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This book is the first assembly of modern scientific papers on mineral
deposits of North Africa. In total, 22 papers report new field and laboratory
data on diverse types of metallic deposits in Morocco, Algeria, Tunisia, Mali,
Mauritania, Egypt, Sudan, and Eritrea. Originally our goal was to include
papers on deposits in Niger, Libya, and Chad, but political and other issues
prevented this from being realized. Most of the deposits described herein are
economically important—including several of world-class stature in terms of
amount of contained metal, but others are relatively small or at present are
only exploration prospects, yet are important in terms of regional metal-
logeny and potential future mining activity.

The lead paper, by M. Bouabdellah and J.F. Slack, provides a comprehen-
sive overview of the geology and metallogeny of North Africa. This contri-
bution synthesizes geological, geochemical, isotopic, and radiometric data
bearing on the setting and origin of major deposits in the region, together with
information on tonnages and grades, where available. All types of economically
important metallic and non-metallic deposits are described, divided among the
following categories: (1) orthomagmatic chromium-nickel-platinum group
elements, (2) rare metal (tantalum, niobium, tin, rare-earth element [REE])
granites and related rare-metal pegmatites, (3) volcanic-hosted massive sulphide
(VHMS) copper-zinc-gold-silver, (4) sedimentary-exhalative (SEDEX) zinc-
lead-silver, (5) orogenic and intrusion-related gold, (6) iron oxide-copper-gold
(IOCG), (7) banded iron formation (BIF), (8) Mississippi Valley-type (MVT)
zinc-lead, (9) sediment-hosted stratiform copper, (10) sediment-hosted lead,
uranium, manganese, and phosphate, (11) five-element veins containing
nickel-cobalt-arsenic-silver-bismuth(-uranium), (12) epithermal gold-silver,
(13) skarn and replacement tungsten, tin, and/or base-metals, (14) residual
manganese, phosphate, salt, potash, bentonite, etc., and (15) mechanically
concentrated deposits (e.g., paleoplacer gold).

Papers on specific deposits or districts are divided among commonly
defined major types or classes of deposits. Within the category of porphyry,
skarn, and epithermal deposits, the first paper by G. Levresse, M. Bouab-
dellah, A. Cheilletz, D. Gasquet, L. Maacha, J. Tritlla, D. Banks, and A. Samir
describes the giant Imiter silver-mercury vein deposit and suggests that
degassing was the main ore-forming process. The next contribution, by
M. Rossi, L. Tarrieu, A. Cheilletz, D. Gasquet, E. Deloule, J.-L. Paquette,
H. Bounajma, T. Mantoy, L. Ouazzani, and L. Ouchtouban, reports ages of
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magmatic and hydrothermal events in the polymetallic tungsten-gold and
lead-zinc-silver deposits of the Tighza district of Morocco, proposing links to
granite-related porphyry and epithermal processes. M. Bouabdellah and
G. Levresse follow with a description of the Bou Madine gold-silver-lead-zinc
(xcopper) deposit in a Neoproterozoic caldera setting, and summarize evi-
dence for an epithermal origin. The next paper, by E. Pelleter, A. Cheilletz,
D. Gasquet, A. Mouttaqi, M. Annich, Q. Camus, E. Deloule, L. Ouazzanni,
H. Bounajma, and L. Ouchtouban, reports new U/Pb ages of magmatism in
the Zgounder epithermal silver-mercury deposit of Morocco, providing evi-
dence for a genetic tie to Neoproterozoic felsic magmatism. The following
contribution by C. Marignac, D.E. Aissa, A. Cheilletz, and D. Gasquet
describes the metallogenic evolution of tungsten skarn and polymetallic vein
deposits of the Edough-Cap de Fer district of Algeria, including fluid inclu-
sion data that support a model for tectonically controlled mineralization
during the formation of a late Miocene metamorphic core complex.
M. Bouabdellah, R. Jabrane, D. Margoum, and M. Sadequi conclude this part
with a study of the skarn to porphyry—epithermal transition recorded in the
Ouixane iron district of Morocco, using new geochronological and fluid
inclusion data to suggest a genetic link to Neogene high-K calc-alkaline to
shoshonitic magmatism.

Hydrothermal vein-type deposits are described in the next group of papers.
The first, by M. Bouabdellah, L. Maacha, G. Levresse, and O. Saddiqi,
summarizes information on the vein-type cobalt-nickel-iron-arsenic (£gold
tsilver) deposits of the famous Bou Azzer district in Morocco, and proposes a
long-lived, magmatic-hydrothermal to low-sulphidation epithermal system of
late Hercynian to Triassic age. The next paper, by C. Marignac, D.E. Aissa,
A. Cheilletz, and D. Gasquet, reports on copper-zinc-lead vein mineralization
of the Ain Barbar deposit in the Edough-Cap de Fer polymetallic district of
Algeria, suggesting links to a late Miocene paleogeothermal system. Fol-
lowing is a contribution by M. Bouabdellah, L. Maacha, M. Jébrak, and
M. Zouhair on Re/Os geochronological and isotopic (lead and sulphur)
constraints on the origin of the Bouskour copper-lead-zinc vein-type deposit
in Morocco and its relationship to Neoproterozoic granitic magmatism. The
next paper by M. Bouabdellah and D. Margoum describes the Aouli sulphide
+ barite = REE-rich fluorite vein systems of the upper Moulouya district in
Morocco, attributing this mineralization to Pangean rifting and opening of the
Tethys and Central Atlantic oceans. The last paper in this group, by
M. Bouabdellah, O. Zemri, M. Jébrak, A. Kliigel, G. Levresse, L. Maacha,
A. Gaouzi, and M. Souiah, reports on the geology and mineralogy of the El
Hammam REE-rich fluorite deposit in Morocco, suggesting a link to
transtensional Pangean and Central Atlantic rifting.

The next category comprises orogenic and granitoid-hosted gold and/or
rare-metal deposits. In the first paper, D.M. Lawrence, J.S. Lambert-Smith,
and P.J. Treloar review orogenic and reduced granitoid-hosted gold miner-
alization in Mali, and present fluid inclusion and stable isotope data for major
deposits in districts such as Loulo-Gounkoto and Morila. This is followed by
LK. Khalil, A.M. Moghazi, and A.M. El Makky on mineralogical and geo-
chemical constraints bearing on the origin and geodynamic setting of

Preface



Preface

vii

Neoproterozoic vein-type gold mineralization in the Eastern Desert of Egypt.
The following contribution, by C. Marignac, D.E. Aissa, L. Bouabsa,
M. Kesraoui, and S. Nedjari, describes the Hoggar gold and rare metals
metallogenic province of the Pan-African Tuareg Shield in Algeria,
proposing an early Cambrian rift-related origin for this mineralization. The
final paper in this part is by M. Bouabdellah, F. Chekroun, A. Alansari, and
D. Margoum, on the granitoid-related Tiouit gold deposit in Morocco,
including a model involving a polyphase, late magmatic to hydrothermal
system of Neoproterozoic age.

Two papers are included in the category of VHMS deposits. The first, by
C.T. Barrie, M. Abu Fatima, and R.D. Hamer, reports on VHMS and oxide
gold mineralization in the Neoproterozoic Nubian Shield of Northeast Africa,
with a focus on deposits in Eritrea, Sudan, and Egypt. The second paper is by
M. Bouabdellah, M. Hibti, L. Maacha, M. Zouhair, and F. Velasco, who
describe geologic, hydrothermal, and geochemical relationships between
bimodal magmatism and massive sulphide mineralization in the Hercynian
central Jebilet-Guemassa province of Morocco.

MVT and Sedex deposits are represented by two contributions. The first
by M. Bouabdellah and D.F. Sangster reviews the geology, geochemistry,
and current genetic models for major MVT lead-zinc deposits of Morocco,
and based on orebody geometries and lead isotope constraints proposes a link
to the closing stage of the Alpine orogeny. The second paper, by S. Decrée,
C. Marignac, R. Abidi, N. Jemmali, E. Deloule, and F. Souissi, describes
Sedex lead-zinc and polymetallic deposits in northern Tunisia and draws
comparisons and contrasts with MVT deposits in the region.

The last part is focused on sediment-hosted iron and manganese
deposits. The first contribution, by C.D. Taylor, C.A. Finn, E.D. Anderson,
D.C. Bradley, M.Y. Joud, M.A. Taleb, and J.D. Horton, summarizes infor-
mation on the giant Mesoarchean and Paleoproterozoic BIF deposits of the
F’derik-Zouérate iron district in Mauritania, and presents the results of new
airborne geophysical surveys and detrital zircon geochronology. The last
paper by A. Dekoninck, R. Leprétre, O. Saddiqi, J. Barbarand, and J. Yans
describes the giant, high-grade, karst-hosted Imini manganese deposit in
Morocco, and proposes a model in which Mn precipitation occurred with
increasing pH and Eh, linked to dolomite dissolution and the influx of
oxygenated meteoric waters.

Mohammed Bouabdellah
John F. Slack
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Abstract

North Africa is noteworthy for having a great diversity of geology and mineral
resources. Geologically, the region contains numerous terranes that contain
rocks ranging in age from Archean to Quaternary, including diverse igneous,
sedimentary, and metamorphic lithologies. Major geological features were
built during the main phases of Proterozoic and subsequent Phanerozoic
orogenies, the break-up of the supercontinents Rodinia, Gondwana, and
Pangea, and during the opening and closing of major ocean basins such as the
Iapatus, Atlantic, Pacific, and Tethys. Three major tectono-stratigraphic
domains are recognized (1) the Precambrian province that includes the
African-Nubian Shield (ANS) to the east and the West African Craton
(WAC) to the west, and the intervening Tuareg Shield and “Saharan
Metacraton™; (2) the Variscan (Paleozoic) fold belt; and (3) the Atlas-Alpine
(Mesozoic-Cenozoic) system. Mineral deposits of North Africa formed in a
variety of geologic settings at different time periods from Archean to
Quaternary. Mineral commodities including gold, silver, cobalt, nickel,
chromium, arsenic, copper, lead, zinc, iron, and many other elements. Major
deposit types present in the region are (1) orthomagmatic Cr-Ni-platinum
group elements (PGE); (2) rare-metal granites and related rare-element
pegmatites; (3) volcanic-hosted massive sulphide (VHMS); (4) sedimentary-
exhalative (SEDEX); (5) orogenic and intrusion-related gold; (6) iron
oxide-copper-gold (IOCG); (7) banded iron formation (BIF); (8) Mississippi
Valley-type (MVT) lead-zinc; (9) sediment-hosted stratiform copper;
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(10) sediment-hosted U, Mn, and phosphate; (11) five-element veins
containing nickel-cobalt-arsenic-silver-bismuth(-uranium); (12) epithermal
gold-silver veins; (13) skarn and replacement tungsten, tin, and/or
base-metals; (14) residual manganese, phosphate, salt, potash, bentonite,
etc.); and (15) mechanically concentrated deposits (e.g., paleoplacer gold).
Some deposits are world class in terms of size, grade, and ore production,
including phosphate deposits and the Imiter silver deposit in Morocco,
Precambrian BIF deposits in Mauritania, orogenic gold deposits in Mali and
Mauritania, uranium deposits in Niger, and MVT lead-zinc deposits in the
High Atlas system of Morocco and Tunisia. Resources and exploration
potential are also known for gold, diamonds, strategic metals, and other
commodities within the Precambrian cratonic terranes of most North African
countries. Based on absolute ages for mineralization, or alternatively for ages
of the host rocks (where radiometric age determinations are lacking), seven
major time periods of mineralization defining distinct metallogenetic epochs
are recognized. Each has different metal associations, mineralogical and
geochemical features, spatial distributions, and geodynamic environments
that collectively discriminate time periods and related metallogenic provinces.
These are: (1) Archean (>2500 Ma), (2) Paleoproterozoic (2500-1600 Ma),
(3) Neoproterozoic (630-542 Ma), (4) Hercynian (540-290 Ma),
(5) Permian-Triassic (~300-200 Ma), (6) Late Cretaceous-Paleogene
(100-23 Ma), and (7) Late Miocene-present (<16 Ma).

major ocean basins such as the lapatus, Atlantic,
Pacific, and Tethys (Tawadros 2011).
North African geology has been extensively

The goal of this introductory chapter is to pro-
vide a geologic and metallogenic synthesis of
North Africa. Focus is on the importance and
diversity of various mineral deposits, their tem-
poral and spatial distributions, and especially
relationships between the geological evolution of
North Africa and the Archean to Quaternary
mineralization that occurred in the region.

2 Regional Geology

The northernmost part of the African continent
has experienced a long-lived and complex geo-
logical history dating back to the Archean.
Resulting geological features (Fig. 1) were built
during the main phases of Proterozoic and sub-
sequent Phanerozoic orogenies, the break-up of
the supercontinents Rodinia, Gondwana, and
Pangea, and during the opening and closing of

studied over the last few decades resulting in a
wealth of geological, mineralogical, geochemical,
and geochronological data, reported in hundreds
of research papers, and in geological maps pub-
lished at a variety of scales (e.g., Stern 1994,
2002; Walsh et al. 2002; Ennih and Liégeois
2001; Johnson and Woldehaimanot 2003; Lié-
geois et al. 2003, 2005, 2013; Inglis et al. 2004,
2005; Key et al. 2004, Thomas et al. 2004; Gas-
quet et al. 2005; Schofield et al. 2006; Bendaoud
et al. 2008; Fezaa et al. 2010; Johnson et al. 2011;
Fritz et al. 2013; and references therein). There-
fore, only a summary of major conclusions rele-
vant to the present synthesis is given below.
Overall, the geology of North Africa is subdi-
vided broadly into three major tectono-
stratigraphic domains (1) the Precambrian
province that includes the African-Nubian Shield
(ANS) to the east and the West African Craton
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Fig. 1 Regional geological map of North Africa showing
main lithotectonic domains (modified after geological
map of Africa at scale of 1:1,000,000; Milési et al. 2004).

(WAC) to the west, and the intervening Tuareg
Shield and “Saharan Metacraton”; (2) the Variscan
(Paleozoic) fold belt; and (3) the Atlas-Alpine
(Mesozoic-Cenozoic) system (Fig. 1).

3 Precambrian Evolution

The Precambrian of North Africa evolved through
two main geodynamic cycles, including the Archean
(>2.5 Ga) and Proterozoic (2.5-0.57 Ga). Precam-
brian terranes are exposed in cratons that cover a
large region in the southern part of North Africa
(Fig. 2). Major cratons include the ANS, WAC,
Tuareg Shield, and Saharan Metacraton. Additional
Precambrian outcrops exist along the northern edge
of the WAC within the Anti-Atlas Range of Mor-
occo (Fig. 1). From a historical metallogenic
standpoint, the Precambrian province has provided a
source of gold in Egypt since Pharaonic times, and
recently has become an important frontier for gold
exploration; discoveries of >45 Moz of gold
equivalent have been made in the last two decades
alone (i.e., Arabian-Nubian Shield; Trench and

Thick dashed lines are inferred margins of Precambrian
cratons and shields

Groves 2015). Potential also exists for the discovery
of new deposits containing a variety of other com-
modities such as silver, copper, zinc, tin, tungsten,
tantalum, and uranium. Accordingly, there is now a
resurgence of mining and exploration activity in
much of North Africa, especially in those countries
where Precambrian outcrops are widely distributed
such as Mauritania, Algeria, Mali, Niger, Sudan,
Eritrea, Egypt, and Morocco. Geological aspects of
the major cratons, and of younger orogens and
cover sequences, are considered below.

4 Arabian-Nubian Shield

The Arabian-Nubian Shield (ANS; Figs. 1 and 2)
constitutes the northern part of the Neoproterozoic
to early Paleozoic East African orogen (Stern 1994).
This shield is a Neoproterozoic accretion-type oro-
gen comprising a stack of thin-skinned nappes that
record the oblique convergence of bounding plates
(Fritz et al. 2013). Geochronological and isotopic
constraints (e.g., Liégeois and Stern 2010; Johnson
et al. 2011) indicate that the ANS consists mainly of
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Fig. 2 Geological map showing main lithotectonic units
of Saharan Metacraton and relationships to adjacent
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accreted Neoproterozoic — greenstone  terranes
(Fig. 3). These terranes subsequently collided and
amalgamated during a protracted period that inclu-
ded intra-oceanic subduction, arc and back-arc
magmatism (>700 Ma), through collisional events
and terrane amalgamation (700-620 Ma), to tec-
tonic escape, strike-slip faulting, and extension
(620-550 Ma) of newly formed continental crust
(Stern 1994; Johnson and Woldehaimanot 2003).
Major lithologies (Fig. 3) consist of metamor-
phosed  (greenschist-facies) volcanosedimentary
sequences of mafic to felsic island arc lavas, vol-
caniclastic rocks, and related sedimentary rocks,
segmented by dismembered ophiolitic complexes
(Johnson and Woldehaimanot 2003; Blasband

Unrug 1997; Abdelsalam et al. 2002). Thick dashed lines
represent limits of the major cratons

2006). Diverse pre-, syn-, and postkinematic intru-
sions cut these sequences. The volcanosedimentary
sequences are essentially Neoproterozoic (ca. 800—
700 Ma) although older protoliths dated at
1025 Ma have been identified (Be’eri-Shlevin et al.
2011). During the late Cryogenian—Ediacaran (650—
542 Ma), the ANS underwent final assembly and
accretion to the Saharan Metacraton concurrent with
assembly of eastern and western Gondwana
(Johnson et al. 2011; Fritz et al. 2013). At ca. 620—
530 Ma, a major period of felsic magmatism gen-
erated post-accretionary to postorogenic, rare-metal
granites and rare-element granitic pegmatites (Kiis-
ter 2009; Melcher et al. 2015) that intrude all of the
Neoproterozoic terranes.
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5 West African Craton

The West African Craton (WAC) contains the
Reguibat Shield and the extreme northern ter-
mination of the Anti-Atlas Range in southern
Morocco (Figs. 1 and 4). This craton records a
protracted history of crustal evolution beginning

terranes, and boundaries between ANS and flanking older
crustal blocks (modified after Berhe 1990; Stoeser and
Frost 2006; Fritz et al. 2013; Johnson 2014)

with the formation of Mesoarchean and Paleo-
proterozoic basement, which was affected by the
Eburnean orogeny at ca. 2 Ga. The Mesopro-
terozoic (1.7-1.0 Ga) corresponds to a quiescent
period during which the WAC was unaffected by
major geological events, thus promoting its
acquisition of a thick lithospheric base (Black
and Liégeois 1993).
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Since the Paleoproterozoic (ca. 1700 Ma) the exceptions are extensional tectonics and emplace-
craton has been largely stable with respect to ment of intrusions related to opening of the North
magmatic and major tectonic events. The only Atlantic during the Late Triassic (Clauer et al.
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1982; Villeneuve and Cornée 1994; Verati et al.
2005; Rooney et al. 2010). At the beginning of the
Neoproterozoic, the WAC experienced several
extensional events associated with continental
breakup. By the end of the Neoproterozoic at 760—
660 Ma, this craton was subjected to island arc
accretion on its northern and eastern sides in the
present-day Anti-Atlas of Morocco (Thomas et al.
2002; Samson et al. 2004; D’Lemos et al. 2006;
Bousquet et al. 2008; Ennih and Liégeois 2008,
and references therein), and in the Tilemsi of Mali
(Caby et al. 1989). During the main Pan-African
orogeny, the WAC was subjected to convergence
on all margins from the north in the Anti-Atlas
(Ennih and Liégeois 2001; Walsh et al. 2002; Inglis
et al. 2004, 2005; Gasquet et al. 2005; El Hadi et al.
2010), to the east along the Trans-Sahara belt
(Black et al. 1994; Affaton et al. 1991; Attoh and
Nude 2008), to the south within the Rockelides and
Bassarides belts and to the east within the Mauri-
tanides belt (Villeneuve 2008). Several thrust
sheets are also preserved on the craton itself, such
as in Mali (Caby et al. 1989).

Mountains to the north (modified after Thomas et al. 2004;
Gasquet et al. 2005). Inset shows location of Anti-Atlas
within WAC. Abbreviation: SAF South Atlas Fault

6 Anti-Atlas Orogen

The Anti-Atlas orogen of southern Morocco
(Fig. 5) is among the most important segments of
the major Pan-African (0.5 Ga) system of North
Africa. This orogen extends over a distance of
700 km at the northwestern rifted margin of the
WAC to the south of, and parallel to, the High
Atlas Range (Figs. 1 and 5). Precambrian ter-
ranes are exposed in a series of dispersed,
SW-NE-trending inliers termed ‘“boutonnieres”
(Bas Draa, Ifni, Kerdous, Tagrara n’Akka,
Igherm, Siroua, Bou Azzer, Saghro, and Oug-
nat), which record at least two Precambrian
orogenic events—the Paleoproterozoic Eburnean
and the Neoproterozoic Pan-African (e.g., Walsh
et al. 2002; Thomas et al. 2004). Scattered out-
crops of related rocks in northwestern Algeria
show that, from southeastern Morocco, the belt
continues southeastwards with a NW-SE trend.

Structurally, the Anti-Atlas is subdivided
into western, central, and eastern domains.
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Paleoproterozoic rocks of the western Anti-Atlas
are assigned to the northwest border of the WAC,
which is thought to have formed as the result of
extensive Eburnean magmatism and metamor-
phism at ca. 2.1-2.0 Ga (e.g., Ennih and Liégeois
2008), whereas the central and eastern domains
are parts of the Pan-African mobile belt. More
interestingly, the central Anti-Atlas domain is
considered a suture zone because of the presence
of ophiolitic remnants, amongst which the most
impressive is Bou Azzer (Leblanc and Lancelot
1980; Hefferan et al. 2000; El Hadi et al. 2010). In
this regard, Ennih and Liégeois (2001) proposed
that the actual northern boundary of the WAC is
expressed by the South Atlas fault (Fig. 5),
instead of the major Anti-Atlas Fault as proposed
by previous workers (e.g., Hefferan et al. 2000).

Over the last past two decades, an impressive
number of geological, geochemical, and
geochronological studies have been carried out by
the World Bank-funded PNCG program (Pro-
gramme National de Cartographie Géologique). At
the time of its release in 1994, results of this pro-
gram were supervised by the Moroccan Ministry of
Energy and Mines. The PNCG produced a series of
excellent syntheses that describe comparable
models for the evolution of the orogen belt (e.g.,
Hefferan et al. 1992; Saquaque et al. 1992; Fekkak
etal. 2000; Ennih and Liégeois 2001; Thomas et al.
2002, 2004; Walsh et al. 2002). Recent reviews of
the geology of the Anti-Atlas can be found in
Walsh et al. (2002), Thomas et al. (2002, 2004),
and Gasquet et al. (2005), to which the interested
reader is referred for details. Therefore, only a brief
synopsis of the complex geological history of the
Anti-Atlas system is given below.

The oldest rocks of the Anti-Atlas consist of
Paleoproterozoic  (2.0-2.1 Ga), medium- to
high-grade, amphibolite-facies grey gneiss,
biotite-rich schist, garnet + sillimanite paragneiss,
calc-silicate rocks, migmatite, and granitoids
(Thomas et al. 2002; Walsh et al. 2002; Ennih and
Liégeois 2008). These rocks are unconformably
overlain either by Neoproterozoic (800-550 Ma)
strata or the Cambrian Tata Group (Ennih and
Liégeois 2008), all of which were intruded by
Pan-African granitoids between 625 and 550 Ma
(Walsh et al. 2002; Thomas et al. 2004; Gasquet
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et al. 2005). Together, these rocks represent a
complex accretionary mélange that was sutured to
the northern edge of the Eburnean (~2 Ga) WAC
during the amalgamation of Gondwana in the
Neoproterozoic, from ca. 700 to 600 Ma (e.g.,
Hefferan et al. 2002; Thomas et al. 2002). After a
major stratigraphic gap (hiatus) that encompasses
all of the Mesoproterozoic, a thick Neoproterozoic
(800-550 Ma) volcanosedimentary sucession was
deposited unconformably on the Paleoproterozoic
rocks of the cratonic basement, before initial basin
closure during the Pan-African orogeny that formed
the Anti-Atlas Supergroup (Thomas et al. 2004).
Lithologically, the Neoproterozoic consists of a
siliciclastic package made of turbidites, shale,
diamictite, quartzite, greywacke, sandstone, and
coarse clastic rocks with interbedded mafic lava
flows and related peridotitic intrusions, all of which
are intruded by high-K, calc-alkaline granitoids and
mafic plutons. Prolonged convergence gave rise to
a sinistral transpressional regime during which
volcanosedimentary rocks of the Ouarzazate
Supergroup were deposited (615-550 Ma; Thomas
et al. 2004). Late Ediacaran volcanism produced
pyroclastic ash-flow tuffs (ignimbrites) and related
epiclastic rocks. Shallow-marine carbonate and
clastic rocks (Adoudounian Formation) that span
the Cambrian-Precambrian boundary overlie the
Neoproterozoic sequence, and were intruded by
Pan-African, post-kinematic, high-K calc-alkaline
granitoids between 625 and 550 Ma (e.g., Thomas
et al. 2002; Walsh et al. 2002).

Structurally, the ca. 2.0 Ga Eburnian deforma-
tion was oriented N-S to NE-SW and is linked to
high-grade metamorphism, whereas the mostly
NW-SE-oriented Pan-African deformation occur-
red under greenschist-facies conditions (Ennih et al.
2001). During the Neoproterozoic Pan-African
orogeny, the northwestern rifted margin of the
WAC underwent repeated tectonic cycles, includ-
ing collision, accretion, and dismemberment of
oceanic crust and island arcs (D’Lemos et al.
2006). The earliest Pan-African deformation, at ca.
660 Ma, resulted from closure of the ocean basin,
SWh-directed thrusting, and accretion of island-arc
remnants. Most workers agree that the develop-
ment of the Pan-African orogen occurred during
three stages (1) rifting and break-up of the WAC
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during the period 800-690 Ma; (2) basin closure at
ca. 690-605 Ma, accompanied by southward
directed, arc-continent collision, ophiolite obduc-
tion, deformation, metamorphism, and calc-alkaline
magmatism; and (3) post-collision extension at
605-530 Ma (Gasquet al. 2005).

Younger Variscan deformation at ca. 359-
298 Ma reactivated the older Pan-African struc-
tures and produced Precambrian-cored domes,
major décollements between Paleoproterozoic
basement and  Neoproterozoic/Phanerozoic
cover, and disharmonic folds and listric exten-
sional faults (Faik et al. 2001; Caritg et al. 2004;
Soulaimani et al. 2004; Burkhard et al. 2006).
The resulting structures were reactivated again
by the Alpine orogeny during the Late Permian
to Late Triassic, coincident with Central Atlantic
opening and Tethyan rifting (El Arabi et al.
2006; Knight et al. 2004). Malusa et al. (2007)
and Sebti et al. (2009) suggested a polyphase
exhumation history for the Anti-Atlas orogen,
contemporaneously with the break-up of Pangea
and the convergence of Africa and Europe.

7 Reguibat Shield

The Reguibat Shield or “Dorsale des Reguibat”
(Figs. 1 and 4) is an uplifted, NE-trending crustal
block that represents the exposed northern part of
the WAC that has been stable since ca. 1700 Ma.
This shield extends from northern Mauritania into
southern Morocco and the northwestern part of
Algeria. It is bounded by the Paleozoic Tindouf
Basin in the north, the Neoproterozoic to Paleozoic
Taoudeni Basin in the southeast, and the Pan-
African, Caledonian, and Variscan fold—thrust belt
of the Mauritanide belt in the southwest and
west-northwest. The following summary of major
geological attributes of this region is inspired from
the recent papers of Schofield et al. (2003, 2006),
and Key et al. (2004), as these reports constitute
the most exhaustive and comprehensive descrip-
tions published on this shield.

Geologically, the Reguibat Shield consists of
two major contrasting domains (Fig. 4) separated
by a crustal shear zone that represents a major
accretionary boundary (Lahondére et al. 2003;

1

Pitifield et al. 2004; Schofield et al. 2012). Included
in this context are the southwestern Mesoarchean to
Paleoproterozoic (~3.1-2.9 Ga) domain, and the
northeastern Paleoproterozoic (~2.6 Ga) to Neo-
proterozoic domain, both of which were amalga-
mated during the ca. 2.0 Eburnean orogeny. The
southwestern domain comprises high-grade, ca.
3.5-2.5 Ga TTG-type migmatitic orthogneisses
(Tiris and Amsaga Complexes) and greenstone
assemblages (Tasiast-Tijirit terranes), together with
ferrugineous quartzite, marble, ultramafic rocks,
and interlayered amphibolite, greywacke, and
pelite, all intruded by 2.99-2.83 Ga charnockitic
gneisses (Berger et al. 2013). Together, these
Mesoarchean metasedimentary and meta-igneous
rocks host the Tasiast gold deposit and most of the
BIF deposits (Taylor et al. 2012; Taylor et al. this
volume). In contrast, the northeastern part of the
shield consists of younger Paleoproterozoic (Bir-
imian) to Neoproterozoic volcanosedimentary suc-
cessions and associated batholitic-scale granitic
intrusive suites of different ages, which cut the
major shear zones (Taylor et al. 2012) that host
many orogenic gold deposits in the WAC (i.e.,
Tasiast gold field of Mauritania).

The host rocks experienced at 3.42 Ga the
effects of polyphase folding and high-grade meta-
morphism followed by the emplacement of
late-tectonic granites at 2.73-2.72 Ga. Retrograde
amphibolite-facies mineral assemblages occur near
the main shear zones (Attoh and Ekwueme 1997,
Potrel et al. 1998). Metamorphic grade within the
shield generally increases from mid-greenschist
facies in the southwest to granulite facies in the
northeast. Numerous N-S elongate greenstone belts
consisting of metasedimentary rocks and metavol-
canic to meta-plutonic rocks ranging in composition
from ultramafic to felsic occur over a broad area in
the western part of the shield, each marking major
crustal discontinuities. From a metallogenic stand-
point, both domains host major mineralization (i.e.,
Tasiast gold deposit in the Archean domain; Heron
et al. 2015) and BIF (Kediat Ljil deposit in the
Eburnean domain; Taylor et al. this volume).
Considered together, the presence of these two
major ore deposits demonstrates the high mineral
potential of the two lithotectonic domains. The
importance of Archean terranes as the host for gold
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producers in Africa is further highlighted by pro-
ductivity of the Zimbabwe and Kaapvaal cratons in
southern Africa (e.g., Foster and Piper 1993), and
more importantly by the recent discoveries of
orogenic and related granitoid-hosted gold deposits
in Neoproterozoic terranes of North Africa (i.e.,
ANS-hosted Um Egat and Dungash deposits in
southeastern Egypt; Klemm et al. 2001; Zoheir
et al. 2008; Khalil et al. this volume) and the
world-class Amesmessa-Tirek gold field in the
Hoggar Shield in Algeria (Ferkous and Monie
2002; Marignac et al. this volume).

8 Tuareg Shield

The Tuareg Shield of the central Sahara consists of
500,000 km? of Archean to Paleoproterozoic and
Neoproterozoic terranes situated between the WAC

to the west and the Saharan Metacraton to the east
(Fig. 2). The shield is composed of the three dis-
tinct lithotectonic domains (1) the Hoggar massif of
southern Algeria, (2) the Adrar Iforas massif of
northern Mali, and (3) the Air massif of northern
Niger (Fig. 6). Collectively, these domains were
amalgamated during the Pan-African orogeny at
the end of the Neoproterozoic, in response to col-
lision between the Tuareg terranes and the WAC
(Black et al. 1994). Among these, the Hoggar
massif is the largest and best studied in terms of
geological, geochemical, and geochronological
evolution (Ouzegane et al. 2003; Peucat et al. 2003;
Abdallah et al. 2007; Bendaoud et al. 2008; Liégeois
et al. 2003, 2005, 2013; Henry et al. 2009; Fezaa
et al. 2010; Nouar et al. 2011; Liégeois et al. 2013).

Geologically, the Hoggar massif consists of a
complex sequence of fault-bound segments
apparently assembled by dextral transpression
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Fig. 6 Simplified geological map of Tuareg Shield
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Saharan Metacraton (adapted and modified from Liégeois
et al. 2005; Fezaa et al. 2010). LATEA,
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during late Neoproterozoic time (e.g., Black et al.
1994). The massif can be subdivided into west-
ern, central, and eastern lithotectonic domains.
The western domain (i.e., within Ouzzal
metacraton) comprises well-preserved, 2-Ga

south (modified from Fezaa et al. 2010; Liégeois et al.
2013). Major subdivisions and structural and gravity data
are from Cratcheley et al. (1984), Kiister et al. (2008), and
Milési et al. (2010)

ultra-high-temperature, granulite-facies meta-
morphic rocks (up to 1050 °C for 11 kbar;
Ouzegane et al. 2003) and related igneous ter-
ranes that formed during island arc and conti-
nental arc subduction at 730-630 Ma, followed
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by Ediacaran collisional and post-collisional
events at 630-580 Ma (Caby 2003; Liégeois
et al. 2013). Effects of the Pan-African orogeny
are limited to movement on major shear zones
and associated faults, along which a few granitic
plutons were intruded (Ouzegane et al. 2003).
The central Hoggar domain is characterized by
an Archean-Paleoproterozoic basement variably
affected by the Pan-African orogeny (Fig. 6;
Abdelsalam et al. 2002; Liégeois et al. 2003). This
domain, referred to by the acronym LATEA
(Laouini-Azrou-n-Fad-Tefedest-Egere-Aleksod), is
composed of four distinct blocks (Black et al. 1994)
that originally were part of a single, pre-Pan African
passive margin (Liégeois et al. 2003). The distin-
guished blocks consist predominantly of Archean
and Paleoproterozoic metamorphic rocks, accom-
panied by emplacement of intrusive rocks at ca.
2.1 Ga in the southeast (Bendaoud et al. 2008) and
ca. 1.9 Ga in the northwest (Peucat et al. 2003).
Neoproterozoic events correspond to collisions with
Neoproterozoic oceanic terranes at several times
including ca. 685 Ma (Liégeois et al. 2003).
Pan-African overprints are represented by reactiva-
tion of shear zones along which granitic bodies
were intruded, accompanied by greenschist- to
amphibolite-facies metamorphism at 630-580 Ma
(Bertrand et al. 1986; Liégeois et al. 2003; Abdallah
et al. 2007; Bendaoud et al. 2008; Fezaa et al.
2010). According to Liégeois et al. (2003), the
Archean and Eburnean LATEA microcontinent was
dismembered by mega-shear zones and intruded by
granitic batholiths during the main episode of the
Pan-African  orogeny  (640-580 Ma).  The
high-grade metamorphism that affected the Pre-
cambrian metasedimentary rocks and associated
granitoids occurred in three main stages (M;, M,,
M;; Benouda et al. 2008). No Neoproterozoic
events older that 630 Ma are known in the LATEA
basement (Fig. 7), a time span that coincides with
the beginning of the collisions of the Tuareg Shield
and WAC (Liégeois et al. 2013). In response to this
collision, the LATEA lithosphere was segmented
into several terranes and intruded by
Paleoproterozoic/Archean-derived (Liégeois et al.
2003; Abdallah et al. 2007), high-K, calc-alkaline
granitoids at ca. 580 Ma (Abdallah et al. 2007).
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This granitoid magmatism marked the end of the
metacratonization within the LATEA.

The eastern Hoggar domain is structurally
linked to the Saharan Metacraton (Fig. 7). Fezaa
et al. (2010) showed that this part of the Tuareg
Shield was subjected to a late Ediacaran
tectono-magmatic episode at ca. 575-555 Ma,
distinct from and unrelated to the Pan-African
orogeny, which they named the Murzukian
intracontinental episode. These age constraints
led Fezaa et al. (2010) and Liégeois et al. (2013)
to propose that the eastern Hoggar domain was a
stable cratonic lowland at ca. 600 Ma. This
eastern domain also contains Paleoproterozoic
(1.9 Ga) Eburnean basement rocks, as docu-
mented by U-Pb LA-ICP-MS dating of zircon
from the Arokam orthogneiss (Nouar et al. 2011).

The Air massif constitutes the southern exten-
sion of the eastern Hoggar domain (Fig. 6). Crys-
talline parts of this massif comprise an assemblage
of arc-type terranes that were mostly cratonized at
ca. 700 Ma. Radiometric ages for granites range
from 700 to 500 Ma (U-Pb on zircon), with some
ages showing Paleoproterozoic inheritance (Lié-
geois et al. 1994). Conversely, in the Adrar Iforas
massif there is evidence of units that formed during
Pan-African time in the Pharusian ocean basin that
bordered the WAC. This ocean closed at 600 Ma,
when subduction of oceanic lithosphere formed the
Trans-Saharan orogenic belt (Boullier 1991; Caby
and Monie 2003) that includes the Iforas orogen
(Dostal et al. 1994).

9 Saharan Metacraton

The Saharan Metacraton (Abdelsalam et al.
2002) comprises medium- to high-grade gneissic
and migmatitic pre-Neoproterozoic and/or
remobilized Neoproterozoic continental crust
that underlies most of the Saharan Desert in
Egypt, Libya, Sudan, Chad, and Niger (Fig. 7).
This metacraton corresponds to the vast arid
region (5,000,000 km2) that extends from the
ANS in the east to the Tuareg Shield in the west,
and from the Congo Craton in the south to the
shallow-water Phanerozoic sedimentary rocks of
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the northern margin of the African continent in
southern Egypt and Libya. From a geological
perspective, the Saharan Metacraton remains
probably one of the world’s least known areas.
Published geochronological and isotopic data
indicate that the metacraton is heterogeneous,
and contrasts with the Neoproterozoic juvenile
crust of the ANS to the east and the Archean
continental crust of the Congo Craton to the
south (e.g., Abdelsalam et al. 2002; Liégeois
et al. 2013, and references therein). More than
half of the Precambrian terrane of the Saharan
Metacraton is buried under Cretaceous and
younger flat-lying and unmetamorphosed sedi-
mentary sequences, or covered by sands.

The oldest rocks of the metacraton consist of
Archean (3.0 Ga SHRIMP U-Pb zircon, Uwei-
nat massif; Bea et al. 2011a, b) to Proterozoic,
medium- to high-grade gneiss, metasedimentary
rocks, migmatite, and granulite together with
low-grade volcanosedimentary rocks, all of
which are intruded by ca. 750-550 Ma Neopro-
terozoic granitoids (Fig. 7). These Precambrian
rocks are preferentially exposed in favor of
uplifted Cenozoic massifs, of which the most
prominent and best documented are those of
Tibesti and Uweinat. Two structural trends are
recognized (e.g., Abdelsalam et al. 2002),
including (1) an older ENE-WSW trend, and
(2) a younger N-S trend that offsets the older
trend. Four models have been proposed to
explain remobilization of the Saharan Metacraton
during Neoproterozoic time (1) collision (Stern
et al. 1994), (2) delamination of the
sub-continental mantle lithosphere at ~700 Ma
(Black and Liégeois 1993; Ashwal and Burke
1989), (3) extension of the lithosphere (Schan-
delmeier et al. 1994; Stern et al. 1994; Abdel-
salam et al. 1995; Kiister and Liégeois 2001), and
(4) amalgamation of the metacraton from exotic
terranes (Rogers et al. 1978).

10 Tibesti Massif

The Tibesti massif of southern Libya and northern
Chad (Fig. 7) consists of two greenschist- to
amphibolite-facies metamorphosed supracrustal
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units locally known as the lower and upper Tibes-
tian units. These units are made of metasedimentary
and metavolcanic rocks unconformably overlain by
sandstone, shale, and carbonate rocks (Suayah et al.
2006). The only available radiometric data for these
metamorphic rocks is an age of ca. 900 Ma deter-
mined on the lower Tibestian unit (whole-rock
Rb-Sr; El-Makhrouf 1988). The metamorphosed
supracrustal rocks were intruded by calc-alkaline,
subduction-related igneous suites between ca.
600 and 550 Ma (Pegram et al. 1976; El-Makhrouf
1988). Neoproterozoic crust of the Tibesti massif
was stabilized by magmatism that included
subduction-generated  batholithic ~ suites  and
post-orogenic granite plutons. All of the magmatism
occurred in a period of about 20 m.y., centered on
~550 Ma (Suayah et al. 2006). In contrast to both
the Arabian—Nubian and Tuareg shields, the
exposed part of the Tibesti massif lacks evidence for
separate terranes assembled during the Neopro-
terozoic along faults, shear zones, or zones of
oceanic closure (Suayah et al. 2006).

11 Uweinat-Kamil Inlier

The Uweinat-Kamil inlier is exposed along the
triple-point border of Libya, Egypt, and Sudan
(Fig. 7). Undeformed Paleozoic to Mesozoic
strata and volcano-plutonic rocks unconformably
overlie the Precambrian basement. Within the
basement, Klerkx (1980) and more recently Bea
et al. (2011a, b), described the occurrence of ca.
3.16-0.59 Ga rocks that consist of (1) a variably
metamorphosed metaigneous complex composed
dominantly of tonalitic, trondhjemitic, and
granitic (TTG) gneisses with subordinate
gabbroic-dioritic gneisses; (2) an anatectic com-
plex formed of strongly migmatized metasedi-
mentary rocks and orthogneiss with abundant
Ediacaran (~590 Ma) granitoids; and (3) a
Neoproterozoic unit composed of siliciclastic
sedimentary rocks and iron formations (i.e.,
BIFs) dated at ~600 Ma (Bea et al. 2011a, b).
The oldest rocks of the Uweinat-Kamil inlier
are migmatitic charnockitic gneisses with inter-
calated amphibolite, marble, and calc-silicate
rocks. The charnockites have a Rb-Sr age of
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~2.6 Ga (Klerkx 1980) and Nd model ages
(Tpm) of 3.2-3.0 Ga (Harris et al. 1984). This
time span is supported by recently SHRIMP U-
Pb zircon ages as old as 3.0 Ga (Bea et al. 2011a,
b). An even older age (3.16 &+ 0.16 Ga) has been
reported on TTG samples from east of the Gebel
Kamil area. These ages are interpreted to repre-
sent the intrusion of arc magmas between 3.3 and
3.1 Ga. No new additions of juvenile material
occurred until the Neoproterozoic, when
Pan-African granitoids having a juvenile com-
ponent were emplaced 0.75-0.6 Ga (Bea et al.
2011a, b). The migmatitic gneisses are intruded
by small bodies of syntectonic S-type granites
and late-tectonic diorite, granodiorite, and biotite
granite. Dikes and volcanic plugs of various ages
are also common (Schandelmeier et al. 1987).
Precambrian to Pan-African polyphase deforma-
tion (D4, D,; D3) of variable intensity affected all
of the stratigraphic units, resulting in the devel-
opment of shear zones, folds, and thrust faults.

12 Phanerozoic Evolution

12.1 Variscan Orogeny

By 550 Ma, the Gondwana Supercontinent had
formed. For the next 350 m.y., African domains
experienced only sedimentation along the Gond-
wanan margin or within intracontinental rift-sag
basins. Subsequent orogenic activity affected only
the northwestern and western parts of the continent
(Trouw and de Wit 1998). Paleozoic terranes are
represented throughout North Africa, occurring as
mappable borders to Precambrian inliers; however,
it is in Morocco and Mauritania where the largest
Variscan outcrops are best known and documented.
In both countries, the Paleozoic terranes occur
preferentially within uplifted inliers distributed
along the Atlantic coast (i.e., Meseta domain,
Morocco; Fig. 1) and the northwest termination of
the WAC (i.e., Adrar Settouf, Mauritanides;
Fig. 4). These terranes were built during the late
Paleozoic in response to the oblique collision
between Gondwana and Laurussia (Matte 2001;
Hoepftner et al. 2005). The lack of oceanic rem-
nants (i.e., ophiolites) and subsequent high-
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pressure, low-temperature metamorphism (Piqué
2001) suggests that the North African Variscan belt
is an intracontinental part of the Variscan orogen,
having evolved near the margin of the WAC as a
continental prism moderately thinned during early
Paleozoic extensional events, and subsequently
shortened during the Laurentia-Gondwana collision
(Hopeftner et al. 2005).

13 Moroccan Hercynides

or Variscides

The Moroccan Variscan belt is interpreted as the
southwestern extension of the European Car-
boniferous orogen of the northwestern Gondwana
margin. Paleozoic basins within this belt were
deformed by folds and thrust faults, with the
major collision dated as Late Devonian to late
Carboniferous (Hopeftner et al. 2005). Among all
Paleozoic basins that form the Moroccan Her-
cynides, the Meseta domain is by far the largest.

Structurally, the Meseta domain corresponds
to a collage of moderately displaced, thinned
crustal blocks derived from the distal Gond-
wanan paleomargin. Variscan orogenesis there is
recorded by NW-verging thrust faults, green-
schist- to amphibolite-facies metamorphism, and
widespread syn- to late orogenic magmatism.
Tectonic polarity is predominantly oriented
WNW (Michard et al. 2010). Crustal extension
occurred repeatedly during the Cambrian,
Ordovician, Devonian, and early Carboniferous.
The resultant blocks were shortened mainly
during the early (eastern Meseta) and late Car-
boniferous, and were intruded by ca. 330-
290 Ma calc-alkaline granitoids (El Hadi et al.
2003; 2006). The dispersed Paleozoic inliers
consist mainly of Cambrian carbonate rocks,
siliciclastic phyllite, and greywacke with inter-
calated tuffs and tholeiitic basalt flows (Ouali
et al. 2003); followed by shallow marine
Acritarch-dated Ordovician micaceous shale with
interlayered sandstone and quartzite (Cailleux
1994), which in turn are overlain by Silurian
graptolitic black shale and intercalated quartzite
and carbonate and intraplate, anorogenic alkaline
basalt (Cornée et al. 1985; El Kamel et al. 1998).
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Younger strata include Devonian conglomerate,
shale, argillite, greywacke, and reefal carbonates
that grade laterally to distal argillite and sand-
stone. Above these strata are Carbonifeous tur-
biditic and siliciclastic sedimentary sequences
accompanied by bimodal tholeiitic to
calc-alkaline volcanic rocks with locally associ-
ated volcanogenic massive sulphide deposits
(Bouabdellah et al. this volume).

All of these stratified rocks were affected by
intense folding, thrusting, and strike-slip faulting
accompanied by low-grade to greenschist-facies
metamorphism and subsequent intrusion by late
Hercynian calc-alkaline granitoids. For more details
on the stratigraphy and tectonic evolution of the
Moroccan Hercynides or Variscides, the reader is
referred to Guiraud et al. (2005), Hoepffener et al.
(2005, 2006), and Michard et al. (2010).

In the Anti-Atlas Mountains, the Variscan oro-
geny produced basement-controlled structures that
formed basement uplifts together with inversion
and folding of the Paleozoic sedimentary strata at
the edge the WAC. Deformation is greatest near the
borders of, and between closely spaced, basement
uplifts. Regionally, deformation intensity decrea-
ses, either abruptly or progressively, towards the
southeast and is absent within the undeformed
Tindouf basin (Soulaimani and Burkhard 2008).

14 Taoudeni Basin

The Taoudeni intracratonic basin is a huge
depression that extends ENE from Mauritania to
Mali (Fig. 3) over a total area of 2,000,000 km?.
This geometry led Villeneuve and Cornée (1994)
and Lottaroli et al. (2009) to describe the Taou-
deni Basin, one of the largest sedimentary basins
in the world, as a “super basin” segmented into a
number of sub-basins. The basin is surrounded
by the Reguibat Shield to the north, the Leo
Shield to the south, the Hoggar Shield to the east,
and the Mauritanide belt to the west (Fig. 3). The
Taoudeni basin records a discontinuous sedi-
mentation history from the Mesoproterozoic to
the Carboniferous, containing strata with a total
thickness of 2000-4000 m, averaging 1250 m
(Deynoux et al. 2006; Rooney et al. 2010).
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Recent Re—Os ages (1107 £ 12 Ma, 1109 +
22 Ma, and 1105 £ 37 Ma; Rooney et al. 2010)
indicate that the older rocks of the Taoudeni
Basin are Mesoproterozoic (Stenian 1000-
1200 Ma; Ogg et al. 2008). The relatively thick
strata of the basin (Fig. 7) are of potential interest
for hydrocarbon exploration. Indeed, the Neopro-
terozoic and the Silurian black shales within this
basin could constitute potential targets for petro-
leum production, as many oil wells have been sited
in the area by international petroleum companies.
Thin Mesozoic to Cenozoic cover rocks, together
with large areas of Quaternary sand dunes, occur in
the basin center and along the eastern margin
adjacent to the Adrar des Iforas massif.

Overall, the stratigraphy of the Taoudeni Basin
(Trompette 1973; Makhous et al. 1997; Villeneuve
2005; Villeneuve et al. 2006) is a succession of
marine clastic sedimentary rocks and subordinate
dolomitic limestones and thickly bedded stroma-
tolitic limestones (Zhilong et al. 2008). In the Adrar
region of the Mauritanian section of the basin,
where outcrops and the stratigraphic database are
optimum, four tectono-sedimentary supergroups
have been recognized (Trompette 1973). The first
supergroup consists of stromatolitic carbonates
interbedded with siliciclastic units that were
deposited in a marine setting; these strata were
defined as Proterozoic based on classification of the
stromatolites as Riphean; the second, third, and
fourth supergroups are latest Proterozoic, Late
Ordovician and Silurian, and Devonian, respec-
tively (Fig. 7; Trompette 1973; Bertrand-Sarfati and
Moussine-Pouchkine 1988; Deynoux et al. 2006;
Rooney et al. 2010). Lithologically, the third and
the fourth supergroups consist of rhythmically
interlayered graptolitic shale and sandstone with
subordinate limestone. The base of the third
supergroup comprises the triad of diamictite, dolo-
mite, and bedded chert. The Eocambrian glacial
deposits have long been used as stratigraphic
markers (Zimmermann 1960) that can be correlated
across West Africa. Because the cratonic platform
remained emergent since the Carboniferous, only a
thin sequence of Mesozoic-Cenozoic continental
sediments (including Quaternary dunes and lacus-
trine deposits) covered the platform (Villeneuve
2005).
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15 Tindouf Basin

The Tindouf Basin, located north of the Taou-
deni Basin, is an asymmetric, E-W-trending,
Paleozoic depocenter 200-300 km wide and
more than 700 km along strike from southern
Morocco into northwestern Algeria, and covers a
total area of 100,000 km? (Fig. 3). The basin is
part of the large Saharan epicontinental platform
that developed on the northern margin of
Gondwana (Guiraud et al. 2005). Basin stratig-
raphy consists of >4,000 m of strongly folded
and metamorphosed (greenschist-facies),
Cambro-Ordovician to Carboniferous marine
strata buried beneath a blanket of continental
Cretaceous and Pliocene sedimentary rocks. The
epicontinental character of the Saharan platform
(Guiraud et al. 2005) prevented the formation of
deep- and shallow-water carbonate facies;
interbedded shale and sandstone within the basin
have been attributed to the deepest-water facies
that were deposited on an open marine ramp
(Sebbar et al. 2000). Multiple sets of interlayered
strata composed of organic-rich Silurian, Devo-
nian (Frasnian), and Carboniferous (Visean)
shales may have been buried to mature to over-
mature depths in the central part of the basin. In
this regard, a number of well-placed hydrocarbon
exploration wells have been drilled in the basin,
but as yet unsuccessfully, probably owing to late
Hercynian and subsequent Alpine tectonic and
thermal overprints that affected the host rocks.
This conclusion led Boote et al. (1998) to
describe the Tindouf Basin as an extinct Paleo-
zoic petroleum system.

16 Mauritanides Belt

The NW-trending Mauritanide fold-and-thrust
belt is located along the western margin of the
WAC extending over more than 2500 km from
Morocco to Guinea Bissau (Fig. 3). This is a
poly-orogenic, Pan-African to Variscan belt that
was dismembered by Atlantic rifting (e.g.,
Haworth 1983; Dallmeyer 1991; Keppie et al.
1991). The belt developed between 350 and
290 Ma as a result of subduction and accretion of
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volcanic arcs and microcontinents, in response to
collision involving Gondwana, Laurasia, and
microcontinental blocks (Avalonia, Armorica) to
form the Supercontinent Pangea (Dirks et al.
2010). The collision resulted in uplift and erosion
of the North African platform between 300 and
280 Ma (Dallmeyer and Villeneuve 1987).

Pioneering descriptions on regional geology of
the Mauritanides belt include those by Sougy
(1962), Sougy and Lécorché (1963), Dia et al.
(1969, 1979), Lécorché and Sougy (1978), Bronner
et al. (1980), Lécorché (1980), and Lécorché et al.
(1983). Extensive field mapping and geochemical
and geochronological studies were carried out over
the last two decades by the French Bureau de
Recherches Géologiques et Miniéres (BRGM), the
British Geological Survey (BGS), and the U.S.
Geological Survey (USGS), as part of research
programs funded by the World Bank, Islamic
Development Bank, and European Union. Work by
these organizations in Mauritania has greatly
improved our geological understanding of this
country including the Mauritanides belt (Schofield
et al. 2003; Key et al. 2004; Villeneuve 2005;
Taylor et al. 2012, and references therein). The
geological descriptions presented below are drawn
extensively from these papers.

The Mauritanides belt is subdivided into three
main lithotectonic domains (Villeneuve 2005).
From north to south, these are (1) the northern
Mauritanides of which the Adrar Souttouf section
is the most prominent, (2) the central Mauritanides,
and (3) the southern Mauritanides that extend in
their southern termination to Guinea Bissau and
thus are not considered further because this domain
lies outside the coverage of our book.

Structurally, the Mauritanides belt is generally
interpreted as consisting of allochtonous terranes
that were thrust eastward onto the WAC (e.g.,
Villeneuve 2005). K—Ar and Ar—Ar muscovite age
dating indicates that final thrusting occurred at ca.
315-305 Ma, accompanied by folding of Devonian
molass within the Taoudeni Basin (Dallmeyer and
Lécorché 1989; Clauer et al. 1991; Martyn and
Strickland 2004). Geochronological constraints
suggest that the geodynamic evolution of the
Mauritanides belt involved three main stages
(Sougy 1962; Villeneuve et al. 1990; Dallmeyer
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and Lécorché 1989; Villeneuve 2005), including
(1) the period 680—620 Ma referred to as the
Pan-African I orogeny, (2) 600-550 Ma that rep-
resents the second stage of the Pan-African oro-
geny, and (3) 330-270 Ma that corresponds to the
Variscan orogeny. From a metallogenic standpoint,
the Mauritanides belt is considered a fertile oro-
genic belt because it hosts in its southern termina-
tion the Guelb Moghrein IOCG deposit, and also
has potential for volcanogenic massive (VMS),
orogenic Au, and magmatic Ni—Cu deposits (Tay-
lor et al. 2012).

17 Adrar Souttouf Massif
The Adrar Souttouf massif (ASM) extends in an
ENE-WSW direction for more than 240 km
along strike and is 120 km wide straddling the
boundary between southern Morocco and north-
ern Mauritania (Fig. 8). This massif has seen a
recent surge of mineral exploration culminating
in discovery of the Glibat Lafhouda and Twihi-
nate carbonatites and associated REE-Ta-Nb-U
mineralization (ONHYM 2015).

The ASM consists of allochtonous Precambrian
and lower Paleozoic stacked nappes that were
thrust eastward onto the WAC during the
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Mauritanide orogeny. These nappes lie either
directly on the basement in the south and south-
west, or on a thin sequence of Upper Ordovician to
Devonian foreland rocks in the southeast (Lécorché
1980; Lécorché et al. 1991). Metamorphic grade of
the nappes ranges from lower greenschist facies to
granulite facies (Sougy and Bronner 1969;
Lécorché et al. 1991). Contained strata vary from
metasedimentary and metavolcanic rocks to
high-grade migmatite, mica schist, and gneiss. The
structure and stratigraphy of the ASM remain
poorly known due to scarcity of reliable
geochronological data. Sm-Nd and U-Pb
whole-rock and single-mineral ages reported by Le
Goff et al. (2001) and K-Ar ages presented by
Villeneuve et al. (2006) show that the various
lithostratigraphic units of the massif experienced a
complex polyphase tectonothermal evolution. This
evolution involves several Neoproterozoic to Early
Cambrian events and a late Paleozoic overprint
(i.e., Grenvillian ca. 1.1-1.0 Ga, Neoproterozoic
ca. 730-660 Ma, early Paleozoic ca. 500 Ma, and
Hercynian ca. 300 Ma; Lécroché et al. 1991; Vil-
leneuve et al. 2006). Two main episodes of
deformation have been recognized. The first, rela-
ted to the Pan-African orogeny (680-520 Ma),
caused large-scale compression with south-vergent
thrusting and amphibolite-facies metamorphism.
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The younger Hercynian event (325-300 Ma) pro-
duced strong folding, faulting, and thrusting along
the southern, western, and eastern margins of the
massif (Lécorché et al. 1991).

18 Central Mauritanides Belt
The central Mauritanides belt (i.e., Akjoujt section
of Villeneuve 2005) is probably the best-studied
segment of the Mauritanide belt due mainly to its
mineral potential based on occurrence of the Guelb
Moghrein IOCG deposit and large BIF deposits
plus a variety of other commodities (Taylor et al.
2012, this volume). The central Mauritanides belt
consists of several internally imbricated, polyde-
formed, and variably metamorphosed supracrustal
nappes that were thrust eastward and northeastward
onto the Archean Tasiast-Tijirit terrane (Maurin
et al. 1997; Pitfield et al. 2004). In the Akjoujet
area that hosts the Guelb Moghrein deposit, the
supracrustal rocks consist of two basal metabasalts
overlain by BIF and schistose pelite of the Eizzene
Group, which are unconformably overlain by
quartzite, siliciclastic rocks, mafic tuffaceous silt-
stone, and BIF of the Oumachoueima Group
(Martyn and Strickland 2004; Meyer et al. 2006).
Elsewhere in the belt, the outcropping host rocks
consist of metamorphosed sedimentary litholo-
gies, calc-alkaline mafic volcanic and volcaniclas-
tic rocks related to a dismembered ophiolite, and a
granite-gneiss complex containing large amounts of
rhyolitic or dacitic tuffs (Villeneuve 2008).

19 Alpine Orogeny

The Mesozoic and Cenozoic geological evolution
of North Africa involved the interplay of two major
events: (1) opening of the North Atlantic and
Neotethys oceans in the early Mesozoic, and
(2)  continental  collision  between  the
African-Arabian and Eurasian plates in the middle
Cenozoic. These events resulted in development of
the Alpine Maghrebian belts along the northern
African-Arabian shelf margin (Michard 1976;
Mattauer et al. 1977; Piqué et al. 1987; Jacobsha-
gen et al. 1988a, b; Westaway 1990; Gomez et al.
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2000). Effects were concentrated mainly along the
Maghrebian Alpine belts, shaping the present
architecture of the three major structural domains of
Northwest Africa: the Rif-Tell fold-and-thrust belt
in the north, the Atlas, and the Anti-Atlas Moun-
tains in the south (Fig. 1). Elsewhere in the
northern margin of the African plate, effects of the
Alpine tectonic overprints were less intense,
resulting in local preservation of large petroliferous
basins such the Sirt Basin of Libya, western Egypt,
and offshore Libya-Tunisia (Echikh 1998; Mac-
gregor and Moddy 1998).

Late Carboniferous to Early Permian time
coincides with the first stage of Pangean rifting
and subsequent opening of the Permo-Tethyan
seaway and formation of the east Mediterranean
basins (Stampfli et al. 1991). Rifting and crustal
stretching propagated westwards during the Tri-
assic, associated with diffuse crustal extension
(Andrieux et al. 1989; Favre and Stampfli 1992).
This event was followed by more localized rift-
ing in the High, Middle, and Saharan Atlas
Mountains, and along the western margin of the
platform during the Early Jurassic. Crustal sep-
aration followed in Middle Jurassic time with the
opening of the Alpine Tethys and Central
Atlantic oceans (Boote et al. 1998).

During early to middle Tertiary time, the
western Tethys Ocean began to close in con-
junction with inversion of the Atlas Basin in the
early Eocene (Courbouleix et al. 1981; Laville
1981; Vially et al. 1994). This inversion was
coeval with the early collision of the African and
European plates (i.e., Kabylie Block; Macgregor
1998). Convergence with Eurasia accelerated
during late Oligocene-Miocene time, culminating
in folding and nappe emplacement in the
Maghrebian belts of northern Morocco, Algeria,
and Tunisia (Caire et al. 1953; Wildi 1983).
Further reactivation and uplift of the inverted
Atlas Rift basins occurred during the late
Pliocene-Pleistocene, in response to dextral
movement along the South Atlas Fault (Boote
et al. 1998). The Mesozoic-Cenozoic sedimen-
tary sequences consist of eustatically and tec-
tonically controlled depositional cycles. Through
time, progressive southwards shifts of the basin
margins occurred in response to opening of the
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Neotethys Ocean and to marine transgressions
that resulted from global warming and associated
sea level rise (Guiraud et al. 2005).

20 Alpine Maghrebian Domain
The Alpine Maghrebian domain comprises two
contrasting belts: the Rif-Tell to the north and the
Atlas System to the south (Fig. 1). The Rif-Tell
belt is fundamentally different, being an asym-
metric, Alpine-type, fold-and-thrust belt with
numerous, well-mapped thrust faults and com-
plex nappe structures (Loomis 1975; Leblanc and
Olivier 1984; Morley 1987; Doblas and Oyarzun
1989; Ait Brahim and Chotin 1990; Leblanc
1990; Miranda et al. 1991). In contrast, the Atlas
System is an intracontinental, largely symmetri-
cal mountain belt that predominantly has brittle
structures characterized by vertical movement
(Beauchamp et al. 1996).

21 Atlas System

The Atlas System includes branches in the High
and Middle Atlas Mountains in Morocco, the
Saharan Atlas and Aurés Mountains in Algeria, and
the Tunisian Atlas Mountains in Tunisia (Fig. 1).
This system is an intracontinental fold-and-thrust
belt that formed during the Cenozoic from mod-
erate tectonic shortening of 15-24 % (Gomez et al.
1998; Teixell et al. 2003) by inversion of a previ-
ous transtensional Mesozoic rift system in the
interior of the African plate (e.g., Beauchamp 1998;
Piqué et al. 2002). The geodynamic evolution of
the Atlas System involves the interplay of two
major events (1) Triassic to Late Cretaceous
pre-orogenic rifting of the Variscan crust, and
subsequent filling of Mesozoic basins; and (2) Late
Cretaceous to Holocene basin inversion, followed
by shortening of the basement and cover units, and
formation of syn-orogenic basins (Frizon de
Lamotte et al. 2008). It should be stressed, how-
ever, that despite a high elevation culminating at
4165 m (Toubkal, Morocco), the lithosphere
beneath the Atlas System is relatively thin (30—
50 km) and abnormally hot (Seber et al. 1996;
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Ramdani 1998). Such features have been inter-
preted as the product of thermal erosion resulting
from internal mantle dynamics (Teixell et al. 2005).
The alkaline igneous rocks that occur throughout
the Atlas System consitute the surface expression
of this lithospheric thinning and subsequent buoy-
ant upwelling of the mantle.

In the High and Middle Atlas Mountains,
Triassic—Jurassic pull-apart basins (Laville and
Piqué 1991) formed in conjunction with Pangean
rifting and subsequent opening of the Central
Atlantic Ocean. These basins contain red-bed
clastics (conglomerate, sandstone, siltstone,
mudstone) and widespread evaporites, tholeiitic
basaltic flows related to the Central Atlantic
Magmatic Province (CAMP), and carbonate
strata up to 7 km thick. Paleogeographic recon-
structions suggest the presence of a sinistral
transform zone (Gibraltar-Newfoundland fault
zone) that connected the Central Atlantic and
western Tethys oceans during Jurassic to Early
Cretaceous time (Michard et al. 2014). Sedi-
mentation rates accelerated through the Jurassic
as rifting continued with the breakup of Pangea,
and with opening of the neo-Tethys and North
Atlantic Ocean (Ziegler 1982). Rifting in the
Atlas continued into Middle Jurassic time, fol-
lowed by subsidence of the rift systems during
the Late Jurassic—Early Cretaceous, a time span
when a thick Cretaceous sedimentary sequence
was deposited in sedimentary troughs. By the
end of the Cretaceous, inversion and dextral
shear of the Mesozoic rifts and formation of the
Atlas system occurred in response to conver-
gence of the African and European plates
(Morabet et al. 1998). Resulting tectonic struc-
tures consist of thrust faults, strike-slip faults,
and block uplifts (e.g., Schaer and Rodgers 1987;
du Dresnay 1988; Fraissinet et al. 1988; Jacob-
shagen et al. 1988a, b; Medina 1988; Jacobsha-
gen 1992; Giese and Jacobshagen 1992). The
Paleogene-Neogene marine clastics and conti-
nental deposits, occurring above a regional
unconformity, formed from syndeformational
erosion of the existing mountain belt (Miocene-
Pliocene molass deposits).

Two main magmatic episodes occurred during
the Mesozoic evolution of the Atlas System. The
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first of these formed during the Late Triassic to
Early Liassic (200-195 Ma) coeval with opening
of the Central Atlantic and Western Tethys
oceans. Emplacement of the igneous bodies
occurred during a relatively short interval strad-
dling the Triassic-Jurassic boundary at
200 + 1 Ma (Knight et al. 2004), and was tem-
porally linked to a climatic and biotic crisis
(Marzoli et al. 2004). During the second episode,
alkaline basaltic lava flows and associated sub-
volcanic intrusive complexes were emplaced
mostly in the Central High Atlas Mountains
during two main periods at ca. 175-155 £ 5 Ma
and 135-110 + 5 Ma (e.g., Frizon de Lamotte
2008, and references therein). From a metallo-
genic standpoint, the Atlas System is a fertile
reservoir because it is the exclusive host for all
exploited Mississippi Valley-type Pb—Zn +
F 4 Ba deposits of North Africa and for many
other commodities.

22 Rif-Tell Belt
The roughly E-W-trending Rif-Tell belt constitutes
the western segment of the Alpine Maghrebide belt
(e.g., Durand-Delga and Fontboté 1980, and refer-
ences therein). The Rif-Tell is a late Oligocene to
Pleistocene Alpine belt that extends along the
Mediterranean coast from Morocco in the west to
Tunisia in the northeast (Fig. 1). Structurally, the
Rif belt proper (i.e., Moroccan segment) consists of
several nappes that are subdivided, from top to base,
into three main domains (1) Alboran internal zones,
(2) Maghrebian flysch nappes, and (3) external
zones (Michard et al. 2005; Chalouane et al. 2008).
The Alboran internal zones comprise stacked,
variably metamorphosed, Paleozoic to Triassic
upper and lower nappes (Michard et al. 2006).
The upper nappes (i.e., Ghomarides) consist of
Paleozoic to Tertiary sedimentary rocks affected
only by low-grade Variscan metamorphism
(Chalouan and Michard 1990; Chalouane et al.
2008), whereas the lower nappes (i.e., Sebtides)
experienced high-pressure/low-temperature
metamorphism during the Oligocene-Miocene
(Bouybaouéne et al. 1995; Goffé et al. 1996;
Agard et al. 1999), to low-pressure/
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high-temperature metamorphism during the
Miocene (El Maz and Guiraud 2001; Negro et al.
2006; Gueydan et al. 2015). The most prominent
metamorphosed rocks include highly foliated and
metamorphosed Beni Bousera serpentinized
garnet and spinel lherzolites (Kornprobst et al.
1990; Gueydan et al. 2015) and associated
granulite, gneiss, and mica schist of the Lower
Sebtides, together with metamorphic remnants of
Permian-Triassic cover rocks. P-T reconstruc-
tions indicate that deformation of the lherzolites
occurred during decompression from ca. 22 kbar
and a temperature of 1050 °C to ca. 9-15 kbar at
a temperature of ca. 800 °C (Afiri et al. 2011).
Accordingly, exhumation of the Beni Bousera
lherzolites would have occurred during the
Oligo-Miocene. Uplift of these hot mantle rocks
simultaneously induced high-temperature meta-
morphism in the overlying crustal units. The
internal zones include also the so-called “Dorsale
Calcaire” that originates from the
Mesozoic-Cenozoic sedimentary cover of the
Alboran Domain paleomargin (El Hatimi et al.
1991; El Kadiri et al. 1992).

The Maghrebian flysch nappes comprise rem-
nants of Early Cretaceous to Early Miocene cal-
careous turbidites that grade upwards into
arenaceous turbidites containing rare ophiolitic
slivers (Durand-Delga et al. 2000). The resulting
nappes root beneath the Alboran internal zones and
overlie the external zones, excluding some
back-thrusted units occurring in the western Betics,
northern Rif, and Kabylias. The host basin opened
during the Early Jurassic along a transcurrent
boundary separating the African and European
plates (Durand-Delga and Fontboté 1980; Bouillin
et al. 1986; Puglisi 2009). Michard et al. (2007)
interpreted the highly mylonitized contact at the
base of the Alboran domain as representing the
main suture zone of the Maghrebide orogen.

The external zones consist of a succession of
Paleozoic to Paleogene, allochthonous,
gravity-driven nappes that were thrust over
para-autochthonous units. Subdivisions of these
external zones include the intrarif, mesorif, and
prerif zones (Suter 1980a, b), which are attrib-
uted to derivation from the North African pale-
omargin during Cenozoic collision of the internal
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zones (Wildi 1983; Favre et al. 1991). More
recently, Benzaggagh et al. (2013) and Michard
et al. (2014) recognized within the external zones
of the Central Rif the presence of Middle to
Upper Jurassic ophiolite slivers, together with a
tholeiitic gabbro basement and an oceanic-type
cover sequence (ophicalcite, basalt-serpentinite
breccias, marble, radiolarian chert). Collectively,
these rocks define the 400-km-long Mesorif
suture zone. Based on this finding, Michard et al.
(2014) proposed that the Tethyan suture includes
two branches, each being north and south of the
intrarif continental allochthons. For more details
on the paleogeographic evolution of the Rif belt,
and specifically on each domain, the reader is
referred to the syntheses of Michard et al. (2005,
2007) and Chelouan et al. (2008).

23 Cenozoic Basins and Related
Tertiary to Quaternary

Igneous Rocks

During the Cretaceous, Eocene, Oligocene, and
Neogene, numerous basins of different style
developed in different regions of North Africa.
These basins reflect different stages of the opening
of the Central, South, and Equatorial Atlantic
Ocean coupled with evolution of the northern and
southern Peri-Tethys platform areas, on both sides
of the African/Arabian-Eurasian convergent plate
boundary (Meulenkamp and Sissingh 2003). Many
of these basins are of economic interest because of
their high potential for hydrocarbons and metals.
In northwest Africa, the largest basins are
developed along the central Atlantic continental
margins of Morocco and Mauritania and include
the Rharb and Pre-Rif basins, Doukkala Basin,
Essaouira—Hana Basin, Tarfaya—Aaiun Basin,
Dakhla-Laayoune-Tarfaya Basin, and the Mau-
ritanian Basin that hosts the Chinguetti oil field
(Davison 2005). Overall, basin infills consists of
a Triassic red-bed rift sequence, followed by
Early Jurassic salt, Jurassic to Early Cretaceous
carbonate platform strata, and Cretaceous to
Tertiary marine clastic successions (Davison
2005). In addition to these continental margin
basins, two sets of Cretaceous-Tertiary plateaus
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are recognized in Morocco (Zouhri et al. 2008).
The first encompasses the giant Late Cretaceous
to early Eocene phosphorous Oulad Abdoun,
Ganntour, Meskala, and Oued Eddahab-Bou
Craa plateaus, whereas the second set com-
prises the Saharan cratonic ‘Hamadas’ and pla-
teaus that consist of late Early Cretaceous to
Neogene sediment. Similar basins of comparable
age (i.e., Early Cretaceous-Tertiary) occur along
the northern margin of the African plate in
Algeria, Tunisia, Libya, and Egypt where some
host significant resources of oil and natural gas.
Examples include the Pelagian Basin in eastern
Tunisia and northwestern Libya (Klett 2001), the
giant Syrt Basin in north-central Libya with
known reserves of 43.1 billion barrels of oil
equivalent (36.7 billion barrels of oil, 37.7 tril-
lion cubic feet of gas, 0.1 billion barrels of nat-
ural gas liquids), and the Nile Delta and Western
Desert Basin in Egypt (Tawadros 2011). Else-
where in North Africa, other petroliferous basins
are the Chad and Niger Delta rift basins.
Post-nappe Neogene sedimentary basins (Ser-
ravallian to Quaternary), some of which host
significant mineral resources (Pb, Zn, Fe, and
bentonite principally), occur in the Alpine
Rif-Tell belt that extends from Morocco to
Tunisia (Decrée et al. 2008a, b; Melki et al. 2011,
and references therein).

During the Cenozoic to present (i.e.,
<30 Ma), most of the host rocks described
above experienced widespread, anorogenic,
bimodal, intra-plate igneous activity that formed
distinct magmatic provinces (e.g., Maghrebian
Africa, Hoggar-Tibesti, Al Haruj, Darfur, East
African Rift, and Red Sea; Fig. 1) (Gourgaud
and Vicent 2004; Duggen et al. 2005; Farahat
et al. 2006; Lustrino and Wilson 2007; Cvetkovic
et al. 2010; Keppie et al. 2011; Lucassen et al.
2013). The resulting volcanic rocks are part of
the large Circum-Mediterranean Anorogenic
Cenozoic Igneous province (CiMACI; Lustrino
and Wilson 2007), whereas in northeast Africa
the coeval igneous activity relates to formation of
the East African Rift and the Red Sea
(Chorowicz 2005; Lucassen et al. 2013). The
igneous rocks are mostly effusive accompanied
by minor pyroclastic deposits and high-level
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intrusions. About 60 % are basic to intermediate
in terms of SiO, content (Si02 ~ 45-57 wt%),
with the remainder represented by more differ-
entiated (trachyte, phonolite, rhyolite) and ultra-
basic (Lustrino and Wilson 2007) compositions.
Very rare occurrences of carbonatite have been
documented in Morocco (e.g., Ibhi et al. 2002;
Wagner et al. 2003; Bouabdellah et al. 2010) and
Libya (Conticelli et al. 1995). In Maghrebian
Africa (i.e., Morocco, Algeria, Tunisia), there is a
temporal magmatic evolution of two distinct
types of igneous activity, characterized by dif-
ferent geochemical and petrographic signatures
(El Bakkali et al. 1998; Coulon et al. 2002;
Duggen et al. 2005). The first type is mainly
Oligocene to Miocene in age, whereas the second
is chiefly Pliocene to Recent. Conversely,
intra-plate magmatism of northern Sudan and
southern Egypt produced a diffuse spatial distri-
bution (Lucassen et al. 2013), in which ages
cluster in the Cretaceous—Tertiary, although older
and younger volcanic rocks have been reported
(Schandelmeier and Reynolds 1997; Wilson and
Guiraud 1998).

Proposed geodynamic and petrological mod-
els have interpreted Cenozoic magmatism in
northwest Africa as resulting from the collision
between Africa and Europe that triggered linear
delamination along pre-existing Pan-African
mega-shears inducing rapid asthenospheric
upwelling and partial melting (Liégeois et al.
2005, and references therein). Lustrino and
Wilson (2007) invoked the involvement of
recycled oceanic and continentally-derived crus-
tal components into the ambient depleted
sub-lithospheric mantle, which ultimately par-
tially melted in response to (1) lithospheric
extension; (2) continental collision and orogenic
collapse; and (3) contemporaneous subduction,
slab roll-back, and slab-window formation. More
recently, Duggen et al. (2009) proposed that part
of the western High Atlas Mountains was derived
from the Canary Island plume with the magma
migrating approximately 1500 km eastwards
through a subcontinental lithosperic corridor,
beneath the High Atlas to the western Mediter-

ranean. Unlike the continental margin of
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northwest Africa, the genesis of the Cenozoic to
Recent volcanism in northeast Africa is attributed
to rifting centered on the Afar triple junction
from which propagated the Red Sea, the Gulf of
Aden, and the East African Rift System. Trace
element geochemistry together with isotopic and
geochronological constraints suggest that mag-
matism there resulted from interactions with
lithospheric-derived melts and/or fluids triggered
by thermal influence of one or more mantle
plumes that played an active role in initiating the
rifting process (Lin et al. 2005, and references
therein).

24 Regional Metallogeny

24.1 Introduction

Lithotectonic terranes of North Africa are char-
acterized by a diverse and complex metallogenic
history reflecting polyphase geologic processes
that operated through protracted periods due to
the interaction of major tectonic plates since the
Archean. The resulting mineral deposits, which
formed in various geologic settings at different
time periods from Archean to Quaternary, contain
a variety of mineral commodities including gold,
silver, cobalt, nickel, chromium, arsenic, copper,
lead, zinc, iron, and many other elements.

Major deposit types present in North Africa are
(1) orthomagmatic Cr—Ni-platinum group elements
(PGE); (2) rare-metal granites and related rare-
element pegmatites; (3) volcanic-hosted massive
sulphide (VHMS); (4) sedimentary-exhalative
(SEDEX); (5) orogenic and intrusion-related gold;
(6) iron oxide—copper—gold (IOCG); (7) banded
iron formation (BIF); (8) Mississippi Valley-type
(MVT) lead-zinc; (9) sediment-hosted stratiform
copper; (10) sediment-hosted U, Mn, and phos-
phate; (11) five-element veins containing nickel—
cobalt-arsenic—silver—bismuth(—uranium); (12) ep-
ithermal gold—silver veins; (13) skarn and replace-
ment tungsten, tin, and/or base-metals; (14) residual
manganese, phosphate, salt, potash, bentonite, etc.);
and (15) mechanically concentrated deposits (e.g.,
paleoplacer gold). The economically most
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significant North African ore deposits are shown in
Figs. 9, 10 and 11 and listed in Table 1. For
detailed information on the listed deposits and
many others, the reader is referred to Tables lA—1E
given in the online appendix. Several of these are
within the category of world-class deposits in terms
of size, grade, and ore production. Noteworthy
examples include the giant phosphate deposits and
Imiter silver deposit of Morocco, Precambrian BIF
deposits in Mauritania, orogenic gold deposits in
Mali and Mauritania, uranium deposits in Niger,
and MVT lead—zinc deposits in the High Atlas
system of Morocco and Tunisia.

Resources and potential for gold, diamonds,
strategic metals, and other commodities are sig-
nificant within Precambrian cratonic terranes of
most North African countries. The presence of
these resources and potential also makes the
entire region prospective for undiscovered

deposits of precious metals, and major new dis-
coveries in the future are likely. Indeed, the
process of craton formation during the Birimian
and Eburnean orogenies and subsequent later
remobilization during Pan-African and Variscan
time periods resulted in the formation of gold
deposits related to granitic intrusions as well as to
those related to shear zones developed within
and/or adjacent to ultramafic intrusions (e.g.,
orogenic gold in suture zones). Significant oro-
genic gold deposits occur in Mali, Algeria,
Mauritania, Morocco, and Egypt and a number of
epithermal gold—silver deposits are in Morocco
and other countries (Figs. 9 and 10). The amal-
gamated Neoproterozoic terranes of the ANS
contain major VHMS deposits, some of which
have significant gold concentrations. Such gold
enrichment led Trench and Taylor (2015) to
qualify the western ANS as a rapidly emerging,
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high-impact frontier gold terrane, which in the
last two decades has had discoveries of >45 Moz
gold equivalent.

Periods of magmatic activity that followed peak
phases of the main orogenies (i.e., Late Eburnean,
Late Neoproterozoic, Late Variscan, and Late
Neogene) produced large granitoid intrusions and
related pegmatites to which many tin, tungsten,
niobium, REE, columbite-group minerals, and Ta—
Nb oxide deposits are associated. The illustrative
example of this category is the Ta—Nb-Sn pro-
vince of Egypt (Melcher et al. 2015).

Abu Dabbab 9. Nuweibi-Igla /0. Um Desi I1.
Bayuda; VHMS deposits: 1. Jebilt-Guemassa 2. Tassalit
3. Tilemsi; Gold-rich deposits: VHMS: /. Hassai 2.
Emba-Derho 3. Bisha; Orogenic gold deposits: 1.
Tagragra-Akka 2. Tamellalt 3. Tighza 4. Tasiast 5.
Yatela-Sadiola 6. Loulou-Yalea-Tabakotio-Segala-
Gounkoto-Fekola 7. Komana 8. Kalama 9. Morila 10.
Syama /1. Amesmesa-Tirets /2. Tin n’Felki /3. Tirine
14. Silet 15. Fawakhir-Elsid /6. Dungash /7. Um Egat 18.
Gebeit 19. Ekwan-Shigriyay-Abir Katib; IOCG deposits:
1. Guelb Moghrein

Small- to medium-sized tin and tungsten lode
and placer deposits are abundant in Algeria, Mor-
occo, and Egypt. No economic orthomagmatic
deposit is known in the region, although several
prospects of chromium, nickel, and REE are docu-
mented. The Saharan platform that hosts the vast
petroleum and natural gas resources of North Africa
(i.e., giant Sirt Basin) together with the Mesozoic to
Cenozoic basins extending from Morocco to Egypt
are also well endowed with giant phosphate deposits
that define the Tethyan phosphate province of North
Africa (Lucas and Prévot-Lucas 1995). Similarly,
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laneous deposits with respect to host lithotectonic domain.
Sediment-hosted phosphorites: /. Oulad Abdoun 2.
Ganntour 3. Meskala 4. Bou Craa 5. Gafsa 6. Abu
Tartur-Maghrabi-Liffiya 7. Sibaiya 8. Duwi 9. Bofal /0.
Loubbroira;  Mississippi ~ Valley-Type deposits: 1.
Touissit-Bou Beker 2. Upper Moulouya 3. Jebel Bou
Dahar 4. El Abed 5. Bou Grine; Sediment-hosted
stratiform Zn—Pb (SEDEX) deposits: /. Nefza; Sediment-
hosted manganese deposits: /. Imini; Sediment-hosted
uranium deposits: /. Akouta-Arlit-Imouraren 2. Azelik;
Sediment-hosted stratiform copper deposits: . Jbel

these unmetamorphosed sedimentary terranes host
the world-class MVT lead—zinc deposits of North
Africa (i.e., Bouabdellah et al. this volume) and the
world-class Imini manganese deposit in southern
Morocco.

Many types of industrial mineral deposits are
also present throughout much of the region
including building stones, aggregates (sand and
gravel), limestone, salt, barite, and a number of
semi-precious gem deposits, as well as other
industrial mineral deposits such as bentonite,

Laassel-Bleida-Tizert-Jebel N’Zourk-Amadouz 2. Taza-
laght; Banded iron formation deposits: /. Ijil 2. Tiris 3.
Hadrabia-Abu ~ Merwat-Gebel Semna-Diwan-Wadi
Kareim-Wadi el Dabbah-Um Ghamis-Gebel el Hadid-El
emra- Umum Nar-Wadi Hammama-Umm  Anab;
Sandstone-hosted lead deposits: /. Zeida; Other deposit
types (see text): /. Aouli 2. Bouskour-Bou Azzer 3. El
Hammam-El Karit-Achemmach 4. Assif El Mal-Azegour
5. Sidi Lahcen 6. Gourougou-Tidiennit 7. Jreida-Lemsid
8. Amzi-Ebelekan 9. Rechla-Nahda 0. Guerioun /1.
Taourirt /2. Kenieba /3. Bougouni /4. Nile Delta 15.
Sinai /6. El Erediya-El Missikat /7. Mueilha-Abu
Dabbab 18. Nuweibi /9. Igla

perlite, andalusite, and mica. Marine and
non-marine (lacustrine) salt and potash deposits
are found throughout the length of the Red Sea
coast of Egypt and Sudan, and also occur in parts
of Morocco, Algeria, Tunisia, Mauritania, Libya,
Niger, and Chad. These salt and potash deposits
form thick bedded accumulations within Triassic,
Cretaceous, and Messinian evaporite-bearing sed-
imentary successions. Libya also has relatively
large deposits of gypsum. Heavy-mineral beach
sand deposits rich in titanium, zirconium, and rare
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Table 1 Major mineral deposits of North Africa*

Country

Morocco

Mauritania

Deposit/orebody

Zgounder

Bou Azzer

Imini

Imiter

Bouskour

Kettara

El Hammam

Bou Beker

Ouixane
Oulad Abdoun
Ganntour

Oued
Eddahab-Bou
Craa

Glibat Lafhouda

Aghracha

Guelb Moghrein

Tasiast

Lebtheinia

Guelb El Aouj
East

Aquelt Assfaya
A238

Metal
assemblage

Ag-Hg

Co-Ni-
Fe-As
(£Au
+Ag)

Mn
Ag-Hg
Cu-Ag
Fe—Cu

F

Pb—

Zn = Cu
Fe
Phosphate

Phosphate
Phosphate

Nb-
Ta-REE-U

Fe-U-REE

Cu-Au

Fe

Fe

Deposit type

Epithermal

Five-element vein

Sediment- and
karst-hosted

Epithermal?
Five-element vein?

Granitoid-related,
epithermal?

Volcanogenic massive
sulphide

Granite-related,
epithermal?
Mississippi Valley-type

Skarn
Sedimentary
Sedimentary

Sedimentary

Magmatic-hydrothermal

Magmatic-hydrothermal

Iron oxide-copper-gold

Orogenic gold

Algoma-type
Algoma-type
calcrete-type

Granite-hosted
vein/shear

M. Bouabdellah and J.F. Slack

Production =+
reserves

>500 kt Ag

Annual
production:

2,500 t Co,
10,000 t As, 300 t
Ni, 250 kg Au

>8 Mt

250 t Ag/year
(2010)

>53 Mt

>20 Mt

>10 Mt

18 Mt

>65 Mt
Resources 28 Gt
Resources 15 Gt

2 Mt/year.
Resources: 1.6 Gt

49 Mt

50-70 Mt

Reserves 31.3 Mt

Reserves
9.644 Moz,
Resources
4.706 Moz ,
Inferred
0.664 Moz

2.742 Gt total
resources

755 Mt reserves,
1.87 Gt resources

68.7 Mt inferred
42.8 Mt inferred

Grade

300 g/t

~1 % Co, 1 % Ni,
3-42 g/t Ag, and
3-4 g/t Au

>72 % Ml’lOz

300 g/t Ag

0.8 % Cu, 9 g/t Ag

0.6 % Cu

98 % CaF,

4 % Zn, 3.5 % Pb

>50 % Fe
>35.7 % P,0s
>35.7 % P,0s
> 35.7 % P,0s5

0.4 % NbyOs,

265 ppm Ta,Os,

508 ppm U;0g,

0.2 % REE, 35 % Fe

57 % Fe, 13 % TiO,,
0.6-0.8 % V,

~ 1000 ppm U;Og,
4.6-10.1 % LREEE

0.92 % Cu, 0.69 g/t
Au

Reserves 1.71 g/t Au
, Resources (M & 1)
0.84 g/t Au, Inferred
1.46 g/t Au

30.7-32.4 % Fe

35 % Fe, 36 % Fe

330 ppm U304
233 ppm U;30g

(continued)
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Table 1 (continued)
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Country Deposit/orebody = Metal Deposit type Production + Grade
assemblage reserves
Algeria Tala Hamza Pb-Zn Volcanogenic massive | 68.6 Mt 4.6 % Zn (cut-off
sulphide 2.5%); 1.2 % Pb
El Abed Zn— Mississippi Valley-type @ >30 Mt 4.5 % Zn, 1% Pb
Pb £ Cu
Djebel Onk Phosphate | Sedimentary 500 Mt 24.3-27.5 % P,0s
Gara Djebilet Fe Oolitic ironstone 35 Gt 57 % Fe
Amesmessa Au Orogenic gold 3.38 Mt 18 g/t Au
In Abeggui Au Orogenic gold 8 Mt 3.59 g/t Au
Egypt Abu Dabab Ta-Sn Magmatic ~48 Mt 243 g/t Ta,0s,
0.11 % SnO,
Nuweibi Ta Magmatic 98 Mt 146 g/t Ta,05
Sukari Au Hydrothermal 18.8 Mt 2.14 g/t
Duwi-Abu Phosphate | Sedimentary Resources >3 Gt | 20-28 % P,0s
Tartur
Tunisia Jebel Pb-Zn Polymetallic ~ 565,000 t L]
Hallouf-Sidi (—As-Sb) Mississippi Valley-type | Pb-~82,000 t Zn
Bou Aouan
Bou Grine Pb—Zn Mississippi Valley-type @ 87,000 t =
Pb-640,000 t Zn
Sra Ouertane Phosphate | Sedimentary 2.5-3.0 Gt 14 % P,0s5
Gafsa Phosphate | Sedimentary Resources 20-28 % P,0s5
1.1-2.5 Gt
Niger Arlit-Akouta U Sedimentary 2014 Production: =
2331tU

*Detailed information on the listed deposits and many others is available in online Tables 1A-1E

mNot available

earth elements occur along the Atlantic coast of
Morocco, being recovered from modern eluvial
and alluvial placer deposits.

25 Mineral Deposit Systems
and Their Spatial
Distribution

25.1 Orthomagmatic Fe-Ni-Cr-

Cu-PGE £ Au

+ Diamond

and Ophiolite-Hosted

Cr Deposits

Orthomagmatic Fe-Ni—Cu—Cr—PGE ore deposits
that also may contain recoverable amounts of

gold, diamond, titanium, and/or vanadium (e.g.,
U.S. Geological Survey 2013) are typically
confined to large layered mafic-ultramafic intru-
sions or lava flows. Their genesis is related to
(1) early crystallization of the host
mafic-ultramafic rocks, resulting in massive lay-
ered and/or disseminated mineralization; (2) later
crystallization of the host rock units giving rise to
stratabound ore; and (3) fractional crystallization
of thick flows and sills resulting in the develop-
ment of relatively PGE-rich stratiform layers.

In North Africa, exploration and historical
mining of this class of ore deposit has focused
entirely on near-surface, chromite-bearing occur-
rences associated with (1) fragments of the Neo-
proterozoic Pan-African dismembered ophiolitic
complexes of the Eastern Desert of Egypt and
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northeast Sudan, and with those in the Bou Azzer
district of the central Anti-Atlas orogen of Mor-
occo; and (2) the Alpine Beni Bousera and Collo
massifs of the internal zones of the Alpine
Betic-Rif orogen of northern Morocco and adjacent
Algeria (Fig. 10). Recently, several PGM-bearing
chromitite occurrences were recognized in Mauri-
tania, being associated either with the Archean
ultramafic—mafic—anorthositic layered complex of
Guelb el Azib (WAC; Berger et al. 2013) or the
Pan-African serpentinites of the Agane and
Gouérarate areas within the axial zone of the
Mauritanides Belt (Ould Moctar et al. 2014)
(Fig. 10). However, at the present time, none of
these layered mafic-ultramafic igneous bodies and
associated ophiolitic complexes hosts economic
orthomagmatic sulphide or oxide occurrences.

The main Egyptian and Sudanese chromite-PGE
deposits are concentrated in the central and southern
parts of the Eastern Desert of Egypt and northeast
Sudan (Fig. 10). These deposits have been exten-
sively investigated by Amstutz et al. (1984), Khu-
deir et al. (1992), El Haddad (1996), Ahmed (2007,
2013), Ahmed et al. (2001, 2006, 2012a, b), Abd
El-Rahman et al. (2009), El-Taher (2010), and
Hamdy and Lebda (2011). Numerous irregularly
distributed ophiolites and ophiolitic mélange units
have been reported from these areas in both coun-
tries, with the most fertile occurrences being located
mainly south of latitude 26° N (Ahmed 2007).
Overall, the host rocks consist of a succession of
Neoproterozoic, variably serpentinized,
harzburgite-dunite-chromitite ~ bodies ~ (Ahmed
2013). Serpentinites and talc-carbonate rocks pre-
dominate in the mantle sections of the ophiolite and
ophiolitic mélange, either as matrix or variably
sized blocks, having been derived from harzburgite
and subordinate dunite (Ahmed 2007). Geody-
namic reconstructions indicate that these ophiolitic
complexes, and by inference those of the northern
part of the ANS, were generated in supra-
subduction zone tectonic settings by forearc sea-
floor spreading, during subduction initiation asso-
ciated with closing of the Neoproterozoic
Mozambique Ocean.

Chromite mineralization produced either podi-
form bodies of variable dimensions or, to a lesser
extent, veinlets and disseminations within the
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dismembered ophiolitic complexes. Podiform
chromitites account for most of the high-grade
orebodies and form irregularly shaped lenses, sev-
eral centimeters to 50 m in diameter, confined to
the serpentinized envelopes of harzburgite and
dunite; pyroxenites are virtually devoid of chromite
concentrations (El-Taher 2010). A few small
chromitite lenses (up to 3 m x 5 m) have been
reported within talc-carbonate zones of the ser-
pentinized ultramafic rocks (Ahmed 2013). In
addition to chromite, subordinate amounts of PGM,
sulpharsenides and arsenides, and base-metal sul-
phides occur as fine inclusions either within or
along cracks of chromian spinel, or as large
aggregates within the interstitial silicate matrix
among chromian spinel grains, as documented by
El Haddad (1996) and Ahmed et al. (2006). Geo-
chemically, the Egyptian chromitites show a wide
compositional range from high-Al to high-Cr spi-
nels (Ahmed et al. 2001, and references therein),
with total PGE contents ranging from 80 to
320 ppb (Ahmed 2007, 2013). All of the chromitite
pods show enrichment in the Ir-subgroup
(IPGEs = Os, Ir, Ru) relative to the Pd-subgroup
(PPGEs =Rh, Pt, Pd), and display steep,
negatively-sloped, chondrite-normalized PGE pat-
terns like those of most ophiolitic chromitites
worldwide (e.g., Leblanc 1991; Zhou et al. 1998).

In Morocco, orthomagmatic Cr—Ni and asso-
ciated PGE, sulpharsenide, and arsenide +
gold £ diamond orebodies are spatially and
temporally related to ultramafic fragments of the
Neoproterozoic Bou Azzer dismembered ophi-
olitic complex of the central Anti-Atlas orogen,
and to the Alpine Beni Bousera high-temperature
peridotite intrusion of the Rif-Tell orogenic belt
(Fig. 10). Both of these mafic-ultramafic massifs
have been extensively studied (Pearson et al.
1993; Pearson and Nowell 2004; Pifia et al.
2013), not only due to their promising Ni—Cr and
associated PGE mineralization but more impor-
tantly because of a high potential for gold and
more intriguingly diamond occurrences, expres-
sed as a graphite-sulphide overprint that is an
atypical feature of these mafic-ultramafic intru-
sions (Crespo et al. 2006, and references therein).

Petrographically, the Beni Bousera zoned
intrusion (~70 km?) consists predominantly of
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spinel lherzolite (up to 95 % by volume) and to a
lesser extent garnet lherzolite, harzburgite, and
minor dunite, with subordinate sheeted dikes of
pyroxenite, all of which intrude Paleozoic to
Triassic metasedimentary rocks of the Upper
Sebtide Formation (Saddiqi et al. 1988).
A swarm of ENE- to EW-trending, anatectic
cordierite-andalusite leucogranite dikes cuts the
main units of the Beni Bousera intrusion. Sur-
rounding metamorphic host rocks, made mostly
of high-grade, migmatitic, graphite-
sillimanite-garnet gneiss (kinzigite) and schist,
which are part of a lower crustal assemblage
exposed with peridotite (Pearson and Nowell
2004), display a decreasing metamorphic grade
outward from the contact with the intrusion.
Proposed geodynamic and petrogenetic models
suggest that the Beni Bousera intrusion repre-
sents a portion of old (Proterozoic) subconti-
nental lithospheric mantle that was emplaced
tectonically, at high temperature, within the
lower crust during the Alpine orogeny from 22 to
20 Ma (Zindler et al. 1983; Tubia and Cuevas
1986; Pearson and Nowell 2004). Lu-Hf
geochronology indicates a mean age of
emplacement at ca. 25.0 £ 0.9 Ma, consistent
with a Sm-Nd age of 23.6 & 4.3 Ma (Pearson
and Nowell 2004). In contrast, K-Ar and
¥ Ar/*°Ar ages are slightly younger, clustering
around 21 Ma (Pearson et al. 1993). These age
discrepancies have been attributed to emplace-
ment of the Beni Bousera spinel lherzolite within
a time span of 4 + 2 m.y. Based on these age
constraints, Blichert-Toft et al. (1999) estimated
a fast decompression rate of the rising peridotite,
on the order of 10 cm yearfl, consistent with a
nearly adiabatic ascent. Moreover, the
clinopyroxene-garnet assemblage locally con-
tains graphitized diamonds (Pearson et al. 1989;
Pearson and Nixon 1996; Ruiz Cruz et al. 2011),
thus indicating high temperatures in the range of
1200-1350 °C and crystallization pressures of at
least 20 Kb (Kornprobst et al. 1990), within the
diamond stability field. It is noteworthy that the
graphitized diamonds may represent 10 to as
much as 15 vol% of the host rocks and reach up
to 20 mm in size (Pearson et al. 1989; Pearson
and Nixon 1996; Ruiz Cruz et al. 2011). The
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original diamonds may have crystallized from
subducted, 13C—depleted, crustally derived car-
bon at a crystallization pressure above 45 Kb
(Pearson et al. 1993).

Field and textural relationships indicate that
Cr—Ni and associated PGM, arsenide- sul-
pharsenide £ gold, and diamond mineralization
formed during three main stages. The resulting
mineralized structures consist of veins and
stockworks, intergranular disseminations, and
banded ores with alternating chromite-Ni
arsenides and pyroxenite (Gervilla and Leblanc
1990; Gervilla et al. 2002; Crespo et al. 2006;
and present study). Early stages I and II consist
of an unusual chromite (60-90 vol%)-niccolite
(540 vol%) assemblage composed of massive
aggregates of polygonal to rounded chromite
grains accompanied by intergranular and
fracture-filling Ni-arsenides with lesser orthopy-
roxene, clinopyroxene, and/or cordierite. Later
stage III consists mainly of a sulphide-graphite
assemblage composed of Fe-Ni—Cu sulphides
(i.e., pyrrhotite, pentlandite, chalcopyrite,
cubanite) with variable amounts of Fe-chromite
having high Zn and V contents, maucherite,
violarite, niccolite, cobaltite—gersdorffite, west-
erveldite, and graphite (Gervilla and Leblanc
1990; Gervilla et al. 1996; Pina et al. 2013),
accompanied by plagioclase and phlogopite.
High contents of gold (3-35 ppm) and average
PGE up to 2000 ppb, together with the presence
of discrete inclusions of Au, Au—Cu, and Au-Bi—
Te, are documented within the Cr—Ni ore.

Chromitite orebodies and associated PGE
mineralization are also documented within the
Neoproterozoic ultramafic section of the Bou
Azzer ophiolitic complex (Leblanc 1981; El
Ghorfi et al. 2008; Ahmed et al. 2005, 2009).
Serpentinized harzburgite with subordinate
dunite are the dominant host rocks accounting for
about 40 vol% of the total exposed part of the
complex (Bodinier et al. 1984). Wehrlite con-
taining a notable amount of amphibole accom-
panied by olivine and clinopyroxene as primary
phases occurs as late-stage intrusions (Ahmed
et al. 2005). Geochemical data indicate that the
chromitites formed either by high-degree partial
melting of primitive mantle, or by melting of
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previously depleted mantle peridotite (Ahmed
et al. 2009). Thorough descriptions of the geo-
logical environment of the Bou Azzer ophiolite
are available in many papers, including the fol-
lowing to which the reader is referred for more
details: Leblanc (1981), Saquaque et al. (1989),
and Bouabdellah et al. (this volume).

The chromitite orebodies and associated PGE
mineralization occur throughout an area of
~10 x 4 km from Ait Ahmane in the east to
Ightem in the west (El Ghorfi et al. 2008).
Overall, 100,000 t of podiform chromite ore at an
average grade >45 % Cr,O; was mined by
“Compagnie de Tinfout-Tiranimine” (CTT) be-
tween 1990 and 1998. Recent exploration and
reevaluation of the chromite resources in the
district by Managemgroup, the owner of the Bou
Azzer deposits, has delineated more than 50 sig-
nificant new chromitite pods. The shape and size
of the orebodies are variable, with lenses gener-
ally ranging from <1 up to 20 m long and as
much as 5 m thick, paralleling the N110°E ori-
entation of the magmatic layering. Locally pre-
sent are serpentinized harburgite- and
dunite-hosted disseminations of euhedral to sub-
hedral chromite grains, locally amounting to 4 vol
%, together with massive chromitite that contains
30-80 vol% chromite (Ahmed et al. 2005, 2009;
El Ghorfi et al. 2008; Maacha et al. 2011a).

Mineralogical residence of the PGE within the
chromitites is chiefly in fine inclusions of
Rh-bearing laurite occurring within spinel or the
silicate matrix. Bulk PGE contents are relatively
uniform, ranging from 182 to 219 ppb, with pre-
dominance of IPGE (Os = Ir & Ru), variable Rh,
and low Pt and Pd (El Ghorfi et al. 2008). These
geochemical characteristics fit within the global
diagnostic criteria of ophiolitic chromitites poor in
sulphides (Ahmed 2013), and may be comparable
to the Neoproterozoic ophiolitic complexes in the
Eastern Desert of Egypt described above (Ahmed
2007, 2013). Moreover, Ni—Co-Fe sulphide,
arsenide, and sulpharsenide orebodies devoid of
PGE, which form the bulk of the economically
exploited vein mineralization in the Bou Azzer
district (Bouabdellah et al. this volume), are spa-
tially associated with alterated chromite grains,
hence their genesis is linked to a late hydrothermal
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event that overprinted podiform chromite miner-
alization. Uneconomic occurrences of podiform
chromitite and associated PGM also have been
documented within basement rocks of the
Moroccan Western Sahara (Mauritanides Belt) in
the form of small lenses occurring within undated
serpentinites (Lehbib et al. 2008).

Orthomagmatic chromite and associated
PGM, sulpharsenide, and arsenide mineralization
occurs in Algeria within two contrasting domains
(1) the Pan-African Hoggar massif of the Tuareg
Shield to the south, which was recognized by the
late 1950s as “a platinum province” (Meindre
1959); and (2) the Collo massif of the West
Mediterranean Rif-Tell Alpine belt to the north
(Fig. 10). Within the Hogger Pan-African mafic—
ultramafic complexes, all in various stages of
serpentinization, podiform and subordinate
stratiform chromite mineralization (chromitite
layers) are spatially and genetically related either
to serpentinite occurrences at the Aderniba,
Tihailioune, and Timoletine prospects, or more
importantly to the zoned ultramafic intrusive
complexes of In Tedeini and Laouni that were
emplaced between 600 and 520 Ma (Cottin et al.
1998; Augé et al. 2012). Within the serpentinites,
chromite and associated PGM and base-metal
sulphide mineralization occur mainly as podi-
form bodies ca. 250 m long and 30-50 m wide,
typical of ophiolite-type chromitites worldwide
(Augé et al. 2012). Subordinate amounts of fine-
to medium-grained disseminated chromite and
layered chromitites are also present. The layered
mafic-ultramafic intrusions of In Tedeini and
Laouni, which comprise wehrlite, olivine gab-
bronorite, and troctolite units, also contain dis-
seminated Ni—Cu sulphides of potential
economic interest (Augé et al. 2012).

Further north in the internal zones of the
Rif-Tell Alpine belt, within the Petite Kabylie of
northern Algeria, is the Alpine Collo ultramafic
massif (20 km?) that contains about 25 podiform
chromitite bodies (Temagoult 1989; Leblanc and
Temagoult 1989) (Fig. 10). These ultramafic
rocks consist of strongly sheared and serpen-
tinized plagioclase lherzolite with minor
harzburgite and dunite, together with thin (2—
3 mm) layers of websterite and orthopyroxenite,
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cut by subvertical gabbro dikes. High-P
granulite-grade metamorphism resulted in the
development of K-feldspar-garnet gneiss (i.e.,
kinzigite). From a geodynamic view, the Collo
massif has been interpreted as an atypical,
high-temperature lherzolite that represents a
mantle intrusion emplaced in a transition zone
from continental to oceanic rift (Leblanc and
Temagoult 1989). The podiform chromitite
bodies are elongate and aligned parallel to foli-
ation and lineation of the plagioclase-lherzolite
host rocks. Locally present are disseminated and
layered (2-3 cm) chromite ores (Leblanc and
Temagoult 1989). The chromite is massive with a
cataclastic texture and contains diopside, olivine,
pargasite, and Na-phlogopite. Geochemically,
the Collo chromitites display high Ru, Os, and Ir
contents and chondrite-normalized PGE patterns
with a strong negative slope from Ru to Pt
(Leblanc and Temagoult 1989) typical of
chromitite pods found in ophiolite complexes
worldwide (e.g., Ahmed et al. 2006).

In addition to Egypt, Morocco, and Tunisia,
orthomagmatic chromite and associated PGM,
arsenide, and sulpharsenide mineralization
occurs in Mauritania within the WAC and along
the axial zone of the Mauritanides Belt (Fig. 10).
The most significant occurrences include the
Archean PGM-bearing chromitites of the Guelb
el Azib layered complex in WAC (Berger et al.
2013) and chromite-bearing serpentinites of the
Agane and Gouérarate areas of the Mauritanides
Belt (Ould Moctar et al. 2014).

The Archean Guelb el Azib ultramafic—mafic—
anorthosite layered complex of the WAC consists
of amphibolite- to granulite-facies serpentinized
ultramafic rocks. These include ultramafic
cumulates, chromitite, layered gabbro, leucogab-
bro, and anorthosite, all of which were emplaced
within a 3.5-2.9 Ga TTG gneiss terranes. Chro-
mite mineralization, predominantly of podiform
type although locally in layered ore, occurs as
NE-trending, massive to brecciated Fe-rich
chromitite orebodies several meters wide and
tens of meters long, hosted in serpentinite, ultra-
mafic cumulates, mafic rocks (coarse- and
fine-grained amphibolite), and anorthosite layers
(Barrére 1967; Berger et al. 2013); these features
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are typical of Archean ultramafic—mafic—anor-
thosite complexes worldwide (e.g., Rollinson
et al. 2010). PGM have only been observed in
massive and layered chromitites where laurite
(RuS,), as the most abundant PGM, forms small
(<5 mm, mostly 2-3 mm) euhedral inclusions
within the cores and rims of chromite grains. In
this regard, three phases of PGE mineralization
have been recognized (Berger et al. 2013):
(1) early igneous crystallization of laurite, (2) late
magmatic IPGE sulpharsenides (irarsite—holling-
worthite), and (3) hydrothermal Pt-Pd mineral-
ization typified by sperrylite and rustenburgite.
Minor podiform chromite mineralization has
also been documented within serpentinized parts
of the ultramafic-mafic section of the Agane and
Goucérarate ophiolites (Ould Moctar et al. 2014).
These ophiolites are within the suture that char-
acterizes the axial zone of the Pan-African
Mauritanides Belt (Pitfield et al. 2004).

26 Rare-Metal Granites
and Related
Rare-Element Granitic

Pegmatites

Granitoid plutons and related pegmatite-hosted Ta—
Nb-Sn & REE mineralization are widely dis-
tributed within lithotectonic terranes of North
Africa. These intrusions occur as pre-, syn-, and
post-kinematic bodies of Pan-African, late Hercy-
nian, and late Neogene age (Melcher et al. 2015).
However, it is in the Eastern Desert of Egypt within
the ANS, and to a lesser extent in Algeria and
Morocco (Fig. 10), where the largest and economic
Ta-Nb-Sn + REE deposits are known (Melcher
et al. 2015; Marignac et al. this volume).
Examples in Egypt include the Abu Dabbab
and Nuweibi deposits that contain resources of
44.5 Mt at 250 g/t Ta,O5 and 0.09 % Sn, and 98
Mt at 143 g/t Ta,O5 and 95 g/t Nb,Os, respec-
tively (Gippsland Limited 2013; Melcher et al.
2015) (Fig. 10). Other deposits include Igla (Sn—
W-Be) and Homr Akarem (Mo-Sn-Bi-F) (Sil-
litoe 1979). Collectively, these Pan-African,
highly evolved, peraluminous rare-metal granites
are the oldest known in orogenic belts (Tkachev
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2011), having been emplaced along late-orogenic
structures into juvenile Neoproterozoic rocks
(Helba et al. 1997; Sharara 2000; El-Sharkawy
2001; Kiister 2009; Ali et al. 2012). Recent
geochronological determinations indicate that the
Ta-Nb—-Sn £+ REE mineralization in the peralu-
minous rare-metal granites is associated with a
post-accretionary magmatic phase that ranges in
age from 610 Ma in the north to 530 Ma in the
south (Kiister 2009; Melcher et al. 2015, and
references therein).

The Abu Dabbab and Nuweibi deposits occur
either as fine-grained Ta—-Nb-Sn + REE-bearing
disseminations within hydrothermally albitized and
greisenized peraluminous granitic cupolas (Sharara
2000; El-Sharkawy 2001) and adjacent pegmatitic
bodies, or as massive fillings of quartz veins and
stockworks. U-Pb dating of tantalite from the
Nuweibi deposit yields an isochron age of 550 Ma,
suggesting Pan-African emplacement for the Ta—
Nb-Sn + REE mineralization. However, U-Pb
age estimates on cassiterite from the Abu Dabbab,
Nuweibi, and Igla granites are older, at 685-
616 Ma (Ali et al. 2012; Melcher et al. 2015).
These age constraints indicate that the mineralizing
fluids are related to a late magmatic event. In
addition to the economic Abu Dabbab and
Nuweibi peraluminous granite-hosted ~deposits,
numerous rare-metal pegmatite occurrences are
known in the southern Eastern Desert of Egypt.
The pegmatites are hosted by Neoproterozoic
metasedimentary rocks, and form steeply dipping
bodies from 50 to 750 m long and up to 150 m
wide (Saleh 2007). Among these, the Bayuda and
more importantly the Um Desi pegmatite occur-
rences seem to be the most prospective, being
related to the post-orogenic phase of granitoid
magmatism  (Saleh  2007;  Kiister  2009).
Tantalum-mineralized pegmatites from the ANS
belong to the rare-element class (REL-Li subclass
of Cem}'l and Ercit 2005), and are classified as
complex to albite—spodumene types (Kiister 2009).

In the mobile belts of northwest Africa,
rare-metal granites and related pegmatites of
Pan-African and late Hercynian ages are found in
the Anti-Atlas and Variscan inliers of Morocco
(i.e., Tazennakht and Angarf, Schneiderh6hn
1961; Zrari, Belkasmi et al. 1999), and more
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importantly in the Hoggar Shield terranes of
Algeria (i.e., Alemeda and Tin Amzi occurrences,
Bouabsa 1987; Cheilletz et al. 1992; Chalal and
Marignac 1997; Marignac et al. 2001; Kesraoui
and Marignac 2010; Marignac et al. this volume).
The latter contain subeconomic Ta—Nb-Sn +
REE concentrations and are spatially and genet-
ically associated with geochemically specialized
granitoids. Farther to the north, the youngest
rare-metal granites are Neogene, occurring in the
Alpine Edough massif (Aissa et al. 1995) and
Filfila granitic complex (Internal Maghrebides,
Lesser Kabylia) of northeastern Algeria. In these
areas, rare-metal mineralization forms fine-
grained disseminations of cassiterite, ferberite,
and very abundant Ta-rutile, and columbo-
tantalite minerals, all of which overprint Lan-
ghian (Middle Miocene) topaz-bearing granites
and rhyolites (Bouabsa et al. 2010; Marignac
et al. this volume). Genetic models propose that
rare-metal-rich magmas originated, together with
other peraluminous magmas, by high-level partial
melting induced by the intrusion of large meta-
aluminous magmas, and subsequently mixed with
this meta-aluminous melt to produce the observed
rare-metal granites (Bouabsa et al. 2010; Marig-
nac et al. this volume).

27 Volcanic-Hosted Massive

Sulphide Deposits

Volcanic-hosted massive sulphide deposits
(VHMS) developed in two contrasting geological
terranes that were accreted during two main
episodes of submarine-arc volcanism in the
Neoproterozoic and Carboniferous.

The Neoproterozoic episode coincides with
formation of the VHMS deposits of the ANS.
These deposits occur along the length of the Red
Sea coast from Egypt through Sudan to Eretria
and Ethiopia (Barrie et al. this volume). The
Carboniferous episode generated the Variscan
deposits of the Central Jebilet and Guemassa
Massifs in Morocco, which are related to the
large Variscan VHMS province of Western
Europe (Lescuyer et al. 1998) (Fig. 10). Indeed,
the late Paleozoic is regarded as one of the most
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productive periods in Earth history for massive
sulphide mineralization (Eremin et al. 2002,
2004; Moreno et al. 2008; Huston et al. 2010).
The western ANS is inferred to be particularly
prospective for gold-rich VHMS deposits, owing
to the primitive geochemical signature of the
oceanic crust produced during the Neoprotero-
zoic rifting. In particular, the VHMS deposits
hosted in the western part of the ANS include a
high gold potential that exceeds 15 % gold in
terms of relative metal value in calculated total
gold-equivalent resources (Trench and Groves
2015). Well-documented examples are the giant
gold-rich VHMS deposits of the Hassai district in
Sudan with resources of ca. 6.3 Moz Au and 1.3
Mt Cu (52 % Au by relative metal value; Trench
and Groves 2015), and in Eretria the large but
low-grade Emba Derho deposit totaling ca. 8 %
Au by relative metal value within a 6.3-Moz
gold-equivalent resource, and the Bisha deposit
that contains >39 Mt of base and precious metal
resources (Barrie et al. 2007, this volume). This
region is an emerging new belt containing
gold-rich, porphyry-related, high sulphidation,
epithermal-VHMS deposits that share many
geological characteristics with the newly recog-
nized group of gold-rich VMS systems as defined
by Dubé et al. (2014).

The Moroccan VHMS deposits of the central
Jebilet and Guemassa massifs developed during
Carboniferous rifting and formation of a restric-
ted intracontinental rift basin. This basin was
filled with shale and subordinate clastic and
carbonate strata in a back-arc environment
(Huvelin 1977; Aarab and Beauchamp 1987),
contemporaneously with emplacement of Visean
to late Hercynian tholeiitic to alkaline bimodal
intrusive and extrusive igneous rocks (i.e.,
Bouabdellah et al. this volume). The Moroccan
deposits have been correlated stratigraphically
with VHMS deposits of the Iberian Pyrite Belt
(Bordonaro et al. 1979) and integrated into a
global genetic model that involves progressive
migration of the mineralizing fluids along the
western Hercynides, from Late Devonian time in
France to early Carboniferous (Dinantian) time in
Morocco, with a metalliferous “peak”™ occurring
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at ca. 350 Ma (Lescuyer et al. 1998; Essaifi and
Hibti 2008). Overall, the Variscan VHMS
deposits in Morocco includes four major ore-
bodies (Kettara, Hajar, Dra Sfar, and Koudiat
Aicha), which together produced more than 70
Mt of ore (Bouabdellah et al. this volume).
Striking features of these deposits are the abun-
dance of pyrrhotite (up to 90 vol%) relative to
pyrite, and more importantly the intensely
sheared and metamorphosed nature of the ores
(Marcoux et al. 2008). The predominance of
pyrrhotite has been interpreted as reflecting very
low fo, conditions that prevailed during miner-
alization, and neither high temperatures nor low
ams (below 1073) is required to explain this
mineralogy (Marcoux et al. 2008).

VHMS deposits are also documented in the
Pan-African Pharusian belt of Mali (Markwitz et al.
2015) where the Tessalit deposit is the most sig-
nificant (up to 7 % Zn, 1-2 % Pb, <1 % Cu)
(Fig. 10). Polymetallic orebodies there occur on the
western edge of the Precambrian In Ouzzal inlier,
within Upper Proterozoic submarine island arc
volcanic rocks including porphyritic rhyolite domes
and surrounding laminated felsic tuffs stratigraphi-
cally assigned to the Tilemsi Group. A distinctive
mineral zoning is typified by a lower
magnetite-rich zone to upper carbonate-copper
sulphide and carbonate-sphalerite zones (Leblanc
and Sauvage 1986).

28 Iron Oxide-Copper-Gold

Deposits

The Mauritanian Guelb Moghrein iron oxide—
Cu—Au—Co deposit is the sole representative of
the IOCG class (Williams et al. 2005) yet doc-
umented in North Africa (Fig. 10). This deposit
occurs within the allochtonous supracrustal ter-
ranes of the Mauritanides Belt along the western
edge of the WAC. In 2004, First Quantum
Minerals Ltd. acquired an 80 % interest in the
property and in 2010 assumed 100 % owner-
ship. Production commenced in 2006, and by the
end of 2013 mineral reserves were estimated at
31.3 Mt grading 0.92 % Cu and 0.69 g/t Au
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(http://www first-quantum.com). Historic pro-
duction of Au to 2013 was 690,155 oz (Kirsch-
baum and Hitzman 2016).

Early studies of the Guelb Moghrein deposit
suggested either a syn-sedimentary origin based on
the close association of the orebodies with wide-
spread BIF and Fe-carbonate units (Pouclet et al.
1987), or a VHMS origin owing to the presence of
volcanic rocks in the vicinity and similarities in
metal contents to some VHMS deposits (Ba Gatta
1982). However, reinterpretation of the Fe-rich host
rocks as products of metasomatic replacement
instead of chemical sedimentation, the distinctive
minor-element geochemical signature, alteration
styles, and new geochronological data all point to
an epigenetic hydrothermal origin and conse-
quently a classification as an IOCG type of deposit
(Martyn and Strickland 2004; Meyer et al. 2006;
Sakellaris 2007; Kolb et al. 2008; Kirschbaum
2011; Kolb and Petrov 2015).

Host rocks to the ores are predominantly
greenschist- to amphibolite-facies mafic schist and
amphibolite stratigraphically assigned to the
Akjoujt metabasalts of the Oumachoueima
Group. These mafic rocks overlie meta-rhyodacite
to meta-dacite volcaniclastic rocks and schists of
the St. Barbe volcanic unit (Martyn and Strickland
2004; Kolb et al. 2008). Regionally, the St. Barbe
unit is overlain by a pyritic chert facies of BIF (a
regional stratigraphic marker) referred to as the
Lembeitih Formation (Strickland and Martyn
2002), which includes the iron carbonate host rock
unit at Guelb Moghrein (Kolb et al. 2008). From a
geodynamic view point, the local stratigraphic
package was emplaced in a continental or island
arc setting (Kolb et al. 2008). Recent radiometric
dating (in situ U-Pb on monazite and xenotime;
Meyer et al. 2006) indicates that the supracrustal
host rocks of the Guelb Moghrein deposit (i.e.,
Eizzene and Oumachoueima Groups; Meyer et al.
2006) are Archean (2492 + 9 Ma), having formed
marginal to the Reguibat Shield (Meyer et al. 2006;
Kolb et al. 2008; Kolb and Petrov 2015).

The Guelb Moghrein deposit consists of two
distinct, brecciated meta-carbonate-hosted orebod-
ies referred to as Occidental and Oriental
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(Kirschbaum and Hitzman 2016), both of which
are surrounded by Fe-Mg clinoamphibole-chlorite
schist (Meyer et al. 2006). In detail, the mineralized
structures form multiple coalescing tabular and
coarse-grained lenses, ca. 30 m thick, that devel-
oped parallel to D, shear zones (Meyer et al. 2000;
Kolb and Petrov 2015). The carbonate host rocks
consist predominantly of Fe-Mg siderite (pis-
tomesite) and ankerite, with subordinate amounts
of ferroan dolomite and calcite (Sakellaris 2007;
Kirschbaum 2011). Abundant magnetite (up to 40
vol%), as much as several percent graphite, fibrous
amphibole (cummingtonite-grunerite), and locally
coarse biotite and pyrosmalite have been docu-
mented (Kirschbaum 2011).

Historic mining has focused on the Occidental
orebody that has higher gold and copper grades,
and abundant secondary copper minerals, relative
to the Oriental orebody. To date, no mining of the
Oriental orebody has taken place (Kirschbaum and
Hitzman 2016). The highest grades are encountered
within carbonates in proximity to hangingwall and
footwall faults, whereas lower-grade mineralization
(1-3 % Cu) occurs within fractured to weakly
brecciated carbonates as disseminated chalcopyrite
and cubanite. Primary ore consists mainly of vari-
ous proportions of magnetite, pyrrhotite, and chal-
copyrite with subordinate Fe—Co-Ni arsenides,
arsenopyrite, cobaltite, and Bi—-Au—Ag—Te minerals
(Kolb et al. 2006; Sakellaris 2007; Kirschbaum
2011). Supergene alteration and weathering of the
orebody resulted in the formation of abundant iron
and copper oxides (hematite, limonite, goethite,
malachite, and chrysocolla) as well as native copper.

Fluid inclusion data together with isotopic
constraints (Kolb et al. 2008; Kolb and Petrov
2015) indicate that the Guelb Moghrein IOCG
mineralization ~ formed  during  retrograde
tectono-metamorphic processes in reponse to fluid
mixing at 0.75-1.80 kbar and ~410 °C, with the
mineralizing fluids having been focused into
regional-scale shear zones. Gold was transported as
an AuCl* complex in the ore fluids and was con-
centrated in coexisting Bi melt-droplets, resulting in
the precipitation of an Au—Bi-assemblage during
cooling (Kolb and Petrov 2015).
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29 Orogenic

and Intrusion-Related
Gold Deposits

Orogenic gold deposits also referred to as
mesothermal deposits (e.g., Groves et al. 1998)
are widely recognized in both Phanerozoic
mobile belts and older cratonic blocks. This class
of gold deposit is characteristically associated
with deformed and metamorphosed, mid-crustal
blocks in close spatial association with major
crustal structures (Goldfarb et al. 2001, 2005).
Conversely, intrusion-related gold deposits typi-
cally occur in metaluminous subalkalic plutonic
bodies of felsic to intermediate composition,
mainly in a tectonic setting inboard of conver-
gent plate boundaries (Lang and Baker 2001).

In North Africa, economically significant oro-
genic and intrusion-related gold deposits are both
in Precambrian cratons and the Pan-African
Anti-Atlas orogen of Morocco (Figs. 9 and 10).
The mineralized structures occur as crustal-scale,
multi-kilometer-long shear zones hosted by a
variety of lithotectonic units. These units include
deformed and  variably = metamorphosed,
greenschist-facies  (locally  amphibolite-facies)
supracrustal sedimentary sequences. World-class
examples include the Tasiast deposit in Mauritania,
deposits of the Loulo-Gounkoto and Sadiola-Yatela
districts in Mali (Lawrence et al. this volume), the
Tirek-Amesmessa deposits in Algeria related to the
In Ouzzal mega-shear zone in the western Hoggar
of the Tuareg Shield (Ferkous and Monie 2002;
Marignac et al. this volume), and deposits in Egypt
and Sudan fringing the Red Sea (El Boushi 1972;
Almond et al. 1984; Klemm et al. 2001; Zoheir
et al. 2008, 2014). In Morocco, intrusion-related
gold occurrences are represented by the
ITourirn-Akka and Tiouit deposits in the Anti-Atlas
Mountains, and by the recently discovered Tam-
lalt-Menhouhou prospect (Pelleter et al. 2008) in
the eastern High Atlas.

Radiometric ages have determined for gold
mineralization by numerous workers (Ferkous and
Monie 2002; Doebrich et al. 2004; Gasquet et al.
2004; Pelleter et al. 2008; McFarlane et al. 2011;
Lawrence et al. this volume; Marignac et al. this
volume). Based on these data, three age groupings
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are recognized, corresponding to three major peaks
of orogenic gold mineralization in the intervals
2098 + 4 to 2074 £ 14 Ma (McFarlane et al.
2011), 655.6 £ 2.7 to 525 & 5 Ma (Ferkous and
Monie 2002; Doebrich et al. 2004), and
301 £ 7 Ma to 293 £ 7 Ma (Gasquet et al. 2004;
Pelleter et al. 2008). These intervals are within the
Paleoproterozoic  (2.5-1.6 Ga), Neoproterozoic
(1.6-0.57 Ga), and Paleozoic (570-250 Ma) time
spans considered by Goldfarb et al. (2001) as being
favorable periods for the formation of orogenic
gold deposits.

29.1 Egypt

Intracratonic orogenic gold deposits in Egypt
(e.g., Um Egat, Dungash, and Fawakhir-El Sid
districts in central Eastern Desert; Klemm et al.
2001; Zoheir et al. 2008, 2014; Khalil et al. this
volume) and their equivalents in northern Sudan
(i.e., Abirkatib, Ekwan, Shigriyay, and Gebeit
deposits; EL Boushi 1972; Almond et al. 1984)
(Fig. 10) occur within Neoproterozoic green-
stone terranes of the ANS. The mineralized
structures consist of an array of gold-bearing
quartz veins confined within regional mega-shear
structures. Host rocks are greenschist-facies
ophiolitic sequences, island arc assemblages,
and post-orogenic calc-alkalic and alkali grani-
toids (e.g., Zoheir et al. 2008, 2014; Khalil et al.
this volume, and references therein). Gold min-
eralization is closely associated, in time and
space, with the emplacement of late- to
post-orogenic, intracrustal granitoid intrusions.
This model is consistent with newly acquired
Re—Os geochronological data for the Fawakhir—
El Sid deposit that indicate an age for gold
mineralization of 601 £ 17 Ma (Zoheir et al.
2014), which coincides within error of the U-Pb
zircon age of 598 + 3 Ma for the spatially
associated monzogranite intrusion (Zoheir et al.
2014). These temporal relationships suggest a
key role for granite-derived hydrothermal fluids
in forming the quartz-vein system. However,
structural ~ constraints  indicate  that the
gold-bearing quartz veins developed late in the
orogenic cycle of the ANS (e.g., Klemm et al.
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2001; Zoheir et al. 2008; Khalil et al. this vol-
ume). Indeed, Re—Os age dating of molybdenite
from the neighboring Ad Duwayhi gold deposit
in western Saudi Arabia has yielded ages of
655.6 £ 2.7 and 649.9 + 2.3 Ma, recording a
late Neoproterozoic timing for that gold miner-
aliszation (Doebrich et al. 2004). These con-
trasting radiometric ages suggest a polyphase
history for the genesis of Egyptian gold miner-
alization, involving an early magmatic stage
related to crystallization of local granitic magma
followed by a later brittle-ductile stage during
which gold mineralization was deposited within
regional mega-shear structures.

29.2 Algeria

Algerian orogenic gold deposits include those of
the world-class Amesmessa-Tirek (>5 Moz Au),
Tiririne (1.7 Moz Au), and Silet-Tinfelki (~2.5
Moz Au) goldfields (Fig. 10). Among these, the
currently exploited Amesmessa and Tirek deposits
are the most productive. Both are spatially related
to the East In Ouzzal shear zone of the western
Hoggar Shield and its southward extensions into
the Adrar Iforas (Mali) and Air (Niger) shields. The
estimated gold resource of the 16 gold veins known
within the Amesmessa deposit is 1.40 Moz,
whereas that calculated for the Tirek deposit (mine
closed in 2007) is much lower, at ca. 593,100 oz at
an average grade of 25.1 g/t (www.enor.dz/
documents/presentation-enor.pdf).

Host rocks of these deposits consist of region-
ally folded and amphibolite-facies, Paleoprotero-
zoic para- and orthogneiss, marble, quartzite,
amphibolite, schistose pelite, and metamorphosed
intrusions. Archean basement is represented
mainly by mafic and felsic granulites with subor-
dinate marble and quartzite (Ferkous and Monie
2002, and references therein). The mineralized
structures, which are confined to the dextral,
lithospheric-scale East In Ouzzal shear zone
(EIOSZ), comprise two sets of multi-kilometer,
N-S-trending, gold-bearing quartz vein systems
and extensional, E-W-trending, gold-poor quartz
veins (Marignac et al. 1996; Ferkous and Monie
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2002; Marignac et al. this volume). Genesis of the
gold mineralization has been related to late Neo-
proterozoic reactivation of the ca. 626-575 Ma
EIOSZ shear zone (Semiani et al. 1995; Marignac
et al. 1996). In this regard, Ferkous and Monie
(2002) reported a systematic increase of gold
grades towards the tectonic front (WAC vs. Hog-
gar Shield), from 1.7 Moz at Tiririne in the east to
more than 5 Moz at Amesmessa-Tirek in the west.

29.3 Morocco

In Morocco, most gold production is derived from
the Iourirn-Akka and Tiouit deposits of the
Pan-African Anti-Atlas system. Recently, a new
promising gold prospect has been identified in
Neoproterozoic rocks of the eastern High Atlas
Mountains (Pelleter et al. 2008) (Fig. 10). Com-
mon features for all of these deposits and related
prospects include host rocks of Neoproterozoic
greenschist-facies successions, and an age of gold
mineralization ~ that  coincides  with  late
Carboniferous-Permian (300-270 Ma) tectonism
(Gasquet et al. 2004). This time interval suggests,
in accordance with the conclusions of Bellot et al.
(2003), that gold mineralization in Morocco is
linked to a large-scale thermal event during the
early stages of post-thickening extension of the
Variscan lithosphere. It appears, therefore, that
Moroccan terranes contain the youngest orogenic
and intrusion-related gold deposits of North Africa.
Gold has also been reported as being associated
with the polymetallic Jbel Tighza deposit in central
Morocco (Fig. 10), where gold-bearing occur-
rences are related to late Hercynian calc-alkaline
granitoid stocks (Marcoux et al. 2015; Rossi et al.
this volume).

The Tourim-Akka gold deposit occurs within the
Precambrian Tagragra de Tata inlier of the western
Anti-Atlas orogen. Mineralization is centered on the
apex of a Paleoproterozoic basement-cored dome
unconformably overlain by weakly deformed and
metamorphosed Neoproterozoic clastic and vol-
canic rocks of the Anezi and Ouarzazate Series
(Walsh et al. 2002; Thomas et al. 2004). Paleopro-
terozoic basement rocks consist of metasedimentary
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and metavolcanic sequences comprising mica
schist, tuffaceous schist, metasiltstone, and
metasandstone with interbedded felsic metatuffs
(2072 & 8 Ma), all of which are intruded by
post-Eburnean granites (i.e., Targant and Oudad
granites, U-Pb zircon ages of 2046 £+ 7 Ma and
2041 £ 6 Ma, respectively), metadolerites dated at
2040 £ 6 Ma, and microgranite dikes (Walsh et al.
2002). The unconformably overlying Anezi and
Ouarzazate Series comprises clastic and volcanic
rocks including breccias, rhyolitic ignimbrites dated
at 565 4+ 7 Ma (Walsh et al. 2002), andesite, silt-
stone, sandstone, and conglomerate.

The mined gold-bearing structures exposed
underground are hosted nearly entirely within
Paleoproterozoic schists cut by dense swarms of
ENE- to NE-trending porphyritic thyodacite and
quartz diorite dikes. All of the surrounding rocks
are dissected by a network of E-W-striking,
dextral strike-slip shear zones within which the
mineralized structures occur. Gold-bearing ore-
bodies dominantly are multistage brecciated and
ribbon-textured quartz veins, networks of quartz
veinlets (i.e., stockworks), and en echelon
tension-gash fillings. Ore veins are commonly
200-300 m long and 0.5 to as much as 5 m
thick, and extend to more than 600 m depth, with
the uppermost 50—100 m intensely oxidized. The
geometry of these veins is very similar to those
of fault-fill veins and extensional veins typically
associated with strike-slip fault systems, as
described by Pitfield and Campbell (1996) and
Bellot et al. (2003). Native gold forms dendrites,
veinlets, and films, and locally grains that are
visible in hand specimen. Mineral assemblages
consist of varying proportions of pyrite,
arsenopyrite, pyrrhotite, chalcopyrite, sphalerite,
and galena, with subordinate magnetite, hema-
tite, covellite, malachite, and azurite. Arsenopy-
rite and chalcopyrite are the most important
gold-bearing minerals. Three main stages of ore
deposition are recognized: (1) an early
arsenopyrite-pyrite-quartz-gold stage comprising
massive fine-grained quartz; (2) a sulphide stage
characterized by massive sulphide including
pyrite, arsenopyrite, sphalerite, galena, chal-
copyrite, and native gold; and (3) a late
gold-bearing carbonate-tourmaline-oxide
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(magnetite-hematite) stage with abundant cal-
cite, siderite, and ankerite. Hydrothermal alter-
ation of wall rocks produced assemblages of
quartz, sericite, muscovite-phengite, chlorite
(Fe-ripidolite), carbonate (siderite, ankerite),
leucoxene, and tourmaline.

The origin and age of the gold mineralization
remain the subject of ongoing debate. Rb-Sr,
AP Ar, and K—Ar dating of muscovite syn-
chronous with the gold-bearing stage yields con-
trasting ages of 445 + 34 Ma (Zverev et al. 2003),
301 £7Ma (Gasquet et al. 2004), and
276 £+ 4 Ma (Gasquet et al. 2001). These ages
clearly postdate crystallization of the Paleopro-
terozoic and Neoproterozoic igneous rocks in the
area. Rather, these ages indicate that gold miner-
alization at Iourirn-Akka is related to a late Var-
iscan postcollisional event. Fluid inclusion data
further suggest that this mineralization was asso-
ciated with a pressure decrease from 5 Kb-200
bars and cooling from lithostatic to hydrostatic
conditions as temperatures decreased from 400 to
200 °C. Early fluids were of metamorphic deriva-
tion and later mixed with low-salinity fluids prob-
ably of meteoric origin, triggering deposition at low
temperatures  (150-250 °C) of economic gold
mineralization (Zouhair et al. 1991).

The Tamlalt-Menhouhou gold prospect occurs
in upper Neoproterozoic bimodal volcanic and
volcano-sedimentary sequences of the Neopro-
terozoic—Paleozoic Tamlalt inlier of the eastern
High Atlas Mountains. Mineralization consists of
arrays of gold-bearing quartz veins that display
brittle-ductile deformation within E-W- to
NE-SW-trending dextral shear faults associated
with strong quartz-phyllic-argillic alteration.
“OAr°Ar dating of muscovite intergrown with
gold has yielded an age of 293 + 7 Ma (Pelleter
et al. 2008), which is similar within error to the
301 £ 7 Ma *°Ar/°Ar and 276 + 4 Ma K-Ar
ages determined for the Iourirn-Akka gold min-
eralization (Gasquet et al. 2001, 2004).

Further to the north, the Jbel Tighza poly-
metallic deposit in central Morocco contains
recently discovered, uneconomic Au—W mineral-
ization that is spatially closely related to a late
Hercynian calc-alkaline intrusion (Cheilletz and
Zimmermann 1982; Nerci 2006; Marcoux et al.
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2015; Magali et al. this volume). The host rocks
consist of a succession of greenschist-facies
Ordovician micaceous schist with interlayered
sandstone, quartzite, and micro-conglomerate; Sil-
urian graptolite-bearing black shale and limestone;
Devonian siliceous carbonates; and Tournaisian
(360-350 Ma) sandstone, conglomerate, and
greywacke. Overlying strata are Middle Visean
(340 Ma) bioclastic limestone and marl, and a thick
pile of Visean flysch, all of which are intruded by
three small (1 km? each) late Hercynian stocks
referred to as the “Kaolin,” “Mispickel,” and
“Mine” granites (Cheilletz 1984; Ntarmouchant
1991). All of the enclosing host rocks are deformed
into a succession of NE-trending anticlines and
synclines, localized in a major E-W sinistral shear
zone (Rossi et al. this volume).

Gold- and W-bearing veins are intimately rela-
ted to the 286.0 £ 0.4 Ma Mine granite. These
veins form an array of N90° E-N120° E-trending
structures up to 2 m thick that can be followed
more than 1400 m along strike; some have been
intersected in drill cores at depths up to 220 m
(Marcoux et al. 2015). Primary mineral assem-
blages consist of various generations of quartz,
Bi-tellurides, sulphides (arsenopyrite, loellingite,
pyrrhotite, chalcopyrite, and sphalerite), and native
gold or electrum (84 % Au, 16 % Ag) accompa-
nied by muscovite, biotite, and phlogopite. Gold
grades reach a maximum close to the granite (up to
70 g/t) and decreases progressively from the
granite contact, defining a typical peri-granitic
zoning (Marcoux et al. 2015). Fluid inclusion
studies (Nerci 2006; Marcoux et al. 2015) show the
presence of: (1) low-salinity, aqueous-carbonic
inclusions; and (2) high-salinity inclusions con-
taining at least one solid phase (i.e., halite plus
calcite, micas, or chalcopyrite). The second gener-
ation of fluid inclusions, which homogenize at
temperatures of 257-284 °C and have salinities of
~34 to ~37 wt% NaCl equiv, is thought to be
representative of fluids linked to the gold-bearing
stage rich in Au-Te-Bi—Cu (Marcoux et al. 2015).
Timing of the Au—W stage is well constrained by
multiple Ar—Ar and K—Ar age determinations that
collectively indicate a time span for this mineral-
ization of 300-260 Ma (Cheilletz and Zimmer-
mann 1982; Watanabe 2002; Nerci 2006), which is
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contemporaneous with the second magmatic event
at 295-285 Ma (Magali et al. this volume).
Recently published “’Ar/*°Ar dating of muscovite
yields a mean age of 285.3 & 0.5 Ma (Marcoux
et al. 2015) that is within error, coeval with
emplacement of the Permian Mine granite. These
temporal relationships suggest a genetic tie
between Au—W mineralization that operated at the
end of the magmatic stage and the spatially asso-
ciated intrusion. It is therefore proposed that
magmatic-hydrothermal fluids exsolved from the
cooling Mine pluton, migrated along fractures in
the metasedimentary country rocks, and reacted
with these rocks resulting in precipitation of the
Au-W vein ores.

29.4 Mali

Compared with North African countries, Paleopro-
terozoic Malian greenstone terranes and nearby
sedimentary basins of Birimian age (ca. 2.2—
2.0 Ga) host the largest and most productive oro-
genic and intrusion-related gold deposits of North
Africa including some that contain significant
resources (>1 Moz Au) (Fig. 10). Over the last two
decades, and even at the present time where
exploration is ongoing, the number of new findings
has resulted in the discovery, delineation, and
development of additional world-class gold depos-
its. In 2014, the discovery and rapid development
by Papillion Resources of the Fekola deposit with
resources estimated at 83.7 Mt at 1.90 g/t Au and
contained measured + indicated reserves of 5.12
Moz above a cut-off grade of 0.6 g/t Au (www.
pdac.ca/.../new-discoveries—brown.pdf; WWW.
miningne.ws/tag/fekola-gold-project/), provides
strong evidence of the outstanding prospectivity for
gold in Mali. Indeed, with a total gold production in
2013 of over 64 t (Diarra and Holliday 2014), Mali
currently ranks as Africa’s third-largest gold pro-
ducer after South Africa and Ghana. The main and
most productive deposits include Morila (7.5 Moz
Au; Randgold Resources 2009) and Syama (7 Moz
Au) to the south, Sadiola-Yatela with current
probable reserves of 3.8 Moz of Au at an average
grade of 2.1 g/t TAMGOLD Corporation 2014),
the Loulo-Gounkoto district of Gara (current
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reserves of 1.5 Moz at 4.15 g/t), Yalea (reserves of
2.9 Moz at 5.82 g/t), and Gounkoto (reserves of 2.8
Moz at 5.1 g/t) (Randgold Resources Ltd. 2014),
and Tabakoto/Segala (Avion) to the southwest (e.g.,
McFarlane et al. 2011; Lawrence et al. 2013a, b;
Salvi et al. 2015; Markwitz et al. 2015; Masurel
et al. 2015, 2016); Lawrence et al. this volume)
(Fig. 10).

Host rocks to these deposits consist predomi-
nantly of a succession of strongly deformed and
metamorphosed (greenschist to amphibolite facies)
Birimian volcanic, volcano-sedimentary, and sili-
ciclastic and carbonate sedimentary strata of the
Kofi and Mako Series. All of these rocks are
intruded by plutons of different generations and
sizes, emplaced between ca. 2100 and 1980 Ma
(Masurel et al. 2015; Lawrence et al. this volume).
The main lithologies are calc-alkaline volcaniclastic
rocks, arenite, wacke, siltstone, argillite, and car-
bonates with varying proportions of tholeiitic basalt
and andesite, together with calc-alkaline granitoid
intrusions. All of the Birimian country rocks were
deformed and metamorphosed during the Eburnean
orogeny around 2.1-2.0 Ga.

Most of the gold deposits occur as sheeted
vein arrays developed either proximal or distal to
large regional shear zones, or surrounding and/or
within intrusions. In this regard, it is noteworthy
that the majority, if not all, of the productive
deposits are aligned along two regional-scale
lineaments referred to as the Main Transcurrent
Zone (i.e., Fekola, Sadiola, and Yatela) and the
Senegal-Mali Shear Zone (i.e., Petowal, Oromin,
and Sabadola) (Lawrence et al. 2013a, b;
Masurel et al. 2015, 2016; Lawrence et al. this
volume). Gold deposits of the West Mali gold
belt are confined to second- and higher-order
structures on the eastern side of the Senegal-Mali
Shear Zone, in which mineralization was syn-
chronous with D5 transtensional deformation that
triggered hydrothermal fluid flow and displace-
ment along the regional-scale shear zones and
local N- and NNE-trending fault arrays (Lawr-
ence et al. 2013a, b; Treloar et al. 2015; Masurel
et al. 2015, 2016; Lawrence et al. this volume).
Recently determined radiometric ages indicate
that most of the major dated Malian gold deposits
formed between 2090 and 2020 Ma (McFarlane
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et al. 2011; Lawrence et al. 2013a, b; Masurel
et al. 2015, 2016), although some may have
formed before the Eburnean during a period of
back-arc extension (Markwitz et al. 2015).

For detailed geological descriptions and
updated genetic models on these gold deposits in
Mali, the reader is referred to the excellent syn-
thesis provided by Lawrence et al. (this volume)
and the newly released papers of Masurel et al.
(2015, 2016) and Salvi et al. (2015).

29.5 Mauritania

The Tasiast goldfield constitutes the newest area
of significant gold discoveries in the northwest-
ern limit of the Mauritanian segment of the WAC
(Fig. 10). This goldfield lies in the southwest-
ernmost part of the Reguibat Shield and contains
several gold orebodies owned by Tasiast Mau-
ritanie Limited S.A., a subsidiary of Kinross
Gold Corporation. Having an estimated gold
resource of 12.8 Moz at an average grade of
1.5 g/t, the Tasiast orebody is considered one of
the largest gold deposits in North Africa. Com-
mercial production began in 2008 when the mine
was owned and operated by Red Back Mining B.
V. (Stuart 2010); as of December 31, 2011,
approximately 0.7 Moz of gold has been pro-
duced from the Tasiast mine (Sedore and
Masterman 2012). In 2013, production included
2.5 Mt of ore yielding 144,000 oz Au at a grade
of 1.96 g/t, plus 104,000 oz derived from the
reprocessing of mine dumps via heap-leaching
(Sims 2014; Heron et al. 2015).

The Tasiast gold deposits are located along a
N-S-trending  shear system  within  the
70 x 15 km Precambrian Aouéouat greenstone
belt. Three main prospective trends are recog-
nized, in which all known deposits show spatial
association with the Tasiast trend (Sedore and
Masterman 2012). The orebodies occur within
two parallel zones that continue for >10 km
along strike (Sedore and Masterman 2012). U—
Pb ages obtained from host gneiss, TTG, and
granites fall between 2.97 and 2.91 Ga (Key
et al. 2008; Schofield et al. 2012; Gértner et al.
2013; Montero et al. 2014), although older ages
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of 3.03 and 3.01 Ga have also been reported
(Girtner et al. 2013; Montero et al. 2014).

Stratigraphy of the host rocks consists of a
succession of deformed and metamorphosed
(upper greenschist- to lower amphibolite-facies)
mafic to felsic igneous rocks. Some of these
rocks have been dated at 2.97 Ga, which is cur-
rently considered the best age estimate for the
host rocks at Tasiast (Key et al. 2008; Heron
et al. 2015). The meta-igneous rocks are overlain
by siliciclastic sedimentary strata composed of
greywacke, siltstone, and turbidites together with
BIF, all deposited during a rifting stage in a
sinistral, transtensional tectonic regime (Kruse
2013). Structural constraints indicate that gold
mineralization formed during an approximately
E-W bulk shortening event that accompanied
inversion of the Tasiast sedimentary basin
(Heron et al. 2015). The Tasiast gold deposit
consists of two distinct groups of orebodies
referred to as Piment and West Branch, both
being confined to the west-vergent Tasiast thrust
fault but hosted in contrasting lithologic units.
Piment orebodies are within metaturbidites and
subordinate BIF, whereas the West Branch ore-
bodies that account for the bulk of gold miner-
alization occur within meta-igneous rocks,
predominantly diorite and quartz diorite (Sedore
and Masterman 2012; Heron et al. 2015).

Gold mineralization has been defined over
a strike length of more than 10 km and to
vertical depths of at least 740 m. It occurs
as sheeted quartz-carbonate-albite-tourmaline-
pyrthotite-pyrite  veins,  gold-bearing  quartz-
carbonate veinlets, and disseminated gold in adja-
cent wall rocks (Heron et al. 2015, and references
therein). Coarse-grained visible gold, >100 pm in
diameter (Sims 2014), is common within the
quartz-carbonate-pyrite + biotite-rich veinlets.
Kinematic constraints led Heron et al. (2015) to
interpret these veins as syn-orogenic, having formed
in extensional or shear fractures that were subse-
quently folded, boudinaged, and locally transposed
into the foliation plane. Multiple generations of
quartz account for more than 80 vol% of the vein
fillings, accompanied by subordinate carbonates
(i.e., ankerite, dolomite, and calcite), together with
trace amounts of muscovite, biotite, chlorite,
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amphibole, albite, and garnet. Minerals such as
scheelite and tourmaline, typical of many orogenic
gold deposits worldwide (e.g., Hagemann and
Cassidy 2000), are present locally. Major metallic
minerals are pyrite, pyrrhotite, and native gold.
Accessories include sphalerite + galena, chalcopy-
rite, tennantite £ tetrahedrite, arsenopyrite, elec-
trum, wolframite, scheelite, magnetite, hematite,
petzite, covellite, and pentlandite. The total sulphide
content of the deposit is typically less than 5 vol%.

Recent U-Pb ages on determined on
hydrothermal zircon overgrowths on igneous
zircon separates indicate emplacement of the
gold mineralization at 2839 4+ 36 Ma (Heron
et al. 2015), coincident with early stages of
post-peak (retrograde) greenschist-facies meta-
morphism. This new age constraint contrasts
with much younger K-Ar dates of 1.85 and
1.50 Ga on hydrothermal sericite separates
(Higashihara et al. 2004; Marutani et al. 2005),
the younger ages likely recording metamorphic
resetting of the K—Ar isotope system.

29.6 BIF Deposits

Banded iron formations (BIF) are widely accep-
ted as products of the diagenetic and metamor-
phic alteration of typically thin-bedded or
laminated, Fe-rich, chemically precipitated mar-
ine sediments. BIF contains a minimum of 15 %
Fe, commonly but not necessarily including
layers of chert (James 1992; Klein and Beukes
1993). Most economic BIF is of Archean and
Paleoproterozoic age (James 1983; Hofmann
2005; Alexander et al. 2008; Johnson et al. 2008;
Bekker et al. 2010), although some deposits
occur in younger terranes of Neoproterozoic age
following a hiatus of over a billion years from
~ 1800 to ~800 Ma (e.g., Pelleter et al. 2006,
Ali et al. 2010, Basta et al. 2011; Stern et al.
2013; Khalil et al. 2015).

In North Africa, significant BIF deposits
occur in Egypt and more importantly in Mauri-
tania where the largest deposits are documented
(Bronner and Chauvel 1979; Taylor et al. this
volume) (Figs. 9 and 10). Uneconomic prospects
are in Morocco (Pelleter et al. 2006). In Egypt,
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major BIF deposits occur in the central part of
the country between latitudes 25°15-26°40" N
and longitudes 33°22'-34°20" E, within Neo-
proterozoic island-arc/ophiolitic sequences of the
ANS (e.g., Basta et al. 2011; El-Shazly and
Khalil 2014; Khalil et al. 2015). Overall, the host
rocks consist of a succession of greenschist- to
amphibolite-facies, tholeiitic to calc-alkaline
metavolcanics comprising basaltic, andesitic,
and dacitic lava flows interbedded with pyro-
clastic rocks, mainly lapilli and ash-flow tuffs,
and fine-grained sedimentary rocks (e.g., Sims
and James 1984; Takla et al. 1999; El Habaak
2005). All of these strata are cut by a suite of
shallow intrusive dike swarms of diverse com-
position (i.e., granitoid to trachyte), overlain by
molasse sediments, and display structural con-
tacts against serpentinites (Maurice 2006).
The BIF units can be followed up to 3 km along
strike and consist mainly of rhythmically inter-
layered Fe-oxide-rich laminae and barren quartz—
carbonate + chlorite &= magnetite layers, which
collectively reflect seasonal changes in the
deposition of Fe versus Si in the model of Stern
et al. (2013). Recent radiometric ages determined
on host rocks indicate that the BIF of the ANS,
including those of central Egypt, formed at
~750 Ma (Stern et al. 2013) or 717 &= 8 Ma
(Khalil et al. 2015), and prior to the Sturtian
(Cryogenian) glacial episode that began at
~716 Ma. These age constraints led many other
workers to classify these iron deposits as
Rapitan-type BIF (e.g., Khalil et al. 2015),
although their size together with the prevalence
of basaltic volcanic host rocks suggest a better fit
within the Algoma-type category (Basta et al.
2011; Stern et al. 2013), having formed before
the final collision between major fragments of
East and West Gondwana (Khalil et al. 2015).
The relationship of these BIF deposits to glacial
events nonetheless remains the subject of ongo-
ing debate. In this regard, Stern et al. (2006,
2013) and Ali et al. (2010) related the genesis of
the BIF of the ANS to Neoproterozoic glaciation
based on the presence of the glaciogenic “Atud
diamicrite.” Conversely, Basta et al. (2011) and
Khalil et al. (2015) challenged this model by
suggesting that the Neoproterozoic BIF in the
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Eastern Desert are of volcanic origin and there-
fore lack any direct genetic link to the Snowball
Earth event (cf. Bekker et al. 2010, and refer-
ences therein). A polyphase model has thus been
proposed by Khalil et al. (2015), in which sub-
marine diagenesis under suboxic conditions
produced an early generation of magnetite,
hematite, and quartz, followed by regional
metamorphism that formed coarse-grained and
porphyroblastic magnetite and quartz.
Post-metamorphic oxidation led to martitization
of magnetite, and to the formation of abundant
hematite.

The largest and economically most productive
BIF deposits occur in Mauritania where crude
iron ore reserves are estimated at 1.1 Gt (Jor-
genson 2012; Taib 2014). With annual produc-
tion estimated at 11.2 Mt in 2012, Mauritania was
the second-ranked exporter and producer of iron
ore in Africa, after South Africa, and is expected
to produce 18 Mt per year by 2016 (U.S. Geo-
logical Survey 2012). The main deposits are
hosted in Mesoarchean to Paleoproterozoic
metasedimentary sequences assigned to the Tiris
and Ijil Complexes (Bronner and Chauvel 1979;
Taylor et al. this volume) (Figs. 9 and 10).

BIF host rocks in the Tiris Complex include
Mesoarchean granulite-facies (O’Connor et al.
2005; Schofield and Gillespie 2007), granite-
migmatite assemblages and supracrustal rocks
including paragneiss, calc-silicate rocks, meta-
mafic igneous rocks, quartzite, and magnetite-
chert BIF (Schofield et al. 2012; Taylor et al. this
volume). All of these rocks underlie the north-
eastern portion of the western Reguibat Shield. In
contrast, the allochthonous Paleoproterozoic
sequences of the Kediat Ijil Complex, which
overlies the Tiris Complex, consist of metamor-
phosed (low grade) magnetite-rich chert and barren
clastic sedimentary rocks including conglomerate,
sandstone, and mica schist with subordinate car-
bonates and very few volcanic rocks (Bronner and
Chauvel 1979). Although not directly dated radio-
metrically, geological constraints suggest that the
Ijil Complex is Paleoproterozoic (Taylor et al. this
volume) and that the contained iron formations
(i.e., Kediat Ijil and Guelb El Mhaoudat deposits)
are Superior-type BIF that was deposited on the
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northeastern passive margin of the Archean
Rgueibat Shield. Mineralogically, the Ljil BIF
consists principally of quartz and iron oxides (he-
matite & magnetite) with silicates and carbonates
being virtually absent. Iron deposits within the Tiris
Complex have relatively low grades and are of
Algoma type (i.e., Guelb el Rhein and Guelb El
Aouj deposits), averaging ca. 34-37 wt% Fe,
containing approximately equal proportions of
coarse-grained (3—5 mm) quartz and magnetite,
with subordinate amphibole and pyroxene, and rare
sulphides. For more details on the geological
environment, geochemistry, and mineralogy of
Mauritanian BIF deposits, the reader is referred to
the contribution of Taylor et al. (this volume).

29.7 Sediment-Hosted Deposits
Sediment-hosted deposits of Pb—Zn, Cu, U, Mn,
and phosphate are by far the economically most
important deposit types mined during historic
times in North Africa. According to our esti-
mates, inferred from published data, these types
of deposits dominate North Africa’s base-metal
production and contain the greatest resources of
phosphate, uranium, and manganese (Fig. 9).
Based on the composition of the enclosing host
rocks (carbonates vs. siliciclastics and metasedi-
mentary rocks) and the nature of the exploited
metals, sediment-hosted deposits in North Africa
can be classified broadly into six major metal-
logenic groups: (1) Mississippi Valley-type
(MVT) Pb—Zn + Cu £ Ba £+ F, (2) sandstone-
hosted Pb and U, (3) stratiform Cu, (4) man-
ganese, (5) phosphorite, and (6) sedimentary-
exhalative (SEDEX) Zn—Pb.

29.8 Mississippi Valley-Type Pb-

Zn Deposits

Sediment-hosted Pb-Zn £ Cu = Ba £+ F
deposits of MVT affinity (Leach et al. 2005)
represent a significant class of base-metal
deposits that have contributed as much as 80 %
of past Pb—Zn production in North Africa. Major
districts are restricted to the intracontinental
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Mesozoic-Cenozoic basins of the Atlas system
(Figs. 9 and 11). With a total estimated produc-
tion that exceeds 20 Mt of combined Pb + Zn,
the Atlas system extends 2000 km along strike
from Morocco to Tunisia. Included is the
world-class Pb—Zn Tethyan-Atlantic metallo-
genic province that hosts the highest concentra-
tion of MVT deposits and occurrences in Africa.
From a metallogenic standpoint, the Atlas sys-
tem is therefore a high-impact Pb—Zn frontier
with ongoing exploration programs centered on
historical Pb—Zn deposits and nearby exposed
occurrences.

Major deposits are concentrated in siX mining
districts (Bouabdellah et al. this volume),
including the world-class and historically
important Touissit-Bou Beker district in Mor-
occo (>100 Mt at 4 % Pb, 3.5 % Zn, <1 % Cu,
120 g/t Ag; Bouabdellah et al. 2012, 2015), the
Upper Moulouya district in Morocco (>30 Mt at
4 % Pb), and the Jbel Bou Dahar district in
Morocco (>30 Mt at 4 % Pb, 4 % Zn). Also
important are the El Abed deposit in Algeria that
constitutes the eastern end of the Moroccan
Touissit-Bou Beker district and the Bou-Grine
district, and related deposits of the diapir zone in
Tunisia (Fig. 11). Economic orebodies are
enclosed within unmetamorphosed, flat-lying
Mesozoic to Cenozoic shallow-water carbonate
platform strata that experienced multiple epi-
sodes of dolomitization, dissolution (i.e., karsti-
fication), and uplift during Mesozoic breakup of
the Pangean continental shelf of West Africa. No
Paleozoic or Precambrian examples of MVT
deposits are known in North Africa.

Dolostone-hosted deposits are commonly the
largest and contain high-grade orebodies owing
to typically high permeability of dolostone
compared to limestone. Sulphide mineralization
is epigenetic and stratabound, and consists prin-
cipally of open-space fillings and bedded
replacements of carbonate rocks. The high-grade
orebodies, accounting for most of the extracted
Pb—Zn ore, form massive fillings of intercon-
nected cavities (i.e., karsts, veins, veinlets, frac-
tures, and vuggy pore spaces), and cements in
solution-collapse breccias related to
post-lithification ~ dissolution of the host
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carbonates. In contrast to the open-space fillings,
the bedded replacement mineralization is
restricted to more porous oolithic or fossiliferous
limestones. Mineral paragenesis consists of dif-
ferent proportions of sphalerite and galena with
subordinate pyrite, chalcopyrite, and/or tetra-
hedrite. Non-sulphide gangue minerals vary from
one district to another, comprising saddle dolo-
mite, calcite, and barite, with minor quartz. Most
districts, if not all, are typically associated spa-
tially with positive structures (i.e., basement
highs), and are structurally controlled. The for-
mation of ENE-WSW- and E-W-trending faults
appears to have been a critical factor in ore
genesis, providing favorable channels for
metal-bearing brines into permeable host rocks
and dissolution structures. The presence of
overlying shale and shaley sandstone aquitards
forced the ascending mineralizing fluids, cen-
tered mainly on the basement high structure and
its flanks, to flow laterally into the more porous
carbonates that were replaced, and alternatively
filled open spaces where available. The age of
mineralization has not been clearly determined,
although field relationships and isotopic data
constrain this timing to between Late Cretaceous
and Messinian (Bouabdellah et al. 2015).

Fluid inclusion and halogen data together with
stable and radiogenic isotopic constraints suggest
that most MVT mineralization in the Atlas sys-
tem is genetically related to the topographically
driven flow of deep basinal brines triggered by
the Alpine (Atlasic) orogeny during Late Mio-
cene time (Bouabdellah et al. 2012, and refer-
ences therein). More recently, Bouabdellah et al.
(2015) challenged conventional MVT models for
the Touissit- Bou Beker district and suggested an
alternative model involving a genetic link among
extensional tectonics, Neogene-Quaternary mafic
magmatism, the Messinian salinity crisis, and the
world-class Pb—Zn mineralization. Compared to
Moroccan MVT deposits, less is known about
those in Algeria and Tunisia, for which halogen
and isotopic constraints are scarce or lacking. For
these MVT deposits, limited microthermometric
fluid inclusion and stable isotope data show the
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same signatures as recorded for the extensively
studied Touissit-Bou Beker district.

29.9 Sandstone-Hosted

Base-Metal Deposits

Sandstone-hosted base-metal deposits are known
from a wide stratigraphic range of Neoprotero-
zoic to Cretaceous, have a global distribution,
and are characterized by large tonnages but low
grades (Bjorlykke and Sangster 1981). In North
Africa, the only documented example of this
class of ore deposit is in the Zeida-Bou Mia Pb
district (Caia 1976; Bjorlykke and Sangster
1981, and references therein) of the eastern
Moroccan Meseta (Fig. 11). From a metallogenic
standpoint, the Zeida-Bou Mia district, referred
to hereafter as the Zeida deposit, is one of the
three major exploited Pb—(Zn-Ba-F) deposits of
the Upper Moulouya district (Bouabdellah et al.
this volume). The mineralized zone covers a total
area of 70 km x 25 km (e.g., Amade 1965, and
references therein), making this one the largest
fertile Pb districts of North Africa. The Pb—(Ba)
mineralization was discovered in 1958 and
mined from 1972 to 1985, producing 16 Mt of
ore at 3 % Pb, with Zn being virtually absent.
Inferred reserves, estimated at the time of the
closure of the mines in 1985, are 8 Mt at 3 % Pb
(Wadjinny 1998).

The deposit comprises large-tonnage and
low-grade disseminated ore (2-3 % Pb), and
smaller but richer vein ore (5-6 % Pb) (Amade
1965; Dagallier 1993; Annich and Rahhali
2002). Enclosing strata are Permian-Triassic
continental, terrigenous, fluvial to
lagoonal-lacustrine, quartzose and arkosic sand-
stone, conglomerate, and siltstone with interca-
lated evaporite beds. The arkosic sandstone,
which constitutes the sole host rocks for miner-
alization, is part of a transgressive siliciclastic
sedimentary sequence that lies unconformably on
the multiphase Aouli granitoid intrusion of late
Hercynian (329-319 Ma) age (Oukemeni et al.
1995). Following a major stratigraphic gap
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(hiatus) that spans all of Jurassic time, renewed
sedimentation  deposited  Cretaceous  and
Miocene-Pliocene conglomerate, marl, clay, and
carbonates (Amade 1965; Dagallier 1993).

The stratabound Pb—(Ba) mineralization is
contained within a generally thin (0.5-2 m,
locally up to 40 m) arkosic sandstone that lies
conformably on Permian basal conglomerate.
The arkosic sandstone is poorly to well sorted
and fine to medium grained, and is interlayered
with sandstone, red marl, and shale. Mineralog-
ically, the arkose consists of quartz (50-80 vol%)
and feldspar (<50 vol%). Pb—(Ba) mineralization
forms variably-sized intergranular disseminations
and clusters of galena and barite that replace
former cement in the arkose. Discordant miner-
alization occurs locally as veinlets. The bulk of
the disseminated ore partially occludes the orig-
inal porosity. Primary mineral assemblages are
dominated by galena and barite with lesser
chalcopyrite and pyrite. Sphalerite is virtually
absent as is the case for all other MVT deposits
of the Upper Moulouya district (i.e., Aouli and
Mibladen deposits; Bouabdellah et al. this vol-
ume). The common association of galena and
barite, together with textural relationships, indi-
cate penecontemporaneous precipitation of these
two minerals. Post-ore supergene assemblages
resulting from the oxidation of primary sulphides
consist of cerussite, anglesite, malachite, and
azurite. It is noteworthy that the Pb—(Ba) ore of
the Zeida deposit is so oxidized that nearly 60 %
of total lead production has been derived from
the non-sulphide component (Amade 1965).
Proposed genetic models for the Zeida-Bou Mia
mineralization range from an epigenetic
hydrothermal origin (Amade 1965) to pedoge-
netic concentration during the early stage of
basin diagenesis, with subsequent remobilization
having produced the structurally controlled
vein-type ore (Dagallier 1993).

Sandstone-Hosted Uranium
Deposits

29.10

Sandstone-hosted uranium deposits constitute a
major contributor to global production of this
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metal accounting for about 18 % of world ura-
nium resources, 41 % of known deposits, and
45 % of global uranium production in 2011
(Penney 2012). Major deposits occur in Kaza-
khstan, Uzbekistan, USA, and Niger.

In 2010, Niger was the world’s fifth-ranked
producer of uranium amounting to about 7.8 % of
world production (U.S. Geological Survey 2010a)
derived from several world-class deposits. In 2011,
Niger produced 4351 t U; cumulative production
from the country was 114,346 t U to the end of
2010, of which 62,000 t were exploited from
underground mines and 52,000 t from open pits
(World Nuclear Association 2015). At the end of
2010, Niger’s defined and inferred resources were
estimated by the International Atomic Energy
Agency (IAEA) as 339,000 and 82,000 t U,
respectively. Most of the uranium production has
come from (1) the Akouta underground mine,
which is operated by “la Compagnie minicre
d’Akouta” (COMINAK); (2) the Arlit open pit
mine that began production in 1971 and is currently
operated by “la Société des Mines de I’Air”
(SOMAIR); (3) the Azelik mine operated by “la
Société des Mines d’Azelik SA” (SOMINA) that
came into production in 2010; and (4) the
Imouraren mine where development began in 2008
by the French Areva Group (Fig. 11).

All of the exploited deposits owned by
Paris-based Areva Group occur within conti-
nental (non-marine) sedimentary sequences of
the Cambrian to Cretaceous Tim Mersoi sedi-
mentary basin (140,000 kmz) in northern Niger,
west of the Air Massif (Fig. 11). In addition to
this giant basin, which is considered the largest
U-bearing sedimentary basin in North Africa
(having excellent prospectivity for other
sandstone-hosted uranium deposits), the Paleo-
zoic Djado and Emi Lulu basins show good
uranium potential (E1 Hamet and Idde 2009). The
major productive orebodies in the Tim Mersoi
basin occur in a wide range of rocks ranging in
age from Carboniferous to Cretaceous, including
the Carboniferous Guezouman Formation that
hosts the Akouta and Arlit deposits, and the
Lower Cretaceous Tchirezrine and Assouas for-
mations that enclose the Imouraren and Azelik
deposits, respectively.
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Uranium mineralization occurs in several
organic- and pyrite-rich units along or near
sandstone-shale boundaries (Bigotte and Obel-
lianne 1968; Bowden et al. 1981). In the Arlit
area, the host rocks are a succession of red clastic
strata composed of interlayered conglomerate,
sandstone, and siltstone with intercalated shale
and volcano-sedimentary units (Cazoulat 1985),
unconformably overlain by Permian-Triassic
arkosic sandstone and conglomerate. Strati-
graphic and sedimentological constraints indicate
that these rocks were deposited in organic-rich
fluviatile and fluoviodeltaic environments, in
which westward paleocurrents carried detritus,
minerals, and plant debris (Cazoulat 1985;
Yahaya et al. 1986; Forbes et al. 1988). Tectonic
uplift, anorogenic magmatism, and subsequent
weathering and erosion of the volcanic cover,
together with sedimentation in nearby continental
basins, all contributed to the development of the
uranium mineralization (Bowden et al. 1981).

Important uranium ore deposits such as Arlit,
Imouraren, and Azelik occur along the eastern
part of the Arlit-in Azawa regional lineament
(Cazoulat 1985) close to the contact with oxi-
dized rocks (Pagel et al. 2005). This major fault,
which is interpreted as a polyphase Pan-African
structure that was reactivated during the Visean,
late Carboniferous, and Early to Late Cretaceous
(Valsardieu 1971; Forbes et al. 1988), appears to
have been a critical factor in ore genesis, pro-
viding a fluid channel for U-bearing fluids. In
addition to faults or faulted rocks, main ore
controls include stratigraphic contacts and
lithology, paleogeography, availability of organic
matter, movement of underground waters, and
redox state (i.e., Eh vs. pH).

The uraniferous deposits are strongly controlled
by sedimentary structures (Turpin et al. 1991) and
form either massive stratiform to stratabound con-
centrations or intergranular matrix cements in bot-
tomset layers and along basal fore-set layers
(Sanguinetti et al. 1982). Roll-front-type structures
have been reported in the Akouta deposit (e.g.,
Cazoulat 1985; Pagel et al. 2005, and references
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therein). Principal uranium minerals are pitch-
blende and coffinite (Bowie 1979) accompanied by
varying proportions of sulphides (pyrite, marcasite,
and sphalerite), and montroseite (VOOH) that is a
highly oxidized vanadium hydroxide (Forbes et al.
1986, 1987, 1988). Gangue minerals include
vanadiferous chlorite, corrensite, and jordisite
(Turpin et al. 1991). Relatively high Nb and Zr
concentrations have been reported in the ore (For-
bes 1984; Turpin et al. 1991). Fluid inclusion
studies indicate that the ore-forming fluids were
evolved, basin-derived, hot (80-180 °C), saline
brines (Forbes et al. 1987; Forbes 1989), consistent
with vitrinite reflectance measurements, Rock-Eval
pyrolysis data, and C, H, and O stable isotope
values (Forbes et al. 1988). U-Pb and K-Ar data
constrain the age of uranium mineralization to
between ~260 and 130 Ma, with two distinct
peaks occurring at ~ 190 and ~ 150 Ma (Turpin
et al. 1991; Pagel et al. 2005). These geochrono-
logical results contrast with the Visean age
(335 Ma) of the host Guezouman Formation, and
seemingly rule out an early syndiagenetic origin for
the U ore, as suggested by Cazoulat (1985). Rather,
the recorded radiometric ages imply an epigenetic
and polyphase emplacement for Niger’s
sediment-hosted uranium mineralization. Available
geochemical data suggest an origin involving the
mixing of reduced, U-bearing basement-derived
brines with shallow oxidized ground waters along
the Arlit-in Azawa regional lineament. Indeed, the
presence of V-rich minerals (e.g., montroseite;
Forbes et al. 1986) and U-bearing species provide
further support for fluid mixing between V-bearing
ground waters and U-bearing basinal brines.
Pan-African metamorphic and alkaline to
calc-alkaline crystalline basement rocks, together
with the eroded volcanic cover of the Paleozoic
ring complexes of the nearby Air massif, constitute
the most viable source reservoir to have provided
the required U and, by inference, associated metals
for the sandstone-hosted U mineralization (Bigotte
and Obellianne 1968; Bowie 1979; Bowden et al.
1981; Forbes et al. 1984; Cazoulat 1985; Turpin
et al. 1991; Pagel et al. 2005).
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Sediment-Hosted Stratiform
Copper Deposits

29.11

Sediment-hosted stratiform copper deposits are
common worldwide and account for approxi-
mately 23 % of global Cu production and known
reserves (Hitzman et al. 2005). In North Africa,
economically important deposits occur in the
central and western Anti-Atlas system of Mor-
occo, within two sedimentary successions of
contrasting age, Neoproterozoic and terminal
Neoproterozoic-Cambrian (Fig. 11). Major ore-
bodies include the historically mined Bleida
deposit (2.5 Mt at 2 % Cu; Maacha et al. 2011b),
and newly rediscovered and reevaluated deposits
at Jbel Laassel (7.5 Mt at 1 % Cu; Maacha et al.
2011c; Bourque et al. 2015), Tizert (30 Mt at
1 % Cu and 20 g/t Ag with mineral potential
over 100 Mt; ManagemGroup Confidential
report), Jbel N°Zourk (4 Mt at 0.8 % Cu; Maacha
et al. 2011d), Tazalaght (3 Mt at 1.5 % Cu; El
Basbas et al. 2011), Agjgel (5 Mt at 1 % Cu;
Maddi et al. 2011), and Amadouz (1-2.5 Mt at
1 % Cu) (Fig. 11). Collectively, these deposits
and associated prospects and showings delineate
a new Moroccan copper metallogenic province in
the western and central Anti-Atlas, with mineral
resources estimated at >100 Mt grading 1 % Cu
(ManagemGroup unpublished data). These
inferred resources are comparable to the pro-
duction and reserves of some giant deposits of
this type in the Zambian portion of the Central
African Copperbelt (Hitzman et al. 2005), and as
such, Morocco is positioned to become the top
copper-producing country in North Africa.

At the Bleida deposit, the host rocks are lower
Neoproterozoic rift-fill metamorphosed vol-
canosedimentary  strata assigned to the
Tachdamt-Bleida Formation of the
Taghdout-Lkest Group (Thomas et al. 2002).
This sedimentary sequence, which forms the
upper part of the Bou Azzer ophiolite complex,
consists from base to top of: (1) a 300-
400-m-thick succession of alternating siltstone
and carbonate strata that grades upward to
quartzite and stromatolitic limestone, all of which
are interpreted as shallow-water shelf sediments
deposited on a continental margin (Leblanc and
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Moussine Pouchkine 1994); (2) submarine
tholeiitic basaltic flows that were emplaced at
762 = 9 Ma (Rb/Sr; Clauer et al. 1976); (3) a
tectonically  overlying  volcanosedimentary
sequence 300-400 m thick composed of organic-
and pyrite-rich black shale with intercalated
pyroclastic units (i.e., ash and tuff) referred to
hereafter as the Ore Shale; and (4) a 500-m-thick
sequence of turbidite fans (Leblanc and Billaud
1978, 1990) that form the hanging wall of the
deposits. Major orebodies occur along two main
copper-bearing units referred to as the lower and
upper horizons, both being spatially associated
with synsedimentary faults and felsic igneous
rocks (Leblanc and Billaud 1990), and are similar
in terms of mineralization style, morphology,
mineralogy, and alteration patterns. The lower
mineralized horizon has af lower grade (i.e.,
southern mineralized zone with total production
of 700,000 t at 3 % Cu; Maacha et al. 2011b) and
occurs along the interface between the thick
basaltic sequence and the lowermost part of the
Ore Shale, whereas the upper mineralized hori-
zon has a higher grade (i.e., northern mineralized
zone with total production of 1.8 Mt at 9.3 % Cu;
Maacha et al. 2011b) and is confined to the
uppermost part of the Ore Shale, close to the
contact with the overlying turbiditic unit. In both
mineralized horizons, copper forms either mas-
sive, 5—15-m-thick lenses, fine- to
medium-grained disseminations, finely laminated
stratiform ore, and/or anastomosing veinlets and
stockworks.

Sulphide minerals include variable propor-
tions of bornite, chalcopyrite, and pyrite. Neither
sphalerite nor galena has been documented in the
deposit. Hydrothermal alteration assemblages
consist of chlorite, sericite, and Ti-bearing spe-
cies such as anatase, pseudobrookite, and leu-
coxene with accessory albite, quartz, calcite, and
tourmaline (Leblanc and Billaud 1990). The
spatial distribution of sulphide minerals shows a
mineral zoning developed along major N70°
E-trending synsedimetary faults, in which an
inner core zone is dominated by bornite grading
laterally to chalcopyrite and distally to pyrite
(Leblanc and Billaud 1990; Mouttaqi and Sagon
1999). This mineral zoning, together with the
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occurrence of ferrugineous jasper and inferred
Na-Mg—Fe-Si exhalative chemical sediments,
led Mouttaqi and Sagon (1999) to classify Bleida
as a sedimentary-exhalative (SEDEX) deposit;
previously, Leblanc and Billaud (1978, 1990)
invoked a synsedimentary hydrothermal origin
related to felsic volcanism. A syngenetic plus
overprinting epigenetic model was proposed
by later workers including Leblanc and Arnold
(1994) and Maacha et al. (2011b). In this regard,
available sulphur isotope data suggest multiple
sulphur  sources including biogenic and
magmatic-hydrothermal end members (Leblanc
and Arnold 1994

Host rocks of the copper mineralization rela-
ted to the newly delineated Moroccan copper belt
of the western and central Anti-Atlas system are
late Neoproterozoic to Cambrian arenite and
carbonates, and minor shale. These strata, which
unconformably overlie Neoproterozoic and older
basement rocks, are stratigraphically assigned to
the Taroudant and Tata Groups (Soulaimani et al.
2013) that comprise a lower section of red-bed
arenite overlain by trangressive marine carbon-
ates and/or shale having variable permeabilities
and oxidation states (El Basbas et al. 2011;
Maacha et al. 2011b, ¢, d; Maddi et al. 2011;
Bourque et al. 2015; and present study). Major
orebodies occur either at the boundary between
late Neoproterozoic-Lower Cambrian units, or
more importantly at the uppermost part of the
clastic sequence or within the basal portion of the
Cambrian marine transgressive sequence, partic-
ularly within dark, organic-rich dolostone (i.e.,
Tamjout dolostones). These dolomite-rich rocks,
which constitute regional stratigraphic and
lithologic metallotects, grade upwards into a
predominantly siliciclastic sequence capped by
black shale. Spatially associated igneous rocks
consist of the Jbel Boho syenite and trachyan-
desitic volcanic rocks dated at 534 £+ 10 Ma
(Ducrot and Lancelot 1977), and a younger
Jurassic dike swarm (Bourque et al. 2015).

In all deposits of the newly delineated copper
metallogenic province, copper mineralization
seems to be controlled by paleogeography (i.e.,
presence of basement highs) and tectonics with
most orebodies confined to the apexes of
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anticlines and associated faults. Hypogene sul-
phides consist of varying proportions of chal-
copyrite, bornite, and chalcocite; non-sulphide
copper assemblages include malachite, covellite,
digenite, chrysocolla, tenorite, native copper, and
cuprite. Dominant gangue minerals are quartz
and calcite. As discussed for sediment-hosted
stratifrom copper deposits worldwide, debate
continues over the timing of this copper miner-
alization. Proposed genetic models, in the
absence of reliable geochemical data, range from
syngenetic (Leblanc and Billaud 1990; Mouttaqi
and Sagon 1999) to epigenetic (Bourque et al.
2015), the latter supported by the presence of
multiple stages of Cu mineralization.

29.12 Sediment-Hosted Manganese

Deposits

Manganese mineralization occurs globally in a
wide range of deposit types including
sediment-hosted, hydrothermal, and residual.
Among these, sediment-hosted deposits occur-
ring on the margins of reduced (anoxic) marine
basins in response to transgressive-regressive
events are by far the largest in term of tonnage
and ore grade (Force and Maynard 1991; May-
nard 2010). The formation of sediment-hosted
Mn deposits peaked during three time periods
(1) Paleoproterozoic, (2) Neoproterozoic, and
(3) Cenozoic.

In North Africa, the largest deposits are
stratigraphically assigned and temporally related
to the youngest group. Of these, the most pro-
ductive is the Imini deposit in southern Morocco
(Force et al. 1986; Lalaoui et al. 1991; Rhalmi
et al. 1997; Gutzmer et al. 2006; Dekoninck et al.
2015; Dekoninck et al. this volume), making this
country one of the major global suppliers of
non-metallurgical Mn ore (Harben 1999). The
historically mined Imini deposit in the central
Anti-Atlas orogen (Fig. 11) remains the largest
high-grade manganese deposit in North Africa,
with total cumulative production exceeding 10
Mt at 72 wt% MnO, (Lalaoui et al. 1991). Cur-
rent annual production is approximately 50,000 t
of high-grade concentrate (>92 wt% MnO,).
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Host rocks at the deposit are a succession of
Cenomanian-Turonian (Cretaceous; 88.5—
97.0 Ma) clastic and dolostone strata that record
shallow-water, near-shore deposition (Thein
1990). High-grade ores are contained mainly in
shallow-marine porous dolostone composed of
bioturbated biomicrite and coarse-grained
dolosparite with interlayered silty and marly
intercalations. Mn-oxyhydroxide mineralization
extends in a roughly E-W trend more than 40 km
long and 1 km wide, and is confined to three
laterally continuous dolostone beds referred to as
Ci, C,, and Cj; orebodies are stratiform (Force
et al. 1986) to stratabound, the latter occurring as
fillings of karstic caves (Gutzmer et al. 2006;
Dekoninck et al. this volume). The resulting
high-grade Mn accumulations are interpreted to
be closely linked to Late Cretaceous paleogeo-
graphic evolution of the North Atlantic Ocean
(Thein 1990). Ore mineralogy consists mainly of
pyrolusite, cryptomelane, hollandite, coronadite,
romanechite, and lithiophorite (Gutzmer et al.
2006; Dekoninck et al. 2015). The peculiarity of
the Imini ore resides in unusually high Mn/Fe
ratios and exceptional enrichment in barium and
lead, reaching up to 7 wt% Pb in coronadite-rich
samples and up to 5 wt% Ba in hollandite and
psilomelane (Thein 1990; Gutzmer et al. 2006).

Analogous to models proposed for
sediment-hosted manganese deposits worldwide,
those for the Imini mineralization range from
syngenetic (Thein 1990; Lalaoui et al. 1991;
Rhalmi et al. 1997) to epigenetic (Pouit 1964,
1976; Gutzmer et al. 2006; Dekoninck et al.
2015), with metals being derived from underly-
ing alkali feldspar-rich igneous basement rocks
of the Anti-Atlas orogen. Alternative models
invoke syngenetic processes plus overprinting
epigenetic mineralization (Force et al. 1986) or
lateritic weathering (Thein 1990; Dekoninck
et al. 2015). The surficial environment provided
supergene conditions suitable for the deposition
of the Mn-oxyhydroxides (Dekoninck et al.
2015). However, regardless of the origin (i.e.,
syngenetic vs. epigenetic), all existing genetic
models for the Imini deposit emphasize the
importance of physicochemical factors and
advocate manganese precipitation during periods
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of high sea-level stand, a warm climate, and
global anoxic conditions in the ocean, including
coastal zone mixing between metal-rich, reduced
meteoric waters and oxygenated surface waters.
Redox state also seems to have played a crucial
role in Mn ore deposition (Dekoninck et al. this
volume).

29.13 Sediment-Hosted

Phosphorite Deposits

More than 75 % of the world’s phosphate pro-
duction derives from sediment-hosted marine
phosphate rocks (i.e., phosphorite deposits).
These deposits range in age from Paleoprotero-
zoic to Cenozoic, although some eras appear
more productive than others. In fact, several
phosphogenic periods are of global extent, prin-
cipally in the Precambrian and Cambrian of
Central and Southeast Asia, the Permian of North
America, the Jurassic and Early Cretaceous of
Eastern Europe, the Late Cretaceous through
Eocene of North Africa, and the Miocene of
North America (e.g., Cook 1976). The formation
of phosphorite deposits requires the interaction of
favorable paleoceanographic, paleogeographic,
and paleoclimatic ingredients (Sheldon 1980).
Large sulphur bacteria may also play an impor-
tant role based on studies of phosphate accu-
mulations in modern shelf sediments of Namibia
and Peru (Schulz and Schulz 2005; Cosmidis
et al. 2013).

The largest high-grade sedimentary phospho-
rites form at low latitudes in areas of upwelling
and high organic productivity, principally along
the west coasts of continents or, in large
Mediterranean seas, along equatorial side of the
basin (Sheldon 1964). Many of the most exten-
sive and commercially valuable phosphate basins
in the world are in Upper Cretaceous to Lower
Tertiary (Eocene) strata of North Africa, from
Morocco to Egypt eastward (Fig. 9) within the
so-called Mediterranean or Tethyan phospho-
genic province (Notholt 1987; Lucas and Pré-
vot-Lucas 1995). Giant deposits occur in the
Western Meseta domain of Morocco, and to a
lesser extent in Tunisia, Egypt, and Mauritania.
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Collectively, North Africa contains one of the
three largest phosphorite provinces in the world,
with identified phosphate resources of 62.75 Gt
(Notholt et al. 1989). The U.S. Geological Sur-
vey (2010b) reported that the phosphate rock
reserves of Morocco total 5.70 Gt and are 100 Mt
for Tunisia, Egypt, and Mauritania combined.
Morocco alone accounts for one third of inter-
national trade in phosphate rock with an annual
output of 21 Mt, equivalent to about 15 % of
total global production (Notholt et al. 1989).
Moreover, Morocco hosts the world’s largest
high-grade phosphate deposits that together—
including those in Moroccan Western Sahara—
constitute three quarters of global land-based
reserves of 67 Mt (U.S. Geological Survey
2014).

Tunisia is the second-largest phosphate pro-
ducer in North Africa with a total annual average
production of about 8 Mt of phosphatic rock in
recent years. Algeria has been a major producer
since the late 1800s (Savage 1987) with current
production of about 2 Mt/year. In Egypt, annual
phosphate rock production averages about 1.5 Mt
(Zhang et al. 2006). In addition to these giant to
world-class deposits, medium-sized phophorite
deposits occur in Mauritania, Mali, and Niger
that contain phosphate resources of 100, 12, and
100 Mt, respectively (Notholt et al. 1989).

In Morocco, phosphorite deposits occur in
four major basins of Late Cretaceous to early
Eocene age, including (1) Oulad Abdoun cov-
ering an area of 10,000 km?, (2) Ganntour,
(3) Meskala, and (4) Oued Eddahab-Bou Craa
(Fig. 11), all of which are owned and explored
by the “Office Cherifian des Phosphates” (OCP).
At the end of 1986, Morocco’s reserves were
estimated at 64.45 Gt, of which 28.0 and 15.0 Gt
are in the Oulad Abdoun and Ganntour basins,
respectively. The Oued Eddahab-Bou Craa
deposits of Moroccan Western Sahara were
estimated to have ca. 1.6 Gt of phosphate with
half of the ore reserve averaging 31 wt% P,0s5
(Zhang et al. 2006). Host rocks there consist of a
thick succession of alternating Maastrichtian to
Lutetian shallow-marine mudstone, dolomitic
limestone, clay, marl, sandstone, and chert that
were deposited during transgressive-regressive
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cycles (Daafi et al. 2014; El Haddia et al. 2014;
Kocsis et al. 2014). The contained
phosphate-rich strata have a stratigraphic range
of about 25 m.y. (Gheerbrant et al. 2003), which
represents the greatest duration of phosphate
deposition known in the Tethyan province.
Overlying barren sediments consist of Lutetian
dolomitic limestone or locally Neogene conti-
nental deposits. Carbon and oxygen isotope data
suggest a sedimentary gap during the latest
Thanetian and the Paleocene-Eocene thermal
maximum (Kocsis et al. 2014). Geochemically,
Moroccan phosphorites are characterized by rel-
atively low contents of silica, iron, and aluminum
and by exceptionally high phosphate concentra-
tions that exceed 35.7 wt% P,Os (78.0 % BPL
[Bone Phosphate of Lime]; 1 % P,O5 = 2.185 %
BPL).

Phosphate ~ accumulations  along  the
Algerian-Tunisian border occur predominantly in
the Gafsa basin of western Tunisia and the Dje-
bel Onk and Tebassa areas of adjacent Algeria
(Notholt et al. 1989; Boulemia et al. 2015)
(Fig. 11). Host rocks consist of a succession of
Paleocene to Eocene, shallow-marine, interlay-
ered dolomitic limestone, marl, clay, and chert of
the Metlaoui Formation. More than 90 % of
Tunisian phosphorites are currently mined from
the Gafsa basin where approximately 500 Mt of
phosphate rock is presently economic (Zhang
et al. 2006). Estimates of total resources range
from 2.5 to 1.10 Gt at 12-15 wt% P,05 (Savage
1987). During the Maastrichtian—Paleogene, the
intracratonic Gafsa basin was connected to the
open sea westward, and periodically had a
restricted water mass in the east (Zaier et al.
1998). Sedimentation fluctuated from relatively
deep marine to lagoonal environments. In Lower
Maastrichtian time, marly phosphorite with
interlayered dark marl was deposited. The
phosphate strata locally reach 1 m in thickness
(Ounis et al. 2008). REE contents range from 420
to 1700 ppm, and together with carbon and
oxygen isotope constraints, indicate that the
depositional environment during phosphatization
shifted from early suboxic to later anoxic con-
ditions under a consistently warm climate (Ounis
et al. 2008). The higher REE contents—
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especially for heavy REE—in some of these
deposits may be economically recoverable using
leaching technology (Emsbo et al. 2015, and
references therein).

In Algeria, the most important phosphate
deposit occurs along the western extension of the
Tunisian Gafsa basin (Fig. 11) within which total
phosphate resources are estimated at about 1.00
Gt (U.S. Geological Survey 2010c). Very few
published geological data are available on these
deposits, however.

In Egypt, major phosphorite deposits form
part of the Middle Eastern to North African
phosphogenic province of Late Cretaceous to
Paleogene age. These deposits occur close to the
Red Sea coast, in the Nile Valley, the Eastern
Desert, and Western Desert in the Abu Tartur
area, between latitudes 26°40'N and 29°30'N
(Awadalla 2010) (Fig. 11). Phosphate resources
have been estimated to exceed 3.00 Gt (Notholt
1985) at grades of 20-28 wt% P,Os. The U.S.
Geological Survey (2010d) reported Egyptian
reserves of 100 Mt. Host rocks to the deposits
consist of alternating Upper Campanian to Early
Maastrichian, shallow-marine shale, chert, por-
cellanite, glauconitic sandstone, and fine-grained
bioclastic carbonate (Glenn and Arthur 1990);
these strata are assigned to the Duwi Formation
(Youssef 1957), the Sibaiya Phosphate Forma-
tion (EL-Nagger 1966), and the Phosphate For-
mation (Awad and Ghobrial 1965). Among
these, the Maghrabi-Liffiya province contains the
most important phosphorite deposits in the Abu
Tartur area, based on large thicknesses and high
grades of a lower phosphorite bed having ~ 20—
30 wt% (avg ~ 25 wt%) P,Os. Geochemical
data indicate low U contents of 15-34 ppm with
an average of 22 ppm, but relatively high total
REE contents from 519 to 1139 ppm with an
average of about 879 ppm (Awadalla 2010).
Sedimentary facies analysis suggests that the
major phosphorite beds represent transgressive
lag deposits that accumulated in an oxic, bio-
turbated, wave-dominated shelf environment
(Baioumy and Tada 2005).

In southwestern Mauritania, close to its south-
ern border with Senegal, the largest phosphorite
deposits of this country are Bofal and Loubboira
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(Fig. 11). Paleogeographically, these two deposits
encompass a total area of 68 km? within the large
Cretaceous to Tertiary
Senegal-Mauritania-Guinea basin. The phos-
phatic succession consists of variably thick (>1 m
up to 10 m), Middle Eocene (early Lutetian)
phosphate-dolomite-claystone rocks (Prian 2014).
Phosphorous mineralization is in one to five, 0.5—
3 m-thick units composed of fine- to
coarse-grained phosphatic rudite. Resources have
been estimated at 115—118 Mt, of which only ~42
Mt at a minimum grade of ~20 wt% P,Os would
be exploitable (Prian 2014). This moderate grade
has been interpreted as reflecting the absence of a
well-defined trapping or concentration mechanism
(e.g., reworking) and the action of long-shore
currents that spread and disseminated phosphorus
nutrients into other sediments (Prian 2014). In
addition to these deposits, uneconomic sedimen-
tary phosphate prospects of Neoproterozoic/
Cambrian age are documented in northwestern
Mauritanian, within the Taoudeni basin
(Dallmeyer and Lécorché 1990; Markwitz et al.
2015).

29.14 Other Deposit Types
Besides the mineral deposit types described
above, a wide variety of additional metallic and
non-metallic deposits occurs throughout the
diverse terranes of North Africa (Figs. 9 and 11).
Of these, the most significant belong to cate-
gories of vein-type, skarn-hosted,
sedimentary-exhalative (SEDEX), paleoplacer,
oolitic ironstone/lateritite, and residual deposits.

Polymetallic veins are historically amongst
the oldest exploited mineral deposits in North
Africa with significant contained resources of
Sn—-W, Mo-Ag-Bi-U, Pb-Zn-Cu-Ag, F, Ba,
and other commodities. These deposits are hos-
ted in a wide range of rock types of different
ages, including igneous, metamorphic, and clas-
tic sedimentary lithologies. Major variations exist
among deposits in terms of mineral assemblages,
production, and ore grades.

The economically most attractive deposits are
spatially associated with Pan-African, late
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Hercynian, and Alpine granitoid intrusions.
Genetic models for these deposits remain con-
troversial, including purely magmatic through
magmatic-hydrothermal to basinal sedimentary
processes (e.g., Margoum et al. 2015). The lar-
gest and best documented examples—some
extending over a strike length of 10 km—are the
Pb-Zn—Cu 4+ Ba £ F vein deposits of Aouli,
Bou Skour, El Hammam, Assif El1 Mal, and Sidi
Lahcen in Morocco (Bouabdellah et al. 2009;
Bouabdellah et al. this volume and Table 1), and
the five-element (Ni-Co—As—Ag—Bi (£ U) vein
deposits of Bou Azzer, Morocco (Bouabdellah
et al. this volume) and those in Algeria (Suzaki
et al. 2013, Marignac et al. this volume), Tunisia
(Bejaoui et al. 2011, 2014), Sudan (Ismail et al.
2015), and Egypt (Helmy et al. 2014).

A common feature shared by many of the
base-metal deposits is high silver grades that in
places reach more than 1000 g/t (Rossi et al. this
volume). Recent geochemical and geochronologi-
cal investigations indicate that these silver-rich Pb—
Zn—Cu = Ba = F vein-type deposits were
emplaced under an extensional setting from
low-temperature, NaCl-CaCl, brines, with fluid
mixing and wall-rock interactions being the main
processes that triggered ore deposition (Bouabdel-
lah et al. 2009; Margoum et al. 2015, and refer-
ences therein).

Numerous U and W-Sn-Ta-Li-Be-bearing
veins, greisens, are related placers are also associ-
ated with Pan-African to late Hercynian granitoid
intrusions in Egypt, Algeria, Niger, Morocco, and
elsewhere in North African (Figs. 9 and 11).
Notable and well-documented examples include
the El-Erediya and El-Missikat post-tectonic plu-
tons in the Eastern Desert of Egypt, where
rare-metal and associated vein-type uranium
deposits occur within NE- to ENE-trending shear
zones. Primary uranium mineralization consists of
pitchblende accompanied by jasper and black silica
(Hussein et al. 1986). The albite granite-hosted Sn—
W Mueilha deposit is one of many other Sn—
W +£ F deposits (i.e., Igla, Nuweibi, and Abu
Dabbab) scattered throughout the Eastern Desert of
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Egypt (Amine 1947) (Fig. 10). Cassiterite and/or
wolframite, sheelite, and beryl are principal ore
minerals, which occur in greisens and quartz veins.
Fluid inclusion data suggest that Sn—W deposition
formed in response to immiscibility at temperatures
of 340-260 °C, and estimated pressures between
2.2 and 1.2 kb. In contrast, associated fluorite
mineralization is attributed to mixing of at least two
fluids at minimum temperatures of 140-180 °C
and an estimated minimum pressure of 800 bars
(Abdel-Moneim 2013).

In the Pan-African Hogger massif of the
Tuareg Shield in southern Algeria, about 100
Sn—W-Ta-Li-Be-bearing  occurrences have
been delineated, ten of which are of potential
economic interest (Marignac et al. this volume).
Overall, the economic and sub-economic depos-
its and prospects have been subdivided into
(1) Sn—W—quartz (£ greisen) type (i.e., Taourirt
deposit); (2) disseminated cupola type (i.e.,
Amzi, Ebelekan, and Rechla deposits); and
(3) Be-pegmatite bodies, known at Guerioun
(containing large euhedral beryl crystals up to
20 cm), Nahda, and Rechla (Marignac et al.
2001; Kesraoui 2005; Suzaki et al. 2013). Other
polymetallic “mesothermal” vein-type occur-
rences are in the Edough-Cap de Fer polymetallic
district of northeastern Algeria (i.e., Ain Barnar,
Mellaha, and Saf deposits; Marignac et al. this
volume). In Niger, Be mineralization together
with Cu-Pb-Zn-bearing quartz veins occur
within the Taghouaji biotite granite of the Air
massif (Perez et al. 1990).

Moroccan Sn £ W vein-type deposits are
closely related to the magmatic and
magmatic-hydrothermal evolution of late Her-
cynian granitic intrusions of the Paleozoic Cen-
tral massif of the western Meseta domain. One
example is at the abandoned El Kirat Sn-Be
mine (33°25'05" N, 6°06'09” W) (Fig. 11). The
newly reevaluated Sn—W Achammach deposit
(33°32'31.15" N, 5°46'6.80" W) has updated
mineral resources of 14.9 Mt grading 0.85 % Sn,
amounting to ca. 127,300 t of contained tin
(Kasbah Resources Ltd. 2015).
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Host rocks at the Achammach deposit consist of
a strongly deformed and weakly metamorphosed
Lower Carboniferous flysch sequence of shale and
sandstone. Tin mineralization occurs predomi-
nantly as veins, stockworks, and breccia fillings,
and to a lesser extent as disseminations mostly
within intense tourmaline-silica replacement zones
referred to as “lodes.” Resulting mineralized
structures form a 500-m-wide array with individual
lodes ranging in width from a meter up to 30 m.
The tin assemblage consists exclusively of cassi-
terite without any tungsten-bearing minerals; quartz
is the sole gangue mineral. The mineralized system
has been defined by diamond drill holes to a ver-
tical depth of approximately 600 m (www.pdac.ca/
...Inew-discoveries—chaponniere.pdf).

The El Karit Sn—Be vein-type deposit consists
of five main orebodies referred to as Marsouin I,
Marsouin II, Hirondelle I, El Karit, and Hiron-
delle II (Boushaba 2011). Tin mineralization
occurs along the contact of the western margin of
the late Hercynian (308-296 Ma) Oulmes pera-
luminous granite and adjacent contact metamor-
phosed  Cambro-Orovician  biotite  schist.
Semi-artisanal mining undertaken between 1925
and 1974 resulted in the production of about 750
t of tin concentrate at an average grade of ca.
65 % Sn (Anonymous 2011).

Skarn-hosted polymetallic deposits and related
replacement bodies, commonly occurring as veins,
hydrothermal breccias, and stratabound massive
lenses, are widely distributed either within (en-
doskarn) or adjacent to granitic intrusive complexes
within metasomatized carbonates (exoskarn). The
most productive and significant deposits are asso-
ciated with Pan-African (El Habaak 2004; Marig-
nac et al. this volume) to late Hercynian granitoid
intrusions, and to a lesser extent with Alpine plu-
tons. Late Hercynian examples in Morocco include
the Azegour Cu—Zn-Mo-W deposit of the western
High Atlas Mountains (Berrada et al. 2011; Ibouh
et al. 2011; El Khalile et al. 2014) and the Sn—
W =+ Pb-Zn-Ag province of the Paleozoic Central
massif of the western Meseta (i.e., El
Hammam-Achemmach district; Jébrak 1982, 1984;
Cheilletz 1983, 1984; Sonnet and Verkaeren 1989;
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Boushaba and Qalbi 2011). Stratigraphically, the El
Hammam-Achemmach Sn—W skarn district con-
tains an intensely deformed and greenschist-facies
Cambro-Ordovician flysch sequence composed of
intelayered shale and carbonate with subordinate
volcanic and volcaniclastic rocks, all of which are
intruded by several exposed (i.e., Zaers, Ment, and
Oulmes) and buried (i.e., El Hammam coupola;
Bouabdellah et al. this volume) calc-alkaline
granite stocks dated at ca. 290 Ma (Guiliani and
Sonnet 1982). Tin-tungsten mineralization consists
of cassiterite, wolframite, scheelite, or molybdenite
in veins and scheelite-bearing skarns (Guiliani
1984; Cheilletz 1985; Sonnet and Verkaeren 1989).
At the Azegour deposit (31°08'59"N, 8°18'14"W),
the host rocks are Lower Cambrian folded and
greenschist-facies pelite and interlayered limestone
together with volcanic and volcaniclastic rocks,
intruded by the Hercynian Azegour monzogranitic
pluton dated at 273 4 2 Ma (Berrada et al. 2011;
Ibouh et al. 2011). Skarn orebodies occur within
the metamorphic aureole surrounding the Azegour
pluton. The dominant mineral assemblage consists
of varying amounts of molybdenite, scheelite, and
chalcopyrite + cassiterite & fluorite 4 apatite-
zircon-titanite. Also documented in the deposit are
occurrences of Ni-Co—Ag—Be-U-bearing minerals
(Permingeat 1957; Agard et al. 1966).

Skarn-hosted deposits are commonly associ-
ated spatially with deep-seated porphyry to
epithermal mineralizing systems (Mamedov et al.
2012; Bouabdellah et al. this volume). To our
knowledge, no major porphyry-type orebodies
occur in North Africa. However, one possible
candidate is described by Markwitz et al. (2015)
who cited the Kourki Cu—Mo deposit in south-
western Niger as being of this type. In this
regard, a limited diamond drill exploration pro-
gram there by Orezone Resources Inc. has
intersected significant Mo and Cu mineralization
over long intervals, including typical Mo—Cu
zoning in the tested area (http://www.orezone.
com). Some porphyry-style occurrences are also
documented in the Um Zerriq area of the Neo-
proterozoic Kid belt in the southeastern Sinai of
Egypt (Mamedov et al. 2012).
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Sedimentary-exhalative (SEDEX) deposits are
poorly documented in North Africa. In the liter-
ature, the only described SEDEX deposits are
Sidi Driss and Douahria of the Nefza mining
district in northern Tunisia (Decrée et al. 2008a,
b, this volume) (Fig. 11). Host rocks there con-
sist of Upper Miocene carbonates overprinted by
Fe and Mn during early diagenesis and later
partially to totally replaced by barite and celes-
tite. Zn-Pb-Fe mineralization occurs as
open-space fillings and partial to massive
replacements of dedolomitized limestone. The
ore mineralogy is dominated by sulphides (i.e.,
sphalerite, galena, marcasite, and pyrite) together
with barite and celestite, and, to a lesser extent,
fluorite, siderite, and ankerite. At the Sidi Driss
deposit, carbonate-hosted mineralization pre-
dominates, whereas at the Douahria deposit
celestite-hosted mineralization is the most
important (Decrée et al. 2008a, this volume).

In Morocco, the Bleida stratiform copper
deposit of the central Anti-Atlas Mountains
(Fig. 11) described above has been classified as
SEDEX based on the occurrence of ferrugineous
jasper and Na—-Mg-Fe—Si chemical sedimentary
rocks or exhalites (Mouttaqi and Sagon 1999).
However, this classification has been challenged
by several workers who emphasize the epigenetic
character of the copper ores, instead classifying
the Bleida mineralization as a sediment-hosted
copper deposit (Leblanc and Arnold 1994;
Maacha et al. 2011b; present study, and refer-
ences therein).

Significant beach placer deposits of Cenozoic
to Quaternary age occur along the Atlantic Ocean
and Mediterranean coasts of Mauritania, Mor-
occo, Algeria, Tunisia, and Egypt (Fig. 11). The
most significant of these are the ilmenite % zir-
con * hematite £ vesuvianite = mon-
azite =% rutile & corundum Jreida-Lemsid placer
deposit of Mauritania (Markwitz et al. 2015), and
the black sand deposits of the northern Mediter-
ranean coastal plain of the Nile Delta and Sinai
Peninsula in Egypt (Hedrick and Waked 1989;
Dawood and Abd El-Naby 2007). It is note-
worthy that the Egyptian black sand deposits
constitute huge reserves of ilmenite, magnetite,
garnet, zircon, rutile, and monazite (Mahmoud
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et al. 2013). Beside these coastal beach accu-
mulations, eluvian and alluvial placer deposits in
Egypt, Sudan, Niger, Mali, and Mauritania have
been worked since Predynastic (ca. 3000 BC)
times, and remain important sources of gold,
diamonds, and precious stones including rubies,
sapphires, and emeralds (Klemm et al. 2001).
Most of these deposits are developed near pri-
mary and secondary gold deposits adjacent to
major cratons, having been concentrated in
ancient to modern stream channels. Indeed,
alluvial diamonds have been found over very
large parts of Mali along river drainages. Two
promising tracts in terms of diamond potential
have been delineated: (1) the Kenieba region in
the western portion of Mali along its border with
Senegal (Fig. 11), and (2) the Bougouni region
south of Bamako near the border with Guinea
and Cote d’Ivoire (Chirico et al. 2010). Some
gossans developed on sulphide orebodies and
their attendant eluvial deposits have been mined,
or are being mined currently, for precious metals
including gold. Residual deposits are widespread
throughout terranes of North Africa, the most
important being ferrugineous laterites of western
Mali and Egypt (Aly 2015), low-grade bauxite
deposits occurring along the Niger River, and
large bentonite deposits of Morocco, Algeria,
and Tunisia.

In Morocco, extensive bentonite deposits
occur in the eastern termination of the Alpine
Rif-Tell belt surrounding the Neogene Gour-
ougou and Tidiennit stratovolcanoes (Fig. 11).
Host rocks are thick beds of volcanic and vol-
caniclastic rocks within Miocene (Messinian)
sediments. The deposits are spatially associated
with Upper Miocene to Pleistocene (8.2—
0.65 Ma), predominantly calc-alkaline volcanic
rocks (El Bakkali et al. 1998; Duggen et al.
2005). The main orebbodies, which are owned
and exploited as open pits by Spanish, Greek,
German, and Moroccan mining companies, are
Providencia, Trebia (inferred resources of 1.44
Mt), Azzouzet (inferred reserves of 430,000 t),
Iboughardain (inferred reserves of 725,000 t),
Afrah-Haidoun (inferred reserves of 627,000 t),
Ikesmiouen (inferred reserves of 500,000 t),
Tizza, and Tighza. Collectively, these deposits
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are currently producing more than 120,000 t of
bentonite annually, with remaining reserves
estimated at ~4 Mt (Eisenhour and Reisch 2006;
and present study). The exploited bentonite
deposits consist predominantly of smectite with
subordinate zeolite and tridymite as neoformed
minerals; plagioclase, K-feldspar, amphibole,
and mica occur as detrital phases. Ores are
magnesium-rich with extractable interlayer
cations of magnesium and sodium. Average
purity of the smectites is up to 98 %. The origin
of the bentonite deposits is attributed to: (1) hy-
drothermal alteration of perlitic glass inside of
the volcanoes, (2) hydrothermal alteration of
pyroclastic flows in a shallow marine to lagoonal
lacustrine environment, and/or (3) hydrother-
mally altered ash falls in marine or lacustrine
settings. All of these deposits are interpreted as
having formed from a parent rhyolitic magma at
different stages of differentiation (Ddani et al.
2005). Similar bentonite deposits of the same age
and geological environment occur in Algeria
(Maghnia and Mostaghanem deposits; Abde-
louahab et al. 1988) and northern Tunisia (Nefza
region; Sghaier et al. 2014), on the eastern
extension of the Moroccan volcanic province.
Products of the hydrothermal alteration are clo-
sely related to the composition of the protolith
and to physicochemical aspects of the geological
environment, which in turn are controlled by
climatic, tectonic, and geomorphological pro-
cesses over time.

29.15 Time-Space Distribution
of Major Mineral
Deposit Types:
Metallogenic Epochs

and Provinces

As stressed above, North Africa is richly
endowed with mineral deposits of different types
that are widely distributed in space and time,
occurring in all lithotectonic terranes and ranging
in age from Pleistocene-Quaternary to Archean
(Fig. 10). One of the critical and outstanding
issues in North African metallogeny relates to the
absolute age of mineralization needed to
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determine the time spans during which deposits
formed. More important is the lack of reliable
geochronological data on ages of mineralization
in most deposits, owing to the generally absence
of readily datable and robust ore-related miner-
als, together with the complex geologic history of
the investigated deposits. As a result, delineation
of temporal patterns for most types of mineral
deposits in North Africa is limited, and conse-
quently also the development of reliable genetic
models. Accordingly, the temporal distribution
scheme presented below should be regarded as a
first attempt on North African deposits, stressing
major mineralizing events and an overview of
time-space distributions in terms of metallogenic
provinces and epochs within evolving plate tec-
tonics, formation and break-up of superconti-
nents, global heat flow (super plumes), and
evolution of the atmosphere-hydrosphere-
biosphere system (e.g., Groves et al. 2005). For
those deposits where the timing of mineralization
has not been clearly established, we use an
empirical approach based on the age of the host
rocks as a maximum limit.

Based on absolute ages for mineralization, or
alternatively for ages of the host rocks (where
radiometric age determinations are lacking), seven
major time periods of mineralization defining dis-
tinct metallogenetic epochs are recognized. Each
has different metal associations, mineralogical and
geochemical features, spatial distributions, and
geodynamic environments that collectively dis-
criminate time periods and related metallogenic
provinces. These are: (1) Archean (>2500 Ma),
(2) Paleoproterozoic (2500-1600 Ma), (3) Neopro-
terozoic (630-542 Ma), (4) Hercynian (540—
290 Ma), (5) Permian-Triassic (~300-200 Ma),
(6) Late Cretaceous-Paleogene (100-23 Ma), and
(7) Late Miocene-present (<16 Ma).

29.16  Archean-Paleoproterozoic

(2500-1600 Ma)

During the Archean and Paleoproterozoic oro-
genic and intrusion-related gold, IOCG, and BIF
mineralization formed thus defining the largest and
economically one of the most fertile time periods
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in North Africa. Significantly, the major exploited
ore deposits are restricted to the northern part of the
WAC. Recent geochronological age determinations
(McFarlane et al. 2011; Lawrence et al. 2013a, b;
Heron et al. 2015; Kolb and Petrov 2015; Masurel
et al. 2015; Lawrence et al. this volume) reveal two
different age groupings that cluster at ca. 2.8 and
2.0 Ga. These time periods coincide with major
increased rates of crustal growth and subsequent
supercontinent formation and breakup, all of which
are associated with mantle plumes and the develop-
ment of Archean-Paleoproterozoic cratons (e.g.,
Groves et al. 2005). Major and well-documented
examples include in Mauritania the Guelb
Moghrein IOCG deposit (Meyer et al. 2006; Kolb
et al. 2008; Kirschbaum 2011; Kolb and Petrov
2015; Kirschbaum and Hitzman 2016) and associ-
ated Mesoarchean to Paleoproterozoic BIFs (Bron-
ner and Chauvel 1979; Taylor et al. this volume), the
numerous Birimian orogenic and intrusion-related
gold deposits of Mali (McFarlane et al. 2011;
Lawrence et al. 2013a, b, Salvi et al. 2015; Markwitz
etal. 2015; Masurel etal. 2015, 2016; Lawrence et al.
this volume), and the Tasiast orogenic goldfield of
Mauritania (Heron et al. 2015).

29.17 Neoproterozoic (630-542 Ma)

From 630 to 542 Ma, Proterozoic terranes of
North Africa were affected by widespread
late-orogenic, bimodal, calc-alkaline and alkaline
igneous activity. This magmatism developed in
response to mantle lithospheric delamination,
following significant crust-mantle thickening
during the Pan-African orogeny (Avigad and
Gvirtzman 2009). The resulting igneous activity
produced large volumes of both intrusive and
extrusive rocks such as granite-syenite-gabbro
plutons in ring complexes and volcanic rocks
including pyroclastics. Existence of an exten-
sional regime (Avigad and Gvirtzman 2009)
favored the escape of mantle volatiles to shallow
crustal levels. In turn, this process resulted in
high heat flow and consequently an increased
geothermal gradient and fluid activity in the
upper crust, ultimately leading to formation of a
wide variety of mineral deposits. Similar to the
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Archean-Paleoproterozoic, the Neoproterozoic
era represents an especially fertile time period
during which major deposits formed within all
Precambrian shields in this part of the African
continent.

The best documented Neoproterozoic deposits
include: (1) orthomagmatic Fe-Ni—Cu-Cr—PGE
ores associated with fragments of Pan-African
dismembered ophiolitic complexes in the Eastern
Desert of Egypt and northeastern Sudan (Abd
El-Rahman et al. 2009; El-Taher 2010; Hamdy
and Lebda 2011; Ahmed et al. 2012a, b), in the
Bou Azzer district in the central Anti-Atlas oro-
gen of Morocco, and Pan-African serpentinites in
the Amsaga, Agane, and Gouérarate areas of the
Reguibat Shield and axial zone of the Mauri-
tanides Belt (Ould Moctar et al. 2014; Markwitz
et al. 2015); (2) VHMS deposits that occur along
the length of the Red Sea coast from Egypt
through Sudan to Eretria (Barrie et al. this vol-
ume), and in Mali (Markwitz et al. 2015);
(3) granitoid- and related pegmatite-hosted Ta—
Nb-Sn—W = REE deposits in the Eastern Desert
of Egypt (i.e., Abu Dabbab and Nuweibi) and
Algeria (Melcher et al. 2015; Marignac et al. this
volume); (4) BIF occurrences in the central part
of Egypt (Basta et al. 2011; Stern et al
2013; Khalil et al. 2015); and (5) orogenic and
intrusion-related gold-bearing quartz veins in
regional mega-shear structures, including Tirek-
Amesmessa in Algeria (Ferkous and Monie
2002; Marignac et al. this volume), deposits in
Egypt and Sudan that fringe the Red Sea (El
Boushi 1972; Klemm et al. 2001; Zoheir et al.
2008, 2014), and the Iourirn-Akka and Tiouit
deposits of the Anti-Atlas Mountains in Morocco
(Maacha et al. 2011a, b, c, d; Bouabdellah et al.
this volume). Some mineralization related to the
Bou Azzer five-element (Co-Ni -Fe-As +
Au £ Ag) and Imiter Ag—Hg deposits also
formed during this time span (Bouabdellah et al.
this volume).

29.18 Paleozoic (540-290 Ma)

The Paleozoic lithotectonic domain in North
Africa consists of monotonous successions of
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intensely folded and weakly metamorphosed
Early Cambrian to Early Permian continental and
marine strata together with volcanic and vol-
caniclastic rocks. These successions contain
several types of mineral deposits, some of which
have significant Most described
deposits occur in Cambrian-Ordovician and more
importantly Carboniferous rocks; the Silurian is
virtually devoid of known deposits. The Hercy-
nian terranes, which are preferentially exposed in
large inliers within Mesozoic series, are intruded
by large syn- to post-collisional granitoid intru-
sions of Westphalian to Early Permian age (330—
260 Ma) having calc-alkaline to shoshonitic,
peraluminous and metaluminous compositions
(El Hadi et al. 2003, 2006). It is noteworthy that
the largest Paleozoic inliers and associated min-
eralized structures occur in Morocco, and to a
much lesser extent in Algeria. Overall, the
Paleozoic metallogenic history can be subdivided
into three mineralizing epochs referred to as
Eo-Variscan (Cambrian to Silurian), Meso-
Variscan (Devonian-early Carboniferous), and
Neo-Variscan (late Carboniferous-Early Per-
mian). This classification scheme is consistent
with that proposed by Marignac and Cuney
(1999) for ore deposits in the Massif Central of
France.

The Eo-Variscan epoch coincided with Early
Cambrian rifting and includes host rocks to the
newly delineated sediment-hosted stratiform
copper province in the western and central
Anti-Atlas that contains estimated total resources
of >100 Mt of ore. Major deposits within this
province are Jbel Laassel, Tizert, Jbel N’Zourk,
Tazalaght, Agjgel, Jbel N’Zourk, and Amadouz.
These deposits occur within transgressive silici-
clastic and carbonate sequences of late Neopro-
terozoic, Cambrian, and Ordovician age that
were deposited on basement topographic highs.
Owing to the absence of radiometric data on age
(s) of mineralization, the genesis of these
deposits remains controversial with proposed
models ranging from syngenetic to epigenetic
(Bourque et al. 2015, and references therein).

The Meso-Variscan epoch (Devonian-early
Carboniferous) coincided with the main collision
event related to the Variscan orogeny. This epoch
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apparently was not a period of major mineral-
ization since no deposits are known to have
formed during this time span. Accordingly, this
epoch is classified as being metallogenically
barren.

Conversely, the Neo-Variscan (late
Carboniferous-Early Permian) was a fertile min-
eralizing epoch during which several significant
deposit types formed including some that contain
world-class resources. Most of the ore deposits
are either linked to exhalative and/or magmatic-
hydrothermal processes related to Visean bimo-
dal volcanism and/or the emplacement of late
Hercynian peraluminous to metaluminous grani-
toids. The main Hercynian crustal-scale metal-
logenic peak therefore correlates with the late
stages of the Variscan orogen.

The late Paleozoic was especially notable for
generation of the economically largest VHMS
province in northern Africa. This is reflected by
the Jebilet-Guemassa bimodal ultramafic and
felsic-hosted province that contains Zn—Cu—Pb
massive sulphide deposits having total resources
of more than 80 Mt (Bouabdellah et al. this vol-
ume). In addition to VHMS mineralization, other
deposit types are spatially associated with
crustal-scale, strike-slip shear zones including
late Variscan gold-bearing quartz veins (i.e.,
Iourirn-Akka and Tamlalt-Menhouhou deposits;
Gasquet et al. 2004; Pelleter et al. 2008),
rare-metal granite occurrences and related W—Sn—
Ta-Li-Be(£ U)-bearing veins, greisens, and
associated pegmatites (Belkasmi et al. 1999,
2000; Marignac et al. this volume), and Pb-
Zn =+ fluorite &+ barite deposits. Late Carbonif-
erous ages determined for some of these deposits
cluster around 300 Ma (Watanabe 2002; Gasquet
et al. 2004; Marcoux et al. 2008, 2015; Pelleter
et al. 2008; Oberthiir et al. 2009; Magali et al. this
volume, and references therein). As stressed by
Bellot et al. (2003), such deposits formed during
the early stages of post-thickening extension of
the Variscan lithosphere, as a result of dextral
shearing between central Europe, northern Africa,
and the northern Appalachians, associated with
opening of the paleo-Tethys Ocean and closing of
the Theic Ocean during the late Paleozoic colli-
sion of Gondwana-Laurasia.



Geologic and Metallogenic Framework of North Africa
29.19  Permian-Triassic (~300-
200 Ma)

The Permian-Triassic mineralizing epoch seems
to be among the most fertile in North Africa
because many major deposit types formed during
this time span. Regionally, this period is when
most of Western Europe’s  polymetal-
lic £ F &+ Ba vein-type deposits formed (Sizaret
et al. 2009; Wolff et al. 2015, and references
herein). In North Africa, the Permian-Triassic
period coincides with two major geodynamic
events: opening of the Central Atlantic Ocean to
the west as a result of the breakup of Pangea, and
incipient opening of the Tethys Ocean to the east.
Subsequent crustal thinning, together with rela-
ted increased geothermal gradients and fluid
activity, would have developed regional-scale
convective systems that acted as the driving
mechanism to move mineralizing fluids toward
shallow crustal depths where hydrothermal
deposits formed. Indeed, the emplacement during
Pangean rifting and opening of the Tethys and
Central Atlantic oceans of Triassic tholeiitic
basaltic dikes, sills, and lava flows over large
areas in Morocco, Algeria, and Tunisia (Marzoli
et al. 1999) was contemporaneous with the gen-
esis of numerous significant ore deposits and
districts including polymetallic Jbel Tighza
(280.6-267.7 Ma, Ar—Ar; Watanabe 2002;
Marcoux et al. 2015; Magali et al. this volume),
Aouli Pb-Zn £+ F £ Ba deposits (Margoum
et al. 2015), and El Hammam REE-rich F
(205 + 1 Ma, *°Ar/*°Ar; Cheilletz et al. 2010).
Some mineralization related to the giant Imiter
(Ag-Hg) deposit (254.7 &+ 3.2 Ma, “°Ar/*°Ar;
Borisenko et al. 2013), and the Bou Azzer (Co—
Ni—Fe-As £+ Au + Ag) deposit (240 £+ 10 Ma,
Re/Os, Lendent 1960; 218 + 8 Ma, Ar—Ar,
Levresse 2001; 308 £ 31-310 &= 5 Ma, U-Pb
and Sm—Nd, Oberthiir et al. 2009) also formed
during this time span, coincident with Pangean
rifting and opening of the Tethys and Central
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Atlantic oceans (Muttoni et al. 2003; Martins
et al. 2008; Wolff et al. 2015).

29.20 Late Cretaceous-Paleogene

(100-23 Ma)

The Late Cretaceous to Paleogene epochs coincide
with development of the largest sediment-hosted
phosphorite deposits of the world. Contained within
the so-called Mediterranean or Tethyan phospho-
genic province, these deposits have total resources
exceeding 70 Gt (Notholt 1987). All exploited
North African deposits are of shallow-water marine
origin, and occur within sequences of limestone,
chalk, marl, and chert. The largest and most exten-
sive deposits are in Morocco; smaller deposits are in
Tunisia and Egypt. Moroccan examples include
deposits in the giant Late Cretaceous-early Eocene
basins of Oulad Abdoun, Ganntour, Meskala,
and Oued Eddahab-Bou Craa that collectively—
including those in Moroccan Western Sahara—
host the world’s largest high-grade phosphate
deposits, accounting for three quarters of global
land-based reserves of 67.0 Mt (U.S. Geological
Survey 2014).

Paleogeographic and geodynamic reconstruc-
tions indicate that all of the North African phos-
phorite deposits accumulated on the continental
margin along the southern side of the Tethys Sea-
way and are genetically related to ancient upwelling
currents (Baioumy and Tada 2005; Ounis et al.
2008; Awadalla 2010; Kocsis et al. 2014). Phos-
phogenesis was triggered by the interplay of mul-
tiple factors including warm climatic conditions,
strong upwelling currents, high biological produc-
tivity and related plankton blooms, and the pro-
duction of large amounts of organic matter and
subsequent accumulation on the sea floor. Most
phosphorite deposits formed when sea level was
relatively high or during short-lived transgressions
(Baioumy and Tada 2005; Ounis et al. 2008;
Awadalla 2010; Kocsis et al. 2014).
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29.21 Miocene-Present Day
(<23 Ma)

The Neogene period constitutes the youngest
mineralizing time period recorded in North Africa.
Resulting mineral deposits have diverse sizes and
commodities and are distributed throughout Juras-
sic to Miocene terranes of Morocco, Algeria, and
Tunisia. Geodynamically, the mineralizing events
were coincident with: (1) widespread Neogene to
Quaternary, high-K, calc-alkaline to alkaline
anorogenic basaltic magmatism (El Bakkali et al.
1998; Duggen et al. 2005; Lustrino and Wilson
2007; Decrée et al. 2014; Bouabdellahg et al.
2015); and (2) a drastic paleoclimatic event at
5.96-5.33 Ma referred to as the Messinian salinity
crisis (Hsii et al. 1973, 1977; Krijgsman et al.
1999), both of which are linked to collision
between the African and European plates (Bouab-
dellah et al. 2012, 2014, 2015). Two competing
models have been proposed to explain the petro-
genesis of North African Neogene-Quaternary
basaltic magmas: (1) subduction, slab break-off,
and/or lithospheric delamination (Coulon et al.
2002; Gutscher et al. 2002; Duggen et al. 2005);
and (2) intraplate mantle processes (Comas et al.
1999; Platt et al. 2003). Both models are consistent
with extensional tectonics, melting, and a subse-
quently increased geothermal gradient. The exis-
tence of an extensional regime favors mantle
volatiles escaping to shallow crustal levels, which
in turn results in high heat flow and consequently
an increased geothermal gradient and fluid activity
in the crust. This addition of heat to the upper crust
also may have promoted regional-scale convective
hydrothermal circulation, which ultimately resulted
in formation of the various polymetallic
hydrothermal deposits and geothermal fields within
the Alpine lithotectonic domain of northwest
Africa. Examples include deposits of the
world-class MVT district of Touissit-Bou Beker in
northeastern Morocco and adjacent Algeria
(Bouabdellah et al. 2012, 2015), and the poly-
metallic epithermal to mesothermal, vein-type and
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SEDEX Pb—Zn + F 4 Ba deposits of northern
Algeria (i.e., Edough-Cap de Fer polymetallic dis-
trict; Marignac et al. this volume) and Tunisia
(Decrée et al. 2008a, b, 2013, 2014; Jemmali et al.
2011; Souissi et al. 2013; Decrée et al. this vol-
ume). Metasomatic contact aureoles developed
around Neogene intrusions gave rise to numerous
mineralized skarn deposits including the Ouixane
Fe and Karézas W skarns (Bouabdellah et al. this
volume; Marignac et al. this volume). Finally,
hydrothermal to supergene alteration of the
Neogene volcanic and pyroclastic rocks in shallow
marine waters and lagoonal to lacustrine environ-
ments formed the numerous  bentonite
deposits distributed throughout the Alpine Rif-Tell
orogen.
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Abstract

The giant Imiter epithermal Ag—Hg vein deposit in the Anti-Atlas
Mountains of southern Morocco formed during a major episode of
mineralization linked with Ediacaran volcanism at ca. 550 Ma. Silver was
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deposited during two main epithermal mineralizing events referred to as
epithermal-quartz (ESE-Qz) and epithermal-dolomite (ESE-Dol) stages
under distinct stress fields (i.e., WNW-ESE and N-S shortening
directions), and is confined to the late Neoproterozoic, N60-90°
E-trending, transcrustal Imiter fault zone. Economic orebodies are aligned
mainly along the interface between sedimentary and volcanic units of
lower and upper Cryogenian age. The ore mineralogy consists principally
of Ag-Hg amalgam, argentite, polybasite, pearceite, tetrahedrite-
tennantite, proustite-pyrargyrite, imiterite, acanthite, arsenopyrite, pyrite,
sphalerite, and galena. Gangue constituents are dominated by quartz
(ESE-Qz stage) and dolomite (ESE-Dol stage). Wall-rock alteration is
well developed and includes silicification and dolomitization, and minor
propylitization and kaolinitization. Fluid inclusion data indicate that the
mineralizing fluids evolved through time, from a mean temperature of
~ 180 °C and salinity of ~10 wt% NaCl during ESE-Qz stage I, to a
mean temperature of ~ 165 °C and salinity of ~24 wt% NaCl equiv
during ESE-Dol stage II. Calculated trapping pressures, in the range of
1.1-0.9 kbar, exclude fluid unmixing “effervescence” as a viable ore
depositional mechanism. Conversely, halogen compositions suggest the
involvement of magmatic brines and evolved seawater. Stable (C, O, S)
and radiogenic (Pb, Re/Os) isotope data, together with noble gas isotope
compositions, are consistent with various degrees of mixing between
mantle and crustal sources along the fluid flow path. Collectively, these
data suggest that degassing of CO, and SO, during epithermal mineral-
ization and related fluid/rock interactions led to local redox-potential
decreases and pH increases that resulted in preferential deposition of
massive amounts of native Hg-rich silver instead of Ag and Hg sulphide
minerals.

proven reserves of silver. Underground mining
began in 1978 and continues to the present.

The first mining activity documented in the
world-class Imiter Ag-Hg district dates to the
Almohad Dynasty in the 12th Century (Leistel
and Qadrouci 1991). In more recent times, the
deposit was rediscovered during a campaign of
aerial prospection carried out in 1951 by the
Office National des Hydrocarbures et des Mines
(ONHYM; formerly BRPM). In 1969, Omnium
Nord Africain Group (ONA) and ONHYM cre-
ated the so-called “Société Métallurgique d’Imi-
ter” (SMI) to re-process tailings by cyanidation
(650,000 t at 300 ppm Ag). In parallel, contin-
uing exploration delineated significant new

Production has increased exponentially from 40
to 250 Mt of Ag/yr since the creation of SMI in
1969. Continued intensive exploration over the
past 10 years has outlined three additional ore-
bodies referred to as Igoudrane, Puits IV, and
Imiter South. As a result, silver reserves have
grown to more than 10,000 t with mine life being
extended an additional 15 years (Newman 2009).
Average silver grades range from 300 to
1,000 g/t and locally can reach 5,000 g/t. Current
annual production is about 200—300t Ag;
remaining mineral resources are estimated at
3,000 Mt Ag (Newman 2009).
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Based on these production estimates, the Imi-
ter deposit is considered one of the largest silver
deposits in the world (Katrivanos 2015). To
explain the origin of such a huge silver concen-
tration, diverse genetic models have been pro-
posed (Leistel and Qadrouci 1991; Baroudi et al.
1999; Levresse et al. 2004). These models range
from syngenetic (Vargas 1983; Popov et al. 1986;
Guillou et al. 1988; Popov 1995) to epigenetic
(Leistel and Qadrouci 1991). From 2000 onward,
most workers have advocated epithermal miner-
alizing processes (Levresse 2001; Cheilletz et al.
2002; Levresse et al. 2004). However, despite an
impressive number of geochemical investiga-
tions, the genesis of the Imiter Ag deposit remains
uncertain, particularly the origin(s) of the
ore-forming fluids, sources of heat and metal
components, mechanism(s) of ore deposition, and
the age of mineralization. The objective of the
present contribution is to update the geologic
history, mineralization, and paragenesis of the
Imiter deposit, and more importantly to con-
tribute, with new data on fluid inclusions, halo-
gens, and lead isotopes, constraints on the source
(s) of sulphur and metals. Based on these newly
acquired data, we provide important insights into
the origin and evolution of the mineralizing sys-
tem, together with implications for understanding
ore-forming processes in the context of local
Neoproterozoic magmatism.

2 District Geology

The Ag-Hg Imiter deposit (32° 43' N Lat;
5° 36" W Long) is located in the northern part of
the Precambrian Saghro massif (Fig. 1). This
massif forms part of the 680-580 Ma Pan African
Anti-Atlas orogenic belt, north of the West Afri-
can Craton margin (Ennih and Liégeois 2001).
Regional and local geology of the district have
been extensively investigated over the past sev-
eral decades, resulting in a wealth of scientific
information including geological maps at differ-
ent scales, university theses, research papers, and
unpublished mining company reports (Leistel and
Qadrouci 1991; Pasava 1994; Ouguir et al 1996 ;
Baroudi et al. 1999; Levresse 2001; Fekkak et al.

2001; Cheilletz et al. 2002; Levresse et al. 2004;
Gasquet et al. 2005; Tuduri et al. 2005).
Accordingly, only a summary relevant to the
present synthesis is given below.

The oldest rocks assigned to the Saghro
Group (Thomas et al. 2004) were deposited on
the Neoproterozoic basement. Strata of the
Saghro Group form a lower complex consisting
of a strongly folded Cryogenian succession of
greenschist-facies greywacke and organic-rich
black shale, locally intruded by ca. 570-580 Ma
granodioritic to dioritic intrusions (e.g., Taouz-
zakt and Igoudrane plutons). The black shales,
which host the majority of Imiter silver miner-
alization, were deposited at the outer part of a
passive continental margin that developed in an
extensional back-arc environment (Marini and
Ouguir 1990; Ouguir et al. 1996).

Unconformably overlying the clastic sedi-
mentary rocks of the lower complex are Edi-
acaran volcanic and volcaniclastic rocks of the
upper complex assigned to the Ouarzazate
Supergroup (580-560 Ma; Mifdal and Peucat
1985). The main lithologies are immature con-
glomerate at the base grading upward into
andesitic lava flows and felsic ignimbrites (572—
550 £ 3 Ma; U/Pb zircon) and associated coge-
netic granites (580-570 Ma, U/Pb zircon)
(Cheilletz et al. 2002). At the end of the Neo-
proterozoic, a marine transgression invaded all of
the Anti-Atlas and deposited the so-called
“Adoudounian” (Lower Cambrian) succession.
This succession is composed of interbedded
carbonate, purple shale with minor siltstone,
evaporites, greywacke (Piqué et al. 1999; Alvaro
et al. 2014) and mafic sills dated at 529 + 3 Ma
(Ducrot and Lancelot 1977, recalculated) and
531 £ 5 Ma (Gasquet et al. 2005).

Silver mineralization occurs within the Cryo-
genian black shale and partly in the Ediacaran
volcanic rocks. More importantly, this mineral-
ization is localized along the Late Neoprotero-
zoic, N60-90° E-trending transcrustal Imiter
fault zone (Fig. 1), which straddles the boundary
between the lower and upper complexes. The
prominent Imiter fault zone consists of complex
arrays of N90° E and N60-70° E faults that
exhibit, at map scale, apparent sinistral pull-apart
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Fig. 1 a Geological map of Imiter Ag—Hg deposit area,
Anti-Atlas, Morocco. Modified from Leistel and Qadrouci
(1991). b Horizontal projection of silver ore body in B3
Hill workings (1350 m is altitude of this mining level);

structures (Ouguir et al., 1994; 1996; Tuduri
et al. 2005). Reactivation of the Imiter fault
system during the Hercynian orogeny facilitated
the injection of variously aged dike swarms of

¢ N-S synthesized geological cross section drawn for B3
Hill (white stars indicate sampling locations within the
mine)

diverse composition ranging from trachyandesite
to high-K microsyenite and microgabbro. One
microsyenite dike has been dated at ca. 200-
204 Ma (**Ar/*°Ar on biotite and K-feldspar;
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Borisenko et al. 2013). The Takhatert rhyolite is
characterized by a well-defined, domal structure
(Fig. 1), suggesting that it is a hypabyssal body.
The felsic dikes, including the Tachkakacht dike,
are similar in composition and age to the
Takhatert rhyolite (547 £ 8 Ma; U/Pb zircon;
Levresse 2001). Pan-African regional metamor-
phism under greenschist-facies conditions resul-
ted in the formation of chlorite-, muscovite-, and
pyrophyllite-bearing mineral assemblages, with
peak conditions reaching 350 °C and up to 3 kb
(Thomas et al. 2004). Higher temperatures were
attained locally in the aureoles of post-kinematic
intrusions (547 + 26 Ma; Thomas et al. 2004).

3 Mineralization

Silver mineralization is structurally controlled
within a system of ENE-WSW- to E-W-trending,
variously dipping, transpressive to transtensional
structures. These structures include vein swarms,
veinlets, cemented breccias within veins, and
lensoidal or pocket-like masses and fillings of en
echelon tension gashes. Most, if not all, of the
exploited silver orebodies are confined to the
prominent Imiter fault zone (Fig. 1), which is
typically aligned along the interface between the
lower and upper lithostratigraphic complexes. In
addition to the Ag—Hg ores within the mineral-
ized structures, Ag—Hg minerals also occur dis-
seminated in the basal conglomerate and black
shales. Overall, the veins are up 4 m wide and
extend laterally from a few meters to more than
1 km, are spaced 50-100 m apart, strike
N160° E, and dip steeply (70° to ~90°).
Where Ediacaran volcanic rocks of the upper
complex are present (e.g., Hill B3; Fig. 1), the
orebodies are largest within the basal conglom-
erate and are continuous through the fractured
rock within the Imiter fault zone. Silver miner-
alization has never been found within the ande-
sitic host rocks or the ca. 580-570 Ma
granodiorite exposed at Hill B3. Both rock types
seem to represent a “cap rock” for mineralization.
The spatial distribution of the orebodies appears,
therefore, to be linked directly to the rheology of
the surrounding host rocks. In this regard, we

suggest that the foliated nature of the host rocks
facilitated later fracturing, fluid flow, and
emplacement of the mineralized veins.

Two principal vein systems, referred to as
“Imiter 1 and “Imiter 2” have been mined both
from open pits and underground workings. The
Imiter I vein system consists of three variably
dipping structures (F,, Fy north, and F, south)
that strike N9O-N65° E. In contrast, Imiter 2
comprises three vein orebodies referred to as R,
R;, and Bj that exhibit roughly the same geo-
metric characteristics in terms of orientation and
dip. Recent exploration in the district has delin-
eated three new orebodies referred to as Igou-
drane, Puits IV, and Imiter South (Fig. 1).

Textural relationships together with mineral
assemblages indicate a complex history involv-
ing contemporaneity of replacement and
open-space filling. The veins display comb,
cockade, laminated, breccia, and crack-and-seal
textures, suggesting that multiple mechanisms
were important for trans-tensional vein forma-
tion. Early precipitated minerals are cut or brec-
ciated, and subsequently cemented, by later
phases. Collectively, these textural features
indicate that mineralization took place in open
spaces, and imply that the Imiter orebodies
formed in a relatively shallow environment.

Spatial and temporal relationships between
the silver mineralization and country rocks indi-
cate four distinct and successive mineralizing
events. From oldest to youngest, these events are:
(1) recrystallization during Pan-African meta-
morphism of syngenetic-diagenetic pyrite hosted
in Cryogenian black shale; (2) development of a
discrete, base-metal mineral assemblage
(BMS) adjacent to metamorphic aureoles
induced by intrusion of the granodiorite (ca.
572 Ma); (3) formation of epithermal silver
mineralization (i.e., ESE stage) dated at ca.
550 Ma (Cheilletz et al. 2002; Levresse et al.
2004), which constitutes the bulk of exploited
mineralization in Imiter; and (4) Ag—Hg remo-
bilization at 255 Ma (Borisenko et al. 2013).
Cross-cutting relationships and mineral assem-
blages indicate that the epithermal silver miner-
alization occurred during two main stages
referred to as epithermal-quartz (ESE-Qz) and
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epithermal-dolomite (ESE-Dol) (Levresse 2001;
Cheilletz et al. 2002; Levresse et al. 2004; Bur-
niaux and Williams-Jones 2006; Tuduri et al.
2005; Borisenko et al. 2013; this study). Each
stage is characterized by particular styles, ore and
gangue mineral assemblages, and silver grades
(Fig. 2).

The first silver mineralizing stage (ESE-Qz Stage
I) formed during a dextral transpressive event under
WNW-ESE shortening (Tuduri et al. 2005). Prin-
cipal minerals are quartz (Qz-1), Ag-Hg amal-
gam, argentite, polybasite, pearceite, tetrahedrite-
tennantite, proustite-pyrargyrite, imiterite, acanthite,

G. Levresse et al.

arsenopyrite, pyrite, and galena. The following stage
(ESE-Dol Stage II) resulted from reopening of the
earlier veins in response to normal, sinistral regime
(Tuduri et al. 2005). This stage comprises pink
dolomitic alteration and an associated mineral
assemblage dominated by Ag—Hg amalgam, acan-
thite, tetrahedrite-tennantite, galena, sphalerite,
pyrite, chalcopyrite, and arsenopyrite. The type of
gangue mineral (i.e., quartz vs. dolomite) appears to
be strongly controlled by lithology of the host rocks
(Ediacaran volcanics vs. Cryogenian black shale).
Within the Imiter deposit, the most highest
grade impressive orebodies are developed along

Mineralogical stage s13c 3180

206pp, 204pp,

18704/1880
207py, 204pp,

534s

Qtz stage 1

quartz-1
muscovite
pyrite
arsenopyrite
chalcopyrite
sphalerite
galena
tetrahedrite
Ag-amalgam
argentite
polybasite
pyargyrite
proustite

1,05-1,84Ra
-11,9t0 -4,5
-2,4

-10,9to0 -8,0
-10,0to -4,8

0,199

0,185 0,76Ra

0,183 10 0,195

0,143

Dol stage 2

dolomite -10.5to0 -8.1
pyrite
arsenopyrite
chalcopyrite
sphalerite
galena
Ag-amalgam
argentite
polybasite
imiterite
pyargyrite
proustite
pearcite
cinnabar

-13.4t0 -0.1

0,89Ra
-8,0 to -4,1
-22,6t0 -1,8
-3,2
-9,3t0-5,0

1061 .1 185510 15,59

18,11 t0 18,17

-7,0 0,147 1,21Ra

-27,7

Fig. 2 Paragenetic succession for Imiter Ag—Hg deposit and ranges of isotopic values for C, O, S, Pb, Os, and He
during epithermal silver mineralization (Pasava 1994; Levresse 2001; Levresse et al. 2004; this study)
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extensive fault zones and related breccias that in
places contain tens of kilograms of native silver
(i.e., Ag-Hg and Ag). It is noteworthy that Hg
contents of the Ag—Hg amalgam increase from
quartz-dominant stage I to dolomite-dominant
stage I, with Hg abundances ranging from 10 to
30 % and 20 to 40 %, respectively. Where
observed, silver sulphosalts precipitated either
with, or as replacements of, preexisting sul-
phides. Imiterite (Ag,HgS,) is the most common
Hg-bearing sulphide and forms needles filling
dolomitic geodes that are spatially associated
with cinnabar and argentite (Guillou et al. 1985).
Supergene oxidation is scarce and limited to
upper levels of the deposit (Levresse et al. 2004).
The oxidized mineral assemblage there includes
milky quartz, rhodochrosite, kaolinite, erythrite,
malachite, azurite, marcasite, lavendulan
[NaCaCus(AsOy4)4Cl*5H,0], cerussite, and the
iron oxides hematite and goethite.

Wall-rock alteration is weakly developed.
Major types include propylitization, silicification,
dolomitization, and kaolinitization. Silicification
and dolomitization are prominent around the
mineralized structures, whereas kaolinitization is
spatially limited and paragenetically late.

4 Age of Mineralization

Based on field relationships and *°Ar/*°Ar ages
of hydrothermal muscovite, Levresse (2001) and
Cheilletz et al. (2002) concluded that the bulk of
Imiter silver mineralization occurred between
563 £ 8 and 542 £ 0.2 Ma. More recently,
Borisenko et al. (2013) reported a single-crystal
“OAr°Ar age of 255 +3 Ma for adularia
intergrown with Qz-1 from the ESE-Qz stage and
proposed a Triassic age of mineralization, coin-
cident with early opening of the Central Atlantic
Province. This new age determination suggests
that the Triassic rifting event could have remo-
bilized the primary Cryogenian Ag—Hg mineral-
ization at Imiter, as documented in other
hydrothermal deposits of the Anti-Atlas system
such as the Iourirn Au deposit (Gasquet et al.
2004), the Tamlalt-Menhouhou orogenic gold
deposit (Pelleter et al. 2008, 2010), and the

Bou-Azzer Co-Ni—As—Au deposit (Oberthur
et al. 2007).

5 Analytical Methods

5.1  Fluid Inclusion Study
A Linkam stage was used to record ice-melting
temperature (Tmi) and homogenization temper-
ature (Th) of fluids in the ESE quartz- and
dolomite-hosted inclusions. Calibrations were
performed with appropriate chemicals from
Merck. Measurement accuracy was about
40.2 °C for freezing runs and £1 °C for heating
runs. Representative inclusions were further
analyzed with a Labram-type (DilorR) Raman
microprobe with a NotchR filter at the laboratory
of “ GeoRessources (Nancy, France); technical
details are provided in Debussy et al. (2001).
Bulk crush-leach analyses were performed on
quartz and dolomite separates from the ESE-Qz
and ESE-Dol stages at the School of Earth Sci-
ences, University of Leeds. The procedure has
been described in detail by Banks et al. (2000).
Samples were crushed to 1-2 mm size and
cleaned in 18.2 MQ water. Dry samples of 0.5—
1 g were crushed to a fine powder in an agate
pestle and mortar, transferred to a sample con-
tainer, and the dried salts redissolved in 18.2 MQ
water. Anions (Cl” and Br ) were determined
with a Dionex DX-500 ion chromatograph;
cations (Na* and K") were determined on the
same solution with an acidified LaCl; solution by
flame emission spectroscopy. Analytical preci-
sion of these analyses was better than £10 %
(20).

6 Lead Isotope Study

Lead isotope analyses were performed at Sgiker
Laboratories of the Basque Country University in
Bilbao, Spain, on representative galena separates
from the main ore stages. About 0.10 g of
powdered material and an aliquot of about
0.02 g, respectively, were digested overnight in
HF-HNO; and evaporated to dryness. The
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resulting residue was taken in HBr; Pb was iso-
lated by conventional ion-exchange chromatog-
raphy (AG1-X8 resin in HBr and HCl media).
Recovered lead was evaporated to dryness, dis-
solved in 0.32 N HNOj;, and diluted to a final
concentration of 150-200 ppb. Lead isotope
ratios were measured using a ThermoNEPTUNE
multicollector inductively coupled plasma-mass
spectrometer (ICP-MS), and the mass fractiona-
tion was internally corrected after the addition of
thallium isotope reference material NBS-997.
Analytical error, determined as a total uncertainty
of the results and confirmed by more than 20
analyses of lead isotope reference material
NBS-981, was about 0.04 % per mass unit (2G),
equivalent to 0.041, 0.040, and 0.039 %,
respectively, for 206Pb/204Pb, 207Pb/204Pb, and
208pp/204Ph ratios.

7 Fluid-Inclusion
Microthermometry

New microthermometric measurements were
performed on quartz (Qz-1) and dolomite (Dol-2)
wafers from the ESE-Qz (I) and ESE-Dol
(II) stages. Data are presented in Table 1 and
plotted in Figs. 3 and 4. The fluid inclusions are
classified as primary, pseudosecondary, or sec-
ondary according to the criteria of Roedder
(1984). Based on the number of observable
phases present at room temperature, four distinct
fluid inclusion types (designated 1-4) are rec-
ognized: (1) liquid-vapor (L +V; Type 1);
(2) liquid-vapor-one solid (L + V + Sy; Type 2);
(3) liquid-vapor-two solids (L + V + S, Type
3); and (4) vapor (V; Type 4). All fluid inclusion
types generally occur together within a trail or
cluster. In Type 1 fluid inclusions, visually esti-
mated liquid to vapor ratios are highly variable,
ranging from 0.4 to 0.8. Vapor-rich inclusions
(liquid/vapor <0.5) are rare, representing less
than 10 % of the total.

Fluid inclusions hosted in Qz-1 are isolated
and up to 50 pm in diameter, or are grouped in
clusters that show a random distribution within a
single grain or growth zone. The fluid inclusions
in Qz-1 are spatially associated with silver blebs
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distributed along growth zones within the host
quartz. Raman analyses indicate that the trapped
solid phases correspond to muscovite (S;) and
sulphide (S,). Chloride daughter minerals such as
halite and sylvite have not been observed.

Fluid inclusions hosted in Dol-2 are isolated
or form trails distributed along growth zones.
Estimated liquid to vapor ratios are less than 0.8.
Owing to the fluorescence of the dolomite, no
reliable Raman data have been obtained on these
fluid inclusions.

Overall, microthemometric data indicate that
the mineralizing fluids evolved through time,
from a mean temperature of ~ 180 °C and cal-
culated salinity of ~ 10 wt% NaCl equiv in
Qz-1, to a mean temperature of ~ 165 °C and
calculated salinity of ~24 wt% NaCl equiv in
Dol-2 (Table 1; Figs. 3 and 4).

In the Ty v, versus Ty, plot shown in Fig. 3,
data for Qz-1 and Dol-2 display a negative cor-
relation. Primary and pseudosecondary fluid
inclusions in both minerals exhibit roughly the
same T; range of ca. 217-126 °C but fluid
inclusions hosted in Dol-2 have consistently
higher salinities (~24 wt% NaCl equiv;
Table 1). In addition, the type of host rock and
fluid salinity are related. For example, data for
Qz-1 samples hosted in Ediacaran volcanic rocks
display a weakly isohaline-cooling path, whereas
those for Qz-1 and Dol-2 samples in Cryogenian
black shale exhibit a parallel negative correlation
between Tyy) and T,,; (Fig. 3).

Raman analyses of the vapor phase related to
Qz-1 reveal the occurrence of mixtures of CHy—
CO, or CH4—N,. CHy4 is commonly the pre-
dominant component (up to 52 vol.%). CO, and
N, have not been found together in the same
fluid inclusion. With increasing depth, N, pro-
portion decreases and CH, proportion increases
up to 100 %.

P-T reconstruction of Qz-1 fluid evolution has
been determined using the intersection coordi-
nates of calculated fluid inclusion isochores
together with results of chlorite geothermometry.
Accordingly, the minimum trapping pressure
estimates are in the range of 1.1-0.9 kbar for the
mineralizing fluid that deposited the high-grade
portion of the Imiter silver orebodies.
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Table 1 Microthermometric data of typical fluid inclusions of silver epithermal stages from Imiter Ag—Hg deposit

Silver epithermal mineralizing event

Quartz-1 in volcanite

Inclusions
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.

Inc.

O 0 N N AW N =

W W W W W W W W N NN D N DN NN N = e e e e e e e e
~N N LR WY = O 0NN NN R WD = OO0 NN NN RN = O

Ty (°C)

189.95
185.18
176.23
217.82
214.77
206.03
199.19
196.53
193.95
189.99
191.55
185.60
185.60
187.65
187.65
183.18
178.78
176.40
176.18
173.84
168.36
175.99
176.32
179.94
180.88
178.97
179.64
181.24
183.22
189.94
188.29
188.06
189.89
192.33
193.70
194.75
196.97

Twmi (°C)

-3.70
—2.56
=4.10
—6.62
—5.06
-5.53
—5.69
—8.67
-9.15
-9.03
—8.79
=9.22
—8.99
—8.90
=7.62
—=7.95
-7.95
-9.25
—8.94
—8.01
=721
—7.33
—6.51
=7.29
—6.59
—5.46
—6.16
—5.85
=5.26
=5.73
—5.81
—6.64
—6.57
—6.45
—6.23
—6.78
—6.66

Quartz-1 in black shale
Inclusions
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.

Inc.

O 0 N N LR W N =

R R R R == = = m = =m ] m m| =
DN = S 0 N e W N = O

Ty (°C)
184.56
180.01
178.37
172.87
167.91
167.91
174.00
166.59
162.58
159.96
161.70
163.90
161.30
168.51
172.71
170.71
184.55
147.52
148.23
146.69
157.71
151.59
155.35

Tmi(OC)

—-11.24
—9.59
—13.05
—13.40
—15.45
—-16.27
—16.18
—-15.21
—14.86
—13.54
—12.88
-11.91
-9.91
—9.87
—10.92
—8.02
—6.93
—=7.69
=7.25
—-10.62
—18.32
—17.58
—16.48

Dolomite-2 in black shale

Inclusions
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.
Inc.

Inc.

1
2

NeoRiNe RN BN NI, R N V]

10
11
12
13
14
15
16

18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

Ty (°C)

125.74
137.25
137.66
139.85
147.14
151.89
196.22
206.60
208.59
208.46
190.99
194.08
186.44
193.02
207.81
194.37
190.54
170.50
163.10
159.90
165.47
161.97
161.97
162.43
166.23
169.41
169.70
173.08
170.75
173.54
167.69
177.60
178.23
178.12
174.76
174.36
181.37

Tii (°C)
—21.32
—21.21
—19.87
—21.09
—27.43
=21.20
—10.61
—13.66
—13.66
—20.20
—21.20
—22.41
—20.79
-17.52
=15.90
—15.03
—27.23
—29.09
—27.09
—25.90
—22.66
—23.10
—22.29
—22.14
—21.33
—22.58
—22.33
—22.72
=20.90
—20.77
—20.77
=20.55
—20.33
-19.21
—18.94
—19.10

—20.73
(continued)
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Table 1 (continued)

Silver epithermal mineralizing event

Quartz-1 in volcanite

Inclusions | Ty, (°C) Tmi (°C)
Inc. 38 196.28 —6.27
Inc. 39 185.46 —6.82
Inc. 40 185.10 -5.74
Inc. 41 183.87 —6.04
Inc. 42 192.35 —7.62
Inc. 43 159.10 —7.30
Inc. 44 158.72 =727

See text for the abbreviations

Quartz-1 in black shale
Inclusions T}, (°C)

=
A

Qtz stage 1 in Fv
Qtz stage 1in BS
Dol stage 2 in BS

I Qtz stage 1
Dol stage 2

Tmi(OC)

G. Levresse et al.

Dolomite-2 in black shale

Inclusions Ty °C) | Tmi (°O)
Inc. 38 179.50 —21.96
Inc. 39 159.11 —16.39
Inc. 40 166.53 —18.78
Inc. 41 155.39 —25.54
Inc. 42 154.94 —23.16
Inc. 43 169.36 —24.68
Inc. 44 183.31 —17.48
Inc. 45 181.03 —-16.01
Inc. 46 175.55 —17.36

Qtz stage 1 146°C 180°C 218°C

Dol stage 2 126°C 165°C 206°C

Ediacaran volcanite & 'A R "
1~ . o T, A
Cryogenian black shale O
1 % a
A '
Y
[ ¢

1Tmi (C)

Fig. 3 Homogenization temperature (T},) versus melting temperature (Ty,;) diagram for fluid inclusions from the Imiter
epithermal silver deposit. Arrows represent inferred fluid evolution and related degassification process
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Fig. 4 Halogen ratios for
fluid-inclusion leachates
from the Imiter Ag—-Hg
deposit. a (C1/Br)y,, versus
Clinmor- Data for Kaapvaal
Proterozoic and Caledonian
seawater are from Kendrick
et al. (2005), Foriel et al.
(2004), and Spear et al.
(2014). Black line shows
seawater evaporation trend;
filled star is modern
seawater composition
(MSW) (Fontes and Matray
1993). b (Cl/Br)01 Versus
(Na/Cl),,1. Various
magmatic and
hydrothermal fields and or
ogenic gold fields are
shown for comparison
(modified from Hofstra and
Landis 2012). In this plot,
both mixing and degassing
processes can explain the
observed data distribution.
¢ (Br/Cl),1 versus
(Na/Cl),,). Fields for
magmatic fluids, mantle,
and fumaroles are from
Kendrick et al. (2001,
2005). Distribution of data
suggests predominance of
degassing from primary
magmatic fluids to
magmatic-hydrothermal
fluids

Cl/Br (M)

Cl/Br (M)

1200
B Qtz stage 1 in Ediacaran volcanics (a)
@ Qtz stage 1 in Cryogenian black shale
1000 = g pol stage 2 in Ediacaran volcanics
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—
600 -9 o NaCl
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o ]
0 | |
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1400
= o
1200 |~ Various gy Pb-Zn
magmatic Y
HydrothermaN /! Lk
1000 |~ ; /
800 [~ : 5 |
~agHost Rock Inferdetey / .
(albitization) '@ \ MSW
600 |- \
400 |~
,//Orogenic
200 g Gold
0 | | | |
0 0,2 0,4 0,6 0,8 1,0
Na/Cl (M)
12
; (c)
10— 4,

Br/Cl (x1073M)

Magmatic 1
residual fluids




96

8 Fluid Inclusion Leachate
Compositions

Na—K-Cl-Br-Li-F-SO, compositions of fluid
inclusions hosted in Qz-1 and Dol-2 from both
mineralized and barren veins were determined on
the same mineral wafers as those used for
microthermometric measurements. The recorded
compositions are presented in Table 2 and plot-
ted in Fig. 4.

Overall, the leachate compositions are domi-
nated by Na, CI, K, and SO, &= Br £+ Li £
(Table 2; Fig. 4a—c). Concentrations of CI, Br,
Na, K, and SO, show relative enrichment from
Qz-1 to Dol-2. Conversely, F and Li contents
decrease gradually with paragenetic stage from
early to late. It is noteworthy that the leachate
composition of Qz-1 samples from veins hosted
in the Cryogenian black shale display higher
Na/Br and K/Br molar ratios than those samples
hosted in Ediacaran volcanic rocks. This pattern
is attributed to a host-rock chemical control and
hence suggests the importance of water-rock
interactions during silver mineralization.

In the CI/Br versus Cl diagram, the halogen
compositions of Qz-land Dol-2 plot in two dis-
tinct fields (Fig. 4a). The field for Qz-1 fluid
inclusions shows a vertical distribution in two
groups, both having low Cl concentrations. The
first group has a CI/Br ratio comparable to those
inferred for Archean and Devonian seawater
(Foriel et al. 2004; Kendrick et al. 2005; Spear
et al. 2014), whereas data for the second group
are close to the CI/Br ratio for modern seawater.
Data for Dol-2 display a level distribution with a
lower Cl/Br ratio and increasing chlorine con-
centration. Br/Cl ratios of fluids trapped both in
Qz-1 and Dol-2 vary from 1 to 14, and are
consistent with magmatic brine compositions
(Fig. 4c; Déruelle et al. 1992; Johnson et al.
2000), bounded at lower limits by mantle values
of 1-2 (Kendrick et al. 2001, 2005). In the Cl/Br
versus Na/Cl diagram (Fig. 4c), the Qz-1
and Dol-2 halogen compositions show Na

G. Levresse et al.

enrichment attributed to either water/rock inter-
action with clays, or leaching of sodic plagio-
clase from footwall rocks. Both processes
produced a similar distribution connecting the
magmatic fluid field and the mean sea water
(MSW) evaporation line. Intersections with the
MSW evaporation line and the epithermal silver
event occur up to 50 % evaporation, which rep-
resents the maximum evaporation reported for
evolved brines (as in MVT deposits; Kesle et al.
1996; Tritlla et al. 2001). Two main processes
could explain these distributions (1) mixing
between magmatic and evaporated meteoric
water, and (2) a degassing process.

9 Mineral Assemblage
Thermometry

Electron microprobe analyses of chlorite from the
main veins indicate a wide spectrum of composi-
tions from brunsvigite to picnochlorite (Baroudi
1992; Bajja 1998; Cheilletz et al. 2002; present
study). Application of the chlorite geothermome-
ter of Cathelineau (1988) suggests temperatures of
equilibration of 266 £ 15-304 £+ 15 °C (mean
278 £ 15 °C; Fig. 5). Moreover, the mineral
assemblage pyrite-proustite-argentite-realgar
indicates equilibrium temperatures in the range
of 350-230 °C (pyrite/pyrrhotite and silver sul-
phides in coexisting domains; see paragenetic
sequence in Fig. 2), corresponding to sulphur
fugacities of 107*~107"> (Fig. 6; see Barton and
Skinner 1967). The identification of dodecahedral
crystals of acanthite (Levresse 2001) establishes a
lower temperature limit for crystallization of 173 °
C for the silver in Dol-2 stage (Kracek 1946).
For the temperature range of Qtz-1 (350-230 °C),
the oxygen fugacity is estimated at 10°°-10"°
(D’Amore and Panichi 1980), and together
with the lack of abundant Ag sulphides sug-
gests low oxygen and sulphur activities during
the major silver mineralizing event (Levresse
2001).
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(a) 0.8
brunsvigite
¢ ®
_ Y
> 0.6 —
% dol
ripidolite
¢ P LTS
()
w 04— picnochlorite
I
[
0.2
5.0 5.6 6.0
Si (apfu)
(b)

278°C

350

270 *
Temperature (in °C)

210 230 250 290 310 330

Fig. 5 a Plot of Fe/(Fe + Mg) ratio in chlorite versus
number of Si atoms for samples from the
base-metal-bearing quartz veins. Classification scheme
after Bayliss (1985). b Calculated temperatures for
chlorite crystallization, based on the chlorite geother-
mometer of Cathelineau (1988). N, number of analyses

10 C-0-S Isotopic Compositions
Sulphides and gangue minerals from the early
uneconomic, non-argentiferous,  base-metal
(BSM) stage and the following ESE-Qz and
ESE-Dol stages related to the main epithermal
silver mineralization, and pyrite from the Cryo-
genian black shales, have been analyzed for
carbon, oxygen, and sulphur isotopic composi-
tions by previous workers (Pasava 1994;
Levresse et al. 2004).

G. Levresse et al.

fs, (atm)

-16

300
Temperature (°C)

400

Fig. 6 Phase equilibria in Ag-Hg-Fe-Bi-S system as a
function of temperature and sulphur fugacity during
ESE-Qz—epithermal silver stage (modified from Barton
and Skinner 1967). Noted are 230 and 350 °C isotherms
that represent range of temperatures of Imiter epithermal
system, where pyrite and silver sulphides coexist (see
Fig. 2)

Pyrite separates from the black shales have
5*Scpr  values  of  —385+20 to
—37.4 £ 2.0 %o. In contrast, pyrite separates
from the BSM stage show &°*S values that range
from —7.4 £ 1.0 to —2.0 & 0.8 %o. Sulphide
separates (i.e., pyrite, galena, sphalerite, chal-
copyrite) from the ESE-Qz and ESE-Dol stages
show a wide spread in sulphur isotopic compo-
sitions, with &° 4SCDT ratios for the ESE-Qz stage
ranging from —11.9 £ 0.8 to —2.4 £ 0.8 %o
(avg —8.5 £ 2.5 %0), whereas those deter-
mined for following ESE-Dol stage oscillate
form —-27.7+04 to —-1.8+12% (avg
—13 £ 8.1 %o). The isotopically lowest value
(8°*S = —=27.7 £ 0.4 %o) was measured on cin-
nabar that is paragenetically the latest mineral
phase (Levresse et al. 2004).

Carbon and oxygen isotopic compositions of
dolomite separates (i.e., Dol-2) from both barren
and mineralized orebodies display overlapping
3'°C and §'®0 values. Carbon isotope values
(8"°Cppp) range from —10.5 to —2.2 %o, with
most data between —11 to —8 %o, whereas
oxygen isotope values (8'®Oppp) vary from
—13.4 to —0.1 %o (Pasava 1994).
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11 Os and He Isotopic
Compositions

Initial  age-corrected Os  isotope  ratios
[(*870s/M*80s)s50ma] determined for the ESE-Qz
and ESE-Dol stages range from 0.142 to 0.197
and record a predominant mantle source for
osmium in the Imiter ores (Levresse et al. 2004).
These ratios are slightly higher than the average
mantle value of about 0.12 at ca. 550 Ma, which
probably reflects a minor contribution (<10 vol.
%) from a crustal component, possibly the
Cryogenian black shales. *He/*He ratios mea-
sured on quartz, dolomite, galena, and pyrar-
gyrite from the ESE-Qz and ESE-Dol stages vary
from 0.77 to 1.85. *°Ne concentrations are
indistinguishable from the blank, demonstrating
an extremely low Ne content and lack of signif-
icant contribution from atmospheric gases.
*He/*He ratios show excesses of *He relative to
typical crustal fluids, thus strongly suggesting a
contribution of mantle volatiles to fluids that

Table 3 Sulphur and lead

Samples Mineral

isotopic compositions of

galena separates from

Imiter Ag—Hg deposit Il Galena
112 Chalcopyrite
122 Pyrite
13.1 Pyrite
142 Galena
17.1 Galena
18.1 Galena
18.1 Galena
QCD
110.2 Galena
111.2 Galena
112.1 Galena
113.1 Galena
I14.1 Galena
L12 Galena
LL5 Galena

were trapped in the analyzed minerals (Levresse
et al. 2004).

12 Lead Isotopic Compositions

New lead isotope measurements performed on
six galena separates from the ESE-Qz and
ESE-Dol stages are presented in Table 3 and
plotted in Fig. 7. Lead isotope ratios for galena
separates range from 17.995 to 18.523 for
29°pb/>**Pb, 15.532-15.673 for **’Pb/***Pb, and
37.462-38.797 for ***Pb/***Pb. These composi-
tions, which overlap the values reported by
Pasava (1994), plot between the upper crust and
mantle growth curves and resemble the orogen
reservoir of Zartman and Doe (1981). Good
reproducibility of the data indicates that the
observed scatter does not represent an artefact of
analytical error and/or mass fractionation bias.
Instead, we interpret the roughly linear array as a
binary mixing line, suggestive of a mixing of

§*Scpr 206py 204py, | 207py 204py | 208py 204y
(%o)

7.8 18.112 15.559 37.810
=13 - - -

—6.2 - - -

=5.7 - - -

- 17.995 15.536 37.661
—5.8 - N -

-6.2 - - -

-5.9 - - -

- 18.136 15.553 37.826
—5.6 - N -

- 18.123 15.565 37.840
=5.1 - - -

—8.3 - N -

=72 18.111 15.561 37.823
- 18.244 15.636 38.462
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Fig. 7 Lead isotopic (a) 39.50
compositions of galena
separates from Imiter 39.00 | o
Ag-Hg deposit, plotted ) oo
on a 2%Pb/**Pb versus 38.50 L ﬂe‘q_\ﬁ\ ot~ -
206pp, 204py and \9 @ = oS!
b 2°7Pb/?**Pb versus o 38.00
205pp/2*Ph diagrams. & §
Evolution curves of Stacey & 3750 =] '
and Kramers (1975) labeled 2T 20
SK and those for Upper ] e
Crust and Orogen (Zartman 37.00 - St
and Doe 1981) are shown
for reference 36.50 |-
36.00 | ﬂ LjAﬁc?e,!}rlttia(i:r?tly @ Present study
@ Data from Pasava 1994
35.50 L L L
17.00 17.50 18.00 18.50 19.00
206 204
Pb/ " Pb
(b) 15.80
15.70 - Upper Crust
@ @ sK
@
15.60 @ Orogen
o)
o
- §
= =
g 15.50 i Mantle
~
&
15.40 | Lower crust
15.30
ﬂ Analytical @ Present study
uncertainty @ Data from Pasava 1994
15.20 L L L
17.00 17.50 18.00 18.50 19.00
206 204
Pb/ " Pb

lead from mantle and crustal reservoirs during
leaching and fluid transport, consistent with the
sulphur isotope and He isotope data described
above.

13 Discussion

Mineralogical, textural, and geochemical attri-
butes of the Imiter silver vein mineralization
clearly point to an epithermal deposit type
(Figs. 1 and 2). Diagnostic features in support of
this classification include the presence of

adularia (Borisenko et al. 2013), occurrence of
large open structures filled by ore and gangue
minerals, and widespread development of vuggy
quartz, all of which are characteristic of a shal-
low and brittle environment. An epithermal
model for Imiter has been proposed by previous
workers (Levresse 2001; Cheilletz et al. 2002;
Levresse et al. 2004; Burniaux and
Williams-Jones 2006), and since then has been
extended to most, if not all, of the Ag-rich
deposits in the Anti-Atlas Mountains (Ennaciri
et al. 1997; Essaraj et al. 1999, 2005; Marcoux
and Wadjinny 2005).
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Paragenetic studies indicate that the history of
the Imiter mineralizing system involved two
main contrasting hydrothermal events (Fig. 1)
that occurred under two distinct mainly extensive
tectonic events (Ouguir et al. 1994; Tuduri et al.
2005). These two stress fields are similar to those
that gave rise to the late Neoproterozoic Bou
Madine epithermal Au-Ag-Pb—Zn deposit
described in this volume by Bouabdellah and
Levresse. However, owing to the lack of robust
absolute ages for each mineralizing event at
Imiter, it is wunclear whether these two
hydrothermal events involved a single mineral-
izing fluid or two chronologically separate fluids.
The confinement of silver mineralization to the
transcrustal Imiter fault zone suggests that
silver-bearing hydrothermal fluids were chan-
neled through fractured rocks, en route to depo-
sitional sites in veins hosted by overlying black
shales and along the contact between the upper
and lower lithostratigraphic units of the Neo-
proterozoic succession.

Fluid inclusion data show the existence of two
distinct fluid inclusion populations having simi-
lar temperature ranges but contrasting salinities
(Table 1, Figs. 3 and 4). A consistent trend is
apparent towards slightly lower temperatures but
higher salinities with advancing paragenetic
stage. The early mineralizing fluids related to the
ESE-Qz stage had a mean temperature of
~ 180 °C and corresponding salinity of ~ 10 wt
% NaCl equiv, whereas the subsequent ESE-Dol
stage fluids had a lower mean temperature of
~ 165 °C but with a substantially higher mean
salinity of ~24 wt% NaCl equiv. Similarly, the
fluid compositions evolved by relative decreases
in Na*, K*, and SO, and a concomitant increase
in Ca** with time (i.e., from Qz-1 to Dol-2
stages).

Estimates of minimum trapping pressure are
in the range of 1.1-0.9 kbar for the mineralizing
fluid responsible for Imiter silver mineralization.
Within this range of pressures, as well as tem-
peratures (206—126 °C) and salinities (0—15 wt%
NaCl equiv), thermodynamic restrictions pre-
clude boiling of the fluid (Hass 1976). The
absence of platy calcite (Simmons et al. 2005),
and also of co-existing vapor-rich and liquid-rich
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inclusions that homogenize over the same tem-
perature range (see Roedder 1984), indicate
again that fluid boiling did not occur during
trapping of these fluid inclusions.

Measured Br/Cl molar ratios of fluids related
to the ESE-Qz and ESE-Dol stages are consistent
with the involvement of magmatically derived
fluid components (Fig. 4). Moreover, elements
such F and Li that are considered reliable proxies
of magmatic degassing (Deering et al. 2012;
Vlastélic et al. 2013; Chen et al. 2015), have
higher concentrations in Qz-1 than in Dol-2. We
thus propose that degassing of CO, and SO,
during epithermal mineralization (e.g., Bendezu
et al. 2008 and references therein) led to a
decrease of local redox potential and a pH
increase, which together with other ore controls
such as decreasing temperature and lowering of
fo, by fluid interaction with the organic-rich
black shales, resulted in deposition of massive
Hg-Ag amalgam instead of separate Ag and Hg
sulphide minerals (Borisenko et al. 2013). The
high water/rock ratios that prevailed during ore
deposition would have developed a large
hydrothermal alteration halo around and adjacent
to the Imiter mineralized structures, and within
the Cryogenian black shales as well.

It is noteworthy that halogen contents of fluids
generated during open-system degassing can be
highly variable (Villemant and Boudon 1999;
Aiuppa et al. 2009) with concentrations being
higher in the first extracted fluid fractions than in
the last ones. Conversely, fluids produced during
closed-system evolution commonly show nearly
constant halogen contents but much lower Br
abundances; Cl contents, in contrast, remain
similar to those resulting from open-system
degassing (Villeman and Boudon 1999).
Involvement of ore-forming brines in which high
salinities are derived either directly from seawa-
ter evaporation or from exchange reactions with
sedimentary evaporite strata (i.e., halite dissolu-
tion) is precluded, because the expected increase
in the abundances of salt (KCl,, CaCl,, MgCl,)
and sulphate in the residual fluids (Horita et al.
2002; Brennan et al. 2004; Foriel et al. 2004;
Kendrick et al. 2005; Spear et al. 2014) are
not observed in the Imiter fluid inclusions.
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In contrast to this predicted trend, measured
Na/Cl, K/Cl, and SO,/CI ratios for the fluid
inclusions show a systematic decrease from early
to late mineralizing stages. Moreover, the nega-
tive correlation between SO, abundances and
Br/Cl ratios indicates that seawater is unlikely to
be the predominant source of the ore-forming
brine. In our model for the Imiter Ag—Hg deposit,
the degassing process explains the physico-
chemical evolution of the epithermal system
without the necessity of invoking a mixing with
basinal brines. More importantly, at the time of
ore formation the closest basinal brine sources
were 80 km from the mineralized area (Alvaro
2014). Also, the first sedimentary record known
in the Imiter deposit area is from the Middle
Cambrian (Piqué et al. 1999; Alvaro 2014),
which is 30 m.y. later than the Neoproterozoic
silver mineralizing event.

In conclusion, fluid inclusion data together
with halogen compositions and sulphur and lead
isotope data are consistent with the involvement
of a magmatic component in the Imiter
hydrothermal system. Indeed, the large spread in
sulphur isotopic values for the ESE mineralizing
event is interpreted as resulting from preferential
degassing of SO, in ascending fluids and mixing
between magmatic and country rock reservoirs.
Moreover, the linearity displayed by lead iso-
topic compositions is suggestive of a mixing of
lead from mantle and crustal reservoirs during
leaching and fluid transport.

Continuous input of magmatically equili-
brated fluids into the hydrothermal system is
supported by the observed increases in Hg con-
centrations of the Hg—Ag amalgam from the
Qz-1 to Dol-2 stages (10-30 vol.% and 20—
40 vol.%; respectively). Calculated 8180H20
values of the ore-forming fluid, using the
dolomite-H,O fractionation factor of Zheng
(1999) and the average temperature of 165 °C
inferred from fluid inclusion data, are in the
range of 6.3-19.6 %o V-SMOW. These values
are consistent with a mixture of magmatic and
metamorphic fluids. Interaction of the mineral-
izing fluids with the enclosing Neoproterozoic
organic-rich black shale host rocks could have
produced a large volume of reduced and low-pH
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fluids that were capable of transporting and pre-
cipitating Ag and associated base metals, as well
as providing a source of carbon for the late
ore-bearing carbonate gangue.

The light carbon isotopic signatures of Dol-2
separates (Pasava 1994) and abundance of CHy-
and N,-rich fluid inclusions provide further
support for involvement of the black shales as
reactive host rocks during the mineralizing pro-
cess. Such water/rock interaction may have
contributed to thermochemical reduction and
associated precipitation of Ag-bearing sulphide
minerals. Mass-balance calculations suggest,
however, that the contribution of components
from the black shales to the Imiter hydrothermal
system was rather limited (i.e., <10 vol.%; Lev-
resse et al. 2004). Moreover, 18705/'880s and
*He/*He data, together with lead isotope data, are
consistent with various degrees of mixing
between mantle and crustal sources along the
fluid flow path.

Integrated results from geological, structural,
and geochemical studies (Fig. 8) indicate that
hydrothermal fluids were channeled from a deep
source to a shallow hydrothermal system by the
crustal-scale Imiter fault zone. In our model,
these magmatic-related fluids percolated though
the Cryogenian black shales, and were progres-
sively buffered and acquired a different geo-
chemical signature compared to the initial
magmatically derived fluids. This concept
involves different pulses of epithermal mineral-
izing fluids and a wide range of water/rock ratios,
in particular for CO3;, Ca, Mg, Pb, and S that
were leached from the Cryogenian black shales
and/or rocks in the lower basement. The pro-
posed magmatic input during the epithermal sil-
ver mineralizing stages added to the fluid
confinement within the Cryogenian black shales
(favored by the Ediacaran volcanic seal), and is
considered the principal reason for the richness
of the Imiter deposit and its continuity at depth
(at least 900 m at present).

It is also noteworthy that the He and Os iso-
tope data are inconsistent with the supergene
model for silver enrichment as initially proposed
by Guillou et al. (1988), Leistel and Qadrouci
(1991), and Baroudi et al. (1999).
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(1) Qtz stage 1: MAGMATIC FLUIDS

Imiter fault ﬁ

Ediacaran series

Cryogenian series

Fig. 8 Genetic model for Imiter Ag—Hg deposit. / ESE
quartz stage 1 event. 2 ESE dolomite stage 2 event.
Simplified geological cross sections are drawn from B3
Hill transect (modified from Levresse 2001). Model

14  Conclusions

The giant Imiter deposit is a prime example of
major Ag-Hg mineralization linked with Edi-
acaran volcanism dated at ca. 550 Ma. To build
such a giant metal concentration, three essential
ingredients should have been available together
(Fig. 8), including: (1) a powerful and
long-lasting magmatic source connected by
major tectonic structures to one or more
asthenosphere reservoirs; (2) reactive and highly
permeable, metamorphosed and foliated
organic-rich host rocks that facilitated the trans-
mission of fluids and increased the surface area of
fluid/rock interactions, in addition to generating
the reducing conditions necessary for metal pre-
cipitation; and (3) overlying cap rocks that pre-
vented escape of the hydrothermal fluids to the
surface, instead forcing these fluids to an
increased residence time and dissemination
within the most receptive formation (lithological

trap).

erosion
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Dol stage 2:
@ MAGMATIC / HOST ROCK
BUFFERED FLUIDS

Imiter fault

—

Ateration halo lateral extension: 3 to 5 km

illustrates evolution of the silver epithermal system
particularly the importance of magmatic fluid degassing,
the Ediacaran volcanic seal, and increasing water-rock
interaction from stage ESE Qz-1 to ESE Dol-2 stages

The striking feature of the Imiter Ag—Hg
deposit is the duration and chemical evolution of
the causative epithermal activity. With advancing
paragenetic sequence, the epithermal system was
self-regulating, whereas the interaction between
magmatically derived fluids and host rocks
became predominant. This inferred process may
explain the transition from quartz-dominant to
dolomite-dominant =~ Ag-Hg  mineralization
through the paragenetic sequence. In such a
low-sulphidation  metallogenic model, the
involvement of meteoric waters is not a prereq-
uisite to explain metal precipitation, nor is
supergene enrichment needed to obtain the very
high volume and grade of the ores. Magmatic
degassing into the hydrothermal system, coupled
with fluid/rock interactions, ultimately led to
development of a local decrease in redox poten-
tial and an increase in pH, which coupled with
other ore controls (e.g., decreasing fluid tem-
perature), triggered deposition of massive
Hg—Ag amalgam instead of Hg and Ag sulphide
minerals.
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Abstract

The W-Au, Pb-Zn-Ag, and Sb-Ba deposits of the polymetallic
Tighza-Jbel Aouam district (central Meseta, Morocco), hosted in Paleo-
zoic rocks surrounding late Variscan granite stocks, have been considered
of magmatic-hydrothermal origin. The spatial distribution of the miner-
alization was attributed in early studies to zoning around a supposed
hidden batholith. New geophysical data (El Dursi 2009) and U/Pb
geochronology on zircon and monazite grains (this study) allow revision
of this model, giving insights of a more complex setting and history for the
Tighza-Jbel Aouam district. The W-Au mineralization formed at
295-280 Ma and is related to a magmatic event visible only in a large
hydrothermal biotitic alteration halo, thus suggesting the presence of a
hidden batholith. This mineralization cuts the granitic stocks that are dated
at 320-300 Ma. From the occurrence of large veins, stockworks, sheeted
veins, and disseminations in skarns, the W—Au deposit is considered
similar to a porphyry-type deposit. The currently mined Pb-Zn-Ag
deposit, which is spatially separated from the W—Au deposit, developed
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during an epithermal magmatic-hydrothermal episode dated at
254 4+ 16 Ma. The polymetallic district of Tighza-Jbel Aouam thus
appears to contain Cordilleran-style, porphyry-type mineralization (W—
Au) followed by epithermal mineralization (Pb—Zn-Ag), both being
related to pulses of calc-alkaline magmatism. Late Variscan and
Permo-Triassic transpressive tectonics in the region localized magma
emplacement and the generation of genetically associated hydrothermal
fluids, with the magmas originating in the mantle and the continental crust.

1 Introduction

The polymetallic W-Au-Pb-Zn-Ag (Sb-Ba)
district of Tighza (central Morocco), also refer-
enced as the Jbel Aouam district, has been mined
for centuries for Pb and Ag. The oldest reported
mining is from the XIth Century, when Ag-rich
lead was extracted from supergene alteration zones
of mineralized veins, down to depths of 200 m.
The Compagnie Royale Asturienne des Mines
(CRAM) began exploration in 1924 and extraction
in 1930 in the southern part of the district. From
1957 to 1993, CRAM in association with the
BRPM (Bureau de Recherches et de Participations
Miniéres) extracted more than 6 Mt of ore,
averaging 8 % of Ag-bearing lead. In 1996,
the Compagnie Mini¢re de Touissit (CMT), a
new owner of the Tighza district, released conser-
vative estimates of reserves at 12 Mt of ore
including 1 Mt of Pb and 1200 t of Ag (Wajdinny
1998; CMT pers. comm.). Since 1996, CMT has
extracted 5.8 Mt of ore at 7 % Pb, 1 % Zn and
130 g/t Ag.

Underground mining, which started in the
1930s, gave access to the Pb—Zn—-Ag mineral-
ization and provided new information on differ-
ent types of mineralization found in the district.
In the 1950s, Agard et al. (1958) proposed the

first metallogenic model for this district, sug-
gesting that during upper Visean time, an early
Sb—-Ba mineralization stage formed in relation to
a hidden felsic magma that was the source of the
outcropping granitic stocks. The later W-Au
stage was also genetically associated with these
stocks, followed by the Pb-Zn—Ag mineraliza-
tion stage. According to Agard et al. (1958),
these three mineralization stages characterize the
evolution over time of a protracted hydrothermal
system related to a single magmatic event, which
formed a concentrically zoned, polymetallic dis-
trict. This model was revised in the 1970s based
on tectonic studies (Desteucq 1974) and in the
1980s on detailed structural, geochemical,
and metallogenic analysis of the W-Au and
Pb—Zn—Ag deposits (Cheilletz and Zimmermann
1982; Cheilletz 1983a, b, 1984; Jébrak 1984,
1985; Giulani et al. 1987, 1989). A particular
emphasis in these studies was on a large
hydrothermal biotitic halo spatially related to the
W-Au mineralization (Cheilletz and Isnard
1985).

Several lines of evidence, however, suggest
that the accepted model of a single magmatic-
hydrothermal system needs to be re-evaluated.
First, isotopic data show that the Pb—Zn-Ag
mineralization formed from hydrothermal fluids
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that were derived from the Paleozoic basement
(Castorina and Masi 2000, 2008). Unlike the
W-Au mineralization, the Pb-Zn-Ag thus
appears to be genetically disconnected from the
granites, thus implying the involvement of two
distinct hydrothermal episodes. Second, dating of
the W—Au mineralization and magmatic rocks
(granitic stocks and dikes) indicates a range of
ages from 300 to 260 Ma (Cheilletz and Zim-
mermann 1982; Watanabe 2002; Nerci 2006).
Furthermore, recent dating of the neighboring El
Hammam fluorine deposit (Cheilletz et al. 2010)
allows revision of the accepted model, showing
this mineralization to be much younger (205 £ 1
Ma) than the Late Variscan age commonly
accepted for mineralization in this area. In order
to revise the metallogenic model for the Tighza
polymetallic district, we performed detailed geo-
chemical studies to decipher the source of the
W-Au and Pb—Zn—Ag mineralization and related
hydrothermal fluids, together with new
geochronological studies of the mineralization
and the intrusive rocks (Tarrieu 2014).

This paper only focuses on dating of the
hydrothermal and magmatic events that were
possible triggers for the mineralization. A rela-
tive chronology of all of the events will be pre-
sented first, using detailed observations of spatial
relationships among the W—Au mineralization,
the Pb—Zn—Ag mineralization, and the magmatic
rocks (granitic stocks and dikes). Our new
geochronological data (U/Pb on zircon and
Th/Pb on monazite) help constrain the timing of
different magmatic and hydrothermal events, as
reported for other hydrothermal systems by
Grove and Harrison (1999), Vielreicher et al.
(2003), and Pelleter et al. (2007), for instance.
These new data for the Tighza polymetallic dis-
trict thus provide new insights into the metallo-
genic evolution of this district.

109
2  Geological Setting

The Moroccan Meseta domain corresponds to the
southwesternmost segment of the Variscan belt
of Europe (Michard et al. 2008). The Tighza
district belongs to the eastern part of the Meseta
domain, which is underlain by Paleozoic
metasedimentary rocks cut by Variscan mag-
matic stocks and dikes (Fig. 1). These felsic
intrusive rocks are spatially associated with W,
Sn, F, Sb and Pb—Zn—Ag mineralization.
Mineral deposits of the Tighza district are
hosted in Paleozoic metasedimentary and granitic
rocks studied by Agard et al. (1958), Desteucq
(1974), Cheilletz (1984), Jébrak (1984), and Nerci
(2006). Upper Visean (Mississippian) limestone
and schist unconformably overlie Ordovician
siliceous schist and quartzite, Silurian graptolite-
bearing black shale, and Devonian siliceous
limestone. All of these strata are deformed into a
succession of SW-NE-trending anticlines and
synclines, localized in a major EW sinistral shear
zone whose northern branch crosses Tighza vil-
lage (Fig. 2). These formations are metamor-
phosed up to greenschist facies and are intruded by
microgranite and micogranodiorite dikes, and by
four monzogranite stocks termed Kaolin, Mine,
Mispickel, and Izougarza. These intrusive bodies
have high-K calc-alkaline affinities, like most
Moroccan Variscan granites, testifying to a large
enriched mantle component (Giulani et al. 1987,
Ntarmouchant 1991; Gasquet et al. 1996; El Hadi
et al. 2006). The three southernmost intrusives are
surrounded by a large and well-delimited biotitic
alteration halo, which records the development of
a hydrothermal convective cell related to the W—
Au mineralization (Cheilletz 1984; Cheilletz and
Isnard 1985). The gravimetric study of El Dursi
(2009), carried on the entire district, suggests that
this hydrothermal alteration halo might be



110

M. Rossi et al.

Fig. 1 Map showing main
structural units of northern N
Morocco. AA stands for
Anti Atlas. Box outlines

area of Fig. 2 S Rif < ¢Otida
S ee o
Q’/DQ Rabat . / @
S 7. < Western Domain
§ ?
g esetalrd” = 3
X S iC Fau\\ 5
W 0 P\"\?;//soum Atlasi
Marrakech ® \’\\g
“ )
1) ‘\'AS
Agadir = nti las main fault

100 km

<p

Saharian Domain

(]

I Variscan plutons

[ Paleozoic series of the Variscan belt
[ ] Paleozoic cover series of the AA belt
I Neo- and Paleoproterozoic inliers

associated with a hidden shallow intrusive stock
having a complex morphology (Fig. 3). El Dursi
(2009) proposed that the outcropping granite
stocks associated with the W—Au mineralization
represent apexes developed at the top of this hid-
den pluton.

3 Mineralization

3.1 Mineralization and Paragenesis
Three main types of mineralization occur in the
Tighza district: (1) W-Au, (2) Pb—Zn-Ag, and
(3) Sb-Ba.

W-Au: This mineralization cuts or is located in
the vicinity of the outcropping stocks (Fig. 2)
suggesting that these deposits are genetically linked
to this magmatic activity (e.g., Cheilletz 1984;
Nerci 2006). Different types of W—Au mineraliza-
tion have been identified by Nerci (2006) and
Cheilletz (1984), including skarns, large veins,
stockworks, sheeted veins, and disseminations.

The skarns developed either at the contacts
between the Visean calcareous rocks and the
Mispickel Monzogranite, or the Kaolin Monzo-
granite (to a lesser extent). Metasomatism formed
pyroxene-rich skarns with clusters of scheelite,
or replacements of discontinuous carbonate-rich
layers within Lower Devonian pelitic schists.
The latter replacements developed stratabound
lenses having a characteristic banded structure
defined by alternating layers rich in plagioclase
and dark biotite and scheelite (Cheilletz 1983a;
Cheilletz and Isnard 1985, and references
therein). Skarn formation involved the infiltration
into the Lower Devonian schists and the Visean
carbonates by W-rich hydrothermal fluids under
P-T conditions estimated by Cheilletz (1984) at
180 MPa and 580 °C.

According to Cheilletz (1984), the skarn for-
mation was followed by brittle deformation that
promoted opening of an abundant fracture network
that was filled by W—Au veins that cut the skarns.
This deformation is related to development of the
dextral Anguelmous-Mrirt shear zone. Different
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Fig. 2 Geological map of the polymetallic Tighza district in central Morocco. Modified from Agard et al. (1958),
Cheilletz (1984), and CMT (pers. comm.). Small blue squares are locations of dated samples

types of W—Au veins have been identified by (2) stockworks, and (3) sheeted veins that display
Cheilletz (1983b, 1984) and the geological staff of ~an “en echelon” geometry. Two main paragenetic
the mine in the biotite alteration halo: (1) large assemblages have been recognized: scheelite +
N70E-N110E veins that are located mainly within ~ wolframite =+ molybdenite, and scheelite +
the vicinity of the Mine Monzogranite (W1, arsenopyrite + pyrrhotite + pyrite + arsenopyrite.
W1 N, WO3, W4, W5, W6 veins in Fig. 2); Gold occurs in the latter paragenetic sequence
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Fig. 3 Gravity map of the Tighza district showing raw
data on the left (El Dursi 2009). Interpreted map, on the
right, includes outcropping granitic stocks and main W—
Au and Pb—Zn—Ag veins (yellow and white respectively);
gray shading represents the hydrothermal biotitic

(Nerci  2006). Formational temperatures of
400450 °C and pressures of 100 MPa were esti-
mated for the W—Au veins by Cheilletz (1984).

Disseminated mineralization composed of pyr-
rhotite and arsenopyrite is also found in calcareous
layers of Visean rocks in the vicinity of Filon Nord
and the Kaolin Monzogranite (Nerci 2006). The
disseminated sulphide minerals impregnate porous
layers adjacent to sulphide-rich veins, thus forming
pseudo-stratabound disseminations.

Based on field observations and P-T estimates
of the mineralizing fluids, it is thus possible to
determine the following chronology of the W—Au
mineralization (from oldest to youngest): skarns,
veins, and disseminations. A peri-granitic zoning
of the W—Au veins shows (1) an inner halo hav-
ing a W—Mo assemblage (wolframite + scheelite,
molybdenite), (2) a middle halo with a Bi—Te—
Au-As assemblage (including 16llingite), and
(3) an external halo with a sulphide-rich

alteration halo (see Fig. 2). Complete Bouguer anomalies,
interpolated by the ordinary kriging method, range from
9.64 milligal (red areas) to —8.2 milligal (blue areas);
standard deviation is 1.903. Map is georeferenced based
on WGS 84 UTM Zone 30 N (EI Dursi 2009)

assemblage (arsenopyrite-pyrrhotite) and lesser
Au (Nerci 2006).

Pb—Zn—-Ag: This mineralization has been
mined since 1930 (Wajdinny 1998). Several
large veins with N25° E to N75° E orientations
have been identified (Fig. 2). In most cases, the
veins display a “Y” shape in plan view, showing
a connection between two veins that suggest
fracture opening as part of a conjugate strike-slip
fault system (see Cheilletz 1984 for details;
Fig. 2). The main Pb—Zn-Ag veins are, from
north to south: Filons Paralléles and Filon Nord,
Filon Signal and Structure 18, Structure II, Sidi
Ahmed, and Filons Sud (Ighrem Aousser and
Iguer Oujna). Filon Signal, Structure 18, Sidi
Ahmed and Ighrem Aousser are currently being
mined, allowing extensive observations and
sampling in three dimensions.

The Pb-Zn—-Ag mineralization comprises
sulphides (galena + sphalerite) in a gangue of
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carbonates + quartz. Carbonate alteration of the
Paleozoic host rocks occurred during vein for-
mation. Pressure and temperature conditions of
this hydrothermal event have been estimated by
Nerci (2006), from fluid inclusions trapped in
secondary calcite, as <30 MPa and 230 °C
(Filon Sidi Ahmed). The paragenetic sequences
are slightly different among the different veins.

In Filon Signal and Structure 18, the mineral-
ization is typically banded and rather symmetrical:
vein minerals grew from the edge of the vein
towards its center (Fig. 4). These large veins dis-
play a succession of four paragenetic assemblages
(Figs. 4 and 5): (Pl) quartz + siderite, (P2)
galena + calcite & sphalerite, (P3) galena +
sphalerite + siderite, and (P4) calcite + quartz +
pyrite. As shown in Fig. 4, the early barren P1
assemblage is not present everywhere. The
Pb—Zn—-Ag mineralization is associated with
P2 and P3 assemblages (Figs. 4 and 5). The lat-
est hydrothermal phase (P4) is barren (Figs. 5a
and 6).

In Sidi Ahmed and Ighrem Aousser, a suc-
cession of four hydrothermal events has been
identified, each being associated with a different
paragenetic assemblage (Figs. 7 and 8): (P1)
hydraulic fracturing and precipitation of side-
rite + quartz, (P2) banded galena + ankerite +

Fig. 4 Underground
photograph showing
banded mineralized vein
from Filon Signal
(sub-level 13)

Siderite

Ordovician
schist

sphalerite, (P3) brecciation and precipitation
of galena + sphalerite, and (P4) calcite +
quartz + pyrite. In Fig. 7, the early stage of
hydraulic fracturing is evidenced by a breccia
made of blocks of Paleozoic host rocks cemented
with siderite + quartz (assemblage P1). The
beginning of the second stage may have remo-
bilized elements of P1l. Occurrence of banded
structures in the P2 assemblage record pulses of
the hydrothermal fluid in the vein. The following
brecciation stage (P3) remobilized P1 and P2
assemblages, and cemented these with sulphides.
The latest hydrothermal stage (P4) is barren and
cuts the older assemblages.

As previously described by Jébrak (1984,
1985), the gangue carbonates of the Pb—Zn-Ag
mineralization are REE-rich (Table 2). Based on
recent SEM observations (Tarrieu 2014), REE
are concentrated in micron-sized inclusions of
monazite and xenotime that locally are strongly
altered to synchysite.

Sb—Ba: This mineralization has been poorly
documented. The best description is found in
Agard et al. (1958). The Sb-Ba mineralization
occurs along a vein network connected to the
Tighza fault (Fig. 2), and in veins hosted within
Visean rocks (not shown on Fig. 2). These veins
are filled with a gold-free assemblage of
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Fig. 5 Paired photomicrographs of Filon Signal veins.
a and b from samples Tz10/06; ¢ and d from sample
Tz10/39. In ¢ note growth zoning in sphalerite. LPA

Filon Signal

Baryte
Siderite
Quartz
Ankerite

Gangue

Calcite

Galena
Sphalerite

Sulfides

Pyrite

Fig. 6 Paragenetic sequences of Filon Signal and Struc-
ture 18 veins

stibnite & pyrite £ chalcopyrite in a gangue of
quartz having a comb-like or rosette-like texture.
Late rosette-like pinkish barite occurs in voids.

crossed polarized light; LPNA polarized light; LR
reflected light. Mineral abbreviations from Kretz (1983)

The stibnite is very discontinuous, forming local
lenses in a continuous and large (meter-scale)
quartz gangue.

3.2 Relative Chronology
of Mineralization
and Magmatism

As there are no spatial relationships between
the Sb—-Ba mineralization and the W-Au and
Pb-Zn-Ag mineralizations, it is impossible to
determine the relative chronology of this Sb—-Ba
event. However, based on comparison with other
sites in Morocco, Agard et al. (1958) suggested
that the Pb—Zn—Ag event might be younger than
the Sb—Ba one.
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breccia with a
Gn + Sp matrix

Sid + Qtz
P1

Fig. 7 Brecciated and banded Pb-Zn-Ag veins in Sidi Ahmed (a) and Ighrem Aousser (b) showing successive
hydrothermal events (PI-P3; see text for explanation). Mineral abbreviations from Kretz (1983)

Filons Sud P2

Siderite
Quartz
Ankerite

Calcite

P1
e
-~

Gangue

Galena
Sphalerite

Sulfides

Pyrite

Fig. 8 Paragenetic sequence in Sidi Ahmed and Ighrem
Aousser veins

The chronology of the W—Au and the Pb—Zn-
Ag events is evidenced from field observations.
Indeed, as shown in Fig. 9a, the Pb—Zn—Ag veins
cut the W—Au veins, thus demonstrating that the
Pb—Zn—Ag mineralization formed after the W—Au
episode.

The skarns that formed in Visean calcareous
rocks at the contact with the Mispickel and
Kaolin Monzogranites are contemporaneous with
any magmatic event. The stratabound replace-
ment W skarns (scheelite bearing) have only
been found in the hydrothermal halo in
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Fig. 9 a Relationships between Pb—Zn-Ag and W-Au
mineralization: Pb—Zn—Ag veins cut W—Au veins at the
roof of Structure 18. b W-Au-stockwork in the Mine
Monzogranite. ¢ Same stockwork cutting both Mine
Monzogranite and Ordovician schist (gray). d W-Au

underground mining developments, between
outcrops of the Mine and Kaolin Monzogranites.
This pattern suggests that the mineralizing
fluid is genetically related to the hydrothermal
halo, but gives no direct insights of any

Microgranite
dike

Ordovician
schist

stockwork (arrows) ending at dike contact in Filon Signal
(sub-level 11, PK 6). e Pb—Zn-Ag veins (red dashed
lines) cutting microgranite dike (Filon Signal, sub-level
11, PK 6). f Pb—Zn—Ag vein at contact between Ordovi-
cian schist and microgranite dike

links with the granites. Furthermore, Cheilletz
(1984) noted that some of the replacement skarns
are cut by microgranite dikes, thus supporting a
post-magmatic timing for this mineralization
event.
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Fig. 10 Successive magmatic and hydrothermal events evidenced from field observations compiled from Agard et al.

(1958), Cheilletz (1984), and this study

The W-Au veins are only found in the vicinity
of the Mine Monzogranite, which they clearly cut
(Fig. 9b, c), thus showing that the W—Au episode
followed emplacement of this granite. However,
as evidenced in Filon Signal, the W—Au stockwork
developed in the Ordovician schists formed along
the contact of a microgranite dike (Fig. 9d), sug-
gesting that some magmatic dikes post-date the
mineralization. Therefore, two magmatic episodes
must be distinguished: firstly the outcropping
granitic stocks, and secondly the dikes. The W—Au
mineralization formed between these two mag-
matic events.

The Pb—Zn—Ag mineralization is not spatially
related to the outcropping granites nor to the W—
Au hydrothermal halo. As shown in Fig. 9e, f, all
veins of this type cut and offset the granitic dikes,
indicating that the related hydrothermal event
occurred after these magmatic episodes.

According to Agard et al. (1958), the Sb-Ba
veins cut several microgranite dikes. As these
authors observed that some of the dikes are cut
by the Mine Monzogranite, the Sb—Ba mineral-
ization is assumed to predate the W-Au
mineralization.

The field relationships among W—-Au, Pb—Zn-
Ag, and Sb-Ba mineralization and the magmatic

rocks permit a relative chronology between the
hydrothermal and magmatic events (Fig. 10). At
least three episodes of magmatism are evidenced
(dikes I, granitic stocks, and dikes II); the three
mineralization events appear to be rather inde-
pendent. Because the Sb—Au mineralization is
spatially disconnected from the granitic stocks,
and as the dikes formed both before and after the
granitic stocks, it is therefore not possible to
know if the Sb-Ba mineralization occurred
before the granitic stocks, as suggested by Agard
et al. (1958).

4  Analytical Procedures

and Mineral Descriptions
4.1 U-Pb Geochronology of Zircon
from Magmatic Rocks

U-Pb ages were obtained on single zircon grains
from three samples of high-K calc-alkaline
intrusions (Tz10/05, Tz10/41, Tz11/04) and two
samples of dikes (Tz10/26, Tz10/40; Fig. 11).
All of the zircon grains (50-200 pm) were
studied and imaged using SEM before analysis
by the CAMECA IMS 1270 ion microprobe at
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Fig. 11 Cathodoluminescence images of zircon grains
from Mine Monzogranite (a and b), Kaolin Monzogranite
(c), and microgranitic dike from Ighrem Aousser (d). Note
presence of inherited cores in (a) and (c). Zoning
observed in all zircons either has a magmatic or

the CRPG-CNRS in Nancy (France). The zircon
preparation procedure is given in Deloule et al.
(2002).

Backscattered  electron microscopy and
cathodo-luminescence imaging reveal that most
zircons are euhedral, showing a fine magmatic
zonation and/or sector zoning. Some zircons have
an inherited core (Fig. 11a, c¢). The zircons lack
evidence of inclusions or mineral overgrowths,
suggesting that no dissolution-precipitation pro-
cess occurred. However, as stated by Geisler et al.
(2003), some hydrothermal zircons are feature-
less, such that the possibility of a hydrothermal
origin for some growth zones cannot be totally
ruled out. Nonetheless, some zircon crystals from
this study have a discordant outer rim suggesting

hydrothermal origin. Where present, hydrothermal zoning
corresponds to outermost parts of zircon crystals, which
are commonly discordant with magmatic zoning (arrow
in a)

multiple growth stages, the later most probably
resulting from hydrothermal growth (Fig. 11a).
Therefore, the zoning observed in our study
might be related to magmatic growth, as well as to
hydrothermal growth from a Zr-rich aqueous
fluid, or to diffusion reactions following primary
growth zones (Geisler et al. 2003; Hoskin 2005).

4.2 232Th/*°®Pb Geochronology
of Gangue Monazite

Monazites have been observed by SEM in car-
bonates from the “Filons parall¢les” to the north of
the Tighza district. Characteristic are 1-5 pm
inclusions occuring within gangue carbonates of
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the Pb—Zn mineralization. Two monazite crystals
10-15 pm in diameter were of sufficient size to
allow in situ LA-ICPMS dating, which was done at
Clermont-Ferrand University (UMR Magmas et
Volcans) by J.L. Paquette using the technique
reported in Hurai et al. (2010). 9 pum-wide spots
were sampled using an Excimer 193 nm wave-
length Resonetics M-50 laser system coupled to an
Agilent 7500cs ICP-MS (Paquette et al. 2014). All
fractionation effects were corrected simultane-
ously by use of a matrix-matched external standard
(Jackson et al. 2004; Paquette and Tiepolo 2007),
using the C83-32 (Corfu 1988) and Moacyr
monazite standard (Gasquet et al. 2010).

5 Results
5.1 U-Pb Geochronology of Zircons
from Magmatic Rocks

Concordant ages: U/Pb analytical data are
reported in Table 1 for 56 zircon grains from five
samples. Discordia lines and individual ages
were determined using the Isoplot program of
Ludwig (2003).

Two groups of zircon ages can be distin-
guished among grains analyzed from the Mine
Monzogranite, Kaolin Monzogranite, and Izou-
garsa Monzogranite. In the Mine Monzogranite,
the first group yields an intercept age of
309 + 10 Ma using the Wetherhill-concordia
diagram (Fig. 12a, 13 samples), whereas the
second group has a younger intercept age of
2704 + 3.9 Ma (Fig. 12b, 6 samples). In the
Kaolin Monzogranite, the first group of zircon
gives a lower intercept age of 295 £ 9 Ma
(Fig. 12c, 7 samples); the second has a lower
intercept age of 268 4+ 27 Ma (Fig. 12d, 3
samples). The age of this latter group is poorly
constrained, however, due to large uncertainties.
The Izougarsa Monzogranite yields ages similar
to those obtained for the Mine and the Kaolin
Monzogranites: the two groups of zircon have
lower intercept ages of 295+ 15 and
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261 £ 13 Ma (Fig. 12e, f, 7 samples + 6 sam-
ples, respectively). Therefore, the intercept ages
obtained for the older group, as well as for the
younger one, are rather consistent. The micro-
granite dike from Ighrem Aousser (Tz10/26)
contains a single zircon group that gives a lower
intercept age of 273 £ 13 Ma (Fig. 12g, 4
samples), which is consistent with the younger
age obtained for the granitic stocks.

5.2 2°°pb/*32y Individual Ages

Figure 13 presents frequency distribution of the
206pp/238y individual ages of all analyzed zir-
cons. Three zircon grains from the Mine (n = 1)
and Izougarsa (n =2) Monzogranites have
inherited cores with lower and middle Paleozoic
ages (498 £+ 11, 413 £ 13, and 369 + 7 Ma),
suggesting that the Carboniferous calc-alkaline
magma originated from melting of Paleozoic
crustal rocks. Apart from these older cores, most
zircons display 2°°Pb/?*®U ages ranging from
320 to 240 Ma. A few zircons have younger ages
between 200 and 100 Ma.

Within the 320-240 Ma time span, the
206ph/238 zircon ages show a polymodal distri-
bution, suggesting several magmatic and/or
hydrothermal events. Three main periods can be
distinguished: 320-305, 295-285, and 275-
240 Ma. Comparison of these periods with pub-
lished ages (Gasquet et al. 1996) indicates that
(1) the 320-307 Ma period agrees with most U/Pb
Concordia ages obtained for Moroccan Variscan
plutons, (2) the time period of 295-285 Ma is
consistent with late Variscan magmatic events
(U/Pb ages), and (3) the young 275-240 Ma ages
do not coincide with any known U/Pb ages, but are
similar to whole-rock Rb—Sr ages. One microdi-
orite dike from the Jebilet Massif was dated at
241 + 5 Ma, using the K/Ar method on kaersutite
(Gasquet and Bouloton 1995). Furthermore,
Permo-Triassic volcanic activity is known in
Morocco that is related to the Central Atlantic
Magmatic Province (Verati et al. 2007).
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Fig. 12 Wetherhill-Concordia U-Pb plots for zircons
from magmatic rocks of Tighza district: Mine Monzo-
granite (Tz10/05; a and b), Kaolin Monzogranite

(Tz10/41; ¢ and d), Izougarsa Monzogranite (Tz11/04;
e and f). Tera-Wasserburg U-Pb diagram for microgran-
ite dike from Ighrem Aousser (Tz10/26; g)
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Fig. 13 Frequency distribution of all 2°Pb/?*®U ages
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Pb—Zn vein. These ages confirm that youngest ages,

which record hydrothermal events, occur in outermost
zone of zircon crystals. Note also presence of some
hydrothermal zircons and hydrothermal overgrowths (see
Fig. 15 for explanation)
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Fig. 14 1-2-3 Monazite and synchysite inclusions in gangue calcite (sample Tz10/25 from Sidi Ahmed, sub-level 9,
PK 6 W). Triangular diagram shows REE compositions of three analyzed monazite grains

5.3 232Th/?°®pb Geochronology
of Monazite in Carbonate

Gangue

In the Tighza district, gangue carbonates are 8x
to 40x enriched in REE compared with barren
carbonates (calcite III, recrystallized carbonates;
Jébrak 1985). Our SEM observations have
identified REE-rich carbonates (synchysite)
forming 50-100 pm inclusions in calcite,

ankerite, and siderite. Typically, the synchysite
grains grew by dissolution of xenotime and
monazite in the presence of a F- and CO,-rich,
and Ca-bearing, fluid (Fig. 14). U-Th-Pb dating
of xenotime and monazite was attempted, but
these minerals are very U- and Th-poor
(Table 3), with the result that ages on xenotime
could not be obtained. U-Th-Pb dating of
monazite yields rather consistent ages, however,
although with high 2c values. The two dated

Table 3 U-Th-Pb composition of the dated monazite crystals, and apparent age

Sample Pb (ppm) Th (ppm) U (ppm) Th/U 208pp/232Th 208pb/232Th
+20 error Age (Ma)

Tz10/25B/Mzl1 1.3 106 0.5 193 0.0127 + 0.0008 254 + 16

Tz10/25B/Mz3 0.4 22 3.3 7 0.0128 + 0.0024 257 + 48

The monazite crystals are hosted in sample Tz10/25 from Sidi Ahmed (sub-level 9, PK 6 W)
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monazite grains have ages of 254 £ 16 and
257 + 48 Ma (Table 2). Despite the high
uncertainties, the age of 254 £+ 16 Ma is accep-
ted for the Pb—Zn—Ag mineralization. This age is
concordant with the youngest hydrothermal
event evidenced from U/Pb ages on zircons
hosted in the magmatic rocks (275-240 Ma).

6  Discussion
6.1 U/Pb Zircon Geochronology:
A Tool to Date Magmatic
and Hydrothermal Events

U/Pb geochronology of zircon is a powerful tool
that permits identification of igneous,
hydrothermal, and metamorphic events (e.g.,
Pelleter et al. 2007, and references therein). Our
study shows that separate zircon crystals from a
single igneous rock sample record several ages
(e.g., the Izougarsa Monzogranite—sample
Tz11/04—has individual ages ranging between
320 and 240 Ma) that can either be attributed to
magmatic or to hydrothermal events (Table 1,
Fig. 13). As shown in Fig. 15, all zircons display
LREE depleted spectra. The most depleted
spectra are attributed to magmatism whereas the
less depleted ones are attributed to hydrothermal
events (Pettke et al. 2005; Pelleter et al. 2007).
Most zircons analyzed from magmatic rocks of
the Tighza district show less depleted spectra
from core to rim (Fig. 15a, b), thus suggesting a
hydrothermal origin of the outer rims whereas the
core are magmatic in origin. In some cases, the
core of zircon crystals equilibrated with the
hydrothermal fluid, thus displaying less depleted
spectra, similar to those of the outer rim
(Fig. 15¢). These data are consistent with single
zircon crystals recording several events (Fig. 15):
the oldest ages, which are found in cores, are thus
well attributed to magmatism, whereas the
younger ages, which are found in outer rims, are
assigned to hydrothermal activity. Comparison of
all ages thus allows the delineation of several
magmatic and hydrothermal events in the Tighza
district (see discussion below).

127
6.2 Dating the Magmatic Stocks

Figure 16 summarizes the available geochrono-
logical data obtained in the Tighza district from
this study and the literature (Cheilletz and Zim-
mermann 1982; Watanabe 2002; Nerci 2006).
Excluding inherited zircon cores, most data
(oldest U/Pb ages, biotite and whole-rocks K—Ar
ages) converge towards a main magmatic epi-
sode between 325 and 285 Ma. The oldest U-Pb
ages for zircons range from 320 to 305 Ma,
suggesting that emplacement of the outcropping
granitic stocks took place during this time inter-
val. Such a late Variscan magmatic period has
been documented throughout Morocco, and
especially in the Meseta domains (Gasquet et al.
1996; El Hadi et al. 2006). The inherited zircon
cores give Late Cambrian to Devonian ages
(498 £ 11, 413 £+ 5, and 369 £ 7 Ma). Even
though no magmatic episode has been identified
during this time period, inherited cores of Pale-
ozoic age have been increasingly reported
recently (e.g., Izart et al. 2001; Pelleter et al.
2007). The presence of these cores suggests that
the Late Variscan magmatism is partly related to
melting of the underlying Paleozoic crust.

6.3 Dating the W-Au Mineralization

Timing of the W-Au mineralization in the
Tighza district is well constrained from Ar—Ar
and K—Ar ages on biotite and muscovite hosted
in W—Au veins and W-rich skarns (Cheilletz and
Zimmermann 1982; Nerci 2006). All samples
have ages from 295 to 280 Ma; the W-Au
mineralization most likely formed during this
time period (Fig. 16). This mineralization thus
appears to be synchronous with the second
magmatic event (295-285 Ma). This event,
characterized at the present erosion level by the
large biotitic hydrothermal halo that surrounds
the mineralization (Cheilletz and Isnard 1985),
could be related to the hidden pluton suggested
by the gravity anomaly (Fig. 3; El Dursi 2009).
Therefore, considering these new dating results,
we suggest that the hidden pluton (1) is
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Fig. 15 REE contents of outer rim, inner rim and core of
selected zircons. In most zircon crystals, outer rims are
less depleted in LREE than inner rims and cores,
suggesting late hydrothermal growth (a, b; Pettke et al.
2005). As shown in a, this trend is well correlated with the
age recorded at each growing stage: the magmatic core
(258 + 6 Ma) is more depleted than the first hydrother-
mal rim (inner rim; 246 + 6 Ma), and the last hydrother-
mal rim (outer rim; 217 &+ 9 Ma) is the least depleted. In

disconnected from the granitic stocks, (2) was
emplaced at 295-280 Ma, and (3) is genetically
related to the hydrothermal activity responsible
for the potassic alteration halo and the W-Au
mineralization.

6.4 Dating the Pb-Zn-Ag
Mineralization

All granitic stocks and dikes record hydrothermal
and or magmatic ages younger than 280 Ma
(Fig. 16). These ages are well identified until
about 240 Ma, suggesting that the two first
magmatic-hydrothermal episodes were followed
by a 40-m.y.-long period of hydrothermal activ-
ity and dike emplacement. Based on monazite
ages (254 £ 16 Ma) and despite their large
uncertainties, the Pb-Zn-Ag mineralization
appears related to this later hydrothermal activity.
In contrast to previous interpretations (e.g.,

/.Y —&—outerrim H
A—inner rim —&—outer rim —&—outer rim
—m—core 0 —— core ——core
T T T T T T T T T T T T T T T T T T T T T T T T T
la Ce Nd Sm Gd Dy Er Yb Lu Hf la Ce Nd Sm Gd Dy Er Yb Lu Hf la Ce Nd Sm Gd Dy Er Yb Lu Hf

b, the outer rim is clearly discordant with the core
suggesting late growth from a hydrothermal fluid around
an homogeneous core, which most probably has a
magmatic origin. Finally, in some zircon crystals, cores
and outer rim display similar spectra, which are less
depleted, suggesting equilibration of the core with a
hydrothermal fluid (c). In such a case, the magmatic core
rejuvenated due to a younger hydrothermal event, or the
zircon has a hydrothermal origin

Cheilletz 1984), the dating results presented here
confirm that the Pb—Zn-Ag mineralization is
unrelated to the W—Au mineralization, as also
suggested by field evidence. Late Permian ages
are already established in the Moroccan Meseta
(Gasquet et al. 1996; El Hadi et al. 2006), mainly
by the Rb—Sr method. Considering the mobility
of Rb and Sr, and the fact that hydrothermal
alteration will generally reset Rb—Sr ages, one
can consider that the Permian and Early Triassic
ages reported in the literature also reflect this
important period of hydrothermal and magmatic
activity, as evidenced in the Tighza district.

6.5 Dating the Dike Network

Geochronological data on the dike network clearly
show multiple generations (Fig. 13), as already
recorded from field observation (Fig. 9). The
oldest ages (300-310 Ma) are similar to those of
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Fig. 16 Synthesis of ages
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magmatic crystallization of the outcropping
granitic stocks (Fig. 13). Most individual zircon
ages range within 280 and 240 Ma. They are
similar to the intercept age on Tz10/26 (Fig. 12g)
and to whole-rock K-Ar ages from Watanabe
(2002). Therefore, dike emplacement might be
related either to the main period of late Variscan
magmatism or to the post-Variscan hydrothermal
event.

7 Conclusions

New U/Pb dating of zircon and monazite pro-
vides new constraints on the magmatic and
hydrothermal history of the polymetallic Tighza
district of central Morocco. The W—Au mineral-
ization, which occurred at 295-280 Ma, is
associated with a major magmatic period.
However, new U-Pb data suggest that this

mineralization is unrelated to the emplacement of
the outcropping stocks (320-300 Ma), but
instead to a hidden pluton that is inferred to be
responsible for the potassic alteration halo and
related W-rich mineralization.

For the first time, the Pb—Zn—-Ag mineraliza-
tion in the district has been dated (254 £+ 16 Ma).
This new age, together with field evidence,
indicates that the Pb—Zn-Ag mineralization is
not genetically connected with the W-Au
mineralization, as suggested by previous work-
ers. The polymetallic deposits of the district
therefore record the superposition of two inde-
pendent mineralizing events: a porphyry-style
W-Au deposit followed by an epithermal
Pb-Zn—-Ag deposit. Because the age of the
Sb-Ba mineralization is poorly constrained, its
geochronological and genetic position relative to
the two other mineralization styles is not con-
sidered herein.
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In conclusion, the polymetallic Tighza district
is spatially associated with multiple intrusions of
Cordilleran-type = calc-alkaline =~ magmatism
(cf. Sillitoe 2010; Catchpole 2011). Successive
magmatic-hydrothermal pulses produced first a
porphyry-style W—Au mineralization stage fol-
lowed by an epithermal-style Pb—Zn—-Ag stage.
Fluid flow and related polymetallic mineraliza-
tion were generated during a late Variscan to
Permo-Triassic transpressional regime (Michard
et al. 2008) that favored the development of
mantle and crustally derived magmas.
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The Bou Madine Polymetallic Ore
Deposit, Eastern Anti-Atlas, Morocco:
Evolution from Massive Fe—-As-Sn

to Epithermal Au-Ag-Pb-Zn * Cu
Mineralization in a Neoproterozoic
Resurgent Caldera Environment

Mohammed Bouabdellah and Gilles Levresse

Abstract

The Bou Madine Au—Ag—Pb—Zn + Cu epithermal deposit in the Ougnat
Pan-African inlier of the eastern Anti-Atlas occurs within the lower unit of
the late Neoproterozoic Tamerzaga-Timrachine Formation. Host rocks are
a thick succession of alternating rhyolitic to dacitic ignimbrites locally
interlayered with andesitic to dacitic lava flows. Mineralization is
structurally controlled, consisting of zones of vuggy quartz and veins,
veinlets, and tectonic-hydrothermal breccias. Alteration produced a
predominantly strong phyllic-argillic assemblage (quartz, sericite, pyrite)
that overprints earlier pervasively propylitized rocks. Overall, five
mineralized vein systems, referred to as Imariren, Tizi, North zone,
Central zone, and South zone are recognized. Higher grade orebodies tend
to occur where NNE- and NNW-oriented veins intersect. Three successive
and overlapping stages of mineralization are distinguished. Among these,
stage II was coeval with dextral reactivation of the N160° E veins and is
economically the most important for Au and Ag. Gold is foremost
distributed in pyrite and arsenopyrite, and to a lesser extent in galena and
sphalerite. Gangue minerals include quartz and minor calcite. Structural
and textural data indicate that mineralization took place during the late
Neoproterozoic as a result of open-space filling. These data further suggest
that the Bou Madine deposit represents a relatively shallow mineralizing
system that was open to the surface, and is similar to volcanic-hosted
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epithermal veins developed in subaerial resurgent caldera environments.
Fluid inclusion measurements indicate mean homogenization tempera-
tures of 150 °C and salinities in the range of 1-5 wt% NaCl equiv. These
data are interpreted as reflecting fluid mixing and fluid-rock interaction
between two contrasting fluids: (1) an ascending, acidic, deep-seated fluid
that equilibrated with Neoproterozoic crystalline basement rocks; and
(2) formation and/or meteoric waters. Mixing between these two fluid end
members would have triggered precipitation of precious- and associated
base-metal mineralization.

The Bou Madine deposit has been mined since
the 15th Century, during which Portuguese min-
ers exploited the outcropping limonitic gossans
for silver, gold, and ochre. The deposit was
re-discovered in the beginning of the 20th Century
and operated intermittently during French colo-
nial times. From 1957 to 1992, the so-called
Moroccan “Office National des Hydrocarbures et
des Mines” (ONHYM, formerly BRPM) con-
ducted an extensive surface drilling program on
the main mineralized veins that ultimately led, in

1 Introduction

Bou Madine (longitude 4° 55’ 36" West; latitude
31° 23’ 28" North) is an Au-rich epithermal ore
deposit in the Precambrian Ougnat inlier of the
eastern Pan-African Anti-Atlas system of Mor-
occo (Fig. 1). The deposit is situated about
100 km northeast of the giant epithermal Ag
deposit of Imiter and is representative of the
numerous Au—Ag epithermal deposits dispersed
throughout the Anti-Atlas domain.

3°00° W
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Fig. 1 Simplified geological map of the Anti-Atlas
system showing location of the Bou Madine polymetallic
Au-Ag-Pb-Zn—Cu district, regional-scale faults, and its

relationship to the adjacent Au-Ag-bearing mining
camps. Inset shows location of Bou Madine district with
respect to the Anti-Atlas and Africa continent



The Bou Madine Polymetallic Ore Deposit, Eastern Anti-Atlas ...

1983, to an internal feasibility plan based on a
100-t-per day test pilot plant. The major period of
base-metal mining ended with the closure of the
mine in 1992 owing to depressed prices of zinc
and to difficulty in recovering precious metals
from the ore. At the end of mining, the ONHYM
estimated historical mineral resources (past pro-
duction + reserves + mineral resources) of ~ 3.5
Mt of ore grading 0.9 % Pb, 4 % Zn, 203 g/t Ag,
and 3.6 g/t Au. Copper grades are uneconomic. In
2013, a joint venture between Canadian Maya
Gold and Silver Inc (85 %) and ONHYM (15 %)
was signed to explore and develop the Bou
Madine deposit.

All of the economic orebodies are hosted by
the lower ignimbrite-rhyolite portion of the late
Neoproterozoic Tamerzaga-Timrachine Forma-
tion (TTF) (Fig. 2). Gold is the main commodity,
but the polymetallic nature of the ore makes this
economically attractive district atypical compar-
ative to neighboring base-metal deposits in the
Anti-Atlas System, both in style of mineraliza-
tion and most importantly in type of associated
host rocks. However, despite its economic
importance, the genesis of the Bou Madine
mineralization is still controversial (Paile 1983;
Freton 1988; Abia 2001; Abia et al. 1999; Lev-
resse 2001), and questions remain about the
source of heat and metal components, origin of
the ore fluids, mechanism(s) of ore deposition,
and the age of mineralization.

The main objectives of the present contribu-
tion are to provide an updated geologic synthesis
of the Bou Madine deposit, summarize its min-
eralogical and geochemical attributes, compare
this information with that for equivalent deposits
of the Anti-Atlas system, and review the current
genetic models.

2 Geological Setting

The Bou Madine deposit is defined here as an area
of some 3 km east-west by 4 km north-south
within the Ougnat Pan-African inlier on the east-
ern margin of the Anti-Atlas system (Fig. 1).
Stratigraphy of the Ougnat Precambrian inlier
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consists of a thick succession (>1200 m) of
regionally deformed and metamorphosed, pre-
dominantly felsic and intermediate-composition
volcanic and intrusive rocks of the Cryogenian to
Ediacaran Saghro Group (Abia et al. 2003). The
host rocks are grouped into three main Late Neo-
proterozoic (586 £ 20 to 563 £+ 10 Ma; Mifdal
and Peucat, 1985) supracrustal formations (Figs. 2
and 3) including the basal high-K, calc-alkaline
volcaniclastic Tamerzaga-Timrachine Formation
(TTF), the intermediate Isilf-Ouinou-Oufrouh
Formation (IOF), and the upper Aoujane-
Aissa-Akchouf Formation (AAF).

The contact between the crystalline basement
and overlying TTF is characterized by a breccia
member that lies unconformably on the base-
ment. The TTF is the exclusive host for the Au—
Ag-Pb—Zn-Cu ores. This formation, together
with the conformably overlying IOF and AAF,
consist predominantly of a thick succession of
alternating rhyolitic to dacitic ignimbrite units
locally interlayered with andesitic to dacitic lava
flows and hypabyssal volcanic bodies (andesite
and rhyolite). Individual ignimbrites are up to
400 m thick and are represented by distinct units
(Fig. 4). Fiamme, sparse lithic fragments, and
abundant phenocrysts of feldspar, biotite, and
quartz occur in a vitroclastic matrix. No age
determination exists for these ignimbrites. The
rhyolitic pyroclastic rocks, pyroclastic breccias,
and welded rhyolite tuffs are interpreted to form a
pyroclastic vent complex whose funnel-shaped
geometry resulted from caldera collapse and
compaction. Flanking the volcaniclastic rocks is
a sequence of sedimentary rocks of the IOF that
range from sandstone, conglomerate, fine-
grained argillite (pelite), to limestone. The
occurrence of sedimentary rocks between the
main pyroclastic flows indicates both subaerial
and subaqueous deposition.

A rhyolite dome dated at 553 £+ 16 Ma (U-Pb
on zircon; Levresse 2001; Gasquet et al. 2005)
together with numerous felsic and doleritic dike
swarms are the youngest rocks of the region as
they intrude all lithologies of the TTF and AAF
(Fig. 4). A Cambrian clastic sedimentary cover
sequence composed of conglomerates and
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Fig. 4 Summary of the idealized paragenetic sequence of
the Bou Madine polymetallic deposit (modified after Paile

sandstones unconformably overlies the Neopro-
terozoic rocks. Paleogeographic reconstructions
indicate that the Bou Madine mineralized structure
corresponds to a resurgent caldera as evidence by
the following diagnostic features (Lipman 1997;
Kennedy et al. 2012): (1) lack of a single central-
ized vent; (2) structural uplift of the margins of the
caldera, which occurred along regional and sub-
sidence faults resulting in development of apical
graben structures near the center of the collapsed
structure; and (3) occurrence of recurrent shallow
lava domes of dacitic and rhyolitic compositions
along the fracture zones and related graben struc-
tures. Based on our estimates, the minimum
structural relief caused by resurgence is >500 m
as indicated by the elevation difference between
the flat-lying tuff outside the caldera and the top of
the tuffaceous lithologies within the caldera. These
observations suggest that resurgence of the Bou
Madine structure is temporally related to caldera
subsidence, with the upward migration of
dacitic-rhyolitic magma having been the driver of
resurgence.

1983; Abia et al. 2003). Mal malachite; Azur azurite; Cer
cerussite; Ang anglesite; Geot goethite; Mem hematite

Regional metamorphism under
greenschist-facies conditions resulted in the for-
mation of chlorite, muscovite, and pyrophyllite-
bearing mineral assemblages with peak condi-
tions reaching 350 °C and <3 kb (Thomas et al.
2004). Higher temperatures were reached locally
in the aureoles of post-kinematic (547 £+ 26 Ma)
intrusions. Ductile deformation created large
recumbent folds that are believed to be
coincident with metamorphism; later, post-
metamorphic deformation is also associated
with recumbent folding. Brittle structures are
associated with regional uplift, including thrust
faults.

3 Mineralogy, Alteration, Textures,
and Paragenesis

The Bou Madine Au-Ag-rich mineralization is
structurally controlled and comprises a system of
transtensional, sub-vertical veins, veinlets,
cemented breccias within veins, and lensoidal or
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pocket-like masses and fillings of en echelon
tension gashes (Fig. 3). Mineralized structures
occur exclusively within the rhyolitic sequence
of the TTF. On the surface, the vein swarm
extends at least for 4 km; most mineralized
structures have been mined from surface to a
depth of about 500 m. Surface drilling and
underground workings suggest an increase of
vein thickness with depth. Most of the exploited
veins that were mined initially for Pb—Zn sul-
phides are auriferous and silver-rich.

Four mineralized vein systems, referred to as
Imariren, Tizi, North zone, Central zone and
South zone, are recognized (Fig. 3). Higher
grade orebodies tend to occur where NNE- and
NNW-oriented veins intersect each other. The
veins are up to 4 m wide and extend laterally
from a few meters up to 600 m, spaced
50-100 m apart, strike N160° E, and dip steeply
(70° to ~90°). Texturally, the veins display
comb, cockade, laminated, breccia, and crack
and seal features, suggesting that episodic, mul-
tiple mechanisms were important in vein forma-
tion. Overall, these textural features indicate that
mineralization took place in open space, and
suggest that the Bou Madine deposit represents a
relatively shallow mineralizing system that was
open to the surface, and is therefore similar to
volcanic-hosted epithermal veins in subaerial
caldera environments.

All of the mineralized vein structures display
more or less similar mineral assemblages
although the proportions of base-metal sulphides
relative to other minerals vary from one system
to another. The idealized sequence of mineral
deposition, constructed on the basis of mineral
assemblages, and textural and crosscutting rela-
tionships, shows three successive and overlap-
ping stages of mineralization, two of which (i.e.,
stages I and II) are of economic interest (Lev-
resse 2001, and reference therein) (Fig. 4). Sev-
eral sub-stages are distinguished within both
main stages (Abia et al. 2003). The earlier of
these two stages, referred to as “Fe—As—(Sn)
stage,” was emplaced under N160° E shortening
and has a mineral assemblage dominated by
massive pyrite, pyrrhotite, cassiterite, and
arsenopyrite. Based on the style of mineralization
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and textural features, the above mineral assem-
blage is interpreted to have resulted from massive
replacement of carbonate strata intercalated
within the Late Neoproterozoic stratigraphic
package (i.e., IOF). Conversely, paragenetically
later stage II, referred to as “precious metal-stage
ore,” is economically the most important for Au—
Ag and comprises massive quartz veins, stock-
work veins, and hydrothermal breccias contain-
ing variable amounts of sphalerite, galena,
tetrahedrite argentopyrite, mixture of galena and
matildite, pyrargyrite, polybasite, and native
antimony-silver-bismuth that overprints stage I.
Gangue minerals include quartz and minor cal-
cite. Gold is foremost distributed in pyrite and
arsenopyrite, and to a lesser extent in galena and
sphalerite. Emplacement of the precious-metal
mineralization was coeval with dextral reactiva-
tion of the N160° E veins coevally with a
northeastward shift of the shortening direction
(Abia et al. 2003). There is a systematic decrease
in Pb concentrations with depth and corre-
spondingly an increase in Au, Cu, and Sn con-
tents. The postore supergene mineral assemblage
(stage III) resulting from the oxidation of primary
sulphides consists of minor amounts of goethite,
and jarosite with traces of hematite.

The mineralized area is characterized by
regional and pervasive propylitic alteration
(quartz, albite, chlorite, epidote, rutile; Freton
1988) that affects the entire stratigraphic column.
Conversely, wall-rock hydrothermal alteration
spatially related to the Bou Madine mineraliza-
tion is only present adjacent to the mineralized
structures, forming distinctive overlapping halos
and stringers of a strong phyllic-argillic assem-
blage (quartz, sericite, pyrite) that overprints the
pervasively propylitized rocks. Late silicification
typified by the development of millimeter- to
meter-thick quartz veins cuts across both the
phyllic and propylitic zones.

4 Discussion

Based on mineralogical observations and textural
relationships, the paleohydrothermal history of the
Bou Madine ore-forming system comprised two
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main contrasting hydrothermal events that were
emplaced under distinct stress fields (i.e., N160° E
and N30° E shortening directions; Fig. 4). How-
ever, it is unclear whether these two hydrothermal
events involved a single mineralizing fluid or two
chronologically separated hydrothermal fluids.
The regional distribution of host rock types, the
thick volcanic succession (>1,200 m; Figs. 2 and
3), and the morphology of these rocks all provide
strong evidence for the existence in the Bou
Madine district of a caldera structure that, after
formation, was deformed along N160° E and
N30° E shortening axes (Fig. 5).

The shift in the tectonic regime from N160° E
to N30° E shortening resulted in a drastic change
in the nature of the hydrothermal system, namely
from early Fe—As—(Sn) mineralization (i.e., stage
I) to late epithermal precious metal stage II. Both
types are intimately associated with the rhyolite
porphyries and related ignimbrites. In the

absence of radiometric age dating of mineral-
ization, based on stratigraphic and structural
constraints it appears that the Bou Madine min-
eralization took place between eruption of the
rhyolite porphyries dated at ca. 553 + 16 Ma
(U-Pb on zircon; Levresse 2001; Gasquet et al.
2005) and the ignimbritic unit of the AAF that
constitutes the hanging wall of mineralization,
consistent with a late Neoproterozoic age. More
interestingly, Abia et al. (2003) proposed a
syn-TTF emplacement for the Bou Madine
mineralization, whereas Lécolle and Derré
(2005) argued that the two mineralizing events
are unrelated to emplacement of the TTF ign-
imbrites (i.e., post-TTF age), instead being linked
to late subvolcanic activity following resurgence
of a caldera concealed first by the dacitic magmas
then by rhyolitic intrusion.

Overall, a systematic trend exists of decreas-
ing temperatures and fs, along with P-T trapping
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conditions with advancing paragenetic sequence.
Calculated temperatures determined from min-
eral  pairs  (i.e.,  pyrrhotite-arsenopyrite,
pyrite-pyrrhotite) and phase relationships in the
Fe—As-S system suggest that stage I mineral-
ization occurred at temperatures of 310 °C at fg,
close 107 and 107'%° (Abia et al. 2003). Con-
versely, fluid inclusions in vein quartz from stage
II. 3 have mean homogenization temperatures
(Ty,) of 150 °C and salinities in the range of 1-5
wt% NaCl equiv (Ait Saadi 1992; Abia et al.
1999). These salinity estimates are interpreted to
indicate fluid mixing and fluid-rock interaction
between two contrasting fluids (1) ascending,
acidic, deep-seated fluid that has equilibrated
with Neoproterozoic crystalline basement rocks;
and (2) formation and/or meteoric waters. Mix-
ing between these two fluid end members would
have resulted in precipitation of the
precious-metal ~ mineralization. Based on
bismuth-bismuthinite equilibrium, the fg, asso-
ciated with precious-metal deposition has been
estimated at 10~ (Abia et al. 2003). Moreover,
the acidic character of the ore-forming fluids,
together with their high sulphur content, may be
related to degassing of a deep magmatic reser-
voir. Sulphur isotopic compositions determined
on pyrite, sphalerite, and galena (Levresse 2001)
are consistent with this interpretation. Indeed, the
clustering of 634ssu1phide values near 0 &= 3 %o
suggests magmatic and mantle sources for the
sulphur, although 5>*S values as low as —6 %o
could indicate the involvement of an additional
sulphur source such as biogenic sulphur. Based
on these fluid constraints, we suggest that the
near-surface, silica-rich auriferous stage of min-
eralization resulted from low salinity gas con-
densates (<5 wt% NaCl equiv), an interpretation
consistent with lead isotope ratios (Abia et al.
1999) that imply lead derivation from crustal
sources.

All recent workers agree with the epithermal
nature of the Bou Madine mineralization. The
emplacement of caldera-forming eruptions
resulted in development of a dense fracture and
fault system suitable for hosting Au—Ag—Pb—Zn—
Cu mineralization. Convection of large volumes

of meteoric waters around the resurgent extru-
sions and along the margins of the caldera, and
their mixing with magmatic-derived fluids,
resulted in deposition of mineralization and
associated alteration along extensional faults
within the resurgent dome. The mineralized
structures appear to have scavenged metals lar-
gely from intracaldera explosive ash-flow
lithologies (i.e., tuffs and ignimbrites).
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reveal four main geologic events: (1) ca. 815 Ma corresponding to
inherited cores of zircons that reflect the reworking of Neoproterozoic crust
during the Pan-African (~ 885-555 Ma) orogenic cycle; (2) 610 £ 7 Ma;
(3) 578 =4 Ma corresponding to the emplacement-crystallization of
multiple rhyolitic intrusions and the large magmatic input within the upper
crust of the Pan-African chain during the late Neoproterozoic; and
(4) 564 £ 15 Ma, a less-precise age obtained on hydrothermally altered
domains that may be related to a dissolution-reprecipitation mechanism in
U-rich magmatic zircons. Presently, this last age represents the best
estimate for the timing of hydrothermal albitization/mineralization in the

Zgounder epithermal Ag—Hg deposit.

1 Introduction

Silver mineralization in the Zgounder area was
exploited intermittently from the 12th to 20th
Centuries. Recent mining by the SOMIL Com-
pany began in 1982; the Zgounder mine closed in
1990 after producing 500 kt of Ag at an average
grade of 300 g/t. The Zgounder deposit is located
on the flanks of the Precambrian Sirwa massif.
Surrounding geology of the district (Choubert
et al. 1980; Demange 1977) includes weakly
metamorphosed volcano-sedimentary rocks of
the Sarhro Group (Cryogenian) striking E-W and
overturned to the south, which are intruded by an
Ediacaran (Thomas et al. 2002) polyphase plu-
tonic and volcanic suite of the Tadmant Forma-
tion (Figs. 1 and 2). In the eastern part of the
district, these formations are overlain by Edi-
acaran volcano-sedimentary rocks of the
Ouarzazate Supergroup. The youngest strata are
represented by Late Miocene to Pliocene tuffite
and phonolite, and Quaternary cover. The silver
mineralization is disseminated within lenticular
veins of various size (10-25 m wide, and
20-60 m long), mainly hosted by the clastic
Imghi Formation that forms part of the Sarhro
Group (Fig. 1). The main strike of the mineral-
ized veins is E-W. However, several Ag veins
trend N-S; major silver ore bodies occur at the
intersection of E-W and N-S fracture systems
(Petruk 1975). Silver mineralization is accom-
panied by a strong chloritic alteration.

Disseminated ores extends laterally over more
than 1000 m and dips south; known vertical
extent of ore is 300 m.

The paragenetic sequence of the Zgounder
deposit has been studied by Essarraj et al. (1998)
and Marcoux and Wadjinny (2005). It shows two
successive stages belonging to the same main
hydrothermal event (Fig. 3). The early stage
(Fe—As) is characterized by pyrite with arsenopy-
rite and rare micropatches of native silver. The
second, highly metalliferous stage (Ag—Zn-Pb—
Cu—Hg), is composed of native Ag—Hg amalgam,
acanthite, polybasite, pearceite, sphalerite, chal-
copyrite, galena, and rare tennantite and tetra-
hedrite. Also present is a late uraniferous
mineralization that may be related to Late
Miocene-Pliocene volcanism (Smeykal 1972;
Petruk 1975; Popovetal. 1989). Zgounder appears,
therefore, to be an Ag—Hg ore deposit rich in silver
(native Ag-Hg amalgams yield 70-95 wt% Ag)
belonging, as the Imiter deposit (4 Mt grading
800 g/t; Cheilletz et al. 2002), to the class of
epithermal deposits (Marcoux and Wadjinny
2005). Zgounder deposit formed along the
Anti-Atlas domain during the Neoproterozoic and
represents an additional example of this Ag-rich
metallogenic belt (Gasquet et al. 2005). A major
characteristic of these epithermal precious metal
deposits is a spatial and genetic association with
subvolcanic intrusions, as is the case for Imiter
where bimodal calc-alkaline magmatic dikes con-
trol—together with major normal faults—the Ag
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mineralization (Levresse 2001). Similar Ar/Ar
ages of 547 £ 10 Ma and U/Pb ages at
550 4+ 3 Ma, respectively from muscovite and
rhyolite dikes related to the Ag mineralization,

from Demange (1977), Choubert et al. (1980), new field
mapping (this work). Nomenclature of geological groups
and formations from Thomas et al. (2002)

attest to the late Ediacaran age of the epithermal Ag
event at Imiter (Levresse 2001; Fig. 1b). At the
Zgounder deposit, only one reliable age has been
obtained on the Tadmant rhyolite (606 + 6 Ma;
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Fig. 3 Paragenetic sequence of the Zgounder deposit (modified from Essarraj et al. 1998; Marcoux and Wadjinny 2005)

Thomas et al. 2002). However, 20 km northwest of
the Zgounder mine, the Askaoun Granodiorite,
which belongs to the Assarag Suite (Fig. 1c¢), hasa
U/Pb zircon age of 558+2Ma (Toummite et al.
2013) similar to that of the neighbouring
Imourkhssen Granite (5614+3Ma) and of the
Taouzzakt Granodiorite at Imiter (572 4 5 Ma;
Levresse 2001). A 550 Ma Pb isotope model age
on galena has been reported for Zgounder (Mar-
coux and Wadjinny 2005), which reinforces the
temporal link between the two deposits. Moreover,
previously unknown intrusive bodies have been
identified during our last mapping campaign,
among themrhyolitic dikes and plugs (Figs. lcand
2) characterized by strong hydrothermal alteration,

suggesting that these intrusions are candidates for
an epithermal magmatic event related to the Ag
mineralization. Mafic magmatic intrusions are also
reported in the Zgounder area (Choubert et al.
1980), including a gabbro massif to the north and
several E-W-trending dolerite dikes close to the
Zgounder deposit.

2 Felsic Magmatism at Zgounder

New geological mapping of the diverse intrusive
bodies in the Zgounder district yields some
improvements to the geological map (Fig. 1)
Particularly evident are the E-W-trending
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Fig. 4 Photomicrographs of altered rhyolites. a Rhyolite
sample ZG04-05 from Tadmant Formation, showing
significant silicification, chloritization, and carbonatiza-
tion. b ZG04-22 of hypabyssal volcanic plug from
Assarag suite showing strong albitization of feldspar,
and zoned euhedral albite in matrix

Tadmant rhyolitic plugs that form the spine of the
area between the Askaoun Granodiorite to the
west and the Ouarzazate volcano-sedimentary
group to the east. One sample from the Tadmant
Formation (ZG04-05) has been collected at the
mine site for dating. This sample has a micro-
crystalline porphyritic texture and consists mainly
of quartz and K-feldspar. Alteration is dominated
by patchy chloritization, carbonatization, slight
albitization, and strong sericitization of feldspar
(Fig. 4a). Whole-rock analysis (Table 1) points to
a high-K, calc-alkaline petrologic character with
an anomalous Ag concentration (64 ppm), linked
to the proximity of the epithermal mineralization.

The other subvolcanic formations that crop
out in the Zgounder area belong to the Assarag
suite (Thomas et al. 2002). We selected two

samples, one from the E-W-trending rhyolitic
dikes in the northern part of the district (sample
7G05-07), and another from a small albitic rhy-
olite plug (ZG04-22) in the central part of the
district (Fig. 1c). Both samples display a micro-
crystalline porphyritic texture and are chiefly
composed of quartz, K-feldspar, and/or albite.
Sample ZGO05-07 appears less hydrothermally
altered, even though significant chloritization and
sericitization can be observed on thin section. In
sample ZG04-22, hydrothermal alteration is
dominated by pervasive albitization (Fig. 4b).
K-feldspars are strongly altered to albite;
numerous albite microlaths have crystallized
inside a devitrified matrix. A high alkali charac-
ter (Na,O + K,O = 10 %) appears in the chem-
ical analysis (Table 1), together with low
contents in Cu (33 ppm), Pb (11 ppm), and Zn
(29 ppm). In the outcrop, the albitized rhyolite is
cut by albite-chlorite veins linked to the Ag
paragenetic stage (Fig. 3).

3 U/Pb Analytical Techniques

Zircons from the three selected samples were
extracted from the 50-200 and 200-315 pum size
fractions by use of heavy liquids and a magnetic
separator. Euhedral to sub-euhedral zircon crys-
tals were handpicked and mounted in epoxy resin
with grains of the 91500 zircon standard, and then
polished. All grains were imaged in cathodolu-
minescence (CL) using a Philips X.30 SEM and
in back-scattered electron (BSE) mode with a
Hitachi 2500 SEM, to examine internal textures.
Elemental compositions of zircon grains were
obtained using CAMECA SX 100 and CAMECA
SX50 electron microprobes at the Université de
Lorraine in Nancy (France). Accelerating voltage
was 15 kV and beam current 10 nA. For deter-
mination of rare earth elements (REE), zircons
were analyzed with a CAMECA IMS 3f ion
microprobe at CRPG-CNRS in Nancy. The O,
primary ion beam was accelerated at 10 kV with
an intensity of 20 nA. Counting times were 10 s
for each mass during 16 cycles. For further
information on analytical procedure, see Martin
et al. (2008). Instrumental fractionation was
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Table 1 Whole-rock
analysis (ICP-OES and
ICP-MS) of samples
7G04-05, ZG04-22, and
7G05-07

%
SiO,
AlLO3
Fe,0O3
MnO
MgO
CaO
Na,O
K,0
TiO,
P,0s
LOI
ppm

7G04-05

74.3
13.1
22
<D.L.
<D.L.
0.16
2.1
7.3
0.14
0.03
0.6

64
2.7
940
3.8
0.3
1.9
<D.L.
35.65
1.95
2.37
0.2
0.9
<D.L.
30
219
1.0
52
63
<D.L.
1.0
65.5
45
16.8
3.1
32.7
2.74
404

7G04-22

74.6
15.0
<D.L.
<D.L.
<D.L.
<D.L.
6.3

3.7
<D.L.
< D.L.
0.28

6.2
632
2.8
<D.L.
0.4
34
16.72
1.12
2.39
<D.L.
2.0
<D.L.

99

1.7
33
75
<D.L.

67.5
29
304
15.5
61.6
6.75
189

E. Pelleter et al.

7G05-07

75.5
14.3
1.1

0.01
0.32
0.17
4.9

2.5

0.08
0.03
1.01

<D.L.
32
437
1.5
1.8
2.1
8
19.71
0.99
0.30
<D.L.
<D.L.
3.55
2
85
0.5
0.8
55
1.2
0.9
9.3
23
7.6
39
9.3
0.84
60
(continued)
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Table 1 (continued)

ZG04-05
Hf 11.42
La 61.6
Ce 131.5
Pr 15.5
Nd 60.5
Sm 12.9
Eu 1.72
Gd 11.89
Tb 1.96
Dy 11.94
Er 6.86
Tm 1.03
Yb 6.76
Lu 1.02

149
7G04-22 7G05-07
10.27 2.48
2.8 227
9.3 42.4
1.7 5.0
8.5 17.7
4.4 32
0.38 0.74
6.02 2.18
1.38 0.32
10.47 1.70
8.00 0.85
1.38 0.13
10.12 0.90
1.57 0.14

Abbreviation: <D.L. below detection limit

corrected using the 91500 zircon standard (REE
concentration from Sano et al. 2002).

For U-Pb analysis, zircon grains were ana-
lyzed with the CAMECA IMS 1270 ion micro-
probe at CRPG-CNRS in Nancy (complete
description of the analytical procedure is given in
Deloule et al. 2002). Instrumental fractionation
was corrected using the 91500 zircon standard
(age 1062.4 £ 0.4 Ma; Wiedenbeck et al. 1995).
Because of high U contents (i.e. >0.5 % U) in
some analyzed zircons, problems with the cali-
bration of U-Pb ratios may be expected (Rayner
et al. 2005). As a consequence, for U-rich zircons
only Pb/Pb ages were used for age interpretation
because the 2°’Pb/*°°Pb age is independent of
inter-element fractionation effects. Inverse and
normal Concordia diagrams were produced using
the Isoplot/Ex program of Ludwig (2004).

4 Zircon Morphology and Internal
Structures

Sample ZG04-05: Zircons are 50-200 pm in
diameter, light-pink colored, and have mainly
euhedral to subeuhedral, and prismatic to acicu-
lar habits; several grains represent fragments of

larger crystals. CL images display regular,
fine-scale magmatic zoning with no inherited
cores (Fig. 5). Fractures and mineral inclusions
can be very abundant in some grains.

Sample ZG04-22: Zircon crystals range in size
from 50 to 200 pm, and are brownish-red and
generally have euhedral prismatic shapes
(Fig. 6a). In CL images, zircon grains appear
darker than the epoxy resin, suggesting that these
zircons contain high U concentrations and/or are
partially to highly metamict (e.g., Koshek 1993;
Nasdala et al. 2002). Only one inherited core has

Fig. 5 Cathodoluminescence (CL) image of zircons from
sample ZG04-05
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Fig. 6 Back-scattered electron (BSE) images of zircon
from sample ZG04-22. a Bright-BSE phase exhibits
oscillatory zoning typical of magmatic zircon. b Grain
with dark and bright BSE phases; dark-BSE phase is
divided into zoned dark-BSE and very dark-BSE phases.
This latter phase is interpreted as a low-temperature
alteration of metamict zircon; zoned dark-BSE phase

been observed; in CL images it shows growth
zoning typical of igneous zircon.

Sample ZG05-07: This sample contains only a
few euhedral to subeuhedral, acicular to pris-
matic grains that generally exhibit oscillatory
zoning. Grain sizes range from 50 to 300 um.
Some crystals are interpreted to be inherited
zircon, which may be mantled by low-CL emis-
sion overgrowths (Fig. 7a). Locally, on CL
images, fine-scale oscillatory zoning changes
outward towards a homogeneous, low-CL emis-
sion zone (Fig. 7b). This growth pattern may
reflect increasing U concentrations in zircon,
from core to rim, possibly related to progressive

Dark-BSE
phase with

BSE phase 60 um conce-ntric
MESLSS  70ning

e |
t.;pryanothdrlte

—

follows cracks inferred to be high-temperature alteration
related to albitization. ¢ Zoned dark-BSE phase cuts
bright-BSE zone along discontinuities and displays lobate
and concentric zoning (inset on right shows details).
d Close-up of zoned dark-BSE phase; several solid
inclusions and micrometer-sized pores are indicative of
volume change during dissolution-reprecipitation

enrichment of this element during differentiation
of the rhyolitic melt.

BSE imaging of ZG04-22 and ZG05-07: BSE
imaging distinguishes two major types of textures
in the zircon grains (Figs. 6a—d and 7a—c). First,
some domains exhibit oscillatory zoning or
growth zoning (Fig. 6a) typical of igneous zircon
(Corfu etal. 2003). Because these domains display
the highest BSE intensities, they are termed here
the bright-BSE phase. Second, other domains have
low to very low BSE intensities (Figs. 6 and 7).
These dark-BSE phases are typically developed in
response to the circulation of hydrothermal fluids
(Corfu et al. 2003; Rayner et al. 2005; Hay and
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Very dark-BSE

Inherited zircon

. Very dark-BSE

Fig. 7 SEM images of zircon from sample ZG05-07.
a CL image of inherited zircon with dark U-rich
overgrowth (i.e. Low-CL emission zone); inset in upper
left shows BSE image of overgrowth with very dark-BSE
phase overprint. b CL image of zircon with a low-CL
emission rim; note slight alteration (very dark-BSE phase)

Dempster 2009; Kusiak et al. 2009). Such
dark-BSE phases in zircons from the Zgounder
area can be subdivided into two categories:

(1) dark BSE phases characterized by lobate
morphology and displaying concentric zoning
(zoned dark-BSE phase; Fig. 6¢). This type
develops along former cracks and completely
obliterates the original oscillatory zoning (Fig. 6
a), and is generally small (5—40 pm wide).
Detailed images of well-developed domains reveal
a complex, spongy, and micro-porous texture
(Fig. 6d). Altered domains are characterized by
the presence of uranothorite, yttropyrochlore,
apatite, calcite, quartz, phengite, and micron-sized
pores typical of newly-crystallized hydrothermal
zircon. These features are generally indicative of
an aggressive attack by a hydrothermal fluid and
related  dissolution-reprecipitation  processes
(Tomasheck et al. 2003; Geisler et al. 2007,
Kusiak et al. 2009; Nasdala et al. 2010);

(2) very dark-BSE phases can be distin-
guished by an extremely low BSE intensity. This

at edge of low-CL emission rim. ¢ BSE image of altered
zircon. Very dark-BSE phase follows U-rich zones.
Primary magmatic growth zoning is still visible; inset
(upper left) corresponds to BSE image after EMP
analysis; note strong pitting of very dark-BSE phase due
to high hydrous concentration

feature generally occurs at the edges of zircon
crystals and grows either progressively towards
the center of grains or parallel to primary oscil-
latory zoning (Figs. 6b, c, and 7c). Such alter-
ation is limited to the low CL emission area that
represents U-rich domains (Fig. 7a, b). These
alteration patterns are typical of low-temperature,
altered metamict zircon that results from a
diffusion-reaction process (Corfu et al. 2003;
Rayner et al. 2005; Geisler et al. 2007; Kusiak
et al. 2009).

5 Geochemistry of Magmatic
and Hydrothermal Zircons

Magmatic zircon has stoichiometric composi-
tions (ZrO, 60-66.2 wt%; SiO, 31.1-33.1 wt%;
HfO, 0.5-2.5 wt%; Table 2). Uranium and tho-
rium concentrations vary significantly, from low
values in sample ZG05-07 (UO, < 0.3-1.4 wt%;
ThO, < 0.17-0.35 wt%), to extremely high U
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concentrations in sample ZG04-22 (UO, 1.28—
2.85 wt%; ThO, 0.35-1.01 wt%). Light REE
(LREE) are low (e.g., La < 0.1 ppm), whereas
heavy REE (HREE) show high concentrations
(e.g., Yb > 6400 ppm; Table 3). REE patterns of
the magmatic phase (Fig. 8) increase steeply
from La to Lu (Lun/Gdy > 39; Smy/Lay > 200),
and show a strong positive Ce anomaly
(Ce/Ce* > 123) and negative Eu anomaly
(Ew/Eu* < 0.03; Fig. 10). This distinctive REE
signature is characteristic of zircons that have
crystallized from a strongly fractionated (large
negative Eu anomaly) and oxidized (large posi-
tive Ce anomaly) silicate melt (Hoskin and
Schaltegger 2003; Hoskin 2005; Pelleter et al.
2007; Pelleter et al. 2008; Pettke et al. 2005).

5.1 Hydrothermal Domains in Zircons

Due to a relatively large ion spot (ca. 25 um) and
small grain sizes of zircon, only a few REE
analyses were acquired on the hydrothermal
domains. Also, some analyses yield a mixed
signature between bright- and dark-BSE zones,
and thus are not meaningful. Zoned dark-BSE
phases are characterized by low ZrO, and SiO,
concentrations (Table 2). An electron microprobe
profile across (Fig. 9) clearly shows a drop of
ZrO, and SiO, contents from magmatic to
hydrothermal domains (i.e., ~63.1 to ~54.1 wt
% 7rO, and ~31.5 to ~28.2 wt% SiO,). In
addition, hydrothermal areas can be significantly
enriched in non-essential elements (Table 2) such
as CaO (0.7-2.1 wt%), MnO (up to 0.54 wt%),
K,0 (0.08-0.27 wt%), MgO (0.05-0.33 wt%),
FeO (up to 0.59 wt%), Na,O (up to 0.16 wt%),
and Al,O3 (up to 0.13 wt%). Significant gains of
such elements have been reported in previous
studies of experimentally altered metamict zircon
(Geisler et al. 2003a) and natural samples (Geisler
et al. 2003b; Rayner et al. 2005; Kusiak et al.
2009; Nasdala et al. 2010). Highly altered
domains in zircon are also characterized by low
analytical total (i.e., 87.5-94 wt%; Table 2),
which could reflect relatively high concentrations
of hydrous species (Caruba and lacconi 1983;
Woodhead et al. 1991; Geisler et al. 2003a)
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and/or the presence of nanometer-sized pores
(Nasdala et al. 2009). Hydrothermal domains
display high HREE concentrations (up to
8508 ppm for Yb) and relatively high LREE
contents (La 29 and 142 ppm). REE patterns
(Fig. 8) show flat profiles (Lun/Gdy < 13; Smpn/
Lay < 47) with moderately low Eu negative
anomalies (Euw/Eu* > 0.3) and small cerium
positive anomalies (Ce/Ce* 2.1 and 3.6).
This REE signature suggests that hydrothermal
phases crystallized in the presence of a hot and
reduced