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Abstract: The Achemmach region is located 40 km to the SW from Meknes city and 6 km to the
NE frm the Hammam mine. It is part of the Paleozoic massif of Central Morocco. The studied
area is formed by two Paleozoic rock-types: (i) a meta-sedimentary sequence composed of Middle
Visean limestone and shale-sandstone withflyschoid of Upper Visean-Namurian age, and (ii) a mag-
matic rock series represented by volcanic rocks (pillow-lavas), hypovolcanic rocks (dolerites) and
olivine-bearing gabbros.Based on the emplacement model, structural framework, relative chronol-
ogy and petrogeochemistry of the magmatic rocks, for the first time in this area we distinguish:
(i) dm to m-sized greenish pillow-lavas, with sharp borders and radius fractures underlined by fine
greenish pelitic sedimentary intercalations, indicating recurrent volcanic activity in short episodes.
Plagioclases and pyroxenes (augite) microlites, and more rarely phenocrystals, are recognizable in a
glassy matrix devoid of recognizable olivine. (ii) Deformed, metamorphosed and altered dolerites
dikes intrude the Middle to Upper Visean shale-sandstone formations. They have an overall NE-SW
direction with a NW dip. They are composed of sericitized plagioclases, associated with partially to
totally amphibolitized pyroxenes, tourmaline with differentdegrees of chlorite substitution, rutile
and opaque minerals, in a microliticmesostasis and (iii) olivine-bearing gabbros, outcropping in
variable dimensions (a few meters to 20 m). The olivine-bearing gabbros have a granular texture
and are mainly made of plagioclases, pyroxenes, olivine, titanite, rutile, apatite and opaque minerals.
All igneous minerals have undergone different degrees of replacement by secondary minerals; pla-
gioclases are sericitized and albitized, pyroxenes are amphibolitized and epidotized and olivine is
serpentinized and chloritized. Thepetro-geochemical study of these magmatic bodies demonstrates
that pillow-lavas basalts and olivine-bearing gabbros have an alkaline affinity, while dolerites are
thought to have a transitional alkaline affinity (alkaline-tholeiitic). Therefore, these formations would
have been set up in anorogenic intra-continental geodynamic context, corresponding to a basin
magmatism in the little evolved opening.

Keywords: petrogeochemistry; basic magmatic rocks; geodynamic context; NNE Achemmach region;
central Morocco
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1. Introduction

The NNE sector of Achemmach is situated at 40 km south west of Meknes city and
5 km east of the El Hammam fluorite mine. It is in the north-eastern part of the Her-
cynian Moroccane Central Massif (HMCM), which constitutes one of the main units of
the Mesetian domain corresponding to the main orogenic zone of the Moroccan Variscan
belt (Figures 1 and 2). In addition to the heterogeneity of its structural framework, this
domain is characterized by the occurrence of a set of magmatic events in a contrasting
metamorphic environment. Generally, these are magmatic plutons (granites) or dikes and
sills (microgranites and dolerites) or volcanic rocks (basaltic pillow-lavas) intercalated
within the sedimentary formations.
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Figure 1. Map of the structural domains of Morocco and location of the Central Morocco domain
(a) and main structural units [1,2] (b). (WMSZ: West Mestian Shear Zone, RTFZ: Rabat-Tifelt Fault
Zone, SOFZ: Smaala-Oulmes Fault Zone, TTFZ: Tsili-Tfoudeit Fault Zone, AFZ: Aguelmous Fault
Zone, KTFZ: Kef Tallal Fault Zone, CFZ: Cherrat Fault Zone).

Several studies have been carried out on these magmatic formations to establish
their emplacement mode and to characterize the petrogenetic processes responsible for
their formation [3-10]. The findings of these works have generated a scientific debate, to
which we will return during the discussion of the results of this work, whose objectives
are: (i) to define the chemical and mineralogical characteristics of the various terminal
carboniferous magmatic facies of the NNE area of Achemmach, and (ii) to determine the
place and the significance of the magmatism of this area in the geodynamic evolution
models proposed for the interpretation of the Moroccane Hercynian chain evolution during
the terminal carboniferous.
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Figure 2. Geological map of the Achemmach-El Hammam district [11], displaying the location of the
area under study. Sn: Tin, W: Tungsten.

2. Geological Setting
2.1. Regional Geology

The MHCM, to which the NNE sector of Achemmach belongs, consists of areduced
and local Neoproterozoic basement of the palaezoic series, represented by acidic and
intermediate lavas (rhyolites and andesites, respectively), granites [12], Palaeozoic terranes
(Cambrian to Permian) and Meso-Cenozoic cover. The Cambrian formations are composed
of carbonates platform and volcano-detritic sediments. The Ordovician is represented by
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detrital deposits (shales, sandstones and quartzites) in a shallow marine platform-type
environment [13]. The Silurian is characterized by a glacio-eustatic transgression, giving
black graptolitic pelites and carbonates. The Devonian (Lower and Middle Devonian) is
dominated by clay and carbonate minerals of reef deposits [2,14-23].

The Eovariscan deformation (Devono-Dinantian) is responsible for the formation of
Sidi Bettache and Azrou-Khenifra basins, first as a pull-apart controlled by NNE-SSW to
NE-SW border offsets, the second as a foreland basin-type whose creation and development are
controlled by WNW propagation of thrust-related folds [11,15,18,20,21,24-27]. Carboniferous
sedimentation is mainly represented by the Visean-Namurian deposits. In central Morocco,
the Visean is made up of a thick detrital and carbonate series [11,14,17-19,26,28-30], show-
ing conglomerates, schists and limestones followed by sandstone and pelitic formations.
The Namurian is mainly composed of flyschs [11,29]. These Visaan and Namurian deposits
are associated with magmatic mafic rocks represented by sills, dykes and lavas (basalts,
dolerites and gabbros) [4,8,14,25,31-33]; this magmatism has been described by several
authors. Some of them have attributed a transitional alkaline to the tholeiitic affinity of
these rocks [4], other authors attributed a calc-alkaline tendency to them on the basis of the
NE of the Fourhal region mafic rocks studies [8].

Lower Permian (Autunian) deposits are represented by conglomerates, sandstones,
siltstones and cinerites in intra-continental basins, and are associated with significant
calc-alkaline volcanism (trachytes, andesites and rhyolites) [21,33-38].

The post-Palaeozoic cover begins with Triassic formations represented by conglomer-
ates, sandstones, red argillites and dolerite basalts [39-42]. These are dated from 201.7 &= 2
t0 197.8 £ 0.7 Ma [42]. Developed rather south of the massif, Upper Cretaceous deposits
are represented by marls and limestones [1]. At the end of the Upper Cretaceous and the
Eocene, phosphate layers were formed.

The major Hercynian deformation (Upper Westphalian-Stephanian), dated between
300 Ma and 290 Ma [43], is due to NW-SE compression, and has structured the Massif
Central into anticlinorial and synclinorial units, oriented NE-SW [1,15,18,21]. These are
separated by mega faults, including the Smaala-Oulmes Fault Zone (SOFZ), which extends
from the Smaala in the south [34,44,45] to beyond the district of El Hammam in the
north [11,29,32,46]. These structural units show syn-schist folds, generally oriented to the
SE and locally to the NW, with associated overlaps and thrusts [21]. In this Mesetian domain,
syn-orogenic granitic plutons [47-51] are calcareous and mostly peraluminous [52-54].

2.2. Local Geology—Field Work

Locally, the NNE sector of Achemmach consists of two Paleozoic sets that make up
the bulk of the outcropping rocks [55] (Figure 3):

e A metasedimentary complex consists of two units: (i) a calcareous and schisto-
sandstone unit of middle to upper Visean age. It has an overall NE-SW direction
with a dip average of 60° to 70° towards the NW (Figures 8e and 9). This unit begins
with limestones alternating with schists and continues with schists, sandstones and
greenish peliteswhere a decametric horizon of pillow-lavas is interspersed towards
the north. Towards the south, the series ends with alternating shales and sandstones
and more or less sandy slate schists and (ii) a flyshoid unit, by analogy with the
work of [29] on the Palaeozoic of the Agourai region; this series is attributed to the
Upper Visean-Namurian. This is based on a series composed by limestone, schist,
sandstone and volcanic rocks of the Middle to Upper Visean through a tectonic contact
corresponding to the NE-SW to NNE-SSW overlapping shear zone of Ticht-Ougas
(Figure 3). This formation begins with granoclassified microconglomerates and con-
tinues with rhythmic alternations of pelites and sandstone topped by a sandstone
bar. No magmatic rocks associated with this formation are known in the area under
study. Despite the effects of Hercynian tectonics (succession of metric, decametric and
hectometric folds), the lithostratigraphic column of this series can be reconstituted as
a whole (Figure 4). It is formed by a rhythmic alternation of sandstone and pelites
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several hundred meters thick. The determination of the precise strength of the series
is nearly impossible because of the intensity of the Hercynian deformation and by the
quaternary alluvial cover (Figure 4). The lithostratigraphic logs in Figure 5 provide a
synthetic description of these two units for both the southern and northern parts of
the studied area.

e A magmatic complex is materialized by volcanic (pillow-lavas), hypo-volcanic (do-
lerites) and plutonic (olivine-bearing gabbros) rocks (Figure 3). Thus, according to
their mode of emplacement and relative chronology, petrography and structural char-
acteristics, three types are distinguished: (i) pillow-lavas of greenish to dark green
color (Figure 12, outcropping about 150m west of the sector (Figure 3). They occur
in a continuous decametric horizon (20 to 25 m) with an overall direction of N25°
to N30° E. They are offset in places by transverse faults N130 to N165° E (Figure 3).
Their global direction, NE-SW (in the south) to N-S (in the north), is parallel to the
stratification direction of the surrounding pelites with a dip to the NW in the south
and to the west in the north (Figure 9). These basic lavas are embedded in a facies of
greenish pelites (Figure 3). At the outcrop, they are easily recognizable thanks to their
petrographic facies (texture and presence of calcite-filled vacuoles) and the presence
of obvious pillow shapes (Figure 13a—d). They constitute ahorizon formed by a stack
of decimetric to metric cushions, with fixed edges, and showing radial fractures. Some
pillow edges are drawn by fine pelitic (greenish) sedimentary intercalations, probably
indicating repeated volcanic activity in brief episodes. These lavas showa large vac-
uole distribution heterogeneity (resulting from the degassing of the lava) filled with
late calcite. There is also a lateral variation in the proportion and size of the vacuoles
(Figure 13a,b). From the center toward the edge, there is an evolution with levels very
rich in vacuoles to others that are less rich or even devoid of them. (ii) Deformed,
metamorphosed and altered dolerites occur as dikes intruding shales, sandstones and
pelites of the supra-calcareous series of Middle to Upper Visean age; they have an
overall NE-SW direction with a north-west dip (Figures 3 and 9). Their thickness is
highly variable, ranging from less than 0.5 m to more than 15 m. Two criteria qualify
these magmatic bodies as dikes: their overall direction is not in conformity with the
stratification (Figure 14) and the thermal effect that these dikes develop, when their
thickness is important, results in a more or less intense silicification at the level of the
contacts with the schists and the schisto-sandy-calcareous rocks that are in contact with
the surrounding shales and schisto-sandy-calcareous rocks (Figure 14). In some cases,
we note that the wall of these bodies corresponds to a tectonic breccia of 30 to 60 cm of
thickness, which shows that their emplacement is controlled by early faults (Figure 14).
The majority of these dolerites are affected by a very penetrating flow schistosity,
whose overall direction is consistent with that of host rocks (major schistosity). At the
outcrop, these dolerites are highly altered with reddish patina, which is attributed to
iron oxides in supergenic alteration. In addition, (iii) olivine-bearing gabbros outcrop
in dikes of variable thickness and intrude on the supra-calcareous schisto-sandy series
(Figure 3). These dikes are not affected by the schistosity of the major phase and would
postdate this phase [55].

At the end of the Devono-Dinantian extension, and after the filling of the Visean
basins, the regime of constraints that had been extensive (NW-SE) changed and became
compressive, announcing the Hercynian orogenesis.

The Middle-Upper Visean and Upper Visean—-Namurian terranes are affected by the
major phase of Hercynian orogenesis. It is responsible for a syn-schistose folding under
conditions of epizonal metamorphism (facies of green shales with sericite-chlorite). This
orogenesis is marked at first by a major episode of ductile deformation (folding) followed by
episodes of brittle deformation (fracturing and fault development). In El Hammam district
and the Paleozoic formation of the Agourai region as a whole, the Hercynian orogenesis
is responsible for the major NE-SW structuring in synclines and anticlines [29,46]. The
maximum constraint responsible for this structuring is broadly NW-SE-oriented (Figure 6).
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All of the western zone terranes (except the gabbros) are affected by a very penetrating
flow schistosity. This S1 schistosity shows an overall NE-SW direction in the south to NNE-
SSW or even N-S in the north of the area. This zone seems, according to the schistosity-
stratification relations, to present a large synformal structure with metric isoclinal and
synschist (P1) folds. The axes of these folds are oriented N20° to N25° E and their axial
planes dip 60-70° to the NW; consequently, these folds are tilted to the SE (Figure 8e). The
51 schistosity associated with the P1 folds expands both in metasedimentary rocks and in
early volcanic and hypovolcanic rocks (dolerites).

All the formations in the western zone have an overall direction of NE-SW in the
south to NNE-SSW in the north, and their dip is always NW and WNW with a value that is
relatively strong varying between 50° and 80°. It is important to note that some outcrops
have a very shallow dip, which we attribute to the mowing of the structures due to slope
effects [55].

The E-W geological sections in Figure 9 show the general structure of this area. The
Slschistosity, associated with the folding of the major phase (P1), is a flow schistosity that
is very penetrating; it has a NE-SW direction in the south of the zone and NNE-SSW to
the N-S direction in the north of the zone. Its dip varies between 40° and 80° NW. It is
slightly oblique at an angle of 5° to 10° with respect to the stratification (Figure 8e). The
schistosity (S1) affects the dolerite dikes, giving them a cut appearance (especially in a fine
facies) (see further in Figure 14). Unlike sedimentary formations, the dolerite dikes do not
show significant folding. This is probably due to the orientation of their NE-SW direction
(Devono-Dinantian extension), which is almost orthogonal to the maximum constraint.
Therefore, these dikes are not folded but are schistose (flattened). The pillow-lavas horizon
is also affected by this schistosity (S1). It exhibits a schistose flow parallel to S1 of the
surrounding sedimentary rocks. It is also observed that the calcite vacuoles display a
mineralogical lineage parallel to the major schistosity.
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The metasedimentary formations in the western zone are locally affected by intense

microfolding. These folds have subvertical axes in the N165° to N150° E axial planes.

The axes often plunge 80° to 85° to the NW. These folds are sometimes associated with

a schistosity of the axial plane, N165° to N165° (Figure 7b,c); they occur in the finely
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alternating series of pelites and sandstones, and especially near to shear zones. They are
Z-shaped microfolds associated with dexterous shear gaps. This micro-folding affected
the terrain after the major schistosity (S1). Locally, this microfolding can be developed in
certain fine dolerite dikes. This is the case in the south of the sector at Oued Bergamou.

The schistosity (S2) is a non-penetrative flow schistosity that can be observed locally.
It has been identified in the western part of the sector, basically close to the shear zone. It is
well expressed in greenish pelites hosting the pillow-lavas. It presents an overall direction
of N30° to N45° E (Figure 7c), always with a slight dip (varies between 30° and 45°) towards
the north-west. It intersects S1, giving a flow of rhombic fries in the affected formations.
The planes of schistosity S2 are relatively spaced (1 to 2 cm) but are well marked as they
approach the Ticht-Ugandaas shear zone. The 52 schistosity seems to develop in relation to
the overlapping of the western part on the eastern part (flysch) following an overlapping
shear deformation.

The diagram in Figure 11 displays an interpretative picture of the structure of the
western zone. The latter is based on the schistosity-stratification relationships and the
direction of the polarity of the formations.

The flyschoid series constitute the bulk of the formations in the studied area. They are
affected by the major phase of Hercynian tectonics. The latter develops folds at different
scales: hectometric, decametric and metric on the NE-SW axes, in the south of the sector
to NNE-SSW and even N-S in the north. These folds are all discharged towards the SE or
towards the East. The large hectometric fold structures contain both decametric and metric
folds (Figure 8a,b).

The metric folds (Figures 8a and 9) are synschist and isoclinals with more or less
pointed hinges, which are folded in a SE or E direction. The axial schistosity (S1) exhibits a
refraction phenomenon at the level of the sandstone layers. These folds always have an
axial plunge of 20° to 25° to the SW or to the NE at the level of the hinges of the decametric
folds affecting the microconglomeratic layer; one notes the abundance of quartz extrados
slits of power ranging from 2 to 15 cm. The diagram in Figure 11 shows a synthetic section
showing the structure of the eastern zone of the sector [55].

The tectonic study carried out in the NNE Achemmach sector has revealed at least three
episodes of brittle deformation (or even brittle-ductile deformation for some authors [30,47,56]
following the major phase of Hercynian tectonics:

> Shear zones (Figures 6 and 10a)

The supra-limestone series arein abnormal contact with the flyschoid series (Fourhal
facies) via a NE-SW to N-S shear zone. The analysis of Figure 6 shows the existence of two
major shear zones (A and B) [55], both located between the west zone and the east zone.
The two NE-SW shear zones to the south of the sector converge towards the north, marking
a change of the NE-SW structures to the south, and becoming NN-SSW to N-S to the north
of the sector (Figure 6).

Shear zone A (Figure 6) affects the terrain of the supercalcareous series to the south of
the sector. It is about 150 m wide on average and is a dexterous shear zone (Figure 10d),
where the shear planes are materialized by iron oxides and have deformed quartz slits. It is
a zone that shows a clear difference between the dip of its lands located to the west (shallow
dip) and those located to the east (fairly steep dip). This difference in dip, combined with
the presence of schistosity and micro-folds with horizontal axes, indicates that it has played
an overlapping role. This overlap is clearly visible to the north of the area. Thus, after the
major phase, there would be an overlap of the western part over the eastern part until this
phenomenon was blocked, following a change in the direction of the constraints that would
have caused the zone in shear play to evolve.

Shear zone B (Figure 6) extends NE-SW to the south and becomes NNE-SSW to the
north where it converges to zone A. It is an area about 200 m wide, materialized by shear
planes with dextral sets, microfolds with subvertical axes, quartz lenses (in slits) and by
zones of iron oxide breccia (Figure 10c). Despite the scarcity of outcrops in this zone, we
can note locally (southward) the presence of microfolds with subhorizontal axes similar to



Minerals 2022, 12, 622

11 of 39

those of zone A. This shear zone involves both the west supercalcareous series and the east

flyschoid series.
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Figure 7. Directional rise in the NNE Achemmachof fault families (a) and fold families (b,c), and

51-52 schistosity pole stereograms (d,e).
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Sandstone EE Limcestone-schist
B Tossiliferous limestone S
B Limestone

Figure 8. Folding types in the NNE Achemmach: (a,b) N-S synschist metric folds with eastern
vergence of the flysch series, (c) relationship between schistosity and stratification (d) syn-sedimentary
normal fault in a limestone bench of the Bergamou limestone bar (northern part of the studied area),
and (e) NE-SW metric folds with SE vergence of the supra-calcareous schisto-sandstone formation.

> NE-SW to NNE-SSW faults

These faults are broadly parallel to the major schirtosity(S1) affecting all terrains study
area. They are materialized in most cases by injections of quartz sub-parallel to the S1
schistosity, and are powerful from a few centimeters to about 1 m. They are subvertical
faults, with an average dip of 80° NW or WNW, and always with dexter play. The absence
of direct relations between these faults and the overlap does not allow us to establish their
chronology. However, we believe that these faults occurred at the same time and would
correspond to a common deformation episode.

1. NI10° to N50 ° E faults (Figures 6 and 7a)

They affect both the Upper-Middle Visean terrain in the western zone and the Upper
Visean-Namurian terrain (flyschs) in the eastern zone of the sector (Figure 6).
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In the West zone, the most important of these faults outcrops in the Oued Bergamou
to the south of the sector. It affects schistose limestones and a dolerite dike. It is oriented
N70° with a dip of 70° NNW. It is materialized by a breach with schist, schisto-limestones
and dolerite elements, powerful of about 1m and with dexter play. On the plane of this
fault, there are Fe-oxide veins and cubic cavities probably corresponding to traces of
pyrite crystals.

In the eastern zone, a fault oriented N65° with a dip of 70° NNW affects the flysch
series to the south. It is marked by a breach with schist and sandstone elements with local
quartz and pyritein late fractures.

2. N130° to N150° E faults

These faults werefirstly detected by a geophysical investigation [56] and confirmed
laterby the geological survey. They have a large extension: 400 to 600 m, and affect the
Middle Visean-Namurien terrains (Figures 6 and 7a).

To the north of the sector, there is a fault of this family, oriented N145, which shows
a clear shift, in the sinistral play, of the horizon of pillow basalts and the NE-SW shear
zone. These faults are materialized by breccias and quartz gashes injections (Figure 10b).
Another N130° E fault affects the N70° E gabbros” dike and intersects two other faults:
N55° E (NE-SW family) (Figure 11) and NO (N-S family). N110° E to N120°E are other
faults (the less important can be included in this category (Figure 7a).
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Figure 9. E-W geological sections (AB, CD, EF and GH) of the NNE Achemmach. See cross-section
position in Figure 3.
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Figure 10. (a) Breccia in shear zone A (north of the studied zone), (b) N130° E sinistral fault in dolerite

dike, (c) shear zone deformation in zone B and (d) shear zone deformation in Zone A.
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Figure 11. WNW-ESE section interpreting the structure of the NNE Achemmach [55].

3. Sampling and Methods of Analysis

The petrographic study carried out in this work is based on macroscopic and mi-
croscopic observations of about 100 representative samples of the different magmatic
rock-types recognized in the NNE Achemmach sector. They are sampled both at the surface
and at depth in the core holes drilled there. In order to classify our rocks and to understand
the behavior of some chemical elements, we performed total rock analyses (major elements,
traces, and rare earths) on 58 samples considered representative (26 pillow-lavas samples,
15 dolerite samples, and 17 olivine-gabbros samples) (Figure 6). The analyses of major ele-
ments were carried out by ICP-AES and X-ray fluorescence methods, and of trace elements
and rare earth elements by the ICP-MS method at the Reminex/Managem research and
development center. Chemical analyses of the samples are reported in Tables 1-3.
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Table 1. Chemical analyses of the major, trace and rare earth elements of interstratified pillow-lavas in the Upper Carboniferous series of the NNE Achemmach. bdl:
below detection limit. Sp.Pillow-lavas: splitized pillow lavas.

Sample BA5 BA6 BA7 BA17 BA21 BA25 BA28 BA30 BA2 BA3 BA4 BA13 BA14 BA15 BAl6 BA18 BA19 BA20 BA22 BA23 BA24 BA26 BA27 BA29 BA31 BA32

Facies Pillow-Lavas Sp. Pillow-Lavas

(%)
SiO, 43.8 46.07  49.51 46 48.2 53.03 45.79 45.86 42.49 42.44 4295 45.15 42.69 41.33 48.94 46.11 45.5 47.82 44.49 50.83 48.6 46.54 40.38 44.16 48.34 48.01
TiO, 2.74 3 2.56 2.59 2.54 2.46 2.62 2.6 271 2.7 2.79 22 243 2.29 217 2.18 241 2.33 248 2.03 2.23 2.08 2.52 2.56 2.8 2.67
Al,O; 17.34 16.42 16.13 16.98 16.41 15.56 17.32 16.87 17.75 17.95 18.02 14.37 15.43 14.72 14.03 14.55 15.32 15.36 16.58 13.09 16.45 13.32 16.32 17.17 14.5 14.17
Fe;O; 894 9.14 8.01 7.9 8.07 8.51 7.49 7.58 10.1 10.71 9.73 6.94 6.79 6.56 7.08 7.28 8.08 8.19 9.08 7.49 8.04 7.26 9.04 9.33 8.38 8.03
MnO 0.12 0.11 0.10 0.11 0.10 0.09 0.13 0.11 0.12 0.10 0.12 0.13 0.15 0.14 0.08 0.10 0.12 0.10 0.09 0.09 0.07 0.12 0.14 0.11 0.13 0.11
MgO 5.15 4.65 5.14 6.03 6.67 5.33 7.73 7.84 5.29 5.88 5.86 5.27 4.86 4.34 6.14 5.20 5.97 5.66 5.72 5.84 5.40 5.02 5.96 7.51 6.08 6.24
CaO 9.67 7.26 6.87 9.73 6.29 7.99 6.23 7.88 9.27 6.84 7.68 11.06 13.23 14.74 8.03 11.54 9.52 7.29 8.23 7.67 6.63 11.83 12.38 6.86 7.78 7.6
Na,O 529 527 5.68 5.05 437 4.47 4.27 4.36 4.84 5.08 5.01 4.38 3.92 3.61 5.09 434 412 3.92 421 413 4.48 3.92 418 4.37 421 4.44
K,O 0.52 1.06 0.72 0.49 0.88 1.21 0.54 0.53 0.69 0.68 0.52 1.47 2.28 2.40 0.43 0.95 1.69 1.15 1.14 1.37 1.28 1.16 1.38 0.62 0.59 0.59
P05 1.44 1.50 1.45 1.43 1.29 1.25 1.26 1.36 1.59 157 1.29 1.34 1.43 1.39 1.55 1.43 1.64 1.53 1.38 1.60 1.40 1.22 1.39 1.42 1.69 1.75
LOI 5.23 3.66 4.13 4.09 4.26 4.21 5.11 3.67 5.80 6.34 6.65 8.56 6.83 7.63 7.92 7.07 5.89 8.04 7.63 797 6.64 8.20 6.41 6.58 5.69 7.19
Total 100.24 101.14 100.30 100.40 100.28 100.67 100.94 100.56 100.65 100.29 100.62 100.87 100.04 99.15 10146 100.75 100.26 101.39 101.03 101.47 100.62 100.67 100.10 100.69 100.19 100.80
(ppm)
Ti 16,440 18,000 15360 15540 15240 14,760 15,720 15600 16,260 16,200 16,740 13,200 14,580 13,740 13,020 13,080 14,460 13,980 14,880 12,180 13,380 12,480 15,120 15,360 16,800 16,020
K 4316 8798 5976 4067 7304 10043 4482 4399 5727 5644 4316 12201 18924 19920 3569 7885 14027 9545 9462 11371 10624 9628 11454 5146 4897 4897
P 6287.04 6549.00 6330.70 6243.38 5632.14 5457.50 5501.16 5937.76 6941.94 6854.62 5632.14 5850.44 6243.38 6068.74 6767.30 6243.38 7160.24 6679.98 6025.08 6985.60 6112.40 5326.52 6068.74 6199.72 7378.54 7640.50
Ba 405 637 543 300 304 362 152 172 537 557 57 347 574 582 55 157 505 364 371 404 347 369 434 163 170 174
Rb 8.03 11.92 6.54 4.90 10.29 10.57 6.83 7.51 10.83 9.69 7.56 14.03 22.07 23.66 4.28 8.89 15.20 20.41 10.45 13.05 10.05 11.24 10.90 8.25 8.31 8.47
Sr 291 409 401 305 486 515 555 497 382 339 276 378 426 389 283 300 587 451 424 448 515 523 535 500 551 445

Cr 105 100 125 108 130 111 134 145 101 111 114 108 101 94 90 108 108 129 105 88 113 98 114 122 130 130
Ni 60 42 60 60 91 83 104 105 84 91 53 70 57 54 60 66 88 90 70 79 72 102 107 112 98 92
Cu 57 52 62 21 38 34 31 42 60 160 40 43 39 15 31 48 23 35 37 48 59 52 101 33 29 28
Zn 123 106 105 72 82 66 78 78 114 135 96 65 60 60 53 69 79 70 81 365 63 80 97 86 79 82
Sc 18.99 18.26 18.74 18.06 18.05 16.83 14.78 14.48 18.78 18.77  19.04 16 16.85 15.98 17.83 17.21 17.79 17.5 17.31 1647  17.42 15.25 15.64 14.64 14.68 16
Li 89 80 69 51 172 bdl 200 151 163 154 166 172 90 97 143 134 46 127 150 163 206 47 90 242 79 61
Nb 17 22 23 20 18 16 20 17 25 20 23 18 17 24 22 18 16 25 21 18 17 22 21 25 16 15
Y 18 25 24 26 29 26 27 16 27 27 20 28 18 22 26 34 19 27 25 31 26 15 21 23 18 17
Zr 253 267 252 214 182 193 198 194 434 165 314 365 270 55 172 359 253 137 338 304 307 226 241 162 325 181

Th 2.38 2.34 2.34 2.33 2.34 2.06 1.91 1.85 2.43 2.20 2.49 2.28 2.14 1.97 2.09 2.15 2.36 2.18 217 2.26 2.18 1.93 2.04 1.88 1.95 2.08
La 2595 2778 2649 2653 2933 2797 2924 2787 21.69 2172  26.61 2453 2457 23.62 2685 2559 2850 2937 2778 2649  28.02 2599 2636 2978 2924  27.83
Ce 57.60  59.51 59.24  59.79 65.56 6284 6554 6350 49.61 50.10 5856 5588 5472 5293 60.59 5785 6396 65.05 6286  59.28 63.67 5816  59.24  66.13 65.56 79.69
Pr 7.06 7.20 7.24 7.23 7.85 7.49 7.83 7.66 6.19 6.27 7.20 6.69 6.66 6.43 7.33 7.00 7.69 7.73 7.51 7.09 7.60 6.98 7.10 7.94 7.83 7.63
Nd 30.16 3066  30.78 3144 3433 3271 3407 3353 2669 2723 3046 2854 2883 2800 3177 3042 3350 3372 3290 30.89 3313 3027 3113 3470 3396 3323
Sm 6.42 6.45 6.51 6.30 6.82 6.39 6.69 6.52 5.92 6.01 6.47 5.88 5.90 5.70 6.38 6.10 6.60 6.63 6.48 6.19 6.53 5.95 6.13 6.80 6.60 6.50
Eu 1.86 2.04 2.12 2.11 2.09 2.18 2.07 2.08 1.59 1.59 1.84 1.87 1.94 1.92 2.11 1.98 2.26 1.94 2.16 2.10 222 2.03 2.05 2.26 224 2.15
Gd 6.85 6.80 6.82 6.69 7.18 6.80 7.01 6.89 6.28 6.37 6.87 6.16 6.28 6.05 6.74 6.47 7.01 6.99 6.90 6.56 6.93 6.33 6.49 7.14 6.90 7.00
Tb 117 1.15 1.15 1.25 1.35 1.28 1.30 1.29 1.06 1.07 1.16 1.09 1.15 111 1.24 1.22 1.33 1.31 1.31 1.23 1.31 1.22 1.24 1.34 1.30 1.32
Dy 5.92 5.83 5.84 5.87 6.09 5.84 5.84 5.72 5.56 5.41 5.95 5.47 5.54 5.26 5.86 5.70 6.12 5.92 5.95 5.77 5.94 548 5.68 5.95 5.74 5.90
Ho 1.32 1.29 1.30 1.44 1.52 1.45 141 1.39 121 1.15 1.31 1.27 1.35 1.26 1.41 1.42 1.55 1.47 1.48 1.43 1.49 1.39 1.45 1.43 1.40 1.46
Er 3.31 3.20 324 3.29 3.27 3.16 3.00 2.96 3.18 2.87 3.35 3.13 3.10 291 3.22 3.23 3.50 3.17 3.25 3.27 3.25 3.02 3.16 3.05 2.95 3.14
Tm 0.44 0.43 0.44 0.44 0.44 0.41 0.38 0.38 0.43 0.38 0.46 0.43 0.41 0.39 0.43 0.44 0.46 0.42 0.44 0.44 0.44 0.40 0.42 0.40 0.38 0.42
Yb 3.15 3.07 3.11 3.53 3.63 3.53 3.14 3.30 2.94 2.60 3.15 3.15 3.26 3.07 3.41 3.50 3.82 3.52 3.68 3.54 3.63 3.34 3.50 3.28 3.13 3.57
Lu 0.41 0.37 0.38 0.39 0.36 0.34 0.30 0.30 0.39 0.33 0.42 0.40 0.38 0.35 0.37 0.40 0.42 0.35 0.37 0.40 0.37 0.35 0.37 0.30 0.30 0.34
Al 2748 3130 3183  30.61 4146 3442 4406  40.61 29.77 3550 3346 3039  29.39 2686 3337 2792 3596  37.79 3554 3793 3755 2818 3071 4199 3574 3620
ASI 0.82 0.88 0.88 0.81 1.03 0.83 1.14 0.97 0.88 1.04 1.00 0.62 0.58 0.52 0.76 0.63 0.72 0.90 0.89 0.72 0.96 0.58 0.66 1.06 0.84 0.82
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Sample BAS5 BA6 BA7 BA17 BA21 BA25 BA28 BA30 BA2 BA3 BA4 BA13 BA14 BA15 BAl6 BA18 BA19 BA20 BA22 BA23 BA24 BA26 BA27 BA29 BA31 BA32
Facies Pillow-Lavas Sp. Pillow-Lavas

Nb/Y 094 0.88 0.96 0.77 0.62 0.62 0.74 1.06 0.93 0.74 1.15 0.64 0.94 1.09 0.85 0.53 0.84 0.93 0.84 0.58 0.65 1.47 1.00 1.09 0.89 0.88
Zr/Ti 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.03 0.01 0.02 0.03 0.02 0.00 0.01 0.03 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.01
Tb/Yb  0.37 0.37 0.37 0.35 0.37 0.36 0.42 0.39 0.36 0.41 0.37 0.35 0.35 0.36 0.37 0.35 0.35 0.37 0.36 0.35 0.36 0.36 0.35 0.41 0.41 0.37
La/Sm  4.04 4.31 4.07 4.21 4.30 4.38 4.37 427 3.66 3.62 411 417 4.16 4.15 4.21 4.19 4.32 443 4.29 4.28 4.29 4.37 4.30 4.38 4.43 4.28
Y/Nb 1.06 1.14 1.04 1.30 1.61 1.63 1.35 0.94 1.08 1.35 0.87 1.56 1.06 0.92 1.18 1.89 1.19 1.08 1.19 1.72 1.53 0.68 1.00 0.92 1.13 1.13
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Table 2. Chemical analyses of major, trace and rare earth elements of dolerite dikes in the Upper
Carboniferous series of the NNE Achemmach. bdl: below detection limit.

Sample BA33 BA34 BA35 BA36 BA37 BA38 BA39 BA40 BA41 BA42 BA45 BA68 BA67 BA69 BA44

Facies Dolerite

(%)
SiO, 49.07 48.6 48.66 4932 5129 4504 5236 4901 5147 4495 48.06 47.03 465 4761 4646
TiO, 1.36 1.34 1.23 1.25 1.34 1.41 1.28 1.34 1.55 1.27 1.62 1.1 1.19 1.25 1.39
Al,O3 1893 1785 1747 1782 1854 1953 17.16 18.63 19.59 18.05 19.41 179 16.77 1751 19.01
Fe;O; 1139 1272 1114 12.03 1156 1247 1016 1064 123 998 1418 1097 1144 13.72 1448
MnO 022 0.20 0.17 0.18 0.18 0.31 0.21 0.25 0.12 0.38 0.11 0.28 0.26 0.45 0.35
MgO 1057 12.06 990 1083 10.76 11.64 9.08 9.00 1245 877 1375 1485 9.06 1224 1274
CaO 723 6.41 8 6.51 521 7.05 8.83 8.1 1.79 10 0.26 3.23 9.96 6.14 5.12
Na,O 023 0.87 1.22 1.16 0.54 0.12 0.11 1.33 0.56 1.09 0.66 1.45 1.98 0.67 0.11
K,O 1.72 0.67 0.52 0.60 0.94 1.54 1.42 213 0.42 2.79 0.33 1.09 1.58 0.91 1.13
P,Os5 0.17 0.18 0.15 0.18 0.16 0.17 0.17 0.18 0.17 0.15 0.17 0.11 0.16 0.15 0.17
LOI 0.10 0.07 1.37 1.05 0.12 0.09 0.11 0.13 0.42 0.39 0.22 0.35 1.47 0.09 0.08
Total 10099 10097 99.83 100.93 100.64 100.97 100.89 100.74 100.84 100.82 100.77 100.66 100.37 100.74 101.04
(ppm)
Ti 8160 8040 7380 7500 8040 8460 7680 8040 9300 7620 9720 6600 7140 7500 8340
K 14276 5561 4316 4980 7802 12782 11786 17679 3486 23157 2739 9047 13114 7553 9379
P 74222 78588 65490 785.88 698.56 74222 74222 785.88 74222 65490 74222 480.26 698.56 65490 742.22
Ba 124 89 138 204 117 306 286 348 173 368 67 141 235 45 229
Rb 17.00 1571 1798 15.88 1540 12.00 16.00 18.00 15.00 16.00 11.88 15.00 16.87 12.00 14.00
Sr 367 267 321 318 309 401 481 423 401 218 291 281 345 304 403
Cr 205 197 202 189 206 205 120 110 218 114 197 244 148 207 212
Ni 71 69 88 85 80 95 72 71 99 74 94 157 66 62 71
Cu 220 43 136 78 219 85 66 58 63 106 119 87 95 110 91
Zn 93 113 73 95 101 743 225 130 183 102 101 70 101 79 92
Sc 25.59 2228 2224 2322 252 26.67 2358 2473 2394 2439 31 2251 2831 3258 2492
Li 157 177 148 116 189 220 105 136 170 490 548 525 566 378 395
Nb 26 29 bdl bdl 11 8 19 15 27 21 19 14 17 26 26
Y 17 16 14 14 16 16 16 16 16 17 16 12 17 16 16
Zr 206 126 155 224 174 201 150 267 212 200 128 124 175 162 129
Th 0.49 0.31 0.33 0.34 0.42 0.41 0.36 0.39 0.33 0.40 0.31 0.30 0.49 0.34 0.45
La 4.69 4.70 5.83 4.46 4.58 5.13 5.02 5.06 4.80 6.07 4.60 420 5.10 4.80 4.60
Ce 1192 1146 1196 11.05 1158 1224 11.10 11.89 1048 1284 1275 10.65 12.04 1073 11.62
Pr 1.82 1.81 1.65 1.70 1.75 1.88 1.75 1.84 1.71 1.96 1.85 1.52 1.80 1.71 1.63
Nd 9.22 9.29 8.43 8.74 9.04 9.53 8.94 9.49 8.72 992 1022 827 10.08 9.20 8.70
Sm 3.03 3.02 2.82 2.86 297 3.04 294 3.13 2.81 3.07 3.11 2.39 3.10 2.69 2.56
Eu 0.77 1.03 1.09 1.15 0.90 0.66 0.89 0.96 0.83 1.21 0.62 0.67 1.20 0.86 0.83
Gd 3.45 3.44 3.18 3.27 341 3.44 3.36 3.66 3.21 3.93 4.08 3.14 4.02 3.37 3.29
Tb 0.62 0.61 0.56 0.58 0.60 0.61 0.59 0.65 0.56 0.71 0.65 0.49 0.64 0.53 0.52
Dy 3.93 3.80 3.57 3.68 3.84 3.89 3.72 4.09 3.54 3.18 4.68 3.49 4.58 3.82 3.80
Ho 0.82 0.78 0.74 0.76 0.80 0.81 0.77 0.84 0.73 0.96 0.85 0.62 0.83 0.68 0.70
Er 2.38 2.23 2.12 2.19 2.31 2.38 225 248 2.09 2.53 242 1.81 2.39 2.01 2.05
Tm 0.33 0.31 0.29 0.30 0.33 0.34 0.31 0.34 0.29 0.35 0.25 0.25 0.33 0.28 0.30
Yb 2.17 191 1.87 1.97 2.08 2.21 2.00 2.23 1.84 2.50 2.37 1.79 243 2.06 2.13
Lu 0.30 0.26 0.26 0.27 0.30 0.31 0.35 0.32 0.26 0.25 0.29 0.23 0.30 0.26 0.27
Al 62.23 63.62 53.06 59.84 67.06 6477 54.01 5413 8456 51.04 9387 7730 4712 6588 72.62
ASI 1.49 1.65 1.32 1.58 2.01 1.62 1.21 1.16 5.10 094 1086 222 0.90 1.65 2.16
Nb/Y 153 1.81 - - 0.69 0.50 1.19 0.94 1.69 1.24 1.19 1.17 1.00 1.63 1.63
Zy/Ti  0.03 0.02 0.02 0.03 0.02 0.02 0.02 0.03 0.02 0.03 0.01 0.02 0.02 0.02 0.02
Tb/Yb 0.28 0.32 0.30 0.29 0.29 0.27 0.29 0.29 0.30 0.28 0.27 0.27 0.26 0.26 0.25
La/Sm 1.55 1.56 2.07 1.56 1.54 1.69 1.71 1.62 1.71 1.98 1.48 1.75 1.65 1.78 1.80
Y/Nb  0.65 0.55 - - 1.45 2.00 0.84 1.07 0.59 0.81 0.84 0.86 1.00 0.62 0.62
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Table 3. Chemical analyses of the major, trace and rare earth elements of the olivine-bearing gabbros
dikes in the Upper Carboniferous series of the NNE Achemmach. bdl: below detection limit.

Sample BA52 BA53 BA54 BA56 BA57 BA58 BA59 BA60 BA61 BA62 BA63 BA64 BA65 BA43 BA49 BA51  BA70

Facies Olivine-Bearing Gabbros

(%)
SiO, 494 47.67 49.96 47.36 51.07 50.24 54.68 55.33 49.7 46.22 47.5 46.67 47.67 46.92 47.12 51.52 56.75
TiO, 295 2.98 291 3.07 3.34 33 291 3.02 347 3.03 3.09 3.07 2.88 2.67 2.65 2.96 3.21
Al,O; 1724 17.66 16.66 16.86 16.24 16.98 16.78 16.8 18.02 16.93 16.65 17.18 15.99 15.55 15.92 17.07 16.33
Fe, 03 9.26 9.38 8.93 941 10.03 9.44 11.55 9.94 10.48 9.5 9.4 9.67 8.99 8.93 9.55 10.18 10.55
MnO 0.15 0.17 0.15 0.27 0.22 0.20 0.13 0.18 0.18 0.18 0.18 0.18 0.17 0.49 0.37 0.32 0.07
MgO 6.74 6.74 6.55 7.42 6.40 6.26 5.30 5.59 5.68 7.96 7.73 7.71 8.02 6.77 7.52 5.46 5.23
CaO 4.59 5.83 5.36 1.72 1.77 1.74 1.62 1.58 4.77 5.88 5.13 4.64 6 6.17 6.57 6.07 1.29
Na,O 4.49 421 4.47 4.78 4.89 4.76 6.43 6.45 4.53 4.39 449 448 4.56 4.66 5.33 443 3.13
K,O 240 2.57 247 2.59 2.50 2.08 297 294 2.85 2.25 211 2.30 1.92 2.51 0.80 293 3.38
P,0s 1.62 1.73 1.62 1.60 1.64 1.47 1.93 1.50 1.92 143 1.58 1.64 1.63 1.50 1.38 1.71 1.96
LOI 2.79 2.95 3.11 4.55 3.88 3.86 3.08 1.53 4.90 4.23 4.22 4.19 4.23 3.05 5.41 4.08 212
Total 101.63 101.89 102.19 102.89 10198 101.23 101.78 101.12 100.50 102.00 102.08 101.73 102.06 100.02 102.62 100.02 101.32
(ppm)

Ti 17700 17880 17460 18420 20040 19800 17460 18120 20820 18180 18540 18420 17280 16020 15900 17760 19260

K 19920 21331 20501 21497 20750 17264 24651 24402 23655 18675 17513 19090 15936 20833 6640 24319 28054

P 7072.92 7553.18 707292 6985.60 7160.24 6418.02 8426.38 6549.00 8382.72 6243.38 689828 7160.24 7116.58 6549.00 6025.08 7465.86 8557.36

Ba 249 250 245 194 379 340 335 344 351 213 212 203 214 202 195 367 391

Rb 22.84 24.14 23.08 23.16 21.01 21.67 25.43 25.47 22.23 18.91 18.85 19.04 17.14 23.12 12.85 25.79 25.00

Sr 1034 1009 1027 1532 321 318 145 164 1050 1686 1572 1756 1465 800 1540 387 206

Cr 102 110 108 121 bdl 100 97 99 100 116 105 117 124 146 147 100 113
Ni 46 59 47 32 bdl bdl bdl bdl 42 55 52 60 58 37 56 44 35
Cu 414 261 133 137 93 110 210 175 409 124 262 394 517 48 74 151 39
Zn 104 115 102 1725 1174 1296 1003 880 124 128 87 106 85 52 127 330 83
Sc 21.5 19.5 20.15 23.98 13.55 13.96 11.05 11.15 20.48 22.33 20.77 21.04 21.53 20.31 19.53 31.24 17.27
Li 180 131 193 252 175 181 87 67 177 192 212 166 216 300 234 164 275
Nb 23 20 24 20 22 24 23 23 21 18 23 22 21 22 17 22 22
Y 35 29 30 25 50 47 47 47 37 25 35 28 29 38 24 37 45

Zr 272 240 232 220 478 535 405 482 567 258 272 204 286 200 292 415 497
Th 2.10 1.85 1.89 2.40 294 3.28 294 3.02 2.98 1.86 1.89 1.90 1.75 2.00 2.07 2.98 2.99
La 19.48 19.17 19.14 16.96 35.74 31.29 31.12 31.23 21.44 19.49 19.61 20.13 19.24 25.45 23.35 20.26 43.31
Ce 43.28 41.51 41.47 42.87 81.00 78.79 66.79 64.75 45.35 42.57 43.19 43.71 42.09 55.17 49.60 44.96 94.85
Pr 523 5.05 5.06 4.85 9.58 8.27 8.01 7.88 5.59 5.26 528 5.37 5.20 6.67 5.96 5.66 10.22
Nd 23.60 22.67 22.76 22.01 41.20 35.79 34.99 34.04 25.26 23.64 24.01 24.38 23.39 30.69 27.14 27.20 42.50
Sm 5.40 5.15 5.14 4.88 8.12 7.94 7.62 7.29 5.76 5.45 5.52 5.59 5.42 6.55 5.74 6.40 7.99
Eu 1.80 1.70 1.72 171 1.83 2.03 213 2.03 1.92 1.88 1.88 191 1.84 1.73 1.57 1.76 2.30
Gd 5.77 5.45 5.50 523 9.14 8.10 7.90 7.37 6.07 5.73 5.79 5.88 5.68 7.04 6.19 711 7.49
Tb 0.84 0.79 0.80 0.75 1.26 1.15 1.13 1.06 0.89 0.84 0.85 0.86 0.84 0.93 0.82 0.98 0.90
Dy 473 4.45 4.55 4.42 6.76 6.47 6.41 5.87 5.05 478 4.84 4.92 4.76 6.04 524 6.61 5.46
Ho 0.90 0.84 0.86 0.89 1.25 1.23 1.22 1.14 0.95 0.90 0.93 0.94 0.89 1.02 0.89 1.15 0.92
Er 2.47 2.37 2.38 2.67 3.48 3.56 3.47 3.28 2.66 2.55 2.59 2.62 248 2.88 253 3.24 2.76
Tm 0.47 0.46 0.46 0.38 0.46 0.49 0.47 0.45 0.35 0.34 0.34 0.35 0.33 0.38 0.35 0.43 0.39
Yb 2.90 2.94 291 2.54 3.00 3.22 3.07 3.07 3.20 217 223 224 2.15 2.65 2.44 2.96 2.94
Lu 0.35 0.36 0.34 0.34 0.38 0.40 0.39 0.39 0.42 0.30 0.30 0.30 0.29 0.34 0.31 0.36 0.39
Al 50.16 48.11 47.85 60.63 57.20 56.20 50.67 51.51 47.84 49.85 50.57 52.33 48.49 46.15 41.15 44.42 66.08
ASI 1.07 1.00 0.96 1.29 1.24 1.39 1.06 1.07 1.05 0.97 1.01 1.07 0.92 0.83 0.91 0.90 143
Nb/Y 0.66 0.69 0.80 0.80 0.44 0.51 0.49 0.49 0.57 0.72 0.66 0.79 0.72 0.58 0.71 0.59 0.49
Zx/Ti 0.02 0.01 0.01 0.01 0.02 0.03 0.02 0.03 0.03 0.01 0.01 0.01 0.02 0.01 0.02 0.02 0.03
Tb/Yb  0.29 0.27 0.28 0.30 0.42 0.36 0.37 0.34 0.28 0.39 0.38 0.38 0.39 0.35 0.34 0.33 0.31
La/Sm 3.61 3.72 3.73 3.47 4.40 3.94 4.09 4.28 3.72 3.58 3.55 3.60 3.55 3.89 4.07 3.17 5.42
Y/Nb 1.52 1.45 1.25 1.25 227 1.96 2.04 2.04 1.76 1.39 1.52 1.27 1.38 1.73 1.41 1.68 2.05

4. Petrography
4.1. Pillow-Lavas

Macroscopic examination of the samples collected essentially at the surface (Figure 12),
shows that this lava consists of several facies with two poles: The first facies is very rich in
fairly large vacuoles (300um) in the center of the pillow (Figure 13b), and the second facies
has very few, if any, vacuoles (towards the edge) (Figure 13a). Between these two poles,
all the intermediate facies can be found. The almost continuous variation of the vacuolar
facies is probably associated with a progressive degassing of the lava during its placement
under water. In this macroscopic description, we will limit ourselves to two facies: (i) A
facies practically without vesicles and with very little calcite. It is a greenish rock that can
sometimes contain very small vacuoles (100um), where a fine paste and fine calcite crystals
can be observed. With a binocular magnifying glass, we can see that this vacuolar calcite is
crowned by greenish minerals probably corresponding to chlorites and metallic minerals.
This facies can sometimes be rich in metallic minerals, either around the vacuolar calcite,
or in fine disseminations in the vitreous paste or in fractures, and (ii) a facies very rich in
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vacuoles of varying sizes. The vacuoles are most often filled with late calcite. The relative
proportion of vacuoles and their size varies from one outcrop to another and within the
same outcrop.

Microscopically, only microlites (80-95%), and more rarely phenocrysts, plagioclases
and pyroxenes (augite) are recognizable in a vitreous matrix devoid of recognizable olivines
and amphiboles (Figure 13c,d). Plagioclases in microlites sometimes show a mineral
linearization materializing schistosity planes (Figure 13e). The other minerals are all of
secondary origin related to alterations, such as calcite found either in vacuoles or in the
interstices of plagioclases or in late fractures (Figure 13f). Chlorite is associated either with
vesicular calcite or in filling schistosity planes. Incidentally, we note the presence of opaque
minerals associated either with vacuolar calcites (the facies most rich in calcite contain the
highest proportions of these minerals), or disseminated in the rock or in the interstices
of plagioclases.

-~ Sediment .

Figure 12. (a) Pillow-lavas outcrop, (b) vacuolar lava facies, (c) detailed pillow structure showing
radial fractures and (d) pillow in contact with greenish pelites.

4.2. Dolerites

It is a greenish-grey rock with a microgranular texture, in which small blackish and
whitish to greyish-whitecrysts can be identified in a greenish matrix (Figures 14 and 15a).
A microscopic study of this facies shows a typical dolerite structure. Mesostasis con-
tains rod-shaped plagioclase crysts, more or less sericitized, associated with interstitial
pyroxenes, partially or wholly amphibolitized, chloritized tourmaline, rutile and opaque
minerals (Figure 15b-h). The latter correspond either to cubic pyrite minerals or to lamellar
automorphic minerals (ilmenite and hematite). These opaque minerals are in relatively
abundant proportions. It should be noted that this dolerite facies is often altered, as evi-
denced by the transformation of sericite, chlorite, and calcite plagioclases and pyroxenes
into amphiboles (uralitization).
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Figure 13. Macroscopic view ofpillow-lavas less (a) and rich (b) in calcitic vacuoles, and micropho-
tographs of this facies in transmitted light with crossed nocols (¢c—f). V.Cal: vacuolar calcite, Pls:
plagioclase, Cal: calcite, Chl: chloriteandPxs: pyroxene.



Minerals 2022, 12, 622

23 of 39

Schistosed dolerite

Greenish pelites

metamorphic aureol

1]

Figure 14. Foliation (Fol) in outcropping dolerites.

4.3. Olivine-Bearing Gabbros

This is a light green rock with abundance of leucocratic elements. It features a coarse-
grained texture in which small black and white crysts can be identified in a greenish matrix
(Figure 16a). The rock is totally crystallized and shows a grained texture. Mineralogically,
it is composed of plagioclases, pyroxenes, olivines, titanites, rutile, tourmaline, apatite
and opaque minerals (Figure 16b—g). All cardinal minerals of this rock have undergone a
more or less important alteration. Plagioclases are sericitized, albitized, amphibolitized and
epidotized, whereas pyroxenes and olivines are serpentinized and chloritized (Figure 17a-h).

4.4. Spilitization

The petro-mineralogical study shows that each of the three magmatic facies in the NNE
Achemmach have undergone hydrothermal alteration to a greater or lesser extent. This is
well marked on pillow-lavas, which are transformed into true spilites by the albitisation
and carbonation of plagioclases, and by the development of chlorites, especially at the level
of calcitic vacuoles.

This spilitization has also affected olivine-bearinggabbros, whose plagioclases are
sericitized and albitized, amphibolitized and epidotized pyroxenes and serpentinized and
chloritized olivines, and to a lesser extent, dolerites, whose plagioclases are more or less
sericitized and interstitial pyroxenes are partially or wholly amphibolitized.

The alteration of the cardinal minerals of these three basic magmatic facies: albitization,
sericitization and carbonation of plagioclases, amphibolitization (actinote), epidotisation of
pyroxenes and chloritization and serpentinization of olivines, associated with a remarkable
richness in titanium (abundance of titanite), reflect the effect of an oceanic hydrothermal
metamorphism of the green shale type.
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Figure 15. (a) Macroscopic view of a dolerite facies. (b—h) Microphotographs of dolerites: plagioclases
(P1), amphibolitized (Am) pyroxenes (Px), clinopyroxenes (Cpx), chloritized (Chl), tourmaline (Tur)
and oxides (Ox) (transmitted light—crossed nicols).
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Figure 16. Samples of olivine-bearing gabbros. (a) Macroscopic view and (b—g) microphotographs
of olivine-bearing gabbro (transmitted light—crossed nicols). Sericitized (Ser) plagioclases (P1),
amphibole (Am), orthopyroxene (OpXx), serpentinized (Srp) olivine (Ol), Titanite (Ttn), apatite (Ap),
rutile (Rt) and oxides (Ox) (transmitted light—crossed nicols).
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Figure 17. (a—h) Microphotographs of the alteration phases of olivine-bearing gabbros: sericitized
(Ser) and albitized (Ab) plagioclase (P1), amphibolitized (Am) and epidotized (Ep) pyroxene (Px),
serpentinized (Srp) and chloritized (Chl) olivine (Ol), tourmaline (Tur), and oxides (Ox) (transmitted
light—crossed nicols).
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5. Geochemical Variations and Typology of Magmas
5.1. Elements” Mobility

The commonly used method for the classification of volcanic and sub-volcanic rocks
is the total alkali-silica diagram (TAS) [57]. However, this diagram is not reliable in the
classification of altered rocks. Other classification diagrams, based on the consideration
of other major elements such as TiO,, P,Os, and Al,Os, which may be exceptionally
mobile during alteration, fail in the case of the classification of altered rocks and may give
misleading results. For these reasons, the use of trace elements has been adopted, which
appear to be less sensitive to these alteration processes

The most commonly used approach is the Zr/TiO, vs. Nb/Y diagram [58,59], where
Nb/Y gives alkalinity (Na;O+K,0) and Zr/TiO; gives silica. The Nb/Y ratio increases
from sub-alkaline to alkaline compositions, while the Zr/TiO, ratio decreases from acidic to
basic compositions. For classification purposes, the mobility of all selected elements must
be evaluated. An effective method is that of [60], in which the mobility of an element is
tested using variation diagrams. If the two elements are moderately to highly incompatible
and immobile, and the samples are co-genetic, the data should show correlations with
slopes close to unity. For this study, Nb is the element used, as it is one of the most
immobile elements.

The behavior of major and some trace elements with respect to Nb is illustrated by the
binary correlation diagrams in Figure 18.

5.2. Major Elements

The diagrams in Figure 18 show scattered point clouds covering a wide range of
chemical composition of these rocks. It probably reflects the effect of alterations that have
affected these rocks and have an effect on the mobility of many elements, mainly: Si, Na,
K, Ca, Mg and Al, and to a very small extent, Ti. Thus, when these samples are plotted
in the 5iO; vs. Nb/Y diagram, they show a wide variation in 5iO; contents, indicating
that the silica was mobile during the hydrothermal processes. The effects of such processes
are most apparent when the samples are plotted in the TAS [57,61]; R1-R2 [62] diagrams
(Figures 19 and 20).

The R1-R2 diagram [62] classifies magmatic rocks according to their cationic propor-
tions through the study of all the major chemical elements in the rock. In addition, it
seems that among the three identified groups of rocks, plutonic rocks (olivine-bearing
gabbros) are the least affected by alteration processes. The fact that all samples were
affected by post-magmatic alteration is also confirmed by the peraluminous character
(Figure 19b) that marks many of them, and which is expressed by high values of the
alumina saturation index.

5.3. Trace Elements

With respect to Nb contents, two families of rocks can be distinguished (Figure 16):
rocks with low Nb content (Tables 1-3), and others with high Nb content. With the exception
of P,Os, TiO; and, to a lesser extent, SiO,, the low Nb samples are widely dispersed and
show no correlation. Contrarily, samples with high Nb content are more correlated.

The behaviors of Zr, Ti and Y are totally different. The three rock types (pillow-lavas,
olivine-bearing gabbros and dolerites) can be identified (Figure 18, Tables 1-3). In each
type of rocks, the elements Zr, Ti and Y vary proportionally to Nb (positive correlation).
The observed dispersion could be related to disturbances due to hydrothermal leaching.
However, although affected by weathering, these elements are still the most appropriate
for classification. Their relationship during magmatic differentiation and hydrothermal
weathering remains almost unchanged.
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5.4. Classification

The rocks in the NNE Achemmach area have undergone advanced hydrothermal
alteration and a consequent leaching of the major elements (Si, Na, K, etc.). Therefore, the
classification of these rocks has been conducted considering immobile or slightly mobile
elements, and different discrimination diagrams have been used to discuss the geochemical



Minerals 2022, 12, 622

30 of 39

signatures of these rocks. Thus, in the Zr/TiO, vs. Nb/Y diagram (Figure 19), samples
from three facies (pillow-lavas, olivine-bearing gabbros and dolerites) are clearly reported
in the field of alkaline basalts with a high Nb/Y ratio (Figure 21a,b).

5.5. Magmatic Affinity and Geodynamic Significance
5.5.1. Pillow-Lavas

All the analyzed rocks demonstrate an alkaline affinity indicated by the values of the
Nb/Y ratios and the high TiO, and P,Os contents. In the diagram of Figure 21, they are
shown in the alkaline basalt field. The positive Nb anomalies in the normalized to the
original mantle diagram (Figure 24) give evidence of the alkaline character of these rocks.

In the MORB (Mid Ocean Ridge Basalt) normalized diagram (Figure 22), pillow-lavas
show profiles of the Oceanic Island Basalt (OIB) type, characterized by high and moderate
enrichments in LILE (Large lon Lithophilic Elements) and HFSE (High Field Strength
Elements), respectively, and negative K and Zr anomalies. As with olivine-bearing gabbros,
the wide variation in LILE is likely to represent the result of the alteration.

The close similarity between these rocks and the alkaline magmas can also be observed
in the normalized diagrams to the original mantle, where high concentrations of LILE and
HEFSE associated with positive Nb and negative K anomalies support the anorogenic nature
of the original magmas. This suggests that crustal contamination did not play a significant
role in their petrogenesis.

Moreover, the comparison between Th/Yb and Ta/Yb ratios shows that these rocks
are in the mantle domain, which confirms a weak involvement of the crustal component.
The REEs are fractionated (Figure 23), so the REE spectra normalized to chondrites indicate
a mantle source with the probable presence of garnet. The enrichment in LREELight Rare
Earth Elements) shows that the character of the enriched mantle source is not due to crustal
contamination from subduction processes.

5.5.2. Olivine-Bearing Gabbros

In the Zr/TiO; vs. Nb/Y diagram (Figure 21), and with the exception of two samples
that are reported in the trachy-andesite field, all rocks analyzed demonstrate an alkaline
affinity, as indicated by the high Nb/Y ratio values. Standardized plots with respect to the
original mantle (PM) and MORB (Figures 22 and 24) reveal trends that essentially resemble
those of pillow-lavas (enrichment in LREE and HFSE, positive peak in Nb, enrichment in
HREE, negative Ti and P anomalies and positive peak in Zr). These similarities also appear
in the diagram of Figure 23, where the LREE have highly fractional profiles similar to those
of dolerites, while the HREE are flat and resemble pillow-lavas’ profiles. Some variations
of these diagrams in Figure 25b,c support co-genetic links between olivine-bearing gabbros
and pillow-lavas. In this case, the olivine-bearing gabbros would have been derived from
the same magma producing pillow-lavas, and the dolerites would have been their evolved
product. Indeed, the decrease in the quantity of ferromagnesian minerals and the increase
in plagioclases are in line with this evolution.

The strong affinities with dolerite samples can be explained as the result of assimilation
or interaction with pillow-lava-like material during magmatic evolution.
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5.5.3. Dolerites

In the Zr/TiO; vs. Nb/Y diagram (Figure 19), all samples are grouped in the alkali
basalt field. The fractionation of minerals (Figure 21b) results from fractional crystallization
and displacement of magma. This indicates that these rocks do not represent magmas from
which they would have crystallized. Nevertheless, when normalized to the prime mantle
(PM) [66] (Figure 24b), the samples demonstrate patterns comparable to those of magmas
related to subduction, demonstrating a general enrichment in LILE and HFSE. Still, the
weak positive Nb anomaly suggests alteration effects or alkaline affinity. This feature has
been reported in the eastern part of the Fourhal Basin in gabbroic veins, associated dolerites
and basaltic flows [67].

6. Discussion

The geodynamic context of the intrusions of the Moroccan Central Hercynian Massif
is complex, particularly because of the rate of alteration, the scarcity of outcrops and
the studies carried out thus far. Some interpretations concerning their affinity and their
emplacement conditions are even contradictory [4,8,36,67,68].

Notwithstanding the complexity of defining the geotectonic context of the Achemmach
NNE dikes from the literature, the succession of magmatic-hydrothermal events and the
chemical evolution of the dikes will be discussed and interpreted in comparison with
known geodynamic scenarios in the Hercynian chain at the end of the Permian.

Preliminary studies carried out mainly by [4,5], distinguished, with reference to
the major deformation phase, two magmatic provinces: (i) the Eastern Meseta province,
marked by post-orogenic volcanism with a calco-alkaline geochemical signature dated
to the Upper Visean and (ii) the Western Meseta province, whose basic magmatism is
defined as prior to the Variscan orogeny. This province is underlined by underwater
effluxes and intrusions of sub-Visean age at Namuro-Westphalian. Other researchers
suggest a different scenario. According to [69], the magmatic intrusions of the Eastern
Jebilet and Azrou-Khenifra basins are subsequently affected by post-Visian Hercynian
tectono-metamorphic events. They present chemical characters of alkaline magmatic series
set up in an anorogenic intracontinental context. For [3,5,6], the basic magmatism of the
central Jebilet is syntectonic, set up during the synschist regional deformation.

These interpretations have been questioned by a number of scholars [7-9,67], based
on several integrated tectono-sedimentary and magmatic studies. For these authors, the
mafic magmatic bodies within the carboniferous series were emplaced in the context of an
upper plate foreland basin accompanying a deformation continuum beginning early in the
east and propagating as the collision progressed westward through arcuateorogenic fronts.

More recently, [10] identified a new effusive and explosive volcanic activity (Visean-
Serpukhovian) in the western part of the Meseta, which varies in nature from basalts to
rhyolites and assumes a similarity to the volcanic activities recognized in the eastern area.

Concerning the magmatic formations in the NNE of Achemmach area, this study
allows one to distinguish two groups of rocks with different chemical characteristics:
alkaline pillow-lavas and olivine-bearing gabbros, on the one hand, and dolerites, which
show both an alkaline to tholeiitic signature, on the other hand, and which can be related
to basalts of the transitional alkaline series (Figure 23b) [69]. The relationships between
these rocks are not very obvious; however, a chemical evolution appears between these
two groups (Figure 18fj,k,h). Moreover, the spectra of the multi-element diagrams as well
as those of the rare earths (Figures 21-24) show the same evolution between the groups of
each set.

On a geodynamic level, according to the diagrams of [70-72] in Figure 26, the rocks in
the NNE sector of Achemmach are located in the intraplate basalt field.

According to the petrological and geochemical studies carried out in this work and
the data from the Meseta literature, the sequence of magmatic events in the NNE sector of
Achemmach would be presented as follows:
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The first magmatic event would be syn-orogenic. It is manifested by basic rocks of
alkali-tholeiitic character (dolerites) and by acid rocks represented by known rhyolites
in the El Hammam sector. The rhyolites and microgranites will thus be the last to be
put in place before the granite since they have suffered the consequences of the boron
post-magmatic circulations (boron post-magmatic circulations), which is obvious in El
Hammam [11,31,32,73].
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Figure 26. Zr-Ti [71] (a), Zr-Zr/Y [70] (b) and Zr/4-2Nb-Y [72] (c) diagrams.

The second magmatic event is syn- to late-orogenic (Figure 27). It would correspond
to the introduction of pillow-lavas with a basic impression (Figure 21b). These would
be comparable to the folded and fractured rocks of Mrirt with alkaline affinity described
by [33,67] and the basalts of Tazzeka, studied by [4]. These alkaline rocks are interstratified
in the Upper Visean series and constitute the first magmatic event followed by the formation
of the Serpukhouvian sills and calcareous basalts. These rocks are considered syn-orogenic
since they are associated with the opening and filling of orogenic carboniferous basins. The
apparent alkalinity of some of these rocks has been widely discussed in the work of [67].
These rocks are thought to be related to the evolution of mafic magmas during their ascent
and emplacement in the carboniferous basins, as well as the weak Paleozoic formations
that overhang them during this period.

The third magmatic event is post-orogenic (Figure 27). It is represented by transition
rocks where there is a coexistence between a previous orogenic and anorogenic magmas.
This late magmatic event has an alkaline affinity and corresponds to olivine-bearing gabbros.
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Figure 27. La vs. Y vs. Nb ternary classification diagram [74].

7. Conclusions

The NNE Achemmach sector is made up of two main units: limestones and sandstone
shales, of Middle to Upper Visean age for the first unit, and flyschs of Upper Visean-
Namurian age for the second one. These two formations demonstrate anomalous contact
materialized by a shear zone of a NE-SW to NNE-SSW direction.

Structurally, the formations of this sector demonstrate an evolution comparable to
those of the terrains of El Hammam district and those of the Agourai region. The structures
are: (i) A major structure in NE-SW to NNE-SSW of synschist folding, linked to the main
phase of the Hercynian orogeny under an epizonal metamorphic climate, (ii) an important
early volcanic and hypovolcanic magmatic activity at the major deformation, (iii) some
shear zones of regional extent that would have been straddling before shearing, showing
a northward shift in direction and marking a major structure vergeand (iv) NE-SW to
NNE-SSW faults subparallel to the schistosity and N130 to N150 faults with sinister play,
having affected all previous structures.

The emplacement of the magmatic rocks in this region would have started with
dolerites during the major Hercynian phase (NW-SE shortening), followed by basic pillow-
lavas with traces of ductile shear and, finally, that of the olivine-bearinggabbros, whose
outcrops are not schistose.

Compared to the known magmatic rocks at the scale of the El Hammam-Achemmach
district and the Massif Central, and taking into account their textural and petrological char-
acteristics, dolerites would be syn-tectonic and pillow-lavas and olivine-bearing gabbros
would be syn- to late-tectonic.

Pillow-lavas and olivine-bearing gabbros have an alkaline affinity, while dolerites
have a transitional alkaline affinity (alkali-tholeitic).
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These magmatic formations would thus have been established in an anorogenic intra-
continental geodynamic context corresponding to a basin magmatism in a poorly evolved
opening, having undergone an oceanic alteration at the origin of the spilitization that
develops there.
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