were subjected to intense hydrother-
mal alterations, mainly along the contact with the quartz-
carbonate horizon. The intensively altered dacite contains

lar to sub-angular rock fragments, e quartz-carbonate exhalites at the
contact between metavolcanic and metavolcaniclastic rocks, and f
quartz-carbonate exhalites with a siliceous zone at the footwall of the
Wadi Hamama sequence
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fine oxidized pyrite crystals. A rhyolitic dome, up to 100 m
thick, has been spatially detected above the VMS zone by
teamwork at the company Aton (2012).
Metavolcaniclastic rocks (Fig. 1b, ¢) crop out in the
southern part of the mapped area and form a continu-
ous, E-W-trending, elongate belt. They comprise banded
metatuffs, lapilli metatuffs, volcanogenic metagreywackes,
and metaconglomerates. These rocks are non-conformably
overlain by dispersed patches of Nubian sandstone. Their
contact with metavolcanics is gradational, being marked in
some parts by the occurrence of quartz-carbonate exhalite.
The metavolcaniclastic rocks consist of angular to sub-
angular fragments (up to 15 cm in length) with felsic and
mafic compositions (Fig. 2d). Some zones of the banded
metatuffs and the volcanogenic greywacke contain primary
magnetite- and hematite-rich bands. The quartz-carbonate
exhalative horizon that hosts the sulfide deposits extends
NE-SW along the contact between the metavolcanic and
metavolcaniclastic facies (Fig. 2e). This horizon has a
length of ~3 km and a varying thickness and shows a sili-
ceous zone in the footwall (Fig. 2f). Volcanogenic sulfide
gossan is associated with the exhalites (Minex Mineral
Egypt 1991; Hassan 2005; Aton 2012). Quartz-carbon-
ate exhalite in trenches and pits is stained by secondary

Fig. 3 Field photographs showing a malachite staining on quartz-car-
bonate exhalites, b syntectonic granite intruding metavolcanic rocks;
both of which are intruded by a quartz-feldspar porphyry dike, ¢ a

copper minerals such as malachite (Fig. 3a). The footwall
rocks (mainly metaandesites) were strongly altered in the
stringer zone to sericite-quartz-pyrite. This stringer zone
has abundant quartz-sulfide veins and veinlets that are
up to a few hundred meters thick (Aton 2012). Andesitic
rocks are generally scarce, like those from bimodal vol-
canism of a back-arc basin (Abdel-Karim et al. 2019 and
references therein). Moreover, they were recorded in the
volcanic cycles of the Shadli bimodal metavolcanics (Stern
et al. 1991). A few ancient copper mines from Ptolemaic
times are located within both the quartz-carbonate exha-
lative horizon and the alteration zone (Abd El-Rahman
et al. 2013; Fig. 1c). Also, a few historical iron mines are
located within the quartz-specularite veins that are hosted
in the tonalite—trondhjemite mass (Fig. 1c).

Syntectonic granites intrude the metavolcanics and are
dissected by quartz-feldspar porphyry dikes (Fig. 3b). They
are characterized by exfoliation and boulder weathering.
These granites consist of quartz-diorite and tonalite-trond-
hjemite (Fig. 1c).

Felsic dikes are commonly quartz-feldspar porphyry
and occur as swarms trending mainly NE-SW (Fig. 2a).
They intrude all rock units and show great extensions up to
tens of kilometers long and 10 m wide. Their contact with

Quartz feldspar
porphyry dyke

/

Metavolcanic

chilled margin at the contact between a quartz-feldspar porphyry dike
and metabasalt, and d a network of hematite veinlets in the footwall
of quartz-carbonate exhalites
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metabasalt is characterized by chilled margins due to local-
ized thermal effects (Fig. 3c).

Mode of occurrence of sulfide deposits

The Hamama prospect contains primary hypogene sulfide
mineralization covered by an oxidized zone of gold-bearing
gossan (Aton 2017). The primary sulfide zone contains up
to 3.7 wt% Zn, 0.23 wt% Cu, 2.61 g/t gold, and 150 g/t silver

(Aton 2017). The high-grade primary massive sulfide min-
eralization is divided into three zones: (1) the western VMS
zone (the main zone), (2) the central VMS zone, and (3)
the eastern VMS zone (Fig. 4a; Aton 2012). The sulfide
mineralization occurs as disseminated and as semi-massive
to massive deposits. Disseminated sulfide mineralization is
easily seen by the naked eye and is hosted mainly by metaba-
salts and metadacites (Fig. 4b, c). Sulfide grains are mostly
composed of pyrite with rare chalcopyrite (Table 1). The
semi-massive to massive sulfide mineralization is observed

a . § .

\: ~
| ~

4400 3 / e

\

S
\_A N
- Carbonate—l‘glch exhalite outcrop \
N

Oxidized VMS;'outcrop

/
© Drill hole locations

)

lcm e ?&

Fig.4 a Sketch map showing the three VMS zones (after Aton 2012).
Polished slabs show disseminated pyrite crystals hosted in b metaba-
salt, and ¢ metadacite. d Polished slab showing semi-massive pyrite-

@ Springer

rich veins alternating with carbonates. e Chalcopyrite-sphalerite mas-
sive sulfide core sample obtained at 160 m depth (after Aton 2012)
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Table 1 Types and distribution of Hamama sulfide minerals

Sample number Petrographic nomenclature Ore type Pyrite Chalcopyrite Galena Sphalerite Polybasite
H.33 Metabasalt Disseminated ++++ + - - -

H.12 Metadacite ++++ - - - -

H.4 Quartz-carbonate Semi-massive ++++ - +++ ++ +

++++ Dominant, +++ common, ++ fairly common, +rare, —absent

in the underground levels of Hamama VMS mine and is
hosted in and below the quartz-carbonate exhalite hori-
zon. This horizon may have acted as a cap rock, preserv-
ing the Zn-rich VMS system and preventing the dissipation
of metal-rich hydrothermal fluids (Abd El-Rahman et al.
2015). In trenches and pits, it is characterized by malachite
stains (Fig. 3a). In some places on the surface, this horizon
is strongly weathered to iron-rich gossan that includes con-
siderable contents of zinc, copper, gold, and silver, while
in other places it is weathered to an ankerite-rich rock that
contains minor to moderately abundant iron oxides with
lesser contents of base and precious metals (Aton 2012). The
copper minerals malachite and chrysocolla were observed
in very small zones of quartz veining (Aton 2017). Gold
and silver are highly abundant in the uppermost part of the
quartz-carbonate horizon, likely due to supergene processes
(Aton 2017). They are hosted by a quartz network stained
with limonite/hematite. Well-developed colored liesegang
rings characterize some parts in the siliceous zone of the
quartz-carbonate horizon. The growth of these rings is struc-
turally controlled by a conjugate fracture system. Also, a net-
work of hematite veinlets (Fig. 3d) is present in the footwall
of the quartz-carbonate horizon. The semi-massive sulfide
mineralization is found as small veinlets that fill fractures
and alternate with quartz-carbonate rock (Fig. 4d). It con-
sists mainly of pyrite, galena, sphalerite, and polybasite in
decreasing order of abundance (Table 1). The exhalite core
samples are rich in precious metals (up to 1.36 g/t gold and
50.63 g/t silver: Aton 2012) (Table 4). The massive Zn-rich
type from deeper levels of the mine (> 150 m from the sur-
face; Aton 2012) consists mainly of sphalerite and minor
chalcopyrite (Fig. 4e). It seems that the base metal changes
from Pb to Zn with increasing depth in the prospect.

Sampling and analytical methods

The locations of the samples collected from the Hamama
area are presented in Fig. 1c. The sulfide samples were
collected from metavolcanics (e.g., metabasalts and meta-
dacites) and from the quartz-carbonate exhalative horizon.
Fresh semi-massive sulfide core samples were obtained from
holes drilled by Aton.

About 12 polished slabs of sulfide-rich samples were
prepared for ore microscopy studies. Electron probe micro-
analyses (EPMA) were performed on two sulfide-rich sam-
ples (H.4 and H.5) (Table 2) using a JEOL Super Probe
JXA 8900R electron microanalyzer at Nevada University,
Las Vegas, USA. The probe was equipped with a lanthanum
boride cathode and operated at 20 kV and 38 nA with beam
diameter of 3 um. The standards were natural sulfides, sil-
ver, and gold. EPMA data were corrected by using a ZAF
program (Bence and Albee 1968).

The trace elements and REEs of the Cpx in basalt were
analyzed in situ by laser ablation (193 nm ArF excimer
MicroLas GeoLas Q-plus)—inductively coupled plasma mass
spectrometry (Agilent 7500S) (LA-ICP-MS) at Kanazawa
University, Japan (Table 3). All analyses were carried out
at 6 Hz with an energy density of 8 J/cm? per pulse and
were performed by ablating 60-pm-diameter spots. >°Si was
used as an internal standard based on the SiO, concentration
obtained by the electron microprobe, and NIST 612 glass
was used as an external standard, assuming the composi-
tion given by Pearce et al. (1997). A secondary standard
(e.g., NIST 614 glass) was analyzed for quality control in
every analysis. The reproducibility or precision of analysis
was better than 8% for the elements except for Sc and V, for
which it was better than 20%. More details about the analyti-
cal procedures, accuracy, and standards have been described
by Morishita et al. (2005).

Petrography and mineral chemistry
Metavolcanics

Metavolcanics are essentially represented by metabasalt,
metadacite, and metarhyolite, together with their pyroclas-
tics. For detailed petrographic features of metavolcanics
and the chemistry of their mineral constituents, we refer the
reader to Abdel-Karim et al. (2019). The Hamama metadac-
ite in contact with quartz-carbonate exhalite is intensively
carbonatized. It is invaded by numerous calcite veinlets and
pseudomorphic calcite crystals. It contains fine dissemi-
nated oxidized pyrite crystals. The metabasalt surrounding
quartz-carbonate exhalite is highly chloritized. The quartz-
carbonate exhalite consists mainly of carbonate (calcite and

@ Springer
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Table 2 (continued)

Au/As

Cu Zn As Pb Ag Au Sb Tl Hg Cd Te Total

Fe

Texture

Mineral name

Sample no.

99

bdl
bdl
bdl

bdl
0.2
bdl

bdl
bdl
bdl

bdl
bdl
bdl

bdl
bdl
bdl

85.75
86.04

86.39

bdl
bdl
bdl

0.07
bdl
bdl

0.17 bdl
bdl

bdl

13.01
12.9

Gn

H.5

99.14

Gn

99.52

0.05 0.05

13.03

Gn

99.96
98.07
99.04
98.89
98.75

99.17

bdl
bdl
bdl
0.37
0.48
0.43

bdl
0.05
bdl
bdl
bdl
bdl

bdl

6.81
5.08
4.48
8.42
4.87

" e e e =

bdl

2.27
3.13
1.67
1.86
2.05

bdl
0.05
bdl
bdl
bdl
bdl

bdl

7.87
8.74
6.63
7.48

bdl

bdl

bdl

0.09

bdl 6.2
bdl

13.03
15.59
15.95
13.89
16.09
154

H.4
H.5

Values in parentheses are the detection limits in ppm

bdl below the detection limit, Py pyrite, Sph sphalerite, Gn galena, Pol polybasite

Table3 Trace element compositions of the studied clinopyroxene
from Hamama metabasalt

Element H.33 dl
Spot 1 Spot 2 Spot 3
Li 5.52 7.12 35.36 0.27
B 16.18 22.14 20.10 0.98
Sc 172.84 201.36 141.77 0.059
Ti 1615 1243 1787 0.311
v 263.88 177.81 364.14 0.045
Cr 67.14 14.75 267.25 1.378
Co 49.97 49.37 58.43 0.019
Ni 36.21 20.10 65.05 0.485
As 0.55 0.38 0.41 0.388
Rb 0.14 bdl 0.26 0.035
Sr 9.63 7.70 8.13 0.0061
Y 37.31 50.37 21.84 0.0058
Zr 20.10 20.56 13.03 0.012
Nb 0.05 0.02 0.02 0.0083
Cs bdl bdl 0.05 0.018
Ba 1.40 bdl 0.46 0.053
Hf 1.01 0.88 0.62 0.028
Ta bdl bdl bdl 0.011
Pb 0.15 0.12 bdl 0.087
Th 0.02 bdl bdl 0.0109
U bdl bdl bdl 0.0122
La 1.47 1.82 0.69 0.004
Ce 7.81 10.31 3.98 0.003
Pr 1.59 2.10 0.83 0.0027
Nd 10.29 13.36 547 0.0235
Sm 4.22 5.56 2.36 0.0239
Eu 0.62 0.63 0.47 0.0078
Gd 5.87 7.65 3.19 0.0313
Tb 1.03 1.40 0.61 0.0063
Dy 7.43 9.99 4.31 0.0175
Ho 1.53 2.04 0.84 0.0075
Er 441 5.92 2.63 0.0118
Tm 0.63 0.86 0.37 0.006
Yb 4.29 5.89 2.54 0.023
Lu 0.60 0.83 0.37 0.0053

dl detection limit, bdl below the detection limit

magnesite) and quartz, with minor kaolinite, sericite, chlo-
rite, and Fe oxides/hydroxides. It has a significant amount of
sulfides. Pyrite crystals are widely distributed along bands
of the colloform carbonates. Highly altered felsic volcanics
(silicic-calcic alterations) with disseminations of oxidized
pyrite cubes are recorded as being found within the exhalite.
The lower part of the exhalite is more enriched in quartz
(silicified) and has higher concentrations of sulfides. The
metaandesite below the exhalite horizon is highly altered to
sericite-quartz-pyrite.
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Sulfides and clinopyroxene

Pyrite hosted in metavolcanic and quartz-carbonate rocks
forms anhedral to euhedral crystals of various sizes (up
to 4 mm in diameter) and random orientations (Fig. 5a),
reflecting multiple growth stages. It is a major constitu-
ent of semi-massive sulfide mineralization and occurs as
fine aggregates that fill fractures in carbonates (Fig. 5b)
and as large patches. Sometimes, pyrite crystals occur as
small inclusions within galena and sphalerite (Fig. 5c)
and show irregular contact with sphalerite. Framboidal
(raspberry-like) pyrite is common and occurs as spherical
or sub-spherical equidimensional microcrystals (Fig. 5d).
It is partially recrystallized to euhedral crystals (Fig. 5d)
and sometimes found along sphalerite grain boundaries.
Galena hosted in quartz-carbonate rocks occurs mainly as
isolated anhedral to subhedral crystals, with a few euhedral
ones. Sometimes, it shows irregular contact with pyrite-
sphalerite (Fig. 5e). It is occasionally found as a fracture
filling within a carbonate matrix (Fig. 5f) and as small

e ’ & & Recrysal]ized Py

Fig.5 Reflected light photomicrographs of sulfides hosted in meta-
volcanics (a and h) or quartz-carbonates (b-g and i). a Pyrite crys-
tals of different sizes and shapes. b Fine disseminated pyrite clusters
filling a fracture in carbonates; note the galena triangular section. ¢
Irregular contact between pyrite and sphalerite. d Numerous spheri-
cal framboidal pyrite crystals that are partly recrystallized to euhedral

@ Springer

anhedral grains enclosed in sphalerite veinlets. Sphalerite
is abundant in the quartz-carbonate core samples (Fig. 4¢)
and occurs mostly as anhedral patches (Fig. 5¢). It also
occurs as small cross-cutting veinlets that fill fractures
(Fig. 5g) and hosts small galena crystals. It has irregular
contacts with galena and pyrite grains (Fig. 5c, e). Chalco-
pyrite, which is a brassy yellow color, is observed in meta-
basalts and in quartz-carbonate core samples (Fig. 4e). It
occurs as disseminated anhedral crystals and as fine specks
(Fig. 5h) and is associated with pyrite. The textural rela-
tionships between sulfides in the quartz-carbonate horizon
indicate two stages of crystallization. In the first stage,
pyrite is the earliest sulfide phase and comprises framboi-
dal and recrystallized varieties (Fig. 5d). Sphalerite and
galena were formed later than pyrite, with both contain-
ing fine pyrite inclusions (Fig. 5c). The mutual relation
boundary between sphalerite and galena probably suggests
simultaneous crystallization. The second stage is repre-
sented by veinlets of pyrite, sphalerite, and galena that
cross-cut a mineral assemblage of the first stage (Fig. 5f,

ones. e Irregular contact between an anhedral crystal of galena and
sphalerite. f Framboidal pyrite with galena veinlets. g A sphalerite
veinlet cutting through pyrite. h Fine specks of pyrite and chalcopy-
rite. i Anhedral crystals of polybasite and sphalerite exhibit irregular
contacts with pyrite. Py pyrite, Ccp chalcopyrite, Sp sphalerite, Gn
galena, Pol polybasite
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g). Silver-bearing sulfosalts are represented by polyba-
site, which is grayish white in color and occurs as small
anhedral crystals. Polybasite sometimes shows irregular
contacts with pyrite or galena (Fig. 5i) and probably arose
through late hypogenic formation.

The analyzed sulfide minerals of semi-massive depos-
its hosted in quartz-carbonates include pyrite, sphalerite,
galena, and polybasite as well as the associated precious
metals (silver and gold) (Table 2). Pyrite contains mainly Fe
(45.05—46.68 wt%) and S (50.94—52.8 wt%) (Table 2). It
has low Cu (below the detection limit (bdl)—0.12 wt%), Zn
(bdl—0.10 wt%), As (bdl—2.14 wt%), Au (bdl—0.12 wt%),
and Ag (bdl—0.55 wt%) contents. Heavy metals are unde-
tected except in some samples that show low concentrations
(e.g., Hg=0.08—0.11 wt%; T1=0.05—-0.22 wt%). Framboi-
dal pyrite is distinguished by its lower S (50.94—52.31 wt%)
and higher As (0.23—2.14 wt%), Au (0.05—0.12 wt%),
and Ag (bdl—0.55 wt%) compared with non-framboidal
pyrite (Table 2). Sphalerite contains narrow ranges of Zn
(66.01—67.74 wt%) and S (32.76—33.43 wt%) concentra-
tions (Table 2). The minor and trace element values are
controlled by the similarity in size to the tetrahedrally
coordinated Zn**. The Fe** (0.44—0.65 wt%) and Cd**
(0.29—0.36 wt%) concentrations are low, indicating that
they only rarely replace Zn. Mercury (0.06—0.24 wt%)
and silver (bdl—0.06 wt%) are found in detectable trace
amounts (Table 2). Galena is composed mainly of Pb
(85.75—87.9 wt%) and S (12.9—13.49 wt%) (Table 2). Some
analyses found high Au contents (0.06—0.12 wt%), like those
in galena in the Darhib massive mineralization (up to 0.11%;
Abdel-Karim et al. 2022). A few samples have up to 0.2 wt%
thallium (Table 2). Polybasite is a silver-bearing sulfosalt
and an endmember of the pearceite-polybasite series. It is
composed of Ag (65.17—71.91 wt%), S (13.89—16.09 wt%),
Cu (6.20—8.74 wt%), Sb (4.48—8.42 wt%), and As
(1.67—3.13 wt%) (Table 2).

a Cpx/Chondrites b Cpx/Primitive Mantle

Cpx trace element compositions of Hamama metabasalt
are listed in Table 3. The total REE concentrations range
from 28.66 to 68.36 ppm (Table 3). Chondrite-normalized
REE values show flat HREE patterns [(Tb/Lu)y=1.12—1.17]
with depletion in LREEs [(La/Lu)y=0.20—0.26]. The Cpx
REE patterns are somewhat like those of Cpx from Kilauea
tholeiites (Fig. 6a; Norman et al. 2005). The HREE patterns
of Kilauea Cpx are slightly steeper compared to the studied
Cpx (Fig. 6a). Strong negative Eu anomalies are observed in
Hamama Cpx (Fig. 6a). Primitive mantle-normalized trace
element patterns resemble those of Cpx in Kilauea tholeiites
except for Pb and Ti (Fig. 6b). Hamama Cpx is characterized
by high depletions of High field strength elements (HFSE)
(Nb, Zr, and Ti), Sr, and Pb (Fig. 6b).

Discussion

Petrogenesis and tectonic implications
of sulfide-bearing rocks

The flat HREE patterns of Cpx in Hamama metabasalts
(Fig. 6a) possibly suggest generation from a garnet-free
mantle source. This is in harmony with the HREE patterns
of the host basalts (Fig. 6¢), suggesting formation at a rel-
atively shallow depth, i.e., < ~85 km (Abdel-Karim et al.
2019). The LREE depletion [(La/Lu)y=0.20—0.26], along
with the low HFSE contents, likely indicates the derivation
of the host basalt from a depleted mantle source. The strong
negative Eu anomaly of the investigated Cpx (Fig. 6a) is
probably attributable to the tendency of Eu to be incorpo-
rated into the Ca site of plagioclase that was simultaneously
crystallized with Cpx.

The Cpx REE patterns of Hamama metabasalts resemble
those of Kilauea tholeiites (Fig. 6a), possibly suggesting
tholeiitic character of their host basalts. The depletion in

Hamama basalt

C Cpx melts/Chondrites Andamen BABB

D e e e e L L L L L
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T
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D (LU = s e s e s e s B e s e e

1000

]

Liann

Cpx parent melt

100

vl vl vl

Cs Ba U Ta

Fig.6 Cpx trace element compositions in metabasalt. a Chondrite-
normalized REE patterns. b Primitive mantle-normalized trace ele-
ments patterns. Kilauea Cpx is from Norman et al. (2005). ¢ Chon-
drite-normalized REE patterns for calculated melts in equilibrium
with Hamama Cpx. The Cpx/melt partition coefficients are from Hart

Rb Th Nb K Ce Pr P Zr Eu Dy Yb Ce Nd Eu Th Ho

La Pb Sr

Nd Sm Ti Y Lu La Pr

and Dunn (1993) and Stosch (1982). Average compositions of Anda-
man back-arc basin basalt (BABB) from the Indian Ocean (Saha et al.
2019) and Hamama basalt from the Eastern Desert (Abdel-Karim
et al. 2019) are shown for comparison. Normalizing values are from
McDonough and Sun (1995)
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HFSEs (Nb, Zr, and Ti) (Fig. 6b) of Cpx reflects the arc-like
signature of the host basalts (Khedr et al. 2020). High boron
concentrations (B =16.18-22.14 ppm) suggest a contribu-
tion from subducted sediments in an arc setting (Leeman
1996). The observed negative anomalies for Nb, Sr, and Zr
(Fig. 6b) resemble Kilauea Cpx of rift-related origin (Nor-
man et al. 2005).

The compositions of melts in equilibrium with Cpx in
Hamama basalts (Fig. 6¢) were calculated using the Cpx/
melt partition coefficients (Hart and Dunn 1993; Johnson
1998). The Cpx parent melt compositions exhibit nearly flat
chondrite-normalized REE patterns like Andaman back-arc
basin basalt (BABB) from the Indian Ocean, which was
crystallized from tholeiitic basaltic melts (Saha et al. 2019)
(Fig. 6¢). This probably indicates that the Hamama Cpx was
crystallized from tholeiitic melts in a back-arc basin setting
(e.g., Khedr et al. 2023).

The bulk-rock geochemistry of Hamama metabasalts,
alongside the major element data for pyroxene, indicates
an affinity for the tholeiitic suite and suggests crystalliza-
tion from a depleted mantle source modified by subduction-
related slab fluids/melts (Abdel-Karim et al. 2019; Khedr
et al. 2023). This is consistent with Abd El-Rahman et al.
(2015), who indicated that Hamama sulfides were mostly
hosted by tholeiitic bimodal metavolcanics with geochemi-
cal characteristics of the island-arc setting. The paren-
tal magmas of Shadli metavolcanics were produced by a
depleted mid-ocean ridge basalts (MORB)-like source that
had suffered from hydrothermal alteration by fluid circula-
tion in an oceanic environment (Gamal El Dien et al. 2021;
Khedr et al. 2023). They proposed a rift-related setting for
Shadli metavolcanics. Abdel-Karim et al. (2019), based on
geochemical data from Hamama metabasalts, inferred that
formation occurred in a back-arc setting. This inference is in
harmony with pyroxene REE data (Fig. 6¢). The piling up of
the generated mafic magma below the arc can lead to partial
melting of the crust and the formation of the felsic meta-
volcanic rocks (Hart et al. 2004). The felsic metavolcanics,
especially dacites, act as heat engines that are responsible
for the circulation of the hydrothermal fluids which form
Hamama VMS deposits (Abd El-Rahman et al. 2015).

The VMS deposits seem to have formed in an extensional
tectonic regime, such as at mid-ocean spreading centers,
back-arc spreading centers, and intra-continental rifts (Ohm-
oto 1996). A hydrothermal system of island arcs is generated
at shallow depths and usually lower-temperature conditions
compared to those at mid-ocean ridges (Hannington et al.
2005). So, the domination of Zn and Ag, which are likely
transported to and concentrate in a low-temperature envi-
ronment, implies the generation of Hamama VMS deposits
at a shallow water depth during the rifting of intra-oceanic
island arcs (e.g., Abd El-Rahman et al. 2015). Based on
the presented data, the studied sulfide-bearing rocks were

@ Springer

developed from tholeiitic melts in a back-arc spreading
cente—a favored tectonic environment for Hamama VMS
deposits.

Classification and role of the supergene enrichment
of Hamama VMS

The VMS deposits are classified into mafic, pelitic-mafic,
bimodal-mafic, felsic-siliciclastic, and bimodal-felsic
according to the host-rock assemblage (Franklin et al. 2005).
Mafic rocks dominate the first three groups, whereas felsic
rocks are prevalent in the last two groups. The lack of ophi-
olitic rocks in the Hamama prospect, together with the mas-
sive nature of the basaltic flows, argues against an ophiolitic
nature of the Hamama mafic rocks (e.g., Abd El-Rahman
et al. 2015). So, Hamama VMS deposits can be classified
as bimodal-mafic (Franklin et al. 2005) because the host
metabasalt is the dominant rock type covering > 50% of the
area and is only rarely associated with metadacite and meta-
rhyolite (Abd El-Rahman et al. 2015; Abdel-Karim et al.
2019). They resemble other bimodal-mafic districts that host
VMS deposits in Noranda (Santaguida et al. 1998), Abitibi
(Hannington et al. 2003), and Flin Flon (Bailes and Galley
1999). These districts, including the Hamama area, contain
subordinate volcaniclastic rocks characterized by an imma-
ture nature (Abd El-Rahman et al. 2015).

In addition to the present field, petrographic, sulfide min-
eral chemistry, and Cpx trace element data, we used geo-
chemical data from Aton (2012, 2017) to precisely define the
type of VMS mineralization in the Hamama prospect. The
published data (Table 4) comprise both diamond drilling
samples that are less affected by supergene alteration and
surface trench samples that are variably affected by weath-
ering processes. The analyzed fresh samples (Table 4) col-
lected from diamond drilling are plotted in the base-metal
field (Fig. 7a; Hannington et al. 1999). Based on metal con-
tents, the VMS deposits include three categories, namely Cu,
Zn—Cu, and Zn-Pb—Cu deposits (Large 1992). Accordingly,
Hamama VMS deposits are classified as Zn—Cu-type depos-
its with distinctly low Cu and high Zn contents (Table 4;
Fig. 7b, c). They exhibit high Zn/Cu ratios (11-117) and
low Cu/(Cu+ Zn) ratios (0.008-0.081). Consequently, the
Hamama prospect can be further classified as a Zn-rich
VMS deposit.

Metals in fluids of the hydrothermal system result mainly
from the process of leaching acting on the hydrothermally
altered rocks (Ohmoto 1996). So, the metal contents in
the VMS deposits are affected by the composition of the
host rock (Doe 1994). Fluids in the hydrothermal vent of
the mafic-dominant environment show high Cu concentra-
tions (Hannington et al. 2005). Hence, the high Zn/Cu ratios
may suggest an ineffective Cu leaching process compared
to that of Zn from Hamama basalts, which preserves some
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Table 4 Representative Hole no.  Zone (western VMS) Depth (m)  Zn (%) Cu(%) Pb(%) Ag(e/) Au(gl)
chemical analyses of Hamama -
VMS deposits (after Aton 2012, From To
2017)
T-085 Gossan (3-5 m) from trenches — - 3.73 - 0.08 0.01 43
- - 0.90 - 0.15 0.05 10.5
- - 0.80 - 0.04 - 7.3
- - 0.53 - 0.13 0.01 22
T-086 - - 0.76 - 0.26 0.08 48
- - 2.89 - 0.19 0.03 51.1
AHA-006 Partly altered oxidized zone 26 28 1.17 0.01 - 0.75 0.24
AHA-008 37 39 254 0.12 - 15.20 0.26
AHA-009 21 30 249 0.22 - 11.01 0.19
22 26 3.60 0.23 - 5.50 0.13
AHA-003  Primary sulfide zone 89 100 4.11 0.19 - 30.70 0.29
91 9% 7 0.27 - 49 0.37
AHA-004 108 122 6.54 0.30 - 47.05 0.81
110 118 1021 0.34 - 45.85 0.73
AHA-005 127 142 492 0.21 - 32.35 0.72
127 130 11.85 041 - 50.63 1.36
For all chemical analyses, we refer the reader to Aton (2012, 2017)
a Au b Cu C 5

M Drill core samples (fresh)

Base-metal

Zn-Pb-Cu type
Cu type

Au (ppm)

Total base metals Ag Pb

Fig.7 a Au-Ag—(base metals) ternary plot of the Hamama VMS
(Hannington et al. 1999), b Pb—Cu-Zn ternary discrimination dia-
gram of VMS types, and c the variation of the Au content with the

disseminated primary chalcopyrite (Abd El-Rahman et al.
2015). Also, the metal contents rely on the temperature
conditions of the fluid (Ohmoto et al. 1983). Zinc enrich-
ment indicates a low temperature of Zn-bearing ore forma-
tion because Zn is soluble at a lower temperature compared
with Cu (Ohmoto et al. 1983). So, the enrichment of Zn
relative to Cu in the Hamama prospect suggests that low-
temperature hydrothermal fluids played a major role in
their formation (Ohmoto et al. 1983; Abd El-Rahman et al.
2015). The Hamama prospect also has significant precious
metal (Ag and Au) concentrations (Table 4), which are com-
mon in low-temperature vent systems that produce Zn-rich
hydrothermal deposits (Herzig and Hannington 1995). The

T T T
Zn 0 5 10 15 20 25
(Cu+Pb+Zn) %

base metal contents of Hamama ore. The VMS types are after Large
(1992). The data source is after Aton (2012)

existence of carbonate in the Hamama prospect endorses the
low-temperature nature of the hydrothermal system (e.g.,
Large and Both 1980).

The analyzed sulfide samples from the trench are rich
in gold (Au contents of up to 51.1 g/t; Table 4), which is a
result of oxidation and leaching from the upper part of the
quartz-carbonate horizon (gold-bearing gossan). The gold
enrichment indicates the importance of subaerial weathering
for gossan formation in the studied VMS. Gold and silver
are enriched in the weathered uppermost part of the quartz-
carbonate horizon (Aton 2017). Copper is also detected
at low concentrations in the gossan zone, where copper
oxides (malachite and chrysocolla) are generally restricted
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to fracture planes (Aton 2017). The partly oxidized sulfide
zone also exhibits high sulfide metal contents—especially
that of Zn (up to 3.6 wt%; Table 4) due to the presence
of Zn-bearing minerals, which are related to the original
distribution of sphalerite prior to the weathering events.
Accordingly, Hamama mineralization can be classified as
polymetallic VMS deposits (i.e., Zn—-Cu—-Ag—Au VMS) of
bimodal-mafic type.

Role of hydrothermal fluids in the accumulation
of Ag- and Au-bearing sulfide deposits

Several VMS districts are characterized by the occurrence of
high-level subvolcanic intrusions, which have been proposed
to represent a probable heat engine driving the mineraliz-
ing hydrothermal systems (Large et al. 1996; Galley 2003;
Whalen et al. 2004). The quartz-feldspar porphyry dikes in
the Hamama prospect intruded both the footwall alteration
zone and the metavolcaniclastic rocks of the hanging wall,
so the subvolcanic intrusions that perhaps accounted for the
hydrothermal convection could have been the porphyritic
dacite, the tonalite-trondhjemite, or the quartz-diorite intru-
sions (Fig. 1¢). Generally, the subvolcanic intrusions, which
behave as heat engines, show two main features: (1) an
absence of a substantial metamorphic aureole because of the
convective heat transfer during crystallization (Cathles et al.
1997) and (2) the presence of fracture-controlled alteration
assemblages in the intrusions (Galley 2003). These two traits
are shown in both the porphyritic dacite and the tonalite-
trondhjemite, but not in the quartz-diorite (Abd El-Rahman
et al. 2015). The pyrite—chlorite—quartz veins mainly cut
across the porphyritic dacite, whereas the epidote-quartz and
hematite veins cut across the tonalite-trondhjemite. The spa-
tial association of the porphyritic dacite and the hydrother-
mally altered footwall volcanic rocks (Fig. 1c) suggest that
the dacite, or its corresponding at deeper magma chamber,
likely represents the heat engine which prompted the forma-
tion of the Hamama VMS deposits.

The Hamama footwall alteration zone exhibits a mush-
room shape (Fig. 1c), reflecting the prevalence of basaltic
lava flows over volcaniclastic layers. The alteration zone
shows a siliceous core surrounded by a chlorite zone. The
chlorite zone characterizes the footwall alteration zone in
several VMS deposits (e.g., Riverin and Hodgson 1980),
whereas the siliceous core is uncommon in the footwall
alteration zones of many VMS deposits (e.g., Gemmell and
Fulton 2001; Khedr et al. 2023). A brecciated carbonate
zone composed of large carbonate blocks with a restricted
lateral extension overlies the footwall alteration. This likely
represents talus blocks or debris flows typical of synvolcanic
faults associated with the footwall alteration zones of VMS
deposits (Franklin et al. 2005).

@ Springer

Quartz-carbonate exhalites define the boundary between
the footwall-altered metavolcanics and the overlying vol-
caniclastic rocks (Fig. 1¢) and mark a break in volcanism
(Abd El-Rahman et al. 2015). They are recorded in some
VMS deposits (DeMatties 1994; Halley and Roberts 1997;
Doyle and Allen 2003; Khedr et al. 2023). Their formation
is attributed either to the degassing of magmatic CO, or to
mixing between a small amount of magmatic CO,-rich fluids
and seawater (Callaghan 2001). The low-temperature sulfide
assemblages (framboidal pyrite, Fe-poor sphalerite, galena,
and polybasite) are hosted in submarine quartz-carbonate
exhalites in the Hamama prospect, suggesting deposition at
or near the seafloor due to mixing between low-temperature
hydrothermal fluids and seawater (Abd El-Rahman et al.
2015). These exhalites resemble those recognized in Mount
Julia-Henty gold deposits (Callaghan 2001), the Bisha dis-
trict (Barrie et al. 2007), the Matagami district (Liaghat and
MacLean 1992), and the Brunswick horizon deposits in
Bathurst (Peter and Goodfellow 1996).

Sub-seafloor VMS deposits can be formed either by the
dispersion of hydrothermal fluids through preexisting open
spaces or by the replacement of the invaded rocks (Doyle
and Allen 2003; Piercey et al. 2014). The quartz-carbonate
exhalites in the Hamama prospect may represent a trap for
hydrothermal fluids, which deposited their metalliferous
lode in the preexisting spaces or replaced the chemically
reactive carbonates. The occurrence of a few exploited pits
in the chlorite alteration zone below the exhalites may sug-
gest the trapping of metals in the stockwork chlorite zone
and accumulation close to the paleo-seafloor surface (e.g.,
Inverno et al. 2008).

Cu and Zn metal zonation was documented in several
VMS deposits (Hannington et al. 1995; Herzig and Hanning-
ton 1995). The secondary Cu enrichment (e.g., malachite)
of the exploited trenches in the exhalites (Fig. 3a) and in the
chlorite footwall alteration zone possibly implies the occur-
rence of a local Cu-enriched zone that serves as a feeder
zone in the Zn-rich VMS deposits of the Hamama prospect.
This feeder zone was produced from higher temperature
fluids compared to the remains of the hydrothermal system
and is characterized by Cu enrichment compared with Zn
(e.g., Huston et al. 1992; Petersen et al. 2000). The second-
ary Cu mineralization in the Hamama prospect exists in the
iron-rich gossan zone, and its enrichment in the exploited
trenches and pits resulted from a supergene process. This
supergene zone results either from seafloor weathering or
from subaerial weathering (Koski 2012). The higher gold
concentrations in the trench samples compared to those in
the drilled core samples (Table 4) and the presence of pri-
mary sulfide minerals in the core samples (Fig. 4e) (Aton
2012) argue for the role of subaerial weathering in the gos-
san formation in the Hamama prospect.
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The studied pyrite is distinguished based on its arse-
nic content into As-bearing pyrite (0.23—2.14 wt% As;
Table 2) and As-free pyrite. As-bearing pyrite has a fram-
boidal texture, whereas As-free pyrite shows a recrystal-
lized texture (Fig. 5d). The framboidal texture is attributed
to rapid nucleation caused by mixing hydrothermal fluids
with colder seawater at or near the seafloor (Ohmoto 1996;
Butler et al. 1999). Arsenic substitution at the expense of
S is indicated by the negative correlation between As and
S (Fig. 8a) and is explained by the incorporation of As as
AsS within the pyrite crystal lattice (Blanchard et al. 2007).

3 T T
a
(@)
2 f i
E
3:
1+ i
@)
@5 o
0 1 O-OC-00—
50 51 52 53
S (Wt.%)
3 T T T T T
C
2t ¢ E
E
<
1+ i
@)
o8 °
OO 1 1 O_O 1 1
0.00 002 004  0.06 0.08 010 012
Au (Wt.%)
0.12 r
(§]
0.10 [O i
008 O -
X @)
006 FO @) @) 9
- 00 O (@)
0.04 | -
0.02 -
0.00 oCD)—O0—O0—
45 46 47
Fe (wt.%)

Gold-bearing pyrite is commonly associated with arsenic
enrichment because gold solubility increases with arsenic
enrichment (Simon et al. 1999; Reich et al. 2005; Dedi-
tius et al. 2014). As-bearing pyrite is the major gold- and
silver-bearing mineral in the Hamama prospect, where the
gold and silver concentrations can reach up to 0.12 wt%
and 0.55 wt%, respectively (Table 2). The Au and Ag show
a positive correlation (Fig. 8b), and both of them increase
as the As content of the pyrite increases (Fig. 8c, d). Reich
et al. (2005) stated that the maximum possible amount of
gold in a pyrite solid solution depends on the As content in
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Fig. 8 Pyrite compositions plotted on a S—As, b Au—-Ag, ¢ Au-As, d Ag—As, and e Fe—Au diagrams
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the pyrite. This agrees with our results, which indicate that
the Au content increases with increasing As content in the
As-bearing pyrite relative to the As-free pyrite (Table 2).
Consequently, the solubility of Au in As-free pyrite is very
low (~2+ 1 ppm of Au at 500 °C and 1 kbar; Tauson 1999).
Arsenic, an important fluid (i.e., mobile) element, plays a
very important role in the mobility and accumulation of gold
and silver in pyrite, as can be deduced from the high concen-
trations of Ag and Au in As-bearing pyrite (Table 2; Fig. 8c,
d). The Au/As molar ratios (0.05-0.24) in As-bearing pyrite
(Table 2) reflect the presence of native gold as nanoparticle
inclusions (e.g., Reich et al. 2005). The gold content of arse-
nic pyrite is inversely related to its Fe content (Fig. 8e), sug-
gesting that Au substitutes for Fe. A similar conclusion was
obtained by Fleet and Mumin (1997), who noted that high
concentrations of invisible Au correlate with a deficiency
of Fe. Several studies (e.g., Fleet and Mumin 1997; Simon
et al. 1999) indicated that the invisible gold in some Carlin-
type and VMS deposits is spatially associated with local
As enrichment of pyrite grains. The enrichment of pyrite
in magmatic trace elements (e.g., As, Au, and Ag) suggests
that magmatic fluids contributed to the hydrothermal fluids
during sulfide formation (Franklin et al. 2005).

Hydrous fluids in an island-arc setting generally occur at
shallow mantle depths and low temperatures (e.g., Hanning-
ton et al. 2005), causing a dominance of Zn and enrichment
in Ag and Au, which tend to be transported to and to concen-
trate in low-temperature systems (e.g., Gill et al. 2015). The
deposition of sulfide metals is a result of mixing between
the exhaled hydrothermal fluids and seawater, leading to a
rapid increase in pH and decrease in temperature (Bourcier
and Barnes 1987). Hydrous fluids formed Hamama sulfide
mineralization caused hydrothermal alteration of the host
metavolcanics and provided CO, for carbonate formation.

Sphalerite shows a negative correlation between Fe and
Zn (Fig. 9a), suggesting a significant Fe substitution at
the Zn site in the internal structure of sphalerite (Wright
2009). On the Fe—Cd diagram, sphalerite plots in the overlap
between the primary volcanogenic and reformed sphalerite
types (Fig. 9b). Galena is Se free, suggesting a low Se con-
tent in the ore-forming fluids. The undetectable concentra-
tions of Te in galena and the absence of telluride minerals
reflect a low Te content or an absence of Te in the magmatic
or hydrothermal fluids that precipitated Hamama deposits
(Abd Allah 2012).

Conclusions
The main objectives of the present work were achieved by
using new field geology, petrography, and mineral chemistry

data for sulfide deposits hosted in Hamama metavolcanics
and the quartz-carbonate horizon to understand the origin of
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Fig.9 Sphalerite compositions plotted on a Fe-Zn and b Fe-Cd dis-
crimination diagrams (Qian 1987)

these deposits and the genetic relationship of these deposits
with their host rocks and to explore their tectonic setting and
mode of deposition. Also, new trace elements and REEs of
Cpx of metabasalts were used to gain information about the
mantle source and tectonic setting of these basalts.

The Hamama metavolcanics and their sulfide deposits are
the main host of precious metals (e.g., Au, Ag, Zn, and Cu),
and the Aton Company recently discovered economic Au in
the Hamama gold mine, which then became a promising tar-
get for gold exploration in the CED of Egypt. The Hamama
metavolcanics are rich in Au and Ag due to several factors
that control this mineralization, such as (1) the formation of
the host quartz-carbonate exhalite and gossan alteration, (2)
the formation of the current VMS deposits in a rift-related
setting (a suitable setting for sulfide mineralization) in the
Eastern Desert of Egypt, and (3) the dominance of As-rich
hydrothermal fluids that allow the accumulation of Au and
Ag along shear zones or ancient structural lineaments. This
structurally controlled mineralization is supported by the
occurrence of NE-SW-trending quartz-feldspar porphyry
dikes that intruded metabasalts and the N-S-trending
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quartz-specularite vein in the host metavolcanics. In addi-
tion, the quartz-carbonate exhalative horizon that hosts the
sulfide deposits extends NE-SW along the contact between
the metavolcanic and metavolcaniclastic facies. This is
considered a channel for hydrothermal circulation and pre-
cious metal accumulation, which is enhanced by the effect
of the heat engine from late intrusions (e.g., the dacite in
the Hamama area).

The Hamama prospect hosts significant Zn—Cu—Ag—Au
VMS deposits that represent a typical example of base-
metal-type VMS deposits in the ANS. These VMS deposits
show a mineralization style that is typical of the bimodal-
mafic type. They were possibly formed in a shallow sub-
marine environment in a rifted volcanic-arc setting; in par-
ticular, a back-arc basin setting. Sulfide mineralization is
hosted in the quartz-carbonate exhalite as semi-massive to
massive types and in metabasalt and metadacite as dissemi-
nated grains. The VMS deposits are mostly generated from
a low-temperature hydrothermal system, as predicted from
the enrichment of Zn over Cu and the presence of a low-
temperature assemblage (framboidal pyrite, Fe-poor sphal-
erite, galena, and polybasite). Gold and silver are closely
associated with As-bearing pyrite. Silver is also incorporated
into the sulfosalt (polybasite). The high concentrations of
As, Ag, and Au in the framboidal pyrite suggest that mag-
matic fluids contributed to the hydrothermal system during
sulfide genesis. The As-rich fluids possibly played a vital
role in the mobility and accumulation of gold and silver in
the Hamama hydrothermal system. Secondary copper depos-
its were produced by supergene processes in the upper part
of the exhalites. Gold and silver are also accumulated in the
gossan zone by low-temperature oxidized fluids.
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