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Abstract

Purpose. In this paper, we discuss the genetic model and emphasize many pending issues on the carbonate replacement
textures of the Amensif Zn-Pb-Cu-Ag+Au-Bi deposit (the Western High Atlas, Morocco), the source of metal and the possible
contribution of the Azegour granite to this ore genesis.

Methods. This study is based on geological mapping, drill core and petrography analysis in combination with ICP-AES,
XRD, and SEM data.

Findings. The detailed mineralogy consists mainly of sulfides and sulfosalts. The main ore minerals include arsenopyrite,
pyrite, sphalerite, chalcopyrite, galena and bismuthinite. Mineral inclusions related to isomorphic sulfosalts are found in galena
and/or chalcopyrite. They include matildite, galenobismutite, pavonite, cosalite, schirmerite, krupkaite, ramdohrite, wit-
tichenite, emplectite, luzonite, gustavite, hedleyite, krennerite, wittite, freibergite, tetrahedrite, tennantite and native bismuth.
The supergene minerals are anglesite, covellite, malachite, azurite and goethite. In addition, specific replacements are observed
between dolomites and sulfides, indicating an interaction between hydrothermal fluid and host rocks. Four ore stages have
been identified based on the relationship between mineral phases and ore-forming conditions. The results of this study indicate
that Ag and Au precipitation is controlled by the Bi-Te-Pb-S system, while enrichment in Bi, Te and Se sulfosalts and Bi-
telluride indicates a magmatic source of the ore-forming fluid.

Originality. The study delves into the genetic model of the Amensif Zn-Pb-Cu-Ag+Au-Bi deposit in the Western High At-
las, Moroc-co, with a focus on carbonate replacement textures, while also exploring its classification as either a carbonate
replacement deposit or a skarn deposit.

Practical implications. Mineral textures are indicators of the replacement process in the Amensif Zn-Pb-Cu-Bi-AgtAu
carbonate replacement deposit (the Western High Atlas, Morocco). The results obtained from this research paper can be used
as a powerful tool in mineral exploration of the Western High Atlas.
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1. Introduction Carbonate replacement deposits (CRD) are related to dis-

Skarn is defined as “a rock characterized by a dominance ~ tant magmatic intrusions. They are also known as manto or
of calc-silicate minerals such as garnet and pyroxene” [1]. ~ ePlacement ore bodies. They consist of massive lenses
Skarn deposits are typically hosted in mineralogically sim- ~ and/or tubes and veins of iron, lead, zinc and copper bearing
ple, fine-grained clastic and carbonate sedimentary rocks and ~ Sulfide minerals that are hosted in and/or replace many car-
are considered an important source of Cu, Zn, Pb, Mo, Ag, bonate rocks such as Ilmeston_e, dolomite or other sedimen-
Au, W and Sn [2]. Skarn deposits are mostly studied for their  tary rocks. Most of CRD massive ores are composed of more
evolution and alteration zonation around magmatic ore bod- ~ than 50% sulfide minerals. CRDs are known as high-
ies, specific mineralogical specimens, source and evolution ~ temperature (up of 250°C) carbonate-hosted Zn-Cu-Pb-Ag-

of ore-forming fluids, and their metallogenic geodynamic AU deposits. Carbonate-hosted ores are usually closely asso-
contexts [1], [2]-[4]. ciated with igneous pluton in sedimentary country.
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These intrusions trigger ore formation and host
polymetallic veins and disseminations containing Fe, Pb,
Zn, Cu sulfide minerals. Some polymetallic replacement
deposits are associated with skarn deposits in which calc-
silicate = Fe-oxide mineral assemblages replace carbonate
rocks [5]-[8], and [9]. Their mineralogy varies with dis-
tance from magmatic intrusions. Mineralization of these
deposits usually develops at a distance of up to 7-8 km
from the intrusion. The presence of calc-silicate minerals is
also characteristic of carbonate replacement deposit.
According to [6], carbonate replacement deposits are
remote from magmatic intrusions, but fluid circulation
along faults and fractures is closely related to them. These
deposits are widely known for their diversified alteration
styles and typical replacement textures. Replacement of
carbonates bands consists mainly of transformation of do-
lomites by hydrothermal dolomites, to a small extent by
calcite, and sulfides. In some local zones, fluid interaction
with carbonate rocks could lead to the formation of calc-
silicate mineral phases such as garnet, hedenbergite and
others [5], [6], [9]. The main features of CRD could be
resumed as they are sulfide-rich epigenetic deposits capable
of forming at temperatures up to 250°C.

Historically, the Western High Atlas is known by its
Mo-W-Cu-Pb-Zn bearing- mineralizations. Since 1919, several
mineral occurrences have been discovered and then exploited
for W-Mo-Cu in the Azegour mine [10]. During the 1920s,
the Zn-Pb-Cu-Ag mineralizations were mined in the Assif El
Mal and Zn-Pb-Ag products were extracted from the Erdouz
ore deposit respectively [8], [10]-[16]. More recently, more
ore deposits have been discovered due to the extensive explo-
ration programs. The Seksaoua Cu-Ni-Ba vein deposit [17],
the Tighardine Pb-Zn-Cu-Ag structurally controlled- car-
bonate replacement deposits [8], the Talat n’Imjjad Cu-Au
shear zone [18], and the Amensif Zn-Pb-Cu-Bi-Ag+Au car-
bonate replacement deposit are the main ore deposits discov-
ered in this part of High Atlas [9], [19], [20].

The Amensif area is located in the Western High Atlas
approximately 85 km SW of Marrakech city and 5 km to
the south of the Azegour W-Mo-Cu mine. llmen et al. [9]
have studied the deposit and they have classify it as struc-
turally-controlled carbonate replacement deposit on the
basis of mineral paragenesis, hydrothermal alteration styles,
the source and origin of metals and its relationships with
the nearby Azegour Mo-W-Cu Skarn deposit.

Recently [21], have proposed a distal skarn deposit
model based on the presence of rare andradite minerals
formed far of the economic mineralizations. These calc-
silicate minerals are the result of local skarnitization in-
duced by the juxtaposition of porphyry rhyolitic dyke and
the dolomitic rocks.

In this work, we review the metallogenic model of the
Amensif  Zn-Pb-Cu-Bi-Ag+Au carbonate replacement
deposit and we share new mineralogical and litho-structural
data. The results of this research are coupled with field
survey and drill core data, and are used in discussion in an
effort to illuminate the geological, mineralogical and hydro-
thermal phenomena that have contributed in the formation
of the Amensif carbonate replacement deposit. Further-
more, the discussion share information on the possible
connection of the Amensif deposit with the adjacent
Azegour Cu-Mo-W skarn deposit.
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2. Regional geology

The Western High Atlas is located 70 km southwestern of
the Marrakech city. The stratigraphy of the Western High
Atlas area consists of a thick succession of Cambrian to
Ordovician metasedimentary and volcano-clastic rocks,
which are overthrusted by Jurassic to Cretaceous sedimen-
tary formations [13], [22]-[26]. These sequences were in-
truded commonly by numerous granitoid plutons (e.g., Tich-
ka, Azegour, Al Medinet, Bouzouga, and Adassil) and by
intermediate to basic dikes postdating the regional defor-
mation. The Lower Paleozoic volcano-sedimentary sequenc-
es regionally were affected then by a low-grade metamor-
phism (green schist facies) [22].

In the Azegour-Erdouz area, situated in the western part
of the High Atlas belt, the volcanic and volcano-sedimentary
rocks were deposited during or after the opening of the Cam-
brian rift. The volcanic deposits consist of calc-alkaline bas-
alt and andesite [27]. The U-Pb dating zircon dating of the
Tizgui dacite, which is located north Azegour mine, revealed
an age of 532.5+ 4.2 Ma [28]. These formations are cutted
by the Al Medinet quartz diorite emplaced during the early
Cambrian and by the Azegour granite and its swarm dikes of
the Permian age [29]-[32].

The Al Medinet quartz diorite is located approximately
8 km SW of the Azegour granite. This magmatic rock intru-
ding the Cambrian-Ordovician volcano-sedimentary se-
quence of the Erdouz block [16]. Geochronological point of
view, the quartz diorite displays an age of 514 Ma + 3 base
on the recent SHRIMP U-Pb zircon dating [30], [31] (Fig. 1).
The pluton is homogeneous and marked by its phaneritic
texture. Minerallogically, it consists of plagioclase fol-
lowed by quartz, biotite, hornblende, minor muscovite,
apatite, zircon, and traces of sulfide disseminations, includ-
ing pyrite and chalcopyrite.
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Figure 1. Geological map of the Western High Atlas (modified
after [9], [23], [26])

The Azegour granite has a length of 3 km and a width of
1 km (Fig. 1). It is cross-cutted by different series of aplite,
pegmatite, microgranite and lamprophyre dikes [32], [33].
The granite is pink colored, homogeneous pluton with medium
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to coarse-grains (1-5 mm size). Its mineralogy consists main-
ly of quartz, K-feldspar, plagioclase, biotite and many other
subordinate minerals. This hyperaluminous and anorogenic
granite belongs to K-rich calc-alkaline (monzonitic)
series [16] and references therein). The pink granite is mo-
derately to strongly evolved and fractionated [16]. Based on
its richness in Fe-bearing minerals and Fe,Os/FeO ratio, the
granite is strongly oxidized [16], and references therein).
Recently, the Azegour granite has yielded an age of
275 + 3.4 Ma based on the SHRIMP U-Pb zircon dating [30].
The emplacement of the Azegour granite and its dyke net-
work represent fingerprints of the Permian magmatic activity
in the Western High Atlas domain.

Structurally, the Western High Atlas belongs to the Variscan
belt and is comprised between two major dextral shear zones
along the NE-SW trending structures (Fig. 1) [27]. To the
north side, the Imi-n’Tanout fault constitutes its northern side
with the Haouz basin and the Tizi-n’Test shear zone limits it
at the southern flank with the Souss basin (Fig. 1) [22], [26],
[34]. According to [22] and [26], the Variscan orogeny is
characterized by three deformational events (D1, D2 and
D3). The first event “D1” is interpreted as the result of the
formation of flow schistosity S1 that is sub-parallel to the
stratigraphic “S0” beds associated with interfolial microfolds
and L1-type stretching lineation [25], [28]. The second phase
“D2” is responsible for development of the N-S trending
tight folds commonly associated with S2 fracture cleavage or
flow schistosity sometimes parallel to SO-1. The third stage
“D3” coincides with a ductile deformation style, which is
responsible for the N70° trending isoclinal folds marked by
S3 cleavage of fracture to flow schistosity. Several syn to
late-Variscan granitic intrusions (e.g., Tichka, Azegour,
Bouzouga, and Adassil) were emplaced contemporaneously
with this third event [23], [26], [28], [35], [38]. These shear
zones delineate different blocks, like the triangular Erdouz
one which is delineated by the Erdouz ENE-WSW dextral
mega-shear zone and the Al Medinet fault WNW-ESE sinis-
tral shear zone [9], [19], [20], [23], [27]. In this triangular
block, both trending structures were responsible for structural
controls on the mineralizations of the Erdouz Pb-Zn-Ag
veins, Amensif Zn-Pb-Cu-Bi-AgtAu (Fig. 2) and the Talat
n’Imjjad Cu-Au-Bi shear zone vein type [9], [13], [16], [21],
[39].

3. Materials and methods

Cores from thirty-one drill holes have been examined and
sampled. A total of 200 samples have been selected for the
preparation of thin and polished thin sections in the Depart-
ment of Geology of the Faculty of Sciences-Semlalia (Cadi
Ayyad University of Marrakech) and at the Polydisciplinary
Faculty of Ouarzazate (Ibnou Zohr University). Paragenetic
relationships and mineralogy were studied in thin polished
sections using transmitted and reflected polarized light mi-
croscopy. The representative samples of associated magmatic
rocks and ore mineralization were selected for mineralogical
and geochemical studies using microscopy and Scanning
electron microscopy (SEM), X-ray powder diffraction
(XRD) and ICP-AES. SEM investigations are performed
using a Philips XL30 instrument equipped 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.
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Figure 2. Geological map of the Amensif area (adapted from [9])

Ore minerals were analyzed by XRD and SEM-EDX for
Fe, Cu, Pb, Zn, Au, Bi, and Se. The X-ray powder diffraction
(XRD) was conducted at the Reminex Research Center of the
Managem Group on a X’Pert Philips diffractometer equipped
with X’Celerator detector (40 kV, 30 mA), with CuK a-mono-
chromatized radiation (A = 1.54056 A) and 6-6 geometry. The
area between 5° and 70° 2 9, with 0.02° steps, was measured
with a 0.5° primary beam divergence. Compound identifica-
tions were based on a computer program X’Pert high score of
1.0 Band literature data. Sixty samples were collected from
diamond drill cores in the studied area. The ICP-AES analyses
(Fe, As, Cu, Pb, Zn, Ag and Au) were carried out at Reminex
Research Center and Laboratory (Marrakech) using Jobin
Yvon ULTIMA 2c equiped with mono- and polichromators.

4. Results

4.1. Field investigations

As shown in the Figure 1, the Amensif deposit is deli-
neated by Erdouz NE trending dextral shear zone and the Al
Medinet NW-trending fault (Fig. 1). The area is intensively
deformed and affected by several faults and fractures of NNE-
SSW, ENE-WSW, WNW-ESE and NW-SE trending direc-
tions. As the Figure 2 shown, the geology of this area is
marked by the Lower to middle Cambrian volcano-
sedimentary rocks, overthrust by the sedimentary rocks of the
Neocomian age (Fig. 2). The stratigraphy of the studied area
consists of a thick (about 600 m) Cambrian metasedimentary
and volcaniclastic sequence, overthrust by Cretaceous sedi-
mentary rocks [9] and references therein). The metasedimen-
tary sequence was regionally affected by regional low-grade
greenschist-facies metamorphism [14], [19].
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The Cambrian sequence, which is the host-rocks of the
mineralizations, is divided into three units:

1. The basal unit is characterized by carbonate rocks,
which are overlain by calcareous and pelitic schists and calc-
schists. This unit was an interbedded limestone with calcare-
ous schists, volcanic, volcaniclastic rocks and pyroclastic
rocks. This unit is interpreted as a Lower Cambrian basement
in the Amensif and presents similarities with the Lower
Cambrian formation exposed in the Anti-Atlas belt [9] and
references therein).

2. The upper unit consists particularly of sandstone and
green schists. It is interpreted as part of the Middle Cambrian
deposition [9], [14], [19].

3. A swarm of north-south trending porphyry rhyolitic
dykes dipping towards the east and cut the entire area
(Fig. 2). These rhyolites are glassy rocks composed of an
assemblage of plagioclase, biotite and quartz. This later is
observed as typical phenocrysts and filled the interstitial
cavities. Based on their texture, mineralogical composition,
and XRD geochemistry, these rocks are classified as
porphyry rhyolites [9]. From geochronological point of view,
these rhyolitic dykes are dated at 275 + 3.4 Ma [30].

Like field observations, the diamond drill cores intersec-
tions reveal the same facies found at depth and previously
described above (Fig. 3). Based on our field investigations
and diamond drill cores logging, no granitic intrusion was
intersected in the area during the exploration campaign, as
suggested by [21]. Only a swarm of porphyry rhyolitic dykes
is crosscutting the area.
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holes in Figure 2)

The mineralization of the Amensif deposit is hosted by
limestones, volcano-sedimentary rocks of the basal unit or
occurs at the contact between the basal and upper units of the
Cambrian age. As shown in Figures 2, 3 and 4, the minerali-
zation occurs as a set of mineralized quartz-carbonates veins,
lenses, or as disseminated horizons. Some ore bodies have
vein-like extensions or lens-like ore bodies with irregular
shapes that follow faults and fissures (Fig. 3).

e b VO L A / X 2y

Figure 4. Field photographs of the Amensif area: (a) panoramic
view; (b) the view shows the mineralized zone with mining
works; (c) the hydrothermalized dolomite view showing
silicified (center) and chloritized (right side) hornfels;
(d) photograph displaying high silicification of dolomite

The main mineralized structures are of the NNE-SSW,
NE-SW and E-W trending directions (Fig. 3). This minerali-
zation is expressed as disseminated, brecciated, banded or as
massive textures (Fig. 5).

Figure 5. Photographs of the selective diamond drill cores: (a) the
core show disseminated and mineralization bearing
veinlets cutting silicified dolomites around -74m in
depth (DDH-AMCS1, see position in Figure 3); (b) the
core demonstrates silicified and brecciated | limestones
with sulfides and secondary calcite filling veinlets
around -205 m in depth (DDH, see position in Figure 3)

In addition, the mineralization hosted by carbonates appears
to be related to a carbonate replacement processes. The minera-
lized veins exhibit banded and brecciated mineralizations indi-
cating an evident structural control. The mineralization inter-
sects the porphyry rhyolitic dykes and was occurred in them as
disseminated expressions (Fig. 3). The hydrothermal alterations
widespread in this area include silicification, chloritization,
carbonatation, epidotization, sericitization. In the southern part
of the studied area and in the adjacent zone of the N85° trending
structure, iron oxide gossans are well developed (Fig. 4b, c).
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In local zones, very limited skarnitization hornfel crops
out in close relationship with the porphyry rhyolites. In some
places, irregular masses of fine- to coarse-grained quartz
have replaced the carbonates near their contact with the min-
eralized veins or with the rhyolitic dykes. The pseudomor-
phic replacement of mineral phase by another is character-
ized by the development of specific textures, which are re-
flecting the carbonate replacement deposits.

4.2. Ore textures and mineralogy

The mineralogical and paragenetic studies have revealed
several mineralizing events based on hypogene and super-
gene minerals synthetized the paragenetic sequence for the
ore genesis. Two main ore stages have been recognized after
a hydrothermal stage using optical microscopy and SEM
investigations. Over 60 minerals have been investigated in
this deposit, some of which are new sulfosalt minerals that
were observed for the first time from the entire Western High
Atlas [9] and this study) (Figs. 6, 7 and 8).

b ol
Figure 6. Selective photomicrographs showing the main mineral
assemblages found in the Amensif carbonate replacement
deposit: (a) example of replacement between sulfides (ga-
lena replaces sphalerite and chalcopyrite); (b) example of
euhedral arsenopyrite (Asp) crystal partially replaced by
younger anhedral sphalerite (Sp) enclosing small blebs of
chalcopyrite (chalcopyrite disease, Ccp); (c) photomicro-
graph showing replacement of the early pyrite (Py) by
sphalerite with chalcopyrite disease texture; (d) asso-
ciation of chalcopyrite (Ccp) and bismuthinite (Bis);
(e) association of chalcopyrite (Ccp) and tetrahedrite (Tt)
which are replacing an early crystal of arsenopyrite
(Asp); (f) apectacular replacement texture between
sphalerite (Sp), chalcopyrite (Ccp) and galena (Gn)

& e

The representative mineralogical patterns presented in
Figures 7 and 8 reveal the replacement between sulfides and
between sulfides and sulfosalts on the other hand. These
mineralogical relationships indicate that ore genesis is made
of two paragenetic stages, which are composed mostly of
sulfide and sulfosalt mineral assemblages.
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Figure 7. Backscattered electron images showing the relationships
between ore minerals; (a) an aggregate (banded) of the
early mineral phases formed by arsenopyrite (Asp) and
pyrite (Py); (b) an example of replacement textures
showing the dolomites quasi-totally replaced by sphale-
rite (Sp), barite (Ba) and then galena (Gn) of the last
ore stage is replacing the all phases; (c), (d) replacement
textures between dolomite (Dol), pyrite (Py), arsenopy-
rite (Asp) of the early ore stage and chalcopyrite (Ccp)
and galena (Gn) of the last ore stage

= ¥
Figure 8. Selective photographs showing the main hydrothermal
features: (a)-(d) photomicrographs showing replace-
ment of dolomites (Dol) by sulfides (Sul) and epidote
(Ep); (b) photomicrograph of recrystallized dolomite
displaying cracks filled by chlorite (Chl); (c) epidote

(Ep) and sulfides replacing dolomites (dol)

The first ore stage consists of the sulfide precipitation
mainly with arsenopyrite (Fig. 7b), pyrite galena (Fig. 7a),
and sphalerite which hosts several chalcopyrite blebs (chal-
copyrite disease) (Fig. 6b, c). During this ore stage, this
sulfide assemblage is found in close association with chlo-
rite, calcite and quartz. The second ore stage is mainly
represent-ted by the formation of a wide range of sulfosalt
minerals and native specimens in close association with
chalcopyrite, galena and sphalerite. These sulfosalts consist
of matildite, schirmerite, native bismuth, hedleyite,
krupkaite, galenobismutite, pavonite, cosalite, ramdohrite,
wittichenite, emplectite, luzonite, gustavite, vikingite,
krennerite, wittite, freibergite, tetrahedrite, tennantite and
argentian tetrahedrite (Fig. 8.).



S. llmen et al. (2024). Mining of Mineral Deposits, 18(1), 99-109

This stage represents the main silver and gold amounts
from the Amensif. Several replacement textures between
sulfides are reported and in other hand between sulfides and
sulfosalts (Fig. 7 and 8).

The hydrothermal stage is responsible of the replacement
and transformation of the host-rocks. This hydrothermal
activity is manifested by the formation of quartz, dolomite,
calcite, barite, chlorite, tremolite, epidote and sericite. To
these gangue minerals, pyrite and arsenopyrite are closely
associated. Several ore textures have been macroscopically
and microscopically studied. The most ore textures studied
are banded, brecciated, massive, and disseminated ones. The
brecciated and banded ones are related to the open-space
veins and the massive and disseminated textures are charac-
terizing the replacement ores. A wide range of replacements
between sulfides and sulfosalts has been reported and caused
by at least two distinct hydrothermal processes. The main

ores of the first stage have been partially or totally replaced
by the sulfides and sulfosalts from the second ore stage.
These textures are generally associated with high intensity of
hydrothermal alteration. The carbonate host-rocks are mostly
replaced by sulfides or by secondary hydrothermal mineral
gangue. These alterations consist of recrystallization (mar-
bles and replacement of primary calcite and dolomite by
hydrothermal chlorite, epidote, tremolite, quartz, dolomite,
calcite, barite and or sulfides (Figs. 4 and 9).

4.3. Ore geochemistry

The geochemical analyses have indicated high metal
contents, especially in Zn, Pb, Cu, As, Ag and Au. The
chemical assays of the selected samples are varying from
0.1 to 14 wt. % Zn, Pb is varying from 0.1 to 12 wt. % Pb,
0.1 to 3 wt. % Cu, Ag from 0.05 to 443 ppm Ag and 0.05 to
16 ppm Au (Table 1).

¥ ¥ Yoy oy y ¥ y Y
Counts | | | | \ \ | l | Counts ‘ | ‘ |
=
2000 A 2000 B
1000 | 1000
£ 2 &
£ 4 . B & g
£ 3 : E s
£ s R s tz s 3 i € 5 g & &
g g £2 2 2 3 e - &
. = : sEE G E s s s Bilss s 1IN
E 3 3 3 £ ° ¢ 33 t £ g & & s2)4 g s * %
5 ] Jg S = 2 = 5732 e E R (S € J: < T S 2
3 5 5 g % S 35 LI T g s (8 H S = =
2 z ‘|ﬁ s = e = 2 5 & & k5| & &
g 3 S & =
i } |
o - L -l g - : Ly : Aod b o
| ! 1 |
10 2 0 0 50 10 20 30 40 50
Position [*2Theta] Position [*2Theta]
" " iy Y oY oy ¥ ¥ y ¥ ¥ ¥y T Yy
Counts ‘ ‘ \ | | | | | Counts ! ‘ | ‘ |
20004 C 1 20 D
1000 - 1000 -
2 2
@ s 8 Z oz
£ 4 2 £
2 > 2 £
S £ 8 ¢ g & E|E ooz
) = o £ = £ £ =
§ 8§ B & 3§ L T 8 Ix '“‘é & 2 [ .
0 = T 1 T Eaaaas - 0= = T - u"‘ T - ASsnaas :
10 20 30 40 50 10 20 30 40 50
Position [*2Theta] Position [*2Theta]
Y oy oY ¥ -
Counts ‘ | Counts l L
20004 E F
R 1600 - = z
. g =
= ] 2
B § &
900 - s = .
-
g e
3 5
1000 - 2s 3 ¢
400 g g3 § =
g g { 35 3 5
e s po = | 2
5 £ H ¥ a2 | 8
§ % S g £ 4 = | g
- = €2 % 2, 100 15 |
e € = S £ =z £
E22 ) [ s = : W e L e e
5 1 L
T T T T |3 0 T T T T T
10 20 30 40 50 10 20 30 40 50

Position [*2Theta]

Position [*2Theta]

Figure 9. X-ray powder diffraction diagrams for selected ore minerals: (a) galenobismutite; (b) pavonite; (c) cosalite; (d) ramdohrite;
(e) krennerite; (f) galena, krennerite, freibergite and sphalerite
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Table 1. ICP-AES analyses of the representative cores samples

Sample Depth Lenght Fe (%) Cu (%) As (ppm) Pb (%) Zn (%) Ag (ppm)  Au (ppm)
DD7 130.00 1.00 2.13 0.010 1162.00 0.01 0.07 1.00 0.05
DD7 131.00 1.00 3.55 0.03 1218.00 0.01 0.15 3.00 0.05
DD7 132.00 1.00 5.18 0.02 2724.00 0.02 0.11 2.00 0.05
DD7 133.00 0.85 5.58 0.01 757.00 0.01 0.13 3.00 0.05
DD7 133.85 0.70 23.91 0.20 3050.00 0.08 10.72 21.00 0.05
DD7 141.70 0.60 15.14 0.08 5256.00 0.07 6.96 15.00 0.11
DD7 142.30 1.00 5.31 0.03 1313.00 0.02 0.93 8.00 0.15
DD7 143.30 1.00 3.18 0.02 30.00 0.01 0.33 3.00 0.05
DD7 144.30 1.00 3.98 0.02 30.00 0.01 0.45 3.00 0.05
DD7 153.70 1.30 12.59 0.23 12403.00 0.04 0.96 24.00 0.93
DD7 155.00 1.00 0.84 1.66 8900.00 3.81 0.90 443.00 2.32
DD7 156.00 1.00 7.68 0.78 2000.00 11.25 13.91 251.00 0.47
DD7 157.00 1.00 1.92 0.18 30.00 0.15 0.89 13.00 0.11
DD7 158.00 1.00 8.23 0.83 9700.00 1.17 3.44 104.00 0.83
DD7 159.00 1.00 12.76 0.92 8300.00 0.61 1.25 76.00 0.44
DD7 160.00 1.00 17.94 2.36 19500.00 2.43 5.75 189.00 1.27
DD7 161.00 1.00 14.24 2.01 11700.00 0.94 4.55 153.00 16.00
DD7 162.00 0.80 12.38 1.11 16800.00 0.24 1.16 103.00 3.06
DD7 162.80 1.50 5.08 2.28 1900.00 0.11 0.46 146.00 0.18
DD7 164.30 1.00 4.77 0.35 2545.00 0.09 0.41 36.00 0.06
DD7 165.30 1.30 4.95 2.68 782.00 0.06 4.67 99.00 0.06
DD7 166.60 1.00 4.37 0.24 1120.00 0.07 0.80 17.00 0.05
DD7 167.60 1.00 291 0.02 120.00 0.03 0.18 3.00 0.05
DD7 168.60 0.55 2.74 0.11 59.00 0.03 0.17 10.00 0.05
DD7 169.15 1.40 5.48 0.54 400.00 0.11 7.64 73.00 0.07
DD7 170.60 0.15 4.11 0.12 0.00 0.02 0.60 1.00 0.11
DD7 170.75 0.45 2.02 0.31 0.04 0.03 0.49 16.00 <0.05
DD7 171.20 0.60 2.92 0.68 0.04 0.13 12.51 73.00 <0.05
DD7 171.80 0.70 2.29 0.11 0.00 0.03 0.22 13.00 0.31

AMANS7 172.50 1.25 2.66 0.46 0.11 0.15 3.57 42.00 0.05
DD7 173.75 0.55 2.72 0.01 0.02 0.00 0.08 2.00 0.09
DD7 174.30 1.00 3.45 0.00 0.19 0.01 0.02 1.00 0.18
DD7 175.30 1.30 1.13 0.00 0.00 0.03 0.09 3.00 0.05
DD7 187.60 1.00 1.93 0.00 0.00 0.01 0.04 3.00 0.05
DD7 188.60 1.00 1.86 0.00 0.00 0.00 0.04 1.00 0.05
DD7 189.60 1.00 1.91 0.01 0.00 0.01 0.31 1.00 0.05
DD7 190.90 1.00 1.03 0.32 0.00 0.01 1.21 16.00 0.05
DD7 191.90 0.70 1.43 0.12 0.00 0.03 6.71 2.00 0.05
DD8 116.60 1.00 6.03 0.26 0.00 0.01 0.02 14.00 0.13
DD8 117.60 1.00 39.21 0.50 0.03 0.04 0.02 8.00 <0.05
DD8 118.60 1.00 34.47 0.36 0.02 0.02 0.01 8.00 <0.05
DD8 119.60 1.40 35.23 0.45 0.05 0.07 0.07 6.00 0.10
DD8 121.00 1.00 20.63 2.08 0.02 0.02 0.77 19.00 0.19
DD8 122.00 0.60 9.24 0.05 0.01 0.01 0.07 0.00 0.15
DD8 122.60 1.30 7.19 0.03 0.01 0.01 0.04 0.00 0.10
DD8 123.90 0.20 5.57 0.35 0.01 1.50 3.93 41.00 0.13
DD8 124.10 1.30 2.28 0.00 <0.003 0.10 0.11 1.00 0.14
DD8 125.40 1.00 25.65 0.06 0.16 0.03 0.02 3.00 0.16
DD8 126.40 1.00 11.35 0.10 0.19 0.05 0.45 6.00 0.15
DD8 127.40 1.00 7.65 0.03 0.14 0.16 0.36 13.00 0.07
DD8 128.40 1.00 11.65 0.04 0.06 0.09 0.03 12.00 0.16
DD8 129.40 1.00 17.62 0.08 0.05 0.02 0.15 8.00 0.06
DD8 130.40 1.00 16.57 0.10 0.07 0.06 0.04 9.00 0.16
DD8 131.40 1.30 10.01 0.04 0.13 0.10 0.28 6.00 0.07
DD8 132.70 1.00 23.15 0.27 0.96 0.78 0.49 33.00 0.12
DD8 133.70 1.00 25.15 0.19 0.33 0.14 0.05 28.00 0.12
DD8 134.70 1.00 17.74 0.18 0.18 1.68 0.02 30.00 0.12
DD8 135.70 0.50 21.03 0.07 0.06 0.03 0.01 10.00 0.06

5. Discussion tions or as aggregates of irregular shapes formed during the

5.1. Structural control

The structural controls on the mineralization are evident
and as shown in Figures 1 and 3, the mineralization is ob-
served in quartz-carbonates veins, lenses or usually situated
within the fractures and faults, some of which are expressed
in the hydrothermal/recrystallized carbonates as dissemina-
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replacement processes. The mineralization trends in the
Amensif are clearly following the main structural faults and
fractures that cut the Lower Cambrian carbonates, Middle
Cambrian schists and greywackes of the upper formation.
During the Variscan orogeny, an important grade of tectonic
deformation is responsible for the open space and fractures
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that facilitated the circulation of hydrothermal fluid from the
neighboring Azegour granite. Several tectonic and hydraulic
breccia have been identified.

As shown in Figure 1, the Amensif ore deposit is situated
at the intersection of two major faults; the Erdouz
ENE-WSW and the Al Medinet WNW-ESE. These faults are
generally placed into an ENE-WSW shear zone corridor
forming a Riedel-type structural model (Fig. 10). As reported
in the roses diagrams (Fig. 10c, d), a set of ENE and NNE-
striking veins and based on their strike and displacement
sense, they likely formed in the Riedel orientation during one
of the dextral reactivation episodes on the Erdouz shear zone
(Fig. 10). The major structural trends suggests a predomi-
nantly dextral strike slip fault system of complex Riedel-
style geometry, where the primary ENE-WSW, NNE-SSW,
WNW-ESE and NE-SW trending veins, faults and fractures
experienced multiple episodes of brittle structural reactiva-
tion and fluid circulation. This prominent structural control is
a powerful tool that helps the migration of hydrothermal
fluid from the igneous intrusion and the deposition of such
mineralization. This later is also expressed in the Permian
porphyry rhyolitic dykes [9].

]

A

Figure 10. Main structural features controlling mineralizations:
(a) diagram of structural architecture showing two
main mineralized structures and rhyolitic dykes in a
dextral Erdouz ENE-WSW shear zone; (b) classic
Riedel shear zone model; (c), (d) rose diagrams for
faults and mineralized veins respectively

5.2. Possible source and age

Marcoux et. al. [40] have performed Re/Os geochronolo-
gy on molybdenite sampled from Azegour and its nearby
Tizgui deposit. The obtained ages of these molybdenites are
276 £1.2 Ma and 267 = 1.2 Ma for the Azegour mine and
Tizgui deposit respectively. These ages suggest for multiple
mineralization events associated with the Permian granitic
intrusion of Azegour. However, in the Amensif deposit, the
rhyolitic dykes are deformed and affected by several strike-
slip faults (Figs. 2 and 10). The mineralization of the Amensif
deposit cut theses swarm dykes. This information could con-
firm that the mineralization is of a Permian to post-Permian
age. llmen et al. [19] have performed Pb isotopic analyses on
a galena from the Amensif deposit, and the 2°Ph/2%4Pb iso-
topic values of galena (18.05) are close to initial isotopic
values measured on Azegour sulfides. These lead isotopic

values suggest that the Pb was sourced from the Lower
Paleozoic volcano-sedimentary units [19]. The source of
metal is confirmed by [40] using lead isotopic compositions
of molybdenite, chalcopyrite, pyrrhotite and feldspar samples
from the Azegour skarn and granite. The range of the initial
lead isotope composition can be illustrated by the 2°6Pb/2%*Pb
value, ranging for chalcopyrite, pyrrhotite and feldspar sam-
ples from 18.08 to 18.30 [40]. Feldspar sample from the
Azegour granite having a 2%Pb/2*Ph value of 18.20, sug-
gests that the granite cannot be considered as a major source
for lead in the skarn, although its role as an accessory source
cannot be discarded [40].

5.3. Ore mineralogy and forming fluids conditions

One of the most characteristic features of the studied de-
posit are the replacement textures documented between sul-
fides and carbonates (Figs. 6, 7 and 8) and its high metal
concentrations. These high grades of traces elements Zn, Cu,
Pb (Table 1) are closely related to the formation of massive
sulfides. The CRD are considered as a good source for Zn,
Cu, Ag, Pb, and Au with a large scale of mineral zoning [5],
[6]. Based on optical microscopy and SEM data, the sulfides
include sphalerite, arsenopyrite, pyrite, chalcopyrite and
galena. The sulfosalts are very diversified and represented
mainly by matildite, galenobismutite, pavonite, cosalite,
schirmerite, krupkaite, ramdohrite, wittichenite, emplectite,
luzonite, gustavite, hedleyite, krennerite, wittite, freibergite,
tetrahedrite, tennantite. The presence of matildite inclusions
in galena confirm the galena-matildite solid solution that
could be formed in the temperatures ranging from 250 to
400°C. The presence in significant amounts of Ag and Bi in
Pb-rich sulfide system is necessary for the formation of gale-
na-solid solution [41]. At Amensif, this solid solution is
formed during the third ore stage established by [9]. This ore
stage is marked by the formation of mineral assemblages of
medium to low temperatures while the first and second stag-
es comprise the high temperature conditions, which are con-
firmed by the arsenopyrite and chalcopyrite disease respec-
tively. The ore forming conditions established from mineral
formation are about 400-250°C based on chalcopyrite blebs
found in the sphalerite (chalcopyrite diseases of [42]). The
high temperature could be related to the magmatic contribu-
tion of the Azegour granite in the ore forming fluid. We
suggest that magmatic fluids have played a role in the evolu-
tion of the ore fluid and the hydrothermal system, which is
responsible in the replacement textures. Several mineralogi-
cal expressions of Bi, Te and Se sulfosalts and Bi-tellurides
have been documented and the high concentrations of Ag
and Au in the ore are controlled by the enrichment of the ore
forming in Bi, Te, Pband S.

The high temperature of local crystallization of Ti-rich
magnetite closely to the garnets hornfel is evident in the
circumstances of local skarnitization. In fact, these tempera-
tures are commonly normal and evident with the hydrother-
mal fluid emanated from granitic pluton and which is con-
veyed by the Variscan fractures and Permian dykes. The
presence of calc-silicate minerals is also common in the
carbonate replacement deposit. According to Vikre [6], the
carbonate replacement deposits are distal to the magmatic
intrusions but the fluid circulation using faults and fractures
intimately relates to them. In our paragenetic sequence pub-
lished by [9], we respected the ore forming conditions of
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each formed mineral in accordance with the textural relation-
ships between mineral phases. Because the skarnitization is
represented only by the de development of garnets in re-
stricted area outcropping near porphyry rhyolitic dyke, no
sulfide mineralization is associated. The absence of calc-
silicate minerals and the skarn hornfels is evident or un-
common in other sulfide replacement deposits in carbonate
rocks (e.g., [43]-[45]).

The Azegour deposit is marked by a prograde stage with
calc-silicate minerals composed of garnets, wollastonites,
pyroxenes and the retrograde stage is represented by hydro-
calc-silicate of hornblende, actinote, vesuvianite, epidote and
others [10]. More recently, [46] have performed mineralogi-
cal studies on this ore deposit and they revealed the presence
of three varieties of garnets bearing-skarn. These garnet
minerals are more abundant than wollastonites and pyrox-
enes. These mineralogical assemblages allow [46] to consi-
der the formation of the skarn around 620-650°C, under a
pressure of 1.7-2.0 kbar, and CO; of 31 mole %, in a redu-
cing environment (fO of 10-18 to 10-17 atm.).

Recently, [21] have performed carbon, oxygen and sulfur
isotopes on the sulfides and carbonates from the Amensif ore
deposit and they obtained for the dolomite samples (pre-ore
stage and ore stage 1) values ranging between -10.2 to
2.6 %o and 17.4-26.8%o0 for 33CPDB and *'80OSMOW re-
spectively. They obtained also for 634S values of sulfides ore
(sphalerite, chalcopyrite, and pyrite) values ranging from
6.4 to 14.4%o. They consider that the lower 0180 value of the
dolomites is related to the oxygen isotope exchange between
the ore-forming fluids and the carbonate host rock whereas
negative ®3CPDB values reveal the interaction between these
hydrothermal fluids and black shales. In the other hand, the
high values of the 534S reveal that sulfur derived from the
mixture of magmatic sulfur and lower Cambrian carbonate-
derived sulfur in almost equal proportions. On the basis of
these isotopic data and wall-rock alterations (especially silic-
ification and dolomitization), the authors suggest that the
metal-bearing fluids was interacted with the carbonate host
rock and black shales and the sulfur isotope is the result of
the mixture of the magmatic sulfur and the heavy sulfur of
the lower Cambrian carbonate host rock [22].

These carbon, oxygen and sulfur isotopic data are con-
sistent with our previous conclusions [9], [19] about the
magmatic contribution to the ore genesis. The presence of
Bi-chalcogenides, tellurides minerals are a good argument
for the magmatic contribution of the Azegour Permian gra-
nite and its porphyry dykes.

6. Conclusions

The Amensif Zn-Pb-Cu-Ag+Au-Bi ore deposit is the se-
cond interesting ore deposit in the area of the Azegour fol-
lowing its geological and metallogenic contexts. These
Zn-Pb-Cu-Bi-Ag+Au ores occur as a carbonate replacement-
style mineralization in hydrothermally carbonates of the
Lower Cambrian age. Based on the aforementioned data, the
main concluding points are:

1. The mineralizations hosted by carbonates represent
significant economic mineralization documented in the
Amensif. The textural and mineral observations led us to
reveal several replacement textures and the absence of the
development of skarn hornfels at depth.
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2. No evidence of garnet, Ti-rich magnetite and other
calc-silicate minerals have been observed in the twenty stu-
died diamond drill cores and in the underground mining
works. The mineralization is also structurally controlled by
extensional fractures, and lithological by the hydrothermally
carbonates (especially dolomites).

3. In comparison, the skarn model can be used around the
igneous intrusions like in the Azegour area, which is pre-
viously studied by Permingeat [10]. In contrast, no similari-
ties have been found between these two major ore deposits of
Azegour and Amensif. Indeed, the carbonate replacement
deposit model proposed for the Amensif by [9], [19] is con-
sistent with the field investigations, mineralogical studies
and the hydrothermal transformations observed in its south-
ern an nearby areas, especially in Tnirt, Anougal,
Tameksaout and Anamerou deposits in which no evidences
of hidden granitic plutons have been observed and suggested
previously.

4. The style of the Amensif mineralization is clearly
widespread in the Western High Atlas (especially in Anou-
gal, Tnirt, Tameksaout, Anamerou and others). Here, the
studied mineralization seems to be genetically related to
carbonate replacements induced by the emplacement of the
Permian granite and its swarm rhyolitic dykes.

5. The CRD model was a good genetic model for such
mineralizations occurring in the distal location of the
Azegour granite and for the further mineral exploration with-
in the entire Western High Atlas.
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MeraJsioreHiuHa MojieJIb POIOBUIIA KapOOHATHOr0 3aMileHHs1 AMeHci¢ Zn-Pb-Cu-Ag+Au-Bi
(3axinHa yactuHa Bucokxoro Atinacy, Mapokko): HOBI J1iTOJ10r0-cTPYKTYPHI Ta MiHepaJIoriuHi KaHi

C. ImpmeH, A. Anmancapi, A.-A. Xapic, 3. Xamxkap, b. baiinana, A. baxnni, JI. Maaga

Merta. Bu3HadeHHS FeHETHYHOT MOZICI, JKEpea MeTally i TeKCTyp KapOOHATHHX 3aMiHHHKIB poaoBuiia Amencip Zn-Pb-Cu-AgtAu-Bi
(3axizHa yactiHa Bucokoro ATtiacy, Mapokko) Ta MO>KJIMBOTO BKJIaay A3eTypChbKOTo IpaHITy y TeHe3HC i€l pyau.

MeTtoauka. L{e mociipkeHHsI IPyHTY€EThCS Ha TEOJIOTIYHOMY KapTorpadyBaHHI, aHai3i OypoBOro KepHa Ta meTporpagigHoMy aHamisi y
noeadanHi 3 gauumu ICP-AES, XRD ta SEM.

PesyabTaTu. BctanoBiieHo, 10 eTanbHA MiHEpaJoOTisl pOJOBHUINA CKIATAETHCS MEPEBAXKHO 3 CynbdimiB i cymbdoconeii, mpuuoMy 10
OCHOBHHUX PYAHUX MiHEpaJiB BiTHOCATHCS apCCHOMIPHT, MIPHUT, CaIepuT, XaIbKOIIIPUT, TAJICHIT 1 BICMYTiHIT. BcTaHOBIEHO, 0 MiHEpaJIbHI
BKJIIOUEHHSI, SIKi BITHOCATHCS 1O 130MOP(GHHX CyNIb(pOCOIeH, 3yCTpiHaloThCAd B TalEHITI Ta/abo XalbKOMIpUTI H BKIIOYAIOTH MATHIBAWUT,
raJeHo0iCMYTIT, IIABOHIT, KO3aJIT, IIMPMEPHT, KPYIIKAiT, paMIOXPHT, BITTIXEHIT, EeMIUICKTHUT, Jy30HIT, I'yCTaBiT, TeAIeHIT, KDEHHEPUT, BiT-
THUT, (peideprit, TeTpacapuT, TEHAHTUT 1 caMOpoJHUiT BicMyT. Bu3HaueHo, 110 rinepreHHNMH MiHepallaMH € aHTJIe3UT, KOBEJUTiH, MalaxirT,
a3yput Ta retut. Kpim Toro, Mix gojomitamu i cynbdigamu Oy moMmideHi crenu¢ivHi 3aMiHHM, 0 BKa3ye Ha B3aEMOJIII0 MIX TigpoTepMa-
JBHOIO PIMHOIO Ta BMIIIYIOYMMH HOpoJaMu. 3a CIIIBBIIHOIIEHHSIM MK (azamMu MiHepasiB i yMOBaMU PyJOYTBOPEHHS BHAIIEHO YOTHPH
pyaHi crazii. Pe3ynabTaTi 1bOro JAOCHIKEHHs CBIIYaTh MPO T€, IO OCAMKEHHS Ag i Au KOHTPOIIOEThCs cucteMoro Bi-Te-Pb-S, toxi six
30araueHHs cyabdocomsamu Bi, Te i Se i Bi-temypunom Bka3zye Ha MarMaTudHe [HKEPENIO POy TBOPIOIOYOTO (ITIOIdY.

HaykoBa HoBu3HA. J{OCITI/DKEHHS 3arIMOIIOETECA B TEHETHYHY Mojenb pogosuina Amensif Zn-Pb-Cu-Ag+Au-Bi B 3axigHomy Buco-
KoMy Artiaci, MapoKko, 3 aKEHTOM Ha TEKCTypH KapOOHATHOI 3aMiHM, a TaKOX BHBYAE HOTo Kiacu]ikaliio sK poAOBHUINE KapOOHATHOTO
3aMilleHHS 200 CKAPHOBE POIOBHIIIC.

IpakTnyna 3HaYHMicTh. TeKCTypH MiHepaliB € IHIUKATOpaMH TIPOIECY 3aMillleHHsI Ha POJOBHI KapOOHATHOTO 3aMillleHHsT AMEHCi(
Zn-Pb-Cu-Bi-Ag+Au. Pesynbraty, oTpuMaHi B LIl JOCTIAHUIBKIH pOOOTI, MOXKYTh OyTH BUKOPHCTaHI SIK MIOTY)XHUIT iIHCTPYMEHT JUISI PO3-
BiJIKM KOPHCHUX KOIIAJIMH Y 3axifHii yacTiHi Bucokoro Atiacy.

Knrouoei cnosa: Amencigh, Bucoxuii Amnac, Mapokko, cyns@iou, eenemuuna mooeisb, poooguuye KapOOHAmHo20 3amiujeHHs
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