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Abstract

Orogenic gold deposits, though construed to focused fluid flow during orogenesis, commonly post-date the main accretion-
ary events. Several lines of evidence indicate that orogenic gold formation in the Arabian—Nubian Shield continued through
the orogen collapse stage and associated rapid exhumation and thermal re-equilibration. The Gidami gold deposit in the
Eastern Desert of Egypt is associated with post-foliation, brittle-ductile shear zones that deformed a weakly foliated tonalite-
trondhjemite massif dated as ~704 Ma (U-Pb zircon age). Gold-sulfide quartz veins exhibit textural features indicative of
repeated mylonitization, recrystallization, and muscovite crystallization. New *°Ar/*’Ar ages of muscovite flakes from the
auriferous quartz veins and from the altered wallrock overlap within analytical uncertainty at~583 Ma, which corresponds to
the climax of extension-related wrenching and rapid exhumation in the region (~596 to 582 Ma). Laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS) data coupled with microtextural characteristics suggest that early formed
pyrite generations experienced substantial fluid-mediated recrystallization, and that a set of metals was remobilized by later
fluids. A late generation of fibrous pyrite, ubiquitous in microfractures, deposited while the veins re-opened and deformed.
The occurrence of free gold particles along with a late-paragenetic assemblage of galena-sphalerite-chalcopyrite(+ hes-
site + cervelleite) was related to influx of low salinity, metalliferous H,O-NaCl-CO,-CH, fluids as indicated by the fluid
inclusion laser Raman spectroscopy and microthermometry results. Au-mobilization and redeposition at 7<350 °C and P~ 1
to 1.7 kbar, triggered by intermittent fluid pluses and thermal re-equilibration, were most likely stimulated by extensional
structures and within-plate magmatism. Coincident province- and deposit-scale pressure—temperature-time data highlight
the pivotal role of the orogenic collapse tectonics in gold endowment in the Central Eastern Desert’s crust.

Keywords Gidami gold deposit - Eastern Desert of Egypt - Orogenic collapse structures - Fluid inclusions -
Geochronological and thermochronological studies

Introduction

Editorial handling: H. E. Frimmel Orogenic gold deposits comprise hydrothermal vein-type

mineralization, classically interpreted to develop during late-
stage, extensional shearing in accretionary orogenic belts
(e.g., Kerrich and Cassidy 1994; Bierlein and Crowe 2000;
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Goldfarb et al. 2001; Bouchot and Moritz 2000; Groves
et al. 1998, 2003). Gold-quartz vein formation is generally
considered to be syn-kinematic with at least one main pen-
etrative deformation stage, often superimposing first order
orogenic fabrics (Goldfarb and Groves 2015). Fluid inclu-
sion studies show the involvement of CO,-H,0-NaCl fluids
and point toward the role of boiling and fluid mixing in gold
deposition (e.g., Ridley and Diamond 2000; Tomkins 2013;
Zoheir et al. 2019a; Li et al. 2020). The latter is commonly
attributed to pressure fluctuations in a fault zone and has
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been widely interpreted to be responsible for triggering the
precipitation of most of the sulfides as well as gold in oro-
genic belts (e.g., Sibson et al. 1988; Cox 1995; Mikucki
1998). However, linkages between fluid percolation, evolu-
tion, continual pressure fluctuations and metal precipitation
from hydrothermal fluids are commonly challenging to pin-
point and have not yet been comprehensively assessed (e.g.,
Peterson and Mavrogenes 2014).

Although some orogenic gold deposits extend over verti-
cal distances in excess of 1 km, systematic vertical mineral
zonation and ore grade variation are generally lacking (e.g.,
Goldfarb et al. 2001; Bierlein et al. 2004). Gold- and sulfide-
bearing quartz (+ carbonate) veins in these deposits are gen-
erally thought to form at P-T conditions less than, or near,
the brittle-ductile transition, typically around 1-3 kbar and
180-350 °C (e.g., Stipp et al. 2002; Behr and Platt 2011).
These ranges of P and T also match well with a survey of
homogenization temperatures and pressures of aqueous-car-
bonic fluid inclusions from orogenic gold deposits (Steele-
Maclnnis et al. 2020). In most instances, fluid inclusions
indicate that deposition of the ore was from generally low-
salinity (<7 wt.% NaCl,,), CO,-rich (up to ~50 mol%), and
near-neutral fluids, and occurred via various combinations of
wall-rock sulfidation reactions, fluctuation in pressure, and/
or reduction—oxidation reactions (e.gBierlein et al. 2004;

Bodnar et al. 2014; Goldfarb and Groves, 2015; Steele-
Maclnnis et al. 2020).

The Eastern Desert of Egypt contains numerous occur-
rences of gold-bearing quartz veins and less common allu-
vial placers (Fig. 1A; Zoheir et al. 2019b). Most of these
occurrences are spatially associated with wrench and exten-
sional structures that deformed the Neoproterozoic shield
rocks. The Gidami gold deposit (also known as Sirbakis;
Klemm and Klemm 2013) is located in the Central Eastern
Desert (CED) of Egypt, ~60 km west of the Red Sea (26° 23’
15" N, 33° 27" E; Fig. 1A). According to Klemm and Klemm
(2013), the Gidami deposit was a significant historical gold
producer in ancient times (the New Kingdom of Egypt), and
was re-evaluated and operated during the last century. The
Gidami deposit is one of several (~18) gold occurrences
in the large Abu Marawat concession area in the CED
(Fig. 1B). The concession area, 100% owned by a Canadian
exploration company “Aton Resources Inc.,” includes mas-
sive and sub-massive Zn-Cu + Ag sulfide ores, and Au-Cu
mineralization in quartz veins as well as banded iron for-
mation (BIF) (Botros 2004; Zoheir et al. 2008; Zoheir and
Akawy 2010; Abd El-Rahman et al. 2015; Bampton 2017;
Abd El Monsef et al. 2018; Zoheir et al. 2019b).

Gold deposits of the Abu Marawat area have been inter-
preted as potentially representing sheared massive-sulfide
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Fig. 1 (A) Distribution of gold occurrences in the Eastern Desert of
Egypt. (B) Geological map of the Gidami mine area and neighboring
gold, massive sulfide and banded iron formation ores (based onthe
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mineralization (Valliant and Salmon 2012), but clearly share
characteristics of orogenic gold (e.g., Zoheir et al. 2008;
Zoheir and Akawy 2010). Hamama and Rodruin are poly-
metallic epithermal-VMS occurrences containing Au—Ag
mineralization in oxide caps above unaltered sulfide zones
(Bampton 2017; Orduifia 2018). In the Abu Marawat area,
two main quartz veins, subparallel less significant quartz
veins, and quartz-rich gossans were tested over 800 m strike
length and 20 to 250 m depth. The inferred resource of the
deposit based on 98 diamond drill holes (19,573 m) is 2.9
Mt at 1.75 g/t Au, 29.3 g/t Ag, 0.77% Cu, and 1.15% Zn
(Bampton 2017).

In view of the current revival of exploration and reassess-
ment of the ancient Egyptian gold deposits, comprehensive
metallogenetic studies using modern analytical techniques
applied to historical deposits are needed, and may have
implications for ongoing and future exploration. The Gid-
ami deposit is one of these historical gold deposits that are
spatially associated with post-orogenic extensional tecton-
ics in the CED. It thus provides an ideal test case where ore
fluid chemistry and timing relationships were not obscured
by metamorphism but remained intact. Mineral chemistry
and microtextures of gold-associated sulfides as well as fluid
inclusion characteristics of the auriferous quartz veins from
the Gidami deposit are here presented. Constraints on timing
of gold mineralization are based on new LA-ICP-MS U-Pb
zircon ages of the host rock and *°Ar/*°Ar geochronology
of hydrothermal muscovite disseminated in the mineral-
ized quartz veins. Integrated with the trace element data of
Au-associated pyrites and ore fluid characteristics, the age
dating results enable an improved understanding of the pro-
cesses that triggered Au ore formation at the Gidami and
neighboring areas.

Geologic setting

The basement complex of the Eastern Desert of Egypt is part
of the mostly Neoproterozoic Arabian-Nubian Shield (ANS).
In the CED, widespread island arc volcanic and volcani-
clastic successions are characterized by laminae of oxide-
facies banded iron formation (BIF) (e.g., Sims and James
1984 and references therein). Less abundant ophiolitic rocks
form allochthonous slabs or extensive nappes, commonly in
the hanging wall of gneissic core complexes or as terranes
of highly tectonized ophiolitic mélange (e.g., Shackleton
1994; Stern et al. 2004; Stern 2018). A number of NW-SE
shear-bound gneissic complexes are commonly interpreted
as migmatite-cored structural domes exhumed in response to
an oblique tectonic regime (Neumayr et al. 1996; Fritz et al.
1996, 2002; Loizenbauer et al. 2001). These complexes thus
represent the autochthonous footwall block for the allochtho-
nous ophiolites. Oblique convergence-induced accretion of

island arcs is suggested to have resulted in sets of sub-paral-
lel NNW-directed thrusts most likely developed between 690
and 609 Ma (Fig. 1A; Andresen et al. 2009; Augland et al.
2012). Tectonic change to left-lateral strike-slip shearing and
faulting in the CED occurred at~620-560 Ma, correspond-
ing to the time of motion along the Najd Fault System (Stern
1985; Greiling et al. 1988).

In the study area (Figs. 1B and 2), island arc metavol-
canic rocks include heterogeneously deformed dacitic and
spilitized ferrobasaltic flows, and pyroclastic rocks (EGSMA
1992) that are generally metamorphosed to greenschist-
facies conditions. Foliated basic metavolcanic rocks prevail
in the NE part of the map area whereas the central part of the
area is occupied by intermediate to acidic (rhyolite, dacite,
andesite) volcanic rocks. Abundant sub-aerial silicic lavas
in these metavolcanic rocks suggest a mature arc setting for
these rocks (e.g., Fowler et al. 2006). Coarse- and medium-
grained quartz diorite and tonalite-trondhjemite-granodiorite
(TTG) comprise the island arc plutonic assemblage in the
area. These rocks are locally foliated and are cut by numer-
ous basic dikes and quartz veins. Intrusions of syn-tectonic
monzodiorite and granodiorite cut the island arc rocks and
exhibit features of variable ductile deformation (Zoheir et al.
2021). These rocks form lowland terrains in the northern
part of the study area. Fault-controlled masses of porphyritic
volcanic rocks were assigned to the Dokhan volcanic rocks
in the Eastern Desert (~620-590 Ma; Wilde and Youssef
2000, 2002; Eliwa et al. 2006), with geochemical character-
istics suggesting formation in a setting transitional toward a
stable continental craton (Ressetar and Monrad, 1983). The
Dokhan volcanic rocks are associated with poorly-sorted
molasse type sedimentary rocks (greywacke, siltstone and
polymictic conglomerate), and are confined to NW-SE
faults in the eastern part of the study area (Fig. 1B). These
intramontane basin molasse sedimentary rocks are referred
to as the Hammamat Group (~ 620-585 Ma) and rest uncon-
formably on the basement complex of the Eastern Desert
(Willis et al. 1988; Eliwa et al. 2010; Breitkreuz et al. 2010;
Bezenjani et al. 2014). The Hammamat Group rocks were
generally weakly metamorphosed or imprinted by local ther-
mal aureoles next to crosscutting granitic intrusions.

Discrete intrusions of gabbro and gabbronorite in the
area cut the older metavolcanic and metavolcaniclastic
rocks. South of Semna gold mine, a large exposure of gab-
bronorite is also controlled by the NW-SE faults. Small
intrusions of biotite monzogranite (~ 620 Ma, Zoheir et al.
2021) cut the foliated metavolcanic and the older gran-
odiorite rocks and commonly form oval or subrounded
surface expressions in plan view. Younger leucogranite,
syenogranite, and alkali feldspar granite are undeformed
and commonly associated with gamma-ray anomalies.
According to Fritz et al. (1996) and Loizenbauer et al.
(2001), oblique convergence and development of wrench
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Fig.2 (A) Geological map of the Gidami gold deposit (modified
from Murr 1999). (B) NW-elongate belt of sheared tonalite-trond-
hjemite-granodiorite (TTG) rocks separated by a fault contact from
foliated island arc metasdimentary/metavolcaniclastic rocks. (C) The
early twentieth century mine plant, dump and tailing, and the north-
ern quartz vein swarms. (D) The main quartz vein in the Gidami gold

faults resulted in NW-SE pull-apart basins and associ-
ated zones of crustal weakness likely facilitated emplace-
ment of variably evolved granitic rocks. Sequences of the
Nubian Sandstone (Cambrian-Upper Cretaceous) overlie
unconformably the Precambrian basement in the south-
western part of the study area.

Several occurrences of gold mineralization are located
in the area, and are hosted by different rocks but gener-
ally associated with brittle-ductile shear/fault zones. Gold
only, gold-bearing VMS and BIF-hosted gold mineraliza-
tion styles have been described in the province (Fig. 1B;
Murr 1999; Zoheir et al. 2008; Zoheir and Akawy 2010; Abd
El-Rahman et al. 2015; Bampton 2017). Mining activities
for gold date back to ancient times, as early as the 2nd mil-
lennium BCE, but re-evaluation and exploitation workings
were also active in the early twentieth century. Gidami is one
of several gold deposits in the area that are associated with
variably deformed igneous intrusions (Zoheir et al. 2015,
2018, 2019a, 2021). The mineralized quartz veins are, how-
ever, confined to mylonite zones within these intrusions, and
in the case of Gidami, extend beyond the boundary of the
exposed trondhjemite host rocks.
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deposit and associated altered, sheared tonalite-trondhjemite com-
plex. (E) Different alteration types in the mylonitized host rocks close
to the mineralized quartz veins. (F) Muscovite alteration bordering
the mineralized quartz vein in the southern part of the mine area.
Notice the pervasive muscovite and mylonitizaton zones bordering a
sheeted quartz vein

The Gidami gold deposit

The Gidami gold deposit is related to a set of ~ N-S striking
quartz veins in brittle-ductile shear/fault zones discordant to
the main structural fabrics of the host rocks, and is accom-
panied by limited hydrothermal alteration haloes (Fig. 2A).
In the mine area, an old processing plant is connected by
a narrow and flattened trail with two open adits leading to
underground stopes (Fig. 2C). A tailings pile and numerous
mine buildings, probably related to mining activities at the
beginning of the twentieth century, exist near the Gidami
water well along the valley. Klemm and Klemm (2013) also
describe some remains of ancient settlements and mining
infrastructure in the area, dating back at least as early as the
Ptolemaic era.

In the mine area, the main gold-bearing quartz vein
extends for over 1250 m in a NNW-SSE direction, with an
average width of ~1 m. This quartz vein was intensively
mined from the surface to a depth of ~20 m (Fig. 2D). The
workable grades were ~ 15 ppm Au on average (El-Ramly
et al. 1970). To the northwest of the main auriferous quartz
vein, swarms of smaller veins (NNW- or N-striking) have
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been extensively worked by ancient miners. Most of the min-
eralized quartz veins cut variably deformed trondhjemite and
extend southwards to cut siltstone-conglomerate of the Ham-
mamat Group molasse sedimentary rocks. This constrains
the maximum age of mineralization to~600 Ma, because the
age range of the molasse rocks is 600-580 Ma. Field obser-
vations reveal that the auriferous quartz veins cut discrete
NE-SW andesitic dikes. Gold in quartz veins is associated
with ubiquitous pyrite, sphalerite, chalcopyrite, and galena.

In 2017, Aton Resources Inc. assayed surface grab sam-
ples from the mineralized veins and reported high grades
of ~33-150 ppm Au, and channel samples with up to
29.5 ppm Au (https://www.atonresources.com/). According
to the company reports, surface trenching results confirmed
the presence of a wide zone of gold dispersion around the
narrow quartz veins. The sampling program of quartz veins
in the northern extension of the main vein indicated a grade
of 32.9 g/t Au from an individual grab sample, whereas
trenches through the parallel vein system returned grades of
0.21 g/t Au over an interval of 109.1 m and 0.36 g/t Au over
45.85 m (Aton resources release, September 2017).

The main Au-quartz vein is associated with anastomo-
sing thin and discontinuous veinlets and enclosing vari-
ably altered wallrocks (Fig. 2C-F). It is composed of milky
quartz and contains minor disseminations of sulfides. The
main vein is associated with a strongly fractured and sheared
wallrock that strikes ~N-S and dips steeply easterly (Fig. 2D,
F). Variations in dip, intensity of deformation, and vein
style are controlled by the host structures and by local stress
heterogeneity.

Methods
Petrographic studies

Microscopic and scanning electron microscope (SEM)
investigations of samples from mineralized quartz veins with
visible areas of sulfide minerals helped to establish a para-
genetic sequence of ore and gangue hydrothermal minerals.
Samples with interesting microscopic features observed by
optical microscopy were selected for additional SEM imag-
ing by backscattered electron (BSE), cathodoluminescence
(CL), and energy-dispersive X-ray spectroscopy (EDS) using
a Zeiss EVO SEM with LaB6 electron source, housed at the
Earth and Atmospheric Sciences, University of Alberta. CL
imaging was done without applying a carbon coat as the
SEM was operated in the variable low-pressure mode.

Geochronological studies of the host rocks

Zircon grains recovered from a 3 kg sample by conven-
tional crushing, sieving, and heavy liquid separation

techniques were mounted on double-sided tape, cast in
epoxy mounts and polished to expose their interiors. The
polished mounts were then gold-coated and studied under a
TESCAN VEGAZ2 scanning electron microscope (SEM) at
the Department of Mineralogy and Petrology of Karlsruhe
Institute of Technology (KIT), Germany. Subsequently, the
gold coating was removed and U-Pb analysis performed
by laser ablation-sector-field inductively coupled plasma
mass spectrometer (LA-SF-ICP-MS) using a 193 nm ArF
Excimer laser (Analyte Exite +, Teledyne Photon machines)
coupled to Thermo-Scientific Element XR instruments at
KIT. Analytical setups and measuring conditions are pre-
sented in Supplemental Table S1. All raw data were cor-
rected offline using an in-house MS Excel © spreadsheet
program (Gerdes and Zeh 2009), and applying a common
Pb correction based on the interference and background-
corrected 2 Pb signal and a model Pb composition (Stacey
and Kramers 1975). Twenty four zircon grains from Gid-
ami were analyzed during two sessions (three grains during
session 1, and twenty-one during session 2) together with
reference zircon GJ1#5 (primary standard during session
1; ID-TIMS of 604 + 1.2 Ma in-house ***U/**Pb value of
grain #5; unpublished); BB (primary standard during ses-
sion 2; LA-ICP-MS of 561.6 +0.6 Ma; Santos et al. 2017),
PleSovice (ID-TIMS age of 333.17+0.18 Ma; Slama et al.
2008), and KA1 of KaapValley granite (CA-ID-TIMS
207pp/206Ph age of 3227.2 +0.2 Ma; Schoene et al. 2006).
For results of standard measurements see Supplementary
Table S2. The 2°7Pb/?*°U ratios were calculated using the
corrected 2°°Pb/?*8U and 2°’Pb/?*®Pb ratios assuming a natu-
ral 28U/2*U of 137.818. Uncertainty was obtained by quad-
ratic addition of propagated errors on both ratios. Age cal-
culations and data plotting were performed using the Isoplot
toolkit (Ludwig 2008) v.4.15 for MS Excel©. The results
of zircon U-Pb dating are listed in Supplemental Table S2.

“OAr/>°Ar geochronology of hydrothermal muscovite

Samples for *°Ar/3°Ar dating were selected by petro-
graphically-guided microsampling. First, polished thick
sections (~ 500 um thick) were prepared in Crystal-Bond
509 acetone-soluble thermoplastic and polished to a
1-micron finish with diamond suspension. The thick sec-
tions were then examined at the US Geological Survey
Geology, Energy, and Minerals Science Center electron
microbeam laboratory in Reston. Samples were analyzed
using a Hitachi SU-5000 field emission scanning elec-
tron microscope (FE-SEM) fitted with a BSE detector, a
Hitachi UVD detector that acts as panchromatic cathodo-
luminescence detector when operated at 0 V bias, and a
100 mm? Oxford Ultima energy-dispersive spectroscopy
(EDS) silicon drift detector. Backscatter electron and
cathodoluminescence imaging along with EDS of these
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thick sections was used to document microtextural rela-
tionships and mineralogy and to select areas for **Ar/*°Ar
micro-sampling. For some samples, a microdrill (manu-
factured by Ulrike Medenbach, Ruhr-University Bochum)
mounted to an optical microscope was used to extract
cores ~300-500 um in diameter. Following BSE and CL
imaging muscovite was separated from the polished thick
sections of the studied samples using an Exacto knife. All
samples were repeatedly (3 X) soaked for > 1 h in acetone
to ensure complete removal of thermoplastic. The samples
were then rinsed in a Branson 220 ultrasonic cleaner for
5 min each in acetone, ethyl alcohol, and then 3 times in
deionized water prior to packing. The cores were packed
in high purity copper, sealed under vacuum in fused silica
vials, and irradiated for 40 MWH in the central thimble
of the USGS TRIGA reactor in Denver, in a geometry
similar to that described in McAleer et al. (2017). The
sample assembly was rotated during irradiation to mini-
mize the radial gradient in the fast neutron fluence and
no cadmium shielding was used.

Following irradiation, all unknown samples were ana-
lyzed at the US Geological Survey Bascom Argon Dating
(BARD) laboratory in Reston (Virginia). Samples were
step-heated either in a low-blank furnace similar to that
described by Staudacher et al. (1978) or via a defocused
Synrad V30 series CO, laser, and argon isotopes were
measured on a single collector VG-1200B mass spec-
trometer in peak hopping mode. The standard MMhb-1,
with an age of 519.4 +2.5 Ma (Alexander et al. 1978;
Dalrymple et al. 1981) was used to monitor the neutron
fluence. Interfering isotope ratios were determined on co-
irradiated CaF, and zero age K-glass. For data reduction
the values of Lee et al. (2006) were used for the isotopic
composition of air, and the decay constants of Steiger
and Jéager (1977) were used to maintain consistency with
an age of 519.4 for MMHb. Additional methodological
details can be found in McAleer et al. (2017) and addi-
tional data reduction parameters as well as complete iso-
topic data can be found in the Supplemental Table S3 and
Zoheir et al. (2022).

Microchemistry of pyrite

Pyrite grains were analyzed for their Fe, Cu, Co, Ni, As,
and S contents using a JEOL JXA-8900R electron micro-
probe (EMPA) at the University of Kiel. Operation condi-
tions were 20 kV and a beam current of 30 nA, and a spot
size of 1 pm and on-peak measurement times of 10-30 s.
Off peak locations were analyzed for half the on-peak
time. Natural and synthetic standard materials were used
for external calibration. The detection limit is around 0.01
wt. % for all the measured elements.
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Trace element concentrations in pyrite generations

Trace element concentrations of gold-associated pyrite were
determined by an AGILENT 7900 s ICP-MS equipped with
a GeoLas Pro HD laser ablation system at Kiel Univer-
sity. Ablation was done by using a laser beam energy of
2.61] cm_z, and analysis time was 90 s, of which 60 s of
analysis with laser on and 30 s with laser off for background
measurement. The employed spot size was 32—-60 pm, at a
pulse frequency of 5 Hz. A set of 21 isotopes was chosen
for spot analyses: >Cr, 3Mn, >’Fe, *Co, ®Ni, ®*Cu, %Zn,
5As, 7'Se, ©Mo, 17Ag, 111Cd, 1208n, 1238b, 125Te, 182 W,
197 Ay, 201Hg, 2051, 208pp, 20984 The acquisition time for all
masses was set to 0.02 s, with a total sweep time of ~0.6 s.
The graphical visualization tool of the GLITTER software
package (van Achterbergh et al. 2001) was used for setting
the integration intervals for each analyzed spot. The mass
spectrometer was calibrated using calibration multi-element
solutions and the NIST SRM-612 reference material. The
internal standardization was based on >’Fe concentrations
determined by the EMPA. Two reference materials were
used for external calibration: the USGS MASS-1 standard
(Fe-Cu—Zn-S pressed powder pellet; Wilson et al. 2002)
and the UQAC-FeS-1 synthetic versatile reference material
from the LabMaTer (University of Quebec in Chicoutimi,
Canada; Savard et al. 2018). All standards were analyzed at
the beginning and at the end of each analytical session in
order to monitor the sensitivity drift.

Analysis of fluid and mineral inclusions in vein
quartz

Eight doubly polished thick sections (~ 100 mm thick) were
inspected using a custom-built Olympus BX53M petro-
graphic microscope to identify and characterize fluid and
mineral inclusions in the vein quartz. Sample petrography
focused on identifying assemblages of fluid inclusions,
their paragenetic context, and their phase assemblages at
room-temperature. These results were used as a basis for
subsequent microthermometric, Raman, and compositional
analysis. Petrographic analysis also revealed that the vein
quartz-hosted multiple mineral inclusions, and these were
also characterized petrographically prior to Raman and
SEM-EDS analyses.

Microthermometric analysis of fluid inclusions focused
on petrographically determined fluid inclusion assem-
blages following the methods described by Goldstein and
Reynolds (1994). Low-temperature microthermometry of
fluid inclusions was conducted with a Linkam THMSG600
(— 100-600 °C) stage at the University of Alberta, cali-
brated using the triple point of CO, at—56.6 °C, the tri-
ple point of H,O at 0.0 °C, and the critical point of H,O



Mineralium Deposita

at+374.1 °C. Estimated precision and accuracy of the tem-
perature measurements is +0.1 °C at subzero temperatures
and +0.5 °C at temperatures > 100 °C.

Raman spectroscopic analysis of fluid and mineral inclu-
sions was done using a Horiba LabRam HR Evolution Raman
microscope at the University of Alberta, using a 532 nm laser
focused through a 100 X objective lens. All spectra were
acquired on unoriented grains using a laser power of 100
mW and two to three, 5-20 s exposures summed to the final
reported spectra. Spectra were interpreted using the RRUFF
database of Lafuente et al. (2016) for mineral species and
Frezzotti et al. (2012) for fluid species.

Backscattered electron images, and elemental EDS maps
were used to characterize the compositions of mineral inclu-
sions and daughter phases in fluid inclusions which had been
exposed during sample polishing. The BSE images and EDS
maps were collected using a Zeiss EVO SEM with a LaB6
electron source at the University of Alberta. Acceleration
voltage was set to 15-25 kV with a 300-500 pA beam cur-
rent, and a 7-8.5 mm working distance. Images were col-
lected in variable-pressure mode with a 100-mm aperture
using collection times that varied between 1-15 min. All
analyzed samples were uncoated. Lower accelerating volt-
ages (15-20 kV) were used during EDS point analysis to
reduce interference from the host quartz.

Results
Host rock geology and zircon U-Pb data

Gold-bearing quartz veins in the Gidami mine are hosted by
variably deformed tonalite-trondhjemite rocks, as parts of a
weakly foliated (WNW-ESE) massif of TTG rocks (Fig. 2B).
These TTG rocks were differentiated from basic metavol-
canic successions in the Qusseir sheet of the 1: 500,000
Conoco Coral (1987) maps. At the outcrop scale, the
tonalite-trondhjemite rocks are coarse- to medium-grained
and exhibit granular or porphyritic textures with sodic plagi-
oclase and quartz as main constituents. Interlocking tabular
plagioclase with resorption borders and irregular and grano-
phyric intergrowths of plagioclase and quartz are commonly
observed, though shearing and alteration locally obliterated
the original igneous textures. Intense shearing and myloni-
tization along ~N-S shear zones are manifested by pervasive
mortar and porphyroclastic textures. Minor biotite and rare
hornblende are replaced by chlorite in some samples. Rare
microcline forms irregular interstitial grains or occurs as fine
inclusions. Oligoclase forms large laths and shows variable
brittle and ductile microstructures, with microfractures that
are filled partially with calcite. Titanite, apatite, and zircon
are accessory minerals.

Zircon grains recovered from a least altered sample of the
host granitoid rock adjacent to the main vein show a consist-
ently short prismatic morphology, and are variably fractured.
Well-developed concentric oscillatory zoning was observed
in some zircon crystals, whereas relict of patch or irregular
zoning characterized other zircon grains/fragments. Signs
of alteration and core-rim relationships are generally absent.

U-Pb isotopic data for the twenty four analyzed zir-
con grains are listed in Supplemental Table 2A and are
plotted on Concordia diagrams (Fig. 3A, B). The recov-
ered zircon gains have U concentrations varying from 29
to 573 ppm, and Th/U ratios of 0.20-1.02 (average 0.47,
n=32). Most zircon analyses (20 out of 32) show low com-
mon Pb (f,06% <2.0, where f,, represents the proportion
of common Pb relative to the total 2*°Pb), and the remain-
ing, mostly such derived from zircon domains with low U
contents, higher values up to f,,c% =8.1. The 20 oldest zir-
con domains yielded a concordant age of 703.6 +2.5 Ma
(20, MSDW of concordance + equivalence = 1.04, Prob. of
concordance + equivalence = 0.40; Fig. 3C), which is inter-
preted to date magma crystallization of the host rock. The
remaining 12 analyses, mostly derived from low U-domains
with relatively high Pb level, gave younger *°°Pb/***U ages
(mostly discordant), ranging between ~ 665 and ~ 220 Ma.
These are interpreted to result from multiple Pb loss, perhaps
related to subsequent tectonic and hydrothermal overprint(s).

The auriferous quartz veins: microstructural
and mineralogical characteristics

The mineralized vein samples contain anhedral quartz and
abundant coarse-grained muscovite that commonly form
well-defined bands. Within individual bands, quartz occurs
as masses of anhedral crystals surrounded by coarse mus-
covite and shows textures indicative of repeated fracturing
and recrystallization during progressive deformation from
plastic distortion to brittle destruction. Asymmetric quartz
crystals define a sinistral sense of shearing (Fig. 4A, B).
Coarse-grained muscovite veins and alteration occur both in
the highly deformed wallrock and within the quartz veins. In
the mineralized quartz veins, muscovite intergrowths with
recrystallized quartz form patches or occupy anastomosing
microshears with recrystallized quartz plus scattered fluorite,
rutile and calcite, forming dark seams (Fig. 4C, D). Subgrain
development and serrate quartz boundaries characterize the
gold-sulfide quartz veins. Free gold blebs are located along
the newly formed grain and phase boundaries.

Muscovite occurs throughout the veins, ranging from
interstitial material between quartz grains, through clots of
interlocking fibers, to large single plates or books (Fig. 4C,
D). In detail, the muscovite-rich zones within quartz veins
are characterized by fine-grained disseminations of calcite
and fluorite that commonly appear to have been deposited
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Fig.3 Results of zircon U-Pb
dating of the Gidami trond-
hjemite. (A) SEM-BSE images ) a70
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relatively late in the paragenetic sequence, infilling between
quartz grains and in some cases deposited along healed frac-
tures that cut earlier quartz.

Quartz in the veins commonly shows evidence of re-
opening with multiple generations of crosscutting healed
fractures evident in CL (ESM Fig. S1A-C). Notably, where
muscovite and calcite appear to be surrounded by quartz
in plane-polarized light and BSE images, the CL generally
reveals that these latter minerals were deposited in healed
fractures and thus postdate the bulk of quartz deposition
(ESM Fig. S10).

The early-formed quartz in the veins hosts abundant nee-
dle-like mineral inclusions that show high Ti in SEM-EDS
analysis and show Raman spectra indicative of anatase
(TiO,; Fig. 5A-D). Owing to the acicular habit, we infer
that the original rutile needles that underwent crystallo-
graphic transformation to anatase as a result of cooling and
decompression (McNicoll et al. 2014). These needles occur
mostly as elongate (10-30 um), acicular crystals that are
disseminated throughout the host quartz and resemble rutile
exsolved from quartz, indicative of elevated TiO, concentra-
tions in the quartz at the time of deposition. The quartz also
hosts a subordinate population of micron-scale, platy inclu-
sions, which show EDS peaks for Al K, and Fe (Fig. 5D),
and were confirmed as muscovite by Raman spectroscopy
(Fig. 5C).

Ore microscopy indicates that pyrite is ubiquitous in
the gold-bearing quartz veins and in the altered wallrock.
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Pyrite occurs as subhedral crystals with discrete pyrrhotite,
arsenopyrite and silicate inclusions. Based on the variable
morphological and textural features, three generations of
pyrite were identified (PyI, PyIl, and PylIIl) (Fig. 6A—C). Pyl
forms porous cores of subhedral grains that are surrounded
by inclusion-free margins of PyII (Fig. 6A, B). Discrete sub-
hedral grains of PyII and PyIII are commonly deformed and
locally replaced by galena, sphalerite, and gold along micro-
fractures (Fig. 6D-H). Arsenopyrite occurs as sparse euhe-
dral crystals in large Pyll crystals. Galena replaces pyrite
and forms intergrowths with hessite and locally cervelleite
along fractures in PylI (Fig. 6D). Sphalerite and chalcopyrite
occur as patchy replacements or infillings among deformed
pyrite crystals (Fig. 6E). Gold in quartz veins is commonly
associated with galena and sphalerite along microfractures in
quartz and pyrite crystals. Chalcopyrite is partially replaced
by covellite, particularly in the sulfidized wallrock.
Textural relationships indicate that pyrite, pyrrhotite, and
less common arsenopyrite were related to an early parage-
netic ore stage (Fig. 7). Continued pyrite precipitation, most
likely under different depositional conditions, led to the for-
mation of inclusion-free pyrite (PyIl) surrounding the earli-
est pyrite generation (Pyl). The early pyrite was replaced in
part by late-paragenetic galena, sphalerite, and chalcopyrite,
and microfractures in the early formed pyrites were healed
by a late pyrite generation (PyIIl). The dispersed gold, hes-
site, and cervelleite specks are attributed to the latest stage
of sulfide-gold mineralization in the Gidami deposit (Fig. 7).
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Fig.4 Deformation features in
the gold-sulfide quartz veins
from the Gidami deposit. A,

B Saccharoidal quartz along
shears dissecting the large
quartz crystals (Qtz). Notice
that the braided sets of microf-
ractures depict a sinistral sense
of shearing and are healed

by microcrystalline quartz
(Qtz) + muscovite (Ms) + calcite
(Cc) + fluorite (Fl), and less
commonly by pyrite (Py) and
sphalerite (Sp). C, D Muscovite
intergrowths with microcrystal-
line quartz, and fine-grained
muscovite-calcite-fluorite
mixtures fill late microfrac-
tures. Notice the sub-epitaxial
overgrowths of fine-grained
muscovite on a coarse-grained
muscovite flake, particularly
adjacent to the microcrystal-
line quartz. E, F Muscovite,
microcrystalline quartz and
galena (Gn) associated with
serrate quartz grains or devel-
oped along the crosscutting
microfractures. In rare cases,
galena and gold (Au) occur at
the contact between muscovite
and irregular quartz grains

“OAr/*°Ar ages of hydrothermal muscovite

To constrain the age of mineralization, we applied “°Ar/*°Ar
geochronology to muscovite disseminated in quartz-gold
veins and in an altered host rock sample. Optical and elec-
tron petrography were used to determine the petrogenetic
relationship of the dated muscovite to mineralization—and
microsampling (see “Methods”) was used to maintain the
petrologic context of the dated samples. The petrologic con-
text and the *°Ar/*°Ar data for each sample are presented
below.

Sample GD-21 (26° 23’ 08" N, 33° 27’ 12" E) was col-
lected from the contact of a gold-bearing quartz vein and
altered wallrock. At the vein-wallrock contact, three miner-
alogical zones were identified (Fig. 8). Zone 1 extends for
the first several millimeters adjacent to the contact and is
composed of contact-parallel zones of nearly pure coarse-
grained muscovite and quartz. Also present in this zone

are ~ 10-pm-thick fluorite veins that cut quartz and locally
some coarse-grained muscovite. Muscovite is randomly ori-
ented and exhibits some minor zoning in BSE imaging and
EDS analysis, reflecting variations in Mg/Fe ratios (Fig. 8C).
Zone 2 extends for the next~ 1 cm away from the contact and
is composed of fine-grained disseminated fluorite in a matrix
of fine-grained muscovite along with minor monazite and
rutile, Mn + Zn-bearing ilmenite, and ecandrewsite inter-
growths. In this zone, euhedral terminations of muscovite
can also be found in rare coarse-grained fluorite (Fig. 8E).
Farther from the contact (Zone 3), biotite is present and the
wallrock is comprised of disseminated fluorite in a matrix
of fine-grained muscovite, quartz, and biotite, again with
minor rutile, Mn + Zn-bearing ilmenite, and ecandrewsite
intergrowths (Fig. 8E, F). The textural association of fluo-
rite, Zn-ilmenite, and biotite in this zone indicates that fluo-
rite and Zn-ilmenite replace biotite, and we suggest that this
replacement went to completion in Zone 2. Field relations
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Fig.5 Submicroscopic mineral
inclusions in quartz veins. A
Transmitted light photomicro-
graph (PPL) showing acicular
TiO, crystals (as well as some
carbonic fluid inclusions) hosted
in quartz. B High-magnification
view (left=plane polarized
light; right=BSE) of a TiO,
needle as well as a platy grain
of muscovite hosted in quartz.

C Raman spectra of mineral
inclusions shown in A and B
(indicated by the arrows), show-
ing the characteristic peaks of
anatase and muscovite. D SEM-
EDS maps of same field of view
shown in B, showing peaks for
Ti in an anatase needle, and for
Al, K, and Fe in a muscovite .
grain
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Fig.6 Mineralogy and ore textures of the Gidami gold deposit. A Arsenopyrite (Apy) and pyrrhotite inclusions in Pyll, and galena fill-
Porous pyrite (PyI) surrounded by massive pyrite zones (Pyll). B ing crosscutting fractures. E PylIlIl along fractures Pyll, and galena-
Pyrrhotite (Po) and galena (Gn) inclusions in a PylI subhedral crys- sphalerite-chalcopyrite replacing Pyll. F Gold (Au) intergrowth with
tal. C Pylll is confined to a microfracture in a large PyllI crystal. D galena along fractures in Pyll
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Fig.7 Paragenetic sequence of
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indicate that the protolith of this metasomatized wallrock
is trondhjemite, with major oligoclase, minor K-feldspar
and rare biotite as relict of the original igneous assemblage.
Hydrothermal K-feldspar is locally present as overgrowths
on the altered oligoclase crystals.

Sample GD-35 (26° 23’ 20" N, 33° 27 09" E) is a quartz
vein from the northern part of the main vein with muscovite
patches and fracture-controlled dissemination of fluorite
(ESM Fig. S2A). Muscovite occurs as coarse (>500 pum),
randomly oriented grains and as finer disseminated grains
in the quartz matrix. The coarse grains show some zoning in
BSE imaging and EDS analysis shows this is caused largely
by variations in Fe/Mg (ESM Fig. S2B). Muscovite is cross-
cut by fluorite veinlets (ESM Fig. S2C) but locally has euhe-
dral terminations in coarse fluorite (ESM Fig. S2D). Fluorite
occurs as coarse grains and forms veins cutting or replacing
muscovite. These textural relationships suggest that fluorite
post-dates most muscovite growth.

Sample GD-32 (26° 23" 28" N, 33° 26' 57" E) is a quartz-
muscovite vein from the northern quartz vein swarms with
veinlets of fluorite. An~3 cm X 1 cm fragment composed
of rutile, Mn + Zn-bearing ilmenite, and ecandrewsite inter-
growths in a matrix of fine-grained muscovite occurs within
quartz (ESM Fig. S3A-D). This fragment is surrounded by
coarse-grained muscovite and lesser coarse-grained fluorite
(ESM Fig. S3B, C). The mineralogy and texture are similar
to that observed at the vein-wall contact in sample GD-21
and suggests that this fragment may be altered wallrock
material.

Sample GDg (26° 23" 36" N, 33° 27" 07" E) is a mus-
covite-calcite altered wallrock adjacent to the northern
extension of the main quartz vein. It is comprised mainly
of muscovite, quartz, calcite, K-feldspar, and iron oxides,

with minor fluorite, apatite, manganese oxides, and zircon
(ESM Fig. S4A-D). Intergrowths of muscovite and quartz
are here interpreted to be hydrothermal. Muscovite occurs
in masses of fine-grained randomly oriented crystals. These
can be nearly monomineralic but can also be found with
apatite and fluorite inclusions. Locally euhedral muscovite
can be found terminated in coarse fluorite as was observed
in GD-21 and GD35. Calcite forms late veins that crosscut
most of the other mineralogy (ESM Fig. S4D).

A furnace step-heating experiment on a 0.113 mg aliquot
from sample GD-21 yielded an age spectrum with anoma-
lously old ages in early steps, followed by a plateau age of
584.0+ 3.1 Ma (20), that includes 70.9% of the *°Ar and
has an MSWD of 0.14 (Fig. 9A). Coarse-grained muscovite
was microdrilled from sample GD-35 and dated. A furnace
step heating experiment on a 0.125 mg aliquot yielded a
plateau age of 582.0+3.7 Ma (206), which includes 10% of
the *Ar and has an MSWD of 0.52 (Fig. 9B). Fine-grained
muscovite, intergrown with minor fluorite and Mn + Zn-
bearing ilmenite, was microdrilled from sample GD-32 and
dated. A laser step heating experiment on a 0.154 mg ali-
quot is slightly discordant and did not yield a plateau age.
The weighted average age, including all steps, is 584 +4 Ma
(20), has an MSWD of 5.8, in general agreement with the
other samples (Fig. 9C). Fine-grained muscovite in sam-
ple GDg was microdrilled from localities with the fewest
inclusions, and where no K-feldspar was present. A furnace
step heating experiment on a 0.193 mg aliquot yielded an
age spectrum with anomalously young ages for the first 5%
of gas release. The remainder of the age steps fall between
572 and 582 Ma, and define a plateau age of 581.5+3.1 Ma
(20), that includes 52.9% of the *’Ar and has an MSWD of
0.75 (Fig. 9D).
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Fig.8 (A) BSE image of sample showing mineralogic zones dis-
cussed in text. Dashed yellow line is approximate exacto knife cut for
sampling coarse muscovite. (B) Polished thick section of GD-21 prior
to micro-sampling. (C) Zone 1 composed of coarse-grained musco-
vite with thin fluorite veinlets. (D) Zone 2 composed dominantly of

Textural and microchemical characterization
of pyrite generations

Confirming the microscopic observations, SEM — BSE
imaging of the sulfide-rich quartz vein samples reveals three
pyrite varieties (Pyl, PylIl, and PyIII) with distinct morpho-
logical and microtextrual relationships. Pyl corresponds to
uncommon porous zones in some large grains (Fig. 10A),
with high Pb contents and variable As concentrations but
generally < 1 wt.% (Supplemental Table S4). PyIl occurs
as overgrowths surrounding PylI, with complex internal
structures and oscillatory or boxwork (cross-hatched) zon-
ing patterns (Fig. 10A, B). Arsenic concentration in PylII is
variable, but commonly > 1 wt.%. The EPMA data of PyIl
reveal an antithetical relationship between As and S for
analyses with > 1 wt.% As. PyllI forms late blocky and elon-
gate grains interlocking in a comb texture along fractures
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disseminated fluorite and fluorite veins in a fine-grained muscovite
matrix. (E) Zone 3 with biotite, quartz, Mn-Zn rich ilmenite in addi-
tion to disseminated fluorite and fine-grained muscovite. (F) Image
showing “Mn-Zn ilmenite” is composed of ecandrewsite (Ecn), Zn-
rich ilmenite, and rutile

or occurs as non-epitaxial overgrowths on earlier pristine
pyrite (Fig. 10C, D).

In the SEM-BSE images, small galena inclusions scatter
preferentially within patchy dark areas in otherwise bright
Pyll (Fig. 10A, D, dashed yellow areas), and decorate grain
boundaries in Pyl and PyII (Fig. 10C, red arrows). Gold also
occurs locally in these areas (Fig. 9C, black circles). Galena
inclusions can also be found along the medial line of syn-
taxial veins comprised of comb PylIlI (Fig. 9C, black double-
headed arrow). Finally, fine and coarse-grained galena along
with sphalerite and gold commonly occur along fractures
that crosscut PylIl.

Representative ablation time-resolved depth profiles for
different varieties of pyrites from the Gidami deposit are
shown in ESM Figure S5. Pyl shows trace element patterns
that have spiky signals for Pb, Bi, Ag, Cu, Te, Sb, and Au,
and locally show very high values (> 10* counts per second,
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Fig.9 Age spectra from four samples from the Gidami Au deposit, included 3 muscovite samples from Qtz-Au veins and 1 sample of altered

wall rock. All samples yield ages that agree at 26 at~583 Ma

cps), most likely related to buried submicroscopic mineral
inclusions. Considerably elevated Au signals > 10° cps char-
acterize spots with noticeable As enrichments. PylII is char-
acterized by consistently high-level and steady signals for
As, Co, and Ni, and the Au signal remains smooth at a rela-
tively high counts rate (> 10* cps=2 ppm) (ESM Fig. S5).
Elevated Au signals are accompanied by detectable Pb, Ag,
Bi, Te, and Sb in some analyses. PylIll patterns are charac-
terized by high-level signals for Sb, Ni, and Pb, commonly
at 10° cps. Bi, Cu and Sb abundances in PyIlI are relatively
high compared to Pyl and Pyll varieties as indicated by their
signals at 10° cps (ESM Fig. S5). The Au signals in PyIII are
below the background level, but variations in Au count rate
generally correlate with high As spectra (> 10 cps).

Data from LA-ICP-MS spot analyses on the differ-
ent stages of pyrite grains from the Gidami deposit are
given in Supplemental Table S5. Pyl contains variable

concentrations of As (9 to 3988 ppm), Co (2 to 662 ppm),
Ni (3 to 1564 ppm), Zn (<1 to 525 ppm), Ag (~1 to
42 ppm), Pb (16 to 9180 ppm), Bi (~ 3 to 347 ppm), and
Au (<1 to 8.4 ppm). The trimmed mean (0.2=20% pro-
portional cut of outlier values) for As is 402 ppm, Ag
9.6 ppm, and Au is 2.1 ppm. PylIl is characterized by
irregular but mostly elevated concentrations of As (7.2
to 13,256 ppm) and Au (0.1 to 7867 ppm) with high
trimmed means (0.2) of 3045 ppm and 60.5 ppm, respec-
tively. Other chemical characteristics of Pyll include
consistent and high concentrations of Co (trimmed mean
0.2=376 ppm), Ni (trimmed mean 0.2 ~ 101 ppm), Ag
(trimmed mean 0.2 ~ 101 ppm), Pb (trimmed mean 0.2 =
280 ppm), and Bi (trimmed mean 0.2 =~ 47 ppm). Notice-
ably, Au content increases as concentrations of Pb, Bi,
Ag and Sn increase, suggesting a micro-inclusion mode
of occurrence at least for some spot analyses. PyIII is
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Fig. 10 Back-scattered electron
(BSE) images showing features
of pyrites from the Gidami gold
deposit. A Pyl forming porous
zones in Pyll zoned subhedral
crystals with locally scattered
intrusions of galena (Gn).

B PyIl grain showing cross-
hatching zoning and brittle
deformation at margins. C PyIl
zoned crystal cut by a median
line microfracture that was
healed by comb PylIII elongate
crystals, note the trail of galena
orthogonal to the long-axis of
the pyrite (black double-headed
arrow). Also seen is an inclu-
sion of arsenopyrite (Apy) and
dispersed gold (Au) particles
(black circles). D PylI vein
reopened and filled with PyIIl
interlocking grains. Galena and
sphalerite (Sp) heal microf-
ractures in sulfide grains and
the vein quartz. For additional
details, see text

distinctly poor in Au (generally < 1 ppm) and in many
other trace elements (e.g., Ag, Co, Zn, and Cu). Pb, Ni
and Bi concentrations are relatively high in this pyrite
variety, with trimmed means 0.2 ~ 1029 ppm, 132 ppm,
and 58 ppm, respectively. Signal fluctuations sugges-
tive of buried micro-inclusions are much less common
in PylIlIl, as also revealed by the mostly smooth spectra
in the time-resolved depth profiles, relative to Pyl and
PyII varieties.

As shown in Fig. (11A), the collected LA-ICP-MS data
from the three pyrite varieties suggest significant vari-
ations in the Au/As atom ratio among and within each
pyrite generation in the Gidami deposit. The Au/As ratios
obtained from most analyses vary from 1:100,000 to near
1:10 (in mol%), corresponding to a change in this ratio
of up to four orders of magnitude. Despite that fact that
these values plot consistently below the maximum solu-
bility limit of Au in pyrite (Reich et al. 2005), such mag-
nitude of change is most likely related to Au occurring
as nanoparticles rather than in solid solution within the
pyrite crystal lattice (e.g., Deditius et al. 2014). The Au
contents show a clear positive correlation with Ag and Sb
in all pyrite varieties, where Pyl occupies the intermedi-
ate position between Pyll and PyIII (Fig. 11B-F). PyIIl
is consistently poor in most trace elements, whereas Pyl
and PylI have nearly overlapping concentrations of many
trace elements, e.g., Bi, Zn, and Pb (Fig. 11D-F).
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Fluid inclusions

Vein quartz at Gidami is densely inundated with carbonic-
aqueous fluid inclusions (Fig. 12A, B; results summarized
in Supplemental Table S6). Based on petrographic analysis,
the fluid inclusions are secondary or of uncertain origin,
whereas unambiguous primary fluid inclusion assemblages
were not observed. The fluid inclusions range from equant
shapes through to highly irregular ones. As also observed
in previous studies (Zoheir et al. 2019a, b, c), the textur-
ally best-preserved fluid inclusions with equant shapes are
most commonly observed in quartz grains that are partially
sheathed by, or in close proximity to, sphalerite, and such
inclusions are invariably either three-phase (liquid-liquid-
vapor) carbonic-aqueous inclusions with double bubbles
or apparently monophase carbonic inclusions that appear
dark (in some cases, opaque) in transmitted light. The lat-
ter two types are commonly observed together in the same
clusters and assemblages. Elsewhere in the recrystallized
quartz throughout the veins, partially decrepitated inclusions
consisting of dismembered cores surrounded by small neo-
nate inclusions (Tarantola et al. 2010, 2012) are commonly
observed (Fig. 12A, B).

The presence of CO, in the carbonic-aqueous inclusions
is indicated by the double bubbles as well as the ubiqui-
tous observation of “double freezing” (i.e., solidification
of clathrate, followed by solidification of dry ice) during



Mineralium Deposita

10° P2 10°
« Py-l x Py-Il & Py-Ill L7 (A x (B)
10°* x 10° X
Au’ nuggets /
Au’ bound in Py x % x x x
%% (X
T w X x & w x x
Ke) L) 7 X Ke) ° X " x
£ x ® Ve .x& S £ x ® g e
= . s/ x og < = . . Ky, P
S 10 X2 o® 7 x N 3 10 B o %
< . N < @ e
-~ e A A o
—————— -7 8¢ «x £ a A x
, A &8 Xfmoa oA PV N |
10 A s AT Ay 10 A a ALy
OO s A A A
S
10* N O DA 10* AA
\\g > 4 4
S
10*° 10°
10” 10° 10° 10" 10° 107 10" 10° 10° 10*° 107 10° 10° 10" 10° 10”
As (Mol%) Ag (mol%)
10° 10°
(€) x (D)
4 x 10* x
10 » x x
x
XX x
) x.)'x 5% x X x
10° o % x 10° « x x
— Sl 7 x = x x x
§ a a®xx ° & > );( % < 2
o A A [ o X, X .
£ 10° A 2 x g 10° % . .3‘.,( e °
- A LN 3 ~ % e® o
3> & X% 3 ) o
x % ®
< . I~ A < e [N N
107 10 A A
x4 A
N 'y
NS
10° a 10° 'y
A
M A
10° 10°
10° 10* 107 10° 10° 10" 10° 107 10° 10° 10* 10° 10?
Sb (mol%) Bi (mol%)
10° 10°
x (E) x (F)
- o x x
10 % < 10 x
X X
x X x >o<x x
10° & N x 10° % X
—_ x x —_ o x x
S o o . x S wx X T X .
© x L4 © x x o ®
g 10°0 5 X . . xs x x g 10° x L ox’ x o® .
F K] 3 )
~— e o N~— . .z
s A% . =) A A ®
< 3 AAA o X o® < R A Ao A N AR
10 AL R x 10 x
A a A Y
sl A A s A A
10 s 10 A
10° 10°
107 10° 10° 10* 10° 10° 10° 107 10° 10° 10" 10° 10*
Zn (mol%) Pb (mol%)

Fig. 11 Logarithmic plots of Au vs. As (A), Ag (B), Sb (C), Bi (D), (2005). The broken line marks the maximum solubility limit of Au
Zn (E) and Pb (F) for the three pyrite varieties in the Gidami gold in pyrite (C,,=0.004xC,,+2x10.77) from orogenic gold depos-
deposit. Red thick curve in (A) is the solubility limit of Au in As- its (from Deditius et al. 2014). Dotted lines in (A) represent Au: As
pyrite (Cn,=0.02XxC,+4x107%) as suggested by Reich et al. ratios (log-scale, in mol%)

@ Springer



Mineralium Deposita

r -.w -—'

(B) o e Qneonates

gr|aph|te

2%
511
..
7 n* ¥ 8 N
"c"w e
e, dlsmembe@ > HliE
mclusmns j-.',,,v_;. ]
M e 'L e
;,-' " if'
. .o . % .-t
8 vi > - '- ; . .. %
- 500
. ne fes‘ "‘" b
y ‘251Jm % / -
P . A

Fig.12 (A) and (B) Photomicrographs of quartz-hosted fluid inclu-
sion assemblages. (A) Assemblage of three-phase carbonic-aqueous
inclusions; L,,=aqueous liquid; L, =carbonic liquid; V=vapor.
(B) Assemblage of partially decrepitated inclusions consisting of dis-
membered cores surrounded by small neonates (Tarantola et al. 2010,
2012). (C)—(G) Analysis of fluid inclusions of different types. (C) and
(b) Cluster of fluid inclusions showing several three-phase carbonic-
aqueous inclusions (labels as in A, B), two inclusions with obvious
birefringent grains (as seen in cross-polarized light, D), as well as

cooling to — 150 °C, and by consistent melting behavior
at—56.6 + 1 °C during low temperature microthermom-
etry. The presence of CO, is also confirmed by the Raman
spectroscopic analyses that show the characteristic Fermi
diad of CO, (Fig. 12C-E). During microthermometry, the
carbonic fluid portion consistently homogenized to the
liquid phase at 25-30 °C. However, additional heating
resulted in the decrepitation of most inclusions, which is
likely the result of significant internal pressures as indi-
cated by the presence of a large portion of liquid CO,
in three-phase inclusions, and precluded further heating
experiments. Nevertheless, based on the measured homog-
enization temperature of the carbonic liquid and vapor,
and the relative volume fractions of aqueous liquid versus
carbonic fluid, we can calculate an estimated bulk compo-
sition and density (Steele-MaclInnis 2018). Considering a
volume fraction of the carbonic portion of approximately
70-80% (i.e., 20-30 vol% aqueous liquid at room tem-
perature; Fig. 12C—E), our calculations yield an estimated
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several apparently monophase, dark carbonic inclusions. (E) Raman
spectra of several inclusions shown in C and D, showing CO, in the
carbonic-aqueous inclusions; calcite in the inclusions that host bire-
fringent grains; and CO,, CH, and graphite collectively in the appar-
ently monophase carbonic inclusions. (F) and (G) SEM secondary
electron images and corresponding EDS element maps of breached
inclusions, showing a peak for carbon in a graphite-bearing inclusion
(F), and peaks for calcium and carbon in a calcite-bearing inclusion
G)

bulk composition of ~40-50 mol% CO, and bulk density
of ~0.7-0.8 g/cm®.

Raman spectroscopic analyses of the apparently mono-
phase carbonic inclusions revealed the presence of CO,, CH,
and both the “D” and “G” bands characteristic of graph-
ite (Fig. 12E)—indicating that the reason these inclusions
appear dark in transmitted light is probably because they
are lined with graphite along the inclusion walls. Presence
of graphite within such inclusions was also confirmed by
SEM-EDS analyses of breached inclusions (Fig. 12F,
G). The graphite is optically discernible in transmitted
light as semi-opaque laths or clots but is commonly only
revealed by spectroscopic analysis. Based on the relative
peak heights of the D and G bands, the graphite crystal-
linity suggests temperatures in the range of 300-350 °C
(Beyssac et al. 2002). Based on the relative peak heights
of the CO, Fermi diad versus the CH, symmetric stretch-
ing peak, these inclusions show variable CO,/CH, ratios. In
estimating the relative concentrations of CO, and CH, we
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must account for the greater Raman scattering efficiency
of methane, which is approximately 8 X that of CO, (Burke
2001). Hence, although Raman spectra show significantly
higher CH, peaks compared to those of CO, (Fig. 12E), our
calculations indicate CH, concentrations of ~ 0—40 mol%,
and CO, concentrations of ~60-100 mol% in the carbonic
inclusions. Based on the pure-gas Raman densimeters of
Lamadrid et al. (2017) and Lin et al. (2007), the Raman peak
positions of the CO, Fermi diad and the symmetric stretch-
ing vibration of CH, yield estimated densities of ~0.25 g/
cm? for CO, and~0.12 g/cm3 for CH,. However, it should be
noted that Lamadrid et al. (2018) showed that Raman peak
positions in CO,-CH, gas mixtures deviate from those pre-
dicted based on the pure-gas calibrations. Incorporating the
results of Lamadrid et al. (2018) and converting the pure-gas
densities estimated from Raman spectroscopy into “Raman
partial pressures” (see Lamadrid et al. 2018) yields an esti-
mated density of CO,-CH, fluid in the carbonic inclusions
of approximately 0.47 g/cm®. We stress this value represents
a minimum estimate for the carbonic inclusions, because
it does not account for the density and volume fraction of
graphite within the inclusions.

In addition to fluid phases and graphite, many of the
inclusions also host grains of birefringent, crystalline mate-
rial. Analyses of breached inclusions by SEM-EDS indi-
cates that these grains are invariably composed of Ca and
C (Fig. 12F, G), and the symmetric stretching vibration of
CO5>" in the Raman spectrum of these inclusions confirms
the presence of calcite (Fig. 12E).

Discussion
Genesis of pyrite and gold deposition

Ore microscopy together with the textural and compositional
data reveal that the auriferous quartz veins in the Gidami
deposit contain three pyrite varieties with distinct trace
element concentrations that may constrain the source and
evolution of the ore-forming fluids (e.g., Reich et al. 2013,
2017).

SEM images showed Pyl littered with porosity (filled by
silicate and late sulfides) and variable in BSE intensity at
the micron scale (Fig. 10A). These textures suggest that the
chemistry of Pyl does not reflect the composition during
initial growth but instead reflects a mixture of primary Pyl
with secondary compositions that resulted from local dis-
solution and precipitation reactions during later fluid pulses.
PylI also shows local evidence of fluid-mediated recrystal-
lization (Fig. 10A-D, yellow dashed lines), but wide zones
of BSE-bright and homogenous or concentrically zoned PyIl
remain, and we suggest that the composition of these areas
are representative of primary PyIl compositions (Fig. 10).

The comb-textured PyIlI varies in BSE between subgrains,
but generally each subgrain is fairly consistent, and PyIIl
is generally lacking inclusions—again we suggest PyIIl
compositions are primary. In this context we compare the
compositions of the three varieties to constrain ore forming
processes.

Concentrations of Co and Ni in pyrite and the Co/Ni
ratios are commonly used as empirical indicators of the
origin and formation conditions of pyrite generations in
a given ore deposit (e.g., Cook et al. 2009; Large et al.
2012; Gregory et al. 2015). Owing to variations in Co and
Ni partitioning in magmatic and hydrothermal systems,
magmatic and hydrothermal pyrites have highly variable
Co/Ni values (Tardani et al. 2017; Roman et al. 2019),
whereas pyrites with Co/Ni values <1 are commonly
assumed to be sedimentary or diagenetic in origin (e.g.,
Pal et al. 2009; Koglin et al. 2010; Zhang et al. 2014). The
Co/Ni ratio varies among the three pyrite varieties in the
Gidami deposit. Pyl has Co/Ni ranging from <0.1 to 16.4
and a 20% trimmed mean of 2.4, and PyII has low Co/Ni
ratios (0.3-8.4), and a 20% trimmed mean of 3.8. On the
other hand, PyIII shows rather widely erratic Co/Ni ratios
between < 0.1 and 201.7 and a relatively high 20% trimmed
mean of 6.4. These variable ranges of the Co/Ni ratios may
have been related to fluctuating salinity and temperature of
the ore fluids as the mineralization progressed (e.g.Brugger
et al. 2016; Vasilopoulos et al. 2021).

The SEM-BSE images show local embayment of As-rich
Pyll by As-poor Pylll, and the preferential occurrence of
galena inclusions in PylII at these localities (Fig. 10A-D,
yellow dashed circles), and locally gold (Fig. 10C, right-
hand black circle). This textural relationship is consist-
ent with the dissolution of Pyll, and local precipitation of
PyIIl + galena. We suggest that the widespread occurrence
of galena inclusions in the darker BSE domains (PyIIl) is the
result of this same process but is less obvious where PyII has
been completed consumed (Fig. 13). Regardless, in as much
as the solubility Au decreases with decreasing As content,
and PylIlI has a lower Au content than PyII (Fig. 10A), this
dissolution—precipitation process must have released some
gold into solution. The local presence of gold at the reaction
interface between Pyll and PyllI suggests some gold pre-
cipitated at the reaction site (along with galena), while the
majority of Au was transported from the immediate reaction
site. Importantly, linear trails of galena are observed at the
medial line of syntaxial veins of PyllI (Fig. 9C, Fig. 13C),
indicating the galena precipitated under the same stress field
as the vein opened and the elongate PyIIl grew. We there-
fore place incipient galena precipitation at the end of PyIIl
growth (see Fig. 7). Finally, galena inclusions decorate grain
boundaries, occur in linear arrays suggesting that late fluids
were precipitating galena, and occur as coarser grains in
fractures along with gold and sphalerite (Fig. 13D). This
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syntaxial pyrite veins in the waning stages of Pylll growth.
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fractures, and at subgrain boundaries in pyrite. Coarse-grained
galena, sphalerite and gold occur in fractures.

Zh, P A Zn, Pb, Au

Fig. 13 Explanatory sketch showing the evolution of the sulfide-gold mineralization in the Gidami deposit (A) Pyl (B) Pyll (C) PylIII (D) post

PylIIl

assemblage postdates PyIll and contains most of the free
milling gold (Fig. 7).

The LA-ICP-MS data indicate that Pyl is chemically the
most variable, with locally high As and Au concentrations,
and also the most Pb-rich. As Pyl is heavily pockmarked
with inclusions of silicates, sulfides, and oxides in intragrain
zones and along microfractures, its composition is likely not
primary but perhaps reflects local dissolution and precipi-
tation driven by later influx of fluid into this porous pyrite
generation (e.g., Cook et al. 2009). The local dissolution and
precipitation mediated by the late fluid resulted in micron-
scale heterogeneous chemistry and in locally very high Pb
and Bi content in Pyl relative to especially PyIl. LA-ICP-
MS time-depth profiles reveal Pyll is homogeneous, but
the SEM-BSE images show galena grains commonly along
grain boundaries or within dark patches, also indicating
some re-setting and re-mobilization of metals. On the other
hand, PyIII resembles pyrites in sedimentary basins with
fibrous textures that are interpreted to have formed synchro-
nous with dilation (Wang et al., 2018). PyIIl was deposited
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later, when the vein underwent re-opening by another fluid
infiltration pulse. Au contents are more variable in PyI, rela-
tive to Pyll and PyllIl, again likely reflected mixed analyses
due to incomplete replacement of Pyl by Pyll and PyIIl.
Fluid mixing is most likely the mechanism responsible
for the abrupt compositional changes of the pyrite-forming
fluids (e.g., Large et al. 2009). The oscillatory zones of PylIl
are interpreted to result from mixing between hydrothermal
fluids from different origins or from fluids that had under-
gone phase separation at depth and episodically invaded the
hydrothermal system. Under such changing physico-chemi-
cal conditions of the ore fluids, incorporation of high levels
of As, Au, Sb, and Tl into the pyrite lattice is favorable (e.g.,
Huston et al. 1995). Dissolution and re-precipitation and
replacement mechanism can also result in the compositional
variations in pyrites (e.g., Cook et al. 2009). Ore textures
as revealed by the BSE images suggest that Pyl and Pyll
underwent partial replacement by later pyrite generations.
The precipitation of coarse galena and sphalerite following
PyllI requires an external fluid source to provide the base
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metals. It is unclear to which extent the Au that coprecipi-
tated with these phases was provided by these external fluids
or sourced locally by the widespread dissolution of As- and
Au-rich Pyll. Likely both processes resulted in element re-
distribution and gold endowment in the Gidami deposit.

Hydrothermal muscovite and ore fluids

One of the noteworthy features of the mineralized veins at
Gidami is the relatively high modal proportion and coarse-
grain size of hydrothermal muscovite deposited in the veins.
Muscovite is also present as a hydrothermal alteration prod-
uct in the adjacent host rocks, which is a common feature
associated with gold-bearing quartz veins in similar settings.
But coarse muscovite deposited within the veins themselves
is less common, and is reminiscent of quartz-muscovite
veins associated with peraluminous granitoids, as well as
late-stage veins associated with the highly-fractionated root
zones of porphyry systems (Runyon et al. 2017, 2019). In
these latter systems, coarse muscovite veins are generally
reported only in the deepest portions of the intrusive bod-
ies, and fluid inclusions in the veins indicate that coarse
muscovite was deposited by aqueous-carbonic fluids of low
salinity. Runyon et al. (2017) noted that deposition of mus-
covite within such veins implies that Al was mobilized in the
hydrothermal fluid, and this probably reflects relatively high
(~lithostatic) fluid pressures at least in some cases (Runyon
et al. 2019). At Gidami, we interpret that the fluids respon-
sible for deposition of the coarse muscovite veins were low-
salinity carbonic-aqueous fluids rich in CO,. Although fluid
inclusions of this type are mostly secondary or of uncertain
origin, we stress that these inclusions are very abundant and
widespread in the coarse-grained muscovite veins, whereas
other types of fluid inclusions are absent. Moreover, it is
important to note that muscovite was commonly deposited in
microfractures that crosscut earlier formed quartz (see ESM
Fig. S2A), which implies that secondary inclusions in quartz
are representative of the fluids that deposited this muscovite.
Multiple lines of evidence are consistent with relatively high
fluid pressures during vein deposition, including the fluid
inclusion isochores, populations of decrepitated fluid inclu-
sions, as well as the TiO, mineral inclusions in quartz.
Moreover, mineral inclusions of TiO, and muscovite
within the vein quartz are both consistent with deposition at
relatively high temperatures and from muscovite-saturated
fluids. We interpret that the acicular TiO, inclusions, con-
firmed as anatase by Raman spectroscopy (and interpreted
as former rutile that inverted to anatase), represent rutile
needles exsolved from originally Ti-rich quartz upon cool-
ing. As a result of this exsolution, we cannot apply the Ti-
in-quartz thermobarometer quantitatively, but we can make
some general remarks. Wark and Watson (2006) suggested
that the lower practical limit for Ti-in-quartz thermometry

(based on the analytical detection limits for Ti homogene-
ously distributed in rutile-free quartz) is ~400 °C, which is
close to the estimated temperatures based on graphite crys-
tallinity reported here. However, in contrast, our results at
Gidami show that the quartz must have been significantly
enriched in Ti compared to this lower limit, to allow for the
exsolution of rutile (now anatase) needles. Thomas et al.
(2010) showed that Ti solubility in quartz increases with
increasing pressure (and temperature), and Antignano and
Manning (2008) showed that Ti solubility in aqueous flu-
ids also increases with increasing pressure; hence, the most
straightforward explanation for the elevated Ti concentration
in the Gidami vein quartz is as a result of relatively high
fluid pressure. As noted above, this is also consistent with
our interpretation of the fluids being muscovite-saturated
and depositing coarse hydrothermal muscovite within the
veins (Runyon et al. 2017, 2019).

Cathodoluminescence imaging of the vein quartz pro-
vides clear evidence of multiple re-opening (and re-sealing)
of the veins (Fig. 5). Similar phenomena have been previ-
ously reported for vein paragenesis at the Samut orogenic Au
deposit in Egypt (Zoheir et al. 2019¢) and were interpreted
as showing a general progression from relatively high fluid
pressure early in the paragenesis, through to ultimately rela-
tively low (hydrostatic) pressure towards the late stages of
vein evolution.

Carbonic-aqueous inclusions at Gidami have bulk compo-
sitions and densities similar to the gold mineralizing fluids
reported in numerous studies of orogenic deposits previously
(Bodnar et al. 2014; Zoheir et al. 2019¢; Li et al. 2020).
Indeed, the three-phase (liquid-liquid-vapor) inclusions
described here (Fig. 12) show a remarkable resemblance
to those reported by Zoheir et al. (2019¢) from the Samut
gold deposit. These latter inclusions show essentially the
same ranges of compositions and densities (though, lower
estimated trapping temperatures) as fluid inclusions reported
from amphibolite-facies metamorphic rocks by Worthington
et al. (2020).

The three-phase carbonic-aqueous inclusions occur
together with monophase carbonic inclusions that contain
CO,, CH, and graphite (Fig. 12). The co-occurrence of
these three carbon species together within the same indi-
vidual fluid inclusions suggests likely redox reactions dur-
ing the fluid evolution. Huizenga (2011) summarized a
number of potential processes that can lead to deposition
of graphite from carbonic-aqueous fluids, including fluid
mixing between CO, and CH,, and decreasing tempera-
ture. At Gidami, the coeval three-phase carbonic-aqueous
inclusions and apparently monophase carbonic ones may be
interpreted as evidence of mixing, particularly because the
known phase equilibria generally do not predict the coeval
entrapment of three-phase carbonic-aqueous inclusions and
monophase carbonic inclusions by phase separation (Li
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et al. 2020). That said, it is also possible that graphite was
deposited within the CO,-CH, fluid inclusions as a result of
cooling to ambient temperature. Interestingly, if we combine
the temperature estimated based on graphite crystallinity
(~300-350 °C; Beyssac et al. 2002) with the calculated iso-
chores of the carbonic-aqueous fluid inclusions, this yields
an estimated pressure range that overlaps with that implied
by the carbonic inclusion isochores (Fig. 14). Specifically,
the isochores of the carbonic-aqueous fluid inclusions sug-
gest a pressure range of ~ 1-1.7 kbar; whereas the carbonic
(CO,-CH,) inclusion isochores yield an estimate pressure
range of ~ 1-1.2 kbar. And notably, the isochores of the latter
carbonic inclusions represent minimum estimates, because
they do not account for the contribution to bulk density by
graphite within the inclusions.

Many of the carbonic-aqueous fluid inclusions con-
tain optically resolvable, birefringent crystals of calcite
(Fig. 12D). We do not interpret these calcite grains as true
daughter minerals because they show different volume frac-
tions between inclusions in the same clusters and assem-
blages, and because the solubility of calcite in low-salinity,
carbonic-aqueous fluids is generally too low to allow for

precipitation of calcite daughter minerals at the conditions
estimated for mineralization at Gidami (Brooks and Steele-
Maclnnis 2019). Instead, we surmise that these calcite grains
represent heterogeneously entrapped calcite. This implies
that the mineralizing fluid was calcite-saturated, which
is consistent with our observations of calcite (generally
together with muscovite and pyrite) within the veins.

Geochronological and thermochronological results
and extensional collapse

The present contribution presents new zircon U-Pb age data
for trondhjemite (703.6 +2.5 Ma) that hosts the Gidami gold
deposit. Mylonitization and recrystallization in the host
rocks was intimately related to formation of quartz veins in
the mine area, but more broadly, these same structures were
linked to extensional deformation by sinistral wrench tec-
tonics that deformed most of the CED (~620-585 Ma; e.g.,
Fritz et al. 1996; Zoheir et al. 2015, 2018, 2021). Therefore,
the pressure, temperature, and time of mineralization are
relevant to the timing of deformation and un-roofing/cooling
of the larger region.
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Fig. 14 A Simplified geological map of the Central Eastern Desert
and location of the Gidami gold deposit in relation to the major
extensional wrench structures (modified from Greiling et al. 2014;
Zoheir et al. 2019a, b, ¢, 2021). Notice the wrench shears and exten-
sional fault surrounding the core complexes and the molasse sedi-
ments basins (Hammamat Group). B Pressure—temperature diagram
showing the calculated solvus and isochores of the carbonic-aqueous
inclusions based on Steele-Maclnnis (2018); an estimated isochore
of the CO,-CH, fluid in the carbonic inclusions based on our Raman
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spectroscopic results and the data of Lin et al. (2007) and Lamadrid
et al. (2017, 2018); and a temperature range estimated from graph-
ite crystallinity according to the Raman spectroscopic analysis and
the empirical calibration of Beyssac et al. (2002). C P-T evolution-
ary paths based on conventional cation exchange thermobarometer
combined with fluid inclusion data for the Meatiq core complex (after
Fritz et al. 2002). Also positioned are the pressure—temperature con-
ditions for the Gidami gold deposit from the present study
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Mesothermal Au-quartz veins typically form at or above
the brittle-ductile transition (180-350 °C; e.g., Phillips and
Powell 2009), consistent with both brittle fracturing and
recrystallization of vein-quartz in the Gidami deposit. Also,
consistent with this temperature range are our new data from
fluid inclusions in quartz that indicate trapping temperatures
of ~300-350 °C. These temperature estimates include sec-
ondary fluid inclusions trapped along healed microfrac-
tures through quartz, and thus imply that fracturing and
re-healing of vein minerals (probably also including pyrite,
which hosts free gold along microfractures) took place at
this temperature range. Therefore, we estimate the approxi-
mate formation temperature of the Gidami gold-quartz veins
and associated hydrothermal muscovite to be ~350 °C. The
fluid inclusion data also constrain the pressure of formation
to~ 1—1.7 kbar. Given a density of 2.7 g/cm?, this corre-
sponds to a depth of ~4 to 6 km, and with a typical geother-
mal gradient of 25-30 °C/km, the likely temperature of the
country rocks at the time of veining was between 100 and
200 °C.

The most recent compilation of “’Ar/*’Ar closure tem-
peratures (Tc) indicates a Tc for muscovite of 390 °C. This
closure temperature applies to a very specific set of condi-
tions, including a diffusion domain size of 100 um, and,
importantly, a slow cooling rate of 10 °C/m.y. from above
the Tc. If we apply the same Arrhenius parameters reported
in Schaen et al. (2021) to a sample that cooled more rap-
idly than 10 °C/m.y. the calculated Tc increases. The geo-
logic setting (P-T conditions of mineralization) of the Gid-
ami samples demands that they cooled more rapidly than
10 °C/m.y., and so 390 °C is a minimum Tc for the dated
muscovite grains. As we noted above, fluid inclusion data
suggest mineralization at 300-350 °C at a P of 1-1.7 kbar.
In other words, these 350 °C fluids infiltrated rocks that were
cooler than ~200 °C. The minerals that precipitated from
those fluids to form volumetrically small quartz-muscovite
veins would have thermally equilibrated with the country
rocks in< <1 m.y. at a cooling rate of > > 100 °C/m.y. Even
if these small veins took 1 million years to cool to ambient,
at 100 °C/ m.y. the calculated Tc would be 425 °C for a
100 um diffusion domain size. This Tc is substantially higher
than the formation temperature of the Au-bearing veins and
suggests that the ages of the muscovite closely approximate
the time of crystallization of the veins. Moreover, the agree-
ment of the ages of the coarse-grained (~500 um) muscovite
(GD21, GD35) with the fine-grained (~ 50 microns) musco-
vite (GD-32, GDg) further supports the interpretation that
these ages record the time of muscovite growth in the gold-
bearing veins. Assuming grain size is equivalent to diffusion
domain size, the tenfold difference in grain size between
these coarse and fine-grained samples results in a difference
in closure temperature of ~70 °C—yet the samples record
the same age within limits of error. This is possible either

if both grain sizes formed above but cooled very rapidly
through the closure temperature, or if both grain-sizes of
muscovite crystallized below their (different) closure tem-
peratures. In either case, they record an age that, within lim-
its of error of the measurement (+3 m.y.), is equal to the
time of muscovite crystallization. We therefore interpret the
overlapping ages of the samples to record the time of N-S
oriented fracturing, vein formation and free gold deposi-
tion, and the growth of spatially associated muscovite in
altered wall rock at~583 Ma. The time of muscovite growth
is further linked to gold deposition by the accessory min-
eralogy that accompanies sericitization of the wall rock. In
two of the dated samples (GD-21, GD-32), ecandrewsite,
the Zn analog of ilmenite, is present. Ecandrewsite is not
stable over geologically relevant conditions (Whitney et al.
1993) but is known to occur as a metastable phase in meta-
somatic environments (e.g.Mitchell and Liferovich, 2004;
Espeche and Lira, 2022), and has been suggested as an indi-
cator mineral for Au (Neogi et al. 2017). At Gidami, the
occurrence of this Zn-rich phase in wall rock immediately
adjacent to mineralized quartz veins where gold occurs with
sphalerite links the dated alteration assemblage to post PyIIl
Au + galena + sphalerite mineralization (Fig. 13D).

The SEM investigation of the mineralized quartz veins
and sulfidized wallrock showed abundant disseminated and
coarse-grained fluorite in association with muscovite near
vein-wallrock contacts and in altered host rocks (Figs. 5,
9, 10, 11, and 12). Fluid inclusions most directly associ-
ated with gold deposition have generally low salinity, and
have likely either evolved from the fluorite-bearing fluids
or related to superimposed hydrothermal pulses introduced
on reopened structures. The erratic concentrations of some
granitophilic elements, e.g., Bi, Mo, Sb, Sn, and W, in the
late pyrite generations in the Gidami deposit may suggest a
granitic source (at least sporadically) for the ore fluid (e.g.,
Helt et al. 2014).

In the Fawakhir gold deposit, 40 km south of Gid-
ami mine, Zoheir et al. (2015) reported a Re-Os age of
601 + 17 Ma for gold-associated arsenopyrite in quartz veins.
This age coincides within error with the zircon U-Pb age of
the Fawakhir granite (598 +3 Ma; Andresen et al. 2009).
Together with the initial Os isotope ratio (*¥’0s/!380s); of
0.24 +0.07, the abundant Bi, Te, and Sb mineral phases
associated with gold particles along microfractures in the
vein quartz and fragmented sulfides also suggest a likely
magmatic fluid source (Zoheir et al. 2015), possibly domi-
nated the late stages of the hydrothermal system.

Murr (1999) described disseminated inclusions of cala-
verite and hessite in the mineralized quartz veins from
the Gidami deposit and suggested gold deposition from
aqueous-carbonic fluids at <250 °C (Klemm et al. 2001).
Based on fluid inclusion data, Abd El Monsef et al. (2018)
estimated low-pressure conditions (750-850 bar) for gold
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deposition at Gidami. We consider these low temperature
and pressure estimates as probably representing late fluid
pulses during uplift of the mineralized quartz veins.

To the southeast, several orogenic core complexes, e.g.,
Meatiq, Sibai, and El Shalul, are exposed in the CED. In one
model these cores were exhumed to the surface by NW-SE
extensional structures and have been described as metamor-
phic core complexes (e.g.Sturchio et al. 1983; Fritz et al.
1996). Associated with this extension are sigmoidal bends
and intra-montane basins that accommodated late-orogenic
molasse sediments and were intruded by granitic magmas
(Hammamat Group, 620-585 Ma), indicating that extension
was active in the Mid-Ediacaran (Fig. 14A; Bregar 1996;
Fritz et al. 1996, 2002; Neumayr et al. 1998). The Meatiq
Complex is the most proximal (~40 km SE) of these com-
plexes to Gidami. In the Meatiq Complex, *°Ar/*’Ar data
record both active sinistal deformation at~596 to 588 Ma
and rapid exhumation of core rocks from amphibolite to
lower greenschist-facies conditions at~587 to 582 Ma
(Fig. 14B: Fritz et al. 1996, 2002). Within the Meatiq Com-
plex, the late orogenic Arieki granite yielded an age of
590 + 3.1 Ma (Andersen et al. 2009).

The above discussion indicates that infrastructural
rocks of the Eastern Desert near Meatiq were rapidly and
tectonically exhumed in a transtensional environment at
595-580 Ma, and concurrent with this extension was granitic
magmatism. Trondhjemite, which likely forms a component
of a much widespread TTG suite hosting the Gidami deposit
is located structurally above the Meatiq Complex. We sug-
gest that the transtensional tectonic regime that exhumed the
Meatiq Complex also resulted in local mylonitization and
brittle fracturing of the overlying rocks, providing conduits
for gold-bearing hydrothermal fluids.

Evidence of decreasing pressure—temperature conditions
for gold deposition in vein quartz and along secondary frac-
tures in sulfide grains were also reported by Zoheir et al.
(2018) for the Atalla gold deposit (27 km south of Gidami).
For the Atalla deposit, Zoheir et al. (2019b) reported a
“OAr/°Ar plateau age of 601 +5.5 Ma (20) for hydrother-
mal muscovite disseminated in Au-quartz veins. Therefore,
gold mineralization in Gidami (~ 580 Ma) could have been
the last stage of pervasive dynamic interplay of deformation,
magmatic activities, ore fluid percolation in the extensional
tectonic structures (Fig. 14C).

Conclusions

Combined mineralogical, geochemical, and thermogeo-
chronological data suggest a direct connection between
the main stage of Au deposition at Gidami, ore fluid evo-
lution and late microfissuring of sulfide-bearing quartz
veins. Superimposed textures of the mineralized quartz
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veins suggest that ore formation took place in the transi-
tion from the ductile to the brittle regime.

As a result of rapid exhumation, abrupt drop in pres-
sure, cooling and high geothermal gradient, gold precipi-
tation is suggested to have been triggered by successive
fluid circulation as indicated by fine-grained quartz and
non-epitaxial muscovite overgrowths healing interspaces
between early formed quartz veins. Strong rheological het-
erogeneity between the sheared host rock and quartz veins
facilitated microfracturing of the early formed quartz.
Convection of percolating fluids, probably including both
shear-related and hydrothermal fluids associated with the
cooling of shallow intrusive bodies, and Au mobility (at
T <350 °C and P~ 1-1.7 kbar) was promoted by intermit-
tent fluid pluses and by localized heat anomalies by the
abnormal cooling rate of the terrane. This assumption is
verified by abundant free gold specks and seams in micro-
fractures in deformed pyrite grains. Discrete dissemina-
tions and veinlets of fluorite and calcite superimposing the
coarse-grained muscovite and strongly fragmented quartz
could have been linked to localized heat flow related to
concealed (late A-type granitic) intrusions, common in
the vicinity of the mine area.

Extension-induced exhumation of the nearby amphibo-
lite-facies Meatiq core complex from ~ 10 km depth to near
surface levels and cooling from > 500 down to 350 °C are
suggested to have taken place at around 596582 Ma. The
newly determined “°Ar/*°Ar age of hydrothermal musco-
vite from the auriferous quartz veins (~ 583 Ma) suggests
Au mineralization concomitant with rapid cooling and
thermal re-equilibration by extensional tectonics stimu-
lated by late Ediacaran orogenic collapse in the Eastern
Desert of Egypt.
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