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Abstract

The district of Jbel Houanite is an important metallogenic province rich in polymetallic mineralization (Sb-Au-Pb-Zn-
Ba-Fe-Cu) located in the northern part of the Eastern High Atlas of Morocco, along the North High Atlasic Fault. The
earliest identified mineralization corresponds to quartz veins rich in antimony and gold hosted in the Paleozoic forma-
tions, while the later mineralization corresponds to Pb-Zn deposits hosted in the Liassic limestones. Geological recon-
naissance and mineral exploration work in the Jbel Houanite region determined the presence of antimony mineraliza-
tion in the form of Stibnite (Sb_S ) and Bindheimite (Pb,Sb,04(O,0H)), while the lead mineralization in the sedimen-
tary cover consists of galena (PbS) and cerussite (PbCO,). The lead anomalies are intimately linked to the presence of
antimony, and this mineralization is the result of hydrothermal remobilization during the Atlas phases, which reacti-
vated the basement faults, facilitating the establishment of lead mineralization in a Mississippi Valley Type (MVT) sys-
tem. Petrographic and geochemical investigations of mineral parageneses allowed us to establish temporal relationships
between mineralization events: the primary Sb-Au mineralization is linked to late Hercynian extensional tectonics,
while the Pb-Zn mineralization is related to early Atlas compressional phases. This sequential evolution highlights a
complex polyphase tectono-metallogenic history controlling ore deposition. These findings contribute to a better under-
standing of the genetic models of Sb-Au-Pb-Zn mineralization in the High Eastern Atlas and demonstrate the crucial
role of tectonic inheritance and structural reactivation in ore formation and localization.
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1a) (e.g. Jacobshagen et al., 2005; Nouayti et al.,
2023; Chellai et al., 2024).

The Jbel Houanite region is distinguished by polym-
etallic mineralization that occurs in two distinct epi-
sodes: antimony and gold mineralization (see Figure
1b), of Hercynian age, and lead-zinc mineralization,
linked to the Atlas orogeny. The former is located along
NW-SE and NE-SW oriented fractures, while the latter
develops preferentially along the E-W fracture systems
intersecting the carbonate platform of the Lower and
Middle Lias.

The Paleozoic Tamlelt formations begin with a Neo-
proterozoic and Cambrian carbonate platform composed
of limestones and dolomites. The Cambrian period,

1. Introduction

The Eastern High Atlas of Morocco is an intraconti-
nental chain that was formed during the Mesozoic and
Cenozoic phases (Mattauer et al., 1977; Laville et al.,
2004; Choukrad, 2022). This evolution is reflected in
the development of pull-apart basins controlled by a net-
work of major faults inherited from the Precambrian and
Hercynian tectonic cycles. In this context, the Jbel
Houanite mining district is located at the intersection of
the North High Atlasic Fault and constitutes a pivotal
zone between the Paleozoic structural domain of the
Tamlelt inlier and the High Atlasic domain (see Figure
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marked by black or green pelites with sandstone and
quartzitic intercalations, reflects a gradual deepening of
the basin (El Kochri, 1996; Houari, 2003; Houari &
Hoepffner, 2003; El Hakour, 2005; Talih et al., 2022).
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Figure 1. (a) Location of the study area district (b) geological map of Houanite District.

The Ordovician is defined by alternations of sandstone,
clayey or silty schist, and quartzites, while the Silurian is
represented by silty or clayey pelites (see Figure 1b).

The Mesozoic and Cenozoic cover is the result of a
negative tectonic inversion initiated in the Triassic and
continued during the Jurassic and Cretaceous periods,
which led to the formation of sedimentary basins (see
Figure 1b). The Triassic is characterized by coarse arko-
ses, conglomerates and sandstones of detrital origin. The
Lias, particularly the Sinemurian (see Figure 1b), is rep-
resented by massive dolomites and limestones reflecting
the development of a typical Atlasic carbonate platform
(Charroud et al., 1996; Bezar et al., 1998; Charroud,
2002; Blomeier & Reijmer, 2002; Verwer et al., 2009;
Merino-Tomé et al., 2012). This deposition is followed,
between the Pliensbachian and Toarcian periods, by suc-
cessions of limestone and marl, indicating tectonic ac-
tivity and the dislocation of the platform (El Kochri &
Chorowicz, 1996; Laville et al., 2004; Choukrad et
al., 2024). The Middle Jurassic begins with Aalenian
and Bajocian limestones associated with a reef environ-
ment, topped by Bathonian detrital formations (Kaouk-
aya et al., 2001; Adil et al., 2004; Choukrad et al.,
2022). The Lower Cretaceous is represented by detrital
formations (red sandstones, lacustrine carbonates) dated
to the Upper Aptian-Baremian (El Kochri & Chorow-
icz, 1988; Haddoumi et al., 1998; Charriére et al.,
2005; Haddoumi et al., 2008). The infra-Cenomanian
and Cenomanian levels indicate a detrital-evaporitic en-
vironment of sandstone, clay and gypsum, followed by
Turonian carbonate deposits.

This study aims to characterize the paragenetic evolu-
tion of Sb-Au-Pb-Zn mineralization in the Jbel Houanite
region by highlighting the spatio-temporal relationships
between the antimony-bearing mineralization of the
Hercynian basement and the lead-zinc mineralization
hosted in the Mesozoic cover. This analysis is based on
a multidisciplinary approach that integrates geological

mapping, structural analysis, petrographic studies, and
geochemical data.

Despite the significant metallogenic potential of the
Eastern High Atlas particularly in polymetallic systems
(Sb, Au, Pb, Zn, Fe, Ba, Cu) antimony mineralization in
this region remains poorly documented and largely un-
derrepresented in scientific literature. Previous studies
have primarily focused on Pb-Zn deposits hosted in the
Mesozoic cover (Adil et al.,, 2004; Verhaert et al.,
2017; Choukrad et al., 2023), while Sb-Au occurrences
in the Paleozoic basement, particularly those associated
with shear zones, have received little attention. Howev-
er, comparable Sb-Au mineralizations located along ma-
jor crustal structures are well known in other orogenic
settings, such as the Massif Central (France) and the Bo-
hemian Massif (Central Europe), where they are typi-
cally associated with late hydrothermal fluid circulation
controlled by major tectonic structures (Marcoux &
Bril, 1986; Bril et al., 1991; Ashley & Craw, 2004;
Craw et al., 2004; Faure et al., 2005).

In this context, the Jbel Houanite District represents a
valuable case study for investigating the genetic links
between successive mineralization events, spanning
from the Paleozoic Hercynian orogeny to the Cenozoic
Atlas orogenic phases.

By comparing the Jbel Houanite system to other Sb-
bearing provinces in accretionary orogens, this research
provides new insight into the role of inherited structures
in controlling polyphase metallogenic systems. It also
offers a refined paragenetic framework and temporal
constraints that may be applied to other poorly known or
unexplored Sb-Au-Pb-Zn occurrences in the High Atlas
and analogous geodynamic settings.

2. Methods

In order to identify and characterize the geological
and mineralogical aspects, as well as to define the para-
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genetic evolution and the modes of mineralization in the
region of El Houanite (Eastern High Atlas of Morocco),
an integrated methodological approach was adopted,
combining field approaches, petrographic, mineralogical
and geochemical analyses.

> Fieldwork and Geological Mapping

A series of fieldwork campaigns was carried out in
order to identify the geological strata, in particular the
Paleozoic formations of the schist quartzitic basement
and their Meso-Cenozoic cover with predominantly car-
bonate (limestone and dolomite). The study focused on
the geological units containing the Sb and Pb-Zn miner-
alized showings.

Detailed geological sections and logs were drawn
along profiles crossing the mineralized structures. These
data were integrated into a geographic information sys-
tem using ArcGIS 10.8 software to spatialize minerali-
zation in relation to host structures.

» Sampling

Twelve representative samples were collected in an
area bounded between the coordinates 32°33°58.4”N;
02°27°39.56”W and 32°34°31.27”N; 02°26°23.39”W.
These samples cover both the Paleozoic basement (schist
and quartzite formations) and the Mesozoic and Cenozoic
cover (carbonate formations). Polished thin sections were
prepared from selected samples for SEM examination.
Prior to SEM analysis, the sections were coated with a
thin carbon film using a vacuum carbon coater to ensure
electrical conductivity and to improve imaging and EDX
signal quality. The carbon coating is necessary to avoid
charge accumulation on non-conductive phases and may
appear in EDX spectra as an artifact; this was taken into
account during data interpretation.

The samples were also examined with the JSM-IT100
Scanning Electron Microscope (SEM), equipped with an
Energy Dispersive X-ray (EDX) analysis system semi-
quantitative chemical analysis.

The EDX analyses were performed in high-vacuum
mode, with an accelerating voltage of 15-20 kV and a
working distance of ~10 mm. Elemental mapping and
spot analyses were conducted on specific mineral phases
to identify their chemical composition and textural rela-
tionships.

» Mineralogical Analyses (XRD)

The major minerals were identified by X-ray diffrac-
tion (XRD), carried out at the laboratory of the Univer-
sity of Fez using a Philips PANalytical X Pert Pro dif-
fractometer (Cu-Ko radiation, A = 1.5406 A, voltage 40
kV, intensity 40 mA). The analyses were performed at
room temperature on powders obtained after fine grind-
ing of the samples at a 50 um mesh sieve, in order to
minimize the effects of texture and preferential orienta-
tion. Data processing was carried out via the X’ Pert Data
Collector software.

» Geochemical analyses (XRF and ICP-MS)

The twelve collected samples were also the subjected
to geochemical analyses to quantify major, minor and
trace elements. The major elements were determined by
wavelength dispersive X-ray fluorescence (XRF, Axios
model), according to the standardized PROT ELE03-
v01 protocol, after drying and conditioning the samples
in granular form.

We followed the NI 43-101 standards for mining
work using quality control procedures on geochemical
analyses that correspond to the use of one sample dou-
bling for every 10 samples and certified blank samples to
ensure the reliability of the results and geochemical
analyses.

Trace elements were analyzed by inductively coupled
plasma mass spectrometry (ICP-MS) using an Ultima 2
- Jobin Yvon spectrometer, according to the NF EN ISO
11885. The results of these analyses are summarized in
Table 1.

» Structural data treatment

We have processed the different tectonic structural
measurements using the “Win-Tensor” software devel-
oped by the structural geologist Dr. Damien Delvaux
(Delvaux & Sperner, 2003), this program is widely
adopted and redundant, having already been used in sci-
entific publications worldwide for processing tectonic
and structural data results.

» Objective of the integrated analytical approach

The combination of these different analytical tech-
niques (mapping, optical and electron microscopy, X-
ray diffraction, X-ray fluorescence, ICP-MS) has made it
possible to establish a clear link between the types of
mineralization and their geological context. This cross-
referencing of the data has contributed to the reconstruc-
tion of the paragenetic evolution of the antimony miner-
alization of the basement and the lead-bearing minerali-
zation of the cover.

3. Results

Houanite District is a polymetallic province known
for various types of mineralization; the location of the
mineralized bodies of the Houanite District and their
hosted rock has allowed us to indicate the presence of
stages of mineralization with a paragenetic relationship
between them. The first ore bodies associated with N120
and N40 quartz veins and they are composed by anti-
mony and gold hosted in the Paleozoic formations, while
the second one is hosted in the Liassic limestones fol-
lowing the Atlasic fracturing and the karstification area.

3.1. The Paleozoic inlier ore deposit

The antimony mineralization (Sb) is mainly located
along major fracture and fault systems affecting the Paleo-
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zoic basement (see Figure 2a). These structures have a
dominant orientation between NW-SE and NE-SW, sug-
gesting a polyphase tectonic heritage (Ashley & Craw,
2004; Azza et al., 2019; Choukrad, 2022). The structural
ground analysis, coupled with the study of the spatial dis-
tribution of the orebodies, indicates that the mineraliza-
tion is controlled by shear zones and deformation corri-
dors associated with these large faults (see Figure 2c).

Three main episodes of deformation have been iden-
tified:

» Episode D,: NW-SE Extension:

The first tectonic episode is characterized by an ex-
tensional regime-oriented NW-SE. This phase led to the
formation of normal faults with apparent displacement
along a N40° direction (approximately NE-SW) (see
Figure 2b). These faults are commonly filled with quartz

Figure 2. Detailed photos of the
Houanite Au-Sb mining sector (a)
the Houanite mine zone, (b) showing
mineralization associated with
quartz veins and stereographic
representation of structural
measurements (c) Deformation shear
zone with the different generation

of quartz rich in Sb-Au-

and stereographic representation

of structural measurements.

and, in some areas, show the presence of stibnite and
gold-bearing mineralized bands.

> Episode D,: NE-SW Compression:

The second episode corresponds to a compressive re-
gime-oriented NE-SW, marked by reverse faults, open to
tight folds, and ductile shear zones. Some of the earlier
extensional structures were reactivated during this phase,
displaying transpressive kinematics (see Figure 2b).

» Episode Ds;: NW-SE Compression

A third compressive episode, oriented NW-SE, is
also recognized. It is expressed by late-stage deforma-
tion features such as fault intersections and folding,
which locally overprint earlier structures (see Figure
2c¢). This phase contributed to the development of fine-
scale fracturing in previously deformed zones.
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Figure 3. Semi-quantitative compositions of Sb-bearing Paleozoic inlier ore samples
from Houanite District (targeted sample)

The observed structural context suggests that the min-
eralizing episodes were multi-phased, with initial miner-
alization mainly related to the extensive D: phase, fol-
lowed by reactivation and concentration events con-
trolled by the D: and Ds compressive phases. This
polyphase tectonic control underscores the importance
of shear corridors as major hosts of stibnite and gold de-
posits in this region.

The research and exploitation work by gallery, well,
and open pit revealed the presence of polymetallic de-
posits (Sb-Au-As) in the basement (see Figure 2a). The
general structures measured led to a typical dexterous
shear zone. This zone is considered a transformation
zone in Paleozoic times (Piqué & Michard, 1989; Dill,
1998; Houari & Hoepffner, 2003; Azza et al., 2019;
Jaouad et al., 2024). The mineralization observed in the
field is hosted in quartz veins intersecting middle Cam-
brian sandstone and quartzite.

In the field the folding belt ENE - WSW with regional
development of the vertical axial plane cleavage. This
deformation shows ductile faults associated with verti-
cal foliation with mineralization of stibnite and chalco-
pyrite. The Sb-Au mineralization is emplaced in locally
irregular 40-50 cm quartz veins (stockwork) (see Figure
2¢). Quartz veins are observed in some places explaining
the mode of emplacement of this mineralization in a
shear-zone type shear zone.

Petrographic observation by optical microscopy of
the samples indicated gold mineralization showing gold

pipettes injected into the sub-automorphic quartz of the
microgranites. While stibnite is disseminated in quartz
and plagioclase, feldspars with chlorite with a very large
portion in the rock. Thus, we can conclude that the para-
genetic ores of the Paleozoic basement are composed of
Sb-Pb (see Figure 3).

Scanning Electron Microscope (SEM) analysis com-
bined with Energy-Dispersive X-ray Spectroscopy (EDS)
was conducted on samples collected from mineralized
quartz veins within the Paleozoic basement of the
Houanite District. Multiple mineral assemblages were
identified based on their chemical signatures. EDS spec-
tra reveal the presence of antimony in association with
lead, sulfur, oxygen, and silica (Choukrad et al., 2022;
Rajeshkumar et al., 2024; Sun et al., 2024).

The EDS data display variable concentrations of sul-
fur and lead, reflecting local chemical heterogeneity
within the mineralized zones. Complementary (XRD)
analyses performed on the same samples allowed for the
definitive identification of Stibnite (Sb.Ss) and Bind-
heimite (Pb2Sb20s(0O,0H)) (see Figure 4a & d). These
mineral phases were further corroborated by ore micros-
copy observations, confirming their presence and tex-
tural relationships within the quartz veins.

The EDS spectra presented in Figure 3 were initially
interpreted as evidence of the presence of Stibine (Sb2Ss)
and Bindheimite. However, a reevaluation of the chemi-
cal data suggests the presence of an antimony oxide.
Valentinite (Sb20s), Secondary alteration product com-
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Figure 4. X-ray diffraction analysis of antimony samples from the Houanite basement; (a) X-Ray Diffraction,
(b) Bindheimite scale microscope observation, (c): results of X-Ray Diffraction (d): stibnite scale microscope observation.

monly observed in oxidized zones of antimony deposits,
was thus considered as a probable phase. In order to
validate this hypothesis, additional X-ray diffraction
(XRD) analyses were performed (see Figure 4). How-
ever, the obtained diffractograms do not confirm the
presence of either Valentinite or Senarmontite, these two
polymorphs share an identical chemical formula (Sb203).
This absence of distinctive crystalline signals could indi-
cate that the antimony oxide present is either amorphous
or weakly crystallized, making its identification by XRD
inconclusive.

3.2. The Mesozoic and Cenozoic cover ore deposit

The mineralization is embedded in the Mesozoic and
Cenozoic cover of Jbel Houanite following faults of ma-
jor directions varying from E-W to NW-SE structurally
parallel to the North High Atlasic Accident (see Figure
5, a & d) and also to the Hercynian inheritance faults.
The mineralization is mostly found in the limestones and
dolomites of the Domerian and Toarcian, which are
Mesozoic and Cenozoic formations (see Figure 5b, ¢ &
e). The mineralized structures are hosted in the fault N90O
and follow the karstification area. The mineralization in-

dicates the presence of Pb-Zn-Ba-Calcite (Munoz &
Moélo, 1982; Leach et al., 2005; Wei et al., 2020; Laf-
forgue et al., 2021; Choukrad et al., 2022; Ait Ali et
al., 2024; Choukrad et al., 2024; Sun et al., 2024; Ait
Ali et al., 2025).

During the Jurassic, the Mesozoic sedimentary cover
of the region was affected by a major tectono-sedimentary
phase attributed to the Atlas orogeny. Field observations
indicate an extensive tectonic regime, evidenced by a
dense network of normal faults and sub-vertical disloca-
tions (see Figure 5a), oriented mainly NE-SW and NW—
SE. These structures are associated with the development
of karstic cavities and brecciated zones, locally filled with
carbonate cement and sulfide mineralization.

Structural data reveal that E-W trending faults inter-
sect and link the two main extensional systems. These
faults show features suggesting their possible role as
transfer zones or relay structures (see Figure 5d). The
mineralized bodies are mainly hosted within fractured
and karstified carbonate formations, spatially associated
with these structural features.

The geometric relationships observed between miner-
alized zones, karst features, and fault systems suggest a
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Figure 5. Pb-Zn
mineralization of the El
Houanite District (a)
Pb-Zn- mine and mining
gallery along the Ngo
normal fault with
stereographic
representation of
structural measurements
along the Ngo fault. (b &
¢) samples of high-grade
Pb-Zn mineralization
from the Mezosoic canopy
(d) Mined Pb-Zn suivant
la faille normale Ngo with
stereographic
representation of
structural measurements.

strong structural control on the spatial distribution of the
Pb-Zn mineralization during this post-Liassic phase.
Further implications regarding fluid migration, minerali-
zation processes, and tectono-sedimentary interactions
are discussed in the Discussion section.

Scanning Electron Microscope (SEM) analysis, cou-
pled with Energy Dispersive X-ray Spectroscopy (EDS),
performed on samples collected from the lead-zinc min-
eralized zones within the Mesozoic cover of the Jbel
Houanite District, reveals the presence of several min-
eral assemblages, identified based on spectral peaks and
elemental proportions. Lead is detected in association
with sulfur, carbon, and oxygen, corresponding respec-
tively to sulfide (galena, PbS) and carbonate (cerussite,
PbCO:s) phases. These minerals are frequently associat-
ed with smithsonite (ZnCOs).

It is important to note that the silica detected in some
EDS spectra does not indicate the presence of lead sili-
cate minerals. It most likely results from adjacent quartz
grains included in the analyzed area, as the EDS beam

interaction volume is large enough to encompass multi-
ple mineral phases simultaneously. Therefore, the co-
occurrence of Si and Pb peaks should not be interpreted
as a direct chemical or mineralogical association.

The simultaneous detection of Pb and Sb peaks in cer-
tain samples (see Figure 6) may indicate either the coex-
istence of distinct Sb and Pb-bearing minerals within the
same analyzed area, or partial remobilization of antimo-
ny into the lead-zinc mineralization system. However,
these interpretations should be approached with caution,
as EDS provides only bulk chemical data, and not direct
mineralogical identification.

These interpretations were therefore cross-checked
and confirmed by X-ray Diffraction (XRD) analyses,
which allowed for the definitive identification of mineral
phases such as galena and cerussite. The correlation be-
tween (EDS) and (XRD) data validates the presence of
these mineral assemblages and reinforces their geologi-
cal significance.
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Figure 6. SEM analyse with the semi-quantitative compositions of Pb-bearing Mesozoic cover ore samples
from the Houanite District (targeted sample)

Observation of polished blades taken from mineral-
ized structures in the Jbel Houanite District reveals the
presence of several lead mineral phases, including gale-
na (PbS) (see Figure 7a & b), anglesite (PbSOs) and
cerussite (PbCO:s) (see Figure 7, ¢ & d). Other indices
testify to the hydrothermal activity and its remobiliza-
tion from the base up to the cover, which are arsenopy-
rite and the iron oxides. Moreover, the galena is sur-
rounded by the iron oxide represented by hematite, indi-
cating that the initial mineralization was followed by the
alteration in an oxidizing environment.

The microscopic observation of twelve samples taken
in the mineralized Mesozoic cover of Jbel Houanite has
revealed a complex and polyphase paragenesis. Lead
mineralization is mainly represented by Galena (PbS)
(Figure 7a & b), often accompanied by its supergene
alteration products (see Figure 7¢ & d). The occurrence
of cerussite is consistent with the oxidation of primary
galena in the presence of sulphate- and carbonate-rich
fluids, under conditions typical of meteoric alteration
environments. The coexistence of galena and cerussite
suggests progressive oxidation under variable redox and
pH conditions, characteristic of the supergene domain
(Chapman et al., 2022; Ece & Ercan, 2024; Chouk-
rad et al., 2024).

In contrast, the presence of iron oxides and arsenopy-
rite indicates the involvement of higher-temperature hy-
drothermal processes, possibly linked to earlier mineral-
izing phases. These minerals are generally associated
with deeper fluid circulation during tectono-metamor-

phic evolution (Oh et al., 2004 ; Iancu et al., 2005;
Caddick & Thompson, 2008). The observed vertical
mineralization patterns, extending from the Paleozoic
basement to the overlying formations, suggest that min-
eralizing fluids may have migrated upward along frac-
ture systems or fault zones.

It is particularly noteworthy that Galena is frequently
bordered or enclosed by iron oxides. This arrangement
reflects post-mineralization hydrothermal alteration un-
der oxidizing conditions. This mineralogical overprint
indicates that after the deposition of the galena, a late
episode of circulation of oxidizing fluids induced a par-
tial transformation of the primary sulphides.

The entire mineralogical assemblage and the ob-
served textural relationships support a mineralization
model with two main phases: an early phase of hydro-
thermal sulphide deposition, followed by an episode of
supergene alteration in an oxidative context. This evolu-
tion testifies to the interaction between deep hydrother-
mal processes and surface meteoric alteration phenom-
ena, controlling the distribution of mineralization and
the mobility of metals in the Jbel Houanite District.

3.3. Geochemical study

Geochemical analysis of twelve samples of the min-
eralized basement and cover structures shows significant
concentrations of antimony and lead, according to Table
1 noting that lead concentrations are closely related to
that of antimony.
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Figure 7. X-ray diffraction analysis of the Mesozoic cover ore deposit in the El Houanite District; (a) X-Ray Diffraction,
(b) Galena scale microscope observation , (c): X-ray diffraction results (d): Cerussite scale microscope observation.

Table 1. Geochemical analysis by ICP-MS samples of Jbel Houanite

Au Ag As Ba Cr Cu Fe Pb S Sb Sn Te Ti Zn

(ppm) | (ppm) | (ppm) | (ppm) | (ppm) | ppm) | (%) |(ppm) | (%) | (ppm) | (ppm) (ppm) | (%) |(ppm)
JHO03 | 0.005| 0.11 | 1.6 | 1140 | 1 | 166 | 23.7 | 46 | 024 | 213 | 02 | 0.07 | 0.005 | 40290
JHO04 | 0.005 | 0.02 | 04 | 1800 | 2 | 292 | 035 | 5200 | 0.12 | 70000 | 0.2 | -0.05 | 0.005 | 2
JHO07 | 0.005| 0.06 | 5 | 420 | 8 | 41.2 | 1025 | 1450 | 0.01 | 2800 | 0.2 | -0.05 | 0.005 | 32451
JHO08 | 0.005 | 032 | 7.6 | 5250 | 7 | 10.1 | 37.1 | 2602 | 0.13 | 50000 | 0.2 | -0.05 | 0.017 | 27
JHO14 | 0.005| 0.14 | 69 | 170 | 41 | 27.9 | 1.68 [22100| 0.01 | 56000 | 0.2 | -0.05 | 0.062 | 58
JHO17 | 0.005 | 0.07 | 29 | 20 | 34 | 13.1 | 0.77 |12500| 0.01 | 210000 | 0.2 | -0.05 | 0.005 | 4
JH026 | 1245 | 0.87 | 54.8 | 530 | 60 | 383 | 3.5 [57200| 0.12 | 220000 | 0.9 | 0.13 | 0.12 | 206
JHO028 | 13.55| 091 | 574 | 530 | 47 | 374 | 879 |54300| 0.33 | 390000 | 0.3 | 0.19 | 0.038 | 199
JH029 | 121 | 261 | 394 | 130 | 34 | 75 | 0.82 |18400| 0.05 | 400000 | 0.2 | 0.18 | 0.018 | 103
JHO30 | 2.81 | 037 | 48.6 | 200 | 68 | 31.3 | 19 [31300 0.45 |450000| 0.5 | 0.08 | 0.084 | 1909
JHO31 | 0.156 | 03 | 102 | 390 | 75 | 30.1 | 232 | 1480 | 0.01 | 2150 | 1.2 | -0.05 | 0.325 | 12500
JHO32 | 0.005 | 0.88 | 113.5| 1260 | 41 | 118 | 1.22 | 291 | 0.05 | 34.1 | 02 | 0.05 | 0.005 | 158
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Figure 8. Geological section showing hydrothermal circulations and the passage of Au-Sb and Pb-Zn mineralization
from the basement to the cover.

In particular, samples JH026, JH028, JH029 and
JHO30 show significant grades of Sb, Au, As and Pb (see
Table 1). It is important to note that samples JH030 and
JHO31 are from the Meso-Cenozoic cover. The presence
of gold provides evidence of paragenetic evolution and
migration of mineralization from the basement to the
cover, which resulted in the migration of gold and arse-
nic grains.

The results of the geochemical analyses made it pos-
sible to distinguish two sample populations:

¢ Group 1: samples from the Paleozoic basement
rich in antimony (up to 45%), As, Au (trace values
detected), accompanied by high Fe and S (see
Table 1).

« Group 2: samples from the Mesozoic cover rich
in Pb (up to 6%), Zn, Ba (trace values detected)
(see Table 1).

ICP-MS analyses also revealed anomalous concen-
trations of trace elements such as Ag, Cu, Cr, Ti in the
transition zones between the two types of minerali-
zation, suggesting interactions between hydrothermal
systems.

4. Discussion

Based on the various geochemical studies, petrograph-
ic and metallogenic observations and macroscopic exami-
nation of samples, two types of primary mineralization
were determined. The Sb-Au mineralization in the base-
ment related to large “shear zone” shear bands cemented
by partially corroded quartz veinlets related to the Her-
cynian orogeny, and a second type of later Pb-Zn miner-
alization (see Figure 8) hosted in the Meso-Cenozoic
cover related to the Atlas orogeny. The structural evolu-

tion, marked by successive extensional and compressive
events (D: to Ds), played a significant role during the
deposition of these mineralization types, controlling the
fluid flow and ore localization. The D: extensional regime
appears to have created permeable fault zones that facili-
tated the initial circulation of hydrothermal fluids and the
deposition of stibnite- and gold-bearing mineralization.
Subsequent compressive phases (D2 and Ds) likely reacti-
vated earlier structures, promoting remobilization and lo-
cal concentration of mineralization within transpressive
shear zones and structural traps (Ashley & Craw, 2004).
This polyphase tectonic evolution highlights the critical
role of structural inheritance and reactivation in ore sys-
tem development (see Figure 8).

The mineralization is mainly located along major

fractures and faults, with two dominant systems:
s NW-SE to NE-SW system, affecting the Paleozoic
basement, hosting the stibnite (Sb2Ss) bindheimite
(Pb2Sb206(0,0H)), and valentinite (Sb-Os) miner-
alization.
« E-W system, affecting Liasic carbonates, contain-
ing galena (PbS), anglesite (PbSO4), cerussite
(PbCO3) and smithsonite (ZnCO3) mineralization.
Noting that the Pb, Sb mineralization’s are intimately
related to each other, while we have not observed a re-
markable relationship between the grades of antimony
and zinc, nor of lead and zinc, this explains the genetic
relationship of the Pb/Sb mineralization’s, and gives us a
clear idea that these two types of mineralization are the
result of a mineralogical evolution that has lasted for a
long time (Chovan et al., 1995; Dill, 1998; Clayton &
Spiro, 2000).

SEM-EDS analyses, combined with X-ray diffraction
results, confirm the presence of Stibnite (Sb2Ss;) and
Bindheimite (Pb2Sb20s(0,0H) in the quartz veins. The
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variability in lead and sulphur contents observed by
EDS reflects local heterogeneity related to alteration
processes. The presence of secondary antimony oxides,
such as Valentinite and Senarmontite (Sb-03), is strong-
ly supported by EDS data; however, it remains hy-
pothetical pending confirmation by XRD. The silica
detected by EDS likely corresponds to quartz micro-in-
clusions captured during analysis, without direct miner-
alogical association. Finally, the carbon detected in the
EDS spectra is attributed to the conductive coating ap-
plied to the samples and is not considered a mineral
component.

The presence of antimony in the form of Bindheimite
(Pb2Sb206(0,0H), indicates an advanced stage of oxida-
tion and remobilization of primary lead and antimony
sulfides in a supergene environment (Dill, 1998; Munoz
& Moélo, 1982; Sun et al., 2024).

The transition towards secondary stibnite (Sb2Ss)
mineralization suggests a transformation under chang-
ing physicochemical conditions, particularly a decrease
in oxygen activity and an increase in sulphur activity.
This process likely involved the reduction of antimony,
along with the release of lead and oxygen, possibly as-
sociated with a late hydrothermal or diagenetic event
(Dill, 1998; Munoz & Moélo, 1982).

The late overprinting of Stibnite (Sb2Ss) by Bind-
heimite (Pb2Sb20s(O,0H) highlights a complex parage-
netic sequence (see Table 2), controlled by fluctuations
in redox potential and geochemical conditions within the
system.

The existence of Galena (PbS) and its alteration prod-
ucts reflects progressive oxidation under redox and pH
conditions typical of the supergene environment, influ-
enced by meteoric fluids enriched in sulfates and car-
bonates (Chapman et al., 2022; Ece & Ercan, 2024).
The occurrence of arsenopyrite and iron oxides suggests
an earlier high-temperature hydrothermal phase, likely
associated with deep fluid circulation during a tectono-
metamorphic event (Oh et al., 2004; Iancu et al., 2005;
Caddick & Thompson, 2008). The vertical remobiliza-
tion of mineralizing elements from the Paleozoic base-
ment to upper stratigraphic levels suggests ascendent
fluid migration, probably facilitated by fracture or fault
systems.

On the basis of the various geochemical studies and
petrographic and metallogenic observations and by mac-
roscopic examination of the samples, the mineralization’s
of the Jbel Houanite District were formed in several suc-
cessive stages, the first three correspond to the mineraliza-
tion’s deposited at the different phases of the Hercynian
orogeny, these are the antimony, copper and arsenic min-
eralization, after remobilization of the latter in note the
establishment of mineralization’s at lead and zinc during
the phases of the atlas orogeny (see Figure 9).

The results obtained through the different analysis
methods (geological mapping, petrographic observa-
tions, XDR, SEM-EDX, XRF and ICP-MS analyses)

have highlighted the lithological diversity, the character-
istic mineralogical associations, as well as the parage-
netic evolution of the Sb and Pb mineralization’s in the
Jbel Houanite District.

Observations under the light and electron microscope
have identified several distinct mineral associations:

e Sb-Au mineralization (Paleozoic basement):

e Main minerals: stibnite, bindheimite, pyrite,
quartz.

 Textures: fracture filling, vein and veinlet struc-
ture, local stibnite zonation, surface antimony
oxide alteration.

* Accompanying mineralogy: sericite, chlorite,
sometimes native gold in the microscopic state.

* The high oxygen content observed in some EDX
spectra is likely related to the presence of valent-
inite and senarmontite (Sb20s), an antimony 0x-
ide phase (see Table 2), although it was not iden-
tified by XRD.

e Pb-Zn mineralization (Meso-Cenozoic cover):

* Main minerals: galena, cerussite, sphalerite, iron
oxides, calcite.

* Secondary minerals: dolomite, barite.

 Textures: filling of karst cavities, cementation of
sub-horizontal fractures, sometimes as a replace-
ment for the host dolomite.

XRD analysis confirmed the predominance of car-
bonate phases (calcite, dolomite) in the host rock, with
clear peaks of Stibnite and Galena in the mineralized
samples.

The cross-analysis of textures, mineralogical relation-
ships and structural contexts has made it possible to pro-
pose:

* Phase 1 (Hercynian-Paleozoic):

e Stage I: The antimony mineralization in the base-
ment, associated with a circulation of hydrother-
mal fluids along the NW-SE and NE-SW frac-
tures. The environment is reductive, at modera-
te temperature, with precipitation of Stibnite
(Sb2Ss), quartz, pyrite, and calcite (see Table 2).

e Stage II: Corresponds to a continuation of hydro-
thermal activity with precipitation of stibine
(Sb2Ss), galena (PbS), quartz and calcite, in an
environment in transition to slightly oxidizing
conditions. The appearance of bindheimite
(Pb2Sb206(0,0H)), valentinite and/or senarmon-
tite (Sb20s) and anglesite (PbSO4) affirms to an
early alteration of lead sulphides (see Table 2).
Although EDS data suggest the presence of anti-
mony oxide, their formation is more likely related
to later supergene alteration (phase III).

* Phase 2 (Atlasic- Meso-Cenozoic):

e Stage III: It is manifested by the development of
secondary antimony oxides, under the effect of
oxidizing conditions in a subaerial context. On
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Table 2. Paragenetic Sequence and Mineralogical Evolution in the Jbel Houanite District, Eastern High Atlas (Morocco).

MINERALS STAGE-1

STAGE- I1 STAGE- 111

Stibnite (Sb2Ss)

Valentinite (Sb,0,)

Sénarmontite (Sb20,)

Bindheimite (Pb2Sb20s(O,0H)

Gold (Au)

Galena (PbS)

Anglesite (PbSO,)

Cerussite (PbCO )

Smithsonite (ZnCO )

Quartz (gangue)

Calcite (CaCO )

Goethite (FeO(OH))

-- -- presence of the mineral during the phase

the other hand, it corresponds to the deposition of
lead mineralization in the carbonate cover, via
cerussite (PbCO3) and smithsonite (ZnCO3) (see
Table 2). enriched hydrothermal circulations,
transported along the E-W faults. This phase is
marked by an active tectono-sedimentary envi-
ronment, with filling of karst cavities and hydro-
thermal replacement.

The contact zone between basement and cover locally
shows a superposition of the two systems, suggesting a
structural reactivation allowing the partial remobiliza-
tion of the previous mineralization.

5. Conclusions

This study combines geochemical, petrographic, met-
allogenic, structural, and macroscopic analyses per-
formed on samples from the Jbel Houanite area. The in-
tegrated results allowed the identification of antimony
mineralization mainly in the form of stibnite (Sb2Ss) and
bindheimite (Pb2Sb20s(O,0H)) within the Paleozoic
basement, as well as lead and zinc mineralization, nota-
bly galena (PbS) and cerussite (PbCOs), occurring in the
Meso-Cenozoic cover (see Figure 9).

Structurally, these mineralizations are closely associ-
ated with major fault zones and shear bands resulting
from a polyphase tectonic evolution marked by the Her-
cynian and Atlas orogenies. Successive tectonic events
alternating between extensional and compressional
phases (D1, D,, Ds) controlled hydrothermal fluid circu-
lation and ore deposition, with the initial extensional
phase promoting fluid flow and mineral precipitation,
while later compressional phases contributed to remobi-
lization and local concentration of mineralization within
transpressive shear zones and structural traps.

From a geodynamic perspective, the Sb-Pb deposits
developed in accretionary orogenic settings, typically
hosted in granitic, greenstone, and meta-sedimentary

turbidite terrains. Their formation is temporally linked to
the late stages of the Hercynian orogeny and the early
phases of the Atlas orogeny (see Figure 9).

In the light of mineralogical and structural observa-
tions, a paragenetic evolution in several stages is pro-
posed, illustrating a variation of the metal assemblies as
a function of depth, with an enrichment of antimony in
the upper levels.

Gold-bearing stibnite (Sb2Ss) constitutes the primary
phase of mineralization, developed in a hydrothermal
context associated with a Hercynian fracture network, in
a compressive to transpressive tectonic setting. The es-
tablishment of this mineralization is probably controlled
by structural release zones, in connection with major
discontinuities favorable to the circulation of antimonif-
erous sulphide fluids. A subsequent remobilization
phase, linked to a late-Hercynian tectonic reactivation,
allowed the local redistribution of Sb-Pb associations
under the effect of the circulation of oxidizing fluids.
This evolution led to the formation of secondary altera-
tion minerals, including bindheimite (Pb2Sb20s(O,0H)),
valentinite (Sb20s) and/or senarmontite (Sb-0s) and an-
glesite (PbSO4), reflecting more oxidative conditions
and transformation dynamics of the initial sulphide
phases (see Figure 9). Thirdly, during the Atlas orogeny,
supergene alteration processes affected the previous
mineralizations. Under the effect of bicarbonate solution
circulations, in the context of a wetter climate, a spatial
dissociation of the elements Sb, Pb and S occurred, ac-
companied by the dissolution of galena (PbS) and the
secondary precipitation of cerussite (PbCOs) and smith-
sonite (ZnCO3) within the host carbonate formations.
This late phase is characteristic of a shallow subaerial
oxidation environment, where geochemical conditions
favored the transformation of primary sulphides into
secondary carbonates. This integrative framework, com-
bining geochemical, structural, and geodynamic data,
highlights the complexity of Sb-Au-Pb-Zn mineraliza-
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Figure 9. Conceptual model illustrating the paragenetic evolution of the Jbel Houanite mineralization (Sb-Au; Pb-Zn).

tion’s in the High Eastern Atlas and underscores the fun-
damental role of tectonic inheritance and structural reac-
tivation in the genesis and localization of these deposits.
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SAZETAK

Geodinamicka i paragenetska evolucija mineralizacije Jbel Houanit (Sb-Au; Pb-Zn)
u istoénome Visokom Atlasu, Maroko

Jbel Houanite vazna je metalogenetska regija bogata polimetalnom mineralizacijom (Sb-Au-Pb-Zn-Ba-Fe-Cu) smjestena
u sjevernome dijelu isto¢noga Visokog Atlasa u Maroku, uz sjeverni rasjed Visokoga Atlasa. Najranija identificirana mi-
neralizacija odgovara kvarcnim zilama koje su bogate antimonom i zlatom te se nalaze u paleozojskim formacijama, dok
kasnija mineralizacija odgovara Pb-Zn naslagama u lijaskim vapnencima. Geoloskim rekognosciranjem i istrazivanjem
minerala u regiji Jbel Houanite utvrdena je prisutnost mineralizacije antimona u obliku stibnita (Sb Ss) i bindheimita
(Pb,Sb,04(0O,0H)), dok se olovna mineralizacija u sedimentnome pokrovu sastoji od galenita (PbS) i cerusita (PbCO ).

Anomalije olova blisko su vezane uz prisutnost antimona te je ova mineralizacija rezultat hidrotermalne remoblhzacue
tijekom faza Atlasa koje su reaktivirale rasjede u stijenama podine, olak$avaju¢i nastanak mineralizacije olova u sklopu
sustava tipa Mississippi Valley (MVT). Petrografska i geokemijska istraZivanja mineralnih parageneza omogucila su
uspostavljanje vremenskih odnosa izmedu dogadaja mineralizacije: primarna Sb-Au mineralizacija povezana je s kasno-
hercinskom ekstenzijskom tektonikom, dok je Pb-Zn mineralizacija povezana s ranim atlaskim kompresijskim fazama.
Ova sekvencijska evolucija upucuje na slozenu polifaznu tektono-metalogenetsku povijest koja je kontrolirala nasta-
nak orudnjenja. Rezultati ovih istrazivanja doprinose boljem razumijevanju genetskih modela Sb-Au-Pb-Zn minera-
lizacije u isto¢nome Visokom Atlasu te pokazuju klju¢nu ulogu tektonike i strukturne reaktivacije u stvaranju i lokaliza-
ciji orudnjenja.
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