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Abstract The Merguechoum fluorite-barite mineraliza-

tion, located in the Eastern Meseta of Morocco, is hosted in

the Late Hercynian granite. The ore consists of fine crystals

of fluorite 1, massive barite 1, euhedral crystals of fluorite

2, and barite 2 with calcite and minor quartz and sulfides.

The Merguechoum ore deposits have never been investi-

gated. This study was the first contribution that studied the

genesis of fluorite and barite. The ore occurs as dissemi-

nation within granite intrusion and also fills the NE-SW-

trending meter-sized fractures and faults. The values of the

total Rare Earth Elements and Yttrium (REY) and the

ratios of LREY/HREY, Y/Ho, Tb/Ca, and Tb/La indicate

that the Merguechoum fluorite precipitated from

hydrothermal fluids, likely basinal brines, which interacted

with the Hercynian granite. The REY data indicate that the

ore-forming fluids of the early stage have intensely inter-

acted with the Hercynian granite compared to those of the

late ore stage. The gradual decrease in the europium (Eu/

Eu*), yttrium (Y/Y*), and cerium (Ce/Ce*) anomalies and

a low concentration of RREY observed in the second ore

stage compared to the first ore stage suggest an increase in

pH and fO2 and by inference a decrease in temperature

during the evolution of the hydrothermal system. This

evolution could be explained by fluid mixing between the

ascending basinal hydrothermal fluids and the diluted sul-

fate-rich meteoric water barite separates from selected

samples reveal that the dissolved sulfates (SO4
2-) were

derived from Permian–Triassic sulfates and/or coeval pore-

seawater sulfates. The proposed fluid mixing triggered the

precipitation of an early-stage F-Ba assemblage followed

by the second-stage F-Ba mineralization. Geologic field-

work, REY inventories, and isotope data point to the ore

genesis during the Permian–Triassic extensional tectonic

activity concerning the Pangea rifting. This extensional

tectonic environment is likely the driving force that

mobilized a large amount of the ore-forming basinal brines

along the available faults and fractures to the loci of ore

deposition.

Keywords Fluorite-barite veins � Geochemistry of REY

and trace elements � O–S isotopes � Late hercynian granite �
Pangea rifting � Merguechoum � Eastern Meseta of

Moroccan

1 Introduction

Several economic vein-type fluorite-barite ore deposits of

economic values are commonly associated with carbon-

atites (Okoruso, Namibia; Amba Dongar, India), granitic

breccias (Vergenoeg, Republic South Africa), or related to

basinal brines, typical of the Mississippi-Valley-Type

(MVT) ore deposits (González-Partida et al. 2003; Munoz
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et al. 2005; Bouabdellah et al. 2016; Nadoll et al. 2019a).

In these ore deposits, fluorite precipitated from i)

hydrothermal-magmatic fluids that are related to igneous

rock intrusions (Gallinas Mountains et al. 2000), (ii) mix-

ing between meteoric water and carbonatite-derived fluid

(Amba Dongar, India; Simonetti and Bell 1995) or (iii)

basinal brines typically of MVT systems (e.g. the Lower

Harz Mts., Schwarzwald and Ore Mountains, Germany;

Alles et al. 2019; de Graaf et al. 2020; Walter et al. 2019;

Haschke et al. 2021).

In Morocco, fluorite ore deposits were investigated in

the eastern Meseta (e.g. Aouli fluorite-barite ore deposits,

Margoum et al. 2015). The fluorite-barite ore of Aouli,

hosted in the Hercynian granite, was formed because of the

mixing between a hot ascending deep-seated basinal brine

and cooler, diluted formational and or meteoric water in

relation to the Pangea rifting (Margoum et al. 2015; Bur-

isch et al. 2022). The Merguechoum fluorite-barite ore,

located in the eastern Moroccan Meseta, is also hosted in

the Hercynian granite, and shares similar geological char-

acteristics as the Aouli ore deposits. This contribution

seeks to find out whether the Merguechoum fluorite-barite

ore was formed to the basinal brines or the Hercynian

magmatic-derived fluids with or without the involvement

of meteoric water.

The Jbel Merguechoum is composed of a Late Hercy-

nian granite (321 ± 15 Ma) (El Hadi et al. 2003) with a

potassium-alkaline affinity (Hollard 1978; Hoepffner 1987;

Gasquet et al. 1996; El Hadi et al. 2003). This intensely

fractured granite hosts the structurally controlled fluorite-

barite ore, which consists of abundant fluorite and barite

minerals that are associated with calcite with subordinate

chalcopyrite and pyrite. The formation of these ore deposits

within granite raises the possible role of the granitic

magma in the genesis of fluorite. REY geochemistry is

widely used to help constrain the origin and the geological

environment of fluorite and barite mineralization in several

ore deposits (Möller et al. 1976; Bau et al. 2003; Schwinn

and Markl 2005; Sasmaz and Yavuz 2007; Schönenberger

et al. 2008; Souissi et al. 2010; Ehya 2012; Akgul 2015;

Alipour et al. 2015; Azizi et al. 2017; Kraemer et al. 2019).

In this current study, mineralogical and geochemical

analyses were performed on the ore and gangue minerals

encompassing the paragenetic sequence as well the host

rock (i.e. granite) for the first time to shed light on i) the

source of the ore-forming fluids and ii) the evolution of the

hydrothermal fluids involved in the genesis of fluorite.

Upon combining the geological field data with the geo-

chemical and mineralogical data, a genetic model for the

ore emplacement was established.

Table 1 Paragenetic sequence of fluorite-barite mineralization stages of Jbel Merguechoum
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2 Geological setting

2.1 Lithostratigraphy

In the Jbel Merguechoum, the Triassic and Liassic rocks

are exposed to the surface, whereas the Paleozoic sequence

is hidden beneath the Mesozoic series, except for the

exhumation of the Late Hercynian granite (Figs. 1 and 2).

The rest of the Paleozoic series consists of metasedimen-

tary and/or volcano-sedimentary formations (Giret 1985).

Petrographically, the Merguechoum granite consists of two

major petrographic units; leucocratic granite with a coarse-

grained texture and quartz monzonites with a porphyritic

texture (Berrada-Hmima 1993; El Hadi et al. 2003). These

granitoids are characterized by the predominance of

euhedral to subhedral alkali feldspar phenocrysts and

anhedral quartz crystals with the subordinate plagioclase,

amphibole, and biotite (Berrada-Hmima 1993; El Hadi

et al. 2003). The Triassic sequence (10–1000 m) consists of

red-bed siltstone and evaporite-bearing argillites that are

locally intercalated with tholeiitic basalts. These Triassic

series are dominantly exhumed in the west of the Jbel

Merguechoum area where they are covered by a 180 m-

thick Liassic carbonate. The overlying Middle Jurassic

formation, encountered in the east and west of Jbel Mer-

guechoum, consists of a carbonate (dolostone and lime-

stone) platform with marl intercalations. The Quaternary

cover consists of conglomerates, sandy clays, and other

fluvio-alluvial sediments.

2.2 Tectonic evolution

The Palaeozoic basement of the Eastern Meseta forms

small inliers (Merguechoum, Jerada, Zekkara, and Tan-

cherfi) and is overlain by the Mesozoic sedimentary cover.

The tectonic evolution of the Jbel Merguechoum is part of

the Moroccan Hercynian geodynamic history that occurred

between 330 and 270 Ma (Lagard 1989). The structural

evolution of the Eastern Meseta of Morocco, including

Jebel Merguechoum, is dominated by regional strike-slip

faults, which formed as a result of a succession of the two

major tectonic events: the Hercynian and the Alpine

orogenies.

The Hercynian orogeny consists of two major tectonic

events (Clauer et al. 1980; Huon et al. 1987): (i) the Eo-

Variscan phase (366–372 Ma) and (ii) the Late Hercynian

phase (286 and 247 Ma) (Mrini et al. 1992). The former

tectonic event was responsible for the generation of the

NNE–SSW, N–S, and NW–SE-trending faults. The latter

tectonic event resulted in the emplacement of numerous

granites (e.g., Merguechoum, Tancherfi) and the formation

of the NE–SW- to E-W-trending faults (Hoepffner et al.
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2005). These Hercynian structures were affected by the

Triassic–Jurassic extensional tectonic activities which are

particularly characterized by the development of the NE-

SW- to ENE–WSW-trending normal faults (Hoepffner

et al. 2005). During the Cretaceous to Quaternary, the

Eastern Meseta underwent the Alpine compressive events,

which resulted in the formation of the NNE–SSW- and

NW–SE-trending structures (Chotin et al. 2000; Torbi and

Gélard 2000) and the uplift of the present-day Jbel

Merguechoum.

2.3 Ore geology

Petrographic examination and crosscutting relationships

between different mineral phases allow the identification of

a simple paragenetic sequence with three main stages

(Table 1). The early hydrothermal stage (Stage I) com-

prises the main economic ore accounting for more than

90% of total fluorite-barite resources. All varieties of flu-

orite minerals are represented in this stage I, except the

subhedral blue fluorite. The mineral paragenesis consists of

early fluorite (F-1), purple massive barite (Ba-1), euhedral

fluorite (F-2), lamellar barite (Ba-2) associated with calcite,

and quartz with subordinate sulfides (pyrite, chalcopyrite).

Early fluorite (F-1) is massive, greenish, colorless, or

white, and locally it may have oscillatory zoning. Fluorite 1

occurs also as metasomatic mineralization due to the pro-

gressive replacement of Late Hercynian granite by fluorite

1. The latter forms subhedral to anhedral microcrystalline

crystals (\ 5 mm) of various morphology (Fig. 3E). Barite

Fig. 1 A General location of Merguechoum inlier. B Generalized geologic map of the Jbel Merguechoum showing the local geology, major

faults, and the location of the mineralized NE-SW-trending veins (from the Taourirt geological map at 1/50000; modified)
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1 occurs as white to pink massive white to transparent

crystals, which are associated with early fluorite.

The second hydrothermal stage (Stage II, ¨Euhedral

stagë) is characterized by well-developed crystals. It con-

sists of cm-sized cubes of green, blue, and purple fluorite

(F-2), white to transparent barite (Ba-2), and white to light

purple pyramid quartz crystals.

Calcite is also present as a massive mineral crosscutting

the Late Hercynian granite. Sulfides are rare and consist of

small amounts of chalcopyrite and pyrite disseminated

within the Late Hercynian granite The post-ore-stage

(Stage III) comprises a supergene mineral assemblage and

calcite. It consists of Fe–Mn oxides-hydroxides and traces

of malachite and azurite disseminated in granite.

Based on field observations of the fluorite-barite ore,

two main ore styles can be distinguished: (i) open space-

filling that was tectonically controlled and (ii) metasomatic

replacement. Open space-filling ore is predominant and is

represented by veins, veinlets, geodes, and en echelon

tension gash clusters in fracture zones in the Merguechoum

granitic intrusion (Figs. 2, 3A–F). The mineralized NNE-

SSW- to NE-SW- trending veins consist of a complex

system of sub-vertical veins (85 degree dipping to the

North) that extend up to 700 m in length with a thickness

that can reach up to 1 m. These veins are parallel to the

regionally reactivated Hercynian faults.

3 Sampling and analytical method

Minerals encompassing the paragenetic sequence were

collected from different ore styles, colors, and morpholo-

gies. Representative samples of fluorite (n = 12), barite

(n = 4), calcite (n = 2), quartz (n = 2), and fresh Hercynian

granite (n = 3) were collected. All sampled rocks and

minerals were crushed using agate mortars and carefully

handpicked under a binocular microscope to avoid

contamination.

The selected materials were then crushed to a size of

200 mesh for trace elements and REY analysis by the

Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

at Bureau Veritas Minerals (Canada) using an ELAN 9000

ICP-MS type apparatus for samples of fluorite, (MPF,

MWF, MGF1, CPF1, CBF1) barite (MPB, MWB, CTB,

CWB), calcite (MWC1), quartz (CWQ), and granite (G1,

G2, G3). At the Geochemistry Lab of Jacobs University

Bremen, Germany, samples of fluorite (MTF, MBF,

MGF2, CGF, CBF2, CPF2), calcite (MWC2), and quartz

(CPWQ) were analyzed for trace elements and REY using

the quadrupole ICP-MS. 30 mg of powdered samples were

digested in a mixture of (2:2:1:1) H2O-HF-HClO4-HNO3,

50% HCl for one hour. In Bremen, the samples were

digested for 12 h at elevated temperatures with HF-HNO3-

HCl in a Picotrace DAS digestion unit with pressure-sealed

PTFE bombs. The solutions were evaporated to incipient

dryness and redissolved in concentrated HCl twice before

Fig. 2 Representative N-S cross section through the Jbel Merguechoum fluorite-barite veins showing the major lithostratigraphic units and the

location of the main fluorite-barite veins (see the map of, Fig. 1 for the location of the X–Y line)
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the sample was taken up in 0.5 M HNO3. To avoid co-

dissolution of intergrown fluorite and quartz, the calcite

samples were dissolved with 5 M HNO3 in open PTFE

beakers on a hotplate at ca. 70–80 �C, filtered and diluted

to 0.5 M HNO3 with deionized water. The samples were

analyzed with a Spectro Ciros Vision ICP-OES and a

Perkin Elmer Nexion 350910 ppm Y (ICP-OES) and

1 ppb of Ru-Rh-Re-Bi (ICP-MS) were used for internal

standardization. For quality control, the certified reference

material JLs-1 (limestone; Geological Survey of Japan)

was used. The results of the geochemical analyses are

reported in Table 2. Barite is so insoluble even with strong

acids that barite samples could not be prepared in wet

chemistry. Hence, these barite samples were not analyzed

for trace elements and REY.

Mineral separates of barite (Ba-1 and Ba-2) (n = 6) for

sulfur and oxygen isotope analyses were handpicked under

a binocular microscope. Sulfur and oxygen isotope analy-

ses were carried out on barite samples at the spectrometry

facility at the Department of Engineering, University of

Nevada, Reno. These analyses were performed using a

Eurovector elemental analyzer interfaced with a Micro-

mass Isoprime stable isotope ratio mass spectrometer, after

the methods of Giesemann et al. (1994) and Grassineau

et al. (2001). The sulfur isotope compositions are expressed

as d34S values relative to the V-CDT standard. Internal

laboratory standards (sphalerite, marcasite) are used for

calibrations (IAEA-S-1: d34S VCDT = - 0.3%; IAEA-S-

2: d34S VCDT = ? 22.7%. The analytical reproducibility

was better than ± 0.2%. For the oxygen isotope analyses,

Fig. 3 Field photos and representative mineralized samples, show the main morphological types of fluorite-barite mineralization in the Jbel

Merguechoum. A Panoramic view of Jbel Merguechoum. B Specimen sample showing Tetratahedral purple fluorite (F-2) and the transparent

lamellar barite (F-2). C Specimen sample showing the fluorine-barite paragenetic succession of early ore stage (F-1 and Ba-1) and second ore

stage (F-2 and Ba-2). D Ore sample in an open-space ore style (vein in the Late Hercynian granite showing the paragenetic succession: cube

green fluorine (F-2) – massive barite (Ba-2) associated with iron oxides. E Substitution-type mineralization (F-1 and sulfides) in the Late

Hercynian granite. F Outcrop of an exploited fluorite–barite vein in granite
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the IAEA-SO-5 (d18O SMOW = ? 12.1%), IAEA-SO-6

(d18O SMOW = - 11.3%), and NBS-127 (d18O

SMOW = ? 8.8%) were used as standards. The precision

for oxygen analysis was better than ± 0.1%.

4 Results

4.1 REY and trace elements geochemistry

The chondrite-normalized REY patterns (REYCN) are

illustrated in Fig. 4. The REY is normalized to chondrite

(Taylor and McLennan 1985). The total REY contents

(RREY) in early fluorite (F-1) range from 3.93 to 26.2 ppm

(average: 16.3 ppm) and are higher than those of late flu-

orite (F-2) (RREY = 0.46 to 15.6 ppm, average: 6.0 ppm).

Compared to fluorite, calcite and quartz samples display

much lower RREY concentrations (0.08–11.7 ppm). The

Late Hercynian granite exhibits higher REY concentrations

(RREY avg. = 189 ppm) than the average RREY contents

of other mineral phases. All fluorite samples are charac-

terized by high LREY enrichment compared to HREY

(Fig. 4) (LREY/HREY ratios often [ 1 and (La/Yb)CN-

= 1.43–27.26) (Table 2). It is worth noting that the early

fluorite is LREY-rich, whereas the late-stage fluorite is

notably lower in LREY.

Fluorite of both stages (I and II) as well as calcite and

quartz have low concentrations of incompatible high field

strength elements (HFSE). In fluorite 1 and fluorite 2, the

contents of thorium (Th) and uranium (U) are quite low,

varying from 0.09 to 0.1 ppm and 0.07 to 0.2 ppm,

respectively. Concerning the large ion lithophile elements

(LILE), F-1 and F-2 display higher concentrations, espe-

cially barium (Ba). Particularly, green fluorite (F-1) and

purple fluorite (F-1) have average Ba concentrations in the

range of 59–3059 ppm, respectively. The concentrations of

K, Sr, and Rb in both fluorites (F-1 and F-2) are variable,

ranging from 30 to 100 ppm, 7 to 75 ppm, and 0.04 to

0.11 ppm, respectively. Nevertheless, the late fluorite (F-2)

is most depleted in some elements (La, Ce, Nd, and Y). The

Late Hercynian granite shows fairly high trace element

contents (K, Ba, and Cs) and particularly potassium, with

concentrations that reach up to 5.54% K.

The chondrite-normalized REY patterns of fluorite 1 and

fluorite 2 are similar, but they are different from those of

the post-ore calcite and quartz samples (Fig. 4). Con-

versely, the chondrite-normalized REY pattern of granite is

completely different from that of fluorite and the post-ore

calcite and quartz. The chondrite-normalized trace element

diagrams show similar incompatible elements patterns of

granite to those of fluorite, except for some elements,

particularly Rb, K, and Ti (Fig. 5).

4.2 Eu, Ce, and Y anomalies

The Eu, Ce, and Y anomalies are calculated using the

equations of Deng et al. (2014) (Table 2). Fluorite of both

generations shows negative Eu anomalies with values of

Eu/Eu* ratios less than 1 (0.25–0.72) (Table 2). These

fluorite samples display a decreasing Eu/Eu* ratio from the

Fig. 4 Chondrite-normalized

REY patterns for fluorite 1,

fluorite 2, calcite, quartz, and

granite samples from the Jbel

Merguechoum (see Table 2).

The reference data of chondrite

are from Taylor and McLennan

(1985)
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early REY-enriched fluorite (F-1) (Eu/Eu* = 0.72) to the

late REY-depleted fluorite (F-2) (Eu/Eu* = 0.25). All flu-

orite samples also display a negative Ce anomaly, with

values of Ce/Ce* ratios ranging from 0.38 to 0.87

(Table 2). Interestingly, this fluorite also shows a

decreasing Ce/Ce* trend from the early fluorite (F-1) (Ce/

Ce* = 0.87) to late fluorite (F-2) (Ce/Ce* = 0.38). Fluorite

samples show Y/Y* ratios ranging from 0.6 to 89.5

(Table 2). Early fluorite (F-1) has higher Y/Y* ratios than

that late fluorite (F-2) (Table 2).

4.3 Y/Ho, La/Ho, Tb/La and Tb/Ca ratios

The analyzed fluorite of both generations exhibits a wide

range of La/Ho values ranging from 1.17 to 50 as shown in

Table 2. Conversely, these fluorite samples display a nar-

row range of Y/Ho ratios with average values varying

between 255.4 in early fluorite and 156.2 in late fluorite

(Fig. 6). Calcite and quartz samples have a wide range of

La/Ho ratios (0.83 to 40.0) and Y/Ho ratios (40.0 to 141.7)

(Table 2). The Late Hercynian granite record completely

different La/Ho and Y/Ho ratios than those of fluorite (F-1,

F-2), calcite, and quartz samples (La/Ho = 31.38 to 71.17,

Fig. 5 Chondrite-normalized

trace element patterns for

fluorite, calcite, quartz, and

granite samples from the Jbel

Merguechoum (see Table 2).

The reference data of chondrite

are from McDonough and Sun

(1995)

Fig. 6 Comparison of the Y/Ho

ratios of Jbel Merguechoum

fluorite. Igneous rocks,

chondrite, PAAS (Post-

Archaean Australian Shale), and

hydrothermal fluorite are also

plotted for comparison (after

Bau and Dulski 1995). PAAS

data from Taylor and McLennan

(1985)
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Y/Ho = 25.33 to 33.50). Finally, the Tb/Ca and Tb/La

ratios for all fluorite samples range from 0.02 to 0.9 and

3.6 9 10–8 to 1 9 10–6, respectively.

4.4 Oxygen and sulfur isotopes

The sulfur and oxygen isotope compositions for barite

samples are reported in Table 3. Barite samples of both

Fig. 7 Plots of Tb/Ca versus

Tb/La ratios in fluorite from the

Jbel Merguechoum. (CCF:

crystal-chemical; RRF:

remobilization) (modified after

Möller et al. 1976)

Fig. 8 Plots of Y/Ho versus La/

Ho ratios in fluorite from the

Jbel Merguechoum (modified

after Bau and Dulski 1995)
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generations display uniform S and O isotopic compositions

with values ranging from 8.6 to 8.9 % (avg. = 8.8 %) and

11.2 to 12.5 % (avg. = 11.9 %), respectively. These iso-

topic values are close to those of the Permian seawater

sulfates (i.e. d34S = 10.5 ± 1.0 % and d18-

O = 10.97 ± 0.29 %) (Claypool et al. 1980; Strauss 1997).

The d34S data of Merguechoum are also similar to those

reported for the barite samples of the ore deposits of Aouli

(8.6 to 13.4 %) (Margoum et al. 2015) and Jebilet (8.90 to

14.7 %) (Valenza et al. 2000).

5 Discussion

5.1 Age of the ore and source of the fluids

Although the absolute age of mineralization at Jbel Mer-

guechoum cannot be determined accurately, geological and

geochemical data allow us to constrain the age of fluorite-

barite ore emplacement. The ore is hosted in fractures and

faults that affect the Hercynian granite, suggesting that the

ore post-dates the emplacement of granite. Hence, the ore

must have formed after the crystallization of granite,

thereby precluding the involvement of the magmatic/

orthomagmatic fluids in the genesis of the ore. This con-

clusion is supported by the different REY patterns dis-

played by granite compared to those recorded for fluorite

and barite samples. The fracturing and faulting of granite

took place during the Permian–Triassic rifting and the

breakup of Pangea (Irving 1977; Torcq et al. 1997; Muttoni

et al. 2003; Martins et al. 2008; Burisch et al. 2022).

Hence, the fluorite-barite ore occurred during the Permian–

Triassic rifting event, which is known to be associated with

the genesis of several ore deposits worldwide (Pirajno

2007; Burisch et al. 2022). This proposed age is similar to

that suggested for the Aouli ore deposits (Margoum et al.

2015) and El Hammam (Bouabdellah et al. 2016; Lecum-

berri-Sanchez et al. 2018).

The Permian–Triassic rifting resulted in the crust’s

extensional tectonic activity and subsequent thinning. This

extensional tectonic activity and the related decompression

of over-pressurized rocks remobilized and delivered a large

amount of the deep-seated fluids toward shallow crustal

levels as shown by the hydrological model set forth by

Staude et al. (2009) and Bons et al. (2018) (see also Boiron

et al. 2010; Burisch et al. 2016; Essarraj et al. 2017; Walter

et al. 2019; de Graaf et al. 2020; Haschke et al. 2021;

Rddad et al. 2022).

Fluids may have also migrated upward due to the

exhumation of the mantle with the crustal thinning (Bur-

isch et al. 2022; Rddad et al. 2022). The extension-related

faults and fractures served as conduits for the upward

migration of these deep-seated metalliferous fluids and the

downwelling of the meteoric water.

5.2 Characterization of the ore-forming fluids

The Tb/La and Tb/Ca ratios of fluorite indicate the frac-

tionation degree of hydrothermal fluids because the ele-

ments La and Tb are strongly fractionated by fluorite

saturation (Ahmet et al. 2018). This Tb/La vs Tb/Ca dia-

gram is, therefore, widely used to distinguish the physic-

ochemical conditions and the environment of ore formation

(pegmatitic, hydrothermal, or sedimentary) of fluorite

(Möller et al. 1976; Möller and Morteani 1983). The

investigated fluorite of both generations plotted in the

hydrothermal field in the Tb/La vs Tb/Ca diagram (Fig. 7).

Moreover, the values of the Y/Ho ratio of the studied flu-

orite samples vary from 50 to 731 (Table 2), which fall

within those of hydrothermal fluorite (Fig. 6) according to

Bau and Dulski (1995). Moreover, the REY source affects

the REY concentrations in fluids, and it is known that the

igneous rocks-derived fluids have overall much higher

REY contents that those of the sedimentary rock-derived

fluids (e.g. shale). In Merguechoum, fluorite and barite of

both generations have low total REY contents, which

suggests that these fluids are likely basinal brines which are

Table 3 Oxygen and sulfur

isotopic compositions of various

generations of barite from the

Merguechoum fluorite–barite

hydrothermal vein system

Reference Mineral d34S (VCDT, %) d18O (VSMOW, %)

MPBa-1 Massive pink barite 1 8.77 11.66

MPBa-2 Massive pink barite 2 8.82 11.20

MWBa-1 Massive white barite 1 8.93 12.46

MWBa-2 Massive white barite 2 8.87 11.98

CWBa-1 Crested white barite 1 8.82 12.18

CWBa-2 Crested white barite 2 8.61 11.81
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known to contain very low REY concentrations compared

to the high-temperature magmatic-derived fluids (e.g.

Nadoll et al. 2019a).

With regards to the transport of REY, F-, SO4
2-, and

CO3
2-/ HCO3

- ions are possible ligands in the mineral-

izing fluids. Cl- anions are also possible ligands of REY as

they are efficient complexing agents (Migdisov et al. 2016;

Migdisov 2019). The low solubility of barite limits the

concentration of SO4
2- anions in the ore-forming fluids,

which suggests that these anions are not the main com-

plexing ligands. The presence of calcite in the early and

second ore events points to the possible contribution of

CO3
2-/HCO3

- ions as complexing agents. Fluorite sam-

ples (F-1 and F-2) display a positive Y anomaly and have

Y/Ho ratios of 50 to 731 greater than those of the chondrite

(Y/Ho ratios = 28; Anders and Grevesse 1989), indicating

the higher stability of the Y-F complexation compared to

that of the Ho-F (Bau 1996). Positive Y anomaly also

suggests the presence of fluoride complexing agents

(Möller 1998), which is in agreement with the preferential

incorporation of yttrium into fluorite in hydrothermal fluids

(Deng et al. 2014). Based on the aforementioned argu-

ments, it is concluded that F-, CO3
2-/ HCO3

- ions, and

possibly Cl- anions are the main transporting agents with a

contribution of other complexing agents such as SO4
2-).

5.3 Source of sulfur and oxygen isotopes in barite

The sulfur and oxygen isotope compositions of the Mer-

guechoum barite samples are uniform and are closer to

those of the Permian–Triassic seawater (Claypool et al.

1980; Strauss 1997). Hence, barite samples share a similar

dissolved sulfate source which is likely the Permian–Tri-

assic seawater and/or pore-seawater sulfate. The metallif-

erous Ba-rich ascending fluid cannot carry sulfates owing

to the low solubility of Ba (solubility product KSP-

= [Ba2?][SO4
2-] = 10–10) in SO4

2--rich fluid. Therefore,

this low solubility constraint on Ba concentration implies

that the deep-seated fluid transported metals, whereas

SO4
2- anions were supplied by the Permian–Triassic sea-

water and/or pore-seawater. The ascending Ba-enriched ore

fluids encountered and mixed with these SO4
2--rich Per-

mian–Triassic-derived descending fluids, leading to the

precipitation of barite.

5.4 Evolution of the ore-forming fluids

Several studies showed that fluorite displays REY frac-

tionation between LREY and HREY, which is used to

decipher the redox and Physico-chemical conditions that

prevailed during fluorite deposition (Bau and Möller 1992;

Bau and Dulski 1995; Ehya 2012; Schwinn and Markl

2005). The variations in RREY contents and REY

fractionation observed in the different types of fluorite

generations are related to the evolution of the Physico-

chemical conditions (pH, fO2, Temperature) conditions of

the mineralizing fluids. Particularly, the LREY-rich early

fluorite suggests high temperatures under slightly acidic

conditions (e.g. Ehya 2012) during the precipitation of F-1.

Conversely, the LREY-depleted late-stage fluorite likely

reflects alkaline conditions in the presence of carbonate

species (Chen and Zhao 1997; Ehya 2012; Deng et al.

2014; Schwinn and Markl 2005) during the precipitation of

F-2.

The Eu/Eu* and Ce/Ce* ratios also provide information

on the Physico-chemical conditions of hydrothermal fluids,

including temperature, pH, and oxygen fugacity (Bau and

Möller 1992; Möller 1998; Bau and Dulski 1995; Schwinn

and Markl 2005). The observed negative Eu anomalies in

fluorite samples (F-1 and F-2) are probably inherited from

granite (Schwinn and Markl 2005) where Eu is located in

the mineral structure of plagioclase rather than the rock

groundmass and crystal rims where the other REY is

located. The REY patterns of fluorite samples are indica-

tive of intense water–rock interaction with granite during

the precipitation of fluorite 1. This water–rock interaction

of the first ore stage mobilizes the REY pool first, creating

the Eu-depleted REY patterns. Fluorite samples of ore

stage 2 have an overall lower RREY concentration, which

could suggest i) REY-depleted fluid due to the precipitation

of F-1 and ii) less intense fluid-rock interaction due to

lower temperatures. The former explanation is valid given

the obvious removal of REY from the ore-forming fluids of

the first stage and subsequent depletion of the fluids of the

second stage. The second explanation is also reasonable

because there is an increase in the influx of meteoric water

that cooler the hydrothermal system as evidenced by the

observed decreasing Ce/Ce* and Eu/Eu* anomalies.

Indeed, the increase of the meteoric water in the

hydrothermal system had cooled and diluted the ore-

forming fluid, causing a slight decrease in total REY

content from the early ore stage to the second ore stage.

The post-ore calcite and quartz samples show further REY

depletion, which could be explained by the two above-

mentioned proposed scenarios: (i) a dilution of the metal-

liferous fluid by meteoric water and (ii) a decrease in fluid-

rock interaction.

5.5 Source of metals

It is generally known that the migrating mineralizing brines

along different rocks results in the leaching of the metals,

including F and Ba from the country rocks (e.g. Leach et al.

2005; Yardley 2005; Margoum et al. 2015; Walter et al.

2019; Burisch et al. 2016; Haschke et al. 2021). At Mer-

guechoum, the potential source rocks for these elements
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include the metamorphic and igneous rocks of the Hercy-

nian crystalline basement, including the Late Hercynian

granite. The similar patterns of all Merguechoum fluorite

samples (F-1 and F-2) in the chondrite-normalized trace

element diagrams (Fig. 5) suggest a common source for

these fluorites. The similar patterns of the incompatible

elements of the Hercynian granite and fluorite samples

suggest that the source of F in fluorite is granite, particu-

larly from the breakdown of mica. Moreover, the elevated

concentrations of barium (Ba) in fluorite, due to a simi-

larity in ion radii between calcium (Ca) and barium (Ba)

(Dai 1987), suggests that the metal-bearing fluids are rich

in Ba which is particularly derived from the dissolution of

feldspar. REY and trace element data of both the ore and

granite reveal fluid-rock interaction between the metallif-

erous fluids and granite. The duration of this fluid-granite

interaction is relatively longer as revealed by the relatively

moderate positive correlation between the La/Ho and Y/Ho

ratios observed for fluorite 1 and fluorite 2 (Fig. 8). The

circulation of the mineralizing fluids in the intensely

fractured granite may have, hence, leached elements

including F and Ba from granite.

Moreover, the LILE and HFSE concentrations in the

mineralization are controlled by the physicochemical

conditions of hydrothermal fluids and the geological

environment (Möller et al. 1976; Bau et al. 2003; Sasmaz

et al. 2005a, b; Schwinn and Markl 2005; Sasmaz and

Yavuz 2007; Schönenberger et al. 2008; Sanchez et al.

2010; Souissi et al. 2010; Ehya 2012; Akgul 2015; Alipour

et al. 2015; Azizi et al. 2017). In that respect, the enrich-

ment of fluorite and granite in LILE can be explained by

the fact that these elements migrate easily with the

hydrothermal fluids (Bau and Möller 1992; Schwinn and

Markl 2005). This is not the case for HFSE which has little

or no mobility in the hydrothermal fluids (Bau and Möller

1992; Schwinn and Markl 2005), which resulted in a

depletion of these elements in fluorite. These geochemical

characteristics allow the classification of granite (the host

rock) in the strongly potassic calc-alkaline granitoid. This

is corroborated by the high La/Nb ratios that are always

higher than 2 (average La/Nb & 3.94). The leaching of this

K-rich granite by the ore-bearing fluids explained the

enrichment of fluorite in potassium among other elements.

This observation further supports the fluid-granite interac-

tion that took place during the circulation of the ore-

forming fluids and their subsequent trace element enrich-

ment. It follows that the Late Hercynian granite is a major

contributor of fluorite and barite required for the precipi-

tation of fluorite and barite.

5.6 Mechanisms of the ore precipitation

The processes that trigger the precipitation of fluorite and

barite are (i) the mixing of two or more fluids of different

chemical compositions, (ii) precipitation due to the

decreasing temperature and pressure of the metalliferous

fluid, and (iii) the fluid-rock interaction (e.g. Richardson

and Holland 1979; Roedder 1984; Simonetti and Bell

1995). Precipitation of barite and fluorite require the

aforementioned factors (i-iii) owing to the low solubility of

barite (Hanor 2000) and the notable decrease in the solu-

bility of F with decreasing temperature (Richardson and

Holland 1979). At Merguechoum, the mineralized veins

crosscut the Late Hercynian granite and hence, the mag-

matic fluid is excluded because the ore must have precip-

itated well after the crystallization of granite. This

conclusion is consistent with the different REY patterns of

fluorite samples (F-1 and F-2) compared to those of the

Hercynian granite samples. These observations exclude a

direct genetic relation between granite and mineralization;

that is the magmatic-derived fluids are not involved in the

genesis of the ore. A similar disconnect between the ore

and the Hercynian granitic magma is observed for the

fluorite-barite ore deposits of El Hammam (Bouabdellah

et al. 2016) and Aouli (Margoum et al. 2015). REY data

indicate that the basinal brines are involved in the genesis

of the ore with the involvement of meteoric water. It is

likely that fluid mixing between the metal-rich basinal

brines and diluted, cooler, sulfate-rich meteoric water

occurred, triggering the precipitation of fluorite and barite.

The similar REY patterns of fluorite 1 and fluorite 2 show

that these mineral phases precipitated by mixing from those

same fluid endmembers. Moreover, fluorite samples have a

high concentration of Ba, which suggest that F and Ba were

transported in the same hydrothermal fluids.

Fluid-mixing has been proposed as a primary process in

the precipitation of F and Ba in several ore deposits that

formed with Pangea rifting (North Africa: Aouli, Margoum

et al. 2015; El Hammam, Bouabdellah et al. 2016; Europe:

Grandia et al. 2003; Boiron et al. 2010; Kraemer et al.

2019; Walter et al. 2019; Nadoll et al. 2019a; Guilcher

et al. 2021; Burisch et al. 2022; North America: Van

Alstine 1976).

Compared to the early ore stage, the coarse euhedral

texture of fluorite 2 and barite 2 suggests very fast pre-

cipitation of these minerals during fluid mixing under

supersaturation conditions. In that respect, modeling set

forth by Walter et al. (2018) shows that fluorite precipitates

within seconds. The oscillatory zoning exhibited by F-1

suggests cyclic compositional fluctuation of the ore-form-

ing fluids during early-stage ore. Each zone may reflect a

single fluid batch expelled during seismic activity for

example.
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The high concentrations of Ba in granite and fluorite

samples as well as trace elements and REY data indicate

that fluid-rock interaction took place between the Hercy-

nian granite and the ore-forming fluids. This fluid-rock

interaction likely contributed to the precipitation of the ore

besides the fluid-mixing process. Fluid-rock interaction

was intense during the first ore stage compared to that of

the second ore stage (refer to Sect. 5.4).

The source of calcium, required for fluorite precipita-

tion, could be i) the albitization of plagioclase in the Late

Hercynian granite, ii) the dissolution and leaching of the

Triassic feldspars, and iii) the dissolution of the Hercynian

granite and Liassic carbonate. The lack of a positive Eu

anomaly in fluorite samples discounts the first two former

sources of Ca. The high concertation of Ca in the Late

Hercynian granite (2700–15,200 ppm) points to the latter

as one possible contributor to Ca input. The juxtaposition

of the Liassic rocks to the ore sites may suggest that Ca was

also derived from the dissolution of the Liassic carbonate

and probably brought to the loci of deposition. However,

based on the oxygen isotope data, the sulfates of barite

samples derived from the Permian seawater and/or coeval

pore-seawater, preclude the Liassic carbonate as the source

of calcium. This conclusion is also in agreement with the

proposed Permian–Triassic age of the ore genesis during

which similar ore deposits were formed (e.g., Aouli,

Margoum, et al. 2015; El Hammam, Bouabdellah, et al.

2016; Muchez et al. 2005; Haschke et al. 2021; Burisch

et al. 2022).

6 Ore genesis and concluding remarks

The fluorite-barite veins of the Jbel Merguechoum, hosted

in the Late Hercynian granite, are structurally controlled.

The paragenesis consists of fluorite 1- fluorite 2- barite 1-

barite 2 -calcite with a subordinate amount of quartz,

chalcopyrite, pyrite, and supergene mineral assemblage.

Three main ore stages are identified: i) early hydrothermal

stage, ii) second hydrothermal ‘‘Euhedral’’ stage, and iii)

supergene ‘‘post-ore stage’’. The geochemical analyses of

trace elements (REY, HFSE, and LILE) in fluorite and

barite of the Jbel Merguechoum reveal that the

hydrothermal basinal brines are involved in the precipita-

tion of fluorite with the involvement of meteoric water.

Based on the geological and geochemical data, we suggest

that the ore-forming basinal brines migrated from a deep

part of the basin along the deep-seated Hercynian NE-SW

to ENE-WSW-trending faults. These faults were formed in

response to the crustal thinning during Pangea rifting.

Sedimentary basinal brines were also proposed as the ore-

forming fluids for the Fluorite-barite ore deposits of Aouli

(Margoum et al. 2015) and El Hammam (Bouabdellah et al.

2016). Along their ascent to the loci of deposition along

potential pathways, these basinal fluids interacted with the

Paleozoic rocks, including the Late Hercynian granite, and

scavenged the elements (e.g., REY, F, and Ba). The mixing

between these deep-seated metalliferous basinal brines and

cooler, diluted sulfate-rich meteoric water triggered the

precipitation of F-1 from REY-enriched hydrothermal flu-

ids. The increasing influx of meteoric water cooled and

diluted the hydrothermal system, which led to the deposi-

tion of F-2 from REY-depleted hydrothermal fluids in a

less acidic, oxygenated environment. Fluid-rock interac-

tions between the ore-forming fluids and the Late Hercy-

nian granite have not only enriched these fluids in elements

(e.g., REY, F, Ba) but also contributed to the precipitation

of the ore. REY data show that fluid-rock interaction is

pronounced during the first ore stage compared to the

second ore stage, explaining the higher REY contents in

F-1 and Ba-1. Furthermore, the removal of REY by the

minerals of the first ore stage 1 leads to REY depletion of

the ore-forming fluids of the second stage.

The Mechergoum ore deposits share similarities with

several ore deposits that are formed to the Permian–Tri-

assic rifting (North Africa: Margoum et al. 2015; El

Hammam, Bouabdellah, et al. 2016), Europe (e.g. Muchez

et al. 2005; Haschke et al. 2021; Burisch et al. 2022 and

references therein). Future studies (e.g. fluid inclusions,

crush-leach, Sr isotopes) will be performed to further

constrain the nature and evolution of the ore-forming fluids

and consolidate the genetic ore model presented in this

paper.
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hercynides. J Afr Earth Sci 43:144–165

Hoepffner C (1987) La tectonique hercynienne dans l’Est du Maroc.
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