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ABSTRACT

Mantle melting dynamics of the Central Atlantic Magmatic Province (CAMP) are constrained from
new platinum group element (PGE), rare earth element (REE), and high field strength element
(HFSE) data and geochemical modelling of flood basalts in Morocco. The PGE are enriched
similarly to flood basalts of other large igneous provinces. The magmas did not experience sulphide
saturation during fractionation and were therefore fertile. The CAMP province is thus prospective
for PGE and Gold mineralisation. The Pt/Pd ratio of the Moroccan lavas indicates that they
originated by partial melting of the asthenospheric mantle, not the subcontinental lithospheric
mantle. Mantle melting modelling of PGE, REE and HFSE suggests: (1) that the mantle source for
all the lavas was dominated by primitive mantle and invariably included a small proportion of
recycled continental crust (<8%); (2) the mantle potential temperature was moderately elevated (c.
1430°C) relative to ambient mantle; (3) intra-lava unit compositional variations are likely a
combined result of variable amounts of crust in the mantle source (heterogeneous source) and
fractional crystallisation; (4) mantle melting initially took place at depths between c. 110 km and c.
55 km and became shallower with time (c. 110 km to c. 32 km depth); and (5) the melting region
appears to have changed from triangular to columnar with time. These results are best explained by
melting of asthenospheric mantle that was mixed with continental sediments during the assembly of
Pangaea, then heated and further mixed by convection while insulated under the Pangaea
supercontinent, and subsequently melted in multiple continental rift systems associated with the
breakup of Pangaea. Most likely the CAMP volcanism was triggered by the arrival of a mantle
plume, although plume material apparently was not contributing directly (chemically) to the

magmas in Morocco, nor to many other areas of CAMP.

KEY WORDS: Platinum Group Elements; flood basalt; mantle melting modelling; large igneous

province; geodynamics
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INTRODUCTION

The Central Atlantic Magmatic Province (CAMP) is the largest known large igneous province (LIP)
on Earth in terms of area (>10 million km?) and is associated with the breakup of the Pangaea
supercontinent (e.g. Marzoli et al., 2018). Eroded remnants of flood basalts and intrusions are
preserved on four continents (Africa, Europe, North and South America) and once made up >3
million km? (Fig. 1). Although the thicknesses of the volcanic units of CAMP are modest (up to 0.4
km thick) compared to other LIPs, lavas and dykes of the dominant low-Ti magma type have been
correlated across all four continents (Marzoli ef al., 2018). Recent U-Pb chronology suggests that a
large portion of the magmas were emplaced across all four continents within a few hundred
thousand years c¢. 201.5 million years ago and can be shown to correlate with the end-Triassic mass
extinction, suggesting a causal relationship between the two events (Blackburn ef al., 2013; Davies
et al., 2017). While the correlation of volcanism and environmental perturbations has become
remarkably detailed due to recent research foci (e.g. Dal Corso et al., 2014; Lindstrom et al., 2015,
2017; Heimdal et al., 2018; Panfili et al., 2019), understanding the nature of the mantle sources and
the mantle melting dynamics that produced the CAMP remains incomplete. Some workers have
argued for the arrival of a mantle plume that caused extensive mantle melting and volcanism across
the four continents prior to continental breakup (Morgan, 1983; Hill, 1991; Wilson, 1997, Oyarzun
et al., 1997; Ruiz-Martinez et al., 2012). In this model (Sleep, 1997) hot, upwelling plume mantle
rapidly spreads out laterally below the continental lithosphere, ascends and melts under the thinned
lithosphere associated with the incipient rift zones of the Central Atlantic to produce the CAMP.
The plume model is supported by 201 Ma plate reconstructions showing that CAMP was located
vertically above a plume generation zone at the edge of a Large Low Shear-wave Velocity Province
(LLSVP) at the core-mantle boundary (Torsvik et al., 2006; Ruiz-Martinez ef al., 2012; Svensen et
al., 2018). There are, however, several challenges to this model, such as a lack of a subsequent
plume track (McHone, 2000). Another challenge is that the compositions of the CAMP lavas are
basaltic, but carry a strong continental signature that is different from normal mantle plume magmas
and more akin to arc magmas (Puffer, 2001). However, as discussed below, Os isotope
compositions have demonstrated that the crustal signature cannot result from simple crustal
contamination alone, but must be an inherited feature of the mantle source (Callegaro et al., 2013,
2014a, 2017; Merle et al., 2011, 2014; Marzoli et al., in revision). It has therefore been argued that

continental sediments were translated to the mantle source via subduction zone processes associated
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with the assembly of the Pangaea supercontinent (Pegram, 1990; Puffer, 2001; Dorais & Tubrett,
2008; Callegaro et al., 2013, 2014; Merle et al., 2011, 2014a; Whalen et al., 2015; Shellnutt et al.,
2018). Several workers therefore argue that the CAMP magmas were produced in the
subcontinental lithospheric mantle (SCLM) (Pegram, 1990; Puffer, 2001; Cebria et al., 2003;
Dorais & Tubrett, 2008; Martins et al., 2008), whereas others argue that the CAMP magmas were
derived mainly from the shallow asthenospheric mantle that was mixed with continental sediments
during the assembly of Pangaea (Callegaro et al., 2013, 2014a; Merle et al., 2011, 2014; Whalen et
al.,2015; Marzoli et al., 2018). It has also been suggested that the mantle source of the CAMP
volcanism changed with time from enriched lithosphere to depleted asthenosphere (Marzoli et al.,
2006). Notably, most studies of the mantle sources for the CAMP have been based on samples from
Eastern North America, perhaps because this region displays the highest density of dykes including
the most primitive CAMP basalts (Callegaro et al., 2013) or because southeast North America was
considered by several authors as the site of the first mantle-plume impingement (e.g. De Boer &
Snider, 1979; Hill, 1991; May, 1971; Wilson, 1997). However, the most complete CAMP lava
succession and related intrusives crop out in Morocco and are described in detail in a companion
paper including new Sr-Nd-Pb-Os isotope data (Marzoli ef al., in revision).

To throw new light on the mantle sources and the melting dynamics of the CAMP we report
here on the platinum group elements (PGE), gold (Au), and copper (Cu), together with the
lithophile major and trace element compositions of CAMP basalts from Morocco. While the
lithophile element composition of mantle melts is controlled by the silicate phases in the mantle, the
PGE and Au concentrations are essentially controlled by mantle sulphide phases (Keays, 1995;
Carlson, 2005) due to the extremely high partition coefficients for the PGEs into sulphide (D-values
in the order of 10°-10%, Mungall & Brenan, 2014). Moreover, some of the PGEs (Os, Ir and Ru; the
IPGESs) are compatible in mantle silicates, in alloys, and in platinum group minerals associated with
chromite and/or olivine (Mungall & Brenan, 2014; Barnes et al., 2015; Arguin et al., 2016). In
contrast Pt and Pd (the PPGEs) and Au are incompatible during melting of the mantle in the
absence of sulphides (Mungall & Brenan, 2014), resulting in fractionation of the PGEs during
mantle melting after the sulphides have been melted out. The constraints obtained from PGE and
Au on the composition and melting dynamics of the mantle are therefore complementary to those
attained from the lithophile elements.

There are reports of PGE and Au compositions for CAMP rocks (Gottfried & Froelich,
1988; Gottfried et al., 1991; Kutina et al., 1992; Greenough & Fryer, 1995), but this contribution is
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the first to use the PGE and Au geochemistry to examine mantle melting dynamics in detail. We
carried out forward modelling of the PGE and Au compositions of mantle melts simulating the
mantle sources proposed for CAMP, following, e.g., Rehkdmper et al. (1999) and Mungall &
Brenan (2014). Moreover, the PGE modelling is combined with modelling of the lithophile rare
earth elements (REE) and high-field strength elements (HFSE), following Momme ef al. (2006). To
this end we use the forward model REEBOX PRO, which simulates adiabatic decompression
melting using the most recent thermodynamic and experimental constraints for mantle melting
reactions and mineral-melt partition coefficients (Brown & Lesher, 2016). The goal is to combine
the inferences from PGE, Au, REE and HFSE modelling to guide the interpretation of the mantle
dynamics during the petrogenesis of the Morrocan CAMP flood basalts. We constrain the
composition, lithology, temperature, degree of melting, depth of mantle melting and upwelling
dynamics, and discuss the geodynamics and origin of CAMP flood basalt volcanism. Finally, we

discuss the prospectivity of CAMP for PGE deposits.

BACKGROUND STRATIGRAPHY, COMPOSITION AND AGE OF CAMP

The magmatic rocks of CAMP are typically evolved basalts to basaltic andesites. They form sills,
dykes, and lava flow piles up to 400 m thick. Most CAMP rocks can be described as low-Ti (<2.4
wt % Ti0,) basalts and have been subdivided into six main groups on geochemical grounds
(Marzoli et al. 2018) as described in the following. The oldest low-Ti group is represented by the
lowermost lava unit (Lower unit) from Morocco, together with dykes and sills of similar
composition from NW Africa they are also referred to as the Tiourjdal geochemical group with a
geographical extent as shown in Fig. 1 (Marzoli et al., 2018; in revision). In Morocco, the Lower
lava unit is successively overlain by the Intermediate and Upper lava units. Sills and dykes, of
similar composition to these two lava units, have been recognised across the entire CAMP area
(Fig. 1). Together they make up the low-Ti Prevalent geochemical group (Marzoli ef al., 2018).
Lastly, the Recurrent unit represents the stratigraphically youngest volcanic flows in CAMP. In
Africa, the Recurrent unit is represented by a single, thick lava flow restricted to the High Atlas
Mountains of Morocco, and dykes in south Morocco and Algeria. In the Newark Basin, NE
America, flows and dykes of similar composition occur. These magmatic rocks are also low-Ti and
together make up the Recurrent geochemical group outcropping as shown in Fig. 1 (Marzoli et al.,

2018; in revision). In addition, there are dyke swarms, and also sills and lavas in NE America that
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have been identified as two separate low-Ti geochemical groups (Carolina and Holyoke, not shown
in Fig. 1) (Callegaro et al., 2013; Marzoli et al., 2018). These two groups are geochemically close
to the Prevalent group, and do not crop out in Morocco. Finally, CAMP also includes a High-Ti
geochemical group (1.6-4.1 wt % TiO,) composed of dykes, sills, lavas and the Freetown Layered
Intrusion outcropping in NE South America and southern NW Africa (not shown in Fig. 1) (Deckart
et al., 2005; Merle et al., 2011; Callegaro et al., 2017). In Morocco, the most complete lava
succession; including Lower, Intermediate, Upper and Recurrent units, is exposed in the Central
High Atlas Mountains, and is the focus of the present study. The studied rocks are thus
representative of most of the low-Ti magma types known in CAMP.

The Lower, Intermediate and Upper lava units of Morocco make up a volcanic succession
with only a few and thin interbedded sediments (Fig. 2) (Marzoli et al., 2004; Knight et al., 2004;
Panfili et al., 2019). In contrast, the Recurrent lava unit is separated from the Upper lava unit by 30-
50 m of sediments (Marzoli et al., 2004; Knight et al., 2004; Panfili et al., 2019). Identical spore-
pollen assemblages in the sediments immediately below and above the package of Lower to Upper
lava units suggest that this volcanic succession erupted during the end-Triassic mass extinction
interval (Panfili et al., 2019). This is confirmed by recent high-precision U-Pb zircon chronology
(n=19), with ages ranging from 201.635 + 0.029 Ma to 201.274 + 0.032 Ma for the package from
Lower to Upper lava units and intrusive equivalents from all four continents (Blackburn et al.,
2013; Davies et al., 2017; Heimdal et al., 2018; Marzoli et al., in revision). Altogether, the
palynology and U-Pb chronology indicate that the volcanic package comprising Lower to Upper
lava units and intrusive equivalents was emplaced in less than 200.000 years (Blackburn et al.,
2013; Davies et al., 2017; Panfili et al., 2019; Marzoli et al., in revision). In marine sediments, the
coincidence of tracers of CAMP volcanism (ash layers, mercury anomalies) and tracers of
ecosystem and paleoclimate perturbations (carbon isotope excursions and fossils) has prompted the
interpretation that the end-Triassic mass extinction was caused by CAMP (Blackburn et al., 2013;
Dal Corso et al., 2014; Thibodeau et al., 2016; Lindstrom et al., 2017; Yager et al., 2017; Percival
et al.,2017; Davies et al., 2017; Heimdal et al., 2018; Panfili et al., 2019). Finally, recent
chronology shows the Recurrent group in Morocco (201.15 + 0.70 Ma 4°Ar/*°Ar age; Marzoli et al.,
in revision) and in NE America (200.916 + 0.032 Ma U-Pb age; Blackburn et al., 2013) is slightly
younger than the main volcanic package of Lower to Upper lava units, consistent with the

intervening 30-50 m of sediment.
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SAMPLES

We examined a total of 31 lava samples mainly from the classic section at Tiourjdal and Agouim in
the Central High Atlas Mountains, and supplemented these with samples from the Argana Valley
and Ait Ourir (Fig. 2). This selection represents the most complete volcanic package of CAMP from
the Lower to the Recurrent lava units, and is thus representative of the main geochemical groups
apart from the High-Ti group (Marzoli et al., 2018). In the Tiourjdal area the lavas dip gently to the
south (12-15°), and make up the thickest and most complete lava succession known in Morocco
(Fig. 2) (Marzoli et al., 2004, in revision; Knight ef al., 2004). The details of field relations are
summarised in Supplementary Data file 1 and a sample list is given in Supplementary Data file 2.
At Tiourjdal we sampled all the major lava flows (n = 21) from the base near the river Driss to the
uppermost flow below the overlying sediments; our GPS and altimeter measurements suggest the
stratigraphic thickness of the volcanic package is c. 250m. The basal contact to the underlying
sediments was not exposed due to high water stand, but is assumed to be located in the river bed
(Dal Corso et al., 2014). Following Knight et al. (2004), Marzoli et al. (2004; in revision) and
adding our observations, the Tiourjdal section (Fig. 2) can be divided into: (1) a ¢. 103 m thick
Lower lava unit (n = 7) composed mainly of 0.1-0.5 m thick massive pahoehoe flow lobes separated
by more rubbly and porous volcanic material, but also including a simple sheet flow (c. 9 m thick)
in the upper portion; at least the lower package below the sheet flow may well represent one
compound cooling unit (El Hachimi et al., 2011; Marzoli ef al., 2018); (2) a c. 122 m thick
Intermediate lava unit (n = 11) composed mainly of pahoehoe flow lobes similar to the Lower unit,
but also including 2 sheet flows (9 and 13 m thick). A notable feature also described by Knight e?
al. (2004) is the presence of a 1 m thick limestone unit about half way up in the Intermediate unit
that is overlain by a c. 10 m thick layer of pillow basalt; and (3) a c. 25 m thick Upper lava unit
composed of three sheet flows (n = 3). This package of Lower, Intermediate and Upper unit
volcanic rocks is overlain by a ¢. 50 m thick sedimentary succession, followed by a massive,
columnar jointed lava flow that is c. 15 m thick and represents the Recurrent unit. The Recurrent
unit was sampled (n = 2) in the exposures at Agouim a few km from Tiourjdal (Marzoli et al., 2004;
Knight et al., 2004). The Recurrent unit is remarkable in the way that it makes up one single, thick
lava flow, interbedded in the sedimentary series of the Central High Atlas. Geochemically similar
flows and dykes have also been recognised in northeastern USA, and as dykes in the Anti Atlas and

Algeria, and are shown as the Recurrent group in Fig. 1 (Marzoli et al., 2018). Lastly, our sample
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set also includes samples (n = 7) of Lower and Intermediate lava units from the Argana Valley
(mainly from the Tazantoute section also described by Deenen et al., 2011), and one sample of the

Recurrent lava unit at Ait Ourir in the northern Central High Atlas Mountains (Fig. 1).

METHODS

The whole-rock compositions of the 31 sample were measured at Bureau Veritas Commodities
Canada Ltd by X-ray fluorescence (major elements) and by inductively coupled plasma-mass
spectrometry (trace elements) and reported in Table 1 (see Supplementary Data file 3 for details).
Analyses of certified reference materials show that the relative deviation from the reference values
is less than 3% for the major elements, less than 9% for the trace elements discussed in this paper
apart from U (up to 10%), Cs (up to 10%), Ta (up to 12%) and Tm (up to 15%) (Supplementary
Data file 4). Repeat analyses demonstrate reproducibility within 3% for the major elements (four
samples), and within 7% (two samples) for trace elements, with the exception of Cs (up to 20%), Ta

(25% in one sample) and Lu (22% in one sample) (Supplementary Data file 5).

The whole-rock concentrations of platinum group elements (PGE) and gold (Au) were
analysed at Cardiff University for a subset of 12 samples, using nickel sulphide fire assay pre-
concentration and tellurium co- precipitation, followed by inductively coupled plasma-mass
spectrometry. Fifteen grams of sample were mixed with the reagents Na-carbonate, borax, sulphur,
carbonyl-purified Ni, and silica. Subsequently, the solution was transferred into a fire-clay crucible
and fired for 90 min at 1000 deg C (Huber et al., 2001). Afterwards, the buttons were spiked with
0.1 ml of a 2500 ppb In and TI solution and dissolved with 3 ml concentrated HNO3 and 4 ml

concentrated HCI. The dissolved PGE and Au were then transferred to a 50ml flask that was
supplemented up to the rim with 18.2 MQ de-ionised water. Finally, the solution was analysed on a
Thermo X Series 2 ICP-MS system. The certified reference materials WITS1, TDB1, and WPR1
were analysed together with the unknowns and, for most, fall within the standard error of the
reference material, although this does not apply for Ir, Pd and Au for TDB1 (Supplementary Data
file 6). The measured PGE and Au concentrations are at least 10 times larger than the minimum
detection limit for the method (McDonald & Viljoen, 2006) (Supplementary Data file 7). Duplicate
analyses of three samples generally deviate less than 13%, apart from Rh deviating 22% and 32% in

two samples, respectively, and Os deviating 22% in one sample.
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RESULTS
Lithophile elements

The chemical stratigraphy of the Tiourjdal section shows the main compositional features of the
lava units in Morocco (Fig. 3) and corroborates previous studies (Bertrand et al., 1982; Marzoli et
al, 2004; in revision; Youbi et al., 2003; Deenen ef al., 2010). The SiO, contents of the Lower and
Intermediate units (49.6 — 53.7 wt %) straddle the classification boundary between basalt and
basaltic andesite at 52 wt % (Le Bas et al., 1986), with no systematic stratigraphic variation (Fig.
3). Si0; is generally lower in the Upper lava unit (49.9 - 50.5 wt %) and even lower in the
Recurrent lava unit (47.8 - 48.7 wt %). Upper and Recurrent rocks are, therefore, all basaltic. All
the studied samples classify as quartz tholeiites and for simplicity we will refer to all as tholeiitic
basalts, or basalts. The basalts of the Tiourjdal section are all evolved, with MgO between 8.7 and
5.7 wt % and without a systematic stratigraphic trend (Fig. 3). A well-recognised feature of the
CAMP basalts is the remarkably well-defined units in terms of distinct minor and trace element
compositions that can be correlated across continents (Marzoli et al., 2004, 2018, in revision;
Blackburn et al., 2013). This distinction between lava units is particularly well demonstrated in the
Tiourjdal section (Fig. 3). Here the Lower unit is the most enriched in incompatible elements such
as TiO, (1.3 - 1.7 wt %) and Nb (9-13 ppm), and is followed upsection by lower concentrations in
the Intermediate unit (1.1 — 1.4 wt % TiO,; 7-8 ppm Nb) and even lower concentrations in the
Upper unit (1.0 — 1.1 wt % TiO,; 4-5 ppm Nb). It can also be noted that flows with distinct Lower
and Intermediate unit compositions interfinger at the transition between the two units (as seen by
the overlap of blue and orange symbols in Fig. 3). The composition of the Recurrent unit is also
distinct from the other units (see below). At Tiourjdal, the Recurrent lava unit is characterised by
relatively high TiO, (1.6 — 1.8 wt %) compared to the underlying units, but with Nb (4-5 ppm)
similar to the Upper unit lavas.

The distinct trace element compositions of the four lava units are also illustrated when the
whole dataset is plotted against MgO (Fig. 4). Although Nb plots in distinct fields for each unit, it
increases with decreasing MgO within the Lower lava unit, and there are also indications of similar
correlations in the other units. The compatible element Cr correlates positively with MgO in the
whole dataset and shows some overlap between the units; however, the Lower unit generally shows

a higher Cr content for a given MgO relative to the overlying units.
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The rare earth element (REE) patterns are enriched in the light-REE relative to the heavy-
REE for all the Moroccan lavas and show diminishing enrichment of LREE relative to chondrite
upsection, from the Lower, to the Intermediate and the Upper lava units (Fig. 5). The Recurrent
unit, in contrast, displays an unusual pattern with flat and elevated middle- to heavy-REE (20-30
times chondrite), and only slight enrichment of the light-REE relative to the heavy REE.

The multi-element patterns summarise the compositional features of the Moroccan CAMP
lavas (Fig. 6). All four lava units display increasing enrichment from right (least incompatible
elements) to left (most incompatible elements), but with distinct negative anomalies for Ti, P and
Nb-Ta, and positive anomalies for Pb and Cs. While the patterns of the Lower, Intermediate and
Upper units are very similar in the middle part of the diagram (U to Gd), the Lower unit is distinctly
more enriched than the Intermediate unit, which in turn is more enriched than the Upper unit. The
Intermediate unit shows the largest anomalies of the four units. The pattern for the Recurrent unit is
generally parallel to the other units in the middle part of the diagram but shows a large negative Sr
anomaly. Sr also shows minor negative anomalies in the Lower and Intermediate units. At the right-
hand side of the diagram it can be seen that the Lower, Intermediate and Upper lava units have a
steeper slope (e.g. higher Dy/Yby) relative to the Recurrent unit, which shows a nearly horizontal
pattern with Dy/Yby close to 1.0, but at higher concentrations. At the left-hand side of the diagram
there are also marked differences. Although the alkali elements are relatively mobile during fluid-
driven alteration processes, their patterns appear to be systematic: (1) positive Cs relative to Rb and
K in all four units; (2) pronounced negative Rb and K anomalies in the Upper and Recurrent units,
but not in the Lower and Intermediate units; and (3) low Ba/Th in the Upper and Recurrent units

compared to the Lower and Intermediate units.

Platinum group elements and gold

The platinum group elements (PGE) and Au are plotted in a primitive mantle-normalised diagram
together with Ni and Cu (Fig. 7), making this diagram useful to evaluate elemental control by
sulphides and/or chromite, either occurring as residual phases in the mantle or precipitating from
the magma in the crust (Barnes et al., 1988). Control by sulphides will result in a bowl-shaped
pattern with depletion in PGE and Au relative to Ni and Cu. The effect of chromite fractionation is
depletion of Os and Ir, and in particular Ru relative to Pt, Pd, Au, Ni and Cu (Arguin et al., 2016).
Moreover, Os, Ir and Ru, that are often referred to as IPGE (Ir-like PGE), are compatible in the

silicates of the mantle (mainly olivine) and alloys or platinum group minerals associated with
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chromite and/or olivine (Mungall & Brenan, 2014; Barnes ef al., 2015; Arguin et al., 2016). In
contrast, Pt and Pd (the PPGE) are incompatible during melting of the mantle in the absence of
sulphide, while Rh is somewhere between the IPGE and PPGE, and Au generally behaves similar to
PPGE during mantle melting.

In the dataset for the Moroccan lavas the concentrations of Pd and Pt range from 2 to 11 ppb
and Au from 0.3 to 4.1 ppb, whereas all the IPGE are below 0.4 ppb (Table 1). No systematic
stratigraphic variations are observed, either within unit, or overall, as illustrated for Pd in the
Tiourjdal section (Fig. 3e). The mantle-normalised patterns in Fig. 7 are broadly similar for all lava
units showing pronounced enrichment of PPGE and Au (c. 1-4 times primitive mantle) over IPGE
(0.02 to 0.2 times primitive mantle), and distinct negative Ru anomalies. In the Moroccan lavas Ni
is slightly more depleted than the IPGE, whereas Cu is slightly enriched relative to the PPGE and
Au at 1-8 times primitive mantle (Fig. 7). The Recurrent unit shows the steepest trend with
relatively low IPGE and Ni, relatively high PPGE, and the highest concentrations in the dataset for
Au and Cu. Pd and Pt generally correlate positively (Fig. 8), and the Lower lava unit has higher
Pt/Pd (1.1 — 1.7) than the Intermediate and Upper units (0.6 — 1.1), but similar to the Recurrent unit
(1.2). One sample from the Lower lava unit (15M-16) is somewhat anomalous in the way it is
relatively depleted in Pd and Au, but within the range of the other lavas for the remaining elements

(Figs 7, 8).

MANTLE MELTING MODELS

In this section, we will first interpret the constraints provided by published Os isotope data, then the
elemental data for the Moroccan lavas presented above, and follow this with the development and
results of new mantle melting models. The goal is to examine the mantle melting dynamics

resulting in CAMP magmatism by combining constraints from PGE, REE and HFSE elements.

Constraints from Os isotopes

Recently published Os isotope data provide key constraints on the CAMP mantle source. In Fig. 9a,
the Os isotope compositions for low-Ti CAMP basalts show clear peaks at initial '#70s/!830s values
of 0.130 both for the entire published dataset (n = 65 including Morocco) and for Morocco alone (n
=12) (Merle et al., 2011, 2014; Callegaro et al., 2013, 2014a; Marzoli et al., in revision). This
confirms the inference that the Moroccan low-Ti basalts are representative of the entire province.

Moreover, the peak value of 0.130 is indeed very similar to values expected for convecting,
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asthenospheric mantle (Carlson, 2005), such as primitive upper mantle (PUM) that would have had
a value of 0.1281 at 201 Ma (Meisel et al., 2001) (Fig. 9b). In contrast, recent and extensive Sr-Nd-
Pb isotope data sets (not shown) have demonstrated that the compositions of low-Ti CAMP
magmas are strongly influenced by the crust (Callegaro et al., 2013, 2014a; Merle et al., 2014;
Whalen et al., 2015; Marzoli et al., 2018; in revision). All of these authors have argued that this
dichotomy is best explained if the mantle beneath the Pangaean supercontinent was contaminated
with continental crust.

As outlined by Whalen ef al. (2015) and Shellnutt ez al. (2018), this can be explained by
continental sediments transported into the mantle by subducting slabs associated with the accretion
of the Pangaea supercontinent. These authors present three key arguments in support of this
inference. First, the amount of crustal contamination required to explain the Sr-Nd-Pb isotopes
would be 20% crust (assuming a MORB-like mantle) and it is argued that the heat required to
produce such extensive assimilation is unrealistically high. Second, the mantle-like Os isotope
compositions do not allow for assimilation of more than 8% crust, even assuming a parental magma
with 1870s/1880s as low as 0.120 (Marzoli ef al., in revision). Third, the high Os concentrations of
the mantle buffers the Os isotope compositions, even if mixed with significant amounts of crustal
components.

The second and third arguments hinge on the composition of the crust that, in turn, is mainly
controlled by the age, given the enormous differences in the parent/daughter ratio, Re/Os, between
crust (ca. 8 in average upper crust, Saal et al., 1998) and mantle (ca. 0.08, McDonough & Sun,
1995). The crustal ages and geological histories of the host rocks to CAMP are obviously variable,
given the large extent of the province across four continents (Fig. 1). However, in Morocco and NW
Africa the upper crust was originally Archean and has been modified in orogenic cycles denoted as
Eburnean (ca. 2 Ga), Pan-African (ca. 0.6 Ga), and Hercynian (ca. 0.3 Ga) events (Marzoli ef al.,
2017, and references therein). In N and S America the main orogenic cycles are Grenvillian (ca. 1.2
- 1.0 Ga), Brasiliano (ca. 0.6 Ga; in S America only), and multiple Paleozoic events denoted
Caledonian and Appalachian (0.5 - 0.3 Ga; in N America only) (Gower & Krogh, 2002; Hatcher,
2010; Hibbard et al., 2010). To illustrate the effect of adding crust to the mantle in such orogenic
events we have calculated the '370s/'#0s composition for potential crust at the time of CAMP (0.2
Ga). As an example, juvenile crust formed at 2 Ga with Re and Os compositions similar to average
upper crust (Saal et al., 1998) would have reached '¥70s/'80s compositions of 1.22 at 0.6 Ga and
1.54 at 0.2 Ga., see Fig. 9 caption. If this crust was added to the mantle at 0.6 Ga in a mixture
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composed of 8% old continental crust and 92% PM, it would result in an '#70Qs/!'380s value of
0.1293 at 201 Ma (Fig. 9b). This value is similar to the peak in the observed 370Os/!380s
compositions for the CAMP low-Ti basalts. Using other reasonable assumptions for compositions
and age of crust and mantle, or other mixing proportions of crust and mantle, would not change this
conclusion.

The second argument against crustal contamination is also illustrated in Fig. 9. If the crust is
old (2 Ga), modelling of coupled assimilation and fractional crystallisation (AFC; assumptions
listed in Fig. 9 caption and Supplementary Data file 10) shows that '#70s/!380s of mantle-derived
magma contaminated with 5% and 10% crust will be shifted to 0.1450 and 0.1750, respectively, and
higher than the observed values for CAMP rocks (Fig. 9c). If the crust is younger, however, the
effect of crustal assimilation is smaller and '87Os/!#0s reaches values of 0.1312, 0.1363 and 0.1553
for 5%, 10% and 20% crustal assimilation, respectively (Fig. 9d). In principle, the Os isotope data
allow for almost unlimited assimilation of juvenile (e.g. Hercynian) crust. However, in Morocco
and NW Africa, the proportion of Hercynian crust is minor and not juvenile (Marzoli et al., 2017)
and such crust is therefore highly unlikely to be dominant in any AFC processes. We have also not
shown model results for assimilation of Grenvillian crust that is dominant in N America, but these
models fall between those for 2 and 0.6 Ga crust shown in Figs. 9c and d. As argued by previous
authors, the Os isotope composition of CAMP basalts allows for considerable crustal assimilation
up to 10-12% crustal assimilation if the crust was restricted to the relatively young Pan-African
rocks (Merle et al., 2011, 2014; Callegaro et al., 2013, 2014a; Marzoli et al., 2018, in revision).
Even more assimilation would be allowed for the younger Caledonian-Appalachian crust in N
America. However, the distribution of zircon ages in the sedimentary basins associated with CAMP
volcanic rocks in Morocco and Canada show multiple peaks, always including peaks at ca. 0.6 Ga
and ca. 2.0 Ga, often including a peak at ca. 1.0 Ga, and sometimes a peak at c. 0.3 Ga (Marzoli et
al.,2017). This shows that CAMP was emplaced into a patchwork of crustal ages that would have
had highly variable Os isotope compositions. Finally, Fig. 9¢ shows that initial '¥7Os/!38Os is not
correlated with the concentration of Th, which is sensitive to crustal contamination. We therefore
conclude that the relatively tight peak in '370s/!880s at 0.130 for low-Ti basalts across the entire
CAMP province (Fig. 9a) is inconsistent with crustal assimilation playing a major role. However,
the slight skewing of the peak to higher '370Os/!880s (broader to the right than to the left) may well
be a result of minor crustal assimilation as argued by previous workers (Merle et al., 2011, 2014;

Callegaro et al., 2013, 2014a; Marzoli et al., 2018, in revision). In contrast, the similarity between
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the initial '870Os/!380s of the low-Ti basalts and mantle values (Figs 9a and b), and the indifference
of the mantle Os budget to crustal input, strongly favours addition of crust to the mantle to explain
the dichotomy between Sr-Nd-Pb and Os isotope compositions (Merle et al., 2011, 2014; Callegaro
et al., 2013, 2014a; Marzoli et al., 2018, in revision).

Constraints from the lithophile elements

The incompatible lithophile element patterns for the Moroccan lavas are markedly different from
the typical basalts of the ocean basins (N-MORB, E-MORB and OIB, Figs 5 and 6). Instead, they
display many features akin to the composition of continental crust such as positive Pb and Cs
anomalies, negative Nb-Ta, Ti and P anomalies, and a positive hump at Zr and Hf. This is typical
for the low-Ti CAMP basalts (Prevalent geochemical group), which are similar across all four
continents (Marzoli ef al., 2018), and supports the inferences drawn from isotopes above. All four
lava units described here from Morocco show these crust-like signatures, but there are several
differences between the units that cannot easily be attributed to crustal contamination or crustal
source lithologies, or to fractional crystallisation alone. For example, the difference in Nb
concentrations in the four lava units is not easily explained by crustal processes (crystallisation,
assimilation and/or magma mixing) (Fig. 4). Also, the variation in the ratio of MREE to HREE (e.g.
Dy/Yby) is more likely controlled by residual garnet holding back the heaviest REE in the mantle,
and hence relates to the depth, temperature and degree of mantle melting (Tegner et al., 1998). This
can be illustrated in a diagram of Dy/Yby vs La/Smy (Fig. 10), where the latter ratio is a measure of
the slope of the LREE patterns (Fig. 5). For the REE ratios shown in Fig. 10 the effect of fractional
crystallisation is largely negligible, as demonstrated by a lack of correlation between these ratios
and an index of fractionation such as MgO (Supplementary Data file 8). Likewise, a correlation
with crustal assimilation is not indicated when these REE ratios are plotted against Th/Nb
(Supplementary Data file 9), consistent with the inference from Os isotopes. If anything, the higher
La/Smy in the Lower unit compared to the Intermediate unit (Fig. 10) is correlated with lower
Th/Nb (Supplementary Data file 9); the opposite of the expectation for a control by crustal
contamination or crust in the mantle source. La/Smy is also not anti-correlated with ANb
(Supplementary Data file 9) as may be expected in the case of extensive crustal contamination in
low-Ti continental flood basalt provinces (Luttinen, 2018). To illustrate the potentially modest
effects of crustal assimilation, we have illustrated three examples of AFC on the REE ratios for the

maximum amount (10%) of crustal assimilation allowed by the isotope compositions discussed
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above (Callegaro ef al., 2013, 2014a; Merle et al., 2014; Whalen et al., 2015; Marzoli et al., 2018;
in revision). The three arrows denoted i, ii and iii in Fig. 10a show the calculated changes in a
magma (average Upper unit magma) that has assimilated 10% of (i) Eburnean granitoid (average
from Ennih & Liegeois, 2008), (ii) Pan-African granitoid (average from Toummite et al., 2013),
and (7ii) average continental crust of Albarede (2003). While the average continental crust
represents bulk assimilation, the Eburnean granitoids are interpreted as crustal melts (Ennih &
Liegeois, 2008) and the Pan-African granitoids as a mix of mantle and crustal melts (Toummite et
al., 2013). We therefore consider them representative for the likely range of crustal components that
may have been assimilated by the CAMP magmas. Clearly, crustal assimilation cannot explain the
range of compositions in Fig. 10a. Below, we further show that crustal assimilation cannot explain
the inter-unit variations in Th-Nb-Yb. We therefore interpret variations in Dy/Yby vs La/Smy (Fig.
10a) as mainly reflecting the mantle source composition, degree of melting and upwelling
dynamics. The Lower, Intermediate and Upper lava units are fairly similar in Fig. 10a, and coincide
with the compositional field for the prevalent low-Ti lavas identified across the entire CAMP. In
detail, the Moroccan lavas, however, span a considerable range in Dy/Yby (1.15 — 1.45) and show
the highest La/Smy in the Lower unit (2.0 - 2.6) and the lowest La/Smy (1.7 - 1.9) in the Upper
unit, with the Intermediate unit in between. The Recurrent unit is very different, with much lower
Dy/Yby (1.04 — 1.07) and also lower La/Smy (1.35 — 1.53), but compares to previously published
data for this unit in Morocco and NE America.

The Th/Yb vs Nb/Yb plot also illustrates well the role of crustal components in CAMP
magmas (Fig. 11a) (Whalen et al., 2015). This diagram combines the high-field strength elements
Th and Nb with the HREE Yb and was introduced by Pearce (2008) to decipher crustal components
(high Th/Nb) in mantle-derived basalts, and to constrain mantle dynamics. Pearce (2008) showed
that basalts of volcanic arcs (crustal input to the shallow mantle via subduction) often plot in a
parallel array displaced to higher Th/Yb for a given Nb/YDb relative to the oceanic mantle array (N-
MORB, E-MORB, and OIB), whereas crustal contamination tends to produce an array that trends
obliquely away from the oceanic mantle array. We have illustrated this oblique trend by adding
three AFC curves in Fig. 11a showing magmas assimilating up to 30% crust. The Pan-African
(Toummite ef al., 2013) and Eburnean (Ennih & Liegeois, 2008) granitoids plot very similarly in
this diagram and we have used the average composition of the Pan-African rocks in the AFC
calculations. The AFC curves using N-MORB and E-MORB as starting magmas clearly trend
obliquely not only to the mantle trend as argued by Pearce (2008), but also to the trend of the four
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lava units in Morocco. This confirms that the compositional differences of the lava units in
Morocco, and the general trend of low-Ti CAMP magmas, cannot be explained by variations in the
amount of crustal assimilation. Moreover, these AFC models confirm the inference from isotopes
discussed above that about 10% to 30% crustal assimilation by magmas derived from oceanic
mantle types are required to explain the trace element compositions of low-Ti CAMP magmas.
Finally, the AFC model starting with the average composition of the Upper lava unit also trends
obliquely to the trend of the Moroccan lavas and, thus, does not provide a satisfactory explanation
for the inter-unit variations. We therefore conclude that in this diagram, the Moroccan lavas define
a tight trend similar to most other CAMP low-Ti basalts that is indeed displaced to higher Th/Yb
and parallel to the oceanic mantle array, supporting the view of crustal input to the mantle via

subduction.

Constraints from PGE, Au, Ni and Cu

The mantle-normalised patterns increasing from Ni over PGE, and Au to Cu (Fig. 7), show that the
compositions of the Moroccan lavas are not controlled by sulphides. This demonstrates that
sulphides must have been exhausted at least in parts of the mantle melting column (to release the
PGE and Au to the melts), and that the lavas did not experience sulphide saturation and
fractionation in a crustal magma plumbing system (Barnes ef al., 1988). The negative Ru anomaly
indicates a control by chromite (and platinum group minerals and alloys associated with chromite),
most likely during crustal fractionation processes (Arguin et al., 2016). The Pt/Pd ratios of the
Lower and Recurrent lava units are similar to the asthenospheric mantle (1.15, Barnes et al., 2015),
whereas the Intermediate and Upper units have slightly lower Pt/Pd (Fig. 8). The Pt/Pd of the
subcontinental lithospheric mantle (SCLM) is well constrained from the cratons where kimberlites
and other alkaline magmas have brought xenoliths to the surface; the most recent data suggest the
Pt/Pd of the SCLM is higher than both primitive mantle and the Moroccan lavas, and ranges from
1.95 to 2.44 (Barnes et al., 2015; Tappe et al., 2017; Maier et al., 2017) (Fig. 8).

Before we can interpret the inference from Pt/Pd on the mantle dynamics of the Moroccan
lavas it is necessary to evaluate the effects of fractional crystallisation. For example, in the East
Greenland flood basalt succession it was shown that Pd and Pt behaved opposite during fractional
crystallisation; Pd increased as an incompatible element, whereas Pt declined as a compatible
element, resulting in highly variable Pt/Pd ratios (1.3 — 0.1) (Momme ef al., 2002). This was

explained by fractionation of Pt into platinum group minerals associated with chromite and olivine,
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due to lower solubility of Pt relative to Pd in basaltic melts (Rehkdmper ef al., 1999). Recently,
Mungall & Brenan (2014) have shown that the solubility of Pt in basaltic magma correlates strongly
and positively with both oxygen and sulphur fugacities. Momme et al. (2002, 2006) assumed the
sulphur contents of the East Greenland basalts were relatively high (900 — 2000 ppm), but always
below sulphide saturation. More recent investigations, in contrast, contend that the East Greenland
magmas may have had considerably lower sulphur contents (Keays & Tegner, 2016), thus
suggesting that Pt/Pd in the east Greenland flood basalts may have been fractionated due to low
solubility of Pt (Mungall & Brenan, 2014). In contrast, CAMP magmas from across the province
have been shown to have high sulphur contents (up to 1900 ppm), calculated from sulphur in
clinopyroxene (Callegaro ef al., 2014b). Thus, the CAMP magmas may have been so rich in
sulphur, although the PGE and Au data show that they did not reach sulphide saturation, that
fractionation of Pt from Pd was minimal. This view is corroborated by the positive correlation of Pd
and Pt (Fig. 8). We therefore conclude that Pt/Pd of the Moroccan lavas was not fractionated by
platinum group minerals or alloys. In Fig. 8 we have illustrated the effect of 30% silicate
fractionation, the maximum range of fractionation required between the least and the most
fractionated compositions of the Moroccan lavas, following modelling of Marzoli et al. (in
revision). This shows that fractional crystallisation alone cannot explain the range in Pd and Pt in
Fig. 8. Hence, the degree of mantle melting and/or source heterogeneity must play a role in
explaining the range of compositions in Fig. 8. In summary, the Pt/Pd of the Moroccan lavas points
to the convecting mantle, not the SCLM, as the dominant source of the PGE. However, the slight
differences in Pt/Pd between the lava units, and in particular the higher Pt/Pd of Lower unit sample

15M-16 (Fig. 8), perhaps indicate some contributions from the SCLM.

Modelling background

In this section, we develop the model of melting dynamically upwelling mantle using the REEBOX
PRO application of Brown & Lesher (2016). This forward model calculates the composition of the
incompatible lithophile trace elements in mantle melts using the latest thermodynamic and
experimental constraints on melting reactions and mineral-melt partition coefficients, and can
simulate passive and active upwelling scenarios, melting of several potential mantle lithologies (dry
and wet peridotite, harzburgite, and pyroxenite) and allows for exploring variable mantle potential
temperatures (7). The platinum group elements and gold were modelled off-line using the

REEBOX PRO output files and, hence, the results are directly correlative with the modelled
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lithophile element compositions. This approach of combining inferences from almost completely
independent geochemical systems, the highly siderophile and the lithophile elements, has proven to
be a powerful way for constraining mantle melting dynamics of LIPs (Momme ef al., 2006).

The REEBOX PRO model assumes incremental batch (i.e. near-fractional) melting of the
upwelling mantle (Brown & Lesher, 2016). This is simulated in a step-wise fashion where the
melting column is subdivided into a finite number of decompression steps between the solidus and
the base of the lithosphere. Each small decompression step involves melting and removal of the
instantaneous melt, and recalculation of the trace element composition of the residual mantle (e.g.,
Wood, 1979). The instantaneous melt composition is calculated using the equation for non-modal
batch melting, and the composition of the residual mantle is calculated by mass balance. In the next
decompression step the previous residual mantle parcel moves up to slightly lower pressure
(simulating upwelling) and melts again, producing a slightly more depleted residual mantle and so
forth. All instantaneous melts generated within the melting region are pooled together to form an
aggregated melt composition (equation 12 in Brown & Lesher, 2016). The model simulates two
end-member scenarios for the 2D shape of melting region. The first is upwelling in a simple column
and this form of the melting region is perhaps most relevant for axial upwelling in mantle plumes
(Day et al., 2013), or a narrow zone of mantle upwelling associated with the rupture of thick,
continental lithosphere (Momme et al., 2006). The other shape is a triangular melting region where
melting takes place in upwelling mantle parcels but stops when convection turns to horizontal; it is
therefore often referred to as the corner-flow model initially developed to simulate melting
dynamics at mid-ocean spreading ridges (Plank & Langmuir, 1992; Rehkdamper et al., 1999).
Similar flow patterns of upwelling asthenosphere and a triangular melting region are also shown in
dynamic models of continental rifting and breakup (Nielsen & Hopper, 2004; Armitage et al.,
2009). The composition of the aggregate melts is quite different between the two models
(Rehkadmper ef al., 1999; Momme et al., 2006; Brown & Lesher, 2016); this is due to the higher
proportion of the low-degree melts from the bottom of the triangular melting region compared to a
columnar melting scenario. Melting begins at the solidus intersection and the maximum degree of
melting (F.x) is obtained at the upper apex of the melting region. In the triangular melting region,
the average degree of melting is about half of /.« and is given by equation 28 of Brown & Lesher
(2016). Throughout this work, we refer to Fi,.x as the measure of the degree of melting. One of the
key factors for simulating the composition of melts produced during dynamic mantle upwelling is

the transition from garnet to spinel stability. In REEBOX PRO, garnet is stable on the pyrolite
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peridotite solidus above 2.7 GPa, whereas spinel is stable on the solidus below 3 GPa (Brown &
Lesher, 2016), producing a 0.3 GPa transition where both phases exist.

The PGE, Au, Cu and Ni compositions of mantle melts are modelled following previous
investigations (e.g. Keays, 1995; Rehkdmper et al., 1999; Momme et al., 2006; Mungall & Brenan,
2014). One difference is that we have linked the model calculations to the REEBOX PRO
application so that the mantle melting conditions are identical to the lithophile element models
described above. This was achieved by using the REEBOX PRO output files for offline calculations
in Excel, using the same melt fractions for each step. As first outlined by Keays (1995), the basis
for this modelling are the extremely high partition coefficients for PGE and Au into mantle
sulphides (of the order of 10° to 10%; Mungall & Brenan, 2014); this means that the PGE and Au are
held back in the mantle until the last sulphides are melted out. A further control is that the IPGE
(Os, Ir and Ru) are compatible in the silicates of the mantle (mainly olivine), alloys and/or platinum
group minerals associated with chromite and/or olivine (Mungall & Brenan, 2014; Barnes et al.,
2015; Arguin et al., 2016). In contrast, Pt and Pd (the PPGE) are incompatible in mantle silicates,
while Rh is somewhere between IPGE and PPGE, and Au generally behaves similar to PPGE
during melting. The model for the PGEs and Au is set up to calculate a bulk D for each step based
on the mass fractions of sulphide and silicate in the mantle, and sulphide-melt and silicate-melt
partition coefficients. The mass fraction of sulphide is calculated assuming the sulphide contains 35
wt % S, i.e. the mass fraction of sulphide equals the concentration of S (ppm) in the source divided
by 0.35 and times 10-° (Mathez, 1976; Rehkamper et al., 1999). Therefore, the key controls on the
behaviour of PGE and Au in the model melts are the sulphur (S) content of the mantle, the S-
solubility of the melt, the degree of melting and the shape of the melting region.

Results of modelling: lithophile elements

The inference from the isotopic compositions of the dominant and widespread low-Ti CAMP
basalts is that their source is dominated by depleted MORB mantle (DMM) mixed with up to c. 5%
continental crust (CC) that was translated to the mantle via subduction zone processes (Merle ef al.,
2014; Callegaro et al., 2013, 2014a; Whalen et al., 2015; Marzoli et al., 2018). We therefore start
by modelling the lithophile elements in such a scenario and use the trace element compositions of
Salters & Stracke (2004) for DMM and of Albarede (2003) for average CC. In all the modelling
presented below, we used REEBOX PRO default temperature-dependent parameterisations for
lithophile trace element partitioning in a pyrolite anhydrous peridotite lithology (e.g. Walter, 1998).
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Results of the modelling are first summarised in Dy/Yby vs La/Smy space (Fig. 10). Initially we
assume a mantle potential temperature 7p of 1430°C, that is 100°C above ambient mantle (A7),
which is similar to independent estimates for 7p of CAMP magmatism (Herzberg & Gazel, 2009;
Hole, 2015; Callegaro et al., 2013). In this model, it is possible to partly match the compositions of
the Lower, Intermediate and Upper lava units of Morocco by mixing 1-3% CC into DMM, and
assuming a triangular melting region (Fig. 10b). However, the samples with Dy/Yby above 1.35 are
not matched in these models. Melting DMM alone can produce Dy/Yby >1.35, but for
unrealistically low F),,, (<2%). We also note that the models with 1-3% CC mixed into DMM only
fit the data for modest degrees of melting (F,.x of 2-5%, Fig. 10b). Much better fits to the data for
the Lower, Intermediate and Upper lava units can be obtained by mixing CC with a pyrolite
lithology having a primitive mantle composition (PM, Sun & McDonough, 1989). Figure 10c
shows that mixtures of PM with 0 to 8% CC roughly span the field of the Lower, Intermediate and
Upper lava units for a mantle 7p of 1430°C and assuming a triangular melting region. For example,
the simulation of melting a source composed of 96% PM and 4% CC overlaps with the Lower lava
unit for c. 8-15% melting (Fiax), With the Intermediate unit for 12-20% melting, and with the Upper
lava unit for 16-22% melting (Fig. 10c). Melts of PM alone at 1430°C fit with the highest Dy/Yby
samples for 6-8% melting. In the models assuming pyrolite PM composition and 7p of 1430°C,
melting begins at a pressure of 3.4 GPa, or c. 110 km depth. Alternatively, a similar coverage of the
data field for the Lower, Intermediate and Upper lava units can be obtained by varying 7p from
1380°C to 1530°C (i.e. ATp of 50 to 200°C). For example, melting a mixture of 96% PM and 4%
CC within this temperature range fits with the Lower lava unit for 9-17% melting, the Intermediate
unit for 12-20% melting, and the Upper lava unit for 20-26% melting (Fig. 10d). At ambient mantle
T (1330°C) melting of the above-mentioned mantle composition is restricted largely to the spinel
stability field, resulting in Dy/Yby values that are close to one (not shown), and thus smaller than
the values observed in the Lower, Intermediate and Upper lava units.

The REE patterns of the Recurrent lava unit are distinct relative to the other lava units in
Morocco (Figs 5 and 10). The flat MREE to HREE with Dy/Yby slightly above 1, at first glance
suggest shallow melting restricted to the spinel stability field. Indeed, model curves for melting
DMM alone at Tp of 1330°C, and a triangular melting region, can produce the Dy/Yby and La/Smy
of the Recurrent unit (not shown). However, F,,,x would have to be very modest at 2-4%. In
contrast, melting of PM at this temperature produce Dy/Yby (1.11-1.13) that are higher than those

of the Recurrent unit (Fig. 10c). There are two other ways to model the composition of the
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Recurrent unit. The first is by melting DMM mixed with 1-3% CC at 1430°C in a triangular melting
region; these model curves coincide with the Recurrent unit for 10-15% melting (Fig. 10b), and
represent melting intercepting the solidus at 3.0 GPa. The second possibility is to assume melting in
a columnar melting region as illustrated in Fig. 10e. For example, melting a mixture of 96% PM
and 4% CC at 1430°C matches the Recurrent unit for high degrees of melting (21-24%). Likewise,
melting a mixture of 98% DMM and 2% CC at 1430°C in a columnar melting region also matches
the Recurrent unit, but for more modest degrees of melting (5-7%). Finally, we note that the model
for a columnar melting region also fits the data for the Lower, Intermediate and Upper units for a
mixture, e.g., of 96% PM and 4% CC at 1430°C for 6-10% melting (Fig. 10e). However, as we will
see below, this model is not supported by the modelling of the PGEs.

In the Th/YDb vs Nb/Yb diagram, the data for the Moroccan lavas also require a minor
proportion of continental crust in the source (Fig. 11). The model curves for pure DMM and PM
coincide with the oceanic mantle array, as they should, whereas the model curves are shifted
upwards to higher Th/YDb for a given Nb/Y when CC is added to the source (Fig.11b). Although the
modelled compositions from sources composed of either a mixture of 96% PM and 4% CC, or a
mixture of 98% DMM and 2% CC, only overlap with the lowest Th/Yb values of the CAMP
basalts, they form trends that are parallel to the Moroccan lavas, corroborating the view that the
continental crust component in the CAMP rocks indeed is integrated in the source. The offset
between the model curves and the data may relate to the assumptions about the partition coefficients
in the model. Assimilation of continental crust into melt derived from melting DMM or PM alone
would not form such a trend (Pearce, 2008). This is illustrated by two mixing curves between N-
MORB and E-MORB, respectively, and average continental crust (Albaréde, 2003) that are oblique
to the oceanic mantle array, and to the CAMP trend (Fig. 11a).

Results of modelling: PGE and Au

The PGE and Au compositions of mantle melts are largely independent of the silicate mineralogy,
and mainly depend on the source concentrations of S, PGE and Au and on the melting dynamics.
Continental crust contains little PGE (e.g. 0.5 ppb Pt; Rudnick & Gao, 2003) and Au (1.5 ppb;
Rudnick & Gao, 2003); inclusion of a few percent crust in the mantle source will therefore not
change the PGE and Au concentrations significantly. First, we examine the potential roles of two
end-member mantle components: convecting asthenospheric mantle that we refer to as primitive

mantle (PM) and sub-continental lithospheric mantle (SCLM). The assessment of the PGE
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concentrations in these two mantle components is mainly based on the comprehensive compilation
of Barnes et al. (2015) for mantle rocks and melts, summarised in Table 2. They argued that a
subset of orogenic peridotite samples is the best representative of the convecting asthenospheric
mantle, in other words near pristine, primitive mantle that has not been affected by significant melt
extraction or metasomatic refertilisation. We have combined these values with the Ni, Au and Cu
concentrations of Salters & Stracke (2004) in the preferred composition we refer to as PM (Table
2). The modelling results would not be significantly different for other recent estimates for the
convecting mantle such as those of Becker ef al. (2006) and Fischer-Godde et al. (2011). The
assumed composition for the SCLM was calculated as an average of mantle xenoliths from the
cratons compiled by Barnes et al. (2015) (Table 2), and is similar to the recent findings for mantle
xenoliths from the Kaapvaal and Karelian cratons (Maier ef al., 2017). The choice of the S content
of the mantle plays a significant role in the amount of melting required to melt out the sulphides and
release the PGE. The range considered by most workers is from 119 ppm S for DMM (Salters &
Stracke, 2004) to 250 ppm S for PM (McDonough & Sun, 1995). However, Momme et al. (2006)
concluded that the mantle source of the East Greenland flood basalts may be as little as 100 ppm S.
Mungall & Brenan (2014) used a conservative value of 185 ppm S in their modelling. We therefore
explore the effects of 119 ppm vs 185 ppm S for PM, and use 119 ppm S for SCLM. The partition
coefficients follow Mungall & Brenan (2014), Brenan et al. (2003, 2005) and Rehkédmper et al.
(1999) (Table 2). Finally, we assume that the mantle melt can dissolve 1200 ppm S. This number is
consistent with typical S contents in low fO, continental LIP basalts including CAMP (e.g., Self et
al., 2008; Callegaro et al., 2014b) and is in the middle of the range assumed previously for mantle
melts (Mathez, 1997; Rehkdmper et al., 1999; Momme ef al., 2006; Mungall & Brenan, 2014). The
assumed S-solubility mainly bears on the calculated F,; higher solubility in the melt leads to a
quicker depletion of S in the mantle source, resulting in a decrease in the degree of melting required
to melt out the sulphides.

Figure 12 shows that PM has a relatively flat pattern from Os to Au relative to chondrite,
whereas the SCLM is enriched in IPGE relative to PPGE. The model melts inherit this pattern for
low-degree melting, but produce fractionated patterns enriched in PPGE over IPGE after the
sulphides are melted out (illustrated by the curves for 15% and 20% melting, Fy,ax). The high-
degree melts of PM produce a hump-shaped pattern for the PPGE and Au that resembles the
Moroccan lavas, whereas the melts of the SCLM show a negative slope from Pt to Pd that is

generally not seen in the Moroccan lavas. This difference is also illustrated in Fig. 8 where model
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melts of PM (Pt/Pd = 1.2) roughly coincide with most of the Moroccan lavas for 12-17% melting
(assuming 119 ppm S in PM). In contrast, the melts of the SCLM (Pt/Pd = 2.0) generally fall
outside the dataset for the Moroccan lavas and other CAMP rocks in Fig. 8 (Gottfried & Froelich,
1988; Gottfried et al., 1991; Greenough & Fryer, 1995). One exception in the Moroccan dataset is
sample 15M-16 that compares to SCLM melts.

Results of modelling: Combining PGE and REE

We end the modelling section by combining inferences from REE and PGE elements. Due to the
vast difference in partitioning of Cu and Pd into sulphide (1500 vs 400,000; Table 2), the Cu/Pd
ratio drops abruptly in melts produced when the sulphides are exhausted in the mantle as shown in a
plot of Cu/Pd vs La/Smy (Fig. 12). Figure 13a shows model curves for melting of a mantle
composed of 96% PM and 4% CC at 1430°C. It can be seen that the model curves assuming a
triangular melting regime fits reasonably well to the Intermediate lava unit if the source contains
119 ppm S and melts by 12-16%. In this plot, the two data points for the Upper lava unit can be
reproduced by higher degrees of melting of ¢. 18-20% for a mantle with 185 or 119 ppm S,
respectively, in a triangular melting region. This is consistent with the inference from Fig. 10 that
the REE compositions of the Upper lava unit are best explained by higher degrees of melting
relative to the Intermediate and Lower lava units. The model curves for melting in a columnar
melting region fit the Recurrent unit well for c¢. 17% melting of a source with 185 ppm S. Figure
13b explores the effects of increasing the mantle 7 to 1530°C (i.e. ATp of 200°C) for a mantle
composed of 96% PM and 4% CC with 185 ppm S. The temperature has almost no effect on the
melt curves produced in a columnar melting region (the model curves for 1430°C and 1530°C in
Figs 13a and 13b, respectively, are nearly identical). For a triangular melting region increasing the
temperature shifts the melt to slightly higher La/Smy because the sulphides are melted out slightly
earlier (Fig. 13b), but not enough for temperature to explain the compositional differences in this
plot. We therefore conclude from Fig. 13 that the Lower and Intermediate lava units are best
explained by a triangular melting region. In contrast, the Recurrent unit fits best with the model
melts of a columnar melting region, in particular for a source composed of PM, with 185 ppm S,
and melting c. 17%. It is also worth noting that melting a source dominated by DMM (with or
without a few % CC) in a columnar melting region cannot explain the Recurrent lava unit, or any of

the underlying lava units (Fig. 13b).

ALN7 JaawardaQ /n uo Jasn AJelaiT AusiaAlun snulevy Aa LARLwacc/LwnzBa/ABolonad/crnNL nI.nopnoeNsae-aioe-aoueAbe/ABolonad/woo dnooluapeoe//;sdiu Woil DaDEROIUMOT



DISCUSSION

The mantle sources

The new modelling suggests that the lithophile trace elements in the Moroccan basalts are best
explained by a mantle source that contains up to 8% continental crust, but typically less. This is
remarkably consistent with the inference from Sr-Nd-Pb-Os isotope data published recently for the
widespread low-Ti basalts across the CAMP (Callegaro et al., 2013, 2014a; Merle et al., 2011,
2014; Whalen et al., 2015; Marzoli et al., 2018, in revision). A significant difference, however, is
that our modelling shows that the Moroccan low-Ti basalts are best explained if the composition of
the dominant mantle component is similar in terms of trace elements to the primitive mantle (PM),
and not to the depleted MORB mantle (DMM) as suggested hitherto on the basis of isotopes. For
the Lower, Intermediate and Upper lava units this interpretation is reached from the combined
analysis of PGE and REE (Fig. 13). For the Recurrent lava unit, the REE and HFSE data can be
modelled with either DMM or PM (Figs 10, 11), but again the combined analysis of PGE and REE
(Fig. 13) is best explained by assuming a source that was dominated by the primitive mantle (with a
few % crust). In a companion paper, Marzoli et al. (in revision) carefully re-evaluated new and
existing isotope data from Moroccan CAMP tholeiites and concluded that a primitive mantle with
Sr-Nd-Pb isotopes similar to prevalent mantle (e.g. PREMA of Zindler & Hart, 1986; White, 2015)
may be an important component in the low-Ti Moroccan lavas. The prevalent mantle component is
recognised in many ocean island basalts (OIB) (Zindler & Hart, 1986) and LIPs (Jackson &
Carlson, 2011), but following White (2015) we refer to it as a broad region in Sr-Nd-Pb space that
is enriched relative to DMM, and without connotations to its geodynamic origin. Likewise,
Callegaro et al. (2013) found that the low-Ti CAMP basalts in southeastern North America could be
explained either by a PREMA-type mantle or a more depleted mantle. Isotopes of Sr, Nd and Pb are
not conclusive in discerning between these two different mantle sources, given their broadly similar
signatures. Additionally, we note that not only LIP magmas, but also OIB magmas, often are
moderately enriched in PGE compared to MORB (Ireland et al., 2009; Day, 2013); it is therefore
plausible also from the PGE geochemistry point of view that a prevalent-type mantle was important
in the source of the low-Ti CAMP basalts.

The role of the subcontinental lithospheric mantle (SCLM) as a source for CAMP
magmatism is also debated. Some workers explain the depletion of Nb and Ta relative to REE (Fig.

6) or the enriched Sr-Nd-Pb isotope compositions as a signature of melting SCLM that was
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modified either by arc processes (Pegram, 1990; Puffer, 2001; Dorais & Tubrett, 2008) or by
mantle plume metasomatism (Cebria et al., 2003). Others argue that these observations are better
explained by melting asthenospheric mantle that contains recycled continental sediments translated
by subduction processes (Callegaro et al., 2013, 2014a; Merle et al., 2011, 2014; Whalen et al.,
2015; Marzoli et al., 2018; in revision). The present data and modelling of PGE, Au and Cu confirm
that the data for the Moroccan lavas are best explained by melting of the asthenospheric mantle, not
the SCLM (Figs 8, 12). In this context, it is worth considering the intial Os isotope ratio
("870s/'880s;) that is often used to distinguish asthenospheric mantle sources from the SCLM
(Carlson, 2005). The initial '¥70s/'#80s; of CAMP rocks partly overlaps with the primitive mantle
(Fig. 9), but for the Intermediate and Upper lava units several samples (mainly in Morocco) have
lower values similar to the SCLM (Callegaro et al., 2013, 2014a, 2017; Merle et al., 2011, 2014;
Marzoli et al., in revision). Marzoli et al. (in revision) explained the low 370Os/'880s; samples as
possibly resulting from assimilation of sulphides in the cratonic SCLM, and argued based on mass-
balance considerations that the lithophile isotope systems remained largely unchanged by this
assimilation. Similarly, the low Pd/Os of SCLM (0.6, Table 2) relative to the high Pd/Os (c. 50) of
the Moroccan lavas suggest that the Pd (and Pt) concentrations of the melts would not be swayed
much by such a reaction with the SCLM. One sample of the Lower lava unit (15M-16), however, is
distinctly depleted in Pd and Au relative to Pt (Figs. 3, 7), and has Pt/Pd ratios similar to melts of
SCLM (Fig. 8). However, the lithophile elements of this sample are not distinctly different from the
other samples of the Lower lava unit. It therefore remains unclear whether the PGEs and Au of
sample15M-16 witness a contribution from the SCLM.

A remarkable feature of the Moroccan lavas is the distinct trace element patterns of the four
lava units, e.g. the up-section decrease in the concentration of incompatible elements such as Ti and
Nb from the Lower to the Upper lava unit (Figs 3-6). Verati et al. (2005) explained similar
variations in dykes in Mali as a result of increasing degree of melting of a common mantle source.
Our results support a similar interpretation to explain inter-unit differences (see below), but it is
also clear that the large spread in Dy/Yby within each volcanic unit and the lack of intra-unit
positive correlation of Dy/Yby and La/Smy cannot easily be explained by variable degrees of
melting (Fig. 10). Neither can it be explained by variations in the efficiency of pooling of melts
from the melting region, which should produce trends parallel to the melting curves in Fig. 10
(Tegner et al., 1998). Instead, the modelling in Fig. 10 suggests that the intra-unit variations may be

a result of variations in the proportion of continental crust mixed into the mantle source, and/or due
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to variations in mantle potential temperature. On the short timescale of the Moroccan CAMP
volcanism (i.e., the Lower to Upper units appears to have formed as four volcanic cooling units;
Knight et al., 2004; El Hachimi et al., 2011), significant variations in mantle 7p are unlikely.
Hence, we explain the intra-lava unit compositional variations by small variations in the proportion
of continental crust embedded in the mantle source. This interpretation is intuitively reasonable, as
it would be surprising if the translation of crustal components via subduction zones could result in a
completely homogenous distribution. It is already remarkable that a small fraction of continental
crust appears to be present in the mantle sources across most of the CAMP province (discussed
further below), although regional variations have been detected and linked to continental
inheritance (Callegaro et al., 2013, 2017; Merle et al., 2014; Whalen et al., 2015; Shellnutt et al.,
2018).

The modelling also indicates that the S content of the mantle varied between the different
lava units. The Intermediate unit is well modelled for a mantle containing 119 ppm S. Inspection of
Fig. 13a indicates that the source of the Lower unit may have contained even less sulphur (not
modelled). In contrast, the Upper and Recurrent lava units appear to be best modelled by melting a
source with higher S content (185 ppm in the models). Hence, our data and modelling indicate that
the S-content of the sources may have increased with time, and this possibly relates to mantle

upwelling and geodynamics as discussed below.

Mantle melting and the geodynamics of continental rifting

One outcome of the mantle melting modelling is that not only the S-content of the mantle but also
the shape of the melting region, and the degree of melting may have changed with time. If we
disregard the intra-unit variations discussed above, the changing melting dynamics can be
illustrated (Fig. 14) based on the model output for REE for upwelling primitive mantle mixed with
4% continental crust at constant mantle 7p (1430°C). These values represent the middle model
curve through the data set in Fig. 10c. This analysis indicates that F},,x increased from the Lower
unit (8-16%), over the Intermediate unit (12-20%) and Upper unit (16-22%) to the Recurrent unit
(21-24%), and also indicates changes in the shape of the melting region from triangular to columnar
with time, as discussed above. Moreover, Fig. 14 illustrates that the intersection of the solidus at the
bottom of the melting region was at c. 3.4 GPa (c. 110 km) and the top of the melting region
changed from c. 1.5 GPa (c. 50 km) to ¢. 1 GPa (c. 32 km) with time. Our results based on trace

elements are thus within the range of, but less extreme than independent estimates for the depth of
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melting (4.5 to 0.3 GPa) based on petrological modelling of the major element compositions of
CAMP magmatism (Herzberg & Gazel, 2009; Hole, 2015). As discussed by Hole (2015), the
implication of these results is that significant stretching and thinning of the continental lithosphere
is required to allow such shallow decompression mantle melting. This interpretation finds further
support in dynamic models demonstrating that continental rifts can be associated with upwelling
and melting of asthenospheric mantle under pressure and temperature conditions similar to our
model results (Nielsen & Hopper, 2004; Armitage et al., 2009). Moreover, in the dynamic rift
models the melting region beneath continental rifts typically develops a triangular shape, also
supporting our modelling results.

In Morocco, the CAMP lavas are invariably associated with Triassic-Jurassic sedimentary
basins (Knight et al., 2004; Marzoli et al., in revision). In contrast, the known dyke intrusions are
mainly observed outside the rift basins (Fig. 1). A reconstructed structural map of North Africa,
North America and South Eurasia (northern part of CAMP) at c. 200 Ma shows a plethora of
sedimentary rift basins associated with the dispersal of Pangaea (Fig. 15) (El Harfi et al., 2006).
Similar to Morocco, the known CAMP lavas in Eurasia and North America are also associated with
basins (Olsen et al., 2002; Callegaro et al., 2014a; Merle et al., 2014; Marzoli et al., 2018).
Although this observation may be biased due to basin inversion, other tectonics and erosion
obliterating potential CAMP lavas erupted outside rift basins, it supports the association of CAMP
extrusive volcanism and local continental rifts. In Morocco, there are differences in the occurrences
of the volcanic units between rift systems (Marzoli et al., in revision). The Recurrent lava unit, for
example, has only been identified in the Central High Atlas basins (Knight ez al., 2004; Marzoli et
al., in revision). We therefore speculate that the unusual composition of the Recurrent unit, that is
best explained by relatively high degrees of melting in a columnar melting region, represents a late,
transient, and low-volume melting event that was restricted to the Central High Atlas rift system.
Magmas of the Recurrent group are, however, also identified as intrusions to the south of the
Central High Atlas, and as extrusives and intrusives in northeast America (Fig. 1) (Marzoli et al.,
2018, in revision). For the occurences in northeast America we speculate that rift systems and
melting conditions similar to the Central High Atlas rift system existed. The low pressure indicated
for the top of the melting region associated with the Recurrent lava unit (1 GPa, or 32 km depth,
Fig. 13) suggests it was related to extensive upwelling. This is possibly similar to the formation of
low-Ti basalts (interbedded with high-Ti basalts) in east Greenland, and explained by shallow,

columnar melting thought to result from the incipient continental rupture (Tegner et al., 1998;
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Momme et al., 2006). In east Greenland, it was argued that two rift systems and two separate
mantle melting regions resulted in the co-eruption of two magma types. In Morocco, the Recurrent
lava unit is separated from the Upper lava unit by c. 50 m of sediments and therefore clearly
postdates the other lava units (Fig. 3). A slightly younger age for the Recurrent lavas, compared to
the Lower to Upper flows, is also evidenced by new isotopic ages (Marzoli et al., in revision). The
change from a dominantly triangular melting column to a columnar melting region for the
Recurrent unit can be explained by the development of refractory, residual mantle in the upper part
of the previous melting region that restricted melting (Tegner et al., 1998) (Fig. 13). The modelling
of the PGE, moreover, indicates that the S-content of the source for the Recurrent unit may have
increased relative to the underlying units, consistent with upwelling and melting of slightly different
mantle material at this stage, possibly more plume-like mantle (Marzoli et al., in revision).

The geodynamics resulting in the emplacement of the dyke complexes outside the preserved
rift basins remain unclear. In Morocco, we note that the two main known CAMP dykes (at Foum
Zguid and Jbilet, Fig. 1) strike NE-SW and NNE-SSW, respectively, and this is approximately
parallel to one of the dominating directions of the rift basins (Fig. 14) (Marzoli ef al. (in revision).
The emplacement of these dykes therefore appears to follow extensional tectonics similar to the
well-developed rift systems. One possibility is that the dyke magmas propagated laterally away
from the rift systems. It has been shown that dyke complexes may be injected laterally for more
than 2000 km, e.g. the Mackenzie dyke swarm (Ernst & Baragar, 1992; Ernst, 2014). In Morocco,
Marzoli et al. (in revision), for example, suggested that the Jbilet dyke was associated with the
volcanics of the Argana rift. Likewise, the magma types identified in the Foum Zguid dyke can be
correlated with the lava units in Morocco, including the Recurrent unit (Marzoli ef al., 2018, in
revision), suggesting a common origin.

We therefore conclude that the origin of the CAMP basalts in Morocco is best explained by
melting anomalously hot, asthenospheric mantle upwelling mainly beneath continental rift zones as

illustrated in Fig. 14.

Mantle plume and/or heating by super-continent insulation?

The ultimate challenge related to understanding CAMP magmatism, as for other LIPs, is to
ascertain whether the mantle melting dynamics are associated with deep mantle plumes (e.g.
Torsvik et al., 2006), and/or with mantle warming beneath super-continents (e.g. Coltice et al.,

2007). In summary, the constraints from this study are: (/) the dominant mantle component appears

ALN7 JaawardaQ /n uo Jasn AJelaiT AusiaAlun snulevy Aa LARLwacc/LwnzBa/ABolonad/crnNL nI.nopnoeNsae-aioe-aoueAbe/ABolonad/woo dnooluapeoe//;sdiu Woil DaDEROIUMOT



to be the convecting, primitive mantle producing PGE-rich basaltic magmas; (2) the role of the
subcontinental lithospheric mantle is restricted, but may have contributed to a minor portion of the
Moroccan CAMP, as indicated by one of the analysed samples showing high Pt/Pd; (3) the mantle
source contained variable amounts up to 8% continental crust; (4) the mantle potential temperature
was c. 1430 °C, i.e. about c. 100 °C warmer than ambient mantle. The CAMP magmatism presents
several of the attributes often ascribed to melting of a mantle plume, such as coeval onset over a
very large area, large volumes and rapid emplacement (Morgan, 1983; Hill, 1991; Wilson, 1997;
Oyarzun ef al., 1997; Ruiz-Martinez et al., 2012). Moreover, the paleo-placement of CAMP and the
future line of breakup in the central Atlantic roughly coincide with a plume generation zone at the
core-mantle boundary projected vertically to the surface (Torsvik et al., 2006; Svensen et al., 2018).
In contrast, the unusual magma compositions are inconsistent with melting of mantle plume
material; the magma compositions are very different from the normal mantle array as illustrated in
Fig. 11. This offset from the mantle array cannot be explained by crustal contamination as discussed
above and therefore supports inferences from Os isotopes that continental sediments were
associated with the mantle source (Fig. 9) (Callegaro et al., 2013, 2014a, 2017; Merle et al., 2011,
2014; Marzoli et al., 2018; in revision). As pointed out by Pearce (2008), mantle plumes that have
been argued to contain recycled continental crust only deviate slightly from the mantle array in Fig.
11. We therefore argue that the crustal component in the CAMP magmas is unlikely to have been
an integrated part of a deep mantle plume. Hence, the crustal sediments in the source are best
explained as a result of subduction processes associated with the assembly of Pangaea (Callegaro et
al., 2013, 2014a, 2017; Merle et al., 2011, 2014; Whalen et al., 2015; Marzoli et al., 2018). This
points to melting of the local mantle associated with the accretion of the Pangaea supercontinent.
The similarity of the low-Ti magmas across the entire CAMP area further suggests that the
subduction-related sediments were well mixed into the convecting mantle and thus distributed
beneath Pangaea. This can be explained by an increase in the length-scale of mantle convection
beneath super-continents, resulting in elevated mantle potential temperature (Coltice et al., 2007).
Although the mantle potential temperature that this study and others (Herzberg & Gazel, 2007;
Callegaro et al., 2013; Hole et al., 2015) find for CAMP is close to the upper limit possible from
internal warming of mantle insulated by continental lithosphere (A7 < 100°C; Coltice et al., 2007),
we argue that convection and heating of the asthenospheric mantle beneath Pangaea provide the
best explanation for the nature of the mantle sources of CAMP low-Ti basalts. This does not rule

out some mantle plume action. In particular, the coeval onset and correlation of magmatism across
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most the CAMP province (Blackburn et al., 2013; Davies et al., 2017; Marzoli et al., 2018) appears
best explained by mantle melting controlled by the arrival of a deep mantle plume. We therefore
surmise that the arrival of a mantle plume may have triggered extensive continental rifting and
CAMP volcanism (McKenzie & White, 1989), although melting would primarily be from the local
asthenospheric mantle contaminated with crustal sediments. It is possible that the basalts of the
Recurrent unit may partially represent the plume component, as discussed above and by Marzoli et
al. (in revision). Other areas or units of CAMP outside Morocco may also represent the plume

component (Callegaro et al., 2013; Marzoli et al., 2018).

Prospectivity for PGE and Au deposits

Platinum group elements and gold are enriched in the Moroccan CAMP lavas similar to the flood
basalts of other large igneous provinces (Momme ef al., 2002; Lightfoot & Keays, 2005; Jowitt et
al, 2013; Hughes et al., 2015). The Moroccan magmas did not experience sulphide saturation
during fractionation and the magmas were therefore fertile. This suggests that the CAMP province,
as such, could be prospective for Ni-Cu-PGE mineralisation. One would have to look for ultramafic
and mafic sills and plutons that were emplaced into S-bearing sediments that could react with the
magmas and trigger sulphide saturation. For example, the sills emplaced into evaporite of the
Amazonas and Sollimoes basins of Brazil (Heimdal et al., 2018) may be prospective targets.
Alternatively, identification of evolved and fractionated layered intrusions may also be a target for
Skaergaard-type Pd-Au mineralisation produced by prolonged fractionation in a closed-system
magma chamber (Andersen et al., 1998; Nielsen et al., 2015; Keays & Tegner, 2016). Moreover, in
contrast to the Skaergaard intrusion and the North Atlantic large igneous province, where Pt is
fractionated from Pd as discussed above, this is not the case in the CAMP magmas (Fig. 8); this
province therefore also holds the potential of Pt mineralisation. Indeed, Gottfried & Froelich (1988)
have reported elevated Pd + Pt (225 ppb combined) in evolved ferrodiorite of the Palisades sill.
Moreover, Os sulphide (ehrlichmanite) and Pt-Fe alloys nuggets have been reported in the eluvial,
lateritic surface of the Freetown Layered Complex in Sierra Leone (Hattori et al., 1991), a gabbroic
layered intrusion that has recently been demonstrated to be part of the CAMP (Callegaro et al.,
2017). Analysis of the Os isotopic signatures of these nuggets allowed Hattori et al. (1991) to infer
a magmatic origin for them. We therefore conclude that the CAMP magmas are fertile and therefore

highly prospective for PGE and Au deposits.
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CONCLUSIONS

Platinum group elements and gold are enriched in the Moroccan CAMP lavas similar to the flood
basalts of other large igneous provinces. The magmas did not experience sulphide saturation during
fractionation and the magmas were therefore fertile and, as such, the CAMP province is prospective
for mineralisation. The Pt/Pd ratio shows that the Moroccan lavas originated by melting
asthenospheric mantle, not the subcontinental lithosphere mantle. Mantle melting modelling of the
REE, the HFSE and the PGE suggests:
(1) that the mantle source for all the lavas is dominated by primitive mantle and invariably
includes a small proportion of continental crust (<8%);
(2) the mantle potential temperature was moderately elevated (c. 1430°C) relative to ambient
mantle;
(3) intra-lava unit compositional variations are likely a result of variable amounts of the crust in
the mantle source (heterogeneous source) and fractional crystallization;
(4) inter-lava unit compositional differences mainly reflect changes in mantle melting dynamics
and minor changes in the mantle source composition (Recurrent unit);
(5) mantle melting initially took place at depths between c. 110 km and c¢. 55 km and became
shallower with time (c 110 km to c. 32 km depth);

(6) the melting region changed from triangular to columnar with time (Fig. 14).

We explain these results by melting of asthenospheric mantle that was mixed with continental
sediments during the assembly of Pangaea, then heated and further mixed by convection while
insulated under the Pangaea super-continent, and subsequently melted in multiple continental rift
systems associated with the breakup of Pangaea. We consider it likely that the CAMP volcanism
was triggered by the arrival of a mantle plume, although the plume mantle apparently was not

contributing much directly (chemically) to the magmas in Morocco and many other areas of CAMP.
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FIGURE CAPTIONS

Figure 1: Schematic map of the Central Atlantic Magmatic Province (CAMP) showing the extent
of flood basalts and intrusions in a c. 200 Ma reconstruction of the Pangaea Supercontinent. The
restricted areal distribution of the Tiourjdal group (Lower lava unit in Morocco) and the Recurrent
group (Recurrent lava unit in Morocco) are outlined. The dominant Prevalent low-Ti group
(Intermediate and Upper lava units in Morocco) was emplaced over the entire CAMP area and is

preserved on four continents today. Map and nomenclature after Marzoli et al. (2018).

Figure 2: (a) Google Earth™ map of central Morocco showing the main study areas (Tiourjdal and
Argana) and sample locations. (b) The Tiourjdal volcanic succession studied here, showing lava

unit boundaries following Knight et al. (2004).

Figure 3: Stratigraphic variations for selected, new major and trace element bulk-rock
compositions for the CAMP basalts in the combined Tiourjdal and Agouim section, High Atlas,

Morocco. The stratigraphic height is reported relative to the base of the volcanic succession.

Figure 4: Cr and Nb contents vs MgO of bulk-rock compositions for the four lava units of
Morocco. The entire dataset of this study is shown, i.e., CAMP basalts from Tiourjdal and Agouim,
High Atlas, and the Argana Basin.

Figure 5: Rare earth element (REE) patterns for the four lava units of Morocco, normalised to
chondrite (Sun & McDonough, 1989). Also shown are typical patterns for normal and enriched
mid-ocean ridge basalt (N- and E-MORB) and ocean island basalt (OIB) (Sun & McDonough,

1989).

Figure 6: Multi-element diagram for the four lava units of Morocco. For simplicity, the average
compositions are shown. The elements are arranged with increasing compatibility in mantle rocks
from left to right and normalised to primitive mantle (Sun & McDonough, 1989), except K that is
placed next to the other alkali elements (Rb and Cs). Also, shown for comparison are typical
patterns for continental crust (Albarede, 2003), normal and enriched mid-ocean ridge basalt (N- and

E-MORB) and ocean island basalt (OIB) (Sun & McDonough, 1989).
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Figure 7: Platinum group element, Au, Cu, and Ni patterns for the four lava units in Morocco
normalised to primitive mantle (Os, Ir, Ru, Rh, Pt and Pd from Barnes et al., 2015; and Ni, Au and
Cu from Salters & Stracke, 2004).

Figure 8: Pd vs Pt for the Moroccan lava units of this study. Also shown are: (i) a field for chilled
margin compositions (i.e. liquid compositions) reported for other CAMP dykes, sills and lavas (n =
28; only rocks from northeastern USA have been analysed) from Gottfried & Froelich (1988),
Gottfried et al., (1991), and Greenough & Fryer (1995); (i1) compositions of mantle lithologies (PM
= convecting primitive mantle from Barnes et al. (2015), cratonic sub-continental lithospheric
mantle (SCLM) from Barnes et al. (2015), Canadian SCLM from Tappe et al. (2016), and Karelian
and Kaapvaal SCLM from Maier et al. (2017); (iii) modelled aggregate melts pooled from a
triangular melting zone calculated for PM and for cratonic SCLM. Tick marks (1%) show the
degree of mantle melting at the top of the melting region (Fi,y); (iv); the effect of 30% sulphide

undersaturated fractional crystallisation is illustrated for a lava with 4 ppb Pt.

Figure 9: (a) Gaussian kernel density distribution of initial (201 Ma) osmium isotope compositions
for low-Ti CAMP basalts from the entire province (including Morocco, n = 65; Merle et al., 2011,
2014; Callegaro et al., 2013, 2014a; Marzoli ef al., in revision) and the Moroccan low-Ti basalts
alone (n = 12; Marzoli et al., in revision). Both distributions peak at 1870Os/!880s values close to
0.130. The kernel density estimations follow the method of Rudge (2008) and were calculated using
the Free Statistics Software of Wessa (2015). (b) The Os isotope composition for Primitive Mantle
(PM) back-calculated at 201 Ma (0.1281) using present-day primitive upper mantle (PUM) values
("¥70s/'880s = 0.1296 and '¥7Re/'80s = 0.4350) as in Meisel et al. (2001). This panel also
illustrates the shift in 1370s/!80s from mixing crustal material into mantle rocks. For example,
adding 8% old (2 Ga) continental crust (1870Os/!380s = 1.22, 400 ppt Re and 50 ppt Os calculated
following the average upper crustal values of Saal et al., 1998) to PM (1370s/!380s = 0.1250, 280
ppt Re and 3400 ppt Os assuming mantle values of Meisel et al., 2001 and McDonough & Sun,
1995) at 0.6 Ga results in '370Os/!¥0s 0f 0.1293 at 201 Ma. This tiny shift in Os isotope values even
from mixing with extremely radiogenic crust is due to the high Os concentrations of the mantle. (c)
The shift in inital '370Os/!880s by crustal assimilation at 201 Ma calculated using the AFC equations
of DePaolo (1981) and assuming the bulk partition coefficient for Os is 3 and the r-value (ratio of
the rate of mass assimilated to rate of mass crystallised) of 0.3 following Tegner ef al. (2005). The
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magma at 201 Ma is assumed to have mantle 1870s/'#0s (0.1281) and 300 ppt Os (Marzoli et al., in
revision, and equal to the highest concentration in our data set, Table 1). The crust is assumed to be
old (2 Ga). We simulate assimilation of Eburnean crust with '#70s/'#0s of 1.54 and 50 ppt Os
assuming the average upper crustal values of Saal et al. (1998). In this case, the AFC model
indicates that the '¥70s/!#80s of a magma that has assimilated 5% and 10% crust (i.e. instantaneous
crust/magma ratio, Tegner et al., 2005) has shifted to 0.1450 and 0.1750, respectively. (d) Similar
to (¢), but assuming assimilation of younger crust (0.6 Ga) simulating reaction with Pan-African
crust. In this case, the average upper crust can be assumed to have 370Os/'80s of 0.44 and 50 ppt Os
at 201 Ma. The AFC model indicates that the '¥70s/!#80s of magma that has assimilated 5%, 10%
and 20% crust has shifted to 0.1312, 0.1363 and 0.1553, respectively. The CAMP Os isotope data
in (a) are from Merle et al. (2011, 2014), Callegaro et al. (2013, 2014a) and Marzoli et al. (in

revision).

Figure 10: (a) Dy/Yby vs La/Smy for the Moroccan lava units of this study, together with a
compositional field encompassing low-Ti basalts of the entire CAMP. Also shown is the effect of
10% crustal assimilation by coupled assimilation and fractional crystallisation (AFC) processes
calculated as in Fig. 11. The starting magma composition is the average of the Upper unit low-Ti
basalt of this study. Shown are the results for assimilation of (i) Eburnean granitoids (average from
Ennih & Liegeois, 2008), (if) Pan-African granitoids (average from Toummite ef al., 2013), and (iii)
average continental crust of Albaréde (2003). (b-d) Results of forward modelling of aggregated
liquids of mantle melting using REEBOX PRO (Brown & Lesher, 2016) and assuming a triangular
melting region. The degree of melting at the top of the melting region (Fp.x) 1s given in %. (b)
Model melts assuming the source is a mixture of depleted MORB mantle (DMM) and continental
crust (CC); the proportion of CC is given in %. Tp is 1430°C. (¢) Model melts assuming the source
is a mixture of primitive mantle (PM) and continental crust (CC); the proportion of CC is given in
%. Tp 1s 1430°C. d) Model melts assuming the source is a mixture of 96% PM and 4% CC (PM96)
for variable mantle 7p (1380-1530°C). (e¢) Model melts assuming a columnar melting region and 7p
of 1430°C for (i) a source that is a mixture of 96% PM and 4% CC (PM96) and (ii) a source that is
a mixture of 98% DMM and 2% CC (DMMO98). See text for further explanation. The compositional
field for low-Ti CAMP basalts is based on data from: Alibert (1985); Dostal (1988); Papezik ef al.
(1988); Bertrand (1991); Heatherington & Miiller (1999); Marzoli et al. (1999, 2004; in revision);
De Min et al. (2003); Jourdan et al. (2003); Verati et al. (2005); Mahmoudi et al. (2007); Martins et
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al. (2008); Merle et al. (2011, 2014); Callegaro et al. (2014); Bertrand et al. (2014); Whalen et al.
(2015).

Figure 11: Th/Yb vs Nb/Yb. (a) The compositions of the Moroccan lava units of this study
together with a compositional field encompassing low-Ti basalts of the entire CAMP. Also shown
are the oceanic mantle array from Pearce (2008), the compositions of depleted mid-ocean ridge
basalt (N-MORB), enriched mid-ocean ridge basalt (E-MORB), and ocean island basalt (OIB) from
Sun & McDonough (1989), average continental crust from Albareéde (2003), and the average
composition of Pan-African granite in Morocco (Toummite et al., 2013). Three stippled curves
show the results of modelled assimilation and fractional crystallisation (AFC) with tick marks
showing % assimilated crust (average Pan-African granite, Toummite ef al., 2013) from three
starting magma compositions: N-MORM, E-MORB and average Upper Unit low-Ti basalt from
this study. The AFC equations are from DePaolo (1981) and the calculations assume the bulk
partition coefficients are 0.1 for all elements, and the r-value (ratio of the rate of mass assimilated to
rate of mass crystallised) is 0.3 (Tegner et al., 2005). The concentrations used in the AFC
calculations are listed in Supplementary Data file 10. See Fig. 10 for a key to the Moroccan samples
of this study, and for the sources of the compositional field for other CAMP low-Ti basalts. (b) The
results of forward models of mantle melting using the REEBOX PRO simulation (Brown & Lesher,
2015) show melts produced in a triangular melting region at a 7p of 1430°C and by melting
primitive mantle (PM) and depleted MORB mantle (DMM). Also shown are model melts from (1) a
source composed of 96% PM mixed with 4% continental crust (CC) in a triangular melting regime
(PM96_TMR), and (ii) a source composed of 98% DMM mixed with 2% CC and melting at

1430°C in a columnar melting region. Five % tick marks on all melting curves.

Figure 12: Chondrite-normalised Ni-PGE-Au-Cu patterns for: (i) the assumed compositions of
primitive mantle (PM) and subcontinental lithospheric mantle (SCLM) (values in Table 2); (ii)
modelled melts from partial melting at 0.01%, 5%, 10%, 15% and 20% (Fax) assuming 119 ppm S
in the source; and (ii1) the average composition of the Moroccan lavas of this study. Chondrite

values from Sun & McDonough (1989).

Figure 13: Cu/Pd vs La/Smy for the Moroccan lava units of this study, also showing modelled melt

compositions. (a) Modelled melts produced by melting a source composed of a mixture of 96%
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primitive mantle and 4% continental crust (PM96) at a Tp of 1430°C. Results are shown for
aggregated melts extracted from a triangular melting region (TMR) and from a columnar melting
region (CMR), and for S-contents of 119 and 185 ppm in the source. (b) Here the modelled melts
are again produced from the PM96 source as in (a) and containing 185 ppm S, but at 7p of 1430°C
and 1530°C in triangular and columnar melting regions, respectively. Also shown are melts
produced from DMM9S (a source composed of 98% DMM and 2% continental crust) in a columnar

melting region. See text for further explanation.

Figure 14: Schematic illustration of possible mantle melting dynamics associated with the
generation of CAMP basalts in Morocco in a continental rift system. The depth, the degree of
melting (Fax = maximum degree of melting at the top apex of the melting region showing the
maximum fitting the data in Fig. 9c), and the shape of the melting region are based on the REEBOX
PRO model calculations assuming the mantle had a potential temperature of 1430°C and was
composed of 96% primitive mantle and 4% continental crust. The paths of mantle upwelling are
similar to those of dynamic melting models developing a triangular melting region during
continental breakup (Nielsen & Hopper, 2004). The right-hand panel illustrates the potential
position of residual and refractory mantle left over from previous melting, which possibly acted to
restrict melting to a columnar region during the formation of the Recurrent lava unit. The figure
also illustrates the model assumptions for the garnet to spinel transition between 3 and 2.7 GPa (in

panel n. 3 from the left). The thicknesses of the sedimentary and volcanic basin are exaggerated.

Figure 15: Sketch map of the Triassic-Jurassic rift basins in the triple junction between North
America, Eurasia and Africa. The strike of the basins changes from c. NE-SW in the Atlantic
domain between North America and Africa to c. E-W in the Tethyan domain between Eurasia and
Africa, and c. N-S between Eurasia and North America. Most of these basins are associated with
CAMP volcanism (Knight ef al., 2004; Marzoli et al., 2018; in revision), although CAMP
volcanism dies out east of Morocco. Modified from El Harfi et al. (2006).
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