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Abstract: The Koudiat Aicha Zn-Cu-Pb deposit (3-Mt ore @ 3 wt.% Zn, 1 wt.% Pb, 0.6 wt.% Cu) in the
Jebilet massif (Morocco) comprises stratabound lenticular orebodies and crosscutting sulfide-bearing
quartz & carbonate veins in the lower Carboniferous Sarhlef volcano sedimentary succession. The
veins are characterized by abundant pyrrhotite, sphalerite, subordinate chalcopyrite and galena
and rare Ag and Au minerals. The stratabound massive sulfide ores are attributed to a “VMS”
type, whereas the origin of the sulfide—quartz + carbonate veins remains poorly understood. New
mineralogical and microanalytical data (SEM, EPMA and LA-ICP-MS) combined with fluid inclusion
results point to two-stage vein formation. The early stage involved C-H-O-N Variscan metamorphic
fluids which percolated through fractures and shear zones and deposited pyrite at >400 °C, followed
by the formation of pyrrhotite and sphalerite (300 & 20 °C) in quartz veins and in banded and
breccia ores. The pyrrhotite-sphalerite mineralization was overprinted by aqueous brines (34 to
38 wt% eq. NaCl + CaCly) that precipitated carbonate and Cu-Pb sulfides (£Ag-Au) at ~180-210 °C
through mixing with low-salinity fluids during tectonic reworking of early-formed structures and
in late extension fractures. The latter ore fluids were similar to widspread post-Variscan evaporitic
brines that circulated in the Central Jebilet. Overlapping or successive pulses of different ore fluids,
i.e., metamorphic fluids and basinal brines, led to metal enrichment in the quartz—carbonate veins
compared to the massive sulfide ores. These results underscore that even a single deposit may record
several distinct mineralizing styles, such that the ultimate metal endowment may be cumulative over
multiple stages.

Keywords: massive sulfide deposit; Cu-Pb-(+Ag-Au)-bearing quartz—carbonate veins; mineral
chemistry; fluid inclusions; ore brines; genetic model

1. Introduction

The Central Jebilet Variscan massif contains several massive sulfide deposits that are
interpreted as volcanogenic massive sulfide (VMS)-type deposits and which have been
mined for Zn-Pb-Cu commodities, making the province an important base metal source
region [1-6]. The Draa Sfar, Kettara and Koudiat Aicha (Figure 1) deposits are the ones
that have been most exploited in recent decades. Mineralization in these deposits consists
of pyrrhotite-dominated subvertical lenses enclosed in volcanosedimentary series. Ore
lenses experienced variable deformation and metamorphism during the Variscan orogeny.
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The genesis of these deposits remains debatable, and hypotheses range from syngenetic
to epigenetic genesis (e.g., [4-11]). Remobilization of sulfides is thought to have been
the main process that led to ore enrichment during the Variscan metamorphic events in
the Central Jebilet massif [10]. Remobilization and upgrading have been emphasized as
playing an important role in the Hajjar deposit, Morocco [12], and elsewhere in the world,
such as the Iberian Pyrite Belt in Spain [13,14], the Falun pyritic-Zn-Pb-Cu-(Au-Ag) deposit
in Sweden [15] and the Kaladawan Zn-Pb-Cu in China [16].

Koudiat
Alch‘? Kettara

Rabat

Morocco
Jebilet

amakesh

Drae; Sfar l Marrakesh

Eastern Jebilet EGentralJa-l:-ile:tE Western Jebilet

I Permian [ Sarhlef series — Carboniferous
[£55] Granitoids-Variscan =5 Ordovician

Kharrouba Flysh - Carboniferous [l Cambrian

I Bimodal volcanic rocks 4 Vein deposits:

SR: Sarhlef; KH: Koudia El Hamra
JH: lbel Haimer; RB: Roc Blanc

C :l Sarhlef series

- Mafic intrusions
- Felsic intrusions
l:l Bramram Granodiorite

W~ Microdiorite dykes

Y Massive sulfide deposits
—— Major faults

Massive sulfide deposits

',i.'/ Vein deposits-occurences

/ Major faults

Figure 1. (A) Location of the Variscan massifs in Morocco (in grey: centro-meridional domain).
(B) Geology of the Jebilet massif ([1], in [2]) and locations of the main VMS deposits, Koudiat Aicha,
Kettara and Draa Sfar, and the main vein deposits, JH: Jbel Haimer (Cu), RB: Roc Blanc (Ag), KH:
Koudia El Hamra (Ag) and SR: Sarhlef (Pb-Zn), from [1], modified. (MSZ: Marrakesh Shear Zone;
WMSZ: West Moroccan Shear Zone; see text for references). (C) Location of Koudiat Aicha and
Kettara massive sulfide deposits and major vein deposits in Central Jebilet (simplified map from [1]).

Lotfi et al. [17] identified a highly deformed vein zone of copper-rich mineralization
lateral to the footwall of massive ore lenses in the Koudiat Aicha deposit. They considered
that the Cu-rich ore veins are expressions of a stringer zone proximal to the feeder stock-
work, typical of the Besshi-type VMS category. On the other hand, Essaifi et al. [10] reported
that such stringer-feeding zones are generally lacking in the Central Jebilet massive sulfide
deposits, including Koudiat Aicha.

Copper-rich quartz vein mineralization (with minor Au and other base metal contents)
has been described in the Draa Sfar Zn-Pb-Cu deposit in the Central Jebilet province [11].
These Cu-rich vein ores were suggested to have an epigenetic origin related to syntectonic
Cu-Au mineralization systems coeval with the Variscan orogeny and associated meta-
morphism [11]. In the Iberian pyrite belt, Chauvet et al. [18] suggested that stockwork
mineralization in VMS-type deposits may actually result from subsequent deformation and
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not necessarily represent a feeder zone. Thus, the nature and origin of stockworks in such
massive sulfide environments should be interpreted cautiously [19].

Several studies describe Cu-Zn-Pb + Ag-Au vein deposits that cut through the
Sarhlef volcanosedimentary series in the Central Jebilet (e.g., Pb-Zn- and Cu-bearing vein
swarms striking E-W in the Jebilet, [1]; the Roc Blanc and Koudia El Hamra Ag-Cu-Pb-Zn
veins, [20,21], respectively; and the Jbel Haimer Cu-polymetallic occurrences [22,23]). The
mineralogical and structural characteristics and the compositions of ore fluids indicate
that these base- and precious-metal-bearing veins are post-Variscan. The formation of
these deposits has been attributed to the circulation of evaporitic brines during the Triassic
extension and the opening of the Central Atlantic Ocean [20].

The genesis of the sulfide vein mineralization at Koudiat Aicha remains controversial,
and questions remain as to whether these veins are related to the massive sulfide mineraliza-
tion and whether they represent processes of Variscan orogeny or post-Variscan extension.
In the present study, we integrate fluid inclusion data with mineralogical and trace-element
geochemical data for an updated genetic model of this mineralization. Unravelling the gen-
esis of the Koudiat Aicha vein ores has implications regarding improving understanding of
the metallogeny of the Central Jebilet and may aid new exploration programs.

2. Geological Setting

The Jebilet Variscan massif extends 170 km E-W and 7 to 40 km N-S (Figure 1) and
is subdivided into three lithotectonic domains: Western, Central and Eastern Jebilet [1].
Eastern and Central Jebilet are separated by the Marrakesh Shear Zone (MSZ) [24]. The
West Moroccan Shear Zone (WMSZ) separates Western from Central Jebilet (e.g., [24,25])
(Figure 1B). The Jebilet series was formed in an intra-continental rift basin [26], where
marine sediments deposited in an anoxic environment during the Late Devonian and Early
Carboniferous [27,28].

Central Jebilet is dominated by the Carboniferous Sarhlef metasedimentary series
(Upper Visean—-Namurian: presence of Posidonomya becheri Bronn [29]). This series consti-
tutes a thick succession (>1000 m) of argillites alternating with siltstone, sandstone and
locally felsic and mafic tuff, overlain by carbonaceous argillites and limestones [2,4,6,30].
The Sarhlef series is intruded by pre-orogenic bimodal magmatic rocks and calc-alkaline
granodioritic plutons [1,2,30,31]. Pre-orogenic mafic—ultramafic rocks are represented by
ultramafic cumulates, gabbro and dolerite that did not generate significant contact meta-
morphism [1]. Cogenetic felsic plutonic rocks (dated at 330.5 =+ 0.68-0.83 Ma, zircon U-Pb
age [32]) are alkaline monzonitic microgranites that induced contact metamorphism reach-
ing the hornblende-hornfels facies [31-33]. Calc-alkaline granodioritic plutons (Figure 1)
have been dated at 330.5 & 0.7 Ma (zircon U-Pb age [32]), 327 + 4 Ma (Rb-Sr on whole
rock [34]). Recent dating of granodiorite gave an age of 358 &= 7 Ma (Tabouchent-Bamega
plutons) and 336 + 4 Ma (Oulad Ouaslam pluton) (U-Pb LA-ICP-MS dating on zircon [35]).
The granodiorite intrusions induced contact metamorphism to the pyroxene-hornfels fa-
cies [1,36,37]. They are cut by leucogranitic intrusions dated at 297 £+ 6 Ma (Bramram
pluton [38]) and 295 £15 Ma [34] (Rb-Sr method on whole rock), accompanied by contact
metamorphism (hornblende-hornfels facies).

From the Late Carboniferous to the Early Permian, the Sarhlef sedimentary series
experienced the Variscan orogeny composed of two deformation stages, referred to as D1
and D2 [35]. The D1 compressive event consisted of a likely N-S shortening accompanied by
folding and emplacement of allochthonous nappes, coeval with the development of a weak
schistosity cleavage, S1, at diagenetic to low-grade metamorphic conditions [35]. The D2
major deformation stage was polyphase and consisted first of a WNW-ESE to NW-SE
transpressional crustal shortening that developed NS-N30° E kilometer-size isoclinal folds.
High-temperature, low-pressure (HT-LP) metamorphism (M2; greenschist to amphibolite
facies [39]) was accompanied by the development of a penetrative cleavage, S2, and was
coeval with emplacement of leucogranite intrusions. Then, during the second D2 substage,
transpressional shearing induced shear zones at all scales, particularly the multi-kilometer-
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sized West Moroccan Shear Zone (WMSZ) and the Marrakesh Shear Zone (MSZ) (Figure 1).
The M2 metamorphism, isoclinal folding and shear zones are considered to have occurred
within the period of 310-280 Ma [35]. The last substage of D2 led to the development of
regional conjugate strike-slip shear zones and brittle reverse faults striking ENE-WSW
and NW-SE. The Ait Bella Ousaid and Mesret faults represent the longest ones (about
15-25 km, respectively; Figure 1C) and strike ENE with a reverse-dextral shearing [35].

Post-orogenic microdiorite dikes and sills striking N-S to N40° E are widespread
in the Central Jebilet and may exceed 1 km in length. Microdiorite dykes have an age
of 240 + 10 Ma (as determined by the K-Ar method on kaersutite [40-43]). They are
interpreted as having formed during a period of distension (e.g., [2,26,32,42,44]).

Extensional tectonics took place from the Lower Triassic to Post-Kimmeridgian, coeval
with the opening of the Central Atlantic Ocean [45-47], and led to the formation of large
Tethyan basins (Atlasic basins) in Central Morocco. Thick detrital series with intercalated
evaporites and basalt accumulated in Atlasic basins (up to 7-8 km thick [48]). At these
times, the Central Jebilet was a relatively shallow area supplied with about 2.4 km of
sediments [49]. In the Jebilet massif, the pre-Atlasic extensional period led to the develop-
ment of E-W fractures and swarms of Cu and/or Pb-Zn-(Cu) quartz—carbonate veins [1].
During the Atlasic orgeny (Eocene), pre-existing structures were reactivated while new
E-W-striking faults developed in the Jebilet [50].

3. The Koudiat Aicha Deposit

Koudiat Aicha is a pyrrhotite-rich Zn-Pb-Cu deposit located about 36 km northwest
of Marrakesh, Morocco (Figure 1). It was discovered in 1963 through a combination of
geophysical studies (an airborne electromagnetic anomaly) and drilling, and production
began in 2016. Ore reserves range from 3 to 5 Mt grading, 3 wt.% Zn, 1 wt.% Pb and
0.6 wt.% Cu, and significant Au and Ag grades of up to 1.8 ppm for Au and 114 ppm for
Ag are found locally in drilling samples [17].

The Koudiat Aicha ore bodies consist presently of three subvertical parallel-to-subparallel
lenses with a general N-S orientation, and the deposit is still expanding. The lateral N-S
extent of the lenses ranges from 100 to 500 m, with a vertical extent ranging from 300 to at
least 600 m and a thickness ranging from a few meters to ~20 m (Figure 2). Ore lenses are
hosted in metasedimentary rocks comprising metamorphosed grey-to-black carbonaceous
argillites with rhythmic intercalations of sandy argillite in sandstone layers (0.5-1 m thick)
from the Sarhlef series (Figure 2), considered as the footwall to the west [17]. Sandy argillite
and sandstone layers form several N-S trending crests that crop out in the Koudiat Aicha
area. Black argillites with locally fossiliferous limestone at the top form the hanging wall to
the east (Figure 2, [17]). Magmatic rocks are predominantly gabbro, which forms several
paraconcordant N-S sills a few meters in thickness, together with a larger gabbro body
of several tens of meters (Figure 2) and local tuffs, rhyodacite and minor microgabbros,
diorite and dolerite that intrude into the argillites [51]. Argillite layers (referred to as schist
hereafter) together with gabbro dikes and sills experienced Variscan deformation and dip
steeply to the east, constituting the eastern flank of an anticline, and both show an N-S
to NNE schistosity cleavage [17,51], attesting to their pre-orogenic deposition. Ore lenses
are generally parallel and paraconcordant with the schist and sandstone layers, but locally
show deformed contacts characterized by faults and sheared or even mylonitized zones
that separate ore lenses from host schist. The contact zones experienced hydrothermal
alteration that consisted mainly of chloritization, sericitization and silicification. Ore bodies
are exposed to the surface by several N-S multi-meter sized discontinuous lineaments of
strongly oxidized gossan (Figure 2), which mainly coincide with the sandy schist layers and
sandstone crests. Hematite, goethite and malachite are the major minerals of the gossan,
with lesser amounts of azurite and chrysocolla.
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Figure 2. (A) Geological map of the Koudiat Aicha area [17] (modified). (B) Cross section along
two drillings, KA31 and KA32, cutting across the ore lenses [17] (modified); see (A) for drilling locations.

4. Methods

Sampling was conducted underground at the main level of —250 m and in adits that
intersect orebody lenses. Thirty thin and thick sections were prepared for petrographic and
scanning electron microscopy (SEM) analysis at Cadi Ayyad University, Marrakesh, Morocco.

The chemical compositions of the different sulfide minerals were determined using
an electron probe microanalyzer (EPMA; JEOL JXA-8200 super probe) and a laser ablation
inductively coupled plasma mass spectrometer (ICP-MS) system (Geo Las Pro-AttoM,
Nu-Instruments) at the GEOMAR-Helmholtz Center for Ocean Research in Kiel, Germany.
The analytical conditions for the quantitative analyses of sulfides by EPMA were: 15 kV
accelerating voltage, 30 nA probe current, beam diameter of ~1 um and counting times
of 2040 s and 10-20 s for peak and background, respectively. The standard materials
used included natural chalcopyrite (for S, Cu, Fe), sphalerite (Zn), galena (Pb), cassiterite
(Sn), BiySes (Bi, Se), AgTe (Ag, Te), GaAs (As), CdS (Cd), InSb (Sb) and NiO (Ni) with
known compositions.

For spot analyses of different sulfide phases, we used a 193 nm Excimer laser abla-
tion system (Coherent, GeoLasPro) coupled to a double-focusing, high-resolution mag-
netic sector mass spectrometer (Nu Instruments, AttoM) under hot plasma conditions
(NAI =29.7-30.6, ThO/Th = 0.018-0.038%; details in [52]). Spot analyses were performed
using 30 s of ablation under helium carrier gas at a laser repetition rate of 5 Hz, using spot
diameters between 32 and 44 um. The energy density was 2 ] cm ™~ for ablating sulfides
and 5 ] cm~?2 for ablating silicates. The USGS glass standard BHVO-2G [53], the USGS
sulfide standard MASS-1 [54] and the synthetic sulfide standard PGE-Ni7b [55] were used



Minerals 2022, 12, 1396

6 of 28

as reference materials. NISTSRM610 [56] was used for mass calibration, but due to the
absence of suitable reference values for S, Ru, Os, Ir and Hg MASS-1 was used additionally
to calibrate S, Ir and Hg, and PGE_Ni7b was used to calibrate Ru and Os. There were
50-80 s of gas background data collected prior to each ablation. Data were corrected for
the following interferences: 65CuH* on %°Zn*, 3Cu®’Ar* on 1%Rh*, ©Cu®Ar on 10°Pd+
and "°Sn* on °In*. The exact argide and hydride formation rates were determined by
ablating elemental Cu (linescan, 60-120's, 32 um, 5] cm™2). Data evaluation was performed
by applying the linear regression slope method, as detailed in [57].

Twenty doubly polished wafers were prepared for fluid inclusion studies. Fluid inclu-
sion petrography and classification were based on contents of aqueous (w) and carbonic (c)
fluids and on modes of total homogenization (L: liquid, V: vapor). Thus, fluid inclusions
rich in molecular gases are referred to as Lc and Vc to indicate homogenization to the
carbonic liquid phase versus the vapor phase, respectively; aqueous carbonic fluid inclu-
sions that homogenize to the liquid phase are noted as Lwc; and aqueous fluid inclusions
that homogenize to the liquid phase are referred to as Lw [58]. Halite-bearing aqueous
inclusions are referred to as Lwh (w: water, h: halite).

Microthermometric measurements were performed using a Linkam THSMG600 freezing—
heating stage [59]. Abbreviations for microthermometric data presentation follow the
conventions set forth in [60] (Table 1).

Table 1. Abbreviations for microthermometric data [60].

Symbol Definition
T coz Melting temperature of dry ice (solid CO;) in inclusions rich in molecular gases
T Homogenization temperature of the carbonic phase in inclusions rich in
hCo2 molecular gases
T Temperature at which the first liquid appears in inclusion during
¢ low-temperature measurements
T hh Hydrohalite melting temperature
T ice Ice melting temperature
Tmd Clathrate melting temperature
Total homogenization temperature (L meaning homogenization to the liquid
phase, V meaning homogenization to the vapor phase)
Tmn Halite (NaCl) melting temperature, Trm NaCl for Roedder [60]

The precision of the phase transition at low temperatures was from +0.2 °C (below
0°C) to +0.4 (for very low temperatures below —100 °C). Precision was ~1 to 2 °C for the
liquid—vapour homogenization and melting temperature of halite. Salinity calculations
for the aqueous fluid inclusions (H,O-NaCl system) were made using equations from [61]
based on Tm ice or on Tm h, and for the HyO-NaCl-CaCl, system using data from [62] by
combining Tm ice and Tm h data.

5. Mineralogy, Paragenesis and Trace Elements

Ore textures and microanalytical analyses of the main sulfide minerals (SEM, EPMA,
LA-ICP-MS) suggest overprinting distinct phases of mineralization. The main sulfide
phases include, in order of abundance: pyrrhotite, pyrite, sphalerite, chalcopyrite and
galena. Orebodies are massive, semi-massive, banded, breccia and vein infillings. The
petrographic studies revealed a general three-stage paragenetic sequence for the Koudiat
Aicha deposit (Table 2).
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Table 2. Paragenetic sequence for the Koudiat Aicha deposit.

Stages

Minerals

Sedimentary? | Ore Stage |

Vein-Banded-Breccia-Shear

Zone - Ore Stage Il

Cu-Polymetallic Vein

Ore Stage Ill

Supergene

Fe-Zn

Barren

Fe-As Fe-Zn

Cu-Pb-(Sb-Sn-Ag-Au, Fe, Bi, Te, Se)

Cu-Fe

Pyrite 1
Pyrrhotite 1
Chlorite 1
Sphalerite 1

Quartz 1 (veins)
Biotite (chloritized)
Ti-oxides

Pyrite 2
Arsenopyrite
Chalcopyrite
Pyrrhotite 2
Muscovite

Chlorite 2
Sphalerite 2

Mg-Siderite (veinlets)
Ferroan Dolomite - Calcite (veins)
Chalcopyrite

Stannite

Galena
Ag-Tetrahedrite-Freibergite
Boulangerite

Sulfosalts (Pb-Sb+Fe+Cu)
Natives : Ag-Au alloy
Argentite

Ferroan dolomite (veinlets)

Chlorite 3

Malachite
Chrysocolla

Fe-Oxides/hydroxides

5.1. Ore Stage 1

The first ore stage represents the stratabound massive sulfide-type mineralization
and generally lacks transparent gangue minerals that could be used for fluid inclusion
analysis, as described below. This massive sulfide-type ore consists primarily of iron
sulfides (pyrite and pyrrhotite) as well as subordinate sphalerite. Pyrite 1 is sporadically
present as corroded anhedral grains that form microlayers conformable to banding of the

host argillites.

Pyrrhotite 1, antiferromagnetic, is the major mineral in the early massive ore (Figure 3A-C),
commonly overgrows anhedral pyrite 1 microdomains and microlayers and is highly deformed
(Figure 3B). Pyrrhotite 1 is associated with dark-red Fe-rich sphalerite 1 (Figure 3C,FL), and
both form an early paraconcordant folded and locally brecciated ore (Figure 3C). Pyrite 1
and pyrrhotite 1 contain traces of Co and Ni (<1 wt.%).
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Figure 3. Mineralogy of Koudiat Aicha: early stages. (A) Hand specimen showing the pyrrhotite-
dominated massive ore. Optical microscope observation: (B) Deformed pyrrhotite 1 from massive
ore. (C) Brecciated massive early ore with pyrrhotite 1 and sphalerite 1 empacked in dolomite
matrix. (D) Quartz 1 vein crosscutting sandy schist and quartz 2, pyrrhotite 2 filling quartz 1
veins and sandy schist. (E) Hand specimen showing banded “pyrtic ore” enveloping quartz 1
fragments overgrown by dolomite. (F) Pyrrhotite 1, pyrite 1 and sphalerite 1 crosscut by pyrrhotite 2.
(G,H) Pyrite 2 overgrown by pyrrhotite 2 and sphalerite 2. (I) Hand specimen showing ore breccia
of quartz 1 fragments enveloped by pyrrhotite 2 and sphalerite 2. (J) Microshear zone crosscutting
schist and sandy microlayers and infilled with quartz 1-sulfide—chlorite-mica. (K) Detail of picture
(J) Microshear zone infilled with quartz 1 and quartz 2, pyrite 2, pyrrhotite 2 and crosscutting sandy
schist microlayers. (L) Pyrrhotite 2 enveloping and crosscutting sphalerite 1 and pyrite 1 in ore breccia.
Po: pyrrhotite, Sp: sphalerite, Py: pyrite, Ccp: chalcopyrite, Q1: quartz, Dol: dolomite, Qz-schist:
sandy schist.

5.2. Ore Stage 11

Quartz 1-biotite veins (several centimeters in thickness at most and in general <1 m in
extent) crosscut schist and magmatic rocks (Figure 3D,] K). Quartz 1 is intensively sheared
and brecciated (Figure 3D,E,I), while biotite is consistently chloritized. Quartz 1-biotite
veins are initially barren and generally show reworking and reopening, then infilling with
later minerals (Figure 3D,] K). Pyrite 2, present as euhedral crystals, is the main mineral
of a massive to submassive and banded ore named “pyritic ore” (Figure 3E), where it
is overgrown by later minerals (Figure 3G,H). Pyrite 2 locally envelops brecciated Q1
fragments (Figure 3E) and fills the cores of early quartz 1 veins. Pyrite 2 contains several
trace elements in high concentrations (As and Co average values: 2250 ppm and 320 ppm,
respectively). Lead, Ni and Sb occur with relatively high contents (up to 243 ppm for
Pb, 71 ppm for Ni and 122 ppm for Sb; Table 3). Arsenic is correlated with Ni and Co
(Figure 4A,B), Sb with Bi. Molybdenum and Mn are consistently present in relatively
low concentrations (average Mo: 7 ppm, Mn: 6 ppm). Several other trace elements were
occasionally detected, mainly Se and Ag, reaching 74 ppm and 23 ppm, respectively, while
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Bireached 18 ppm. Copper, Zn, Cd, In, Sn, Te, Ge, Ga, Tl and Au were sporadically detected
in low amounts (mostly <10 ppm; Table 3).

Table 3. LA-ICP-MS (in bold font) and EPMA (in italic font) data for the major sulfides at Koudiat
Aicha (stage II and stage III). Averages in brackets, < LOD: below detection limit, traces: close to the
LOD. EPMA data in wt.%; LA-ICP-MS data in ppm.

Stage II Stage III
Pyrite 2 Pyrrhotite 2 Sphalerite 2 Chalcopyrite Galena
S 52.07-54.84 (53.29)  38.03-42.5(39.64)  30.80-32.88 (31.76)  30.29-35.9 (33.39)  12.17-14.93 (13.90)
Fe 45.71-46.6 (46.34)  57.04-62.29 (59.95) 2.36-3.65 (3.04) 28.24-33.56 (30.91) <LOD -2.89
Zn <LOD-13 <LOD -23 62.26—-64.49 (63.29) 266-632 (419) <LOD -19
Cu <LOD -2 0-3 32-207 (79) 33.34-37.63 (35.16) <LOD-17
As 836-8490 (2550) <LOD - 82 1-4 (2) 2-30 (12) <LOD-9
Pb 15-243 (141) 5-132 (109) 2-452 (51) 40-596 (235) 84.09-85.34 (84.5)
Mn 2-33 (6) 1-31 (12) 1.44-1.69 (1.57) 2-139 (29) <LOD-23
Co 6-572 (320) <LOD -1 <LOD-2 (1) <LOD - 16 (6) traces
Ni 8-71(27) 11-34 (22) <LOD-17 (10) 4-198 (83) 2-22(9)
Ga <LOD -2 <LOD 17-26 (21) 3-21(8) <LOD -9
Ge <LOD <LOD <LOD -5 9-83 (37) <LOD-10
Se <LOD -74 <LOD -30 <LOD -18 (11) <LOD -163 94-176 (123)
Mo 3-13 (7) 10 <LOD -5 (3) 10-54 (32) 6
Ag <LOD -23 (9) 1-9 (4) 624 (12) 158-291 (212) 705-1136 (963)
Cd <LOD -4 (3) <LOD -4 1825-2197 (1943) <LOD -6 <LOD -3
In traces traces 55-71 (60) 8-16 (12) <LOD-1
Sn 1 <LOD -1 1-5 (3) 240-473 (353) 76-133 (103)
Sb <LOD -122 (24) <LOD-19 (5) <LOD -21 (8) 31-77 (56) 130-210 (177)
Te <LOD -6 <LOD -4 <LOD-2(1) 3-15(11) 89 (9)
Au <LOD -2 <LOD <LOD -1 <LOD -2 <LOD -4 (1)
Hg traces <LOD 14 (3) <LOD -2 <LOD -1
Tl <LOD -3 <LOD-2(1) traces 1-6 (3) 57-78 (70)
Bi <LOD - 18 (6) <LOD -9 (2) <LOD -1 3-9(4) 1903-2554 (236)

Anhedral arsenopyrite, present as scarce corroded crystals and microdomains of sev-
eral tens of micrometers, is consistently associated and likely synchronous with pyrite
2. Euhedral arsenopyrite (a few micrometers in size) forms locally polycrystalline mi-
crodomains (Figure 5B,D) that seem to result from the recrystallization of corroded ar-
senopyrite. Euhedral arsenopyrite microcrystals contain trace elements, mainly Cu, Zn, Co
and Sb (0.1-0.2 wt.%). Nickel and Bi are below the detection limit (LOD).
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Figure 4. Correlation of trace elements detected using LA-ICP-MS analysis in major minerals from
Koudiat Aicha (from stage II: pyrite 2, pyrrhotite 2 and sphalerite 2; from stage III: chalcopyrite). Data
are in ppm. Stage II. (A,B) Pyrite 2, (C,D) Pyrrhotite 2, (E-H) Sphalerite 2; Stage III: (IJ) Chalcopyrite.
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Figure 5. (A) Hand specimen showing banded sphalerite-rich ore with alternations of layers of
pyrrhotite, quartz-muscovite, and thinner layers of late chalcopyrite and galena, with a crosscutting
carbonate—chalcopyrite veinlet. (A1) Detail of (A) observed with binocular viewing. Optical micro-
scope observations: (B-D) Details of (A). (E) Quartz 2 associated with sphalerite 2 crosscut by late
minerals. (F,G) Chalcopyrite, stannite and galena crosscutting carbonates (calcite + dolomite) and
empacking pyrrhotite 2 and sphalerite 2 fragments/crystals. (H) Pyrite 2, euhedral arsenopyrite and
pyrrhotite 2 enveloped in sphalerite 2—all overgrown by a late sulfide assemblage (chalcopyrite,
boulangerite-galena-Ag-tetrahedrrite/ freibergite and argentite). (I) Sphalerite 2 crosscut by a veinlet
infilled with chlorite 3 and late ferroan dolomite. (J) Myrmekitic texture of galena and synchronous
Ag-tetrahedrite—freibergite overgrowing pyrrhotite 2 and chalcopyrite. (K) Late Fe-dolomite veinlet
with argentite crosscutting a pyrrhotite 2 layer and chalcopyrite. (L,M) Late assemblage (stage III):
chalcopyrite overgrown by stannite and galena and a microcrystal of Ag-Au alloy in (M) Ag-Au alloy
in fissure between chalcopyrite and stannite. Po: pyrrhotite, Sp: sphalerite, Py: pyrite, Asp: arsenopy-
rite, Ccp: chalcopyrite, Stn: stannite, Gn: galena, Boul: boulangerite, Frg: Ag-tetrahedrite/freibergite,
Agt: argentite, Fe-dol: later ferroan dolomite, Chl: chlorite.

Pyrrhotite 2 is the most abundant sulfide at Koudiat Aicha, identified by a quasi-
consistent ferromagnetism (monoclinic pyrrhotite [63]) and low degree of deformation
(Figure 3G) compared to pyrrhotite 1. Pyrrhotite 2 forms interbedded layers with pyrite 2
and sphalerite 2 in banded ores, occurs as anhedral microdomains in semi-massive ore and
forms a matrix in which euhedral pyrite 2 is coated in “pyrtic ore” (Figures 3E,G,H and 5A,B).
In addition, pyrrhotite 2 fills the core of quartz 1 veins (Figure 3D) and centimeter-sized
fractures and shear zones (Figure 3] K). In veins and shear zones, pyrrhotite 2 is accom-
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panied by sheared quartz 1, clear polygonal quartz 2 (Figure 3D,],K) (likely resulting
from deformation/recrystallization of quartz 1), chloritized biotite, brecciated pyrite 2,
fragmented rutile and sporadic elongated crystals of Ti-Si-(Ca) oxide (probably titanite).
Euhedral chlorite 2 and muscovite commonly envelop and crosscut pyrrhotite 2 in fractures
and shear zones. Finally, in a common ore breccia type, pyrrhotite 2 envelops quartz 1
fragments (Figure 3I), pyrite 2, anhedral and euhedral arsenopyrite crystals, and com-
monly overgrows or crosscuts pyrrhotite 1 and sphalerite 1 (Figure 3F L). Disseminations of
pyrrhotite 2—chlorite 2-muscovite preferably fill the schistosity planes in sandy layers of the
host schist, particularly in common quartz-rich microdomains. Pyrrhotite 2 contains several
trace elements in significant amounts. Lead, Ni, Mn and Sb are consistently present and
reach levels of 131 ppm, 34 ppm, 31 ppm and 19 ppm, respectively; Ag and Bi maximum
contents are 9 ppm (Table 3). Several trace elements are occasionally detected (generally
less than a few tens of ppm for As, Se and Zn and close to the LOD for Cu, Te, Co, Tl and
Sn; Table 3). Silver is correlated with Bi and Sb (Figure 4C,D).

Sphalerite 2 is the third most-abundant sulfide (after pyrrhotite and pyrite) and forms
the main Zn mineralization, mostly present as banded ore (Figure 5A). The latter consists
of relatively thick sphalerite layers (several centimeters) alternating with thinner layers of
pyrrhotite 2 plus silicates (quartz—-muscovite—chlorite; Figure 5A—C). Sphalerite 2 envelops
all the minerals described above and infiltrates early banded, semi-massive, breccia and
vein/shear zone ores (Figure 3H,I). It most commonly postdates deposition of chlorite 2 and
muscovite and was probably deposited synchronously with quartz 2 (Figure 5E). Sphalerite
2 contains Fe (2.36-3.65 wt.%), and the deep-brown color of sphalerite 2 may suggest
the partial substitution of Zn by Fe and/or Mn [64,65], but no anti-correlation is present
between Fe and Zn contents. Sphalerite 2 is also Mn- and Cd-rich (Mn average: 1.57 wt.%,
Cd average: 1943 ppm). Cadmium concentrations in sphalerite 2 may reflect Cd** <+ Zn?*
substitution [64,66], although no evident anti-correlation was observed between chemical
contents of Zn and Cd. Sphalerite 2 contains significant concentrations of Pb, Cu, In, Ga,
Ag, Sb, Se and Ni (up to 452 ppm, 207 ppm, 71 ppm, 26 ppm, 24 ppm, 21 ppm, 18 ppm
and 17 ppm, respectively; Table 3). Germanium content is low (<LOD to 5 ppm). Cobalt
(<2 ppm) is correlated with Ni. Lead is strongly correlated with Bi (Figure 4E), which is in
turn slightly less correlated with Mo. Ag is strongly correlated with Sb, which is correlated
with Sn (Figure 4F,G). Indium does not correlate with Cu, ruling out the coupled (Cu*
In3*) <+ 2Zn?* substitution [67]; therefore, the Cu concentration may reflect the presence
of chalcopyrite and/or stannite minute inclusions from a later stage in sphalerite 2. Even
though Sn content is low (<5 ppm), it is strongly correlated with Sb and slightly less so
with Ag (Figure 4H). Tin correlation with Ag may suggest a (2Ag* Sn**) «» 3Zn?* coupled
substitution [64]. Ag does not correlate with Hg, which is consistently present at relatively
low concentrations (up to 3 ppm), nor with Au, which presents low concentrations close to
the LOD.

5.3. Ore Stage III (Cu-Polymetallic Ore Veins)

Mg-siderite was the first mineral to form in the late fissural stage, followed by calcite
and ferroan dolomite veins and veinlets. Carbonates crosscut, envelop and infiltrate mas-
sive, early ore breccia and banded sulfide ores, including pyrrhotite, pyrite, arsenopyrite,
sphalerite, quartz, chlorite and muscovite (Figure 3C,E and Figure 4A EG), and locally ter-
minate in geodes. Furthermore, carbonate minerals fill interstitial spaces in sandy argillites
and sandstone layers and overgrow sulfide disseminations.

Late sulfides grow on calcite and ferroan dolomite and fill microfractures (Figures 4 and 6).
Chalcopyrite overgrows and locally replaces calcite-dolomite and early sulfides in massive,
semi-massive, breccia and banded ores and early fracture—shear zones (Figure 5FG,K)
and fills microfractures crosscutting them (Figure 5A,D). Stannite, followed by relatively
abundant galena, rim and crosscut chalcopyrite (Figure 5EL), pyrrhotite 2 and sphalerite 2
crystals filling early fractures and shear zones and occurring as fragments in carbonate mi-
crodomains (Figure 5C,D,EG,L). In the current state of knowledge of Koudiat Aicha miner-
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alogy, it is not ruled out that a small amount of sphalerite may be related to stage III. Galena
is synchronous with boulangerite and a Ag-Cu-Sb-Fe sulfosalt (Ag-tetrahedrite—freibergite;
Figure 6A-E,G) with which it commonly displays a myrmekitic texture (Figure 5J).
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Figure 6. Ore minerals from Koudiat Aicha observed by scanning electron microscopy. (A,B,C) Sul-
fides from ore stage II (pyrite 2, pyrrhotite 2, arsenopyrite 2) overgrown by sulfides from stage III (chal-
copyrite, galena, boulangerite, Ag-tetrahedrite-freibergite). (D,E) Late assemblage (galena, boulan-
gerite, Ag-tetrahedrite-freibergite, jamesonite) overgrowing pyrrhotite 2. (E) Detail of (D,F) Dolomite
crosscut by veinlet of chalcopyrite itself crosscut by galena. (G) Myrmekitic texture of galena—
boulangerite. (H,I) Ag minerals: Ag-Au alloy in a fissure bordering chalcopyrite and stannite (H)
and argentite in late Fe-dolomite vein crosscutting pyrrhotite 2. Po: pyrrhotite, Sp: sphalerite, Py:
pyrite, Asp: arsenopyrite, Ccp: chalcopyrite, Stn: stannite, Gn: galena, Boul: boulangerite, Frg:
Ag-tetrahedrite/freibergite, Jms: Jamesonite, Ag-Au: Ag-Au alloy, Agt: argentite, Fe-dol: later

ferroan dolomite.



Minerals 2022, 12, 1396

14 of 28

Several minor sulfosalts form at this later stage and comprise Pb-Sb-Fe-sulfide (present-
ing jamesonite microscope characteristics; Figure 6E), sporadic Pb-Cu-Sb sulfide (bournon-
ite or cuprian boulangerite) and Fe-Sb-sulfide (probably gudmundite). Locally, Ag-Au
alloys (~46 to 69 wt.% Ag, ~31 to 54 wt.% Au) crystallize together with galena in mi-
crofractures crosscutting chalcopyrite and stannite (Figure 5L,M,H). Late ferroan dolomite
veinlets crosscut early Mg-siderite and calcite-Fe-dolomite assemblages as well as spha-
lerite 2—quartz 2 and chalcopyrite (Figure 5E,I,K). Late Fe-dolomite veinlets are lined with
undeformed chlorite 3 (Figure 5E,I) and contain argentite (Figures 4K and 6I), constituting,
together with Ag-tetrahedrite—freibergite and Ag-Au alloys, the main Ag minerals.

Microanalyses of chalcopyrite revealed an abundance of several trace elements con-
sistently present (average contents: 419 ppm Zn, 353 ppm Sn, 235 ppm Pb, 212 ppm Ag,
83 ppm Ni, 56 ppm Sb, 29 ppm Mn, 12 ppm In, 6 ppm Co; Table 3). Several other elements
were commonly detected (up to 83 ppm of Ge, 22 ppm of Ga, 30 ppm of As, 54 ppm of
Mo and 18 of ppm Te; Table 3). Selenium (up to 163 ppm), Cd, Au and Hg (<10 ppm)
were occasionally detected. Cobalt is correlated with Ni (Figure 4I), while Mo is slightly
correlated with Bi (Figure 4]) and Zn with Cu.

Stannite contains detectable concentrations of Te and Se, and boulangerite presents
traces of Cu, Te and Se.

Galena is rich in Bi and Ag (up to 2554 ppm and 1136 ppm, respectively) and contains
relatively high concentrations of Sb, Se, Sn and T1 (up to 210 ppm, 176 ppm, 133 ppm and
78 ppm, respectively; Table 3). Lower concentrations of Ni, Cu, Te, Mn, Mn, Co, Zn, Mo,
Ga, Ge, Cd, In and Hg were detected in galena (<LOD to 20 ppm; Table 3). Bismuth is
strongly correlated with Ag, Tl and Te, Sb with Te, Ag with TI, and, finally, Ag with Tl and
Te. Indium is anti-correlated with Sn.

5.4. Trace Element Distribution

LA-ICP-MS analyses of the mineralized quartz and carbonate vein samples (Table 3)
revealed pyrite 2 as the preferred host mineral for As and Co as trace elements; sphalerite
2 for Mn, Cd, Cu, In, Ga and Hg; chalcopyrite for Zn, Ge, Mo, Sn and Te; and galena
for Bi, Ag, Sb and Tl. Thus, As, Co, Cd and In are trace elements characterizing vein
stage 1 (pyrite 2—pyrrhotite 2 and sphalerite 2), while Bi, Sn, Sb, Se (Figure 7), Ge, Te and
TI are almost exclusively contained as trace elements in minerals from vein stage 2 (i.e.,
chalcopyrite, galena, stannite and boulangerite assemblages). Silver is a major trace element
characterizing vein stage 2 (in chalcopyrite and mainly enriched in galena; Figure 7), while
Au occurs in amounts that are lower to slightly close to the LOD in all vein stages (<5 ppm).
Lead and Ni (Figure 7) are present as significant trace elements in minerals from vein stages
1and 2.
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Figure 7. Distribution of main trace elements in major vein sulfides in the Koudiat Aicha deposit
(stages II and III). Py2: pyrite 2, Po2: pyrrhotite 2, Sph2: sphalerite 2, Ccp: chalcopyrite, Gn: galena.

6. Fluid Inclusion Studies

Early massive and banded ores are devoid of transparent gangue minerals suitable for
microthermometry studies. Both early and late Fe-rich sphalerites are dark in color (nearly
opaque), which prevents fluid inclusion studies of these sphalerites. Therefore, in this
section we focus on fluid inclusions (FIs) in the second and third (quartz- and carbonate-rich
vein) stages. Microthermometry was performed on quartz from pyrrhotite 2 veins—shear
zones and in breccia where quartz 1 fragments are commonly recrystallized, acquiring
a clear, transparent appearance and crosscut by secondary fluid inclusions assemblages
(FIAs) from late ore stages. Calcite in the late veins shows several primary and secondary
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FIs suitable for microthermometry studies. In brief, two major types of FIs are present at
Koudiat Aicha: (i) volatile-rich fluid inclusions associated with early ores (quartz 1-pyrite
2-pyrrhotite 2-sphalerite 2-dominated assemblages), referred to as carbonic and aqueous—
carbonic Fls, and (ii) aqueous Fls associated with late carbonate vein ores. Notably, the
carbonic inclusions are confined to the stage II veins, whereas the aqueous fluid inclusions
characterize the stage III veins. Fluid inclusions range in size from a few micrometers to
several tens of micrometers (up to 40 um) and the microthermometric data are summarized
in Table 4.

Table 4. Summary of microthermometric data of fluid inclusions from veins (vein stages II and
III) at the Koudiat Aicha deposit. Tm CO,: melting temperature of the volatile phase; Th CO,:
homogenization temperature of the volatile phase to the liquid (L), vapor (V) or critical (C) phases;
Tm cl: melting temperature of clathrate; Te: eutectic temperature; Tm ice: melting temperature of
ice; Th: homogenization temperature to the liquid (L) phase; Tm h: melting temperature of halite.
All values are in °C, mode: bold font, number of Fls: italic bold font in brackets. See text for fluid
inclusion types and comments.

Fluid Inclusions-Vein Ores Microthermometry Data
Carbonic/Aqueous carbonic Th CO, Tm CO, Tm cl Tm ice Th
fluids-Ore stage II
Vcl random in Q1 (9 Fls) —149.9/—-143.4 (V)
—145
Lw-c FIP in Q1 (15 FIs) 8-11.5 —13.6/—7.6  290-354 > 400 (L)
Lcl FIP in Q1 (30 FIs) —141.1/-130.1 (L)
—135
Vc2 - Primary in RecQ/Sphalerite 2 —124.6/-96 (V,C,L)
(30 FlIs)
—109
Lc2 FIP in Q1 and recrystallized Q1 —60.6/—24.6 (L) —63.4/—61.6
(17 FIs)
—42 and —27 —62.5
Aqueous fluids-Ore stage III Te Tm ice Th Tmh
Lwh (49 FIs) Secondary in Q1 and Q2 —69/—56 —42.6/—-30 116-182 (L) 143-227
-35 170 200
Primary in calcite (8 FIS) 81-114 (L)
Lwl1 (17 FIs) Secondary in quartz Q1, —56/—53 —28.6/—23.4 117-229 (L)
Q2
—26 170
Lw2 (112 Fls) Secondary in Q1, Q2 —54/—-38 —18.2/-23 109-261 (L)
-8 160 and 210
Lw1 (6 FIs) + Lw2 (7 FIs) 91-134 (L)

Secondary/calcite

6.1. Carbonic and Aqueous Carbonic Fluids: Stage I

Inclusions of type Lwc, two-phase aqueous—carbonic Fls (L + V, % liquid H,O about
70-60%, up to 40 um in size) with low-density carbonic vapor phase (no carbonic lig-
uid phase observed), are present as random and locally secondary FIAs in quartz 1
microdomains. Inclusions of this Lwc type showed Tm ice values from —13.6 °C to
—7.6 °C and Tm clath values between 8 °C and 11.5 °C (salinity roughly estimated at about
11-17 wt.% NaCl equiv.). Total homogenization occurs exclusively to the liquid phase from
290 °C to 354 °C for several FIs, while most Lwc inclusions homogenize at >400 °C. Lwc
FIAs are commonly crosscut by monophase carbonic inclusions in quartz 1.

Monophase carbonic Fls (at an ambient temperature of 20 °C) are relatively large in
size (up to 30 um) and show several types that can only be distinguished on the basis of
low-temperature microthermometric observations. Scarce and irregular vapor FIs (Vcl),
randomly distributed in quartz 1 (Figure 8A,B), seem to be earlier than the much more
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abundant monophase liquid Fls of type Lc1. The latter are present mainly as FIAs in dark
quartz 1 and recrystallized microdomains (Figure 8C,D) and are commonly associated with
pyrrhotite 2, which can even be observed in the same microfractures (Figure 8C). Inclusions
of types Vcl and Lcl did not allow observation of Tm CO,. Inclusions of type Vcl showed
Th CO; values from —149.9 °C to —143.4 °C (mode at —145 °C) to the vapor phase, while
Th CO, values for Lcl inclusions ranged from —141.1 °C to —130.1 °C (mode at —135 °C)
to the liquid phase.

. LelFIP

Lel FIP
Rec-Q1

Figure 8. Fluid inclusions from Koudiat Aicha: early stages. (A) Quartz 1 (Q1) from early veins with
dark aspects, due to the abundance of fluid inclusions, and recrystallized microdomains (Rec-Q1).
(B) Detail of (A) showing early Vcl FlIs and Lc1 Fls in fluid inclusion planes (FIPs) crosscutting Q1
and recrystallized Q1. (C) Association of pyrrhotite 2 (Po2) with Lcl Fls in microfissures crosscutting
recrystallized Q1 (Rec-Q1). (D) Lcl FIP in recrystallized Q1. (E) Vc2 FIs in planes crosscutting
recrystallized Q1. (EG) Sphalerite 2 (Sp2) surrounded by quartz 2 (Q2). (H) Association of sphalerite
2 (Sp2) with primary Vc2 fluid inclusions in quartz 2 (Q2). (I) Scattered (primary) Vc2 Fls in sphalerite
2 (Sp2).
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Inclusions of type Vc2 are monophase vapor Fls, regular in shape, and occur as
primary inclusions in sphalerite 2 (according to the criteria of [68]) and are scattered in
quartz 2 and recrystallized quartz 1 associated with sphalerite 2 (Figure 8E-H). Inclusions
of type Vc2 show Th CO, values from —124.6 °C to —96 °C (mode at —109 °C) to the vapor
phase (rarely to the critical /liquid phase). Monophase carbonic FIs, probably of type Vc2,
are commonly scattered in sphalerite 2 (Figure 8I), the wafers of which are too dark to allow
microthermometric observations. Finally, monophase liquid (or, rarely, vapor) inclusions of
type Lc2 are randomly distributed and secondary in FIAs crosscutting recrystallized quartz
1 and show higher Tm CO, values from —63.4 °C to —61.6 °C (mode —62.5 °C) and higher
Th CO; values from —60.6 °C to —24.6 °C to the liquid (two modes at —42 °C and —27 °C)
and rarely to the vapor phase.

6.2. Aqueous Fluids, Stage I1I (Cu Base Metals and Precious Metals)

Inclusions of type Lwh are three-phase aqueous FIs a few micrometers to 40 um in size,
containing, at room temperature, a liquid phase, an up to 20 vol% vapor phase and a halite
crystal phase. These inclusions occur as secondary assemblages in quartz from pyrrhotite—
sphalerite breccia and veins (Figure 9A,B), where they crosscut assemblages of carbonic
and aqueous—carbonic FlIs. These Lwh inclusions occur as primary and pseudosecondary
assemblages in calcite. Inclusions of type Lwh in quartz show Te values from —69 °C to
—56 °C, Tm ice values between —42.6 °C and —30 °C (mode at —35 °C), Th values from
116 °C to 182 °C (mode at 170 °C) and Tm halite values from 143 °C to 227 °C (mode:
200 °C). Salinity ranges from 34 to 37.7 wt.% equiv. NaCl + CaCl, (average 36 wt.% equiv.
NaCl + CaCly, average NaCl: 19 wt.% equiv., average CaCly: 17 wt.% equiv.). In calcite,
Lwh FlIs show Th values from 81 °C to 114 °C (mode around 100 °C), but Tm halite could
not be measured because of the small size of FIs (in general, <10 pm).

Several types of two-phase aqueous FlIs (Lw: Liquid plus up to 20 vol% vapor) form
regular networks of secondary FIAs crosscutting quartz in breccia and veins (Figure 9C-E)
and are also hosted in sphalerite (Figure 9F) as well as calcite crystals. Inclusions of type
Lw are also present as scattered FIs and pseudosecondary assemblages in clear quartz
microdomains (recrystallized quartz or epitaxial overgrowths) surrounding chalcopyrite—
galena £ precious metal assemblages (Figure 9G-J). Two types, Lwl and Lw2, were
distinguished according to their salinities.

Lw1 FIs showed Te values around —56 °C to —53 °C, Tm ice values from —28.6 °C to
—23.4 °C (mode around —26 °C) and Th values from 117 °C to 229 °C (mode at 170 °C).
Based on both the first melting temperature and the low ice melting temperature (lower
than the eutectic temperature of the H;O-NaCl system), these are probably calcic brines,
and their salinities are estimated to be between 23.2 wt.% NaCl equiv. (eutectic composition
of HyO-NaCl system) and ~30 wt.% NaCl equiv. [61].

Inclusions of type Lw2 show a Te range from —54 °C to —38 °C, a Tm ice range from
—18.2 °C to —2.3 °C, salinity ranges from 3.9 to 21.1 wt.% NaCl equiv. and a Th range from
109 °C to 261 °C (two modes: 160 °C and 200-210 °C).

Aqueous FIs with similar salinities to inclusions of types Lw1 and Lw2 are present
as secondary FIAs crosscutting calcite but show lower Th values (91-134 °C, mode at
100 °C), probably due to post-entrapment modifications common in soft minerals, such as
carbonates [69-72].
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Figure 9. Fluid inclusions from Koudiat Aicha: late vein stages. (A,B) Lwh Fls in microfractures
(fluid inclusion planes (FIPs)) crosscutting quartz 1 from early veins ((B) is a detail of (A)). (C) Lw FIs
in recrystallized quartz around chalcopyrite-galena assemblages (Ccp-Gn); Lcl FIs are exclusively
present in early dark quartz. (D) Lw aligned in a reworked early Lc1 FIP crosscutting recrystallized
Q1. (E) Lw FIP crosscutting Q1. (F) Lw FIP crosscutting sphalerite 2 (Sp2). (G,H) Chalcopyrite-and-
galena (Ccp-Gn)-dominated mineral assemblage (late vein stage) surrounded with recrystallized
quartz containing primary Lw Fls. (IJ) Lw2 Fls in clear quartz around chalcopyrite and galena
(Ccp-Gn) assemblages.

7. Discussion

As the principal focus of this study is the origin of the quartz and carbonate ore veins
at Koudiat Aicha, this discussion is focused primarily on our results for veins and coeval
banded and breccia ores. We also note that the early stratabound massive sulfide ores at
Koudiat Aicha (which have been interpreted as representing VMS-style mineralization)
suffered metamorphism and deformation during the Variscan orogeny, and thus their
primary features are partly obscured. One key observation worth emphasizing is that
the hydrothermal features of the mineralized veins (discussed below) are incompatible
with a VMS-type system and instead indicate two subsequent and distinct periods of fluid
circulation and upgrading that likely represent an orogenic stage (stage II) followed by
a post-orogenic, extensional stage (stage III).
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7.1. Early (Quartz) Veins (Stage II)

The stage II veins are dominated by carbonic and aqueous—carbonic fluid inclusions
indicative of an orogenic hydrothermal environment, suggesting that the ore-forming fluids
were sourced from deeper metamorphic devolatilization. In this context, it is noteworthy
that the quartz 1-biotite veins at Koudiat Aicha show similar mineralogical features and
contain similar fluid inclusions (i.e., carbonic vapors, Vcl) to widespread quartz-biotite
veins throughout the Central Jebilet, which are considered to be of metamorphic origin [73].

According to our interpretation, high-temperature, moderate-salinity aqueous—carbonic
fluids (Th >400 °C, up to 17 wt.% NaCl), represented by inclusions of type Lwc, gen-
erated pyrite 2 (prior to deposition of pyrrhotite 2 and sphalerite 2 by carbonic flu-
ids). Similarly, at the Jbel Haimer vein deposit hosted in the Sarhlef series, aqueous—
carbonic FIs with temperature and salinity ranges similar to Lwc inclusions from Koudia
Aicha are synchronous with pyrite mineralization that crosscuts quartz-biotite veins [22].
Such high-temperature fluids at Koudiat Aicha are consistent with temperature esti-
mates obtained in several parts of the Central Jebilet, coeval with HT-LP metamorphism
(500-650 °C-200 MPa + 20 MPa [39,73]).

The pyrrhotite 2—sphalerite 2 assemblage, together with chlorite 2 and white mica (pure
muscovite [51]), occurs in veins and shear zones as well as banded and breccia-type ores, and
represents the main Zn ore at Koudiat Aicha. Textural relationships suggest that pyrrhotite
2 is synchronous with the most abundant carbonic FIs of type Lcl and that sphalerite 2 is
synchronous with Vc2 FIs. Given the close association between sphalerite and pyrrhotite, we
used concentrations of Fe, Mn, Ga, In and Ge in sphalerite (EPMA and LA-ICP-MS analysis) to
estimate the temperature of this stage [74]. Trace-element-based temperature estimation yielded
a range from 280 °C to 330 °C for stage 2 assemblage formation. Notably, Ge and Ga tend to be
enriched in low-temperature sphalerite, whereas In is in general enriched in high-temperature
sphalerite [64,66,74]. This is in agreement with the relatively high temperature implied by
sphalerite 2 that shows Ge levels below or close to the limit of detection and relatively high In
contents. Thermometry of coeval chlorite 2 based on the EPMA data (from [51]) also yielded
a consistent temperature range of 300-350 °C [75].

Volatile-rich Fls of types Lcl and Vc2 exhibit very low homogenization temperatures
(Th CO, values as low as —150°C); the melting temperatures of the volatile phase (Tm CO,)
could not be observed. Such temperatures are strong evidence that these vapor and liquid
FIs are composed predominantly of N>-CHy, with lesser amounts of CO; [76,77]. Fluid
inclusions with similar microthermometric features were also confirmed as N,—CHy fluids
by Raman analyses in several parts of the Central Jebilet (in quartz veins crosscutting the
Sarhlef series in the Sidi Bou Othmane area [73]; in vein—shear-zone ores from the Kettara
massive sulfide—vein deposit [9]; in the Koudia El Hamra vein deposit [21]; and in the Jbel
Haimer vein deposit [22]; Table 5). Liquid Lc2 FIs show higher Tm CO; values (—63.4
to —61.6 °C) closer to those of pure CO; (—56.6 °C), indicating that CO; is the dominant
gas, probably accompanied by other volatiles in lower amounts (i.e., CH4 and Nj). Fluid
inclusions similar to Lc2 are CO,-dominated, with significant amounts of CHy and Np,
described as later than the N»-CHy fluids in the Sarhlef series and in the deposits from the
Central Jebilet described above (Table 5, references herein).

The N,-CH4-CO, £ H,O fluids that circulated throughout the Central Jebilet were
probably sourced from the devolatilization of Sarhlef series rocks during HT-LP meta-
morphism (>500 °C, about 200 MPa [35,73]). Indeed, water-graphite equilibrium under
reducing conditions produces HyO-CO,-CHj-rich fluids [78], while N is released from
micas and alkali feldspars during metamorphism [73,79]. The host rocks of Koudiat Aicha
ores, being mainly metamorphosed graphitic argillites, are thus a likely source of N»-CHy-
CO; &+ HyO metamorphic fluids. Oxygen and hydrogen isotopic data for fluids equilibrated
with bulk chlorites in early veins from Koudiat Aicha (§'80: 6.2 to 9.6; 8D: —50 to —41) are
consistent with both magmatic and metamorphic fluid domains [51]. However, at Kettara
and Roc Blanc deposits ([9,20], respectively), O and H isotope data for early fluids similar
to those of Koudiat Aicha indicate unambiguously a metamorphic origin.
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Table 5. Comparison of microthermometric data for fluid inclusions from early vein stages at Koudiat
Aicha (stage II) with data for C-O-N-H fluid inclusions from metamorphic veins in the Central
Jebilet: a: [73]; b: [9]; c: [20]; d: [21]; e: [22]. Raman compositions of volatile phases for carbonic
and aqueous—carbonic fluid inclusions in the Central Jebilet are given in mol %; Raman data are not
available for Koudiat Aicha.

Central Jebilet Koudiat Aicha
Early Vein—Shear Zone Tl(log?z TI?O 80 2 ( ml:lzo/) ( 11(1:;-11“’1 ) ( mCocl)%/) Banded-Veins-Shear
Fluids ° ° ° Zones Fluids
N,-CHy-(CO5) fluids Early carbonic fluids
Sidi Bou Othmane ~153/-90 Vel -~ Quartz 1

—75/—64 50-98 2-35 0-30 Th CO,:

Metamorphic (a) LV,C 1499/ 1434V
Lcl - Pyrrhotite 2
Kettara - Metamorphic (b) _1243 {{)105'2 49.8-60.4  39.6-50.2 0 Th CO;:

—141.1/-130.1L

Roc Blanc -
Metamorphic (c)

V2 - Sphalerite 2
—-106/-73V —-85/-71.1 46-47 37-40 14-16 Th COs:
—-124.6/—-96 V,.C,L

Koudia El Hamra (d)

—120/-110V 58-63 33-38 4-5

Jbel Haimer (e)

—-71.6/—-605V  —102.8/—68.5 39.4-69.8 22.1-51.5 7.7-18.6

CH4 -N2 -C02 fluids

Sidi Bou Othmane —112/-98 L 23-29 71-75 0
—99.4/-704
Kettara VLL 21-38.1 36.1-67.5 11.5-27
Jbel Haimer —97V —102 4.8-6.2 64.5-70 23.8-30.7
CH, Fluid - Kettara —-974/-2L-V 100
CO,-N,-CHy fluids Late carbonic fluids Lc2
Sidi Bou Othmane-Central Th CO;: —60.6/—24.6 L
Jebilet —40/18 L —68/—57.7 3-30 1-10 60-96 Tm COy: —63.4/—61.6
Kettara —61.1/-56.7 0-36.1 0-6 57.8-100
Roc Blanc —51.8/-29.1V  —69/—63.7 23-31 18-23 49-58
Jbel Haimer —46.9/18.6 L —65/-57.6  10.3-29.3 4-12.2 58.5-88

The role of metamorphic fluid flows along shear zones is also evident at other deposits
in the Central Jebilet [8] and elsewhere [80-82]. In some cases, fluxes of metamorphic fluids
through pre-existing massive sulfide ores during orogeny have been interpreted to have led
to remobilization and upgrading. For example, the Huogeqi Cu-Pb-Zn-Fe deposit [83] and
the Kaladawan South Zn-Pb-Cu deposit in China [16], generally considered as SEDEX- and
VMS-type deposits, respectively, display similar features to Koudiat Aicha. Both deposits
show mineralized veins formed by epigenetic flux of metamorphic fluids that crosscut the
earlier syngenetic stratiform ores. The Kaladawan South deposit presents a particularly
similar geological history to the early history of Koudiat Aicha, as massive sulfides (VMS)
are coeval with fluids from a magmatic-hydrothermal source while overprinting epigenetic
vein ore fluids [84] are metamorphic-derived [16].

7.2. Later (Carbonate) Veins (Stage I1I)

Fluids associated with stage III (Cu—polymetallic ores) are aqueous fluids (types Lwh
and Lw), which occur as secondary inclusions in quartz and unambiguously postdate
the N-CHy-(CO2-HO) fluids from stage II. Notably, the Lwh-type inclusions occur as
primary inclusions in calcite, whereas the Lw inclusions occur as secondary inclusions in
the same calcite, indicating a trend of decreasing salinity over time. Low-salinity FIs (Lw)
are scattered or pseudosecondary in clear quartz close to chalcopyrite—galena—sulfosalts
intergrowing minerals and are thus considered as synchronous with the deposition of this
late assemblage. A gradual decrease in salinity subsequent to the mixing of brines with
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very low salinity fluids seems to be at the origin of the successive deposition of chalcopyrite
then galena, polymetallic sulfides and sulfosalts, enriched in several trace elements (mainly
Ag, Bi, Sb, Sn, Se, Te and TI), together with precious metal minerals (Ag sulfosalt, Ag-Au
alloy and argentite). A low temperature range of 175-210 °C obtained from thermometry
of stage III chlorite based on EPMA data (from [51]) is consistent with the average Th range
from 160 °C to 210 °C shown by Fls synchronous with later base metal sulfide—precious
metal—chlorite 3 vein assemblages.

Similar ore brines are responsible for the deposition of Ag base metal vein deposits
from the Central Jebilet (Roc Blanc [20] and Koudia El Hamra [21]; Table 6). Deposition of
ore minerals was probably promoted by cooling, dilution (decreasing chlorinity), sulfate
reduction by interaction with the graphitic argillite host rock (ores being preferably hosted
in black argillite contexts) or some combination thereof. Reduction as a concomitant
mechanism for base metal and /or precious metal deposition has been emphasized in several
deposits (see [85,86] for the Schwarzwald Ba-F base metal district, SW Germany; [87] for
the Copperbelt, DR Congo; [88,89] for the Imiter Ag deposit, Morocco; [20,21], respectively,
for the Roc Blanc and Koudia El Hamra Ag deposits, Morocco).

Table 6. Comparison of microthermometric data for ore brines and low-salinity aqueous FIs from
late vein stages at Koudiat Aicha (stage III in bold font) with data for high- to low-salinity aqueous
ore fluids from vein deposits in the Central Jebilet: a: Roc Blanc Ag deposit [20]; b: Koudia El Hamra
Ag deposit [21]; c: Jbel Haimer Cu occurrences [22]. Th and Tm h modes in brackets.

Ore Brines-Jebilet Vein Deposits Salinity wt% Th (°C) Tmh (°C)
High salinity brines
Koudia El Hamra (b) 30-38.1 202-294 (220) 113-246 (200)
Jbel Haimer (c) 31.3-39 174-264 (220) 155-262 (220)
Koudiat Aicha 34-37.7 116-182 (170) 143-227 (200)
Intermediate salinity brines
Roc Blanc (a) 19.6 —>30 139-218 (180)
Koudia El Hamra (b) 20.3->27 129-283
Jbel Haimer (c) 224 ->30 186-242
Koudiat Aicha 23.2-30 117-229 (170)
Low salinity aqueous fluids
Roc Blanc (a) 5.7-19.4 127-244 (180)
Koudia El Hamra (b) 5.3-20.9 186298 (230)
Jbel Haimer (c) 9-15.3 156-242
Koudiat Aicha 3.9-21.1 109-261 (160-210)

At the scale of Central Jebilet, veins similar to stage III crosscut large swathes of
metamorphic quartz-biotite-chlorite veins similar to quartz 1 veins from Koudiat Aicha.
For example, at the Jbel Haimer Cu deposit, metal-rich brines similar to those from Koudiat
Aicha led to the deposition of ores in carbonate veins crosscutting microdiorite dikes dated
at 240 + 10 Ma [43]. Furthermore, E-W-striking calcite-dolomite veins bearing Pb-Zn-
Cu mineralization are known throughout the Central Jebilet as coeval with pre-Atlasic
extension (Permian—Triassic) due to the opening of the Central Atlantic (1). Such carbonate
veins are associated with brine circulation (Sarhlef, Bramram and Bir N'Has Pb-Zn and Cu
deposits [90]).

Considering that these Cu-mineralized veins crosscut igneous rocks throughout the
Central Jebilet, we rule out any obvious magmatic source for the causative brines. Instead,
all the evidence suggests that the mineralizing brines are probably of basinal origin, the
overall salinities and also the low eutectic temperatures (indicative of elevated Ca contents)
being consistent with basinal brines. Similar ore brines have been considered as post-
Variscan at Jbel Haimer and interpreted as evaporitic bitterns derived from Mesozoic
Atlasic sedimentary basins in Morocco [22,23]. Mineralizing brines are thought to have
circulated at least at the scale of the Jebilet and are at the origin of other deposits (the Jbel
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Ighoud barite deposit, Eastern Jebilet [91]; the Roc Blanc Ag deposit [20]; and the Koudia El
Hamra Ag deposit [21]). Thermal and tectonic stages coeval with the Central Atlantic rifting
constitute the main periods for brine migration in each of these locations. Deep circulation
of evaporitic brines into basement rocks also yielded a variety of base-metal-bearing veins
in other extensional settings, such as in the Rheingraben [85,86,92,93]. Similarly, we surmise
that ductile-brittle Variscan shear zones and fractures were reactivated as normal faults
during post-Variscan deformation events [50,94-96], in addition to the E-W pre-Atlasic
extension faults, enabling the circulation of post-Variscan sedimentary brines and low-
salinity aqueous fluids to form the stage III veins.

Successive pulses of distinct hydrothermal fluids, commonly suggested as a causative
mechanism in the formation of telescoped polyphase mineralization, are well-known in sev-
eral sulfide ore deposits in Morocco. Panafrican to Variscan magmatic and/or metamorphic
ores followed by later sedimentary brine circulation and base metal-precious metal deposi-
tion during the Mesozoic are typical features of most Anti-Atlas deposits, including the
Zgounder (Ag-Hg), Bou Azzer (Co-Ni-Ag-Au) and Imiter (Ag-Hg) deposits [97-100] and
the Jebilet deposits (Roc Blanc, Koudia El Hamra and Jbel Haimer). In base metal-precious
metal-fluorite-barite vein deposits, reactivated faults hosted Paleozoic and Mesozoic min-
eralization in the Erzgebirge and Schwarzwald vein deposits coeval with sedimentary
brines related to continental rifting [93,101-103].

7.3. Koudiat Aicha Vein Ores in Their Regional Massive Sulfide Context

The Koudiat Aicha deposit exhibits similar features to the Draa Sfar deposit, par-
ticularly the Sidi Mbarek Cu-rich lenses that constitute the northern part of the deposit.
Outigua et al. [11] emphasized that the stratiform orebodies are pyrrhotite-rich, whereas
chalcopyrite-rich quartz veins are structurally controlled and associated with shear zones.
The early pyrrhotite-dominated mineralization at Draa Sfar is thought to have been remo-
bilized in reactivated shear zones, leading to deposition of the chalcopyrite-rich mineral
assemblage [11]. This model is expanded to the major massive sulfide orebodies in Central
Jebilet present as subvertical lenses deformed and remobilized into shear-zone-hosted
lenses [10]. N'Diaye et al. [9] suggested that the Kettara sulfide deposit was related to
syn-metamorphic fluid migration through shear zones. In the Kettara and Koudiat Aicha
massive sulfide deposits, contributions of magmatic, metamorphic and basinal waters in
hydrothermal fluids may be supported by the mixed O-H isotope data [10].

Moreover, the lead isotopic signature suggested that two types of hydrothermal fluids
were involved in the Draa Sfar deposit: early Zn-rich and later Cu-rich fluids [5]. This is
in general agreement with our results concerning Koudiat Aicha, where the succession of
polyphase Zn-dominated ores followed by Cu-dominated veins reflects a change in fluid
type and source (i.e., Variscan metamorphic fluids, likely followed later by basinal brines).
Copper-lead—precious metal ores represent a vein stage that postdates the early massive
ores and major Zn ores and postdates the Variscan magmatic-metamorphic events, instead
representing the deep circulation of evaporitic brines during post-orogenic extension.

8. Conclusions

The results of the present study indicate that sulfide-quartz veins and banded and
breccia sulfide ores, with abundant pyrrhotite, pyrite and sphalerite, in the Koudiat Aicha
deposit are related to Np-CHjy-(CO5-H,O) fluids. These fluids were derived from metamor-
phic devolatilization of the host volcanosedimentary and sedimentary rocks during the
Variscan orogeny. Late brine circulation led to the deposition of Cu-Pb-(+Ag 4+ Au) miner-
als in carbonate veins that crosscut the pre-existing massive, banded and early quartz vein
ores. Early quartz veins underwent reworking during brine circulation and late carbonate-
ore mineral deposition. The late saline fluids most likely correspond to reported large-scale,
post-Variscan circulation of evaporitic brine in the Jebilet massif during the extensional
regime associated with the Central Atlantic opening. Our results thus show that the
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Koudiat Aicha deposit was the result of superimposed ore-forming processes in different
environments, each of which contributed to the ultimate endowment of this deposit.
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