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Abstract The world-class Imiter silver deposit, in the
Anti-Atlas Mountains of Morocco, is a Neoproterozoic
epithermal vein deposit genetically associated with a felsic
volcanic event, and formed within a regional extensional
tectonic regime. Rhyolitic volcanism related to ore for-
mation has been dated at 550±3 Ma by ion-probe U/Pb
on zircons. The economic silver mineralization is super-
imposed on an older, discrete base-metal assemblage as-
sociated with calc-alkaline granodioritic magmatism. The
magmatism is dated at 572±5 Ma by ion-probe U/Pb
dating on zircons, and by 40Ar/39Ar dating on hydro-
thermal muscovites. In the Anti-Atlas Mountains, the
Precambrian–Cambrian transition appears as an impor-
tant period for the formation of major, productive pre-
cious-metal deposits associated with volcanic events and
extensional tectonics. The Imiter silver deposit constitutes
a Precambrian analogue to modern epithermal deposits.

Keywords Epithermal Æ Silver Æ Extensional
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Introduction

The Imiter deposit is located in the Anti-AtlasMountains,Morocco,
northern Africa (Fig. 1). It is one of the largest silver deposits in the
world, with currently identified resources of 8,000 metric tonnes (t)
metal. To explain the origin of this huge silver concentration, mul-
tistage genetic models have been invoked during the last 30 years

(Leistel and Qadrouci 1991; Barodi et al. 1998; Baroudi et al. 1999),
mainly involving an originally syngenetic deposit (Vargas 1983; Po-
pov et al. 1986;Guillou et al. 1988; Popov 1995) and various stages of
epigenetic remobilization. The mineralization is controlled by the 7-
km-long, Imiter normal fault zone (Leistel and Qadrouci 1991; Ou-
guir et al. 1994; Fig. 2) which offsets the Neoproterozoic (PII, fol-
lowing the regional terminology) metasedimentary black shale and
greywacke series and the late Neoproterozoic (PIII) volcanic rock
succession. The mined ore includes (1) Ag–Hg amalgams (with lo-
cally as much as 40% Hg), (2) pure native silver represented by
spectacular plates weighing as much as 100 kg, (3) silver sulfosalts
which include imiterite (HgAg2S2; Guillou et al. 1985), and (4) var-
iousAs–Pb–Zn–Co–Ni sulfideminerals.Most of the native silver has
been attributed to supergene enrichment processes. The hypothe-
sized lower depth of the economic mineralization was about 300 m
(Vargas 1983; Popov et al. 1986; Popov 1995).However, a recent drill
hole encountered the silver-rich amalgamat 540 mbelow the surface,
demonstrating continuation of the ore to greater depth. Comparison
with other similar silver deposits in the world, particularly those
belonging to the epithermal type, was briefly evoked by Leistel and
Qadrouci (1991) and Baroudi et al. (1999) and,subsequently,more
definitively presented by Cheilletz et al. (2000), Levresse (2001) and
Levresse et al. (2001a, 2001b).

Although the role of the Imiter fault in the localization of the
silver mineralization is now well-established, its genetic and geo-
chronological relationships to the ore-forming events and spatially
associated magmatism are poorly known. This study provides new
field, petrographic, microtectonic and geochronological data which
further define the epithermal genetic model. This has important im-
plications at a regional scale, describing favorable conditions for
other world-class precious-metal deposits which may exist elsewhere
in the Anti-AtlasMountains. The results collected in the study of the
Imiter deposit could help decipher the distribution pattern in space
and time of precious-metal systems throughout this area, especially
in regions where the late Neoproterozoic–Paleozoic transition is
observed (Azizi-Samir et al. 2001; Cheilletz and Gasquet 2001).

Geological setting

The Imiter deposit is located on the northern side of the Saghro
massif which constitutes, with the other Proterozoic inliers within
early Paleozoic rocks (Ifni, Kerdous, Akka, Sirwa, Ougnat), the
Anti-Atlas orogenic belt of Morocco (Fig. 1). The Pan-African
Anti-Atlas orogen along the northern side of the western African
craton (Fekkak et al. 2001; Ennih and Liegeois 2002) is charac-
terized by the successive development of an oceanic plateau, island
arc and marginal basins (ca. 750 Ma; Clauer at al. 1974). In the
Imiter area, the oldest sedimentary rocks are represented by
Neoproterozoic sequences of black shales, with intercalations of
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BP 20, 54501 Vandoeuvre-les-Nancy cedex, France
E-mail: cheille@crpg.chrs-nancy.fr

M.R. Azizi-Samir Æ R. Zyadi
REMINEX – groupe ONA, 26 Av. Allal El Fassi,
Tissir 36–40, Marrakech, Maroc

D.A. Archibald Æ E. Farrar
Geological Sciences, Queen’s University,
Kingston K7L 3N6, Ontario, Canada



pyrite-bearing layers interpreted as having formed in an extensional
back-arc environment (Ouguir et al. 1996). These rocks were folded
and metamorphosed to the lower greenschist facies during the late
Neoproterozoic, south-verging arc-continent collision (ca. 680–
600 Ma; Leblanc and Lancelot 1980; Villeneuve and Cornée 1994;
Fekkak et al. 2000), together with ophiolite emplacement in the
Sirwa massif (Gresse et al. 2000). Post-collision evolution is char-
acterized by the continued establishment of an active margin en-
compassing considerable calc-alkaline magmatism and foreland
basin development. In the Imiter area, the metamorphosed black
shales are unconformably overlain by an immature basal con-
glomerate and a late Neoproterozoic volcanic and volcanoclastic
sequence, mostly andesitic in composition at its base and ignimb-
ritic at its top. These series, which belong to the locally called
‘‘Ouarzazate Group’’, have been dated at 580–560 Ma (U/Pb on
zircons) in the Jbel Bachkoun and Tiouine massifs (Mifdal and
Peucat 1985). Granodioritic and granophyric intrusive bodies
(Taouzzakt, Igoudrane; Fig. 2) were emplaced during this period of
tectonism. In the Anti-Atlas belt, a late Neoproterozoic to Cam-
brian change records the transition from an active to a passive
margin. Associated extension led to rifting, deposition of interca-
lated clastic and carbonaceous sequences (Adoudou series), and
volcanic and subvolcanic magmatism (Piqué et al. 1999).

In the Imiter area, the post-collision evolution of the Anti-Atlas
orogen is only partly understood. As noted above, calc-alkaline
intrusive rocks are abundant. Associated metamorphic halos in the
basement rocks are characterized by a cordierite–andalusite–biotite
assemblage at the contact between the black shales and the intru-
sions (Leistel and Qadrouci 1991). Field relationships define the
following intrusive sequence: (1) the Igoudrane granodiorite
(Fig. 2) cuts the black shales and is unconformably overlain by the
late Neoproterozoic basal conglomerate; (2) the Taouzzakt

composite massif, mainly granodioritic in composition and occur-
ring on the western side of the Imiter deposit (Fig. 2), was em-
placed into the black shales and the late Neoproterozoic volcanic
series; a small granodiorite body, probably related to this massif,
occurs under the B3 Hill in underground mine exposures (Fig. 2b,
c); and finally (3) a major felsic magmatic event occurred in the
Imiter area; it is represented by the Takhatert protrusion to the
west and various dikes in the mineralized area, including the major
Tachkakacht dike (Fig. 2). Relationships between this last mag-
matic pulse and the silver mineralization at the Imiter deposit ap-
pear to be significant.

The Takhatert intrusion is characterized by a well-defined,
concentric magmatic structure (Fig. 2a, b), suggesting that it cor-
responds to a hypabyssal body emplaced under subaerial condi-
tions. Phenocrysts of K-feldspar, plagioclase and quartz, and a
banded whitish glassy matrix give a rhyolitic composition con-
firmed by chemical analysis (SiO2 as high as 73.3%, K2O between
4.7 and 8.0%, and K2O/Na2O between 1.7 and 4.4%) and en-
richments in low-compatibility elements of a calc-alkaline associ-
ation. Various dikes of intermediate compositions (mostly
trachyandesite) and different relative ages are also present along the
Imiter fault zone. In the Igoudrane area, the Tachkakacht rhyolite
cuts the north-south-trending trachyandesite dike system.

Middle Cambrian sedimentary rocks, including a basal con-
glomerate cemented by dolomite, overlie the Neoproterozoic rocks
which host the economic silver mineralization. Hercynian and Al-
pine orogens, although active in various sections of the Anti-Atlas
belt, have little effect in the Imiter area.

Mineralization stages and structural control

In the Imiter area, two successive paragenetic episodes have been
identified (Fig. 3). An early quartz (Qtz1) vein network is charac-
terized by abundant chlorite (Chl1), muscovite (Ms1) and

Fig. 1 Major geological units of the Anti-Atlas belt in southern
Morocco and location of the Imiter deposit
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base-metal sulfide minerals (pyrite, galena and sphalerite with
chalcopyrite exsolution; Guillou et al. 1988). This episode, without
any silver mineralization, is spatially related to the Taouzzakt
granodiorite and will be referenced in the following as the base-

Fig. 2 a Geological map of the northern part of the Imiter inlier.
b Synthesized geological cross section drawn for the A–A¢ and B–B¢
transects. c Horizontal projection of a silver body in the B3 Hill
workings (1,350 m is the absolute altitude of this mining level)
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metal episode. The later silver-rich epithermal mineralization epi-
sode is subdivided into two stages (Fig. 3). The first stage corre-
sponds to a second generation of quartz veins (gray quartz or Qtz2)
with minor muscovite (Ms2) development on Chl1 grains. The
second stage is characterized by a pink dolomite gangue and an
increasing volume of Co-, Ni-, and Hg-bearing sulfide minerals
(including imiterite; Guillou et al. 1985). In the deposit, ore-hosting
structures include meter-wide faults, stockwork systems and hy-
draulic breccias (Fig. 4), along with areas of disseminated silver-
bearing minerals within the enclosing Neoproterozoic black shales
and volcanic rocks. The main silver orebodies are distributed along
the Imiter fault zone. They are represented by irregular columns
approximately 10 m wide, 100 m long and 100 m down-dip
(Fig. 2b, c) which are spread along the Imiter fault zone (Main
quarry, B3 Hill, shaft IV, Igoudrane; Fig. 2a). Supergene alteration
is limited to the upper levels of the deposit and is characterized by
iron hydroxides developed at the expense of sulfide minerals and
cerussite surrounding galena crystals. No supergene sulfide mineral
enrichment is observed in the Imiter deposit.

The Imiter fault zone and associated medium- to small-scale
structures appear to have focused the mineralizing fluids and

controlled silver deposition. A previous microstructural analysis of
the mining area (Ouguir et al. 1994) revealed a two-stage kinematic
history: (1) NNW extension evolving towards (2) a sinistral ex-
tensional movement producing the present-day rhombic geometry
of the fault zone (for example, Main quarry in Fig. 2a) and leading
to the main mineralization stage. New microstructural analyses
conducted during this study (Fig. 3) re-evaluate the kinematic
model of Ouguir et al. (1994) and demonstrate the association of
silver deposition with two distinct tectonic regimes. The first regime
(regime A; Fig. 3) developed normal faults trending N80�E and
reflects an extensional direction of N150�E to N180�E. The second
tectonic regime (regime B; Fig. 3) was characterized by a subse-
quent rotation of strain to initiate a sinistral strike-slip regime,
leading to reactivation of the NNW–SSE extensional fractures.
Regime A appears to be the predominant deformational event in
the Imiter area, as it corresponds to down-faulting of the northern
block and opening of the major mineralized structures. This regime
is associated with the formation of the silver-rich Qtz2 veins and
part of the silver-bearing dolomite stage. Regime B is not associ-
ated with any major changes in the paragenetic sequence when
compared to regime A, except for the presence of dolomite, rather

Fig. 3 Paragenetic succession
in the Imiter deposit and tec-
tonic regimes during the epi-
thermal silver mineralization
episode. The paleostresses (r1,
r2, r3) have been estimated
using the Angelier and Mechler
(1977) method. Note that re-
gime A appears predominant
and that the changing stress
regime (A to B) is not coupled
with a major change in the
paragenetic succession, except
for a change in gangue from
quartz to dolomite
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than quartz, as the main gangue mineral. Several rhyolitic dikes are
observed underground in the mineralized bodies of the B3 Hill
(Fig. 2b). Some dikes are emplaced in the E–W normal faults which
are related to regime A. They contain sulfide minerals (mainly
pyrite) from Qtz2 stage and rare silver mineralization.

U/Pb geochronology

Zircons from the Taouzzakt granodiorite and Takhatert protrusion
were selected for dating the two major magmatic events of the
Imiter area. In-situ analyses were carried out at the Centre de
Recherches Pétrographiques et Géochimiques using the IMS 1270
Cameca ion probe. The analyzed zircons are small (<100 lm), and
prismatic or needle-shaped. They show a regular, fine magmatic
zonation and have no inherited core (Fig. 5). Concordia diagrams
for zircons are shown in Fig. 5; errors represent analytical precision
at 1r (see Deloule et al. 2001 for a complete description of the
analytical procedure).

Taouzzakt granodiorite

Sixteen analysis were performed on single zircon grains (Fig. 5).
The 207Pb/235U and 206Pb/238U ages are discordant in most cases.

The 206Pb/207Pb ages plotted on the concordia diagram (Fig. 5)
yield three different groups. Two comprise discordant ages between
579±4 Ma and 569±4 Ma (weighted mean age 573±4 Ma;
MSWD=2.6; n=4), and 677±6 Ma and 653±3 Ma. The third
group consists of discordant ages defining a discordia line with an
upper intercept at 572±5 Ma (MSWD=0.6; n=11), which is
consistent with the age defined by the first group of four ages
(573±4 Ma). This age is considered to be the emplacement age of
the Taouzzakt granodiorite. The lower intercept of the discordia
cuts the concordia near the origin, suggesting lead loss during the
later emplacement of the younger Takhatert intrusion. The two
concordant ages at ca. 680 Ma were obtained on magmatic zircons
with no inherited core. Therefore, they may represent xenocrysts
from an earlier Pan-African tectono-metamorphic event during
arc-continent collision (ca. 680–600 Ma; Clauer 1974; Leblanc and
Lancelot 1980).

Takhatert rhyolite

Twenty-two analyses provided subconcordant 206Pb/207Pb ages
dispersed between 650 Ma and 550 Ma (Fig. 5). The 206Pb/238U
and 207Pb/235U ages are concordant. The higher intrinsic error on
207Pb/235U ages than for 206Pb/238U values yield elliptical repre-
sentative points in the concordia diagram (Fig. 5). Indeed, the
207Pb/235U ages are most sensitive to a common lead contribution
because the 207Pb ion signal is about 10 times lower than the 206Pb
ion signal. Therefore, the individual 206Pb/238U ages appear more
reliable. Ion-probe data on selected zircons define a geochrono-
logically homogeneous group consisting of nine analyses with the
youngest ages (Fig. 5). Slight dispersion of 207Pb/235U ages is
probably due to the higher uncertainty of the 207Pb ion signal (see
above). These nine magmatic zircons yield a weighted mean age of
550±3 Ma which is interpreted as the emplacement age of the
rhyolite. This age appears in good agreement with the stratigraphic
position of the rhyolite because it is younger than the age of the
volcanic rocks at the top of the Neoproterozoic series dated at
563±5 Ma (U/Pb on zircon populations; Mifdal and Peucat 1985)
and older than the middle Cambrian rocks in Morocco dated at
517±2 Ma (U/Pb on monozircon; Landing et al. 1998).

Thirteen other zircon grains yield concordant ages scattered
between 647±3 Ma and 560±2 Ma. They probably represent xe-
nocrysts inherited from older country rocks (e.g., granitoids and
late Neoproterozoic volcanic rocks). Particularly relevant to this
group are the ages at ca. 570 Ma corresponding to the age deter-
mined for the Taouzzakt granodiorite in contact with the Takhatert
rhyolite. Two ages at ca. 650 Ma, and one age at 598±4 Ma could
represent xenocryst zircon ages from plutonic rocks belonging to
the earlier Pan-African events.

40Ar/39Ar geochronology

Sampling and analytical procedure

New 40Ar/39Ar dating was performed on four muscovite samples
(IM98-03, IM00-53, IM99-37, IM99-58) selected from the mineral-
ized bodies. Microscopic and SEM analyses on large Ms1 from
samples IM00-53, IM99-58 and IM99-37 revealed several micro-
cracks, cleavage openings and recrystallization domains on the rims
of the grains or in the cleavage planes. Muscovite separates were
obtained by hand-picking. Due to the smaller size of the Ms2 mus-
covites compared to Ms1, large crystals suitable for individual
40Ar/39Ar grain analysis (1 to 4 mm in size) consist ofmuscoviteMs1.
However, it is possible that smaller Ms2 crystals were also selected
togetherwith the largerMs1 grains. This is confirmedbymicroscopic
and SEM analyses on Ms1 grains from samples IM00-53, IM99-58
and IM99-37, which reveal complex morphological features such as
microcracks, cleavage openings and recrystallization domains on the
rims of the grains or in the cleavage planes. These are usually inter-
preted as reflecting a polyphase history for the host mineral.

Fig. 4a–c Example of a dolomite-stage vein at Imiter, hosted by
the Neoproterozoic black shales. Hydraulic fracturing on a normal
fault is clearly visible. a Native silver dolomite vein; b fault plane
(N78�E–80 N); c hydraulic breccia
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Samples IM98-03 and IM00-53 were obtained from the B3 Hill
workings at the 1,279- and 1,335-m levels, respectively, along the
contact between the black shales and the granodiorite. These
samples are Qtz1 from quartz veins corresponding to the base-
metal episode characterized by large Ms1 flakes (>0.5 cm) and
Chl1. In sample IM00-53, Qtz1 shows a graphitic texture. Electron
microprobe analysis of Ms1 yields a muscovite composition in the
Si/Al diagram (Fig. 6). Estimated crystallization temperatures were
obtained using the Monier and Robert (1986) geothermometer. For
Ms1 in sample IM00-53, they range from 550 to 650 �C (Fig. 6).

Sample IM99-37 was selected from a quartz–carbonate–chlorite
vein hosted in the black shales from the 1,320-m level in shaft IV.
The grade is more than 3,000 g/t Ag in this area. Petrographic
analysis shows the presence of Qtz1, Chl1, Ms1 and pyrite, corre-
sponding to the base-metal episode, and Ms2 dolomite belonging
to the epithermal silver mineralization episode (Fig. 6). The Ms2

occurs as very small crystals (<100 lm) growing on Chl1. Mi-
croprobe analyses of Ms1 and Ms2 from sample IM99-37 yield
contrasting compositions spread along the muscovite–phengite
line. This variation in composition is also illustrated by a difference
in crystallization temperatures, at about 450 �C (Ms1) and 350 �C
(Ms2), respectively (Fig. 6).

Sample IM99-58, from a Qtz1–Chl1–pyrite–sphalerite vein
from the 1,325-m level in the B3 Hill workings, is also represen-
tative of the base-metal episode. In this sample, Ms1 is character-
ized by small crystals (<0.5 mm) included within Qtz1 or filling
intergranular spaces. The crystallization temperature determined
on Ms1 is about 600 �C (Fig. 6). In this area, grades reaching
1,500 g/t Ag have been measured.

During this study, two complementary experimental procedures
were applied because of the complexity of the dated material and
resulting 40Ar/39Ar spectra. We analyzed sample IM98-03 on a VG

Fig. 5a, b 206Pb/238U versus
207Pb/235U plot of zircon ion
microprobe analysis (Cameca
IMS 1270) for the Taouzzakt
granodiorite (a) and the Tak-
hatert rhyolite (b). Ages are
calculated with the Isoplot
program (Ludwig 2000). The
open ellipses drawn on the SEM
images (insets) are examples of
spot positions in the analyzed
zircon grains
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3600 mass spectrometer at the UMR Geosciences-Azur laboratory
in Nice (France). Muscovite separates were irradiated in the
McMaster University nuclear reactor together with the Hb3gr
amphibole (1072 Ma; Roddick 1983) as an irradiation monitor.
Step-heating analyses were performed with a laser probe using a
Coherent Innova 70-4 continuous argon laser with a maximum
output power of 6 W. Mineral grains were analyzed in static mode
with a Daly photomultiplier system or a Faraday cage. A complete
description of the analytical procedure is given in Ruffet et al.
(1997). Errors on age spectra represent analytical precision at a 1 r
level and do not include the errors on the 40Ar*/39ArK ratio and
age of the monitor. Muscovites from samples IM99-37, IM99-58
and IM00-53 were analyzed using the MAP 216 mass spectrometer
at Queen’s University (Kingston, Ontario). Muscovite separates
were wrapped in aluminum foil and irradiated along with an in-
tralaboratory standard at the McMaster University nuclear reactor
(Hamilton, Ontario). Resulting 40Ar/39Ar isotopic data were ob-
tained either by step-heating until fusion using a defocused, 8-W
Lexel 3500 continuous argon laser or by spot fusion. Complete
analytical procedures are outlined in Clark et al. (1998). Errors for
individual steps and the age spectrum plots represent the analytical
precision at a 2 r level, assuming the errors in the ages of the flux
monitors (i.e., standards) are zero. A conservative estimate for the
error in the J value is 0.5%. This is suitable for comparing within-
spectrum variation.

Results of 40Ar/39Ar dating

The four resulting age spectra are presented in Fig. 7. They all
present irregularities precluding any simple, plateau age calcula-

tion. However, two of them, IM99-37 and IM00-53, show a char-
acteristic, saddle-shaped age spectrum which can be interpreted as
reflecting a disturbed argon isotopic system due to partial recrys-
tallization of muscovite (Cheilletz et al. 1999; Castonguay et al.
2001; Alexandrov et al. 2002). This interpretation is confirmed by
laser-spot analyses of a single grain of IM00-53 muscovite which
reveal two groups of ages at approximately 560–565 and 535–
550 Ma. This younger group of ages also corresponds to a peculiar
area of the muscovite grain (Fig. 8) characterized by a greyish color
and microcracks, thus corroborating the existence of localized
mineralogical perturbations in the analyzed samples.

Additional information can be obtained from IM98-03 and
IM99-58 age spectra which display the classical shape character-
izing argon loss by diffusion, as described by Turner (1968) and
McDougall and Harrison (1988). The most detailed spectrum,
IM98-03, shows a group of ages at 542–552 Ma in the low-tem-
perature steps, followed by a regular increase of apparent ages up
to 573 Ma in the high-temperature steps, suggesting a two-stage
history for this sample. Petrographic and microprobe analyses of
muscovite grains from the Imiter deposit reveal that recrystalliza-
tion included secondary overgrowth of Ms2 grains on larger Ms1
flakes (Fig. 6). Such recrystallization best explains the observed
40Ar/39Ar saddle- or staircase-shaped, disturbed age spectra.

In summary, 40Ar/39Ar results indicate the existence of two
distinct events. The oldest one is revealed by the high-temperature
apparent ages ranging from 577±4 Ma to 563±5 Ma, in good
agreement with the U/Pb emplacement age obtained for the Tao-
uzzakt granodiorite (572±5 Ma). These ages also represent the
crystallization age of the Ms1 muscovite developed in the meta-
morphic halo of the granodiorite. Additionally, the low-tempera-
ture apparent ages (542–552 Ma) of sample IM98-03 and the
intermediate-temperature apparent age minima (540–555 Ma) of
the saddle-shaped age spectra of samples IM99-37 and IM00-53
reflect a partial isotopic resetting during recrystallization of Ms1
and crystallization of Ms2. These apparent ages are in good
agreement with the 550±3 Ma U/Pb age determined for the
Takhatert rhyolitic intrusion, suggesting synchronism of the epi-
thermal silver-rich episode and this magmatic event.

Conclusions

Arguments which favor synchronous rhyolitic volcanism and epi-
thermal silver mineralization at 550 Ma include (1) the emplace-
ment of rhyolitic dikes and formation of the silver mineralization
along E-W-trending normal faults during tectonic regime A; (2) the
lack of subsequent volcanism in the Imiter area; (3) the necessity of
magmatism coeval with mineralization to induce the circulation of
the ore-forming fluid (Sillitoe 1993); and (4) the sealing of both
rhyolitic volcanism and silver mineralization by the middle Cam-
brian sedimentary rock cover.

The occurrence of precious- and base-metal anomalies in sur-
rounding rocks of the Imiter deposit (black shales and late Neo-
proterozoic volcanic and plutonic rocks) constitutes part of an
epigenetic alteration halo, rather than a syngenetic pre-concentra-
tion as previously interpreted by Vargas (1983), Guillou et al.
(1988) and Popov (1995). Muscovite (this study) and fluid-inclusion
(Baroudi et al. 1999) geothermometry indicate temperatures of
formation of silver mineralization ranging between 290 and 350 �C.
These temperatures are compatible with subsurface development of
the Imiter deposit approximately 1.5 km from an important, vol-
canic eruptive center (Takhatert rhyolite intrusion). The lack of an
acidic wall-rock alteration halo and the presence of dominantly
dolomitic gangue indicate relatively neutral ore fluids.

Part of the Imiter mineralization appears as a telescoped de-
posit, characterized by a Pb-, Zn-, and Cu-rich episode prior to the
economic epithermal silver event. The base-metal episode is asso-
ciated with the development of a first generation of quartz veins
(Qtz1) within the metamorphic halo of the Taouzzakt granodiorite.
The ca. 572-Ma age of the intrusion is synchronous with crystal-
lization of Ms1 hydrothermal muscovite. The intrusion formed in

Fig. 6 Characterization of Ms1 and Ms2 muscovites in the Si/Al
diagram of Velde (1965; see text for descriptions of the analyzed
muscovites; electron-microprobe analysis realized at the UHP
University of Nancy, France; Si and Al are represented in a.p.f.u.).
Temperatures indicated on the muscovite–phengite line are
estimated with the Monier and Robert (1986) geothermometer
(see Fig. 3 for abbreviations)
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an active continental margin which was characterized by calc-al-
kaline magmatism and foreland basin development. The 550-Ma
Takhatert rhyolite, the Imiter fault system and the associated epi-
thermal silver ore developed later during a major change from
compression to extension in the Pan-African orogen. The silver
episode, tentatively dated at ca. 550 Ma at Imiter, is definitively
bracketed between the 563-Ma age of the top of the late Neopro-
terozoic volcanic series in the central Anti-Atlas (Mifdal and Peu-
cat 1985) and an age of 543.9±0.2 Ma for the Precambrian–
Cambrian transition (Landing et al. 1998). In the Anti-Atlas do-
main, this interval corresponds to the so-called Adoudounian (late
Neoproterozoic to early Cambrian) transgressive episode (Benziane
et al. 1983; Chbani et al. 1999; Piqué et al. 1999) which was char-
acterized by extensional tectonics which could have allowed brines
to flow along normal faults developed along the continental shelf of
the passive margin. This tectonic setting could account for the
presence of highly saline, fluid inclusions in major precious-metal
deposits of the Anti-Atlas (Fig. 1): Imiter (Baroudi et al. 1999),
Zgounder (Essaraj et al. 1998), Bou Azzer (En-Naciri et al. 1997),

Fig. 7a–d
40Ar/39Ar spectra for single crystal, muscovite Ms1 laser

step-heating analysis. a, c Staircase spectrum illustrating partial
resetting of Ms1 crystallization age (right side of the spectrum) by a
younger event (left side of the spectrum). b, d Saddle-shaped aspect
of the low- to medium-temperature steps illustrating different
amounts of partial recrystallization of Ms1 and crystallization of
Ms2

Fig. 8 Laser spot-fusion analysis of a muscovite Ms1 from sample
IM00-53
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Tiouit (Al Ansari and Sagon 1997), and Bou Madine (Abia et al.
1999).

In the Anti-Atlas, the Precambrian–Cambrian transition ap-
pears as an important period for the formation of major, produc-
tive precious-metal deposits (Cheilletz and Gasquet 2001). It
corresponds to the time of progressive collapse of the Pan-African
passive continental margin and a transgression leading to deposi-
tion of the early Paleozoic sedimentary rock series. This period is
characterized by major tectono-volcanic events occurring during
extensional tectonics and was, therefore, highly favorable for
shallow melt emplacement (Chalot-Prat and Girbacea 2000), hy-
drothermal fluid circulation, and associated precious-metal ore
formation (Lister et al. 1986). The latter includes formation of the
Imiter silver deposit which constitutes a Precambrian analogue to
modern epithermal systems (Corbett and Leach 1995).
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tassique d’âge protérozoı̈que supérieur. Chron Rech Min 527:3–
25

Alexandrov P, Ruffet G, Cheilletz A (2002) Muscovite recrystalli-
zation and saddle-shaped 40Ar/39Ar spectra: example from the
Blond granite (Massif Central, France). Geochim Cosmochim
Acta 66 (in press)

Angelier J, Mechler P (1977) Sur une méthode graphique de re-
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Géochimie et signification géotectonique des volcanites du
Cryogénien inférieur du Saghro (Anti-Atlas oriental, Maroc).
Geodyn Acta 14:373–385

Gresse PG, de Beer CH, Chevalier LP, de Kock GS, Thomas RJ
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