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Abstract

This study investigates the genesis of gold mineralization at the Rodruin prospect in the cen-
tral Eastern Desert (CED) of Egypt, with the aim of constraining the relative contributions
of metamorphic and magmatic fluids to ore formation. Gold mineralization at Rodruin is
hosted by quartz—carbonate veins emplaced within a shear zone that transects low-grade
metasedimentary sequences intruded by Ediacaran post-tectonic granitoids. It exhibits
characteristics transitional between orogenic turbidite-hosted and polymetallic vein-type
mineralization. Although metamorphic devolatilization is interpreted to have generated
the dominant ore-forming fluids, adjacent granitoid intrusions acted primarily as a thermal
engine, with only a limited direct input of magmatic-hydrothermal fluids. This interpreta-
tion is supported by the occurrence of magmatic-affiliated mineral inclusions (monazite,
cassiterite, and zircon) coupled with generally low concentrations of trace elements typi-
cally enriched in granitic magmatic-hydrothermal fluids (Sb, Bi, Mo, W, Sn, Nb, and Ta),
collectively indicating a subordinate magmatic contribution. Rare earth element (REE) pat-
terns of the ore samples closely resemble those of the nearby granitoids, displaying LREE
enrichment; however, a distinct positive Eu anomaly is restricted to the ore assemblages
and is attributed to hydrothermal feldspar alteration supporting magmatic involvement
in ore formation. Carbon and oxygen isotope compositions (§!3C = —6.6 to —2.36%o;
5180 = +15.7 to +19.7 %), together with REE signatures comparable to primitive mantle
values and textural evidence for synchronous sulfide—carbonate precipitation, manifested
by rhythmic banding of carbonates and sulfides unequivocally indicate a hydrothermal—-
metasomatic origin. Collectively, these lines of evidence support a hybrid metamorphic—
magmatic model in which gold and associated base metals were predominantly transported
by metamorphic fluids, whose mobilization and focusing were enhanced by the thermal in-
fluence of Younger granitic intrusions, whereas magmatic-hydrothermal fluids contributed
only a minor proportion to the overall metal budget.

Keywords: Rodruin; gold; polymetallic vein-type deposits; orogenic gold deposits; REE;
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1. Introduction

The Eastern Desert (ED) of Egypt has long been recognized as one of the world’s
most prolific ancient gold-producing regions. To date, approximately 246 gold deposits
and occurrences have been documented across the ED and Sinai Peninsula [1]. The gen-
esis of gold mineralization in this province has traditionally been explained by two end-
member genetic models. The magmatic-hydrothermal model attributes mineralization to
fluids exsolved during the late-stage crystallization of granitoid intrusions [2], whereas
the metamorphic-devolatilization model links gold transport to metamorphic fluids re-
leased from volcano-sedimentary and ophiolitic sequences during the collisional events
that constructed the Arabian—-Nubian Shield [3,4]. Exceptional orogenic gold deposits
may also form from fluids derived from chemical reactions associated with hydrocarbon
degradation [5]. Nevertheless, growing evidence from global analogous demonstrates that
ore-forming systems commonly involve fluids derived from multiple sources (e.g., [6-8]).
In this context, the Rodruin mineralization exhibits features characteristic of both turbidite-
hosted orogenic and polymetallic vein-type gold deposits. Given the substantial differences
between these deposit types in terms of grade, tonnage, and exploration strategies, a precise
genetic classification of the Rodruin system is critical for effective resource evaluation and
exploration targeting.

The Rodruin prospect was initially identified by Aton Resources, a Canadian gold
exploration company, in December 2017 through integrated remote sensing and geochemi-
cal surveys, which also documented remnants of ancient underground mining along the
South Ridge, particularly within the Central Buttress area [9]. Subsequent grab and channel
sampling, followed by reverse circulation (RC) drilling, confirmed the presence of high-
grade gold mineralization, with assays reaching up to 12 g/t Au from gossanous carbonate
zones [10]. Further evidence of exceptional gold enrichment was reported from ancient
workings on the North Ridge, where a later sample returned an assay of 321 g/t Au [11].
Harraz et al. [12] demonstrated that Au-Zn (Ag—Cu-Pb) mineralization is structurally con-
trolled, occurring predominantly within shear zones developed along lithological contacts
and fold hinges, and affecting carbonate units and intensely altered metasedimentary rocks.
In contrast, stratiform Zn—-Ag (+Pb—Cu) mineralization is restricted to dolomitic-sideritic
and carbonaceous pyritic shale horizons. Variations in Zn ratios among ore zones further in-
dicate the involvement of Zn-saturated but Pb-undersaturated hydrothermal fluids, rather
than a Pb—Zn-rich volcanic source [13].

This study integrates detailed field observations, petrographic analysis, and com-
prehensive geochemical investigations to elucidate the genesis and evolution of gold
mineralization at the Rodruin prospect, which is hosted by metamorphic rock assem-
blages intruded by granitoid bodies. Particular emphasis is placed on evaluating the
relative contributions of metamorphic devolatilization and granitoid-derived magmatic
fluids to ore formation. Using Rodruin in the central Eastern Desert (CED) of Egypt
as a representative case study, the specific objectives of this research are to: (1) delin-
eate the geological, structural, and lithological controls governing gold and associated
base-metal sulfide mineralization; (2) reconstruct the physicochemical conditions of ore for-
mation through integrated petrographic, mineralogical, and alteration studies; (3) constrain
the sources and evolutionary pathways of ore-forming fluids using whole-rock, mineral-
chemical, and isotopic signatures of associated carbonate phases, thereby discriminating
between metamorphic and magmatic contributions; (4) establish the temporal relationships
among regional metamorphism, deformation, granitoid emplacement, and gold deposition;
(5) evaluate the roles of fluid-rock interaction and fluid mixing in triggering gold precipi-
tation; and (6) develop a robust, integrated genetic model for the Rodruin prospect that
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can be extrapolated to analogous gold-bearing terranes throughout the Arabian-Nubian
Shield, with direct implications for regional-scale exploration strategies.

2. Methodology

Petrographic and ore mineralogical investigations were performed on 42 polished thin
sections using transmitted and reflected light microscopy with a polarizing microscope
(Leica DM750P, Leica, Amsterdam, The Netherlands). Detailed characterization of ore and
host rock mineral chemistry was carried out on polished thin sections using a MERLIN
scanning electron microscope (Zeiss, Oberkochen, Germany) equipped with an Oxford
Instruments INCAx-act energy-dispersive X-ray spectrometer (EDS) at the Institute of
Chemistry, Saint Petersburg State University, St. Petersburg, Russia. Analytical measure-
ments were conducted under operating conditions of 30 kV accelerating voltage, a spot
size of 40-45 pm, and a working distance of 10-14 mm.

After standard crushing, splitting, pulverization, and homogenization, 17 representa-
tive samples of metasediments, carbonates, and ores were analyzed for major oxides and
approximately 30 trace elements, including REEs. Major oxides were determined using
a XRF spectrometer (PHILIPS X-UNIQUE II, PHILIPS, Amsterdam, The Netherlands) at
Southern Federal University (Rostov-on-Don, Russia), while trace and REE concentrations
were measured by ICP-MS (ELAN-6100, PerkinElmer, Norwalk, CT, USA) at the Institute
of Mineralogy, Geochemistry, and Crystal Chemistry of Rare Elements (IMGRE), Moscow,
Russia, with a detection limit of 0.005 ppm. Accuracy and reproducibility were ensured
through the use of certified reference materials (e.g., USGS standards like AGV-2, BHVO-2)
and repeated analyses. REE concentrations were normalized to primitive mantle values
following [14] to facilitate source interpretation and comparison across lithologies.

Ten hand-picked carbonate fractions (mainly calcite veins) were analyzed for carbon
and oxygen isotopes to determine their origin. Isotopic analyses were performed using
a mass spectrometer (Thermo-Finnigan Deltaplus, Waltham, MA, USA) at IGEM-RAS
(Moscow). Calibration was based on international (V-PDB, V-SMOW) and laboratory
standards (NBS-18, NBS-19, MCA-8, ATC-1). CO, was extracted from carbonates via
orthophosphoric acid digestion [15]. Sample sizes averaged 0.35 mg, and replicate measure-
ments showed analytical precision of £0.1%. for 513C (PDB) and 4-0.2%. for 580 (SMOW),
ensuring high confidence in the isotopic data.

3. Regional Geological Setting

The Egyptian basement complex constitutes the northern segment of the Arabian—
Nubian Shield (ANS) and represents the northeastern continuation of the East African
Orogen. The ANS, recognized as the world’s largest expanse of juvenile Neoproterozoic
crust, was assembled through the accretion of intra-oceanic volcanic arcs along ophiolitic
suture zones during the convergence and collision of East and West Gondwana, culminating
in the closure of the Mozambique Ocean [16,17].

Basement rocks of the CED (Figure 1) are organized into three principal structural
floors that developed during two prolonged tectono-magmatic cycles [18]:

(a) Tonian structural floor.

This floor is represented by migmatitic granitic gneisses forming the cores of large
gneiss domes, such as Meatiq and Sibai. U-Pb zircon ages indicate initial formation between
744 £ 10 and 719 & 10 Ma [19], although younger ages around ~631 Ma reflect subsequent
tectono-thermal rejuvenation during later Pan-African events [20,21].
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(b) Cryogenian structural floor.

This floor comprises metavolcanic sequences dated at ~712 Ma [22], with inferred
protolith ages approaching ~750 Ma [23], reflecting widespread island-arc magmatism and
associated volcaniclastic deposition.

(c) Ediacaran structural floor.

This youngest floor includes the Hammamat molasse-type sediments
(585 4+ 15 Ma; [24]) and the Dokhan volcanic suite, dated between 592 and 630 Ma [25],
which collectively record post-orogenic sedimentation and volcanism.
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Figure 1. (A) Geological map of the central and part of northern ED around Meatiq dome, show-
ing the main rock units of ED; (B) Stratigraphic sequence of CED basement complex and related
intrusions (After, [18]). Legend: 1—Melanocratic, medium- to high-grade gneisses and schists;
2—metasediments (metamorphosed shelf sediments with pyroclastics); 3—Serpentinites, talc-
carbonate and related rocks; 4—Metagabbro; 5—Metagabbro to metadiorite undifferentiated;
6—Intrusive Metagabbro to metadiorite; 7—basic metavolcanics; 8—felsic to intermediate metavol-
canics with metapyroclastics; 9—undifferentiated metavolcanics; 10—Older granitoids (Calc-
alkaline quartz diorite to granodiorite); 11—Younger granitoids (alkaline alkali-feldspar granite);
12—Hammamat clastics (Molasse-type conglomerates to siltstone); 13—Andesitic Dokhan volcanics;
14—Rhyolitic Dokhan volcanics (or post-Hammamat felsite); 15—Fresh gabbro, norite and troctolite;
16—Post-Hammamat felsite, felsite porphyry and quartz porphyry; 17—trachyte plugs and sheets;
18—Phanerozoic sedimentary cover.

The first tectono-magmatic cycle was dominated by subduction-related processes
that generated ophiolitic assemblages and island-arc terranes subsequently accreted to
the continental margin [26]. During this cycle, mafic to ultramafic intrusions—including
serpentinites, amphibolites, and metagabbro—diorite complexes—were emplaced between
788 £ 13 and 736.5 & 1.2 Ma [20]. These were followed by intrusion of I-type Older Gran-
itoids, principally tonalites and granodiorites, into the metavolcanic sequences between
~750 and 614 Ma [20,27].
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The second tectono-magmatic cycle corresponds to post-collisional crustal exten-
sion and lithospheric thinning, which produced the Dokhan volcanic suite and volumi-
nous Younger Granitoids of predominantly A-type affinity. These granitoids—including
syenogranites, alkali-feldspar granites, and subordinate granodiorites—intruded all pre-
existing units, including the Hammamat sediments, between ~610 and 550 Ma [28-34].

Gold mineralization in the ED is fundamentally controlled by this lithological het-
erogeneity and the structural architecture imposed by Pan-African tectonism. Favorable
host rocks include ophiolitic ultramafic-mafic complexes, island-arc metavolcanic and
volcaniclastic sequences, and syn- to late-tectonic granitoids [35-38]. These lithologies un-
derwent greenschist- to amphibolite-facies metamorphism during the Pan-African orogeny,
resulting in the development of regional thrust systems and crustal-scale shear zones that
focused metamorphic fluid flow. Consequently, gold mineralization is predominantly
orogenic in style and is localized along major transpressional and transtensional shear
zones, particularly at lithological boundaries that facilitated brittle-ductile deformation,
quartz-vein emplacement, and efficient gold precipitation [35,39,40].

In many sectors of the ED, gold mineralization is both spatially and genetically linked
to late- to post-orogenic granitic intrusions. Gold-sulfide assemblages are commonly hosted
within felsite dikes, silicified zones, and pervasively altered granitoids, reflecting the opera-
tion of hydrothermal systems driven by post-subduction magmatism [41]. Emplacement
of granitoid bodies provided a sustained thermal input and locally introduced magmatic
fluids, thereby enhancing fluid circulation and promoting gold precipitation along pre-
existing shear zones and lithological boundaries [2]. Structural control is dominated by
major elements of the Najd Fault System, particularly NW-SE and NNW-SSE-trending
shear zones, which serve as principal conduits for mineralizing fluids. These structures
host auriferous quartz veins and associated sulfide assemblages—most notably pyrite and
arsenopyrite—within zones of intense brittle-ductile deformation [42].

4. Geology of the Rodruin Prospect

The Rodruin prospect is located in the CED of Egypt between latitudes
26°20'-26°20'20" N and longitudes 33°31'20"-33°32" E (Figure 2a,b). It occupies
a ~7 km-wide structurally controlled corridor situated between the Kab Amiri and El-
Eradiya granitic plutons and lies approximately 1.5 km west of the Kab Amiri intrusion.
The area is readily accessible via Wadi Boholg, which branches from the western margin
of the Kab Amiri pluton, as well as through subsidiary valleys extending northward from
Wadi El-Saqia to the south.

Geologically, the Kab Amiri-Rodruin area forms part of the Neoproterozoic Pan-
African nappe assemblage and is characterized by a complex association of dismem-
bered ophiolitic fragments, island-arc metavolcanic sequences, and granitoid intrusions
(Figure 2a). Comparable lithological assemblages elsewhere in the ED are well known to
host significant gold mineralization (e.g., [37]), commonly attributed to hydrothermal fluid
circulation and metamorphic devolatilization focused along major structural discontinu-
ities. Within the CED, these discontinuities are primarily associated with transpressional
and transtensional deformation regimes, which facilitated granitoid emplacement and the
development of extensive hydrothermal alteration systems [43,44].
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Figure 2. Geological maps of (a) Wadi Kab Amiri Area, and its surroundings, Eastern Desert, Egypt
(modified after [45—48]) and (b) the Rodruin prospect (West Wadi Bohlog area) after [9].

Metasedimentary successions of the ED exhibit flysch-like characteristics and are dom-
inated by pelitic to psammito-pelitic units, metagreywackes, metasiltstones, and subordi-
nate metaconglomerates. These sediments were deposited in arc-related basins—including
inter-arc, intra-arc, and back-arc settings—along an active continental margin during the
Neoproterozoic. Subsequent arc—arc and arc—continent collision events resulted in in-
tense deformation and regional metamorphism, attaining lower- to upper-greenschist
facies conditions [49,50].

At Rodruin, the host rocks are dominated by dolomitic metasedimentary sequences
composed principally of metagreywackes, slates, quartzites, and silica—carbonate units.
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These lithologies form an arcuate belt around the southern margin of the Kab Amiri plu-
ton (Figure 2a). The protoliths are interpreted to have been derived predominantly from
epiclastic sources rather than volcaniclastic material, despite minor volcanic activity docu-
mented near the South Ridge (Figure 2b). The stratigraphic succession comprises: (a) basal
metagreywackes and quartzites; (b) interbedded slates, including gossanous, carbonated,
and argillic varieties; (c) silica—carbonate rocks; and (d) an upper cap of gossanous carbon-
ates. Isolated klippen of Younger Felsic Metavolcanics are locally preserved within the
metasedimentary sequence (Figure 2b). Additionally, rhyolitic lapilli tuffs crop out along
the North Ridge, and the sedimentary succession is intruded by north-south-trending
andesitic dykes.

Carbonate units at Rodruin locally exhibit well-preserved stromatolitic textures, in-
dicating deposition in shallow, relatively stable marginal marine environments. This
sedimentary origin contrasts with carbonate occurrences at the nearby Hamama prospect,
where carbonate rocks have been interpreted as hydrothermal-metasomatic in origin and
subsequently modified by meteoric water interaction [51,52].

The slates at Rodruin are grayish-green to reddish-brown, strongly foliated, and lo-
cally hematized, exhibiting microfolds and shear-induced microfaults infilled with clay
and diagenetic gypsum (Figures 3-5). Progressive shearing reoriented quartz and phyl-
losilicate grains into elongate forms, imparting a distinctive pinstriped texture. At higher
stratigraphic levels, carbonate-slate intercalations host silica—carbonate and talc—chlorite—
carbonate rocks, which are frequently mineralized with malachite and chrysocolla along
foliation planes (Figures 4a and 5c).

Carbonate assemblage
of the southern ridge

foliated folded slates

Figure 3. Field photographs of the Rodruin prospect, (a) General view of South Ridge showing it
steep dip, the yellow line represent a NW-oriented normal fault plane juxtaposing carbonates against
metasediment; (b) Ancient underground mine workings targeting auriferous quartz veins in the
Aladdin’s Hill; (c) Intercalation of carbonates with slates in the upper section of the metasediments;
(d) Slate showing pencil structure, strong foliation and minor folding; (e) Gossanous carbonates at
the top of south ridge where spiral pit is located; (f) small quartz vein (dashed lines), in the Aladdin’s
Hill, cut in carbonates which show exfoliation.
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(a) ——25cm,|(b) ————25Cm

——25Cm

(c) —————25cm/|(d)

Figure 4. Variations in rock coloration resulting from alteration processes and mineralogical composi-
tion: (a) green coloration produced by malachite along foliation planes of slates; (b) white coloration
due to zinc carbonate minerals and brown hues resulting from iron hydroxides; (c) auriferous quartz
veins exhibiting yellow limonite staining; (d) red coloration caused by hematite formed after the

oxidation of iron sulfides.

Figure 5. Photomicrographs for Rodruin metasediments, (a) fine-grained foliated slate with chlorite,
and sericite defining the foliation; (b) fine veinlites of calcite invading the foliation plane in the slate;
(c) malachite in between lamella in slate; (d) metagreywacke with fine-grained clay-size matrix and
large phenocrysts of quartz; (e) Quartzite with recrystallized and sheared quartz grains; (f) Iron oxide
solutions highly invaded metasediments, (g) alternative bands of fine and coarse-grained calcite in
carbonate rocks; (h) Sheared quartz in carbonate rocks; (i) Rhombs of dolomite and iron oxides of

carbonate rocks.
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Auriferous, gossanous quartz veins with an E-W orientation occur within both slates
and carbonate units at Aladdin’s Hill and the western Rodruin area. Metagreywackes
and quartzites south of Aladdin’s Hill display quartz- and mica-rich graded laminations.
Overlying carbonate units, dipping approximately 20° NE, form dense, iron-stained beds
tens of meters thick, extending over an area of ~1.2 x 0.6 km (Figure 2b). These units host
iron- and base-metal-enriched zones that form a gossanous cap. An isolated rhyolitic dome
(~100 x 200 m) in the northwestern sector represents a remnant exposure of the Younger
Metavolcanic nappe [10].

Metasedimentary and mafic metavolcanic rocks south of the Kab Amiri granite
are tectonically emplaced alongside small ophiolitic ultramafic bodies and intruded by
older granodioritic plutons to the north, as well as by several younger granitoid bod-
ies of variable composition. The dominant Kab Amiri pluton comprises a central bi-
otite granite core encircled by garnetiferous two-mica granite. It intrudes ultramafic
and serpentinized lithologies that were tectonically emplaced over sheared metavolcanic—
metasedimentary assemblages [48]. To the west, the El-Eradiya Younger granite transitions
from syenogranite in its western margin to monzogranite eastward [34], whereas the Abu
Gaharish Younger granite, composed of hornblende-biotite granite, occurs northeast of the
Kab Amiri pluton [37].

5. Mineralization and Structures

Gold mineralization at the Rodruin prospect is tectonically controlled and closely asso-
ciated with transpressional Najd fault system-related shear zones. These shear zones acted
as pathway corridors for the hydrothermal fluids. Repeated reactivation and rejuvenation
of such tectonic elements enhance the permeability and promoting gold deposition during
late Neoproterozoic deformation.

Geological analysis and drilling activities (Aton Company) at the Rodruin prospect
delineate a large structurally controlled mineralized system developed along NW-oriented
major shear zone. The strike of this shear zone extends for 1-1.2 km length, ~500 m in
width, and reaching an estimated vertical continuity of 200-250 m. This system hosts an
inferred mineralized tonnage of 200-300 Mt. Mineralization is dominantly confined to
dolomitic carbonate rocks affected by intense shearing, where it occurs as disseminated
and pod-shaped sulfide assemblages enriched in Au, Ag, Zn, and locally Cu. At sur-
face, mineralization is expressed as strongly weathered, gossanous, gold-rich carbonate
rocks, marked by pronounced supergene enrichment in Zn—Cu-Pb. Primary gold is pre-
dominantly associated with pyrite and chalcopyrite within quartz—carbonate lodes and
phyllically altered metasedimentary host rocks, with the highest gold grades concentrated
around Aladdin’s Hill. In contrast, gossans developed along the South Ridge are character-
ized by exceptionally high zinc contents locally exceeding 30%, yet remain depleted in Cu,
Pb, and As. Surrounding wall rocks exhibit intense hydrothermal alteration, dominated
by carbonatization, chloritization, and sericitization, particularly along and adjacent to
auriferous vein contacts.

The prospect’s rugged topography comprises two circular hills—Aladdin’s Hill (east)
and the northern Hill with two ENE-trending ridges separated by the Central Valley
(Figure 3a). These two ridges appear as horst block, developed between two NW-oriented
normal faults. Faults define the tectonic contacts between lithological units, particularly the
WNW-trending major fault along the South Ridge, marking the boundary between footwall
slates and hanging-wall carbonate units. These carbonates dip ~20° NE as dragged beds
overlying the slates. NW-trending foliation, stretching lineation, and minor folds are well
developed in the footwall slates. It is worth noting that the footwall carbonate assemblage
are developed as dragged folds whilst the hangingwall slates show NW-oriented foliation,
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stretching lineation, and minor folds. Another NW-striking normal fault represents the NE
boundary of the northern ridge, juxtaposing the Carbonate assemblage against the slates.

Mineralization is structurally controlled by parallel NW-WNW shear zones formed
during transpressional deformation associated with the Najd fault system [53]. Ore fluids
migrated along foliations and carbonate vugs, producing auriferous quartz veins and
widespread hydrothermal alteration zones in green (Figure 4a), brown, white (Figure 4b),
yellow (Figure 4c), red (Figure 4d), and black (Figure 4b) hues—reflecting variable fluid
chemistry and mineralogy. Evidence from auriferous quartz-rich zones on the North Ridge
suggests a separate, higher-grade phase of mineralization (Figure 4c). The permeability
of slates and metagraywackes enhanced fluid flow and metal mobility, especially Cu and
Mn. Overall, the mineralization is interpreted as post-metamorphic, forming during late
ductile-brittle deformation within structurally focused shear zones.

6. Host Rock Petrography
6.1. Clastic Metasediments

The Rodruin prospect hosts a diverse suite of epiclastic metasedimentary rocks, in-
cluding slates, quartzites, and metagreywackes, frequently interbedded with carbonate
units. These rocks display variable grain size, metamorphic grade, and relative proportions
of quartz, phyllosilicates, and clay minerals.

Slates are fine-grained and exhibit well-developed, continuous slaty foliation
(Figure 5a—c). The matrix is composed of clay, quartz, sericite, and chlorite aggregates,
along with opaque minerals—predominantly hematite—and locally crosscut by fine car-
bonate veinlets (Figure 5b). Foliation is defined by the alignment of mica, chlorite, and
clay minerals, and is occasionally accentuated by malachite, iron oxides, or carbonate
infill (Figure 5c). Detrital quartz grains are generally sub-rounded, and evidence of brittle
deformation is recorded as fractured quartz grains and fragmented muscovite ribbons. Col-
lectively, these characteristics indicate that the slates likely originated through low-grade
regional metamorphism of volcanic tuffs and ash-rich epiclastic sediments.

6.2. Metagraywackes and Quartzites

Metagreywackes at the Rodruin prospect are poorly sorted and composed of sub-
rounded sand-sized grains of quartz, feldspar, and lithic fragments, with subordinate
mica and chlorite. These clasts are set within a fine-grained matrix consisting of clay
minerals, comminuted quartz, chlorite, sericite, epidote, and carbonates (Figure 5d). Dis-
seminated pyrite occurs as cubic grains and is frequently oxidized to iron oxides along
grain boundaries.

Quartzites are dominated by quartz, with minor feldspar and carbonate, and com-
monly exhibit reddish-brown iron oxide staining (Figure 5f). Two samples display medium-
grained granoblastic textures, whereas a recrystallized sample exhibits foliation-parallel
stretching, interlocking serrated grains, and variable grain sizes ranging from coarse
(0.5-2 mm) to fine (0.001-0.01 mm) (Figure 5e). These features indicate recrystallization
under low- to medium-grade metamorphic conditions with differential stress contributing
to foliation development.

6.3. Carbonate Rocks

Mineralogical analysis of carbonate rocks at Rodruin allows classification into
five distinct types:

(a) Pure non-mineralized carbonates (Samples 25-RO, GPS-35, GPS-84), composed pre-
dominantly of calcite and dolomite with minor talc (Figures 5i and 6c).
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(b) Mineralized or gossanous carbonates (Samples 5-RO, 15-RO), consisting of calcite,
dolomite, and ore minerals or their alteration products (oxides/hydroxides).

(c) Silica—carbonate rocks (Sample 48-RO), dominated by calcite and quartz (Figure 5h).

(d) Carbonated metasediments (Samples 10-RO, 13-RO, 18-RO, 23-RO), comprising calcite,
dolomite, clay minerals, and minor talc.

(e) Talc—carbonate rocks, composed of dolomite, calcite, and talc (Figure 6e).

Figure 6. (a-f) Photographs of half-core samples (about 10 cm in diameter, red and white measuring
approximately 2.5 cm) from the Rodruin prospect showing mineralogical, micro-structural and
textural features, and (g,h) Photomicrographs for core samples (f), (b), respectively. (a) Oxidized
sulfides, clay, gypsum, and carbonate deposited along a shear zone in volcaniclastic metasediments;
(b) massive sulfides, mainly of pyrite and sphalerite, with an intensely folded fine quartz vein;
(c) successive banding of carbonate in the core, metasediments in the central part, and sulfides
in the outer part; (d) brecciation of carbonates and metasediments and both cut by a chalcopyrite
vein; (e) dolomitic carbonates are altered to talc (circled) in vugs and along fractures; (f) sulfides
locally replaced and digested the carbonates, leaving relict fragments preserved as clasts; (g) clasts of
pyrite (Py) and chalcopyrite (Ccp) in quartz-carbonate matrix; (h) massive ore with sphalerite (Sph)
containing inclusions of galena (Ga), pyrite, and chalcopyrite.

Calcite occurs in two generations: large subhedral grains and fine anhedral grains,
with some euhedral crystals exhibiting rhombohedral cleavage. Dolomite rhombs are
euhedral, zoned, and commonly display iron oxide precipitates along cleavage planes
(Figure 5i). Most carbonate units are dolomitic, often contain quartz, and are iron-stained
in the oxidation zone. Talc—carbonate assemblages are uncommon and typically restricted
to deep, structurally deformed, or faulted zones. Observed textures include colloform,
spherulitic, and banded varieties; banded carbonates exhibit variable grain sizes (Figure 5g)
and locally host framboidal pyrite, indicative of late-stage precipitation under low-energy,
cavity-controlled conditions.
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7. Ore Mineralogy and Paragenesis

The fresh ore at Rodruin is dominated by pyrite and sphalerite (Figure 6b-h,
Figure 7a,b and Figure 8), with subordinate chalcopyrite (Figure 7c,j). Two pyrite gen-
erations are distinguished: (a) primary, large subhedral grains, and (b) secondary sieve-
textured porphyroblasts filling voids in dissolved carbonate host rocks. Massive sulfide
zones from deeper cores are predominantly sphalerite (Figure 6b,fh). Carbonates and
carbonate-bearing ores frequently contain mineral inclusions derived from felsic magmatic-
hydrothermal sources, including cassiterite (Figure 7i), monazite (Figure 7g), xenotime
(Figure 7h), zircon (Figure 7k), and cinnabar (Figure 7j).

Figure 7. SEM images showing mineralogy of host rock metasediments, carbonates and ore minerals,
(a,b) mineralogy of fresh ore; (c—f) mineralogy of ore from oxidation zone; (g-k) mineral inclusions in
carbonates and ores sourced from felsic magmatic rocks; (1) mineral inclusions sourced from mafic
rocks; (a) Euhedral pyrite (Py) with inclusions of galena (Ga) in quartz-carbonate matrix of fresh
ore; (b) Pyrite hosting sphalerite (Sph) in fresh ore; (c) patches of reworked iron oxide minerals
with quartz and fine inclusions of chalcopyrite; (d) oxidized mineral aggregates (Ma) of variable
composition along grain boundary of calcite (Cal); (e) Oxidized pyrite framboids to hematite (Hm)
within cavity left by pyrite; (f) botryoidal pyrolusite (Ps) filling fracture in carbonates; (g) Monazite
(Mnz) grain within quartz, (h) inclusions of xenotime (Xen), and rutile (Rt) in carbonates of calcite,
dolomite (Dol), and ankerite (Ank), (i) Cassiterite (Cst) grain in between quartz grains; (j) Quartz grain
hosting inclusion of acanthite (Acn), cinnabar (Cn), zincite (Zn), chalcopyrite (Ccp), and hematite;
(k) Aggregate of zircon (Zr) hosted in carbonate; (1) grain of polarite? (Plr) Pd(Bi,Pb) (ultramafic-
sourced mineral) in a gossanous matrix of quartz and montmorillonitic clay (Mnt).
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Figure 8. SEM images with EDX analysis (At. %) of gold- and silver-bearing minerals, (a) fine
electrum (Elc) grain (20 x 30 um) along the boundary between pyrite and chalcopyrite, (b) Selenium-
bearing acanthite (Acn + Se) in carbonates, and (c) Tellurium-bearing acanthite (Can + Te) along the
boundary of quartz and carbonates.
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Galena and chalcopyrite commonly occur as inclusions within sphalerite (Figure 7h),
whereas minor sphalerite is interstitial to pyrite (Figure 7b), indicating a paragenetic
sequence in which pyrite and chalcopyrite crystallized first, followed by sphalerite and
galena. Cassiterite is occasionally interstitial between quartz grains or positioned between
pyrite and chalcopyrite (Figure 7i). Cinnabar occurs intergrown with acanthite as fine
inclusions within quartz and late pyrite (Figure 7g). Gold occurs as fine interstitial electrum
grains (~20 x 30 um) containing approximately 22 at.% Ag, preferentially localized along
pyrite—chalcopyrite grain boundaries (Figure 8a). Silver is most commonly present as
native silver, Se-bearing acanthite (Ag,S; Figure 8b), and as tellurium-bearing acanthite
(Figure 8c), with subordinate occurrences of the silver telluride hessite (Ag,Te).

Sulfide and oxide minerals at Rodruin are closely intergrown with carbonate phases
(Figure 6¢c—g) and, less frequently, with quartz (Figure 7j), as observed in both core sam-
ples and under polarizing and scanning electron microscopes. Textural relationships are
complex and vary between samples. In some cores, evidence of carbonate dissolution
by ore-forming fluids is apparent (Figure 6f), whereas in others, sulfides preferentially
precipitate along the rims of carbonate bands (Figure 6¢,e). Microscopically, pyrite and chal-
copyrite are commonly hosted within a quartz—carbonate matrix (Figure 6g), suggesting
either overlapping crystallization or a sequential paragenesis in which carbonate deposition
and sulfide precipitation were closely linked.

The paragenetic sequence of ore and host mineral assemblages at the Rodruin prospect
(Table 1) was reconstructed through a systematic evaluation of microscopic textural rela-
tionships, including cross-cutting, replacement, overgrowth, and inclusion features. This
interpretation was further constrained by mineral growth habits, identification of succes-
sive crystallization stages, field-scale observations of vein cross-cutting relationships, and
the consistency of geochemical signatures across mineral phases.

The evolution of mineralization can be subdivided into four principal stages that
postdate the deposition of the host sediments within an active orogenic setting. The initial
stage corresponds to arc-arc suturing accompanied by greenschist-facies metamorphism
under a compressional tectonic regime. During this phase, metamorphic fluids mobilized
gold, accompanied by a limited sulfide assemblage dominated by early pyrite (Py-I), with
subordinate chalcopyrite and tellurides, precipitated at moderate temperatures.

Subsequently, granitoid intrusion triggered two successive stages of sulfide mineral-
ization. The first, high-temperature stage was characterized by the deposition of pyrite-II,
chalcopyrite, and cassiterite, and was contemporaneous with intense carbonation of the
metasedimentary host rocks. This stage reflects enhanced fluid-rock interaction driven by
elevated thermal gradients associated with magmatic emplacement.

The final stage coincided with the late crystallization of the granitoids and involved the
circulation of lower-temperature hydrothermal fluids. These fluids precipitated sphalerite
and galena, with minor chalcopyrite, cinnabar, and xenotime, marking the waning phase
of hydrothermal activity and the completion of the Rodruin mineralization sequence.

At the surface, carbonate and metasedimentary rocks exhibit extensive oxidation of
primary sulfides (Figure 7c—f). More resistant sulfides, such as pyrite and chalcopyrite,
persist, whereas less stable minerals have been largely transformed into oxides and hydrox-
ides, including hematite, goethite, pyrolusite (Figure 7{), litharge (PbO), cuprite (Cu,0O),
and zincite (ZnO). Mixed aggregates of Fe, Mn, Mg, Zn, and Cu oxides and hydroxides
are widespread within carbonate units (Figure 7d), reflecting post-depositional reworking
and supergene enrichment. Secondary carbonates, including malachite and rhodochrosite,
were identified using SEM-EDX analyses. Non-metallic phases comprise calcite, quartz,
dolomite, and subordinate barite, clay minerals, and talc (Figure 7c—f).
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Table 1. Paragenetic sequence of the Rodruin mineralization.

Metamorphism | Early magmatic Late
Host Rock & Primary fluids & Supergene
. . Hydrothermal .
Formation Sulfide Carbonate . Alteration
. .. X Fluids
Mineralization Formation

Quartz P - -

Mineral

Plagioclase
K-feldspar =~ [ T

Clay Minerals i
Chlorite ——

Epidote

Muscovite

Pyrite I

Chalcopyrite
Gold

Hessite

Acanthite

Monazite

Pyrite II

Cassiterite @ | 1 Feeeeemmmm e oo
Calcite |
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Talc
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Galena

Cinnabar ----

Xenotime
Hematite/Goethite —
Malachite

Cuprite

Zincite

Litharge | & b femm e e o

Pyrolusite

Note: the thickness of the lines is proportional with abundance of the mineral in the rock.

8. Results of Geochemical Analyses
8.1. Whole-Rock Geochemistry

Seventeen ICP-MS analyses were conducted on rock samples from the Rodruin
prospect, including metasediments (10 samples: three slates, three carbonated slates, four

metagraywackes), carbonate rocks (three samples), gossanous ores (two samples), and
fresh ore (two samples) (Table 2).
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Table 2. XRF analyses of major oxides and ICP-MS analyses of trace and REEs of the studied samples. Minus values mean below this value.
Metagreywackes Slate Carbonated Slate Silica-Carbonate Pure Carbonate Gossanous Ore Fresh Ore
11Rh 4RO 2Rh 4Rh 13Rh  21Rh  27Rh 23Rh 22Rh 18RO 1RO GPS-35 GPS-84 8RO 16Rh 12RC 10RC
Major Oxides (wt.%)

SiO, 6374 6081 6513 7347 4629 6319 49.34 58.66 51.66 34.56 13.5 2.22 7.2 15 40.82  13.63 1.96
Al,O3 1083 1057 13.12 13.8 18.63 1475 1555 13.21 15.23 8.34 0.36 0.74 242 0.24 1333  7.84 0.09
Fe; O3 6.82 5.71 5.92 3.35 8.15 6.11 7.61 5.82 6.35 8.29 412 3.25 3.08 34.26 2244 3278  24.85
MgO 7.72 3.64 6.77 1.27 6.79 1.58 12.77 3.29 2.57 5.41 10.58 12.21 7.64 11.67 9.29 5.54 13.14

CaO 2.88 5.66 1.86 0.28 0.24 4.04 0.2 8.82 8.78 18.67 45.53 4423 40.73 23.61 0.18 12.53  39.33
MnO 0.07 0178  0.068 0.2 0.05 0.08 0.09 0.09 0.07 0.24 0.103 0.258 0.209 0.883 0.068 0.112  0.046
Na,O 0.46 0.43 1.28 15 0.45 19 0.12 1.39 3.62 1.86 1.07 1.32 0.94 0.54 2.22 0.18 0.06

K,O 0.35 0.51 0.48 0.65 2.49 0.55 0.22 0.22 0.92 0.39 0.22 0.54 0.24 0.03 0.11 1.25 0.01
TiO, 0.62 0.23 0.53 0.3 0.73 0.41 0.34 0.44 0.5 0.42 0.01 0.01 0.01 0.05 0.13 0.33 0.02
P,0s5 0.06 0.06 0.05 0.05 0.1 0.07 0.06 0.08 0.06 0.05 0.04 0.06 0.04 0.02 0.03 0.02 0.02
Total 9355 8779 952 9487 8392 9268  86.3 92.02 89.76 78.23 75.53 64.84 62.51 72.8 88.62 7421  79.52

Trace Elements (ppm)
Be 0 0 0178 035 0884 0772  0.369 0.37 0.751 0.393 0 0.78 0 0.36 0329  0.29 0.48
v 157.214 46.876 176.096 88.679 195136 128.202 201.961 157917  267.139  129.308 34.464 57.351 39.494 116 185.062 66 9.26
Cr 92791 14.876 28463 19.66 20.799 225.876 29.889 15.214 35.33 26.015 10.553 10.855 5.416 40.468  46.094 89.445 5.32
Ni 22928 9364 10231 8247 71.801 30.801 19.188  11.848 19.758 11.256 12.183 8.573 7.695 3405 18.066 6278  2.89
Cu 22552 6938 201.684 20.208 118.248 90.129 66.153  43.99 98.996 43.19 4.795 17.412 3.929 2585 41972 7540 11558
Zn 383.956 33.841 159.84 88.81 591.287 62.95 194293 89.104 69.028 85.783 38.483 82.965 51.883 64.666  1862.05 101,561 269.52
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Table 2. Cont.
Metagreywackes Slate Carbonated Slate Silica-Carbonate Pure Carbonate Gossanous Ore Fresh Ore
11Rh 4RO 2Rh 4Rh 13Rh  21Rh  27Rh 23Rh 22Rh 18RO 1RO GPS-35 GPS-84 8RO 16Rh 12RC 10RC
Trace Elements (ppm)
Pb 49.268 4289 516  6.098 763 3878 8129 2.982 3.497 8.592 3.474 1.889 4.617 12.36 9.866 14,532 669.27
Ga 15435 2877 15233 15508 21.768 12909 15939  13.231 13.682 11.532 2.224 3.908 1.247 12.581 21531 1256  10.48
As 53.159 14.723 10.234 10.871 11961 29.073 25.757 29.707  29.978 12.085 15.846 29.454 24.902 32.586 10.9 460 17.58
Rb 7117 1457 19131 17513 44.081 22295 2.883 5.035 16.088 8.334 0.573 2.942 0.847 8.58 21.928 473 3.54
Sr 38.608 74.662 73.531 132.651 13.857 118.597 13.158  80.82 89.097  145.765 91.62 73.155 100.218 140.71  42.687 14392 108.54
Y 6.129 4117  4.009 11506 5.883 24.772 2.843 7.256 3.053 11.537 3.907 6.913 2.98 3.58 7961 7582 917
Zr 72681 5306 27.64 95419 57935 30.037 27.354 31.665 8.824 57.15 7.475 16.15 5.63 86.578  90.279 18563 12.33
Nb 1445 0278 0757 2364 1548 0.838  0.296 0.702 0.337 2.256 0.108 0.22 0.093 1.55 2125 1894  0.57
Mo 7.055 6295 6258 6.079 6.096 13.331 0.846 1.374 1.586 7.887 6.163 1.701 0.755 1.28 5414 0585  0.86
W 0.796  0.02 0 0.895 1.057  0.587 0 0 0 0.265 0 0.02 0 0.27 1.053  0.54 0.58
Ag 4 016 0232 0516 2083 0256 1914 0.224 0.367 0.593 0.312 0.944 0.35 3.53 4455 13525 2812
Cd 0.362  0.056 0 0 0.253  —0.005 0.04 0 0.087 0.233 0.315 0 0.291 0.02 0.032 6.819  0.68
Sn 3.622 2957 3411 4114 438 5511  3.319 3.264 3.284 391 3.299 2.612 2.46 3.59 3.746  28.883 12.58
Sb 3408 0361 1193 1587 1391 0738 0.591 0.408 0.705 0.821 0.335 0.447 0.224 0.84 2.091 2587 0.85
Te 0.107 0.132 0166 0249 0466 0074 077 0.172 0.075 0.249 0.205 0.17 0.441 0.23 0.179  20.818 13.27
Cs 0.154 0.181 0305 0379 0.613 0866  0.023 0.091 0.306 0.239 0.044 0.13 0.041 0.541 0.644 0246  0.57
Ba 1937.851 18.975  161.325 269.121 2473.266 131.877 49.124 53.331  173.535  148.989 3.188 99.461 21.506 891.56  865.616 1014  58.47
Hf 1999 0048 0.679 2854 1.844 0.778 0.803 0.867 0.24 1.668 0.053 0.523 0.005 1.25 2.455  0.58 0.02
Ta 0276  0.018 0.142 0423 0282 0159 0.059 0.128 0.028 0.386 0.005 0.036 0.006 0.056 0.424  0.78 0.27
Bi 0.046 0.017 0051 0019 0195 0118  0.05 0.03 0.042 0.134 0.061 0.017 0.016 0.042 0.014  0.04 0.06
Th 0.68 0145 0312 0743 0763 0242  0.299 0.249 0.093 1.096 0.032 0.179 0.051 2.16 1413 0878  0.23
U 1116  0.047 0125 037 0281 0.166  0.158 0.166 0.18 0.338 2.16 0.354 0.333 0.459 0.534 1868 0.73
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Table 2. Cont.
Metagreywackes Slate Carbonated Slate Silica-Carbonate Pure Carbonate Gossanous Ore Fresh Ore
11Rh 4RO 2Rh 4Rh 13Rh  21Rh  27Rh 23Rh 22Rh 18RO 1RO GPS-35 GPS-84 8RO 16Rh 12RC 10RC
REE (ppm)

La 2.757 1513 241 5645 6.023 3352 3.367 0.877 0.951 4.935 0.99 1.813 0.936 427 9176  5.59 7.07
Ce 6.898 3461 6724 16478 14128 9.837  8.508 2.054 2.255 11.829 2.404 4.278 1.752 9.75 23789 13.09  16.21
Pr 0.888 0531  1.021 2514 2033 1522 1.297 0.319 0.356 1.755 0.39 0.635 0.278 1.77 3.437 213 1.92
Nd 3393 2311 4896 1192 8734 7771  6.591 1.775 2.044 8.346 1.651 2.864 1.06 6.26 15212 10.78 7.14
Sm 0746 0.643 1278 2647 2033 2245 1.608 0.66 0.681 2.505 0.473 0.987 0.262 1.53 3473  3.64 2423
Eu 0369 022 0361 0523 0.828 0.623 0.331 0.232 0.267 0.749 0.266 0.312 0.121 0.456 1.069  2.06 1.147
Gd 0.664 0.884 1177 1.829 1616 3328 0.789 0.932 0.797 2.579 0.718 1.028 0.37 1.52 2736 412 2291
Tb 0131 0135 0.147 027 0205 0647 0.072 0.151 0.124 0.408 0.08 0.202 0.066 0.286 0.299  0.808  0.382
Dy 0987 078 0771 1793 1.094 3.788  0.538 1.07 0.709 2.388 0.597 1.142 0.379 1.67 1454 4803  2.295
Ho 0243 0122 0166 0492 0219 087 0.124 0.262 0.138 0.473 0.115 0.245 0.091 0.365 0299 1224 051
Er 0923 0339 0568 202 0715 2797 0.356 0.907 0.418 1.373 0.303 0.684 0.253 1.04 0.925 3445 1785
Tm 0172 0.05 0082 0241 0112 0398 0.078 0.143 0.071 0.24 0.044 0.106 0.041 0.201 0.156  0.501  0.226
Yb 1129 0339 0.567 1.881 0.89 2072 0.557 1.044 0.55 1.584 0.267 0.694 0.27 1.143 1222 342 2125
Lu 0222 0056 0.094 0291 0155 0388  0.09 0.174 0.098 0.222 0.04 0.092 0.04 0.208 0.207 0553  0.255
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8.1.1. Major Elements

Metasedimentary and carbonate rocks at Rodruin exhibit substantial variation in
major-element compositions (Table 1). Silica content in the metasediments ranges from
34.5 wt.% in carbonated slates to 73.4 wt.% in siliceous metagreywackes, with an average
of 56.7 wt.%. Slates generally have lower SiO; (~50.6 wt.%), attributable to their higher
phyllosilicate content, intercalated carbonate layers, and the presence of sulfides and oxides.
Alumina (Al,O3) concentrations are elevated, ranging from 8.3 to 18.6 wt.%, reflecting the
abundance of clay minerals and mica within the matrix.

All metasedimentary rocks at Rodruin are markedly K;O-depleted, averaging
~0.67 wt.%, likely due to feldspar leaching during chemical weathering. Fe,Os
contents range from 3.3 to 83 wt% (avg. 6.4 wt.%), whereas MgO varies
from 1.27 to 12.77 wt.%. Elevated Fe;O3 + MgO concentrations in slates reflect high
chlorite [(Mg,Fe)3(Si,Al)4O19(OH);-(Mg,Fe)3(OH)g] content, while other metasediments are
enriched in iron oxides and pyrite. Variations in MgO are influenced by dolomitic carbonate
intercalation; slates average 5.4 wt.% MgQO, suggesting contributions from post-depositional
dolomitization or mafic detrital input.

The Index of Compositional Variability in Table 3 (ICV = (Fe;O3 + K,O + NayO + CaO
+ MgO + TiO,)/Al,O3) ranges from 0.53 to 4.2, with an average of 1.43, consistent with
deposition in geochemically mature, tectonically active environments [54].

Table 3. Average geochemical characteristic values and ratios of different lithologies and ores.

Slates  Metagreywackes Me tgsz‘firiilents Carbonates Gossanous Ore  Fresh Ore  Overall Ore
Si0; (wt.%) 50.61 65.78 56.68 7.64 21.16 7.79 14.47
Al,O3 (Wt.%) 14.28 12.08 134 1.17 6.78 3.96 5.37
CaO (wt.%) 6.79 2.67 5.14 43.49 11.89 25.93 18.91
MgO (wt.%) 54 4.85 5.18 10.14 9.34 10.48 9.91
Fe; O3 (wt. %) 7.05 5.45 6.41 3.48 28.35 28.81 28.58
Al,O3/Na,O 9.17 13.16 10.3 1.05 491 33.04 7.16
K,0/Na,O 0.51 0.58 0.52 0.3 0.05 5.25 2.14
Icv 1.54 1.22 143 - - - -
>REE 27.02 24.92 26.18 9.8 46.3 50.9 48.96
(La/Yb)n 1.97 2.13 2.03 2.21 3.56 1.54 2.36
(La/Sm)y 1.25 1.44 1.32 1.37 1.57 1.35 1.52
(Gd/Yb)y 1.21 0.94 1.11 14 1.48 0.96 1.11
Eu/Eu* 0.93 0.91 0.92 1.12 1 1.6 1.33
Ce/Ce* 0.98 1.03 1 0.89 0.98 0.96 0.99
Th/U 2.12 1.13 1.56 0.23 3.68 0.39 1.3
Cr/V 0.32 0.33 0.32 0.21 0.3 0.97 0.48
Y/Ni 0.33 0.5 0.37 0.51 0.27 1.65 0.24

Note: Ce/Ce* indicates the Cerium anomaly = Ceyn/+/(Lay + Ndn) and Eu/Eu* is the Europium
anomaly = Eun/+/(Smy + Gdn).

Carbonate units at Rodruin are enriched in CaO and MgO, which together average
53.6 wt.% (Table 3), with Fe,O3 averaging 3.5 wt.%. Variations in iron content likely reflect
differing hydrothermal fluid inputs. Dolomite and magnesite locally host minor Mn oxides
(pyrolusite), interpreted as sedimentary in origin. Strong positive correlations between
CaO and MgO, weak MgO-Fe,O; correlations, and negative correlations between MgO

https://doi.org/10.3390/resources15020029


https://doi.org/10.3390/resources15020029

Resources 2026, 15, 29

20 of 34

and base metals indicate distinct sources for magnesium and metals, with Mg primarily
derived from seawater-influenced dolomitization.

Ore samples from Rodruin are marked by pronounced enrichment in Fe,Os
(average 28.6 wt.%), CaO (18.9 wt.%), MgO (9.9 wt.%), and SiO, (average 14.5 wt.%,
reaching up to 40.8 wt.; Table 3). This geochemical signature reflects the dominance of
pyrite, often preserved as iron oxides within gossanous ores, and disseminated within
silicified dolomitic carbonate rocks, with subordinate silicate contributions derived from
the surrounding metasedimentary host rocks. Strong positive correlations between Fe,Os3
and base metals (Cu, Zn, Pb), as well as As, Ag, and Te (Table 4), are consistent with
petrographic evidence showing a close spatial and genetic association between pyrite and
coexisting base-metal sulfides and precious ore minerals.

Table 4. Correlation matrix for some major and trace elements in Rodruin rocks. Strong positive
correlation index values (>0.5) are given in bold.

SiO, Fe;O3 MgO CaO Cu In Pb As Zr Nb Mo W Ag Sn Sb Te Ta Th 18) IREE
SiO, 1
Fe,0; —0.5 1
MgO —0.68 0.35 1
CaO —085 0.05 0.53 1
Cu —024 054 011 -005 1
Zn —-024 054 —-01 —0.05 1 1
Pb -026 055 —0.09 -0.02 1 1 1
As -025 053 —-01 —0.03 099 099 0.99 1
Zr 026 026 —0.06 —-046 -016 -0.15 -017 —-016 1
Nb 0.19 0.4 —-026 —045 028 029 027 026 0.83 1
Mo 055 —036 —-046 -—037 -027 -027 -028 -028 026 027 1
w 0.2 0.3 —-0.11 -041 012 013 0.12 0.1 0.69 073 035 1
Ag —045 0.64 04 027 037 036 0.4 035 —-0.13 007 —036 0.29 1
Sn —031 0.64 —0.01 003 094 093 095 092 —-018 027 —027 023 0.65 1
Sb 023 034 —-008 —-045 044 045 044 046 053 064 015 069 024 042 1
Te —-041 065 013 017 084 083 086 082 —026 016 —0.38 0.18 0.8 0.97  0.34 1
Ta 0.04 049 —-021 -032 071 071 071 068 039 079 006 066 042 074 072 0.66 1
Th -017 069 016 —022 014 015 014 014 079 076 —0.01 046 0.06 011 041 0.04 041 1
1) —-041 033 025 038 055 056 056 056 —01 009 —-008 012 033 055 038 052 037 0.04 1
IREE -0.01 0.6 —0.02 -032 04 0.4 0.4 035 055 078 018 078 047 052 052 047 082 057 0.13 1

8.1.2. Trace Elements

Metasedimentary rocks at Rodruin are enriched in Mn, V, and Ba. Manganese occurs
predominantly as pyrolusite and, more rarely, as rhodochrosite, vanadium as vanadiferous
oxides, hydroxides, and vanadinite, and barium as hydrothermal barite, typically concen-
trated in oxidation zones associated with sulfide mineralization. Chalcophile elements (Zn,
Cu, Pb, As) display moderate and variable concentrations, ranging from a few ppm up
to 2.5 wt.%, reflecting post-depositional hydrothermal alteration. Elevated Zr (~41 ppm)
suggests input from a felsic protolith.

Carbonate units are enriched in Sr, V, Zn, and As, with strontium occurring as barite
inclusions (up to 2 wt.%). Oxidized sulfides, particularly pyrite and chalcopyrite, host
minor Mn, Co, Nji, V, and Cr. Accessory monazite and xenotime within both carbonates
and metasediments likely reflect wall-rock assimilation or contamination from granitic
sources or introduction via hydrothermal fluids, or could alternatively originate from
metamorphic processes.

Ore samples are strongly enriched in Zn (2.5 wt.%), Pb (0.4 wt.%), Cu (0.2 wt.%), and
Mn (0.2 wt.%), alongside elevated concentrations of Ba, As, V, Sr, Zr, and Ga. Minor trace
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elements typically enriched in granitic magmatic fluids—including Sb, Bi, Mo, W, Sn, Rb,
Be, Y, Nb, and Ta—indicate contributions from magmatic-hydrothermal fluids derived
from surrounding Younger granitic intrusions. Strong positive correlations between base
metals, Ag, As, and elements characteristic of granitic fluids (Table 4) further support a
significant magmatic-hydrothermal component in ore formation.

8.1.3. Rare Earth Elements (REEs)

Rare earth element (REE) concentrations were normalized to primitive mantle val-
ues [14] to assess the sources and evolution of mineralizing fluids (Figure 9). Carbonates
contain 0.8-2 x primitive mantle REE, whereas ores are enriched 4-10x (XREE: carbonates
~10 ppm; fresh and gossanous ore ~49 ppm). Carbonates exhibit REE patterns broadly sim-
ilar to primitive mantle values, with minimal LREE-HREE fractionation ((La/Yb)n ~ 2.2)
and minor positive Eu anomalies, suggesting a partial mantle contribution. In contrast,
elevated REE concentrations in ore samples indicate hydrothermal fluids as the dominant
source (Figure 9a,b).
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Figure 9. (a) Primitive mantle-normalized REE pattern of concentrations of Rodruin carbonates and
ores; (b) Primitive mantle-normalized REE pattern of average concentrations of Rodruin carbonates,
and ore compared to surrounding lithologies including Kab Amiri granitoids, serpentinites and
pyroxenites. Values of normalization from [14], average values for serpentinites from [55], for
pyroxenites from [56] and for granite from [57].
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8.2. Carbon and Oxygen Isotopes

Carbonate samples from Rodruin exhibit §!3C values ranging from —6.6 to —2.36 %o
(average —4.47%o) and §'80 values between +15.7 and +19.72%. (average +18.09%o)
(Table 5), consistent with a metasomatic-hydrothermal origin (Figure 10a). The d13C
values (~—4 to —5%.) suggest minimal contribution from biological carbon, in contrast to
typical terrestrial biomass (—26 =+ 7%o; [58]). Both §!'3C and §'80 values appear largely
unaffected by low-grade greenschist-facies metamorphism of the host metasediments,
preserving the signature of original carbonate deposition. High-temperature processes,
such as amphibolite-facies metamorphism or decarbonation, would be expected to lower
513C and 5'80; however, the Rodruin carbonates closely follow trends characteristic of
marine-influenced carbonate dissolution (Figure 10b; [59-61]).

Table 5. Stable isotopic composition of carbon and oxygen of carbonates separated from the Ro-
druin prospect.

Sample

180

V-SMOW

BC % Carbonate in the

St. Dev. St. Dev. Mineralogy of Whole Sample

PDB Separated Sample

13-RO

18.25

Carbonated slate rich in iron
0.09 —3.67 0.02 49.91 oxides and hydroxides and
carbonate with minor pyrite.

48-RO

19.72

Silica carbonate rock with
0.22 —4.90 0.06 52.44 spherulitic calcite in fine
grained quartz.

20-RO

19.51

Banded carbonates of calcite,

0.03 —368 0.07 61.88 dolomite and rare magnesite.

15-RO

17.45

Gossanous carbonate composed of
calcite, dolomite, quartz with

0.02 —4.82 0.03 64.35 oxides and hydroxides of iron,
manganese, zinc and copper with
minor pyrite.

25-RO

15.74

Pure carbonate composed of

0.01 —571 0.05 8216 calcite and dolomite.

5-RO

17.32

Gossanous silica-carbonate
0.06 —4.18 0.04 87.11 composed of calcite, minor quartz,
pyrite, and hematite.

14-RO

18.29

Gossanous quartzite composed of
quartz, magnetite, rhodochrosite,
pyrolusite, calcite, dolomite, and
mixed mineral aggregate.

0.02 —2.36 0.04 87.31

GPS-84

18.86

Banded carbonates composed of

0.02 -5 0.07 89.70 calcite with minor talc

10-RO

18.73

Carbonated slate composed of
0.00 —4.89 0.04 92.81 dolomite, muscovite, sericite,
and quartz.

23-RO

17.02

Carbonated metagreywacke with

0.04 —6:60 0.04 100.00 calcite, talc and quartz.

Average

18.09

0.05 —4.61 0.05 59.14
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Figure 10. § 180 and & '® C isotopic composition diagrams of the Rodruin carbonates: (a) after [62];
(b) after [63,64].

9. Discussion
9.1. Type of Mineralization (Polymetallic or Orogenic?)

The genesis of gold deposits in the Egyptian ED remains debated, with multiple
genetic models proposed. A prevailing interpretation links quartz and quartz—carbonate—
gold veins to the emplacement of post-orogenic Younger granites, implying a polymetallic
vein-type affinity [35,65]. Almond et al. [66] emphasized that gold deposition coincided
with shearing events during regional cooling following granite intrusion. Other studies
associate mineralization with late Pan-African transpressional tectonics [67,68]. Alternative
hypotheses attribute hydrothermal mineralization either to metamorphic devolatilization,
early Paleozoic magmatic cooling (e), or early Cambrian subduction-related calc-alkaline in-
trusions (e). A complementary interpretation suggests that mineralization originated from
devolatilization of host volcano-sedimentary rocks during orogenic tectonics associated
with arc-arc and arc—continent collisions within the Arabian-Nubian Shield, supporting
classification of Rodruin as a turbidite-hosted orogenic gold deposit [3,37,38].

Turbidite-hosted orogenic and polymetallic vein-type gold deposits share several
characteristics: carbonate-rich host rocks, formation in subduction-related settings, vari-
able host rock ages, structurally controlled vein-type mineralization, similar alteration
mineralogy, low-salinity ore fluids, and comparable '80 values in quartz. However, they
differ in host rock lithology, ore morphology, tonnage, structural regime, gangue and ore
mineralogy, metal associations and zonation, ore textures, fluid inclusion and sulfur isotope
signatures [69]. Accurately distinguishing these deposit types is essential for classifying
Rodruin and understanding its exploration potential (Table 6).
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Table 6. The prominent host rock, ore geological, and mineralogical characteristics of turbidite-hosted
and polymetallic vein-type gold deposits in comparison to Rodruin.

Turbidite-Hosted

Polymetallic Vein-Type

Rodruin

Host rock types

Graywacke sandstone, shale
or pyroclastic and epiclastic
sediments containing
chemical sediments (graphitic
chert, graphitic schist) as
major components and minor
lava [70,71].

Carbonate-rich sedimentary
rocks are the most common
host (dolomite, limestone,
sandstone, and shale)
intruded by intermediate- to
felsic-composition igneous
stocks, dikes, and sills [72].

Carbonate-rich
metasediments (Graywackes,
slate, phyllite) and carbonates

Characteristic features of the
host rock

Deformed and
metamorphosed, Mn-rich
graphite-rich sediments [73].

Carbonates are rich in Zn
and Pb [72,74].

Deformed and
metamorphosed
metasediments. The
carbonates are rich in Zn, Pb,
and locally Mn.

Tectonic setting

Subduction-related
assemblage especially
island arcs [70].

Continental margin and
island arc
volcanic-plutonic belts [74].

Fore arc basin

Host rock age

All ages,
mostly Archean [70,75].

All ages, mostly Mesozoic
to Cenozoic [74,76,77].

Neoproterozoic host rock

Source of fluids

From metamorphic origin
with small contribution from
igneous sources [37,78,79].

Magmatic-hydrothermal
origin; sourced from the
same intrusion [74,76,80].

No evidence for metamorphic
fluids, but small contribution
from igneous origin

Shape and nature of ore

Bedding-parallel laminated
quartz-carbonate veins in
folds and brittle-ductile shear
zones and massive-sulfidic
sedimentary rock [81].

Veins with disseminated,
stockwork, breccia sulfides,
and small massive sulfide
pods in the vein and in
altered wall-rock [74,82].

Bedding-parallel laminated
quartz-carbonate veins in
folds and brittle-ductile
shear zones

Deposit size or tonnage

Usually large (10-20 Mt),
some are small less than or of
order of 1 Mt ore [70].

Small (10,000 T) to very
large (as much as
30-40 MT) [74,76,82].

Large size and tonnage

Grade

High-grade gold specially in
veins that in intersections with
carbonaceous slates [54,81,83].

0.5-10 g/t Au;
average 5 g/t [84].

High grade

Localization of

Structurally and lithologically

Lithologically and structurally
controlled (in areas of high
permeability: intrusive
contacts, fault intersections,

Lithologically and structurally
controlled (in areas of high

mineralization controlled [54,75,78]. and breccia), concentrated in ~ permeability in slate)
zones of local
domal uplift [76,85].
Depth of formation 4-15 km [80]. Shallow, few kilometers depth Not defined

in the crust [77].

Structural regime

Shear Zones in compression to
transpression with

Extensional
tectonic regime [77].

Compression to transpression
with extensional (Shear

extensional [70,86,87]. Zones)
Ore body dipping Steeply dipping [88]. Steeply dipping [77]. Steeply dipping
Pyrite, sphalerite, galena,
Pyrite, arsenopyrite, arg?ntlt.e , electrum :I:g nargite Pyrite, sphalerite,
+sphalerite, £chalcopyrite +digenite, chalcopyrite, chalcopyrite, galena, gold
Ore Mineralogy P ! ’ pyrrhotite, tetrahedrite, barite, ! ’ ’

+galena, +pyrrhotite,
and gold [83,87,89-91].

hessite, petzite,
pyrargyrite &bornite
+arsenopyrite [72,92].

Cassiterite, Cinnabar,
silver-telluride
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Table 6. Cont.

Turbidite-Hosted Polymetallic Vein-Type Rodruin

Metal association Au, Ag, As, Fe, Pb, Zn, +Cu, ‘[i\{; BZILSIXSMX;&CZI Cu Au, Ag, Fe, Zn, Cu,

+Sb, +Bi-Te-W [81,90,93-95]. U, Au, Ag [77,80,96]. Pb, As, Sb, Sn
. . Distinct metal
Metal zonation Absent (No zoning) zonation [80,97]. Absent
Carbonatization,
de-silicification, sericitization, = Chlorite- sericite, Carbonatization,
Alteration mineralogy chloritization, silicification, and Chloritization, silicification,

tourmalinization, and
albitization [81,98].

carbonate alteration [80,85].

and talc alteration

Gangue mineralogy

Quartz, ankerite, chlorite,
sericite, carbonaceous
matter, with

subordinate plagioclase [87].

Calcite, quartz,
and fluorite [84,92,96].

Quartz, calcite, dolomite,
ankerite, chlorite, barite,
feldspar, and rhodochrosite

Ore texture

Laminated-banded,
disseminated, and small
massive pods

Colloform, disseminated, and

Laminated-banded [99]. massive textures [80].

Polymetallic vein-type deposits, also referred to as carbonate-replacement deposits,
are typically characterized by quartz—carbonate veins containing Ag-Pb-Zn disseminated
sulfides, with subordinate Au and Ag. They form from high-temperature magmatic
fluids related to felsic hypabyssal intrusions, usually hosted in sedimentary (commonly
carbonate) units within metamorphic terranes [76,100,101]. While some aspects of this
definition resemble Rodruin, the high-temperature magmatic nature of ore-forming fluids
at Rodruin remains unconfirmed.

Although polymetallic veins generally require sedimentary hosts, Rodruin mineral-
ization occurs within metasedimentary rocks. Polymetallic deposits often exhibit complex
metal zoning and characteristic alteration assemblages [77,97]. For example, the Mole
granite in Australia displays four distinct zonal fields: central wolframite-bismuthinite
mineralization surrounded by cassiterite, arsenopyrite, and chalcopyrite, with sphalerite—
galena at the periphery [97]; such zonation is absent at Rodruin.

Polymetallic vein deposits commonly form in continental-margin and island-arc
volcanic—plutonic belts under extensional tectonics [77]. In contrast, Rodruin mineral-
ization is confined to shear zones, reflecting compressional to transpressional tectonics [12].
Additionally, polymetallic veins are typically associated with Mesozoic—Cenozoic magmatic
intrusions [74,76,77], whereas Rodruin’s Younger granites are Neoproterozoic [23]. Despite
these differences, polymetallic vein deposits share several similarities with Rodruin, includ-
ing diverse ore textures (disseminated, stockwork, breccia, massive) and strong structural
and lithological control over high-grade ore localization [76,80].

Mineral inclusions derived from felsic magmatic intrusions—such as monazite, zircon,
cassiterite, and rutile—and trace elements typically enriched in granitic magmatic fluids
(Sb, Bi, Mo, W, Nb, Ta, Sn) occur in both mineralized and non-mineralized carbonates and
ores, with minor presence in clastic metasediments. This distribution suggests a possible
contribution from magmatic-hydrothermal fluids; however, it could alternatively be ex-
plained by wall-rock assimilation or metamorphic processes. Primitive-mantle-normalized
REE patterns of Rodruin ores correlate closely with Kab Amiri granitoids but not with mafic
units such as serpentinites and pyroxenites (Figure 9b), indicating minimal contribution
from mafic intrusions. Positive Eu anomalies in the ore are consistent with hydrothermal
processes [102] or interaction with basement lithologies [103], whereas the distinct REE
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signatures of serpentinites and pyroxenites imply that metals were primarily sourced via
metamorphic devolatilization of the metasedimentary host rocks.

Orogenic (lode or mesothermal) gold deposits are typically classified based on host
rock into turbidite-, greenstone-, and BIF-hosted types [39,81,104]. These systems form
under compressional to transpressional deformation in regionally metamorphosed belts
at convergent boundaries, where shear zones enhance fluid permeability and facilitate
gold deposition [39,105,106].

Rodruin exhibits many features characteristic of turbidite-hosted gold deposits. It
is hosted in metamorphosed clastic sediments deposited in a subduction-related island-
arc environment [49,81], and the host rocks are Mesoproterozoic-Paleoproterozoic in age.
Mineralization is controlled by bedding-parallel quartz—carbonate veins, folds, brittle—
ductile shear zones, and sulfide-bearing sedimentary horizons, reflecting both structural
and lithological controls. Rodruin combines large tonnage with high-grade gold, com-
parable to known turbidite-hosted deposits [54,70,81]. The ore assemblage is dominated
by pyrite with minor base-metal sulfides, gold, and accessory minerals such as cassi-
terite, cinnabar, and silver-tellurides, consistent with the relatively simple mineralogy
of turbidite-hosted systems [83,87,89,91]. Metal associations (Au, Ag, As, Fe, Pb, Zn,
+Cu, £5b, occasionally +Bi-Te-W) and the absence of clear zonation further support this
classification [81,90,93-95]. Gangue mineralogy, dominated by quartz and carbonates, is
also consistent with turbidite-hosted deposits.

Temperature constraints for ore formation, inferred from regional thermobarometry
and analogues in the ED, suggest metamorphic devolatilization of ophiolitic and metasedi-
mentary rocks occurred at 370-560 °C and 400-500 °C, respectively [3,4]. When combined
with geochemical (trace element and REE) and isotopic evidence, these data strongly
support a mixed metamorphic-magmatic fluid model for Rodruin.

9.2. Origin of Carbonate Rocks

The intercalation of carbonate rocks with metasedimentary units at the Rodruin
prospect represents a complex feature that requires detailed investigation of their origin,
tectonic setting, and relationship with ore and basement lithologies. To address this, we in-
tegrated field observations, mineralogical analyses, major- and trace element geochemistry,
and stable isotope (C and O) studies.

Carbonation of mafic and ultramafic rocks via CO,-rich fluids is a well-documented
process that produces secondary carbonates and associated minerals [107]. Talc occurs
locally within shear-zone fractures and is interpreted as a product of carbonation, resulting
from hydrothermal fluid interaction with mafic components of metasediments or with
dolomite. Mineralized carbonates at Rodruin vary in ore content, with iron as the dominant
metallic component.

Geochemically, the carbonates are primarily dolomitic and enriched in Mg, Fe, and
Si. Representative major oxide compositions for samples GPS-84, GPS-35, 8RO, and 1RO
are: CaO ~ 36 wt.%, MgO ~ 13 wt.%, Fe,O3 ~ 11 wt.%, and SiO; ~ 6 wt.%. Elevated
concentrations of metals (Fe, Cr, Ni, Co, Cu, Mg, Mn, V, Zn, Cd, Au, Ag, As, Y, REEs) and
non-metals (Ba, Sr) suggest either hydrothermal crystallization or interaction with adjacent
basement lithologies.

All carbonate-bearing rocks—including non-mineralized, gossanous, and ore-bearing
carbonates—display similar REE patterns, albeit with varying abundances and anoma-
lies, highlighting hydrothermal fluids as the primary source of REEs. Primitive-mantle-
normalized REE patterns are generally flat, indicating a mantle contribution, while the
average (La/Yb)y ratio (~2.21) and high MnO (~0.2 wt.%) are consistent with transport
and crystallization in fluid-dominated hydrothermal systems [108]. Positive Eu anomalies
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in carbonates likely reflect either substitution of Ca?* by Eu?* from hydrothermal fluids or
interaction with basement lithologies [103], a pattern commonly observed in submarine
hydrothermal and massive sulfide systems [18,102,109-111]. Minor negative Ce anomalies
suggest influence from meteoric water.

Field and petrographic observations show banded and colloform textures, as well as
well-developed zoning in dolomites, indicating that the carbonates preserve their original
geochemical signature and were largely unaffected by subsequent low-grade greenschist-
facies metamorphism. Stable isotope data further constrain the fluid regime: §'3C val-
ues are light and homogeneous, consistent with hydrothermal derivation and negligible
contribution from organic or sedimentary carbon sources. Heavy §!3C values suggest
elevated biological productivity in a confined, redox-stratified marine environment [112].
§180 values (+15.7 to +19.7%o, V-SMOW) are consistent with high-temperature aqueous
fluids, suggesting interaction between metamorphic and magmatic fluids. These values
plot predominantly within the hydrothermal-metasomatic carbonate field, with a few
samples approaching sedimentary freshwater compositions, possibly influenced by quartz
or surface water during late alteration. Comparable §'80-§!3C trends have been reported
for hydrothermal carbonates in the Hamama VMS deposit and other ED settings [51,113].

Low Th/U ratios (0.01-0.5) in carbonates and ore indicate depletion of large-ion
lithophile elements in mantle-derived fluids, consistent with processes such as crustal ex-
traction [114]. CO;, derived from metamorphic devolatilization of carbonate-rich metasedi-
ments likely played a significant role in ore-fluid composition. Decarbonation reactions
during Pan-African orogenic metamorphism would release CO,-rich fluids capable of
modifying fluid chemistry and promoting mineral precipitation. Minor interaction with
magmatic-derived fluids further supports a hybrid metamorphic-magmatic origin for the
ore-forming system.

Integrating field, petrographic, geochemical, and isotopic evidence supports a
hydrothermal-metasomatic origin for Rodruin carbonates, with minor modification by me-
teoric fluids. CO,-rich hydrothermal fluids circulated through basement rocks during the
Neoproterozoic, facilitated by deformation and metamorphism, and were trapped in veins,
dykes, and alteration zones. Hydrothermal activity occurred in at least two overlapping
stages: an initial stage forming silica—carbonate rocks, followed by sulfide mineralization
with gold. These events postdate host rock formation and are temporally associated with
the crystallization of Ediacaran (~600 Ma) post-tectonic granites.

9.3. Genesis and Evolution of Ore-Forming Fluids

Regarding ore-forming fluids, most studies favor a metamorphic origin (e.g., [115])
or a hybrid metamorphic-magmatic source [12,35,65], although fluid composition likely
varies among different mineralization events. Multi-sourced ore fluids are now widely
recognized as a hallmark of many hydrothermal systems, reflecting the complex interplay
of fluids from multiple reservoirs during mineralization. Ore fluids commonly comprise
varying proportions of magmatic, metamorphic, basinal, and meteoric components, which
may interact both spatially and temporally along structurally focused conduits such as
shear zones, faults, and fractures. For instance, Augustin and Gaboury [6] identified
four hydrothermal events and at least two distinct fluid reservoirs contributing to gold
deposition in multiple deposits, highlighting both magmatic and metamorphic fluid con-
tributions. Magmatic fluids primarily provide heat, metals, sulfur, and volatiles, whereas
metamorphic fluids, released during devolatilization, are typically HyO-CO,-rich and
highly effective at transporting gold and associated metals over regional scales. Basinal and
meteoric fluids may act as metal-leaching or diluting agents, modifying fluid composition,

https://doi.org/10.3390/resources15020029


https://doi.org/10.3390/resources15020029

Resources 2026, 15, 29

28 of 34

redox state, and pH, thereby promoting precipitation through fluid mixing, cooling, and
fluid—rock interaction [6-8].

The mineralization at the Rodruin prospect evolved through a multi-stage paragenetic
sequence reflecting the progressive interaction of metamorphic, magmatic-hydrothermal,
and supergene processes. The earliest stage involved the deposition of clastic host sedi-
ments dominated by quartz, feldspars, and clay minerals within an active orogenic setting.
Subsequent arc—arc collision initiated regional greenschist-facies metamorphism and de-
volatilization of the metasedimentary rocks, generating metamorphic fluids that migrated
along arc—arc suture zones and shear zones, leading to the formation of orogenic gold
mineralization. Ore deposition during this stage was characterized by the crystallization
of primary pyrite and chalcopyrite, accompanied by gold and silver minerals, including
hessite and acanthite. During the Neoproterozoic, the emplacement of Younger granitoids
introduced magmatic fluids that caused extensive carbonation of the metasediments and
contributed minor felsic magmatic minerals, such as monazite, cassiterite, and zircon, to
the ore system. Continued release of late-stage hydrothermal fluids from the granitoids
resulted in additional sulfide mineralization dominated by relatively low-temperature as-
semblages, including sphalerite, galena, and locally cinnabar. Finally, prolonged supergene
alteration and oxidation of the sulfide-rich ore body at surface led to the development
of a well-defined gossanous cap composed mainly of hematite, goethite, cuprite, zincite,
and litharge.

A regional comparison with other Egyptian gold deposits, particularly the Abu
Marawat orogenic gold system, provides additional context. Abu Marawat is charac-
terized by structurally controlled, quartz-vein-hosted gold along contacts between mafic to
intermediate metavolcanics and overlying volcaniclastic units, closely associated with shear
zones and brittle-ductile deformation. Rodruin and Abu Marawat share similar host rock
associations, vein-controlled mineralization, alteration assemblages (carbonate, sericite,
chlorite, silica), and ore mineralogy dominated by pyrite with subordinate base-metal
sulfides. Fluid inclusion and electron microprobe studies at Abu Marawat indicate low-
to moderate-salinity aqueous to aqueous—carbonic fluids, consistent with orogenic gold
systems, with gold and base metals mobilized from surrounding mafic rocks by fluids
potentially sourced from granitoid intrusions [116].

Similarly, at Rodruin, metamorphic fluids carried the bulk of gold and base metals,
facilitated by thermal input from the Kab Amiri Younger granite, while magmatic fluids
contributed only minor amounts to the overall metal budget. This hybrid fluid—metal model
provides a robust framework for interpreting Rodruin’s mineralization and underscores
its significance within the Egyptian segment of the Arabian—Nubian Shield. Overall, the
mineralogical, geochemical, structural, and isotopic characteristics of Rodruin are most
consistent with orogenic gold deposits, with minor magmatic contributions supporting a
hybrid metamorphic-magmatic origin for the ore-forming fluids [12,117].

10. Conclusions

1. The Rodruin mineralization is a high-grade quartz carbonate Zn-Cu-Pb-(Au) mineral-
ization restricted to NW- and WNW-striking shear zones in metasedimentary rocks
(slates, metagraywackes, and quartzites) with minor exposures of metavolcanics in
a structural corridor between two huge granitic plutons, Kab Amiri to the east and
El-Eradiya to the west.

2. The fresh ore is composed of pyrite, sphalerite, galena, chalcopyrite, rare cassiterite,
cinnabar, native silver, hessite, tetrahedrite, and gold, respectively, in decreasing order.
Non-metallic gangue minerals include quartz, calcite, dolomite, chlorite, barite, and
rhodochrosite. Pyrite is found in two generations: (a) early formed coarse euhedral
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to subhedral grain, and (b) late-stage fine grains related to carbonate formation. The
paragenetic sequence indicates that the earliest mineralization stage was characterized
by the crystallization of first-generation pyrite and chalcopyrite, followed by a later
stage marked by the deposition of sphalerite and galena.

3. The Rodruin mineralizations and associated alteration zones exhibit the characteris-
tic features of orogenic turbidite-hosted gold deposits. Nevertheless, the miner-
alogical and geochemical signatures reveal a discernible magmatic contribution,
suggesting that the ore-forming fluids were derived from a hybrid metamorphic—
magmatic source.

4. The ore is hosted in Neoroterozoic metasedimentary rocks formed in a subduction-
related tectonic environment. The ore body is characterized by large tonnage, high
gold grades, and steeply dipping veins, reflecting a tectonic regime that evolved
from compression to transpression, later accompanied by extensional deformation.
These structural and tectonic features, along with ore mineralogy, metal associations,
and the absence of significant metal zonation, closely resemble turbidite-hosted gold
deposits. However, the widespread occurrence of felsic-magmatic mineral inclusions
in both carbonates and mineralized metasediments, together with the presence of
granitophilic elements in the ores, indicates a strong link between the mineralization
and granitoid activity. Furthermore, the rare earth element (REE) patterns of the
ore closely correlate with those of the Kab Amiri granitoids rather than ultramafic
intrusions, suggesting the contribution of magmatic fluids to ore formation. Collec-
tively, these observations support a hybrid magmatic-metamorphic origin for the
ore-forming fluids at Rodruin.

5. Field, mineralogical, and geochemical characteristics, along with the isotopic com-
position of Rodruin carbonates, point to their crystallization under hydrothermal
conditions with the involvement of metasomatic fluids and their genetic relationship
with ore mineralization.

6.  The ore-forming fluids were predominantly metamorphic in origin and transported
gold and base metals, with their mobilization driven by thermal input from the
Younger Kab Amiri granitic intrusion; magmatic fluids contributed only a minor
proportion to the overall metal budget.
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