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Abstract

Draa Sfar is a siliciclastic—felsic, volcanage massive sulphide (VMS) Zn—Pb—Cu deposit
located 15 km north of Marrakesh within théillet massif of the westn Moroccan Meseta.
The Draa Sfar deposit occurs within the Sdrbéies, a volcano-sedimigry succession that
hosts other massive sulphide depostg,(Hajar, Kettara) within the dominantly siliciclastic
sedimentary succession of the lower Central Jel#iieDraa Sfar, the footwall lithofacies are
dominated by grey to black alige, carbonaceous argillitend intercalatedsiltstone with
localized rhyodacitic flowsind domes, associatadsitu and transported autoclastic deposits,
and lesser dykes of aphanitic basalt and gabbhin- to thick-beded, black carbonaceous
argillite, minor intercalated siltstone, arad large gabbro sill domate the hanging wall
lithofacies. The main lithologiestrike NNE-SSW, parallel to a pronounced S1 foliation, and
have a low-grade, chlorite—muscovite—quartaitet-oligoclase metamorphic assemblage. The
Draa Sfar deposit consists of two stratabourighsde orebodies, Tazalrt to the south and
Sidi M'Barek to the north. Both orebodies aretedsy argillite in the upper part of the lower
volcano-sedimentary unit. The Tazakourt and SiBarek orebodies are highly deformed,
sheet-like bodies of massive pyothe (up to 95% pyrrhotite) ih lesser sphalerite, galena,
chalcopyrite, and pyrite. The Draa Sfar deposiimied within a restricted, sediment-starved,
fault-controlled, anoxic, volcansedimentary rift basin. The dejo®rmed at and below the
seafloor within anoxic, pelagic muds.

The argillaceous sedimentarycks that surround the Draa Staebodies are @nacterized by

a pronounced zonation of alteration assemlislagied geochemical patterns. In the more
proximal volcanic area to the south, the abumgaof medium to d& green chlorite
progressively increases within the argillite tod/éhe base of the Tazakourt orebody. Chlorite
alteration is manifested by the replacemerfetafspar and a decreasemuscovite abundance
related to a net addition of Fe and Mg andss lof K and Na. In the volcanically distal and
northern Sidi M'Barek orebody alteration withime footwall argilliteis characterized by a
modal increase of sericite relative to citlor A calcite—quartz—muscovite assemblage and a
pronounced decrease in chlorite characterigdliseg within the immaliate hanging wall to
the entire Draa Sfar deposit. The sympathetierégd change from predominantly sericite to
chlorite alteration within thdootwall argillite with increasg volcanic proximity suggests
that the higher temperature part of the hydrotlasystem is coincident with a volcanic vent
defined by localized rhyodacitic flowddnes within the footwall succession.

Keywords: Massive sulphide; Draa &f Hercynian; Hydrothermal alteration; Morocco



1. Introduction

The newly opened (2005) Draa Sfar massivetade deposit, located in the southeastern
margin of the Hercynian Jebilet massif, is one of two principal Zn producers in Morocco (Fig.
1). The Draa Sfar deposit is a sheet-like, massive sulphide deposit hosted within the Sarhlef
series, a terrigeneous, sediment-dominated¢cano-sedimentary suession consisting of
carbonaceous argillite, argillite, siltstonenda sandstone with subordinate volcanic and
volcaniclastic rocks (Huvelin, 1977). The masssudphide deposit occursear the top of an
argillite—siltstone successi that conformably overliea rhyodacite dome complex and
associated volcaniclastic rocks and is comfably overlain by carb@teous argillite. The
Draa Sfar deposit is overturned, dips steeplthéoeast and faces west (Fig. 2). The massive
sulphide deposit consists of dwhighly deformed, sheet-likerebodies, Tazakourt and Sidi
M'Barek, that combined have a total strikength of 1.5 km. Only Tazakourt has been
developed and is currently in productionhls an average thickness of 20 m and an N-S
strike length of 1 km (Fig. 2). Boudinagetbe Tazakourt massive sulphide lens has resulted
in severalgn echelonmoderately north-plunging lenses.

In this paper we present the results fronapping, petrographic, mineralogical (X-ray
diffraction), electron microprobe (EPMA) andaphemical studies of the sedimentary and
volcanic lithofacies and alterati assemblages that host the D&&ar deposit. Our objectives
are: (1) to provide the first reconstructiontbé volcano-sedimentary environment in which
the Draa Sfar deposit formed; (2) to descihe mineralogy, composition and distribution of
hydrothermal alteration assemblages, particuldnbge that developed within the sedimentary
lithofacies as they are only sparsely documented in the literature; and (3) to compare the
pyrrhotite-rich Draa Sfar deposit to the ma@@mmon and larger pyritic massive sulphide
deposits of the Iberian Pyrite Belt, which shar similar age, sedimentary host rocks, and
tectonic setting. This paper is complemenbgda second contribution that focuses on the
mineralogy, composition and origin of the sulph@ies at Draa Sfar (Marcoux et al., 200X).

2. Geological setting

The Draa Sfar mine is located along the southeasirgin of the Jebilet nsaif, in the southern
part of the west Moroccan Meseta (Fig. 1a). The Jebilet massif, which extends for 170 km E—
W and 40 km N-S, has been interpreted &%ewono-Carboniferous, intra-continental, rift
basin (Huvelin, 1977, Beauchamp, 1984, Aaratl Beauchamp, 1987, Piqué and Michard,
1989 and Beauchamp et al., 1991). The Jebilet mems#ists of thredathotectonic domains,
the western, central, and eastern domains (Hij.that are separated by major shear zones
(Huvelin, 1977 and Lagarde and Choukroune, 1982)e western domain consists of
Cambrian and Ordovician rocks, whereas thatre¢ domain consists of metamorphosed and
deformed upper Visean rocks. The eastern dornsaatiso composed dfisean rocks, but is
covered by a series of nappes that contsirata ranging fromOrdovician to Early
Carboniferous in age.

The Central Jebilet domain comtaia thick successianf argillite and carbonaceous argillite
(up to 1.5 km thick), representing the lower pafrthe succession, ovam by Carboniferous
carbonaceous argillites and limestsr{g 100 m) that define thep of an interpreted basin-
fill succession (Bordonaro, 1983). Beaamp et al. (1991) interpreted the argillites of Central
Jebilet to have been deposited in an andsicallower” water environment. The end of the
Carboniferous was also characterized bgehtypes of magmatic activity (Bordonaro, 1983,
Aarab and Beauchamp, 1987 and Bernard efi@88): (1) bimodal, subvolcanic, rift-related



tholeiitic gabbro and minorhyodacite and rhyodacite flow$2) syntectonic calc—alkaline
granite intrusions and (3) post-tectonic dgkand sills of nairodiorite (Huvelin, 1977,
Bernard et al., 1988 aritksaifi et al., 2004).

Deformation in the Central Jebilet is marked by a HercynianEBW shortening that is
responsible for the orientation tfe N-striking, transposedrata, development of the main
regional $ schistosity (striking N—S and subverticakgional folds that trend 030°, and the
emplacement of syntectonic granites. The deformation was associated with low-grade
regional metamorphism, typified bycuartz—muscovite—chlorite assemblage.sDortening
was followed by an N-S Dshortening (&crenulation cleavage) and late brittle deformation
(Huvelin, 1977, Bordonaro, 1983, Bernardakf 1988 and Essaifi et al., 2004).

Several massive sulphide deposits, udahg Draa Sfar, arehosted by the volcano-
sedimentary succession within the central domain (Fig. 1b). The deposits are stratiform,
characterized by a sulphide mineralogy datwa by pyrrhotite 90 to 95% of total
sulphides), and range from Zn-rich polymetallic mineralizatmg,(Koudiat Aicha deposit

— 45 Mt at 2.7% Zn, 1.2% Pb and 0.6% Cu; D&iar mine — 10 Mt at 5% Zn, 1.2% Pb

and 0.5% Cu), to low-gde sulphide deposits.@, Kettara; 30 Mt of pyirotite at 0.7% Cu).

The sulphide deposits are pre-tectonic, they are affected $ghistosity and generally occur

as folded and dislocatedest-like orebodies (Bordonaro, I®8nd Bernard et al., 1988).

Massive sulphide deposits dhe Jebilet and Guemassa missgFig. 1la, b) have been
compared to those of the Iberian Pyrite B&#RB) (Bordonaro et gl 1979, Bernard et al.,
1988 and Lescuyer et al., 1998; s¢%0 Fig. 2 in the latter publtion). Similarities between
the massive sulphide districts include: (1) agespite of the apparediachronous ages of the
IPB (late Devonian to Visean) and Moroccan depo&iadntian), it is possible to define a
main metallogenic “peak” around 350 Ma thiatilowed the major phase of Devonian
compression; (2) both occur in largely siliestic-dominated successions with a higher
proportion of felsic to mafic voleac rocks in the IPB, where dh latter typically occur as
sills; and (3) geodynamic setting, as botle tlberian and Morroccan massive sulphide
deposits are interpreted to have formed in anogpinental rift within the outer zone of the
Hercynian belt (Lescuyer et al., 1998).

3. Geology of the Draa Sfar deposit

The Central Jebilet succession has beebdisided into a lower volcano-sedimentary
succession, the Sarhlef series and an uppeimsatary succession, the Teksim series
(Huvelin, 1977 and Bordonaro, 1983). The Draa 8fgyosit is located in the upper part of
the Sarhlef series (Fig. 2 andyFB) and is underlain by moreaitn 500 m of strata consisting

of carbonaceous argillite, alige, intercalated siltstoneand a subordinate, but locally
dominant coherent rhyodacitnd associated volcaniclastic facies. The footwall succession
also contains thin, aphanitic mafic dykeseTbraa Sfar deposit is sformably overlain by a
thinly bedded carbonaceous argillite and intercalated siltstone lithofacies that is locally
intruded by a large gabb sill (Fig. 2). Theithologies strike NNE-SSW and have a layer-
parallel § foliation (Fig. 4). Within the least-flmed volcanic and sedimentary rocks,
younging directions are easily identified frominpary structures (cross bedding, grading, and
synsedimentary loading structuyéisat consistentlyndicate that the sttaimmediately above
and below the deposit are overturned and younpgowest (Fig. 2). However, on a larger
scale, mapping, lithaeties correlationg(.g, coherent rhyodacite to @aniclastic facies) and
facing directions indicatéhat the strata are foldembout a north-trending;Fanticline that



places the Draa Sfar deposit on the west limthisffold (Fig. 2 and Fig. 3). The lithologies
contain mineral assemblages dominated by ritklo muscovite, quartzalbite and rare
oligoclase—orthoclase indicative of a low nmtaphic grade. The volcano-sedimentary rocks
of the Draa Sfar deposit typically lack imeal stratigraphic markeunits, but display high
lateral continuity.

3.1. Footwall volcanic lithofacies

Coherent rhyodacite and volcalaistic rocks are the dominant volcanic lithofacies within the
footwall. The coherent rhyodacite lithofaciesha strike length of approximately 600 m, a
maximum thickness of 400 m (Fig. 2), and coissf weakly foliated, massive to locally
flow-banded (with amygdule-richands) rhyodacite (Fig. 5a). &@irhyodacite displays local
in situ brecciation (Fig. 5b). Abundaspherulites indicatthat the rhyodacitevas glassy prior

to devitrification. Quartz phenocrysts (2—3%) gngically subhedral, whereas albite occurs as
euhedral phenocrysts (A4-Abs;)) and as felted laths in the microgranular, spherulitic
groundmass. The base of the coherghyodacite is a monomictien situ brecciated to
angular clast-rotated breccia thatinterpreted to be an abreccia that developed along the
base of the coherent rhyaite flow/dome. The cohen¢ rhyodacite flow/dome and
autobreccia facies dominategthast limb of the north-plunging anticline where it occurs in
the footwall below the southern part thie Tazakourt orebody. Crudely layered and poorly
size-sorted rhyodacitic volcaniclastic rocks doatenthe west limb and nose of the anticline.
The volcaniclastic rocks consist of framewotpported units of lapilli tuff, lapillistone, and
angular, block-rich (blocks up to 50 cm), tdiffeccia, using the non-getic, granulometric
classification and nomenclature leisher (1966). The clasts at rhyodacitic, but individual
depositional units (< 1 to 5 m thick) are distirghed by variations in the type (quartz and or
feldspar) and abundance of phenatsywithin clasts red crystals within the breccia matrix.
Volcaniclastic units that contain clasts wittplaenocryst type and content similar to that of
the coherent rhyodacit@re interpreted as flank brecciasth® coherent rhyodacite derived
through mass wasting of the dome, witheithemplacement as gravity-driven, high
concentration mass flows. Idetdl units with different phenocsy populations are interpreted
to have a similar origin but different prewvance, perhaps from unexposed phases of the
coherent rhyodacite, or from yet unidentifitows or domes. Thin (from <1 mm up to 1-
2 cm), crystal tuff and locally crystal-lithic tufk 10% felsic lapilli) units are intercalated
with the argillitesiltstone lithofacies thammediately underlies thBraa Sfar deposit (and
that presumably covers the coherent and vottastic lithofacies) ang its entire strike
length. The crystal-lithic tuffs and crystal tuffentain crystals of quartz and albite (up to
1 mm in size) and minor K-feldspar (the dattindicated by X-raydiffractometry) in the
matrix and within vitroclastic terlitic rhyodacitic lailli that now consisbf chlorite, quartz,
calcite, muscovite, and minor biotite. The tafid crystal tuff units were emplaced as low
concentration mass flows-turliiels based on their normal grading and incorporation of
argillaceous sediment that locally give thatsira darker grey to black colour. They may
represent distal deposits derived through maasting of rhyodacitic flows or domes, or
perhaps they are pyroclastic in origin, in thigelacase they may represent primary pyroclastic
deposits or redeposited syneruptive deposits.

3.2. Footwall argillite—siltstone lithofacies

The footwall argillite—siltstone lithofacies casis of black carbonaceowsqgillite, green to
light grey argillite with intercalated siltstonand rare sandstone beds that are moderately to
highly schistose (now phyllitesnd fine-grained schists withy &nd $ well developed; Fig.



6a, b). The mineralogy is dominated by a cquahlorite—muscovite—albite assemblage in
microcrystalline layers. The proportion of chteriand muscovite is variable resulting in
chlorite-dominated or muscie-dominated beds (Fig. 6d, f). Disseminated sulphides and
flattened, cm-sized sulphide nodules are comnmonhe argillite andsiltstone (Fig. 6f).
Siltstone and rare sandstone occur as thinly bedded to laminated layers that are often
boudinaged and range from 10 to 60 cm iickhess. These layers are composed of quartz
grains (up to 80%), chloritepuscovite, and smaller grains epidote, calcite, opaques,
titanite, leucoxene, and zircon (Fig. 6a, b, e). Siltetone beds are locally interstratified with
siltstone laminae containing dissmated sulphides or with lamae of massive sulphide (Fig.

6c). The siltstone and sandstone beds are mammon in the southern part of the mine,
closer to the underlying coherent rhyodacitel &olcaniclastic lithofacies. Beauchamp et al.
(1991) interpreted the coherehtyodacitic to have acted agopographic “barrier” separating
sediments derived from the south and depositing detritus near the flow-dome from pelagic
sediments to the north.

At Draa Sfar North, a subunit of gray-colourddoclastic argillite {0 to 15 m thick) is

recognized within the argillite—sitsne lithofaciesn drill core .9, DS-132, DS-131; Fig.

2). This subunit is distinguished from othegitlites by calcite enrichment in the form of
disseminated, mm-sized “nodules” and brachiopadtsl recrystallizetb quartz and calcite
within a quartz—chlorite—muscovite—leucoxene-dominated matrix.

3.3. Hanging-wall carbonaceous ajillite—minor siltstone lithofacies

The massive sulphide depositagerlain by a 20 to 80 m thick, gilite—siltstone unit that is
similar to the footwall argillite—siltstone lithofess. This, in turn, is conformably overlain by
a black to dark grey, carbonaceaugillite—minor siltstone lithafcies that displays rhythmic
laminations of calcite as beds 2 mm to 1 cnthickness (20 to 60% of the rock), which are
transposed parallel to; SFig. 6g). The carbonaceous aiitgll consists of a fine-grained
assemblage of muscovite, calcite, quartz andomchlorite and leucoxen This facies is a
distinct marker that defines the top of th@phide-bearing argillitesiltstone—volcaniclastic
succession that is host to the Draa Sfar deffbgyt 3). The carbonacesargillite regionally
represents the lower part of the Teksim semdsch has been interpreteas a rift basin-fill
succession by Huvelin (1977).

3.4. Intrusions

Porphyritic, melagabbro (doleritglykes, from 0.3 to 1 m thk¢ with well preserved ophitic
textures occur within the footwall argillite—siltstone lithofacies. The dykes are characterized
by a metamorphic assemblageaatinolite—hornblende (®%6), chlorite (1%6), albite (15%),
epidote (5%), and 5 to 10% titanite—leucoxebarge actinolite grains form pseudomorphs
after hornblende. Aphanitic basaltic dykes (0.0#® m thick) are typically highly deformed,
have a lepidoblastic texture eartomposed of chlorite (70%h& rounded albite crystals (20 to
25%), and occur within the footwall rhyacite—volcaniclastic andargillite—siltstone
lithofacies. A large gabbro sill occurs in tb@bonaceous argillite—mingiltstone lithofacies
of the hanging wall swession (Fig. 2). It is moderatefgliated along its margins and is
fractured within its interior. The gabbro hastake length of atdast 600 m (N-S striking)
and is displaced by late EW and NE faultssitmelanocratic, coarse-grained to porphyritic,
and is characterized byud interstitial quartz.



3.5. Structure

Structural evolution of the Dreafar deposit must be consideiiadhe context of the complex
tectonic history of the Hercynian Certtiebilet (Huvelin, 1977].agarde and Choukroune,
1982, Bordonaro, 1983, Bernard et al., 1988 andift®taal., 2004). The textures of the
volcanic and sedimentary lithofacies largelylaet their primary mineralogy. For example,
grains of quartz and albiia the metasediments, and cated quartz and albite phenocrysts
in the metavolcanic units are ubiquitous and eterpreted to be primary. However, Draa
Sfar has been affectdany at least three phases @éformation. East—-West;xompression
represents the main phase of Hercynian dedtion. It is responsible for tight isoclinal
folding, transposition of stratalevelopment of penetrative fliation (N10° to 75°), and m-
scale, isoclinal Ffolds that are sub-parallel to bedding (N10° to 15°), and dip steeply to the
north (N50° to 60°). Prepresents the principal phasedeformation in the mine area and has
affected the main lithologiegroducing local boudinage of threassive sulphide orebodies
and the prominent, north-plunging, F1 anticline in the mine arge §ynchronous with low-
grade, regional metamorphism responsibletifi@ formation of muscovite and chlorite that
define the gfoliation. North—South shortening attributed tgiBevident by an Screnulation
cleavage (N110° to 80°) and E-W-trending subvertical kink bands.r&stricted to the more
schistose rocks. A late brittle;Baulting event is manifested by conjugate sets of dextral and
sinistral faults (EW and NNW). The late britdeformation is also @racterized by tensional
vein sets and a rarg 8leavage that strikes ENBadips steeply to the east.

3.6. Sulphide mineralization

The pyrrhotite-rich Draa Sfar deposit consisfstwo main, sheet-like, massive sulphide
orebodies (Fig. 7). The south orebody, TazakasiZn-rich (8 to 9% Zn, 0.30% Cu and 1 to

2% Pb) and extends for more than 1 km ilNai$ direction (Fig. 2)The north orebody, Sidi
M'Barek, consists of two parallpyrrhotite-rich massive sulphidenses (Fig. 7). The western

or upper lens is Znigh (6 to 7% Zn, 0.3% Cu and < 1% Pb) and, based on stratigraphic
correlation, is interpreted to represent thatewation of the Tazakourt orebody. The eastern

or lower lens is Cu-rich (2 to 3% Cu, < 1% Zn, < 1% Pb an@00 to 700 ppm Co). Total
reserves at Tazakourt are estimated at 1@Mding 5.3% Zn, 2% Pb, and 0.5% Cu. Sidi
M'Barek is yet to be delineated and the description that follows is based on underground
mapping and mapping of drill core Béizakourt, except where specified.

The sulphide orebodies occur along twestern limb of a large, N-plunging; Enticline
(Bernard et al., 1988; thisusty). The orebodies are boudinagedl mylonitized and display a
“pinch and swell” morphology along their $tei length. The contacts of the orebodies are
areas of high strain and often show pronounced shearing that is paraliebta $ost-$
chlorite—quartz veins. In addition, the massivéplside often contains deformed inclusions
consisting of dark chlorite and talc.

The sulphide orebodies are dominantly compasfepyrrhotite (70 to 95% sulphides), with
lesser ferrous sphalerite (1%66), galena (0.5 to%) and chalcopyrite (1o 3%), except for
the Cu-rich Sidi M'Barek orebodyhere the chalcopyrite conteis locally 15%. Pyrite and
marcasite are rare (< 1 vol.% of sulphidasYazakourt but are more common in the Cu-rich,
lower Sidi M'Barek orebody (& 3 vol.%). Although rare framboidal pyrite may be primary,
Marcoux et al. (200X) have interpreted the bofkthe pyrite as secondary, a product of the
oxidative alteration of pyrrhotite. The thirm{n to cm scale) ubiquitous banding of the
sulphides is due to variation the proportion of the various ghiide minerals and is inferred



to be tectonic in origin (. Other accessory minerals, such as marcasite, cobaltite,
arsenopyrite, laitakarite, magite, native bismuth and paraguanajuatite complete the
paragenesis (Marcoux et al., 200X).

Several zones of oxidation are m@esat surface and these are related to faults and fractures.
However, at Sidi M'Barek, a well-developed gas$ap to 20 m thick) is observed, but this
area has not been fully expdol. Details of the deformational history of the Draa Sfar
orebodies as well as detailstbkir mineralogy are descrithén Marcoux et al. (200X).

4. Geochemistry and hydrothermal alteration

One hundred and twenty-five dritbore samples (7 cm in length) were collected from three
representative drill holed)S110, DS132, and DS125. These, plus fifteen surface samples
were selected to provide covgeaof the entire Draa Sfar defip#s enclosing host rocks, and
related hydrothermal alteration (Fig. 2). Theldrdre samples were powdered using an agate
shatter box at the sample preparatiobolatory, Marrakech—CadAyyad University,
Morocco.

Major elements (oxides), trace elements ang-earth elements (REE) were analyzed at
Actlabs, Toronto, using a lithium metaboratedbtrate fusion inductively coupled plasma
whole rock and a trace element inductivelgupled plasma-mass spectrometer research
package (Supplementary Tables 1a,b andleg fusion process enssréotal dissolution of
elements that reside in resistant phasesalyses were performed using Actlab reference
standards. All other analyticedsults and sample locations are available from the first author
upon request.

Mineral compositions were determined oil€CAMECA SX-50 electronic microprobe in the
BRGM/ISTO laboratory, Orléans, France (¥abla and Table 1b). The quantitative
mineralogy of the 125 drill core samples, mo$twhich are petrographically irresolvable,
fine-grained argillites and siltstones, wadedmined by XRD using the Rietveld method at
Laurentian University, SudbyyrCanada (Rietveld, 1969).

4.1. Geochemistry of the volaaic and intrusive lithofacies

Lithogeochemistry is a usefubol to determine the chemical composition and magmatic
affinity of volcano-plutonic successionsitffow-Bates and Stumpfl, 1981, Ludden et al.,
1982, Lesher et al., 1986, MacLean and kditis, 1987, Barrett and MacLean, 1994 and
Jenner, 1996). Even within mining districkéhere hydrothermal alteration has severely
modified the primary composition of the rocks,js possible to identify protoliths, and to
determine the magmatic affinity of volcaniacks or the provenance eédimentary rocks by
using immobile and incompatible elementsor example, a number of recent studies
(MacLean and Kranidiotis, 1987, BarrettdariMacLean, 1999 and Lentz, 1996) have
determined that the elements, Al, Ti, Zr, Nbaivd the heavy rare-earth elements (HREE) are
typically immobile during altetion associated with voloagenic massive sulphide (VMS)
and gold deposits. However, the immobility of an element or oxide should never be assumed,
but must be demonstrated prior to their usdigecrimination diagrams and before calculating
compositional gains and losses. In this studgtrographic analysis was the first step in
selecting least-altered samples. This vi@towed by using the alteration index (Al) of
Ishikawa et al. (1976); Al = ((MgO +40) / (MgO + KO + NaO + Ca0)) - 100 (in wt.%),



where samples with Al outside the range oft3B) (Lafleche et al., 1992) were considered as
altered.

The next step involved plotinselected least-ated samples on binary diagrams using
elements with high ionic charge.¢, high field strength eleemts, HFSE, REE). If the
elements/oxides selected are immobile thegukh define a best-fit line that has a high
Pearson product correlation coefficient (rwdds, 1976) and that gses through the origin.
Based on this test, binary diagrams for Zr—[i@b-Y, Nb—Zr, Zr-LaZr-Y, and Al-Ti all
display a high correlationr & 0.9) indicating that these elements can be considered as
immobile in this study.

The range of Si@in the volcanic rocks (65 to 75 wt.%hd the position of the least-altered
rocks on a Winchester and Floyd (1977) diagrandicate that rocks are rhyodacitic in
composition (Fig. 8a). In addition to SiGhe volcanic rocks of the mine area are similar in
their alkali content (N#® + K,O = 3.5%) to acidic and intermediate rocks of the Central
Jebilet (Aarab, 1995). Based on 2000 analyBesmn the mine database, the volcanic
lithofacies have a higher contesf Cu, Pb, Zn, and S thdhe sedimentary lithofacies.

The aphanitic dikes in the footwall sequence mtermediate in composition, whereas the
large gabbro sill in the hanging wall succession has a &@tent that ranges from 46 to
52 wt.% (Fig. 8a; Winleester and Floyd, 1977).

A chondrite-normalized REE diagram, as wab ratios of Zr/Y (mean=3.13), Y/La
(mean = 1.5) and Yb/Th (mean = 0.36), indicatat tthe volcanic rockhave a tholeiitic
affinity (e.g, Barrett and MacLean, 1999; Lentzadt, 1995; Fig. 8 and Fig. 9). The REE
profiles for the felsic volcanic/volcaniclastic rocks are identical and display a slight
enrichment in the light REE, a pronounced ti#gaEu anomaly, and a flat heavy REE profile
that are typical of Flllb, tholeiitic, felsiwolcanic rocks (Fig. 9Hart et al., 2004). The
parental magmas for Flllb felsic volcaniccks are interpreted to have formed by shallow
level (low pressure), partial melting of the drgs 10 km) within a riftenvironment (Hart et
al., 2004), which is consistemtith an epicontinental, rifbasin geodynamic setting for the
Jebilet Massif as proposed by Huvelin (197Beauchamp (1984), Aarab and Beauchamp
(1987), Piqué and Michard (1989) and Basamp et al. (1991). These compositional
characteristics are similar to most felsicoaolic and volcaniclastic rocks of the Hercynian
Central Jebilet and Guemassa domaifS8A,J) 2003 and Aarab and Beauchamp, 1987).

4.2. Geochemistry of the sedimentary lithofacies

The sedimentary lithofacies at Draa Sfar aredéid into an argillitecarbonaceous argillite—
siltstone footwall facies and a carbonaceoullae—siltstone hanging whfacies that shows

a progressive enrichment in carbon andbomate upwards, culminating with rhythmic
layered bioclastic limestones ¢Fi2). Variations in Al, Ti, ZrNb, Ni, La, V, Sc and to a
lesser extent Si and P, on simple geochenpcafiles clearly distiiguish the sedimentary
lithofacies from the volcanic lithofaciesi¢f= 10a, b, c). In particular, the Zr/Ti@atio is an
effective tool to distinguish and map the velraand sedimentary hibfacies in the mine
area, which are often very fine-grained, dafed, variably altered and, consequently, are
difficult to distinguish by appearance alone.

The geochemical compositions of fine-grained clastic sedimentary rocks are controlled by: (1)
the provenance (terrigeneous source aredh@foriginal sediment; (2) the syndepositional



hydrothermal and hydrogeneous chemical compprend (3) post-depositional, diagenetic,
hydrothermal-seawater alteration and metamarpinocesses (Lentz el., 1995 and Lentz,
1996). There is sparse published informatarthe chemostratigraphy of the Sarhlef volcano-
sedimentary succession, the petrogenesighef volcanic rocks, or the environment of
deposition and provenance of the dominantlyil@ceous sedimentary strata in the Central
Jebilet domain. Based on the abundance of cademus argillite, Beauchamp et al. (1991)
considered the Sarhlef succession to reffgcinoxic depositional environment; their work,
however, was on strata locatedsade of the Draa Sfar mine.

Petrographic analysis indicates that the redafproportions of mica, quartz, and feldspar
components, as well as carbonate, control tmeposition of the sedimentary rocks. In order
to determine the provenance, original conij@ms and tectonic environment of sedimentary
rocks, many workers have used the HFSE: Al, TBaSc, Zr, Hf, Y, LREE, Th, Nb, and Ta to
identify the source of sediments (Lentz et al., 1995 and Lentz, 1996), A particular, is
very useful because most ofetlirace elements oritally adhere to clays and consequently
covary with AbOs. Thus, the close geochemical comee of many trace elements with
Al,O3, which also behaves as an immobile component, allows examination of the
geochemical variation. The sgmatic variation between &); and SiQ, K0, TiO,, MnO,
CaO, Zr, Y, Cr, Nb, V, Ce anida indicates a pelagic—terrigeneous source for the siliciclastic
sediments (Bonatti et al., 1972f Lentz et al., 1996). This variation with 283 is less
evident for MgO, BFOs, N&O, Feua and other trace elementsopably due to subsequent
alteration and/or metamorphism.

A high pelagic component s indicated by .Na values >0.65 on an
Al,03/ (Al,03 + NaO + K;0) versusNaO diagram (Fig. 8c; weathering diagram of Taylor
and McLennan, 1985 and Lentzadt, 1995). This high pelagic otent is confirmed in Fig.

8d, a plot of Fe/Tvs.Al / (Al + Fe + Mn) (Bostrom, 1973), which suggests that terrigeneous—
pelagic detritus (high ADs) has been mixed with a minor hydrothermal component (high Fe
and Mn).

The Fe/Mn ratio is commonly used to estdblibe relative oxidatio state of sediments
(Krauskopf, 1957 and Lentz et al., 1996), whex high Fe/Mn ratio indicates anoxic
conditions and a low Fe/Mn ratindicates oxic conditions. As noted by Lentz et al., 1996 and
Lentz et al., 1995 variations in Fe/Mn occur hessaMn is more soluble than Fe over a large
range of Eh(@ and pH (acidity) coditions (Krauskopf, 1957, Maynard, 1983 and Force and
Cannon, 1988). As illustrated in Fig. 11, the high Fe/Mn ratio for footwall and hanging wall
argillite in the three drill holes is consistewith an anoxic environment as proposed by
Beauchamp et al. (1991). Withdhill holes DS132 and DS125 die is a pronounced increase

in the Fe/Mn ratio (100 and 200) in theofwall argillite upon apmaching the massive
sulphide and a sharp decrease in this réf®) in the hanging wall sedimentary strata.
However, in drill hole DS 110, éfootwall argillite shows a gdual increase in the Fe/Mn
ratio that continues into the hanging walittwa pronounced spike ithe Fe/Mn ratio (150)
within a footwall volcaniclastianit and immediately overlyingrgillite from 200 to 275 m.

The systematic increase in the Fe/Mn ratio t@amassive sulphide suggests that the Fe/Mn
ratio has been affected by a hydrothermal addition of Fe relative to Mn, under low Eh
conditions during formation athe massive sulphide depodig., fixing Fe relative to Mn
during alteration of the footwall volcanic and gedntary rocks. It is also possible that the
footwall argillite and volcaniclagt rocks, particularly those in drill hole 110, were affected
by seawater alteration, thus adding Mg at the expense of Fe; an interpretation that is
consistent with the lower Fe / (Fe + Mg) of drtglin drill hole 110 relative to the other two



profiles (Fig. 11). Thus, the Fe/Mn ratio of faatl argillite in the three Drill Holes does not
reflect the primary paleoenvirorant that existed in the immexde footwall to the massive
sulphide. Rather, it reflects Issequent alteration during timeineralization event. The high
Fe/Mn ratio (50-70) of the hanging wall carbonaceangllite is relatively constant in the
three drill holes and supports an anoxiovimnment, as does the absence on Mn-rich
sediments throughout the Sarhlef series.

5. Hydrothermal alteration

5.1. Mineralogical characteristics and zonation

Alteration was examined using samples colledr@in outcrops and the three drill holes
mentioned previously. Chemical, petrograpmtgroprobe, and X-ray diffractometry (XRD)
analysis (Rietveld method) were performedttom samples (see Fig. 2; Supplementary Tables
la,b and c). The principal minerals formbyg hydrothermal alteration are chlorite and
muscovite, with minor quartz andlcée. These minerals are also present in the least-altered
volcanic and sedimentary rocks,tlibe alteration minerals are distinct in their larger grain
size, higher modal abundance, and their mappeddison, which are spatially related to the
orebodies (Fig. 12).

There is a clear zonation of alteration mineisdeamblages at the deposit scale. In the more
proximal volcanic area to the @, argillite, in the immedite footwall to the Tazakourt
orebody, is characterized by chlorite alterat{fig. 12 and Fig. 13). Here, intense chlorite
alteration is best developed strata within 10 m of the massive sulphide orebody, where
medium to dark green chlorite is the dominalteration mineral with minor phengite (XRD)
and rare microcrystalline quartz and feldspgig. 13b). Chlorite—quartz veins and pyrite
veins occur as irregular lenses along ttentacts of the massive sulphide and host
sedimentary rocks. The veins display textuned structures typical afyntectonic veins and
provide evidence of a later brittle deformatioecionic breccias and small-scale faults isolate
well foliated and chloritized wall rock fragments (Fig. 13c).

Chloritization is accompanied by the breakdosirfeldspar, a decreasn the abundance of
muscovite, and a substantial increase in thendance of calcite and quartz. Dark, Mg-rich
chlorite is typical of the chlaized inclusions within the oree(g, samples DS220,
DS128M5; Table 1a), which also contain uplbto 80% talc (see Fig. 6b in Marcoux et al.,
200X). Primary textures and miradogy are poorly preserved the chloritized, talc-altered
inclusions, but the protolith isnterpreted to be the argid—siltstone lithofacies. XRD
analysis indicates that away from the massive sulphide lens the feldspar is dominantly albite
with rare andesine or orthosk, whereas chlorite varies frartinochlore to chamosite with
increasing distance from ore (Fig. 14).

The alteration assemblage in the immediaémging wall strata to the Draa Sfar deposit
differs from the chlorite altation assemblage within thedtwall to the Tazakourt orebody.
Along the entire hanging wall of the Draa Sfarebody the argillite is characterized by
enrichment in muscovite (50 @0%), quartz (10 to 20%), chlorite (5 to 8%), calcite (2 to
4%), and fine opaque minerals tlcatlectively define a sericite zone.

In the more volcanically distahorthern part of the deposdlteration within the footwall
argillaceous sedimentary rockscisaracterized by an increasethe abundance of muscovite
relative to chlorite (Fig. 12c). The hanging walleaation is similar to that in the south and



the sedimentary rocks are dominated byg@artz—muscovite assemblage that passes
progressively upwards into a quartz—calaibeiscovite assemblage. Thus, the alteration
mineral assemblages, their abundance, and dmgnibution indicate danging wall sericite
alteration along the length of the deposit antbatwall alteration that is dominated by
chlorite to the south (Tazakourt) andisie to the north (Sidi M'Barek).

In addition, the higher proportion of argilliteersus carbonaceous argillite within the
immediate deposit footwallersusequivalent strata located side of the deposit area, and
the localized “bleaching” of footwall carbaceous sedimentary rocks, suggests organic
carbon has been removed by temperatureitsenshydrothermal methanogenic reactions
2H,O+ C: CH; + O, (and CQ + 2H,) responsible for variable @-CH—~CO; that would
impart a very low f(¢@ (high CH/CGO,) during alteration. Very low f (£ conditions during
alteration are consistent witthe particularly anoxic conddns required tdorm primary
pyrrhotite, the dominant Fe-sulphide at Draa Sfar.

5.2. Mineral compositions

The composition of chlorite, muscovite and plagioclase from hydrothermally altered and
least-altered sedimentary rocks was determingidg an electron mioprobe in order to
determine possible compositional differences @stéhminerals in samples collected across the
deposit.

Chlorite composition was determined for twelvergdes (61 point analyses) representing a
profile across the orebody (see Fig. 2 and &dld), including samples of chloritized wall
rock fragments within the massive sulphideg( DS220). Chlorite displays a spectrum of
compositions from daphnite—ripidolite withiargillites and volcaniaocks outside of the
footwall chlorite alteration zone (least alteretd),clinochlore within the chlorite alteration
zone and within chloritized inclusions insitlee orebody (Fig. 14). Chibe in the chlorite
alteration zone is more magnesian (> 15 wi0O,< 25 wt.% FeO) than chlorite from less
altered rocks (< 14 wt.% MgO, > 25 wt. FeO). The&ké (Feos + Mg) ratio ranges from 0.3
to 0.95. The higher Mg content of chlorite the footwall alteration zone and within
chloritized inclusions in the rsaive sulphide is indicative of intense Mg-metasomatism that
accompanied sulphide deposition.

Slack and Coad (1989) and Kranidiotis and Meah (1987) adapted and used the chlorite
geothermometer of Cathelineand Nieva (1985) to deterneirthe formation temperaturé, (
degrees Celsius) based on thecamiration of tetrahedral Al (X) in chlorite:

T=106AI"+18
(Slack and Coad, 1989)

In this equation the Al values must first be corrext by adding 0.7[(Fe / (Fe + Mg). The
equation is applicable to the chlorites thiat on an Al-saturatiorboundary, such as the
chlorites at Draa Sfar (not illustrated). The use of the geothermometer for our samples (Table
2) with three different Mg compositions (Fij4) yields temperaturesf 376 to 388 °C for
chlorite (Fe-rich) inleast-altered volcan rocks and argillite, tengyatures of 322 to 375 °C

for chlorite in altered footwall argillite, artémperatures of 276 to 346 °C for chlorite (Mg-
rich) within wall rock fragments inside thenassive sulphide and in altered argillite
immediately adjacent to massive sulphide. higher temperature indicated for chlorite in



least-altered argilliterersuschlorite within altered argillites not consistent with a primary
hydrothermal temperature regime in which ttidorite in the alter@ argillite would be
expected to have formed at higher tempeesiihan “background” chlorite in least-altered
argillite. The lower temperature rftnydrothermal chloriten altered argillié proximal to the
deposit may indicate metamorphic resetting orhaps, that chlorite within and below the
Draa Sfar deposit formed by the continued uxflof advecting seawater proximal to the
deposit?

Muscoviterepresents the second principal phyllostkcan altered and least-altered rocks;
analyses of muscovite from fifteen sampl@ point analyses) argiven in Table 1b.
Muscovite contains trace amounts of Ti, insigant amounts of Cr, V, Zn and Mn (0.1 to
0.2%) and up to 4.5% 4@ (computed) and shows a change in composition to lower Fe and
Mg, and high K content, with increag distance from the orebody (Fig. 15).

Plagioclaseadjacent to the chlorite alteration zoamed more distal to the deposit, in both
volcanic and sedimentary rocks, is consistently pure albite 3. ®otite is uncommon, but

where present is retrograded to chlorite; this indicates that the rocks reached a metamorphic
grade of upper greenschist facteging prograde metamorphismyM

5.3. Compositional changes and mass balance calculations

In order to ascertain the geochemical &@oins surrounding th®raa Sfar deposit the
untreated geochemical data for holes DST18125, and DS132 are plotted as a function of
depth and spatial relationship to the deposiFig. 10a, b, c. The variation in SIGMnO,
FeOs1, MgO, KO, and CaO indicates that they wesdatively mobile during wall rock
alteration reactions. Fe®@ MgO may be grouped together as a unique chlorite component,
whereas CaO and Na can be grouped as a plagioclasealalies component. Similarly,
K>0 may be considered as a muscovite component, whergagig\an immobile component
that is also common to micas and feldsp&rem Fig. 10 it is apparent that CaO and®la
decrease sharply relagivto other components in the chterialteration zone and probably
represent plagioclase destroctias indicated by the XRD daféhe increase of Fe and Mg
within the chlorite alterabn zone and toward the orebody, a common trend in chlorite
alteration zones associated with VMS desod-ig. 11; Riverin and Hodgson, 1980, Galley,
1995, Galley et al., 1995 and Lentz et al., 1997), sporeds to the measuretrease in the
abundance of chlorite. & shows a contrastindistribution between # footwall alteration
zones of the southern, Tazakourt and tlmethern, upper SidM'Barek orebodies. }O
decreases within the chloritdteration zone of the Tazakdwrebody, but increases within
the footwall alteration zone to the upper SwiBarek orebody. This mimics the variation in
modal abundance of chlorite and sericiteaedmined through XRD and clearly defines a
lateral transition form a chiite-dominated foatvall alteration zone below the Tazakourt
orebody to a sericite-dominated alteratiome below the upper Sidi M'Barek orebody.

The intensity of alteration cansal be monitored by using altéom indices (Fig. 11) that are
based on cation ratios, such as the alk&ration index, 3K/Al (representing K-mica), and
the Na/Al index (representing kaie). These varides generally show antipathetic trends
between the Tazakourt and Sidi M'Barek orelmdeonsistent with the observed chemical
and mineralogical changes. The (Fe + Mg) /aAd (Fe + Mg) / (Na + K)ndices have been
used to monitor chloriteltaration in VMS systems (Rivierand Hodgson, 1980 and Galley et
al., 1995). At Tazakourt these iods increase toward the fa@ll chlorite alteration zone,



whereas at Sidi M'Barek pervasive seri@ateeration in the footwall to the upper orebody
negates the usefulness of thiteration index (Fig. 11a, b).

The isocon method of Grant (1986) has been tse$sess the flux of components as gains
(positive) or losses (negative) from least-aliete more-altered rocks. The selection of the
isocon for each case is based aom llest-fit line for componenttiewn to be immobile in this
study, such as Ti, Zr, Nb, Y and Al. In theotwall to Tazakourt (Hle DS110), mass balance
calculations of chloritic proximadlteration in the volcaniclastic rocks relative to least-altered
equivalents indicate a marked enrichment inNfg, V and depletion of K, Ca, Na, Ba, Be, Bi
and Nb with chlorite alteration. Losses in Kdagains in Mg and Fe account for the relative
decrease of sericite and enrichment in cldorLike the volcaniclasticocks, the footwall
argillites show the same gainsdalosses for Fe, Mg, K, and @ath chloritization (Fig. 16).

Si addition in both rock types is minor.

In the sericitic footwk to upper Sidi M'Barek orebody @t DS125) the altered sediments
plotted against the least-altdrprecursor indicate minimal mass change. The major elements
Feota, Na, P, Al, Si, and Mn and trace element£8, Th, Sr, Yb, Zr, Cr, and Nb define the
isocon line (Fig. 16d). Potassiumg, Rb, Y, Ni and La are added, whereas Pb and Ga are
lost, which is consistent with compositionabdges associated with sericite alteration.

The footwall chlorite and sericite alteration zer@ve a morphology that is best described as
stratabound or semiconformabldo discordant, deep perating alteration and sulphide
stringer zone has been recognized to date beither of the massive sulphide orebodies. This
IS not unexpected as sedimtdnosted massive sulphide deposits, like Draa Sfar, are
characterized by diffuse, broad, footwall edtégon zones and poorly developed stringer
sulphides (Gibson, 2005 and Franklin et &005). However, because of the pronounced
deformation within the entire hleand at Draa Sfar in partitar, the semiconformable nature
of the footwall alteration may, in gareflect transposition duringiDStructural transposition
would make it difficult to recogme a discordant alteration zqrespecially if one considers
that there a very few drill holes thexxtend deep into the footwall rocks.

In DS125, the abundance of Pb, Zn, and Cucaresiderably lower irthe altered footwall
argillite relative to the leasttared argillite and hanging wall altde; the depletion in base—
metal abundances is coincident with the dkpletion zone. However, in DS132 the Pb
abundance is lower throughoutettsection, with irregular Zrvalues, andconsistently
increasing Cu contents (up to 910 ppm), but #hecreases near the ore zone. In DS110, Pb is
relatively low throughout the ston, but Cu increases th00 ppm and Zn increases to
223 ppm, then decreases as the ore horizappsoached. It appeatbhat footwall zones
enriched in Cu and Zn are coincident with S@mment as well as zonesdfloritization; it is
possible they represent cryptic upflow zoneshia footwall sedimeary sequence, although
their morphology may be deformed and transposed.

The metal zoning within the Dreafar deposit at first appeairsconsistent with the overall
alteration pattern of chlorite to the southdasericite to the north as the most Cu-rich
mineralization occurs at Sidi M'Barek and rait Tazakourt. Howevelf is the upper or
western sulphide lens &idi M'Barek that is correlatedith the Tazakourt orebody and the
Zn-rich rich characteof this upper lens (6 to 7% Z0,3% Cu) is consistent with the overall
deposit-scale metal and alteratwoning at this time-stratigraphic interval. The reason for the
Cu-rich character (2 to 3% Cu, 0.3% Zn) of #teatigraphically lower, eastern sulphide lens
at Sidi M'Barek is uncertain. It may be relatedhe overlying Zn-rich lensor it could be part



of a new, unrelated lerthat has been structurally dishted. There is not enough geological
(drill hole) data at this time tmake a reasonbinterpretation.

6. Discussion and conclusions

The dominance of more than 1 km of blackjbomaceous argillites within the footwall and
hanging wall strata to the Draa Sfar deposiggests that it formed within a restricted,
sediment-starved, anoxic basin within thgper part of the Sarhlef Formatior.d,
Beauchamp et al., 1991). The argillites fedrthrough background suspension sedimentation
within the basin whereas the siltstones, whicticeably lack carbon, aresdal turbidites that
were derived from the basin margins. This riptetation is consistent with the particularly
low fO, conditions required to form primary pyrritet the dominant Fe-sulphide mineral at
Draa Sfar (Marcoux et al., 200XAlthough deformation has ofigred the contacts between
the Draa Sfar deposit and its argidéous host rocks it is likely that it formed at and below the
seafloor within anoxic, pelagic muds aoposed by Marcoux et al. (200X), and as also
proposed for the Hajar massive sulphide didms Leblanc (1993). Thénterpretation that
inclusions of talc- and chlorite-rich alteredgillite within the massive sulphide may be
structurally dismembered beds of inter-sudigh argillite also supports a sub-seafloor
replacement origin.

The occurrence of a proximal, rhyodacitiovfkfdome complex and associated, coarse
volcaniclastic lithofacies below the Tazakowrtebody suggests that the basin developed
above or contained a local, felsic volcanictoenOnce unfolded, thedrease in thickness of
the argillaceous sediments to the north, off lank of the rhyodacitic flow/dome complex,
suggests that the felsic centvas localized along synvolcanic/saéntary faults that may, in
part, define the south limit of éhDraa Sfar basin (Fig. 17). ifih felsic volcaniclastic beds
intercalated with argillite irthe footwall to the Tazakourt orebody may have been derived
from mass wasting or pyroclastic eruptionattaccompanied emplacement and growth of the
rhyodacitic domes; alternatively, they may hdseen derived from a contemporaneous, but
more distal volcanic centre.

Carbonaceous argillite within the hanginghwt both the Tazakourt and Sidi M'Barek
orebodies shows a clear change in mineral adagmlwith less chlorite and more sericite and
calcite compared to the fowdll sequence. The carbonacebasging-wall sequence has been
interpreted as representing a shallowipgvard sequence inghlebilet Basincf. Bernard et
al., 1988). This is consistent with the presemf carbonate units dated stratigraphically
higher in this sequence.

The development of a crudely stratabound, rit@esericite alterabn zone within the
footwall to the Draa Sfar depbsindoubtedly reflects someatrisposition during deformation,
but is also characteristic of alteration zoassociated with volcaniclastic or sediment hosted
volcanogenic massive sulphideposits (Gibson et al., 1999, ltdion, 2005 and Franklin et al.,
2005). Chlorite alteration zones represerg thigher temperature, primary hydrothermal
conduit in most VMS deposits (MacGeehdf,/7, Riverin and Hodgson, 1980, Franklin et
al., 1981, Kranidiotis and Ma&an, 1987, Galley, 1995 and Franklin et al., 2005). The lateral
change from predominantly chlorite altecatiin the footwall tothe Tazakourt orebody to
sericite in the south, below the Sidi M'Barekloody correlates with a change in the footwall
from a proximal volcanic environment to a mdistal volcanic environment. Localized zones
of Cu and Zn enrichment with chloritized argillite and @ar the base of the Tazakourt
massive sulphide lens in drill Holes DS140d 132 may define cryptic upflow zones that



were subsequently deformed and transpo3é@ occurrence of intensely chloritized and
talcose inclusions of argilliten the massive sulphide at T&oairt would also be expected to
form within an upflow zone where argillite intadated with massive hide in a seafloor or
sub-seafloor environment would be altered seplaced by chlorite and talc. The chlorite—talc
stability plot of Kharaka and Barned9/3) (see also Robertand Reardon, 1978 and
Zierenberg and Shanks, 1994) illustrates that thedton of talc relative to chlorite is also
favoured by higher temperatures, higher aiéis of magnesium, and lower aluminum
activities at the discharge sites. This gales the importance of both Mg-metasomatism
nearer the chlorite core of the hydrotherrdacharge system and the role of synvolcanic
structures in controlling thivcation of coincident volcaniand hydrothermal vents. Fig. 17
shows the distribution of sulphide ore atiee relationship between volcano-sedimentary
lithofacies and the alteration zones; thiagtam is based on dafeom numerous E-W-
oriented drill holes. Thickness variations of théhide lens (0 to 30 mare probably related
to primary topography within the bim and subsequent deformation.

The presence of pronounced footwall chlo(gericite) and hanging wall sericite alteration
zones, along with the spati@hd temporal association oftlbraa Sfar deposit with proximal
volcanism and possible synvolcanic/synsedimentanctsires are all features that are more
consistent with volcanogenic massive s$udie deposits (VMS) and not sedimentary
exhalative deposits (SEDEX). The heat engamuired to initiate andustain the long-lived,

high temperature hydrothermal system respdaditr the formation of the Draa Sfar and
other VMS deposits in the Jebilet and Guemassa massifs is interpreted to be mantle-derived,
magmatic heat that was confined in space and tom#ting and the formation of a rift-basin
that was infilled with sedimentary and lesser volcanic rocks of the Sarhlef volcano-
sedimentary succession. The numerous gabbrovgthen the Sarhlef have been interpreted
as a manifestation of mantle—magmatism and tieditaccompanied rifting and sedimentation
(Gibson et al., 2005). The highat@erature and low pressure conditions required to form
Flllb felsic volcanic rocks, such as thoselaiaa Sfar, support their generation by partial
melting of the crust at a shallow crustal lewathin a rift environment where partial meting
occurred due to the anomalously high heat fasgociated with the upwelling of hot mantle
into thinned, riftectrust (Hart et al., 2004).

Using the lithotectonic classification of Frankéhal. (2005), the Draa Sfar deposit would fall
in the siliciclastic—felsic type that consiststafo distinct lithofacies, a siliciclastic lithofacies
composed predominately of wacke, sandstonetaiks argillite and locally iron formation or
Fe—Mn-rich argillite, and a figc lithofacies faciescomposed predominately of argillite,
carbonaceous argillite, marl, amdrbonate units (bioclastimd chemical). The Draa Sfar
deposit would be grouped in tipelitic lithofacies, whereas other siliciclastic—felsic VMS
deposits, such as some of th® I@eposits and deposits of thetBarst district, would fall in
the siliciclastic lithofacies association.

In fact, VMS deposits of the Jebilet and Guessmassifs have been compared to those of
the IPB, based on their similage and inferred geodynamiocvironment (Bordonaro et al.,
1979, Bernard et al., 1988 and Lescuyer et al., 1398\ ever, there are distinct differences
between these two VMS districts, such @9 although many IPB VMS deposits are hosted
by carbonaceous argillite, especially thakeng the southern margin of the IRBd, Tharis),

the Draa Sfar and other VMS deposits in therddoan Mesta differ in that they occur within

a thick sedimentary succession (> 1 km) dotedaby carbonaceous, pelagic sediments; (2)
unlike the IPB deposits the Moroccan depoaits not associated with Mn-rich sediments
(exhalites); (3) pyrrhotite ishe dominant, primary Fe-sulpl@ in the Moracan deposits



compared to pyrite in the IPB deposits; and (4) footwall alteration associated with the
Moroccan VMS deposits is characterized by dl wieveloped chlorite alteration, whereas
footwall alteration associated with IPB VMS deposstsharacterized by sericite (Lescuyer et
al., 1998, Brunet et al., 2004 andb&bn et al., 2005). These diffaces may reflect a more
sediment-starved, restricted, and anoxic emritent at Draa Sfar and for other VMS deposits

in the western Moroccan Meseta.
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Figures

Fig. 1. (a) The Jebilet massif in the framewofkhe Paleozoic outcrops North Africa (in
grey). (b) General geological map of therélaian Jebilet and Guemassa massifs showing
the location of the principal massive sulidnideposits (modified from Huvelin, 1977).



Fig. 2. Geological map of the Draa Sfar marea showing the sade projection of the
Tazakourt and Sidi M'Barek massive sulphidebodies, rock types, and selected diamond
drill holes (DDH) that ardlustrated in Fig. 3and Fig. 7.



Fig. 3. Restored east—west sgadiphic sections of the Draaabfarea, drawn from detailed
logging of diamond drill holes DS126, DS110, DS125, and DS132. Drill hole locations are
shown in Fig. 2.



Fig. 4. Simplified geological map of the (@200 and (bj 300 m levels through the
Tazakourt orebody illustrating the sheet-likengh and swell form of the sulphide lens.



Fig. 5. Representative photograptideast-altered volcanic rockd the Draa Sfar area: (a)
coherent flow-banded rhyodacite, (b)situ brecciated, autoclastrtbyodacitic flow, (c) tuff
breccia, (d) quartz crystal, vitric lapilli tuff, (&liated vitric lapilli tuff, plane polarized light,
and (f) massive rhyodacite showing quartz pheysis and spherulitesyoss polarized light.



Fig. 6. (a) foliated grey argite with intercalated silteine at Tazakourt, (b) black,
carbonaceous argillite with thinly laminated stittne (light) at Tazakourt, (c) disseminated
(synsedimentary) chalcopyrite (cpjthin siltstone bed intealated with grey argillite
immediately above rhyodacitic wa@nic rocks, (d) typical seite schist at Sidi M'Barek,
cross polarized light, (e) quarizi sandstone, cross polarizeght, (f) dark green chloritized
argillite (footwall) $1owing deformed sulphide nodulesyd (g) black carbonaceous argillite
typical of the hanging wall strata, ticalcite layers parallel to,S



Fig. 7. Vertical east—west @® sections looking north thrdughe Sidi M'Barek (DSC1330N)
and Tazakourt (DSCOON and DSC910N) orebodikswing the massive sulphide lenses and
rock types. Note that footwall dykes and sills apt illustrated because of their small scale.
Drill hole locations are shown in Fig. 2.



Fig. 8. (a) Winchester and Floyd (1977) N/, Zr/TiO, classification diagram showing the
rhyodacitic composition of felsic volcanic and eahiclastic rocks (squares), and the basaltic
composition of the hanging wall gabbro (circles). (bysyZr discrimination diagram

showing the tholeiitic affinityof rhyodacitic volcanic and vedniclastic rocks, hanging wall
gabbro, and aphanitic footwall mafic dykes (dimis after Barrett and MacLean, 1999). (c)
Al,O3/ (Al,03 + NaO + K;0) i NaO alteration index for thibotwall and hanging wall
argillite; note that NgO values are over 0.65 (TaylancaMcLennan, 1985 and Lentz et al.,
1995). (d) Plot of Fe/T¥s. Al / (Al + Fe + Mn) forall Draa Sfar argillitesn(= 83, after
Bostrom, 1973) illustrating the pronoundedrigenous contribution to these rocks.



Fig. 9. Chondrite-normalized, rare-earth edgrnprofiles for rhyodacitic volcanic and
volcaniclastic rocks at Draa Sfar (shadeddfieind, for comparison, two least-altered and
representative samples of the FllIb rhyolitleat host the Archean, Kidd Creek VMS deposit,
Ontario, Canada (squares; Prat al., 1999). Chondrite-normadizon values after Nakamura
(1974).



Fig. 10. Geochemical profiles illustrating stratigingc variations in major and trace elements
and immobile-element ratios used to discnate between rock types for drill holes (a)
DS110, (b) DS132, and (c) DS125 (note 1sgillte, 2s = carbonaceous argillite, V =
rhyodacitic volcanic and volcaniclastic rocks).



Fig. 11. Stratigraphic and lithologic variationsailteration and paleoenvironment indices for
samples from drill holes (a) DS110, (b) DS132] &) DS125 (note 1s = argillite, 2s =
carbonaceous argillite, and v = rhyodacitolcanic and volcaniclastic rocks).



Fig. 12. Variations in the modal percentagenafor and minor minerals with distance above
and below massive sulphide ore in drillé®IDS110 (a), DS132 (b), and DS125 (c) (chl:
chlorite, cal: calcite, qz: quartms: muscovite, alb: albite).



Fig. 13. (a) Photomicrograph of (a) footwaliftshowing pervasive chloritization, transmitted
plane polarized light, (b) massive chloritizedibitg at the contact with massive sulphide at
Tazakourt, and (c) syntectorgaartz—chlorite veins located the top of the Tazakourt
massive sulphide lens.



Fig. 14. Chlorite compositions plotted on a Hey (1954) diagram, samples taken from (1) least-
altered volcanic rocks and argilj (2) altered footwall argillit and (3) argillite inclusions
within massive sulphide and argillite inediately adjacent to massive sulphide.

Fig. 15. Variation in the N®, FeO, MgO and ¥O content of sericite whin footwall argillite
with increasing distance from massivepsutie (from electron microprobe analyses).



Fig. 16. Isocon diagrams (Grant, 1986) in wHest-altered rocks aommpared to altered
equivalents within the footwalltaration zone. Concentrations are scaled arbitrarily to fit the
diagram €.g, Ca x 2.5; Ba/10). Elements are e)gz&d as oxides and represented on the
diagram as symbols; fgu) represents total iron. The slopeseaich isocon is indicated as a
valuem used to calculate mass changes.



Fig. 17. Schematic reconstruction of the D&ar deposit showing the distribution of
rhyodacitic volcanic and volcaniclastocks, argillitesand the lateral extent of chlorite and
sericite alteration associated witie massive sulphide orebodies.



Table la. : Representative noprobe analyses of chlorites
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Table 1b. : Representative micrope analyses of white mica
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8

132-
4

4

44.7

4.43

8.79

0.58

28.9

2.12

0.19

89.8
1

TDS
-27

455

3.51

10.6

0.22

32.1

0.45

0.1

92.7
3

132-
12

46.2

6.66

7.28

0.34

27.6

1.61

0.31

90.0
2

TDS

45.4

2.97

9.8

0.23

32.5

0.65

0.32

91.9
2

132-

441

4.19

8.49

0.87

30.4

1.96

90.0
6



Table 2. :Temperature calations based on the Athlorite geothermometer

Sample no| Al uncorrected | Fe / (Fe + Mg)  Al" corrected ' T (°C)

Group 1 samples sddg. 13

TDS24 2.829 0.821 3.404 379
DS10 2.783 0.877 3.397 378
110-20 2.771 0.871 3.38 376
TDS27 2.803 0.913 3.442 383
TDS26 2.776 0.87 3.385 377

Group 2 samples

110-33 2.874 0.707 3.369 375
110-37 2.667 0.731 3.179 355
131-5 2.486 0.546 2.869 322
132-11 2.68 0.743 3.2 357
132-M2 2.684 0.665 3.149 352

Group 3 samples

132-M6 2.762 0.48 3.098 346
110-27 2.636 0.575 3.039 340
DS220 2.272 0.237 2.438 276

% Following the method of Kranidiotis and MacLean (1987).



