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The Amensif Cu–Pb–Zn–Ag-(Au) deposit is located on the northern flank of the western High Atlas Mountains,
Morocco. This carbonate-replacement deposit occurs predominantly in Lower Cambrian carbonates along a
major detachment fault that separates the Basal unit from the Upper unit. Orebodies aremainlymassive replace-
ments of carbonate strata, although sulphides also occur in veins. Silicification, chloritization, local skarn
formation and sulphidation are the most important hydrothermal alteration features observed.
Themineralogy is dominated by basemetal sulphideswith subordinate sulphosalts of Ag, Bi, Sb, Pb, andAu. The ore
consists of chalcopyrite, pyrite, galena, sphalerite, arsenopyrite, tetrahedrite, tennantite, and Bi–Ag–Sb–Cu–Pb–Te
sulphosalts (matildite, schirmerite, native bismuth, bismuthinite, freibergite, hedleyite, and krupkaite), anglesite,
covellite, malachite, and azurite. Silver commonly occurs as Ag–Bi–Sb–Pb sulphosalts intimately associated within
galena. SEManalyses confirm the occurrence of invisible goldwithin sulphides. Although SEManalysis of auriferous
sulphides indicates the presence of gold in sufficient quantities to explain the bulk gold concentrations; native gold
has not been detected in our polished sections. Gangueminerals include predominantly chlorite, epidote, tremolite,
calcite,Mn-dolomite, saddle dolomite, quartz, sericite, withminor andradite and vesuvianite. The presence of a bis-
muth association at the Amensif deposit is typical, and was effective in scavenging gold and silver. Lead isotope
compositions of galena sampled from two regions in western High Atlas (Amensif and Tighardine) show a wide
range in 206Pb/204Pb (18.053–18.324), 207Pb/204Pb (15.534–15.577) and 208Pb/204Pb (37.780–37.986). The Pb iso-
tope signature suggests that Pb–Cu–Zn minerals were leached from the older reservoir of the Cambro–Ordovician
volcano-sedimentary rocks during the Permian granite event. The Amensif deposit is a typical example of a distal
skarn, and is compatible with a model for polymetallic carbonate-replacement type mineralization.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

The association among Bi, Au, Ag, Te, Cu, and Pb has been exten-
sively documented in numerous types of mineralization worldwide
including intrusion-relatedAu, stringer zones of VMS deposits, orogenic
gold, skarns, carbonate-replacement Pb–Zn–Cu–Ag–Au deposits, etc.
(Einaudi and Burt, 1982; Arribas, 1995; Marcoux et al., 1996; Meinert
et al., 2003; Ciobanu and Cook, 2004; Cepedal et al., 2006; Ciobanu
et al., 2006, 2010; Damian et al., 2008; Voudouris et al., 2008, 2013;
Fornadel et al., 2011; Ye et al., 2014; Bristol et al., 2015). Gold and silver
are intimately associated with Bi-chalcogenides in various ore deposits
(Ciobanu et al., 2009) and with Bi–Te–Pb–Cu–Sb-bearing minerals in
other ore deposits (Boyle and Jonasson, 1984; Cook, 1997; Cook and
Ciobanu, 2004; Voudouris et al., 2013).

The presence of Bi-bearing minerals in the western High Atlas dis-
trict was, however, recognized more recently. The first documented oc-
currence of Bi-sulphosalts was described by Baidada (2012) and Ilmen
et al. (2014a) in an auriferous shear zone from the Talat n'Imjjad area.
The explored Talat n'Imjjad shear zone contains native bismuth,
bismuthinite, emplectite, wittichenite, tsumoite, laitakarite and other
base metals such as chalcopyrite, pyrite, and sphalerite. The gold from
the Talat n'Imjjad shear zone is documented in close association with
the Bi–Cu assemblages. At the Tameksaout occurrence, Ilmen (2014-
Unpublished work) has discovered the presence of Bi–Te–Ag minerals
(tsumoite, freibergite, native silver) in close association with chalcopy-
rite, galena, and sphalerite.

The Amensif deposit is located within the northern side of the west-
ern High Atlas. It is considered a polymetallic carbonate-replacement
deposit (Ilmen et al., 2014b). Major characteristics of field relations,
mineralization, and hydrothermal alteration, have been described by
Ilmen et al. (2014b). The recently discovered Bi–Ag–Au–Te minerals
give the deposit additional interest; this paper constitutes the first
confirmed report of Bi-sulphosalts in the Amensif deposit. Herein, we
briefly describe characteristics of the mineralization, with a focus on
the Bi–Ag–Te–Pb–Cu–(Au) minerals.

2. Regional geology

The metallogenic district of Guedmiwa belongs to the northern range
of the western High Atlas Mountains and includes base and precious
metal mineralization as at the Azegour Mo–Cu–W skarn deposit
(Permingeat, 1957; Zerhouni, 1988; El Khalile et al., 2014; Berrada et al.,
2015), the Assif El Mal Pb–Zn–(Cu–Ag) vein deposit (Bouabdellah et al.
2009), the Erdouz Ag–Zn–Pb vein deposit (Badra, 1993), the auriferous
shear zone of Talat n'Imjjad (Ilmen et al., 2014a), and the Cu–Pb–Zn–
Ag–(Au) carbonate replacement deposit at Amensif (Ilmen et al.,
2014b). The regional geology includes Lower to Middle Cambrian and
Ordovician volcano-sedimentary formations consisting of carbonate
strata (dolostone, limestone, andmarble), schist, sandstone, greywacke,
basalt, andesite, dacite, and trachyte (Pouclet et al., 2008). This Lower
Paleozoic sequence is intruded by the Permian Azegour granite
(271 ± 3 Ma; Mrini et al., 1992) and the Al Medinet quartz diorite,
and is cut by a swarm of Permian rhyolitic dikes (Fig. 1).

Structurally, the western High Atlas was affected by three deforma-
tional events (D1, D2, D3) (Dias et al., 2011; Ilmen et al., 2014b). The
Guedmiwa domain is delimited by large faults (several km in length)
that have been active since Hercynian times (Fig. 1) (Labriki 1996;
Dias et al. 2011; Ilmen et al., 2014a,b). These large faults delineate differ-
ent blocks of which the remarkably triangular Erdouz bloc is delimited
by an ENE-WSW dextral mega-shear zone (Erdouz fault) and a second
WNW–ESE sinistral shear zone (Al Medinet fault) (Fig. 1). Both struc-
tures were responsible for producing the strong deformation and het-
erogeneity in this domain. The precious and base metal ore described
in this contribution is located at the intersections of these all faults
(Badra, 1993; Alansari et al., 2009; Bouabdellah et al., 2009; Ilmen
et al., 2014a,b).
3. Local geology

Geotectonically, the Amensif deposit is in the western High Atlas. It
is located about 85 km SW of Marrakech city and about 5 km south of
the famous Azegour W–Mo–Cu mine (Fig. 1) (Permingeat, 1957).
The deposit is positioned at the intersection of NE- and NW-trending
tectonic belts, between the Erdouz and Al Medinet fault zones. Faults
and fractures trend NNE–SSW to ENE–WSW and WNW–ESE to NW–
SE (Fig. 3D). The host rocks comprise Lower Paleozoic volcano-
sedimentary sequence (Fig. 3A and 3B), overthrust by Cretaceous
sedimentary rocks.

The stratigraphy of the study area consists of a thick (about 600 m)
(Badra, 1993; Labriki, 1996; Bouabdellah et al., 2009) Cambrian
metasedimentary and volcaniclastic sequence, overthrust by Cretaceous
sedimentary rocks (Fig. 2). Themetasedimentary sequencewas region-
ally affected by a regional low-grade, greenschist-facies metamorphism
(Badra, 1993; Ilmen, 2011; Ilmen et al., 2014a).

Two stratigraphic units can be distinguished: a lower volcano-
sedimentary unit and an upper pelitic unit.

• The Basal unit is composed of carbonate rocks (limestone, marble,
dolostone) (Figs. 3A, 4A–B,) overlain by calcareous and pelitic schists
and calc-schists. This lower unit is marked by alternating limestone
beds and lenses, interlayered with calcareous schists, volcaniclastic
rocks, lavas (Fig. 4C–D), and pyroclastic rocks. The unit is considered
to be the Lower Cambrian in age analogues to similar with age rela-
tions of the same unit in the Anti-Atlas (Badra, 1993; Alansari et al.,
2009; Ilmen, 2011; Ilmen et al., 2014b).

• The Upper unit is composed predominantly of sandstone and green
schists. Similarly, this unit is attributed to a Middle Cambrian (Ilmen,
2011; Ilmen et al., 2014b).

North–south trending felsic dikes dip towards the east and crosscut
the Lower and Middle Cambrian formations (Fig. 3C). They are glassy
rocks consisting of plagioclase, biotite, interstitial quartz and pheno-
crysts of quartz (Fig. 4C). Based on their texture, mineralogical compo-
sition, and preliminary geochemical data, they can be classified as
rhyolites.
4. Methods

Detailed geological and petrographic descriptions of twenty-five
drill cores were used as the basis for sampling of altered and mineral-
ized rocks at Amensif. More than 100 samples were collected from the
surface and from cores in the mineralized intercepts for petrography,
geochemical analysis and study by a scanning electron microscopy
(SEM). Thirty thin sections and forty polished sections were prepared
for petrographic observations at the DLGR laboratory, Cadi Ayyad Uni-
versity (Marrakech). ICP-AES analyses were carried out by using a
Horiba Jobin YvonULTIMA 2c spectrometer. More than 100 ICP analyses
for metals were performed at the Reminex Research Center and Labora-
tory (Marrakech). The bismuth-bearing associations are complex and
hard to identify. Identification of all mineral phases, including opaque
minerals, requires the use of SEM imagery and microanalysis. Six
polished sections were studied using a Philips XL30 instrument
equipped with SE, BSE and EDX detectors at the Reminex Research
Center and Laboratory (Marrakech). Operating conditions included an
accelerating voltage of 20 to 30 kV, a beam current of 20 nA and count
times of 20 s. Ore minerals were analysed by ICP-AES and SEM–EDX
for Fe, Cu, Pb, Zn, Au, Bi, and Se.

Lead isotope analyses were carried out on galena mineral separates
that were hand-picked from two samples of ores in the Amensif Area.
The two samples, one for Amensif deposit and one for Tighardinedepos-
it, were analysed for Lead isotopic composition at the GEOTOP
Laboratory-UQAM, Canada.



Fig. 1. Simplified geological map of the western High Atlas. The inset shows the location area into the Moroccan sketch (modified from Dias et al. 2011).
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5. Results

5.1. Hydrothermal alteration

Hydrothermal alteration associated with the replacement deposit
at Amensif is marked by silicification, chloritization, sericitization,
and dolomitization. Local skarn formation in the host marbles is
observed.

In the Amensif deposit, three main hydrothermal transformations
are recognized, silicification, sericitization and hydrothermal dolomiti-
zation (Fig. 5). These alterations are responsible for the recrystallization
of the limestone wall-rocks to various degrees (silicified limestones,
marble). The microcrystalline calcite and dolomite of the limestones
has been almost completely replaced by quartz as a result of an intense
silicification (Fig. 5A, B, and C). The hydrothermal dolomitization is the
last alteration phase developed and it is marked by recrystallization of
limestones and development of saddle dolomite (Fig. 5B). Skarnification
is relatively weak and it is limited to surface area of 20 m2. It is present
only in the immediate contact with rhyolitic dikes. This skarnification is
marked by the development of anhydrous and hydrous skarn minerals.
Anhydrous minerals are andradite (Fig. 5D) and vesuvianite character-
izing the prograde alteration. Intense retrograde alteration is common
in skarns (Einaudi and Burt, 1982; Meinert, 1992; Calagari and
Hosseinzadeh, 2006; Canet et al., 2009; Ilmen et al. 2014b) and in
some carbonate replacement deposits may destroy most of the pro-
grade anhydrous calc-silicates (Cox, 1986; Morris, 1986). At Amensif,
retrograde alteration is characterized by hydrous mineral assemblages
composed of epidote + chlorite + tremolite + quartz + calcite +
sericite minerals (Fig. 5E).
The main hydrothermal minerals identified are:
Quartz occurs as fine-medium grained (up to 0.8 mmacross) patchy

aggregates, solitary dispersed crystals and as veins and veinlets within
the calc-silicates. Strong silicification has led to replacement of most
former minerals by quartz.

Small amounts of sericite are observed with chlorite and quartz.
Dolomite occurs as fine hydrothermal grained to coarse 20–200 μm

anhedral to subhedral crystals within the hydrothermal zones.
Dolomite varies from dark grey to green. The micro- and pseudospar
textures of the Amensif dolostone are replaced by closely packed
anhedral saddle dolomitewith undulatory extinction.Medium to coarse
grained crystals (1 to 7 mm) are also present in veinlets cutting other
mineral aggregates, where they show different texture and are accom-
panied by very fine to coarse crystals (1 to 10 mm) of dolomite and an-
kerite and sericite. Some carbonate minerals are partially and locally
replaced by calc-silicate minerals. In comparison with non-altered
dolomite, the hydrothermal dolomite occurs in coarse-crystalline
euhedral rhombs, granular, massive and irregular forms. The intensity
of dolomitization increases with increased depth.

Chlorite is very abundant, both in themineralization, the footwall
altered pelites and the carbonates. In the calc-silicate-rich units, it
occurs as up to 350 μm-wide platelets that can form spherulitic ag-
gregates, commonly in association with quartz, epidote, calcite and
tremolite.

Epidote is the second most abundant component of the mineraliza-
tion after chlorite, as it occurs in all the calc-silicate assemblages, in the
sulphide mantos and in the footwall altered metasedimentary rocks of
the foot-wall. Its main occurrence is as microcrystalline epidote-
chlorite assemblages with quartz, calcite, andradite, tremolite and



Fig. 2. Detailed geological map of Amensif deposit (Ilmen et al. 2014b). Legend: Ki (v, sv, cm): Lower Cambrian; Km/sm: Middle Cambrian; n2–3: Lower Cretaceous; C3–6: Upper
Cretaceous; q: Quaternary.
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Fig. 3. Field photographs. A — photograph showing carbonate bars (cc) cut by mineralized structures (M) and by rhyolitic dikes (γ). B — photograph showing exploitation tunnel with
gossan. C — N–S trending rhyolitic dike from Amensif. D — N100°-trending fault plane.

89S. Ilmen et al. / Journal of Geochemical Exploration 161 (2016) 85–97
sulphides (chalcopyrite, galena, sphalerite and pyrite). Epidote occurs
as euhedral prismatic crystals.

Tremolite occurs as spherulitic crystals commonly associated with
chlorite, epidote and calcite. It is abundant in the footwall altered
metapelites. Tremolite is partially replaced by chlorite.
Fig. 4. A — photomicrograph showing medium to coarse grained fresh dolomite. B — photogr
trachyte rocks.
Andradite: field and petrographic observations reveal a localized oc-
currence of garnet in marble and metamorphic limestones that are
cross-cut by the rhyolitic dikes. Under the microscope, the garnet ap-
pears commonly as fine-grained subhedral forms. Crystals are as large
as 5 to 7mm in diameter. The petrographic characteristics and chemical
aph of saddle dolomite. C — microscopy texture of rhyolitic dike. D — trachytic texture of



Fig. 5.A— photomicrograph showing contact between fresh dolomite and hydrothermal dolomite. B— hydrothermal dolomite with epidote (Ep) minerals. C— silicified dolomite.
D— andradite (Adr) aggregates showing concentric-oscillating zoningwith interstitial quartz (Qtz) and replaced by epidote (Ep). E— photomicrograph of hydrothermal dolomite (H-Dol)
with anhydrous minerals: tremolite (Tr), epidote (Ep), and calcite (Cc).
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composition of a garnet sample are consistent with andradite (Ca-rich
garnet). Most of the andradite crystals observed in Amensif had coarse
concentric-oscillating zoning and sector twins distinguished by colour
and chemical composition. Andradite is associated with quartz, calcite,
chlorite, epidote, pyrite, galena and chalcopyrite (Ilmen et al., 2014b).

Vesuvianite occurs mostly in metamorphic limestones as euhedral,
randomly oriented prismatic phenocrysts a few tens of μm to 6 mm in
size. XRF analysis confirmed the presence of association of F-rich vesu-
vianite associated with quartz and calcite (Ilmen et al., 2014b).

Barite occurs mostly in veins. Two types of barite are present in the
Amensif deposit: the white barite and the pink barite. At −100 m un-
derground, the white barite is associated with chalcopyrite, galena,
and Fe-poor sphalerite.

5.2. Mineralization

The carbonate replacement orebodies in the Amensif area are
irregular in shape and have vein-like extensions that follow faults and
fissures. Massive sulphide bodies occur within the marbles and hydro-
thermal dolomites as well as along the contact of rocks with different
permeabilities (carbonates, schists, greywackes, rhyolites). Schists are
not mineralized. Two main types of sulphide mineralization are
exposed in surface and underground workings. The most common ore
type consists of massive sulphide replacement bodies hosted in Lower
Cambrian carbonates (marbles, hydrothermal dolomites). The second
type comprises lens-like (veins), disseminations, or semi-massive
sulphide.

There is a close spatial relationship between felsic dikes (rhyolites)
and ores, especially where limestones are cut by dikes. These dikes are
enriched in base metals and oxidized in contact with the Lower
Cambrian carbonates.

5.2.1. Mineralogy
The primary massive sulphide carbonate replacement ore is com-

posed chiefly of chalcopyrite, sphalerite with chalcopyrite disease, gale-
na, pyrite, arsenopyrite, tennantite-tetrahedrite and minor magnetite
and pyrrhotite. SEM microscopy reveals the presence of Ag–Bi–Te–Sb–
Pb–Cu minerals. Silver occurs mainly as silver sulphosalts, such as
tetrahedrite, tennantite, freibergite, matildite, schirmerite and Ag–Au
amalgam (Figs. 6 and 7, Tables 1, 2 and 3). The Bi-minerals show an
intimate association with galena and consist mainly of Bi
sulphosalts (bismuthinite, matildite, schirmerite, bismuthinite de-
rivatives [hedleyite, krupkaite]), and native elements (native bismuth,
Ag–Au amalgam). Oxidizing conditions favoured the formation of
hypogene copper carbonates (malachite and azurite), lead sulphates
(anglesite), and iron hydroxides (goethite and hematite). Detailed



Fig. 6. Photomicrographs of mineralization. A— association of chalcopyrite (Cpy) and sphalerite (Sp)with chalcopyrite disease. B— association of chalcopyrite and galena (Gn) containing
matildite (Mat), tennantite (Tt) forms on grain margins of chalcopyrite and galena. C— Brecciated pyrite (Py) replaced by chalcopyrite with is also replaced by galena. D— association of
chalcopyrite, tennantite, and sphalerite. E— Replacement texture among sphalerite, chalcopyrite, and galena. F — fractures of pyrite filled by chalcopyrite and galena with association of
sphalerite.

91S. Ilmen et al. / Journal of Geochemical Exploration 161 (2016) 85–97
textural investigations of the ore assemblages reveal the presence of
replacement textures among the sulphide minerals.

On thebasis of opticalmicroscopy and SEMobservations,mineralog-
ical characteristics of the Amensif deposit are shown below:

Chalcopyrite is a major phase in the main chalcopyrite-sphalerite-
galena orebodies. It occurs as fine-coarse-grained crystals (N1 mm)
and is present as interstitial disseminations or as patchy aggregates
withmutual interference boundaries against the others main sulphides.
Chalcopyrite is usually homogeneous (Fig. 6A, B, and D), but in some
places contains very fine-grained replacements of sphalerite. Chalcopy-
rite is observed also forming some blebs in sphalerite. These blebs of
chalcopyrite are called chalcopyrite disease (Fig. 6A) (Barton and
Bethke, 1987). Microscopic examinations indicate the presence of
tetrahedrite–tennantite closely associated with chalcopyrite.

Sphalerite occurs as massive, porphyritic, banded and disseminated
aggregates commonly in association with chalcopyrite, galena, pyrite,
arsenopyrite, quartz, calcite and otherminerals. It is fine- tomoderately
coarse-grained and has a xenomorphic–subidiomorphic granular
texture. Sphalerite varies in colour, but is commonly brown and
brownish-yellow. Sphalerite is a ubiquitous sulphide in all the orebodies
at Amensif and it is the most abundant ore mineral on a deposit scale.
Sphalerite is also disseminated in the host-rock massive dolomite and
in the carbonaceous dolomite. It contains a small oriented blebs and
inclusions of chalcopyrite (chalcopyrite disease) (Fig. 6A). These blebs
indicate high temperature co-genetic formation of chalcopyrite and
sphalerite from a parent Cu–Zn–S solid solution (Barton and Bethke,
1987; Eldridge et al., 1988; Ramdohr, 1969). Eleven SEM–EDX analyses
of sphalerite from the Amensif deposit (Table 3) show two types of
sphalerite; Fe-rich sphalerite and Fe-poor sphalerite. The Fe-rich
sphalerite contains 3.1 to 10.53 wt.% Fe, 38.13 to 42.46 wt.% S, and
49.29 to 58.77 wt.% Zn. The Fe-poor sphalerite is composed of 28.92 to
40.75 wt.% S and 59.25 to 71.08 wt.% Zn.

Pyrite is a major component of the ore characterizing the first ore
stage. It occurs as aggregates and cubic crystals up to 0.6 mm across.
Two generations of pyrite were distinguished at Amensif. The first one
is formed during the early stage (I). It is typically euhedral and coarse-
grained (1–3mm) but also displays brecciated texture in late-stage frac-
ture zones where it is entirely fractured and replaced by chalcopyrite
(Fig. 6C), galena (Fig. 6F), and sphalerite formed during the late stage
(II). Early stage pyrite is associated with arsenopyrite and quartz. The
second generation of pyrite is attributed to the second or late stage of
mineralization. It occurs as aggregates and intergrowths of micro-
euhedral cubes within arsenopyrite. The textural relationships between
pyrite and arsenopyrite indicate a co-genetic crystallizationwith a slight



Fig. 7. BSE images. A— Association of chalcopyrite (Cpy), galena (Gn), and matildite (Mat). B— inclusions of native bismuth (Bi) in matildite. C— hedleyite (Hd) inclusion in schirmerite
(Sch). D—matildite in galena associatedwith sphalerite (Sp). E—matildite inclusions in galenawith rims replaced by anglesite (Ang). F—Ag–Au amalgam in close associationwith galena
(with anglesite at rims), matildite, and freibergite.

Table 1
Chemical compositions (wt.%) of selected minerals from the Amensif deposit. (Analyses by SEM–EDS).

Mineral Sample S Sb Fe As Bi Pb Ag Au Zn Cu Te O

Arsenopyrite AMS-6′ 26.94 2.74 33.28 37.04 – – – – – – – –
AMS-7/1 27.52 – 30.83 41.65 – – – – – – – –
AMS-2 19.02 – 31.56 49.43 – – – – – – – –
AMS-11 19.44 – 32.69 47.87 – – – – – – – –
AMS-11 19.38 – 29.91 50.71 – – – – – – – –

Pyrite AMS-6′ 57.91 – 42.09 – – – – – – – – –
AMS-6′ 57.59 – 42.41 – – – – – – – – –
AMS-7/1 58.14 – 41.86 – – – – – – – – –
AMS-11 59.59 – 40.41 – – – – – – – – –

Chalcopyrite AMS-6′ 42.37 – 28.14 – – – – – – 29.49 – –
AMS-6’ 40.46 – 28.47 – – – – – – 31.07 – –
AMS-7/1 41.6 – 28.65 – – – – – – 29.75 – –
AMS-7/1 41.85 – 28.65 – – – – – – 29.5 – –
AMS-8/2 42.56 – 28.22 – – – – – – 29.22 – –
AMS-2 41.2 – 29.49 – – – – – – 29.31 – –
AMS-11 44.51 – 27.9 – – – – – – 27.59 – –
AMS-11 42.11 – 27.58 – – – – – – 30.31 – –
AMS-11 42.69 – 28.16 – – – – – – 29.15 – –

Tennantite AMS-7/1 31.79 4.77 3.85 12.49 – – 12.15 7.25 27.7 – –
Freibergite AMS-11 25.3 22.77 5.38 – – – 32.74 13.81 – –
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Table 2
Chemical compositions (wt.%) of selected minerals from the Amensif deposit. (Analyses by SEM–EDS) (continuation).

Mineral Sample S Sb Fe As Bi Pb Ag Au Zn Cu Te O

Matildite

AMS-2 16.09 – – – 55.3 – 28.61 – – – – –
AMS-2 14.21 – – – 58.8 – 27 – – – – –
AMS-2 15.34 – – – 59.19 – 25.48 – – – – –
AMS-11 21.26 – – – 50.95 – 27.79 – – – – –
AMS-11 16.55 – – – 52.37 – 31.08 – – – – –
AMS-11 19.58 – – – 50.81 – 29.61 – – – – –
AMS-11 20.49 – – – 52.52 – 26.99 – – – – –
AMS-11 16.81 – – – 52.2 – 30.99 – – – – –
AMS-11 16.54 – – – 55.72 – 27.74 – – – – –

Schirmerite

AMS-2 10.84 – – – 60.28 23.35 5.53 – – – – –
AMS-2 12.94 – – – 61.52 18.7 6.84 – – – – –
AMS-2 17.89 – – – 53.1 21.75 7.27 – – – – –
AMS-2 20.9 – – – 40.62 29.9 8.58 – – – – –
AMS-2 13.8 – – – 61.48 18.82 5.9 – – – – –
AMS-2 13.64 – – – 59.5 21.12 5.74 – – – – –

Bismuthinite AMS-2 13.7 – – – 86.3 – – – – – – –
Native Bismuth AMS-2 – – – – 100 – – – – – – –
Hedleyite AMS-2 – – – – 85.52 – – – – – 14.48 –
Krupkaite AMS-2 12.91 – – – 60.79 22.73 – – – 3.57 –

Ag–Au
AMS-11 – – – – – – 74.91 25.09 – – – –
AMS-11 – – – – – – 69.59 30.41 – – – –
AMS-11 – – – – – – 65.73 34.27 – – – –
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delay between the beginning of formation of arsenopyrite and that of
pyrite. The latter was affected by a super-gene alteration and has been
successively pseudomorphosed to goethite.

Arsenopyrite (FeAsS) occurs as euhedral rhombic crystals and forms
aggregates within pyrite (Fig. 7B, D). It occurs in two generations at
Amensif. The first one is characterized by monomineral aggregates of
coarse-grained idiomorphic and is associated with coarse-grained py-
rite formed during the first Fe–As ore-stage. During this stage, pyrite
and arsenopyrite are affected by an intensively hydrothermal breccia-
tion. Replacement of arsenopyrite is very common. The second genera-
tion of arsenopyrite is characterized by fine grain size and is associated
with fine grained size of pyrite formed during the last ore stage (II).

Galena (PbS) occurs as moderately coarse-grained (0.5 to 15 mm),
subidiomorphic–idiomorphic grains that typically occur as aggregates
in coexistence with sphalerite, pyrite and calcite. Cubic crystals of gale-
na are present. It is closely associated with sphalerite, chalcopyrite and
Table 3
Chemical compositions (wt.%) of selected minerals from the Amensif deposit. (Analyses by SEM

Mineral Sample S Sb Fe As Bi

Galena AMS-6′ 13.04 – – – –
AMS-6′ 16.8 – – – –
AMS-6′ 14.87 – – – –
AMS-7/1 14.11 – – – –
AMS-8/2 10.55 – – – –
AMS-8/2 10.71 – – – –
AMS-8/2 11.47 – – – –
AMS-2 13.21 – – – –
AMS-2 17.25 – – – –
AMS-2 13.41 – – – –
AMS-2 9.24 – – – –
AMS-11 7.75 – – – –
AMS-11 6.36 – – – –

Anglesite AMS-2 10.32 – – – –
AMS-2 10.26 – – – –

Sphalerite AMS-6′ 39.8 – 3.62 – –
AMS-6′ 4.23 – 4.3 – –
AMS-6′ 38.13 – 3.1 – –
AMS-7/1 30.12 – – – –
AMS-7/1 28.92 – – – –
AMS-8/2 38.58 – – – –
AMS-8/2 40.75 – – – –
AMS-2 38.5 – 10.53 – –
AMS-2 38.99 – 7.42 – –
AMS-11 42.46 – 8.25 – –
AMS-11 29.98 – – – –
pyrite (Fig. 6E). In the second ore stage, galena occurs as anhedral crys-
tals filling cracks and fractures in pyrite formed during the first stage
(Fig. 6F) but it is most abundant in metasomatic dolomite, where it
forms aggregates with andradite and epidote. Microscopic observations
and geochemical data indicate the presence of Bi–Ag-sulphosalts and
tennantite as inclusions in galena crystals (Figs. 6B, 7A, B, D, E, and F).

According to SEM analyses (Table 3), in the absence of Ag and Bi, the
galena is essentially pure PbS. When Ag and Bi are present, a solid
solution of galena–matildite is formed. Our SEM imageries reveal the
presence of exsolved matildite in galena.

Matildite (AgBiS2) has been identified for the first time at the
western High Atlas belt, based on SEM–EDX data and some X-ray
powder-diffraction data (Alansari, unpublished). Thismineral is present
as exsolutions in galena (Fig. 6B). It formswith galena a solid solution of
galena–matildite. According to Foord and Shawe (1989), the exsolu-
tions of matildite from galena occurred below about 215 °C.
–EDS) (continuation).

Pb Ag Au Zn Cu Te O

86.96 – – – – – –
83.2 – – – – – –
85.13 – – – – – –
85.89 – – – – – –
89.45 – – – – – –
89.29 – – – – – –
88.53 – – – – – –
86.79 – – – – – –
82.75 – – – – – –
86.59 – – – – – –
90.76 – – – – – –
92.25 – – – – – –
93.64 – – – – – –
67.02 – – – – – 22.66
68.68 – – – – – 21.06
– – – 56.57 – – –
– – – 55.48 – – –
– – – 58.77 – – –
– – – 69.88 – – –
– – – 71.08 – – –
– – – 61.42 – – –
– – – 59.25 – – –
– – – 50.97 – – –
– – – 53.59 – – –
– – – 49.29 – – –
– – – 70.02 – – –
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Schirmerite (Ag3Pb3Bi9S18) occurs as medium to coarse grains (up
to 30 μm) (Fig. 7C). Schirmerite is the second most abundant Bi-
sulphosalts after matildite in the Amensif deposit.

Native bismuth (Bi) is observed as small inclusions in matildite,
schirmerite, bismuthinite and in galena (Fig. 7B).

Investigation of polished sections through reflected light and SEM
analyses show presence of Bismuthinite (CuBiS2) in close association
with schirmerite and matildite.

Other accessory Bi, Te, Cu and Pb minerals are present and include
krupkaite and hedleyite as inclusions in schirmerite. Krupkaite
(PbCuBi3S6) occurs as very small grains, always enclosed by schirmerite.
Its occurrence is confirmed by SEM–EDX. Hedleyite (Bi2Te3) occurs as
small (b10 μm) inclusions in schirmerite (Fig. 7C). Hedleyite is the
only telluride found in the investigated samples.
Fig. 8. Paragenetic sequence of the minera
Freibergite ((Ag, Cu, Fe, Zn)12(Sb, As)4S13) occurs as inclusions in
galena or on grain margins of chalcopyrite.

Tennantite ((Cu, Ag, Zn, Fe)12As4S13) and Tetrahedrite ((Cu, Fe,
Ag, Zn)12Sb4S13) occur as relatively coarse grains, enclosed in chalco-
pyrite or occur on the grain margins of chalcopyrite, in spatial associa-
tion with sphalerite (Fig. 6D) and/or galena (Fig. 6.B). Tennantite is
themost abundantmineral of this group in the deposit and one analysis
(Table 1) reveals a small content (4.77 wt.% Sb).

Ag–AuAmalgam is observed in intimately associationwithmatildite
(Fig. 7F). The SEM–EDX analyses of this amalgam show concentrations
ranging from 65.73 to 74.91 wt.% Ag, and 25.09 to 34.27 wt.% Au
(Table 2).

Anglesite (PbSo4) represents a supergene alteration of galena. The
alteration to anglesite starts mostly at the rims of galena grains.
lization from the Amensif ore deposit.



Fig. 9. Comparison of Amensif and Tighardine galena isotope compositions (Ilmen et al.,
2014b) to those of galena from the Assif El Mal deposit (Bouabdellah et al. 2009). Curves
from Zartman and Doe (1981).
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Covellite (CuS),Malachite (Cu2(CO3)(OH)2), Azurite (Cu3(CO3)2(OH)2),
and iron hydro-oxides are the secondary minerals resulting from
supergene alteration of chalcopyrite and pyrite.

5.2.2. Paragenetic sequence
Ilmen et al. (2014b) established a paragenetic sequence of mineral-

ization in the Amensif deposit. These authors defined two ore stages
preceded by a pre-ore (gangue) stage that consists of formation of the
mineral gangue and these ore stages are followed by a supergene
stage (Fig. 8). In this paper we amend this paragenetic sequence.

Briefly, the pre-ore stage is marked by the formation of hydrother-
mal minerals: calcite, dolomite, andradite, vesuvianite, quartz, chlorite,
tremolite, sericite and pyrite.

The first ore stage ismarqued by formation of early pyrite, arsenopy-
rite and early sphalerite (I) with minor of galena (I). Formation of these
minerals is accompanied by crystallization of quartz and calcite.

The second ore stage involved formation of sulphides. In decreasing
order of abundance, they are chalcopyrite, sphalerite, galena, pyrite, ar-
senopyrite and tetrahedrite–tennantite. This stage is chiefly character-
ized by strong replacement textures among sulphide minerals. An
important replacement of the early sphalerite and galena by chalcopy-
rite, tetrahedrite–tennantite, late pyrite (II) and late arsenopyrite (II)
is observed. Late sphalerite (II) appears with blebs of chalcopyrite or en-
tirely replaced by chalcopyrite and galena (II). Pyrite and arsenopyrite
are partially or entirely replaced by chalcopyrite. In contrast to the
first stage, late pyrite (II) and arsenopyrite (II) occur in fine-grained
size aggregates. This reduction in grain size reflects a change in
thermo-barometric conditions. Formation of fine arsenopyrite grains
probably enriched in gold seems to occur in oversaturated hydrother-
mal solutions with S–As-containing complex compounds of gold,
whose decomposition results in a great number of sulphide seeds,
which rapidly crystallize (Volkov et al., 2006). The commonly observed
occurrence of paragenesis of arsenopyrite in pyrite-containing sedi-
mentary rocks and the over growth of high-Au arsenopyrite on
globular-crystalline pyrite aggregates are the evidence for the crucial
role of syngenetic pyrite in the deposition of gold-containing arsenopy-
rite (Kovalev et al., 2011). In the Amensif deposit, chalcopyrite replaces
pyrite and arsenopyrite. Matildite and schirmerite crystallize before na-
tive bismuth, followed by bismuthinite, krupkaite, hedleyite, and galena
which replace all these phases. Tennantite, tetrahedrite and freibergite
were formed after formation of galena. Gold is present as inclusions in
arsenopyrite and as Ag–Au amalgam associated with galena. Silver is
mainly hosted by matildite, schirmerite, tennantite–tetrahedrite,
freibergite, and Ag–Au amalgam. This stage is identified based on the
replacement relationship observed between sulphide minerals.

5.3. Geochemistry

Chemical analyses of all above-mentioned ore minerals are given
in Tables 1, 2 and 3. One out of five arsenopyrite analyses contains
2.74 wt.% Sb. The zinc ores are composed of two types: iron-rich sphal-
erite (6 analyses) containing 3.1–10.53wt.% Fe and iron-poor sphalerite
(5 analyses) (28–40 wt.% Fe and 59–69 wt.% S). The analysed chalcopy-
rite, galena and pyrite lacked SEM-detectable trace elements. One anal-
ysis each of tennantite and freibergite yielded respectively, 12.75 and
32.74 wt.% Ag in 9 analyses. Silver is often carried by the matildite 25
to 31 wt.% Ag. Schirmerite contains 5–8 wt.% Ag in 6 analyses. Minor
amounts of native bismuth, bismuthinite, hedleyite and krupkaite
were identified in close association with galena and matildite. Gold is
observed as an Ag–Au amalgam. Three analyses yielded 65.73–
69.59 wt.% Ag and 30.41–34.27 wt.% Au (Table 2).

Massive chalcopyrite–sphalerite–galena with lesser silver-gold is
the commercial ores exploited since mining operations began. Copper
is the most abundant metal followed by zinc then lead. The potential
for significant Cu–Pb–Zn ore in the deposit has been tested by drill
programmes since 2011. Ore reserves are ca. 0.5 Mt with grades of
3.21% Zn, 0.58% Pb, 0.86% Cu, 83.3 ppm Ag, and 0.41 ppm Au (Ilmen
et al., 2014b).

5.4. Lead isotopes

Lead isotope data can be used to help define the probable source
material (2 samples) of the ore lead. On the basis of the lead isotopic
data for Amensif and Tighardine ores (25 km east of Amensif)
(206Pb/204Pb (18.053–18.324), 207Pb/204Pb (15.534–15.577), and
208Pb/204Pb (37.780–37.986)), the metallogenic episode that give rise
to the polymetallic mineralization of Amensif is attributed to the
Cambro–Ordovician volcanic event (Ilmen et al., 2014b). In the
206Pb/204Pb versus 207Pb/204Pb diagram (Fig. 9), galena Pb isotope ratios
for Amensif plot between themantle and the upper crustal curves, close
to the orogene one of the Zartman and Doe curve (Doe and Zartman,
1979; Zartman and Doe, 1981; Megaw, 1998), consistent with a domi-
nantly upper crustal reservoir with significant contribution of the
mantle lead. These data (2 analyses) show clearly that Pb in the ore
fluid was a mixture of upper crustal Pb and mantle Pb. During this peri-
od, a carbonate platform developed andwas accompanied by an intense
volcanic activity with local substitution of the carbonate facies by
volcano-sedimentary rocks. Field and laboratory observations suggest
that ore forming materials were derived from the Cambro–Ordovician
volcanic series. The Cambro–Ordovician formations from the surround-
ing area (Assif El Mal (Bouabdellah et al. 2009); Azegour (Badra, 1993))
are characterized by strongmafic lavas and volcanic to pyroclastic rocks.

The probable source of leadmineralization in Assif ElMal is related to
upper crustal reservoir, including Hercynian granitoids (Bouabdellah
et al. 2009). The lead isotopic data from Assif El Mal deposit, 20 km
NW of Amensif, plot between the orogene and upper crust curves
(Bouabdellah et al. 2009). These authors considered that the Assif El
Mal Pb–Zn- (Cu–Ag) veins are related to the Jurassic intrusive complex
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of gabbro to diorite compositions coincident with the beginning of
Central Atlantic rifting (Bouabdellah et al., 2009).

6. Discussion

The Amensif carbonate-replacementmineralization is one of several
hydrothermal ore types (skarn, manto-type, auriferous shear zone,) in
the Guedmiwa district of the western High Atlas Mountains which are
probably associated with Permian granitic plutons.

Although some carbonate-replacement deposits in Guedmiwa dis-
trict are located distal to the Azegour granite, lead isotope composition
of galena indicates a mantle contribution to the Amensif system (Ilmen
et al., 2014b). The intimate relationship between bismuthinite,
schirmerite, matildite, krupkaite, hedleyite, native bismuth, Ag–Au
amalgam, galena, sphalerite with chalcopyrite disease, andradite, vesu-
vianite, tremolite, chlorite, quartz and barite at the Amensif, provides
strong evidence for the proximity of mineralization to a magmatic
source (Meinert et al., 2003; Voudouris et al., 2008). In addition, the spa-
tial relationship of sulphides with the Permian rhyolitic dikes is also
consistent with the involvement of magmatic components in the ore
system. Thus, the mineralization of Amensif is probably genetically re-
lated to the two contrastingmagmatic events recognized in thewestern
High Atlas: (i) the Cambro–Ordovician volcanic event and (ii) the Perm-
ian magmatic event.

Besides its close relationship with native gold in the Talat n'Imjjad
shear zone (Ilmen et al., 2014a), Bi is also intimately associated with
Ag in the Amensif deposits. The mineralization observed in different
types of samples from the Amensif deposit has very similar Cu–Pb–Bi–
Ag–Sb–Te geochemical signature, which is the main argument to relate
them to the magmatic system. According to Foord and Shawe (1989)
and Voudouris et al. (2008), matildite occurs in the absence of galena,
intergrown, for example, with aikinite, wittichinite and emplectite.
They attributed its formation to the breakdown of chalcopyrite,
with Bi and some Pb and Ag being incorporated within the matildite
lattice at temperature less than 220 °C. Galena from Amensif
contains tennantite, tetrahedrite and freibergite inclusions. According
to Malakhov (1968) and Foord and Shawe (1988), the presence of
minor amounts Ag and Sb with Bi in galena from Kamariza (Greece) is
the result of its formation at relatively low temperature (Voudouris
et al., 2008). It is known today that galena from hydrothermal deposits
contains anomalous and significant levels of Bi, Ag, Sb, Te, Se, Cu, Tl and
Zn (Foord and Shawe, 1989). Under most conditions Bi–Te–Sb-bearing
minerals are suitable indicators of the presence of these elements,
being particularly useful in geochemical exploration for gold and silver
(Malakhov, 1968; Boyle and Jonasson, 1984; Ciobanu et al., 2009).

7. Conclusions

ã The Amensif ore deposit formed by a carbonate replacement system
that developed in Lower Cambrian carbonates cut by a swarm of
Permian rhyolitic dikes.

ã The mineralization formed distal to the Azegour granite (Permian,
271 ± 3 Ma; Mrini et al., 1992). Differences and similarities among
the geological setting, mineralogy, paragenesis, and alteration
features of carbonate replacement mineralization suggest that the
hydrothermal system is probably related to the Permian magmatic
event which is the precursor of leaching of Cambro–Ordovician
volcanic rocks.

ã The Amensif Cu–Pb–Zn–Ag-(Au) mineralization is lithologically and
tectonically controlled. Structural control is particularly evident
since the deposit is positioned at the intersection of the ENE–
WSW-trending Erdouz fault and the WNW–ESE-trending Al
Medinet fault.

ã Oreminerals consistmainly of sulphides (chalcopyrite, pyrite, sphal-
erite, galena) and sulpho-arsenides (arsenopyrite), native metals
(Bi, Ag–Au), and sulphosalts and sulpho-bismuthinides of Ag, Bi,
Cu, Pb and Te. The presence of Ag and Au minerals is not revealed
in this assemblage, but these precious metals occur in considerable
amounts in other ore minerals, principally tetrahedrite, tennantite,
freibergite, matildite, schirmerite and Ag–Au amalgam. Additionally,
minor amounts of Te and Bi form fine-grained hedleyite. Sphalerite
shows the chalcopyrite disease of Barton and Bethke (1987).

ã Hydrothermal alteration surrounding the orebodies has resulted
in an alteration assemblage of dolomite, saddle dolomite, Mn-
dolomite, calcite, barite, ankerite, chlorite, tremolite, andradite,
vesuvianite, and quartz.

ã The presence of chalcopyrite disease indicates high-temperature
conditions of ore deposition (Barton and Bethke, 1987). Thus, it
can be suggested that this paragenesis formed under high to
medium temperature hydrothermal conditions, from a complex
Cu–Pb–Zn–Bi–Sb–S–Ag–Au–Te-bearing fluid (Ilmen et al., 2014b).
Thematildite newly discovered at the Amensif deposit in close asso-
ciationwith galena suggests high temperature conditions of galena–
matildite solid solution. Craig (1967), Nedachi et al. (1973), and
Foord and Shawe (1989) have concluded that most mineral assem-
blages belonging to the Ag–(Cu)Pb–Bi–S system have crystallized at
temperature between 200 and 400 °C.

ã The enrichment of Bi, Te, Sb and Pb in the mineralization at Amensif
suggests a magmatic contribution to the ore-forming fluid. Accord-
ing to Ciobanu et al. (2006), the presence of Te-minerals in an ore,
such as hedleyite at Amensif, is indicative of a magmatic signature.
Bismuth minerals also have been considered pathfinders for Au in
a variety of deposit types (skarn, stringer zone of VMS, intrusion-
related Au; Ciobanu et al. 2009). Our study confirms the earlier sug-
gestion that, in the Amensif deposit, the Cu–Pb–Zn mineralization is
a carbonate replacement type. In the presence of Bi, large amounts of
Ag can be accommodated in the structure of galena.

ã Preliminary lead isotopic data suggest that the ore-forming compo-
nents were derived from a mixture of upper crustal and mantle ma-
terial (Ilmen et al., 2014b). On the basis of this preliminary lead
isotopic data, we suggest that the hydrothermal fluid related to
Permian granite leached metals from the Cambro–Ordovician rocks
and deposited these in the carbonate host rocks.

ã The Amensif deposit is a typical example of a distal skarn, and is
compatible with a model for polymetallic carbonate replacement
type mineralization.
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