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Abstract

Koudiat Aicha is a Visean stratiform, volcanogenic massive sulphide (VMS) zinc—copper—
lead deposit, situated northwest of Marrakech, within the Central Domain of the Jebilet massif
of the Western Moroccan Meseta. The Central Domain is formed mainly of sedimentary
(argillite, siltstone, sandstone, carbonate) and magmatic (gabbro and rhyodacite) rocks that
host numerous massive sulphide deposits (e.g., Koudiat Aicha, Kettara and Draa Sfar) in a
thick grayish argillite sequence (rhythmic metapelite). The deposit is stratabound and consists
of highly deformed, sheet-like lenses of massive sulphide located structurally on the eastern
flank of a large anticline. Prior to metamorphism, the country rocks were subjected to
hydrothermal alteration which is particularly pronounced in the immediate vicinity of the
sulphide deposits where chloritization and sericitization are prevalent. Hydrothermal
alteration extends into both the stratigraphic footwall and the stratigraphic hanging wall. The
footwall lacks an obvious pipe zone (sulphide stringers or vent complex) beneath the sulphide
mineralization, but is characterized by an increase in the modal proportion of Mg-chlorite and
by the breakdown of feldspar and sericite. Chloritization, the most extensive and readily
recognizable alteration useful in mineral exploration, is evident for more than 60 m above the
subcropping sulphide deposits. The hanging wall rocks show a pervasive sericitization (over
30 m wide) and a weak chlorite alteration accompanied by disseminated nodules of pyrrhotite
stretched parallel to the S; foliation. Because chlorite and sericite are metamorphic minerals
that also occur in unaltered rocks surrounding the sulphide deposits, abundant Mg-rich
chlorite and the absence of feldspar in the footwall are used to distinguish hydrothermal
alteration facies from metamorphic facies. The chlorite geothermometer reveals temperatures
between 250 and 330 °C. Higher temperatures (up to 300 °C) are associated with chlorite
located in and adjacent to sulphide mineralization, whereas lower temperatures correlate with
distal chlorite in both the footwall and hanging wall rocks.

Chemical trends in altered footwall rocks are shown by absolute mass gains for Fe;Osotal,
MnO and MgO, by absolute mass losses for CaO, K,O and Na,O, and by a moderate loss in
S10,. Oxygen and hydrogen isotope compositions of Koudiat Aicha lithofacies (6.2—12.4%o
for oxygen and —51%o to —36%o for hydrogen) have also been used to determine the
temperature and origin of metalliferous fluids. The couple plagioclase—amphibole of gabbros
provides equilibrium temperatures between 310 and 380 °C and suggests that the heat source
for the ore-forming fluid system may have been igneous. On the other hand, oxygen and
hydrogen isotope ratios cluster between normal values for sedimentary and magmatic rocks,
suggesting a magmatic—metamorphic origin for the ore fluid.
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1. Introduction

The volcanogenic Koudiat Aicha massive sulphide deposit is situated in the Central Domain
of the Hercynian Jebilet massif, 32 km northwest of Marrakech, Morocco (Fig. 1). It consists
of closely-spaced, thin sulphide lenses within mainly siliciclastic sedimentary strata (argillite,
sandstone, siltstone, £carbonate) intercalated with gabbro sills and minor rhyodacite flows
and tuffs.

As described by Lotfi et al. (2008), the sulphide mineralization consists principally of several
lenses of massive to semi-massive pyrrhotite, 1-20 m in thickness, enclosed by a large halo of
asymmetrically disseminated sulphides. The ore sulphides are pyrrhotite, along with lesser
amounts of sphalerite, chalcopyrite, arsenopyrite, galena, pyrite and stannite. Well-preserved
sedimentary structures in the sulphide mineralization and the conformability of sulphide
lenses to the enclosing sedimentary bedding suggest that the sulphides formed syngenetically
or by very early diagenetic replacement of earlier syngenetic sulphides. Lead isotope analyses
(*”Pb/2**Pb averaging 18.27) suggest that the metals of the Koudiat Aicha deposit might have
been derived from their footwall volcano-sedimentary host rocks, whereas sulphur isotope
ratios (0°*S = —7.5%o to —10.5%o) indicate a sedimentary source involving bacterial sulphate
reduction.

In this paper, we used new geochemical, isotopic (O—H) and mineral composition data to
characterize the hydrothermal alteration around the sulphide deposit. We focus on the
petrographic alteration and chemical changes related to sulphide deposition and discuss the
thermal conditions of massive sulphide deposition. Based on its dominant host lithofacies
(siliciclastic sedimentary rocks and gabbros), the elongate and tabular configuration of the
sulphide zone, the ore mineralogy (chalcopyrite—pyrite—pyrrhotite and lesser sphalerite and
galena) and the absence of a hydrothermal pipe, the Koudiat Aicha sulphide deposit has been
interpreted as a probable Besshi-type mineralization.

2. Geological background

The Koudiat Aicha deposit crops out along a 1.5 km-long north—south trend within Visean
Carboniferous sedimentary and magmatic rocks in the middle of the Central Domain of the
Jebilet massif, Morocco (Fig. 1). The Central Domain is characterized by siliciclastic
sedimentary strata, including greyish argillites (70—80%) interpreted by Beauchamp et al.
(1991) as representing an anoxic depositional environment. The argillites are intercalated with
siltstone and sandstone layers and with minor rhyodacite lava flows and tuffs, all of which are
cut by gabbroic dikes and sills (10—-15%). The principal lithofacies and their petrographic
descriptions are presented in Table 1, as well as in Lotfi et al. (2008). All lithologies have
undergone greenschist-facies metamorphism, resulting in the formation of abundant sericite,
chlorite (ripidolite to pycnochlorite), quartz and epidote.

In the study area, the local stratigraphy forms part of a homoclinal succession, with north—
south strikes and steep dips to the east (Fig. 2), part of a large anticlinal megastructure, P;.
The opening and filling of the Devono-Carboniferous basin ([Huvellin, 1977], [Bordonaro,
1983], [Beauchamp, 1984] and [Beauchamp et al., 1991]) is followed by two deformation



events (Djka, p2ka). These are correlated with a regional D; deformation of the Central
Domain, defined by an east-west compression which produced a penetrative S; schistosity
subparallel to the Sy stratification and north-trending P; folds. The development of the S;
schistosity was followed by a well-marked, local S, crenulation schistosity. The Daga event
was late and is characterized by a brittle, post-schistosity deformation which represents a late-
to post-Hercynian tectonic episode. It is also characterized by fracture schistosity S; kink-
bands and N55 to 70°-striking dextral strike-slip faults (Bordonaro, 1983).

The base-metal sulphide mineralization is characterized at surface by a well-developed gossan
extending over an area exceeding 120 m in its north—south length and 15 m in width. From its
projected extensions at depth, the sulphide mineralization is seen to be located on the eastern
flank of a P, anticline dipping steeply to the east (Lotfi et al., 2008), and to be formed mainly
of NS trending pyrrhotitic lenses measuring decameters in length and metres in thickness.
Sulphide lenses generally increase in size with depth and may attain widths of 20-25 m (Fig.
2). The base-metal contents vary widely within and between individual mineralized lenses,
generally with Zn > Pb > Cu. The geological resources are estimated at between 3 and 5
million tonnes averaging 3% Zn, 1% Pb and 0.6% Cu.

From the relative proportions of the principal sulphides, the structure and sulphide textures
may be divided into four assemblages: (1) massive mineralization with pyrrhotite—(sphalerite—
galena—chalcopyrite—pyrite); (2) banded sphalerite- and galena-rich mineralization; (3)
pyrrhotite—chalcopyrite “stringer” mineralization; and (4) rhythmically bedded, barren
(dominantly pyrrhotite) mineralization.

3. Geochemistry

3.1. Sampling and analytical techniques

For the geochemical study of the deposit, 42 representative samples were selected from
diamond drill cores, supplemented by samples from outcrops. Diamond drill cores were used
specifically for studying the hydrothermal alteration of the host argillite sequences below and
above the sulphide bodies. Chemical analyses were carried out using standard techniques. All
samples were crushed in chrome steel ball mills and powdered in an agate shatter box at the
Laboratoire Géoressources, Université de Marrakech, Morocco (Table 2). Samples were
analyzed for major and trace elements at the Geochemical Laboratories of the Department of
Earth and Planetary Sciences, McGill University, Canada; major elements were analyzed by
X-ray fluorescence spectroscopy (XRF), whereas trace and rare-earth elements were analyzed
by instrumental neutron activation analysis (INAA). Mineral compositions were determined
on a CAMECA SX-50 electronic microprobe at the BRGM/ISTO laboratory, Orleans, France
(Table 3a and Table 3b).

3.2. Primary geochemical features

All rocks of the Koudiat Aicha are deformed and altered as a result of regional metamorphism
and hydrothermal alteration. To constrain the chemical composition and magmatic affinities
of the sedimentary and volcano-plutonic successions, we used diagrams involving immobile
elements such as Al, Ti, Nb, V, Ga, Zr, Cr, HFSE and Y. In several mining districts, these
elements have been found to be useful tools to ascertain the primary chemical character of the



now altered rocks ([Ludden et al., 1982], [Lesher et al., 1986], [MacLean and Kranidiotis,
1987] and [Jenner, 1996]).

The principal sedimentary lithologies in the deposit consist of rhythmically interbedded dark
argillites, silty green phyllites and quartz-rich sandstones that were contemporaneous with or
pre-dated the deposition of ore-stage sulphides. The chemical compositions of the fine-
grained argillites are related to the provenance of the sediments, to the syndepositional
chemical environments of deposition and to post-depositional (diagenetic) and hydrothermal—
metamorphic processes (cf. Lentz, 1996). Lithogeochemical profiles of Al, Ti, Zr and Y allow
us to clearly distinguish these rocks from the associated intrusive lithofacies (Fig. 3). The
correlation matrix based on samples from drill core KA22b permit us to identify elemental
covariations attributable to the main hydrothermal alteration event. Some pairs of elements
exhibit strong correlations, testifying of their strong (positive or negative) covariations as a
result of alteration processes (for example: Rxp-se = —0.9; Rrnnp = 0.96; Reo-se = 0.92; Rer
V= 0.9; RCr—Nb = 0.92; RerAl = 0.98; RAlfTh = 0.95, RAl,v = 0.94; RA]—Cr = 0.94; RTifAl = 0.98).
At Koudiat Aicha, Al, Ti, Nb, V, and Cr show distinctly immobile behaviours, with
covariances of about 0.9, reflecting the primary source of these elements. Al,Os is particularly
useful as a reference immobile element because most other original immobile trace elements
remain in mica and consequently covary with Al,Os.

We observe close geochemical coherences between Al,O3; and SiO,, TiO,, P,Os, Co, Th, Nb,
Y and Al,O; + Na,O + K,O (Fig. 4), indicating a pelagic-terrigenous sources for the micas (cf.
[Bonatti et al., 1972] and [Lentz, 1996]). However, the covariation is less clear between Al,O;
and MgO, Fe,03 and trace elements, probably due to subsequent alterations. The alteration
index diagram Al,03/ALO; + NayO + K,0 versus Na,O (not illustrated) suggests a highly
pelagic origin for the micas, with Na,O > 0.65 (Taylor and McLennan, 1985). The Bostrom
diagram Al/Al + Fe + Mn versus Fe/Ti (Fig. 5a; Bostrom, 1973) and the ternary diagram Al—
Fe—Mn (Fig. 5b; Bostrom, 1973) also suggest that a terrigenous-pelagic detritus (reflected in
high Al,O3 contents) is combined with a minor hydrothermal component (high Fe and Mn).

In addition to using the above approaches to characterize the chemostratigraphy of the

Koudiat Aicha sedimentary rocks, we have also tested the log (ratio) method or Al
normalization at constant values or as fractions (e.g., Ti/Al, Zr/Al, Y/AL...) ([Kerrich, 1982]
and [Bernier and MacLean, 1993]) to outline differences between the footwall and the
immediate hanging wall sediments. Fig. 6a shows that the argillites are quite similar and
probably share a common source, and that Al, Zr, Ti, Cr and V are immobile elements. This
conclusion is confirmed by the argillite REE paths for footwall and hanging wall samples (Fig.
8a).

To ascertain the chemical composition and magmatic affinity of the interpreted mafic and
felsic magmatic rocks, we have used the petrography and chemical data of least-altered rocks
as reference samples (Fig. 8b and c¢). The least-altered mafic sills in the footwall and hanging
wall are basaltic in composition (gabbro), with Si0; clustering around 50 wt.% and

Na,O + K,0 around 2.65 wt.%. Based on REE profiles and Zr versus Y diagrams (Fig. 7 and
Fig. 8b), the gabbros have a tholeiitic affinity, similarly to most plutonic sequences in the
Central Jebilet domain and the Guemassa massif (Aarab, 1995).



Our felsic volcanic flows vary in composition from rhyodacite to dacite (Fig. 7a), with SiO,
between 56 and 67 wt.% (Table 2) and Na,O + K,O varying from 3.12 to 5.26 wt.% . These
rocks appear to be cogenetic with the gabbros, as shown from the log (ratio) analyses (Fig.

6b) and REE profiles (Fig. 8c). The normalized REE diagram (Cex/Ybx > 4) (Fig. 8c) indicate
clearly their tholeiitic magmatic affinities.

4. Hydrothermal alteration

4.1. Petrographic and normative signatures

All of the rocks associated with the deposit are altered to a greater or lesser extent. The
sulphide-bearing argillites display clear differences between the footwall and hanging wall in
terms of modal sericite, chlorite, quartz and carbonates. These minerals also vary in
proportion between proximal and distal positions relative to the mineralized zone (Fig. 9).
Indeed, the footwall sequences are progressively enriched in modal chlorite and are depleted
in sericite near and within the sulphide zones (Fig. 9 and Fig. 10). Chloritization is sparsely
present in the hanging wall as much as 40-60 m above the sulphide mineralization, and
chlorite varies from olive-green outside the sulphide zones to bluish within the sulphide
horizons. Silica is enriched locally as quartz veins and as centimetric layers of chert (Fig. 10d).
Sericite rather than chlorite is widespread in the hanging wall as a .30 m-wide halo
associated with lesser chlorite contents. Sericitization is noticeable by the progressive change
of colour of the argillites from black to grey to silver—grey, typically with a noticeable
softening of the rock. The sericitization of the hanging wall is typically associated with
restricted disseminations of pyrrhotite, commonly seen as nodules stretched parallel to the S;
foliation.

Mineralogical changes across the Koudiat Aicha deposit may also be detected in the
calculation of normative mineral abundances using whole-rock chemical compositions (Piché
and Jebrak, 2004). The hydrothermal alterations around volcanogenic deposits are largely
formed under temperatures of 200400 °C and moderate (sub-seafloor) pressures, producing a
mineralogical alteration assemblage consisting mainly of quartz, chlorite, sericite, albite and
calcite (Franklin et al., 2005). Because hydrothermal alteration minerals do not recrystallize or
react readily under low-grade regional metamorphism (Barrett and MacLean, 1994), their
occurrence may be preserved when calculating normative alteration mineral assemblages
(sericite—quartz—albite, and sericite—chlorite—albite); this feature is evident on the ternary
diagram for Koudiat Aicha host rocks (Fig. 11). The ternary albite—-muscovite—chlorite
diagram allows us to differentiate between the sedimentary facies of the footwall and hanging
wall. The hanging wall facies migrate towards the pole of muscovite, whereas the footwall
facies trends toward chlorite—albite. This observation explains the sericitization of hanging
wall rocks and the chloritization of the footwall rocks. Na in the footwall is removed from
albite, and the residual Al and Si is combined with Fe, Mg, and K to form chlorite and sericite
in the host rock as well as in their hydrothermally altered equivalents. We observe that the
footwall argillites fall on the chlorite—albite line (Fig. 11) and are distinctly chloritized,
whereas the hanging wall argillites associated with disseminated pyrrhotite are richer in
sericite.



4.2. Chemical profiles

The geochemical data for samples from drill core KA22b were examined to identify
geochemical changes associated with sulphide mineralization (i.e., related to hydrothermal
alteration). The geochemical profiles indicate that Si0,, TiO,, MnO, Fe,03, Al,O3;, MgO, KO0,
P,0s and CaO were mobilized relative to each other during hydrothermal water—rock
interactions. FeO and MgO may be grouped (FeO + MgO) as a principal component of
chlorite, while CaO and Na,O are grouped (CaO + Na,O) as a single component of feldspars.
In the same way, K,O can be considered as a principal component of white mica (sericite),
while Al,Os3 is the only component common to all feldspars and micas.

The relative intensity of alteration around the sulphide lenses can be quantified by several
alteration indices (Fig. 12) based on cationic ratios for chlorite and sericite indices (Kishida
and Kerrich, 1987). As observed around other VMS deposits, the (Fe + Mg)/Al index may be
used to identify the addition of chlorite ([Riverin and Hodgson, 1980] and [Galley, 1995]),
whereas the Na/Al index (Spitz and Darling, 1978) may indicate the behaviour of feldspars
during hydrothermal alteration. At Koudiat Aicha, (Fe + Mg)/Al increases from the distal to
proximal footwall (Fig. 12), dissimilar to the 3 K/Al index used to recognize feldspar
hydrolysis.

4.3. Mineral compositions

The compositions of chlorite and sericite, from least-altered to highly altered argillites, was
determined using an electron microprobe to detect possible compositional differences in these
minerals in samples collected across the stratigraphic section, from footwall to hanging wall.

Chlorite compositions were determined for seven samples (45 point analyses) taken along
samples from diamond drill core KA25 which transects the footwall and hanging wall rocks
(Table 3a). Chlorite interbedded with sulphide bodies is dark and Mg-rich (>20 wt.% MgO,
<15 wt.% FeO), equivalent to a sheridanite—ripidolite composition (Fig. 13). In the
immediately underlying footwall, the chlorite is Fe-rich ripidolite (<15 wt.% MgO, >15 wt.%
FeO; Fig. 13). The Fel/(Feor + Mg) (FM) ratio extends from 0.28 to 0.47, with the lower
values corresponding closely to the sulphide zones and their proximal footwall halos,
suggesting a strong Mg metasomatism during the hydrothermal emplacement of sulphides.

The chlorite composition is commonly used as a hydrothermal geothermometer ([Cathelineau
and Nieva, 1985], [Kranidiotis and MacLean, 1987] and [Slack and Coad, 1989]), based on
the tetrahedral aluminum (AI") concentration of chlorites, for which 7= 106 AI'Y + 18 (Slack
and Coad, 1989). The application of this equation requires corrections for tetrahedral Al, by
adding 0.7 FM for those chlorites that have not reached the Al'” saturation limit (Table 4).
This chlorite geothermometer suggests temperatures between 308 and 330 °C for chlorites
interbedded with sulphides and in the immediately underlying footwall. Distal chlorites,
formed before and after the sulphides, have temperatures of formation around 250 °C.

White mica (sericite) is the second most-common phyllosilicate in the host rocks. It is
widespread in least-altered as well as more severely altered rocks, and it is especially
abundant in the hanging wall. Its chemical composition has been determined for 10 samples
collected along the diamond drill core KA25 (72 analyses) from the footwall to the hanging
wall (Table 3b). Projected on a Velde (1977) diagram, the analyses show that most of the
white micas are pure muscovite (Fig. 14a). Chemical analyses show traces of Ti, insignificant



amounts of Cr, V, Mn and Zn, and up to 4.5% H,O (calculated). Fe and Mg increase toward
the sulphide zones, whereas K decreases within sulphide zones and in the footwall (Fig. 14b).
Fe and Mg in the hanging wall decrease away from the sulphide zones, reflecting a chemical
change of white micas toward biotite compositions as a result of metamorphism. Biotite is
sparsely observed within the argillites, but where found, it typically replaces sericite.

4.4. Mass changes

Mass-balance calculations have commonly been used in the analysis of hydrothermal systems
in volcanogenic-associated massive sulphide settings to detect alteration effects (MacLean
and Barrett, 1993). At Koudiat Aicha, such calculations were used to identify mineralogical
changes and alteration indices. The isocone method (Grant, 1986) has been applied to
argillites to express the gain (positive) or loss (negative) of elements in the vicinity of the
sulphide horizon. Our sampling contrasts the footwall argillites (altered rocks) with their
distal equivalents (least-altered rocks) along drill core KA22b (Fig. 15). In these diagrams, the
best-fit isocone is drawn for the elements considered to be immobile during the alteration
event. All of the elements located above the isocone are considered enriched (i.e., have
experienced gains) and those elements located below are depleted (have experienced losses).

Using superposed anomalies of the major mobile elements, it can be seen that hydrothermal
alteration produced a large chemical halo in the footwall (about 40—60 m thick). Fe,O3, MgO
and MnO (seen as chloritization) have been significantly enriched in the footwall, whereas
Na,0, Ca0 and K,O were lost (reflecting the breakdown of feldspars and sericite). SiO; is
substantially enriched within the alteration halo (Fig. 15 and Fig. 16). The hanging wall
sequence, on the other hand, shows enrichments in K,0O, MgO, and Fe,03, and losses of CaO
and Na,O near the mineralized horizon (Fig. 16), corresponding to seritization enrichment, in
contrast to the chloritization seen at the level of the mineralized footwall.

4.5. Oxygen and hydrogen isotopes

The oxygen and hydrogen isotope compositions are sparsely available from previous studies
of sulphide deposits in the Central Domain and Guemassa massif (Draa Sfar, Kettara, Hajar).
Mineral-pair oxygen isotope compositions would provide the best estimates of ore fluid
temperatures, given that fluid inclusion analyses are lacking for these Hercynian deposits.
Those minerals that have been analyzed are quartz, hornblende, sericite, chlorite, albite and
whole rocks studied in the current research. The analyzed samples were collected from
outcrops and drill core KA22b, and represent argillites, gabbros and the rhyodacite lithofacies
(Table 5, Fig. 17a).

The 6'*0 and oD values calculated for hydrothermal fluids show narrow ranges (+6.2%o to
+12.4%o, and —28%o to —52%., respectively) for all magmatic and sedimentary whole rocks;
the same observation applies for mineral pairs constituting the host rocks of the footwall and
hanging wall of the massive sulphide deposits (Fig. 17a).

The 6'°0 and 6D data indicate that magmatic and metamorphic waters were the dominant
components of the hydrothermal fluids (Fig. 17b). No significant spatial (vertical) isotopic
variation has been observed across the footwall and hanging wall along the sampled profile.
Indeed, the isotopic compositions of argillites are closer to those of gabbros which may



have played a role as a heat source for the hydrothermal fluid. The temperatures of deposition
calculated using mineral-pair geothermometry range from approximately 310-380 °C. These
results are in excellent agreement with temperatures of 300—330 °C obtained using the
chlorite geothermometer on several VMS deposits (Slack and Coad, 1989). Given the similar
values for argillites and gabbro, 6'*0 and dD data suggest that the hydrothermal fluid
probably originated from the same magmatic reservoir as the gabbro and re-equilibrated
subsequently with a metamorphic fluid which was released during the Hercynian deformation
event and reacted with various lithologies of the Koudiat Aicha deposit.

5. Discussion and conclusions

This study allows us to understand the primary mineralogical and geochemical environments
of the Koudiat Aicha deposit and to identify the mineralogical and geochemical signatures of
the hydrothermal fluid associated with sulphide deposition. The predominance of a thick
sequence of pelagic-terrigenous grey—black argillites, the widespread formation of Fe-rich
chlorite, and the pyrrhotitic nature of the deposit are all indicative of a low fO, depositional
environment for the sulphide lenses ([Beauchamp et al., 1991] and [Belkabir et al., 2008]).
The Koudiat Aicha argillites were formed by sedimentation from suspended material in an
anoxic basin, whereas the minor siltstones and sandstones correspond to turbidites derived
from local tectonic instabilities.

The magmatic environment of Koudiat Aicha is characterized by a predominance of gabbro
sills and, less commonly, rhyodacite flows and tuffs. The gabbros with a tholeiitic affinity
(both below and above mineralization) preceded metamorphism and deformation, and imply a
magmatic heat source for the hydrothermal ore system (Lotfi et al., 2008). The hydrothermal
envelope surrounding the deposit is asymmetric from the footwall up to the hanging wall.
Even though the sulphide deposits do not exhibit a clear feeder zone (also true for the Draa
Sfar deposit; Marcoux et al., 2008), the footwall is remarkably well outlined by a proximal
and semi-conformable chloritic alteration halo. This footwall alteration is characterized by
extensive magnesium metasomatism (Mg-chlorite) located within and adjacent to the sulphide
bodies and probably outlines the zone of high temperatures associated with hydrothermal
alteration (Barrett and MacLean, 1999). The enrichment of FeO + MgO within massive
sulphide mineralization is common in VMS deposits ([Riverin and Hodgson, 1980] and
[Galley, 1995]) and is related to an increase of chlorite, which in turn derives from the heat-
induced circulation of seawater containing magnesium. This alteration suggests high
temperatures and high water/rock ratios in the discharge zone, with important leachings of
K,0, NayO, Ca0, a moderate loss of Si0, and precipitation of FeOoa1, MgO and MnO (Fig.
15 and Fig. 16). In the hanging wall, argillites are less chloritized and enriched in sericite (K-
rich) and are also progressively enriched upward in Ca, as seen by a late calcite filling of
narrow veins (Fig. 16). The sericitization of the hanging wall may have resulted from a
temperature decrease during the basin filling (see Lentz, 1994) and/or the precipitation of
hydrothermal and detrital suspension materials (see Belkabir et al., 2008). Indeed,
experimental data show that the mobility of potassium is chiefly related to temperatures above
150 °C, and is less apparent at low temperature (Seyfried and Bischoff, 1979). The mobility
of Na is, however, largely dependent on the water/rock ratio. For ratios >10, Na is leached
from the rock and is enriched in the hydrothermal solution (Seyfried and Bischoft, 1977),
whereas for ratios <5, Na is fixed and excluded from the hydrothermal (sea) water (Mottl and
Holland, 1978). In the literature, calcite precipitation is attributed to cooling temperatures, and
the observed progressive carbonate enrichment in the distal hanging wall rocks of many
sulphide-bearing basins results in part from cooling (7' < 350 °C) of the ore fluid (Fournier,



1985). Taking into account these data, the Koudiat Aicha deposit shows 7> 150 °C at the
footwall and water/rock ratios >10 associated with the development of massive chlorite. In the
hanging wall, 7< 150 °C and W/R ratios <5 account for the development of sericite and the
local deposition of calcite as veins and small calcite layers. The asymmetry of the alteration
envelope from footwall to hanging wall may be due to closing stages in the flow of
hydrothermal fluid system after the deposition of the Koudiat Aicha sulphide mineralization.

From mass balance calculations, the footwall exhibits an almost complete loss of Na, Ca and
K, and a minor loss in silica. The hydrothermal fluids (magmatic and possibly meteoric)
circulating through the volcano-sedimentary sequences would have been enriched in Fe, Mg
and associated base metals leached from the predominantly sedimentary footwall. These
fluids precipitated chlorite and sulphides, with sulphur derived from the reduction of biogenic
marine sulphates (Lotfi et al., 2008).

The study of the Koudiat Aicha deposit and its surrounding geological setting (this study and
Lotfi et al., 2008) allow us to compare Koudiat Aicha with other VMS deposits of the Central
Jebilet and Guemassa massifs ([Bordonaro et al., 1979], [Bordonaro, 1983], [Belkabir et al.,
2008] and [Marcoux et al., 2008]) and to understand the geological spectrum of Hercynian
deposits in Morocco. Koudiat Aicha is a polymetallic VMS deposit representing a particular
geological environment distinct from others in the rest of the Central Jebilet and Guemassa
massifs (for example, Hajar, Draa Sfar, and Kettara). It lacks a thick felsic volcanic
component and it is certainly genetically related to mafic intrusive rocks.

In Lotfi et al. (2008), the model of Besshi-type mineralization (e.g., Besshi Shikoku, Japan;
Windy Graggy, northerwestern British Columbia, Canada; Ducktown district USA; Slack,
1993) has been proposed for the Koudiat Aicha deposit. This genetic model is supported by
the presence of mafic rather felsic magmatism, by dominant siliciclastic sedimentary rocks,
by the elongated and tabular form of the massive ore zone (deformed), by the ore mineralogy
(chalcopyrite—pyrite—pyrrhotite and lesser sphalerite and galena), and by the absence of a
feeder zone (Franklin et al., 1981).

In this work, we have investigated the mineralogy and geochemistry of the Koudiat Aicha
deposit which represents a particular VMS deposit in the Hercynian volcano-sedimentary
terrain. We have explained the chemostratigraphic setting of the ore zone and the probable
similarity of the Koudiat Aicha with the rare Besshi-type mineralization.
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Fig. 1. : (a) The Jebilet massif in the framework of the Paleozoic outcrops of North Africa (in
grey). (b) Scheme of the Jebilet massifs showing its subdivision in three domains. (c) General
geological map of the Central Jebilet massif showing the location of the principal massive
sulphide deposits (modified from Huvellin, 1977).




Table 1. Summary of petrographic features of the principal lithofacies at the Koudiat Aicha

deposit.
Lithofacies Description Mineralogy
()0,
o Black—grey, fine-grained, weakly bedded and well qtz (10-20%), ser—chl and £bt.
Argillites . . (50-70%), ep, traces of ru, ox
foliated, with slaty cleavage
and po
. Competent layers (0.5—1 m thick), beige, fine to qtz (50-95%), ser—chl and +bt
Sandstone/Siltstone | 4i\m grained, boudinaged (10-30%), fd (tr.)
Carbonaceous Discontinuous band (0.2—1 m thick), at distal HW, qtz (30-35%), act (10-25%), cal
sandstones well foliated, calcite as transposed veinules (30—40%)
G i dlri o an i etr 405020 amp s 55
aporos & W par aggreg P 45%), ser—chl-ilm, (10~15%)
phenocrysts
Massive to sub-massive, grey—green, medium a0 Y 3
Rhyodacite grained with albite and quartz phenocrysts in alb (10 . 30%), qtz (5-10%), qtz
. fd matrix (50-60%)
quartz—feldspar matrix

Note: qtz = quartz, ser = sericite, chl = chlorite, bt = biotite, ep = epidote, ru = rutile,
ox = oxides, po = pyrrhotite, fd = feldspar, cal = calcite, ilm = ilmenite.

Massive sulphides

Gabbros

Alteration halo

Grey argillites (sericite-rich) with
intercalted siltstones

Dark argillites (chlorite-rich)

. Diamond drill hole

m_ W

+504

hanging wall

footwall

el
ore sector | | : {
pfgé:';éd i " i

see also Fig. 2, Lotfi et al. 2008

Fig. 2. : Geologic cross-section of the Koudiat Aicha deposit showing diamond drill hole

(KA) coverage.




Table 2. Chemical analyses for Koudiat Aicha host rocks.

Sample
Number

Si0;

(wt.%)

TiO,

Al,O3

F6203

MnO

MgO

CaO

N320
K,0

P205

(ppm)
Co
Cr

Cu

/n

Nb

Pb

Rb

Gabbro
KA22b

HW

3

48-49.33

2.18-2.4

14.04-14.95

12.36-13.6

0.25-0.31

6.86-7.91

9.49-9.96

1.99-2.7

0.27-0.42

0.33-0.47

101-143

24-38
310-336
31-114
74-111
304-331
84-174
19.2-20.9
54-6.4
2.7-1.3

9.1-15.4

Gabbro
KA22b

FwW

8

47.19-48.8

1.489-3.039

13.6-16.33

11.23-14.66

0.199-0.283

6.22-8.44

7.36-10.11

1.59-2.95

0.38-1.52

0.108-0.363

28-220

3343
302-508
22-131
94-150
234-417
60-145
16.5-22.1
0.9-6.4
2.3-8.2

9.7-52.5

Gabbro

Outcrop
6

47.77-
48.84

0.889—
2.326

15.79—
17.5

8.74-21.8

0.155-
0.472

7.12-8.81

1.83—
11.53

0.23-2.27
0.13-1.13

0.078—
0.253

2-361

3247
434-593
12-89.0
95-192
191-343
42-217
14.4-23.3
0.6-3.9
3-18.6

3.2-46.7

Rhyodacite

Outcrop

3
56-67.02

0.963—
1.272

15.86—
17.12

4.73-9.28

0.077-
0.188

1.66-5.06
2.97-6.6

2.38-5

0.26-0.74

0.2070.296

86-140

12.0-29
97-2717
3.0-9
2669
81-186
0-71
16.1-23.6
8.8-16.7
0.3-9

11-35.1

Argilites
KA22b

HW

9

50.72-60.53

0.267-1

4.75-20.43
5.61-31.42
0.05-0.22
1.71-5.93
0.21-5.97

0.16-1.25

0.11-4.14

0.11-0.17

8-1146

5-116
88-183
12.0-5116
33-64
40-181
35-7666
3.5-26.2
3.7-18.4
7-1054.5

4.4-178.9

Argillites
KA22b

FwW

14

26-71.88

0.285-1.034

5.05-20.47
5.48-28.8
0.1-0.44
1.74-14.87
0.11-3.73

0.03-4.2

0.02-2.54

0.05-0.19

0-773

8-165
56-179
4-1863
29-85
30-219
0-317
10.246.6
5-18.6
1.2-12.5

0.6-63.4



Sr

Th

Zr

Sn
Hf
Ta
Pr

Nd

Sm

Eu

Gd
Tb

Ho

Er

Tm

Yb

Lu

Gabbro
KA22b

161.1-211

2.8-3
1.1-1.6

49.8-53.6

204.6-232.9

2.7-2.9
3.2-6.1
5.7-7.1
2.64.2
5.16-5.19
24.7-25.4
6.95-7.13

1.84-1.95

8.17-8.51
1.55-1.62
9.32-9.61
1.88-1.94

5.8-6.08

0.86-0.9

5.4-5.61

0.801-0.804

Gabbro
KA22b

107.8-181.2

0.7-3.4
0.5-1.2

28.2-61.9

95.8-239.8

0-11.9
4-14.0
3.7-7.8
0.2-5.8
1.82-5.3
10.2-26.7

3.32-8.01

1.25-2.59

4.17-9.76
0.8-1.8

5.18-11.2
1.06-2.29

3.26-7.01

0.485-1.04

3.06-6.46

0.458-0.939

Gabbro

11.9—
165.2

0.4-1.7
0.3-1.3
19.8-45.9

50.8—
169.9

0-31.1
2.5-11.9
3.1-6.8
0.6-9
1.05-3.71
6.05-13.8
2.06-5.72

0.868—
2.24

2.75-7.07
0.53-1.29
3.44-8.15
0.71-1.71
2.2-5.16

0.337-
0.761

2.064.72

0.289—
0.689

Rhyodacite

298.2—
533.5

9-17.3
2.8-5.8

49.8-61.8
422.4-253

1.4-93
0-7.6
8-11.6
1.6-2.4
7.62-9.78
30.8-38.5

7.54-8.93
1.32-1.6

8.11-9.28
1.41-1.69
8.81-9.99
1.76-2.07

5.46-7.08
0.838-1.1
5.2-6.84

0.731-1.02

Argilites
KA22b

1.7-200.5

3.7-15.9
1.64.7

18-35.6
138.3-215.1

0-704.4
0.1-16
0-7.7
0-4.4
11.9
432

8.26
1.34

7.27
1.21
6.3

1.17
3.68

0.565
3.4

0.483

Argillites
KA22b

1.6-443.6

52-15.2
1.1-4.5

7-44.9
140.5-336.1

0-7.5
1.2-16.6
0-7.8
1.6-12.4
11.4

41

8.04
1.45

7.41
1.33
7.7

1.52

4.9
0.745
4.42

0.591



Table 3a. Chemical compositions of chlorite within argillite of DDH KA25.

Samples

K254 | K258 | KA25-9 KA25-10 | KA25-11 KA25-m  KAZ25-14

Distance (m)  336.9 | 368.5 | 396.3 397.05 398 421.45  427.15
Number 6 4 5 5 4 20 1
Si0, 0.258 | 0.297 | 0.249 0.258 0.273 0.255 0.263
FeO 0.197 | 0.219 | 0.168 0.171 0.157 0.133 0.213
Na,O 0.003 | 0.003 | 0.002 0.001 0.001 0.000 0.001
K,O 0.008 | 0.004 | 0.002 0.001 0.002 0.000 0.015
Al Os 0.205 |0.194 0.214 0.225 0.196 0.219 0.226
MnO 0.003 | 0.006 | 0.012 0.011 0.009 0.016 0.002
MgO 0.143 |0.142 | 0.176 0.198 0.216 0.215 0.136
CaO 0.019 | 0.001 | 0.001 0.000 0.001 0.000 0.000
F 0.002 | 0.001 | 0.001 0.002 0.005 0.003 0.000
Cr,05 0.000 | 0.001 | 0.000 0.000 0.000 0.000 0.000
TiO, 0.021 | 0.001 | 0.000 0.000 0.000 0.000 0.000
ZnO 0.001 | 0.000 | 0.001 0.001 0.001 0.001 0.002
V,0; 0.000 | 0.001 | 0.000 0.000 0.000 0.000 0.001
H,O 0.112 | 0.115 0.111 0.116 0.114 0.114 0.113
F—O —0.002 | —0.001  —0.001 | —0.002 —0.003 —0.001 0
Total 0972 | 0.983 | 0.937 0.983 0.975 0.956 0.971
Si 5459 |6.153 5384 5.300 5.616 5314 5.585
Fe 3.509 | 3.824 | 3.032 2.934 2.708 2311 3.776
Na 0.128 | 0.117 | 0.088 0.032 0.043 0.018 0.022
K 0.220 | 0.100 | 0.056 0.022 0.049 0.010 0.394
Al 5130 | 4.774 | 5.458 5.440 4.768 5.369 5.647

Mn 0.062 |0.104 | 0.215 0.195 0.159 0.286 0.042



Mg
Ca
Cr
Ti

Zn

OH

FM

Samples

K254
4.544
0.432
0.002
0.323
0.016
0.001
0.118
15.882

0.446

K258
4.431
0.014
0.009
0.010
0.003
0.010
0.077
15.923

0.470

KA25-9 | KA25-10 KA25-11 KA25-m  KA25-14

5.679
0.018
0.004
0.002
0.012
0.003
0.035
15.965

0.362

6.054
0.006
0.002
0.007
0.008
0.000
0.106
15.894

0.341

6.642
0.014
0.005
0.007
0.019
0.004
0.300
15.700

0.301

6.664

0.007

0.002

0.004

0.020

0.004

0.194

15.806

0.280

4.288
0.000
0.000
0.005
0.024
0.010
0.000
16.000

0.471

Table 3b. Chemical compositions of white mica within argillite of DDH KA25.

Distan
ce (m)

N

S10,

FeO

NazO

K,O

Al Os

MnO

Samples

KA25  KA25 | KA25

-4

336.9

44.94

50

1.020

0.480

9.610

35.59

50

0.020

0.880

-7

362.5

46.83

00

1.060

1.096

8.743

31.83

67

0.046

0.986

368.5

39.86

50

1.725

0.175

8.725

28.01

50

0.025

1.600

KA25

396.3

43.32

50

1.185

1.470

7.705

31.47

00

0.300

0.340

KA25
-10

397.0

48.09

00

1.012

0.461

9.167

31.30

71

0.032

1.274

KA25
-11

398

45.56

38

0.757

0.611

9.738

33.04

13

0.037

1.383

KA25

4214

4451

75

2.270

0.415

9.147

32.60

50

0.172

2.827

KA25
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0.048

0.006

0.004

0.110

3.889
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3
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0.503

0.003

0.002

0.144
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0.444
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Fig. 10. : Macroscopic and textural features of (a) chloritic footwall sample showing an
assemblage of chlorite (chl) slabs and pyrrhotite (po), (b) sericitic (with quartz) hanging wall
alteration. Fine-scale structure of (¢) chloritic footwall lithofacies and (d) sericitic hanging
wall lithofacies.
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breakdown of feldspar during hydrothermal alteration.
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Table 4. Temperature calculations using the chlorite geothermometer.
Sample | Distance (m) | FM (Fe/(Fe + Mg)) | AlI'Y uncorrected | Al'Y corrected = 7 (°C)

KA 25-14  427.15 0.471 2415 2.745 308
KA 25-m  421.45 0.280 2.685 2.882 323
KA 25-11 398 0.301 2.384 2.595 293
KA 25-10 1 397.05 0.340 2.7 2.938 329
KA 25-9  396.3 0.361 2.615 2.86 322
KA 25-8  368.5 0.470 1.846 2.175 248
KA 25-4 3369 0.446 2.541 2.853 320
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Fig. 14. : (a) Diagram after Velde (1977), showing (Fe + Mg + Mn) versus Si"' for white mica
along of the hanging wall and footwall argillites of Koudiat Aicha. (b) Major oxides profiles
of white mica along drill hole KA25 which intersects massive sulphide lenses.

70
- 1 Footwall argillites
™ &0
< 5M
e rg Ni
L. i
@ 07 ' P
7 10Mo s
5 St -
L] v Ga YOt ! | =

¥ 4 i H

" ‘ vias P i
@ ¢ Zi/s i ; ! i
= - : !
E 1 i
[+ ' , i
W . d i i
: ‘Y P :
[ T i i !
= t en i ( P 0.1Ba |
< LICy" : 10K & 1045 P |

o fZFb_10P_l0ca " i10Na sr/4  Rb i

0 10 20 30 40 S0 60 70 80

Least-altered sample (Mo.450.25)

70
1108 Hanging wall argillites
60 o
: Ba/20 iinsbifz
S 50 o | . 10Bi | T
il : T
2 - €u/20 ,
= 40 4 | .
@ i 10K 10Mg Crf4
o i H Mi
E i G V] .
= 30 4 14
R =3
o ¢ Co : H
= 204 ! ¥ i
= i EFE . I Zr/8
i i, ph F
e 0oP
10 J «; i M0, |
SUMHE 10Ti i : i
e g L 10Ca0
?Ta + 10Na Sr/4
'D T T L T T T L T T T T 1T 1 T T L T T T T T T T L L T T T T
0 10 20 30 40 50 60 70

Least-altered sample (No.316)

Fig. 15. : Isocon mass-balance diagram (Grant, 1986), comparing the least-altered argillites to
altered equivalents within the footwall alteration zone.
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Table 5. Oxygen and hydrogen isotope compositions of bulk rock and mineral separate
samples along DDH KA22b.

Sample no. Description | Mineral | Rock | 6*®Ogsmow | Approx. %H,0 | 6Dsyow

KA22-5 Rhyodacite | wr 13.7 | 10.6 2.0 —40
qtz 146 | 125
qtz—plag  15.1 | 11.2

KA22-6 wr 14.3 |10.0 2.3 —40
qtz 149 112

qtz—plag  14.6 | 10.3

KA22b-48 Gabbro wr 12.7 1 9.6 24 =52
hb 14.7 8.5 22 =51
plag 13.7 1 10.2

KA22b-317.25 | Argillite HW | wr 14.0 9.7 6.0 —34
qtz—ser | 13.5 | 9.6 59 —36

KA22b-330.7 Wr 12.7 1 9.6 5.7 —36
qtz—ser | 14.2 9.2 5.6 -36

KA22b-345.0 wr 12.1 6.7 11.4 —44
qtz—hl | 12.8 6.2 11.9 —44

KA22b-350.3 wr 11.9 93 4.0 —47
qtz—chl | 11.6 | 9.6 4.4 =50

KA22b-362.0 | Gabbro HW | wr 13.0 8.1 33 =51
hb 133 83 3.1 =51
plag 13.8 | 10.2

Ore zone

KA22b-374.0 | Argillite FW | wr 13.7 | 8.1 7.5 -39



Sample no. Description | Mineral

qtz—chl

KA22b-408 Gabbro FW | wr
hb

plag

Note: wr = wall rock; hb = hornblende; qtz = quartz; plag = plagioclase; ser

Rock

14.1

13.3
13.2

14.4

0" Osmow

7.9

6.9
7.7
11.3

Approx. %0H,;0 ' dDsmow

8.4

2.9

3.1

= sericite.
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Fig. 17. : (a) Oxygen and hydrogen isotope signatures for Koudiat Aicha. (b) Schematic
projection of 0Dsmow versus 51805M0W. The meteoric line is after Epstein and Taylor (1970)
and the various types of crustal magmas are after Hedenquist and Lowenstern (1994).



