Available online at www.sciencedirect.com

sc-snce@o-nsw Precambrion
Research

Precambrian Research 140 (2005) 157-182

www.elsevier.com/locate/precamres

Contribution to a geodynamic reconstruction of the Anti-Atlas
(Morocco) during Pan-African times with the emphasis on
inversion tectonics and metallogenic activity at the
Precambrian—Cambrian transition

Dominique Gasquét*, Gilles Levress8, Alain CheilletZ,
Moulay Rachid Azizi-Samif, Abdellah Mouttagf

a Université de Savoie, CISM-EDYTEM, CNRS-UMR 5204, Campus Scientifique, 73376 Le Bourget du Lac Cédex, France
b UNAM, Centro de Geociencias, Campus Juriquilla, 76230 Santiago de Queretaro, Mexico
¢ CRPG-CNRS UPR A2300 and ENSG-INPL, BP 20, 54501 Vandoeuvre-lés-Nancy Cédex, France
d Reminex, Groupe ONA, 26 Av. Allal El Fassi, Tissir 36-40, Marrakech, Morocco
€ ONHYM, 5 Charia My Hassan, BP 99, Rabat, Morocco

Received 15 October 2004; received in revised form 22 April 2005; accepted 7 June 2005

Abstract

New geochronological analyses (U-Pb SIMS zircon ages) have yielded ages-6538a for the Bou Madine rhyolitic
dome (Ougnat, eastern Anti-Atlas), 543 Ma for the Tachkakacht rhyolitic dyke (Saghro—Imiter, eastern Anti-Atlas), and
531+ 5 Ma for the Aghbar trachytic sill (Bou Azzer, central Anti-Atlas). Inherited zircon cores from the Aghbar trachytic sill
and from the Bou Madine rhyolitic dome have been shown to be of Statherian age (ca. 1600-1800 Ma) and Palaeoproterozoic
(>2100 Ma) age, respectively, suggesting that a significantly older protolith underlies the Pan-African rocks in the Central
and Eastern Anti-Atlas. Granodiorites and rhyolites from the Saghro—Imiter area have simifast6#sr (0.702—0.706) and
143N d/A44Nd (0.5116-0.5119) initial ratios, suggesting a mixture of mantle and lower crust sources. This can also be inferred
from the low'8’0s/®80s ratios obtained on pyrite crystals from the rhyolites.

A recently published lithostratigraphic framework has been combined with these new geochemical and geochronological data,
and those from the literature to produce a new reconstruction of the complex orogenic front that developed at the northern edge
of the Eburnian West African craton during Pan-African times. Three Neoproterozoic magmatic series can be distinguished in
the Anti-Atlas belt, i.e., high-K calc-alkaline granites, high-K calc-alkaline to shoshonitic rhyolites and andesites, and alkaline-
shoshonitic trachytes and syenites, which have been dated at 595-570, 570-545 and 530 Ma, respectively.

The accretion of the Pan-African Anti-Atlas belt to the West African super continent (WAC) was a four-stage event, involving
extension, subduction, moderate collision and extension. The calc-alkaline magmatism of the subduction stage was associated
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with large-scale base metal and gold mineralisation. Metallogenic activity was greatest during the final extensional stage, at
the Precambrian—Cambrian boundary. It is characterised by world-class precious metal deposits, base—metal porphyry an
SEDEX-type occurrences.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Madine inliers (Eastern AA) with a discussion of
results published by other workers in order to propose

The geodynamic reconstruction of ancient belts 5 clearer picture of this Neoproterozoic orogenic
is extremely important for understanding the devel- pelt. The discussion focuses on the final stages of the

opment of ore deposits, particularly those associated geodynamic evolution of the Pan-African Anti-Atlas
with metal-concentration systems that involve parts of belt, as this period is fundamental to the understanding

the lower crust and mantle and are therefore able 10 of the northern border of the WAC and its metallogenic
develop large-tonnage, high grade ore depo€itsl et activity.

al., 1999; Kay and Mpodozis, 20p1n order to recon-

struct complex and long-lived orogenic fronts and to

understand some of the fundamental processes (on &. Geological setting of the Anti-Atlas belt of
lithospheric scale) involved in the production of large Morocco

mineral concentrations, it is necessary to have geolog-

ical data for a whole region, particularly geophysical The Moroccan Anti-Atlas belt is situated on the
and geochemical data, supported by solid geochrono- northern edge of the Eburnian (ca. 2 Ga) West African
logical and structural data. This paper focuses on the Craton fig. 1); itis separated from the High Atlas and
Neoproterozoic evolution of the Anti-Atlas Mountains the Mesetian domains to the north by the South Atlas
(AA) of Morocco, a segment of the Pan-African chain Fault. The Anti-Atlas region was slightly reworked
that developed along the northern edge of the West by the Hercynian and Alpine orogenieRigue, 1994;
African Craton (WAC). The region houses large world- Caritg et al., 200% which had a profound influence on
class ore depositd-{g. 1) and known reserves have the Meseta-Atlas domains. In the High Atlas domain,
recently been increased by new discoveries made dur-at Tamlelt in the East¥u Dresnay, 1976; Houari and
ing extensive exploration programs carried out as part Hoepffner, 2003 and in the western part of the High
of the ambitious National Geological Mapping Project Atlas (Baouch, 1984; Ouazzani et al., 2001; Eddif,
funded by the Moroccan Ministry of Energy and Mines. 2002, blocks of Precambrian materials were moder-
One of the most important results of this project has ately deformed by the Variscan and Alpine tectonics.
been to improve our understanding of metallogenic The original position of these blocks is still subject
activity during the 300 Ma-long Neoproterozoic his- to debate and it is uncertain whether they belong to a
tory of the Anti-Atlas. For example, geochemical data hypothetical North Moroccan continenVilleneuve
produced during a recent study of the Imiter Ag—-Hg and Coriee, 1994, to Avalonian—Cadomian terranes
deposit (stock metal estimated at 8000 metric tonnes (Ennih and Legeois, 200}, or to Carolina—lberia ter-
AgP) clearly show a large-scale transfer of chalcophile ranesPiqué, 2003. Inthe Anti-Atlas, the Precambrian
elements from the mantle to superficial (km-deep) basement comprises several units of Palseoproterozoic
crustal levelsl(evresse et al., 2004t is also essential ~ to Late Proterozoic age, unconformably overlain by late
to draw up precise and reliable lithostratigraphic sec- Ediacaran to Cambrian rocks and then by mostly sedi-
tions through the orogenic belt, taking into accountnew mentary Palaeozoic rocks. The Precambrian basement
geochronological data, in order to accurately define outcrops in several inliers within late Ediacaran and
the architecture of the chain. This paper combines younger units (Bas @, Ifni, Kerdous, Akka, Igherm,
new U/Pb geochronological and geochemical data Sirwa, Zenaga, Bou Azzer, Saghro and Oughay; 1)
from the Bou Azzer, Saghro—Imiter and Ougnat—Bou distributed along two major fault zones (South Atlas
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Fig. 1. (a) The Anti-Atlas belt at the northern limit of the West African craton, redrawn Biimeyer and Lecor@h(1991) (b) Geological
sketch map of the Anti-Atlas belt in southern Morocco and location of main ore deposits. SAF: South Atlas Fault.

Fault, and Central Anti-Atlas FaulEig. 1). Due to 1974, Hefferan et al., 2002Whether the subduction
the extent of its sedimentary cover, for a long time the plane associated with island arc development dipped
structure and tectonic evolution of the Pan-African north or south is still unclear. (2) The second stage (ca.
Anti-Atlas belt was poorly understood, but now a basic 690-605 Ma) is characterised by basin closure, south-
consensus on the major stages of its development hasward directed arc—continent collision (arc accretion),
been reached. Two main periods of tectono-thermal ophiolite obduction, deformation, metamorphism and
magmatic activity, associated with crustal accretion, calc-alkaline magmatism. This convergence episode
have been recognised: (i) a Palaeoproterozoic period,was associated with a southward dipping subduction
corresponding to the Eburnean (Birimian) orogeny, plane. (3) The final, post-collision extension stage
(i) a Neoproterozoic period, corresponding to the (605-530Ma) is characterised by molasse sedimen-
Pan-African orogeny. Most authord gblanc and tation and magmatism, which was followed by the
Lancelot, 1980; Bassias et al., 1988; Leblanc and foreland development of the Saharan cratonic basin to
Moussine-Pouchkine, 1994; Villeneuve and Gaen the south. The Statherian (ca. 1750 Ma) and Variscan
1994; El Aouli et al., 2001; Ennih and &geois, 2001; (ca. 300 Ma) events did not have a major effect on
Fekkak et al., 2001; Thomas et al., 2002; RBigR003; the AA except in its western parGasquet et al.,
Gasquet et al., 2004onsider that the development 2004, where the Variscan shortening is expressed
of the Pan-African orogen can be explained by a by polyharmonic buckle folding in the Palaeozoic
three-stage process controlled by crustal extension,sedimentary cover. The Precambrian basement was
followed by compression, and then by a second exten- only subject to faultingifelg et al., 2004; Caritg et al.,
sion stage. (1) The first stage was related to the rifting 2004).

and break-up of the West African Craton and involved The new geochronological data we have obtained
the successive development of an oceanic plateau,for three selected inliers have allowed us to clarify the
an island arc and a marginal basin, with associated description of the post-collision extensional stage of
blue-schist metamorphism (ca. 800—-690 NGdauer, the Pan-African orogeny.
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dated at 55@ 3 Ma by ion-probe U/Pb on zircons
(Cheilletz et al., 200R This epithermal event postdates
an earlier discrete base metal episode associated with
intrusive granodiorites (Taouzzakt, Igoudrak@y. 3),
dated at 5725Ma (Cheilletz et al., 2002 These
Cryogenian to early Ediacaran schistose calc-alkaline intrusive rocks produced a cordierite-
greywackes and black shales (Saghro Group) outcrop andalusite-biotite contact-metamorphism assemblage
in the centre of the Bou Madine inlieFig. 2, after in the country rocksl(eistel and Qadrouci, 1991; De
Freton, 1988 They are metamorphosed to greenschist Wall et al., 200). Dykes of intermediate composition
facies and intruded by quartz-diorites and garnet- (mostly trachyandesite) and of various relative ages are
bearing granites, the ages of which have not been present along the Ediacaran Imiter normal fault zone.
geochronologically establishedilfia et al., 2003 The felsic dykes, including the Tachkakacht dyke,
This basementis unconformably overlain by Ediacaran are similar in composition to the Takhatert dome. Mid-
volcanic formations (Ouarzazate Supergroup), which dle Cambrian sedimentary rocks overly the Neopro-
mostly consist of ignimbrites and minor andesites, terozoic rocks. The Variscan and Alpine orogenies,
with basaltic lava flows at the top. Moreover, in the although active in various sections of the AA belt,
Bou Madine area, the ignimbrites have been intruded are thought to have had little effect in the Imiter area
by several rhyolitic domes and numerous felsic dykes. (Ouguir et al., 199%
One of the Ediacaran rhyolitic domes is associated

3. Geological setting of the Ougnat, Saghro and
Bou Azzer inliers

3.1. Ougnat—Bou Madine

with polymetallic Zn—Cu—Pb-Sn—Ag—Au minerali-

sations. These mineral deposits occur in NNW-SSE
en-echelon vein arrays related to Ediacaran tran-

scurrent tectonics represented by RBOstrike-slip
fault zones Freton, 1988; At Saadi, 1992; Abia
et al.,, 1999, 2008 A Cambrian sedimentary cover

3.3. Bou Azzer—-Aghbar

The Bou Azzer inlierFig. 4) is structurally the most
complex part of the whole Anti-Atlas (sdeeblanc,
1981; Saquaque et al., 1989, 199& Palaeoprotero-
zoic basement, including gneisses, amphibolites, and

sequence unconformably overlies the Neoproterozoic schists, is intruded by granites and overlain by Cryo-
rocks. genian formations (Bou Azzer Group) comprising (i)
epicontinental sedimentary and volcanoclastic rocks
and (ii) a mafic—ultramafic complex, interpreted as an
ophiolite (Leblanc, 1975; Brabers, 198&omprising

In the Imiter area Kig. 3), the oldest sedimen-  serpentinites, gabbros, quartz-diorites and mafic vol-
tary rocks are represented by Cryogenian sequencesanics, and associated with limestones, quartzites and
of black shales (Saghro Group), interpreted as hav- sandstones. These formations were deformed by the
ing formed in an extensional back-arc environment main Pan-African shortening tectonic event (thrusts)

3.2. Saghro—Imiter

(Marini and Ouguir, 1990; Ouguir et al., 199G hese
rocks were folded and subject to low greenschist
facies metamorphism during the main Pan-African

and are unconformably overlain by, successively:
(i) the molassic Tiddiline Group, (ii) the Ediacaran
Ouarzazate Supergroup, which consists of a thick

event. The black shales are unconformably overlain (~1000 m) volcano-clastic pile (dacitic to rhyoliticign-
by an Ediacaran volcanic and volcanoclastic sequenceimbrites, andesites, conglomerates, sandstones, etc.)
(Ouarzazate Supergroup), with compositions that range emplaced during strong transtensive tectoriiéadcha

from andesitic at the bottom to ignimbritic at the
top. This sequence hosts the Imiter Ag—Hg deposit,
which is now considered to be of epithermal origin
(Cheilletz et al., 2002; Levresse et al., 2D0Fhe
silver mineralisation is genetically related to a series
of felsic volcanics (Takhatert calc-alkaline rhyolitic
dome), which were coeval with regional extensional
tectonics Levresse, 2001 These volcanics have been

etal., 1998, and (iii) the late Ediacaran to early Paleeo-
zoic Taroudant Group (dolomites, sandstones and
rare sills of syenite and trachyte at Jbel Boho and
Aghbar). The regional N-S shortening that occurred
during the Variscan orogenygbuldmani et al., 1997;
Belfoul et al., 2001; Caritg et al., 20pdeactivated the
major Eburnean and Pan-African faults. A complex,
telescoped, polymetallic (Co—Ni—As—Fe—Cu—Au—-Ag)
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Fig. 2. Main geological units of the Ougnat-Bou Madine inlier (afiegton, 198Band concordia diagram for zircons from the Bou Madine
rhyolitic dome. Weighted mean ages, ellipses ar@ors. Star represents the position of the dated rhyolite.
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Fig. 3. Main geological units of the Saghro—Imiter inlier (afteistel and Qadrouci, 1991; Levresse, 2paad concordia diagram for zircons
from the Tachkakacht rhyolitic dyke and (inset) the rhyolitic Takhatert dadhei(letz et al., 200R Weighted mean ages, ellipses asec2rors.
Stars represent the position of the dated rhyolites.

mineral deposit was formed during these Pan-African 4. U-Pb geochronology in the Ougnat, Saghro
and Variscan eventdfaacha et al., 1998The age of and Bou Azzer inliers

the mineralisation is poorly constrained at 550 Ma by
U-Pb dating on brannerit&(-Naciri et al., 199¥and

at 218+ 8Ma by “°Ar/>%Ar dating on hydrothermal U—Pb data were obtained for single zircon grains
muscovites(evresse, 2001 from Ouarzazate and Taroudant Group volcanic rocks.

4.1. Analytical procedures
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Table 1
U—-Pb isotopic data (SIMS-CAMECA IMS 1270, Nancy, France) for zircon grains from the Ediacaran magmatism from the Saghro—Imiter, Ougnat-BondvBalinézzer
inliers

79T

Sample Measured data Concentration Tera-Wasserburg Conventional concordia Ages (Ma)
(ppm) Concordia data data
1s206py  207pp/  204pp;  208pp; Yoy Pb U Th 238y, +o 207pp/ 4o 207pp/  Error  205pp/  Eror  Correlation 206 Error 207 Error
206pp 206py, 238 206pp 206py, 235 238 error PbR38Y Pb235y

BM7 (Ougnat-Bou Madine, rhyolite, limpid grains)
12-18 4531 0.0644  0.00035 0.208 7.51 32 425 174  11.2938 0.1526 0.0644  0.0003 0.7356  0.0116 0.0885 0.0012 0.859 547 7 560
38-14 3837 0.0648 0.00059 0.204 7.44 36 472 223 11.2687 0.2268 0.0648  0.0024 0.7020  0.0360 0.0887 0.393 548 11 540 21
3-15 11314 0.1099 0.00361 0.127 7.77 80 1975 1099 21.3385 0.4168 0.1099 0.0006 0.3738 0.0117 0.0469  0.0009 0.623 295 6 322
40-3 5639 0.0603 0.00011 0.219 7.74 41 548 238 11.4911 0.1560 0.0603 0.0002 0.7131 0.0107 0.0870 0.0012 0.902 538 7 547
43-8 7893 0.0865  0.00187 0.175 7.55 62 1009 787 13.9941 0.2939 0.0865 0.0031 0.5909  0.0457 0.0715 0.0015 0.272 445 9 471
43-9 2070 0.0734  0.00135 0.184 7.10 25 322 123 11.1924 0.3062 0.0734  0.0008 0.6858  0.0349 0.0893 0.0024 0.538 552 14 530
44-4 5489 0.0591 0.00002 0.235 7.83 40 517 177 109875 0.1559 0.0591  0.0002 0.7475 0.0111 0.0910 0.0013 0.952 562 8 567
4-10 5948 0.0656  0.00041 0.214 7.64 50 662 266  11.4408 0.1538 0.0656  0.0003 0.7272  0.0132 0.0874 0.0012 0.743 540 7 555
4-7 6803 0.0754 0.00113 0.246 8.03 50 656 234 11.3496 0.1665 0.0754 0.0004 0.7244 0.0167 0.0881 0.0013 0.637 544 8 553
7-1 26581 0.0681 0.00063 0.380 9.41 62 850 356 11.8578 0.1007 0.0681  0.0003 0.6870  0.0088 0.0843 0.0007 0.665 522 4 531
7-12 11053 0.0660  0.00045 0.410 991 27 384 112 12.1114 0.0678 0.0660 0.0002 0.6793 0.0056 0.0826  0.0005 0.678 511 3 526
7-16 30385 0.0670  0.00038 0.400 9.48 63 834 320 11.3788 0.0846 0.0670  0.0008 0.7475  0.0413 0.0879  0.0007 0.389 543 4 567
7-19 19993 0.0599  0.00004 0.430 9.59 49 610 285 10.7606 0.0746 0.0599 0.0001 0.7629  0.0057 0.0929  0.0006 0.931 573 4 576
7-20 9929 0.0595 0.00004 0.450 9.98 24 315 174 11.0989 0.0705 0.0595 0.0003 0.7350 0.0057  0.0901 0.0006 0.814 556 3 559
7-21 12822 0.0604  0.00010 0.480 10.35 33 428 123 11.1435 0.0761 0.0604 0.0001 0.7328  0.0052 0.0897 0.0006 0.971 554 4 558
7-25 13215 0.0644  0.00038 0.450 9.84 32 399 166 10.8728 0.1277 0.0644  0.0004 0.7495 0.0109 0.0920  0.0011 0.809 567 6 568
7-3 17284 0.0595  0.00002 0.450 9.84 39 486 186 10.8019 0.0586 0.0595  0.0001 0.7587  0.0043 0.0926 0.0005 0.965 571 3 573
7-4 17866 0.0592 0.00001 0.420 9.59 43 551 239 11.0108 0.0622 0.0592 0.0001 0.7422 0.0043  0.0908 0.0005 0.981 560 3 564

BM7 (Ougnat-Bou Madine, rhyolite, inherited core)
7-2 9175 0.1800 0.00054 1.980 9.84 21 62 39 2.4780 0.0220 0.1800 0.0004 9.6636 0.0971 0.4035 0.0036 0.882 2185 16 2403

IM74 (Saghro—Imiter, Tachkakacht rhyolite, limpid grains)
74-1 29146 0.1896  0.00920 0.566 10.08 59 797 196  11.5425 0.1204 0.1896  0.0018 0.6654  0.0450 0.0866 0.0009 0.154 536 5 518
74-10 108462 0.2527  0.00108 0.552 11.01 245 3333 2540 11.6809 0.0965 0.2527  0.0034 2.8428  0.0485 0.0856 0.0007 0.484 530 4 1367
74-11 23921 0.0786 0.00138 0.510 10.30 52 694 148 11.3672 0.0968 0.0786  0.0013 0.7132  0.0259 0.0880  0.0007 0.235 544 4 547
74-12 79577 0.1716 0.00802 0.508 9.54 219 2887 1216 11.3506 0.0997 0.1716 0.0006 0.6647 0.0174 0.0881 0.0008 0.335 544 5 517
74-13 15705 0.0873 0.00192 0.523 10.35 38 505 126 11.2928 0.0766 0.0873 0.0009 0.7296 0.0191 0.0886 0.0006 0.259 547 4 556
74-14 33336 0.0604  0.00010 0.500 10.14 104 1332 341 11.0171 0.0626 0.0604 0.0001 0.7393  0.0044 0.0908  0.0005 0.957 560 3 562
74-15 71200 0.0766 0.00132  0.455 9.84 210 2876 1126 11.7491 0.0986 0.0766  0.0004 0.6744  0.0095 0.0851 0.0007 0.596 527 4 523
74-17 7509 0.1247  0.00452 0.736 11.76 41 492 88  10.4086 0.1085 0.1247 0.0015 0.7885  0.0402 0.0961  0.0010 0.205 591 6 590
74-3 91970 0.1057 0.00327 0.481 10.16 202 2861 959 12,1917 0.1282 0.1057 0.0039 0.6598 0.0749 0.0820 0.0009 0.093 508 5 514
74-5 39739 0.0604 0.00011 0.505 10.11 96 1217 362 10.8683 0.0656 0.0604 0.0002 0.7475 0.0063 0.0920 0.0006 0.714 567 3 567

BAO6 (Bou Azzer, Aghbar trachyte, limpid grains)
6-1 19113 0.0626 0.00018 0.490 10.51 61 779 195 10.9699 0.1355 0.0626 0.0002 0.7553 0.0103 0.0912 0.0011 0.904 562 7 571
6-1l1a 26251 0.0677  0.00061 0.460 10.17 79 972 451  10.5442 0.1338 0.0677 0.0009 0.7705 0.0212 0.0948 0.0012 0.460 584 7 580
6-11b 24248 0.0720 0.00089  0.460 10.19 74 924 406  10.6724 0.1324 0.0720 0.0018 0.7634  0.0368 0.0937  0.0012 0.257 577 7 576
6-15 12454 0.0620  0.00019 0.670 12.16 56 795 129 121024 0.1549 0.0620  0.0003 0.6761 0.0093 0.0826 0.0011 0.927 512 6 524
6-2 16074 0.0594 0.00003  0.400 10.3 49 720 149 12.5365 0.1219 0.0594 0.0001 0.6485 0.0064 0.0798 0.0008 0.979 495 5 508
6-4a 9940 0.0639 0.00021 0.550 10.64 30 351 120 10.1710 0.2004 0.0639 0.0007 0.8255 0.0227 0.0983 0.0019 0.715 605 11 611
6-4b 10041 0.0671  0.00040 0.550 10.61 30 351 119 10.1148 0.1602 0.0671  0.0014 0.8370  0.0303 0.0989 0.0016 0.437 608 9 618
6-9 1758 0.1400  0.00503 0.580 10.56 6 76 37 10.3185 0.2223 0.1400  0.0034 0.9071 0.0818 0.0969 0.0021 0.239 596 12 655

BA06 (Bou Azzer, Aghbar trachyte, inherited grains)
6-12 1808 0.1100  0.00011 1.950 10.96 6 21 11 3.1350 0.0457 0.1100 0.0003 4.7745  0.0733 0.3190 0.0047 0.951 1785 23 1780
6-14 19449 0.1200 0.00033  2.030 12.18 104 488 12 4.0211 0.1036  0.1200 0.0010  3.9660 0.1091  0.2487 0.0064 0.937 1432 33 1627
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A CAMECA IMS 1270 ion microprobe (CRPG-
CNRS, Nancy, France) was used following the ana-
Iytical methods described iDeloule et al. (2002)
Detailed optical microscope and SEM-BSE investiga-
tions revealed the structures of the 50—150 zircon
grains. The data are presentedTable 1and dis-

165

Cheilletz et al. (2002¥rom the Takhatert rhyolitic
dome.

4.4. Bou Azzer—Aghbar

One sample of the Aghbar trachytic sill was ana-

cussed below. Weighted mean ages and concordia dia-lyzed. The zircons are limpid and sub-euhedral, with

grams were plotted using the Isoplot programdwig,
2003.

4.2. Ougnat—Bou Madine

One sample from the rhyolitic dome of the Bou
Madine mine was dated. The zircons are limpid,
euhedral, bipyramidal crystals with well-developed
50-150um prisms. They contain occasional primary
cracks and inclusions (apatite, monazite, quartz, rare
micas and K-feldspars) and display a thin oscilla-
tory zoning of magmatic origin and rare inherited
cores.

very small prisms (50-8@m). They contain rare inclu-
sions of apatite, quartz and micas and show oscillatory
zoning of magmatic origin and rare inherited cores.
Six very small (50-6@Qum) zircon grains are scat-
tered along the concordia between 560 and 615 Ma.
They are probably inherited zircons from the basement
country rocks. The youngest concordant zircon gives
an age of 53%5Ma (Fig. 4). This age is in agree-
ment with the stratigraphic position of the sill, which
was intruded into an early Cambrian seri€héubert,
1952; Leblanc, 1981 and with the 52% 3 Ma age of
the Jbel Boho syenité&{g. 4) (recalculated fronDucrot
and Lancelot, 1977 Two zircons gave Statherian ages

Eleven sub-concordant points gave a weighted mean (ca. 1600-1800 Matable 1). They probably represent

age of 552 5Ma (Fig. 2). This age is interpreted as

the crystallisation age of the rhyolitic dome of the Oug-
nat inlier. It thus represents a minimum age for the
Ediacaran felsic volcanism. A zircon core yielded a

xenocrysts inherited from the underlying Paleeopro-
terozoic basement.

Paleeoproterozoic age (>2100 Ma) suggesting that the5. Geochemistry of the Ediacaran and

core may be an inherited xenocryst from a significantly
older underlying basement.

4.3. Saghro—Imiter

The Tachkakacht rhyolitic dyke contains small
(<80pm) limpid zircons. They are euhedral and bipyra-
midal with well-developed prisms. Primary cracks
and inclusions (apatite, quartz, occasional micas) are
rare. Oscillatory zoning of magmatic origin is seen
infrequently and none of the grains had inherited
cores.

Cambrian magmatism in the AA area

The geochemical characteristics of the Ediacaran
(Ouarzazate Supergroup) and Cambrian (Taroudant
Group) post-orogenic magmatism were determined
using previously published U-Pb data for the whole
AA, together with analyses from the Saghro—Imiter,
Ougnat-Bou Madine and Bou Azzer inlields. 57
Tables 2 and 3

5.1. Major and trace elements

Seven sub-concordant points gave a weighted mean (i) The 595-570 Ma magmatism is represented by

age of 543 9 Ma (Fig. ). This is in good agreement
with the 550+ 3 Ma age of the neighbouring Takhatert
rhyolitic dome and with the stratigraphic position of
the felsic volcanism, which belongs to the Edicaran
Ouarzazate Supergroup. Three other zircons yielded
concordant ages of between 560 and 600 Ma. They
probably represent xenocrysts inherited from grani-
toids and Ediacaran volcanic rocks. Their ages are
in accordance with the inherited ages obtained by

kilometer-scale intrusive bodies of granites, gra-
nodiorites and tonalities, with minor diorites
and gabbros, and rare basalts and andesites.
All rock types show mostly metaluminous
(50% < SiQ < 75%), high-K calc-alkaline affini-
ties (Fig. 5a). NaO/K>0 ratios range from 0.28

to 4.67, REE patterng={g. 6a) are moderately
fractionated [6.43 <(La/Yk)<27.63] with rel-
atively low Yhby contents £10) and low nega-



Table 2

Representative major (wt.%) and trace (ppm) element analyses from Saghro—Imiter inlier

Sample type  B. Madine Imiter B. Azzer
BM99-01 rhyolite ~ SJ127 granite  IM99-50 granite  IM00-03 diorite  IM99-72 rhyolitédM99-05 rhyolite ~ IM99-74 rhyolite  IM99-75 ignimbrite  IM01-01 rlnjite ~ BA99-6 trachyte

SiO, 77.06 66.28 68.72 55.17 73.26 72.66 77.30 75.51 76.29 64.33

Al,03 12.33 15.45 14.53 17.14 13.53 13.56 11.99 12.98 12.51 13.87

Fe,O3 0.83 4.00 3.10 8.36 2.31 1.80 1.13 1.36 1.26 7.63

MnO 0.10 0.08 0.08 0.14 0.07 <DL <DL <DL <DL <DL

MgO 0.27 2.01 1.50 4.82 0.84 0.31 0.22 0.23 0.18 1.34

CaO 0.32 1.06 1.40 6.33 0.63 0.36 0.21 0.42 0.26 1.43

NaO 1.22 3.38 3.13 2.88 2.80 1.85 2.79 4.17 3.88 2.09

K20 5.87 4.40 3.91 231 4.67 8.05 5.63 4.33 4.66 5.98

TiO, 0.12 0.48 0.17 0.85 0.18 0.07 0.06 0.05 0.09 0.45

P,0s <DL 0.16 0.11 0.19 0.02 0.03 <DL <DL 0.06 <DL

LOI 1.77 2.68 3.20 1.71 1.61 1.20 0.63 0.77 0.76 2.69

Total 99.89 99.98 99.85 99.90 99.92 99.92 99.96 99.82 99.95 99.81

As 15 341 58 7 36 2.30 15 3 25 15

Ba 1325 1560 747 618 466 1388 1677 1178 1847 369

Cr 10 42 7 121 13 0.3 <DL <DL <DL <DL

Cu 111 10 6 41 27 5.6 15 <DL 10 <DL

Hf 6.0 3.9 2.9 2.8 5.0 3.4 2.9 3.1 4.0 16.3

Mo 3.3 1.9 0.9 1.0 15 1.1 3.6 <DL 2.0 3.1

Nb 114 6.3 5.9 4.6 134 7.8 7.2 7.0 8.2 115

Ni <DL 12 5 24 3 2 <DL <DL <DL <DL

Pb 95 90 47 6 239 11 77 6 133 5

Rb 149 139 108 85 150 195 139 124 120 114

Sr 50 362 109 466 75 58 77 89 105 29

Th 13.0 8.6 6.6 4.3 124 12 11.7 10.9 104 17.0

U 4.3 4.8 29 2.4 5.1 4 5.0 6.6 54 3.2

\Y 5 65 14 159 17 3 2 3 2 2

Y 35.1 12.7 7.4 16.2 26.5 18.4 15.4 10.3 21.6 733

Zn 284 153 75 100 901 18 21 27 58 15

Zr 203 137 110 103 147 109 86 87 131 703

La 37.7 255 19.7 15.1 333 36.1 25.6 25.3 43.6 102.0

Ce 85.5 50.0 36.3 30.6 62.4 71.2 49.2 47.1 83.0 208.0

Pr 9.5 5.5 4.2 3.6 7.8 7.1 5.3 5.0 8.8 24.0

Nd 37.0 20.8 16.2 14.0 29.6 23.8 185 17.0 323 88.1

Sm 6.5 3.9 3.0 3.1 6.0 4.1 3.1 2.7 5.4 16.2

Eu 0.8 1.0 0.7 1.0 0.5 0.8 0.5 0.4 0.7 2.4

Gd 5.8 2.8 24 3.0 4.8 2.7 2.2 2.1 4.4 12.6

Tb 0.9 0.4 0.3 0.4 0.7 0.4 0.4 0.3 0.6 2.0

Dy 5.3 25 15 2.6 4.5 2.6 2.3 1.8 3.4 12.2

Ho 1.0 0.5 0.2 0.5 0.9 5.0 0.5 0.3 0.7 2.6

Er 2.9 1.3 0.6 14 25 1.6 1.4 1.0 1.9 7.2

Tm 0.4 0.2 0.1 0.2 0.4 0.3 0.2 0.2 0.3 1.0

Yb 2.9 1.3 0.5 1.6 2.6 1.8 1.6 1.0 2.1 6.8

Lu 0.5 0.2 0.1 0.3 0.4 0.3 0.2 0.2 0.4 1.0

Analytical methods: Major element concentrations were determined by ICP-AES, and trace elements by ICP-MS at CRPG-CNRS (Nancy, Francéurfeatgiites are
estimated at 2% for major elements, and at 5 or 10% for trace-element concentrations (except REE) higher or lower than 20 ppm, respectivefigr RieEig@stimated at 5%
when chondrite-normalized concentrations are >10 and at 10% when they are lo@j':FRetal iron; <DL: below detection limit; LOI: loss on ignition.
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Table 3
Available Sr and Nd isotopic compositions of (595-570 Ma) granite-granodiorites and (570-545 Ma) rhyolites from the Imiter Inlier
Age/sample Type Sr (ppm) Rb (ppm) 87RbASr 87SrP8Sr (+20) (®7srPosr)t
Rb-Sr data
595-570 Ma
IM 99-50 Granodiorite 115.22 106.7 2.68 0.724462 (24) 0.7034
IM 00-03 Granodiorite 482.48 101.0 0.61 0.710785 (24) 0.7060
SJ 127 Granite 349.57 125.5 1.04 0.714448 (16) 0.7063
570-545Ma
IM 99-72 Rhyolite 103.98 1135 3.16 0.729262 (22) 0.7045
IM 99-74 Rhyolite 73.01 133.3 5.30 0.744363 (18) 0.7028
IM 99-75 Ignimb. rhyolite 87.05 120.3 4.01 0.733671 (15) 0.7023
IM 01-01 Rhyolite 101.96 112.8 3.23 0.729407 (21) 0.7041
Age/sample Sm (ppm) Nd (ppm)  47SmA4“Nd 143NdA4Nd (+20) 143NdA4Ndt ENdt Tom (Ma)
Sm-Nd data
595-570 Ma
IM 99-50 3.26 16.8 0.1172 0.512059 (11) 0.511615 —11.15 1462
IM 00-03 3.42 16.8 0.1228 0.512220 (21) 0.511687 —8.00 1561
SJ 127 3.39 19.4 0.1059 0.512188 (11) 0.511737 -8.61 1305
570-545 Ma
IM 99-72 4.55 27.4 0.1005 0.512267 (15) 0.511789 —-7.07 1275
IM 99-74 3.38 18.4 0.1110 0.512096 (9) 0.511701 —-10.41 1269
IM 99-75 2.75 18.0 0.0922 0.512158 (25) 0.511775 -9.21 1161
IM 01-01 5.05 30.1 0.1015 0.512197 (18) 0.511798 —8.45 1152

Analytical method: Separation of Rb—Sr and Sm—Nd was made according to the metiwideard et al. (1985andBoher et al. (1992)RDb,

Sr, Sm and Nd concentrations were determined by isotope dilution. Rb was analyzed by thermal ionisation on a Cameca TSN-206SA mass
spectrometer. Sr and Nd isotopic ratios and Sm concentration were measured using a Finnigan MAT-262 mass spectrometet’ $t€4Sured
and*3Nd/44Nd ratios were normalized f8§Srf8Sr = 0.1194 and*éNd/144Nd = 0.7219, respectively. Repeated analyses of standards NBS-987

for Sr and JM for Nd gave average ratios®86r£8Sr=0.710205 23 (2) and1*3Nd/*44Nd = 0.511095t 16 (). The blanks for Sr and Nd

are negligible (<2 ng for Sr and 0.4 ng for Nd) compared to the extracted quantities from samples. Analytical errors on isotopic ratios (error in
the last two digits of the Sr and Nd isotopic ratios) are expressed gs2standard errors of the mean). Nd model ages are calculated according

to the depleted mantle model BEn Othman et al. (1984)

(1.32<LalYhy <16.68) and stronger negative Eu
anomalies for the rhyolites (0.24 < Eu/E0.59)
than for the andesites (0.56 < Eu/E10.77) and

tive Eu anomalies (0.75<Eu/Ex 1.03). They
mostly belong to a high-K calc-alkaline magmatic
seriesl e Maitre etal., 1989 orto an alkali-calcic
metaluminousKrost et al., 200)series. basalts (0.67 <Eu/Ew 1.06). They belong to
(||) The 570-545 Ma magmatism is represented by hlgh-K calc-alkaline to shoshonitic series.
thick (up to 2km near Ouarzazate) rhyolitic- (i) The 530 Ma magmatism consists of a trachyte
ignimbritic lava flows or domes (domes, shallow sill (Aghbar) and syenite volcano (Jbel Boho;
intrusions) and dykes, which are mainly at the Ducrot and Lancelot, 1937in the central AA

top of the sequence, with andesitic flows and rare
basalts at the bottorBgjja, 2001; Chalot-Prat
et al., 200). Alteration (sericitisation, carbon-
atation, hematisation, albitisation, chloritisation)
of these rocks by hydrothermal fluids is com-
mon. Unaltered rock types have @K, O ratios
>2.04, moderately fractionated REE patterns

(Bou Azzer area). The Aghbar trachyte has a
high NgO + K>0 content (8.07%), a N®/K,0
ratio of 0.35, a moderately fractionated REE
pattern (La/Yk=10.2) with a negative Eu
anomaly (Eu/El 0.51) and a high REE content
(3°REE=1700ppm). This magmatism belongs
to a typical alkaline-shoshonitic series.
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Fig.5. K,O-SiQ, plots (Le Maitre etal., 198pof selected Ediacaran
calc-alkaline to alkaline plutonic (a) and volcanic (b) rocks and of the
Cambrian Aghbar trachytic sill (star) of the Anti-Atlas belt. Unal-
tered (LOI < 3%) rocks are from this study and frausbrun (1982)
Freton (1988)Ighid et al. (1989)Azizi Samir et al. (199Q)Ait Saadi
(1992) Camara (1993Mokhtari (1993) Ait Isha (1996)Ait Malek
(1997) Ouguir (1997) Ikenne (1997)Eddif et al. (2000) Thomas

et al. (2000) Bajja (2001) Barbey et al. (2001)Chalot-Prat et al.
(2001) Gasquet et al. (2001Karl et al. (2001) Levresse (2001)
Ouazzani et al. (2008BndThomas et al. (2002)

5.2. Isotope geochemistry

5.2.1. Rb—Sr, Sm—Nd, S and rare gas

Sr—Nd isotopic data for the 595-570Ma plu-
tonic event and 570-545 Ma volcanic episode in the
Saghro—Imiter district are presented Table 3and
Fig. 7. The two groups display the same I18¢&rf6Sr
(0.702-0.706) and*3Nd/**Nd (0.5116-0.5119) ini-
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tial ratios, which attest to a mixing of mantle and
lower crustal sources, based on the mean geochem-
ical characteristics of these reservoirs as determined
by Faure (2001) The calculated Nd model ages for
the 595-570 Ma granites and 570-545 Ma felsic vol-
canics Table 3 fall within the rather restricted range of
1161-1561 Ma. No Mesoproterozoic rocks have been
found in the AA, so it seems probable that thé@sg
ages are the result of the mixing of an older 2 Ga source
with a younger Neoproterozoic one.

The §3*ScpT values for the silver mineralisation
event indicate preferential degassing of,S®ascend-
ing fluids, as well as mixing between the magmatic iso-
topic reservoir and the country rock reservbieyresse
et al., 2004. Helium isotope analyses of sulphides and
gangue minerals yield similar results, withle/'He
ratios ranging from 0.76 to 2.®4. These data, together
with the absence ot®Ne in the analyzed fluid inclu-
sions, suggest a mantle origin for the fluids associated
with the epithermal silver eventévresse et al., 2004

5.2.2. Re-Os

The sulphide phases and Aginerals show mea-
sured'8’0s/880s ratios of 0.144-0.197, clearly indi-
cating a dominantly mantle source for the osmium
and, by inference, the silvet¢vresse et al., 2004
In order to assess the validity of this Re—Os isotope
data based interpretation of the source of the met-
als at Imiter, we have compared our data with the
Re—0Os geochemical signatures of a variety of precious
metal deposits from around the world, formed under
different geodynamic regimes and at different times
(Table 4. The measured®/0sA880s of the Imiter
epithermal deposit (0.144-0.197) is similar to the
Chinkuashih Au—Cu epithermal deposit (0.13-0.24;
Shen and Yang, 2004 Other gold bearing epither-
mal and porphyry-type deposits show a larger range
of measured®’0sf880s ratios (0.21-90.2), indicating
the degree to which the primitive magma was con-
taminated by crustal and/or host country rocks (mean
mantle: 0.12-0.13Chen et al., 1998mean conti-
nental crust: 1.2—-1.FEsser and Turekian, 1983The
results obtained for the Imiter Re—Os isotope system
concur with the data from other geochemical proxies
(see above). They are also consistent with the low ini-
tial 1870s/880s ratios (0.28-0.62) obtained on pyrites
from the 545 Ma volcanics and their relatively primi-
tive Sr sighatures, reinforcing the probable genetic link



Table 4

Re—Os isotopic compositions of the Epithermal Ag—Hg Imiter deposit and a variety of precious metal deposits in the world formed in various geeadyngmie different

epochs
Type of deposit  Localization [Re] [Os] 187Ref880s  1870s880s 1870s/A880s(i) Age Reference
Epithermal-Ag  Imiter, Morocco 0-0.06 ppb  0.006-0.162 ppb 0-14.2 0.144-0.197 0.013-0.197 Late Proterezmisse et al. (2004)
Epithermal-Au  Low-sulphidation, 43-153 ppb 21-30 ppt 244-1299 1.51-8.48 - Paleocene Mathur et al. (2003)
Bucaramanga,
Colombia
High sulphidation, 0.8-33ppb 19-34 ppt 8651-56136 1.85-8.11 1.2 Paleocene Mathur et al. (2003)
Bucaramanga,
Colombia
Au—Cu, Chinkuashih, 1.4-2.9ppb 0.2-2.1ppb 3.7-34.5 0.13-0.24 1.15-2.07 Pliocene  Shen and Yang (2004)
Taiwan
Gold shear-zone Kimberley, Zimbabwe  314-2378 ppt 28.4-88 ppt 50.4-456.5 2.01-4.83 2 Late Arch&agi et al. (1998)
Porphyry Base-metal PC, large, 0.3-320 ppb 4-244 ppt 96-94730 0.21-78.46  0.155-1.23 Eocene Mathur et al. (2000a,b)
Chile
Base-metal PC, small, 0.8-464 ppb 6-32 ppt 1202-120921 4.3-90.2 3.8-4.68 Eocene Mathur et al. (2000a,b)
Chile
Cu-Mo PC, 3.86-6.76 ppt 8-17 ppt 2.4-19.9 5.1-32.1 2.12 MaastrichtianBarra et al. (2003)
Bagdad-vein 1, USA
Cu-Mo PC, 1.68-4.1ppt 6-12 ppt 1-914 1.06-10.8 0.13-0.83 MaastrichtiarBarra et al. (2003)
Bagadad-vein 2, USA
Cu—Au PC stage 2, 11-140ppb 32-1024 ppt 751-5653 1.03-1.31 0.79-1.26 Pliocene  Mathur et al. (2000a, 2000b)

Grasberg, Irian Jaya
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Fig. 6. Chondrite-normalized REE patterns of the Ediacaran and Cambrian plutonic and volcanic rocks from the Saghro—Imiter and Bou Azzer
area (a, this study) and from the Central and Eastern Anti-Atlas (b),Bdigr (2001)andChalot-Prat et al. (2001Normalization values from
Evensen et al. (1978)

05130 of mostly mantle origin. This result, and the huge con-
g — centration of silver at Imiter (more than 8000 metric
2 . tonnes), is consistent with observations made on
B 05126 bulk silicate Earth Chil .
= _ ilean base—metal porphyry depositalfle 4, where
Ao + 595-570 Ma granites . . .
:r? — RS N a direct relationship between the volume of total metal
> y concentration and the participation of a mantle source
& 0.6122 1 has been elucidatedi@thur et al., 2000a)bThis also
~ 05120 4 demonstrates the need to invoke a major extensional
- tectonic regime at the time of the Imiter mineralizing
BB | - | + event (570-545 Ma) to account for the rapid transfer of
05116 F \{ —— psjt’:)”:'%f1%99”i a relatively large quantity of metals directly from the
mantle to the surface. The geochemical characterisa-
' ' ' ' tion of other precious metal deposits in the AA belt is

0.702 0.706 0.710 0.714 0.718

875,865 (550 Ma) currently in progress.

Fig. 7.87SrP8sr vs 143Nd/A4“Nd plot of late granites and rhyo-

lites from the Saghro—Imiter area. The mantellic initial (550Ma) 6. Discussion

187058805 signature of euhedral pyrite of rhyolitic intrusion from

Saghro—Imiterl(evresse et al., 2004s also shown. 6.1. Synthesis of the lithostratigraphic and

between this volcanic event and the epithermal silver geochronological data for the Pan-African AA

mineralisation.
The geochemical characteristics of the Imiter Three lithostrathigraphic columns have been drawn

deposit appear to be dominated by metals and fluids up for three sections of the Western, Central and East-

Fig. 8. Structural map and reliable U-Pb radiometric ages (new and previous) of the Neoproterozoic plutonic and volcanic rocks in the Anti-Atlas
and a proposed timetable. Western Anti-Atlas data are tassenforder (1987Ai1t Malek et al. (1998)Gasquet et al. (2001yalsh et al.
(2002) Central Anti-Atlas fromDucrot and Lancelot (1977).eblanc and Lancelot (1980)ifdal and Peucat (1985)Thomas et al. (2002)
Samson et al. (2003Inglis et al. (2004) Thomas et al. (2004Eastern Anti-Atlas fronMagaritz et al. (1991)Landing et al. (1998)Levresse
(2001) Cheilletz et al. (2002)international stratigraphic ages (left, in red) are afterthor et al. (2003pndGradstein et al. (2004)n bold the

three studied inliers.
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ern AA (Fig. 8). The lithostratigraphic subdivisions are ciated magmatismMifdal and Peucat, 1985and at
based on the latest results obtained by the Moroccan 663+ 14 Ma from metamorphic rims on zircons from
National Geological Mapping Project and other recent the Iriri migmatite Thomas et al., 2002The second,
contributions Thomas et al., 2002, 2004; Walsh et al., smaller eventl(eblanc and Lancelot, 19860k place
2002; Bouougri and Saquaque, 2004; Gasquet et al.,before the Ouarzazate Supergroup magmatic event (ca.
2004. By combining all this geochronological datawe 580 Ma).
have been able to produce arelatively homogenousand The AA belt from Morocco has been used to test
more complete lithostrathigraphic synthesis of the AA international stratigraphic correlations related to the
belt. Precambrian/Cambrian boundary probleltagaritz
The main points are: (i) Uniformity in the dis- et al., 1991; Landing et al., 1998-However, for the
tribution of the four major units from the Paleeo- three analyzed section&if. 8), it can be seen that
proterozoic basement to the Middle Cambrian sedi- thereis nodirect correlation between the major limits of
mentary platform series. (ii) A crystalline Paleeopro- the lithostratigraphic groups, as they do not correspond
terozoic basement underlying the entire AA region, to internationally recognised stratigraphic boundaries
which support€nnih and Legeois’s (2001proposi- (Compston et al., 1992; Amthor et al., 2003; Gradstein
tion that the old division of the AA into two distinct et al., 2004.
parts separated by the Central AA fault — as advo-
cated byChoubert (1963} be abandoned. (iii) A  6.2. Precise timing of Pan-African events in the
marked heterogeneity of Cryogenian to Ediacaran rock Anti-Atlas (Figs. 9 and 10)
sequences that reflects their probable distinct origins
and suggests the presence of a collage of exotic ter- A tentative synthetic log of the tectonic and
ranes (the “Anti-Atlas terranes”, AAT) during the main  magmatic events that characterise the Precambrian—
Pan-African tectonic events. (iv) A transition, dated Paleeozoic evolution of the AA is shown Fig. 9.
at 580 Ma, from a Cryogenian/early Ediacaran oro- The geochronological information is reproduced from
genic series to an Ediacaran post-orogenic series andFig. 8 Seven major magmatic episodes correspond-
finally to a Cambrian anorogenic series. (v) A volumi- ing to major changes in geochemical characteristics
nous (up to 2 km thick) Ediacaran volcanic sequence and the tectonic environment have been clearly iden-
(upper Ouarzazate Supergroup), deposited over 30 Matified. The geodynamic evolution of the Pan-African
(Fig. 8), that covers most of the surface of the AA beltis developed ifrig. 10according to the four major
inliers and suggests the existence of a huge thermalstages proposed fig. 9. These magmatic events can
anomaly at deep lithospheric levels. (vi) A rapid tran- be grouped into four stages.
sition between a dominantly volcanic regime to a Stage 1: Ocean opening. This stage has been clearly
sedimentary marine epicontinental carbonate platform identified at Bou Azzerl(eblanc, 1975, 1981; Church,
transgression at ca. 550 Ma, based on the last dated vol-1980; Admou, 2000; Fekkak et al., 200®ut it is
canic eventBenssaou and Hamoumi, 1999, 2D0lhe less evident in the Sirwa massifdblanc, 1975; El
Tata and Taroudant Groups often unconformably/para- Boukhari et al., 1991; Chabane, 1991; Thomas et al.,
unconformably overly the edges of the differentinliers, 2002. However, the precise age of the associated
with a low-angle angular discordance. This is com- tholeiitic magmatism has not been well-constrained.
patible with a progressive transgressive marine event At Bou Azzer, the thermal metamorphism linked
(Benssaou and Hamoumi, 1999, 2DMo major geo- to the emplacement of gabbroic dykes, which is
dynamic break exists between the upper part of the assumed to belong to the tholeiitic magmatic event,
Ouarzazate Supergroup and the bottom of Tata andhas been dated at 7888 Ma (Clauer, 1976; Leblanc
Taroudant Groups; both of which are coeval with an and Lancelot, 1980 Thomas et al. (2002pbtained
extensional tectonic event. an age of 743 14 Ma for a tonalite protolith from an
Two Pan-African tectonic events are recognised in orthogneiss of the ophiolitic sequence of the Bleida
the three sections of the AA. The first event, which Group in the Sirwa inlier.Samson et al. (2003)
was the larger of the twd.€blanc and Lancelot, 1930 dated the emplacement of a tholeiitic plagiogranite at
has been indirectly dated at 66123 Ma from an asso- 762+ 2 Ma.
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Stage 2: Subduction. The calc-alkaline magmatism and to base metal porphyry type mineralisations
related to arc-subduction processes in Saghro and Bou  (Cheilletz and Gasquet, 2001; Abia et al., 2p03
Azzer has not yet been precisely dat&hqguaque et Although it has not been dated precisely, the Tiouit
al., 1989, 199p There is currently no consensus on mesothermal Au deposit is related to high-K calc-
whether the subduction plane dipped to the north or to alkaline magmatism and has been interpreted as
the southi(eblanc, 1975; Leblanc and Lancelot, 1980; belonging to the same evewtl(Ansari and Sagon,
Hefferan et al., 1992; Villeneuve and Céey 1994, 1997).

Ennih and Legeois, 2001, 2003; Thomas et al., 2002 4c. An alkaline volcanic episode interbedded within
If viewed as an analogue to the modern western pacific the Cambrian platform sedimentary series at Bou

margin (after Lagabrielle, iiPomerol et al., 2005 Azzer—Aghbar (this work) and at Bou Azzer—Jbel
Proterozoic subduction zones in the AA might bound Boho @ucrot and Lancelot, 197 has been pre-
several microplates, so there could have been several cisely dated at 530 Ma. This alkaline volcanism is
planes with different dip directions. If this was the case related to the general anorogenic tectonic regime
in the AA belt during early Pan-African times, it would to which the whole AA was subjected at this time.

explain the conflicting interpretations and reconcile the ) )
different hypotheses. Stage 2 is also characterised by e Palaeozoic geodynamic cycle started after the
the high P-low T metamorphism of the metabasites of Ediacaran—early Cambrian evolution. It is charac-
the Bou Azzer inlier T'<350°C and P of approxi- terised by the injection of felsic dykes at 470 _and
mately 5 kbarHefferan et al., 2002 400 Ma Huch, 1988, followed by hydrothermal activ-
ity at 330 and 300 Ma. At least part of the Au mine-
ralisation in the lourirn deposit (Western AA) has
3a. This episode was first recognised at Bou Azzer been recently attributed to a late Variscan event at
(Leblanc, 1981; Hefferan et al., 1992t cor- 301+ 7 Ma (Gasquet et al., 2004
responds to the tectonic emplacement of the A total thickness of approximately 13 km of Cryo-
allochthonous oceanic ophiolitic slivers and is genian to Paleeozoic rocks were produced and accreted
related to the main Pan-African tectonic event along the northern border of the WAC during Pan-
(660—690 Ma). Accompanying features include African times.
low-grade metamorphism, partially anatectic
gneiss_es and _calc-alkaline intrusives. The main g 3 1. cion rectonics at the
tectonic event. in the western_ and eastern AA has Precambrian—
not been precisely dated, which makes correlation

of t.hIS eyent over.the. whole AA q.fﬂcult. _ AA magmatic rocks present a progressive transition
3b. This e_plsode, which is coeval with the later, minor ¢, orogenic magmatic suites, episodically emplaced
tectonic event, correspon_ds to the closure of the during the period 690-605 Ma, to high-K calc-alkaline
fore-arc and back-arc basin. plutonic and volcanic rocks, formed during the period
605-550 Ma, and then, 20 Ma later, to alkaline volcan-
ism. This evolution clearly suggests a change from an
4a. This important magmatic episode has been datedorogenic to an anorogenic tectonic regime. Sedimen-
at 595-570 Ma. It is represented by intermediate tological and structural evidence also indicates such a
to felsic (mainly high-K calc-alkaline) intrusives  transition, with the development of molasse basins con-
related to base metal ore deposits (Cu—Pb—Zn; trolled by extensional tectonicBénziane et al., 1983;
Levresse, 2001; Cheilletz et al., 200&nd con- Chbani et al., 1999; Fekkak et al., 1999; Sauani
stitutes a transition towards the main Ediacaran et al., 2001; Soulaimani and Pigu2004; the impor-
distensive tectonic event. tance of normal faulting in the localisation of precious
4b. The Ediacaran (570-545 Ma) is characterised by a metal deposits, particularly in the epithermal Ag—Hg
major high-K calc-alkaline to alkaline magmatism. Imiter world-class mineQuguir et al., 1994; Cheilletz
It is intimately linked to the largest precious metal et al., 2002, the formation of Sedex-type early Cam-
deposits (Au—Hg ImiterCheilletz et al., 200R brian Cu—Pb—-Zn deposit¥i{and, 1988; Benssaou and

Stage 3: Arc—continent collision and ocean closure:

Cambrian boundary

Stage 4: Extension and marine basin development.
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Hamoumi, 1999 On the whole, the Ediacaran period The post-collisional features, related extensive high-K
in the AA strongly reflects a tectonic inversion from calc-alkaline magmatism and marine basin develop-
a compressive—transtensive regime to an extensionalment, together indicate a high heat flow contribution
regime that is characteristic of the final stage of the either due to continental underplating and/or to mantle
Pan-African orogeny, resulting in a change from an upwelling Kearey and Vine, 1992 This type of geo-
active margin to a passive margin at the northern mar- dynamic environment is particularly suitable for the
gin of the WAC. The precise structural pattern of this development of superficial hydrothermal mineralisa-
transition is not yet fully understood, mainly due to tions in the form of epithermal or base metal porphyry
successive Variscan and Alpine overprints. This is par- deposits (e.gCheilletz et al., 2002 Furthermore, huge
ticularly true for the kinematic interpretation of major metal transfers suggest the existence of vertical drains
faults in the AA, for example the Central AA or the (e.g. extensional fault zones) that were able to mobilise
South Atlas faults $aquaque et al., 1992; Ennih and the deepest parts of the lithosphete\resse et al.,

Liégeois, 2001; Oudra et al., 2003 2004). This model, which involves a large part of the
lower crust and mantlekK@y and Mpodozis, 2001

6.4. Geodynamic reconstruction and metallogenic is significantly different to the earlier re-mobilisation

activity in the Pan-African AA (Fig. 10) model for the origin of giant precious metal deposits,

such as Imiter, from local superficial convective cells
Itis noteworthy that the geodynamic stages and pro- (Leistel and Qadrouci, 1991; Barodi etal., 1998hus,

cesses of the AA Pan-African bekify. 10 controlled the Imiter silver deposit can be regarded as a Precam-
the large-scale metallogenic activity that took place in brian analogue to modern epithermal deposits.
this area at the Precambrian—Lower Paleeozoic bound-
ary. Stages 1 and 2 are not developed here as they do not
clearly correspond to a major metallogenic eventexcept 7. Conclusion: the northern margin of the WAC
during the ocean opening stage 1, which is charac-
terised in the Bleida inlier by base metal and gold min- The evolution of the Pan-African AA belt is char-
eralisationsiflouttaqi, 1997; Belkabir etal., 2004The acterised by the successive development of extension-
690-605 Ma stage 3 corresponds to an arc—continentcollision-extension events, as in all modern orogens.
collision, with a moderate collision and crustal thick- Here, the collision event is subdivided into two stages.
ening. The main tectonic events were ocean floor However, when comparing the geodynamic evolution
obduction, development of aregional NE-SW schistos- of the Pan-African AA belt with other Pan-African
ity, calc-alkaline to high-K calc-alkaline magmatism, chains (Avalonia, South-America, Carolina, Hoggar,
and collage of meta-sedimentary and -magmatic rocks etc., for exampleMurphy and Nance, 1989, 2002;
to the northern border of the WAC to form the AA  Murphy, 2002; Abdesalam et al., 2002; Neves, 2003
Terranes (AAT). A typical active margin developed three main differences can be noted: (i) The AA Pan-
during this stage 3. However, due to a lack of pre- African main collisional stage (stage 3) is moderate, as
cise geochronological data no specific ore deposit can revealed by the absence of large-scale crustal thicken-
be attributed to this event. The 605-530 Ma stage 4 ing and generalised thrusting. (ii) The AA Pan-African
involved the transition to a passive continental margin, orogen is mostly composed of a shallow-crust terrane
coupled with extensional tectonics and the develop- succession that has been subject to low-grade meta-
ment of marine basins to the North and the Saha- morphism. (iii) The end of the Pan-African evolution
ran cratonic basin to the South. During this period, is marked by strong extensional tectonics. The met-
there was a long association between magmatism andallogenic consequences of this specific orogenic belt
metallogenic activity (e.g. felsic volcanism and the organisation are highlighted. The most intense metal-
Imiter giant Ag—Hg depositCheilletz et al., 2002;  logenic activity occurred during the late extensional
Levresse et al., 2004They have mantellic and pro stage 4 at the Precambrian—Cambrian boundary. It is
parte lower continental crust signatures. Thus, a large characterised by world-class precious metal epithermal
volume of juvenile material, precious metals and chal- deposits (Imiter) and base metal porphyry- and Sedex-
cophile elements was added to the continental crust. type occurrences (Bou Madine; western AA early Cam-
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brian mineralisations). It is noteworthy that orogenic numerous improvements in the quality and the clarity
gold mineralisations are lacking in the Pan-African AA of the English text.

belt. This might be related to the moderate crustal thick-
ening that took place during this orogeny, which did not
permitthe installation of large-scale hydrothermal cells
and related gold re-mobilisations.
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