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Abstract:



The Jbel Rhals deposit, located in the Oriental High Atlas of Morocco, hosts a polymetallic Fe-Mn-Cu ore. Large metric veins of goethite and pyrolusite cut through Paleozoic schists that are overlaid by Permian-Triassic basalts and Triassic conglomerates. The genesis of this deposit is clearly polyphased, resulting from supergene processes superimposed over hydrothermal phases. The flow of Permian-Triassic basalts probably generated the circulation of hydrothermal fluids through the sedimentary series, the alteration of basalts and schists, and the formation of hydrothermal primary ore composed of carbonates (siderite) and Cu-Fe sulfides. Several episodes of uplift triggered the exhumation of ores and host rocks, generating their weathering and the precipitation of a supergene ore assemblage (goethite, pyrolusite, malachite and calcite). In the Paleozoic basement, Fe-Mn oxihydroxides are mostly observed as rhombohedral crystals that correspond to the pseudomorphose of a primary mineral thought to be siderite; goethite precipitated first, rapidly followed by pyrolusite and other Mn oxides. Malachite formed later, with calcite, in fine millimetric veins cutting through host-rock schists, conglomerates and Fe-Mn ores.






Keywords:


Moroccan High Atlas; supergene deposits; goethite; gossan; weathering












1. Introduction


The Jbel Rhals Fe-Mn-Cu deposit is located in the Moroccan Oriental High Atlas, 20 km south from Bou Arfa city (Figure 1). Several ore deposits in the Bou Arfa district were mined in the first half of the 20th century, and are recently (re)considered in several papers: Jbel Klakh (Cu) [1,2], Jbel Haouanit (Pb-Zn-Cu-V) [1,2], Hamarouet and Aïn Beida (Mn) [3]. The Jbel Rhals locality was known as a Cu deposit for centuries and has been shortly exploited during the 19th–20th centuries; some mining activities started up again in 2012.


Figure 1. (a) Simplified geologic map of parts of Morocco and location of Bou Arfa; (b) Synthetic geologic map of the Bou Arfa region generalized according to the ages of units and showing the location of the Jbel Rhals ore deposit (modified from [4]).
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However, there is no mineralogical inventory of the Jbel Rhals deposit, and processes leading to the formation of the various mineral phases have not been investigated yet. The issue of the origin and genesis of these ores has not been raised either. This work presents a petrological, mineralogical, and geochemical synthesis of the Jbel Rhals deposit. We focus our investigation mainly on the supergene processes responsible for the current ore mineralogy, considering that the primary mineralization is not exposed in outcrops or pits, nor in galleries, and that only the oxidation zone of the deposit is accessible. The purpose of this study is to investigate and highlight relationships between mineral associations and host rocks, to identify parageneses, and to propose a metallogenic model in order to explain the genesis of the ores. Special attention is also paid to the potential concentration of some elements classified as “strategic” or “critical” raw materials by the European Union (Light Rare Earth Elements (LREE), Heavy Rare Earth Elements (HREE), Y, In) in supergene mineral phases.



Geological Setting


The Jbel Rhals deposit is located at the northern edge of the Oriental High Atlas (Figure 1). This intracontinental mountain belt extends WSW to ENE, from the Atlantic coast to Algeria where it continues in the so-called “Saharan Atlas”. The geodynamic evolution of the High Atlas system involves the interplay of two main events: (1) the Triassic to late Cretaceous pre-orogenic rifting and subsequent filling of the basins, and (2) the Cenozoic basin inversion leading to the shortening of basement and cover units, formation of syn-orogenic basins, and uplift [5,6,7].



The break-up of Pangaea and the opening of the Tethys and Atlantic Oceans triggered the formation of intracontinental rifts that affected the Variscan basement and induced the thinning of the North African crust [8]. The Triassic is characterized by the transition from a distensive to a transtensive context: narrow subsident basins, separated in horsts and grabens, developed during the first part of this period [8,9], while pull-apart basins were induced during the second one [10]. Rifting aborted during the late Triassic [8]. During Liassic, a sinistral transform zone induced the division of the Atlasic basin into two trenches that later became the Middle and High Atlas [8,11]. Synrift basins contain a succession of Permian to Triassic red-bed sedimentary rocks (conglomerate, sandstone, siltstone and mudstone), with widespread evaporites and intercalated basaltic and lava flows, followed by Jurassic-Cretaceous carbonates and marls [5]. The flow of ca. 210–195 Ma basalts and dolerites is related to the Central Atlantic Magmatic Province (CAMP) [5,12,13,14]. Following [5,14], the geochemical signature of these rocks is typical of continental intraplate magmatism, and more precisely of continental tholeiites (flood basalts); their common slight enrichment in incompatible elements implies a potential crustal contamination during rising.



By the end of Cretaceous, the opening of Atlantic Ocean changed the drifting direction of the African plate from heading E to NE, in convergence with the Iberian (Eurasiatic) plate. In response, constraints switched from being extensional to compressional, leading to basin inversion [11,15]. Shortening occurred by fracturing and folding the Mesozoic-Cenozoic cover units and the Variscan basement, and sometimes by detachment of cover units from the basement [5,12,16]. Three major episodes of exhumation are defined in the Eastern High Atlas: late Eocene (between Lutetian and Bartonian), early to middle Miocene, and late Pliocene to Quaternary [6]. The last episode, which corresponds to the paroxysmal compression phase, is responsible for the building of the current orogeny, and contributes to most of the High Atlas topography, together with lithospheric thinning [17].



The Jbel Rhals ore deposit (32°20′40.6″ N; 1°58′40.6″ W), elevated between 1200 and 1300 m in altitude, is located at 20 km south of the city of Bou Arfa, in the Figuig province of Morocco (Figure 1). The deposit is situated in a Precambrian-Liassic inlier, at the base of a 200 m high cliff (Figure 2a), eastward of the Tamlet plain which is filled with various Quaternary materials, and south of Jurassic-Cretaceous reliefs hosting supergene Cu-Pb-Zn-V ore deposits (Figure 1) [1]. The place is also known as “Guelb en Nahas”, which means the “Copper Hill” in Arabic, referring to some ancient mining activities by Portuguese miners for copper ores. The Cu mineralization has been somewhat mined during the 20th century, but received little attention since closure of the deposit until 2012, when a project of mining recovery was submitted. Ores were/are mined in shafts and subhorizontal galleries of several tens of meters long and about two meters high, driven into the Paleozoic basement rocks (Figure 2b). The shafts are not accessible anymore. The stratigraphic succession of the entire area (mapped by [4]) is complex: the intense fracturing and moderate folding of the series disrupt the sedimentary structures arrangement, and most original features are no more apparent. Several NE-SW normal faults are observable in the deposit area (Figure 1), one of which, close to the ores, triggers a pluri-decametric displacement in the Triassic-Jurassic series.


Figure 2. (a) Field view of Jbel Rhals and stratigraphic log of the observed units (modified after [3]); (b) mining gallery showing Fe-Mn mineralization.
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The basement is constituted of Paleozoic shales that are successively covered by Triassic conglomerates, Triassic silty layers, and Jurassic dolomitized series (Figure 2a). Permian-Triassic basalts are found between the basement and Triassic-Jurassic series (Figure 2a). The several meters thick Fe-Mn ore is confined to the Paleozoic shales, right under the Permian-Triassic basalts (Figure 2a), while Cu-mineralized veins extend from the Paleozoic shales (and the Fe-Mn ore) to the Triassic conglomerates. The thickness of the shale beds ranges from 1 centimeter to several decimeters. Stratification is subvertical in the Paleozoic shales (Figure 3a), but horizontal in the Triassic and Sinemurian formations.


Figure 3. Host rocks (d–j: SEM (Scanning Electron Microscope) photomicrographs, in backscattered electrons mode). (a) Paleozoic schisteous host rock (the scale is 30 cm long); (b) Permian-Triassic poorly weathered basalt; (c) most altered/weathered basalt composed of three different layers: red (R), green (G) and white (W); (d) poorly weathered basalt, with albite (Ab) and anorthite (An) laths, rutile (Rt), chlorite (Chl), and ilmenite (Ilm) weathered in hematite (Hem); (e) skeletal ilmenite (Ilm) presenting exsolution lamellae of hematite (Hem), in the poorly weathered basalt; (f) transition between the red and the green altered/weathered layers of the basalt, with goethite (Gth), pyrolusite (Prl), chlorite (Chl), quartz (Qz) and ilmenite-hematite (Ilm + Hem); (g) quartz (Qz), chlorite (Chl), rutile (Rt) laths, and relics of primary minerals in the green part of most altered/weathered basalt; (h) border between red and white parts of the most altered/weathered basalt, with quartz (Qz), calcite (Cal), goethite (Gth), and pyrolusite (Prl); (i) transition between the red and the white layers of the most altered/weathered basalt, with quartz (Qz), goethite (Gth), pyrolusite (Prl); (j) goethite (Gth) and pyrolusite (Prl) forming concentric structures in relation to relics of primary minerals, in the red part of most altered/weathered basalt.
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2. Materials and Methods


Thirty samples were collected in March 2014. X-Ray diffraction was carried out on twenty-one samples in order to identify the major mineral phases of the ore, using a BRUKER X-ray diffractometer (Bruker, Billerica, MA, USA) with a HI STAR GADDS (General Area Detector Diffraction System) CuKα detector. One thin section of the “freshest” basalt was observed in transmitted light mode with a LEITZ HM-POL petrographic polarizing microscope (Microscope Central, Feasterville, PA, USA). Twenty-one polished sections were observed on a ZEISS PHOTOMICROSCOPE reflection microscope (Carl Zeiss AG, Oberkochen, Germany), and with a JEOL JXA-8600 SUPERPROBE scanning electron microscope (SEM) (JEOL, Tokyo, Japan) coupled to an energy dispersive electron spectrometer (EDS).



Geochemical analyses were performed on eighteen samples in Activation Laboratories (Ancaster, ON, Canada). REE (Rare Earth Elements) and most of the trace elements were analyzed by Fusion Mass Spectrometry (FUS-MS) (Perkin Elmer Sciex Elan 9000 ICP-MS; Sciex AB, Singapore); Sr, Ba, Zr, and V contents were quantified by Fusion Inductively Coupled Plasma Optical Emission Spectrometry (FUS-ICP) (Varian Vista 735 ICP; Agilent, Santa Clara, CA, USA). Major elements of host rocks, basalts and Cu-mineralized veins were analyzed by FUS-ICP, while contents of iron-rich samples were evaluated with Fusion-X-ray Fluorescence (FUS-XRF) (Panalytical Axios Advanced XRF; PANalytical, Almelo, The Netherlands). FeO was quantified by titration. For samples containing high contents of Mo, Cu, Co. and Ni, analyses were carried out with Fusion Inductively Coupled Plasma Sodium Peroxide Oxidation (FUS-Na2O2), and results quantified in percentages rather than in ppm. Afterwards, REE contents were normalized to those of the PAAS (Post Archean Australian Shale; [18]), considered as a reference for sedimentary rocks, while major and trace elements contents have been normalized to those of the UCC (Upper Continental Crust; [18]). Mineralized samples contents have also been compared and normalized with those of host rocks, in order to highlight potential enrichments or depletions in particular elements.




3. Results


3.1. Petrographic Characterization


The Jbel Rhals deposit hosts two types of mineralization located in different veins. On the one hand, Fe-Mn minerals are restrained in decimetric-scaled veins hosted in Paleozoic schists, and overlaid by basalts. On the other hand, Cu minerals are found in veins of millimetric scale cutting Paleozoic schists, Fe-Mn ores, and Triassic conglomerates.



Host rocks and basalts underwent significant fracturing and severe alteration and weathering. Paleozoic schists (Figure 3a) are mainly composed of quartz, muscovite and chlorite; rare single (La, Ce, Nd) phosphate grains are observed associated to quartz (Figure 4f). In some places, the schisteous protolite has been almost completely altered/weathered to clays (probably illite). Triassic conglomerates, composed of quartz and muscovite, experienced a circulation of iron-rich fluids, which turned their original whitish color to a red tint (Figure 5g), and caused the rimming of some quartz grains with goethite. Basalts are strongly altered/weathered: the basalt considered on the field as “the freshest”, meaning “poorly weathered”, actually lost much of its primary minerals and textures (Figure 3b), while the most altered/weathered one is composed of three layers of different colors and compositions (Figure 3c). In the poorly weathered sample, plagioclase laths are still recognizable, but ferromagnesian minerals are intensively altered/weathered (Figure 3d). Secondary quartz and clays are identified, along with chlorite presenting variable proportions of Al and Fe. Skeletal crystals of ilmenite and hematite, exsolution lamellae of hematite and pyrophanite in ilmenite (Figure 3d,e), and fine hematite dendrites are also observed. Most altered/weathered basalt is composed of a greenish clay-rich layer, a red-brown iron-rich layer and a white layer (Figure 3c,f). The white part is mostly composed of quartz, with some calcite and chlorite (Figure 3h). Quartz, chlorite, clays and calcite are present in the greenish layer, along with some rutile laths (Figure 3g), euhedral apatite and scarce small grains of pyrite. Different grain shapes suggest that some minerals are relics of original/primary ones (Figure 3g), but weathering/alteration made their identification impossible. For instance, the clayey losangic sections observed in Figure 3g are thought to be relics of pyroxenes or olivines. Less common relics are associated to high porosities in the red-brown layer (Figure 3j) where quartz, chlorite, clays, and a mix of calcite, goethite and pyrolusite are identified (Figure 3g). Goethite and pyrolusite are often associated together and form concentric structures, where they are respectively located at the center and at the external rim (Figure 3i). Zircon and (La, Ce, Nd) phosphates have been observed in the poorly weathered basalt, close to quartz, and in the altered/weathered sample, associated with pyrolusite.


Figure 4. Fe-Mn mineralization (c: reflected light photomicrograph; d–i,k: SEM photomicrographs, in backscattered electrons mode). (a) Pyrolusite (Prl) veins in iridescent goethite (Gth); (b) rhombohedral goethite; (c) acicular pyrolusite (Prl) and cryptomelane (Cpm) at the surface of goethite (Gth) intermixed with pyrolusite (Prl); (d) goethite (Gth) crystallites highlighting the pseudomorphose of siderite along cleavages; (e) cleavages of primary minerals preserved in the intermixed goethite (Gth) and pyrolusite (Prl); (f) apatite (Ap) and quartz (Qz) in a pyrolusite (Prl) vein cutting quartz (Qz) and unidentified silicates (Si), where a (La, Ce, Nd) phosphate is observed; (g) accumulation of (Y, Gd, Dy)PO4, in goethite (Gth); (h) (Y, Gd, Dy)PO4 on the edges of calcite (Cal) and dolomite (Dol) crystals, close to pyrolusite (Prl), in the intermixed goethite (Gth) and pyrolusite (Prl); (i) calcite (Cal) observed as triangle-shaped sections of rhombohedrons, undergoing weathering and replacement by Ni- and Cu-rich pyrolusite ((Ni, Cu-)Prl) and goethite (Gth), in the intermixed goethite (Gth) and pyrolusite (Prl); (j) goethite with collomorph structures; (k) pyrolusite (Prl), goethite (Gth), and cryptomelane (Cr) growing in a cavity and forming collomorph structures; (l) yellowish jarosite (Ja) and ferricopiapite (Fc) (with X-Ray diffraction pattern) coating the Paleozoic schisteous host rock.
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Figure 5. Cu mineralization (b,c,e,f,h,i: SEM photomicrographs, in backscattered electrons mode). (a) Cu-veins in Paleozoic schist (polished section); (b) hydrated Cu-silicate (Cu-Si) in Ni- or Cu-rich goethite vein (Gth (-Ni) and Gth (-Cu)); (c) hydrated Cu-silicate (Cu-Si) covering goethite (Gth); (d) Cu-mineralized veins in goethite (and pyrolusite); (e) Cu-silicates of various compositions (Cu-Si) in a calcite (Cal) vein cutting quartz (Qz) and the intermixed goethite (Gth) and pyrolusite (Prl); (f) acicular malachite (Mlc) in calcite (Cal) vein cutting goethite (Gth) and pyrolusite (Prl); (g) Cu-mineralized veins in iron-rich Triassic conglomerate; (h) acicular malachite (Mlc) vein cutting through iron-rich conglomerate composed of quartz (Qz) and goethite (Gth); (i) hydrated Cu-silicate (Cu-Si) and Cu-oxides (Cu-O) in malachite (Mlc) veins cutting goethite (Gth)-rich conglomerate.
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3.1.1. Fe-Mn Mineralization


The main minerals are goethite, hematite and pyrolusite; they are either powdery and poorly crystalline, pseudomorphosing a preexistent rhombohedral mineral (Figure 4b), and/or forming collomorph structures (Figure 4j). Powdery iron oxihydroxides are yellow, red, or even (dark) brown. At Jbel Rhals, rhombohedral goethite sometimes shows a yellow iridescence that is due to a fine layer of iron oxihydroxides coating the surfaces of crystals (Figure 4a). Late sulfates such as jarosite (KFe3(SO4)2(OH)6), melanterite (FeSO4·7H2O) and ferricopiapite (Fe5(SO4)6O(OH)·20H2O) developed as coatings on the walls and roof of certain galleries (Figure 4l).



Goethite often shows an unusual habitus denoting the pseudomorphose of a precursor mineral, characterized by rhombohedral dark brown to black crystals (Figure 4b–e), with relatively well-preserved cleavages and fractures often punctuated by Mn oxides. Pyrolusite is often intermixed with goethite (Figure 4c–e), but is also growing as laths on goethite crystals (Figure 4c), and is observed in veins getting through goethite. Other Mn oxihydroxides are noticed, but their identification is difficult due to their common intermixing and small dimensions; we nevertheless suspect the presence of lithiophorite and cryptomelane commonly observed in weathering deposits in Morocco [19] (Figure 4c,k). Quartz is present as large euhedral zones and sometimes as late euhedral crystals growing on goethite and coated by pyrolusite laths. Euhedral apatite is occasionally found in pyrolusite veins (Figure 4f). In the intermixed goethite-pyrolusite, calcite is progressively replaced by Ni- and Cu-rich pyrolusite and goethite, from the outer rim and through cleavages (Figure 4i). Some samples also host collomorph structures involving Fe and Mn (hydr-)oxides (Figure 4j). In most cases, botryoidal goethite grows toward the center of cavities, which are subsequently filled with several generations of pyrolusite laths, goethite needles, and supposed cryptomelane and lithiophorite (Figure 4k). (Y, Gd, Dy) phosphates are evidenced in the powdery, rhombohedral, and collomorph samples, edging some quartz veins, forming “veins” in goethite (Figure 4g) and aggregates close to calcite, dolomite, and pyrolusite (Figure 4h). Very small scarce grains of pyrite and galena have been observed in goethite.




3.1.2. Cu Mineralization


The schisteous basement (Figure 5a,b), the Fe-rich ore (Figure 5d–f) and the Triassic conglomerates (Figure 5g–i) are cut by numerous Cu-mineralized veins. Within schists, veins are mainly filled with goethite, but malachite and a hydrated Cu-silicate (probably chrysocolla, yet formal identification of this mineral was not possible due to its relative scarcity) are also observed (Figure 5b,c). The veins cutting through goethite and pyrolusite contain calcite, acicular malachite growing from the center to the edges of veins (Figure 5f), and sometimes Cu- (and Ni-) silicates (Figure 5e). Malachite, growing from the edges to the center of veins (Figure 5h), is the main mineral within veins intersecting conglomerates, but cuprite, tenorite, a hydrated Cu-silicate (probably chrysocolla) (Figure 5i), and pyrite relics are noticed at their center.





3.2. Geochemical Characterization


Contents of major, minor or trace, and rare earth elements (REE) of host rocks and mineralizations are presented in Table 1.



Table 1. Results of geochemical analyses for selected samples of host rocks and mineralized samples (W/A = weathered and/or altered). Major elements concentrations are listed in %, minor elements and Rare Earth Elements (REE) are given in ppm. For minor elements, values in bold and marked with an asterisk (*) correspond to contents in %: the detection limit is fixed at 0.01% for Ni and Cu, and 0.001% for Co and Mo. The Eu and Ce anomalies (Eu/Eu* and Ce/Ce*) are calculated with PAAS (Post Archean Australian Shale)-normalized values [18].







	
Oxides/Elements

	
Detection Limit

	
Host Rocks

	
Basalts

	
Fe-Mn Mineralization

	
Cu-Mineralization




	
14RL04 (Fresh Schist)

	
14RL13 (W/A Schist)

	
14RL17R (Host Schist of Goethite)

	
14RL23R (Conglomerate Host of Malachite)

	
14RL21 (Fresh Basalt)

	
14RL22A (Red W/A Basalt)

	
14RL22B (Green W/A Basalt)

	
14RL05 (Powdery Pyrolusite)

	
14RL08 (Powdery Goethite)

	
14RL09 (Powdery Goethite)

	
14RL11 (Collomorph Goethite)

	
14RL14 (Rhombohedral Goethite)

	
14RL15 (Rhombohedral Goethite)

	
14RL17M (Rhombohedral Goethite)

	
14RL18 (Goethite Host of Malachite)

	
14RL18B (Malachite in Goethite)

	
14RL20 (Malachite in Schist)

	
14RL23 (Malachite in Conglomerate)






	
Al2O3 (%)

	
0.01

	
18.84

	
8.79

	
15.23

	
5.00

	
13.14

	
0.70

	
11.86

	
2.77

	
3.31

	
1.32

	
4.31

	
0.19

	
0.30

	
0.75

	
0.20

	
0.41

	
6.63

	
0.92




	
CaO (%)

	
0.01

	
0.87

	
0.07

	
0.19

	
0.20

	
5.57

	
26.45

	
2.54

	
0.19

	
0.17

	
0.38

	
0.26

	
0.36

	
0.38

	
0.16

	
4.72

	
3.44

	
0.30

	
0.15




	
Fe2O3 (%)

	
0.01

	
1.06

	
0.43

	
9.08

	
1.68

	
4.80

	
15.76

	
2.99

	
6.63

	
39.15

	
49.13

	
44.81

	
69.85

	
62.97

	
75.38

	
41.79

	
54.59

	
8.62

	
2.16




	
K2O (%)

	
0.01

	
3.81

	
2.45

	
3.82

	
1.14

	
0.22

	
0.05

	
0.05

	
0.56

	
0.68

	
0.26

	
0.15

	
0.04

	
<0.01

	
0.08

	
0.11

	
0.06

	
1.44

	
0.18




	
MgO (%)

	
0.01

	
2.11

	
0.34

	
1.22

	
0.25

	
5.73

	
5.37

	
4.68

	
0.25

	
0.71

	
0.66

	
0.13

	
0.54

	
0.69

	
0.60

	
1.67

	
0.80

	
1.11

	
0.08




	
MnO (%)

	
0.001

	
0.156

	
0.028

	
0.935

	
0.006

	
0.921

	
4.441

	
0.279

	
60.940

	
7.391

	
21.220

	
29.150

	
10.330

	
16.150

	
4.502

	
23.020

	
19.840

	
0.030

	
0.013




	
Na2O (%)

	
0.01

	
1.01

	
0.07

	
0.09

	
0.07

	
2.98

	
0.05

	
0.74

	
0.04

	
0.04

	
<0.01

	
<0.01

	
0.01

	
<0.01

	
<0.01

	
<0.01

	
0.02

	
0.02

	
0.02




	
P2O5 (%)

	
0.01

	
0.17

	
0.02

	
0.08

	
0.03

	
0.14

	
<0.01

	
0.19

	
0.05

	
0.13

	
0.06

	
0.03

	
0.17

	
0.05

	
0.07

	
0.18

	
0.06

	
0.38

	
0.03




	
SiO2 (%)

	
0.01

	
58.13

	
85.67

	
65.44

	
88.22

	
44.42

	
16.73

	
54.21

	
16.28

	
39.58

	
8.86

	
3.45

	
4.44

	
2.02

	
4.78

	
0.84

	
2.77

	
77.56

	
14.93




	
TiO2 (%)

	
0.01

	
0.88

	
0.53

	
0.59

	
0.18

	
1.07

	
0.03

	
0.95

	
0.09

	
0.11

	
0.03

	
< 0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.29

	
0.03




	
LOI (%)

	

	
4.67

	
1.59

	
4.29

	
2.03

	
9.79

	
28.72

	
6.88

	
10.45

	
8.17

	
12.27

	
11.66

	
12.41

	
12.91

	
11.36

	
15.90

	
11.94

	
3.14

	
25.09




	
Total (%)

	
0.01

	
91.70

	
99.99

	
100.96

	
98.81

	
88.78

	
98.30

	
85.37

	
98.25

	
99.44

	
94.19

	
93.95

	
98.35

	
95.48

	
97.69

	
88.44

	
93.94

	
99.52

	
43.61




	
FeO (%)

	
0.1

	
6.0

	
0.1

	
1.7

	
<0.1

	
8.7

	
<0.1

	
12.4

	
<0.1

	
<0.1

	
<0.1

	
<0.1

	
<0.1

	
<0.1

	
<0.1

	
<0.1

	
<0.1

	
2.6

	
<0.1




	
V (ppm)

	
5

	
142

	
195

	
140

	
333

	
237

	
51

	
197

	
23

	
51

	
48

	
14

	
34

	
18

	
28

	
16

	
20

	
125

	
55




	
Cr (ppm)

	
20

	
110

	
60

	
80

	
50

	
280

	
30

	
360

	
40

	
50

	
<20

	
<20

	
20

	
<20

	
<20

	
<20

	
30

	
70

	
30




	
Co (ppm/%)

	
1

	
20

	
1

	
19

	
1

	
19

	
2

	
7

	
53

	
138

	
102

	
277

	
8

	
24

	
30

	
0.268 *

	
702

	
31

	
3




	
Ni (ppm/%)

	
20

	
70

	
<20

	
120

	
50

	
70

	
30

	
200

	
490

	
310

	
310

	
530

	
200

	
160

	
170

	
3.48 *

	
4.54 *

	
1230

	
170




	
Cu (ppm/%)

	
10

	
180

	
10

	
150

	
9480

	
30

	
50

	
190

	
1600

	
1860

	
2790

	
2530

	
950

	
2480

	
1200

	
2.92 *

	
43.9 *

	
5160

	
44.5 *




	
Zn (ppm)

	
30

	
70

	
<30

	
40

	
<30

	
50

	
<30

	
40

	
110

	
70

	
70

	
70

	
50

	
80

	
60

	
300

	
100

	
80

	
<30




	
Ga (ppm)

	
1

	
29

	
17

	
24

	
8

	
20

	
9

	
20

	
82

	
42

	
12

	
14

	
30

	
10

	
5

	
12

	
32

	
10

	
6




	
Ge (ppm)

	
1

	
3

	
3

	
3

	
2

	
3

	
1

	
3

	
2

	
3

	
<1

	
<1

	
2

	
<1

	
<1

	
<1

	
1

	
2

	
2




	
As (ppm)

	
5

	
6

	
<5

	
9

	
21

	
<5

	
<5

	
<5

	
36

	
138

	
180

	
37

	
168

	
66

	
54

	
124

	
10

	
11

	
28




	
Rb (ppm)

	
2

	
179

	
117

	
162

	
57

	
7

	
4

	
2

	
23

	
31

	
8

	
5

	
<2

	
<2

	
3

	
5

	
3

	
55

	
9




	
Sr (ppm)

	
2

	
74

	
24

	
138

	
57

	
74

	
537

	
43

	
283

	
220

	
776

	
496

	
205

	
339

	
176

	
476

	
105

	
196

	
15




	
Y (ppm)

	
1/0.5

	
33

	
27

	
35

	
26

	
19

	
24

	
16

	
69

	
179

	
90

	
38

	
61

	
32

	
48

	
88

	
21

	
26

	
5




	
Zr (ppm)

	
5

	
152

	
84

	
101

	
40

	
94

	
4

	
100

	
19

	
22

	
9

	
<5

	
<5

	
<5

	
5

	
<5

	
<5

	
45

	
11




	
Nb (ppm)

	
1

	
17

	
8

	
9

	
3

	
9

	
5

	
7

	
<1

	
2

	
<1

	
<1

	
<1

	
<1

	
<1

	
<1

	
<1

	
3

	
1




	
Mo (ppm/%)

	
2

	
<2

	
11

	
3

	
7

	
<2

	
2

	
<2

	
10

	
64

	
0.013 *

	
48

	
74

	
64

	
32

	
6

	
3

	
<2

	
10




	
Ag (ppm)

	
0.5

	
2.0

	
3.9

	
1.3

	
27.6

	
1.5

	
<0.5

	
1.1

	
<0.5

	
<0.5

	
0.9

	
0.7

	
<0.5

	
<0.5

	
<0.5

	
0.6

	
0.6

	
8.4

	
1.4




	
In (ppm)

	
0.1

	
0.1

	
<0.1

	
0.2

	
1.9

	
0.1

	
0.8

	
<0.1

	
0.2

	
1.5

	
3.0

	
1.8

	
1.4

	
1.7

	
1.5

	
0.5

	
0.7

	
0.1

	
2.6




	
Sb (ppm)

	
0.2

	
40.7

	
30.7

	
2.3

	
2.7

	
17.3

	
179.0

	
41.4

	
26.2

	
28.2

	
18.5

	
8.0

	
22.7

	
7.2

	
7.4

	
1.7

	
3.8

	
1.3

	
21.1




	
Cs (ppm)

	
0.5

	
7.8

	
3.1

	
7.6

	
3.7

	
0.5

	
0.9

	
1.2

	
1.1

	
1.8

	
0.9

	
<0.5

	
<0.5

	
<0.5

	
<0.5

	
0.8

	
<0.5

	
2.6

	
0.7




	
Ba (ppm)

	
1

	
527

	
353

	
437

	
151

	
353

	
615

	
142

	
297

	
123

	
148

	
146

	
45

	
13

	
25

	
302

	
243

	
114

	
25




	
Hf (ppm)

	
0.2

	
3.9

	
2.1

	
2.8

	
0.9

	
2.2

	
0.2

	
2.3

	
0.6

	
0.7

	
0.4

	
<0.2

	
<0.2

	
<0.2

	
<0.2

	
<0.2

	
<0.2

	
1.1

	
0.3




	
Ta (ppm)

	
0.1

	
1.4

	
1.0

	
1.1

	
0.6

	
0.6

	
0.2

	
0.5

	
<0.1

	
<0.1

	
0.3

	
0.3

	
<0.1

	
0.3

	
0.3

	
0.3

	
<0.1

	
0.6

	
0.1




	
W (ppm)

	
1

	
4

	
5

	
4

	
4

	
1

	
5

	
2

	
<1

	
2

	
3

	
2

	
1

	
2

	
3

	
2

	
1

	
3

	
2




	
Tl (ppm)

	
0.1

	
0.9

	
0.6

	
0.7

	
0.5

	
0.1

	
<0.1

	
<0.1

	
<0.1

	
0.8

	
0.9

	
1.6

	
<0.1

	
0.1

	
<0.1

	
0.5

	
0.7

	
0.3

	
<0.1




	
Pb (ppm)

	
5

	
16

	
65

	
5

	
28

	
15

	
21

	
46

	
19

	
29

	
17

	
26

	
9

	
9

	
8

	
48

	
8

	
<5

	
30




	
Bi (ppm)

	
0.1

	
0.1

	
11.8

	
<0.1

	
2.1

	
<0.1

	
<0.1

	
<0.1

	
<0.1

	
1.0

	
0.1

	
<0.1

	
<0.1

	
<0.1

	
<0.1

	
<0.1

	
<0.1

	
<0.1

	
1.1




	
Th (ppm)

	
0.1

	
16.8

	
8.8

	
11.0

	
3.6

	
2.4

	
0.1

	
2.7

	
1.9

	
2.4

	
0.6

	
<0.1

	
<0.1

	
<0.1

	
0.3

	
0.1

	
0.2

	
3.6

	
0.8




	
U (ppm)

	
0.1

	
3.1

	
6.4

	
2.3

	
5.3

	
0.6

	
2.1

	
1.1

	
27.0

	
11.8

	
17.2

	
11.2

	
29.3

	
24.8

	
11.8

	
2.0

	
4.0

	
2.1

	
1.9




	
La (ppm)

	
0.1

	
54.7

	
37.2

	
41.1

	
35.8

	
10.6

	
6.9

	
3.5

	
18.5

	
9.3

	
5.5

	
1.0

	
0.6

	
0.1

	
2.2

	
1.1

	
2.3

	
4.9

	
5.0




	
Ce (ppm)

	
0.1

	
111.0

	
77.6

	
103.0

	
73.1

	
23.3

	
22.4

	
8.9

	
16.2

	
30.7

	
22.4

	
3.7

	
1.3

	
0.3

	
4.8

	
2.4

	
3.8

	
10.2

	
10.3




	
Pr (ppm)

	
0.01

	
12.10

	
9.37

	
10.00

	
8.17

	
2.95

	
3.35

	
1.25

	
14.10

	
5.46

	
5.56

	
0.94

	
0.33

	
0.13

	
1.04

	
0.31

	
0.52

	
1.48

	
1.26




	
Nd (ppm)

	
0.1

	
42.3

	
38.0

	
39.2

	
31.7

	
12.3

	
15.9

	
5.8

	
91.4

	
31.0

	
39.3

	
7.3

	
2.7

	
1.4

	
5.9

	
2.4

	
2.5

	
7.14

	
5.14




	
Sm (ppm)

	
0.1

	
8.2

	
8.4

	
9.1

	
6.8

	
3.3

	
6.4

	
2.1

	
59.4

	
26.5

	
31.5

	
6.0

	
3.0

	
1.9

	
4.0

	
5.5

	
2.2

	
3.3

	
1.3




	
Eu (ppm)

	
0.05

	
1.75

	
1.77

	
2.21

	
1.68

	
1.26

	
3.93

	
0.80

	
15.10

	
7.41

	
8.92

	
2.05

	
0.89

	
0.52

	
1.18

	
5.29

	
1.28

	
1.85

	
0.34




	
Gd (ppm)

	
0.1

	
6.6

	
5.5

	
8.2

	
5.0

	
3.5

	
7.0

	
2.6

	
63.4

	
41.0

	
34.8

	
8.9

	
3.9

	
3.0

	
6.3

	
21.7

	
4.8

	
6.0

	
1.1




	
Tb (ppm)

	
0.1

	
1.0

	
0.9

	
1.3

	
0.8

	
0.6

	
1.0

	
0.4

	
8.8

	
8.1

	
6.0

	
1.5

	
0.8

	
0.6

	
1.1

	
3.8

	
0.9

	
1.0

	
0.2




	
Dy (ppm)

	
0.1

	
6.0

	
5.1

	
6.8

	
4.7

	
3.6

	
4.9

	
2.7

	
36.4

	
42.0

	
29.3

	
8.3

	
4.6

	
3.7

	
6.7

	
19.5

	
5.2

	
5.6

	
1.1




	
Ho (ppm)

	
0.1

	
1.1

	
0.9

	
1.2

	
0.8

	
0.7

	
0.8

	
0.6

	
4.7

	
6.7

	
4.4

	
1.4

	
1.0

	
0.8

	
1.3

	
3.1

	
0.8

	
0.9

	
0.2




	
Er (ppm)

	
0.1

	
3.3

	
2.6

	
3.4

	
2.2

	
1.8

	
1.8

	
1.6

	
9.7

	
15.6

	
10.5

	
3.7

	
2.9

	
2.3

	
3.6

	
7.5

	
2.2

	
2.4

	
0.5




	
Tm (ppm)

	
0.05

	
0.48

	
0.39

	
0.46

	
0.33

	
0.28

	
0.23

	
0.26

	
1.13

	
1.98

	
1.40

	
0.51

	
0.50

	
0.43

	
0.55

	
1.02

	
0.33

	
0.34

	
0.07




	
Yb (ppm)

	
0.1

	
3.2

	
2.6

	
2.9

	
2.1

	
1.7

	
1.4

	
1.7

	
6.6

	
11.8

	
8.4

	
3.3

	
3.8

	
3.2

	
3.9

	
6.2

	
2.3

	
2.1

	
0.5




	
Lu (ppm)

	
0.01

	
0.49

	
0.38

	
0.43

	
0.30

	
0.26

	
0.18

	
0.24

	
0.87

	
1.47

	
1.16

	
0.47

	
0.59

	
0.52

	
0.58

	
0.85

	
0.30

	
0.31

	
0.07




	
La/Lu

	

	
111.4

	
99.2

	
95.1

	
118.2

	
41.4

	
37.6

	
14.4

	
21.3

	
6.3

	
4.7

	
2.1

	
1.0

	
0.2

	
3.8

	
1.3

	
7.7

	
15.8

	
70.0




	
ΣREE (ppm)

	

	
255.2

	
193.2

	
232.5

	
176.2

	
67.5

	
80.0

	
33.1

	
360.2

	
246.1

	
217.5

	
51.0

	
27.7

	
19.4

	
44.3

	
85.5

	
30.6

	
49.3

	
27.5




	
Eu/Eu*

	

	
1.12

	
1.21

	
1.19

	
1.34

	
1.74

	
2.75

	
1.62

	
1.15

	
1.05

	
1.26

	
1.31

	
1.21

	
1.02

	
1.10

	
2.26

	
1.84

	
1.95

	
1.30




	
Ce/Ce*

	

	
0.99

	
0.96

	
1.17

	
0.98

	
0.96

	
1.07

	
0.98

	
0.23

	
0.99

	
0.93

	
0.88

	
0.67

	
0.60

	
0.73

	
0.94

	
0.80

	
0.87

	
0.94










3.2.1. Major Element Patterns


Host rocks and mineralizations have similar major element contents (Figure 6a), but Fe2O3 and MnO are obviously subject to strong variations. In comparison to the fresh host rock, the altered/weathered schist is slightly depleted in all major elements. Major elements contents of the green part of the altered/weathered basalt are very close to those of the poorly weathered sample, unlike the red part, which is depleted in SiO2, TiO2, Al2O3, Na2O, and enriched in Fe2O3, MnO, CaO. The fresh host rock, the poorly weathered basalt, and the green altered/weathered basalt are quite rich in their FeO content, which is not the case for the red altered/weathered basalt.


Figure 6. Geochemical data: (a) major elements patterns, with values normalized to the host rock (fresh schist). A distinct divergence is observed between the copper veins in schists and conglomerates (group 2), and the others (group 1); (b) trace elements patterns, with values normalized to the UCC (Upper Continental Crust) [18]; (c) trace elements patterns, with values normalized to the host rock (fresh schist); (d) REE patterns, with values normalized to the PAAS [18]. A distinction is observed between the host rocks (no REE fractionation; group 1), and the mineralized samples (REE fractionation; group 2). The shaded areas indicate the major elements (a), minor elements (b,c), and REE (d) contents of the host rocks (schists and conglomerate).
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3.2.2. Minor and Trace Elements Patterns


Many values are below the detection limit (e.g., Ta, Nb, Tl, Bi). Host rocks and basalts have higher amounts of Zr and Th than mineralized samples, but are depleted in U, Y, Mo, As, In, Cu, Co., and Ni. The fresh schist, the altered/weathered schist, and gangue minerals of the Fe-Mn mineralization display the highest contents in Rb (respectively 179, 117, and 162 ppm), Nb (respectively 17.3, 7.5, and 9.3 ppm), and Zr (respectively 152, 84, and 101 ppm). Goethite hosting malachite veins is very rich in Cu, Co and Ni (respectively 2.92%, 0.268%, 3.48%), but in this particular case, the enrichment is considered as contamination from the hosted veins during sampling (Figure 5d).



Most samples are enriched in U and depleted in Th, when contents are normalized to those of the UCC (Figure 6b); the more they are rich in U, the less they are in Th. The greenish altered/weathered basalt profile is very similar to that of the poorly weathered basalt, while the red part is more comparable to the mineralized samples. Both altered/weathered basalts are depleted in Co, in comparison to the poorly weathered basalt, but enriched in Cu and Ni. Mineralized samples are enriched in chalcophile elements, but contents in Co and Ni are somewhat variable. All mineralized samples (beside 14RL23), and particularly powdery oxihydroxides, are enriched in Y, as well as goethite 14RL18 reaching 179 ppm. Fe-Mn mineralizations have similar profiles punctuated by enrichments in U, Y, Mo, As, Sb, Ag, In, Cu, Co, Ni, Ga, and depletions in Rb, Ba, Th, Zr, Hf, V, Cr. Cu-mineralized veins have very similar patterns regarding minor elements, but divergent values for Co and Ni. As the fresh host rock only differs from the UCC at the level of Sr, As, Sb, Ag, and Cu, almost no difference is observed between normalization to the schist (Figure 6c) and to the UCC (Figure 6b).




3.2.3. Rare Earth Elements Patterns


Normalization of REE contents of all samples to PAAS (Figure 6d) highlights some significant trends. Host rocks, and more particularly fresh schist, have logically similar flat profiles close to that of the PAAS. All mineralized samples are characterized by a fractionation, with a depletion in LREE (La/Lu between 0.19 and 111.41), but there are significant individual differences between Fe-Mn powdery samples (average La/Lu = 10.78), pseudomorphosing (average La/Lu = 1.57) and collomorph Fe-Mn samples (average La/Lu = 2.13), and Cu veins (average La/Lu = 93.50). Poorly crystalline powdery samples present the highest contents in REE (average ΣREE = 264.82 ppm; five to ten times higher than other samples) and are quite rich in Nd, Gd, Dy, and Sm. Powdery pyrolusite displays a negative Ce anomaly (Ce/Ce* = 0.23).



Both poorly weathered and altered/weathered basalts have similar profiles. In comparison to the poorly weathered basalt, the goethite-rich red altered/weathered sample is enriched in MREE and presents a positive Eu anomaly (Eu/Eu* = 2.75), while the clayey green altered/weathered basalt is depleted in all REE and particularly in LREE. An interesting similarity is noticed between basalts and mineralized samples, particularly the malachite veins: they all show REE fractionation with a slight LREE depletion (respectively, for basalts and the Cu mineralization: average La/Lu = 31.15 and 31.17; ΣREE = 58.16 and 34.66), unlike host rocks (average La/Lu = 105.91 and ΣREE = 211.41). Malachite veins display a very slight positive anomaly in Eu (Eu/Eu* = 1.84, 1.95 and 1.30) similar to basalts, which is not the case of other samples. A division may be observed between malachite veins: those getting through conglomerate are strongly depleted in REE and do not present any fractionation, counter to those cutting goethite and schist showing a slighter depletion.






4. Discussion


As already stressed by many authors, the understanding of supergene deposits formation and the identification of the hypogene ores are complicated by the overprinting of weathering processes over primary ores, and by the lack of data on supergene (and sometimes hydrothermal) fluid chemistry leading to difficulties in quantifying pH, Eh, and geochemical signatures of these fluids. However, as emphasized by [20], textural relations and structures of newly formed mineralizations allow reasonably accurate deductions about the nature of original minerals and the character of the fresh/unweathered deposits.



At Jbel Rhals, a sequence of mineralization is highlighted by successive intersects of supergene mineralized veins: pyrolusite veins cut through goethite, unidentified silicates and quartz veins go through goethite and pyrolusite, and fine calcite and malachite veins pass through goethite, pyrolusite and silicates. Goethite is the first supergene minerals to precipitate; pyrolusite (probably followed by lithiophorite and cryptomelane) forms later, under more oxidizing conditions (Figure 7). The Fe-Mn oxihydroxides forming rhombohedral minerals seem to replace a primary mineral, thought to be a carbonate (probably siderite—see below). Their precipitation is followed by the filling of cavities and fractures with minerals forming collomorph structures, and finally by poorly crystalline powdery minerals. Malachite, calcite, and probably chrysocolla precipitate later, in thinner veins that cross through Fe-Mn ores. Sulfates observed on some walls formed recently, and most probably are related to ongoing mining activities.


Figure 7. (a) Eh–pH diagram for a part of the Fe-C-Si-O-H system, showing the stability fields of selected iron minerals at 25 °C and 1 atmosphere (modified after [47]). Siderite (1) may be directly weathered in goethite (2), or it may be leached first, leading to the presence of aqueous Fe2+ (2) and later to the precipitation of goethite (3); (b) Eh–pH diagram for a part of the Mn-C-S-O-H system showing the stability fields of selected manganese minerals at 25 °C and 1 atmosphere (modified after [47]). Rhodochrosite may be directly weathered in pyrolusite (2), or is firstly leached, leading to the presence of aqueous Mn2+ (2) and later to the precipitation of pyrolusite (3).
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4.1. Hydrothermal Alteration and/or Weathering of Basaltic Rocks


The Jbel Rhals host rocks, especially basalts, show evidence of extensive alteration and/or weathering, as attested by the various secondary products, the few preserved primary minerals (Figure 3d–g), and the mineralogical and chemical variation of the layered most altered/weathered basalt (Figure 3c). Some secondary minerals may result from low-temperature hydrothermal alteration (e.g., chlorite, albite and clays), while others from weathering processes (e.g., goethite and pyrolusite), but mixing of these mineral phases get the determination even more complicated in terms of origin, and the understanding of their formation processes more complex.



Weathering of basalts usually follows the next sequence: glass–plagioclases–ferromagnesian minerals—Fe and Ti oxides [21,22]. When the glass proportion is significant, that component being particularly susceptible to weathering, the weathering sequence is modified as follows: glass–ferromagnesian minerals–plagioclases–Fe and Ti oxides [23,24]. Plagioclases and Fe-Ti oxides are the only primary minerals remaining in Jbel Rhals basalts (Figure 3d), which suggests that weathering followed the second sequence described above. Preservation of Fe-Ti oxides during weathering is quite common, as observed by [21,25]. The relatively close TiO2 contents of the greenish layer and the parent basalt endorse that Ti-oxides tend to be immobile during weathering of Jbel Rhals ore and that they were moderately dissolved and transported [25,26,27]. Exsolution lamellae of hematite (and pyrophanite) in ilmenite are primary, and the skeletal shape of crystals reflects their fast growth under supercooling (Figure 3e).



The layered structure of the altered/weathered basalt (Figure 3c) and the mineralogical and geochemical segregation in the three layers (Figure 3f) suggest a sequential weathering of primary minerals and reflect various environments of precipitation. The red layer, rich in Fe3+, Mn, Ca, and mobile elements such as U (Figure 6, Table 1), is mostly composed of goethite and pyrolusite (Figure 3h–j) that may result from alteration/weathering of ferromagnesian minerals such as pyroxenes and olivines [21,28,29]. The greenish layer, composed of quartz, calcite, chlorite, clays (Figure 3g) and rich in Si and Al (Table 1), is thought to concentrate alteration/weathering products of the dissolution of feldspars [21,28,29], and (relics of) primary minerals, resulting in a relative enrichment in immobile elements (e.g., Th, Zr, Ti). Chlorite and clays are typical features of the hydrothermal alteration of basalts, and are here frequently observed as pseudomorphs after primary minerals, as stressed by [29,30]. Albite is thought to be formed from the low-temperature hydrothermal alteration of anorthite. The conservation of original minerals fabrics and the filling of spaces created by dissolution with associated clays and Fe oxihydroxides (Figure 3h,j) imply that the alteration/weathering took place under isovolumetric conditions [31,32]. The various undetermined and mixed silicates observed in veins cutting through schist and Fe-Mn mineralization are also thought to be the result of the alteration/weathering of basalts and from the percolation of derived fluids [30]. The white layer is made of quartz (Figure 3h,i) that precipitated later than minerals of the two other layers, from Si-rich fluids circulating through voids fractures, probably under acidic conditions.



The geochemical features (REEs, major and minor elements) of the greenish layer are very close to those of the parent basalt, which is not the case of the red part (Figure 6). The latter is much closer in composition to the Fe-Mn mineralization. This variance reflects the successive steps of weathering of the primary minerals, the subsequent partition of elements, and their precipitation into specific mineral phases, under particular conditions. Respectively, the very low and slightly high FeO contents of the red and greenish layers also indicate that minerals of the red part formed under oxidizing conditions, while reducing conditions prevailed during precipitation in the greenish layer. The (slight) positive Eu anomalies of basalts, and especially of the red altered/weathered layer, are related to the decoupling of Eu from other REE, because of its presence as trivalent (under surface conditions) or divalent (in reduced environments and at elevated temperatures and pressures) cations [33,34]. The positive anomaly of the poorly weathered basalt is related to the incorporation of Eu in plagioclase during magmatic processes [35]. As plagioclase is absent from most altered/weathered layers, Eu is supposed to be incorporated in a secondary phase, hydrothermal or supergene, by adsorption on clay minerals and/or co-precipitation with Fe oxihydroxides [33,36,37]. According to [30,34,37,38], positive Eu anomalies related to the predominance of Eu2+ in hydrothermal fluids are indeed typically found in associated ore deposits.




4.2. Fe-Mn Mineralization


The unusual rhombohedral crystals of Jbel Rhals goethite denote the pseudomorphosis of a former mineral. This hypogene mineral is thought to be siderite, although this mineral has not been observed at Jbel Rhals, probably owing to the high degree of weathering and the extreme instability of this mineral under oxidizing conditions (Figure 7a) [39]. Pseudomorphosis of goethite and pyrolusite after siderite is common in supergene environments [20,39] and has been documented in many places, e.g., at Akjouit (Mauritania; [20]), Lake George (USA; [40]), Errachidia (Morocco; [41]), Ljubija (Bosnia; [42]), Schwarzwald (Germany; [43]), and Granada (Spain; [44]). Besides the rhombohedral characteristic of the pseudomorphs, other diagnostic indications of the initial presence of siderite at Jbel Rhals are cleavages, the Mn content, and the dark-brown color. Relatively well-preserved 120°-orientated cleavages and fractures of the primary carbonate are forming a “box-work pattern” (Figure 4d) and are punctuated with goethite and pyrolusite, as described by [40] in Colorado (USA). The intermixing of goethite and pyrolusite, the development of pyrolusite laths at the surface of goethite and quartz crystals, in cavities and veins cutting goethite, also support the hypothesis of primary siderite at Jbel Rhals. Siderite usually contains a significant amount of Mn (1–3%) that can be released during weathering and be available for later Mn oxides formation [31,42]. The close association of goethite and pyrolusite is thus related to the release of the Mn that crystallizes as small aggregates of pyrolusite arranged within the network of goethite [44]. The supposed hypogene siderite is probably of hydrothermal origin: siderite typically forms in reduced environments from solutions containing little dissolved sulfur but a lot of bicarbonate ions [39]. Some small scarce sulfide grains such as chalcopyrite, pyrite, and galena, observed in the ore, are strengthening this hypothesis, as hydrothermal siderite is commonly accompanied by such sulfides as that concentrate the little dissolved sulfur present in solution [39,45,46].



Goethite is the most common and most stable Fe oxihydroxide under atmospheric conditions (Figure 7a), and is widely observed in gossan of ore deposits. Hematite, present in minor proportions at Jbel Rhals, is thought to have precipitated shortly before goethite but to have turned into goethite as the latter is more stable under oxidizing conditions (Figure 7a). It is also possible, but quite unlikely, that hematite formed during hydrothermal processes, and that small amounts have been preserved from weathering. Large euhedral quartz is supposed to have formed during hydrothermal phases. The fine quartz veins cutting mineralization and basalts, and the small crystals observed at the surface of various minerals precipitated during the last stages of weathering.



In supergene environments, manganese oxide minerals are represented by pyrolusite, cryptomelane, todorokite, nsutite, and other poorly defined phases [19,48,49,50]. Pyrolusite, which is only stable under strongly oxidizing conditions and at neutral to basic pH (Figure 7b), is the most common Mn oxide at Jbel Rhals. Two generations of pyrolusite are recognized: the first precipitated with goethite, in pseudomorphose of siderite (Figure 4b–e), while the second formed later, during the last stages of weathering, at the surface of goethite crystals (Figure 4c), in cavities, and in veins cutting through goethite. Such early and late pyrolusite have already been observed in the Mn Imini district, 500 km southwestward [19]. Collomorph structures filling cavities and including goethite, pyrolusite and cryptomelane (Figure 4j,k) are thought to be contemporary of the second generation of pyrolusite, and to have precipitated from successive generations of supergene fluids of various compositions with increasing O2 content to allow Mn(IV) in the form of pyrolusite. The small amount of these structures does not allow further conclusions about their genesis to be drawn. Later precipitation of Mn oxides, in comparison to Fe oxihydroxides, is due to the greater solubility of Mn in oxidizing fluids, and to its greater resistance to oxidation. The presence of Mn oxides (particularly pyrolusite) suggests that highly oxidizing conditions were reached, particularly in the vicinity of fissures and cavities [51].



Enrichment in U but depletion in Th of the Fe-Mn mineralized samples, in comparison to host rocks and basalts of Jbel Rhals (Figure 6b,c), is a typical supergene trend and is related to a selective U vs. Th mobilization during weathering processes. Soluble and mobile U in supergene fluids is preferentially leached and accumulated in neoformed minerals (oxihydroxides), while immobile Th is retained in weathering-resistant minerals or incorporated in rapidly precipitating minerals [52,53,54,55]. The concentration of U in Fe-Mn oxihydroxides and clays is related to the high specific surface of these minerals and the subsequent important adsorption capacity [56], but also to the neoformation of discrete minerals at the interface between Fe-Mn oxihydroxides and clays, and fluids [51,53,54,57]. In the same trend, host rocks are rich in immobile Zr, Rb, Nb, while mineralized samples are rich in Y, Mo, As, Sb, In, and chalcophile elements that may be adsorbed on Fe-Mn oxihydroxides (as observed in other Fe-Mn mineralization; [58]) and clays or incorporated into supergene minerals. Enrichment of As is related to the adsorption of this element by Fe oxihydroxides, in the form of arsenate or FeAsO4, in oxic environments [36,59].



The slightly negative Ce anomaly of poorly crystalline pyrolusite is the only noteworthy feature observed in Figure 6d. Ce anomaly results from oxidation of this element to Ce4+ and to its subsequent decoupling from the other REE which maintain their trivalent ionic states and are leached by circulating water [60]. Oxidation to Ce4+ is restricted to strongly oxidizing environments, and is usually observed in the most weathered part of the profiles, for Fe-Mn oxihydroxides patterns [24,48,61]. The lack of a general negative Ce anomaly at Jbel Rhals might indicate that the tetravalent Ce was incorporated in other mineral phases than pyrolusite, or that pyrolusite precipitated under unusually low pH conditions, as Ce4+ is unstable below pH 4 and 5 [37,47].



The low-grade enrichment in REE and the preferential intake of HREE+Y (Figure 6) of Fe-Mn oxihydroxides are typical features of supergene deposits associated to igneous rocks [25,62] and have been correlated with the presence of secondary phosphates close to weathered basalts in French Polynesia [61] and in Hawaii [63]. The highest REE + Y content of the amorphous, poorly crystalline, powdery Fe oxihydroxides (Figure 6) is related to (1) the trapping of (M)REE by these minerals, under acid conditions, by coprecipitation and adsorption processes [64,65], (2) the sorption of REE onto the surface of clays that are common in powdery samples [66,67], (3) the presence of (Y, Gd, Dy) phosphates in the ore. The occurrence of multiple REE, whether La-Ce-Nd or Y-Gd-Dy (Y being usually considered with HREE to which it is chemically and physically similar), within a single mineral, is due to the similar ionic radii and trivalent oxidation state of these elements, and to the subsequent common substitution of REE for each other into crystal structures [62]. The origin of REE may be the dissolution of minerals observed in the parent rock (monazite, allanite, …), or the release of trace concentrations present in primary and/or hydrothermal apatite, calcite, dolomite, feldspars, …, [62,66,68]. Here, MREE enrichment suggests that REEs originate from the weathering of primary phosphate minerals, and particularly of apatite [69,70]. (La, Ce, Nd) phosphates are only observed in host rock (Figure 4f) and basalts, close to primary minerals, and are therefore supposed to be primary minerals that resisted weathering [66]. The low mobility of LREE may also have caused the rapid precipitation of LREE phosphates, close to parent rocks, while more mobile HREE were more importantly leached [71,72]. The proximity of (Y, Gd, Dy) phosphates with Fe-Mn ore (Figure 4g), quartz veins, calcite, pyrolusite and cavities (Figure 4h) suggests that these minerals are supergene, in agreement with the observations of [68,72,73], suggesting that HREE phosphates are generally concentrated in fissure fillings and voids, along with minerals precipitating during the late stages of weathering.




4.3. Cu Mineralization


The small amount of Cu mineralization in veins does not allow extensive conclusions about their genesis to be drawn. Goethite, malachite, chrysocolla, and Cu-oxides are observed in veins cutting through the Paleozoic schisteous basement (Figure 5a–c), the intermixed goethite-pyrolusite (Figure 5d–f), and Triassic conglomerates (Figure 5g–i). Textures and sequences highlighted in these veins suggest that these minerals are of supergene origin. Cu-oxides and hydrated silicates (Figure 5i) formed prior to and later than malachite, respectively; euhedral malachite needles precipitated prior to calcite, which is filling the cavities (Figure 5f). Goethite precipitated in these veins before Cu-minerals (Figure 5b), but is younger than the Fe-Mn intermixed ore. Late precipitation of carbonates indicates that during most of the weathering, acid conditions hindered the formation of these phases, and that higher pH values were only reached during the latest stages. The source of Cu may be Cu-sulfides that formed during hydrothermal processes, and were rapidly weathered to malachite, oxides and silicates when Eh increased. Some scarce grains of strongly weathered pyrite and the occurrence of Ni-rich goethite strengthen the hypothesis that Cu-, Fe- (and Ni-) sulfides existed in the primary ore.



The similar REE, major and minor elements patterns of the Cu and Fe-Mn mineralization (Figure 6) may imply that the precipitation of these phases is related to the same supergene event(s); Fe and Mn were mobilized and precipitated during the first stages of supergene precipitation, while chalcophile elements remained in solution and precipitated later. The geochemical differences between the veins cutting schists and goethite, and those cutting conglomerates, notably for Co. and Ni contents (Figure 6), suggest that two generations of Cu-mineralized veins are present at Jbel Rhals. Veins cutting through conglomerates are thought to have formed later. Their REE pattern shows no fractionation, close to the host conglomerate, and their depletion in Y contrasts with other mineralized samples, confirming this hypothesis (Figure 6c,d).




4.4. Late Sulfates


Late sulfates (jarosite, melanterite and ferricopiapite) developed locally as coatings on galleries walls and roofs (Figure 4l) are supposed to be recent and related to mining activities. Their occurrence may indicate the initial presence of pyrite that would have been destabilized by strongly acid conditions prevailing at a very local scale.




4.5. Metallogenic Model of Formation


The textural, mineralogical and geochemical observations listed above suggest that the studied rocks underwent several episodes of transformation, and that the various minerals observed in the ores result from weathering events superimposed on hydrothermal altered rocks and hydrothermal siderite-based metal sulfide veins (Figure 8). The polyphased metallogenic history of Jbel Rhals polymetallic deposit is characterized by (1) the circulation of hydrothermal fluids shortly after the basalts flows, which triggered some hydrothermal alteration and the precipitation of associated minerals, and (2) the later circulation of oxidizing fluids that activated weathering of the ores and their environment (Figure 8). The presence of basalts, whose Permian/Triassic flow are related to the Central Atlantic Magmatic Province (CAMP), supports the hypothesis of early hydrothermal ore formation at Jbel Rhals [46]. The hydrothermal hypogene ores are then considered to be late Permian to Triassic in age and to have been induced by the thermal heat flow and events triggered by the Permian-Triassic rifting of the Central Atlantic, just as suggested in other mineral deposits of North Africa [29,74,75,76,77]. Among multiple outcomes, these hydrothermal processes may be responsible for the alteration of basalts, and for the formation of secondary phases such as chlorite and clays, siderite and sulfides. Altered rocks and mineralizations were later subjected to supergene processes that are probably related to the Cenozoic High Atlas orogeny. Several episodes of uplift (defined by [5,6,16]) generated the exhumation of series and ores and promoted their exposition to oxidizing atmospheric conditions and meteoric water, leading to their weathering. Intense fracturing of host rocks facilitated infiltration and percolation of mineralizing fluids, which were in addition not hindered by the previously altered basalt. The lack of carbonates in the host rocks prevented buffering of the fluids acidity and led to the precipitation of minerals stable under acidic conditions, such as goethite. Fe-Mn oxihydroxides precipitated first, and were later cut by Cu-mineralized veins.


Figure 8. Paragenese of Jbel Rhals rocks and mineralizations, in relation to the evolution of the geological/geodynamical context: (A) formation of the Paleozoic schisteous basement; (B) Permo-Triasic basalts flow; (C) alteration of the host rocks, basalts, and formation of a hydrothermal ore; (D) Triassic conglomerates; (E) weathering probably related to the High Atlas Uplift. Relative ages of the formations are from [4], and of the High Atlas uplift from [6].
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The origin of metals is a matter of debate, since potential repeated mobilization and reprecipitation of minerals during hydrothermal and supergene processes surely overprinted initial features of the ores. Paleozoic schists clearly underwent alteration and weathering, as attested by the presence of clay and chlorite in some samples, but the lack of geochemical similitudes with ores does not support the hypothesis of their unique contribution to mineralization formation. Triassic conglomerates have been affected by weathering, as indicated by the formation of interstitial goethite and malachite in veins. Jbel Rhals basalts have been subjected to successive hydrothermal and supergene processes that undoubtedly modified the equilibrium of underneath formations, caused the input of chemical elements in underlying rocks, and had an important role in the subsequent formation of mineralizations. As suggested by [28] in other places than Jbel Rhals, it is plausible that fluids emanating from the alteration and weathering of the basalts contributed to the formation of some hydrothermal and supergene mineral phases. Interesting geochemical similarities noticed between basalts and mineralized samples support this hypothesis: they both show REE fractionation, slight LREE depletion, and enrichment in MREE, which is not the case of the schisteous host rocks (Figure 6). The Co- and Ni-rich signature of most mineralized samples (Figure 6) also supports the hypothesis that basaltic rocks influence ore formation, as described elsewhere [58]. Clays and chlorite precipitation is considered to be related to feldspars alteration/weathering. Siderite and sulfides, goethite and hematite, formed under respectively reduced (hydrothermal) or oxidized (supergene) conditions, are thought to be related to the alteration/weathering of ferromagnesian minerals that may release large quantities of Fe [28,31]. Basalts are therefore regarded as one of the metal sources at Jbel Rhals, other sources being for instance the altered/weathered host rocks.





5. Conclusions


The Jbel Rhals polymetallic deposit has a polyphased metallogenic history, with mineralization resulting from supergene processes superimposed over hydrothermal alteration. The supergene phases constitute the major mineralization currently observed (goethite, hematite, pyrolusite, cryptomelane, malachite, Cu-oxides and silicates, calcite, dolomite, REE(PO4), late sulfates, quartz, clays, silicates) whereas little is left of the hydrothermal mineralization (siderite and minor sulfides). The flow of basalts into the Paleozoic schisteous basement, during Permian-Triassic, the subsequent circulation of hydrothermal fluids through basalts and host rocks, and the formation of the primary deposit, are related to the same geotectonic settings that are part of the intracontinental rifting stage. These hydrothermal processes triggered the alteration of schists and basalts, the leaching of some elements as iron from rocks through fluid–rock interaction, and the formation of a hydrothermal mineral assemblage presumably composed of siderite and sulfides that precipitated from high temperature fluids. During the Cenozoic Era, several episodes of uplift recorded in the High Atlas enabled the exhumation of basalts, host rocks, and hypogene ores, their subsequent weathering, and the formation of a supergene ore from oxidizing low temperature surface-derived fluids. Hydrothermal siderite has thereby been replaced, sometimes “in situ”, by Fe-Mn oxihydroxides (goethite, pyrolusite), while dissolved sulfides were notably later involved in the malachite formation. These supergene processes are also related to the enrichment in HREE, Y, and mobile elements such as U in secondary minerals.
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