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Abstract: The Igoudrane mine with a total production of 700,000 t of ore grading 485 g/t Ag is
currently one of the most productive mines in the Imiter district of the eastern Anti-Atlas in Morocco.
The silver-rich ± base metal deposit occurs dominantly as vein- and hydrothermal breccia-hosted
orebodies at the interface between the lower Ediacaran turbidites of the Saghro Group and the
unconformably overlying, dominantly felsic volcanic, and volcaniclastic rocks of the late Ediacaran
Ouarzazate Group. Higher-grade ores are lithologically hosted by the uppermost organic-rich
black shale unit and structurally controlled by the intersection of subvertical NW- and NE-trending
fault systems. Ore-related hydrothermal alteration includes, in order of decreasing abundance,
carbonatization, silicification, sericitization, and chloritization. Three primary paragenetic stages
of veining and associated silver ± base metal mineralization have been recognized: (1) early pyrite
+ quartz + Ag-bearing sulfides and sulfosalts; (2) main Ag-bearing sulfides and sulfosalts + calcite
± fluorite ± dolomite; and (3) late quartz + calcite + base-metal sulfides (galena, sphalerite, pyrite,
chalcopyrite). Irrespective of the ore stage, the dominant Ag-bearing ore minerals are Ag-Hg
amalgam, argentite, freibergite, acanthite, polybasite, pyrargyrite, and proustite. Fluid inclusion data
show a trend of decreasing temperatures with time, from the main silver stage (Th = 180 ± 12 ◦C) to
late base-metal stage (Th = 146 ± 7 ◦C), consistent with fluid mixing, cooling, and/or dilution. The
coexistence of aqueous-rich and vapor-rich fluid inclusions together with variations in bulk salinity
(NaCl + CaCl2) of the mineralizing fluids during the main silver stage, at similar temperatures,
indicate that boiling and subsequent degassing occurred during the main ore-forming event due to a
pressure decrease. Calculated δ18Ofluid values along with REE+Y and Sr isotope constraints suggest
that the ore-forming fluids originated from a predominantly magmatic source, although incursion of
meteoric waters during collapse of the hydrothermal system could have contributed to deposition.
The post-ore, base-metal quartz-carbonate-dominated mineralization was deposited from dilute
Ca-Na-Cl-bearing fluids at temperature below 150 ◦C. Overall, fluid–rock interaction with the black
shales along major faults and thin permeable horizons, boiling-degassing—with subsequent fluid
mixing, cooling, and/or dilution—were the main mechanisms of silver deposition.
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1. Introduction

The world-class Imiter district of the Moroccan Anti-Atlas system consists of six
closely distributed silver-rich mines referred to, from west to east, as Imiter 1, Imiter 2,
Imiter Sud, B8 structure, Puits IV, and Igoudrane (Figure 1A,B); all of which are currently
exploited and explored by Managem Group. Reported total silver resources from all
deposits including those mined out from 1970 to 2018 exceeded 11 Mt at an average grade
of 521 g/t Ag. Although significant progress has been made on the origin of these deposits,
critical factors that control their genesis are still not clearly constrained. The disagreement
regarding the age of mineralization has created controversy over the sources of ore-forming
fluids and metals, and both magmatic-epithermal model at 550 ± 3 Ma coincident with
the emplacement of Neoproterozoic felsic intrusions [1–4] and deep circulation of basinal
brines related to the opening of the Atlantic Ocean during the Permian-Triassic times [5]
have been proposed. The resolution of this controversy is crucial because the two proposed
models place Imiter orebodies in very different geologic settings that lead to contrasting
global exploration strategies.
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historically mined polymetallic districts, projected to surface (adapted from [6,7]). The inset shows the location of the Anti-
Atlas belt within the framework of Morocco and Africa continent. (B) Google Earth picture showing the spatial distribution 
of the six principal mines that form the world-class silver-rich Imiter district. 
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of the Saghro Group, which are unconformably overlain by the sub-horizontal volcanic 
(dominantly felsic) and clastic formations of the Late Ediacaran Ouarzazate Group (ca. 
570–540 Ma) [7–10]. All these supracrustal rocks have undergone hydrothermal alteration 
and greenschist facies metamorphism, which contrasts with the higher metamorphic 
grades that occur nearby the igneous intrusions. Lithostratigraphically, the Saghro Group 
consists of up to 8000 m-thick of flysch-like turbiditic sequences that comprise alternating 
successions of fine-grained, laminated sandy (silts, greywackes, arkoses) and pelitic (grey-
wackes, organic-rich pelites, and metabasites) units that accumulated in a back-arc setting 
marginal to West Africa in a time window of ca. 604 to 630 Ma [11,12]. Recent U-Pb age 
determinations indicate a maximum depositional age of 610 Ma (TIMS and SHRIMP U-
Pb on zircons [7,13,14]), whereas Errami [12] who proposed an Early Ediacaran age of 604 
± 5 Ma as the new maximum depositional age for the Saghro Group series. Back-arc basin 
closure which was caused by a collision with the Precambrian basement of the Atlas-Me-
seta domain occurred in a transpressional regime at the latest between 600 ± 3 Ma and 607 
± 6 Ma [12]. This time span records the latest compressional and/or transpressional, syn-
metamorphic event of the Pan-African orogenic cycle in the Anti-Atlas, therefore leaving 
the way for the onset of the Cadomian Orogeny at ca. 570 Ma onwards [11,12,15,16]. 
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the Anti-Atlas belt within the framework of Morocco and Africa continent. (B) Google Earth picture showing the spatial
distribution of the six principal mines that form the world-class silver-rich Imiter district.
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Recent exploration activities in the Imiter district delineated, in its easternmost part,
the Igoudrane deposit as a significant mine site where ore-grade silver mineralization has
been intersected to a depth of ~670 m. This deposit shares many common features with
other deposits of the district in term of geological environment (i.e., type and age of the host
rocks), tectonic setting, magmatic association, mineralization styles, wall-rock alteration,
ore mineralogy, metal composition, and silver grades. However, its mineralogy is unique
in that the gangue minerals are dominated by calcite and fluorite instead of dolomite and
quartz, and the exploited mineralized structures as a large part of the Imiter vein system are
hosted in NW- to E-W-trending north-dipping structures rather than the dominant NE-SW-
oriented south-dipping veins that commonly characterize the other deposits of the district.
More importantly, the Igoudrane deposit is the only mine site of the district where Ag-Hg
mineralization is juxtaposed with, or adjacent to, the apices of an exposed granitic intrusion
referred to as the Igoudrane intrusion. Such a relationship revives the debates on whether
this association is spatial or genetic, as the Igoudrane intrusion correlates very closely with
the distribution of Ag-Hg mineralization. Between 2006, when production started from
underground workings and 2018, the Igoudrane mine has produced 680,000 tons of ore
averaging 485 g/t Ag making it one of the world’s largest and richest silver ore deposits.

To date, no detailed mineralogic, fluid inclusion, or isotopic geochemical investigations
have been performed on this deposit, except for a few reconnaissance surveys carried out
during exploration and mine planning. The study of the Igoudrane deposit could therefore
provide key information on the long-standing controversy on the origin of the Imiter silver-
rich mineralization. In this contribution, we present the first field and laboratory-based
geologic features, type, and composition of ore and alteration minerals, mineral chemistry,
fluid inclusion microthermometry, and stable (C, O) and radiogenic (Sr) isotope data on the
hydrothermal assemblages for the Igoudrane Ag-rich ± Pb-Zn deposit. These integrated
data are used to: (1) document the petrography and geochemistry of the spatially associated
igneous rocks, hydrothermal alteration, styles of mineralization, and vein paragenesis;
(2) decipher the origin, fluid composition and physicochemical conditions of the ore-
forming fluids that led to deposition of silver-rich mineralization; and (3) constrain metal
source(s) and controls on ore deposition.

2. Regional Geological Setting

The field area for the current study is located within the Saghro massif of the Pan-
African Anti-Atlas orogen, and defines the easternmost end of the Imiter high-grade silver
district (Figures 1 and 2). The oldest rocks are assigned to the supracrustal turbiditic series
of the Saghro Group, which are unconformably overlain by the sub-horizontal volcanic
(dominantly felsic) and clastic formations of the Late Ediacaran Ouarzazate Group (ca.
570–540 Ma) [7–10]. All these supracrustal rocks have undergone hydrothermal alteration
and greenschist facies metamorphism, which contrasts with the higher metamorphic grades
that occur nearby the igneous intrusions. Lithostratigraphically, the Saghro Group consists
of up to 8000 m-thick of flysch-like turbiditic sequences that comprise alternating succes-
sions of fine-grained, laminated sandy (silts, greywackes, arkoses) and pelitic (greywackes,
organic-rich pelites, and metabasites) units that accumulated in a back-arc setting marginal
to West Africa in a time window of ca. 604 to 630 Ma [11,12]. Recent U-Pb age determi-
nations indicate a maximum depositional age of 610 Ma (TIMS and SHRIMP U-Pb on
zircons [7,13,14]), whereas Errami [12] who proposed an Early Ediacaran age of 604 ± 5 Ma
as the new maximum depositional age for the Saghro Group series. Back-arc basin closure
which was caused by a collision with the Precambrian basement of the Atlas-Meseta domain
occurred in a transpressional regime at the latest between 600 ± 3 Ma and 607 ± 6 Ma [12].
This time span records the latest compressional and/or transpressional, synmetamorphic
event of the Pan-African orogenic cycle in the Anti-Atlas, therefore leaving the way for the
onset of the Cadomian Orogeny at ca. 570 Ma onwards [11,12,15,16].
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mines (projected to surface). 
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pelitic unit; (iii) a pelitic unit; and (iv) an uppermost organic-rich black shale unit with 
interbedded volcanic and volcaniclastic rocks which constitutes the exclusive host for the 
silver-rich ± Pb-Zn ores. The host units are intruded and cut by widespread undeformed 
volcanic, and intrusive rocks of the ca. 570–540 Ma Late Ediacaran Ouarzazate Group [7–
10], which in turn are truncated by a doleritic-diabasic dike swarm related to the opening 
of the central Atlantic at ~200 Ma [40]. The unconformably overlying Middle Cambrian 
carbonate platform to the north of the Igoudrane mine consists predominantly of a suc-
cession of limestone and calcareous rocks. 

Figure 2. District-scale surface geologic setting of the Imiter silver-rich district including the studied Igoudrane deposit
illustrating the distribution of main lithologic units, the extent of structural styles, and their relationship to the Neoprotero-
zoic and post-Neoproterozoic igneous and pyroclastic rocks. The map also shows the locations of the currently exploited
mines (projected to surface).

Unconformably overlying the turbiditic series of the Saghro Group are the folded
and low-grade volcanic and volcaniclastic formations of the Late Ediacaran Ouarzazate
Group, the conformably overlying Lower Cambrian sandstones, and younger, mostly
sedimentary, Paleozoic sequences. The Late Ediacaran post-orogenic Ouarzazate Group,
the base of which has been dated at 575–565 Ma [10,12], comprises a package of up
to 2000 m-thick succession of undeformed subaerial molasse deposits, ignimbritic and
rhyolitic lava flows, and domes with associated trachy-andesites, tuffs, and conglomerates.
These have been intruded by a set of post-collisional medium- to high-K calc-alkaline
to alkaline, and shoshonitic granitoids and localized ultramafic stocks, and subvolcanic
dike swarms [8,17]. These rocks, which deposited in extensional ENE-WSW [18–20] to
E-W [2,8,21,22] controlled continental basins under terrestrial conditions accumulated
between ca. 580 to 543 Ma along the northern margin of the WAC [7,23] during the latest
Ediacaran to Lower Cambrian time [24–27].
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Recent TIMS and SHRIMP U-Pb zircon age determinations indicate that the medium-
to-high-K calc-alkaline to alkaline magmatism occurred in a post-collisional transtension-
extension setting between ca. 615 and 555 Ma [2,7,8,10,12,13,20,28–30]; and references
therein). Geodynamically, most of the cited petrogenetic models relate the evolution of
the Ediacaran high-K calc-alkaline to alkaline magmatic series either to subduction and
recycling of the subducted crust during the waning stages of the Pan-African collision
(i.e., subduction model; [10,15,31,32]) or alternatively to a post-collisional or anorogenic
extensional rifting stage related to the onset of the Cadomian orogeny [7,8,33–36].

Paleozoic series ranging in age from Cambrian to Carboniferous thrusted onto the
Anti-Atlas during the Late Carboniferous Variscan orogeny at ca. 300 Ma [37–39].

3. Local Geology Setting
3.1. Stratigraphy, Metamorphism, and Structural Geology

In the mine area, the dominant host rocks, stratigraphically assigned to the Lower Edi-
acaran Saghro Group [11], consist of a succession of four highly deformed and greenschist
facies metamorphosed volcano-sedimentary turbiditic units, including from the bottom
to top (Figure 2): (i) a lower sandstone unit; (ii) an intermediate sandstone-pelitic unit;
(iii) a pelitic unit; and (iv) an uppermost organic-rich black shale unit with interbedded
volcanic and volcaniclastic rocks which constitutes the exclusive host for the silver-rich
± Pb-Zn ores. The host units are intruded and cut by widespread undeformed volcanic,
and intrusive rocks of the ca. 570–540 Ma Late Ediacaran Ouarzazate Group [7–10], which
in turn are truncated by a doleritic-diabasic dike swarm related to the opening of the
central Atlantic at ~200 Ma [40]. The unconformably overlying Middle Cambrian carbonate
platform to the north of the Igoudrane mine consists predominantly of a succession of
limestone and calcareous rocks.

The main structural features of the Igoudrane area are (1) the widespread axial-planar
foliation ‘S1’, which is attributed to the D1–D2 deformation events that coincides with the latest
compressional and/or transpressional, synmetamorphic event of the Pan-African orogeny
and the onset of the Cadomian events [11]; and (2) the N-S, E-W, NE-SW, and NW-SE fault
systems. Of these, the roughly E-W oriented trans-crustal Imiter Fault corridor is of prime
relevance as it hosts, or is close to, the major silver-bearing quartz-carbonate mineralized
vein structures of the Imiter district. Structural constraints indicate that (1) each of the
aforementioned fault systems might have undergone a polyphase motion history; (2) N-S
and NW-SE-trending faults were later displaced by the NE-SW to E-W fault systems, with
the latter developing pull apart structures by sinistral strike-slip components of motion; and
(3) the relative age of the Imiter Fault corridor which shows a major dip–slip component is
inferred to be older than 550 Ma [41–43]. Absolute normal displacement, as constrained by
offsets of the northern domain, is between 300 and 400 m [44]. The ductile and/or brittle
nature of the host rock predetermined the shape of the mineralized structures. The occurrence
of a muscovite-chlorite ± epidote ± calcite ± quartz mineral assemblage provides evidence
that the metamorphic conditions attained at least the chlorite zone of the greenschist facies.
Development of amphibolite-facies and higher-grade conditions is limited to contact aureole
surrounding the margins of uplifted Igoudrane intrusion, which formed at ca. 600 ◦C and
≤2.3 kbar, corresponding to batholith emplacement depths of 8–9 km [11].

3.2. Igneous and Pyroclastic Rocks

The exposed volcaniclastic rocks including ignimbrites, tuffs, and volcanic breccias.
Their volcano-plutonic counterparts (intrusions, domes, lava flows, subvolcanic bodies,
and dikes) are also volumetrically relevant, being well exposed both in outcrops and
mine workings (Figure 2). About two-thirds of the igneous and volcaniclastic units are
predominantly silicic (90% rhyolite and dacite) being part of the voluminous Ouarzazate
Supergroup silicic large igneous province.



Minerals 2021, 11, 997 6 of 34

3.2.1. Intrusive Rocks

Intrusive rocks which constitute the most abundant lithological units in the Igoudrane
area comprise four elongate, NW-SE- to NE-trending, high-K calc-alkaline batholiths
referred to as (1) Jbel Igoudrane composite tonalite-granodiorite dated at 565 ± 5 Ma
(U–Pb zircon dating, [28]); (2) Bou Teglimt porphyritic biotite and hornblende-bearing
granodiorite dated at 567 ± 6 Ma, (U–Pb zircon dating, [29]); (3) Taouzzekt quartz diorite-
monzodiorite dated at 555 ± 7 Ma (U–Pb zircon dating, [29]), and Jbel Oussikane charnock-
ite dated at 580 ± 19 (U-Pb on zircon; [12]) (Figure 2). Of these, the 540–575 ± 5 Ma
Igoudrane intrusion is of particular interest as it constitutes the only underground visible
intrusion in the Imiter district. It can be traced through mining activities to a depth of 600 m
and is juxtaposed with the Ag-Hg orebodies are juxtaposed. The roughly oval-shaped
Igoudrane stock intrude with sharp contact the Lower Ediacaran black shales and forms the
Igoudrane hill to the north east of the mine. The intrusion is ~2.5 km long and 0.6–1.4 km
wide (Figure 2) and consist of a gray-, fine-grained quartz-diorite in the eastern contact of
the stock, and a predominantly medium-grained hornblende granodiorite in the western
sector of the intrusion. An additional gabbroic petrographic unit in the southern part of
the massif is also recognized ([28] and the present study).

A set of Late Neoproterozoic N-S to N 70◦ E-trending felsic to mafic dike swarms cross-
cut all country rocks including the older intrusives, with rhyolite dikes being volumetrically
abundant (i.e., Tachkakacht rhyolite dated at 543 ± 9 Ma; [8]) (Figure 2). Less-common
are the mafic volcanic and hypabyssal subvolcanic rocks, which consist primarily of co-
magmatic fine-grained and aphyric- to variably porphyritic microdiorite, andesite, and
dolerite-diabase. Although undated, these basaltic to andesitic rocks appear to correlate
with the regional Late Permian to Triassic igneous event described by [45–48]. Informa-
tion regarding their mineralogy, crosscutting relationships, and geochemical attributes is
summarized in [49].

3.2.2. Volcanic and Volcaniclastic Rocks

The sedimentary-pyroclastic succession of the Igoudrane area is initiated with the
basal conglomerate filling ravines in the base of the upper Cryogenian (Figure 2). The
overlying Ediacaran volcanic and volcaniclastic rocks occur as lavas and pyroclastic flow
deposits. They consist of a succession of silicic ignimbrites, rhyolitic domes, rhyolitic and
andesitic breccias, tuffs, and andesitic to rhyolitic lava flows. Dacite-rhyolite ignimbrites,
which are interbedded within the monoclinal Imiter sequence and the unconformably
overlying upper silicic sequence of the Ouarzazate group series [9,41], are widely exposed
near the study area. Fiamme, sparse lithic fragments, and abundant phenocrysts of feldspar,
biotite, and quartz occur in a vitroclastic matrix. Two episodes of ignimbrite flare up are
recognized. These are from the oldest to the youngest: the >500 m thick lithic- poor to lithic-
rich ignimbrites of the Imiter sequence [41] and the unconformably overlying Takhatert
rhyolitic ignimbrites and related rhyolites of the Upper Silicic sequence. U-Pb zircon dating
yields ages of 567 ± 4 to 565 ± 7 Ma for the lower ignimbrites [10], and 550–543 Ma for
the upper ignimbrites and related rhyolites [2,8]. As for ignimbrites, tuffs with andesitic
to rhyolitic composition are widespread through the Imiter sequence. Geochemically,
all pyroclastic rocks at Igoudrane mine are characterized by a medium- to high-K calc-
alkaline, peraluminous signature, in accordance with other reported areas of the Anti-Atlas
system [50].

4. Mineralogy, Hydrothermal Alteration, Silver Mineralization, and Paragenesis

In the mine area, the Ag-Pb-Zn-rich orebodies are located close to the supracrustal
Imiter Fault (Figure 2) in the form of massive infills, and are hosted by a structurally
complex system of NW- to E-W-trending sub-vertical north-dipping veins, veinlets, breccias,
and stockwork zones (Figure 3). The mineralized structures are generally <1 m wide and
consist of subparallel arrays of discontinuous (Figure 3A,B), anastomosing veinlets along
with development of hydrothermal breccia (Figure 3C). Veinlet-disseminated ores occur on
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the margins of the major veins in altered black shales. The Ag-Pb-Zn-bearing veins display
comb, cockade, laminated, breccia, and crack-and-seal textures. Transtensional veins are
mostly 0.5 cm to 3 m thick and extend laterally for as much several hundreds of meters
(Figure 3D).
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tribution of footwall and hanging facies along with major structures and geometries of the orebodies. (E) Three-dimensional
perspective view of the distribution and typical geometry of silver mineralization hosted by the late Neoproterozoic
black shales.

Fault veins typically exhibit multiple phases of vein growth, with early phases brec-
ciated and cemented by subsequent hydrothermal minerals, thus suggesting multiple
episodes of dilation, fluid circulation, and deposition. Higher grade orebodies occur as
vertically stacked arrays (Figure 3E), mainly controlled by the zones of intersection between
NW- and NE-trending faults.

Ore is characterized by a complex paragenetic sequence of Ag-As-Sb sulfides and
sulfosalts and Pb-Zn-Cu sulfides accompanied by variable amounts of calcite and fluorite
as the dominant gangue minerals ± quartz ± dolomite (Figure 4). All the mineralized veins
display similar mineral assemblages, but proportions of base metal sulfides relative to other
Ag-bearing phases vary among the veins. Sulfides generally constitute less than 15 vol %
of the veins, although higher concentrations (up to ~30 vol %) are locally observed. Silver
minerals are abundant in all major veins and include native silver (Figure 4A), argentiferous
tetrahedrite (i.e., freibergite-argentotennantite serie) (Figure 4B,C), acanthite (Figure 4D),
polybasite, pyrargyrite, argentite, proustite, and Ag-Hg amalgams (Figure 4B–D). Base
metal sulfides are dominated by galena, sphalerite, pyrite-arsenopyrite, and chalcopyrite
(Figure 4D,E).
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Figure 4. Representative rock slab photographs of hand specimens (A,F–H), and back-scatter electron
(BSE) images (B–E) showing mineral assemblages and ore textures of base metal and Ag-bearing
sulfides and sulfosalts from the Igoudrane silver-rich ± Pb-Zn deposit. (A) Hand specimen of
high-grade ore showing multiple flakes of native silver overgrowing on a brecciated rock. (B) Silver-
bearing veinlet crosscutting fluorite. The rectangle is a close-up of the aforementioned veinlet
showing microscopic inclusions of freibergite, polybasite and Ag-Hg amalgam set in a matrix of
fluorite. (C) Clustering of euhedral to subhedral pyrite, freibergite, polybasite, and Ag-Hg amalgam
set in a calcite rocky matrix. (D) Galena intergrown with sphalerite and quartz overprinted by
acanthite and Ag-Hg amalgam. (E) Intergrowths of pyrargyrite, acanthite, Ag-Hg amalgam, pyrite,
and galena with inclusions of dolomite. (F) Polished rock slab showing the coexistence of early-
quartz silver mineralization embedded in a calcite gangue interrupted by silver-bearing late-stage
veining. (G) Hand sample of high-grade silver rich-ore showing brecciated calcite with native
silver sealing the fractures and grain boundaries (i.e., crack and seal texture). (H) Hand sample
from the late-stage ore showing brecciated-like texture with the relics of calcite being cemented
by Ag-Hg amalgam and sulfides (sphalerite, galena). Abbreviations: Ac = acanthite; Bs = black
shale; Cal = calcite; Dol = dolomite; Gn = galena; Fl = fluorite; Frb = freibergite; Plb = polybasite;
Qz = quartz; Sp = sphalerite; Pyr = pyrargyrite; Py = pyrite.
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Wall-rock hydrothermal alteration is weak without development of visible alteration
halos even alongside the mineralized quartz and carbonate veins and veinlets. Where
alteration is observable, it is restricted to weak sericitization, and to lesser extent chloritiza-
tion where the nature of the protolith is mafic. The resulting mineral assemblages consist
predominantly of quartz and carbonates (mainly calcite) with a minor chlorite, sericite,
and pyrite-arsenopyrite overprints. Silicification is the early alteration type (Figure 4F)
and led to development of milky and gray quartz veins to which the early silver-bearing
stage I is related to. This stage, which gave rise predominantly to development of NE-
trending dextral mineralized veins filled by quartz and associated silver-baring sulfide
and sulfosalt assemblages, occurred in response to NW–SE to WNW–ESE transpressional
tectonics [4,42,43,51]. Conversely, carbonitization is by far the dominant alteration type
(Figure 4G) in the Igoudrane mine. The resulting dominantly NW- to E–W-trending, north
dipping argentiferous veins and veinlets ± calcite ± fluorite ± base metal sulfide are
assumed to have occurred from the reactivation and filling of the earlier vein system under
NE–SW transtensional regime in response to N–S to NE–SW shortening [42,43]. Based
on mineral assemblages and crosscutting relationships, two sub-stages of silver ± base
metal mineralization are recognized within stage II. Sub-stage II-1 consists mostly of silver-
bearing sulfides and sulfosalts accompanied predominantly by calcite, whereas substage
II-2 contains silver ore enclosed in a gangue of fluorite and quartz in association with galena,
sphalerite, pyrite, and chalcopyrite (Figure 4H). Late-stage base metal-quartz-carbonate
sub-stage II.3 veins (Figure 3B) cut all previous veins and breccia. The idealized paragenetic
sequence for Igoudrane deposit is shown in Figure 5.
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5. Sampling and Analytical Methods

The samples analyzed in this contribution includes whole-rock specimens and mineral
separates collected from surface outcrops, high-grade open pits, underground workings, and
drill cores to obtain a representative suite of the principal minerals deposited throughout the
mineral paragenesis (Figure 5). Whole-rock samples (rhyolite, ignimbrite, tuff, granodiorite,
diorite, gabbro, and black-shales) were collected from visibly fresh outcrop away from the
Igoudrane ore veins. The selected specimens including the ore were split for petrography,
mineralogy, mineral chemistry, and isotopic geochemistry. Petrographic examinations were
conducted on a standard transmitted- and reflected-light microscope at university of Oujda
(Morocco). Scanning electron microscope (SEM) investigations were carried out using a
Jeol JSM-7500F equipped with an energy dispersive detector (EDS), and a Zeiss Sigma 300
FEG equipped with two Bruker EDS detectors at the University of Namur (Belgium). Beam
operating conditions were an acceleration voltage of 20 kV and a probe current of 2.3 nA.
Backscatter electron (BSE) and CL imaging were used to locate and study textural relationships
in the veins that were too small for examination by optical petrography.

Whole-rock major and trace element compositions were determined at Activation
Laboratory Ltd. (Actlabs, Ancaster, ON, Canada) by Li metaborate/tetraborate fusion-
inductively coupled plasma (FUS-ICP) for major elements, Li metaborate/tetraborate
fusion-inductively coupled plasma-mass spectrometry (FUS-ICP/MS) for trace elements
including the rare earth elements (REE), fusion-ion selective electrode (FUS-ISE) for F, and
infrared spectroscopy for total S and total digestion-ICP-MS to refine Pb values.

Chemical compositions of major sulfide and sulfosalt minerals along with Ag-Hg amal-
gams were determined using a CAMECA SX-100 electron probe microanalyzer (EPMA)
equipped with four wavelength and energy-dispersive spectrometers WDS and EDS spec-
trometers at the microanalysis center CAMPARIS UPMC-INSU (Sorbonne Université,
France). Quantitative analyses were carried out using a 25 kV accelerating voltage, a 20 nA
beam current, a 2–5 µm beam diameter, and counting times of 10 s for peak measurements.
With regard to acanthite, proustite, and other-sensitive silver minerals, a defocused beam
(10–15 µm) of 4 nA was applied due to their rapid decomposition under the electron beam.
The element lines used for analysis included Kα lines—S, Cu, Ni, Co, Fe; Lα lines—As, Zn,
Se, Ag, Cd, Sb; Mα lines—Hg, Bi; Lβ lines—Sn; Mβ lines—Pb. The following standards
were used for calibration: sphalerite (for S, Zn), pure Cu (for Cu), NiO (for Ni), pure Co
(for Co), pyrite (for Fe), AsGa (for As), pure Se (for Se), pure Ag (for Ag), pure Cd (for Cd),
Sb2S3 (for Sb), Cinnabarite (for Hg), SnO2 (for Sn), PbS (for Pb), pure Bi (for Bi).

The trace element compositions of calcite and fluorite were measured on single crys-
tals by laser ablation-inductively coupled plasma mass spectrometry (LA-ICPMS) at the
Department of Geosciences, University of Bremen (Germany). Calcium was used as an
internal standard. For fluorites stochiometric Ca was assumed; for calcite the Ca concentra-
tions were corrected for measured Ca, Mg, Fe, and Mn abundances by normalizing their
total to 100% (Ca + Mg + Fe + Mn) carbonate. Details of the data acquisition and quality
control are described in [52].

Petrographic observations and temperature measurements of fluid inclusions (FIs)
along with bulk FIs analysis were made on doubly polished wafers from Ag-mineralized
samples from the Igoudrane deposit to quantify physical and chemical characteristics of
the mineralizing fluids. Wafers were inspected under a petrographic Olympus® BX-50
optical microscope equipped with a ultralong working distance objectives and Qimaging
Micropublisher 5 Mp digital camera. Microthermometric data were acquired on a Linkam
THMSG-600 stage coupled to the Olympus® microscope equipped with ultralong working
distance objectives, at the Crustal Fluids Laboratory of the Centro de Geociencias at
UNAM in Querétaro (Mexico). This stage permits the observation of fluid inclusion
phase transitions from −193◦ to +600 ◦C with an accuracy of ±0.1 ◦C. The stage was
calibrated using Synflinc® synthetic FIs and ultrapure chemicals with fixed melting points.
The gas contents of aqueous-bearing FIs was determined by Raman microspectroscopy
(CINESTAV-Conacyt laboratory) using a High Resolution Labram type (Dilor) equipped
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with a Notch filter and a grating (1800 grooves per mm) to make it luminous. The detector
was a CCD cooled at −30 ◦C; the exciting radiation was provided by an Ar+ laser (Type
2020, Spectraphysics) at 514.5 nm. Spectral resolution was approximately 2 cm−1. The
accumulation time, laser power, and confocal aperture were modified for each inclusion
measurement to obtain an optimum signal-to-noise ratio. For the decrepitation method of
FIs analysis, four calcite samples were carefully separated from thick sections. Samples
were crushed and sieved between 45 to 60 mesh. The non-magnetic fraction was separated
using a Frantz isodynamic magnet. Final calcite populations were hand-picked under a
binocular microscope. The samples were then cleaned with ultra-pure in an ultrasonic
microwave oven for 5 min. Calcite samples were analyzed at the Crustal Fluid Laboratory
using a BGS model 205 decriptometer, which consists of an open silica tube equipped with
a sensitive microphone connected to the silica tube and a furnace, where the sample is
placed inside the silica tube. Before and after each sample analysis, three standard tests
were run to ensure correct functioning of the equipment.

Carbon and oxygen isotope analyses of hand-picked calcite separates were carried
out at the Radiometric Dating and Stable Isotope Research laboratory at the University of
Erlangen-Nuremberg (Germany) on hand-picked calcite separates. Carbonate powders
were reacted with 100% phosphoric acid at 70 ◦C using a Gasbench II connected to a
ThermoFisher Delta V Plus mass spectrometer. Isotopic data are reported per mil (‰)
relative to the Standard Mean Ocean Water (V-SMOW) for oxygen and to the PeeDee
Belemnite (V-PDB) for carbon [53]. Reproducibility and accuracy were monitored by
replicate analysis of laboratory standards calibrated by assigning a δ13C of +1.95‰ to
NBS19 and −47.3‰ to IAEACO9 and a δ18O of −2.20‰ to NBS19 and −23.2‰ to NBS18.
Analytical precision (1σ) was calculated on the basis of multiple measurements of well-
characterized carbonate standards between sample runs and was better than 0.01‰ for
δ13C and 0.02‰ for δ18O, after corrections for scale compression.

Strontium isotopes analyses of carbonates were performed at Laboratoire G-Time
(Université Libre de Bruxelles, Belgium). Samples were ashed in porcelain crucibles at
650 ◦C in a muffle furnace by step heating for up to 8 h. Strontium was extracted from
the ashed samples and purified following the protocol described in [54], and measured
on a Nu Plasma Multi-Collector ICP-MS (Nu015 from Nu Instruments, Wrexham, UK).
Repeated analyses of the NBS 987 standard yielded 87Sr/86Sr = 0.710246 ± 0.000024. Mass
fractionation was corrected by internal normalization (86Sr/88Sr = 0.1194) for all data. All
measurements were normalized externally using a standard bracketing method with the
recommended value of 87Sr/86Sr = 0.710248 for NBS987 [55]. Procedural blanks were
considered negligible. 87Sr/86Sr value is reported with a 2σ error.

6. Analytical Results
6.1. Host-Rock Geochemistry

The discrimination diagram of [56] confirms that the volcanic and intrusive rocks
hosting the Igoudrane mineralization are of basaltic to rhyolitic composition (Table 1,
Figure 6A). Geochemically, the samples plot in the field of metaluminous to peraluminous
(Figure 6B) high-K calc-alkaline series (Figure 6C), and display subparallel similar slightly
to moderately chondrite-normalized light REE-enriched patterns (La/SmCN = 1.11–7.03
and La/YbCN = 2.46–21.03) with pronounced negative Eu anomalies (Eu/Eu* = 0.16–0.97)
(Figure 6D). This geochemical similarity and their stratigraphic relationships suggest that
the different host rocks are petrogenetically related, with the felsic and mafic counterparts
being potentially derived from the same differentiating parent magma. More importantly,
the trace element patterns for these rocks, with depletions of Nb, and Ta, along with the
Zr/Nb (12.6–26.0) and Zr/Y ratios (2.2–13.1) and the diagram of [57] (Figure 6E) confirm
that the Igoudrane igneous and pyroclastic rocks formed in an arc setting as initially
proposed by previous authors [7,8,12,28].
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Table 1. Representative whole-rock major- and trace-element compositions of major igneous and pyroclastic rocks from the Igoudrane silver-rich ± Pb-Zn deposit.

Rock Type Gabbro Granodiorite Felsic Ignimbrite Rhyolite Andesitic Tuff Granodiorite Black Shales

Sample No. RT1 RT2 RT4 RT13 RT14 19RT6 19RT7 RT10 RT12 19RT8 19RT5 RT15 RT16 RT6 BS

Major elements (wt.%)
SiO2 44.46 42.94 60.50 76.29 73.32 75.73 75.88 74.91 75.00 76.50 73.71 61.27 58.31 59.63 65.42

Al2O3 16.22 16.53 16.32 11.58 13.21 12.57 12.66 12.24 12.57 12.97 12.96 15.85 12.53 15.48 15.42
Fe2O3(T) 15.10 15.36 5.37 1.19 1.56 1.73 1.44 1.57 1.48 0.95 1.62 3.83 6.87 7.25 5.32

MnO 0.18 0.23 0.10 0.04 0.05 0.04 0.03 0.01 0.03 0.06 0.07 0.08 0.11 0.13 0.18
MgO 6.86 8.10 2.63 0.28 0.20 0.50 0.52 0.18 0.36 0.39 0.37 1.80 6.97 3.82 2.57
CaO 8.83 9.40 2.69 1.60 0.80 0.37 0.64 0.11 0.19 0.29 1.68 4.41 3.63 5.89 0.94

Na2O 1.66 1.72 4.65 2.79 4.68 2.75 3.37 2.99 3.48 3.16 3.63 2.15 2.34 2.94 2.48
K2O 1.99 1.87 3.72 3.77 2.99 4.33 4.28 4.90 4.62 5.06 4.06 4.12 1.18 2.09 2.74
TiO2 1.41 1.33 0.58 0.12 0.14 0.11 0.10 0.10 0.10 0.05 0.12 0.57 0.58 0.89 0.77
P2O5 0.09 0.10 0.12 0.01 0.04 0.04 0.01 <0.01 <0.01 0.01 0.02 0.11 0.11 0.20 0.29
LOI 2.32 2.28 4.12 2.31 1.42 1.52 1.31 1.78 1.06 1.15 2.07 6.33 6.85 1.89 2.98
Total 99.12 99.85 100.79 99.98 98.41 99.69 100.23 98.79 98.89 100.58 100.31 100.52 99.47 100.21 99.11

Trace elements (ppm)
As 13.00 12.00 12.00 <5 5.00 <5 <5 44.00 <5 <5 <5 <5 <5 11.00 315.33
B 17.00 16.00 31.00 5.00 <2 46.00 <2

Ag 0.60 <0.5 0.70 0.50 <0.5 0.80 1.20 <0.5 0.60 0.50 0.80 <0.5 0.60 0.50 0.90
Ba 439.00 633.00 916.00 802.00 757.00 2135.00 304.00 366.00 369.00 1240.00 494.00 843.00 385.00 871.00 1002.67
Be <1 <1 1.00 1.00 2.00 3.00 2.00 1.00 2.00 <1 3.00 3.00 1.00 1.00 2.33
Bi <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4
Cl <0.01 <0.01 <0.01 <0.01 <0.01 0.01 <0.01
Cr <20 30.00 70.00 <20 <20 <20 <20 <20 <20 <20 <20 230.00 750.00 70.00 90.00
Cs 1.40 2.80 1.50 2.30 1.20 4.80 2.00 2.70 2.30 1.60 2.70 6.10 0.50 1.60 2.27
Co 46.00 56.00 12.00 1.00 1.00 1.00 1.00 <1 1.00 <1 1.00 10.00 34.00 20.00 15.67
Cu 40.00 <10 20.00 50.00 <10 <10 <10 <10 <10 <10 <10 20.00 <10 30.00 40.00
F <0.01 0.01 <0.01 0.04 0.03 0.01 0.02

Ga 16.00 16.00 15.00 13.00 12.00 15.00 18.00 15.00 17.00 16.00 17.00 16.00 13.00 14.00 17.33
Ge 2.00 2.00 1.00 1.00 <1 1.00 1.00 <1 1.00 1.00 1.00 2.00 2.00 1.00 1.33
Hf 2.10 1.10 4.50 2.10 2.60 5.00 5.10 4.20 4.50 3.10 4.80 3.60 2.60 4.40 3.90
In <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Li 7.10 9.50 13.20 14.30 84.80 33.30 40.50

Mo <2 <2 <2 <2 <2 <2 2.00 <2 <2 <2 <2 <2 <2 <2 3.00
Nb 4.00 2.00 8.00 3.00 5.00 12.00 12.00 10.00 10.00 7.00 10.00 8.00 5.00 7.00 11.33
Ni <20 20.00 <20 <20 <20 <20 <20 <20 <20 <20 <20 30.00 210.00 <20 43.33
P 0.02 0.01 0.01 0.01 0.04 0.08 0.07

Pb 7.00 <5 15.00 14.00 6.00 115.00 <5 87.00 12.00 33.00 10.00 13.00 8.00 11.00 84.67
Rb 60.00 63.00 135.00 125.00 98.00 164.00 150.00 159.00 151.00 143.00 135.00 187.00 35.00 49.00 72.67
S 0.01 0.02 <0.01 <0.01 <0.01 0.02 0.01 0.94 <0.01 0.01 0.02 <0.01 <0.01 0.01 0.19

Sn 1.00 1.00 1.00 2.00 2.00 3.00 3.00 2.00 3.00 2.00 3.00 2.00 1.00 1.00 2.33
Sb 1.40 0.80 2.00 1.90 1.70 1.60 1.60 1.30 1.30 1.10 1.60 2.30 2.20 1.40 5.37
Sc 43.00 54.00 14.00 3.00 3.00 4.00 4.00 4.00 4.00 3.00 5.00 12.00 21.00 23.00 15.33
Sr 286.00 241.00 234.00 88.00 104.00 44.00 32.00 33.00 32.00 90.00 62.00 126.00 186.00 369.00 137.33
Ta 0.30 0.10 0.60 0.60 0.80 1.10 1.10 1.10 1.00 0.90 1.00 0.70 0.40 0.50 0.90
Tl 0.30 0.50 1.00 0.70 0.50 1.00 0.90 0.90 0.70 1.50 1.00 0.90 0.40 0.40 0.60
V 521.00 604.00 83.00 12.00 8.00 11.00 <5 <5 <5 <5 8.00 69.00 108.00 134.00 117.67
W <1 <1 <1 <1 <1 2.00 2.00 2.00 2.00 <1 2.00 2.00 2.00 <1 2.33
Y 17.00 14.00 16.00 8.00 13.00 29.00 31.00 17.00 35.00 21.00 32.00 11.00 14.00 20.00 24.33

Zn 70.00 70.00 90.00 30.00 <30 60.00 30.00 110.00 40.00 80.00 50.00 60.00 110.00 80.00 360.00
Zr 76.00 31.00 202.00 78.00 91.00 151.00 152.00 141.00 140.00 89.00 142.00 144.00 107.00 174.00 160.00
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Table 1. Cont.

Rock Type Gabbro Granodiorite Felsic Ignimbrite Rhyolite Andesitic Tuff Granodiorite Black Shales

Sample No. RT1 RT2 RT4 RT13 RT14 19RT6 19RT7 RT10 RT12 19RT8 19RT5 RT15 RT16 RT6 BS

La 11.20 4.80 30.50 17.00 38.10 31.50 33.10 24.10 38.70 34.30 33.00 22.50 20.30 23.00 34.23
Ce 24.60 12.40 58.80 30.90 68.60 66.90 69.30 51.00 71.20 53.10 70.60 41.10 38.70 48.30 69.77
Pr 3.18 1.89 6.29 3.20 6.68 7.86 8.18 5.69 9.18 6.90 8.38 4.44 4.31 5.59 7.70
Nd 14.20 10.10 24.30 11.20 21.70 29.40 30.30 19.40 34.30 23.60 31.50 14.80 15.90 21.60 28.80
Sm 3.80 2.80 4.30 2.20 3.50 5.90 6.10 3.70 7.00 4.30 6.80 3.10 3.30 4.30 5.77
Eu 1.07 0.94 1.02 0.47 0.63 0.37 0.36 0.17 0.33 0.48 0.42 0.78 0.96 0.96 1.35
Gd 4.10 3.50 3.60 1.70 2.60 5.10 5.30 2.70 5.90 3.50 5.60 2.70 2.80 4.40 5.13
Tb 0.60 0.50 0.50 0.30 0.40 0.90 0.90 0.50 1.00 0.60 1.00 0.40 0.50 0.70 0.80
Dy 3.90 3.40 3.20 1.50 2.40 5.10 5.30 3.30 5.80 3.10 5.60 2.30 2.90 4.00 4.83
Ho 0.80 0.60 0.60 0.30 0.50 1.00 1.00 0.60 1.10 0.60 1.10 0.50 0.60 0.80 0.90
Er 2.00 1.80 1.70 0.80 1.30 3.10 3.10 2.00 3.20 2.00 3.10 1.30 1.60 2.20 2.60
Tm 0.29 0.24 0.27 0.12 0.20 0.45 0.46 0.33 0.48 0.28 0.44 0.19 0.23 0.32 0.39
Yb 1.80 1.40 1.70 0.90 1.30 3.00 3.10 2.10 3.30 2.20 3.10 1.20 1.40 2.10 2.53
Lu 0.21 0.17 0.22 0.15 0.18 0.46 0.48 0.31 0.55 0.33 0.47 0.17 0.21 0.31 0.35

∑REY 88.75 58.54 153.00 78.74 161.09 190.04 197.98 132.90 217.04 156.29 203.11 106.48 107.71 138.58 189.49
Th 2.70 0.60 6.70 10.70 12.10 11.50 12.50 12.50 12.60 12.20 11.00 6.80 4.70 4.50 9.27
U 1.10 0.70 3.50 4.10 4.90 5.10 5.30 5.00 6.00 5.60 5.00 4.70 2.50 2.10 2.43

(La/Sm)CN 1.90 1.11 4.58 4.99 7.03 3.45 3.50 4.20 3.57 5.15 3.13 4.69 3.97 3.45 3.83
(La/Yb)CN 4.46 2.46 12.87 13.55 21.02 7.53 7.66 8.23 8.41 11.18 7.64 13.45 10.40 7.86 9.69
(La/Lu)CN 5.72 3.03 14.86 12.15 22.68 7.34 7.39 8.33 7.54 11.14 7.52 14.18 10.36 7.95 10.48
(Eu/Eu*)CN 0.83 0.92 0.79 0.74 0.64 0.21 0.19 0.16 0.16 0.38 0.21 0.82 0.97 0.67 0.76

Abbreviations: n= Number of analyses; CN = Chondrite-normalized; Eu/Eu* = EuN / (SmN × GdN)0.5.
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Figure 6. Geochemical discrimination diagrams showing the chemical affinities and geodynamic setting of the Igoudrane
igneous and pyroclastic rocks. (A) Nb/Y versus Zr/Ti classification diagram from [56] modified by [58] with the plotted
compositions indicating compositions from basalt to rhyolite. (B) A/CNK versus A/NK diagram of [59] displaying
the metaluminous to peraluminous features of the analyzed petrographic units. (C) SiO2 versus K2O diagram of [60]
displaying the high-K calc-alkaline affinity of the analyzed petrographic units. (D) Chondrite-normalized REE patterns
of representative hydrothermal carbonates and fluorite compositions compared to potential rock sources. Normalizing
data are from [61]. (E) Th/Yb versus Nb/Yb diagram from [57] useful for identifying the geodynamic context with all
compositions plotted within the volcanic arc array.

6.2. Silver- and Base Metal-Bearing Mineral Chemistry

Silver minerals are abundant in all major veins and include freibergite, pyrargyrite,
pearceite-polybasite, argentite, acanthite, proustite, and more importantly native silver.
Base metal sulfides include in order of decreasing abundance galena, sphalerite, chalcopy-
rite, pyrite, and arsenopyrite. EPMA analyses and related calculated structural formulae of
the major Ag-bearing minerals are presented in Table 2.
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Table 2. Representative electron microprobe compositions (wt %) and calculated structural formulae of sulfide, sulfosalt, and silver-bearing minerals from the Igoudrane silver-rich ± Pb-Zn
deposit (n.d.= not detected).

No. S Cu Ni Co Fe As Zn Se Ag Cd Sb Hg Sn Pb Bi Total Calculated Formula

Polybasite On the basis of 29 a.p.f.u
Po-1 14.03 4.12 0.01 n.d 0.03 0.29 n.d n.d 71.13 0.56 9.53 0.25 n.d 0.12 0.05 100.11 (Ag15.28Cu1.50Fe0.01Cd0.11Hg0.03Pb0.01Bi0.01)16.96(Sb1.81As0.09Ni0.01)1.91S10.14
Po-2 12.63 3.88 n.d n.d 0.06 0.27 0.68 n.d 74.79 0.46 8.81 0.08 n.d 0.23 n.d 101.90 (Ag16.20Cu1.43Cd0.10Fe0.03Zn0.24Hg0.01Pb0.03)18.03(Sb1.69As0.08)1.77S9.20
Po-3 14.15 4.37 n.d <0.01 0.09 0.22 n.d n.d 72.70 0.26 10.03 0.25 n.d n.d n.d 102.07 (Ag15.34Cu1.57Cd0.05Fe0.04Hg0.03)17.02(Sb1.81As0.09)1.94S10.04
Po-4 13.99 5.78 n.d 0.03 0.03 0.10 n.d 0.01 70.25 n.d 10.33 0.06 n.d 0.26 n.d 100.83 (Ag14.90Cu2.08Co0.01Fe0.01Cd0.11Hg0.01Pb0.03)17.04(Sb1.81As0.09)1.97S9.99

Pyrargyrite On the basis of 7 a.p.f.u
Pr-1 16.87 0.03 0.05 n.d 0.01 1.11 0.95 0.05 62.04 n.d 20.19 0.02 n.d 0.30 n.d 101.61 Ag3.10Pb0.01(Sb0.89As0.08)0.97S2.83

Freibergite On the basis of 29 a.p.f.u
Fb-1 21.18 15.10 0.02 0.01 4.30 1.53 0.84 n.d 31.57 0.21 25.71 0.14 n.d 0.46 n.d 101.07 (Ag5.59Cu4.54)10.13(Zn0.25Fe1.47Pb0.01Sn0.01Cd0.04Hg0.01)1.81(As0.39Sb4.03Ni0.01)4.43S12.62
Fb-2 22.43 18.17 n.d 0.03 3.30 1.21 2.84 n.d 27.56 0.11 24.97 0.29 n.d 0.17 n.d 101.07 (Ag4.72Cu5.29)10.01(Zn0.80Fe1.09Co0.01Pb0.01Sn0.01Cd0.02Hg0.03)1.97(As0.30Sb3.79)4.09S12.93
Fb-3 21.88 17.83 n.d n.d 3.33 1.39 1.80 0.06 27.13 n.d 26.21 0.43 n.d 0.04 n.d 100.10 (Ag4.74Cu5.29)10.03(Zn0.52Fe1.12Pb0.01Sn0.01Se0.01Hg0.04)1.70As0.35Sb4.06)4.41S12.86
Fb-4 22.21 17.09 0.03 n.d 3.20 0.98 1.78 n.d 29.72 n.d 25.50 0.45 n.d 0.37 n.d 101.33 (Ag5.16Cu5.04)10.20(Zn0.51Fe1.07Pb0.01Sn0.01Hg0.04)1.66(As0.25Sb3.92Ni0.01)4.18S12.97
Fb-5 21.25 18.39 0.01 <0.01 3.47 1.27 1.93 0.04 29.29 0.03 25.97 0.39 n.d 0.20 n.d 102.23 (Ag5.08Cu5.42)10.50(Zn0.55Fe1.16Pb0.01Sn0.01Se0.01Hg0.04)1.78(As0.32Sb3.99)4.31S12.40
Fb-6 20.17 14.84 n.d n.d 2.50 1.01 1.27 n.d 32.10 0.11 24.59 2.10 n.d 1.12 n.d 99.81 (Ag5.92Cu4.65)10.57(Zn0.39Fe0,89Pb0.01Sn0.01Cd0.02Hg0.21)1.61(As0.27Sb4,02)4.29S12.52
Fb-7 19.99 13.24 0.02 n.d 4.94 0.67 0.32 n.d 34.67 0.20 25.71 0.55 n.d 0.21 n.d 100.51 (Ag6.33Cu4.10)10.43(Zn0.10Fe1.74Pb0.01Sn0.01Cd0.03Hg0.05)1.95(As0.18Sb4.16Ni0.01)4.34S12.28
Fb-8 19.62 13.46 n.d n.d 3.76 1.07 n.d n.d 32.00 0.04 24.16 2.43 n.d 3.75 n.d 100.29 (Ag6.01Cu4.29)10.30(Fe1.36Pb0.01Sn0.01Cd0.01Hg0.25)1.98(As0.29Sb4.02)4.31S12.40
Fb-9 20.97 13.82 n.d 0.01 4.70 1.06 0.10 n.d 33.97 n.d 25.69 0.04 n.d 0.58 n.d 100.94 (Ag6.09Cu4.20)10.29(Zn0.03Fe1.63Pb0.01Sn0.01)1.72(As0.27Sb4.08)4.35S12.64
Fb-10 21.03 14.87 0.02 n.d 5.04 1.19 0.20 0.06 33.59 0.08 24.99 0.10 n.d n.d n.d 101.17 (Ag5.95Cu4.47)10.42(Zn0.06Fe1.72Pb0.01Sn0.01Cd0.01Hg0.01)1.82(As0.30Sb3.92Ni0.01)4.23S12.53
Fb-11 20.21 14.79 n.d n.d 4.44 1.36 n.d 0.07 32.57 0.11 24.96 0.24 n.d 0.54 n.d 99.29 (Ag5.94Cu4.58)10.52(Fe1.57Pb0.01Sn0.01Se0.02Cd0.02Hg0.02)1.68(As0.36Sb4.03)4.39S12.41
Fb-12 20.71 16.97 n.d n.d 5.31 1.57 n.d 0.00 30.06 n.d 25.09 0.17 n.d 0.32 n.d 100.21 (Ag5.33Cu5.11)10.44(Fe1.82Pb0.01Sn0.01Hg0.02)1.86(As0.40Sb3.94)4.34S12.35

Silver amalgam On the basis of 1 a.p.f.u
S-1 n.d 0.08 0.01 n.d 0.02 0.05 n.d n.d 77.11 0.26 0.33 23.03 n.d n.d 0.01 100.9 Ag0.85Hg0.14
S-2 n.d n.d n.d 0.04 0.02 n.d n.d 0.01 74.59 n.d 0.04 24.36 n.d 0.44 0.11 99.6 Ag0.85Hg0.15
S-3 n.d n.d n.d n.d n.d n.d n.d n.d 74.53 n.d 0.03 24.21 0.01 n.d n.d 98.78 Ag0.85Hg0.15
S-4 n.d n.d 0.01 0.01 0.04 0.13 n.d n.d 72.11 0.19 0.02 29.02 n.d n.d n.d 101.52 Ag0.82Hg0.18
S-5 0.02 n.d n.d n.d n.d n.d 0.11 n.d 93.76 0.33 0.26 5.64 0.10 n.d 0.10 100.31 Ag0.96Hg0.03
S-6 0.03 0.08 n.d n.d 0.02 n.d n.d n.d 94.63 0.31 0.37 3.09 0.03 0.35 n.d 98.92 Ag0.97Hg0.02
S-7 n.d 0.02 0.02 0.01 0.03 0.14 n.d n.d 83.46 0.15 n.d 16.11 n.d n.d 0.08 100.01 Ag0.90Hg0.09
S-8 n.d 0.01 n.d 0.02 n.d n.d n.d 0.07 76.70 0.17 0.04 22.97 0.13 n.d n.d 100.09 Ag0.86Hg0.14
S-9 n.d 0.02 0.02 0.02 n.d n.d n.d n.d 78.28 0.31 0.12 21.59 n.d n.d n.d 100.35 Ag0.87Hg0.13
S-10 n.d 0.07 n.d n.d 0.02 n.d 0.09 n.d 76.21 n.d n.d 22.29 0.06 n.d 0.08 98.83 Ag0.86Hg0.14
S-11 n.d n.d n.d n.d 0.01 0.07 0.00 n.d 77.61 0.26 n.d 23.02 n.d n.d n.d 100.98 Ag0.86Hg0.14

Acanthite On the basis of 3 a.p.f.u
Ac-1 13.49 0.07 n.d n.d 0.04 n.d n.d 0.04 85.06 0.01 n.d 0.02 0.06 0.42 0.02 99.22 Ag1.95Pb0.01S1.04
Ac-2 11.39 0.05 <0.01 n.d 0.02 0.12 0.26 0.03 88.15 n.d 0.02 0.21 n.d 0.33 0.01 100.60 Ag2.07Zn0.01S0.90
Ac-3 6.65 0.01 0.01 n.d 0.21 n.d n.d n.d 91.89 n.d n.d n.d n.d 0.52 n.d 99.30 Ag2.40Fe0.01Pb0.01S0.58

Chalcopyrite On the basis of 4 a.p.f.u
Cp-1 37.42 33.04 0.03 n.d 28.89 n.d n.d 0.03 0.98 0.03 n.d 0.15 0.06 0.18 n.d 100.82 (Cu0.94Ag0.02)0.96Fe0.93S2.11
Cp-2 34.40 31.59 0.02 n.d 27.87 0.09 n.d n.d 3.25 n.d 0.01 n.d 0.06 0.04 n.d 97.34 (Cu0.95Ag0.06)1.01Fe0.95S2.04
Cp-3 34.14 33.05 n.d n.d 28.77 n.d n.d 0.01 n.d 0.02 n.d 0.31 n.d n.d 0.05 96.35 Cu0.99Fe0.98S2.03
Cp-4 34.51 33.11 0.02 n.d 28.82 0.24 n.d n.d 0.03 n.d 0.20 0.17 n.d 0.22 n.d 97.31 Cu0.98Fe0.97S2.03
Cp-5 33.19 33.84 <0.01 n.d 29.79 n.d n.d 0.09 0.24 0.03 0.01 n.d n.d 0.57 n.d 97.76 Cu1.01Fe1.01S1.96
Cp-6 33.75 33.39 0.01 n.d 29.83 n.d n.d 0.09 n.d 0.02 0.10 0.04 0.03 0.14 n.d 97.40 Cu0.99Fe1.01S1.99
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Table 2. Cont.

No. S Cu Ni Co Fe As Zn Se Ag Cd Sb Hg Sn Pb Bi Total Calculated Formula

Galena On the basis of 2 a.p.f.u
Gn-1 13.44 n.d 0.04 n.d 0.04 0.02 n.d n.d 0.45 n.d 0.16 n.d 0.24 85.70 n.d 100.09 (Pb0.98Ag0.01)0.99S1.00
Gn-2 13.78 n.d n.d n.d 0.05 n.d n.d n.d 1.99 0.44 0.04 0.11 0.09 84.09 n.d 100.58 (Pb0.94Ag0.04Cd0.01)1.00S1.00
Gn-3 13.02 n.d n.d 0.04 0.04 n.d 0.27 n.d n.d 0.21 n.d 0.10 n.d 87.09 n.d 100.77 (Pb1.01Zn0.01)1.02S0.97
Gn-4 13.81 n.d n.d n.d 0.07 n.d n.d n.d 0.52 0.21 <0.01 0.03 0.07 87.06 n.d 101.77 (Pb0.98Ag0.01)0.99S1.00
Gn-5 14.04 n.d n.d n.d n.d n.d 0.07 n.d n.d 0.00 n.d n.d n.d 87.17 n.d 101.28 Pb0.98S1.02
Gn-6 14.57 0.32 <0.01 n.d n.d n.d n.d 0.02 n.d 0.27 1.12 n.d 0.02 84.81 n.d 101.12 (Pb0.93Cu0.01Cd0.01Sb0.02)0.97S1.03

Pyrite On the basis of 3 a.p.f.u
Py-1 52.22 0.10 n.d n.d 44.79 n.d n.d 0.01 2.23 n.d 0.09 0.11 n.d 0.10 n.d 99.64 Fe0.98Ag0.03S1.99
Py-2 55.06 0.06 0.01 n.d 46.05 0.20 n.d 0.05 0.07 n.d 0.05 n.d n.d 0.15 n.d 101.69 Fe0.97S2.02
Py-3 51.36 0.12 <0.01 n.d 46.11 0.83 n.d 0.01 n.d 0.16 0.18 0.07 n.d 0.03 n.d 98.88 Fe1.01As0.01S1.97
Py-4 49.84 0.10 0.03 n.d 46.37 0.48 n.d <0.01 n.d n.d 0.10 0.02 <0.01 0.38 n.d 97.33 Fe1.04As0.01S1.95
Py-5 50.73 0.21 n.d n.d 46.08 0.69 n.d n.d n.d n.d 0.10 0.02 0.11 0.77 n.d 98.70 Fe1.02As0.01S1.96
Py-6 49.73 0.30 0.01 n.d 46.36 0.57 n.d 0.06 n.d 0.03 0.11 0.05 0.03 0.00 n.d 97.25 Fe1.04As0.01Cu0.01S1.94
Py-7 51.83 0.62 0.10 n.d 44.72 1.14 0.10 0.02 0.21 0.05 0.21 n.d 0.01 0.24 n.d 99.26 Fe0.98As0.02Cu0.01S1.97
Py-8 51.35 0.19 n.d n.d 46.14 0.29 n.d n.d 0.16 n.d 0.05 n.d 0.04 0.13 n.d 98.35 Fe1.02S1.97

Arsenopyrite On the basis of 3 a.p.f.u
Asp 18.96 n.d 0.02 n.d 34.34 43.62 n.d 0.15 0.35 n.d n.d n.d 0.06 0.63 0.01 98.13 As0.97Fe1.03Pb0.01S0.99

Sphalerite On the basis of 2 a.p.f.u
Sp-1 29.31 0.03 <0.01 0.02 1.13 0.15 66.72 n.d n.d n.d n.d 0.15 0.07 n.d 0.04 97.63 (Zn1.04Fe0.02)1.06S0.93
Sp-2 31.46 0.01 0.01 0.01 1.35 0.22 65.94 0.03 n.d 0.06 0.06 n.d n.d 0.14 n.d 99.29 (Zn1.00Fe0.02)1.02S0.97
Sp-3 32.79 n.d 0.04 n.d 0.97 n.d 66.30 0.03 n.d 0.27 n.d n.d n.d n.d n.d 100.41 (Zn0.99Fe0.02)1.01S0.99
Sp-4 34.03 n.d 0.01 n.d 3.89 0.21 61.28 0.12 0.27 0.22 0.07 0.00 0.03 0.08 n.d 100.21 (Zn0.90Fe0.07)0.97S1.02
Sp-5 33.11 0.40 n.d n.d 0.22 0.32 65.78 0.04 0.57 0.34 0.40 0.12 n.d n.d n.d 101.29 (Zn0.97Ag0.01Cu0.01)0.99S1.00
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Native silver and Ag-Hg amalgams are by far the most exploited and economically the
most attractive argentiferous resource in the Igoudrane deposit. Where present, native silver
occurs either as disseminated to interconnected massive flakes in calcite up to several Kt of
silver ounces or as arborescent and dendritic stringers cutting across the gangue carbonate
(Figure 4G). Filamentous silver lining open cavities (i.e., wire silver) is also commonly present
in the silver-bearing veins. Except for the wire silver which exhibits almost pure composition,
the native silver from the Igoudrane deposit displays significant variations in Hg abundances
with concentrations ranging from 3.09 to 29.02 wt % (Table 2), and therefore should be referred
to as Ag-Hg amalgam rather than native silver sensu stricto.

Argentiferous tetrahedrite of the freibergite-tennantite series (Figure 4C) is among the most
abundant sulfosalt mineral in the deposit. Compositionally, argentiferous tetrahedrite crystals
show a large range in Ag (27.1–34.7 wt %), Sb (24.1–26.21 wt %), Cu (13.24 to 18.39 wt %), and
As (0.7–1.6 wt %) contents (Table 2), allowing their classification as freibergite. Fe and Zn
contents show significant variations ranging from 2.50 to 5.31 wt % and 0.10 to 2.84 wt %,
respectively. Minor components include Hg, Cd, Pb, Ni, Co, and Se at 0.04 to 2.43 wt %, 0.03
to 0.21 wt %, 0.04 to 3.75 wt %, 0.01 to 0.03 wt %, 0.01 to 0.03 wt %, and 0.04 to 0.07 wt %;
respectively (Table 2).

Pyrargyrite grains contain 58.34 to 71.20 wt % Ag, 15.69 to 25.55 wt % Sb, and 13.12 to
16.87 wt % S. Copper content is commonly below its limit of detection. Polybasite—which
occurs as anhedral crystals of varying size (<0.01 mm) or inclusions in, or grains adjacent to,
freibergite, pyrargyrite, and galena (Figure 4B,E)—show silver contents between 70.2 and
74.8 wt %; Cu and Sb are in the range of 3.88 to 5.78 wt % and 8.8 to 10.3 wt %, respectively.
Abundances of As are very low with most concentrations near detection limits. Acanthite
(Figure 4D) exhibits highly variable Ag and S contents ranging from 85.06 to 91.89 wt %
and 6.65 to 13.49 wt %, respectively (Table 2). Accessory Ag-bearing minerals include
polybasite, argentite, and argentiferous galena, all of which occur as submicroscopic grains
within major sulfides and sulfosalts.

In addition to the argentiferous-bearing sulfide and sulfosalt minerals, the Igoudrane
ore is commonly accompanied by higher amounts of galena, sphalerite, chalcopyrite, pyrite,
and arsenopyrite. Representative electron microprobe analyses of these base metal sulfides
indicate homogenous compositions close to their ideal formula (Table 2).

6.3. Trace Element and REE+Y Compositions of Hydrothermal Calcite and Fluorite

The composition of hydrothermal calcite is highly variable (Table 3). This mineral
shows elevated concentrations of lanthanides and yttrium (REE+Y), ranging on average
from 5.3 to 824.7 ppm, with ore-related calcite samples (Ca-1) from the main argentiferous
stage being the most enriched in these elements (ΣREE+Y = 337 to 825 ppm, n = 7). In
contrast, calcite from the late-stage base metal stage (Ca-2) exhibits the lowest levels of
ΣREE+Y, averaging 5 ppm (n = 4, Table 3). Strontium contents are less variable and range
from 85 to 448 ppm, with Ca-2 having on average the highest values of 327 ppm.

The contents of U, Th, and Ba—in contrast—are very low, commonly close or below
detection limits of around 0.02 ppm. Compared to Ca-1, fluorite samples show lower
REE+Y concentrations (ΣREE+Y = 89.2 ppm, n = 3) which are in turn one order of mag-
nitude higher than those of Ca-2 (Figure 6D). The LA-ICPMS data for calcite and fluorite
indicate an overall increase in ΣREE+Y concentration with advanced paragenetic sequence.
The Y/Ho ratios for Ca-1 are near-chondritic to slightly sub-chondritic [21–29]; those for
fluorite and Ca-2 are however clearly non chondritic exhibiting mean values of 70.5 and
40.6, respectively (Table 3).
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Table 3. LA-ICPMS major and trace-element compositions of hydrothermal calcite and fluorite from the Igoudrane
silver-rich ± Pb-Zn deposit.

Sample No. IG-09 IG-22 IG-46 IG-16 IG-22 IG-48 IG-213 IG-100 (n = 4) IF-120 (n = 3)

Mineral Ore-Related Calcite (Ca-1) Late StageCalcites
(Ca-2) Fluorites

Major elements
(wt.%)
CaO 54.59 55.46 55.14 54.04 57.59 57.49 57.76 50.64 70.31
MgO 0.02 0.01 0.02 0.04 0.05 0.06 0.04 3.23 0.27
FeO 0.18 0.06 0.01 0.28 0.14 0.22 0.19 2.12 0.06
MnO 1.31 0.48 0.76 1.38 1.03 1.11 1.82 0.20 0.07

Trace elements (ppm)
Sr 188.85 147.93 448.25 94.25 134.00 85.00 132.00 326.53 30.33
Ba 0.59 0.62 0.62 1.09 6.00 5.00 8.00 4.25 4.33
La 44.38 14.38 19.93 80.70 23.10 191.00 37.20 0.54 5.70
Ce 125.60 44.62 44.38 159.12 66.10 352.00 105.00 0.96 12.20
Pr 17.22 6.76 7.50 16.52 9.09 34.90 14.20 0.13 1.57
Nd 76.65 31.02 51.32 58.64 40.10 117.00 60.90 0.66 6.93
Sm 21.89 10.07 17.53 10.81 11.70 18.50 16.60 0.15 2.10
Eu 1.76 1.54 7.73 1.50 1.30 3.81 1.85 0.05 0.40
Gd 26.35 12.12 27.18 9.55 12.30 13.50 16.80 0.13 3.10
Tb 5.59 2.34 3.43 1.71 2.70 2.10 3.10 0.03 0.53
Dy 45.14 17.98 21.00 10.20 19.20 11.50 22.00 0.16 3.17
Y 323.46 162.62 187.02 60.65 143.00 67.00 112.00 2.12 49.33

Ho 10.68 4.43 4.59 1.95 4.40 2.00 4.50 0.05 0.70
Er 33.87 14.05 12.32 5.49 14.70 5.60 13.50 0.15 1.87
Tm 4.92 1.97 1.35 0.75 2.32 0.71 2.11 0.02 0.23
Yb 30.80 11.93 7.12 4.74 15.70 4.50 16.90 0.13 1.17
Lu 3.96 1.54 0.96 0.68 2.30 0.62 2.48 0.02 0.19

∑REY 772.26 337.37 413.35 423.01 368.01 824.74 429.14 5.29 89.19
Th 0.01 <0.01 n.d 0.03 n.d 0.20 n.d 0.01 0.10
U <0.01 0.01 <0.01 <0.01 n.d n.d n.d 0.32 n.d

La/Lu 11.22 9.31 20.67 118.10 10.04 308.06 15.00 26.84 30.00
Y/Ho 30.29 36.72 40.73 31.08 32.50 33.50 24.89 40.56 70.48

Sm/Yb 0.71 0.84 2.46 2.28 0.75 4.11 0.98 1.16 1.80
(La/Lu)CN 1.20 1.00 2.22 11.28 1.08 33.02 1.61 2.88 3.22
(La/Sm)CN 1.31 0.92 0.73 4.43 1.27 6.67 1.45 2.38 1.75
(La/Yb)CN 1.03 0.86 2.01 10.89 1.06 30.45 1.58 3.07 3.50
(Gd/Lu)CN 0.82 0.97 3.48 1.77 0.66 2.69 0.84 0.82 2.02
(Tb/Yb)CN 0.83 0.89 2.19 1.67 0.78 2.12 0.83 1.21 2.08
(Eu/Eu*)CN 0.22 0.43 1.08 0.45 0.33 0.74 0.34 1.01 0.48

(Y/Y*)CN 1.13 1.39 1.45 1.05 1.19 1.07 0.86 1.76 2.53
(Ce/Ce*)CN 1.11 1.11 0.89 1.07 1.12 1.06 1.12 0.88 1.00

Abbreviations: n = Number of analyses.

6.4. Fluid Inclusion Microthermometry

Microthermometric measurements were performed on ore-related quartz and calcite
(Ca-1) from the main Ag-bearing stage and late-stage sphalerite wafers. In all of the selected
samples, the fluid inclusion assemblages (FIAs) include primary FIs, either isolated or
distributed along growth zones, as well as pseudosecondary FIs trapped along fracture
planes. Two types of FIs are distinguished: (1) rare single-phase, vapor-rich FIs without any
observable liquid phase (Type 1) making up less than 5 vol % of the measured inclusions;
and (2) undersaturated, brine-bearing, two-phase FIs (Type 2) (Figure 7). Type 1 FIs have a
median diameter up to 50 µm and have ovoid shapes. Type 2 are much larger, irregularly
shaped FIs with a median diameter of 150 µm. Based on visually estimated liquid to vapor
ratios, the type 2 aqueous-bearing FIs exhibits relatively uniform ratios of 0.6 to 0.8. Data of
thermometric and salinity measurements are summarized in Table 4 and plotted in Figure 8.
Only primary FIs were measured, according to the criteria of [62]. Type 1 vapor-rich FIs
are rare, representing less than 5 vol % of the total measured inclusions. The type 1 melting
temperatures of gas (Tmgas) are around −58 to −65 ◦C. This temperature range is slightly
lower than the triple point for pure CO2, suggesting the presence of minor amounts of H2O
and possibly other components such as N2 and CH4. The optical refraction of the calcite
and low vapor density of the contained FIs preclude observation of any reliable phase
variation or collection of Raman spectra. Homogenization temperatures (Th) of the type
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2 FIs trapped in quartz (n = 6) and sphalerite (n = 6) range from 195 to 218 ◦C and from
135 to 151 ◦C, respectively. The melting temperatures of ice (Tmi) values are comparable,
varying from −5.0 to −2.1 ◦C and from −6.8 to −3.6 ◦C, respectively. The NaCl-equivalent
salinity, calculated using an equation after [63], ranges from 3.5 to 7.9 wt % in quartz and
9.5 to 10.2 wt % in sphalerite (Figure 8B). In both minerals, the distribution of Th and Tmi
values is unimodal. The Th values of the FIs in calcite (n = 217) range from 150 to 225 ◦C,
with a Gaussian around a peak at 180 ◦C (Figure 9A). A high-relief phase identified as
hydrohalite melted between −29.2 and −21.3 ◦C, with Tmi values from −20.8 to 12.0 ◦C.
The weight percent NaCl equivalent and total (NaCl + CaCl2) salinities, calculated using
the equation of [64], vary from 5.5 to 19.1 wt % and 9.5 to 28.0 wt %, respectively. NaCl
and CaCl2 salinities show different distributions: whilst weight percent equivalent CaCl2
values display a well-defined Gaussian distribution with a maximum peak at 6 equiv. wt %
CaCl2, NaCl peak shows a modal variance but is positively skewed (Figure 9B). NaCl and
CaCl2 evolutions are therefore not correlated and seems to be driven by different geological
processes. Total salinity (NaCl + CaCl2) shows a more complex multi-modal distribution
with four peaks: two well-defined populations have maxima at 20 and 25 wt %; the two
other peaks at 12 and 15 wt %, have low maxima (n = 9 inclusions) and could be included
in the tail of the main peak at 20 wt % (n = 50 inclusions) (Figure 9B).
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Figure 7. Representative photomicrographs in plane polarized light of doubly polished thick wafers showing selected
petrographic relationships and types of fluid inclusions hosted in various generations of ore-related quartz and calcite, and
late-stage sphalerite from the Igoudrane silver-rich ± Pb-Zn deposit. All photomicrographs were taken at room temperature.
(A) Type I monophase vapor-rich inclusion consisting of pure vapor (CO2) in stage 1 quartz. (B) Coexistence of type 1
monophase vapor-rich inclusion and type 2 biphasic aqueous fluid inclusion in stage 1 quartz. (C) Close up of a type 2
biphasic aqueous-bearing fluid inclusion. (D) Type 2 biphasic aqueous bearing fluid inclusion with negative crystal shape
in stage 2 calcite.
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Table 4. Summary of microthermometric data of fluid inclusions from different stages in the the Igoudrane silver-rich ± Pb-Zn deposit.

Sample No. Stage/Sub-Stage Mineral Inclusion Type Number Tmgas (◦C) Tmhh (◦C) Tmice (◦C) Th (◦C) NaCl (wt %
NaCleqv)

CaCl2 (wt %
CaCl2eqv)

Total Salt (wt
% NaCl +

CaCl2 eqv)

Ig-3 II.1 Calcite Type 1 8 [−64.9 to −58.4] n n n n n n

Type 2 38 n
[−26.0 to
−21.3] [−18.0 to 12.0] [218 to 265] [9.7 to 15.2] [4.6 to 9.6] [15.0 to 25.3]

Ig-4 II.1 Calcite Type 1 n n n n n n n n

Type 2 39 n
[−27.0 to
−21.8]

[−17.9 to
−6.0] [150 to 218] [6.1 to 17.8] [1.2 to 10.3] [9.5 to 20.3]

Ig-5 II.1 Calcite Type 1 n n n n n n n n

Type 2 25 n
[−29.0 to
−23.0]

[−16.5 to
−11.0] [159 to 193] [9.9 to 14.9] [4.5 to 5.9] [14.9 to 28.0]

Ig-6 II.1 Calcite Type 1 n n n n n n n n

Type 2 25 n
[−28.6 to
−22.6]

[−20.8 to
−13.6] [173 to 187] [5.5 to 17.4] [4.0 to 18.2] [17.2 to 25.6]

Ig-7 II.1 Calcite Type 1 n n n n n n n n

Type 2 40 n
[−228.0 to

22.0] [−19.8 to 19.0] [163 to 191] [8.0 to 19.1] [2.3 to 12.8] [12.9 to 21.7]

Ig-8 II.1 Calcite Type 1 n n n n n n n n

Type 2 33 n
[−29.2 to
−21.8] [−19.2 to 12.5] [166 to 225] [6.2 to 18.2] [1.7 to 12.4] [16.3 to 21.2]

Ig-9 II.1 Calcite Type 1 n n n n n n n n

Type 2 17 n
[−25.1 to
−22.7]

[−19.9 to
−13.0] [170 to 189] [11.8 to 14.9] [3.3 to 9.2] [16.7 to 21.5]

Ig-5 I Quartz Type 1 7 [−58.1 to 66.7] n n n n n n

Type 2 n n n n n n n n

Ig-5 II.3 Sphalerite Type 1 n n n n n n n n

Type 2 6 n n [−6.8 to −3.6] [135 to 152] [5.9 to 10.2] n [5.9 to 10.2]
Ig-5 I Quartz Type 1 n n n n n n n n

Type 2 6 n n [−5.0 to −2.1] [195 to 218] [3.5 to 7.9] n [3.5 to 7.9]
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mary fluid inclusions. (B) Homogenization temperature versus NaCl salinity plot of primary and 
pseudosecondary fluid inclusions. The arrow indicates the presumed degassing trend that would 
have been responsible for the increase of salinity with decreasing temperature. Symbol size is larger 
than the 2σ uncertainty. (C) Homogenization temperature versus total NaCl + CaCl2 salinity plot of 
primary and pseudosecondary fluid inclusions showing the effect of fluid–rock interaction. The leg-
end is the same as for (B). Abbreviations: Ant = antarcticite; Hh = hydrohalite; L = liquid. 

Figure 8. Plots of microthermometric data for fluid inclusions trapped in ore-related quartz and
calcite, and late-stage sphalerite from the Igoudrane silver-rich ± Pb-Zn deposit. (A) Ternary vapor-
saturated liquidus phase diagram of [64] showing the distribution of H2O-NaCl-CaCl2 ratios of
primary fluid inclusions. (B) Homogenization temperature versus NaCl salinity plot of primary and
pseudosecondary fluid inclusions. The arrow indicates the presumed degassing trend that would
have been responsible for the increase of salinity with decreasing temperature. Symbol size is larger
than the 2σ uncertainty. (C) Homogenization temperature versus total NaCl + CaCl2 salinity plot
of primary and pseudosecondary fluid inclusions showing the effect of fluid–rock interaction. The
legend is the same as for (B). Abbreviations: Ant = antarcticite; Hh = hydrohalite; L = liquid.
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Figure 9. Histograms showing (A) the gaussian distribution of homogenization temperatures, and
(B) the evolution of salinity from microthemometric data of ore-related quartz and calcite, and
late-stage sphalerite from the Igoudrane silver-rich ± Pb-Zn deposit.

Results of the decrepitation experiments on three representative calcite samples dis-
play an approximate unimodal distribution pattern with a maximum peak of ca. 440 ◦C
(Figure 10). One sample has a bimodal distribution with two maxima at ca. 440 ◦C and
550 ◦C. Calcite cements from the higher-grade Ag-rich samples are characterized by higher
FIs decrepitation counts per 10 s and a more-defined peak at 440 ◦C.
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Figure 10. Fluid inclusion decrepitation temperatures for ore-related quartz and calcite from the main silver-rich mineraliza-
tion stage at Igoudrane silver-rich ± Pb-Zn deposit compared with mean homogenization temperatures of the studied fluid
inclusions (in orange) and equilibrium temperatures from fahlore thermochemistry (in red).

6.5. Carbon and Oxygen Isotopes

Carbon and oxygen isotope compositions of the main silver stage Ca-1 and late-stage
base metal Ca-2 are reported in Table 5 and Figure 11. A total of 31 analyses were performed
on monomineralic fractions, representing all observed petrographic variations within
the deposit. Overall, Ca-1 displays C isotope compositions that fall within a narrower
δ13CV-PDB range (−11.6 to −8.3‰), but extend to much higher δ18OV-SMOW values (9.0 to
18.7‰). Conversely, the δ13CV-PDB and δ18OV-SMOW values of Ca-2 show uniform higher
isotopic ratios ranging from −4.1 to −0.9‰ and 18.4 to 19.8‰, respectively.

Compared to marine carbonates of Neoproterozoic age [65,66], all Ca-1 and Ca-2
calcites are lower in δ18OV-SMOW than Neoproterozoic marine carbonates, suggesting that
mineralization involved elevated temperatures or isotopically light meteoric water. Of
particular interest is the linear variation displayed by Ca-1 samples involving a shift of 8‰
in δ18OV-SMOW values at almost constant δ13CV-PDB ratios of −9‰ (Figure 11).
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Table 5. Carbon, oxygen, and strontium isotope compositions of hydrothermal calcite from the Igoudrane silver-rich ± Pb-Zn
deposit. Oxygen isotope compositions of the ore-forming fluids (δ18OfV-SMOW) are calculated using the calcite-H2O fractionation
factor of [67,68].

Sample No. Mineral/Stage δ18OV-SMOW (‰) δ13CV-PDB (‰) 87Sr/86Sr ± 2σ Calculated δ18Ofluid
(‰) at 250 ◦C

Ig-1 Calcite (Ca-1) 12.7 −9.4 - 5.2
Ig-2 Calcite (Ca-1) 13.4 −10.1 - 5.9
Ig-3 Calcite (Ca-1) 12.6 −10.0 - 5.1
Ig-4 Calcite (Ca-1) 13.2 −11.4 - 5.7
Ig-5 Calcite (Ca-1) 13.8 −10.1 - 6.3
Ig-6 Calcite (Ca-1) 13.1 −8.7 - 5.6
Ig-7 Calcite (Ca-1) 13.0 −9.8 - 5.5
Ig-8 Calcite (Ca-1) 15.3 −9.5 0.710198 ± 0.000016 7.8
Ig-9 Calcite (Ca-1) 9.0 −9.5 - 1.5

Ig-10 Calcite (Ca-1) 14.3 −9.4 - 6.8
Ig-11 Calcite (Ca-1) 12.9 −9.4 0.707657 ± 0.000016 5.4
Ig-12 Calcite (Ca-1) 16.8 −9.4 - 9.3
Ig-13 Calcite (Ca-1) 12.0 −9.7 - 4.5
Ig-14 Calcite (Ca-1) 17.5 −9.2 - 10.0
Ig-15 Calcite (Ca-1) 10.7 −11.6 - 3.2
Ig-16 Calcite (Ca-1) 14.1 −9.0 - 6.6
Ig-17 Calcite (Ca-1) 17.1 −9.3 - 9.6
Ig-18 Calcite (Ca-1) 12.8 −9.8 - 5.3
Ig-19 Calcite (Ca-1) 15.1 −8.3 - 7.6
Ig-20 Calcite (Ca-1) 12.7 −9.4 - 5.2
Ig-21 Calcite (Ca-1) 13.4 −9.0 - 5.9
Ig-22 Calcite (Ca-1) 17.1 −8.8 - 9.6
Ig-23 Calcite (Ca-1) 12.5 −9.5 - 5.0
Ig-24 Calcite (Ca-1) 13.1 −9.6 - 5.6
Ig-25 Calcite (Ca-1) 18.7 −9.4 - 11.2
Ig-26 Calcite (Ca-1) 13.7 −9.7 - 6.2
Ig-27 Calcite (Ca-1) 12.6 −9.7 - 5.1
Ig-28 Calcite (Ca-2) 19.7 −0.9 - 12.2
Ig-29 Calcite (Ca-2) 18.4 −2.6 0.708535 ± 0.000014 10.9
Ig-30 Calcite (Ca-2) 19.8 −2.3 0.710918 ± 0.000012 12.3
Ig-31 Calcite (Ca-2) 18.7 −4.1 - 11.2

6.6. Strontium Isotopes

Strontium isotope compositions were determined for four calcite separates (Ca-1
and Ca-2) that span the sequence of mineral deposition (Table 5, Figure 12). Very low
Rb/Sr ratios in calcite imply that the measured 87Sr/86Sr values have not been affected
significantly by 87Rb decay and therefore provide a reasonable proxy to the initial 87Sr/86Sr
values of parental fluids during calcite precipitation. Overall, ore-related calcite (Ca-1) and
post-ore calcite (Ca-2) show highly variable and overlapping 87Sr/86Sr ratios ranging from
0.707657 to 0.710918. Compared to Neoproterozoic seawater values of 0.7075 to 0.7070 [69],
the 87Sr/86Sr ratios of Ca-1 and Ca-2 form two distinct groups, one of which plots within
the field of Neoproterozoic seawater signature (Figure 12).
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Figure 11. Carbon and oxygen isotope compositions, expressed as ‰ δ18OV-SMOW and δ13CV-PDB respectively, of bulk-rock
calcite fractions from the Igoudrane silver-rich ± Pb-Zn deposit. Note that the data extend from the field for Neoproterozoic
marine carbonates toward lighter oxygen and carbon compositions. The compositional fields of mantle and primary igneous
carbonatites of [70,71], and Neoproterozoic marine carbonates of [66] are indicated for comparison. The horizontal trend
indicates fluid–rock interaction. Symbol size is larger than the 2σ uncertainty.

7. Discussion

Given the subaqueous geologic setting and the presence of large igneous rocks in the
Igoudrane deposit, the two major fluids present were most likely seawater, or intrafor-
mational derivation (i.e., basinal brines) and magmatic-hydrothermal fluid. Moreover,
the presence of sphalerite-galena-silver sulfosalts, and fahlore (i.e., tetrahedrite-tennantite
series) together with variable amounts of chalcopyrite indicate a low to intermediate
sulfidation state.

7.1. Physicochemical Conditions and Sources of the Ore Fluids

Hydrothermal fluid is a generic term for hot groundwaters that circulate within the
Earth’s crust without any further genetic connotation [72]. As a result, these fluids can
be magmatically related or hot basinal brines, or a combination of both. Although the
relative enrichment or depletion of individual elements varies for the different genera-
tions of Ca-1, fluorite, and Ca-2, the shapes of the REE+Y patterns for these minerals
are broadly similar to those of the whole-rock samples with pronounced negative Eu
anomalies (Figure 6D), indicating a common origin for the aforementioned minerals and
the associated hosting rocks.

In the Igoudrane deposit, the measured Th and salinities of type 2 FIs range from
135 to 225 ◦C and 3.5 to 28 wt % equiv. NaCl. The few microthermometric data obtained
from the type 1 vapor-rich FIs suggest a fluid mixture with dominant CO2, whereas
type 2 FIs contain a significant CO2 concentration, in particular where in close spatial
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association with the type 1 FIs. Such low temperatures and high-salinity fluids have
typically been interpreted as reflecting deposition from basinal brines [5,73]. Nonetheless,
the mineralizing fluids in the Igoudrane deposit show evidence of a more heterogenous
and complex chemical system. FIs in ore-related quartz and late-stage sphalerite are both
characterized by salinities ranging from 3.5 to 10 equiv. wt % NaCl. Data for the Ca-1
and Ca-2 samples show more complex fluid compositions in term of their corresponding
NaCl + CaCl2 salinities. The calculated salinities following the Oakes equation [64] show a
wide range of variation (Figure 8B), where the higher NaCl content in the calcite seems
to correlate with high CO2 and Ag contents (Figure 8C). CaCl2 salinity is only observed
in calcite, for which concentrations are likely to be derived from the host black shales at
different ratios of water–rock interaction. Temperatures of the Igoudrane mineralizing
system can be estimated based on combination of data from FIs microthermometry and
decrepitation (Figure 10), and fahlore (i.e., freibergite) thermochemistry (Figure 13). Two
distinct temperature-related populations are defined with both techniques. The main
population which is represented by the Ag- and CO2-rich FIs (samples Ig-3–5–6–9) shows
a Th range from 180 to 440 ◦C and fahlore equilibrium temperature range of 230 to 300 ◦C.
Conversely, data from the paragenetically later event (samples Ig-4–8) display a Th range
of 160 to 440 ◦C and fahlore equilibrium temperature below 200 ◦C. The complexity of
the Na-Ca rich fluid system does not allow an estimate of the P-T trapping conditions.
However, with such high fluid densities, fluid compositions, and temperature ranges,
the hydrothermal environment cannot have been shallow, pointing instead towards a
deep-seated magmatic contribution. Further support for the involvement of a magmatic
component is provided by the Y/Ho and La/Ho chondritic ratios (Table 3), which are
chondritic being indistinguishable from those of mantle-derived rocks [74–77]. The non-
chondritic values exhibited by the paragenetically late fluorite and Ca-2, however, mirror
the compositions of calcite and fluorite precipitated from low- or medium-temperature
aqueous systems [75].

7.2. Evolution of the Ore-Forming Fluid and Ore Depositional Processes

Assuming an overall average temperature of 250 ◦C as inferred from fluid inclusion
data and fahlore thermochemistry (Figure 13), the calculated oxygen isotope compositions
of the ore-forming fluids (δ18Of

V-SMOW) using the calcite-H2O fractionation factor of [67,68]
range from 1.2 to 12.3‰; most are between 5 and 10‰. Overall, these compositions overlap
well with the range of typical magmatic values (5.5–10.0‰; [78,79]). Some of the plotted
data are shifted away from this signature, which indicates the involvement of fluids that are
possibly meteoric in origin and/or extensive fluid/wall-rock interaction with the enclosing
host rocks.

The trend toward higher δ18O values with advancing paragenetic sequence from early
ore-related Ca-1 (δ18Of

V-SMOW = 6.3 ± 2.1‰, n = 27) to late Ca-2 (δ18Of
V-SMOW = 11.6 ± 0.7‰,

n = 4) which coincides with a roughly 100 ◦C decrease in the temperature of mineral deposition
could be interpreted to reflect cooling/dilution of ore-forming fluids, or fluid mixing, or a
combination of both. Further support for mixing of fluids is provided by the net decrease
in Th with time from the main silver stage (Th = 180 ± 12 ◦C) to late base-metal stage
(Th = 146 ± 7 ◦C) coupled with the large variations in corresponding salinities that range
from 3.4 to 19.1 equiv. wt % NaCl (Figure 8B,C).
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Figure 12. Geochemical plot of 87Sr/86Sr versus 1000 × 1/Sr showing the isotopic compositions of ore-related hydrothermal
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sources (i.e., rhyolite, rhyodacite). Neoproterozoic marine carbonates compositional field is from [69]. 87Sr/86Sr isotopic
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This decrease in Th indicates that at least two fluid components (high-temperature, 
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Figure 13. Average molar Ag/(Ag + Cu) and Zn/(Zn + Fe) plots for primary fahlore (i.e., freibergite)
in the Igoudrane deposit. The isotherms which terminate at low Zn/(Zn + Fe) and high Ag/(Ag + Cu)
ratios because of saturation with respect to pyrrhotite (Po) (reference [80,81]) are from [82].
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This decrease in Th indicates that at least two fluid components (high-temperature,
high-salinity end-members; and low-temperature, low-salinity end-members) were in-
volved in the mineralizing process. The high-salinity end-member corresponds to magmatic-
derived halogen-bearing brine that exsolved from a high-δ18O magmatic system, as sug-
gested by the widespread development of brecciated ores and the coexistence of aqueous
and CO2-bearing FIs. The low-temperature, low-salinity end-member corresponds to the
influx of downward flowing heated meteoric water. Progressive incursion of meteoric
water during the collapse of the hydrothermal system caused the gradual dilution of
ore-forming fluid and reduced its temperature and salinity, resulting in deposition of the
Igoudrane silver-rich ores. This interpretation is consistent with an apparent correlation
between 87Sr/86Sr and 1/Sr × 1000 (Figure 12), suggesting that dissolved strontium can be
derived either directly or indirectly from a mixture of the radiogenic felsic rocks (dacite
and rhyolite) and associated Neoproterozoic marine carbonates. Additional support for
a marine carbonate input is provided by some of the C and O isotopic compositions of
Ca-2 that plot close to the marine carbonate field (Figure 11). Although possible, such
fluid source, if any, remains minor as a marine origin for the carbon should result in δ13C
value close to 0 ‰ [83,84]. Accordingly, it is concluded that the major source of Sr and by
inference accompanying metals was the Neoproterozoic igneous rocks.

In addition to fluid mixing and subsequent cooling/dilution, extensive fluid/wall-
rock interaction between mineralizing fluids and the country rocks seems to have exerted a
strong control on mineral deposition as evidenced by the sub-horizontal scatter of δ13CPDB
ratios at constant value of −10‰ (Figure 11). In fact, this trend is interpreted to reflect
isotopic re-equilibration of the deeply sourced hydrothermal fluids that circulated through,
and equilibrated with, the host rocks including the organic-rich black shales and the igneous
counterparts. In this respect, modeling calculations performed by Levresse [3,4] indicate
that, at Imiter district, the host black shales contributed less than 10% to the osmium budget
in the silver and base metal events.

In summary, the combined trace element geochemistry, petrographic and microther-
mometric analyses of fluid inclusions, and stable (C, O) and radiogenic (Sr) isotope data
indicate that deposition of the silver-rich ± Pb ± Zn ores of Igoudrane deposit could have
been achieved through three main mechanisms (or a combination of two or more of these),
including: (1) fluid boiling–degassing; (2) fluid mixing and subsequent cooling/dilution;
and (3) fluid–rock interactions along flow path.

7.3. Geochemical Signature of Fluorite as a Proxy for Fluid Source and Evolution of the
Mineralizing Fluids

The presence of fluorite is of prime importance in constraining the origin of the
mineralizing fluids and ore-forming processes involved in the genesis of the Igoudrane
deposit. In fact, the occurrence of fluorite and carbonates (mainly calcite) along with the
relatively high salinities and CO2 content of the vapor-rich and aqueous FIs indicate that the
ore-forming fluid was saturated in F, Cl, and CO2. This highlights the importance of, CO2
and fluoro-chloro-complexing agents for lithophile element transport in ore formation. The
capacity of halogen complexes for the transport of lithophile elements has been confirmed
by experimental data [85–88].

The REE+Y geochemistry of gangue minerals, including the early precipitating ore-
related Ca-1 suite and the paragenetically later fluorite and post-ore Ca-2 suite, could
provide additional constraints on the origin and evolution of the Igoudrane hydrother-
mal system. Although Ca-1 minerals contain ΣREE+Y concentrations that are several
orders of magnitude higher than those of the late fluorite and Ca-2 specimens, along with
the associated igneous felsic rocks, the similarities between chondrite-normalized REE
patterns of fluorite and those of the associated felsic rocks (i.e., flat, insignificant tetrad
effect, and negative Eu anomalies) (Figure 6D) indicate that magma composition controls
the composition of the fluorite and related silver mineralization, in agreement with the
conclusions of Gagnon [89]. In the early stage, ore fluids contained relatively higher REE+Y
concentrations. After the precipitation of Ca-1 suite minerals, residual fluid was subse-
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quently depleted in REE+Y, which resulted in lower concentrations in the later fluorite and
subsequent post-ore Ca-2 specimens, consistent with experiments of [90] which show fast
depletion of (REE/Ca)fluid due to strong REE consumption by growing Ca-1. Our REE
data, however, do not exclude the possible involvement of a magmatic fluid that derived
some of its metal content through extensive fluid–rock interaction with the host rocks as
shown above. Moreover, the prominent positive Y anomaly exhibited by fluorite and Ca-2
minerals indicate strong F complexing [91] and a relatively distant source of fluids from
the Igoudrane mine site.

These results demonstrate a close chronological correspondence of magmatism and
silver-rich mineralization in Igoudrane deposit. Based on this relationship, we infer that
that the hydrothermal system which produced the Igoudrane deposit was likely driven by
magmatism, and not a product of basin-derived fluids (i.e., basinal brines). Igneous rocks
are widespread in the study area—spanning a time period of ~25 m.y., from approximately
565 to 543 Ma. Accordingly, we could not rely the genesis of Igoudrane mineralization to a
specific magmatic event because of the lack of robust age determination on mineralization.
Moreover, we cannot rule out the possibility that the hydrothermal system was periodically
active over this time period, and even younger reactivations of hydrothermal activity could
have occurred during the Triassic as revealed by the 40Ar/39Ar age dating of adularia,
which yielded a well-defined age of 254.7 ± 3.2 Ma [92]. Given the data currently available
additional sampling and analysis would be necessary to fully demystify the origin of the
silver-rich mineralization at Igoudrane deposit and by extension the entire Imiter district.

8. Concluding Remarks

This study reports the first attempt that combines underground mapping of the
Igoudrane silver-rich deposit, drill core examination, petrographic, electron microprobe,
and LA-ICP-MS analyses in conjunction with fluid inclusion microthermometry and stable
(C, O) and radiogenic (Sr) isotopic data to constrain the origin and evolution of the mineral-
izing fluids and depositional processes that led to the precipitation of silver mineralization
in this deposit. New findings and conclusions are as follows:

1. Economic mineralization consists mainly of open-space fillings in veins, veinlet inter-
granular voids, stockwork, and breccias with silver-bearing sulfides (acanthite, argentite,
polybasite), sulfosalts (argentiferous tetrahedrite of the freibergite-argentotennantite
series, pyrargyrite, proustite), and Ag-Hg amalgams as the main ore minerals. Gangue
minerals consist predominantly of calcite—and to a lesser extent fluorite, dolomite,
and quartz.

2. Controls on the deposit are both stratigraphic and structural as most of the higher-
grade orebodies are localized: (i) within the uppermost organic-rich black shale unit
close to, and paralleling, the transcrustal Imiter Fault and its subsidiary satellites; and
(ii) along the intersection of NW- and E-W-trending faults.

3. Mineralogy and textural relationships revealed a complex polyphase history, with at least
three silver-bearing stages: (1) silver-quartz stage; (2) main silver-calcite ± fluorite stage;
and (3) late carbonate-quartz base metal sulfide stage, of which the calcite-dominant
and fluorite-dominant sub-stages are economically the most characteristic.

4. Silver-rich fluids are related to the involvement of an immiscible CO2-bearing F- and
Cl-rich fluids that have evolved through magma degassing, fluid mixing, and sub-
sequent cooling/dilution, along with interactions with the host rocks at decreasing
temperatures. High concentration of fluorine and other complexing agents in this
phase allowed trace elements, such as Ag and accompanying metals, to be trans-
ported in the hydrothermal solution. During the latest stage of mineralization, the
hydrothermal system was invaded by meteoric fluid that entered and diluted the
deep-seated magmatic brines.

5. Deposition of the silver-rich ± base metal-rich ores could have been achieved through
three possible mechanisms, including: (1) drops in pressure in response to fluid
immiscibility (i.e., boiling and subsequent degassing); (2) mixing and subsequent
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cooling/dilution; and (3) fluid–rock interactions along the transcrustal Imiter Fault
and associated subsidiary strike-slip faults.
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