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Abstract: The Khzama ophiolite is a highly dismembered complex located in the Siroua inlier of the
Moroccan Anti-Atlas Belt. It consists of ultramafic rocks, cumulate gabbros, sheeted dikes, pillow
lavas, and an overlying volcano-sedimentary sequence. Three main tectonic slices of sheeted dike
complexes are studied in detail along three rivers, exposing well preserved outcrops where individual
dikes are clearly distinguishable from the intruded host rock (Assif n’Tinzla, Assif n’Tasriwine, and
Assif n’Iriri). Sheeted dikes of the Khzama ophiolitic complex are basaltic to andesitic in composition,
displaying a clear sub-alkaline nature. We identify two sets of dikes that originate from lower
High-Ti series (HTS) lavas and overlying upper Low-Ti series (LTS) lava. The immobile trace-element
signatures of these rocks point to a genesis on a backarc environment with magmas sourced in a
supra-subduction zone (SSZ) at the spinel peridotite zone. The obtained SHRIMP U-Pb data of
the gabbro represent the first radiometric age of zircon extracted from the mafic rocks that were
intruded by the sheeted dike complex of the Khzama ophiolite. These grains yield a concordia
age of 763 ± 5 Ma, which is consistent with the 761.1 + 1.9/−1.6 and 762 + 1/−2 Ma U-Pb zircon
ages of plagiogranites of Siroua. Based on their mineralogy, modal proportions, and major element
chemistry, the felsic dikes are classified as high silica–low alumina trondhjemites or plagiogranites.
These plagiogranites were likely formed by the partial melting of mafic rocks rather than by extreme
fractional crystallization. A plagiogranite dated at 777 ± 4.7 Ma (U-Pb on zircon) is significantly
older than the ca. 762 Ma plagiogranites previously recorded for the Khzama locality, suggesting a
long-lived supra-subduction zone (SSZ) with conditions for the hydrous melting of mafic rocks.
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1. Introduction

Ophiolites are distinctive assemblages of ultramafic, mafic, and felsic igneous rocks,
which are often associated with pelagic sediments and they have long been recognized as
important components of Neoproterozoic and younger orogenic belts [1]. Ophiolites are
fragments of oceanic lithosphere which have been tectonically emplaced into continents
during convergent plate-tectonic processes. Both geochemistry and precise geochronology
are required for their full characterization. Geochemical signatures of ophiolites provide
key constraints on their geodynamic setting during formation, whereas their ages constrain
when oceanic realms existed.

The tectonic origin of ophiolites can be broadly classified as either non-subduction or
subduction-related [2,3]. Non-subduction-related ophiolites comprise continental margin,
mid-ocean ridge (MORB), and plume types, whose magmatism was generated during
the rifting and ocean floor spreading stages. Subduction-related or suprasubduction zone
(SSZ) ophiolites comprise forearc, backarc, and island arc types, which formed within the
intra-oceanic subduction system [2–8].

In the Neoproterozoic Anti-Atlas Belt of central Morocco (Figure 1A,B), the relics of
oceanic crust (i.e., Bou-Azzer Group sensu [9]), are preserved in the Bou-Azzer (Aït Ahmane
ophiolite) and Siroua (Khzama ophiolite) inliers as highly sheared allochthonous ophiolite
complexes [10–12]. These ophiolitic assemblages are mainly made up of ultramafic rocks
(serpentinites with chromite pods), but also include mafic meta-cumulates, meta-basaltic
sheeted dikes, and, to a smaller extent, pillow lavas [13–15]. Their geochemical signature
points to an emplacement in a supra-subduction zone setting [12,16–20]. The majority
of published isotopic ages are within the range of circa 740 to 762 Ma [12,20–22], but
ages younger than 700 Ma (down to 658 ± 8 Ma) have also been reported [10,11], leaving
open the discussion about the age of generation of magmatic rocks now preserved in the
ophiolitic complexes.

This study examines structural, petrographical, chemical, and geochronological data
of a sheeted dike complex in the Khzama ophiolite to constrain its tectonic setting and
age. The geochemistry of gabbro, plagiogranites, and associated mafic sheeted dikes points
to a supra-subduction zone (SSZ) tectonomagmatic setting and more precisely a backarc
environment. We distinguish dikes that may be correlated with the basal High-Ti series
(HTS) lavas from those of the overlying Low-Ti series (LTS) lavas. The first U-Pb dating
of Khzama ophiolite on mafic rocks at 763 ± 5 Ma is consistent with the previous ca.
762 Ma U-Pb zircon ages of plagiogranite obtained by [22], in the Khzama ophiolite. By
contrast, a plagiogranite dated at 777 ± 4.7 Ma (U-Pb on zircon) is 15 Myr older than the
ca. 762 Ma plagiogranite of [22], suggesting a long-lived supra-subduction zone for the
Neoproterozoic Khzama ophiolite.
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Figure 1. (A) Location of the Anti-Atlas Belt in Northwestern Africa; (B) Geological map of the 
Anti-Atlas Belt in southern Morocco showing the studied area in the Siroua inlier [23], modified by 
[24]. (C) Simplified geological map of the central part of Khzama inlier showing the main lithotec-
tonic units (modified after [25]). The localities (Tourtit, Amassine, and Tachakoucht) mentioned in 
the text are indicated, as well as the location of Figure 2 and the samples used for U-Pb geochro-
nology. Abbreviations; WAC = West African craton. Gp. = Group; T. = Tizi. Note that the northern 
boundary of the WAC is the Anti-Atlas Major Faults or the South Atlas Fault [26]. 

Figure 1. (A) Location of the Anti-Atlas Belt in Northwestern Africa; (B) Geological map of the Anti-Atlas Belt in southern
Morocco showing the studied area in the Siroua inlier [23], modified by [24]. (C) Simplified geological map of the central
part of Khzama inlier showing the main lithotectonic units (modified after [25]). The localities (Tourtit, Amassine, and
Tachakoucht) mentioned in the text are indicated, as well as the location of Figure 2 and the samples used for U-Pb
geochronology. Abbreviations; WAC = West African craton. Gp. = Group; T. = Tizi. Note that the northern boundary of the
WAC is the Anti-Atlas Major Faults or the South Atlas Fault [26].
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studied three cross sections along the Khzama inlier are indicated. 
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containing undated mica schists and gneisses, is overthrusted, with a southward ver-
gence, by the Iriri migmatites, both forming the metamorphic complex known as 
“Tachakoucht-Iriri-Tourtit” [27]. The Tachakoucht-Iriri-Tourtit and arc-related units, in-
cluding the studied Khzama ophiolite, contain four different sub-units. From south to 
north, these include: (1) the Tachakoucht gneisses (740–720 Ma) intruded in northern 
outcrop exposures by (2) Iriri intrusions (660–640 Ma). Also along the northern expo-
sures, the Tachakoucht-Iriri massif is overthrusted by (3) the south-verging 760 Ma 

Figure 2. Geological map of central part of Khzama Inlier (adopted from [25]). The locations of the studied three cross
sections along the Khzama inlier are indicated.

2. Geological Background

The erosional inlier of Siroua (Anti-Atlas) exposes distinct Late-Precambrian litho-
tectonic units in the region of Khzama (Figure 1C; see [25]). The Tachakoucht Formation,
containing undated mica schists and gneisses, is overthrusted, with a southward vergence,
by the Iriri migmatites, both forming the metamorphic complex known as “Tachakoucht-
Iriri-Tourtit” [27]. The Tachakoucht-Iriri-Tourtit and arc-related units, including the studied
Khzama ophiolite, contain four different sub-units. From south to north, these include:
(1) the Tachakoucht gneisses (740–720 Ma) intruded in northern outcrop exposures by
(2) Iriri intrusions (660–640 Ma). Also along the northern exposures, the Tachakoucht-Iriri
massif is overthrusted by (3) the south-verging 760 Ma Khzama ophiolitic sequence and
intruded by (4) the Tourtit meta-granitic complex (640 Ma).

The geological history is summarized as follows. The Tachakoucht gneiss represents
former andesitic to dacitic porphyritic rocks that crystallized around 740–720 Ma in an
intra-oceanic arc setting. Subsequently, these rocks were buried and metamorphosed
due to an early accretion of the arc onto the West African Craton (WAC). This tectono-
metamorphic event also led resulted in the dismembering and stacking of a backarc basin
ophiolite onto the arc complex. Subsequently, the Iriri intrusions intruded the Tachakoucht
gneiss. The Iriri intrusions are a suite of hydrous mafic dykes (hornblende gabbro and fine-
grained basalt) and ultramafic (hornblendite) plutons showing subduction zone affinities.
The entire complex was overprinted by a second deformation event under greenschist to
amphibolite facies conditions which was marked by transposition of primary structures
and a development of mylonitic shear zones [21,25,27,28].
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The age at 743± 14 Ma resulting from U-Pb Sensitive High Resolution Ion Microprobe
(SHRIMP) analysis of zircon from tonalitic gneiss [21] is thought to represent the protolith
age of the Iriri migmatite. This complex was interpreted as having formed during the
Pan-African collision, being a root of accreted oceanic arc affected by high temperature and
medium pressure metamorphism [21,27]). Further to the north, a dismembered ophiolite
was identified [9,11–13,15,21,25,29–34]. The boundary between this ophiolitic complex and
the underlying deformed Iriri-Tachakoucht complex is marked by a ‘serpentinite brecciated
mélange’ composed by tectonically rounded blocks of serpentinites within a fine-grained
matrix of crushed serpentinite and talc-schist [27]. This ophiolite, termed the Tasriwine
ophiolite by [21] and referred to as Khzama ophiolite in this work, consists of slices of
ultramafic rocks (and their serpentinized equivalents), gabbroic rocks, and a sheeted dike
complex [25] (Figures 2 and 3). The Khzama ophiolite is strongly tectonized/mylonitized
and amphibolitized. The extensive deformation and metamorphism of the Khzama ophio-
lite, including the mylonitized and amphibolitized sheeted dikes and flaser gabbros and
their contact relationships, are typical of transform fault environments [30,35–37]. Three
cross sections were established in the Khzama region (Figures 2 and 3). Three Khzama
complex cross sections (Figures 2 and 3) illustrate fault bounded ophiolite units under-
lain by Pan African shear zone mylonites. Brittle faults and ductile shear zones indicate
predominant sinistral oblique thrusting to the south, although some antithetic structures
record displacement to the north [25,38]. The synthetic stratigraphic column of the Khzama
ophiolite complex contains, from bottom to top, a succession of (Figure 4):

(i) A 200–250 m thick unit of mantle tectonites which consists of folded ultramafic
mantle and cumulate rocks exposed along shear zones. These ultramafic rocks, comprising
pyroxenites, wehrlites, dunites, and serpentinized harzburgites, are residual facies charac-
terized by plastic deformation and a mylonitic texture. They occur both as isolated tectonic
slices, and in stratigraphic continuity with ultrabasic cumulate rocks. Locally, they display
primary bedding marked by discontinuous grains of chromite and magnetite. The primary
phenocrysts of olivine and pyroxene have been strongly metamorphosed to metabasites
and serpentines. Serpentinites are particularly common in ductile shear zones.

(ii) A 150–200 m thick sequence of gabbros (pyroxene-rich at the base), with minor
hornblendite pegmatite, pyroxenite, diabase, and anorthosite [25]. This sequence also
contains alternating layers of pyroxenite, dunite, harzburgite, wehrlite +/− gabbros. Mag-
matic bedding is on centimeter to meter scale distinguished on the basis of mineral phases
or granular texture. In the southwest part of the study area, Tarikt syncline displays repeti-
tive bedding sequences over 150 m thick. The dated leucogabbro (sample ALTZ61) belongs
to this unit.

(iii) A very well-developed sheeted dike complex (up to 800 m thick) intrudes the
previously described gabbroic unit. This unit consists of sub-vertical diabase and gabbroic
dikes. Several sheeted dike complexes are recognized in the Khzama inlier (Figure 2). This
complex also contains an isolated dike system of plagiogranites.

(iv) A 700–800 m thick volcanic unit containing basaltic flows and tuffs unconformably
overlain by keratophyres and felsic tuffs. This sequence is intruded by a wehrlitic and
gabbro-diorite intrusion approximately 40 m in diameter.

The Khzama ophiolitic complex units were intruded by calc-alkaline magma bodies.
The calc alkaline bodies have been deformed and metamorphosed to gneissic complexes
related to arc systems formed during the convergence phase (Tachakoucht, Iriri, Tourtit).
During this convergence, these units underwent strong foliation and mylonitization.
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3. Sampling and Analytical Procedures
3.1. Sampling

To determine tectonic origin and age of the Khzama ophiolite sheeted dike complex,
we collected samples from 12 mafic and 8 felsic dikes for major and trace element analyses
(Table 1). Two samples were dated using SHRIMP U-Pb zircon geochronology; the first
sample was taken from a felsic dike (plagiogranite) cropping out at the Assif n’Tasriwine
(N30◦48′45.7′′, W7◦32′29.1′′) and the second one was collected from the leucogabbros
of plutonic sequence of the Khzama ophiolitic complex (Assif n’Tinzla; N30◦49′47.2′′,
W7◦34′48.3′′) (Figure 2).
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Table 1. Whole-rock major and trace element geochemical data for dikes and felsic rocks from the Siroua inlier including the dated samples ALTZ61 and ALTZ68.

(a)

Samples Mafic Dikes

AHCF1 AHCF2 AHCF3 AHCF5 AHCF8 AHCF397 AHCF445 AHCF453 AHCF396 AHCF439D AHCF440D
Longitude W 7◦34′57′′ 7◦34′57′′ 7◦35′2′′ 7◦34′12.4′′ 7◦34′57.4′′ 7◦35′11.3′′ 7◦35′10.3′′ 7◦35′13′′ 7◦34′57.3′′ 7◦34′57.2′′ 7◦35′0.2′′

Latitude N 30◦49′2′′ 30◦49′5′′ 30◦49′3′′ 30◦49′2′′ 30◦49′12.3′′ 30◦49′4.8′′ 30◦49′2.6′′ 30◦49′0′′ 30◦49′0.8′′ 30◦49′3.51′′ 30◦49′0.23′′

wt%
SiO2 55.90 50.00 58.00 58.00 49.60 49.70 44.40 45.10 57.10 51.10 49.10

Al2O3 16.30 15.20 15.30 14.40 14.10 16.90 19.80 19.70 15.80 13.65 15.35
FeO 7.02 8.69 8.51 8.69 12.33 11.39 10.58 10.49 8.24 12.47 11.66
MnO 0.12 0.18 0.15 0.15 0.24 0.20 0.23 0.19 0.15 0.45 0.24
MgO 6.07 7.95 3.87 4.55 5.05 5.42 5.50 5.58 4.55 4.72 5.50
CaO 6.60 11.50 7.75 9.50 8.65 8.65 7.95 10.00 8.60 8.30 7.21

Na2O 5.36 2.42 2.60 0.87 3.58 1.64 2.51 3.09 1.30 3.14 4.22
K2O 0.40 0.13 0.24 0.07 0.20 0.11 2.37 1.14 0.05 0.23 0.50
TiO2 0.25 0.58 0.31 0.13 2.34 0.70 1.15 0.93 0.37 2.41 2.18
P2O5 0.06 0.07 0.08 0.05 0.34 0.09 0.25 0.28 0.07 0.46 0.37
LOI 1.37 2.21 1.85 2.64 1.67 3.49 3.68 1.65 2.87 1.27 2.42
Total 100.2 99.89 99.60 100.01 99.47 99.55 99.59 99.31 100.02 99.58 100.04
Mg# 0.63 0.64 0.47 0.51 0.45 0.49 0.51 0.51 0.52 0.43 0.48
ppm

Sc 30.00 41.00 32.50 46.00 41.00 42.00 27.00 24.00 32.50 39.00 40.00
V 240 252 300 280 395 369 255 224 262 410 347
Cr 144 190 58 85 46 19 5 15 21 18 31
Co 30 48 28 29 47 37 32 37 24 39 37
Ni 78 81 27 49 26 25 18 17 36 16 32
Rb 9 3 5 1 2 5 100 25 1 2 8
Sr 432 130 152 97 163 150 580 550 136 347 277
Cu - - - - - - - - - - -
Zn - - - - - - - - - - -
Ga - - - - - - - - - - -
Y 6 15 8 4 44 17 24 26 11 40 37
Zr 6 15 22 20 100 18 12 19 17 51 51
Nb 0 1 1 1 5 1 3 3 2 8 6
Cs - - - - - - - - - - -
Ba 88 44 75 21 75 25 795 175 26 82 97
La 1.05 1.05 1.50 0.50 9.20 1.80 3.00 6.50 2.30 14.50 15.50
Ce 3.50 3.50 4.40 2.50 25.50 4.50 9.00 20.00 4.00 34.00 37.00
Pr - - - - - - - - - - -
Nd 1.70 2.50 1.90 1.00 21.00 3.60 8.60 17.50 3.00 23.50 25.00
Sm - - - - - 1.35 3.00 5.00 0.90 6.10 6.55
Eu 0.40 0.55 0.35 0.20 2.02 0.53 1.10 1.50 0.30 2.10 2.10
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Table 1. Cont.

(a)

Samples Mafic Dikes

AHCF1 AHCF2 AHCF3 AHCF5 AHCF8 AHCF397 AHCF445 AHCF453 AHCF396 AHCF439D AHCF440D
Longitude W 7◦34′57′′ 7◦34′57′′ 7◦35′2′′ 7◦34′12.4′′ 7◦34′57.4′′ 7◦35′11.3′′ 7◦35′10.3′′ 7◦35′13′′ 7◦34′57.3′′ 7◦34′57.2′′ 7◦35′0.2′′

Latitude N 30◦49′2′′ 30◦49′5′′ 30◦49′3′′ 30◦49′2′′ 30◦49′12.3′′ 30◦49′4.8′′ 30◦49′2.6′′ 30◦49′0′′ 30◦49′0.8′′ 30◦49′3.51′′ 30◦49′0.23′′

Gd - - - - - 1.95 3.80 4.80 1.40 6.80 6.85
Tb - - - - - - - - - - -
Dy 1.10 2.30 1.20 0.60 7.50 2.50 4.15 4.60 1.50 7.00 6.60
Ho - - - - - - - - - - -
Er 0.70 1.50 0.90 0.40 4.40 1.60 2.30 2.60 1.30 3.60 3.50
Tm - - - - - - - - - - -
Yb 0.65 1.55 0.96 0.64 4.00 1.90 2.25 2.60 1.34 3.45 3.20
Lu - - - - - - - - - - -
Hf - - - - - - - - - - -
Ta - - - - - - - - - - -
Th - - - - - 0.20 0.00 0.40 0.40 1.20 1.30
Pb - - - - - - - - - - -
U - - - - - - - - - - -
As - - - - - - - - - - -
Be - - - - - - - - - - -
Bi - - - - - - - - - - -
Cd - - - - - - - - - - -
Ge - - - - - - - - - - -
In - - - - - - - - - - -

Mo - - - - - - - - - - -
Sb - - - - - - - - - - -
Sn - - - - - - - - - - -
W - - - - - - - - - - -

Lan 4.43 4.43 6.33 2.11 38.82 7.59 12.66 27.43 9.70 61.18 65.40
(La/Yb)n 1.16 0.49 1.12 0.56 1.65 0.68 0.96 1.79 1.23 3.01 3.47
(La/Sm)n - - - - - 0.86 0.65 0.84 1.65 1.53 1.53
(Gd/Lu)n - - - - - - - - - - -

ACNK 0.96 0.79 1.06 1.02 0.83 1.19 1.10 1.00 1.17 0.85 0.93
Nb/Yb 0.62 0.90 1.04 0.78 1.28 0.68 1.24 1.15 1.19 2.23 1.94
Th/Yb - - - - - 0.11 0.00 0.15 0.30 0.35 0.41
Ti/V 6.24 13.80 6.19 2.78 35.52 11.37 27.04 24.89 8.47 35.24 37.66

Ba/Zr 14.67 2.93 3.41 1.05 0.75 1.39 66.25 9.21 1.53 1.61 1.90
Nb/Zr 0.07 0.09 0.05 0.03 0.05 0.07 0.23 0.16 0.09 0.15 0.12
Ce/Yb 5.38 2.26 4.58 3.91 6.38 2.37 4.00 7.69 2.99 9.86 11.56
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Table 1. Cont.

(b)

Samples Gabbro Plagiogranites

ALTZ61 ALTZ68 AHTZ5 AHTZ6 AHTZ7 AHPLT1 AHPLT9 AHPLT2 AHPLT8
Longitude W 7◦34′48.3′′ 7◦32′29.1′′ 7◦34′43.7′′ 7◦34′48.8′′ 7◦34′53.02′′ 7◦32′27.2′′ 7◦32′26.7′′ 7◦32′28.2′′ 7◦32′29.1′′

Latitude N 30◦49′47.2′′ 30◦48′45.7′′ 30◦49′58.7′′ 30◦49′55.6′′ 30◦49′56.4′′ 30◦48′43.2′′ 30◦48′45.4′′ 30◦48′44.6′′ 30◦48′44.6′′

wt%
SiO2 61.82 75.90 77.50 77.80 78.70 76.78 77.68 76.88 77.15

Al2O3 15.63 12.57 12.80 12.50 12.10 13.19 12.97 13.15 13.10
FeO 5.79 1.28 0.58 0.49 0.68 1.20 0.83 1.09 0.86
MnO 0.10 0.02 0.01 0.02 0.03 0.02 0.03 0.04 0.03
MgO 3.67 0.55 0.10 0.33 0.32 0.24 0.26 0.25 0.24
CaO 6.22 2.59 0.72 0.60 0.37 0.63 0.66 0.64 0.65

Na2O 3.68 4.32 5.27 5.88 5.91 7.02 6.71 6.99 6.85
K2O 0.63 0.65 0.37 0.05 0.07 0.01 0.10 0.01 0.10
TiO2 0.16 0.07 0.05 0.08 0.07 0.05 0.05 0.05 0.05
P2O5 < L.D. < L.D. 0.04 0.06 0.03 0.06 0.06 0.06 0.06
LOI 2.05 1.24 0.55 0.46 0.87 0.43 0.35 0.41 0.38
Total 100.39 99.32 98.05 98.32 99.22 99.75 99.79 99.68 99.57
Mg# 0.56 0.46 0.26 0.57 0.48 0.28 0.38 0.31 0.35
ppm

Sc 25.97 1.88 - - - - - - -
V 165.18 32.58 - - - 9.67 10.75 9.67 10.75
Cr 89.47 7.70 - - - 46.01 104.94 46.01 104.94
Co 21.88 3.65 - - - 2.42 1.06 2.42 1.06
Ni 38.52 4.28 - - - 6.28 11.90 6.28 11.90
Rb 15.27 17.06 12.10 2.40 2.20 1.29 2.65 1.29 2.65
Sr 240.45 170.40 72.50 110.00 101.80 89.88 75.05 89.88 75.05
Cu 118.55 48.16 - - - 7.26 11.63 7.26 11.63
Zn 48.44 20.06 - - - 7.24 7.09 7.24 7.09
Ga 13.83 9.68 - - - 8.68 10.57 8.68 10.57
Y 1.95 1.11 - - - 4.67 5.59 4.67 5.59
Zr 10.10 100.24 - - - 51.79 53.29 51.79 53.29
Nb 0.24 0.27 - - - 1.05 1.77 1.05 1.77
Cs 0.19 0.89 - - - 0.00 0.00 0.00 0.00
Ba 82.68 104.98 - - - 38.09 186.89 38.09 186.89
La 0.89 1.51 3.89 3.22 3.66 3.47 3.74 3.47 3.74
Ce 1.90 2.37 8.94 7.10 7.25 7.86 7.89 7.86 7.89
Pr 0.26 0.24 0.78 0.71 0.76 0.91 0.91 0.91 0.91
Nd 1.12 0.81 - - - - - - -
Sm 0.33 0.13 1.01 0.81 0.68 0.89 0.79 0.89 0.79
Eu 0.23 0.14 0.10 0.08 0.07 0.11 0.09 0.11 0.09
Gd 0.36 0.12 0.99 0.66 0.59 0.96 0.72 0.96 0.72
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Table 1. Cont.

(b)

Samples Gabbro Plagiogranites

ALTZ61 ALTZ68 AHTZ5 AHTZ6 AHTZ7 AHPLT1 AHPLT9 AHPLT2 AHPLT8
Longitude W 7◦34′48.3′′ 7◦32′29.1′′ 7◦34′43.7′′ 7◦34′48.8′′ 7◦34′53.02′′ 7◦32′27.2′′ 7◦32′26.7′′ 7◦32′28.2′′ 7◦32′29.1′′

Latitude N 30◦49′47.2′′ 30◦48′45.7′′ 30◦49′58.7′′ 30◦49′55.6′′ 30◦49′56.4′′ 30◦48′43.2′′ 30◦48′45.4′′ 30◦48′44.6′′ 30◦48′44.6′′

Tb 0.05 0.02 0.11 0.11 0.12 0.12 0.13 0.12 0.13
Dy 0.33 0.14 0.98 0.88 0.71 0.78 0.88 0.78 0.88
Ho 0.07 0.04 0.33 0.21 0.19 0.18 0.20 0.18 0.20
Er 0.22 0.13 0.84 0.52 0.41 0.47 0.53 0.47 0.53
Tm 0.03 0.02 0.00 0.00 0.00 0.09 0.10 0.09 0.10
Yb 0.24 0.24 1.22 0.82 0.66 0.60 0.76 0.60 0.76
Lu 0.04 0.05 0.12 0.14 0.09 0.10 0.15 0.10 0.15
Hf 0.28 2.43 - - - 1.79 2.05 1.79 2.05
Ta 0.02 0.03 - - - 0.11 0.16 0.11 0.16
Th 0.06 0.21 - - - 0.80 1.14 0.80 1.14
Pb 2.18 7.49 - - - 4.66 4.71 4.66 4.71
U 0.05 0.14 - - - 0.41 0.43 0.41 0.43
As 2.17 3.59 - - - 0.96 0.74 0.96 0.74
Be 0.31 0.25 - - - - - - -
Bi < L.D. 0.45 - - - - - - -
Cd 0.04 0.08 - - - - - - -
Ge 0.91 0.64 - - - 0.66 1.24 0.66 1.24
In < L.D. < L.D. - - - - - - -

Mo < L.D. < L.D. - - - 2.70 6.18 2.70 6.18
Sb < L.D. 0.18 - - - - - - -
Sn < L.D. < L.D. - - - - - - -
W < L.D. < L.D. - - - 0.42 0.83 0.42 0.83

Lan 3.76 6.35 16.41 13.59 15.44 14.64 15.76 14.64 15.76
(La/Yb)n 2.62 4.49 2.29 2.82 3.98 4.16 3.51 4.16 3.51
(La/Sm)n 1.74 7.35 2.49 2.57 3.47 2.51 3.05 2.51 3.05
(Gd/Lu)n 1.00 0.27 1.02 0.58 0.81 1.20 0.58 1.20 0.58

ACNK 1.07 1.19 1.43 1.37 1.36 1.23 1.24 1.23 1.23
Nb/Yb 1.00 1.13 - - - 1.75 2.32 1.75 2.32
Th/Yb 0.24 0.85 - - - 1.35 1.49 1.35 1.49
Ti/V 5.81 12.51 - - - 31.00 27.89 31.00 27.89

Ba/Zr 8.19 1.05 - - - 0.74 3.51 0.74 3.51
Nb/Zr 0.02 0.00 - - - 0.02 0.03 0.02 0.03
Ce/Yb 7.80 9.83 7.33 8.66 10.98 13.14 10.34 13.14 10.34
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3.2. Whole Rock Geochemistry

Elemental whole-rocks analyses of the studied rocks are listed in Table 1. The samples
for analyses were selected based on their representativeness and freshness. They were
powdered in an agate swing mill after crushing to centimeter sized chips, which were after
selected based on the absence of signs of alteration and lack of secondary minerals.

Samples labeled as AHCF were analyzed at the “Département des Sciences de la
Terre de l’Université de Bretagne Occidentale”, Brest (France), using the methodology
described in detail by [39]. For all the elements but Rb, inductively coupled plasma-
atomic emission spectrometry (ICP-AES) was used with an ISA Jobin-Yvon JY 70 Plus
apparatus spectrometer. Rb was analyzed by flame atomic emission using a PerkinElmer
5000 spectrometer. The quality of analyses was assessed using international standards
(ACE, BEN, JB-2, PMS, and WS-E). Relative standard deviations are ±1% for SiO2 and±2%
for other major elements except P2O5 and MnO (±0.01%), and ca. 5% for trace elements.

Analyses for samples labelled ALTZ, AHTZ, and AHPLT were performed at “Service
d’Analyse des Roches et des Minéraux” at the Geochemical and Petrographical Research
Center in Nancy (SARM laboratory-CRPG-CNRS, Nancy, France) using inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES) for major elements and inductively
coupled mass spectrometry (ICP-MS) for trace elements. International standards (Basalt BE-
N, Basalt BR, Dolerite WS-E, and Microgabbro PM-S) were used for calibration. More details
on the analytical procedures can be found at http://helium.crpg.cnrs-nancy.fr/SARM/.

3.3. U-Pb Geochronology

Zircon grains were extracted from crushed (3–5 kg) rocks using conventional tech-
niques using magnetic (Frantz isodynamic magnetic separator) and density (Wilfley table,
bromoform, and methylene iodide). For each sample, about 20 zircon grains were mounted
in epoxy resin, polished and coated with Au. Images of the zircon grains internal tex-
tures were obtained using a Quanta 250 FEG scanning electron microscope equipped with
Mono CL3+ cathodoluminescence spectroscope (Centaurus) at the Centro de Pesquisas
Geocronológicas of the University of São Paulo (CPGeo-USP), Brazil. 60 µA emission
current, 15.0 kV accelerating voltage, 7 µm beam diameter, 200 µs acquisition time, and a
resolution of 1024 × 884 pixels were used for the cathodoluminescence imaging.

Zircon grains were analyzed by the U-Pb isotopic technique using a SHRIMP IIe
at CPGeo-USP following the analytical procedures of [40] and [41]. The crystals were
mounted, together with the TEMORA-2 reference zircon [42], in epoxy and polished to
expose the interior of the grains. The age of the TEMORA-2 reference zircon from this
study was calculated at 416 ± 31 Ma (for sample ALTZ61) and 416 ± 20 Ma (for sample
ALTZ68), which are indistinguishable within errors from its published age at 416.8 ± 1.3
Ma [42].

Grain ages within the concordance interval of 90–110% (206Pb/238U age/207Pb/206Pb
age × 100) (see [43]) were used for geochronological interpretation. Discordant analyses
were generally interpreted with additional caution. Common Pb correction was based on
the measured 204Pb. The typical error for 206Pb/238U ratios was less than 2%. Uranium
abundance and U/Pb ratios were calibrated against the TEMORA-2 reference material,
and the ages were calculated using Isoplot® version 4.15 software application [44]. Errors
are reported as 1σ deviations and ages have been calculated at the 95% confidence level.

4. Results
4.1. Field Observations
4.1.1. Mafic Sheeted Dikes

Three main tectonic slices of sheeted dike complexes were studied in detail along
three rivers (or Assif in Amazigh language), providing the least weathered outcrops where
individual dikes are clearly visible (Assif n’Tinzla, Assif n’Tasriwine, and Assif n’Iriri,
Figures 2 and 3). They are separated by shear zones marked by mylonites and serpentinites
with a general trend ranging between N70◦ and N120◦, a dip of 80◦ to 90◦ and a thickness

http://helium.crpg.cnrs-nancy.fr/SARM/
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ranging from 10 to 250 cm (Figure 5). These units appear to be heterogeneous and consist
of sheeted dikes, gabbros and ultramafic rocks, plagiogranites, numerous hydrothermal
veins, and a variety of faults and shear zones. Dikes in dike structures are rarely observed,
but dikes correspond to about 50% or more of the volume of the units (see below). Some of
the dikes display well-developed chilled margins.
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To the west, along Assif n’Tinzla in the Amassine region (Figure 2), the sheeted dike
complex shows weak deformation; the dike sets generally display vertical dips and strike
N70◦ to N90◦ with a significant cluster striking N80◦ (Figure 6A). In this area and based on
the measurement of the spacing and dike thicknesses, dikes occupy volumetrically 51%,
while the surrounding gabbros correspond to 49%. The thicknesses of the dikes range from
10 to 250 cm with an important cluster between 30 and 40 cm (Figure 6B).

Along Assif n’Tasriwine in the Tourtit region (Figure 2), the sheeted dike complex is
moderately deformed, displaying boudinage, elongation, folding and schistose fabric. The
surrounding gabbros are mylonitized and amphibolitized (Figure 7B). The mean trend of
the dikes is N90◦E in the northern part of this area whereas the dominant trend is N120◦E
in the southern part (Figure 6C). The dikes occupy 48% of the volume of this unit, against
52% of the surrounding gabbros. The thicknesses of the dikes in this area range from 10 to
150 cm (Figure 6D).

More to the east in the Tachakoucht region, along Assif n’Iriri (Figure 2), mylonitized
rocks consist of: a) N70◦E striking dikes dipping 80◦ to 90◦ with thicknesses ranging from 10
to 200 cm, exposed along 58% of the outcrop (Figure 6E) and b) pyroxenite and pyroxenitic
gabbro host rocks exposed along 42% of the outcrop. The thicknesses of the dikes range
from 10 to 200 cm with a majority having values between 45 and 75 cm (Figure 6F).

The Tinzla River displays rhythmically alternating dikes and gabbros. A similar
rhythmic gabbro/dikes sequence is also recognized in the Tasriwine area, where deformed,
mylonitized and amphibolitized rocks occur (Figure 7A,B). The gabbro-dike contacts are
highly irregular and frequently lobate (Figure 7C). These field relations can be interpreted
as syn-magmatic mingling. These contacts served as active ductile shear zones during the
Pan-African orogeny. The dikes and gabbros show a centimetric lineation and foliation,
the orientation of the latter in the flaser gabbro is sometimes oblique to the dikes margins
indicating their emplacement along oblique fractures (Figure 7D). In Assif n’Tinzla the dike
margins are oblique to gabbro magmatic foliation and the mylonitic texture. This obliquity
indicates that a transpressional deformation affected the dikes. In Assif n’Tasriwine, we
report the presence of megafaults, along which gabbros and dikes are strongly deformed
and mylonitized, with dike-gabbro contacts evolving into highly tectonized shear zones.
Amphibole fish-structures indicate sinistral movements within the shear zones. The intense
deformation makes the relationship between the sheeted dike complex and the other
units of ophiolites hardly recognizable. The sheeted dike complex of Khzama contains
hydrothermal network veins that are generally parallel to the border of dikes and consist
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of epidote, quartz, chlorite and sulfide minerals (Figure 7D) [15,45]. These structures are
comparable to those known in Oman ophiolite [46–50].

Minerals 2021, 11, x FOR PEER REVIEW 12 of 38 
 

 

 
Figure 6. (A,C,E) Orientation and (B,D,F) frequency of the sheeted dike complex of the Khzama 
ophiolite. Note that thicknesses of dikes in Tourtit area, where the sheeted dikes are highly mylo-
nitized, may not represent their original thicknesses. 

Along Assif n’Tasriwine in the Tourtit region (Figure 2), the sheeted dike complex is 
moderately deformed, displaying boudinage, elongation, folding and schistose fabric. 
The surrounding gabbros are mylonitized and amphibolitized (Figure 7B). The mean 
trend of the dikes is N90°E in the northern part of this area whereas the dominant trend is 
N120°E in the southern part (Figure 6C). The dikes occupy 48% of the volume of this unit, 
against 52% of the surrounding gabbros. The thicknesses of the dikes in this area range 
from 10 to 150 cm (Figure 6D). 

More to the east in the Tachakoucht region, along Assif n’Iriri (Figure 2), mylo-
nitized rocks consist of: a) N70°E striking dikes dipping 80° to 90° with thicknesses 

Figure 6. (A,C,E) Orientation and (B,D,F) frequency of the sheeted dike complex of the Khzama ophiolite. Note that
thicknesses of dikes in Tourtit area, where the sheeted dikes are highly mylonitized, may not represent their original
thicknesses.
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the Tasriwine area, intrude deformed, mylonitized and amphibolitized rocks, (C) The highly ir-
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4.1.2. Plagiogranites Dikes 

Figure 7. Field photographs of the sheeted dike complex of the Khzama ophiolite. (A) rhythmically alternating dikes
and gabbros are exposed in Tinzla River, (B) A rhythmic gabbro/dike sequence in the Tasriwine area, intrude deformed,
mylonitized and amphibolitized rocks, (C) The highly irregular gabbro-dike contact, (D) Hydrothermal network veins
are oblique to the border of dikes in this outcrop. Abbreviations; OHV = oblique hydrothermal vein and PHV = parallel
hydrothermal vein.

4.1.2. Plagiogranites Dikes

The plagiogranite and the felsic dikes, also called keratophyres in the area [13], are
easily recognized in the field due to their leucocratic characteristics contrasting with the
dominant melanocratic rocks. Plagiogranites intrude the upper crustal sequence of the
Khzama ophiolite containing isotropic gabbros and the sheeted dike complex (Figure 4).
The best outcrops of these rocks have been located mainly in the Adrar n’Tinzla valley and
in the Assif n’Tasriwine valley. These intrusions usually occur as stocks, dikes and veinlets
that are boudinaged and display gneissic banding, with a thickness ranging from 10 cm to
15 cm and an orientation of N 80◦ (Figure 8A,B). In the Tasriwine Assif valley the dikes are
relatively thin and significantly deformed as evidenced by the development of a planar
schistosity parallel to dikes directions. Plagiogranites sometimes show a co-mingling
magmatic relationship with the gabbroic and diabasic host rocks (Figure 8C,D).
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Figure 8. Field photographs of the plagiogranites of Khzama ophiolite: (A) Plagiogranite dike in Assif n’Tinzla;
(B) Deformed dike of plagiogranite in Assif n’Tourtit; (C) Diffuse contact boundary between a plagiogranite vein and
foliated gabbro in Tourtit River; and (D) breccias of metagabbro incorporated in a vein of plagiogranite of the Tourtit zone.

4.2. Petrography
4.2.1. Mafic Sheeted Dikes

The petrographic study of dolerite and plagiogranite of the sheeted dike complex,
have been made for twenty samples collected from Assif n’Tinzla, Assif n’Tasriwine and
Assif n’Tourtit. The metadoleritic sheeted dikes are melanocratic, medium grained in the
center and fine grained towards the borders. Dike textures vary from doleritic (subophitic
to intersertal) to aphanitic (Figure 7). In Assif n’Tinzla, the primary magmatic textures of
dikes and surrounding gabbros are generally preserved with relics of primary paragenesis
(pyroxene, plagioclase and hornblende) (Figure 9A). In Assif n’Tasriwine, where the dikes
and gabbros (Figure 9B) are highly foliated, boudinaged foliated (Figure 7C) and totally
amphibolitized and chloritized, the texture is granoblastic and grano-nematoblastic to
lepidoblastic with a planar fabric.
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Figure 9. Thin section photomicrographs of the studied rocks of Khzama Ophiolite. (A) Mafic dike
from the sheeted dike complex. The primary mineralogy contains plagioclase (Pl), clinopyroxene
(CPx), and oxides (Ox). The secondary phase is formed by amphibole (Amph), chlorite (Chl), epidote
(Ep), quartz (Qz), and oxides (Ox); crossed nicols. (B) The dated leucogabbro with a mineralogy
consisting of clinopyroxene (CPx) partially transformed to amphibole (Amp) and plagioclase (Pl) as
primary minerals. The secondary minerals are amphibole (Amp) and epidote (Ep); crossed nicols.
(C) The dated plagiogranite with primary minerals of plagioclase (Pl), quartz (Qz), zircon (Zr), and
apatite (Ap). The secondary minerals consist mainly of amphibole (Amp) and epidote (Ep); crossed
nicols.
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Metadolerites consist mainly of pyroxenes, amphiboles, plagioclase, and oxides. These
minerals are set in a groundmass of quartz-albite which indicates a sub-alkaline compo-
sition. They are partly replaced by secondary minerals that include epidote and chlorite.
Pyroxene (augite) generally has a fine grain diameter of 0.1 to 0.5 mm and occurs as isolated
crystals in the groundmass or as inclusions within amphiboles. Plagioclase crystals with
diameters between 0.1 and 1.5 mm constitute about 40% of the groundmass. These plagio-
clase crystals are transformed into epidote, chlorite, albite and quartz. Amphibole minerals
have mainly actinolitic hornblende and tremolite composition and show alteration along
their rims.

4.2.2. Plagiogranite Dikes

Plagiogranites (Figure 9C) present fine- to medium-grained hypidiomorphic textures
with common myrmekitic intergrowths of vermicular quartz and plagioclase as is typical
of such rocks. These rocks are mainly composed of quartz, plagioclase and very rare biotite
disposed in mosaic arrangements. These rocks are composed mainly of quartz, plagioclase
and very rare biotite. Apatite and zircon occur as accessory minerals. K-feldspar is rarely
observed. Secondary minerals are mainly chlorite. In the areas where dikes are mylonitized,
they are locally invaded by veinlets of secondary amphiboles, oxides and epidotes. Based
on the low proportion of mafic minerals and according to their molecular normative An-
Ab-Or (anorthite-albite-orthoclase) composition, the studied plagiogranites are classified
as trondhjemites [51].

4.3. Geochemistry
4.3.1. Mafic Sheeted Dikes

Despite the moderately low values of LOI (≤3.5 wt%; see Table 1) suggestive of only
moderate to low alteration (s.l.) (see also Section 4.2), the geochemical features of the mafic
dikes, belonging to Khzama ophiolites in the Siroua inlier, are described using whole-rock
major and trace elements considered virtually immobile during meteoric alteration and
low-grade metamorphism.

Sheeted dikes are basaltic to andesitic in composition, displaying a clear sub-alkaline
nature, as exemplified by their low Nb/Y ratios (<1) (Figure 10). Based on their TiO2
contents, two groups of mafic dikes can be distinguished (TiO2 > 2.1 wt%; TiO2 < 1.2 wt%),
which cannot be considered the result of different degrees of fractionation from a com-
mon parental magma. Indeed, such distinction is possible even for samples being simi-
larly evolved, i.e., displaying similar differentiation index such as FeO/MgO and Ti/Y
(Figure 11A,B; Table 1). These two groups are also distinguished based on their REE
patterns (Figure 12A) which depict a clearly more enriched composition for the High-Ti
Group (e.g., La-Lu = 38.8 to 65.4) than for the Low-Ti dike Group (La-Lu = 2.1 to 27.4). The
analyzed leucogabbros display lower REE content compared to the two dike groups with a
nearly flat REE pattern that is about 3 times richer than chondrites (Figure 12A).
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Figure 11. (A) TiO2 as a function of the FeO/MgO ratio for the tholeiitic Continental Flood Basalt Group (CFB Group) of the
mafic dikes of sheeted dike complex from the Khzama ophiolite (Anti-Atlas, Morocco). FeO/MgO ratio is used as the index
of differentiation; FC = Fractional Crystallization. CFB fields for comparison from [54] after [55]. (B) Ti/Y vs. Ti/Zr: low-Ti
magma types arc distinguished from High-Ti magma types by low Ti/Y (<310) in the Parana-Etendeka Province after [56].
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for one sample (sample AHTZ7) with 12.10 wt%; A/CNK [A/CNK = molar ratio 
Al2O3/(CaO + Na2O + K2O)] = 1.2–1.4; e.g., [63] (Figure 13B). Thus, they can be classified as 
high silica–low alumina trondhjemites. As is typical from plagiogranites the studied 
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The two samples that show Rb content higher than 5 ppm and Rb/Sr ratios in excess of 
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Figure 12. (A,C) Masuda-Coryell normalized plots for rare-earth elements in mafic and felsic intrusive rocks of the Khzama
ophiolite. Chondrite values used for normalization are from [57]. The average N-MORB and BABB patterns are used for
comparison [58]. (B,D) Primitive mantle-normalized trace element ‘spidergram’ for the mafic and the felsic intrusive rocks
of the Khzama ophiolite and the plagiogranitic analysis of [22] are used for comparison. Primitive mantle values used for
normalization are from [57].

The low-Ti basalt Group and the leucogabbro show significant depletion in Nb com-
pared to the High-Ti Group of dikes (Figure 12B). Finally, it is worth mentioning that the
dated “leucogabbro” displays a pronounced positive Eu anomaly (Figure 12A) testifying
to the accumulation of plagioclase.

4.3.2. Plagiogranites Dikes

Plagiogranites are characterized by low LOI values (<1.3 wt%) allowing the use of
the alkali’s concentrations for their characterization. These rocks plot in the rhyodacite-
rhyolite fields of the diagram from Figure 10. They have consistently high SiO2 (>76 wt%)
which would classify them as rhyolites according to the TAS diagram (not shown). They
have Na2O (>12 wt%) and extremely low K2O (<0.7 wt%) contents (Table 1). The (K2O ×
100)/(Na2O× K2O) ratio ranging from 0.1 to 4.9 is typical of oceanic plagiogranites [59–62].
Plotting normative Or, An, and Ab from these rocks on a ternary diagram (Figure 13A)
reveals that they all fall within the trondhjemite domain defined by [51], which is also
consistent with their peraluminous character (Al2O3 > 12.5 wt%, except for one sample
(sample AHTZ7) with 12.10 wt%; A/CNK [A/CNK = molar ratio Al2O3/(CaO + Na2O
+ K2O)] = 1.2–1.4; e.g., [63] (Figure 13B). Thus, they can be classified as high silica–low
alumina trondhjemites. As is typical from plagiogranites the studied rocks are character-
ized by low Rb (<3 ppm) and Rb/Sr ratios lower than 0.015 (cf. [60]). The two samples
that show Rb content higher than 5 ppm and Rb/Sr ratios in excess of 0.015 likely experi-
enced interactions with external hydrothermal fluids with clearly different chemistries [60].
Chondrite-normalized REE patterns of the studied plagiogranites (Figure 12C) shows
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moderate enrichment (Lan up to 16.4) and concave upwards patterns, i.e., with depleted
MREE vs. LREE ((La/Sm)n = 2.5–7.4) and HREE ((Gd/Lu)n = 0.3–1.2). Except for the
sample ALTZ68, they are characterized by negative Eu anomaly; indicating removal of
plagioclase by crystal fractionation and/or that they not represent partial melts that left
plagioclase in the residue melting (Figure 12C,D). The multi-element spider diagram of
most plagiogranite samples normalized to primitive mantle shows negative Nb and Ti
anomalies and positive anomalies in Pb and Th (Figure 12D).
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0.87). Two concordant spots yielded a mean inherited 206Pb/238U age at 802 ± 12 Ma 
(MSWD of concordance = 0.037, Probability of concordance = 0.85) while two spots ana-
lyzed on two xenocores have inherited 206Pb/238U ages of 866 ± 15 and 922 ± 16 Ma. The 
significance of these ages is discussed later (see section discussion). 

Figure 13. (A) Classification and nomenclature of the Khzama ophiolite plagiogranites based on the normative An—Ab—Or
diagram (after [51]). (B) Plots of the Khzama ophiolite Plagiogranites in Molar A/CNK [A/CNK = molar ratio Al2O3/(CaO
+ Na2O + K2O) and A/NK = molar ratio Al2O3/(Na2O + K2O)] (after [63]) analysis of [22] plagiogranites are used for
comparison.

4.4. U-Pb Geochronology
4.4.1. Ophiolitic Leucogabbro: Sample ALTZ61

Euhedral to subhedral zircon grains from the sample ALTZ61 (leucogabbro) exhibit
mean lengths and widths of 114 and 43 µm, respectively. Cathodoluminescence (CL) images
show oscillatory zoning throughout most of the grains (Table S1 and Figure 14). A portion
of grains show overgrowths by luminescent rims while other grains show overgrowths of
continuous non-luminescent rims. The oscillatory zoned cores and the luminescent rims
represent igneous growth while the continuous non-luminescent rims may represent a
hydrothermal overgrowth. The Th/U ratio ranges from 0.24 to 0.88, suggesting an igneous
origin of the oscillatory zoned cores and the luminescent rims (e.g., [64,65]). Seventeen
spots were analyzed on 15 grains (Table S1 and Figure 15A). All analyses that overlap
within errors with the mean age of the youngest grain (i.e., 761 Ma, analyses 15.1, 4.1, 3.1,
11.1) were used to calculate the age of gabbro crystallization at 763 ± 5 Ma (MSWD of
concordance = 0.47, Probability of concordance = 0.49), while analyses that overlap within
errors with the age of the grain that is older directly than the previous population (i.e.,
777 Ma, analyses 1.1, 2.1, 7.1, 9.1, 10.1, 12.1, 13.1, 14.1) yielded a mean 206Pb/238U age
at 784 ± 7 Ma (MSWD of concordance = 0.45, Probability of concordance = 0.87). Two
concordant spots yielded a mean inherited 206Pb/238U age at 802 ± 12 Ma (MSWD of
concordance = 0.037, Probability of concordance = 0.85) while two spots analyzed on two
xenocores have inherited 206Pb/238U ages of 866 ± 15 and 922 ± 16 Ma. The significance
of these ages is discussed later (see section discussion).
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their internal texture, spots (red circles), and apparent 206Pb/238U ages in Ma (1σ error).
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(A) the leucogabbroic sample ALTZ61 and (B) the plagiogranite sample (ALTZ68) of the Khzama
ophiolite.

4.4.2. Plagiogranite Dike: Sample ALTZ68

Euhedral to subhedral zircon grains, from sample ALTZ68, exhibit mean lengths and
widths of 242 and 97 µm, respectively. Cathodoluminescence (CL) images show oscillatory
zoned cores overgrown by more luminescent, than non-luminescent rims (Table S2 and
Figure 14). The zircon cores can be interpreted as igneous growth reflecting crystallization
of the plagiogranite magma. The non-luminescent overgrowths are interpreted as possible
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hydrothermal growth, while the luminescent rims could have originated from a second
metamorphic or magmatic event. However, the Th/U ratio ranges from 0.19 to 0.95,
indicating a population of probable igneous origin possibly crystallized from magmas of
intermediate to felsic composition (e.g., [64,65]. Thirteen spots were analyzed on 10 grains
(Table S2, Figure 15B). The spots used to calculate the resulting age data were generally
taken from oscillatory zoned regions of the grains. Nine spots yielded a concordant
age of 777 ± 4.7 Ma (MSWD of concordance = 0.33, Probability of concordance = 0.57)
interpreted as the crystallization age of the plagiogranite while two spots analyzed on the
luminescent overgrowths gave a concordia age of 740 ± 12 Ma (MSWD of concordance =
0.0048; Probability of concordance = 0.94) that could be the age of a metamorphic event
recorded in the Siroua window.

5. Discussion
5.1. Tectonomagmatic Setting of the Khzama Ophiolite

In order to decipher the tectonomagmatic setting of the studied mafic (leucogabbro
and mafic dikes) and felsic rocks and consequently the tectonomagmatic setting of Khzama
ophiolite, immobile elements diagrams based were used. The immobile elements that are
usually used for such purpose comprise: Ti, P, Zr, Y, Nb, Ta, Hf, Th, middle and heavy REE,
as well as some transition metals (e.g., Ni, Co, Cr, V) (e.g., [66–76].

The lithologic and structural study of the Bou-Azzer Group, and particularly of the
Siroua inlier, clearly support the hypothesis that they represent fragments of dismembered
ophiolite(s), thus pointing to an oceanic setting for the generation of their magmatic
rocks. However, mafic rocks from the Siroua inlier (Khzama ophiolite) plot above the
MORB-OIB array on the Nb/Yb vs. Th/Yb diagram (Figure 16A). Considering the above
mentioned oceanic (s. l.) setting such deviation of that array cannot be assigned to crustal
contamination a process that would increase the Th content and Th/Yb of contaminated
magmas owing the Th-rich composition of the continental crust [77] (see below for a
discussion on the absence of significant crustal contamination). In this perspective such
relatively high Th/Yb value for a given Nb/Yb value must be assigned to supra-subduction
setting of the mantle source (e.g., [78]).
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Figure 16. (A) The Ta/Yb vs. N/Yb ratio diagram [79]. The Th/Nb proxy is used to distinguish a suprasubduction zone
(SSZ) ophiolites from those of mid-ocean ridge. Mafic rocks analysis from suprasubduction-zone (SSZ) ophiolite types
[backarc-forearc (BA-FA), forearc (FA), continental backarc (CBA), and oceanic backarc (OBA)] are presented from [37] for
comparison (B) The Ta/Yb vs. Th/Yb ratio diagram suggested by [80], and improved by [6]. According to [79], the V/Ti
subduction-melting proxy is useful to distinguish island arc tholeiite (IAT), MORB and boninite magma types.
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Given the water fluxing resulting from the dehydration of the subducting slab, the
mantle wedge is usually characterized by high oxygen fugacity, which may constrain the
behavior of some elements during subsequent melting events. It is the case of vanadium
which normally behaves like the other transition elements, but this element is present
on its oxidized species (V4+ and V5+) under high oxygen fugacity conditions, becoming
incompatible with pyroxene. This explains why the Ti/V ratios of mafic supra-subduction
magmas are lower than those observed in non-subduction-related magmas (e.g., [70]). In
Figure 16B it becomes evident that most of the Low-Ti dikes are characterized by Ti/V ratios
below 20, which confirms a supra-subduction zone geodynamic setting of the Khzama
ophiolite rocks [81–84]. Some of these Low-Ti mafic dikes are even characterized by Ti/V
ratios lower than 10, typical of boninite-type rocks, which, according to [85,86] and [79],
are the first products of arc magmatism.

The Low-Ti dike Group is also characterized by strong negative Nb anomalies, which
is a characteristic property of the rocks found in island arc suites. It is generally believed to
result from the lack of fusion of HFSE bearing phases, such as rutile, or to the insolubility
of Nb (and Ta) in hydrous fluids resulting from slab dehydration in shallow parts of a
subduction zone [87].

On the contrary, the High-Ti dikes are characterized by significantly higher Ti/V (>30)
values, similar to those of MORB and backarc basin basalts [70]. High-Ti dykes are also
distinguished by the relative absence of Nb negative anomalies (Figure 12B) that makes
them different from island arc basalts, but compatible with a backarc setting [88]. The
leucogabbro and the plagiogranites are also characterized by negative Nb-Ta anomalies
(Figure 12D). Low-Ti mafic dikes, leucogabbro and plagiogranites are all characterized by
high LILE/HFSE ratios typical of supra-subduction settings (e.g., [89]).

On the Ba/Zr ratio vs. Nb/Zr ratio diagram of Ishizuka et al. [90], most of the Low-Ti
mafic dikes plot within the backarc basin basalt (BABB) and the island arc basalt fields
(Figure 17). The High-Ti mafic dikes of the sheeted dikes plot mostly near the average
enriched-type mid-ocean ridge basalt (E-MORB) field.
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It must be noticed that the depletion in Nb, the relatively high LILE/HFSE ratios, the
low Ti/V ratios, and the high Th/Yb for a given Nb/Yb could be all explained by crustal
contamination of mafic magmas [91], given that continental crust grows at subduction
zones by mass transfer from the mantle. Crustal contamination of mafic magmas arose
from the significantly different solidus temperatures between mafic and intermediate/felsic
compositions prompting the melting of crustal domains in contact/proximity with mafic
magmas. Moreover, crystallization is an exothermic process and the melting and assim-
ilation of crustal rocks by mafic magmas is usually accompanied by crystallization, the
AFC (assimilation, and fractional crystallization) and the EC-AFC (energy-constrained
assimilation and fractional crystallization) processes [92]. In such processes, the effects of
crustal contamination become more evident with the advancing of magmatic evolution.
This is not the case of the studied samples where, for example, no significant correlation
is observed between Mg#, a fractionation index, and Ce/Nb a proxy of the Nb anomalies
(Figure 18); these analytical results point to an insignificant importance of crustal contami-
nation affecting the composition of the Khzama ophiolite at the Siroua inlier.
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Considering all the geochemical characteristics and the above discussion, it appears
most likely that the Khzama ophiolite was emplaced in a backarc setting with variable
input of LILE enriched slab-derived fluids. This suggests that the studied mafic rocks are
genetically linked to magmas sourced from a supra-subduction mantle wedge and affected
by recycled crustal components derived from the subducting slab [71,93–95].

5.2. Assessing Magma Genesis and Evolution

The source and the depth of magma genesis can be evaluated using the Ce/Yb ratio of
basaltic rocks. When the Ce/Yb ratio is high, it can be an indication of garnet in the source
residue since garnet has low partition coefficients for Ce but high for Yb [96–98]. Therefore,
partial melts originated from garnet peridotites will have comparatively high Ce/Yb ratios
(>20; [99]). On the other hand, partial melting of spinel peridotites produces no residual
phase that confiscates the HREE, resulting in melts with relatively lower Ce/Yb ratios. The
studied mafic rocks (mafic dikes and the dated leucogabbro) show a low Ce/Yb (2.3–11.6)
suggestive of a spinel peridotite source.

The evaluation of the relative importance of fractional crystallization and partial
melting on the variability of the studied rocks can be made using diagrams with the
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incompatible element Th as an index of differentiation versus compatible elements such
as Sc, Ni, Cr and Co [80,100–103], Figure 19A–D show moderate variations in Th contents
for the studied mafic rocks, while an insignificant variation is observed for Sc, Ni, Cr and
Co contents indicating a less significant control by fractional crystallization rather than
partial melting processes. In the absence of isotopic signatures (e.g., 143Nd/144Nd), it is
not possible to decide if the larger variation on Ce is reflecting source heterogeneities or
differences on extent of melting. Two contrasting models have been considered to explain
the origin of oceanic plagiogranites (see [104]; and references therein): (i) extreme fractional
crystallization of a mantle-derived magma; (ii) hydrous partial melting of basic oceanic
crust rocks. The possible role of each of these models was experimentally assessed [105].
The rocks in this study plot on or very close to the compositions obtainable by partial
melting of gabbros, presenting a composition clearly distinct from the expected result of
extreme fractional crystallization (Figure 20A). The same origin can also be inferred from
the trend developed by the Khzama plagiogranites on the La vs. SiO2 diagram proposed
by [106]; (see Figure 20B).
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5.3. Age of Khzama Ophiolites and Correlation with Bou Azzer Ophiolites

The SHRIMP U-Pb geochronologic data of the ophiolitic leucogabbroic sample rep-
resent the first age produced using radiometric analysis of zircons extracted from the
mafic rocks intruded by the sheeted dike complex at the Khzama ophiolite. This rock
shows a concordia age of 763 ± 5 Ma (MSWD of concordance = 0.47, probability of con-
cordance = 0.49) interpreted to date the magmatic crystallization of the oceanic crust now
cropping out as part of the tectonically emplaced Khzama ophiolite (Figure 15A). This
age is approximately 1 to 2 Ma older than those obtained for two plagiogranites sampled
in the studied area by [22], using high-precision U-Pb zircon techniques (TIMS method).
For these plagiogranites [22] obtained upper intersections with concordia at 761.1 + 1.9/
−1.6 Ma (small pluton) and at 762 + 1/−2 Ma (folded dike), which are overlapping within
error. It is worth to mention that an inherited age of 784 ± 7 Ma was obtained from the
leucogabbroic sample of this study, suggesting an older magmatic event. Interestingly this
value overlaps, within error, with the age of 777 ± 4.7 Ma newly obtained for one of the
plagiogranites. The age of 777 ± 4.7 Ma proposed for the plagiogranitic sample presented
in this study (sample ALTZ68) is 13 Myr older than the age obtained for the leucogabbroic
sample dated at 763 ± 5 Ma and 15 Myr older than the ca. 762 Ma age of plagiogranites
of [22]. Such an age difference can be explained by two hypotheses: (i) the ca. 777 Ma
plagiogranites are from a different felsic magmatic event that supposedly occurred during
the early stages of the formation of the oceanic crust of the Khzama ophiolites. This would
be supported by their different REE patterns with a clear positive Eu-anomaly, while a
negative one is recorded for the [22] plagiogranites and also in this study, for other felsic
samples, not dated. Or (ii) the 777 Ma plagiogranites and 763 Ma leucogabbro can be a part
of a long-lived process of plagiogranite production including interaction with different
components causing changes in their geochemical signature.

More to east of the Anti-Atlas belt in Bou Azzer inlier, a metagabbroic unit belonging
to the Bougmane complex at the Assif n’Bougmane locality (most western part of the Bou
Azzer inlier) was dated at 697 ± 8 Ma (U-Pb on zircon) by [10,112] and interpreted by
the authors as a dismembered element of the ophiolitic assemblage that is tectonically
emplaced to the south.

The proximity of the Khzama and Bou Azzer ophiolites to the east leads to the
assumption of the possibility that they may all simply be dismembered pieces of a single,
larger ophiolite body [22]. This proposal is supported by the age of 759 ± 2 Ma proposed
by [12] for the Bou Azzer ophiolite. In addition, the petrological and geochemical results
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as well as the Nd isotopic data [21,22] confirm that they belong to the same portion of a
suprasubduction oceanic lithosphere ([12], with an age of circa 763–759 Ma [12,22 and this
work].

In the Khzama ophiolite, the age of 777 ± 4.7 Ma proposed for the plagiogranitic
sample presented in this study (sample ALTZ68) is in fact 13 Ma to 15 Ma older than the
age obtained for our leucogabbroic sample dated at 763 ± 5 Ma and the plagiogranites
of [22], dated at ca. 762 Ma suggesting a long lived suprasubduction zone. Assuming that
the context in the Khzama ophiolite is an ultraslow-spreading ridge (spreading velocity
around 2–3cm/year for an ultraslow-spreading ridge), the width of the Khzama backarc
basin is calculated to be 300–450 Km (Figure 21). It is unlikely, if not impossible, that
such a large oceanic domain, similar in width to the Tethyan ophiolites (Piemont-Liguria
ocean) in the Western Alps, could have the same age everywhere (see Figures 5 and 6
of [113]; see also [114]. The Neoproterozoic oceanic crust exposed in the Khzama ophiolite
is extensively deformed and metamorphosed. The mylonitized and amphibolitized sheeted
dikes and flaser gabbros and their contact relationships suggest possible emplacement into
a transform fault and fracture zone environment. In the central part of the Khzama ophiolite
complex, it was described by [30] as a metasedimentary succession of conglomerates and
breccias with pebbles derived from rocks of the ophiolitic suite. These coarse clastic
rock deposits occur as E–W slivers between Tourtit and Tachakoucht units and may be
interpreted as products of intraoceanic faulting that can be observed in modern transform
zones. In addition, many ophiolite belts that are hundreds of kilometers long, such as the
Coast Range ophiolite of California (e.g., [115]) and many Tethyan ophiolites (e.g., [114]),
show a restricted (generally 5 Ma or less) age range. Such ophiolite belts are inconsistent
with subduction initiation along an oceanic transform fault or fracture zone. In our case,
the long lived Khzama ophiolite (duration between 15 and 17 Ma) is consistent with
emplacement along an oceanic transform fault. In the schematic diagram of [12]; (see their
Figures 1 and 16), it may be possible that the Southern Ait Ahmane ophiolites of Bou Azzer
could be older than ca. 759 Ma obtained by [12]; for the Northern Ait Ahmane ophiolites
of Bou Azzer and have the same age as our Khzama plagiogranite dated at 777 ± 4.7 Ma
(777 ± 5 Ma). These ophiolites postdate the 885–883 Ma Iguerda-Taïfast Large Igneous
Province that are hypothesized to mark the onset of the rifting on the northern edge of
the West African craton and the disassembly of Rodinia [24,116,117]. Similar-aged LIPs
also occur on other cratons such as the Tarim Terrane (North China) and the Congo Craton
(Central Africa); these might reflect rifting during the late stage in the assembly of the
Rodinia supercontinent ([24]; and references therein). The age of the Anti-Atlas ophiolites
should also predate the oldest magmatic flare-up at 760–730 Ma in the development of the
Anti-Atlas Belt oceanic arc complexes [28]. These authors showed that these arc complexes
are remnants of a long-lived (120 Myr) Neoproterozoic oceanic arc, punctuated by three
successive magmatic episodes (760–730 Ma, 710–690 Ma, and 660–640 Ma respectively)
interspersed with periods of magmatic quiescence (Figure 22).
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Figure 22. Frequency histogram of U-Pb ages (n = 50) of Moroccan Neoproterozoic magmatic events discussed in this paper
(modified after [28]. Ages are from this study, [12,116,117]. The dashed black lines correspond to the median age value
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according to its uncertainty. The probability density histogram has been calculated using Isoplot 4.15 [44].
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5.4. The Iriri Migmatic Complex and Pan-African Island Arc Accretion Record in the Siroua Inlier

The age at 740 ± 12 Ma (Figure 15B) for the metamorphic overgrowth obtained for the
plagiogranitic sample (ALTZ68) is similar to the previously obtained age of 743± 14 Ma from
zircon grains of tonalitic gneiss thought to represent the protolith of the Iriri migmatite [21].
On the ophiolitic segment of the Bou Azzer inlier at the Assif n’ Bougmane area, similar ages
are also documented. Ref. [11] obtained a weighted mean age of 755 ± 9 Ma for a foliated
fine- to coarse grained gneiss from the Bou Azzer area (close to the Bou Azzer mine) and a
weighted mean age of 745± 5 Ma for an orthogneiss collected in the Assif n’Bougmane area.
These obtained ages are considered by the authors to represent the emplacement age of the
granitic protoliths of the orthogneisses later gneissified probably before 695 ± 7 Ma, which
is the age of the Oumlil’s leuco-granodiorite [32]. The circa 740 Ma ages, are consistent
with an age of 741 ± 9 Ma considered by [112]; as the best estimate age of the Oumlill
granite crystallization in the Bou Azzer inlier. In addition, [118] obtained concordant U-Pb
zircon ages of 753 +1/−2 Ma for augen granite and 752.2 ± 2.4 Ma for a metagabbro in
the Tazigzaout area. Both ages have been considered by [118], as the best estimates of the
crystallization ages of their igneous protoliths.

These ages occurred during the 760–730 Ma magmatic pulse (IGN1) attributable to the
first flare up of three magmatic pulses (IGN1-2-3: ∼750–700–650 Ma respectively, [34]). This
pulse corresponds to the magmatic events 1 to 4 in Figure 22 of our study during which the
Bougmane arc complex grows in an intra-oceanic arc setting. The plagiogranitic sample
(sample ALTZ68) of our study documents a younger metamorphic overgrowth with an
age of 642 ± 23 Ma (grain number; 1.2). This date is younger but overlapping within 1
sigma error with the age at 663 ± 13 Ma reported by [21], as the age of metamorphism
and the best direct estimate of the timing of Pan-African island arc accretion in the Siroua
Window [21].

5.5. The Record of the Late Neoproterozoic Rifting in the Siroua Inlier

In the West African Craton (WAC) the Late Neoproterozoic marks the onset of a
period of rifting leading to opening of an ocean basin on its northern edge. This rifting
has been associated with the extension leading to the break-up of the supercontinent Ro-
dinia [23,24,117]. In the Bou-Azzer (Ait Ahmane) and Siroua (Khzama) inliers, relic of the
oceanic crust then formed (Bou-Azzer Group) is found as highly sheared allochthonous
ophiolite complexes ([12], and references therein), yet crustal (mafic meta-cumulates,
meta-basaltic sheeted dikes, and, to a smaller extent, pillow lavas) and mantle rocks (ser-
pentinized peridotites with chromite pods) are recognizable [13–15]. According to their geo-
chemical fingerprints the ophiolite was emplaced in a supra-subduction zone [12,16–20,28].
Plagiogranite intrusions (ca. 760 Ma; U-Pb zircon age; [12,22]) in the Siroua and Bou Azzer
inliers indicate the minimum age of oceanic crust formation, in the absence of reliable
ages for the lower Anti-Atlas Supergroup. The consumption of this ocean basin is related
with island arc development (the Iriri Group in the Siroua Inlier; [21,27,33]). Two U-Pb
SHRIMP ages of 743 ± 14 and 663 ± 13 Ma were obtained for cores and overgrowths of
zircon grains, respectively. The older one was interpreted as the age of crystallization of
the migmatite protolith in an island arc setting, whereas the younger age (from rim) is
thought to represent the timing of obduction and arc accretion to the northern margin of
the WAC [21]. A younger age of 647.2 ± 1.7 Ma (Sm–Nd in garnet) was obtained by [119],
for the Tasriwine ophiolite complex in the Siroua Inlier allowing to consider that the de-
velopment of the Anti-Atlas Belt oceanic arc complexes occurred in three main phases at
ca. 750, 700, and 650 Ma while an early major tectonic episode occurred between 730 and
700 Ma [28,34]. However, the timing of rifting has been unclear and the U-Pb dating in
this paper helps constrain the rift timing. Ages of 802 ± 12 Ma, 866 ± 15 and ca. 922 Ma
recorded by the sample ALTZ68 are reported for the first time in the Siroua inlier. The two
older (866 ± 15 and ca. 922 Ma) ages are recognized also on the Tachdamt Formation of the
lower Anti-Atlas Supergroup [24] in the Bou Azzer inlier. The two ages are also consistent
with the ca. 883 Ma U-Pb SHRIMP zircon ages for two tuff horizons interbedded in the
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basal part of the Tachdamt Formation in the Siroua inlier [117,120]. The age of ca. 922 Ma
overlaps within 1 sigma error with 930 ± 12 Ma, the date used by [24] to constraint the
maximum deposition age of the Tachdamt Formation. These new dates support a rifting
event between 930 Ma and 802 Ma which is consistent with the suggestion for peak rifting
at 883 Ma, coinciding with the 885–883 Ma Iguerda-Taïfast LIP.

6. Conclusions

The main conclusions arising from this study are:
(1) The tectonomagmatic setting of the mafic and the felsic rocks associated with the

sheeted dike complex and consequently the tectonomagmatic setting of Khzama ophiolite
is deciphered by using the immobile elements diagrams combined with the interpretation
of REE spectra. The magmatic rocks preserved at the Khzama ophiolites were generated in
a supra-subduction backarc setting.

(2) The source and the depth of magma are evaluated using the Ce/Yb ratio of basaltic
rocks. The studied mafic rocks show low Ce/Yb ratios indicative of a spinel peridotite
source. Moderate variations in Th contents for the studied mafic rocks is observed, while an
insignificant variation is observed for Sc, Ni, Cr and Co contents indicating a less significant
control by fractional crystallization rather than partial melting processes.

(3) The SHRIMP U-Pb geochronologic data of the leucogabbroic sample yields a
concordant age at 763± 5 Ma, which is the first one produced using radio-isotopic analyses
of zircon grains extracted from the mafic basement intruded by the sheeted dike complex
of the Khzama ophiolite. This age is identical, within error, with the previously proposed
age at ca. 761 Ma.

(4) An inherited age of 784 ± 7 Ma was obtained from the leucogabbroic sample.
(5) Two distinct geochemical groups can be distinguished within the sheeted dike

complex of the Khzama ophiolite: a Low-Ti (<1.2 wt%) and High-Ti dikes (>2.1 wt%).
(6) The plagiogranite dikes of this study plot mostly on the rhyodacite-rhyolite/granite

fields. Because of their modal content, mineralogy and major element chemistry, these
felsic rocks are classified as high silica–low alumina trondhjemites.

(7) The age of 776.6 ± 4.7 Ma proposed for the plagiogranitic sample presented in this
study (sample ALTZ68) is slightly older (13 ± 7 Ma) than the age here obtained for the
leucogabbroic sample (763 ± 5 Ma) and, also, than age previously obtained by [22], for
plagiogranites with somewhat distinct geochemical signatures. This point to a long-lived
process of plagiogranite production.

(8) The plagiogranitic sample (sample ALTZ68) of this study recorded two metamor-
phic overgrowths. The first one at 740 ± 12 Ma, which is similar to the previously obtained
age of 743 ± 14 Ma from zircon grains of tonalitic gneiss thought to represent the protolith
of the Iriri migmatite. The second one has an age of 642 ± 23 Ma, which is younger but
overlapping within 1 sigma error with the 663 ± 13 Ma reported by [21], as the age of
metamorphism and the best direct estimate of the timing of Pan-African island arc accretion
in the Siroua Window.
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Khzama ophiolite. Table S2. SHRIMP II zircon U-Th-Pb results of the plagiogranite (sample ALTZ68)
of the Khzama ophiolite. Table S3. Neoproterozoic U-Pb ages of the Iguerda-Taïfast Large Igneous
Province (rifting), the ophiolites (suprasubduction backarc basin) and the protolithic ages of (meta-)
igneous rocks of oceanic arc complexes of the Anti-Atlas.
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