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Nephelinites and phonolites from the Moroccan Anti-Atlas form a cogenetic series of volcanic rocks linked by a
fractional crystallization process and showing continuous evolutionary trends for trace-elements. According to
partial melting calculations, minor element data in olivine and review of published experimental studies, the
most primitive nephelinites are low degree (~2%) partial melts from a carbonated LREE-rich spinel lherzolite.
Sr–Nd–Pb isotopic compositions indicate the participation of both DM and HIMU end-members in the mantle
source of nephelinites; the HIMU component is here interpreted as a relic of the shallow metasomatized Pan-
Africanmantle. The phonolites show similar isotopic composition except for slightly more radiogenic Sr isotopic
values. Fractional crystallization calculationswere performed using trace-element mineral/bulk rock coefficients
determined with new LA-ICP-MS data on minerals together with published equilibrium partition coefficients.
The decrease of LREE, Sr and Ba with increasing differentiation is explained by fractionation of large amounts
of apatite. Th, Nb and Zr display a behavior of very incompatible elements, reaching extreme concentration in
most differentiated phonolites. Ta, Hf and MREE by contrast are characterized by a moderately incompatible to
compatible behavior during differentiation. Fractionation of small amount of titanite, in which Ta, Hf and
MREE are highly compatible compared to Nb, Zr and LREE (DNb/DTa: 2, DZr/DHf: 1.5 for titanite/phonolite
ratios), explains the observed increase in Nb/Ta and Zr/Hf ratios with increasing silica content, from 18 and 40
in nephelinites to 70 and 80 in phonolites, respectively. Clinopyroxene also contributed to the fractionation of
Hf from Zr in the very first steps of crystallization. The low values of Nb/Ta and Zr/Hf ratios observed in the
two most differentiated Si-rich phonolites are probably a consequence of late stage segregation of volatile-rich
agpaitic assemblages in the underlying magma chamber. Two phonolites with extreme Sr contents plot outside
fractionation trends, as a result of the remelting of previously crystallized nephelinitic rocks in depth.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Ultrabasic, strongly alkaline primitive magmas are formed by low
partial melting degrees in the mantle (Hirose and Kushiro, 1993), the
latter being generally metasomatized (i.e., having experienced infiltra-
tion of melts or fluids with “exotic” chemical compositions; Downes
et al., 2005; Pilet et al., 2008; Tatsumi et al., 1999). These alkaline
melts are typically rich not only in incompatible trace elements but
also in mobile components such as CO2, H2O, F and Cl. Peralkaline
rocks are also characterized by a complex mineralogy (Sorensen,
1997) leading to unusual fractional crystallization trends. Fractionation
of these mineral assemblages during differentiation of the peralkaline
magma leads to the usual enrichment in some very incompatible
, Géosciences Environnement
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).
elements in the melt but at the same time, depletion in trace elements
that are usually considered as incompatible in other less alkaline to
non-alkaline magmatic series can occur (Marks et al., 2008). As an
example, fractionation of small amounts of apatite and titanite, that
are characterized by high LREE and MREE mineral/melt partition
coefficients (Olin and Wolff, 2012; Prowatke and Klemme, 2006), can
lead to a continuous depletion of melt LREE and MREE contents during
fractional crystallization (Marks et al., 2008). Very incompatible ele-
ments with similar geochemical characteristic (ionic charge and radius)
have a generally similar mineral/melt partition coefficient and as a
consequence, their ratios do not change significantly with the degree
of partial melting and fractional crystallization (Hofmann and Jochum,
1996). This is particularly the case for the ratio of so-called geochemical
twins, namely Nb/Ta and Zr/Hf (Pfander et al., 2007;Weyer et al., 2003).
Recent studies however pointed out that in plutonic to subvolcanic
alkaline–carbonatitic complexes, Nb/Ta and Zr/Hf ratios increase during
differentiation (e.g., Marks et al., 2008), implying that the partition
coefficients for both elements are not equal, especially when Ti-rich
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minerals are involved (Green and Pearson, 1987; Olin andWolff, 2012).
Other canonical ratios such as Ce/Pb and Nb/U are also used to estimate
the proportion of recycled sedimentary components in the mantle
source of primitive basalts (Hofmann, 1997). Differentiation can lead
to modification of these ratios and their usefulness as proxies for the
amount of recycled crust in themantle source is biased; this is especially
the case of the Si-undersaturated alkaline series such as in theMoroccan
Anti-Atlas.

TheMio-PlioceneSaghroCenozoic volcanic rocks in theMoroccanAnti-
Atlas (Berrahma et al., 1993) are amongst the most Si-undersaturated
and alkaline-rich volcanic rocks from the Circum Mediterranean volca-
nic province (Berger et al., 2009; Lustrino andWilson, 2007). Nephelin-
ites and phonolites are the dominant volcanic products, the former
contains scarce wehrlite, pyroxenite and carbonatite xenoliths while
the latter frequently shows syenite inclusions (Berger et al., 2009; Ibhi
et al., 2002). The nature of these xenoliths indicates that the Saghro
lies atop an ultrabasic-alkaline-carbonatitic plutonic complex (Berger
et al., 2009; Downes et al., 2005). In this study, new trace element
data on bulk rocks and someminerals together with the Sr–Nd–Pb iso-
topic data are provided and processed to explain the formation of
magma with extreme incompatible element concentrations and the
fractionation of trace element ratios that are usually unmodified during
differentiation.

2. Geological context of the Saghro volcanism

The Anti-Atlas uplifted area is located at the boundary between the
thick lithosphere of the West African craton toward the South and
Peri-Gondwanan-related terranes to the North (Fig. 1). This domain
was successively affected by the Eburnean (~2.0 Ga), the Pan-African
(760–545 Ma) and the Variscan (420–300 Ma) orogenies (Ennih and
Liégeois, 2001, 2008; Gasquet et al., 2008; Hoepffner et al., 2005;
Fig. 1. Simplified geological map ofMorocco and bordering regions showing the location of Cen
lithospheric anomaly while the continuous lines are representing the 100 km depth for lithosp
Tamazight, Tr Taourirt.
Thomas et al., 2004). The Pan-African event led to the Neoproterozoic
magmatic growth by granitoid production and ophiolite/island arc
accretion and reworking of the Paleoproterozoic basement by deforma-
tion and metamorphism. The Variscan orogeny is only expressed by
thick-skin tectonics leading to folding of the Paleozoic sedimentary for-
mations and fracturing of the Precambrian basement (Burkhard et al.,
2006). The Triassic to Cretaceous period is characterized by the forma-
tion of intra-continental rifts at the location of High Atlas and Middle
Atlas, accompanied by Lower Jurassic magmatism (Bensalah et al.,
2013, and references therein). The Mesozoic rifts were inverted during
the Cenozoic and syn-tectonic sediments were deposited in adjacent
sub-Atlasic belts and foreland basins (Frizon de Lamotte et al., 2000;
Tesón and Teixell, 2008). According to apatite fission track data and
modeling, theHigh- andAnti-Atlas belts underwent strong uplift during
the Neogene (Malusà et al., 2007; Missenard et al., 2008). This uplift
event cannot be fully explained by tectonic processes as shortening
did not exceed 25% in the High-Atlas belt (Teixell et al., 2003) and be-
cause compressional structures (folds, inverse faults) are relatively
scarce, as it is in the uplifted Anti-Atlas (Malusà et al., 2007). Modeling
of geophysical and topographic data has successfully demonstrated
that the elevated areas (Anti-Atlas, central High Atlas and Middle
Atlas) lie above a thin lithosphere, characterized by an asthenosphere
uplift up to 60 km depth and by the occurrence of alkaline Cenozoic vol-
canism (Teixell et al., 2005; Missenard et al., 2006; Urchulutegui et al.,
2006; Fig. 1). The origin of the thermal uplift is difficult to constrain
and it has been the subject to lively debates. It has been related to the
horizontal propagation of the Canary plume under the Atlasic corridor
(Duggen et al., 2009) but this interpretation has been questioned by
Berger et al. (2010) as it does not integrate the Cenozoic geological
evolution of the Atlas region and the age distribution of Moroccan
volcanism. Recently, Missenard and Cadoux (2012) have proposed
that edge-driven convection at the northernmost boundary of the
ozoic volcanic units. The discontinuous line is the 60 km isodepth contour of the top of the
here–asthenosphere boundary (fromMissenard et al., 2006). Re: Rekkame, Si: Siroua, Ta:

image of Fig.�1
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thick West-African cratonic lithosphere induces the lithospheric
thinning below the Anti-, High and Middle Atlas areas; lithospheric
delamination also probably played a role (Bezada et al., 2014).

Neogene alkaline volcanic rocks have been erupted between 11
and 2 Ma in the Anti-Alas (Berrahma and Delaloye, 1989; Berrahma
et al., 1993) during the main tectonic and thermal uplift in the
adjacent High-Atlas belt. These lava flows and domes are now
forming topographic peaks meaning that erosion took place also
after cessation of volcanic activity and that uplift is still an ongoing
process (Malusà et al., 2007). Early Cenozoic alkaline-carbonatitic
igneous activity is recorded within the High-Atlas belt (Tamazeght
complex, 40–35 Ma, Harmand and Cantagrel, 1984) and to the
north of High-Atlas, namely the Rekkame nephelinites and basanites
(50–32 Ma; Rachdi et al., 1997) and the Taourirt carbonatite–alkaline
complex (67–35Ma;Wagner et al., 2003; Fig. 1). Neogene to Quaternary
alkaline volcanic to subvolcanic rocks are also present in the Middle
Atlas, the Central Morocco and in the Rif belt (see Lustrino and Wilson,
2007 for a review).
3. Main petrographic features of the Saghro lavas

The Saghro nephelinites and phonolites form lava flows and
domes generally associated with pyroclastic deposits. Flows contain
rare small xenoliths of lherzolite, wehrlite, pyroxenite and carbonatite
in the nephelinites (Ibhi et al., 2002) and titanite-bearing nepheline-
syenites in the phonolites (Berger et al., 2009). Nephelinites are
either characterized by the dominance of olivine phenocrysts (olivine–
nephelinite) or augite phenocrysts (pyroxene–nephelinite). Theirmatrix
is holocrystalline and formed by a network of augite, nepheline,
Ti-magnetite, apatite, and perovskite with melilite found only in
one sample (melilite nephelinite TAF 7). Carbonate-rich domains con-
taining apatite and Ba-rich biotite (up to 20% BaO) were observed in a
pyroxene–nephelinite and as inclusions into olivine phenocrysts
(Berger et al., 2009). Phonolites are holocrystalline and dominated by
sanidine, nepheline and green augite-aegirine phenocrysts with a
groundmass made of sanidine, nepheline, aegirine, titanite, sodalite–
nosean–hauyne and minor amounts of lorenzenite, hainite, eudialyte-
like minerals and delhayelite in some peralkaline phonolites (Berger
et al., 2009). The most Si-rich phonolites (IK and ELB samples) are
composed of sanidine, nepheline and aegirine only. One intermedi-
ate rock containing phenocrysts from both nephelinites (pyroxenes
and olivine) and phonolites (feldspar and nepheline) form a flow in
the central part of the volcanic area. The phenocrysts of this sample
are strongly resorbed with the development of reaction coronas.
Table 1 summarizes the geochemical composition of the samples
used in this study; more detailed descriptions and major element
compositions of the minerals can be found in Ibhi et al. (2002) and
Berger et al. (2008, 2009).

The alkaline lava suite from Saghro lacks rocks with intermediate
composition (one sample with SiO2 above 45 wt.% and below 52 wt.%;
Berger et al., 2009; Berrahma et al., 1993). The numerous clinopyroxene
xenocrysts in nephelinites have crystallized inmagmas having interme-
diate composition between nephelinites and phonolites (Berger et al.,
2008, 2009) attesting that these intermediate magmas exist at depth
but were not erupted. This and the close similarities between the min-
eralogy and bulk chemical composition of modeled cumulates and
those forming ultramafic-alkaline-carbonatitic complexes (Downes
et al., 2005) have been interpreted as evidences for a polybaric fractional
crystallization linkage between nephelinites and phonolites (Berger
et al., 2008, 2009).

For simplicity, the two phonolite samples with anomalously high
Sr contents will be named Sr-rich phonolites (TO and OUL) while the
two phonolites with the highest silica content will be labeled Si-rich
phonolites (IK and ELB). All other phonolites will be referred to as
peralkaline.
4. Major and trace elements geochemistry

Major element analyses (Table 1) were presented in Berger et al.
(2009) to discuss about the mineral/melt equilibrium in nephelin-
ites and phonolites. They are used in this paper to support the
trace element based fractional crystallization study and to compare
the Saghro volcanics to other North African Mio-Pliocene alkaline
lavas. The nephelinites (37–43 wt.% SiO2, all silica and other oxides
cited hereafter have been recalculated on a anhydrous basis) range
from primitive (14 wt.% MgO) to evolved (8 wt.% MgO) magmas
with high Ca (11–15 wt.% CaO) and low Al contents (11–13.5 wt.%
Al2O3). The most primitive nephelinites are comparable, in terms
of major elements, to Cenozoic Si-undersaturated alkaline magmas
from the Rekkame area (Rachdi et al., 1997), in the Middle Atlas
(Duggen et al., 2009) but also on Gran Canaria in the Canary Islands
(Hoernle and Schmincke, 1993; Fig. 2). By contrast, nephelinites
are not present in the adjacent and contemporaneous Siroua strato-
volcano in the central Anti-Atlas (Berrahma and Delaloye, 1989),
which is characterized by the presence of primitive basanites
(Fig. 2).

The Si content of phonolites varies from 52 to 58.5 wt.% SiO2

(Fig. 2) while the Na2O values range from 8.6 to 10.8 wt.%, with sig-
nificantly lower values for two altered phonolites (6 and 8 wt.% LOI).
Al contents are high (19–21 wt.% Al2O3) compared to nephelinites
and MgO gently decreases with increasing Si content from 2.5 wt.%
(TAB 1) to 0.2 wt.% (IK 01). The same trend is also observed for
CaO. The Saghro lavas are amongst the most alkali-rich and silica-
undersaturated series when compared to Canary Islands and Middle
Atlas (Fig. 2).

Most trace elements display regular correlations with silica and
often an incompatible behavior with sometimes extreme range of vari-
ations (Fig. 3, Table 1). For example, Zr increases from 210 ppm in the
nephelinites to 2100 ppm in the phonolites, Th increase from 14 to
87 ppm and Nb ranges from 120 to 570 ppm.

Ba, Sr, LREE, MREE, Ta and light transition elements (e.g., Cr, Co, Ni)
show decreasing to stagnant values with increasing silica (Fig. 3,
Table 1). Sr ranges from 2100 ppm in the nephelinite TAF 7 to 87 ppm
in the phonolite IK 01 (with the exception of two samples having
much higher Sr than other phonolites, 2500–3000 ppm, Table 1); Ta de-
creases from primitive to evolved nephelinites (10–6 ppm) while the
concentration is scattered for phonolites (3–12 ppm, Table 1), the two
Si-richest phonolites showing the highest enrichment in Ta. Nb/Ta ra-
tios are consequently increasing from 18 in the nephelinites up to 69
in the nephelinites (Fig. 4). Hf is slightly less incompatible than Zr
during differentiation of the nephelinite magma into phonolites which
results in an increase in the Zr/Hf ratio with increasing silica, from 38
to 82 (Fig. 4). These two ratios are however lower for the two most
differentiated, Si-rich phonolites than for the most evolved
peralkaline phonolites. Trace element ratios commonly used to esti-
mate the fraction of recycled sediments into the mantle source are
strongly dependent of the degree of fractionation, Nb/U and Ce/Pb
range from 50 in the nephelinites to 18 and 2, respectively in the
phonolites (Fig. 4).

Heavy rare earth elements (e.g., Yb) and Y behave like compatible
elements for low silica contents (Fig. 3), before getting a incompatible
behavior, reaching minimum values at 45–50 wt.% SiO2. The most
Si-rich phonolites show the highest contents in HREE and Y.

Nephelinites are characterized by a steep LREE-enriched linear
pattern in CI chondrite-normalized plots (Fig. 5a). They showmaximum
primitive mantle-normalized abundances for themost incompatible el-
ements (Rb, Ba, Th, U, Nb, Ta) with comparatively low values for HREE,
Zr, Hf and Y (Fig. 5b). They also show negative spikes for Rb, K and Pb, a
common feature of magma derived from a HIMU mantle (e.g., Panter
et al., 2006). The trace element fingerprint is very close to Middle
Atlas basanites and nephelinites, Canary Islands nephelinites and
Early Cenozoic Rekkame nephelinites (Fig. 5b) although the Saghro



Table 1
Major and trace-element composition of bulk volcanic rocks from Saghro. XY coordinates in UTM.

Rock Nephelinites Phono Phonolites Phonolites Phonolites SRM SRM

Type Mel-Ol Ol Ol Px Px Tephrite Sr-rich Peralkaline Si-rich Measured Reference

UTM X 284123 247239 282543 247835 252725 260376 253190 253821 252725 268337 257063 255547 257828 255453 264856 252725 245072 274015

UTM Y 3471452 3481114 3444311 3480617 3441892 3452572 3444177 3448039 3441892 3445472 3442002 3443905 3442104 3440209 3438132 3441892 3450847 3435186

Sample TAF 7 FN 4 TL 6 FS 5 TAB 3 AS 1 OUL 3 TO 1 TAB 1 TG 1 AZLOU 1 TIM 1 SAR 3 BAG 2 MIG 2 TAB 7 IK 01 ELB 6 BR BR

wt.%
SiO2 37.24 39.30 39.02 39.68 42.75 47.75 50.27 52.42 49.99 52.20 52.58 52.80 54.40 54.30 54.92 54.38 54.65 55.51
Al2O3 11.83 10.67 10.84 11.37 13.61 16.42 21.30 21.53 19.21 19.77 19.56 20.68 19.90 20.95 20.69 20.37 20.16 20.81
Fe2O3t 12.75 11.72 12.35 11.71 10.64 7.46 3.85 4.47 4.80 5.22 4.99 4.08 4.27 3.62 3.76 3.59 3.78 2.89
MnO 0.23 0.19 0.18 0.21 0.18 0.19 0.14 0.15 0.17 0.20 0.22 0.18 0.24 0.19 0.22 0.20 0.22 0.21
MgO 10.04 13.96 13.18 10.30 8.40 4.76 0.65 0.58 2.44 1.25 1.23 0.78 0.39 0.29 0.31 0.15 0.20 0.34
CaO 14.51 13.32 14.35 15.37 10.98 7.92 3.74 2.53 4.63 3.09 2.91 2.67 1.77 1.78 1.36 1.10 0.88 0.89
Na2O 3.81 3.41 2.80 3.06 4.45 6.19 5.70 7.86 8.33 9.42 10.38 8.93 9.08 9.63 10.60 9.22 8.86 9.83
K2O 2.06 1.94 1.31 1.73 3.15 4.03 7.71 7.69 6.06 6.10 5.13 6.52 6.71 6.61 5.65 6.95 4.54 5.09
TiO2 3.48 2.76 2.93 2.76 2.80 1.81 0.68 0.89 0.98 0.90 0.91 0.71 0.47 0.48 0.49 0.32 0.36 0.25
P2O5 2.05 1.16 1.76 1.64 0.88 0.58 0.06 0.12 0.17 0.21 0.22 0.09 0.02 0.06 0.03 0.31 0.00 0.00
LOI 1.19 1.84 1.42 2.67 1.19 2.06 6.88 2.25 2.15 1.21 0.70 1.21 2.15 1.52 0.80 3.34 5.12 3.65
TOTAL 99.20 100.26 100.16 100.50 99.03 99.18 100.99 100.50 98.93 99.58 98.83 98.65 99.39 99.44 98.82 99.94 98.77 99.44

ppm
V 295 230 281 231 245 151 78 83 122 84 81 70 71 65 41 46 20 15 253 235
Rb 48 50 43 52 75 117 176 161 209 191 214 226 246 216 276 229 251 324 46 47
Sr 2099 1283 1753 1915 1532 1390 2993 2591 1100 1286 838 1295 868 948 464 540 87 142 1322 1320
Y 39 27 31 34 24 29 15 19 22 24 39 17 26 21 23 19 23 23 29 30
Zr 415 216 269 296 415 756 478 390 871 944 1541 951 1175 999 1377 936 1750 2101 260 250
Nb 187 128 159 169 148 275 192 213 307 339 404 266 352 303 369 247 572 533 99 98
Ba 1274 1151 1122 1746 1093 1148 1966 1772 811 752 732 816 347 416 213 49 36 56 1049 1050
La 164 98 130 131 88 126 94 106 83 97 186 75 77 75 77 101 35 119 79 85
Ce 283 169 226 230 148 193 121 146 129 141 253 103 113 110 103 119 56 142 149 151
Pr 30 20 26 27 16 20 9.7 13.7 12.2 13.6 20.5 8.7 9.4 9.5 8.1 8.3 4.8 10.0 17.3 17
Nd 113 69 88 91 59 58 29 37 42 38 61 27 28 28 23 22 12 26 66 65
Sm 17.9 13.4 14.4 15.5 9.9 9.2 4.2 5.6 6.3 5.8 8.0 4.0 4.0 3.8 3.2 2.6 2.0 3.0 13.1 12
Eu 5.28 3.85 4.29 4.90 3.03 2.67 1.32 1.72 1.89 1.78 2.26 1.14 1.20 1.17 0.89 0.70 0.70 0.74 3.6 3.7
Gd 13.66 10.14 10.95 12.87 8.03 7.20 3.66 4.64 5.64 5.02 6.89 3.25 3.82 3.66 2.90 2.18 2.37 2.41 9.8 9.5
Dy 9.05 5.91 6.33 7.01 5.52 4.77 2.63 3.01 4.24 3.92 5.88 2.99 3.97 3.39 3.28 2.65 2.69 3.12 6.2 6.2
Ho 1.49 0.99 1.11 1.17 0.92 0.91 0.53 0.59 0.81 0.79 1.24 0.61 0.85 0.72 0.74 0.61 0.64 0.73 0.99 1.1
Er 3.63 2.33 2.50 2.79 2.23 2.44 1.57 1.72 2.21 2.28 3.75 1.86 2.69 2.22 2.42 1.96 2.31 2.45 2.5 2.4
Yb 2.85 2.09 2.22 2.50 1.86 2.72 1.68 2.00 2.43 3.00 4.63 2.40 3.35 2.87 3.46 2.64 4.17 3.92 1.76 1.9
Lu 0.37 0.28 0.29 0.33 0.22 0.43 0.22 0.30 0.32 0.45 0.69 0.34 0.48 0.41 0.52 0.38 0.71 0.60 0.24 0.3
Hf 7.4 5.1 5.9 6.0 7.0 13.0 5.8 6.2 11.3 14.4 21.7 13.4 15.0 13.8 17.2 11.9 28.3 29.8 5.1 5.4
Ta 10.3 6.8 8.6 9.0 7.2 9.4 5.2 7.0 8.2 8.0 11.5 6.0 6.0 6.7 7.1 3.5 10.7 11.3 5.9 6.2
Pb 5.6 4.4 5.1 7.1 5.4 17.0 9.8 31.2 13.1 19.2 31.1 20.7 22.6 19.2 24.5 20.0 31.6 35.0 7 8.0
Th 17.1 13.8 14.9 16.7 13.7 36.2 20.7 21.0 35.3 41.2 71.0 35.3 50.8 41.6 57.5 39.1 83.2 87.4 11.6 11
U 3.8 3.0 3.4 3.7 3.2 10.0 6.5 8.4 10.2 13.3 12.5 10.1 15.0 12.7 18.9 11.7 23.7 28.9 2.7 2.5
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nephelinites have the highest contents in very incompatible elements
(Th, U, Nb, Ta, LREE).

Phonolites can be splitted into two groups regarding their REE pat-
tern (Fig. 5c, e): a first group shows a flat HREE profile with normalized
concentration increasing from MREE to LREE; the second group, com-
prise the two Si-richest phonolites, with a concave upward pattern
characterized by slightly higher normalized values for Yb and Lu com-
pared to other HREE (Fig. 5e). The differences between the two phono-
lite types are also observed in multi-elemental plots (Fig. 5 d, f): those
with concave upward REE pattern are strongly depleted in Ba and P com-
pared to the phonolites with the flat HREE profile. The latter also have
lower concentrations in Th, U, Nb and Zr.

5. Sr–Nd–Pb isotopic geochemistry

Nephelinites form a restricted range of initial isotopic composition:
143Nd/144Nd from 0.51282–0.51287 (corresponding to εNd values of
+4.4 to +4.9), 87Sr/86Sr from 0.7030–0.7033, and 19.41–19.56,
15.61–15.63, 39.11–39.30 for 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb
respectively; Fig. 6, Table 2. The less radiogenic Sr composition com-
bined with radiogenic Pb and Nd signatures implies the involvement
of the depleted mantle (DM, represented on Fig. 6 by Atlantic MORBs
from same latitudes, data from the online PetDB database) and HIMU
components in the source of nephelinites with negligible influence of
enrichedmantle (EM) end-members (Hofmann, 1997). This composition,
close to FOZO, is typical of the North African Cenozoic alkaline volcanic
province and oceanic islands (Fig. 6), including the Moroccan Middle
Atlas (Duggen et al., 2009; Bosch et al., 2014), the Algerian Hoggar
(Ait-Hamou et al., 2000; Allègre et al., 1981;Maza et al., 1998), volcanism
in Northeastern Africa (Sudan and Egypt; Lucassen et al., 2008), the
Canary Islands (Lustrino and Wilson, 2007) and the Cape Verde islands
(GEOROC database). Phonolites have similar Nd and Pb isotopic composi-
tions than nephelinites but slightly higher for Sr (0.7033–0.7037). The
two Si-rich phonolites IK and ELB are characterized by more radiogenic
87Sr/86Sr (0.7056–0.7071) and one peralkaline phonolite with anomalous
Sr concentration (2500 ppm) has low 206Pb/204Pb value (18.96) com-
pared to remaining samples but also slightly lower values for the two
other isotopic ratios (Fig. 6, Table 2).

6. LA-ICP-MS analyses on minerals and determination of mineral/
bulk-rock coefficients

Trace element analyses on minerals have been performed on one
sample of pyroxene nephelinite (FS) and four phonolites (TO, TIM,
BAG, IK; Table 3). They were used to estimate mineral/bulk rock coeffi-
cients and are presented in Table 4 and Fig. 7. In the nephelinite, only
clinopyroxene has been analyzed for technical reasons: this is the only
mineral having its trace element content above detection limits and
with many grains larger than the ablation spot size (~100 μm). Nephe-
line, apatite,melilite, perovskite and titanomagnetite in the groundmass
are too small to be analyzed with a laser probe. For the same reasons,
only clinopyroxene, titanite, nepheline and K-feldspar were analyzed
in the phonolites.

Clinopyroxene has a typical trace element pattern characterized by
low normalized contents in Nb, Ta and Sr and decreasing abundances
from highly to slightly compatible elements (Fig. 7). The augite from
the FS nephelinite has the lowest incompatible element contents, ex-
cept forMREE. Aegirine–augite in the phonolites have higher incompat-
ible element contents, except MREE in sample TO. However, two
pyroxenes from the phonolites have similar trace element patterns
than those from the nephelinite, suggesting that these two grains are
xenocrysts in the phonolite. They were not used for the calculation of
mean mineral/bulk rock ratios. Titanite is extremely rich in trace ele-
ments, especially Nb (up to 7000 ppm), Ta (up to 350 ppm) and LREE
(up to 3200 ppm Ce). It shows decreasing normalized abundances
from the left to right with negative spikes for Sr, Zr and Hf (Fig. 7).
Clinopyroxene and feldspar show strong major-element composi-
tion variation within single grains or between different grains of the
same sample. For the estimation of mineral/bulk rock coefficients, we
have only analyzed grains or zonations that are in effective chemical
equilibrium with host lava major-element composition (see Berger
et al., 2009). Despite this selection procedure, the determined values
for mineral/bulk rock coefficients can vary significantly for a single
lava sample, especially for clinopyroxene (Fig. 7). This is due to variation
in trace element composition of minerals even at micro-scale (see stan-
dard deviation values in Table 3). It can be interpreted as evidence for
local trace element disequilibrium between mineral and host lava and
to the presence of xenocrysts, despite our careful selection based on
major-elements.

Clinopyroxene in nephelinite FS shows a flat REE mineral/bulk rock
ratio profile between La and Sm but decreasing ratio from Sm to Yb
(Fig. 7). The mineral/bulk rock ratios for REE are b1, increasing from
La (0.07–0.08) to Gd (0.48–0.57; see means in Table 4) then gently de-
creasing to Yb (0.29–0.37). All other trace elements are also incompati-
ble in clinopyroxene lattice except Hfwhich has values around 1. Sr and
Zr aremoderately incompatible (0.12–0.16 and 0.47–0.67, respectively)
while Nb and Ta are strongly incompatible with Ta having partition co-
efficient values (0.03–0.06)more than twice those of Nb (0.01–0.02, see
means in Table 4). Using the microprobe data published in Berger et al.
(2009) on the same samples, the determined coefficients between apa-
tite and nephelinite range from9 to 16 for Sr, 7 to 10 for Ce and 3 to 5 for
Ba. For perovskite we have obtained coefficients between 90 and 110
for Ce, between 4 and 5 for Sr and ranging from 60 to 90 for Nb.

The clinopyroxene/bulk rock ratios determined for phonolites are
strongly variable from one sample to another. Clinopyroxene from pho-
nolite BAG is strongly zoned with respect to trace elements; this phase
was thus considered to be out equilibrium with host bulk composition.
Clinopyroxene from sample TO shows increasing partition coefficients
from La to Yb (from0.6 to 1) and very low coefficient for Nb andTa. Sim-
ilar to what was observed for nephelinites, the coefficient for Hf and Ta
is twice those for their geochemical twins (Zr and Nb). Sample TIM
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shows a convex upward pattern for REE partition coefficients, with
values up to 3.1 for Gd. This sample shows many evidence for re-
equilibration of clinopyroxene phenocrysts with a late-stage, volatile-
rich peralkaline melt (Berger et al., 2009); the determined coefficient
was thus not used for further modeling.

Titanite/phonolite ratios are above unity for most measured
elements (see Table 4), except Rb (close to detection limits). The REE
coefficient profile is concave upward (Fig. 7) with maximum values
for Sm (up to 40). Ta is strongly compatible in titanite lattice (ratio
from 30 to 50), twice more than Nb (17–23). Hf coefficients (3–7) are
usually higher than those determined for Zr (2–5).
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7. Discussion

7.1. LREE-enriched carbonated lherzolite as a source for primitive
nephelinite

Mantle-derived alkaline lavas can originate either from melting of
pyroxenites or peridotite. The following discussion will sequentially:
(i) use results of minor element analyses in primitive olivine from
nephelinites; (ii) provide partial melting calculations to estimate the
nature of the source of most primitive nephelinites; and (iii) review
published experimental studies on the origin of nephelinites. All the
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results acquired with the different approaches will be merged to infer
the petrological nature of the mantle source and the partial melting
process.

Sobolev et al. (2007) proposed a parameterization to compute the
amount of recycled pyroxenites in the source ofmantle-derived basaltic
magmas using minor element distribution in olivine. Herzberg (2011)
noted that the composition ofmantle pyroxenites and peridotites varies
considerably and that the parameterization of Sobolev et al. (2007) is
oversimplified and does not take into account possible compositional
variations of end-members. However, the Fe, Ni, Ca and Mg contents
of primitive olivine phenocrysts can be used to qualitatively constrain
if the mantle source is dominated by pyroxenite or peridotite. First,
only the most primitive olivines should be selected because early frac-
tionation lowers Ni contents in the magma and increases Ca, Mn and
Fe/Mn ratio. Olivines with forsterite contents below 85 mol% show a
marked decrease in Ni contents and an increase in Ca, Mn and Mn/Fe
(Fig. 8); i.e. proxies that are used to infer the presence of pyroxenite in
the source. These variations are consistentwith early olivine fractionation
in the magma (Herzberg, 2011). Accordingly, only the olivines with Fo
content above 85 mol% can be used to infer the nature of the mantle
source. Olivines from Saghro have low Ni contents (1000–2300 ppm),
high Ca (1700–2400 ppm) and high but variable Mn/Fe ratios (Fig. 8).
The latter cannot help to estimate the nature of the mantle source as
it varies from pyroxenite to peridotite source values (Fig. 8). Melting
of pyroxenite, in which Ni is less compatible than in olivine-rich
sources, produces melt that is rich in Ni (Herzberg, 2011; Sobolev
et al., 2007). Peridotite-derived melt thus crystallizes primitive olivine
with Ni contents below 2500–3000 ppm while pyroxenite-derived
melt crystallizes primitive olivine with Ni above 2500 ppm (Herzberg,
2011; Sobolev et al., 2007). The Ni contents in Saghro olivine with
Fo N 85mol% is 780–2300 ppmNi (0.10–0.30 wt.% NiO) corresponding
to a fractionation-normalized Ni/(Mg/Fe)/1000 ratio of 0.3–0.6 that is
typical of olivine-dominated peridotite sources (Fig. 8).

To further constrain the nature of the peridotitic source, the trace
element signature of themost primitive nephelinite TAF 7 has been sim-
ulated using classical equations for non-modal batch and aggregated
fractional melting (Shaw, 1970). They are:

Cliq ¼ Csol

F � 1−Pð Þ þ D
for batch melting

Cliq ¼ Csol

F
1− 1−P � F

D

� �1=P� �
for aggregated fractional melting

where Cliq is the concentration in the partial melt, Csol is the concentra-
tion in the starting solid material, F is the degree of melting (weight
fraction of melt), P is the bulk partition coefficient for phases participat-
ing to melting and D is the bulk partition coefficient for the initial
source.

To perform this calculation, the composition of plausible source
peridotite and mineral/melt partition coefficients is required from pub-
lished studies while other parameters are adjusted by successive itera-
tion. These are the initial weight fraction of minerals in the source
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(used to compute the initial bulk partition coefficient D), the weight
proportion of phases effectively participating to melting (used to com-
pute the coefficient P) and the weight fraction of melt (F, also known
as the degree of melting). Calculated REE concentrations in the partial
melt were fitted to the measured ones by successive iterations while
minimizing the residual sum of squares (RSS) between calculated and
measured values. To avoid the over contribution of abundant REEs
(such as La or Ce) in the value of the RSS, the square of the difference
between calculated and measured values for each element was nor-
malized to themeasured concentration to give rise to the normalized
RSS:

nRSS ¼
Xn
i¼1

Cmeas−CCalcð Þ2
Cmeas

The fitting was done only for REE but the concentration of other
elements (Rb, Th, U, Nb, Ta, Sr, Zr, Hf, Y) was also computed in
order to have an independent complementary control on the validity
of calculation results. Partition coefficient for olivine, orthopyroxene,
clinopyroxene and spinel are those experimentally determined by
McDade et al. (2003) for basalt/lherzolite equilibrium at 1.5 GPa
(the missing coefficients for some REE have been extrapolated from
surrounding elements). Coefficients for garnet (Hauri et al., 1994),
phlogopite and amphibole (LaTourrette et al., 1995) were also used
to test if these minerals were present in the source. The trace ele-
ment composition of the mantle source below Saghro is unknown.
Mantle xenoliths are very small and rare in the Saghro region and
no information on their bulk composition is available, despite our
expectations. A recent study (Natali et al., 2013) investigated mantle
xenoliths from the Moroccan Middle Atlas where the Cenozoic
volcanic rocks have the same geochemical characteristic and the
same Cenozoic geological history that in Saghro (see Figs. 1 and 2,
and Duggen et al., 2009). Three types of lherzolite characterize the
Middle Atlas mantle: LREE-enriched lherzolite, REE-poor lherzolite
and cpx-poor lherzolite with spoon-shaped REE pattern (Fig. 9 and
Supplementary online Fig. A). The three types of lherzolites were
tested in our calculations, they are represented respectively by samples
AT 5, AT 10 and AT 12 from Natali et al. (2013).

The results of partialmelting calculation are presented in Fig. 9, Sup-
plementary online Fig. A and Table 5. The most statistically correct
(nRSS for REE of 4.4) and significant results were obtained with the
LREE-enriched lherzolite and the equation for batch melting (Table 5,
Fig. 9). The source material was a lherzolite containing 61 wt.% of
olivine, 29 wt.% of orthopyroxene, 9 wt.% of clinopyroxene and 1 wt.%
spinel. The latter and orthopyroxene were the main contributors to
non-modal melting (57 and 35 wt.%, respectively). Adding garnet,
phlogopite or amphibole in the source systematically leads to an in-
crease of nRSS for REE, meaning that these phases were probably not
present in the source material or only in very minor proportions and
that spinel was the stable Al-bearing phase in the source of Saghro
nephelinites. The fractional melting calculations gave statistically less
valuable (nRSS of 6.7) results but still meaningful (Fig. 9): the source
is a garnet-free, spinel-bearing lherzolite and clinopyroxene is also the
main contributor to melting (see Table 5 and Fig. 9). Both calculations
gave very low degree of melting of 1.7 and 1.9 wt.% respectively,
in agreement with experimental data for the production of nephelinites
(Dasgupta et al., 2007) and high Ti contents (see below). Tests
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performed with the cpx-poor and the REE-poor lherzolites (see Supple-
mentary online material) did not lead to a good convergence (nRSS for
REE of 15.9 and 47.3, respectively) and producedmeaningless results: ex-
tremely low F (b0.006), melting of clinopyroxene from a clinopyroxene-
free source or melting of olivine only (see Supplementary online Fig. 1).
The concentration of other trace elementswas globallywell reproduced
by the batch melting of the LREE-enriched lherzolite (see Fig. 9 and
Table 5), except for Sr. The sample AT 5 from Natali et al. (2013) is
very rich in Sr (100 ppm) compared to other samples. Better concor-
dance was obtained using the average composition of Sr from Middle
Atlas lherzolites (44 ppm).

Early experimental studies on nephelinite petrogenesis demonstrat-
ed that lherzolite is a likely source for thesemagmas (Green, 1970). The
lherzolite should be enriched in incompatible trace elements compared
to the pyrolite, hydrated or carbonated, and partial melting degrees
should be low (b5%) (Frey et al., 1978; Green, 1970). Partial melting ex-
periments on mantle pyroxenite (e.g., Hirschmann et al., 2003; Kogiso
et al., 2003) do not produce nephelinitic melts characterized by low Si
(37–39 wt.% SiO2) and high Ca (13–15 wt.%) as those from Saghro.
The involvement of pyroxenite in the genesis of nephelinitemagmas re-
quires a complex two stages process: first, melting of a carbonated
pyroxene-rich eclogite residue and formation of an alkali basalt and
then, reaction of the latter with a peridotite (Mallik and Dasgupta,
2013). The presence of cognate carbonatite inclusions and carbonatite–
apatite–Ba biotite domains in the Saghro nephelinites attest for the
carbonated nature of the source (Berger et al., 2009) but the CO2 con-
tent of the primitive Saghro nephelinites (between 1 and 1.5 wt.%;
Berger et al., 2009; this study) is extremely low compared to those
produced experimentally (17–19 wt.% CO2 for a silica content of
38–39 wt.% SiO2; Mallik and Dasgupta, 2013). Carbonated peridotite
is a likely source for such Si-undersaturated alkalinemagmas accord-
ing to experimental studies (Dasgupta et al., 2007; Hirose, 1997).
Experimentally produced melts from carbonated peridotite have
however lower Ti contents compared to Saghro nephelinites
(~3 wt.% TiO2). This can be overcome by considering low partial
melting degrees. Indeed, the lowest partial melting degrees reached
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in experiments are around 5% and extrapolation of experimental
results toward lower values of partial melting points to higher Ti
contents in the produced melt (3 wt.% TiO2 for melt fractions around
1–2 wt.%; Dasgupta et al., 2007), corresponding to the Saghro values.
These experiments however also produce melts with high CO2 con-
tents (10 wt.% for silica contents around 35–40 wt.%) compared to
the mass balance estimations for the Saghro primitive nephelinite
melt. According to Green (1970) the presence of minor amounts of
water is required to produce nephelinites from a lherzolite source. In
the case of Saghro lavas, amphibole is rare and only a few grains of
kaersutite xenocrysts have been observed in the phonotephrite, indicat-
ing that water played a very minor role in the formation of nephelinites.
As a conclusion, the data presented in this paper support a LREE-rich
lherzolite lying in the spinel stability field and above the garnet stability
domain as a source for primitive Saghro nephelinites. The presence of
co-magmatic igneous carbonates in nephelinites and experimental
evidences attests for the presence of CO2 during melting, either as a
free component or as carbonates in the source lherzolite.

7.2. Metasomatism and uplift of shallow mantle as trigger of Saghro
volcanism

Partialmelting simulation suggests that the source of nephelinite is a
LREE-rich garnet-free, spinel lherzolite. Such mantle rocks, found as
xenolith in Middle Atlas volcanoes has been formed by interaction
with a metasomatic agent that is either a carbonatitic or a nephelinitic
melt (Natali et al., 2013; Raffone et al., 2009). The timing of this
alkaline/carbonatitic metasomatic event has been constrained by isoto-
pic studies on Middle Atlas xenoliths to be less than 200 Ma, probably
around 20 Ma (Wittig et al., 2010).

Sr–Nd–Pb isotopic composition of Saghro nephelinites form a nar-
row range characterized by high 206Pb/204Pb and 207Pb/204Pb ratios
(~19.5 and 15.60–15.63 respectively), high 143Nd/144Nd ratio
(0.5128–0.5129) and low 87Sr/86Sr ratios (0.7030–0.7035). The highly
radiogenic lead isotopic composition depicts the involvement of a
HIMU component while the low Sr and high Nd isotopic ratios with
high Ce/Pb and Nb/U (50 for both) for primitive lavas imply a depleted
mantle componentwith a negligible influence of enrichedmantle (EM)
end-member (i.e., recycled continental crust; Hofmann, 1997). This
signature is typical of the sub-continental North African mantle and
nearby oceanic islands sampled by Cenozoic alkaline lavas including
the Middle Atlas and the Canary Islands (especially the Mio-Pliocene
Gran Canaria nephelinites; Berger et al., 2010; Bosch et al., 2014;
Bouabdellah et al., 2010; Duggen et al., 2009; Hoernle and Schmincke,
1993), nephelinites from Hoggar (Allègre et al., 1981) and the Eastern
North African volcanism (Sudan–Egypt, Lucassen et al., 2008; Fig. 6).
In the oceanic areas (Canaries), these characteristics are interpreted as
evidences for a deep mantle plume rising to the lithosphere (Hoernle
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Table 2
Sr–Nd–Pb isotopic composition of Saghro lavas.

87Rb/86Sr ±2σ 87Sr/86Sr ±2σ 87Sr/86Sri 147Sm/144Nd ±2σ 143Nd/144Nd ±2σ 143Nd/
144Ndi

eNd 208Pb/204Pb ±2σ 207Pb/204Pb ±2σ 206Pb/204Pb ±2σ 208Pb/204Pb 207Pb/204Pb 206Pb/
204Pb

Measured Measured Measured Measured 5 Ma 5 Ma Measured Measured Measured 5 Ma 5 Ma 5 Ma

Nephelinites
TAF 0.067 0.004 0.703277 0.000008 0.703273 0.0961 0.0019 0.512862 0.000012 0.512859 4.43
TAB 0.141 0.008 0.703353 0.000007 0.703343 0.1004 0.0020 0.512883 0.000010 0.512880 4.84
FN 0.112 0.007 0.703060 0.000007 0.703052 0.1067 0.0021 0.512884 0.000011 0.512881 4.86 39.1814 0.0032 15.6304 0.0012 19.5648 0.0014 39.181 15.630 19.565
TL 0.069 0.004 0.703270 0.000008 0.703265 0.0969 0.0019 0.512821 0.000008 0.512818 3.63 39.3058 0.0027 15.6091 0.0010 19.5321 0.0014 39.305 15.609 19.532
FS 0.052 0.003 0.703199 0.000010 0.703195 0.1049 0.0021 0.512836 0.000008 0.512833 3.92 39.1146 0.0030 15.6204 0.0010 19.4195 0.0012 39.114 15.620 19.419

Phono-tephrite
AS 0.293 0.017 0.703631 0.000008 0.703610 0.0929 0.0019 0.512812 0.000013 0.512809 3.46 39.3452 0.0022 15.6264 0.0008 19.5607 0.0013 39.345 15.626 19.561

Sr-rich phonolites
TO 0.187 0.011 0.703398 0.000010 0.703385 0.0927 0.0019 0.512869 0.000011 0.512866 4.58 38.7146 0.0036 15.5997 0.0013 18.9804 0.0016 38.714 15.600 18.980
OUL 0.170 0.010 0.703393 0.000007 0.703381 0.0882 0.0018 0.512828 0.000009 0.512825 3.78

Peralkaline phonolites
TABS 1.130 0.066 0.703746 0.000010 0.703666 0.0718 0.0014 0.512830 0.000010 0.512828 3.83
TG 0.424 0.025 0.703455 0.000010 0.703425 0.0922 0.0018 0.512839 0.000010 0.512836 3.99
AZLOU 0.739 0.043 0.703602 0.000010 0.703550 0.0792 0.0016 0.512825 0.000009 0.512822 3.72 39.3181 0.0029 15.6265 0.0011 19.5117 0.0015 39.318 15.626 19.512
MIG 1.720 0.100 0.703645 0.000008 0.703523 0.0834 0.0017 0.512845 0.000007 0.512843 4.12 39.2511 0.0024 15.6123 0.0009 19.4804 0.0011 39.251 15.612 19.480
TIM 0.506 0.029 0.703462 0.000008 0.703426 0.0884 0.0018 0.512844 0.000010 0.512841 4.09 39.3570 0.0035 15.6272 0.0012 19.6085 0.0015 39.357 15.627 19.608
SAR 0.821 0.048 0.703441 0.000011 0.703383 0.0879 0.0018 0.512817 0.000012 0.512814 3.56 39.3729 0.0022 15.6267 0.0009 19.6148 0.0009 39.372 15.627 19.615

Si-rich phonolites
IK 8.327 0.483 0.706194 0.000008 0.705603 0.1018 0.0020 0.512869 0.000031 0.512865 4.56 39.3277 0.0017 15.6208 0.0006 19.5607 0.0008 39.327 15.621 19.561
ELB 6.603 0.383 0.707526 0.000007 0.707057 0.0698 0.0014 0.512869 0.000011 0.512867 4.59 39.3555 0.0030 15.6393 0.0010 19.6266 0.0015 39.355 15.639 19.626
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Table 3
Summary of LA-ICP-MS data for minerals in equilibrium with their bulk sample composition.

ppm Clinopyroxene Titanite Sanidine

FS n = 5 TIM n = 4 TO n = 6 TO n = 8 BAG n = 6 IK n = 4 BAG n = 4

Mean Sigma (%) Mean Sigma (%) Mean Sigma (%) Mean Sigma (%) Mean Sigma (%) Mean Sigma (%) Mean Sigma (%)

Rb 1.2 21 107 33 151 27
Sr 266 13 642 51 1086 8 2086 8 1031 3 248 21 1962 31
Zr 169 17 366 38 332 1 1856 11 2103 17
Nb 3.1 20 12.5 74 3.9 7 3810 5 5970 24
Ba 5.0 12 7.8 92 13.4 14 14.2 22 51 24 3989 48
La 9.8 9 33 52 25 2 1403 6 1343 11
Ce 26 9 64 34 46 4 2570 5 2930 13
Nd 27 6 43 21 20 5 1233 7 1386 6
Sm 7.1 5 9.3 24 4.0 17 207 9 240 9
Eu 2.3 6 2.9 23 1.3 23 60 8 68 4
Gd 5.8 9 7.6 20 3.5 28 149 8 164 8
Dy 3.8 7 5.4 13 3.0 5 110 7 122 1
Er 1.6 11 2.7 13 1.8 5 46 9 47 6
Yb 0.8 9 2.0 27 2.1 12 26 7 27 4
Hf 5.6 17 9.6 18 6.6 3 38 9 49 16
Ta 0.4 36 0.9 25 0.3 9 216 8 295 26
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and Schmincke, 1993) inducing a mix of deep HIMU components with
shallow DM asthenosphere and EM lithosphere (Gurenko et al., 2010).
In detail, the Canary Island lavas have slightly higher radiogenic
143Nd/144Nd and lower 207Pb/204Pb ratios compared to Saghro lavas,
attesting for slightly different source compositions. In continental
areas, no low velocity anomalies are preserved below 200 km depth
under the North African Cenozoic volcanic fields (Liégeois et al.,
2005), this does not support amantle plume origin for volcanism. Later-
al horizontal propagation of the Canary mantle plume under the Atlasic
lithospheric corridor has been proposed to explain the isotopic compo-
sitional similarities between Middle Atlas and Canaries (Duggen et al.,
2009) but it does not fit to the Cenozoic geological evolution of the
Atlasic belts (Berger et al., 2010) and it does not explain the presence
of similar source composition under AlgerianHoggar and East Africa. In-
stead, the Hoggar, Sudan–Egypt, Lybian, Middle Atlas and Anti-Atlas
volcanic rocks are lying upon the former Variscan and/or Pan-African
belts that have been uplifted during the Cenozoic (Berger et al., 2010;
Liégeois et al., 2005; Lucassen et al., 2008; Rougier et al., 2013). The
Pan-African orogenic event was characterized by oceanic and continen-
tal subductions, formation and accretion of arcs that produced intense
metasomatism of the lithospheric mantle (Caby, 2003; Thomas et al.,
2002). The HIMU component is often interpreted as pieces of al-
tered subducted oceanic crust recycled into the deep convecting
mantle (Stracke et al., 2003) or within the upper mantle (Bianchini
et al., 2010). Lucassen et al. (2008) however pointed out that high-μ
sources can be a fingerprint of Pan-African lithospheric mantle
metasomatized during Neoproterozoic subductions and arc-forming
events in northern Africa. Lustrino et al. (2012) also argue that Gharyan
lavas with similar Sr–Nd isotopic signature than North Africa alkaline
Table 4
Partition coefficients used for fractional crystallization calculations.

Sr Zr Nb Ce

Olivine/nehelintea 0.02 0.06 0.03
Cpx/nepheliniteb 0.14 0.59 0.02 0.11
Cpx/phonoliteb 0.42 0.85 0.02 0.31
Titanite/phonoliteb 0.8 5.6 19.5 21.3
Nepheline/melta 0.02 0 0 0
Apatite/melta 14 0.0 0.0 12.0
Perovskite/melta 4 1.3 70 22
Melilite/melta 7 0.4 0 0.6
Sanidine/melta 2 0.13 0.08 0.24
Carbonatite/nepheliniteb 3 3.0 3 3

a Literature data.
b This study.
intraplate lavas are formed from shallow metasomatized mantle
sources. Such mixed DM–HIMU signatures could thus reflect a shallow
lithospheric source close to the asthenosphere–lithosphere boundary
located around between 60 and 100 km depth below Saghro (Fig. 1,
Missenard et al., 2006), consistently with the absence of garnet in the
source of nephelinites. Petrological and isotopic data on mantle xeno-
liths collected in North African alkaline volcanics from the Middle
Atlas (Natali et al., 2013; Raffone et al., 2009), Libya (Beccaluva et al.,
2008) and Hoggar (Beccaluva et al., 2007) show that the underlying
mantle share similar isotopic signatures than lavas: 143Nd/144Nd:
0.5128–0.5130, 87Sr/86Sr: 0.7028–0.7036 and 206Pb/204Pb: 19.0–20.5.
These xenoliths record metasomatism, either by alkaline melts or
carbonatitic fluids and also record local upwelling of the uppermost
astenospheric mantle leading to thermal rejuvenation of the litho-
sphere. The influence of a deep mantle plume on the origin of Cenozoic
North African volcanism is neither supported by studies on these real
mantle samples, nor by geological, tectonic and geochronological inves-
tigations of the Atlasic areas (see Berger et al., 2010). The mantle below
Saghro as seen through the trace element and isotopic composition of
nephelinites probably records two metasomatic events: interaction
with carbonatitic and alkaline silicated melts during the Cenozoic and
old Late Precambrian event related to the Pan-African orogeny.

7.3. Calculation of the impact of accessory phases in trace elements
evolutionary trends

Despite a small silica gap between 44 and 52 wt.% SiO2 (Berger
et al., 2009; Berrahma et al., 1993), the nephelinites and phonolites
of Saghro display linear and curved evolution trends in diagrams
Nd Sm Dy Yb Hf Ta

0.03 0.03 0.03 0.03 0.04 0.03
0.30 0.46 0.54 0.33 0.99 0.05
0.53 0.71 1.00 1.05 1.07 0.04

37.3 42.4 35.2 12.0 9.0 36.5
0 0 0 0 0 0

14.0 14.6 14.0 8.1 0.0 0
25 27 14 10 1.3 70
0.7 0.77 0.52 0.3 0.4 0
0.2 0.16 0.12 0.1 0.13 0.08
3 3 3 3 3 0.5
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involving trace elements. Considering the similar isotopic composi-
tion between nephelinites and phonolites (except for a slight shift
in Sr isotopic composition) and the similar K–Ar ages (Berrahma et al.,
1993), the compositional evolution can be simulated using the fractional
crystallization equation:

Cl ¼ C0 � 1−Fð Þ D−1ð Þ

where Cl is the concentration in the evolved liquid, C0 the concentration
in the parental liquid, F is the fraction of remaining liquid and D is the
bulk partition coefficient defined as follows:

D ¼
Xn
i¼1

Xi � Di

whereXi is theweight fraction of phase i andDi is the partition coefficient
of phase i for the considered element.

Partition coefficient used for clinopyroxene, feldspar and titanite is
the mineral/bulk-rock ratios calculated with data presented in this
paper. Equilibrium partition coefficient determined with experimental
studies is indeed strongly dependent of melt composition, especially
for clinopyroxene and titanite (Prowatke and Klemme, 2005), and
strongly variable (see Olin and Wolff, 2012; Prowatke and Klemme,
2005). Additionally, data for the elements of interest in this study such
as Nb, Ta or Hf are oftenmissing in published datasets. By choosingmin-
eral/bulk rock coefficient in this study with a control on texture and
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Fig. 7. Plots of trace element concentration and distribution in clinopyroxene and titanite
titanite (b). Mineral/bulk rock ratios of clinopyroxene (c) and titanite (d).
Normalization values from McDonough and Sun (1995).
chemistry for equilibrium, we use coefficients that are appropriate for
the bulk composition even though phyric samples do not always repre-
sent the composition of a pure melt. REE concentration in feldspar was
below detection limits, the values of Villemant et al. (1981) determined
in alkaline series were thus selected for this study (Table 4). Different
values were used for clinopyroxene/nephelinite and for clinopyroxene/
phonolite coefficients, according to LA-ICP-MS data. Data for perov-
skite and melilite are scarce and also strongly variable. Recent experi-
ments have determined perovskite/melt partition coefficient in
kimberlitic systems (Chakhmouradian et al., 2013) but the only source
for perovskite/nephelinite trace element coefficient is from Onuma et al.
(1981). The concentrations determined with electronic microprobe for
Sr, Zr and Nb in these minerals were used to compute partition coeffi-
cient. Values for Ta and Hf were assumed to be equal to those for Nb
and Zr, respectively. For apatite, the coefficient determined with micro-
probe data is around 8–15 for Sr and 7–17 for Ce, the data (run 61B)
from Prowatke and Klemme (2006) were used because published Ce
coefficient are within the range determined in this study (Table 4).
Major element modeling (Berger et al., 2009) resulted in the production
of igneous carbonates at the first stages of differentiation probably by
unmixing and subsequent crystallization of a carbonatiticmelt, a carbon-
ate componentwas included in the calculation and themineral/bulk rock
coefficients are the ratio between composition of Saghro carbonatite
(Ibhi et al., 2002) and the host nephelinite (FS, this study).

The main source of uncertainty in this calculation consequently
arises from the poorly constrained partition coefficients. For simplicity,
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the partition coefficients were taken as constant for varying Si con-
tents (except for clinopyroxene were two different set of values
were used for nephelinites and phonolites) even if this is probably far
from reality where partition coefficients vary in function of melt poly-
merization degree, mineral composition, temperature, pressure and ox-
ygen fugacity. Estimation of the proportion of fractionating minerals
based on major-elements gave good results for major minerals such as
olivine, clinopyroxene, feldspar and nepheline but it is less sensitive for
accessory phases (Berger et al., 2009). On the other hand, because acces-
sory phases such as titanite and apatite havemineral/melt partition coef-
ficient for trace elements that are 10 to 1000 times higher than for the
more abundant silicates, they have a high weight in calculations based
on trace elements. As a consequence, these calculations do not give
good results for the estimation of the proportion of major silicate phases
as they have a very low weight in the calculation. Fractional crystal-
lization calculations using major elements have demonstrated that
the crystallizing assemblages evolved from wehrlite–pyroxenites to
agpaitic nepheline syenites during differentiation of the Saghro magmas
(Berger et al., 2009). These cumulates are typical of ultramafic–alkaline–
carbonatite complexes (Downes et al., 2005).

A trend was visually fitted for each modeled element and 9 steps
were fixed on this trend (white crosses on Fig. 3, including the most
primitive liquid). The estimation of the weight fraction for each phase
and F at each step for all elements was made while fitting the model
to the trends by successive iteration (see results on Fig. 10). The
difference between the visually chosen steps (dark crosses) and the
calculated ones (white crosses) can be visualized on Fig. 3. The results
of fractional crystallization calculations are presented in Table 6 and
Figs. 3, 4 and 10.

The continuous decrease in LREE, MREE and Sr is controlled by the
crystallization of apatite. About 10–12 wt.% of apatite is fractionated in
the solids during the three first steps (1-F: ~0.1). The stagnant Ce and
Sr values for silica contents between 45 and 50 wt.% are accommodated
by lower proportion of apatite in fractionated solids, 2–4 wt.% until the
last steps of differentiation. Iterations did not satisfactorily converge for
Sr between 47 and 49 wt.% SiO2 in melt and for Ce between 51 and
55 wt.% SiO2. The results are however still in the range of analytical re-
sults. Fractionation of perovskite (2 to 0.5 wt.%) at low silica contents
(Fig. 10) controls the decrease observed for HREE and Y. As perovskite
stop crystallizing, these elements became incompatible (47–55 wt.%
SiO2). Titanite starts crystallizing when the melt reaches 47 wt.% SiO2

(Fig. 10). This not only corresponds to the shift in Ta contents but also
to the formation of melts with concave downward patterns (with low
MREE/LREE and MREE/HREE ratios). Unlike LREE and Sr, MREEs do
not show stagnant values at intermediate composition. Titanite prefer-
entially incorporates MREE over LREE and this leads to a continuous
compatible behavior for MREE. The drastic change in Nb/Ta and Zr/Hf
ratios observed at intermediate composition is also explained by the
onset of titanite crystallization (Figs. 3, 4 and 10) as it has the strongest
affinity for Ta over Nb and for Hf over Zr. The calculation also produced
fractionation of carbonates at the first steps of differentiation (about
10 wt.% in the two first fractionated solids, Fig. 10). This, together with
fractionation of apatite, explain the strong decrease in LREE observed
for melt SiO2 contents below 43 wt.%, the same results were obtained
with independent fractional crystallization calculation based on major
elements (Berger et al., 2009). Melilite is present in the fractionated
solid at 43 and 45 wt.% SiO2 but removing melilite from the calculation
does not significantly change the goodness of the fit.

Phosphorus can be used to control if the total amount of apatite pro-
ducedwith the trace elements based calculations is significant. On 100 g
of starting material, 4.3 g of apatite has been fractionated. Considering
45 wt.% of P2O5 in apatite, this leads to a total consumed contents of
1.8 wt.% P2O5. The most P-rich primitive nephelinite (taken as the
starting composition for calculations) has 2.0 wt.% P2O5, which is in
good agreement with the calculated values. If the computed extracted
carbonatite fraction is reintroduced into the primitive nephelinite, a
CO2 content of 0.9 wt.% is obtained for the primitive melt using results
from trace element calculations and 1.6 wt.% using major element
calculation results (Berger et al., 2009).

7.4. Fractional crystallization impact on Nb/Ta and Zr/Hf ratios

TheNb/Ta ratio evolves from 18.1–18.8 in the nephelinites (with the
evolved pyroxene nephelinite TAB 3 having already a fractionated ratio
of 20.4) to 70 in the peralkaline phonolites, eventually dropping down
to 38–55 in the two most differentiated Si-rich phonolites (Figs. 4 and
11). Zr/Hf ratios are more scattered in primitive nephelinites (42–56);
it increases to 64–82 for peralkaline phonolites and also drops to
60–70 for themost differentiated Si-rich phonolites (Figs. 4 and 11). In-
creasing Nb/Ta and Zr/Hf ratios during differentiation also characterize
the Eocene Tamazert sub-volcanic alkaline-carbonatitic complex in the
High-Atlas (Marks et al., 2008). In other alkaline volcanic series showing
lower Si-undersaturation, Nb/Ta and Zr/Hf do not increase and increase
only slightly during differentiation (for example, Gharyan lavas in Libya,
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Lustrino et al., 2012; Fig. 4). Nb/Ta ratios in Saghro nephelinites are
slightly sub-chondritic (19.9) while Zr/Hf is super-chondritic
(N34.3) and above most OIB (Pfander et al., 2007). This ratio is not
significantly different between primitive and evolved nephelinites
while Nb and Ta concentrations are variable (130–190 and 6.8–
10.3 ppm respectively; Fig. 11). By contrast the Zr/Hf ratio is posi-
tively correlated to both Zr and Hf concentrations in nephelinites,
which are in turn correlated to the bulk MgO content of nephelinites
(Fig. 11). Fractionation of olivine–clinopyroxene assemblages, with
the latter mineral phase having moderate partition coefficients for
both Zr and Hf (0.46–0.67 and 0.88–1.12) and low DZr/DHf (0.53–
Table 5
results of batch and fractional melting calculations.

Batch melting Prop in s

Ol 0.61
Opx 0.29
Cpx 0.09
Spl 0.01
nRSS for REE 4.4
F 0.017 (=

Rb Sr Y Zr Nb La Ce Pr Nd Sm

Source 0.76 44 3.6 10.9 2 3.29 8.26 1.1 4.83
Calc liq 44.2 1871 36.0 277 105 145 299 34.1 117 1
Meas liq 53.7 1716 31.1 322 158 164 283 30.0 113 1
nSR 1.6 14.0 0.8 6.3 17.5 2.3 0.9 0.6 0.1

Fractional melting Prop in

Ol 0.76
Opx 0.12
Cpx 0.12
Spl 0.00
nRSS for REE 6.2
F 0.019 (

Rb Sr Y Zr Nb La Ce Pr Nd Sm

Source 0.76 44 3.6 10.9 2 3.29 8.26 1.1 4.83
Calc liq 40.0 2019 32.6 306 105 155 312 34.4 109 1
Meas liq 53.7 1716 31.1 322 158 164 283 30.0 113 1
nSR 3.5 53.5 0.1 0.9 17.7 0.6 3.0 0.6 0.1
0.66), can explain the early increase in Zr/Hf ratios. Clinopyroxene
can also fractionate Nb from Ta (DNb/DTa: 0.34–0.50) but these ele-
ments are strongly incompatible in clinopyroxene (D b 0.05). There-
fore, crystallization of clinopyroxene only traps a small fraction of Nb
and Ta from the bulk system, leading to an increase of concentrations
in the melt, but not to detectable variation of the Nb/Ta ratio in the
remaining liquid.

A strong increase of both ratios occurs when titanite starts crystalliz-
ing (Fig. 4). Titanite is characterized by low DNb/DTa and DZr/DHf

(0.45–0.62 and 0.59–0.79, respectively) and very high partition coef-
ficient for Ta (27–52) and Hf (3–20; this study; Wolff, 1984;
ource Prop in melt

0.08
0.35
0.57
0.00

1.7%)

Eu Gd Dy Ho Er Yb Lu Hf Ta Th U

1.01 0.3 0.88 0.73 0.14 0.39 0.37 0.06 0.23 0.29 0.21 0.11
7.0 4.47 11.9 7.94 1.43 3.44 2.55 0.39 5.61 12.7 10.7 4.96
7.9 5.28 13.7 9.05 1.49 3.63 2.85 0.37 6.28 8.39 15.2 3.43
0.1 0.1 0.2 0.1 0.0 0.0 0.0 0.0 0.1 2.2 1.3 0.7

source Prop in melt

0.00
0.31
0.69
0.00

=1.9%)

Eu Gd Dy Ho Er Yb Lu Hf Ta Th U

1.01 0.3 0.88 0.73 0.14 0.39 0.37 0.06 0.23 0.29 0.21 0.11
4.9 3.89 10.4 6.92 1.31 3.17 2.52 0.38 5.73 15.2 11.0 5.77
7.9 5.28 13.7 9.05 1.49 3.63 2.85 0.37 6.28 8.39 15.2 3.43
0.5 0.4 0.8 0.5 0.0 0.1 0.0 0.0 0.0 5.6 1.1 1.6
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Table 6
Calculated concentrations and mineral proportions using fractionation crystallization inversion

Calculated trace-element contents for each step

SiO2 Sr Zr Nb Ce N

39 1850 273 185 243 97
41 1650 299 165 191 74
43 1501 350 165 160 62
45 1403 392 174 155 59
47 1534 486 195 157 52
49 1511 600 223 152 46
51 1300 762 263 159 41
53 903 1007 340 135 3
55 600 1551 415 121 2

Mineral portion and degree of fractionation at each step

SiO2 Apatite Perovskite Melilite

39 0.12 0.02
41 0.11 0.02
43 0.10 0.01 0.02
45 0.09 0.01 0.04
47 0.04
49 0.04
51 0.02
53 0.03
55 0.01
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Prowatke and Klemme, 2005). Crystallization of more than 2 to
4 wt.% of titanite in the fractionated solid leads Ta to behave like a
slightly compatible element during differentiation while Nb, Zr,
and Hf still behave like incompatible elements when integrated in
the bulk solid (Dtitanite/melt b 25 for Zr, Nb andHf). The results of fractional
crystallization simulation show that titanite crystallized at a proportion
of 2–3 wt.% in the fractionated solid; such values explain the stagnation
of Ta during differentiation from nephelinites (7–10 ppm) to phonolites
(4–12 ppm).

In SiO2 vs. Nb/Ta and SiO2 vs. Zr/Hf plots (Fig. 4), the peralkaline pho-
nolites (which are also the richest samples in Nb and Zr, Fig. 11) show
increasing ratios with increasing silica (up to 70 and 80 respectively)
but the two most differentiated (i.e., Si-rich, LREE-, Sr-, P-poor) phono-
lites show lower ratios (47–54 and 62–70, respectively). Late stage evo-
lution in the phonolites is marked by the crystallization of a variety of
minerals (hainite, lorenzenite, eudialyte-group minerals) in which Nb
and Zr can be a major element (up to 1.5 wt.% Nb2O5 and 4.4 wt.%
ZrO2; Berger et al., 2009). They are accessory phases (b0.5 vol.%) but
their fractionation in agpaitic nepheline syenites in themagma chamber
can eventually lead to a drop of Nb and Zr contents in melt with a de-
crease in Nb/Ta and Zr/Hf ratios (this cannot be confirmed as Hf nor
Ta have been measured in these phases).

The Sr isotopic ratio of the two Si-rich phonolites is higher than
peralkaline phonolites. An origin of the peculiar trace elements and
isotopic characteristics of the two phonolites by contamination by
the surrounding rocks (the Iknioun granodiorite) is unlikely. Hence, it
would require 40 to 70% of contaminant in the mix that would also
induce a shift of Nd isotopic ratio (Fig. 6) compared to peralkaline pho-
nolites and in most elements including silica, which is not observed.
Knowing the mobile behavior of Sr, the isotopic shift could be due
to late magmatic fluid–rock interactions between the cooling body
of phonolite and the surrounding Neoproterozoic rocks with high
87Sr/86Sr. Peralkaline fluids are rich in halogens and these elements
are known to mobilize HFSE and more particularly Nb, Ta, Zr and Hf
during complex late- to post-igneous hydrothermal alteration (Salvi
and Williams-Jones, 2006). One other possibility for the final stage
decrease in both Nb/Ta and Zr/Hf ratios is that these fluids could have
fractionated the two geochemical pairs.

Although no quantitative constraints can be obtained for the late
stage behavior of HFSE, it is probable that fractionation of agpaitic as-
semblages from the peralkaline phonolites and/or the action of late
.
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stage peralkaline fluids induced a fractionation of the two geochemical
twins, namely Zr–Hf andNb–Ta and a decrease of Nb/Ta and Zr/Hf ratios
in the most evolved Si-rich phonolites.

7.5. Possible remelting of nephelinitic rocks

Some geochemical features of phonolites cannot be explained by
fractional crystallization only. The two Sr-rich, non-peralkaline
phonolites (TO and OUL) are intermediate between nephelinites and
phonolites for most elements (Si, Rb, REE Nb, Ta, Zr, Hf, Th) despite
their very low Mg contents compared to the most primitive peralkaline
phonolites (0.58–0.65 against 2.4wt.%MgO respectively). They are how-
ever not lying on fractional crystallization trends for some elements such
as Sr (2600–3000 ppm) and Ba (1800–2000 ppm) but also for Zr, Hf, and
Yb although this is less pronounced than for Sr and Ba (Fig. 3). Compared
to other phonolites, they are the only samples with K2O ≥ Na2O (in
wt.%). One can argue that they represent primitive phonolite formed
after fractionation of the nephelinitic magma but their very lowMg con-
tents does not fit this hypothesis. Continuous fractionation of apatite
should also lead to lower concentration of Sr in phonolites compared
to nephelinites (but these two phonolites are richer in Sr compared to
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nephelinites). The lower Pb isotopic ratios in the Sr-rich phonolites can-
not be explained by crustal contamination or by a different source for the
parentalmagma, as they share the Sr andNd isotopic compositions of the
main group of peralkaline phonolites. Moreover, high Sr and Ba contents
cannot be due to the assimilation of wall-rocks as the latter have low Sr
and Ba contents (Errami et al., 2009). It can thus only be attributed to a
late-stage alteration. The shift in some trace element content for the
two Sr-rich phonolites is observed for mobile and immobile elements.
Anomalous concentration in Sr and Ba and to a lower extent of Zr, Hf
and Y coupled with a usual distribution of the other elements has to
find their origin into an igneous process.

Remelting of solidified basic-ultrabasic alkaline magma in response
to new inputs of primitive mantle-derived, high-temperature magmas
in the crust have been invoked to explain the origin of some phonolites
(Hay et al., 1995; Legendre et al., 2005). Remelting of H2O- and CO2-
bearing sodic basic magma yielded silica-undersaturated intermediate
magmas with K2O contents close or above Na2O (Hay et al., 1995;
Legendre et al., 2005) and amphibole-rich residues. Amphibole has
been found in millimeter-size hornblendite xenoliths in Saghro (Ibhi
et al., 2002) and as corroded xenocrysts in the phonotephrite (Berger
et al., 2009). Up to now, many experiments have been performed on
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trachytic basalt starting composition (45 wt.% SiO2) producing a partial
melt that ismore silica-rich and less alkaline that the two Sr-rich phono-
lites from Saghro. On the other hand, Kaszuba and Wendlandt (2000)
highlighted that melting of a more basic and alkali-rich basalt can lead
to the production of phonolite. The experiments only deal with major
element and the behavior of trace elements during partial melting of
basic alkaline rocks has not been investigated. Legendre et al. (2005)
showed that Sr and Ba behave like incompatible elements during partial
melting of alkaline basaltic rocks, which can explain the elevated Sr and
Ba contents of the Sr-rich phonolites. Although no qualitative con-
straints can be obtained on trace element budgets for partial melting
of nephelinite, this hypothesis can explain the higher K/Na ratios of
the Sr-rich phonolites and their Sr and Ba contents.

8. Conclusions

Mantle-derived primitive Cenozoic nephelinites in Saghro are partial
melts from a carbonated LREE-rich spinel lherzolite. Their high incom-
patible element contents compared to other basic and ultrabasic
magmas from the Circum Mediterranean province arise from a very
low degree of partial melting, estimated at around 2% through inversion
of trace element data, and the high incompatible element content of the
metasomatized lherzolite source. Sr–Nd–Pb isotopic compositions are
compatible with a mixed DM–HIMU signature close to FOZO. The
HIMU component is here interpreted to originate from the shallow
lithospheric mantle that kept traces of the Pan-African metasomatism,
in agreement with other North African volcanic provinces.

Phonolites are linked to nephelinites by a fractional crystallization
process. They show similar isotopic values, except for slightly more ra-
diogenic signature in Sr that can be associated to hydrothermal alter-
ation. Fractional crystallization calculations using published and newly
determined mineral/bulk rock ratios show that the decrease of LREE,
Sr and Ba with increasing differentiation is controlled by crystallization
of large volume of apatite. Hf, Ta and MREE behave like moderately in-
compatible to compatible elements during differentiation while Nb, Zr
and Th reach extremely high concentration in the most differentiated
phonolites. This is explained by the fractionation of small amounts of
titanite which has high partition coefficients for Ta, Hf and MREE com-
pared to other trace elements. Nb/Ta and Zr/Hf ratios in volcanic rocks
consequently increase with increasing silica content, reaching highly
super-chondritic values, up to 70 and 80 respectively.

Titanite starts crystallizing when the magma reaches 45 SiO2 wt.%,
but the Zr/Hf ratios already increase from the most primitive to differ-
entiated nephelinites. Clinopyroxene also fractionates Hf from Zr, lead-
ing to an early increase of Zr/Hf values. Low Zr/Hf and Nb/Ta ratios in
the most differentiated Si-rich phonolites compared to less evolved
peralkaline phonolites is tentatively explained by fractionation of
volatile-rich agpaitic assemblages in the underlying magma chamber
before the formation of the most evolved magmas. It is also supported
by the decrease in peralkaline character with increasing silica content.

The Saghro nephelinites and phonolites represent a nice example of
magma differentiation with uncommon fractionation trends for trace
elements. It is the direct consequence of the partialmeltingmechanisms
in the metasomatized mantle source that leads to the formation of
volatile-rich Si-undersaturated magma. Crystallization of perovskite,
apatite, titanite, carbonates and late stage Nb–Zr–REE rich sorosilicates
induced decoupling of some trace elements generally characterized by
similar geochemical behavior.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2014.09.018.
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Analytical appendix

Electron microprobe analysis of olivine

Olivine grains were analyzed with a CAMECA SX51 microprobe at
UMons (Belgique). Operating conditionswere 40 kV for the accelerating
voltage and 40 nA for the current. Counting times were set at 30 s for
peak and 30 s for background (15 s at each side of the peaks).

LA-ICP-MS analyses

Trace elements in minerals were collected with a UV Fisons laser
probe coupled to a VG elemental Plasmaquad (PQ2 Turbo Plus) ICP-
MS (Musée Royal de l'Afrique Centrale at Tervuren). The power of
output beam is maximum (2 mJ/pulse) for a 10 Hz repetition rate
of pulse, that is attenuated to obtain the required energy to get the
appropriate crater size. The typical size of the crater is in the range
60 to 80 μm. Each sample and standard was ablated for 60 s, corre-
sponding to 5 pulses of pre-ablation to clean the surface followed by
20 s of blank acquisition and 40 s with laser beam turned on. The raw
data on each isotope peak were subtracted from the gas blanks and
normalized to the 43Ca or 29Si signal and then compared to calibration
lines. Calibrationwas doneusingNIST 610 synthetic standard. Typical ac-
curacies and detection limits for this LA-ICP-MS system can be found in
Féménias et al. (2003).

Bulk rock major and trace element data

Rock powders weremixedwith a lithium tetraborate flux in propor-
tion 1:6. Themixwas heated at 1000 °C during 2 h and thendissolved in
diluted nitric acid after cooling. For trace elements, final dilution factor
is around 6000. Major elements were dosed by ICP-AES at Musée
Royal de l'Afrique Centrale at Tervuren using a set of natural reference
materials. Trace elements contents were determined by ICP-MS on a
VG elemental Plasmaquad (PQ2Turbo Plus) ICP-MS using artificial solu-
tion for calibration. Detailed analytical methods can be found in Liégeois
et al. (2003).

Sr–Nd–Pb isotopic analysis

Sr and Nd were isolated using conventional ion-exchange chroma-
tography techniques detailed in Pin et al. (1994). Isotopic composition
was analyzed by TIMS on a VG sector 54 spectrometer owned by
Musée Royal de l'Afrique Centrale at Tervuren (Belgium). Details on
Sr–Nd isotopic analysis can be found in Liégeois et al. (2003). Pb was
extracted following the method of Weis et al. (2006). It was analyzed
on a Nu plasma MC-ICP-MS at Université Libre de Bruxelles (Belgium)
following the protocol of Weis et al. (2006).
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