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ABSTRACT

The Central Atlantic Magmatic Province (CAMP) is a large igneous province (LIP) composed of basic
dykes, sills, layered intrusions and lava flows emplaced before Pangea break-up and currently distrib-
uted on the four continents surrounding the Atlantic Ocean. One of the oldest, best preserved and
most complete sub-provinces of the CAMP is located in Morocco. Geochemical, geochronologic,
petrographic and magnetostratigraphic data obtained in previous studies allowed identification of
four strato-chemical magmatic units, i.e. the Lower, Intermediate, Upper and Recurrent units. For this
study, we completed a detailed sampling of the CAMP in Morocco, from the Anti Atlas in the south to
the Meseta in the north. We provide a complete mineralogical, petrologic (major and trace elements
on whole-rocks and minerals), geochronologic (*°Ar/*°Ar and U-Pb ages) and geochemical set of
data (including Sr—-Nd-Pb-Os isotope systematics) for basaltic and basaltic-andesitic lava flow piles
and for their presumed feeder dykes and sills. Combined with field observations, these data suggest
a very rapid (<0-3 Ma) emplacement of over 95% of the preserved magmatic rocks. In particular, new
and previously published data for the Lower to Upper unit samples yielded indistinguishable
40Ar9Ar (mean age = 201-2 = 0-8 Ma) and U-Pb ages (201-57 + 0-04 Ma), suggesting emplacement
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coincident with the main phase of the end-Triassic biotic turnover (¢.201-5 to 201-3 Ma). Eruptions are
suggested to have been pulsed with rates in excess of 10 km®/year during five main volcanic pulses,
each pulse possibly lasting only a few centuries. Such high eruption rates reinforce the likelihood
that CAMP magmatism triggered the end-Triassic climate change and mass extinction. Only the
Recurrent unit may have been younger but by no more than 1 Ma. Whole-rock and mineral geochem-
istry constrain the petrogenesis of the CAMP basalts. The Moroccan magmas evolved in mid-crustal
reservoirs (7-20 km deep) where most of the differentiation occurred. However, a previous stage of
crystallization probably occurred at even greater depths. The four units cannot be linked by closed-
system fractional crystallization processes, but require distinct parental magmas and/or distinct crust-
al assimilation processes. EC-AFC modeling shows that limited crustal assimilation (maximum c¢.5-
8% assimilation of e.g. Eburnean or Pan-African granites) could explain some, but not all the
observed geochemical variations. Intermediate unit magmas are apparently the most contaminated
and may have been derived from parental magmas similar to the Upper basalts (as attested by indis-
tinguishable trace element contents in the augites analysed for these units). Chemical differences be-
tween Central High Atlas and Middle Atlas samples in the Intermediate unit could be explained by
distinct crustal contaminants (lower crustal rocks or Pan-African granites for the former and
Eburnean granites for the latter). The CAMP units in Morocco are likely derived from 5-10% melting
of enriched peridotite sources. The differences observed in REE ratios for the four units are attributed
to variations in both source mineralogy and melting degree. In particular, the Lower basalts require a
garnet peridotite source, while the Upper basalts were probably formed from a shallower melting re-
gion straddling the garnet-spinel transition. Recurrent basalts instead are relatively shallow-level
melts generated mainly from spinel peridotites. S—Nd-Pb-Os isotopic ratios in the CAMP units from
Morocco are similar to those of other CAMP sub-provinces and suggest a significant enrichment of
the mantle-source regions by subducted crustal components. The enriched signature is attributed to
involvement of about 5-10% recycled crustal materials introduced into an ambient depleted or
PREMA-type mantle, while involvement of mantle-plume components like those sampled by
present-day Central Atlantic Ocean Island Basalts (OIB, e.g. Cape Verde and Canary Islands) is not
supported by the observed compositions. Only Recurrent basalts may possibly reflect a Central
Atlantic plume-like signature similar to the Common or FOZO components.

Key words: Central Atlantic Magmatic Province (CAMP); large igneous province (LIP); geochron-
ology; basalt petrogenesis; crustal contamination; Morocco

INTRODUCTION

intrusive basaltic rocks are widespread and well

The Central Atlantic magmatic province (CAMP) is a
large igneous province (LIP) composed almost exclusive-
ly of basic rocks (Marzoli et al., 1999, 2018). These crop
out as dykes, sills, a few layered intrusions and lava
flows in the four continents surrounding the Atlantic
Ocean (Fig. 1a) spanning an inferred original total surface
area exceeding 10 million km?, with an estimated total
volume of more than 3 million km® (Marzoli et al., 2018).
Emplacement of the CAMP occurred in an extensional
tectonic setting, heralding break-up of the mega-
continent Pangea and opening of the Central Atlantic
Ocean (Sahabi et al., 2004; Labails et al., 2010). CAMP
magmatism was synchronous with one of the most se-
vere environmental and biotic crises in Earth’s history,
which occurred during the latest Triassic (Hesselbo et al.,
2002; Marzoli et al., 2004, 2008, 2011; Blackburn et al.,
2013; Davies et al., 2017). CAMP is, therefore, one of the
biggest LIP events ever recorded and its emplacement
influenced the tectonics of Earth’s continental plates and
the evolution of life on our planet.

One of the oldest sub-provinces of the CAMP is
located in Morocco where ¢.201Ma volcanic and

exposed. Indeed, the first studies that recognized the
existence and importance of a circum-Atlantic Triassic—
Jurassic tholeiitic magmatic province were conducted
in Morocco and in the once contiguous regions of North
America (e.g. Manspeizer et al., 1978; Bertrand et al.,
1982). Various aspects of the CAMP event in Morocco,
including time-related evolution of the basaltic lavas,
their age and their bearing on the end-Triassic mass ex-
tinction event have been investigated in the past (e.g.
Bertrand et al., 1982; Sebai et al., 1991; Youbi et al.,
2003; Knight et al., 2004; Marzoli et al., 2004; Nomade
et al., 2007; Verati et al., 2007; Deenen et al., 2010; Dal
Corso et al, 2014). However, a comprehensive
geochemical-petrologic-geochronologic study of CAMP
magmatism from throughout Morocco has never been
published. Here, we intend to fill this gap by providing
and discussing a large number of mineralogical (includ-
ing mineral trace elements), geochemical (including
Sr-Nd-Pb-Os isotopes) and geochronologic data
(including “°Ar/*®Ar and U-Pb ages) for both intrusive
and effusive mafic rocks from throughout Morocco to
decipher their eruption mechanism and rate, mantle
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Fig. 1. (a) Schematic map of the western Pangea supercontinent at about 201 Ma showing the location of CAMP lava flows, sills
and dykes. The dashed line shows the estimated global surface area of the CAMP. The pink areas indicate the approximate location
of the West African craton (WAC), the Amazonian craton (AC) and the Sao Francisco craton (SFC). (b) Schematic geologic map of
Morocco (for the area shown by the rectangle in Fig. 1a). The main sampling sites are shown by stars. Ag, Agouim; EC, Ec Cour;
OL, Oued Lahr; JI, Jebel Imizar; AO, Ait Ourir; Aj. Fn., Ajoundou F'nouss. The thick dashed line represents the area probably cov-

ered by CAMP lava flows.

source and any temporal evolution. This work aims to
improve our understanding of the global geodynamic
and environmental consequence of CAMP magmatism
in particular and potentially for LIPs in general. A com-
panion paper (Tegner et al. in press) focuses on mantle
dynamics of the Moroccan CAMP as constrained by
their Platinum Group Element geochemistry.

Overview of CAMP magmatism

The CAMP shares common aspects with other continen-
tal LIPs, such as the Karoo, the Parana-Etendeka, the
Deccan, the Ethiopian Traps and the North Atlantic
Igneous Province (Hofmann et al, 1997; Peate, 1997;
Tegner et al., 1998; Melluso et al., 2006; Jourdan et al.,
2007; Heinonen et al., 2016; Parisio et al., 2016; De Min
et al., 2018). Common features of these LIPs include the
association with continental break-up events, the brief
duration of the magmatism and the huge volume of
magmatic rocks emplaced at high eruption rates.
However, unlike the other cited LIPs, the CAMP lacks al-
kaline and silicic magmatism, with almost all the rocks
analysed so far being basalts or basaltic andesites (and
intrusive equivalents). On the other hand, near-primary
magmatic compositions (e.g. picrites) are also virtually
absent in the CAMP, with the exception of a few primitive
basaltic dykes sampled in North Carolina (Callegaro
et al., 2013). A further significant peculiar feature of the
CAMP is the abundance of shallow intrusive rocks (e.g.

huge sill complexes in Brazil, Mali, Guinea, and promin-
ent dyke swarms in Morocco, Spain, Mali, Liberia, Brazil,
Guyana, USA; Fig. 1) compared to the relatively thin and
dispersed volcanic successions. The best exposures of
CAMP lava flows and the thickest lava piles have been
observed in Canada, USA, Morocco and Brazil, but the
preserved lava pile thickness never exceeds 400 m (e.g.
Kontak, 2008), contrasting with thicknesses of a few
kilometres observed in the other LIPs cited above. Lava
piles in Portugal, Bolivia and Algeria are even thinner
(<100 m; Martins et al, 2008; Bertrand et al, 2014;
Callegaro et al., 2014a; Meddah et al., 2017).

CAMP magmatism was synchronous with the end-
Triassic mass extinction event and probably triggered it
(Marzoli et al., 1999, 2004; Blackburn et al., 2013;
Callegaro et al., 2014b; Davies et al., 2017). CAMP mag-
matism may also have triggered widespread seismic
activity recorded in seismites from northern Europe
(Lindstrom et al., 2015). The peak magmatic activity
occurred between about 201-6 and 201-3 Ma throughout
CAMP (Blackburn et al., 2013; Davies et al., 2017), but
after this main event, discontinuous magmatism lasted
possibly until ~196 Ma (Sinemurian), for example in
Brazil, USA and Morocco (Marzoli et al., 1999; 2011;
Ruhl et al., 2016).

CAMP basalts are represented by low-Ti and high-Ti
tholeiites (below and above 2-0wt % TiO,, respectively;
e.g. Merle et al, 2011). Low-Ti basalts are largely
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dominant in volume and crop out all over the province,
while high-Ti ones are limited to a relatively small area
comprising northeastern Brazil, Guyana and the once
contiguous Sierra Leone and Liberia. Major and trace
elements and Sr—-Nd-Pb-Os isotopic compositions indi-
cate that the basaltic magmas had an enriched compos-
ition compared to those of Mid-Ocean Ridge basalts
and yet differed in composition from Atlantic Ocean
Island basalts, for example in terms of incompatible
trace elements such as Nb, Ti, Rb, Ba. The enriched
composition of CAMP basalts is only in part attributable
to crustal contamination (Marzoli et al., 2014). High-Ti
basalts were probably contaminated by metasomatic
veins present in the continental lithospheric mantle of
the Man and Amazonian cratons (e.g. Dupuy et al.,
1988; Deckart et al., 2005; Merle et al., 2011; Klein et al.,
2013; Callegaro et al., 2017). On the contrary, the
enriched signature of the low-Ti CAMP basalts is attrib-
uted to recycling of subducted continental crustal ma-
terial that enriched the shallow upper mantle under the
Pangea supercontinent (Callegaro et al., 2013, 2014a;
Merle et al., 2014; Whalen et al., 2015).

The origin of the CAMP remains controversial.
Several authors (e.g. May, 1971; Hill, 1991; Oyarzun
et al., 1997; Ruiz-Martinez et al., 2012) proposed a
mantle-plume origin. However, geochemical and
thermometric data (e.g. relatively low mantle potential
temperatures; Herzberg & Gazel, 2009; Callegaro et al.,
2013, Whalen et al., 2015) do not support this scenario.
Moreover, the size and shape of the CAMP as well as
the lack of any clear hot-spot track argue against a
classical mantle-plume origin. Therefore, McHone
(2000) and Coltice et al. (2007) proposed alternative
scenarios based on continental thermal insulation
under the Pangea super-continent to explain the near-
synchronous melting over the entire province.
Alternatively, a mantle-plume rising under a plate,
which is already undergoing extension (Burov & Gerya,
2014), as was Pangea during the Triassic, would lead to
an asymmetric distribution of magmatic rifts and amag-
matic horst structures, consistent with the patterns in
the CAMP in general. Delamination of the lithospheric
keel would favor the rise and decompression melting of
the mantle (e.g. Elkins-Tanton, 2005; Dinesen Petersen
et al., 2018). Paleomagnetic reconstructions support
this model, since Morocco at 201 Ma was located above
the margin of the African Large Low Shear Velocity
Province (LLSVP), considered a plume-generation zone
(Ruiz-Martinez et al., 2012).

THE CAMP IN MOROCCO

Brief outline of the geology of Morocco

The geology of Morocco is characterized by three main
orogenic cycles, the Eburnean (c.2 Ga), the Pan-African
(c.0-6 Ga) and the Hercynian (c.0-3 Ga). These compres-
sional events were intercalated with extensional
phases, e.g. Triassic-Jurassic sedimentary rift-basin

formation in the High and Middle Atlas regions associ-
ated with the CAMP.

The Anti Atlas in southern Morocco (Fig. 1b) formed
at the northern margin of the West African Craton
(WAC) chiefly during the Eburnean (c. 2-0Ga; e.g.
Abouchami et al., 1990) and the Pan-African (c. 0-6 Ga;
e.g. Gasquet et al., 2005, 2008; Youbi et al., 2013) oro-
genic events. Eburnean and Pan-African rocks are rep-
resented mainly by silicic intrusions. Most Eburnean
granites crop out south of the Anti Atlas Major Fault, i.e.
in the southern Anti Atlas. The northern border of the
Pan-African belt occurs presently along the South Atlas
Fault (the fault marking the southern limit of the Atlas
mountain range). This boundary is also interpreted by
some authors as being the northern border of WAC
rocks at depth (Ennih & Liégeois, 2001). An oceanic
magmatic belt (ophiolites) was accreted at about 0-7-
0.8Ga (Thomas et al, 2002) and presently outcrops
near Bou Azzer, Anti Atlas. After the Pan-African or-
ogeny, during the Late Ediacaran and Paleozoic, the
Anti Atlas experienced a period of subsidence with de-
position of thick volcano-sedimentary sequences of
Neoproterozoic-Cambrian to Carboniferous age (main-
ly represented by Ediacaran volcanics and Cambrian to
Ordovician sandstones).

The basement of central-northern Morocco (Western
and Eastern Meseta; Fig. 1b) is formed chiefly by
Hercynian (Carboniferous to early Permian) granites,
metamorphic rocks and quite rare basic intrusions.
Post-orogenic alkaline rocks (lamprophyres) were
intruded during the Permian west of Marrakech (Jbilets
area). These lamprophyres host crustal xenocrysts
dated at 0-3-2.0Ga (Dostal et al, 2005). Sparse
Proterozoic gabbros and granites have been discovered
in Central Morocco, north of the High Atlas (Baudin
et al., 2003; Pereira et al., 2015), testifying to the exist-
ence of possible pre-Hercynian crustal roots also in this
region.

From the Permian, sedimentary basins began devel-
oping in the Argana Valley (western High Atlas; Medina,
1991) and progressively expanded east and northwards
into the present-day Central High Atlas and Middle
Atlas regions. Triassic clastic sedimentary rocks in
these basins are exclusively continental or lagoonal and
were mainly derived from Pan-African and minor
Eburnean source rocks (Marzoli et al., 2017). Carbonate
platforms formed after emplacement of the CAMP dur-
ing the Early Jurassic.

Morocco experienced several episodes of anoro-
genic continental magmatism during the Proterozoic.
Indeed, sparse basic dykes (c.1-8-1-4 Ga) were recently
discovered in the Anti Atlas and attributed to Paleo- and
Meso-Proterozoic LIPs (e.g. Youbi et al., 2013). Post-
CAMP Mesozoic and Cenozoic magmatism includes
late-Jurassic to early Cretaceous transitional basalts
from the Central High Atlas (Bensalah et al., 2013),
sparse Cenozoic lamproites and carbonatites (e.g. car-
bonatites of Taourirt, northeastern Morocco and
Tamazert, High Atlas near Midelt; Wagner et al., 2003;
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Bouabdellah et al., 2010). The most recent magmatic ac-
tivity in Morocco took place during the Miocene to
Quaternary, when alkaline (basalt to trachyte and
phonolite) lava flows were emplaced in the Anti Atlas
and Middle Atlas regions (e.g. El Azzouzi et al., 2010;
Berger et al., 2014; Bosch et al., 2014). The origin of this
recent alkaline magmatism has been attributed to hot-
spot activity by some authors (e.g. Duggen et al., 2009),
although this interpretation is debated (e.g. Berger
etal., 2010).

The CAMP in Morocco: previous geochemical,
geochronologic and biostratigraphic studies

The CAMP products are well exposed in Morocco
(Bertrand et al., 1982; Youbi et al., 2003; Mahmoudi &
Bertrand, 2007; Bensalah et al., 2011) and include lava
flow piles in the centre and north of the country in the
High and Middle Atlas, as well as in the Eastern and
Western Meseta (Fig. 1b). Intrusive CAMP rocks are
mostly limited to southern Morocco, i.e. the Anti Atlas.

The pioneering work of Bertrand et al. (1982) recog-
nized systematic stratigraphic geochemical changes of
the Moroccan CAMP lava piles. Based on major and
trace element analyses and on field-work observations,
Bertrand et al. (1982) subdivided the lava piles into four
units, the Lower, Intermediate, Upper and Recurrent
lava flows. Lower to Upper units show an enriched geo-
chemical character compared to Mid-Ocean-Ridge
basalts (MORB), but the extent of this enrichment varies
with stratigraphic height, a secular, up-section deple-
tion of incompatible major (e.g. TiO,) and trace ele-
ments being observed. The latest lava flows were
named Recurrent basalts and crop out only locally in
the Central High Atlas. Recurrent basalts were distin-
guished in particular by their low La/Yb. Bertrand et al.
(1982) also highlighted the similarity of Moroccan
CAMP flows in terms of major and trace element chem-
istry with those from the Newark Basin in eastern
North America, proposing that these were related to the
same LIP.

Geochronology  (*°Ar/*®Ar and U-Pb), paleo-
magnetism and biostratigraphy have constrained the
age of the magmatism from the High Atlas and suggest
pulsed emplacement mechanisms (Sebai et al., 1991;
Knight et al., 2004; Marzoli et al., 2004; Nomade et al.,
2007; Verati et al., 2007; Palencia Ortas et al., 2011;
Blackburn et al., 2013). A total of 22 “°Ar/*®Ar plateau
ages on plagioclase have been previously published for
Moroccan CAMP volcanic rocks and comprise data for
all four lava flow units. However, except for one sample
from eastern Morocco (Oujda, Eastern Meseta) age data
are limited to samples from the Central High Atlas
(Sebai et al., 1991; Knight et al., 2004; Marzoli et al.,
2004; Nomade et al., 2007; Verati et al., 2007). The ages
recalculated after Renne et al. (2011) are summarised in
Marzoli et al. (2011). Even if cryptic alteration or excess
“°Ar may have affected some of the published data, for
the Lower, Intermediate and Upper basalts “°Ar/°Ar

plateau ages range from 202-7 = 1-6 to 199-3 = 0-6 Ma
and are generally indistinguishable for these three
units, defining a clear age peak at 201-3 Ma (Fig. 2). This
is also supported by the U-Pb zircon age
(201-56 = 0-05 Ma) obtained by Blackburn et al. (2013)
for a sample from the Amelal sill, Argana Valley. This
U-Pb dated sample is chemically correlated with the
Intermediate unit basalts (Blackburn et al., 2013). In con-
trast, Recurrent basalts yielded generally distinguish-
ably younger *°Ar/*°Ar plateau ages (199-6 = 2.3Ma to
196-3 = 2-4 Ma; Verati et al.,, 2007) and define an age
peak at c. 199 Ma. A significant eruption gap between
Upper and Recurrent basalts is consistent with field evi-
dence for deposition of 30-50m thick sedimentary
strata between these two basaltic units in the Central
High Atlas.

The intrusive rocks of the Anti Atlas are poorly dated
(unreliable K-Ar ages and one disturbed “°Ar/*°Ar age
spectrum; Sebai et al., 1991; Youbi et al., 2003 and refer-
ences therein), but paleomagnetic studies support a c.
200 Ma intrusion age for the Foum Zguid dyke (Silva
et al., 2006; Palencia Ortas et al., 2011). An attempt to
date the Bas Draa sills (Anti Atlas near Foum Zguid vil-
lage) by the “°Ar/*Ar method yielded disturbed age
spectra, which are generally consistent with a CAMP-
like age (Renne & Callegaro, unpublished data). More
recently, Davies et al. (2017) obtained a zircon U-Pb age
for a differentiated portion of the Foum Zguid sample
AN733 (201-11 £0-07 Ma), confirming that this dyke
was emplaced during the CAMP peak activity.

Further constraints on the duration of the CAMP
event in Morocco are given by magnetostratigraphic
studies (Knight et al., 2004; Marzoli et al., 2004) of the
Tiourjdal and Oued Lahr volcanic piles, showing that
basaltic eruptions occurred in a series of five pulses,
each of which lasted less than a secular variation cycle
(about 450years by analogy with the duration of these
cycles in the Holocene; Schnepp et al., 2003). The num-
ber of pulses calculated by Knight et al. (2004) was also
based on the presence of a brief reversal event appar-
ently recorded within a sedimentary interlayer. These
authors estimated the duration of the Lower to Upper
volcanism to be about 0-1Ma, including the magnetic
reversal event. Font et al. (2011) showed that this mag-
netic reversal event is probably not primary, but was
induced by a much later overprint. Thus, if we exclude
the magnetic reversal, the duration of volcanic activity
at Tiourjdal may have been shorter than estimated by
Knight et al. (2004) and the number of eruption pulses
reduces from five to four. Therefore, the pulses were
two for the Lower unit flows, one for the base of the
Intermediate unit and one including the top of the
Intermediate unit and all Upper flows. This suggests
high eruption rates and has important consequences
for the environmental impact of the volcanism, as well
as for the formation and differentiation mechanisms of
the basaltic magmas.

Biostratigraphic data indicate that the onset of CAMP
volcanism and eruption of Lower to Upper basalts in
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Fig. 2. (a) All available statistically robust “°Ar/*°Ar plateau ages for the four lava flow units from the CAMP in Morocco (present study
and ages from Sebai et al., 1991; Knight et al., 2004; Marzoli et al., 2004; Nomade et al., 2007; Verati et al., 2007; all previous ages fil-
tered after Marzoli et al. (2011) and recalculated after Renne et al. (2011)) and the U-Pb ages for the Amelal sill from Blackburn et al.
(2013) and from this study. Ages are in millions of years, Ma. The vertical bars represent 2 sigma analytical uncertainties. Previous
data are shown by open symbols, new data from this study are shown by filled symbols. The apparently slightly older ages for some
Intermediate vs some Lower flows is most probably due to the effects of cryptic alteration or excess “°Ar. (b) The inset shows a relative
age probability plot for all available “°Ar/*®Ar plateau ages for the four lava flow units and the two U/Pb ages.

Morocco occurred within the Rhaetian, the last stage of
the Triassic. Such evidence is provided mainly by
palynological data (Manspeizer et al., 1978; Marzoli
et al., 2004; Dal Corso et al., 2014; Panfili et al., 2019).
Despite being questioned by Whiteside et al. (2007; but
see also Marzoli et al. 2008; Whiteside et al., 2008), all
sedimentary samples collected at the very base of the
CAMP lava piles from the Central High Atlas (Oued
Lahr, Tiourjdal), Argana, the Middle Atlas (Midelt,
Tounfite, Agourai) and the Western Meseta (Maaziz)
show a near-identical palynological assemblage that
can be assigned to the Upper Rhaetian. Since the con-
tact between the sedimentary layers and the overlying
flows does not show a sedimentary hiatus at any of the
sampled localities, the biostratigraphic data constrain
the onset of the volcanism to the latest Triassic at all
cited sites. Notably, the same biostratigraphic age can
be attributed to sediments where the base of the lava
pile is represented by the Lower basalt (e.g. at Tiourjdal
or Oued Lahr, Central High Atlas) as well as where the
first flow belongs to the Intermediate basalt (Agouraii,
Middle Atlas). Recently, Panfili et al. (2019) detected an
indistinguishable pollen and spore assemblage also
within sedimentary strata occurring between the Upper
and the Recurrent basalt in the northern Central High
Atlas (at Oued Lahr and at Oued Amassine). Combined
with carbon isotope data (Deenen et al., 2010; Dal Corso
et al., 2014) and considering correlations with other
end-Triassic sedimentary sequences (Lindstrom et al.,
2017), these new data suggest that the Lower to Upper
basalts were emplaced in a very short time interval

coincident with the onset of the end-Triassic mass ex-
tinction event (at ¢.201-5Ma; Schoene et al., 2010;
Wotzlaw et al., 2014). The sedimentary layers above the
Recurrent flow at Telouet have been dated as
Sinemurian (Lower Jurassic), based on palynological
evidence (Courtinat & Algouti, 1985), consistent with
the younger “°Ar/*°Ar ages obtained for the Recurrent
basalt flows (Verati et al., 2007).

FIELD EVIDENCE AND SAMPLING

A total of about 200 samples from 14 lava piles, two
main dykes and six sills was collected. Sampling sites
are widespread in the High and Middle Atlas, the
Western and Eastern Meseta, and the Anti Atlas
(Fig. 1b). For each of the tectonically undisturbed vol-
canic sections, all fresh lava flows were sampled. For
three sections from the Central High Atlas (Oued Lahr,
Telouet and Tiourjdal) the samples collected for the
magnetostratigraphic study of Knight et al. (2004) were
used here for geochemical analysis. Coordinates of the
main sampling sites are reported in Supplementary
Data Electronic Appendix Table S1; supplementary data
are available for downloading at http://www.petrology.
oxfordjournals.org.

Lava sequences

As already mentioned, the striking feature of the CAMP
event in Morocco is the occurrence of four stratigraphic-
ally sequenced lava flow units, the Lower, Intermediate,
Upper and Recurrent flows, which are defined based on
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Fig. 3. Schematic logs of the main sampled and analysed volcanic sequences (see Fig. 1b for location of sites). Colour code: blue,
Lower unit; red , Intermediate unit; yellow, Upper unit; green, Recurrent unit. Samples dated by U/Pb (LV34) and *°Ar/*°Ar are in
bold (ages in brackets; Ma, million years before present; see Table 1 and Figs 5 and 6 for detailed geochronological data).
Sedimentary samples with Rhaetian palynomorph occurrence (purple symbols) are reported following Marzoli et al. (2004) and
Panfili et al. (2019). MR, magnetic reversal (Knight et al., 2004; Marzoli et al., 2004). Sampling coordinates are reported in
Supplementary Data Table S1; supplementary data are available for downloading at http://www.petrology.oxfordjournals.org.

field, petrographic and geochemical criteria (Bertrand
et al., 1982; Bertrand, 1991; Youbi et al., 2003; Knight
et al., 2004; Marzoli et al., 2004; Deenen et al., 2010).
Based on field observations alone, the relatively coarse-
grained doleritic Lower and Intermediate compound pa-
hoehoe lava flows are easily distinguishable from the
slightly porphyric massive Upper and Recurrent sheet
flows. Pillow lavas are quite abundant within the lower
half of the Intermediate unit throughout Morocco, but
are absent or very rare in the other units. Upper flows
are the only ones characterized by well-developed
columnar jointing the thin columns are probably indica-
tive of sub-agueous emplacement (Jerram et al., 2016).
Everywhere it crops out, the Recurrent basalt is a single
massive simple sheet flow reaching up to 15 m in thick-
ness locally. The Recurrent flow was emplaced on top
of wet siltstones, which show signs of deformation
(load casts) in response to the load imposed by the lava
flow.

A total of 13 lava piles from the High Atlas, Middle
Atlas and Western Meseta have been sampled in de-
tail (Fig. 3). The sampled sections display several

common features as well as some site-specific pecu-
liarities (Fig. 4a—f). Generally, the lava piles are sub-
horizontal or slightly tilted (10-30°) and tectonically
undisturbed. The thickest lava pile is preserved at
Tiourjdal (Central High Atlas, ¢.300 m), while at most
other sites the total lava thickness ranges from 100 to
150 m. Except at a few sites where the base of the
lava piles does not crop out, the first lava flows are
emplaced on grey, black and red continental siltstones
of latest Rhaetian age (Panfili et al., 2019). These basal
lava flows always belong to the Lower unit, except at
the Middle Atlas section of Agourai, where the first
lava flows belong to the Intermediate unit. Lower and
Intermediate lava flows are present at all localities.
The Lower flows make up ¢.30-50% of the total pre-
served lava thickness in the Central High Atlas,
Argana and at Midelt, while they represent <10% of
the total thickness in the Middle Atlas and Western
Meseta. On the contrary, Intermediate flows are less
abundant in central compared to northern Morocco
(i.e. ¢.30vol.% in the Central High Atlas and Argana vs
> 90vol.% in the Middle Atlas and Western Meseta).
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Fig. 4. Field photographs. (a) Columnar jointing in Upper basalts from Ait Ourir, northern Central High Atlas. (b) The Tiourjdal sec-
tion, southern Central High Atlas. (c) The Ahouli section near Midelt. (d) The Recurrent basaltic flow near Agouim, southern Central
High Atlas. (e) The Ajoundou F'nouss section near Midelt, Lower unit lava lobes. (f) The Agourai section, near Meknes, Middle
Atlas. (g) The Amelal sill and its lower contact with Triassic red beds of the Bigoudine formation, Argana Valley. (h) The Foum
Zguid dyke (behind the palm trees) near Foum Zguid village, Anti Atlas.

Upper flows are also quite widespread over Morocco
(except at Argana and in the Western Meseta), but
their volume never exceeds 10% of the preserved lava
piles. The Recurrent unit is limited to the Central High
Atlas lava piles and is absent in northern Morocco
and at Argana.

Sedimentary interlayers are rare and thin from the
base of the lava section to the top of the Upper unit.
The nature of the sedimentary interlayers varies

considerably. Sedimentary interlayers within the Lower
and Intermediate units and between these units are
very thin (<20cm). Slightly thicker (up to 2-3 m) carbon-
ate layers are for example observed between the
Intermediate and Upper flows in the Central High Atlas.
The most prominent carbonate and terrigenous sedi-
mentary interlayers occur between the Upper and the
Recurrent flows, where these flows are present (Central
High Atlas). Sedimentary strata on top of the Upper
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flows are still of Rhaetian age (Panfili et al., 2019). On
top of the Recurrent basalt quite thick (up to 60 m) red
siltstones are followed by carbonates of Sinemurian
age (Courtinat & Algouti, 1985). Further details on the
sampled sections are given in the (Supplementary Data
Electronic Appendix 1; supplementary data are avail-
able for downloading at http://www.petrology.oxford
journals.org).

Intrusive rocks

Intrusive CAMP rocks are quite rare in Morocco (as
opposed to North and South America or to other areas
of northwest Africa, e.g. Mali, Mauritania). In particular,
dykes and sills are absent (to our knowledge) in the
Middle Atlas and in the Central High Atlas, while one
small and fairly shallow level sill (the Amelal sill) occurs
in the Argana Valley. The Amelal sill is about 80 metres
thick and crops out over a distance of about 5km. It
intrudes Late Triassic lacustrine sediments (red silt-
stones), forming a small contact aureole at the base of
the sill (Fig. 4g). The depth of intrusion of the sill was
probably very shallow (about 0-5km), as it is separated
from the overlying lava flows by only a few hundred
metres of siltstones. The basalt at the contact with the
sediments is fine-grained, while the inner portions of
the sill are coarse-grained and occasionally show
granophyric textures. Alteration is pervasive through-
out the sill and hinders recognition of intrusive struc-
tures and of possible multiple magma injections.
Nevertheless, it can be observed that inner portions of
the sill are fairly coarse-grained and feldspar-rich. The
sample LV34, which yielded the U-Pb age (see below)
was collected from this level. Alteration also hinders
straightforward comparison of the geochemical com-
position of the eight analysed sill samples with that of
the lava flows.

One dyke and one sill were sampled in the Jbilet
Massif, northeast of Argana (Fig. 1b). Here, the intrusive
rocks intrude the Paleozoic basement. The geometry of
the outcrops in the rather flat Jbilet hills hinders defin-
ition of the morphological features of these intrusive
rocks. However, aeromagnetic data suggest that the
Jbilet dyke has a length of several tens of km and trends
towards the Argana Valley where it may have fed the
lava flows (Huvelin, 1971; Youbi et al., 2003).

The most abundant outcrops of CAMP intrusive
rocks occur in the Anti Atlas, southern Morocco
(Bertrand et al., 1982; Youbi et al., 2003 and references
therein). The most striking feature is the c. 200 km long
and up to about 200m thick, NE-SW trending Foum
Zguid dyke (Silva et al., 2006; Bouiflane et al., 2017). The
dyke intrudes Neoproterozoic to Palaeozoic sediment-
ary sequences and locally splits into multiple branches.
We collected 16 samples from the dyke, from NE
(Imiter) to SW (Bas Draa valley, near Foum Zguid vil-
lage; Fig. 4h). Southeast of Foum Zguid village, we
sampled small dykes approximately parallel to the main
Foum Zguid dyke. In the same area, i.e. the Bas Draa

valley, CAMP magmas intruded the lower Paleozoic
sediments as sills, four of which have been sampled.
The sills are up to about 50 m thick and are sometimes
connected by small dykes. Further outcrops of probable
CAMP sills occur towards and across the Algerian—
Moroccan border, but are not accessible. On the con-
trary, the Ighrem dyke which is parallel to the Foum
Zguid dyke and was tentatively attributed to the CAMP
(e.g. Silva et al., 2006; Palencia Ortas et al., 2011), is
composed of rocks, which are petrographically and
geochemically clearly different from any known CAMP
rock. Unlike most CAMP rocks, the Ighrem dyke rocks
are moderately alkaline (i.e. most samples classify as
trachybasalt or trachyandesite), yielding higher K than
Na and are in general enriched in all incompatible trace
elements (e.g. Nb> 15ppm, Zr > 170 ppm; La >28 ppm)
compared to any previously analysed CAMP rock. We
also note that the paleomagnetic pole of the Ighrem
dyke (Palencia Ortas et al.,, 2011) is significantly dis-
placed towards the north compared to that of the Foum
Zguid dyke, arguing against a synchronous emplace-
ment of these two dykes. Therefore, we conclude that
the Ighrem dyke is not part of the CAMP and do not con-
sider it further in this study.

The depth of intrusion of the sills and dykes in
the Anti Atlas was probably 4-5km below the surface,
considering the thickness of the Proterozoic to
Carboniferous sedimentary cover (Michard et al., 2008).
We also note that in the Newark basins, CAMP sills
typically intruded at similar depths of about 5 km, below
continental lacustrine-fluviatile sediments (e.g. Puffer
et al., 2009).

ANALYTICAL METHODS

The main features of the analytical methods are
described here in summary. The complete description
can be found in the (Supplementary Data Electronic
Appendix 1; supplementary data are available for
downloading at http://www.petrology.oxfordjournals.
org).

Whole-rock major element and selected trace elem-
ent contents were determined by X-ray fluorescence
(XRF) at the University of Padova with a Philips PW2400
spectrometer, following methods described in Cal
legaro et al. (2013). Trace elements were also analysed
by Inductively Coupled Plasma-Mass Spectrometry
(ICP-MS) at the University of Bretagne Occidentale,
Brest (France), following analytical protocols described
in Barrat et al. (1996). Analytical uncertainties are esti-
mated at less than 5%.

Sr—-Nd-Pb radiogenic isotope ratios were measured
at the Department of Earth Sciences, University of
Geneva (Switzerland) using a Thermo Neptune PLUS
Multi-Collector ICP-MS. The method is described in de-
tail in Chiaradia et al. (2011) and Béguelin et al. (2015).

Chemistry and mass spectrometry for Re-Os iso
topic analyses were performed at the Centre de
Recherches Pétrographiques et Géochimiques (CRPG-
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CNRS, Vandoeuvre-les-Nancy, France) following meth-
ods outlined in Callegaro et al. (2013) and Merle et al.
(2014). Osmium concentrations for the samples were
determined by isotope dilution analysis of the same ali-
quot used for isotopic composition determination. Os
isotopic compositions were measured by negative ther-
mal ionization (N-TIMS, Creaser et al., 1991; Volkening
etal., 1991) on a Finnigan MAT 262 mass spectrometer.

Mineral major element compositions were obtained
using a CAMECA SX50 electron microprobe analysis at
the CNR-IGG, Padova, Iltaly, following methods
described in Callegaro et al. (2017). Trace element con-
centrations in minerals were determined with a LA-ICP-
MS housed at IGG-C.N.R., Pavia (ltaly), following meth-
ods described in Miller et al. (2012).

Argon geochronological analyses were carried out at
the Western Australian Argon Isotope Facility (WAAIF)
of the John de Laeter Centre, Curtin University (Perth,
Australia) and at the Berkeley Geochronology Center
(Berkeley, USA). Plagioclase separated from samples
AN16, AN49, AN24, AN160, AN510, AN530, AN540
were analysed at Curtin, while plagioclase separates
from samples AN216, AN219, AN504, AN525b, AN530,
ANbB39, AN540 were analysed at Berkeley. GA1550 and
FCs were used as neutron fluence monitors, adopting
ages of 99738 + 0-100 Ma and 28-294 + 0-036 Ma (1c),
respectively (Renne et al., 2011). More details on the Ar
analyses are reported in Renne et al. (1998) and
Jourdan et al. (2009).

U-Pb geochronology was performed at the
Department of Earth Sciences, University of Geneva
(Switzerland). Zircon crystals from sample LV34 of the
Amelal sill were extracted and analysed following a pro-
cedure similar to that of Davies et al. (2017).

Paleomagnetic analysis were performed at the
Berkeley Geochronology Center (Berkeley, U.S.A.) fol-
lowing methods outlined in Knight et al. (2004).

RESULTS

“OAr/3°Ar and U-Pb geochronology

Nine new *CAr/*Ar ages are presented in Fig. 5 and
Table 1 (the complete data set is reported in the
Supplementary Data Electronic Appendix Table S2;
supplementary data are available for downloading at
http://www.petrology.oxfordjournals.org). Seven of
these are “°Ar/*°Ar plateau ages, while two samples
(AN504 and AN24) yielded mini-plateau ages defined
by 67% and 55% of the released argon, respectively.
The plateau ages are statistically quite robust (MSWD in
the range 0-5-1-8, probability 6-93%). The Ca/K of the
plateau steps (c.40-120), calculated from the 3Ar/*°Ar
isotope ratios, is generally consistent with the Ca/K
measured by electron microprobe analysis (see below).
Inverse isochron ages generally overlap the plateau and
mini-plateau ages and vyield initial “°Ar/*®Ar values
(252 = 25 to 305 =+ 25) overlapping or approaching at-
mospheric values (298-56). The only exception is sam-
ple AN525b, which yields an initial “°Ar/®Ar value

(162 = 9) implausibly below the atmospheric value.
Therefore, we consider the apparent age of sample
ANb25b to be affected by post-eruption alteration and
do not consider it as a valid crystallization age. Samples
AN530 and ANb510 were analysed both at Curtin
University and at the BGC and yielded indistinguishable
ages. The ages obtained at Curtin are slightly more pre-
cise (lower uncertainty) and are here retained.
Furthermore, three more samples (AN216, AN219,
ANb540) were analysed, but did not provide plateau or
isochron ages.

The seven retained “°Ar/**Ar plateau ages and the
mini-plateau age (AN24) range from 200-10 = 2:04 Ma to
20310 = 1-40 Ma. Three dated samples belong to the
Lower unit from the Central High Atlas (AN16, AN49)
and from the Western Meseta (AN504, mini-plateau
age), while four belong to the Intermediate unit from
the Central High Atlas (AN160), the Middle Atlas
(AN530, AN539) and the Western Meseta (AN510). The
only dated Recurrent basalt (AN24) yielded a mini-
plateau (201-15 = 0-70 Ma). The new ages for Lower and
Intermediate basalts from the Central High Atlas,
Middle Atlas and Western Meseta lava flows and previ-
ously published ones for the Central High Atlas and
Eastern Meseta are near-synchronous, supporting a
similar eruption age for CAMP basalts in all regions of
Morocco. The Upper basalt previously dated
(201-7 =21 Ma, Sebai et al., 1991, age recalculated in
Marzoli et al., 2011) overlaps in age with the Lower and
Intermediate lava flows. The only analysed Recurrent
basalt (AN24) vyielded a mini-plateau  age
(201-15 = 0-70 Ma) that is indistinguishable from those
of the other lava flow units. This value contrasts with
previous studies that found younger *°Ar/*®Ar ages for
Recurrent basalts (196-3 =2-4 to 199-6 = 2.3 Ma; Verati
et al., 2007; recalculated in Marzoli et al., 2011). Our new
age overlaps with the *°Ar/*°Ar age for the Hook Mt.
flows (200-3 =1.9Ma; Marzoli et al., 2011) from the
Newark Basin, that are both stratigraphically and geo-
chemically similar to the Recurrent flows from
Morocco.

Sample LV34 from the Amelal sill yielded a few zir-
con crystals (Fig. 6; Table 2). Six of them were dated by
ID-TIMS, with four grains producing a weighted mean
age of 201-569 = 0-042 Ma (MSWD = 1-1; probability =
34%). This age is identical to the U-Pb age obtained by
Blackburn et al. (2013) for the Amelal sill
(201564 = 0-054 Ma). Two of the zircon grains yielded
slightly younger ages. However, these were interpreted
as reflecting small amounts of Pb loss since the chem-
ical abrasion procedure was only conducted at 180°C
(further details are reported in the Supplementary Data
Electronic Appendix 1; supplementary data are avail-
able for downloading at http://www.petrology.oxford
journals.org). Also, the calculated temperature for zir-
con saturation is 625+ 10°C (using the formula of
Boehnke et al., 2013). This low temperature and the
mafic nature of the sample suggests that zircon xeno-
crysts should not be present in this sample, therefore,
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Fig. 5. “°Ar/*®Ar plateau age spectra for plagioclase separates from 8 CAMP basalts from Morocco. The mini-plateau (AN504 and
AN24) and plateau ages (in Ma, million years before present) are shown by the red bars with 2 sigma uncertainty. Plateau steps are
shown by the filled boxes. Summary Argon age data are reported in Table 1, while the complete dataset can be found in the

Supplementary Data Table S2; supplementary data are available for downloading at http://www.petrology.oxfordjournals.org.

the older zircon ages should more reliably record the
crystallisation of this unit. Notably, as shown below, the
sample dated here (LV34) has a composition approach-
ing those of the Lower unit lava flows, while Blackburn
et al. (2013) correlated their Amelal sample to the
Intermediate unit.

Paleomagnetic results

Four lava piles from Midelt (Ahouli), the Middle Atlas
(Tounfite and Agourai) and the Western Meseta
(Maaziz) were investigated flow by flow (the detailed
data and the virtual geomagnetic pole plots are
reported in Supplementary Data Electronic Appendix
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gram are in Ma, ellipses represent 2 sigma errors. In (b), the height of the boxes represents 2 sigma analytical uncertainty for single
zircon 2°6Pb/?%8Y ages. Retained ages are shown by blue rectangles. Data are reported in Table 2.

Table 1: “°Ar/*°Ar plateau and isochron ages (+ 2 sigma analytical uncertainty) and statistical data (MSWD and probability of fit, P)

Location Sample unit Lab.  Plateau age MSWD P % 39Arin Isochron age  Isochron
(Ma) (+20) plateau (Ma) (=20) 40/Ar/38Ar

steps intercept
Agouim CHA AN149 Lower 1 201-35+0-36 1.35 0-13 100 201-62+0-45 281x19
Ait Ourir AN24 Rec 1 201-15+0-70 1.95 0-06 55 200-80+2-57 31091
CHA AN16 Lower 1 201-760-38 1.74 0-07 73 202-41+0-47 252+25
Telouet CHA AN160 Interm 1 201-93+0-59 0-96 0-51 98 203-03+1-21 287+11
Agourai Middle Atlas  AN530 Interm 1 202:10+0-55 1.28 0-19 94 202-04+0-87 299+8
2 200-6*+2-6 0-44 0-88 41 19920 22417

2 199-6x1-0 1.58 0-14 79 205+13 239*11

AN525B  Lower? 2 197-5%1-0 1-36 0-24 84 205+16 162=9

Tounfite Middle Atlas  AN539 Interm 2 203-1x14 091 0-50 81 202+4 298+4
2 199-0+2-8 0-88 0-49 74 195+7 281+7
Maaziz W. Meseta AN510 Interm 1 200-07+1-05 093 0-55 99 199-7+1.9 303+25
2 199-7+2.0 0-38 093 95 201+14 29111

AN504 Lower 2 200.1+2.0 0.27 0.93 67 200+4 2923

Analyses were performed at Curtin University (Lab. 1) and at the Berkeley Geochronology Center (Lab. 2). Retained age data are in
bold, mini-plateau age is in italics. The complete Ar isotopic dataset can be found in the Supplementary Data Electronic Appendix
Table S2; supplementary data are available for downloading at http://www.petrology.oxfordjournals.org. CHA, Central High Atlas.

Table S3; supplementary data are available for down-
loading at http://www.petrology.oxfordjournals.org). All
four sections have flow mean directions that are con-
sistent with previous results from CAMP basalts. Within
section resolution is not as high for this study as it was
for previous ones (e.g. Knight et al., 2004), but some dir-
ectional groupings can be proposed based on within-
section agreement of flow mean directions. At the
Tounfite location, the lava flows were gently dipping
due to numerous small faults. Finding a direct measure-
ment of strike for the lava flows was very difficult due to
the nature of the rocks, which were very fractured and
due to the orientation of the outcrops along the road-
side. In the field, we estimated the strike at ~50° and the
dip at ~20° to the south. The flow mean directions from
this locality have been rotated to correct for this tilting,
which occurred after acquisition of the characteristic
remanence magnetization.

The flow means can be placed into groups based on
agreement of flow mean directions and stratigraphic

patterns (Fig. 7). The groups are not very well con-
strained, but are distinct from one another by the Fisher
mean of the flow means for samples from all sections
(Fig. 7b). The small variations that differentiate direc-
tional groupings are a record of secular variation, which
is a smooth and steady process. Therefore, distinct
groupings suggest eruption in a pulsed manner in the
Middle Atlas, which is consistent with the study on the
Central High Atlas lava piles (Knight et al., 2004).

Petrography and mineral compositions

The CAMP lavas from Morocco have textures ranging
from intergranular or intersertal to porphyritic
(Supplementary Data Electronic Appendix 1; supple-
mentary data are available for downloading at http://
www.petrology.oxfordjournals.org). The dominant
phenocrysts in all four units are augitic clinopyroxene
(mostly in the following range: Wollastonite 30-40%,
Enstatite  40-60%, Ferrosilite  10-25%; mineral
major element compositions are reported in the
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Table 2: U-Pb geochronological data for sample LV34, Argana basin, Amelal sill

Isotopic Ratios

Dates (Ma)

Composition

207Pb/
+26% 2%°Pb(j) *206%

207Pb/

+26 % 23%U(j)

206Pb/

206Pb/
%disc (h) 2°“Pb (i) 238Uj)

+2c Corr.
coef.

206pp(g) abs

+26 2Pb/

207Pb/
25Y(g) abs

abs

200pp238Y  +26

Th/U
Fraction U(a) (pg)(b) (pg)(c) Pbc(d) (magma)(e) <Th>(f)

Pbc Pb*/

Pb*

Th/

LV34

0-13
0-24
0-40
0-21
0-31
0-18

0-05018
0-26 0-05026
0-05018
0-05019
0-05012

015
0-25
0-37
0-21

1118 0-031754 0-058 0-21978 0-44 0-05022
0-042 0-21951
0-044 0-21905

4824 0-031741
2608 0-031722 0-060 0-21943

1980 0-031746 0-040 0-21989
5295 0-031711

11980 0-031755 0-036 0-2196

0-32
2.16
20420 9-30 0-729 1-32
0-43
072
199-60 4.30 0736 —0-84

0-071 20158 0-28 20220 3:00 0-690
0-080 201-82 0-48 20590 570 0-508

0-110 201-73 0-81
0-084 20150 0-45 20230 490 0-879

0-120 201-43 067 202-80 7-30 0912

0-087 201-12 0-39
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Supplementary Data Electronic Appendix Tables S4-6;
supplementary data are available for downloading
at http://www.petrology.oxfordjournals.org) and plagio-
clase (anorthite component, An = 40-88; orthoclase <
3; Fig. 8a). Oxides (titanomagnetite, mostly and rare il-
menite) are also present in all rocks as microphenoc-
rysts or groundmass crystals and frequently show
exsolution patterns. Olivine, when present, is generally
strongly altered and the few available optically fresh
patches have low forsterite contents (Fogs_7¢), Which is
probably the result of late- or post-magmatic modifica-
tion. Olivine is relatively frequent in Lower unit flows,
while it is rare (Intermediate and Recurrent) or absent
(Upper) in the other units. Low-Ca clinopyroxene
(pigeonite, Wos_19, Ensg_70, Fs15_30) can be abundant
and present as phenocrysts, notably in the Intermediate
lava flows, while it is limited to groundmass crystals in
the Upper and Recurrent units. Pigeonite is sometimes
found rimming augite cores.

Systematic textural and mineralogical variations are
observed through the lava piles, as previously shown
by Bertrand (1991). The Lower and Intermediate basalts
have generally intergranular or intersertal textures with
grain sizes depending on the lava flow thickness or on
the distance of the sample from the lava crust. For ex-
ample, the thin Lower flows at Maaziz are fine grained,
whereas the Lower flows at Tiourjdal yield mm-sized
crystals. A few samples (e.g. AN132, Argana and AN31,
AN32, Central High Atlas) show large aggregates of
mafic minerals and thus have a cumulitic whole-rock
composition. Upper and Recurrent flows are always
slightly porphyritic to glomeroporphyritic, i.e. they carry
mm-sized phenocrysts of augite and plagioclase setin a
fine-grained matrix.

Intrusive rocks display mineral compositions similar
to those of the lava flows, with the exception that
pigeonite is found in an intrusive Recurrent-unit sill
only (AN724, Anti Atlas). The textures of sills and dykes
range from porphyritic at the chilled margins of the
Foum Zguid dyke and of the Amelal sill, to coarse doler-
itic and occasionally gabbroic and granophyric textures
within the central portions of the intrusions.

Mineral major element composition

Forty plagioclase phenocrysts from 20 samples (lava
flows and intrusive rocks) were investigated in detail by
electron microprobe analysis (Fig. 8; Supplementary
Data Electronic Appendix Table S5; supplementary data
are available for downloading at http://www.petrology.
oxfordjournals.org). The analysed plagioclase for
Lower and Recurrent samples have Ca/Na similar to
those of their host-rocks, while some Intermediate and
most Upper basalt plagioclase cores have substantially
higher Ca/Na than the whole-rock compositions.
Plagioclase phenocrysts from the Lower and Recurrent
units are mostly labradorite (Ansg_75), while those from
the Intermediate unit are both labradorite and bytown-
ite (Anss_g3) and Upper basalt plagioclases are mostly
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Fig. 7. (a) Paleomagnetic flow mean directions for the 4 sections, Agourai (black), Ahouli (blue), Tounfite (red) and Maaziz (green).
Flow means and 95% confidence cones are shown. (b) Directional groupings (DG) made based on geochemical and directional cor-
relations between sections are statistically different from one another at 95% confidence. Directional groups are the Fisher mean of
the flow means for each directional group from all sections and are shown with their 95% confidence cone (the data are reported in
Supplementary Data Table S3; supplementary data are available for downloading at http://www.petrology.oxfordjournals.org).

bytownite (Anq_gg). Recurrent plagioclase is systemat-
ically depleted in K;O compared to Lower and
Intermediate unit samples at a similar An content.

The majority of the over 40 plagioclase phenocrysts
analysed by detailed core-rim compositional traverses
are normally zoned, with An decreasing towards the
crystal rims (Fig. 8c). However, inverse zoning occurs in
some Recurrent unit plagioclase phenocrysts (2 of 6
analysed crystals) and is frequent in Intermediate unit
samples (6/9), while it is rare in the Upper unit (2/9) and
absent in the Lower one. Upper basalts occasionally
contain resorbed, high-An cores, surrounded by rela-
tively low-An external zones. Notably, the zoning is
much smoother in intrusive rocks, where plagioclase
shows a nearly continuous decrease in An from core to
rim (Fig. 8c). This suggests a prolonged evolution at
relatively high temperature and at equilibrium
conditions.

Augite phenocrysts are found in nearly all CAMP
rocks from Morocco and 28 crystals have been analysed
by detailed electron microprobe traverses (representa-
tive data are reported in the Supplementary Data

Electronic Appendix Table S4; supplementary data are
available for downloading at http://www.petrology.
oxfordjournals.org). Most augite cores have composi-
tions at or close to equilibrium with their whole-rock
(Fig. 8d), for example in terms of Mg# (for Kd Fe?>*/Mg
of about 0-25-0-30; cf. Putirka et al., 1996; Villiger et al.,
2004; Putirka, 2008). Only augites from Upper basalt
lava flows and from the Foum Zguid Intermediate unit
samples yield slightly higher Mg# than expected for
equilibrium conditions. These augite cores may be
antecrysts that crystallized from a magma more mafic
than the host whole-rock. On the contrary, a few Lower
and Intermediate augite cores yield Mg# lower than
expected, suggesting that the whole-rock is enriched in
Mg due to accumulation of mafic minerals (Fig. 8d).
Most augite cores analysed in Recurrent basalts are
close to equilibrium with their whole-rock, while their
rim compositions are progressively depleted in Mg#.
Bertrand (1991) also highlighted systematic minor
element differences in the compositions of augite and
pigeonite for the four lava flow units. In general, our
data confirm these differences, such as distinct Ti and
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Fig. 8. Plagioclase and augitic clinopyroxene compositions of CAMP samples from Morocco. (a) Feldspar classification diagram for
forty crystals from twenty samples of the four units. (b) Plagioclase K,O wt % vs anorthite%. (c) Anorthite% core-rim variation of
representative plagioclase crystals from lava flows of the Intermediate (AN137A) and Recurrent units (AN156a; both samples from
Tiourjdal, Central High Atlas) and of an Anti Atlas sill (AN730) with Upper unit composition. (d—f) Augite major element composi-
tions of all analysed Moroccan CAMP augites. (d) Whole-rock mg# (= 100*Mg/(Mg+Fe?*), where Fe?* is calculated assuming Fe*/
Fe?* = 0-15 consistent with the poorly oxidized composition of the CAMP tholeiitic magmas) vs augite mg# (same as for whole-
rock, Fe?* calculated according to Papike et al. (1974); it should be noted that calculated Fe3* in augites is generally zero), Kd = Fe/
Mg in mineral divided by Fe/Mg in equilibrium magma. Continuous, dashed and dotted lines represent Kd values of 0-30, 0-27,
0-24, respectively. (e) Pyroxene classification, following Morimoto et al. (1988). (f) Augite TiO, (wt %) vs augite mg# content. In all
diagrams blue symbols are the Lower unit, red are Intermediate, yellow are Upper, green are Recurrent.

Al contents of augite cores that reflect largely whole-
rock compositional differences (i.e. Lower and
Recurrent augites yield highest TiO,). However, in de-
tail, we observe a large overlap in TiO, content between
Intermediate (TiO, = 0-2-0-5wt %) and Upper basalt
augites (TiO, = 0-2-0-4 wt %).

A further systematic difference among the four units
concerns augite zoning. Lower unit augites are general-
ly unzoned in terms of major (e.g. Mg#) and minor ele-
ments (Ti, Al, Cr). On the contrary, Intermediate (5/11
analysed phenocrysts) and Upper unit (4/8) augites are
frequently sector zoned, with abrupt variations of Ti, Al
and Cr at near-constant Mg# suggesting rapid disequi-
librium crystallization (Brophy et al., 1999). Augite and
pigeonite from intrusive rocks are normally zoned.

Mineral trace element data

A few plagioclase and augite crystals from two of each
of the lava flow units were analysed by laser ablation
ICP-MS (data are reported in the Supplementary Data
Electronic Appendix Table S7; supplementary data are
available for downloading at http:/www.petrology.
oxfordjournals.org). Only the elements showing con-
centrations well above the detection limit are consid-
ered in this study. These are LREE (La to Eu), VY, LILE
(Rb, Ba, Sr) and Ti for plagioclase, and all REE, Sr, Zr, Y,
in addition to Ti (measured also by electron micro-
probe) and transition metals (Cr, Ni, V), for augites.

Trace element contents both in plagioclase and aug-
ite show systematic differences among the four units. In
general, plagioclase and augite crystals in Lower basalt-
ic andesites are those with the highest LREE, LILE and
Zr contents, while Recurrent basalt crystals yield the
highest Y and HREE and the lowest Sr and Eu.
Therefore, Lower and Recurrent unit augites are those
with the highest and lowest La/Yb, respectively.
Intermediate and Upper unit augites have quite similar
trace element contents, including similar La/Yb. On the
contrary, plagioclases from the Intermediate unit yield
slightly higher LREE, Y, Ba and Ti relative to Upper unit
plagioclase crystals. In general, La contents are similar
in plagioclases and augites from the same rocks, except
for the two analysed Intermediate unit basaltic ande-
sites, where La is slightly higher in plagioclase (0-49-
1-45ppm; mean 0-71ppm) than in augite (0-29-
0-64 ppm; mean 0-48 ppm).

Chondrite-normalized REE and primitive mantle nor-
malized (McDonough & Sun, 1995) trace element pat-
terns for the augites (Fig. 9 a and b) show depleted light
vs heavy REE and negative Zr and Ti anomalies. Eu
anomalies are in general moderate in most
Intermediate, Upper and Recurrent unit augites (Eu/Eu*
= 0-8-1-1) while Lower unit augites always display
negative Eu anomalies (Eu/Eu* = 0-6-0-8). The analysed
augite and plagioclase crystals yield, in general, trace
element contents and patterns similar to those obtained
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on minerals from other CAMP rocks (Dorais & Tubrett,
2008; Marzoli et al., 2014).

Whole-rock compositions

Alteration

Secondary minerals such as iddingsite, sericite, chlor-
ite, celadonite, zeolites, quartz and calcite, replacing pri-
mary minerals or filling voids, are rare in most rocks,
but may be abundant in some samples (notably in most
Argana, some Middle Atlas and Anti Atlas samples).
Selection of the freshest samples for geochemical in-
vestigation is thus necessary and is based both on
petrographic observations and geochemical criteria.
The optically and mineralogically most altered samples
yield generally high LOI (loss on ignition > 2-0wt %),
NayO (> 2-4wt %) and K,0 (> 1-2wt %) and low CaO (<
9wt %). However, in order to discriminate between sec-
ondary (alteration) and primary (magmatic differenti-
ation) effects it is necessary to consider the systematic
chemical differences among the four units (see below),
i.e. the generally higher alkali content of the Lower
basalts and the generally higher CaO of the Upper
basalts. Accounting for such differences, 28 (Argana
lava flows and sill, and Anti Atlas dyke samples, mostly)
of the total set of 159 analysed samples yield anomal-
ously high alkalis and low CaO in addition to high LOI

and are thus not considered further. Nonetheless, more
subtle alteration cannot be ruled out completely for sev-
eral samples and is evidenced, for example, by the
presence of sericite lamellae in plagioclase or by altered
interstitial glass. Such alteration affects particularly the
mobile elements such as the LILE, which indeed show a
relatively larger scatter than immobile elements such as
REE or HFSE (see below).

Whole-rock classification and major and trace
element variations

The majority of the analysed CAMP rocks from
Morocco have MgO contents varying between 10 and
6wt % and Mg# (=100 Mg/(Mg-+Fe?*), calculated for
Fe3*/Fe?*= 0-15) ranging from 66 to 56, indicating that
they are moderately evolved (representative rock com-
positions are reported in Table 3, the complete dataset
can be found in the Supplementary Data Electronic
Appendix Table S8; supplementary data are available
for downloading at http://www.petrology.oxfordjour
nals.org). The evolved compositions are confirmed by
moderate Ni (140-40ppm) and Cr contents (400-
100 ppm). Only a few samples (three Lower flows, one
Intermediate and one Upper flow, and two dyke sam-
ples with Upper affinity) have high MgO (> 10wt %),
Mg# (69-73), Cr (5630-753 ppm) and Ni (181-380 ppm).
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Table 3: Whole-rock major and trace element and Sr—Nd-Pb isotopic data

Sample AN 16 AN 32 AN 37 AN 49 AN 134 AN 135 AN 136 AN137C AN 102
Unit lower lower lower lower lower lower lower lower lower
area N-CHA N-CHA N-CHA S-CHA S-CHA S-CHA S-CHA S-CHA Argana
locality Ait Ourir Ikourker J. Imizar Tiourjdal  Tiourjdal  Tiourjdal  Tiourjdal  Tiourjdal  Alemzi
Si0, wt % 53.59 50-97 50-95 52.22 53.57 54.31 53-89 53.44 52.63
TiO, 1.40 1.23 1.21 1.27 1.43 1.39 1.42 1.42 1.32
Al,O3 14.42 11-68 11-47 13-55 14.26 1414 14.09 14.77 14.04
FeOt 9.87 11-39 11-60 10-50 10-02 9-36 10-24 935 10-49
MnO 0-18 0-19 0-19 0-15 018 017 0-17 013 017
MgO 717 12.92 12.88 9:30 7-23 7-90 7-35 7-30 8-44
Ca0 10-05 9.01 9.06 10-11 9.96 9.27 9:41 10-09 943
Na,O 2:41 1.64 1.66 1.90 214 212 217 2.23 216
K,0 0-66 071 071 074 098 112 1.06 1.02 1.08
P,0s 018 013 013 0-14 017 0-16 016 0-18 0-16
Total 99.94 99.87 99.87 99.89 99.94 99.94 99.95 99.94 99.93
LOI 0-44 0-99 0-67 0-41 091 2.38 1.34 22 1.77
Mg# (0-15) 59.81 69-93 69-46 64-49 59.66 63-36 59.52 6154 6224
Ni (ppm) 76 236 157 60 92 85 84 104 97
Cr 294 609 502 331 288 267 267 305 351
Rb 28-39 2239 2348 2826 2840 3354 20-36 23.99 14.17
Sr 21579 176-32 207-48 23912 23745 22295 204-46 184.85 18906
Y 24.98 20-40 21.03 2339 25.96 19.97 24.28 23.27 2324
Zr 143-46 110-71 110-42 126-45 14720 121-00 133-45 100-00 125-88
Nb 12-89 10-41 10.77 11.94 13-25 10-22 12-46 7-83 11-69
Cs 1.26 1.32 073 1.00 091 077 0-45
Ba 213.99 17128 17464 202-64 239.66 211.54 19671 17595 19364
La 16-12 12-13 12:53 14-86 15-45 15-30 14-86 13.07 15.64
Ce 35.09 2642 26-90 3135 34.32 33.28 3223 2873 32.47
Pr 441 3.42 3.50 4.01 4.55 412 4.20 3.59 4.07
Nd 1821 14.38 14-41 16-96 18-68 17.53 1777 15.53 16-74
Sm 441 3.54 3.71 417 461 421 4.44 3.92 3.85
Eu 1.32 113 117 1.32 1.41 1.36 1.31 1.26 1.28
Gd 456 3.83 3.85 438 4.89 4.58 456 4-40 417
Tb 072 063 0-62 0-69 078 0-81 077 082 0-66
Dy 416 3.51 344 4.06 464 423 4.34 463 3.79
Ho 0-88 073 0-74 0-84 0-92 0-84 091 0-94 0-80
Er 236 1.99 1.96 239 2.55 2.41 2.57 2.78 2.20
Tm 0-21 0-29 0-30 0-25
Yb 2.05 1.85 1.84 1.93 2-30 214 221 2.54 1.86
Lu 0-30 0-26 0-25 0-28 0-31 0-28 0-32 0-33 0-28
Hf 3.53 2.92 2.84 3-20 3.65 343 3.53 319 3.05
Ta 079 062 062 0-70 078 0-99 0-82 083 0-70
Pb 4.96 4.41 3:31 424 4.55 429 469 489 1.86
Th 3.44 2.58 2.59 2.99 3.40 3.46 3.70 265 318
u 0-70 0-59 0-59 0-72 073 0-84 0-84 0-61 0-65
¥7Sr/*°Sr meas. 0707329 0707263  0.707312  0-707324  0-706812 0707728 0706832  0.707267  0-707111
87Sr/28Sr 501 Ma 0706246 0706218 0-706381 0706351 0-705828 0.706490 0-706012 0.706199  0.706494
143Nd/'**Nd meas. 0512520 0.512543 0512567 0-512565 0-512578 0512562 0.512573 0512531 0.512563
TNd/"**Nd 501 ma 0512328  0-512348 0512363 0-512371 0512383 0512372 0512376 0512331 0.512381
eNd 201 Ma -1.01 —0-62 —0-33 —0-18 0-06 —0-15 —0-08 —0.95 0-02
206pp204ph meas. 18-631 18-691 18-620
207pp294pPh meas. 15.658 15.643 15.633
208pp,204ph meas. 38-659 38.751 38.742
206pp204Ph 501 Ma 18-363 18-354 18-301
207pp294Ph L0t Ma 15-644 15-626 15.617
208pp204Ph 401 Ma 38-277 38-291 38.254

(Continued)

However, the Lower lava samples display up to 30 vol.%
of olivine, suggesting accumulation of mafic minerals
and cannot be considered as magmatic liquid
compositions.

Lava flows
According to the TAS diagram (Le Bas et al., 1986), the
Moroccan CAMP rocks can be classified as basalts and

basaltic andesites (Fig. 10). In particular, most Lower
and Intermediate samples are basaltic andesites, Upper
lava flows straddle the basalt and basaltic andesite
fields and Recurrent samples are all basalts. The TAS
diagram also shows that the Lower basaltic andesites
are slightly higher in alkalis than the other samples. The
Moroccan CAMP samples are all low-TiO, basalts
(TiOa< 2-0wt %; Fig. 11), as are the vast majority of
CAMP rocks in general (Marzoli et al., 2018).
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Table 3: Continued

Sample AN115B AN 130 AN 132 AN 206 AN 215 AN504 AN174B AN 18 AN 39
Unit lower lower lower lower lower lower lower Intermediate Interm
area Argana Argana Argana M. Atlas M. Atlas M. Atlas East Meseta N-CHA N-CHA
locality Alemzi Tasguint  Argana Midelt Midelt Maaziz Qujda Ait Ourir J Imizar
Si0, wt % 53-14 54.76 49.23 54.48 53.51 53.48 5328 5330 5326
TiO, 1.37 1.44 0-94 163 2.02 1.54 1.40 1.22 1.25
Al,O3 14.07 13-84 9-89 14.09 13-67 13-93 14.38 14-69 1451
FeOt 10-01 10-05 14.15 10-07 11.90 9.74 9.65 10-06 10-28
MnO 0-14 018 0-21 0-14 032 0-16 0-14 0-18 017
MgO 7-24 6-67 16-5 6-24 5.96 8.25 7-63 7-35 714
Ca0 811 9.51 7-49 9.50 8.85 9.83 1017 10-44 10-74
Na,O 3.52 231 1.32 235 2.47 223 217 215 2.09
K,0 223 1.07 0-64 1.25 1-01 0-64 0-95 0-41 0-36
P,0s 0-16 017 012 0-21 0-23 0-19 017 0-15 0-14
Total 9999 100-00 100-49 99.97 99.95 100-00 99.94 99.95 99.95
LOI 216 153 1.74 0-59 0.98 112 1.97 0-55 0-35
Mg# (0-15) 59.71 57-63 70-50 55.93 50-66 63-45 61-83 59.95 5875
Ni (ppm) 84 65 377 85 61 45 74 72 79

Cr 303 240 538 262 125 354 285 200 233

Rb 34.91 16-48 21.98 44.99 41.40 2654 2673 25.02 36-10
Sr 302-90 162-34 159-80 27214 30570 25206 22514 172-49 172.45
Y 23.27 20-54 18-71 29.25 34.91 25.71 2279 24.37 24.29
Zr 126-45 134.71 9671 185-23 18932 131-27 131-22 108-70 105-17
Nb 11-28 11.54 8-65 17-36 2085 11-36 12.97 841 812
Cs 0-59 0-51 1.83 3-80 843 114 0-65 1.49 2:09
Ba 329.52 18919 14171 316.59 345.26 19273 214-30 13725 139.57
La 13-20 13.94 10-62 22.70 25.62 16-86 15-40 11-40 10-85
Ce 2866 31.73 2376 49.69 56.73 35.90 33.00 24.98 23.98
Pr 3-66 3.96 3.02 6-01 6-87 465 4.27 3.27 314
Nd 15-34 16-72 12-60 26-07 30-11 19-68 17-82 13-87 13-40
Sm 3.85 4.08 313 6-21 7-21 4.95 434 3.54 3.37
Eu 1.22 117 0-91 1.56 1.85 1.57 1.35 1.09 1.09
Gd 4.06 4.26 3.28 5.42 6-43 517 463 3.87 411
Tb 0-66 0-68 0-53 098 113 0-87 0-74 0-64 0-63
Dy 383 3.94 3.28 6-04 7.06 5-24 4.33 3.87 3.96
Ho 0-81 0-85 0-64 1.15 1.34 1.03 0-86 0-83 0-84
Er 2:20 238 1.78 3:34 3.91 275 233 2.33 2.41
Tm 0-26 024 0-46 0-53 0-39

Yb 1.92 2.03 1.64 3.00 3.51 232 222 2.20 2:01

Lu 0-28 0-29 0-22 0-44 0-50 0-36 0-33 0-33 0-30
Hf 3.09 3.45 2.40 4.85 5.44 3-68 3.54 2.72 273
Ta 0-68 0-76 0-55 0-76 0-85 0-50 0-48
Pb 6-56 15-88 481 10-84 16-05 349 4.52 3.88 3.27
Th 315 285 2.51 475 5.28 3.54 3.66 2.46 224

u 0-63 0-71 0-55 1.18 1.35 0-84 0-80 0-54 0-52
873r/%8Sr meas. 0709932 0-707437 0707382 0-707309 0706979 0.707211  0-706930 0.707250 0-707710
87Sr/28Sr 501 Ma 0-708984 0706601 0-706250 0705948 0-705865 0.706345  0-705953 0-706056 0-705987
143Nd/'**Nd meas. 0512581 0.512566 0-512511 0.512567 0-512585 0.512573  0-512581 0.512455 0-512490
TNd/"**Nd 01 ma 0512383  0-512373  0-512314 0512379 0512396 0512374  0.512388 0-512253 0.512291
eNd 201 Ma 0-05 -0-14 -1-28 -0-02 0-31 -0-12 0-16 -2.47 -1.73
206pp204ph meas. 18-620 18-258 18.627 18-670
207pp294pPh meas. 15.658 15-641 15.673 15.674
208pp,204ph meas. 38810 38.245 38.822 38.707
206p, 204ppy o v 18-392 18-250 18-348 18-390
207pp294Ph L0t Ma 15.646 15-640 15.659 15-658
208pp204Ph 401 Ma 38.470 38.235 38.408 38-268

Nevertheless, TiO, decreases from the Lower basaltic
andesites (average 1-45wt %) to Intermediate (average
1-22 wt %) and then to the Upper flows (average 1-05wt
%) and is again high in the Recurrent basalts (average
1-63wt %). Na,O and P,Os as well as Zr and Hf display a
similar concentration decrease from the Lower to the
Upper units (Figs 11 and 12), though little or no increase
is observed in the Recurrent samples. The Lower flows
are also characterized by the highest LILE (K,O, Sr, Ba,

(Continued)

Rb), HFSE (Nb, Ta, Th, U) and LREE (La to Eu) concen-
trations, but tend to have slightly lower FeO concentra-
tions than the other units. By contrast, the Upper flows
have extreme compositions in terms of high CaO and
Al,O3, and low P,0Og, K;O and low concentrations of
most incompatible trace elements, including REE, HFSE
and LILE (with the exception of Sr and, to some extent,
Pb). As shown in Figs 11 and 12, Intermediate flows are
intermediate also in terms of major and trace element
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Table 3: Continued

Sample AN137A AN 138 AN 160 AN 128 AN 212 AN 219 AN537 AN611 AN525B
Unit Interm Interm Interm interm interm interm interm interm interm
area S-CHA S-CHA S-CHA Argana M. Atlas M. Atlas M. Atlas M. Atlas M. Atlas
locality Tiourjdal  Tiourjdal  Telouet Tasguint Midelt Midelt Tounfite Tounfite Agourai
Si0, wt % 53-14 53.53 5251 52.94 5322 52.91 53.96 5233 53-01
TiO, 116 1.16 1.21 1.26 1.15 1.31 1.20 1.30 1.48
Al,O3 1391 13-39 14.06 14.38 14.43 1416 14.32 14-36 13-79
FeOt 10-47 10-20 10-40 11-43 10-30 10-79 9.25 9.76 10-84
MnO 0-18 017 017 016 0-18 0-19 014 013 0-19
MgO 7-77 8-50 8.05 7-26 714 7-03 8.57 8.92 7-44
Ca0 10-68 9.94 11-25 9.94 10-94 10-91 10-01 10-94 10-46
Na,O 2.00 1.90 1.77 1.96 2.03 210 1.98 1.80 1.99
K,0 0-38 0-84 0-28 0-51 0-40 0-39 0-45 0-25 057
P,0s 0-14 017 012 0-15 0-13 013 015 0-15 0-16
Total 99.83 99-81 99.82 99.99 99.93 99.92 100.-03 99.95 99.93
LOI 224 113 1.46 1.84 0-64 0-65 1.31 118 0-37
Mg# (0-15) 60-34 6308 61-34 56-55 58.70 57-16 6551 65-19 58-45

Ni (ppm) 69 104 93 69 86 64 109 77 98

Cr 110 326 402 204 257 210 325 477 365

Rb 16-65 2683 2618 11-00 15.94 2329 28.60 9.25 2569
Sr 166-58 15675 165-62 248.94 179-33 192.93 170-21 170-63 164.53
Y 2362 2672 2318 23.06 19-96 24.29 2193 20-44 25.06
Zr 105-55 12922 101-54 10928 92.83 112-85 96-76 9269 108-44
Nb 7-96 9.95 6-36 7-68 6-64 7-38 6-45 5.75 713

Cs 1.36 075 1.34 6-68 7-48 5.70 1.08 0-67 1.04

Ba 143.00 18817 99.94 109-94 127-46 131-60 133.49 7831 160-09
La 11-07 13-08 9.28 10-56 10-33 11-38 11-63 10-07 12-00
Ce 24.25 29.09 21.32 2364 23.22 2613 24.90 22.52 2635

Pr 319 3.75 2.82 3.07 2.92 3-39 3.26 3.02 3.48

Nd 13-56 15.63 12.95 13.03 12.95 15.24 14-11 13-62 15.28
Sm 3.56 3.88 344 3.25 3-38 411 3.74 3-80 4.09

Eu 112 115 1.05 1.05 0-98 1.22 119 1.26 1.29
Gd 3.99 4.23 3.93 3.71 344 4.29 4.06 415 460

Tb 0-65 071 0-64 062 0-60 075 073 072 0-81

Dy 4.01 434 3.98 3.69 391 478 4.48 431 501

Ho 0-85 0.95 0-82 0-80 0-77 0-94 0-89 0-87 1.02

Er 2.42 2.74 2.29 2.26 2.28 275 2.44 229 272

Tm 022 0-32 0-38 0-35 0-32 0-39

Yb 212 2.38 1.93 2.02 210 248 213 1.97 235

Lu 0-32 0-35 0-31 0-30 0-31 0-36 0-33 0-30 0-36

Hf 265 3.24 2.58 2.72 2.51 312 281 268 313

Ta 0-48 061 0-41 0-50 0-44 0-39 0-50

Pb 3.07 3.66 2.73 312 12.03 10-76 2.62 1.28 344

Th 2-20 2.87 1.98 235 2.25 2.37 2.37 1.96 265

u 0-48 0-65 0-42 0-48 0-54 0-56 0-54 0-46 0-63
873r/%8Sr meas. 0706964  0-707600 0-707379  0-707588  0.707018  0.706922 0.707647  0-706962 0-707061
87Sr/28Sr 501 Ma 0706142 0706191  0-706078  0.707225 0706287  0-705929  0.706264  0-706516 0.705776
143Nd/'**Nd meas.  0-512485  0.512465 0512556  0-512548 0512510 0512551 0512504 0-512592 0.512516
TNd/"**Nd 201 ma 0512277 0512269 0512346 0512351 0512303 0512338 0512295 0-512372 0.512304
eNd 201 Ma -2.00 217 -0-67 -0-57 -1.49 -0-82 -1-67 -0-17 -1.48
206pp204ph meas. 18-637 18-710 18.622 18-700 18-626
207pp294pPh meas. 15.662 15.687 15.674 15.653 15-650
208pp,204ph meas. 38812 38.896 38.852 38.844 38.795
208p204Phy Lot Ma 18.282 18-400 18216 17-986 18-263
207pp294Ph L0t Ma 15-644 15-671 15.653 15-617 15-632
208pp204Ph 401 Ma 38-300 38.420 38266 37841 38-291

concentrations between Lower and Upper flows and
sometimes overlap with them. Notably, most samples
from these three units have similar MgO contents and
Mg# as well as compatible element contents (Ni, Cr, Sc,
Co). By contrast, the Recurrent basalts are slightly more
evolved than the other rocks, i.e. they yield slightly
lower MgO (about 5-5-6-2wt %), Mg# (54-46) and Cr
(about 100 ppm). The Recurrent basalts plot outside the
general field of the other basalts and basaltic andesites

(Continued)

and have higher TiO,, FeOy, V, Sc, HREE (from Gd to
Lu) contents and lower SiO,, Rb and Sr, as well as low
LREE (La to Sm) and HFSE (except Zr) contents.
Regional-scale geochemical trends and unit-specific
characteristics are further highlighted by comparing
the geochemical compositions of the different units in
multi-element diagrams (Fig. 13). Lower, Intermediate
and Upper units have broadly similar incompatible
element patterns, with progressively lower absolute
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Table 3: Continued

Sample AN631 AN633 AN510 ANG627 AN 22 AN 57 AN 63 AN 140 AN 141

Unit interm interm interm interm upper upper upper upper upper

area M. Atlas M. Atlas M. Atlas M. Atlas N-CHA N-CHA N-CHA S-CHA S-CHA

locality Agourai Agourai Maaziz Maaziz Ait Ourir Agouim Ikourker Tiourjdal  Tiourjdal

Si0, wt % 54-81 52.98 53.74 5365 51.57 51.74 51-66 51.34 52.05

TiO, 1.27 114 1.36 1.40 1.05 110 1.09 1.00 1.04

Al,O3 14.38 14.34 13.92 14.05 15-12 15.07 15.05 15-01 14.85

FeOt 9.07 10-13 10.77 10-30 9.88 9.76 9.76 9.95 9.97

MnO 014 024 017 0-18 0-17 017 0-16 0-18 0-18

MgO 8-20 7-14 7.03 7-36 8-01 8-09 8-20 8.25 7-74

Ca0 9.46 11-39 10-20 10-24 11-85 1174 11-82 12.01 11-43

Na,O 2:01 2.00 2.03 2.02 1.92 1.96 1.86 1.78 1.90

K,0 0-41 0-42 0-60 0-54 0-27 023 0-24 0-21 058

P,0s 0-16 0-14 0-16 0-16 0-11 0-11 0-11 0-11 0-11

Total 99.92 99.93 99.98 99.92 100-00 100-00 100-00 99.85 99.85

LOI 117 0-32 0-49 0-70 0-12 0-26 0-51 1.32 0-58

Mg# (0-15) 6495 59.12 57-24 59.42 6243 62-95 63-26 62-96 61-39

Ni (ppm) 56 63 106 59 87 87 89 108 91

Cr 309 273 289 362 217 212 205 328 229

Rb 17-39 1410 2328 16-98 11-79 5.51 12-29 1.55 12.75

Sr 173-78 176-14 170-39 180-26 163-15 172.92 163-96 106-68 158-81

Y 2114 21.99 24.97 23.90 20-42 21.32 2109 1677 20-12

Zr 103-62 81.57 112-87 111-67 76-04 80-82 79-04 71-87 78.05

Nb 6-94 5.1 7.58 7-40 5.03 5.17 514 4.52 4.99

Cs 0-87 0-59 113 2.51 0-83 072 0-95 0-21 0-40

Ba 139.78 113-10 17789 26873 92.47 10282 84.27 8357 111-89

La 10-67 891 12.75 12-31 7-19 7.58 7-48 6-32 717

Ce 2365 19-84 2772 26-86 16-45 17-62 16-79 14.68 16-59

Pr 312 270 3.63 3.58 228 2-36 2-34 1.98 2-30

Nd 13.50 11.93 15.55 15.59 9.97 10-36 10-22 874 10-35

Sm 3.58 3.33 411 414 270 2.80 2.75 2.37 2.79

Eu 1.23 113 1.31 1.37 0-87 0-94 0-92 0-79 0-93

Gd 3.95 3.90 452 451 312 315 3-20 283 314

Tb 0-69 0-67 0-79 0-79 0-54 058 0-54 0-48 054

Dy 426 4.26 4.95 489 311 3.26 3.23 2.87 3.40

Ho 0-86 0-88 1.02 0-97 071 073 0-73 0-63 072

Er 230 239 2.74 2-64 1.94 2.06 1.92 1.74 2.03

Tm 0-33 0-35 0-39 0-37 0-23

Yb 2.04 2.07 2-36 2.23 1.84 2.02 1.83 1.55 1.87

Lu 0-31 0-33 0-36 0-34 0-29 0-30 0-28 0-23 0-28

Hf 3.01 2.40 3:21 3-18 2.00 2.04 1.90 1.79 2.08

Ta 0-48 034 0-53 0-49 0-31 0-30 0-30 0-27 0-31

Pb 2.82 2.09 3.64 3.37 1.73 2.39 168 1.72 2.41

Th 267 1.64 2.87 2-69 1.23 1.28 1.18 0-86 1.27

u 0-62 0-40 0-67 0-63 0-29 0-32 0-28 0-23 0-30

873r/%8Sr meas. 0-707191  0.706368  0-707393  0-706937  0.706115  0-705849  0.706103 0.706248

87Sr/28Sr 501 Ma 0-706367  0.705709  0-706269 0.706162 0705520  0-705587  0-705486 0-705587

143Nd/'**Nd meas. 0512485  0.512505  0-512490 0.512526  0-512543 0.512564 0-512539  0-512561 0-512547

TNd/"**Nd 01 ma 0512275 0512284 0512281 0512316  0.512329 0512350 0-512326  0-512347 0-512334

eNd 201 Ma -2.042 -1-872 -1.935 -1-253 -0-99 -0-58 -1.04 -0-65 -0-90

206pp204Ph meas.  18-660 18-523 18-607 18-640 18571 18-515

207pp294Ph meas.  15-658 15-610 15.638 15.647 15.629 15-624

208pp,204ph meas.  38-843 38-499 38.753 38-793 38-680 38.485

206pp20%Ph b1 ma  18-221 18-146 18.239 18-269 18-236 18.272

207pp204Ph o1 va  15-635 15-591 15.619 15-628 15-612 15-612

208pp204Ph o1 ma  38-223 37.989 38-238 38-271 38218 38-145
(Continued)

values of LREE and MREE from Lower to Upper
basalts. Common features are negative Nb and Ta (vs
Th, U and LREE) and positive Pb (vs LREE) anomalies,
whereas a negative anomaly of Sr is observed in
most Lower and Intermediate flows but is lacking in
the Upper basalts (except one sample). The LILE (par-
ticularly K and Rb) show a large scatter of data, which
may in part be related to secondary processes even
for the selected and apparently slightly altered

samples. The difference among these three flow units
is obvious for the LREE (La to Sm), whereas it is negli-
gible for HREE (from Dy to Lu), resulting in broadly
parallel REE patterns with a progressive decrease of
LREE/HREE ratios from Lower (i.e. La/Ybcy = 4:4-5-6,
except for two outliers; chondrite normalized after
McDonough & Sun, 1995) to Intermediate (La/Ybcn =
2.9-3-8) and Upper basalts (La/Ybcy = 2-5-2-8). The
highest La/Yb and REE concentrations as well as the
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Table 3: Continued

Sample AN 213 AN540 AN24 AN 44 AN 156 A AN 169 AN 730 AN 734 AN 704

Unit upper upper rec rec rec rec Interm Interm Upper

area M. Atlas M. Atlas N-CHA N-CHA S-CHA S-CHA A Atlas A Atlas A Atlas

locality Midelt Tounfite Ait Ourir Agouim Agouim Telouet B. D.sill F.Z.dyke F.Z.dyke

Si0, wt % 51.54 51.88 50-39 50-68 51.33 51.32 52.76 5329 50-52

TiO, 1.08 1.09 1.62 1.63 1.63 1.56 119 114 1.00

Al,O3 15-04 14.77 1371 13-57 13-60 13-59 14.07 14.37 14.52

FeOt 10-38 10-01 14.72 14.85 14.04 14.22 10-86 10-87 9.87

MnO 0-16 0-15 0-34 028 022 0-30 018 0-18 0-19

MgO 7-15 7-90 613 5.77 5.93 6-02 6-34 6-19 772

Ca0 11-37 11.75 10-47 10-45 10-42 10-29 10-06 9.78 10-96

Na,O 237 1.85 2.09 219 213 2.00 2-39 231 1.79

K,0 071 0-39 0-33 0-39 034 0-35 073 0-87 119

P,0s 0-11 013 017 017 017 0-16 0-14 012 0-10

Total 99.93 99.92 100-00 100-00 99.82 99.83 9872 99.12 97-86

LOI 1.25 0-85 0-34 -0-26 1.51 051 0-81 0-05 0-24

Mg# (0-15) 58-54 61-80 46.06 44.32 46.42 46-47 57-06 56-45 6403

Ni (ppm) 87 115 72 71 90 67 53 48 91

Cr 214 267 105 100 235 118 36 21 199

Rb 15.93 14.03 4.32 7-52 613 6-30 2420 2314 2171

Sr 181-79 174.25 103-86 92.94 95.52 102-25 207-96 21071 23528

Y 2003 20-61 46.27 4310 41.04 42.99 2675 2512 2190

Zr 81-65 73.07 126-09 115-68 114.85 12335 101-06 105-78 7778

Nb 5.55 466 5.68 5.27 521 5.59 7-04 7-03 5.04

Cs 1.52 0-52 0-31 0-50 0-78 0-59 1.86 113 1.83

Ba 149.36 94.32 12326 17850 16433 120-81 17716 261.72 135.82

La 812 7-71 8-89 8:61 8.57 876 11.58 11-07 7-32

Ce 19.03 17.58 20-87 19-62 19-85 20-47 2546 24.27 16-67

Pr 251 2.42 2.87 2.72 2.77 278 3.37 3-20 2.27

Nd 11.47 10-89 13.22 13-03 12.70 13-44 14.72 13.78 10-40

Sm 319 3.05 4.02 3-89 3.92 4.09 3.72 3:50 2.78

Eu 096 1.08 1.27 1.24 1.24 1.28 1-20 1.15 0-99

Gd 343 3.45 5-60 5.36 5-49 5.45 4.28 3.95 3.36

Tb 0-60 0-63 1-00 099 1.00 1.05 070 0-66 057

Dy 391 4.07 6-68 6-41 6-68 6-86 4.45 418 3.62

Ho 079 0-82 1.53 1.49 1.49 153 093 0-87 0-77

Er 233 2.24 454 4.44 4.44 4.63 2.63 248 215

Tm 033 032 230 2:11 233

Yb 217 1.99 4.52 3.97 4.22 418 2.42 2-30 1.97

Lu 0-32 0-30 0-63 0-62 0-64 0-68 0-35 0-34 0-29

Hf 228 212 3.24 3.05 3.07 3.26 2.55 263 1.94

Ta 0-30 0-35 0-33 0-34 0-35 043 0-46 0-31

Pb 10-57 1.82 421 3.26 332 2-69 316 4.07 1-81

Th 1.39 1.31 231 2.08 214 216 212 233 112

u 0-35 0-32 0-57 0-62 0-55 0.57 0-51 0-57 0-27

873r/%8Sr meas. 0706371 0-706117  0-705263 0-705950 0.705569 0.705569  0-707575  0.708103 0.707335

87Sr/28Sr 501 Ma 0705650  0-705454  0.704920 0-705284 0705040 0.705062 0-706618  0.707199 0-706575

143Nd/'**Nd meas. 0512559 0512572 0512683 0.512683  0.512724 0512689 0-512464 0.512436 0-512599

TNd/"**Nd 01 ma 0512339  0-512351 0-512443 0512447 0512480 0-512448 0512264 0.512235 0-512388

eNd 201 Ma -0-799 -0-574 1.22 1.31 1.95 1.33 -2:259 -2.838 0-150

206p,204ph megs. 18.522 18-922 18-828 18.938 18-979 18-562 18-591 18-653

207pp294pPh meas. 15-607 15-658 15-676 15.670 15-679 15.647 15-651 15-634

208pp,204ph meas. 38510 38-856 38.834 38-963 39.038 38.591 38.650 38712

206pp204Ph 501 Ma 18-178 18-650 18-450 18-605 18-551 18-243 18-319 18-359

207pp294Ph L0t Ma 15.590 15-644 15-657 15.653 15-657 15.630 15-637 15-619

208pp204Ph 401 Ma 38.044 38496 38416 38538 38511 38.154 38284 38311
(Continued)

highest contents of most other incompatible trace and
major elements (e.g. TiO, and P,Os) are shown by the
Lower basalts from the Midelt section (AN206 and
AN215; Figs 11 and 12). The outlier of the Lower flows
which vyields low La/Yb (3:5), similar to those of
Intermediate flows is sample AN137C from Tiourjdal
(southern Central High Atlas), which is instead charac-
terized by relatively high TiO, (1-43wt %).

By contrast, Recurrent basalts, which are all remark-
ably similar, yield markedly different incompatible
element and particularly REE contents and patterns
compared to the other flows. The most significant dif-
ference concerns the almost flat REE patterns (La/
Yben=1-4-1-3, Sm/Ybcny = 1:04-0-95), which resemble
those of E-MORB, even if E-MORB have much lower
REE contents (Sun & McDonough, 1989). Unlike most
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Table 3: Continued

Sample AN 709 AN 711 AN 725 AN 726 AN 728 AN 724
Unit Upper Upper Upper Upper Upper Rec
area A Atlas A Atlas A Atlas A Atlas A Atlas A Atlas
locality F. Z. dyke F.Z. dyke B. D. sill B. D. sill B. D. sill B. D. sill
Si0, wt % 50-63 5076 50-63 51.48 50-88 50-21
TiO, 0-98 1.00 0-82 093 0-92 1.42
Al,O3 14.63 14.54 11.53 14.93 14.59 1314
FeOt 9-80 9.96 9-89 9.57 9.48 14.90
MnO 017 017 0-18 0-17 017 0-25
MgO 7.95 7-96 11-91 8-01 8:91 5.70
Ca0 11-68 11.50 12-30 12-05 1214 9.96
Na,O 1.87 1.89 1.48 1.97 1.85 2.24
K,0 0-45 071 0-31 0-39 0-40 0-50
P,0s 0-10 0-10 0-08 0-09 0-09 013
Total 98-26 9859 9913 99.59 9943 98-45
LOI 0-14 0-22 0-06 -0-16 0-38 0-01
Mg# (0-15) 64-87 6453 7327 65-59 68-16 46.55
Ni (ppm) 97 91 181 87 114 53

Cr 195 216 753 236 320 51

Rb 12-50 18-67 8.76 10-85 10-85 17-03
Sr 180-67 20912 137-47 174.78 194.27 125.27
Y 21.32 21-80 18-48 20-12 19-70 42.28
Zr 49.85 78-38 6344 7213 6976 107-64
Nb 5.04 5.00 4.05 4.62 4.54 4.88

Cs 0-86 1.42 0-56 0-50 0-50 1.77

Ba 124.87 13253 105-36 107-26 11128 11755
La 7-23 7-21 6-04 671 6-57 8.05

Ce 16.70 16-56 13-84 15.50 15-11 18-55
Pr 2.28 2.27 1.91 212 2.08 254

Nd 10-40 10-38 876 9.66 9.44 11.92
Sm 2.79 2-81 241 265 2.57 3.68

Eu 0.97 0.97 0-81 092 0-89 1.26

Gd 3.37 3-36 2:90 312 3.06 511

Tb 057 0-58 0-49 0-53 052 0.95

Dy 361 3.67 315 3-38 3:30 6-50

Ho 0-76 0-77 0-67 072 0-69 1.44

Er 214 218 1.90 2.03 1.98 4.25
Tm 2.27 2.26 2.07 239 233 2.80

Yb 1.93 2.00 1.74 1.86 1-81 410

Lu 0-28 0-29 0-25 0-27 0-26 0-60

Hf 1.43 2.00 1.67 1.86 1.78 2.78

Ta 032 0-32 0-26 0-29 0-29 0-31

Pb 215 461 2.04 233 2.00 6-36

Th 1.14 119 1.02 1.14 1.06 1.95

u 0-25 0-29 0-25 0-28 0-26 0-53
¥7Sr/*°Sr meas. 0-706212 0-707187 0-706071 0706055 0-706567 0:707165
87Sr/28Sr 501 Ma 0-705642 0-706453 0-705546 0-705545 0-706107 0-706046
13N d/"**Nd meas. 0-512599 0-512596 0-512599 0-512577 0-512589 0-512724
T3Nd/"*Nd 201 ma 0-512387 0-512382 0-512381 0-512360 0-512374 0-512480
eNd 201 Ma 0-135 0-038 0-023 -0-396 -0-113 1.958
206pp204ph meas. 18-450 18-494 18-452 18-448 18-519 18-752
207pp294pPh meas. 15.614 15.632 15-608 15-609 15-641 15.675
208p, 204ppy mggs. 38.456 38517 38454 38430 38564 38.745
208p204Phy Lot Ma 18217 18.371 18.208 18211 18263 18-585
207pp294Ph L0t Ma 15.603 15-626 15-596 15.597 15.628 15-667
208pp204Ph 401 Ma 38111 38-350 38-130 38113 38219 38.545

Major elements, Cr and Ni analysed by X-Ray fluorescence, other trace elements by ICP-MS. Mg# = 100x [Mg/(Mg+Fe?")], for Fe3*/
Fe?* = 0-15. Sampling coordinates are given in Supplementary Data Table S1; supplementary data are available for downloading
at http://www.petrology.oxfordjournals.org. The complete whole-rock data set is reported in the Supplementary Data Electronic
Appendix Table S8; supplementary data are available for downloading at http:/www.petrology.oxfordjournals.org. CHA, Centra

High Atlas; B. D., Bas Draa; F. Z., Foum Zguid.

other samples, all Recurrent basalts display a marked
negative Eu (Eu/Eu* = 0-8) and negative Sr and Ti
anomalies (relative to LREE and HREE, respectively),
which are moderate to absent in most Lower,
Intermediate and Upper flows. Recurrent basalts are
also relatively enriched in Th and U relative to Nb and

Ta (Th/Nb = 0-39-0-41, U/Ta = 1-6-1-9 vs 0-19-0-40 and

1-3-0-7 for the other rocks).

Intra-unit variations are rather scattered and do not
display clear trends, which might be due to the some-
what restricted MgO (i.e. differentiation) range of each
unit. Nonetheless, for the Lower unit there is a tendency
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Fig. 10. Total alkalis vs silica (TAS) classification diagram (Le Bas et al., 1986) of CAMP lava flows from the Central High Atlas,
Argana, Middle Atlas (including Midelt) and Meseta and intrusive rocks from the Jbilets, Amelal sill (Argana) and from the Anti
Atlas. Blue symbols, Lower unit; red, Intermediate; yellow, Upper; green, Recurrent. The grey field shows the compositional range
composition of over 500 CAMP low-Ti basalts from throughout the province (Marzoli et al., 2018 and references therein).

for the most differentiated samples (MgO< 6wt %) to
yield slightly higher SiO,, Na,O and incompatible elem-
ent contents (including TiO,) and La/Yb. Intermediate
lava flows show a restricted range of composition and
of differentiation (e.g. MgO generally in the range 9-
7 wt %), while Intermediate intrusive rocks from the Anti
Atlas and parts of the Amelal sill tend to be more
evolved (MgO as low as 4wt %). Most Upper unit rocks
plot in a fairly restricted range in terms of major and
trace element concentrations, except for one lava flow
from the Middle Atlas (AN540) and two sill samples
from the Anti Atlas (MOR1015, AN725), which are MgO-
rich (10-5-11-9wt %). The regional variations within
each lava flow unit, for example between the High Atlas
and the Middle Atlas and Meseta, are negligible and not
systematic. Instead, subtle geochemical differences are
revealed within some of the sections analysed in most
detail (Fig. 14). As an example, the Tiourjdal section of
the southern Central High Atlas shows in general sig-
nificant compositional jumps between the four lava
units. However, in some cases, such abrupt discontinu-
ities between the different units do not coincide for all
chemical elements. For instance, the basaltic andesite
AN137C sampled about halfway up the Tiourjdal sec-
tion may be regarded either as the last of the Lower
flows because of its high TiO, (1-43wt %) similar to
those of the Lower flows, or as the first of the
Intermediate flows because of its low Zr (105 ppm), Nb
(7-8ppm), La/Yb (5-1) and highly incompatible trace
element contents (Zr and Nd isotopic variations are
shown in Fig. 14 a and e). Similar features apply for the
Telouet, southern Central High Atlas and Agourai
(Middle Atlas) sections (not shown in Fig. 14), where
samples AN159 and AN525b yield Lower unit-like major
elements and Intermediate unit-like incompatible trace
elements. The Midelt samples (Fig. 14c and g) show
among the highest incompatible trace element

contents, in particular for the Lower unit, yet the general
up-section variations are similar to those from the
Central High Atlas. The most marked difference and
compositional jump from the Lower to the Intermediate
unit is instead shown for the Maaziz section (Western
Meseta). However, here the topmost Intermediate sam-
ples show an increase of TiO,, but not of incompatible
trace elements. We note a similar increase in TiO, to-
wards the top of the Intermediate unit at Tounfite
(Middle Atlas). Finally, the Agourai section (not shown
in Fig. 14) of the Middle Atlas consists of flows with
Intermediate unit-like geochemical affinities, except for
the previously cited sample AN525b and for sample
ANB633, collected towards the top of the section, with
major and trace element compositions approaching
those of Upper unit samples (e.g. TiO, = 1-14wt %; La/
Yben = 2-3).

Geochemical data obtained for samples previously
collected for magnetostratigraphic analyses (Knight
et al., 2004) at Tiourjdal, Telouet and QOued Lahr in the
Central High Atlas offer further insights into both the
temporal and spatial variability of the units. Even if slight-
ly altered, poorly mobile elements such as Ti and other
HFSE can be readily used to describe the up-section vari-
ation of these densely-sampled lava piles (Fig. 15). Based
on these data, correlations can be established among
these three sections. These show that the Lower unit
seems to be complete only at Tiourjdal, while at Telouet
and Oued Lahr about the lower half of the Lower unit is
missing (or not cropping out). By contrast, the transition
from the Lower to the Intermediate units is well
expressed in all sections, with a general clear compos-
itional shift (with the exceptions described above).

Intrusive rocks
Direct comparison of effusive and intrusive rocks can
be hampered by the (partially) cumulative nature of the
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Fig. 11. Whole-rock major element compositions of CAMP lava flows and intrusives from Morocco. Same symbols and abbrevia-
tions as in Fig. 10. Grey field is the compositional range of CAMP basalts from other parts of the province. MELTS (Ghiorso & Sack,
1995) liquid lines of descent have been calculated starting from AN133 (Lower unit) as the parental magma composition at 0-9 GPa
(dashed line) and 0-1 GPa (full line), 0-5wt % H,0 in the starting magma, fO, at the QFM buffer. The most evolved composition on
the MELTS lines corresponds to about 25 and 35wt % fractionation at 0-9 and 0-1 GPa, respectively. The pMELTS (Ghiorso et al.,
2002) liquid line of descent (black lines with tick marks) is calculated at 1 GPa, the parental magma (MgO = 15-5wt %, off-scale on
diagrams) is a ¢.8% melt of KLB-1 peridotite (Hirose & Kushiro, 1993) calculated for 1-5 GPa, 1400°C. Tick marks on the pMELTS
lines represent 5% increments of fractional crystallization at T decreasing from 1350 to 1200°C, i.e. the most evolved composition
corresponds to about 35wt % fractionation. Note: pMELTS lines are not shown for K,O and P,Os, as these are trace elements that
are not properly modelled with this program.
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Fig. 12. (a-h) Selected trace element variation vs MgO (wt %) and La (ppm). Same symbols as in Fig. 10. Zr measured by X-ray
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Moroccan CAMP basalts. The grey field represents the Icelandic mantle array as defined in Fitton et al. (1997); Mesozoic Atlantic
MORB data are from Janney & Castillo (2001); southern Karoo picrites are from Heinonen et al. (2010) and Luttinen (2018); Pan-
African and Eburnean granite compositions are from Toummite et al. (2013) and from Ennih & Liégeois (2008).

6102 Jaquieoa( ¢ uo 1senb Aq //15/¥S/St6/S/09M0ensqe-aoie/ABojoned/woo dno-oiwspese//:sdny wolj pepeojumoq



970 Journal of Petrology, 2019, Vol. 60, No. 5
100 100
Central High Atlas flows 3 ® Recurrent
3 = o Upper
191 = .
N g @ Intermediate|
= g @ Lower
é =
19 2
S 10+ =10
2 s |l
g=! =
2 @ Recurrent 0
2 o Upper g= !
O @ Intermediate =] .
@ Lower (a) E (b) Central High Atlas flows
L e S B B mes s ms ps ps B SPILSSNL e Rens b Bue Bvape b b b Ry
Rb Th K Ta Ce Sr P Hf Eu Tb Dy Y Yb
La Ce Pr Nd Sm Eu Gd Tb  Ho Er Yb Lu Ba U NbLa Pb Nd Zr SmGd Ti Ho Er Lu
100 . 'Ol 00 A MM Upper flows
Middle Atlas + Meseta (MM), 3 X Argana Intermediate flow|
8 and Argana flows T‘; A MM Intermediate flows
N g X Argana Lower flows
.c—g 5 A MM Lower flows
=]
g Z10
1 N
I 10 E 1
'§ A MM Upper flows E
g X Argana Intermediate flow E
O A MM Intermediate flows g Middle Atlas + Meseta (MM),
X Argana Lower flows (© Q;: @ and Argana flows
A MM Lower flows
1 T T T T T T T T T T T T T 1 ‘ T . T . T . T . T ‘ T . T : T ‘ T ‘ T ‘ T ‘ T . T
Rb Th K Ta Ce Sr P Hf Eu Tb Dy Y Yb
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb Lu Ba U Nb La Pb Nd Zr Sm Gd Ti Ho Er Lu
100 100
Al d Anti Atlas dyk d sill
rgana and Anti Atlas dykes and sills —GE B Recurrent
3 = 0O Upper
N = O Intermediate
= 5 @ Lower, LV34
g =i
g 10 =10
'§ M Recurrent o
g O Upper 2
O O Intermediate é . .
© @ Lower, LV34 ‘E ® Argana and Anti Atlas dykes and sills
l T T T T T T T T T

T
La Ce Pr Nd Sm Eu Gd T Ho Er Yb Lu

l | | | | | | | | | | | | |
Rb Th' K Ta Ce Sr P Hf Eu Tb Dy Y Yb'
Ba U Nb La Pb Nd Zr Sm Gd Ti Ho Er Lu
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patible element patterns of Central High Atlas (a, b), Argana and Middle Atlas lava flows (c, d) and of Anti Atlas and Argana intru-

sive rocks (e, f).

latter samples, as they may not reflect magmatic liquid
compositions. In the case of the Amelal sill, these diffi-
culties are enhanced by the pervasive alteration of the
sill. Nevertheless, relying mainly on immobile incom-
patible minor and trace element compositions,
Moroccan CAMP intrusive rocks can be assigned to the
four main magmatic units.

Most of the sampled rocks from the Amelal sill have
major and trace element compositions similar to
Intermediate unit lava flows (Figs 11 and 12). However,
a few samples are relatively depleted in Ti and other in-
compatible elements, as observed for Upper unit
basalts (e.g. sample LV37). One sample from the
Amelal sill, LV34, is compositionally rather distinct from
the remainder of the sill. LV34 is in general enriched in
incompatible minor and trace elements, approaching
the composition of Lower basaltic andesitic lava flows.
The similarity between LV34 and Lower lava flows is

also evidenced by incompatible element ratios, such as
TiOy/Y or Zr/Y (Fig. 12e and f). The Jbilet intrusives in-
clude a dyke sample with Lower unit composition
(AN320), as well as one dyke and one sill with
Intermediate composition.

Intrusive rocks from the Anti Atlas (Foum Zguid dyke
and Bas Draa sills) can be readily assigned to three (out
of the four) magmatic units as they share strong similar-
ities with the lava flows at least in terms of incompatible
major and trace elements and trace element ratios.
Most Foum Zguid dyke samples overlap the compos-
itional field defined by Intermediate lava flows, for ex-
ample in TiO,, P,Os, La/Yb etc. By contrast, four Foum
Zguid dyke samples also have Upper-unit like composi-
tions and one small dyke parallel to the main Foum
Zguid dyke has a Recurrent-like composition. The Foum
Zguid dyke appears to be a composite dyke, intruded by
Intermediate and Upper magmas. In fact, at two
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sampling localities both Intermediate and Upper-like
rocks have been encountered in the same dyke. In par-
ticular, near Bou Azzer, the central part of the dyke has
an Intermediate-like composition while its margin has
an Upper-like composition. The opposite is observed at
Tanzirt, where the core has Upper-like and the rim
Intermediate-like composition. Sampled Bas Draa sills
have compositions similar to Intermediate (1 sill) and
Upper unit flows (3 sills).

Sr—-Nd-Pb-Os isotopic compositions. For this study, we
obtained 52 8Sr/®Sr and "**Nd/"**Nd, 33 Pb and 13 Os
isotope analyses on whole-rock samples. The selected
samples belong to the four lava flow units and intrusive
rocks and represent the various CAMP localities of
Morocco. Initial isotopic compositions were back-
calculated to 201 Ma to correct the measured isotopic
ratios for in situ decay of the radioactive element. Initial
Sr—Nd-Pb isotopic compositions of CAMP basalts from
Morocco (Table 3) fall in the field of typical low-Ti
basalts of the CAMP (Fig. 16), with®Sr/%Sr; in the range
0-705-0-707, "3Nd/"**Nd;= 0-5125-0. -5122 (¢Nd; from
+2 to -3) and high 2°7Pb/2°*Pb; (15-59-15.67) and
208pp,204ppy; (37.8-38-8) at moderate 2°6Pb/2°*Pb; (18.0-
18:9), resulting in high A7/4 (10-18) and A8/4(32-61) val-
ues (A values indicating difference with respect to the
Northern Hemisphere Reference Line, NHRL; Hart,
1984). One Argana Lower flow (AN115b), one Argana
Intermediate flow (AN128) and one Intermediate Anti
Atlas (Foum Zguid) dyke sample (AN734) yield higher
873r/%8Sr; (0-7072-0-7089), plotting off the field of other
Lower and Intermediate basaltic andesites at similar
143N d/"**Nd; (0-561238 and 0-51235). This shift to higher
87Sr/28Sr; ratios reflects a secondary alteration finger-
print rather than a primary compositional feature, as
also suggested by the higher Sr contents of these same

samples (enrichment excess by ¢.50-70 ppm) compared
to samples of the same unit.

Systematic differences in Sr and Nd initial isotopic
ratios characterize the four Moroccan CAMP lava flow
units and their intrusive equivalents (Fig. 16). With the
exception of the sample thought to be altered
(AN115b), Lower flows yield relatively high 8 Sr/®®Sr,
(0-7058-0-7066) and moderate '**Nd/'**Nd; (0-51231-
0-51239). Intermediate flows trend to lower "*3Nd/"**Nd;
(0-51225-0-51237) with similar ®’Sr/*°Sr; (0.7057-
0-7065), again excluding altered samples. Pb isotopic
compositions for Lower and Intermediate flows overlap,
even if these latter show a slightly larger spread
(2°°Pp/2°*Pb; 18-0-18-4) and plot at slightly higher
207pp204pp; and 298Pb/2%*Pb; for a given 2°°Pb/2°*Pb;.
Upper basalt lava flows and half of the Upper unit intru-
sive rocks yield a restricted Sr-Nd isotopic range
(0-7055-0-7056, 0-51235-0-51233, respectively) having
lower 8Sr/®®Sr; compared to Lower and Intermediate
flows. Upper unit basalts plot towards the less radio-
genic end in Pb isotopic space for low-Ti CAMP basalts.

Recurrent basalts can be clearly distinguished from
the other CAMP units. They show limited variations of
Nd and Sr initial isotopic compositions and have lower
87Sr/28Sr;  (0-7049-0-7053) and higher "**Nd/"**Nd;
(0-561244-0-51248) compared to the other units. In add-
ition, they yield the highest 2°°Pb/2°*Pb; (18-45-18.65)
and 2°8Pp/2°Pp; (38.42-38.54) of all magmatic units.
Recurrent basalts are also characterized by correlated
Sr and Pb isotopic compositions, a feature that is not
observed in other units. They also vyield slightly
decreasing®’Pb/?°*Pb; (15-66-15-64) at increasing
206py, 204py. and slightly lower A8/4 (32-48) compared to
the other samples (43-60).

Thirteen of the freshest samples from the four
Moroccan CAMP lava flow units were analysed also for
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Re-Os isotopic compositions (Fig. 17; Table 4). Re con-
tents range from 130 to 678 ppt, with the exception of
samples AN44 and AN24 from the Recurrent basalts,
which contain 1953 and 5502 ppt, respectively. Re has
the lowest content in the Lower basaltic andesites and
by far the highest one in the Recurrent basalts. Os con-
tents range from 22 to 482 ppt. The lowest Os concen-
trations are found in Upper and Recurrent basalts and
are in general correlated with MgO, Cr and Ni.
Measured '8’0s/'®0s is roughly correlated with
87Re/'880s (MSWD = 62) in all analysed samples ex-
cept one (Recurrent basalt AN24) and yields an appar-
ent Re-Os age (202:3+5.8Ma, 2c uncertainty)
indistinguishable from the “°Ar/*°Ar ages of the
Moroccan CAMP, with a '80s/'®0s intercept of
0-1236 + 0-0089. While this apparent age has no geo-
chronologic significance, Fig. 17a suggests that the Re/
Os isotopic system remained nearly closed since the
eruption of the lava flows at about 201Ma. Initial
870s/1880s; ranges from 0-109 + 0-004 to 0-136 = 0-017
for all samples except the Recurrent sample AN24,
which has an initial ratio of 0-4563 +0-077. In detail,
Lower flows have relatively uniform'® 0s/'®80s;
(0-127 = 0-03, 10) compared to the heterogeneous
Intermediate and Upper flows. These latter units yield
the lowest (c.0-11) and highest '8’0s/'®%0s; (c.0-14)

values among the studied units. This may reflect the
fact that the Lower basalts have the highest Os contents
and thus the lowest '®"Re/'®80s ratios and so are sub-
ject to the smallest corrections for radiogenic ingrowth,
leading to the most robust estimates of initial ratio. In
general, Os isotopic compositions are poorly correlated
with Sr—-Nd-Pb isotopic compositions, with the excep-
tion of Lower unit samples which show a relatively
good correlation for Os vs Nd and Pb isotopic ratios
(Fig. 17).

The differences in isotopic composition among the
four units are also highlighted for some sections ana-
lysed in detail (Figs 14 and 15). In particular, at
Tiourjdal, Sr—Nd-Pb-Os isotopic data are available for
all the four units and show a similar &Sr/2®Sr, for Lower
and Intermediate flows and then a decrease for Upper
and Recurrent samples; "**Nd/'**Nd; is slightly higher
for Lower and Upper flows compared to Intermediate
ones, whereas the Recurrent basalt yields the highest
value. Although not shown in the figures, Pb and Os iso-
topes show comparable variations, with almost indistin-
guishable isotopic ratios in Lower and Intermediate
flows, showing the lowest values for the Upper basalt
and the highest values for the Recurrent basalt. Similar
variations can also be seen for the Ait Ourir (northern
central High Atlas), Ahouli (Midelt) and Maaziz (western
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Fig. 16. Initial (at 201 Ma) Sr—Nd-Pb isotopic compositions of Moroccan CAMP lava flows and intrusives. Data for other CAMP low-
Ti (TiO, < 2-0 wt %) and high-Ti (TiO, > 2-0 wt %) samples are from Alibert (1985); Dupuy et al. (1988); Pegram (1990); Puffer (1992);
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assimilants used in modelling are given in Table 5.

Meseta), although the isotopic data are sparser for
these sections.

Isotopic compositions are in general poorly corre-
lated with major and trace element concentrations and
ratios. The best, although still scattered, correlations
are shown between ®Sr/2®Sr, and SiO, and La/Yb
(Supplementary Data Electronic Appendix 1; supple-
mentary data are available for downloading at http://
www.petrology.oxfordjournals.org), which is consistent
with the cited differences among the four lava flows
units. No correlations are observed with MgO, Mg# or
any incompatible element variations, neither at global
or intra-unit variation scales.

Comparison with other CAMP basalts

Compared to other CAMP basalts, those from Morocco
plot within the field of low-Ti samples from Africa,
Europe, North and South America in terms of major

and trace element contents and of Sr, Nd and Pb isotop-
ic compositions (Figs 16 and 18). Marzoli et al. (2018)
identified six main geochemical groups of magmatic
compositions from the entire CAMP (Fig. 18). In detail,
Moroccan Lower basalts belong to the Tiourjdal group
along with some dykes and sills from Mali (Taoudenni
Basin; Verati et al.,, 2005) and with Lower lava flows
from Algeria (Meddah et al., 2017). Samples of this
group are significantly more enriched in terms of in-
compatible trace element contents and have higher
ratios of strongly vs moderately incompatible elements
(e.g. La/Yb) than any other group of low-Ti CAMP rocks
from the circum-Atlantic basins (Portugal, Canada,
U.S.A.; Tollo & Gottfried, 1992; Callegaro et al., 2013,
2014a; Merle et al., 2014) or from Brazil and Bolivia (De
Min et al., 2003; Merle et al., 2011; Bertrand et al., 2014;
Marzoli et al., 2018). However, the Sr—-Nd-Pb isotopic
compositions of Moroccan Lower flows and of the
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Fig. 17. Re-Os isotopic compositions of CAMP lava flows from Morocco. (a) ' 0s/'®0s vs '®’Re/'®0s diagram showing alignment
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Table 4: Re-Os isotopic data. Os isotopic ratios were normalized to '°20s/'®80s = 3.08271

Unit [Rel (ppt) [Os](ppt) '®OsM g’ '80s/'®80s 2o 187Re/1%80s 20 18705/'%80s,01ma 20

AN 49 lower 269 75-6 5.24E-14 0-18427 0-00055 17-3 0-333 0-1263 0-0012
AN 32 lower 176 3218 2.24E-13 0-13615 0-00034 26 0-065 0-1273 0-0004
AN 134 lower 340 1085 7-53E-14 0-17481 0-00058 15-2 0-306 0-1239 0-0012
AN 132 lower 130 482-1 3.36E-13 0-13507 0-00063 1.3 0-050 0-1307 0-0007
AN 18 intermediate 678 393 2-66E-14 0-39718 0-00123 85-8 1.256 0-1093 0-0044
AN 138 intermediate 365 152-6 1-06E-13 0-16408 0-00050 116 0-243 0-1253 0-0010
AN 39 intermediate 639 44.7 3.04E-14 0-35646 0-00130 70-8 1-032 0-1191 0-0037
AN 510 intermediate 465 50.7 3.46E-14 0-29484 0-00148 45.2 0-602 0-1431 0-0025
AN 141 upper 446 351 2-40E-14 0-32465 0-00132 62-6 1.022 0-1146 0-0037
AN 22  upper 526 22.3 1-47E-14 0-53935 0-00301 120-2 1.5638 0-1361 0-0060
AN 540 upper 559 57-4 3.93E-14 0-27114 0-00097 479 0-563 0-1105 0-0021
AN 44  recurrent 1953 33.7 2-07E-14 1-1994 0-0060 3171 4.735 0-136 0-017

AN 24  recurrent 5502 34.2 1.51E-14 4.564 0-037 1225.4 20-153 0-453 0-077

All uncertainties are 2c. Uncertainties listed for the measured "®’0s/'880s ratios include those related to in-run statistics, standard
reproducibility and blank variability. Initial ratios were calculated using a decay constant |=1-666 x10-11 (Smoliar et al., 1996).
Uncertainties on initial ratios include those related to in-run errors, blank corrections and weighing errors. Uncertainties on age
and '®"Re decay constant are not included as these produce systematic rather than random errors on initial ratios.
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Tiourjdal group samples in general fall in the field of
most other low-Ti CAMP rocks.

Intermediate and Upper basalts belong to the
Prevalent group (Marzoli et al., 2018) and share incom-
patible element contents and ratios with the oldest
basalts from the Newark basins (e.g. Orange Mt. basalt),
all CAMP basalts from SW Europe and some Taoudenni
dykes from Mali (Cebria et al., 2003; Verati et al., 2005;
Martins et al., 2008; Callegaro et al., 2014; Merle et al.,
2014). Intermediate Moroccan basaltic andesites display
some of the highest 2°’Pb/?**Pb; and thus A7/4 of all
CAMP rocks and the Moroccan Upper basalts yield
among the least radiogenic Pb isotopic compositions of
CAMP low-Ti samples (except for SE-USA dykes;
Callegaro et al., 2013).

Finally, Recurrent basalts from Morocco along with
the Hook Mt. and Hampden basalts from the U.S.A.
(Merle et al., 2014) belong to the Recurrent group
(Marzoli et al., 2018) and yield among the lowest Sr and
highest Nd and Pb isotopic ratios of all CAMP low-Ti
basalts. This rock group is also characterized by similar
systematics in trace element contents and ratios, for ex-
ample little fractionated MREE/HREE patterns.

Several of the Moroccan samples show lower
870s/1880s; than the great majority of CAMP rocks so
far. In particular, four samples (two Intermediate and
two Upper basalts) display '®’0s/'®0s; lower than
0-120, implying derivation from a mantle source that
experienced melt extraction more than 1-3 billion years
ago (assuming that the '®Re/'®0s ratios of these sam-
ples have been unperturbed). This has rarely been
observed elsewhere in the CAMP province. On the other

hand, the Lower basalt samples, which have the highest
Os concentrations, have '80s/'80s; values fairly close
to those analysed so far within the CAMP and close to
the Primitive Upper Mantle (PUM) value at 201 Ma
(0-1281 += 0-0008, derived from the present-day value of
PUM of 0-1296; Meisel et al., 2001).

DISCUSSION

The CAMP in Morocco: age, duration,
volcanostratigraphic correlations

Geochemical data show that the lava flow sequences
share similar time-related variations throughout
Morocco (Figs 14 and 15). In particular, throughout
Morocco, lava flows of the Lower and Intermediate
units are nearly ubiquitous. The thickness of Lower
basalts diminishes from south (Central High Atlas,
Argana) to north (Middle Atlas and Meseta), while that
of Intermediate basalts increases. Upper flows are rela-
tively less abundant but can be found in the Central
High Atlas and Middle Atlas, while they are (to our
knowledge) absent in the Eastern and Western Meseta
and at Argana. Recurrent lava flows are limited to the
Central High Atlas.

Combined with previously published geochrono-
logic, magnetostratigraphic and palynological data
(Sebai et al., 1991; Knight et al., 2004; Marzoli et al.,
2004; Nomade et al., 2007; Verati et al., 2007; Blackburn
et al., 2013; Davies et al., 2017; Panfili et al., 2019) the
ages presented in this study, paleomagnetic and geo-
chemical data constrain the emplacement history of the
CAMP in Morocco. The new “°Ar/*°Ar ages for the
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Middle Atlas and Meseta lava flows are similar to those
for the Central High Atlas (previous and new data) and
suggest a synchronous eruption all over Morocco with
peak activity at ¢.201-4 Ma (Figs 2 and 6). The now quite
large set of *CAr/°Ar ages for the Lower and
Intermediate unit lava flows (15 and 8 ages, respective-
ly) suggests also that Lower and Intermediate lavas
were erupted over a short time span. These findings are
consistent with new palynological data (Marzoli et al.,
2004; Deenen et al.,, 2010; Panfili et al.,, 2019), which
show that Lower to Upper basalts from throughout
Morocco were emplaced on sedimentary strata with an
identical palynological association, i.e. with identical
biostratigraphic age. Combined with carbon isotope
data on the associated sedimentary strata (Deenen
et al., 2010; Dal Corso et al., 2014), the palynological
data suggest that the Lower to Upper basalts were
erupted at the very beginning of the end-Triassic extinc-
tion interval (c.201-51 = 0-15 Ma) and ceased their activ-
ity before the Triassic-Jurassic boundary
(c.201-36 = 0-15Ma; U/Pb ages from Schoene et al.,
2010, recalculated by Wotzlaw et al., 2014). The new
magnetostratigraphic data for the Middle Atlas and
Meseta sections, even if slightly more scattered than
similar data for the Central High Atlas (Knight et al.,
2004), confirm that lava flows from northern Morocco
were also erupted in short successive pulses. Following
Knight et al. (2004) and Font et al. (2011), five volcanic
pulses may have occurred in Morocco. Finally, the new
U/Pb age for the Amelal sill sample LV34
(201-569 * 0-042 Ma), which we correlate to the Lower
unit, constrains the onset of the CAMP volcanism in
Morocco. This age is identical to the U-Pb age
(201-564 + 0-054 Ma) obtained by Blackburn et al. (2013)
for an Amelal sill sample, which those authors attrib-
uted to the Intermediate unit. These ages suggest that
emplacement of Lower and Intermediate basalts was
essentially synchronous, given that their age difference
is less than ¢.0-1 Ma considering the uncertainty on the
ages. Based on field evidence and on previous geochro-
nologic data, only Recurrent basalts seem to be signifi-
cantly younger than the main peak of CAMP activity in
Morocco, consistent with the separation by about 50 m
of sediments. However, our new mini-plateau age for
the Recurrent basalt AN24 (201-15 = 0-70 Ma) suggests
that the time interval between emplacement of the peak
volcanic activity (Lower to Upper flows) and emplace-
ment of the Recurrent basalt may have been relatively
short (<1 Ma).

The global picture that emerges, based on paleo-
magnetic, palynological, geochronologic data, is that of
a very rapid emplacement (possibly in less than 0-1 Ma)
of over 95 vol. % (i.e. Lower to Upper units) of the bas-
altic lava flows. All over Morocco, lavas of each unit
have near-identical composition and lava piles display
near-identical stratigraphic evolution. CAMP lava flows
were probably present in the entire High Atlas basin,
even if in Eastern Morocco they are probably buried
under the Jurassic and Cretaceous sedimentary cover.

On the other hand, there are no observations demon-
strating that CAMP lavas ever flowed out of the basins,
i.e. that they flooded over the Hercynian basement. It
also remains unclear if CAMP magmas were erupted in
the Anti Atlas (see next section). Taking into account the
area shown by the dashed line in Fig. 1b, the CAMP in
Morocco may have reached a total surface area of
about 0-13 million km?. Considering an average thick-
ness of the lava piles of 100 m, the total erupted volume
would be around 10*km? and the average eruption rate
about 0-1km?®/year, assuming a duration of 0-1Ma.
Such an eruption rate is comparable to that at Hawaii
(Lipman et al., 2006; Jourdan et al., 2012). However, if
we consider that Lower to Upper CAMP flows in
Morocco were erupted in four pulses each lasting about
400 vyears (Knight et al., 2004; Font et al., 2011), the erup-
tion rate during the pulses would be about 8 km®/year.
Such an eruption rate is over one order of magnitude
higher than at Hawaii and similar to e.g. the Laki erup-
tion in Iceland (15km® in 9months during the years
1783-1784), which had a considerable effect on the cli-
mate in the northern hemisphere (Thordarson & Self,
1993).

Magmatic plumbing system: dykes and sills from
the Anti Atlas, Argana and the Jbilets Mts
Correlations of intrusive rocks from the Anti Atlas, the
Argana Valley (Amelal sill) and the Jbilets Mountains
with effusive rocks are based on geochemical analyses.
In particular, the best constraint is provided by compari-
son of minor (Ti and P) and trace element (e.g. HFSE
and REE) contents and ratios. The overlap of major
element compositions of intrusive and effusive rocks is
not perfect. This is probably due to the fact that, unlike
most of the lava flows, dykes and sills are significantly
different from near-liquidus melt compositions. Isotopic
data are also useful to correlate intrusive and effusive
rocks, even if the &Sr/%8Sr, of the intrusive rocks seems
to be slightly modified by alteration effects.

Our geochemical data and field observations indi-
cate that the large dykes and sills were formed mainly
by magmas of the Intermediate and Upper units. In the
Anti Atlas, multiple intrusions of magmas with
Intermediate and Upper composition occurred at some
localities along the ~200 km long Foum Zguid dyke (e.g.
near Bou Azzer or near Tanzirt, Fig. 1b). This indicates
that the Foum Zguid dyke was intruded by composition-
ally distinct magmas probably during successive
magma injection events. Near Tissint, a small dyke par-
alleling the main Foum Zguid dyke can be assigned to
the Recurrent unit, while the main body of the Foum
Zguid dyke corresponds to the Intermediate unit.
However, it remains unclear if the Anti Atlas dyke sys-
tem ever fed any lava flows. It is notable that the ¢. N30
orientation of the Foum Zguid dyke does not intersect
the areas where CAMP lava flows crop out in the High
Atlas. Notably, the Foum Zguid dyke runs along the
main axis of the Anti Atlas Paleozoic basins and and

6102 Jaquieoa( ¢ uo 1senb Aq //15/¥S/St6/S/09M0ensqe-aoie/ABojoned/woo dno-oiwspese//:sdny wolj pepeojumoq



Journal of Petrology, 2019, Vol. 60, No. 5

977

0

calculated from augite-whole-rock
~ 02 T
] ~
Y]
¢ | TR
o
= 0 a >
% 0.4 = =
G >
o =
& z B
Boot |2 E
]
= 2 g
E @ M Recurrent 0%17\\
0.8 o 0
Upper
@ [0 Intermediate
Q Lower
l L L ﬂ L L u L o ﬂ L L
1140 1165 1190 1215 1240

calculated Temperature (°C)

Fig. 19. Pressure (GPa) — temperature (°C) conditions calcu-
lated after Putirka et al. (1996) and Putirka (2008) from augite
and whole-rock compositions for the four magmatic units.
A test for equilibrium of augite and whole-rock has been done
following criteria outlined in Putirka et al. (2009). The parame-
ters have been calculated for two Lower, four Intermediate,
three Upper and two Recurrent samples. The cross indicates
approximate uncertainties on pressure and temperature esti-
mates, due to analytical uncertainties and uncertainties related
to the thermobarometer.

intrudes Proterozoic basement and Paleozoic sedi-
ments. It follows the direction intruded by a late
Proterozoic dyke.

The few samples from the Jbilet dyke (except sample
AN320 akin to the Lower basalts) and NNE-SSW orien-
tation of the dyke, pointing towards the Argana Valley,
suggest that this rather large (even if poorly outcrop-
ping) dyke fed the Intermediate lava flows of the Argana
basin. The Amelal sill in the Argana basin was mainly
formed by Intermediate-type magmas (Fig. 12). Only
one sample (LV37) approaches the Upper magma com-
position, even if it should be considered that pervasive
alteration of this rock hinders a clear correlation with
lava flow compositions. One sample from the central
part of the Amelal sill (LV34) has a composition quite
different from the rest of the Amelal rocks; LV34 is simi-
lar to Lower lava flows, even if its geochemical overlap
with the Lower basaltic lava flows is not perfect.
Sample LV34 is of major importance, since it contains
zircon and yielded a U/Pb age. LV34 has an evolved
composition (MgO = 4.66 wt %, SiO, = 54-86 wt %) and
relatively high contents of incompatible major (TiO,
1-87 wt %, P,0Os5 0-21wt %) and incompatible trace ele-
ments (e.g. Th = 3 9ppm; Nb = 122ppm; La =
18-:3ppm; Zr = 175ppm), as well as high values for
most ratios of strongly to moderately incompatible ele-
ments (e.g. TiO,/Y, Zr/Y; Fig. 12). These values are simi-
lar to those of the Lower lava flows and clearly higher
than those shown by even the most evolved
Intermediate lava samples. They are also different from
the values of all other Amelal sill samples, which in-
stead are of Intermediate or Upper affinity. However,
LV34 differs from Lower basalts in terms of its relatively

low La/Yb (519, while most Lower basalts have La/Yb
>6-2). In general, it may be concluded that the Amelal
sill is composite in composition, i.e. it was formed by
multiple intrusions of distinct magma batches.
However, the Amelal sill is not only quite altered but
also coarse-grained, making the comparison with lava
flow samples difficult.

In general, one pattern that emerges is that intrusive
rocks with compositions pertaining to the Lower unit
are virtually absent in Morocco with the possible excep-
tion of the U/Pb dated Amelal sill sample LV34 and of a
Jbilet dyke sample (AN320). The reason for the lack of
outcropping Lower-type dykes and sills is unclear and
we can only propose tentative interpretations. For ex-
ample, it may be suggested that during the initial stages
the magmatism was focused mainly in the Triassic rift
basins, where the extension was strongest. Therefore,
Lower basalts are present only in those basins and are
thickest in the High Atlas in particular. Later, during
more mature extension, Intermediate to Upper basalts
were also emplaced outside the Triassic basins.

Pressure, temperature, H,O content and oxygen
fugacity of CAMP magmas
Clinopyroxene phenocryst compositions can be used to
constrain the pressure-temperature conditions of the
magmas before eruption or intrusion. However, it
should be noted that none of the investigated magmatic
rocks corresponds to a primary (or near-primary) mag-
matic composition, i.e. all the samples are evolved and
their calculated temperatures and pressures are most
probably lower than those of their parental magmas.
Equilibrium temperature and pressure were calculated
after Putirka et al. (1996; see also Putirka, 2008; Neave &
Putirka, 2017) for augite compositions that are consid-
ered in equilibrium with their host rock (Fig. 19).
Following criteria outlined, for example, in Putirka et al.
(2009), equilibrium augites should have Fe?*/Mg, which
ranges between 0-27 and 0-33 that of the whole-rock
(assuming that Fe?* equals to Fey: in augites and is
87% of Fey in the whole rocks). Moreover, the differ-
ence between calculated and observed clinopyroxene
components should not exceed 5% relative error.
According to these criteria, few augites from the Lower
basaltic andesites are in equilibrium with their host
rock, while a large number of augites from the other
three units could be selected for pressure-temperature
calculation. It should also be noted that the calculated
pressure and temperature is strongly controlled by the
Na concentration measured in the augites (Na,O ranges
generally between 0-15 and 0-25wt % for all analysed
augites). Since the analytical uncertainty for electron
microprobe analysis of this relatively volatile element is
conservatively estimated at ca. 10%, this propagates
uncertainties of ¢.0-1GPa and ¢.15°C to the calculated
pressures and temperatures, respectively.

Calculated pressures (c.0-2-0-6 GPa) and tempera-
tures  (c.1180-1220°C) obtained from  augite
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compositions are broadly similar for effusive rocks
from the Lower, Intermediate and Upper units. In detail,
a subset of the Intermediate flows are characterized by
slightly lower calculated pressures for a given tempera-
ture, relative to both Lower, Upper and other
Intermediate lavas (Fig. 19). The Lower unit has the
smallest P-T range of all units, slightly displaced on
average toward both higher equilibrium depths and
lower temperatures relative to those of Intermediate
and Upper units (Fig. 19). Although Recurrent lavas are
equilibrated in a pressure range encompassed by those
(c.0-2-0-4 GPa) of Lower, Intermediate and Upper sam-
ples, they have significantly lower equilibrium tempera-
ture (¢.25°C less for a given pressure). With regard to
intrusive rocks, the T-ranges calculated for an
Intermediate unit sample from the Foum Zguid dyke
and for a small Recurrent-unit dyke from the Anti Atlas
are shifted toward lower values than those of their erup-
tive counterparts at similar pressure ranges, which is
most probably due to the slow cooling of the intrusions.
Calculated pressure ranges obtained for augites from
intrusive rocks are roughly consistent with estimated
thickness of the sedimentary strata (about 5km) under
which these magmas intruded in the Anti Atlas, as well
as with the depth range of CAMP sill intrusions in east-
ern North America (c.5km, e.g. Weems et al., 2016).

The geobarometric data suggest that crystallization
of most augites mainly happened at mid-crustal depths
(7 to 20 km). This indicates that Moroccan CAMP basalts
were mainly erupted from a mid-crustal plumbing sys-
tem, assuming that the crust was not significantly
thinned due to extensional tectonics. At the regional
scale, it is important to notice that mid-crustal plumbing
depths (10-20km) have also been estimated for the
Freetown layered complex (Chalokwu, 2001; Callegaro
et al., 2017). In addition, since none of the analysed rocks
can be considered as primary and since most analysed
augites would be in equilibrium with a relatively evolved
magma (Mg#<60), it is likely that significant early frac-
tionation may have occurred at depths higher than those
yielded by the analysed augites. Such high pressure
fractionation may have been located at or close to the
Moho, or even within the uppermost mantle, where it is
generally considered that primary LIP magmas may dif-
ferentiate to more evolved compositions by fraction-
ation of mafic minerals (cf. Cox, 1980; Hole, 2018).

Pigeonite crystallization temperatures have also
been calculated following Ishii (1975). The calculated
values range between ¢.1050 and 1180 °C for most ana-
lysed pigeonite crystals. A slightly lower crystallization
temperature for pigeonite compared to augite seems
consistent with petrographic observations, which indi-
cate that pigeonite is a relatively late crystallizing min-
eral. Among all pigeonites, those from the Recurrent
basalts yield the lowest temperatures (<1080 °C).

Plagioclase crystallization temperatures calculated
after Thy et al. (2013) range between 1100 and 1220°C
for most analysed crystals. Again, Recurrent basalts
yield the lowest values (<1170°C), while most Upper

basalts yield temperature higher than 1170°C. Similar
temperatures have been obtained with the plagioclase-
melt geothermometer of Putirka (2005).

MELTS modelling (Ghiorso & Sack, 1995) further
constrains the liquidus temperature for the Moroccan
samples. Representative samples from the four units
yield liquidus temperatures of about 1180 to 1220°C at
0-1GPa, rising to 1250-1280°C at 0-5GPa and 1320-
1350°C at 0-9 GPa for dry conditions (Fig. 19). Slightly
hydrous conditions (1wt % H,0) would decrease the
liquidus temperature by about 60°C. The liquidus tem-
peratures provided by MELTS at pressures of 0-1 and
0.7 GPa are compared to the P-T estimates for the
augites, based on Putirka’s (1996) geothermobarome-
ter. Assuming that the augites crystallized at tempera-
ture slightly lower than the liquidus temperature, dry to
weakly hydrous conditions (e.g. 0-0-5wt % H,0) may
be suggested for the Lower and Intermediate magmas.
On the contrary, a slightly higher depth of crystallization
and slightly more hydrous conditions (approximately
1-0wt %) may be suggested for some Upper basalts in
order to fit both their liquidus temperature calculated
with MELTS and their calculated clinopyroxene crystal-
lization temperatures. The high anorthite component in
plagioclase from the Upper basalts may support rela-
tively high water contents in these magmas. The hy-
grometer of Putirka (2005) indicates the presence of
higher H,O contents in Upper and Recurrent basalts
compared to Intermediate basalts and Lower basaltic
andesites. However, the water contents estimated using
the Putirka (2005) hygrometer (c.2-0 wt % for Upper and
Recurrent basalts; ¢.1-0-1-5wt % for Intermediate and
Lower samples) seem to be too high for the tholeiitic
basalt compositions of the studied rocks. Moreover,
these calculated water contents appear higher than
those obtained with MELTS modelling.

Pairs of unexsolved Ti-magnetite and ilmenite micro-
phenocrysts analysed in some Lower, Intermediate and
Recurrent flows and one sill from Argana (geochemi-
cally similar to the Intermediate flows) yielded equilib-
rium temperatures ranging from about 1350 to 790°C.
The calculated oxygen fugacity values range from 107
to 108 bar, corresponding to slightly more reduced val-
ues than the QFM buffer (the highest T and fO, values
refer to the Amelal sill from the Argana valley). Such
relatively low fO, values are typical of low-Ti CAMP
basalts in general (Marzoli et al., 2018) as well as of
other low-Ti LIP basalts (e.g. Melluso et al., 1995).

Mineral trace element contents and calculated
magmas

Mineral minor and trace element contents contribute to
our interpretation of the genesis of the CAMP magmas
in Morocco. The first observation is that augite and
plagioclase have minor and trace element contents and
trace element ratios that are generally consistent with
the distinct whole-rock compositions of the four re-
spective units. For example, Lower unit augites have
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the highest La/Yb ratio, while this ratio is lowest in
Recurrent basalt augites. Further systematic differen-
ces, consistent with whole-rock variations, are shown
for example by Ba and Sr contents in plagioclase and
by Ti and Zr in augite (see also Bertrand, 1991).

Compositions of equilibrium melts were calculated
using the partition coefficients of Bédard (2014) and of
Aigner-Torres et al. (2007) for augite and plagioclase,
respectively (Fig. 20; Supplementary Data Table S9;
supplementary data are available for downloading at
http://www.petrology.oxfordjournals.org). Despite
uncertainties related to the chosen partition coeffi-
cients, a quite good overlap of calculated melt and host
whole-rock fields is obtained for REE data (LREE for
plagioclase) or Ce/Y ratio, for example. The slightly
more depleted calculated magma vs observed whole-
rock compositions may be either due to the chosen par-
tition coefficients or to the fact that the crystal cores
analysed by LA-ICP-MS may have crystallized from
slightly less evolved magmas compared to those repre-
sented by the whole-rocks. However, the trace element
patterns and incompatible trace element ratios of the
calculated melts generally overlap with the whole-rock
compositions and display features typical of CAMP
basalts. This is true, for example, for low TiO, contents
and slightly enriched REE patterns (Fig. 20e).

In detail, however, some significant differences be-
tween the calculated melts and observed whole-rock
compositions must be noted. First, REE patterns of
melts calculated from augites of the Lower basaltic
andesites and to a lesser extent those from Recurrent
basalts and from a few Intermediate samples, exhibit
Eu troughs (Fig. 20e and f). This suggests that plagio-
clase crystallized early in these magmas. Except for the
Eu anomalies, REE patterns calculated from Recurrent
unit augites are nearly flat (Fig. 20f), with chondrite nor-
malized LREE/HREE ratios close to or below 1-0 (Ce/Yby
= 0-7-1-2, mean 0-9), while the associated whole-rocks
have slightly enriched LREE (Ce/Yby = 1-2-1-3).

A further notable difference between whole-rocks
and melts calculated from augite compositions pertains
to the Intermediate unit. Melts calculated from augite
compositions from the Intermediate unit overlap with
the compositions of Upper basalt whole-rocks, for ex-
ample for REE contents and ratios (e.g. Ce/Yb and Ce
contents) and for TiO, (Fig. 20), Sr and Zr contents
(these latter elements are not shown in Fig. 20). In con-
trast, melts calculated from plagioclase from the same
Intermediate rocks have enriched LREE and Sr com-
pared to melts calculated from augites and overlap with
Intermediate whole-rock compositions. This may sug-
gest that the analysed augites of the Intermediate unit
are in fact antecrysts or xenocrysts crystallized from
magmas similar to the Upper basalts, pointing to an
open-system evolution. On the contrary, the plagioclase
crystallized as phenocrysts from the Intermediate unit-
type melt.

Fractional crystallization at crustal depths

Whole-rock major and trace element variations within
each group of lava flows, i.e. Lower, Intermediate,
Upper and Recurrent basalts are relatively limited, hin-
dering recognition of clear magma evolution trends.
Recurrent basalts are slightly more evolved than Lower
to Upper basalts, i.e. they have relatively low MgO con-
tents. This is also confirmed by the negative anomalies
of Sr and Ti, which argue for a significant plagioclase
and oxide fractionation in the Recurrent basalts.
Consistently, Recurrent basalts also yield lower crystal-
lization temperatures based on augite, pigeonite and
plagioclase geothermometers. Intrusive rocks display a
slightly larger major element compositional range than
the lava flows, but this may be related to mineral accu-
mulation rather than to fractional crystallization.

Figure 11 shows liquid lines of descent calculated
using MELTS (Ghiorso & Sack, 1995) from the same
parental melt (Lower magma AN133) at distinct pres-
sure conditions (0-1 and 0-9 GPa). Moreover, we also
plotted the liquid line of descent at 1 GPa of a calculated
primary liquid with a MgO content of about 15wt %.
The composition of this primary melt is calculated with
the pMELTS software (Ghiorso et al., 2002) for 8% par-
tial melting of KLB1 peridotite (e.g. Hirose & Kushiro,
1993; Baker & Stolper, 1994) at 1-5 GPa. Redox condi-
tions for the fractional crystallization models are set at
the QFM buffer and initial water contents are 0-5wt %
for AN133 and 0-4 wt % for the calculated primary melt.
Notably, water contents influence the temperature of
saturation for plagioclase, while fO, influences the crys-
tallization temperature of Fe-Ti-oxides. However, by
varying these parameters in a reasonable manner, i.e.
consistent with the mineral compositions, MELTS liquid
lines of descent still do not reproduce the entire range
of the Moroccan CAMP basalts and basaltic andesites,
starting from a single parental magma (Fig. 11). In par-
ticular, the differences in SiO,, TiO,, CaO, Al,O3, P,0s5
among the four units cannot be attributed to closed-
system fractional crystallization processes, but require
distinct parental magmas or open-system conditions,
e.g. distinct crustal assimilation processes. Likewise,
the systematic differences in incompatible element con-
tents and ratios (e.g. La/Yb, Zr/Y; Fig. 12) among the
four lava flow units cannot only be attributed to low-
pressure, closed system differentiation involving crys-
tallization of the observed mineral phases (clinopyrox-
ene, plagioclase, olivine, Fe-Ti oxides). Notably, the
distinct Sr, Nd and Pb isotope compositions of the four
units formally exclude the possibility that they differen-
tiated from the same parental magma under closed-
system condititons.

Mass balance calculations have been performed to
further constrain the fractionating mineral assemblage.
The transition from a relatively little evolved (AN37) to a
more evolved Lower basaltic andesite (AN66) would be
consistent (sum of square residuals, ZRZ = 0-19) with
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21wt % fractionation of clinopyroxene (10 wt %), plagio-
clase (5wt %), olivine (4wt %) and magnetite (2wt %).
Likewise, an evolved Upper basalt (AN213) could be
derived from a little evolved Upper basalt (AN725) by
45wt % fractionation of clinopyroxene (31wt %), plagio-
clase (10wt %), olivine (2wt %) and magnetite (2wt %;
S"R?=10-19).

Open system differentiation

Interaction with the continental crust in the magmatic
plumbing system is nearly inevitable in high magma
flux systems and may significantly modify the composi-
tions of evolving magmas, notably their isotopic ratios
(e.g. Kerr et al., 1995; Tegner et al., 2005). Mineral and
whole-rock data suggest differentiation of Moroccan
CAMP magmas in mid to upper crustal magma cham-
bers, as well as probably in deeper magma chambers
where the primary mantle-derived magmas initially
evolved. To develop a full understanding of the possible
effects of assimilation of the local crust, we would need
a complete geochemical data set representative of
upper and lower crustal rocks. However, Pb and Os iso-
topic data are missing and Sr—Nd isotopic analyses are
quite rare for the local lower crustal rocks.

The local basement was principally formed during
three orogenic cycles, the Eburnean (c. 2-1Ga), Pan-
African (c. 0-6 Ga) and Hercynian events (c. 0-3 Ga). Pan-
African granitic rocks from the Anti Atlas in southern
Morocco (e.g. Toummite et al., 2013) yield Sr and Nd
isotopic ratios (calculated for 201Ma) in the range
0-706-0-712 and 0-5122-0-5124, respectively, probably
in the same range as most Hercynian rocks from the
Meseta in central-northern Morocco (e.g. Chalot Prat,
1995). Eburnean felsic rocks cropping out in the Anti
Atlas are both more evolved and older, yielding more
extreme isotopic compositions (8’Sr/2®Srygima> 0-740;
"“3Nd/"*Ndyo1ma generally in the range 0.511-0-512;
Ennih & Liégeois, 2008). Pb isotopic data for the local
upper crust are not available, however Saharan dust
has been analysed for Pb isotopes (Grousset & Biscaye
(2005) and references therein) and such data will be
used here as proxies for the upper crust (Table 5). Sr—
Nd isotopic ratios of Middle Atlas granulitic xenoliths,
entrained in Cenozoic—Quaternary alkali basalts, range
from 0-705 to 0-718 and from 0-5121 to 0-5117, respect-
ively (Moukadiri, 1999). These are the only available
proxies for the composition of the lower crust. Since no
Pb isotope data are available for these granulites and
since world-wide granulites cover a very wide spectrum
in Pb isotopic space (Meyzen et al., 2005), we consid-
ered for the Moroccan granulites end-member compo-
sitions with either very low or very high Pb isotopic
ratios (2°°Pb/2°*Pb = 17 or 19, respectively). Finally, Os
isotopic values have been calculated considering esti-
mated average upper and lower crustal values (Saal
et al., 1998; Peucker-Ehrenbrink & Jahn, 2001) and the
distinct ages of the considered crustal contaminants.

The considered crustal compositions are reported in
Table 5.

EC-AFC modelling (Spera & Bohrson, 2001) starting
from a composition similar to an Upper basalt, shows
that crustal assimilation explains part but not all of the
geochemical variations observed in the Moroccan
CAMP basalts (Figs 12 and 16). In particular, variations
within each unit, for example the Nd isotopic composi-
tions of Lower and Intermediate basaltic andesites can
be reproduced by quite small amounts of assimilation
of upper crustal rocks (for example ¢.5-8% assimilation
of the Eburnean granite). For such low degrees of as-
similation of Eburnean granitic rocks, the shift of Sr, Nd
and Pb isotopic ratios is moderate (¥7Sr/2®Sr from
07055 to 0-7065; 2°°Pb/?°*Pb from 18-20 to 1851,
"43Nd/"*Nd from 05124 to 0-5122, respectively), con-
sistent with the observed data. On the contrary, the Os
isotopic ratio changes substantially (e.g. '®’0s/"®0s
would change by about 0-03), though this range is
speculative given that the Os composition of both the
contaminant and the starting magma, as well as the Os
partition coefficients, are poorly constrained. If the par-
ental magma is assumed to have a ' 0s/'®0s ratio of
0-125, a highly plausible composition for a mantle-
derived magma at 200 Ma, coupled with a "**Nd/"**Nd
ratio of 0-5124, calculated Os vs Nd isotopic variations
due to assimilation of Eburnean granite are comparable
to the observed variations displayed by the analysed
Lower unit samples. Similar curves could be compatible
with variations of most Upper and Intermediate sam-
ples, but only if a magma with very low '®70s/'®%0s
(~0-110) is used as the starting composition (Fig. 17c),
which seems extremely unlikely.

Assimilation of Pan-African granites would also be
compatible with the observed Sr-Nd-Pb isotopic varia-
tions, but would require higher assimilation degrees
(>15%). Assimilation of granulitic rocks with low
208pp,204p (e.g. 17-5) does not reproduce the observed
Pb isotopic variations, while assimilation of about 10%
high 2°°Pb/2°*Pb (19.0) granulite could be consistent
with the observed Sr-Nd-Pb isotopic data. In Nd-Os
isotopic space, the calculated EC-AFC trends for granu-
lite assimilation are not consistent with the observed
data for variations within the Lower basaltic andesite
group, but could explain the relatively high '¥’0s/'®80s
of one Intermediate and one Upper sample (Fig. 17c). It
could perhaps also explain the relatively higher
870s/1880s,01ma Of Lower vs two of the three Upper
basalts. Nevertheless, caution should be used when
interpreting the initial '®’0s/'®0s values of samples
with highly radiogenic measured Os compositions as
these require large age corrections. Such large correc-
tions could be influenced by small perturbations in the
measured '®"Re/'®80s ratios caused by minor geologic-
al alteration or non-recognized analytical factors. It is
perhaps significant that the initial '8’0s/'®®0Os ratios of
all samples with "®’Re/'®0s <20 are restricted to a fair-
ly narrow range (0-1239 to 0-1307).
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variability within the Recurrent unit is negligible, in gen-
eral, hampering any assimilation modelling.
Nonetheless, some level of crustal contamination is still
plausible for Recurrent basalts, as suggested in particu-
lar by the high "®”0s/'%0s; of sample AN24, well above
that of typical mantle-derived basalts. This sample
yields a low Os (34 ppt) and strikingly high Re concen-
tration (5502 ppt) and thus a quite large uncertainty on
the Re/Os ratio, resulting in a very large uncertainty
after error propagation on the calculated initial Os iso-
topic composition (0-453 = 0-077). Nevertheless, even
taking the uncertainties into account, the initial Os iso-
topic composition of this sample is much more radio-
genic than expected for any mantle-derived melt. Such
a high Os isotopic ratio would suggest the assimilation
of at least 22% of a granitic rock with ¥0s/'%80s = 1.2
and about 300 ppt Os content (an improbably high Os
concentration for a granite), starting from a parental
magma with '80s/'®0s; of 0-130 and 300 ppt [Os].
Alternatively, and probably more realistically, the ex-
tremely high Re content of this sample may indicate as-
similation of a sulfide phase, such as molybdenite,
which would also be consistent with the high initial
ratio. The other analysed Recurrent basalt, AN44, has a
much lower '70s/'®80s; (0-136 + 0-017), but due to its
large uncertainty it is not possible to confirm or exclude
a crustal contribution. The maximum '870s/'880s; of
¢.0-153 of this sample would require fairly low amounts
of assimilation, i.e. about 8% assimilation of a highly-
evolved granite ('®0s/'®80s = 1.2) or 6% of a granulite
(with ¥0s/'®0s = 0.6), starting from an initial magma
with '¥70s/'80s = 0-124. The apparent discrepancy in
assimilation rate between the two Recurrent basalt
samples are not compatible with their otherwise nearly
indistinguishable major and trace element and Sr-Nd-
Pb isotopic compositions. The most likely explanation
is that radiogenic, Re-rich sulfide was added to AN24,
either through assimilation or during a post-magmatic
alteration event. Therefore, the sample with lower
870s/1880s; thus probably better constrains the upper
limit of silicate rock assimilation of the Recurrent
magmas.

Finally, we also attempted modelling the EC-AFC
paths starting from a hypothetical primitive magma
with fairly depleted, MORB-like characteristics (Fig. 16).
The modelled magmas would reproduce the observed
Sr—-Nd-Pb isotopic compositions of the Moroccan
CAMP basalts and basaltic andesites only through mas-
sive assimilation (>20%) of crustal rocks similar to the
Pan-African granites (assimilation of Eburnean granites
does not fit the data). However, such large amounts of
assimilated granite combined with high amounts of
fractional crystallization (the fractionated/assimilated
mass would be in the range 0-6-0-9) would substantially
modify the major and trace element compositions of
the magmas, probably leading to the formation of quite
high SiO, and MgO-poor magmas, unlike those
observed. Moreover, the Os isotope compositions of
heavily contaminated magmas are quite unlikely to be

as low as those observed for our samples, even consid-
ering the large uncertainties related to the Re-Os sys-
tematics of the samples and of the crustal assimilates.
Considering the same Os isotopic composition for the
granitic assimilate as reported in Table 5, the
'870s/1880s ratio of 15-20% contaminated magmas
would shift from 0-13 to over 0-20, i.e. to compositions
higher than the measured (not age-corrected)
'8705/'880s of most Moroccan CAMP basalts.

To sum up, we suggest that low amounts of crustal
assimilation (less than 10%) can explain the isotopic
and trace element variations within single units. Even
considering the uncertainties on the initial Os isotopic
composition related to the high Re/Os of the analysed
basalts and considering the lack of Re-Os data for the
local crust, Os systematics rule out crustal assimilation
significantly higher than 10% for most of the samples.
This is consistent with detailed modelling of crustal as-
similation for LIP basalts from other provinces (e.g.
Karoo, Parana; Heinonen et al., 2010, 2016; De Min
et al., 2018). Such relatively low degrees of assimilation
cannot account for most inter-unit chemical variations
and exclude derivation of the Moroccan CAMP basalts
from a single mantle source similar to those of Central
Atlantic MORB. Nevertheless, EC-AFC modelling sug-
gests that Intermediate magmas may be formed from
contaminated parental Upper-like basalts.

Mantle source, major and trace element
constraints

The data discussed so far indicate that subtle, but sys-
tematic differences exist among the four lava flow units
and associated intrusive CAMP rocks from Morocco. As
discussed before, these differences are in part
explained by distinct amounts of fractional crystalliza-
tion and crustal assimilation. In particular, crustal as-
similation may partly explain the difference between
the Upper and Intermediate rocks, the latter being more
enriched and more contaminated, but nevertheless
probably derived from a parental magma similar to that
of the Upper basalts. On the contrary, the Lower and
Recurrent basalts both have geochemical characteris-
tics that are not compatible with their derivation from a
parental magma equivalent to that of any other unit.
Therefore, at least three distinct parental magma types
(Lower, Upper, Recurrent) derived from somewhat dis-
tinct magma sources are required to explain the overall
range of geochemical compositions.

None of the Moroccan CAMP samples can be consid-
ered as a primary mantle melt. Direct comparison with
experimentally formed melts of possible mantle ultra-
mafic or mafic source rocks is, therefore, not straight-
forward. In Fig. 11, we reported a liquid line of descent
from a primary magma obtained from the peridotite
KLB1 (Hirose & Kushiro, 1993; Baker & Stolper, 1994) at
¢.8% partial melting (primary melt composition calcu-
lated with pMELTS; Ghiorso et al., 2002). This liquid line
of descent reproduces the composition of the Upper
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Fig. 21. Modelling of garnet and spinel peridotite non-modal
equilibrium melting (from 1 to 10% shown by crosses) for (a)
Sm/Yb vs La/Sm and (b) La/ Nb vs La/Sm. Considered parame-
ters are as follows: modal mineral fractions in starting perido-
tite with primitive mantle or LREE-enriched relative REE
abundances: olivine (ol) 0-58; orthopyroxene (opx) 0-24; clino-
pyroxene (cpx) 0-14 and spinel (sp) 0-04 in spinel peridotite;
clinopyroxene 0-155 and garnet (grt) 0-025 in garnet peridotite.
Melting coefficients: 0-05 (ol); 0-1 (opx); 0-5 (cpx); 0-35 (sp); 0-35
(grt). Starting REE contents (ppm): primitive peridotite (after
McDonough & Sun, 1995): La = 0-65; Sm = 0-41; Yb = 0-44; Nb
= 0-65 ppm; enriched peridotite is calculated by adding 2% of
average upper crust (Rudnick & Gao, 2003) to the primitive
mantle composition: La = 1.26; Sm = 0.5; Yb = 0-49; Nb =
0-88 ppm. Partition coefficients (McKenzie & O’Nions, 1991), La
= 0-0004 (ol), 0-002 (opx), 0-05 (cpx), 0-01 (sp and grt); Sm =
0-001 (ol), 0-01 (opx), 0-26 (cpx), 0-01 (sp), 0-3 (grt); Yb = 0-005
(ol), 0-05 (opx), 0-28 (cpx), 0-01 (sp), 4 (grt); Nb = 0-005 (ol),
0-003 (opx), 0-004 (cpx), 0-001 (sp), 0-003 (grt). EC-AFC evolu-
tion black dashed line) starting from an Upper magma conta-
minated by a granite is shown as well (same parameters as in
Fig. 12). The closed system FC (fractional crystallization) line
represents 50% fractionation from a hypothetical parental
Lower (blue arrow) or Upper (black arrow) magma and has
been calculated assuming 40% augite and 10% plagioclase
fractionation (partition coefficients from Aigner-Torres et al.,
2007; and Bédard, 2014).

basalts quite well. The relatively high Ca contents of the
Upper basalts may reflect large melting degrees as sug-
gested by experimental data for batch melting of spinel

Iherzolite (e.g. Hirose & Kushiro, 1993), which show that
the highest Ca contents in peridotite melts are attained
just before clinopyroxene exhaustion. By analogy, the
high Al of the Upper basalts suggests that their melting
occurred at temperatures lower than the complete melt-
ing (liquidus temperature) of the aluminiferous phase.

Lower basaltic andesites are relatively enriched in Si
and depleted in Ca and Al compared to Upper basalts.
These differences may reflect melting at lower degrees
and a shallower depth of melting. However, a shallower
melting depth for Lower vs Upper basalts is apparently
not consistent with incompatible trace element model-
ling, which suggests a more significant garnet- vs
spinel-peridotite signature for the Lower magmas (see
below; Fig. 21). Alternatively, the Lower magmas may
originate from hydrous peridotite, yielding melts richer
in Si compared to anhydrous ones (e.g. Kushiro, 1996).

We calculated the REE and Nb contents of mantle
melts generated by non-modal batch melting of spinel
and garnet peridotites with a primitive-mantle or slight-
ly enriched REE abundances, the latter being consistent
with the enriched Sr-Nd isotopic compositions of the
Moroccan CAMP (Fig. 21). The enriched peridotite com-
position is calculated by adding 2% of upper crust (aver-
age continental crust composition after Rudnick & Gao,
2003). Notably, the effects of closed-system fractional
crystallization are quite small for the La/Sm and Sm/Yb
ratios and in particular for La/Nb (fractional crystalliza-
tion trends are shown by a solid black arrow in
Fig. 21a). Therefore, measured values can be compared
to calculated mantle melt compositions even if the sam-
ples are not primary (with the caveat that ‘real” melting
degrees are probably slightly higher than those appar-
ent from direct comparison of calculated and measured
trace element ratios in Fig. 21). However, crustal assimi-
lation may induce a shift towards slightly higher La/Sm,
and significantly higher Sm/Yb and La/Nb (dashed black
curves in Fig. 21 are EC-AFC trends starting from an
Upper basalt) as previously discussed (Fig. 12).

Taking into account open- or closed-system fraction-
al crystallization, the trace element ratios of the basalts
and basaltic andesites can be reproduced by various
possible mantle melting models (see caption of Fig. 21
for details on the parameters used; the parameters are
also reported in Supplementary Data Table S10; supple-
mentary data are available for downloading at http://
www.petrology.oxfordjournals.org). This modelling
assumes a simple melting event occurring either in the
presence of garnet or of spinel. We are aware that melt-
ing may occur over a relatively large depth range in a
melting column, possibly starting within the garnet sta-
bility field and then achieving shallower depths where
spinel is stable. The REE modelling we performed here
is mainly intended to test if the CAMP magmas issued
dominantly from the garnet or from the spinel stability
depth. The relatively high LREE/HREE ratios of Lower to
Upper basalts require the presence of residual garnet in
their mantle source. Lower basaltic andesites would be
consistent with about 3-4% melting of a garnet
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peridotite with a primitive-mantle composition, or with
5-6% melting of a more fertile (enriched) garnet
peridotite.

The Upper basalts yield generally lower La/Sm and
Sm/Yb, pointing to a reduced garnet and more signifi-
cant spinel signature. The Upper basalts could corres-
pond to 8-9% melting of an enriched garnet peridotite
or to ¢.7-8% melting of a primitive mantle peridotite.
However, at such high melting degrees garnet would be
entirely exhausted in the mantle source, not accounting
for the high Al contents of the Upper basalts. This could
suggest a significant contribution of a spinel peridotite
source and the gap between observed and calculated
compositions could be explained at least in part by frac-
tional crystallization process (black arrow in Fig. 21a).
This would suggest a shallower average melting region
for the Upper basalts, possibly straddling the garnet-
spinel transition. A progressively rising melting region
would be consistent with CAMP magmatism occurring
in an extensional tectonic regime leading to the
observed progressive subsidence of the basins and
probably to progressive thinning of the continental
lithosphere (Labails et al., 2010).

Recurrent basalts would require about 10% melting
of a spinel peridotite source with primitive or even
slightly depleted (not shown in the figure) REE abun-
dances. We favour this latter hypothesis as it would be
consistent with the slightly depleted Sr-Nd isotopic
composition of the Recurrent basalts compared to the
older magmas. We note also that melts calculated from
augite compositions for the Recurrent basalts show
REE patterns that resemble those of enriched MORB,
highlighting the peculiar geochemical features of the
Recurrent basalts within the CAMP.

Modelling of mantle melting also shows that the
relatively low Nb and high La/Nb of the Moroccan
CAMP basalts require a mantle source slightly enriched
compared to the primitive mantle. As noted above, the
enriched peridotite source shown in Fig. 21 was
obtained by adding 2% upper continental crust
(Rudnick & Gao, 2003) to a primitive mantle compos-
ition. Melts from such enriched peridotite fit the
observed La/Nb compositions quite well. This suggests
that the HFSE depletion characteristic of CAMP basalts
(and of many LIP basalts, in general) can at least in part
be explained by mantle source enrichment, i.e. by the
presence of recycled crustal components within the
mantle. Interestingly, the Moroccan CAMP basalts show
AND values close to zero (0-1 to -0-07; Fig. 12). Such val-
ues overlap those of MORB and of some virtually un-
contaminated, primitive LIP basalts. In particular,
picrites from the southern Karoo are interpreted as
being derived from a subduction-influenced upper man-
tle (Luttinen, 2018) and plot quite close to the Moroccan
basalts in terms of HFSE ratios (Fig. 12i and j). On the
contrary, Atlantic OIB show significantly higher ANb
compared to the Moroccan CAMP basalts, arguing
against a common origin.

Mantle source, isotopic constraints

Moroccan CAMP samples have Sr-Nd-Pb isotopic com-
positions falling generally within the field of low-Ti
basalts from throughout the huge aerial extent of the
CAMP. The main characteristics of the CAMP rocks are
relatively high ®Sr/®®Sr and low "3Nd/"**Nd values,
combined with high 2°”Pb/?**Pb and 2°®Pb/?°*Pb at only
moderately high 2°°Pb/2°*Pb (i.e. they have high A7/4
and A8/4 as defined by Hart, 1984). These isotopic char-
acteristics of the CAMP low-Ti basalts point to a com-
mon, enriched source which is different from those of
central Atlantic MORB (local asthenosphere; e.g.
Janney & Castillo, 2001) and from neighbouring OIB
(e.g. Cabo Verde, Canary Islands; e.g. Holm et al., 2006;
Klugel et al., 2017). Indeed, these oceanic basalts have
compositions plotting along the NHRL (Northern
Hemisphere Reference Line), whereas this is not the
case for CAMP. Although, as previously discussed,
some crustal assimilation en-route to the surface plaus-
ibly contributed to these enriched compositions, this
process offers only a partial explanation. As shown for
example in Fig. 16, EC-AFC trends starting from paren-
tal MORB compositions do indeed intersect the Sr—Nd-
Pb isotopic values of the Moroccan CAMP basalts, but
only for large degrees of assimilation (>20% assimila-
tion of, e.g. Pan African granite). However, such high
degrees of assimilation are not compatible with the
unradiogenic Os isotopic compositions, with the rela-
tively low incompatible trace element concentrations
and with the basic composition of the CAMP samples.
Therefore, the mantle source of CAMP magmas must
have had an enriched signature.

The origin of this enriched component has been
largely discussed in previous publications dealing with
the North American and European regions of the CAMP
(Puffer, 2001; Callegaro et al., 2013, 2014a; Merle et al.,
2014; Whalen et al., 2015; Shellnutt et al., 2018) and the
interpretation proposed therein probably applies to the
Moroccan CAMP as well. Accordingly, involvement of
lower and upper continental crustal materials sub-
ducted during the late Proterozoic or early Paleozoic
(see Merle et al., 2014) and stored below the Pangea
mega-continent is modelled in Fig. 22. Unlike previous
studies, we tried here to explore the possibility that the
dominant mantle component is not represented by the
DMM, but rather by a prevalent-mantle (PREMA-type
mantle) similar to that defined in Jackson & Carlson
(2011). This mantle source could be represented by the
following isotopic compositions: 8’Sr/®®Sr = 0.7030,
3Nd/"**Nd = 0-5127, 2°°Pb/***Pb = 18-0 at 201Ma
(Zindler & Hart, 1986). As modelled in previous studies,
only about 5% of recycled crustal materials with compo-
sitions similar to circum-Atlantic Late Proterozoic to
Paleozoic crustal rocks are required to attain the
enriched isotopic compositions of low-Ti CAMP basalts
starting from the DMM (e.g. Callegaro et al., 2013, 2014;
Merle et al., 2014). By contrast, because of its higher in-
compatible element abundances, the PREMA end-
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Fig. 22. Isotopic compositions of Moroccan CAMP basalts and basaltic andesites (same symbols as Fig. 16) compared to calculated
compositions resulting from mixing of the PREMA (Prevalent Mantle; Zindler & Hart, 1986; Jackson & Carlson, 2011) with recycled
upper and lower continental crust (UC and LC; Callegaro et al., 2013). Red lines show 90% (dotted), 80% (dashed) and 0% (continu-
ous) PREMA in the mixture; black lines show the UC/LC ratio (0, 20, 40, 60, 80, 100%) among crustal components. The green line is
a mixing curve between the mantle source of the Upper basalts and an OIB mantle source similar to that of Atlantic OIB (e.g. Cape
Verde, Canary Islands; Holm et al., 2006; Kligel et al., 2017). Tick marks (crosses) show 10% increments in the mixture.
Compositions of the considered mantle components are reported in Supplementary Data Table S10; supplementary data are avail-

able for downloading at http://www.petrology.oxfordjournals.org.

member would require about 10% of such recycled
crustal components to fit the observed composition of
the Moroccan CAMP basalts. As shown for other LIPs
(Jackson & Carlson, 2011), the PREMA end-member
could represent 90% of the mantle source of the CAMP
basalts (Fig. 22).

Isotopic compositions of Lower to Upper basalts are
instead clearly different from any known OIB from the
Central Atlantic (e.g. Cape Verde, Canary Islands; e.g.
Holm et al., 2006; Kluigel et al., 2017). Thus, any possible
contribution from an Atlantic-type mantle-plume com-
ponent is not supported by the very different and
enriched geochemical composition of CAMP magmas.
This is also consistent with trace element contents and
ratios (e.g. Fig. 12i). Only the Recurrent basalts have
relatively high "3Nd/"**Nd (positive eng), relatively low
873r/%®Sr and radiogenic Pb isotopes trending towards
the composition of Atlantic OIB or of Moroccan alkaline
and peridotitic rocks. In Fig. 22, we show a mixing curve
between the possible mantle source of Moroccan
Upper basalts (i.e. 93% PREMA plus 7% recycled crustal

components) and a mantle similar to the source of
Atlantic OIB, i.e. close to the C or FOZO component
(Hanan & Graham, 1996). In this model, Recurrent
basalts could issue from a source plotting along this
mixing curve at about 20-30% of the Atlantic OIB (or C)
component, while the remaining 70-80% would corres-
pond to a mixture of PREMA (or DMM) plus recycled
crustal rocks. However, it should be noted that
Recurrent basalts are fairly evolved (MgO c.4 wt %) and
possibly contaminated by the continental crust. This
makes recognition of any mantle component quite
problematic.

One peculiar characteristic of the Moroccan Lower to
Upper magmas is their generally low Os isotopic com-
position (Fig. 17). In particular, some Upper and
Intermediate samples vyield among the lowest
18705/880s,01ma Of all CAMP rocks so far analysed and
plot at lower values than the Primitive Upper Mantle
(PUM; Meisel et al., 2001), i.e. at lower values than most
oceanic basalts or sub-lithospheric mantle components.
As emphasized above, caution must be used when
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interpreting these unradiogenic initial isotopic ratios be-
cause they are found only in samples for which a large
correction for radiogenic ingrowth was necessary and
other samples with similar corrections show surprising-
ly high initial '®0s/'®0s. Nevertheless, if taken at face
value, the low '¥0s/"®0sy01ma Of several of the
Moroccan CAMP basalts are comparable to those of
Middle Atlas mantle xenoliths (¥0s/'"®0sy01ma =
0-116-0-126; Wittig et al., 2010a), of the nearby perido-
tite massifs of Beni Bousera and Ronda (c.0-11-0-125;
Reisberg et al., 1991, Reisberg & Lorand, 1995; Pearson
& Nowell, 2004) and in general, of worldwide cratonic
('®70s/'80s about 0-105-0. -125) and off-cratonic
Subcontinental Lithospheric Mantle (SCLM) (about
0-115-0-135; Carlson, 2005). This might support a contri-
bution from the local SCLM to the source of the
Moroccan CAMP basalts. However, Moroccan mantle
xenoliths as well as alkaline and ultra-alkaline rocks that
possibly issued from this SCLM (e.g. carbonatites and
lamproites; Wagner et al., 2003; Bouabdellah et al,
2010; Wittig et al., 2010b; Bosch et al., 2014) have Sr-
Nd-Pb isotopic compositions distinct from CAMP and
similar instead to compositions of OIB from the Cape
Verde or the Canary Islands (Holm et al., 2006; Kligel
et al., 2017). An apparent decoupling between lithophile
element isotopes, yielding a signature distinct from the
Moroccan lithospheric mantle xenoliths and Os iso-
topes, showing a significant SCLM signature is thus
observed. This may be explained by the fact that, rela-
tive to abundances in typical mafic magmas, Os con-
centrations are high in the SCLM, while Sr, Nd and Pb
concentrations are low, favouring perturbation of the
Os isotope compositions of the magmas relative to
those of the lithophile elements during passage of the
asthenosphere-derived melts through the lithosphere.
Alternatively, a selective assimilation process
(Heinonen et al., 2016) could be proposed. In this scen-
ario, melts percolating through the relatively refractory
and depleted SCLM are contaminated by Os-rich and
low '80s/'80s material, possibly sulfides stored within
the cratonic SCLM (cf. Guex et al., 2016). According to
Guex et al. (2016) sulfides or sulphur-rich veins may re-
main stable at the base of the lithosphere during contin-
ental thinning, assuming that heat transfer from the
asthenospheric mantle is low and the temperature with-
in the SCLM does not exceed the sulfide solidus (>
1200°C at pressure > 2 GPa for monosulfide solid solu-
tion; Bockrath et al., 2004). Only enhanced thermal ero-
sion and thinning of the SCLM may lead to melting and
assimilation of the sulfides by the relatively hot, tholeiit-
ic CAMP melts on their way to the surface. The contam-
ination by old sulphides with low ®0s/'®80s seems to
increase from Lower to Upper basalts, possibly as a
consequence of progressively increased heating,
erosion and thinning of the SCLM, as the mantle up-
welling rises. Moreover, it should be considered that
the most refractory and isotopically depleted sulphides
in the SCLM may be those entrained within silicate min-
erals, while interstitial sulfides may have less depleted

Os isotopic signatures and can melt more readily
(Harvey et al., 2011).

A MODEL FOR THE GENESIS OF THE
MOROCCAN CAMP

The main phase of CAMP magmatism occurred be-
tween 201-6 and 201-3 Ma. High volumes of Lower and
Intermediate basaltic andesites erupted close to
201-5Ma, while only minor volumes of Recurrent
basalts erupted slightly later and were restricted to the
Central High Atlas basins. CAMP basaltic or basaltic an-
desitic magmas of the main phase were emplaced
throughout Morocco in a series of 4-5 main pulses.
Such pulses were probably of short duration, with erup-
tion rates exceeding that of any present-day volcanic
district and in line instead with the eruption rates (10—
100 km3/yr) calculated from other continental flood bas-
alt piles related to LIP activity. The pulsed eruption
mechanism and high eruption rates reinforce the possi-
bility that CAMP magmatism triggered end-Triassic cli-
mate change and mass extinction. The pulsed
mechanism requires a rapid tapping of the magmatic
plumbing system, which is likely to be associated with
volatile fluxing from the magmatic plumbing system
(Caricchi et al., 2018) and may have caused widespread
and intense seismicity. Notably, end-Triassic sediment-
ary strata with the abundant presence of seismites have
been recently discovered in northern Europe and linked
to CAMP volcanism and tectonism (Lindstrom et al.,
2015).

The magmatic activity was syn-extensional, with
lava flows emplaced in progressively subsiding gra-
bens (Fig. 23). Sills and feeder dykes crop out mainly in
the Paleozoic basin of the Anti Atlas and yield geochem-
ical compositions comparable to Intermediate, Upper
and Recurrent flows, while only one sill and one dyke
sample from central-western Morocco yielded composi-
tions similar to Lower flows.

Volcanic sequences from throughout the country
show similar time-related evolution, with generally
abrupt compositional shifts among the four magmatic
units (Lower to Recurrent). Some of the magmas were
contaminated by the continental crust in shallow-level
AFC processes, as suggested by the isotopic system-
atics and by augite trace element contents. According
to this interpretation, Intermediate magmas were
derived from parental melts similar to Upper basalts,
but experienced more contamination, while Lower bas-
altic andesites evolved from a distinct, more enriched
parental magma without significant amounts of crustal
contamination. The highest rates of assimilation during
the middle and main phase of volcanism (Intermediate
unit for which distinct crustal contaminants are required
in the Central High Atlas and in the Middle Atlas, re-
spectively) may be related to a progressive heating of
the crust intruded by the rising magmas. The lack of sig-
nificant contamination for the Upper basalts may be
due to a reduced magma flux, to a reduced fertility of
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CAMP volcanism >201.55 Ma

Nova Scotia Morocco
Lower basalts

CAMP volcanism 201.55-201.3 Ma
Nova Scotia Morocco
North Mt. basalt Intermediate-Upper basalts

crust

CAMP volcanism ~201 Ma  \15r0cc0

Nova Scotia Recurrent basalt

Fig. 23. Sketch of the formation of CAMP basalts from the lat-
est Triassic (c.201-6 Ma) to earliest Jurassic (c.201Ma). (a)
Production of Lower basalts occurs dominantly at depths cor-
responding to the garnet stability field, i.e. >60 km. Such condi-
tions may be attained at the northern margin of the West
African Craton (WAC), where the SCLM may be relatively thick.
The melting region is composed of enriched components pos-
sibly represented by recycled crustal material, while the
depleted component may be of DMM or PREMA type. Shallow-
level differentiation largely occurs as a closed-system fraction-
al crystallization process (FC). During this earliest stage, CAMP
magmatism seems to be confined to the African continent
only, as suggested also by geochronologic data (Marzoli et al.,
2004; Blackburn et al., 2013; Davies et al., 2017). (b) At
¢.201-5 Ma, after eruption of the Lower basalts, CAMP magma-
tism affects the entire CAMP. In Morocco, erupted magmas be-
long to the Intermediate and Upper units fill the
volcanosedimentary basins (grabens) formed during the exten-
sional phase. The formation of subvolcanic bodies (sills and
dykes) in the shallow crust is most active in this phase. Melting
occurs at generally shallower depth, straddling the garnet-spi-
nel stability field. Enriched components within the melting re-
gion are slightly more diluted than during generation of the
Lower basalts. Contamination by low-'8’0s/'®®0s components
(sulphides?) may occur within the SCLM, while crustal assimi-
lation (AFC) in shallow (mid-crustal) magma chambers affects
Intermediate magmas in particular. (c) During the earliest
Jurassic, Recurrent-type magmatism occurs in Morocco as
well as in the U.S.A. Newark basins (not shown). These mag-
mas issue from an even shallower depth and from a mantle
source with slightly different geochemical composition.

the crustal rocks, or to armouring of the conduit
systems.

The presence of at least three parental magma types
is required, i.e. Lower, Upper and Recurrent. The melt-
ing mantle source of the Moroccan CAMP becomes pro-
gressively shallower from Lower to Recurrent basalts
(Fig. 23). While a significant contribution from a garnet
peridotite source is required to account for the geo-
chemical features of the Lower magmas, Upper mag-
mas likely issued from a mantle zone straddling the
garnet-spinel transition and Recurrent basalts may re-
sult from melting of a prevailing spinel peridotite
source. Such evolution is consistent with formation of
the CAMP during progressive extension and conse-
quent lithospheric thinning.

The four magmatic units share a common enriched
isotopic and trace element signature similar to that of
most other low-Ti CAMP basalts from throughout the
province. This enriched signature might result from
mixing between a dominant DMM- or PREMA-type
mantle with subducted and recycled continental mater-
ial, in accordance with many previous studies on the
CAMP (see Callegaro et al., 2013, 2014a; Merle et al.,
2014; Whalen et al., 2015; Shellnutt et al., 2018, for the
most recent studies). However, each of the four
Moroccan units also displays peculiar features. Lower
unit magmas are slightly enriched compared to the
Upper basalts in terms of their trace element contents
and ratios as well as in Sr—Nd-Pb isotopic composi-
tions. An enriched source is proposed for this magmatic
unit. Notably, among all the CAMP relics, other rocks
with geochemical compositions similar to those of the
Moroccan Lower basaltic andesites (rocks forming the
Tiourjdal group; Marzoli et al., 2018) are only known
from a relatively restricted area in northwestern Africa
at the northern margin of the West African craton
(Morocco, Algeria and Mali; Verati et al., 2005; Chabou
et al., 2010; Marzoli et al., 2018). Our hypothesis is that
the Tiourjdal group magmas (including the Moroccan
Lower unit) are probably the CAMP basalts with the
strongest garnet-peridotite signature. They are pro-
duced by relatively low degree partial melting of a
source in which the recycled component plays a more
important role. This scenario would justify the enriched
incompatible trace element contents and ratios of this
magmatic group as well as their slightly more enriched
Sr and Pb isotopic composition compared to the Upper
basalts. The deeper melting region of the Tiourjdal
group basalts may be possibly related to their location
close to the West African Craton (Figs 1 and 23), where
the lithosphere was thicker at least during the early
stages of CAMP magmatism (cf. also Tegner et al., in
press).

Several Upper and Intermediate basalts, which prob-
ably derive from common parental magmas, are char-
acterized by fairly low initial Os isotopic compositions.
Despite the large corrections applied for radiogenic in-
growth, these data may point to the involvement of an
old, possibly cratonic SCLM component. While
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wholesale melting of such probably refractory and
depleted mantle rocks is unlikely and not supported by
the isotopic and trace element compositions of CAMP
basalts, we envisage that only the Os isotopic system
might fingerprint the cratonic SCLM signature, possibly
due to assimilation of sulfides or sulfur-rich veins pre-
sent locally along the margin of the West African
craton.

Only the late and volumetrically minor Recurrent
basalts yield compositions that might support involve-
ment of a mantle component tapped also by Atlantic
OIB. This is suggested by REE patterns and concentra-
tions for Recurrent basalts and their augites, similar to
those of enriched-MORB, as well as by Sr—Nd-Pb iso-
topic compositions distinct from those of other
Moroccan CAMP rocks and trending towards a C or
FOZO-type composition. A rapid decline of the magmat-
ic activity after emplacement of the Upper and then of
the Recurrent unit would be consistent with an exhaus-
tion of the fertile components within the mantle-source,
as suggested by Puffer (2003).
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