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The Zn-Pb min er al iza tion in the Bou-Izourane dis trict, lo cated in the High At las Moun tains of Mo rocco, con tains es ti mated
re serves of 40 200 tons of ore with an av er age grade of 20% Zn and 3.5% Pb. It is de vel oped on N–S to NNW–SSE-trending
faults that cut Li assic car bon ate marl de pos its. The paragenetic min eral se quence con sists of ga lena, sphalerite and
late-stage cal cite. Ox i da tion phases of ga lena into cerussite and sphalerite into smithsonite are com mon in the Bou-Izourane 
ore, linked to the in fil tra tion of me te oric wa ters and the ox i da tion of these sulphides. The Zn-Pb min er al iza tion runs par al lel to 
the flu o rite veins as so ci ated with the ig ne ous rocks of Tamazeght, but no petrographic or field re la tion ship has been dem on -
strated be tween these two mineralizations (i.e., Zn-Pb and flu o rite). The dis tri bu tion of rare earth el e ments and yt trium (REY) 
in the Zn-Pb min er al iza tion of Bou-Izourane shows a no ta ble sim i lar ity with the Mis sis sippi Val ley Type (MVT) min er al iza tion
of the Cen tral High At las of Mo rocco, al though the con cen tra tions more closely re sem ble those of REY in flu o rite linked to the 
mag matic-hy dro ther mal ac tiv ity of Tamazeght. How ever, the anal y sis of their dis tri bu tion in post-flu o rite cal cite and
post-Zn-Pb cal cite re veals a strong con cor dance, sug gest ing that these two cal cites are as so ci ated with the same phase and 
have a com mon or i gin. The clas si fi ca tion of the Zn-Pb pros pect in Bou-Izourane re mains con tro ver sial, fluc tu at ing be tween
an MVT-type min er al iza tion, sim i lar to most Zn-Pb mineralizations in the Cen tral High At las of Mo rocco, and a min er al iza tion
linked to the mag matic-hy dro ther mal ac tiv ity of Tamazeght, which could pro vide heat and met al lo gen ic ma te rial. Char ac ter -
iz ing the Zn-Pb ore of Bou-Izourane is cru cial for the fu ture ex plo ra tion of zinc and lead de pos its in the High At las of Mo rocco
and could ad vance the de vel op ment of Zn-Pb min ing in the re gion, from artisanal ex ploi ta tion to pro fes sional min ing.

Key words: Zn-Pb ore, flu o rite, Tamazeght mag matic com plex, Bou-Izourane, Mo roc can High At las.

INTRODUCTION

Mo rocco boasts a wealth of di verse min eral de pos its and
sig nif i cant eco nomic op por tu ni ties, mak ing it a re nowned des ti -
na tion for sci en tific ex plo ra tion and re search. The Zn-Pb de -
pos its in the met al lo gen ic prov inces of the Mo roc can High At las 
and east ern Mo rocco have at tracted great geo log i cal and eco -
nomic in ter est. In deed, vein-type and stratabound ores (ga lena, 
sphalerite, bar ite, chal co py rite and oth ers) are cur rently ex -
ploited. The High At las ore (Zn-Pb) de pos its were formed as a
re sult of two ma jor min er al iz ing events re lated to two strati -
graphic lev els (Mouguina, 2004; Rddad and Bouhlel, 2016;

Rddad and Mouguina, 2021). The first event of Zn-Pb min er al -
iza tion, hosted in the Lower Ju ras sic (Li assic), is re lated to the
Tri as sic-Li assic ther mal event that oc curred dur ing the open ing
of the Cen tral At lan tic Ocean. This min er al iza tion is rep re -
sented by syngenetic Zn-Pb-Fe de pos its in strata and/or lenses
(Up per Moulouya min ing dis trict, Emberger, 1965; Tizi n’Firest,
south bor der of the ori en tal High At las, Bazin, 1968; Tazekka
ore de posit, east ern Mo rocco, Auajjar and BoulÀgue, 1999).
The sec ond ep i sode in volv ing Zn-Pb ore de pos its in the Mid dle
Ju ras sic (Dogger), is as so ci ated with the evo lu tion of Ju ras sic
magmatism along the palaeo-heights (ridges) of the cen tral
High At las. Not far from the Bou-Izourane dis trict, at Ali Ou
Daoud (Fig. 1), the Zn-Pb ore is mainly dis sem i nated in the gab -
bro and is re lated to an early syngenetic Bajocian (Mid dle Ju -
ras sic) ep i sode fol lowed by a lat est epigenetic hy dro ther mal ep -
i sode (Mouguina, 2004). Struc tural and min er al og i cal stud ies
al lowed Mouguina (2004) and Mouguina and Daoudi (2008) to
pro pose that some of the Mid dle Ju ras sic Zn-Pb de pos its, such
as those of Ali Ou Daoud and Tigrinine-Taabast, are sim i lar to
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the Mis sis sippi Val ley-type de pos its de scribed in the East ern
High At las (e.g., Bou Dahar; Adil et al., 2004; Bouabdellah et
al., 2009; Rddad and Bouhlel, 2016) and the High Pla teau zone
(e.g., Touissit and Mibladen; Dagallier, 1977; Ovtracht, 1978;
Wadjinny, 1989; Bouabdellah et al., 2012; Marcoux and Jébrak, 
2021). A later ore-form ing event, which oc curred dur ing the
Eocene, is mainly char ac ter ized by flu o rite ore de pos its in veins 
and cav i ties (Achmani, 2017; Achmani et al., 2020, 2023). This
event is re lated to the em place ment of the Eocene al ka line
magmatism of Tamazeght. Other pre vi ous work has also re -
ported the pres ence of sul phide min er als such as sphalerite,
ga lena, py rite and chal co py rite in the Tamazeght pegmatites
and neph el ine syenites (Agard, 1960; Marks et al., 2008). In ad -
di tion, Salvi et al. (2000) showed that neph el ine crys tals in the
Tamazeght syenites con tain fluid in clu sions with sphalerite and
ga lena daugh ter min er als, linked to hy dro ther mal-mag matic
fluid cir cu la tion.

The Bou-Izourane Zn-Pb min er al iza tion is de vel oped in the
sed i men tary cover along gen er ally N–S to NNW–SSE-ori ented
frac tures. This dis trict has been ex ploited since the 1980s by lo -
cal artisanal min ers for sul phide and non-sul phide ores. The
Bou-Izourane dis trict, cur rently ex ploited by the “Global Mine”
com pany, is one of the most im por tant flu o rite pro duc ers in Mo -
rocco. Flu o rite re serves amount to ~300 ki lo tons and the Zn-Pb
ore has es ti mated re serves of 40,200 tons, with 15–28% Zn and
2–5% Pb. Sev eral ex ten sive stud ies are cur rently fo cused on the 
flu o rite min er al iza tion in the Bou-Izourane area. By con trast, the
Zn-Pb min er al iza tion in the same area has re ceived less at ten -
tion due to the com pany’s fo cus on flu o rite ex plo ra tion. How ever, 
since global de mand for these met als is enor mous, there may be 
in creased in ter est at Bou-Izourane in the fu ture. With no geo log i -
cal study of the Zn-Pb min er al iza tion in the Bou-Izourane dis trict,
the pres ent pa per is the first such study of Zn-Pb min er al iza tion

at Bou-Izourane. Its pres ence in the core of the Cen tral High At -
las Moun tains and in prox im ity to the Tamazeght mag matic com -
plex (syenitic-peg ma titic-carbo natitic) and also in the vi cin ity of
flu o rite min er al iza tion (Ach mani, 2017; Achmani et al., 2020,
2023) raises ques tions about the geo log i cal char ac ter is tics of
these Zn-Pb con cen tra tions. Based on map ping, petrographic,
geo chem i cal – in clud ing rare earth el e ments in ga lena and cal -
cite – and mi cro-ther mo met ric data, we ex plore the geo log i cal
fea tures of the Zn-Pb ore in the Bou-Izourane dis trict. This con tri -
bu tion also seeks to ad dress the fol low ing ques tions: 1 – is there
a re la tion ship be tween the con cen tra tion of Zn-Pb and the
Tamazeght mag matic com plex, and/or with the flu o rite min er al -
iza tion?; 2 – is the Bou-Izourane Zn-Pb min er al iza tion sim i lar to
that al ready ex ploited in the Cen tral High At las of Mo rocco (e.g.,
the Tigrinine-Taabast min ing dis trict)? Fur ther more, the com par i -
son of the Zn-Pb min er al iza tion in the Bou-Izourane dis trict with
other Zn-Pb de pos its in the Cen tral High At las of Mo rocco (e.g.,
Tigrinine-Taabast) will help un der stand the pro cesses in volved in 
this min er al iza tion.

GEOLOGIC SETTING

REGIONAL GEOLOGIC SETTING

In the east ern part of the Cen tral High At las, which en com -
passes our study area, the moun tain range com prises syn -
clinal mega struc tures with broad, flat bot toms, as well as an ti -
cli nal mega struc tures that are sharp and nar row. Some syn -
clines have a loz enge ge om e try. They gen er ally show marly-
 cal car e ous out crops of the Dogger over lain by red de tri tal de -
pos its of the Bathonian-Callovian to Lower Cre ta ceous (Fa -
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Fig. 1. Dis tri bu tion of Zn-Pb ore de pos its on the map of the cen tral and east ern High At las of Mo rocco with the lo ca tion 
of the ore dis trict of Bou-Izourane Zn-Pb and the Tamazeght com plex (re drawn and ed ited 

from the Mo roc can Geo log i cal Map at a scale of 1/1000,000 and mod i fied af ter Rddad and Mouguina, 2021)
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dile, 1987; Laville and Piqué, 1992; Ibouh, 1995). The main
ori en ta tion of the anticlines in the re gion is ENE–WSW to
E–W, and they oc ca sion ally dis play “S” or “Z” shaped un du la -
tions (Ibouh et al., 2001). The an ti cli nal struc tures in places
lack hinges and pos sess a core oc cu pied by a mega-brec cia
with clasts of dif fer ent com po si tions, such as 

– Tri as sic bas alts and/or Ju ras sic mag matic rocks; 
– Ju ras sic lime stone frag ments;
– Tri as sic clays. 

More over, the Cen tral High At las shows a suc ces sion of
folds in the Me so zoic sed i men tary cover in the form of large
syn clines al ter nat ing with sharp anticlines. The cores of the
folds, com monly bounded by faults, re veals ei ther Tri as sic
rocks only, or vol ca nic rocks of Ju ras sic age, or Variscan

base ment which out crops in some places (Brede and Heinitz,
1986; Heitzmann, 1987; Benammi, 2002; Teixell et al., 2003;
Ibouh, 2004; Ait Addi and Chafiki, 2013; Torres-López et al.,
2018). A syn the sis of the litho stratigraphy of the High At las
Moun tains and the main re gional tec tonic events is sum ma -
rized in Fig ure 2A.

PRE-RIFT PHASE

In the south of the High At las Moun tains, the Anti-At las ex -
poses rocks of Pre cam brian to Pa leo zoic age of the West Af ri -
can craton. The Pan-Af ri can orog eny and Variscan de for ma tion 
in flu enced the Up per Pro tero zoic rocks. The dis lo ca tion of
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Fig. 2A – syn thetic col umn of the cen tral and east ern High At las Moun tains, show ing the main tec tonic events and de tach ment
lev els (El Harfi et al., 2006); B – syn thetic strati graphic col umn of the Bou-Izourane dis trict (Achmani, 2017; this study)
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Pangea by post-con ver gent ex ten sion, form ing Late Tri as sic
and Early Ju ras sic syn-rift bas ins, led to large-scale re ac ti va tion 
of pre vi ous Hercynian-Alleghanian thrusts in the Late Pa leo zoic 
(Laville et al., 2004; El Harfi et al., 2006; Fig. 2A).

SYN-RIFT PHASE

The High At las do main ex pe ri enced ex ten sion and rift ing
dur ing most of the Me so zoic. At first, in the Tri as sic, this ex ten -
sion is re sulted in red beds and tholeiitic bas alts. Later, dur ing
the Ju ras sic, it is ex pressed by the de po si tion of car bon ates
and ma rine shales, over lain by con ti nen tal red beds (Michard,
1976). The geodynamic de vel op ment of Mo rocco, in par tic u lar
the “At las Fault”, is strongly linked to the At lan tic rift ing in the
west, and to the cre ation of the Tethys in the north, dur ing the
Cre ta ceous. A trans fer fault ba sin model (Laville and Piqué,
1992) and an extensional ba sin model (“At las Rift”; Jaco bsha -
gen et al., 1988) can both be used to ex plain the extensional ar -
chi tec ture of the At las bas ins in the Ju ras sic. The Tri as sic struc -
tures are guided by the nor mal fault re ac ti va tion of the Variscan
struc tures trending E/NE and SE (Mattauer et al., 1977; Laville
et al., 1977; Laville, 1977, 1978; Laville and Piqué, 1991, 1992;
AÎt Brahim et al., 2002), in duc ing gen eral NNW–SSE to
NW–SE ex ten sion. Intra-basinal faults, ori ented NNE–SSW to
NE–SW, are con sid ered as dip-slip extensional faults (Mattauer 
et al., 1977; Laville and Pe tit, 1984; Beauchamp, 1988).

POST-RIFT PHASE

Large parts of North Af rica were flooded by shal low seas
ad ja cent to the At lan tic and Tethys oceans in the late Ju ras sic
and Cre ta ceous. The post-rift sed i men tary rocks of the At las
Moun tains con sist of shal low transgressive con ti nen tal, car bon -
ate and ma rine clastic sed i men tary rocks rang ing in age from
the Lower Cenomanian to the Eocene. The geotectonic de vel -
op ment of the High and Mid dle At las changed con sid er ably dur -
ing the Late Eocene. The ear lier rift grabens (or half-grabens)
un der went compressional/transpressional de for ma tion, re sult -
ing in con sid er able up lift, as shown by the pres ence of At las
peb bles in the fore land bas ins along the south ern and north ern
mar gins of the High At las (El Harfi et al., 2001, 2006). Dur ing
the Eocene, the N–S com pres sion re corded in Mo rocco and
which af fected the whole of the West ern Med i ter ra nean (Ta -
ppo nnier, 1977) was due to rel a tive dis place ment be tween
North Af rica and Eu rope (Olivet et al., 1984). The grad ual clo -
sure of the Tethys even tu ally led to con ti nent-con ti nent col li sion 
(Ricou, 1994), dur ing which the Tamazeght com plex (Tama -
zert) was es tab lished in the N–S com pres sive phase.

HIGH ATLAS UPLIFT

The up lift of the Mo roc can High At las Range be gan in the
Late Eocene with a rapid tran si tion from ma rine to con ti nen tal
con glom er ate de po si tion, fol lowed by a qui es cent phase in the 
Oligocene and Early Mio cene due to re duced hor i zon tal oro -
genic forces along the Af ri can/Eu ro pean plate bound ary. The
Early-Mid dle Mio cene in ter val, char ac ter ized by a first phase
of lithospheric thin ning plus a short en ing com po nent, led to
the es tab lish ment of tec toni cally- and grav ity-driven trans port
of rock masses along the High At las. This was fol lowed by
large -scale sub si dence, caused by a de crease in the in ten sity
of lithospheric thin ning. The short en ing re sumed through out
the Plio cene-Qua ter nary lead ing to the for ma tion of the pres -

ent orogen, with a sec ond lithospheric thin ning ep i sode (Fri -
zon de Lamotte et al., 2000, 2009; LeprÃtre et al., 2015; Skikra 
et al., 2021).

GEOLOGY AND LITHOSTRATIGRAPHY 
OF THE BOU-IZOURANE DISTRICT

The ore’s host rock con sists of folded Me so zoic rocks, part
of a suc ces sion of folds in the Me so zoic sed i men tary cover of
the Cen tral High At las. These are broad syn clines al ter nat ing
with sharp anticlines, the cores of which are com monly boun -
ded by faults, re veal ing the Tri as sic alone or Ju ras sic-age vol -
ca nic rocks and/or lo cally the Variscan base ment (Brede and
Heinitz, 1986; Heitzmann, 1987; Teixell et al., 2003). The study
area map il lus trates the old est Li assic units (Sinemurian) over -
lain by Pliensbachian, Toarcian, Aalenian, Bajocian, and Batho -
nian strata, whose dip var ies de pend ing on the lo ca tion (Fig. 3).
The en tire suc ces sion is in truded by the Tama zeght mag matic
com plex rocks of Eocene age (44 ±4 Ma – Tisserant et al.,
1976, 35 ±3 Ma – Klein and Harmand, 1985, and rang ing be -
tween 47 ±1 Ma and 35 ±3 Ma – Achmani, 2023; Fig. 3A).
These ter rains are af fected by the play of sev eral faults that may 
be in her ited from the Variscan Orog eny and that prob a bly re ac -
ti vated dur ing the Al pine phase.

To gain in sight into the spa tial dis tri bu tion and litho stra -
tigraphy of the geo log i cal units, we con structed a lithostratigra -
phic log for the Bou-Izourane dis trict (Fig. 2B).

LOWER SINEMURIAN

This succcession com prises mas sive dolomitic lime stones
oc cu py ing the core of the Jbel Bou-Izourane Anticline. The ex -
tent of the out crop var ies de pend ing on the lo ca tion. The rock
has a brown pa tina and a fresh dark grey frac ture. Due to the
abun dance of vac u oles and karstic pock ets, it has high po ros ity. 
Mi cro scop i cally, it is an oolitic lime stone formed in a shal low
and tur bu lent ma rine en vi ron ment. The ooids have a nu cleus
and cor tex and are ce mented by microsparite.

UPPER SINEMURIAN

This unit con sists of al ter nat ing bed ded lime stone and marl.
The lime stone beds have decimetric thick nesses (20–40 cm)
and be come thicker in the east. They have a light grey pa tina
and a blackish col our on fresh sur faces. Its base is marked by
flint nod ules. The marls have a green ish pa tina, and the marl
lay ers are millimetric, be com ing in creas ingly thick to wards the
top of the for ma tion (Achmani, 2017).

PLIENSBACHIAN

This con sists of light grey lime stones rich in ammonites and
bel em nites. These lime stones, which bear a sand stone-like ap -
pear ance, form beds 25 to 30 cm thick and al ter nate with green
marls.

TOARCIAN

The Toarcian strata are char ac ter ized by an in crease in the
thick ness of the marl in ter vals (50 cm to 1 m). The marls are fri a -
ble, flaky, green ish to grey ish in col our and rich in ammonites,
with thin ner beds of of dark yel low lime stone 5 to 10 cm thick. The 
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unit thick ens from west to east. Toarcian de po si tion started with
marls (with the lime stone beds con tain ing ammonites) and
ended with thick car bon ate in ter vals in di cat ing a shal low ma rine
en vi ron ment.

AALENIAN

The marly-lime stone fa cies of the up per Toarcian is over lain 
by grey ish lithic lime stones in thin beds (15 to 30 cm) with C.
ancellophycus of Aalenian age and marly joints. The pas sage
from Toarcian to Aalenian is gradational, gen er ally go ing from
marls, with small beds of lime stone, to al ter nat ing marls and
lime stones of the Up per Toarcian, to smooth lime stones with
marly joints.

BAJOCIAN-BATHONIAN

This suc ces sion be gins with a poorly sorted con glom er ate
fa cies that out crops in the north east ern part of the Bou-
 Izourane Anticline at its base. It is over lain by biodetrital lime -
stones, fol lowed by green marls cov er ing a large part of the
study area. The whole forms a broad flat bot tom of the syncline,
in turn lo cally over lain by Qua ter nary de pos its.

QUATERNARY

The Qua ter nary, in the form of al lu vial ter races, con sists of
sand stone and clay at the base, over lain by scree and gravel.
The Qua ter nary de pos its gen er ally over lie, with an gu lar un con -
formity, var i ous older rocks of the study area, most com monly
Bajocian-Bathonian marls.

ORE DEPOSIT GEOLOGY

The vein-type Zn-Pb min er al iza tion, with a thick ness of ~1
to 2 metres and a length of 400 metres, hosted in Ju ras sic
strata of Jbel Bou-Izourane, is pri mar ily ex ploited for Zn-Pb ore.
The vein is ori ented N–S to NNW–SSE and cross-cuts Li assic
car bon ate marl de pos its (Pliensbachian and Toarcian; Figs. 3B
and 4). The ore-bear ing faults have a sim i lar N–S to NNW ori -
en ta tion as those in the Tamazeght ig ne ous com plex (Fig. 3).
The sul phide min er al iza tion at the Bou-Izourane pros pect un -
der went heavy supergene ox i diz ing pro cesses, oc cur ring as
both sul phide and ox i dized sul phide (non-sul phide) ores (Fig.
5). The sul phide ore is mainly char ac ter ized by ga lena oc cur -
ring in: mas sive (Fig. 5A–C), vein (Fig. 5D, E), and dis sem i -
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nated forms (Fig. 5H, I). The non-sul phide ore, yel low and
brown in col our, is mainly rep re sented by vug gy smithsonite
(de rived from dis so lu tion-re place ment of coarse-grained spha -
lerite) (Fig. 5G–I). Late white cal cite ce ments the sul phide (ga -
lena and sphalerite) ore fol low ing frac tur ing (Fig. 5A–C, E, F, I).

MATERIALS AND METHODS

Sys tem atic sam pling was car ried out for a de tailed petrographic
study on thin-sec tions (30 m thick slices of rock, pol ished on
both sides and at tached to a glass slide with ep oxy resin) and on 
sam ples em bed ded in resin and then pol ished, for op ti cal mi -
cros copy, cathodoluminescence mi cros copy (CL), and scan -
ning elec tron mi cros copy (SEM) at the Geosciences Paris -
-Saclay lab o ra tory, fol low ing a meth od ol ogy to char ac ter ize the
Zn-Pb min er al iza tion of Bou-Izourane (Fig. 6). CL ob ser va tions
were per formed on an Olym pus BX41 mi cro scope cou pled to
Cathodyne cold cath ode catholuminescence (NewTec) equip -
ment op er at ing at 12–14 kV and 140–250 µA and a QicamFast
1394 dig i tal cam era. SEM im ages were pro duced at an ac cel er -
at ing volt age of 15 keV and semi-quan ti ta tive el e men tal com po -
si tions were mea sured by en ergy-dispersive spec trom e try

(EDS) at an ac cel er at ing volt age of 15 keV and an ac cu mu la tion 
time of 30 s. Two sam ples of cal cite as so ci ated with Zn-Pb min -
er al iza tion from the Bou-Izourane dis trict were se lected for
microthermometric anal y sis of fluid in clu sions. Ho mog e ni za tion
(Th) and wa ter ice melt ing (Tm) tem per a tures of two-phase
aque ous in clu sions were ac quired us ing a LINKAM MDS600
cool ing and heat ing stage, mounted on a Leica mi cro scope and
equipped with a Lumenera In fin ity 3 cam era, at the Geo sciences 
Paris-Saclay lab o ra tory. Each liq uid in clu sion was mea sured
twice, and any data that could not be rep li cated was ex cluded.
Sev eral fluid in clu sions from the same plane that ex hib ited vary -
ing liq uid-to-vapour ra tios were ex cluded, as they were con sid -
ered ev i dence of post-trap ping dis tor tion (Goldstein and
Reynolds, 1994). 1.0 and 0.1°C, re spec tively, are the mea sure -
ment un cer tain ties for Th and Tm. For a de tailed anal y sis of the
ga lena and cal cite sam ples in the Bou-Izourane dis trict, we sep -
a rated and col lected them in di vid u ally, us ing man ual sam pling
tech niques un der bin oc u lar mi cros copy. The hand-se lected ma -
te ri als were then ground to a size of 200 mesh (0.074 mm), and
a 0.25 g sam ple frac tion was heated in HNO3, HClO4 and HF
un til dry. Af ter dis solv ing the res i due in HCl, Bu reau Veri tas Min -
er als (Ex plo ra tion Geo chem is try, Can ada) con ducted trace el e -
ment and rare earth el e ment anal y sis us ing in duc tively cou pled
plasma mass spec trom e try (ICP-MS) fol low ing method MA250.
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RESULTS

PETROGRAPHIC FEATURES OF Zn-Pb ORE

The Zn-Pb de pos its hosted in the Ju ras sic car bon ates of
the Cen tral High At las (Fig. 1) have a pri mary paragenetic se -
quence, ex clud ing al ter ation min er als (cerussite, smithsonite,
covel lite, and he ma tite), that can be sum ma rized as: ga lena-
 sphalerite ± py rite-cal cite. These de pos its are con sid ered to be
of MVT (Mouguina, 2004; Mouguina and Daoudi, 2008; Boua -
bdellah et al., 2012; Rddad et al., 2018; Rddad, 2021; Marcoux
and Jébrak, 2021; Rddad and Mou guina, 2021).

The min eral as so ci a tion within the vein ore at Bou-Izourane
mainly con sists of ga lena, sphalerite, smithsonite (sphalerite
ox ide), cerussite (ga lena ox ide) and cal cite, with ga lena and
smithsonite be ing the most abun dant min er als (Fig. 7). Ga lena
ap pears as centimetric crys tals that are ei ther automorphic or
sub-automorphic (Fig. 7A, B). Sphalerite, which is mainly rep re -
sented by small unoxidized frag ments, can be ob served in yel -
low un der nat u ral light (Fig. 7C) and in dark brown un der re -
flected light (Fig. 7D). Cal cite-filled frac tures in ter sect both ga -
lena and sphalerite (Fig. 7A–D). Fre quently, frag ments of ga -
lena and sphalerite are found en cased in cal cite (Fig. 7G). They 
sub sti tute for sul phide min er als, in par tic u lar sphalerite and ga -
lena. Smithsonite re places al most all the sphalerite (Fig.
7E–H). It has a vug gy tex ture and oc curs in large ar eas mea -
sur ing from milli metres to centi metres. How ever, cerussite is
only de vel oped on the edges of the ga lena (Fig. 7A, B). The
phase of cal cite pre cip i ta tion in frac tures is in ti mately as so ci -
ated with the ox i da tion of ga lena to cerussite and sphalerite to
smithsonite (Fig. 7B, E–H). The petrographic SEM/EDS anal y -
sis of the Bou-Izourane pros pect ore re veals the pres ence of
smithso nite, as a com mon phase of the supergene min er al iza -
tion (Fig. 8A). Cerussite, less abun dant, de vel ops only on the
edges of ga lena (Fig. 8B). Sim i larly, do lo mite frag ments from
the host rock have been iden ti fied trapped in the Zn-Pb min er al -
iza tion and late cal cite (Fig. 9A–C). In ad di tion, the tex tural and

mi cro-petrographic re la tion ships be tween min er als in the as -
sem ble are ob served in dif fer ent forms: 

– smithsonite re sult ing from the ox i da tion of sphalerite sur -
rounds the ga lena veinlets (Fig. 9C, D);

– ga lena is also dis sem i nated in smithsonite (Fig. 9D, E).
 Late- stage cal cite seals the frac tures and ce ments the

sulphides (Figs. 7 and 9G). Smithsonite al most com pletely re -
places spha le rite, with some rel ics ob served in the cen tre of the
smithsonite (Fig. 9F, G). How ever, the al ter ation of ga lena is
less ad vanced, and its ox i da tion to cerussite is lim ited to its pe -
riph er ies (Fig. 9H, I). The ox i da tion of ga lena to cerussite and
sphalerite to smithsonite is closely re lated to the cal cite pre cip i -
ta tion in the frac tures (Fig. 9G–I). Ad di tion ally, iron ox ides are
de vel oped on do lo mite frag ments and late cal cite (Fig. 9B).

FLUID INCLUSION PETROGRAPHY 
AND MICROTHERMOMETRY

Study of fluid in clu sions in the late cal cite sam ples re vealed
the pres ence of pri mary in clu sions in the thick sec tions (200 m
thick slices of rock, pol ished on both sides and at tached to a
glass slide with ep oxy resin, can be de tached from their sup port
with ac e tone as a stand-alone sam ple for fluid in clu sion anal y -
sis). How ever, due to the ad vanced ox i da tion of sphalerite to
smithsonite, iden ti fi ca tion of fluid in clu sions and micrometric
anal y ses proved to be very dif fi cult for sphalerite. Clas si cal cri -
te ria have been used to dis tin guish pri mary and sec ond ary in -
clu sions based on the mor phol ogy of the cav i ties, their po si tion
on the growth planes, and the na ture of the phases trapped at
room tem per a ture (Roedder, 1979, 1984; Van den Kerkhof,
1988; Van den Kerkhof and Hein, 2001). The fluid in clu sions in
the cal cite are aque ous two-phase (liq uid + vapour) with the liq -
uid phase dom i nant (liq uid >50%) and sizes rang ing from 5 to
30 µm (Fig. 10A, B). The sum mary re sults of the micro thermo -
metric study of the ho mog e ni za tion tem per a tures (Th) as well
as the tem per a tures of the last melt ing of the ice (Tm) and the
cor re spond ing sa lini ties, mea sured on pri mary two-phase in clu -
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Fig. 6. Meth od ol ogy flowchart of pe trol ogy, fluid in clu sion and geo chem i cal study of Zn-Pb 
min er al iza tion in the Bou-Izourane dis trict
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sions trapped in the crys tals of the cal cite, are shown in Ta ble 1.
Sa lini ties were cal cu lated us ing the HokieFlincs_H2O-NaCl
Microsoft Ex cel spread sheet (Steele-MacInnis et al., 2012).
The ho mog e ni za tion tem per a tures of the pri mary cal cite fluid

in clu sions show a unimodal dis tri bu tion, with tem per a tures ran -
g ing from 70 to 120°C and a mean ho mog e ni za tion tem per a -
ture value of 94 ±8°C (n = 26) (Fig. 11). The sa lini ties vary be -
tween 0.35 and 0.79 wt.% equiv. NaCl.
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Fig. 7. Pho to mi cro graphs of the Zn-Pb ore in the Bou-Izourane dis trict

A, B – ga lena (Gn) ox i dized to cerussite (Cer) in ter sected by cal cite (Ca) veinlets in re flected light
and plane-po lar ized light; C, D – sphalerite (Sp) ox i dized to smithsonite (Sm) in ter sected by cal -
cite (Ca) veinlets in re flected light and plane-po lar ized light; E, F – cal cite (Ca) in ter sects
sphalerite (Sp) ox i dized to smithsonite (Sm) and as so ci ated ga lena (Gn) in re flected light and
plane-po lar ized light; G, H – cathodoluminescence microphotography shows cal cite (Ca) pack ing 
frag ments of sphalerite (Sp) ox i dized to smithsonite (Sm) and as so ci ated with ga lena (Gn)
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RARE EARTH ELEMENT GEOCHEMISTRY

The rare earths el e ment com po si tion can of fer in sights into
the phys i cal and chem i cal con di tions that were pres ent as the
Zn-Pb min er al iza tion form. Rare earth and yt trium (REY) anal y -
ses were car ried out on ga lena and cal cite to better un der stand
the source of the min er al iz ing flu ids, the geo chem i cal con di -
tions and the pro cesses that led to the for ma tion of the lead-
 zinc min er al iza tion at Bou-Izourane (Ta ble 2). A com par i son of
the dis tri bu tion of rare earths and yt trium in the Bou-Izourane
min er al iza tion with oth ers in the cen tral High At las of Mo rocco
(e.g., Tigrinine-Taabast) has been very help ful. The cal cite
shows high REY con cen tra tions with to tal REY vary ing be -
tween 37.3 and 115.2 ppm, com pared to their low con cen tra -
tions in ga lena (5.8–9.7 ppm). How ever, the post-flu o rite cal cite 
of me te oric hy dro ther mal or i gin [iso to pic com po si tion d18O
(–5.5 to –1.6‰ V-SMOW); Achmani et al., 2023], that pre cip i -
tated in the frac tures in ter sect ing the flu o rite, dis plays av er age
REY con cen tra tions of ~50 ppm.

DISCUSSION

PARAGENETIC SEQUENCE

The Bou-Izourane ore dis trict con tains two types of min er al -
iza tion: the first, lo cated in the core of Jbel Bou-Izourane, is
char ac ter ized by flu o rite struc tures (Achmani, 2017; Achmani et 
al., 2020); the sec ond, de tected on the out skirts of Jbel Bou-
 Izourane, is char ac ter ized by Zn-Pb min er al iza tion. Al though
both types of min er al iza tion are lo cated in a com mon area sep -
a rated by <600 m, no ap par ent field or petrographic re la tion ship 
has been dem on strated be tween the flu o rite and the Zn-Pb
min er al iza tion up to now. The mac ro scopic and mi cro scopic ob -
ser va tions of the Zn-Pb ore have led to the iden ti fi ca tion of dif -
fer ent min eral phases; these rep re sent a min er al og i cal as sem -
blage con sist ing mainly of sphalerite and ga lena (Figs. 7 and 9). 
The small sphalerite crys tals are yel low ish-brown in col our. Ad -
di tion ally, sub or di nate ox i dized min eral as sem blages con sist -
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Fig. 8A – SEM im ages and EDS spec trum of sphalerite (Sp) and smithsonite (Sm) from sphalerite ox i da tion; 
B – SEM im ages and EDS spec trum of ga lena (Gn) and cerussite (Cer) from ga lena ox i da tion
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Fig. 9. SEM petrographic mi cro pho to graphs show the dif fer ent min er al og i cal spe cies of the Zn-Pb min er al iza tion
 in the Bou-Izourane dis trict

For other ex pla na tions see text

Fig. 10. Pho to mi cro graphs of iso lated pri mary fluid in clu sions hosted in the late cal cite of the Zn-Pb
dis trict of Bou-Izourane



ing of smithsonite and cerussite de vel oped as a re sult of ox i da -
tion of the sul phide min er als. Such supergene min eral for ma -
tion may be re lated to sul phide ox i da tion by me te oric wa ters
(Swęd and Duczmal-Czernikiewicz, 2019), dur ing the last
20 My (Choulet et al., 2014). The close as so ci a tion of cal cite
with smithsonite and cerussite at Bou-Izourane (Figs. 7B, E, H
and 9G, I), sug gests that this cal cite pre cip i tated dur ing the sul -
phide ox i da tion that oc curred in the last 20 My. The paragenetic
se quence of the Bou-Izourane Zn-Pb ore, ex clud ing for al ter -
ation min er als, can be sum ma rized as fol lows: ga lena, spha -
lerite and late cal cite. The non-sul phide min eral as sem blage is
mainly rep re sented by smithsonite and cerussite, which re sult
from the ox i da tion of sphalerite and ga lena, re spec tively, as well 
as iron ox ides (Fig. 12).

GEOCHEMICAL CONSTRAINTS

The Cen tral High At las is known for its hy dro ther mal-mag -
matic ac tiv ity that oc curred af ter the Tri as sic-Ju ras sic rift ing
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T a  b l e  1  

Sum mary of the microthermometric data for the pri mary aque ous fluid in clu sions hosted in cal cite 
of the Bou-Izourane Pb-Zn ore dis trict

Min eral
In clu sion 

type
No.

Th 
[°C]

Tmice

[°C]
Sa lin ity

[wt.% equiv. NaCl]
Te 
[°C]

Post-Zn-Pb 
cal cite 

L + V 26
Range Mean Range Mean Range Mean Range

[70 to 119] 94 [–0.45 to –0.2] –0.31 [0.35 to 0.8] 0.5 [–45 to –38]

0

1

2

3

4

5

6

7

8

9

10

70 80 90 100 110 120 130 140 150

F
re

q
u

e
n

cy

Homogenization temperature [°C]

Fig. 11. Fre quency his to gram of ho mog e ni za tion
tem per a tures for pri mary in clu sions in post-Zn-Pb

cal cite of the Bou-Izourane dis trict

T a  b l e  2

ICP-MS con cen tra tions of rare earths and yt trium of cal cite and ga lena from the Bou-Izourane dis trict. 

Min eral Ga lena Post-Zn-Pb cal cite Post-flu o rite cal cite

El e ment

[ppm]
Gn-1 Gn-2 Ca-Gn-1 Ca-Gn-2 Ca-Gn-3 Ca-Gn-4 Ca-Gn-5 Ca-Gn-6 Ca-Gn-7 Ca-F-1 Ca-F-2 Ca-F-3 Ca-F-4 Ca-F-5

La 0.7 0.5 3.53 2.27 13.66  12.66  2.62 13.66  8.32 8 3.96  5.6  6.1  3.67

Ce 0.6   0.55 6.7  5.37 31.4    30.4   5.2  31.4    18     12.9    10      9.9  7.51 5.7  

Pr 0.3 0.4 1.08 0.73 3.7  2.7  0.75 3.7  1.23 1.79 1.23   1.13 1.99 1.14

Nd 1.8 2.8 5.4  2.98 16.4    15.4   3.8  16.4    4.38 7.66 5.3    6.5  8    3.2  

Sm 0.5 1.5 1.37 0.85 4.12 3.11 1.3  4.12 1.23 1.76 1.1     0.98 1.94 0.88

Eu 0.1   0.19 0.8  0.5  0.93 0.55 0.31 1.2  0.5    0.362 0.296  0.261 0.4   0.213

Gd 0.5 1.1 2.13 1.23 4.3  3.3  2.5  4.3  2.61 2.17 1.15   1.22 2   1.16

Tb 0.08 0.1   0.355 0.22 0.67 0.33 0.44 0.67   0.427 0.37 0.222  0.179 0.34  0.272

Dy 0.4 0.8 2.22 1.4  4.12 3.12 1.2  4.12 3.84 2.85 1.35   1.37 2.25 1.65

Y 0.5 1.1 22.9    20     34.6    25    36.9    30.7    68.7    32.4 14.6   11.8  18.9    21.7   

Ho 0.08   0.16 0.39 0.29 0.8  0.4  0.5  0.8  0.65   0.377 0.213 0.2   0.24 0.24

Er 0.1   0.21 1.52   0.771 1.91  0.91 0.83 1.91 2.18 1.07 0.58   0.342 0.88 0.79

Tm 0.02   0.04   0.145 0.1    0.262 0.2  0.12   0.262   0.261 0.17 0.091  0.069   0.131  0.066

Yb 0.08   0.21 0.94 0.58 1.69 0.69 0.96 1.69 1.21 1.34 0.7    0.39 1   0.4  

Lu 0.03   0.04   0.125 0.06   0.229   0.256   0.151   0.229   0.167   0.188 0.106  0.089   0.177  0.055

Pb 866000 866000 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

S 134000 134000 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

SREE 5.29 8.6 26.705 17.351 84.191 74.026 20.681 84.461 45.005 41.01 26.298 28.23 32.958 19.436

n.d. – not de tected
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(Laville, 1985). This re sulted in an ex cep tion ally high geo ther -
mal gra di ent, which reached up to 60°C/km away from the Ju -
ras sic in tru sions (Zayane, 1992). The ho mog e ni za tion tem per -
a tures reach up to 290°C in ar eas of min er al iza tion lo cated near 
the Ju ras sic ig ne ous in tru sions in the Cen tral High At las
(Mouguina, 2004). The Pb-Zn ores (karst cav i ties and veins) in
the Cen tral High At las (CHA) of Mo rocco, are dis trib uted in
three geo graphic ar eas (Rddad and Mouguina, 2021; Fig 1): 

– north ern fron tier zone (Aoudine, Sidi Belghite);
– cen tral zone (Ali Ou Daoud, Tazoult, Wawrirout);
– south ern/west ern fron tier zone (Tadagaste, Bou Dahar,

Tigrinine- Taabast, Imi N’Tazaght, Isk N’Ait Mraou). 
The iso tope geo chem is try stud ies con ducted by Rddad and 

Mouguina (2021) on the Pb-Zn de pos its of the Mo roc can Cen -
tral High At las (CHA) showed that the sul phur is de rived from
Tri as sic-Ju ras sic sulphates and/or from co eval pore wa ter
sulpha tes. The sul phur iso to pic com po si tions (d34S = –18.6 to
22.2‰) ex hibit re gional zon ing, with iso to pi cally heavy d34S
(14.3‰) in the cen tral zone, neg a tive d34S val ues (–16.9‰) at
the north ern fron tier and –9.1‰ at the west ern fron tier (i.e.,
Tadagaste), to in ter me di ate d34S val ues (4.4‰) at the south ern
fron tier (Fig. 1). This zonation re flects dif fer ent mech a nisms of
sul phate re duc tion, in clud ing bac te rial sul phate re duc tion
(BSR) at low tem per a tures, which pro duces neg a tive d34 S val -
ues, and thermochemical sul phate re duc tion (TSR) at high
tem per a tures, which pro duces pos i tive d34S val ues (Rddad and 
Mouguina, 2021). The in ter me di ate sul phur iso to pic com po si -
tion in the south ern and west ern zone of the CHA re flects the
mix ing of the sul phur de rived from TSR and bacteriogenic sul -
phur (BSR). The Pb iso to pic com po si tions are fairly ho mo ge -
neous among the CHA de pos its (206Pb/204Pb = 18.151 to
18.709, 207Pb/204Pb = 15.631 to 15.668, 208Pb/204Pb = 38.433 to
38.808), and sug gest that Pa leo zoic rocks are the pri mary
source of lead and other met als (Rddad and Mouguina, 2021).
The Bou-Izourane dis trict (Jbel Bou-Izourane), lo cated 35 km
south of Midelt city, can be added to the de pos its lo cated in the
north ern part (north ern fron tier zone) of the Mo roc can Cen tral
High At las (Fig. 1).

In ad di tion to its geo graphic lo ca tion in the north ern fron tier
zone (near the Aoudine and Sidi Belghite de pos its, in par tic u lar; 
Fig. 1), the REY pat terns of Bou-Izourane ga lena, nor mal ized
to chondrite (Sun and McDonough, 1989), show an al most par -
al lel dis tri bu tion to those of the Tigrinine-Taabast sulphides
(Rddad, 2021; Fig. 13). The dis tri bu tion of REY in the sulphides
of the Bou-Izourane and Tigrinine-Taabast dis tricts is char ac -
ter ized by sig nif i cant neg a tive Y and Ce anom a lies. There fore,
the low ΣREE val ues and neg a tive Ce anom a lies are con sid -

ered typ i cal of a de posit strongly re lated to hy dro ther mal flu ids
(Jach and Dudek, 2005; Josso et al., 2017; Ehya and Marbouti,
2021), and the pres ence of sulphates in creases the sol u bil ity of
Y (Guan et al., 2022).

Based on many sim i lar i ties be tween the Zn-Pb ores of
Bou-Izourane and oth ers in the Mo roc can Cen tral High At las
(e.g., Tigrinine-Taabast), we can sug gest the pos si bil ity of a
com mon source of lead and sul phur. These sim i lar i ties in clude
their oc cur rence in the same geo log i cal and chro no log i cal con -
text within the Li assic strata of the Mo roc can Cen tral High At las, 
as well as their petrographic char ac ter is tics and REY pat terns.
There fore, the main source of lead (Pb) and other met als for the 
Bou-Izourane Zn-Pb ore would be re lated to Pa leo zoic base -
ment rocks, as is the case for all de pos its in the Cen tral High At -
las met al lo gen ic prov ince (i.e. Tigrinine-Taabast, Aoudine, Sidi
Belghite, Ali Ou Daoud, Tazoult, Wawrirout, Tadagaste, Bou
Dahar, Imi N’Tazaght, Isk N’Ait Mraou; Rddad and Mouguina,
2021). How ever, the source of sul phur will be re lated to Tri as -
sic-Ju ras sic sulphates and/or co eval pore wa ter sulphates re -
duced by bacteriogenic ac tiv ity (BSR), as is the case for the
north ern fron tier zone (i.e., Aoudine, Sidi Belghite; Rddad and
Mouguina, 2021). There fore, the for ma tion of the Zn-Pb ore in
the Bou-Izourane pros pect can be at trib uted to the same pro -
cess that pro duced all the Mis sis sippi Val ley type Pb-Zn de pos -
its in the Cen tral High At las. These are thought to be re lated to
the mix ing of a met al lif er ous fluid from Pa leo zoic rocks and a
colder, sul phur-rich fluid from Tri as sic-Ju ras sic sulphates
and/or co eval pore wa ter sulphates (Rddad and Mouguina,
2021). Fur ther more, the slight en rich ment in rare earths and yt -
trium in the Bou-Izourane ga lena is typ i cal of sulphides found in
mag matic de pos its (Ohmoto and Goldhaber, 1997). Sev eral
stud ies (e.g., Agard, 1960; Salvi et al., 2000; Marks et al.,
2008), have re ported the pres ence of sul phide min er als
(sphalerite, ga lena py rite and chal co py rite) in pegmatites and
neph el ine syenites of the Tamazeght mag matic com plex. The
pres ence of sul phide min eral traces within the Tamazeght
rocks, in the same geo graph ical area of the Bou-Izourane
Zn-Pb min er al iza tion (Fig. 4), sug gests that sim i lar hy dro ther -
mal-mag matic flu ids played a role in the REY en rich ment of the
Bou-Izourane ga lena. The or i gin of some fluorites from the
Tamazeght com plex and the Bou-Izourane re gion has been
linked to the con tri bu tion of flu ids from the mag matic hy dro ther -
mal ac tiv ity of Tamazeght. Fur ther more, the post-min er al iza tion 
cal cite from Bou-Izourane is char ac ter ized by low-sa lin ity fluid
in clu sions (0.5 wt.% equiv. NaCl) and ho mog e ni za tion tem per -
a tures ~94°C. These val ues are closely com pa ra ble to those of
the post-min er al iza tion cal cite from the Tigrinine-Taabast dis -
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trict (Th ~96°C, sa lin ity ~0.3 wt.% equiv. NaCl.) (Rddad, 2021;
Fig. 14). There is a per fect fit be tween the REY pat terns with
pos i tive Y anom a lies of flu o rite and post-flu o rite cal cite, and
post-Zn-Pb cal cite (Fig. 13). Based on data pub lished pre vi -
ously (Achmani et al., 2020, 2023), the post-Zn-Pb cal cite may
be re lated to the same gen e sis pro cess as the flu o rite and
post-flu o rite cal cite in the Bou-Izourane dis trict.

GENESIS OF THE Zn-Pb ORE 
MINERALIZATION

The Pb-Zn de pos its in the Mo roc can High At las are lo cated
near Ju ras sic ig ne ous in tru sions (e.g., Tirrhist, Tigrinine-
 Taabast, Ali Ou Daoud). The Bou-Izourane Zn-Pb min er al iza -

tion is de vel oped in a N–S to NNW–SSE-trending subvertical
fault in the Li assic car bon ate marls, the same fault di rec tion as
hostingthe flu o rite min er al iza tion in the area (Achmani, 2017;
Achmani et al., 2023). This di rec tion is al most par al lel to the di -
rec tion of the re gional faults in her ited from the Tri as sic-Ju ras sic 
rift ing phase. Fur ther more, the ore formed af ter the Ju ras sic rift -
ing, dur ing which sig nif i cant hy dro ther mal-mag matic ac tiv ity oc -
curred in the Cen tral High Atas (Laville, 1985). In ad di tion,
NE–SW and NNW–SSE trending faults filled with sim i lar min -
eral as sem blages (e.g., Tigrinine-Taabast) were re ac ti vated
and formed in re sponse to the Eocene-Mio cene Al pine orog -
eny. In gen eral, the role played by orog eny in large-scale fluid
move ment is widely rec og nized (Bradley and Leach, 2003;
Leach et al., 2010; El Basbas et al., 2020). In par tic u lar, the Al -
pine orog eny pro duced two im por tant mech a nisms of fluid flow:

com pressio nal forces (tec tonic “com pres sion” mo -
del) and top o graphic gra di ent, both of which have
been pro posed as ma jor causes in var i ous re gions
of MVT de pos its (Garven and Freeze, 1984; Gar -
ven, 1985; Ol i ver, 1986). These ac tiv i ties re sulted in
the remo bilization and cir cu la tion of large vol umes of 
flu ids from the high pres sure zones to the ba sin
bound aries. Fluid in clu sions in the neph el ine of the
Tama zeght syenites con tain ga lena and sphalerite
daugh ter min er als (Salvi et al., 2000), and dis sem i -
nated traces of these min er als in syenitic rocks sug -
gest the pres ence of min er al iz ing flu ids as so ci ated
with hy dro ther mal-mag matic ac tiv ity at Tamazeght.
These flu ids prob a bly con trib uted to the for ma tion of
ga lena and sphalerite. Sim i larly, in the Cen tral High
At las, Mouguina (2004) dem on strated that Pb-Zn
de pos its in the Tirrhist and Tazoult dis tricts (SE–NW
ori ented veins) near the Ju ras sic ig ne ous in tru sions
(Fig. 1) show a sig nif i cant abun dance of rare earth
el e ments. The min er al iza tion have been in ter preted
as be ing of mag matic or i gin, where the magma
served a dual role as a source of met als and heat
(Mou guina, 2004). Else where, in China for ex am ple,
the Chuduoqu de posit (Pb-Zn-Cu) has been re lated
to re gional mag matic hy dro ther mal flu ids linked to
the mag matic ac tiv ity of a syenite por phyry. Ac cord -
ing to Sun et al. (2019), this mag matic ac tiv ity served 
as both a heat source and the pri mary sup plier of
met al lo gen ic ma te rial (Pb-Zn-Cu) for the Chuduoqu
de posit.

The Bou-Izourane ore in ter sects Li assic car bon -
ate marls (Pliensbachian, Toarcian), in di cat ing that
the ore must have formed af ter the Toarcian. The
pres ence of ox i dized sphalerite (smithsonite) at
Bou - Izourane is re lated to the in fil tra tion of me te oric
wa ters and the sub se quent ox i da tion of sulpphides
dur ing the last 20 My (Choulet et al., 2014). The last
hy dro ther mal event is re corded in cal cite-bear ing
fluid in clu sions. Cal cite pre cip i tated from heated me -
te oric wa ter (Th ~94°C, sa lin ity ~0.5 wt.% equiv.
NaCl). The tight as so ci a tion of this cal cite with
smithso nite and cerussite sug gests that this cal cite
pre cip i tated dur ing the ox i da tion of sulphides that
oc curred dur ing the last 20 My.

The syn the sis of all the field data and petro -
graphic anal y sis re sults shows that the Bou- Izo -
urane min ing dis trict ap peared in the Toa rcian–Early 
Mio cene, be fore the late ox i da tion of sul phides that
oc curred ~20 Ma. How ever, if we con sider the in ter -
ven tion of min er al iz ing flu ids re lated to the hy dro -
ther mal mag matic ac tiv ity of Tamazeght dur ing the
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Fig. 14. Ho mog e ni za tion tem per a ture (Th) ver sus sa lin ity di a gram 
of pri mary fluid in clu sions of post-ore cal cite crys tals 

from the Bou-Izourane dis trict

Post-ore cal cite of Tigrinine-Taabast is from Rddad (2021)

Fig. 13. Chondrite-nor mal ized REY pat terns of ga lena, flu o rite and
post-ore cal cite at the Bou-Izourane de posit (Sun and McDonough, 1989)

 Bou-Izourane flu o rite is from Achmani et al. (2020); ga lena and sphalerite 
of Tigrinine-Taabast is from Rddad (2021)
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Eocene in the for ma tion of the rare earth en riched Zn-Pb min er -
al iza tion of Bou- Izourane, the tim ing of the gen e sis of this min -
er al iza tion can be re stricted to the Mid dle Eocene to Early Mio -
cene in ter val. The sim i lar ity of geo log i cal fea tures (i.e., oc cur -
rence in the same geo log i cal and chro no log i cal con text in the
Li assic suc ces sion of the Cen tral High At las of Mo rocco, para -
genetic se quence and REY pat terns) be tween the Zn-Pb min -
er al iza tion in the Bou-Izourane dis trict and those of Cen tral
High At las (e.g., Tigrinine-Taabast, Sidi Belghite), sug gest that
the gen e sis of the Bou-Izourane Zn-Pb min er al iza tion is largely
re lated to the same pro cess of cir cu la tion and mi gra tion of
deep-seated flu ids orig i nat ing from the Pa leo zoic base ment.
They would have leached met als and evolved into Zn-Pb rich
flu ids. The mix ing of these flu ids with sul phur-rich flu ids at shal -
low lev els would have caused the pre cip i ta tion of sul phide-
 bear ing ores (such as sphalerite and ga lena), sim i lar to what
oc curred in the Tigrinine - Taabast and Sidi Belghite dis tricts. In
par tic u lar, the con tri bu tion of flu ids re lated to the hy dro ther -
mal-mag matic ac tiv ity of Tamazeght in the Bou-Izourane area,
al though in small quan ti ties, is a par tic u lar ity of our study area.
Thus, the hy dro ther mal-mag matic ac tiv ity of Tamazeght may
have in volved mag matic flu ids that may have played a role in
the gen e sis of lead-zinc min er al iza tion at Bou-Izourane, and/or
pro vided a heat source and driv ing fac tor for the per co la tion of
flu ids through the rocks and de po si tion of sul phide-bear ing
ores.

CONCLUSIONS

Sev eral im por tant con clu sions can be drawn from the geo -
log i cal, min er al og i cal and geo chem i cal data pro vided in this
study. In ad di tion to the flu o rite de pos its, the Bou-Izourane dis -
trict is char ac ter ized by Zn-Pb con cen tra tions. These are struc -
tur ally con trolled by N–S to NNW–SSE-trending faults, the min -
er al iza tion, in the form of veins, cuts through Li assic sed i men -
tary rocks (lime stones and marls). Brit tle tec ton ics played an
im por tant role in the de vel op ment of these met al lif er ous con -
cen tra tions by cre at ing path ways for min er al iz ing flu ids and
trap ping them in me chan i cal dis con ti nu ities within the cal car e -
ous marly host rock. The paragenetic se quence of min er als at
Bou-Izourane con sists of ga lena, sphalerite and late cal cite.
The lo cally ex ploit able Zn-Pb min er al iza tion could have re -
gional eco nomic im por tance, since the N–S to NNW–SSE frac -

tures af fect the en tire sed i men tary suc ces sion of the Bou-
 Izourane dis trict. The pres ence of do lo mite frag ments in the
Zn-Pb and cal cite min er al iza tion sug gests a pre vi ous dolomiti -
za tion phase. This dolomitization, as so ci ated with lo cal frac -
tures and faults, may have in creased the per me abil ity of the
car bon ate rocks and, con se quently, en hanced the lo cal flow of
flu ids. The ox i da tion phases of ga lena into cerussite and spha -
lerite into smithsonite are re lated to the late in fil tra tion of me te -
oric wa ters and the ox i da tion of these sulphides. The sim i lar
geo log i cal char ac ter is tics of the Zn-Pb min er al iza tion in the
Bou-Izourane dis trict to those of the Cen tral High At las (e.g.,
Tigrinine-Taabast, Sidi Belghite) sug gest that the re gional pre -
cip i ta tion of such min er al iza tion may be re lated to a mix ture of
met al lif er ous flu ids from Pa leo zoic rocks and shal low sul phur -
-rich flu ids of dis solved sulphates from the Tri as sic-Ju ras sic
and/or sulphates from co eval sea wa ter pore flu ids. How ever,
we note that the ga lena is slightly en riched in REY com pared to
most of the other de pos its of the Cen tral High At las, with an ex -
pres sion of min er al iza tion F-Zn-Pb con cen tra tions that oc -
curred dur ing a lim ited in ter val in time and space in the Bou -
-Izourane dis trict. This raises the pos si bil ity of the in ter ven tion
of flu ids, re lated to the hydrothermo-mag matic ac tiv ity of Tama -
zeght, as a prob a ble heat source and also as a “prob a ble” sup -
plier of met al lo gen ic ma te rial such as Zn-Pb. There fore, this
study will have par tic u lar rel e vance to other ex plo ra tion work
that is un der way in Bou-Izourane. How ever, fu ture re search
should be con ducted on S and Pb iso to pic anal y ses in sulphi -
des to test the ex tent of hy dro ther mal-mag matic fluid in volve -
ment in Tamazeght, as well as to con strain the prob a ble sour -
ces of lead and zinc in the Bou-Izourane dis trict.
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