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Abstract
The Roc Blanc Pb-Zn-Ag ± Au vein system in the Variscan Central Jebilet massif, Morocco, is confined within the contact
metamorphic aureole of S- and I-type calc-alkaline granitic stocks (327 ± 4 to 295 ± 15 Ma) along the Marrakech Shear
Zone. Host rocks consist of a succession of greenschist- to amphibolite-facies metasedimentary and metavolcaniclastic
rocks of Carboniferous age. The ore mineralogy is predominantly base metal and Ag-bearing sulfides and sulfosalts,
intergrown with quartz and carbonates. Late-stage gold mineralization is commonly present as electrum in intimate
association with all major generations of sulfide and sulfosalt minerals. Ore-related hydrothermal alteration includes
silicification, sericitization, chloritization, and carbonatization. Chlorite and arsenopyrite geothermometry suggest mean
temperatures of 364 and 350 °C; respectively. Calculated δ18Ofluid values of 15 to 18‰ are consistent with metamorphic
fluid sources, by which the mineralizing fluids were produced during the emplacement of granitic intrusions and subse-
quent devolatilization of graphitic black shale and interlayered carbonate beds. Lead and strontium isotope data constrain
the source of the ore-forming components (i.e., metals and sulfur) to the enclosing host rocks. A decrease in temperature
during fluid ascent and subsequent alteration-associated fluid-rock interaction resulted in the deposition of the Pb-Zn-Ag ±
Au mineralization in a post-collisional extensional setting.

Keywords Variscan . Orogenic Pb-Zn-Ag-Au mineralization . REY geochemistry . Carbon, oxygen, strontium, lead isotope .

Gondwana, Laurussia

Editorial handling: P. Eilu

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00126-018-0818-0) contains supplementary
material, which is available to authorized users.

* Mohammed Bouabdellah
mbouabdellah2002@yahoo.fr

1 Department of Geology, Cadi Ayyad University, B.P. 2390,
40000 Marrakech, Morocco

2 Laboratoire des Gîtes Minéraux, Hydrogéologie & Environnement,
Faculté des Sciences, 60000 Oujda, Morocco

3 Fachbereich Geowissenschaften, Universität Bremen, Postfach 33 04
40, 28334 Bremen, Germany

4 Department of Earth and Atmospheric Sciences, UQAM, 201
President Kennedy Boulevard, CP 8888 Centre Ville,
Montreal, Québec H3C 3P8, Canada

Mineralium Deposita (2019) 54:437–458
https://doi.org/10.1007/s00126-018-0818-0

5 Dipartimento di Scienze della Terra, Università BLa Sapienza^, P.le
Aldo Moro, 00185 Rome, Italy

6 Instituto di Geologia Ambientale e Geoingegneria CNR, Sezione di
Roma BLa Sapienza^, 00185 Rome, Italy

7 Department of Earth Sciences, Royal Holloway University of
London, Egham, Surrey TW20 OEX, UK

8 Department of Earth and Atmospheric Sciences, University of
Alberta, Edmonton, AB T6G 2E3, Canada

9 Managem Group, Twin Center, Tour A, Angle Boulevards Zerktouni
et Al Massira Al Khadra, B.P. 5199, 20100 Casablanca, Morocco

http://crossmark.crossref.org/dialog/?doi=10.1007/s00126-018-0818-0&domain=pdf
https://doi.org/10.1007/s00126-018-0818-0
mailto:mbouabdellah2002@yahoo.fr


Introduction

Orogenic gold-silver ± base metal deposits typically occur
within crustal-scale shear zones, formed over a wide range
of geological settings and crustal depths and temperatures
ranging from granulite to sub-greenschist facies (Groves et
al. 1998; Goldfarb et al. 2005; Dubé and Gosselin 2007).
Despite their great economic importance and intensive
study, the genesis of this mineral deposit class remains
the subject of ongoing debate regarding the potential
sources of both fluids and metals. Current genetic models
invoke the involvement of either metamorphic (Groves and
Phillips 1987; Phillips et al. 1996), magmatic-hydrothermal
(Burrows et al. 1986), or meteoric (Hagemann et al. 1994;
Nesbitt and Muehlenbachs 1995) fluid sources; even mantle
sources have been proposed (Groves et al. 2003; Morelli et al.
2005).

In northern Africa, as well as central and western Europe,
Paleozoic inliers of the Variscan belt (Schulmann et al. 2008)
host numerous economic, polymetallic vein deposits includ-
ing those of Borogenic^ affiliation (Boiron et al. 1990, 2003;
Marignac and Cuney 1999; Bellot et al. 2003). Irrespective of
origin(s), all of these deposit types are hosted by metamor-
phosed greenschist- to amphibolite-facies marine carbonate
and clastic rocks, with the mineralized occurrences localized
within intrusions or distal from them in contact metamorphic
aureoles.

The Roc Blanc deposit is one of numerous Pb-Zn-Ag-
Au ± Cu ± F ± Ba vein deposits that are widely distri-
buted throughout the main Paleozoic inliers of Morocco
(Margoum et al. 2015; Bouabdellah and Slack 2016), with-
in the central part of the Jebilet orogen, ca. 20 km north-
west of Marrakech (Fig. 1).

Despite its economic significance, the origin of the Roc
Blanc base metal Ag-Au-rich mineralization remains contro-
versial with regard to the source of both fluids and metals
(e.g., Huvelin et al. 1978; Essarraj et al. 2017). The disagree-
ment stems from the absence of precise constraints on the
age of mineralization. Indeed, possible links between base
metal Ag-Au-rich mineralization, magmatism, metamor-
phism, and regional tectonics remain unresolved at the
district scale; importantly, the question of such genetic
relationships is fundamental to successful explorations
models. In this context, several conflicting hypotheses
have been proposed for the genesis of Roc Blanc mineral-
ization, with recent studies suggesting large-scale, hydro-
thermal circulation of basinal brines as the main ore-
forming process, with the fluid system being likely related
to Triassic opening of the Central Atlantic Ocean (Essarraj
et al. 2017). Conversely, Huvelin (1977) suggested a
Variscan age for the Roc Blanc mineralization, genetically
related to emplacement of Late Variscan granitoids. Such
contradictory interpretations are common for all of the

hydrothermal deposits scattered throughout the Variscan
belt (Marignac and Cuney 1999), and Roc Blanc appears,
therefore, to be a key example to use in order to decipher
this style of mineralization.

The present study is based both on field and petrographic
observations of selected drill cores recovered from 13 inclined
to vertical boreholes. We report here whole rock and mineral
chemistry including rare earth elements plus yttrium (REY),
together with C, O, Sr, and Pb isotope compositions of ore-
related hydrothermal carbonates and associated Ag- and Au-
bearing sulfides and sulfosalts. Gold mineralization, as yet
unmined at the Roc Blanc deposit, is described herein for
the first time.

In combination with observations and data reported by pre-
vious studies (Huvelin 1977; Chouhaïdi 1986; Essarraj et al.
2017), our new mineralogy, chemical, and isotopic data are
used to (1) characterize the Ag- and Au-bearing mineral
phases; (2) document the mineral and chemical evolution of
the mineralizing fluids; (3) provide an indication of fluid
source and constraints on fluid-rock interaction; and (4) eval-
uate the role of different fluids and ore depositional processes
that operated during mineralization in the central Jebilet
metallogenic province, as a framework for constructing a
new genetic model.

Mining and exploration history

The Roc Blanc deposit and nearby Ag ± Au-rich prospects
and showings comprise an area of about 12 × 12 km at the
approximate coordinates 08° 00′ 48″ W, 31° 47′ 45″ N
(Fig. 2). Early exploration in the Roc Blanc district goes back
to medieval times during which Roman and Portuguese
miners exploited near-surface Ag-rich oxide mineralization.
The deposit was re-assessed at the beginning of the twentieth
century during the French colonial period.

In 2006, Managem Group acquired the deposit and
launched additional drilling and multidisciplinary geological
mapping and ground-based geophysical and mineralogical
studies. The deposit is now at an advanced stage of explora-
tion. Thirteen vertical to inclined diamond drill holes covering
the deposit area were drilled at 20 to 50 m spacings. Together,
these investigations have delineated indicated resources esti-
mated at > 56,000 t at 234 g/t Ag, and 200,000 t of inferred
resource at 297 g/t Ag. The gold grade and resources are as yet
unknown.

Regional geological setting

The central Jebilet tectono-stratigraphic block of the western
Moroccan Meseta that hosts the Roc Blanc deposit (Fig. 1)
consists of a > 1000-m-thick, monotonous succession of late
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Visean (Asbian) to early Serpukhovian (ca. ~ 331 Ma; Late
Mississippian; Moreno et al. 2008), folded and metamor-
phosed sedimentary, volcaniclastic, and igneous rocks, both
intrusive and extrusive, all of which including the intrusives
are stratigraphically assigned to the Sarhlef Series (Huvelin
1977; Bordonaro 1983; Playford et al. 2008; Moreno et al.
2008). This crustal block is bordered to the west and the
east by two regional-scale, graphite-rich shear zones (Fig.
1) referred to, respectively, as the NNE-trending, dextral
thrust-wrench western Meseta Shear Zone (Piqué et al.
1990; Mayol and Muller 1985; Le Corre and Bouloton
1987) and the NNW–SSE sinistral wrench Marrakech
Shear Zone (Lagarde and Choukroune 1982; Essaifi et al.
2001). Overall, the exposed lithologies consist predomi-
nantly of schistose organic-rich black shale with total or-
ganic carbon content averaging 0.32 wt% (Moreno et al.
2008), siltstone and sandstone with carbonate inter-
beds, and pyroclastic and volcanic rocks (Huvelin 1977;
Bordonaro et al. 1979).

Igneous activity started at ca. 303 Ma (JICA 2003) with
the emplacement of an early bimodal mafic-ultramafic to
felsic suite that comprises olivine to quartz-bearing gabbro
and peridotite locally intruded by a ca. 279 ± 7 Ma gabbro
dike swarm. This rock package was intruded by three
generations of intrusions and dike swarms including the
Late Variscan granitoid stocks, and two distinct sets of
leucogranite and microdiorite dikes and sheets, respective-
ly (Figs. 2 and 3). The early intrusive rocks consist
of three syntectonic, I-type or mixed S- and I-type,
strongly peraluminous granitic intrusions referred to as
the Bamega-Tabouchennt (22 km2) and Bramram
(0.5 km2) stocks, and the Oulad Ouaslam (190 km2) lacco-
lith (Gasquet et al. 1996; Boummane and Olivier 2007;
Essaifi et al. 2014), all of which are transected by a series
of anastomosing, cm- to m-scale proto-mylonitic shear
zones (Fig. 3). Rb-Sr ages on granite whole rock and bio-
tite separates range from 327 ± 4 to 295 ± 15 Ma (Tisserant
1977; Mrini et al. 1992).
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Fig. 1 Regional geologic setting of Variscan Rehamna, Jebilet, and
Guemassa massifs of western Moroccan Meseta domain and locations
of mined volcanic-hosted massive sulfide (VHMS) deposits at Kettara,
Koudiat Aicha, Draa Sfar, and Hajar (modified from Huvelin 1977) and
of Roc Blanc Pb-Zn-Ag-Au deposit. The inset shows location of central

Jebilet-Guemassa VHMS province within framework of major tectono-
stratigraphic domains of northern Morocco (Piqué and Michard 1989).
Also shown are the Marrakech Shear Zone and Western Meseta Shear
Zone, both of which delimit the trapeze-shaped block of the central Jebilet
domain
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The second generation of intrusions comprises a set of
approximately 1-m-wide, NW-trending, sub-vertical sheet
dikes of highly differentiated two mica ± tourmaline-bearing
leucogranite (Fig. 3). Rb-Sr ages on whole rock average 296
± 12 Ma (Tisserant 1977; Mrini et al. 1992).

The youngest generation of intrusive rocks consists of a
swarm of up to 4-m-wide, N-S- to NE-SW-trending
unmineralized and unmetamorphosed microdiorite dikes dat-
ed at ca. 255–241 ± 5 Ma (K-Ar and 40K-40Ar on kaersutite;
Gasquet and Bouloton 1995; Youbi et al. 2001) to ca. 235 Ma
(SHRIMP U–Th–Pb on zircon; Dostal et al. 2005).

Country rocks in the district have undergone polycyclic
deformation and associated regional greenschist- to
amphibolite-facies metamorphism (Huvelin 1977). Based on
bedding-fabric-vein-fault relationships, three major deforma-
tional stages, referred to as D1, D2, and D3, have been recog-
nized (Huvelin 1977; Le Corre and Saquaque 1987; Lagarde et
al. 1990; Essaifi et al. 2001; Delchini et al. 2016). Early phases
of fold-and-thrust tectonics (D1, D2) led to the development of
a series of km-scale, anticlinal and synclinal structures with
sub-horizontal axes and a sub-vertical N-trending axial-
planar S1 cleavage related to D1, followed by mesoscopic N-
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Fig. 2 Regional geologic map of Roc Blanc area showing the distribution
of main lithologic units, late Variscan granitoid intrusions and associated
metamorphic aureoles, major fault zones, and post-Carboniferous

sedimentary rocks. Also indicated is location of principal historically
minedAg-rich deposits and prospects (modified after Huvelin et al. 1978)
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trending m- to hectometric-scale folds and associated sub-
vertical axial-planar foliation S2 related to D2, which has been
dated to the Westphalian-Stephanian (315 ± 5 to 295 ± 5 Ma;
Huvelin 1977; Huon et al. 1985; Michard et al. 2010).

D1 was accompanied by low-grade regional metamor-
phism (M1). D2 was coeval with regional metamorphism
(M2) mostly within the greenschist facies, locally grading into
amphibolite-facies conditions (Delchini et al. 2016). D2 was
either associated with, or followed by, emplacement of Late
Variscan, syn- to post-kinematic granodioritic intrusions (D3

event), which developed a mappable HT-LP metamorphic au-
reole (Huvelin 1977; Bordonaro 1983; El Hassani and
Zahraoui 1982; Essaifi et al. 2014; Delchini et al. 2016)

(Figs. 2 and 3). The resulting metamorphic mineral assem-
blages indicate peak thermal conditions ranging from 300 to
> 500 °C and pressures of 2 ± 0.2 kb, corresponding to intru-
sive emplacement depths of less than 8 km (Bouloton 1992;
Essaifi et al. 2001).

Overall, the ductile-brittle structures that developed during
the main Variscan shortening (D2) and associated regional
metamorphism (M2) are dominated by the first-order, sinistral
and transcurrent, N-S- to NNW-SSE-trending Marrakech
Shear Zone (Lagarde and Choukroune 1982). This major
shear zone is locally cut by brittle ENE-trending dextral
strike-slip faults (D3), of which the Sidi Makhlouf and Aït
Bella Ou Saïd faults are the most prominent (Fig. 3).
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Deposit geology

The Roc Blanc deposit is in the easternmost part of the Central
Jebilet within and adjacent to the N- to NNW-trending
Marrakech Shear Zone, at the boundary with the Eastern
Jebilet (Fig. 1). Dominant host rocks comprise a schistose
and greenschist- to amphibolite-facies metamorphosed suc-
cession of Upper Visean marine organic-rich black shale with
interbedded sandstone, quartzite, and carbonate.

The exploited vein system occurs within the contact aure-
ole of the Bamega-Tabouchent intrusion along the Marrakech
Shear Zone where hanging wall and footwall rocks are veined
and intensely chloritized and graphitized (Figs. 3 and 4). Pb-
Zn-Ag-Au mineralization consists of massive, open-
space fillings of a complex, anastomosing network of
transtensional, mostly NNW- to NNE-trending, sub-vertical
veins, veinlets, and en echelon tension gashes.

Seven principal, subparallel, and steeply dipping mineral-
ized veins, referred to as V1 through V7, were exploited
(Fig. 4). Individual veins consist of one or more discontinu-
ously mineralized shear segments. Geometric and chemical
characteristics of these veins are summarized in Table 1.
Among all veins that constitute the Roc Blanc deposit, V5 is
historically and economically the most significant, accounting
for nearly all of the extracted ore from the mine. The orebodies
contain 160 to 1500 g/t Ag (locally up to 2800 g/t), 1.2 to
2.8 wt% Pb, and 1.2 to 2.5 wt% Zn (up to 3.35 wt%).
Diamond drill holes implemented by Managem Group
intersected V5 at different levels (down to 800 m below sur-
face), where hydrothermally altered and veined, organic-rich
black shale host significant Ag grades (1533 g/t over 1.7 m;
Fig. 5a, b), adjacent to the Marrakech Shear Zone.

Overall, the mineralized veins extend laterally for as much
as ~ 2 km along strike, are spaced 50 to > 100 m apart, dip
between 35° and 65° to the east, vary in thickness from several
cm up to 2 m, display similar morphological and textural
features, and exhibit sharp margins with host rocks. Known
vertical extents of mineralization are greater than 800 m. The
veins pinch (Fig. 6a) and bifurcate into smaller veinlets and
undulate along strike and down dip. Most vein margins are
brecciated and cemented by hydrothermal Ca-Fe-Mg carbon-
ates and drusy or comb-textured quartz (Fig. 6b). A set of
post-mineralization faults truncates the veins with offsets of
several cm.

Laminated (Fig. 6c), cockade (Fig. 6d), comb, breccia, and
crack-and-seal textures suggest episodic mechanisms were
important for vein formation. Pervasive hydrothermal alter-
ation has affected, to varying degrees, all of the country rocks,
particularly those adjacent to the mineralized structures that
overprint the metamorphic assemblage. Alteration halos range
from cm-wide selvages to 3-m-wide zones that envelope the
veins. The alteration halos comprise variable proportions of
white sericite-muscovite (Fig. 6e), chlorite (Fig. 6e), quartz,

hydrothermal Ca-Fe-Mg carbonates (ferroan dolomite,
ankerite-siderite, calcite) (Fig. 6g), tourmaline (Fig. 6h), al-
bite, rutile, ilmenite, magnetite, and sulfide minerals.

Sampling and analytical methods

The samples used in this study are half-core specimens from
13 vertical drill holes (Fig. 4) that intersected the entire thick-
ness of the major veins, surface outcrops, and underground
exposures.

Silicate, carbonate, sulfosalt, and sulfide minerals were
characterized at the University of Cadi Ayyad of Marrakech
and REMINEX Research Center of Managem Group
(Morocco) using a Philips XL30 environmental scanning
electron microscope, coupled to an Oxford Instruments
energy-dispersive X-ray analysis system (SEM-EDS).

Major element (Ca, Mg, Fe, Mn) and trace element con-
tents of Fe-Mg-Ca carbonates were measured by laser-
ablation inductively coupled plasma-mass spectrometry (LA-
ICP-MS) at the Department of Geosciences, University of
Bremen (Germany). Ca was determined from the Ca, Mg,
Fe, and Mn analyses by normalizing (Ca, Mg, Fe, Mn)CO3

to 100 wt%. Details of the system design, laser characteristics,
and experimental conditions are described in Jochum et al.
(2012) and Margoum et al. (2015).

Chemical compositions of major sulfide and sulfosalt min-
erals were determined using a JEOL JXA-8200 electron probe
microanalyzer (EPMA) equipped with wavelength and
energy-dispersive spectrometers (WDS and EDS) at the
Department of Earth Sciences, University of Milan (Italy),
following the procedure of in Sessa et al. (2017).

Carbon and oxygen isotope analyses of carbonate separates
were carried out at Royal Holloway University of London
(UK) following the method described in Bouabdellah et al.
(2015). External precision (1σ) on multiple analyses of the
carbonate standards during the sample analysis period was
better than ± 0.05 ‰ for δ13C, and ± 0.1 ‰ for δ18O after
correction for scale compression. Isotopic data are reported
relative to Standard Mean Ocean Water (V-SMOW) for oxy-
gen and PeeDee Belemnite (V-PDB) for carbon.

Strontium isotope analyses were performed at the IGAG-
CNR, Dipartimento di Scienze della Terra, University of
Rome ‘La Sapienza’ using a FINNIGAN MAT 262RPQ
multicollector mass spectrometer with Re single filaments in
static mode. Repeated analyses of standards gave averages
and errors expressed as two-standard deviations (2σ), as

�Fig. 4 Property-scale geology map of Roc Blanc deposit showing the
distribution of surrounding host rock lithologies, seven veins that
contain Pb-Zn-Ag-Au resources and their relationship to the ca. 255–
235 Ma dioritic dike swarm, and the Marrakech Shear Zone and associ-
ated major fault structures
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follows: NBS 987, 87Sr/86Sr = 0.710231 ± 13 (n = 10),
86Sr/88Sr normalized to 0.1194. Total procedural blanks were
below 2 ng of Sr.

Lead isotopic compositions of galena separates were deter-
mined at the GEOTOP Radiogenic Isotope Laboratories at the
Université du Québec à Montréal (UQAM) following the
methods outlined by Conliffe et al. (2013). Data are reported
as 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb with an analyti-
cal uncertainty of 0.05% amu−1 at the 1 σ level (Moritz and
Malo 1996).

Vein mineralogy

All mineralized veins display similar mineral assemblages but
proportions of base metal sulfides relative to other minerals
vary among the veins. Antimony sulfosalts and Fe-Ti oxides
(magnetite and rutile) are also present. Alteration gangue min-
erals consist predominantly of quartz, hydrothermal Ca-Fe-Mg
carbonates, sericite, and chlorite. Sulfides generally constitute
less than 15 vol% of the veins, although higher concentrations
(up to ~ 30 vol%) are observed in high-grade ore.

Sulfide and antimony sulfosalt minerals

Sulfide minerals are, in decreasing order of abundance, pyrite,
sphalerite, and galena with minor chalcopyrite, arsenopyrite,
and pyrrhotite. Other sulfide and antimony sulfosalt minerals
include freibergite-argentotennantite, boulangerite, ullmannite,
and meneghinite.

Pyrite occurs as annealed aggregates up to several cm in
diameter that consist of pyritohedral crystals (< 200 μm), and
massive aggregates in thicker (> 5 cm) carbonate-rich veins.
Pyrite also forms disseminated euhedral to subhedral grains
(Fig. 7a) in altered wall rocks close to the mineralized veins.
Irrespective of morphology and paragenetic position, pyrite
shows little variation in chemistry and approaches the ideal

stoichiometric formula FeS2 (Electronic Supplementary
Materials (ESM) 1). Minor elements in pyrite include As,
Zn, and Cu in concentrations of 0.1 to 1.5, 0.01 to 0.26, and
0.01 to 0.08 wt%, respectively. Overall, these representative
compositions plot within the field of orogenic pyrite as de-
fined by Deditius et al. (2014) (Fig. 8).

Sphalerite occurs as disseminated dark brown to light
brown (Fig. 7a), medium to coarse grains (up to several cm)
or as massive crystalline aggregates that cement clasts in brec-
cias and fill open spaces within the veins. EPMA analyses
indicate Fe contents from 2.7 to 6.4 wt%. Abundances of trace
elements such as Cd, As, Hg, Ni, Co, Cu, Pb, Ag, and Au are
low, with most concentrations fringing detection limits
(ESM 1).

Morphology of galena range from disseminated, fine- to
coarse-grained crystals, to anhedral masses (Fig. 7b), to mas-
sive bands several cm thick, to elongate radiating crystals
filling veins. Irrespective of habit, galena crystals are compo-
sitionally homogeneous and lack enrichment in trace elements
(ESM 1). Although galena is paragenetically related to silver
minerals, most analyses of galena in this study reveal Ag
contents of < 0.5 wt% (ESM 1).

Chalcopyrite forms massive mono- or polymineral aggre-
gates commonly intergrown with pyrrhotite, galena, and iron-
rich sphalerite, or as anhedral masses filling microfractures
within pyrrhotite with little or no replacement. Chalcopyrite
may also occur as fine-grained inclusions (Bchalcopyrite
disease^; Barton Jr 1978; Barton Jr and Bethke 1987) within
iron-rich sphalerite (Fig. 7c). EPMA analyses indicate an ho-
mogenous composition close to the ideal formula CuFeS2
(ESM 1).

Arsenopyrite is rare and forms fine-grained (2–70 μm)
rhombic and subhedral inclusions (Fig. 7b) or intergrowths
with pyrite and iron-rich sphalerite. Locally, arsenopyrite is
fractured or brecciated, with the microfractures healed by
sphalerite, galena, and argentotennantite. EPMA analyses re-
veal an homogenous composition close to stoichiometric
FeAsS with As, Fe, and S contents of 42–43, 35–37, and
21–23 wt%, respectively (ESM 1). Using the fS2-buffered

Table 1 Summary of the geometrical characteristics and metal contents of major Ag-Pb-Zn veins in the Roc Blanc deposit

Vein no. Strike Dip Strike length (m) Width (m) Ag (ppm) Pb (wt%) Zn (wt%) Ore mineralogy

V1 10°~15° 45°~55° 170 0.2~0.5 Unknown Unknown Unknown Sp-Gn-Ag-Ttr-Po-Py-Asp

V2 10°~15° 45°~50° 170 0.3~0.6 260 1.52 1.2 Apy-Py-Gn-Ag-Ttr

V3 330°~335° 70°~75° 300 0.2~0.7 1500 1.68 2.52 Gn-Ag-Ttr-Sp-Py-Asp

V4 330°~335° 65°~70° 600 0.3~0.75 1500 2.82 1.54 Gn-Ag-Ttr-Sp-Py-Asp

V5 10°~15° 45°~55° 2.000 0.4~0.8 2800 (297)a 1.2 (1.65)a 3.35 (2.12)a Gn-Sp-Py-Apy-Ag-Ttr-Cpy-Po

V6 330°~335° 65°~90° 300 0.2~0.5 1450 Unknown Unknown Sp-Gn-Ag-Ttr-Po-Py-Cpy

V7 330°~340° 65°~80° 300 0.2~0.5 160 Unknown Unknown Sp-Py-Po-Gn-Ag-Ttr

Sp sphalerite, Gn galena, Py pyrite, Asp arsenopyrite, Po pyrrhotite, Cpy chalcopyrite, Ag-Ttr argentiferous tetrahedrite
a 2012 updated data from Managem Group Mining Company
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arsenopyrite-pyrite-pyrrhotite equilibrium (Barton Jr and
Skinner 1979; Pokrovski et al. 2002), this compositional range
suggests a mean crystallization temperature of 350 ± 20 °C.

Pyrrhotite occurs either as anhedral granular aggregates
(0.1–10 mm) or as inclusions in pyrite in association with
chalcopyrite. It also fills fractures in pyrite associated with
the second generation of hydrothermal Ca-Fe-Mg carbonates,
Fe-rich sphalerite, galena, and chalcopyrite, all of which are
embedded in a gangue quartz, chlorite, muscovite, and tour-
maline. EPMA analyses of the pyrrhotite show an homoge-
nous composition close to Fe1−x S (ESM 1).

Also present in the veins are rare occurrences of boulangerite
(Pb5Sb4S11), meneghinite (Pb13CuSb7S24), and ullmanite
(NiSbS) that commonly formmicroscopic, anhedral to euhedral
inclusions in pyrite, galena, chalcopyrite, argentotennantite, and
pyrargyrite.

Silver minerals

Silver minerals are abundant in all major veins and in-
clude freibergite-argentotennantite, owyheeite, diaphorite,
pyrargyrite, polybasite, stephanite, miargyrite, argentite,
argentopyrite, and native silver. Characteristic are massive ag-
gregates within sphalerite, galena, and chalcopyrite, interstitial
grains between sulfides and quartz and/or ore-related hydro-
thermal Ca-Fe-Mg carbonates, or irregular veinlets or
stringers in sphalerite, tetrahedrite, and chalcopyrite. EPMA
analyses and related calculated structural formulae of the ma-
jor Ag-bearing minerals are presented in ESM 1.

Argentiferous tetrahedrite of the freibergite-tennantite se-
ries is by far the most abundant silver mineral (Fig. 7a, b). It
commonly occurs as (1) replacements of galena; (2) 0.1- to
20-mm anhedral grains; (3) massive aggregates intergrown
with sphalerite, galena, chalcopyrite, pyrite, polybasite,
pyrargyrite, and boulangerite; and (4) infillings of fractures.
Argentiferous tetrahedrite crystals show a large range in Ag
(29.5–33.4 wt%), Sb (14.51–26.32 wt%), and As (0.07 to
3.15 wt%) contents (ESM 1), allowing their classification as
freibergite and argentotennantite. Minor components include
Zn, Fe, and As at 1.0 to 2.4, 3.7 to 5.5, and 0.1 to 3.2 wt%,
respectively.

Pyrargyrite forms interstitial stringers between pyrite, gale-
na, and polybasite, anhedral crystals (< 0, 1 mm) in
tetrahedrite intergrown with miargyrite and argentite, and
euhedral crystals lining vugs within quartz and ore-related
hydrothermal Ca-Fe-Mg carbonates. Pyrargyrite grains con-
tain 59 to 60 wt% Ag, 20 to 22 wt% Sb, and > 0.1 to 1.4 wt%
Cu (ESM 1).

Polybasite occurs as anhedral crystals of varying size
(< 0.01 mm) or inclusions in, or grains adjacent to, argen-
totennantite, pyrargyrite, and galena. Silver contents range
from 68.3 to 74.8 wt%; Cu and Sb are in the range of 1.8 to
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7.3 and 6.1 to 10.6 wt%, respectively. Abundances of As
are very low with most concentrations near detection limits
(ESM 1).

Owyheeite, a sulfo-antimonide (Pb10Ag3Sb11S28) mineral,
is widespread and abundant in the vein system. It forms
euhedral to sub-euhedral crystals with grain sizes up to several
mm and inclusions in, or borders on, boulangerite, sphalerite,
and argentotennantite. Locally, owyheeite is replaced by
andorite. Owyheeite contains 44 to 47 wt% Pb, 28.6 to
30.3 wt% Sb, and 5.9 to 7.0 wt% Ag (ESM 1). Minor com-
ponents include Cu and As at 0.2 to 0.5 and 0.1 to 0.3 wt%,
respectively.

Stephanite forms thin selvages or overgrowths coating na-
tive silver and in places as submicroscopic inclusions within
galena and argentiferous tetrahedrite (Fig. 7a, b). Silver con-
tents range from 61.2 to 63.8 wt% (ESM 1). Minor

components include Pb, Zn, and Cu at ~ 0.1 to 0.5, 0.2 to
0.3, and ~ 0.1 to 1.2 wt%, respectively.

Diaphorite (Ag3Pb2Sb3S8) occurs as polysynthetic,
twinned, euhedral to sub-euhedral crystals with grain
sizes up to 20 mm in contact with sphalerite (Fig. 7b),
miargyrite, and pyrargyrite. Diaphorite also is present as
drop-like inclusions in galena and freibergite. It contains
23.2 to 24.2 wt% Ag, 28.7 to 30.1 wt% Pb, and 26.6 to
28.8 wt% Sb (ESM 1).

Argentite forms rare submicroscopic isolated inclusions
within galena (Fig. 7d) and in argentotetrahedrite with silver
contents averaging 87 wt% (ESM 1).

Accessory Ag-bearing minerals include miargyrite
(AgSbS2; 37.1–39.3 wt% Ag), and argentopyrite (34.9–
35.2 wt% Ag), both of which occur as submicroscopic grains
within major sulfides and sulfosalts (Table 2).

Tur

a b

c d

e f

g h

Fig. 6 Representative
photographs of drill cores (a–d)
and transmitted-light
photomicrographs (e–h)
illustrating modes of occurrence,
textures, alteration, and gangue
mineral assemblages in Roc
Blanc Pb-Zn-Ag-Au deposit.
a Pinch-and-swell geometry of
quartz-chlorite vein. Coin
diameter = 2 cm. b Typical
example of quartz-carbonate-
cemented hydrothermal ore-
bearing breccia. c Typical banded
vein with parallel quartz and
siderite ribbons, and subsidiary
sulfides and siderite. d Cockade
texture developed in brecciated
quartz-carbonate-pyrite vein.
e Radiating muscovite and
chlorite crystals with ferroan
dolomite and pyrrhotite; crossed
polars. f Chlorite and pyrrhotite
from early sulfide stage in quartz
and ferroan dolomite vein;
crossed polars. g Pyrite,
arsenopyrite, and sphalerite
closely associated with
ore-related ferraon dolomite;
crossed polars. h Metamorphic-
hydrothermal tourmaline
aggregates closely associated
with quartz, crossed polars.
Abbreviation: Apy =
arsenopyrite, Chl = chlorite, Fe-
dol = ferroan dolomite, Qz =
quartz, Mp = metapelite, Ms =
muscovite, Po = pyrrhotite, Py =
pyrite, Sd = siderite, Sp =
sphalerite, Tur = tourmaline
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Native silver commonly is closely intergrown with galena
or argentite (Fig. 7d). It is also observed as Bwire^ grains
cutting or replacing galena, freibergite, and chalcopyrite, or
filling open spaces. SEM-EDS spot analyses reveal up to
10 wt% Au.

Textural relationships indicate a paragenetic sequence
for the silver minerals, from early to late, consisting of
argentotennantite-freibergite series (29.5–31.8 wt% Ag) →
miargyrite (37.1–39.3 wt% Ag) → pyrargyrite (59–60 wt%
Ag) → stephanite (61.2–63.8 wt% Ag) → polybasite (68.3–
74.8 wt% Ag) → argentite (86–87 wt% Ag) → native silver
(> 90 wt% Ag). This succession indicates that a correlation
exists between the paragenetic position of a given sulfide-
sulfosalt mineral. Importantly, there is a trend of increasing
Ag content from early to late Ag-rich minerals.

Gold minerals

Gold, commonly forming electrum, occurs in intimate associ-
ation with all major generations of sulfide and sulfosalt min-
erals related to the main vein filling. Nearly all of the gold
(> 95%) forms subhedral to anhedral inclusions and blebs
(Fig. 7e), typically along grain boundaries (Fig. 7f), and fill-
ings of deformation cracks, veinlets, and microfractures
(Fig. 7g). The remaining gold (< 5%) occurs in quartz-
ferroan dolomite-ankerite veins (Fig. 7h). Grain sizes are typ-
ically 5 to 30 μm and may reach 110 μm. SEM-EDS analyses
indicate that the gold contain 53–88 wt% Au and 12–47 wt%
Ag, together with trace amounts of Sb (up to 1 wt%). Textural
relationships suggest that gold mineralization took place dur-
ing at least two distinct events, during and after deposition of

Fig. 7 Representative reflected
and plane-polarized light
photomicrographs (a–d) and
back-scattered electron images
(e–h) showing mineral
assemblages and ore textures of
base metal and Ag- and Au-
bearing sulfides and sulfosalts
from Roc Blanc Pb-Zn-Ag-Au
deposit. aGalena (Gn) intergrown
with argentotennantite (Ag-Tnt),
sphalerite (Sp), and diaphorite
(Dia) overprinted by stephanite
(Ste) in quartz vein.
b Argentotennantite (Ag-Tnt)
associated with sphalerite (Sp),
pyrite (Py), and freibergite (Fb).
c Anhedral sphalerite (Sp) with
chalcopyrite (Ccp) and
argentotennantite (Ag-Tnt)
exsolution in carbonate-sulfide
vein with void space filled by
pyrite (Py). d Inclusions of
argentite (Agt) and native silver
(Ag) within galena crystal.
e Inclusion of electrum (El) in
galena (Gn). f Intergrowths of
arsenopyrite (Apy), freibergite
(Fb), and quartz (Qz) with
electrum (El) filling remaining
space. g Native gold healing
microcracks within pyrite.
h Electrum (El) filling void within
quartz (Qz)
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the sulfides and sulfosalts. The early gold (Au-1) forms round-
ed inclusions within sulfide-sulfosalt crystals, whereas the
second phase of gold (Au-2) forms along fractures and at grain
boundaries (Fig. 7f, g) where the sulfide and sulfosalt hosts
were brecciated, suggesting that Au-2 at least locally postdates
deposition of the host minerals.

Gangue minerals

Quartz is by far the predominant vein filling constituent (> 80
vol%) and at least four distinct generations of translucent to
milkywhite quartz are recognized. Early quartz veins are rarely
recognized by cross-cutting relationships but more commonly
as quartz-rich lenses and porphyroblasts dispersed within
graphite-rich schistose black shale. The second generation oc-
curs in the outer part of the veins and is intergrown with mus-
covite and, to a lesser extent, chlorite but is typically replaced
by pyrrhotite, iron-rich sphalerite, and chalcopyrite. The third
generation of quartz consists predominantly of milky, white,
coarse-grained, euhedral to subhedral, interlocking, sutured,
polygonized or strained quartz grains intergrown with siderite,
ferroan dolomite-ankerite, and calcite, coexisting with galena,
sphalerite, pyrite, arsenopyrite, and silver-bearing minerals.
The late quartz generation forms drusy or comb-textured grains
without associated sulfide, sulfosalt, or precious-metal min-
erals and is termed post-ore barren quartz.

Hydrothermal Ca-Fe-Mg carbonates occur widely and
occupy an average volume in the veins of 5% reaching locally
up to 25 vol%. The carbonates dominantly form (1) white to
yellowish, euhedral to anhedral, medium to coarse grains; (2)
massive aggregates mostly intergrown with galena, sphalerite,

chalcopyrite, and quartz; and (3) filling microfractures. SEM-
EDS, EPMA, and LA-ICP-MS analyses (ESM 2) indicate that
the analyzed carbonates fall into three main compositional
groups: calcite, Mg-rich siderite (sideroplesite to pistomesite,
hereafter referred to as siderite), and ferroan dolomite to ankerite
(Fig. 9).

Based on composition and paragenetic position, three gen-
erations of hydrothermal Ca-Fe-Mg carbonates are observed.
The early variety carbonate-1 forms euhedral crystals up to
1 cm in size, forming ribbons at selvages of the veins. The
second ore-stage hydrothermal carbonate-2 makes up the larg-
est volume (up to 50%) of carbonate cements and apparently
is contemporaneous with the main ore stage of vein filling
(Fig. 10). It occurs as patches and curved Bsaddle^ crystals
surrounding the veins and filling secondary porosity within
the veins, in fractures, and to a lesser extent solution breccias;
it also replaces the surrounding matrix. Carbonate-2 is associ-
ated with sphalerite, galena, and chalcopyrite, and locally with
pyrrhotite, pyrite, or Ag-Au-bearing minerals. Late post-ore
carbonate-3 postdates ore-stage sulfides and sulfosalts, com-
monly occurring in the center of veins only as open-space
fillings.

Chlorite displays a wide spectrum of textures and mineral
associations, particularly as a green groundmass, fibrous radi-
al aggregates aligned parallel to foliation planes, or structural-
ly controlled fracture fillings in association with pyrite, quartz,
and Ca-Fe-Mg carbonates surrounding individual veins.
EPMA analyses (ESM 3) show homogenous ripidolitic com-
positions (MgO = 4–10 wt%; Fe/[Fe + Mg] = 0.63–0.84;
AlIV = 2.68–2.86 atoms per formula unit) according to Hey
(1954) (ESM 4A). Chlorite geothermometry, using the ap-
proach of Cathelineau and Nieva (1985) and Kranidiotis and
MaClean (1987), indicates formation temperatures between
352 and 382 °C and averaging 364 °C (ESM 4B), which are
consistently higher than the temperatures inferred from fluid
inclusion data (Essarraj et al. 2017).

Vein paragenetic sequence

An idealized sequence of mineral deposition, drawn from
cross-cutting relationship of veins, alteration, and ore-
mineral assemblages, together with textural observations,
shows the existence of three successive and overlapping
stages of mineralization (Fig. 10). Each of these stages is
separated by episodes of intense shearing and brecciation
and may be correlated at the scale of the vein field.

The early, uneconomic stage I, which predatedmajor shear-
ing (D2), consists of fault-controlled, pyrite-arsenopyrite-
pyrrhotite-quartz veins and is characterized by the deposition
of carbonate-1 (mainly siderite) along vein selvages.

Later main vein filling stage II formed predominantly dur-
ing D2–D3 shearing and fracturing events, and accounts for all
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Fig. 8 Ternary discrimination plot showing compositional variations of
pyrite from Roc Blanc deposit in term of (Ni + Co)-Cu-As end-member
components with orogenic pyrite field of Deditius et al. (2014)
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of the exploited ores in the Roc Blanc deposit. It consists of
sequentially deposited sphalerite, galena, chalcopyrite, and
Ag- and Au-bearing sulfide and sulfosalt minerals, together
with ore-stage hydrothermal Ca-Fe-Mg carbonate-2. Minerals
of this paragenesis are spatially associated with distinctive and
strongly silicic, sericitic, carbonatitic, and locally chloritic al-
teration zones. Native gold occurs within late structures.
Based on the amounts of base metal sulfides relative to Ag-
and Au-bearing sulfide-sulfosalt-antimony mineral assem-
blages, three sub-stages of alteration and mineralization are
distinguished within stage II. These are referred to as base
metal-rich, Ag-rich, and Au-rich sub-stages (Fig. 10).

The latest stage, termed post-ore barren stage III, occurs in
calcite or quartz veins, or as late fillings within the oldest
stages as linings of the remaining open spaces.

Supergene effects are minimal. The main oxides include
goethite, hematite, and manganese oxides, mainly as fracture
coatings. There is no obvious supergene enrichment of hypo-
gene grades.

Analytical results

Trace element and REY compositions of ore-related
Ca-Fe-Mg carbonates

Similar to major element compositions, trace element abun-
dances of the different types of ore-related hydrothermal Ca-
Fe-Mg carbonates are highly variable (ESM 2). With respect
to REY, ankerite and ferroan dolomite separates show, on

Table 2 Carbon, oxygen, and strontium isotope compositions of ore-related hydrothermal Ca-Fe-Mg carbonates from major veins of Roc Blanc Pb-
Zn-Ag-Au deposit compared to those of potential metal source rocks (i.e., organic-rich black shale, rhyodacite, late Variscan granite)

Sample No. Mineral/Rock δ18OV-SMOW (‰) δ13CV-PDB (‰ ) Rb (ppm) Sr (ppm) 87Sr/86Sr ± 2s

Carbonate separate

RB 1 Ferroan dolomite 23.3 -6.8 60 0.714535 ± 10

RB 2 Ferroan dolomite 22.1 -7.0

RB 6 Ferroan dolomite 22.9 -7.8 138 0.710157± 22

RB 9 Ferroan dolomite 22.6 -7.5 149 0.708043± 11

RB 17 Ferroan dolomite 22.4 -6.8 67 0.713051 ± 19

RB 18 Ferroan dolomite 22.8 -6.9 133 0.709368 ± 14

RB 19 Ferroan dolomite 22.7 -6.8

RB 23 Ferroan dolomite 22.6 -7.2 133 0.709612 ± 12

RB 28 Ferroan dolomite 22.3 -7.5

RB 16 Ferroan dolomite 132 0.712714 ± 11

RB 29 Ferroan dolomite 39 0.710435 ± 12

RB 3 Siderite 21.7 -6.1 120 0.714421 ± 12

RB 5 Siderite 22.2 -7.0

RB 11 Siderite 17.2 -10.6

RB 14 Siderite 15.8 -9.1 139 0.715961 ± 20

RB 15 Siderite 23.0 -6.6 124 0.714474 ± 17

RB 21 Siderite 22.0 -5.0 144 0.715088 ± 12

RB 24 Siderite 21.3 -7.4 125 0.714052 ±21

RB 25 Siderite 23.2 -7.6 105 0.714388 ±10

RB 4 Calcite 19.5 -7.9 427 0.714837 ± 20

RB 7 Calcite 19.3 -8.3 401 0.714987 ± 11

RB 8 Calcite 21.5 -6.9 148 0.715230 ± 9

RB 10 Calcite 19.4 -7.9

RB 13 Calcite 24.4 -6.1 392 0.716049 ± 9

RB 26 Calcite 20.3 -8.9 124 0.713888 ± 10

Whole-rock

JC 1 Visean Organic-rich black shale 138 216 0.737615 ± 9

JC 2 Visean silty limestone 108 65 0.711681 ± 8

JC 3 Visean silty limestone 132 80 0.710535 ± 9

JC 7 Visean porpyritic rhyodacite 23 300 0.717088 ± 7
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average, the highest concentrations, with total REY contents
(ΣREY) ranging from 142 to 464 ppm (avg = 255 ppm); cal-
cite separates have the lowest ΣREY contents (12–19 ppm;
avg = 15 ppm). Similar to results for REY, Sr contents vary
over a wide range from 19 to 644 ppm, with calcite separates
having on average the highest concentrations (270–630 ppm).
Contents of U, Th, and Ba, in contrast, are very low, common-
ly close to detection limits.

PAAS-normalized REY data display broadly convex-
upward patterns that are depleted in light rare earth elements
(LREE) and heavy rare earth elements (HREE) relative to
middle rare earth elements (MREE) and Y (Fig. 11). These
patterns are similar to those of metamorphic carbonates (Bau
and Möller 1992; Hein 1993). An exception is sample RB9–19

(ESM 2) that shows an increase in abundances from La to Y
and little change from Y to Lu (La/Yb)PAAS = 0.1). Overall,
the patterns show variable negative to large positive Eu anom-
alies (Eu/Eu* 0.74–6.5), no to little Y anomalies, and no Ce
anomalies.

The PAAS-normalized patterns and ΣREY contents are
clearly linked to the carbonate compositions, with ΣREY in-
creasing, and (Sm/Yb)PAAS decreasing, from calcite to ferroan
dolomite to ankerite. Positive Eu anomalies are shown by
ankerite separates only, whereby Eu*/Eu increases with in-
creasing Fe content. Nevertheless, broad similarity among
the REY patterns of the Roc Blanc ore-related Ca-Fe-Mg

carbonates suggests that the parental fluids had broadly simi-
lar compositions.

LA-ICP-MS data indicate a correlation between the Eu
anomaly, depth (800 m down dip of the veins), and position
of the analyzed carbonate within the paragenetic sequence.
Positive Eu anomalies are recorded in paragenetically early
carbonate samples collected from the deepest parts of the drill
holes, whereas negative Eu anomalies are restricted to shallow
samples containing post-ore carbonate-3.

Carbon and oxygen isotopes

Carbon and oxygen isotope compositions for ore-related hy-
drothermal Ca-Fe-Mg carbonates are given in Table 2 and
shown in Fig. 12. The isotopic compositions of ferroan dolo-
mite (n = 9) and calcite (n = 6) are tightly clustered and over-
lap, with δ18OV-SMOW and δ13CV-PDB values of 22.6 ± 0.4‰
(1σ) and − 7.2 ± 0.4‰, respectively, for ferroan dolomite, and
20.7 ± 2.0‰ and − 7.6 ± 1.0‰ for calcite. Siderite-ankerite
δ18O and δ13C values overlap those of ferroan dolomite and
calcite, but show wider ranges with δ18O and δ13C values
ranging from 15.7 to 23.2‰ (avg = 20.8 ± 2.8‰, n = 8) and
− 6.1 to − 10.6‰ (avg = − 7.4 ± 1.8‰, n = 8), respectively.

Compared to typical marine carbonates of Carboniferous
age (Veizer et al. 1999; Jenkyns et al. 2002), ore-related hy-
drothermal Ca-Fe-Mg carbonates of the Roc Blanc are deplet-
ed in both δ18O and δ13C (Fig. 12). It is noteworthy that all of
the recorded δ13CV-PDB values for the different generations of
these carbonates are negative, ranging from − 10.6 to − 5.0‰.

Strontium isotopes

Strontium isotope compositions were determined for four
whole-rock samples of dominant country rocks, 1 graphite-
rich black shale, 2 silty limestones and 1 rhyodacite, and for
19 ore-related hydrothermal Ca-Fe-Mg carbonate separates
including 8 ferroan dolomite, 6 siderite-ankerite, and 5 calcite
that span the sequence of mineral deposition (Fig. 10). The
results are summarized in Table 2 and shown in Fig. 13.

The 87Sr/86Sr ratios of the ore-related siderite-ankerite sepa-
rates vary from 0.714052 to 0.715961 (avg 0.714731, n = 6),
whereas those of the ferroan dolomite vary over a wider range
from 0.708043 to 0.714535 (avg 0.710989, n = 8). Conversely,
87Sr/86Sr ratios of the calcite separates are more homogenous,
from 0.713888 to 0.716049 (avg 0.714982, n = 5).

All of the measured 87Sr/86Sr ratios are more radiogenic
than Carboniferous and Triassic seawater values of 0.7075
to 0.7085 (Burke et al. 1982; McArthur et al. 2001)
(Fig. 13). Nevertheless, the 87Sr/86Sr ratios of silty limestone
(0.711108 ± 9, n = 2) are lower than those reported for Visean
rhyodacite (0.717088 ± 7); the graphite-rich schistose black
shale displays the highest 87Sr/86Sr ratios of 0.737615 ± 9.
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Fig. 9 Ternary plot showing compositional ranges of ore-related
hydrothermal Ca-Fe-Mg carbonates from Roc Blanc Pb-Zn-Ag-Au
deposit in terms of CaCO3-FeCO3-MgCO3 components. Data from LA-
ICP-MS, ICP-OES, and SEM-EDS analyses (see the text for the
explanation). Classification of siderite-magnesite mineral species from
Deer et al. (1962)
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Lead isotopes

In order to complement the Pb isotope database of Chouhaïdi
(1986), 6 galena separates were analyzed for Pb isotope com-
positions from different mineralized veins of the Roc Blanc
deposit. The existing Pb isotope data for the host rocks, main-
ly granite (Mrini et al. 1992) are compared with those for the
Pb-rich ores, in order to (1) constrain possible source(s) of the
Pb and, by inference, other accompanying metals (Zn ± Ag ±
Au); (2) delineate hydrothermal fluid flow pathways; and (3)
evaluate fluid-rock interactions that resulted from passage of
the hydrothermal fluid.

The galena Pb isotope compositions plot in a tight linear
cluster on or slightly above the Orogen Curve of Zartman and
Doe (1981), showing fairly uniform 206Pb/204Pb (17.13–
18.28), 207Pb/204Pb (15.87–15.63), and 208Pb/204Pb (38.20–

38.31) ratios. These ratios are broadly consistent with the pre-
viously published isotope data of Chouhaïdi (1986) (Table 3;
Fig. 14).

Discussion

Timing of vein emplacement

Owing to the absence of precise geochronological data for the
Roc Blanc mineralization, the timing of base metals, silver,
and gold relative to the succession of thermal events remains
controversial (Huvelin 1977; Essarraj et al. 2017).

The maximum age for emplacement of the Pb-Zn-Ag-Au-
bearing veins is constrained by cross-cutting relationships that
indicate the sheared and proto-mylonitic zones and associated
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vein system truncate both the regional foliation (S1–S2) and the
Bamega-Tabouchennt-Bramram, and Oulad Ouaslam granitic
intrusions (Fig. 3). As result of these geologic constraints, the
mineralization must be younger than the ca. 327 ± 4 to 295 ±
15 Ma emplacement age of the intrusions. Metamorphic-
deformation relationships indicate that the bulk of the Roc
Blanc mineralization occurred during the latest stage of the
ductile-brittle D2–D3 deformation, between the early syn-D2

transpression that outlasted emplacement of the late Variscan
granitic intrusions, and the late D3 transtension that took place
during or after the peak of M2 metamorphism dated at 315 ± 5
to 295 ± 5 Ma (Huvelin 1977; Huon et al. 1985; Michard et al.
2010). Conversely, the minimum age for the mineralization is
based on the ca. 255 to 235 Ma age of microdiorite dikes
(Youbi et al. 2001; Dostal et al. 2005) that cut the vein system
(Fig. 4). Collectively, these relationships indicate that the Roc

Blanc mineralization is bracketed between 295 and 235 Ma,
coincident with the end of the latest phase of ductile-brittle
deformation, during Variscan orogenic collapse.

Physico-chemical conditions and source(s) of ore
fluids

Insights into probable source(s) of the mineralizing fluids that
formed the Roc Blanc deposit are provided by trace element
geochemistry including REYs, fluid inclusion data (Essarraj et
al. 2017), and stable (C, O, H) isotopes of ore-related hydro-
thermal Ca-Fe-Mg carbonates. Together, the data suggest that
diverse fluids were involved in the genesis and evolution of
the mineralizing system.

Assuming a minimum formational temperature of 350 °C
as inferred from mineral geothermometry of arsenopyrite and
alteration chlorite, calculated oxygen isotope compositions of
the ore-forming fluid using the dolomite-H2O, siderite-H2O,
and calcite-H2O fractionations of Zheng (1993, 1999), are
18.0 ± 0.4, 15.5 ± 2.8, and 16.1 ± 2.0‰, respectively (Table 2).
These values are similar to those reported for fluids related to
the majority of orogenic gold deposits worldwide (McCuaig
and Kerrich 1998; Groves et al. 2003; Goldfarb and Groves
2015) and suggest that the ore-related hydrothermal Ca-Fe-
Mg carbonates of the Roc Blanc deposit precipitated from a
homogenous fluid under near-isothermal conditions. The cal-
culated δ18Ofluid ranges, coupled with the δD values of − 60 to
− 37‰ (Essarraj et al. 2017), indicate that the mineralizing
fluid originated from a metamorphic source. The low δ13C
values averaging − 7.1 ± 1.2‰ (Table 2) suggest an organic
origin for the carbon.

CalculatedY/Ho ratios that are lower than 40 (18–38; ESM2)
are consistent with chondritic values (Y/Ho = 24–34; Bau
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1991) but are incompatible with entrainment of seawater into
the hydrothermal system as proposed by Essarraj (2017). A
marine sedimentary origin for the carbon is ruled out, because
in this model the resulting δ13C value would be close to 0‰
(Deines 2002). Influx of surface-derived meteoric water dur-
ing regional uplift also seems unlikely because a concomitant
lowering of the δ18O values is expected in this case.

Collectively, the stable isotope data indicate that the compo-
sition of the mineralizing fluid is restricted to metamorphic
sources. These fluids may have been produced during emplace-
ment of late Variscan granitic intrusions and devolatilization of
associated graphite-rich black shales.

Controls on fluid flow, fluid-rock interaction,
and metal sources

Elevated REY contents of ore-related hydrothermal Ca-Fe-
Mg carbonates, particularly siderite-ankerite and ferroan do-
lomite from the main vein filling stage II, suggest that the
hydrothermal fluids interacted with graphite-rich black

shale in the crust or with spatially associated Late Variscan
granitoids.

The depletion in LREE relative to HREE of the hydrother-
mal Ca-Fe-Mg carbonates (Fig. 11) provides further evidence
for intensive fluid-rock interaction owing to enhanced solubil-
ity of LREE over HREE complexes (Wood 1990; Bau and
Möller 1992). Notably, the positive EuPAAS anomaly shown
by ankerite (Fig. 11) is consistent with Eu2+ being derived
from the breakdown of feldspar in the spatially associated
Late Variscan granitoids, followed by precipitation from re-
duced high-temperature (> 250 °C) hydrothermal fluids (Bau
and Möller 1992).

Close similarity of the Sr isotopic compositions of ore-
related siderite-ankerite and calcite, and partial overlap be-
tween the compositions of ferroan dolomite and siderite-
ankerite and calcite, suggests that the mineralizing fluids had
a common source of Sr. Visean silty limestones are excluded
as a potential source because of their lower Sr isotopic ratios
(0.710535–0.711681) at the time of deposition compared to
the ore-related Ca-Fe-Mg carbonates (0.708043–0.716049).
The overall tendency for the Sr isotope compositions to define
a linear array, for which end-members are broadly defined by
the radiogenic graphitic black shale and the late Variscan gra-
nitic intrusions, implies a mixed source for the Sr and, by
inference, for water-rock exchange. Assuming the above-
mentioned lithotypes as end-members (graphitic black shale,
Sr = 150 ppm and 87Sr/86Sr = 0.718; granitoids, Sr = 350 ppm,
and 87Sr/86Sr = 0.707), mass-balance calculations using the
equation of Castorina and Masi (2000) suggest a contribution
of about 20–25% of Sr from the late Variscan granitic rocks,
consistent with the Pb isotope data (Fig. 14). The overlap
between Pb isotope compositions of the K-feldspar from the
Tabouchennt-Bramram granodiorite and those of galena
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Table 3 Lead isotope compositions of galena from Roc Blanc Pb-Zn-
Ag-Au deposit

Sample no. 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb

RB 22 18.2515 15.5958 38.2024

RB 23 18.2743 15.6221 38.2479

RB 25 18.2718 15.6253 38.2637

RB 27 18.2832 15.6351 38.2956

RB 31 18.2872 15.6336 38.3147

RB 32 17.1340 14.87089 36.3013
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implies that the late Variscan granitic intrusions were the main
Pb source in the Roc Blanc deposit.

Taking into consideration all of these constraints, we sug-
gest that the graphitic black shale and Late Variscan intrusions
were the major source-rock reservoirs for metals to the Roc
Blanc ore fluids, in which all contributed metals were leached
by metamorphic fluids, as discussed above.

Fluid immiscibility vs fluid mixing

Variations in the hydrogen isotope composition in excess of
25‰, as shown by the range of δD values between − 60 and
− 37‰ (Essarraj et al. 2017), could be produced by fluid im-
miscibility (Kerrich 1987; Taylor 1997), and by changes in the
oxygen fugacity of the fluid at the depositional sites due to
hydrogen isotope fractionation between water and reduced
species such as CH4 and/or H2 (Colvine et al. 1988; Klein et
al. 2006). Fluid unmixing could occur during pressure-driven
migration of the hydrothermal fluid in the transition from duc-
tile to brittle regime as suggested by structural constraints. In
this regard, it is well established that fluids having significant
fractions of both water and nonpolar species (CO2, CH4, or
N2) may display fluid immiscibility under metamorphic con-
ditions (Yardley and Bottrell 1988).

The uniformity in δ13C values together with calculated
δ18Ofluid values of the ore-related hydrothermal Ca-Fe-Mg
carbonates (Table 3), plus the lack of correlation between final
homogenization temperatures and salinity (Essarraj et al.
2017), preclude fluid mixing as a major depositional process.

Fluid cooling vs fluid-rock interaction

Although the Roc Blanc ore-related hydrothermal Ca-Fe-Mg
carbonates show variable degrees of REYenrichment, shapes
of the PAAS-normalized patterns are broadly similar (Fig. 11)
suggesting a common fluid source. A noteworthy feature of
these patterns is a change from positive to negative Eu anom-
alies towards the surface and younger carbonate generations.

Positive Eu anomalies are thought to develop mainly in
reduced, high-temperature (> 250 °C) hydrothermal systems,
whereas negative Eu anomalies occur in lower temperature
(< 200 °C) systems (Bau and Möller 1992; Sverjensky
1984). The switch from positive to negative Eu anomalies is
consistent with either a temperature decrease or a change in Eh
from reducing to oxidizing conditions. A temperature de-
crease is unlikely considering the constant δ18Ofluid values.
Alternatively, the well-developed hydrothermal alteration
zones present on both sides of the Pb-Zn-Ag-Au veins,
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together with REY and isotopic constraints discussed above,
provide key evidence that fluid-rock interaction along the flu-
id pathway played a crucial role in the evolution of the hydro-
thermal fluid.

The isotopic trend of δ13C-δ18O values shown in Fig. 12
suggests that metamorphic fluids interacted with the graphitic
black shale host rock and Late Variscan intrusions during fluid
migration. Further support for this fluid-rock mechanism is
provided by (1) depletion of ore-related hydrothermal carbon-
ates in LREE relative to HREE (Fig. 11), because LREE are
generally more mobile than HREE; (2) the presence of large
amounts of nonpolar species such as CO2, CH4 and N2 in the
mineralizing fluid (Bastoul 1992); and (3) involvement of the
country rocks as metal sources. Collectively, the above evi-
dence supports the fluid flow model involving deep circula-
tion of metamorphic fluids that interacted extensively with
enclosing host rocks along the Marrakech Shear Zone and
associated subsidiary strike-slip faults. Although water/rock
ratios cannot be quantified, the reactions occurred in a fluid-
dominated system under nearly isothermal conditions as sug-
gested by the low variance in fluid isotope compositions of
ore-related hydrothermal Ca-Fe-Mg carbonates.

Classification of the Roc Blanc deposit

By combining field observations with mineral chemistry and
isotope geochemistry, it is apparent that the Roc Blanc deposit
shares characteristics that are analogous to those of orogenic
gold deposits hosted in metamorphic terranes (Groves et al.
2000; Goldfarb et al. 2001; Goldfarb and Groves 2015). These
characteristics include (1) polyphase deformed and low- to
medium-grade metamorphosed host rocks; (2) wall-rock alter-
ation and mineral assemblages dominated by sulfides and
sulfosalts in a gangue of quartz, carbonates, sericite-
muscovite, chlorite, and tourmaline; (3) strong structural con-
trol on lead-zinc-silver-gold mineralization with the resulting
orebodies being hosted by the brittle-ductile mylonitic
Marrakech Shear Zone and related subsidiary brittle struc-
tures; (4) late orogenic timing with Ag-Au-bearing minerali-
zation having formed during or shortly after regional peak
deformation and associated greenschist- to amphibolite-
facies metamorphism, during a time period characterized by
a switch from a transpressional to transtensional deformation
regime; and (5) an Au-Ag-As-Sb metal enrichment.
Permissive features include the Borogenic^ trace element sig-
nature of ore-related pyrite (Fig. 8) and the widespread devel-
opment of graphite along the shear structures. The unusual
base metal sulfide-rich nature of the Roc Blanc ores may re-
flect different physico-chemical conditions (fugacities of ox-
ygen and sulfur) during mineralization.

In summary, we propose that the Roc Blanc Pb-Zn-Ag-Au
mineralization belongs to the class of orogenic mineral de-
posits. As such, this is the first polymetallic deposit of

orogenic affiliation defined in the North African Variscides.
A comparison of the Roc Blanc deposit with equivalent late
Variscan gold-bearing deposits of Western Europe (Bellot et
al. 2003 and references herein) reveals a number of similari-
ties, which can be attributed to regional-scale, rather than lo-
cal, processes related to plate-tectonic reorganization of the
stress field at ca. 300 Ma, as a result of convergence of the
Gondwanan and Laurussian supercontinents.

Concluding remarks: a fluid-structural genetic
model

Our study documents the occurrence of late-stage gold miner-
alization that underpins a new genetic model for the Roc
Blanc Pb-Zn-Ag-Au deposit. The new model, centered on
structural control by the ductile-brittle Marrakech Shear
Zone, involves a transtensional, syn- to late orogenic (D2–D3

to late D3) mineralizing event associated with pervasive alter-
ation (quartz, muscovite, chlorite, carbonate, and sulfide),
veining and fracturing, and upward flow of deeply sourced
metamorphic fluids along this shear zone.

Relative timing constrains emplacement of the Roc Blanc
mineralization between 295 and 235Ma following the peak of
greenschist- to amphibolite-facies metamorphism at 290 ±
4 Ma (Huon 1985; Huon et al. 1988). From a geodynamic
point of view, this time interval coincides with waning stages
of the Variscan orogeny characterized by prolonged plate con-
vergence between Gondawana and Laurussia and concomi-
tant plate-tectonic reorganization of the stress field at ca.
300 Ma.

Integrated structural, mineralogical, fluid inclusion, and
stable and radiogenic isotope data suggest that deposition of
the Roc Blanc polymetallic quartz-carbonate veins took place
within dilatational faults. Geodynamically, development of
these extensional faults is thought to have occurred during
the late Carbonifeous-Early Permian following closure of the
Rheic Ocean, driven by an easterly subduction zone
(Simancas et al. 2005, 2009; Michard et al. 2010) in response
to the collision between Gondwana and Laurussia that formed
Pangea–North Africa.

Mineral geothermometry of arsenopyrite and alteration
chlorite indicate hydrothermal temperatures of 330 to 370
and 352 to 382 °C, respectively, similar to the temperature
ranges at which most orogenic gold deposits formed
(Goldfarb and Groves 2015). The P-T trapping conditions of
fluid inclusions in the Roc Blanc deposit yield an estimated
pressure range of 200 ± 20 MPa (Bastoul 1992) to 50 MPa
(Essarraj et al. 2017) corresponding to depths of 8 to 2 km
(mesozonal to epizonal), respectively.

Recognized types of hydrothermal alteration of the host
rocks include silicification, sericitization, chloritization,
carbonatization, and sulfidation. The ranges of calculated
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δ18Ofluid values (15.5–18.0‰) and δD values (− 60 to − 37‰;
Essarraj et al. 2017) are consistent with upward migration of
deep-seated metamorphic fluids sourced from the Late
Variscan granitoids and decarbonation and dehydration reac-
tions, perhaps coeval with emplacement of the intrusions
within the Visean organic-rich host rocks. Ore deposition oc-
curred in response to complex and concurrent processes in-
volving metamorphic fluid immiscibility and fluid-rock inter-
action. Fluid mixing and dilution as possible triggers to Pb-
Zn-Ag-Au mineralization seem unlikely. Sulfur and base, pre-
cious, and trace metals are thought to have been sourced
through fluid-rock interactions between the upward migrating
mineralizing fluids and host rocks at depth.
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