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a b s t r a c ta r t i c l e i n f o

 Accepted 16 February 2017 The lithospheric architecture of Africa consists of several Archean cratons and smaller cratonic fragments,
stitched together and flanked by polycyclic fold belts. Here we investigate the structure and chemistry of spinels
from lithospheric mantle xenoliths from distinct tectonic settings, i.e. from the Saharan metacraton in Libya
(Waw-En-Namus) which could show archaic chemical features, Cameroon (Barombi Koto and Nyos Lakes)
1. Introduction

The lithospheric architecture of Africa con
where the Sub Continental Lithospheric Mantle was modified during the Pan-African event and fluxed by
asthenospheric melts of the Tertiary Cameroon Volcanic Line and Morocco (Tafraoute, Bou-Ibalrhatene maars)
in the Middle Atlas where different metasomatic events have been recorded. From a structural point of view it
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is to notice that the Libyan spinels can be divided into two groups having different oxygen positional parameter
(u N 0.2632 and u b 0.2627, respectively), while those from Cameroon are in between those values as the
Moroccan ones already studied by other authors. The intracrystalline closure temperature (Tc) of the here
studied spinels is different among the different samples with one Libyan group (LB I) showing Tc in the
range 490–640 °C and the other 680–950 °C (LB II). Cameroon and Morocco spinels show a Tc in the range
630–760 °C. About 150 different spinels have been studied for their trace element content and it can be seen
that many of them are related to Cr content, while Zn and Co are not and clearly distinguish the occurrences.
Differences in the trace element chemistry, in the structural parameters and in the intracrystalline closure tem-
peratures suggest that a different history should be considered for Cameroon, Morocco and LB I and LB II spinels.
Even if it was not considered for this purpose, we tentatively used the Fe2+/Fe3+ vs. TiO2 diagram that discrim-
inate between peridotitic and the so-called “magmatic” spinels, i.e. spinel crystallized from melts. LB I and LB II
spinels plot in the peridotitic field while Cameroon andMorocco spinels fall in the magmatic one. Consequently,
the xenoliths sampled from a probably juvenile SCLM at the edge of the most important lithospheric roots
(i.e. Cameroon and Morocco) apparently have spinels possibly fractionated in situ from percolating melts and
do not represent a real spinel-peridotite facies. On the contrary mantle xenoliths from Libya exhibit spinels
with peridotitic features compatible with a slow ascent of a mantle diapir (plume).

sists of several Archean

Africa, Congo, Tanzania and Kaapvaal) are underlain by generally
depleted SCLM (Sub Continental Lithospheric Mantle) roots which
extend to ≥300 km depth (Begg et al., 2009; O'Reilly et al., 2009). The
cratons and smaller cratonic fragments, stitche
d together and flanked cratonic margins have repeatedly focused ascending magmas, leading

to refertilization and weakening of the SCLM. Less depleted SCLM
by younger polycyclic fold belts. The four larger African cratons (West

underlies some polycyclic mobile belts and may have been generated
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during the Proterozoic (Trompette, 1994), and repeatedly refertilized
by uprising magmas during Proterozoic and Phanerozoic tectono-
magmatic events.
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It is well known that ultramafic xenoliths entrained inmafic alkaline
magmas are of great importance because they enable direct investiga-
tion of the evolution of compositional and textural evolution within
the upper mantle. As a consequence, a lot of crystal chemical studies

which separates the Saharan Metacraton from the Congo Craton
(Abdelsalam et al., 2011). This region was marked, from the Late
Mesozoic to present (Guiraud, 1998; Lustrino and Wilson, 2007) by in-
traplate magmatism related to the asthenospheric uplift, which was
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of their constituent phases have been published. They are mainly
focused on clinopyroxenes (Brizi et al., 2003; Cundari et al., 1986; Dal
Negro et al., 1984, 1989; Nédli et al., 2009; Princivalle et al., 2000,
2014) and spinels. In particular the studies on spinels from mantle xe-
nolith started in the 1980s (Della Giusta et al., 1986; Princivalle et al.,
1989) to reappear in the 3rd millennium (Carraro, 2003; Lenaz et al.,
2014a; Nédli et al., 2008; Perinelli et al., 2014; Princivalle et al., 2014;
Uchida et al., 2005). The structures and site occupancies of natural
and synthetic Cr-bearing spinels have been extensively studied using
single-crystal X-ray diffraction techniques (Bosi et al., 2004; Carbonin
et al., 1996, 1999; Carraro, 2003; Della Giusta et al., 1986, 1996;
Derbyshire et al., 2013; Lenaz et al., 2004, 2011, 2014b, 2014c, 2015;
Nédli et al., 2008; Princivalle et al., 1989; Uchida et al., 2005)
because of their use as petrogenetic indicators, geobarometers,
geothermometers and also for their importance as ore minerals for Cr
and platinum group elements.

Here, we study Cr-spinels from mantle xenoliths entrained within
Quaternary alkali basalts from Libya and from Cameroon, and will
compare them with previously studied samples from Morocco. While
the Libya meta-craton was affected by quite sparse Phanerozoic
magmatism, Cameroon was the site of almost continuous magmatic
activity at least during the Tertiary (Fitton and Dunlop, 1985;
Deruelle et al., 2007). Due to such different setting, the SCLM beneath
Libya could still retain ancient depleted chemical features not easy to
find under the Cameroon Line because of the widespread interaction
between magmas of sublithospheric origin with the SCLM as well as
its assumed more juvenile nature (Marzoli et al., 2000, 2015). Conse-
quently, the aim of this study is to verify if different chemical, struc-
tural and thermometric features are registered in spinels from
mantle xenoliths derived from different geodynamic settings as the
Saharan metacraton and the Cameroon Volcanic Line. Both occur-
rences will be, then, compared to spinels from the peri-cratonic
SCLM from Morocco recently studied by Lenaz et al. (2014a). The
studied Cr-spinels from Tafraoute and Bou-Ibalrhatene maars (North-
ern Morocco) are enclosed in mantle xenoliths from Plio-Quaternary
alkaline basalts characterized by a wide range of lithological and
chemical heterogeneity, consistent with variable degree of metasoma-
tism of their lithospheric mantle source (Chanouan et al., in press; El
Azzouzi et al., 2010; El Messbahi et al., 2015; Natali et al., 2013;
Raffone et al., 2009; Wittig et al., 2010a, 2010b) and testifying ancient
melt extraction processes, possibly during Neo- to Paleo-proterozoic
times. This scenario is similar to that inferred for other Cenozoic
Central-Northern African volcanic centres, such as Hoggar (Algeria;
Beccaluva et al., 2007; Kourim et al., 2014) and Gharyan (Libya;
Beccaluva et al., 2008; Raffone et al., 2009).

2. Geological setting

The investigated areas, Waw-En-Namus (Libya), Lake Barombi and
Lake Nyos (Cameroon), are positioned far from the main African
cratons. Libya, andmore in general all the north-eastern part of the con-
tinent was involved by the Pan-African orogenesis whose structures
enclosed the Saharan Metacraton and extend from the Ethiopian
rift toward the Western African Craton. The metacraton is bounded
by lithospheric-scale suture zones resulting from Neoproterozoic
opening-collision events with the surrounding terranes. Abdelsalam
et al. (2011) individuates: i) to the east, the N-trending Keraf–Kabus–
Sekerr Shear Zone separating the Saharan Metacraton from the
Arabian–Nubian Shield; ii) the N-trending Raghane Shear Zone to the
west, which is interpreted as a suture defining the collision zone be-
tween the Saharan Metacraton and the Tuareg Shield (Abdelsalam
et al., 2011); and iii) to the south the E-trending Oubanguides Orogen,
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perhaps responsible of the partial erosion of the Saharan Metacraton
lithospheric root.

The CameroonVolcanic Line is amajor feature of the African plate. It is
globally N70E oriented, extending from the Gulf of Guinea to Lake Tchad.
According to the most accepted structural explanation, the Cameroon
Volcanic Line, occurring along a Proterozoic reactivated transtensive
fault belt that shows no lithospheric root, represents, at least since
Proterozoic times, the suture between the West African and the Congo
Cratons. This inter-cratonic region appears as a privileged path for the
magma ascent since Proterozoic times as testified by the presence of
mainly Devonian and Jurassic basaltic dykes (Tchouankoue et al., 2014)
and widespread Cenozoic to recent igneous activity (see review in
Nyome and de Wit, 2014). There is little consensus on the cause of the
magmatic activity. Among the possible models there are (i) the hot spot
model; (ii) multiple (fingers) plumes; (iii) flow from the Afar plume
channeled by thinned lithosphere beneath central Africa; (iv) decompres-
sion melting beneath reactivated shear zones and (v) small-scale mantle
convection (see review in Nkono et al., 2014). Reusch et al. (2010, 2011)
and De Plaen et al. (2014) suggested, based on geophysical data that the
sub-lithospheric mantle below Cameroon is characterized by small
convective cells, developed between the about 250 km deep roots of
the Congo Craton and the relatively shallow (about 100 km thick)
Cameroon lithosphere, characterized by a crustal thickness of about
30–35 km. However, Elsheikh et al. (2014) considered that this model
could not explain the orientation of the oceanic sector. Based on the ex-
istent geophysical data and shear-wave splitting parameters they pro-
posed that the Cameroon Line developed by gradual basal erosion of
the underlying lithosphere channeled by the sharp change in the orien-
tation of the western margin of Central Africa (E–Wnorth of the CVL to
N–S south of the CVL). Geochemical studies have shown that Cameroon
Linemagmas were significantly contaminated by (or even issued from)
the continental lithosphericmantle and SCLM refertilization eventsmay
have occurred at least since the opening of the Equatorial Atlantic
(Nyome and de Wit, 2014 and references within). The existence
of magma chambers located in the deep crust at 25–30 km depth is
suggested by relatively deep, low-energy seismic events (De Plaen
et al., 2014) as well as by petrological-mineralogical studies (Marzoli
et al., 2015).

The Cenozoic volcanism of the Atlas system (Algeria, Morocco,
Tunisia) is exclusively of intraplate alkaline type (alkali basalts, basanites,
nephelinites, and associated intermediate and evolved lavas), while in
the Rif region it evolved through time from calc-alkaline to shoshonitic
and finally alkaline magmas (Duggen et al., 2005, 2009; El Azzouzi
et al., 1999, 2010; Maury et al., 2000). It is located within a SW–NE
trending volcanic strip, underlain by thinned lithosphere (Frizon De
Lamotte et al., 2004; Missenard et al., 2006; Teixell et al., 2005; Zeyen
et al., 2005), which crosscuts the major tectonic structures of central
Morocco. The Middle Atlas basaltic province comprises the largest and
youngest volcanic fields in Morocco. Well-preserved strombolian
cones and maars occur along a N–S trend ca.70 km long. K–Ar ages (El
Azzouzi et al., 1999, 2010) show that the Middle Atlas volcanic activity
occurred during the Miocene, the Pliocene and the Quaternary until
0.6–0.5 Ma. Some maar deposits (Tafraoute, Bou-Ibalrhatene) contain
abundant mantle (spinel lherzolites, pyroxenites, garnet-bearing py-
roxenites) and crustal xenoliths.

3. Volcanological and petrological observations

3.1. Waw-An-Namus mantle xenoliths (Libya): LB

The age of the volcanism in the Libyan volcanic fields spans from
the Paleogene (55–50 Ma) to the Neogene and Quaternary (12–1 Ma;



Permenter and Oppenheimer, 2007). According to Farahat et al. (2006)
and Martin and Németh (2006) the magmatism is sodic-alkaline
and the rock-types are mainly alkali-basalts, ankaratrites, basanites,
trachytes and phonolites. Mantle xenoliths, lherzolitic to harzburgitic

Cr-spinel (Mg# = 0.70–0.80; Cr# = 0.097–0.11; TiO2 b 0.4 wt.%)
(Pintér et al., 2015; Temdjim, 2012). We sampled only lherzolites.

The Crater Lake Barombi Koto is a lobed sub-circular maar.
According to Chako Tchamabé et al. (2013) there were two major
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in composition, are widespread in the mafic rocks from Gharyan
(Beccaluva et al., 2008), Jabal As Sawda (Woller and Fediuk, 1980),
Jabal Al Haruj (Németh et al., 2003) and Waw-An-Namus (Bardintzeff
et al., 2012; Busrewil and Wadsworth, 1983; Miller et al., 2012).

The Waw-An-Namus volcanic field is dominated by a 4 km wide,
100 m deep caldera containing a post-caldera scoria cone essentially
made of phreatomagmatic tephra. Ankaratritic–nephelinitic–basanitic
bombs containing peridotite xenoliths are dispersed around the summit
crater (Bardintzeff et al., 2012; Busrewil and Wadsworth, 1983).

In this area the mantle xenoliths are represented by spinel
lherzolites with medium-coarse granular or protogranular textures.
The xenoliths consist of olivine (Fo89–Fo91.8), enstatite (Mg# =
90–94), Cr-diopside (Mg# = 94–99.6, Cr2O3 = 0.7–1.70 wt.%)
and spinel (Cr# = 0.08–0.56; Mg# = 0.69–0.82, TiO2 ≤ 0.26 wt.%) ,
where Mg# and Cr# stands for Mg/(Mg + Fe2+) and Cr/(Cr + Al),
respectively. Spinels from two different mantle xenoliths are shown
in Fig. 1.

3.2. Lake Nyos and Barombi mantle xenoliths (Cameroon): CAM

Lake Nyos and Barombi Koto aremaars that belong to the Cameroon
Volcanic Line. The last anorogenic igneous events createdmore than 60
intrusive ring complexes (70–30Ma;Ngako et al., 2006) and 12volcanic
massifs (51.8 Ma to Present) in the continental segment.

Lake Nyos lies in a phreatomagmatic crater occurring in meta-
granitic and granitic Pan-African basement rocks (Dunlop, 1983;
Lasserre, 1978) and surrounded by phreatomagmatic breccias. K–Ar
determinations point to a Quaternary–Pliocene age ranging between
1.1 and3.5Ma (Freeth andRex, 2000). All eruptive products fromdiffer-
ent events are basaltic in composition (Temdjim, 2005).

According to Temdjim (2012), the Nyos mantle xenoliths are
spinel lherzolites, spinel harzburgites and olivinewebsterites exhibiting
coarse granular or protogranular to weakly porphyroclastic textures.
The xenoliths consist of olivine (Fo89.0–Fo91.5), enstatite (Mg# =
90–92), Cr-diopside (Mg# = 92–98, Cr2O3 = 0.7–1.65 wt.%) and
Fig. 1. Spinels from different mantle xenoliths. A: idiomorphic spinel (BI24; Morocco); B: spine
D: non idiomorphic spinel (LB2; Libya).
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volcanic episodes with a complex eruptive evolution, involving
variable eruptive styles and fall out deposition, as well as turbulent
diluted pyroclastic density currents. Lavas are picrobasalts, basanites,
basalts, and hawaiites (Tamen et al., 2007). Mantle xenoliths are, ac-
cording to Teitchou et al. (2007), lherzolites with protogranular and
porphyroclastic textures. Olivine (Fo89.4–Fo90.3) and orthopyroxene
(Mg#= 90–91) display a narrow compositional range. Clinopyroxenes
(Mg# = 89–91) have relatively high Cr2O3 contents (0.65–1.70 wt.%).
Teitchou et al. (2007) found out that spinel Mg# and Cr# vary from
0.74 to 0.78 and from 0.09 to 0.14, respectively.

3.3. Bou-Ibalrhatene and Tafraoute maars (Morocco): MOR

According to Lenaz et al. (2014a), all the investigated mantle xeno-
liths are lherzolites and harzburgites characterized by a protogranular
to granular texturewith grain size up to 0.6mm.Moreover they contain,
in particular the harzburgites, minor amounts of interstitial glass always
surrounded by reaction rims. Xenoliths are composed by olivine,
orthopyroxene, clinopyroxene and rare spinel. Olivine (Fo90) appears
quite homogeneous in size (about 400–500 μm), slightly fractured and
never altered. Orthopyroxene shows dimensions between 100 and
600 μmand rarely characterized by the presence of clinopyroxene exso-
lution lamellae. Clinopyroxene (Mg# = 95–98; Cr2O3 0.59–1.06 wt.%)
ranges between 50 and 400 μm and is often fresh. Spinels are quite un-
common, pale brown in colour and always smaller than 200 μm, idio-
morphic and located inside primary olivine or orthopyroxene crystals.
Major details can be found in Lenaz et al. (2014a). Spinels from amantle
xenolith are shown in Fig. 1.

4. Experimental procedures

In total, 19 spinels (12 from Libya, 7 from Cameroon) have been
analysed by means of X-ray single crystal diffraction and electron
microprobe. X-ray diffraction data were recorded on an automated
KUMA-KM4 (K-geometry) diffractometer, using MoKα radiation,
ls crystallized in a melt pocket (BI24; Morocco); C: non idiomorphic spinel (LB13; Libya);



monochromatised by a flat graphite crystal. Data was collected, accord-
ing to Della Giusta et al. (1996), with up to 55° of 2 θ in the ω–2θ scan
mode (scan width 1.8°2θ, counting times from 20 to 50 s, depending
on the peak standard deviation). Twenty-four equivalent reflections of

was performed in Helium (He) atmosphere to enhance the ablation
performance, to reduce particles deposition and inter-element fraction-
ation (Eggins et al., 1998; Günther and Heinrich, 1999). Argon (Ar) and
Nitrogen (N) were added after the ablation cell to reduce perturbations

Table 1
Results of structure refinement a0: cell parameter (Å); u: oxygen positional parameter; T–O and M–O: tetrahedral and octahedral bond lengths (Å), respectively; m.a.n.T and M: mean
atomic number; U(M), U(T), U(O): displacement parameters for M site, T site and O; N. Refl.: number of unique reflections; R1 all (%), wR2 (%), GooF as defined in Sheldrick (2008).
Diff.peaks: maximum and minimum residual electron density (± e/Å3). Space Group: Fd – 3 m. Origin fixed at −3 m. Z = 8. Reciprocal space range: −19 ≤ h ≤ 19; 0 ≤ k ≤ 19;
0 ≤ l ≤ 19. Estimated standard deviations in brackets. LB I and LB II: Libya; BAR: Barombi (Cameroon); LN: Lake Nyos (Cameroon).

Sample LB1A LB1Z LB3A LB3B LB16A LB16B LB2A LB4A LB6A

LB I LB I LB I LB I LB I LB I LB II LB II LB II

a0 8.1219 (1) 8.1226 (1) 8.1542 (1) 8.1533 (1) 8.1321 (2) 8.1335 (3) 8.2458 (1) 8.1875 (2) 8.1757 (2)
u 0.26345 (5) 0.26332 (4) 0.26338 (8) 0.26335 (5) 0.26338 (6) 0.26328 (6) 0.2626 (1) 0.2627 (1) 0.2625 (1)
T–O 1.9476 (7) 1.9461 (5) 1.954 (1) 1.9538 (7) 1.9491 (8) 1.9481 (9) 1.965 (1) 1.953 (2) 1.946 (2)
M–O 1.9274 (3) 1.9285 (3) 1.9356 (6) 1.9356 (4) 1.9304 (4) 1.9314 (4) 1.9634 (7) 1.9486 (8) 1.9475 (8)
m.a.n.T 14.90 (8) 14.99 (8) 15.6 (2) 15.3 (1) 14.7 (1) 14.6 (1) 16.6 (3) 16.1 (2) 15.7 (2)
m.a.n.M 14.11 (4) 14.15 (5) 15.8 (2) 15.23 (6) 14.71 (9) 14.76 (6) 19.6 (4) 16.6 (1) 16.2 (1)
U (M) 0.0047 (1) 0.0049 (1) 0.0063 (2) 0.0041 (1) 0.0046 (1) 0.0048 (1) 0.0037 (1) 0.0051 (1) 0.0048 (1)
U (T) 0.0061 (2) 0.0061 (1) 0.0076 (2) 0.0055 (2) 0.0058 (2) 0.0060 (2) 0.0056 (2) 0.0071 (3) 0.0071 (3)
U (O) 0.0063 (1) 0.0067 (1) 0.0078 (2) 0.0061 (1) 0.0061 (1) 0.0064 (1) 0.0062 (3) 0.0088 (2) 0.0088 (3)
N. refl. 162 176 172 184 175 173 170 144 130
R1 2.07 2.16 3.58 2.54 3.02 3.29 2.85 2.72 2.56
wR2 4.98 4.35 7.44 5.78 6.45 6.72 6.29 5.45 4.65
GooF 1.263 1.354 1.251 1.318 1.311 1.379 1.312 1.263 1.249
Diff.peaks 0.45; −0.49 0.47; −0.53 0.85; −1.54 0.72; −0.95 0.62; −1.07 1.02; −1.31 1.55; −2.37 0.72; −1.35 0.63; −1.04
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(12 8 4), at about 80° of 2θ, respectively, were accurately centred at
both sides of 2θ, and theα1 peak barycentrewas used for cell parameter
determination. Structural refinement using the SHELX-97 program
(Sheldrick, 2008) was carried out against Fo2hkl in the Fd − 3 m space
group (with the origin at −3 m), since no evidence for different sym-
metry appeared. Scattering factors were taken from Prince (2004) and
Tokonami (1965). The crystallographic data are presented in Table 1.
Additional Libyan spinels have been analysed by X-ray single crystal
diffraction. They appear only in Fig. 2, because after diffraction they
have been heated several times at 600 °C for other purposes (Velicogna
and Lenaz, 2017) so that original Fe2+/Fe3+ may have changed.

Ten to fifteen spot analyses were performed on the same Cr-spinels
used for X-ray data collection, using a CAMECA-SX50 electron micro-
probe (EPMA) at IGG-CNR Padua, operating at 15 kV and 15 nA. A 20 s
counting time was used for both peak and total background. Synthetic
oxide standardswere used. Rawdatawere reduced by PAP-type correc-
tion software provided by CAMECA. The mineral chemical analyses are
reported in Table 2.

To havemore representative results we analysed by EMPA and Laser
Ablation–Inductively Coupled Plasma–Mass Spectrometry (LA-ICP-MS),
sixty more spinels from Cameroon and Libya (CAM and LB hereafter,
respectively) besides those already analysed by X-ray single crystal
diffraction. As one of the goals is to compare the here studied spinels
with those of the peri-cratonic Moroccan area already analysed by
Lenaz et al. (2014a) by XRD and EMPA, we also added about 40 more
chemical analyses (EMPA and LA-ICP-MS) of spinels from Moroccan
Tafraoute and Bou-Ibalghatene maars (MOR).

The cation distribution (Table 2) between the T and M sites was ob-
tained with the method described by Carbonin et al. (1996) and Lavina
et al. (2002), in which crystal chemical parameters are calculated as a
function of the atomic fractions at the two sites and fitted to the ob-
served values. Site atomic fractions were calculated by minimizing the
function F(x) (Table 2),which takes into account themean of the square
differences between calculated and observed parameters divided by
their squared standard deviations.

A total of 144 (32 LB, 28 CAM and 44 MOR) crystals have been
analysed at the Dept. of Physics and Geology, University of Perugia,
for trace element determinations. The laser ablation (LA) device was
a Teledyne/Photon Machine G2 equipped with a Two-Volume ANU
(Australian National University) HelEx 2 cell. The laser source was an
ATL-I-LS-R solid-state triggered excimer 193 nm laser. The ablation
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on the plasma torch and to enhance sensitivity (Hu et al., 2008).
The mass spectrometer was a quadrupole based Thermo Scientific
iCAP Qc ICP-MS equipped with the high performance interface. LA-
ICP-MS operating conditions were optimized before each analytical
session by continuous ablation (laser fluence, repetition rate and
beam diameter equal to 3.5 J/cm2, 8 Hz and 85 μm respectively) of
NIST SRM 612 glass reference material (Pearce et al., 1997) in order to
provide maximum signal intensity (e.g. La N 600,000 cps) and stability
(relative standard deviation for La b 2.5%) , while suppressing oxides
formation (Th/ThOb 0.5%). Analyses on Cr-spinels have been performed
using a laser fluence, repetition rate and beam diameter equal to
3.5 J/cm2, 8 Hz and 65 μm respectively. The NIST SRM 610 (Pearce
et al., 1997) and the USGS BCR2G (Rocholl, 1998) glass reference mate-
rials have been used as calibrator (primary standard) and quality con-
trol (secondary standard) respectively. The following chemical species
have been analysed using Mg as internal standard: Li, Si, Sc, Ti, V, Mn,
Co, Ni, Zn, Ga and Cu. Under these operating conditions, precision and
accuracy are always better than 10% (please refer to Petrelli et al. 2016
for further details).

5. Results

The unit cell of the spinel structure can be described as a slightly
distorted cubic close-packed (ccp) array of 32 oxygen atoms with
8 cations at tetrahedrally coordinated T sites, and 16 cations at octahe-
drally coordinatedMsites (Hill et al., 1979). The T andM sites lie on spe-
cial positions with−43 m and−3 m symmetry, respectively. The only
variable geometrical parameters are the unit-cell edge (a) and oxygen
coordinate (u, u, u), which is related to the oxygen packing distortion.
The ideal ccp structure shows u=0.25, but it is observed that u is higher
than 0.25 for all the Cr-bearing spinels. The observed distortion is a con-
sequence of similar M–O and T–O bond distances (u = 0.2625 when
distances are equal; Hill et al., 1979).

CAM spinels are very similar among them with cell edges ranging
from 8.1268 (1) to 8.1485 (2) Å and oxygen positional parameters, u,
within 0.26251 (7) and 0.26278 (9) (Table 1; Fig. 2). On the contrary
LB spinels present large variations in both cell edges and u values. This
last parameter allowed us to divide the spinels in two subgroups la-
belled as LB I and LB II. LB I has a limited cell edge variation spanning
from 8.1219 (1) to 8.1542 (1) Å and u values between 0.26345 (5)
and 0.26328 (6). LB II shows a large cell edge difference, 8.1307 (1)



to 8.2458 (1) Å, and u in the range 0.26237 (7) to 0.2627 (1) (Table 1;
Fig. 2).

The chemical analyses performed on the same single crystals used
for the structural study reveal that the Cr# is in the range 0.08–0.56

When considering the cation distribution, the inversion degree
(trivalent cations in T site), i, is in the range 0.07–0.21 for LB, and
0.15–0.21 for CAM crystals. By using the geothermometer of Princivalle
et al. (1999) it was possible to calculate the intracrystalline closure

LB10A LB10Z LB14A BAR LN05 LN06 LN07 LN08 LN09 LN10

LB II LB II LB II

8.1307 (1) 8.1300 (2) 8.2039 (6) 8.1273 (1) 8.1268 (1) 8.1356 (1) 8.1285 (1) 8.1400 (1) 8.1428 (2) 8.1485 (2)
0.26237 (7) 0.26221 (6) 0.2626 (1) 0.26251 (7) 0.26278 (9) 0.26268 (8) 0.26268 (6) 0.26268 (9) 0.26263 (4) 0.2627 (1)
1.9345 (9) 1.9321 (8) 1.955 (1) 1.936 (1) 1.939 (1) 1.940 (1) 1.9384 (9) 1.941 (1) 1.9410 (6) 1.9434 (7)
1.9374 (5) 1.9383 (4) 1.9533 (8) 1.9355 (5) 1.9334 (6) 1.9362 (6) 1.9346 (5) 1.9373 (6) 1.9384 (3) 1.9392 (3)
15.0 (1) 15.03 (9) 17.3 (3) 14.8 (1) 14.8 (2) 14.8 (1) 14.9 (1) 15.4 (2) 16.27 (8) 15.15 (7)
14.4 (1) 14.44 (5) 17.5 (4) 14.17 (6) 14.2 (2) 14.66 (5) 14.33 (6) 14.6 (1) 15.36 (5) 15.11 (5)
0.0043 (2) 0.0045 (1) 0.0046 (2) 0.0044 (1) 0.0055 (2) 0.0062 (2) 0.0047 (1) 0.0059 (2) 0.0060 (1) 0.0061 (9)
0.0056 (2) 0.0059 (2) 0.0078 (3) 0.0055 (2) 0.0068 (3) 0.0072 (2) 0.0057 (1) 0.0081 (3) 0.0071 (1) 0.0076 (1)
0.0082 (2) 0.0085 (1) 0.0083 (4) 0.0078 (2) 0.0091 (2) 0.0093 (2) 0.0079 (1) 0.0094 (2) 0.0083 (1) 0.00920 (1)
168 183 126 160 181 176 165 168 166 173
2.72 2.56 2.82 2.96 4.18 3.35 2.82 3.51 1.95 2.08
5.57 5.74 4.20 6.73 9.27 7.99 6.34 7.96 3.70 3.38
1.253 1.374 1.222 1.234 1.202 1.232 1.224 1.332 1.292 1.077
0.64; −0.69 0.75; −0.83 0.70; −1.39 0.81; −1.14 1.43; −1.63 0.98; −1.09 0.85; −1.15 1.03; −1.39 0.44; −0.61 0.88; −0.73
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for Libya and0.09–0.17 for Cameroon samples,while theMg#varies be-
tween 0.69 to 0.81 for Libya and 0.79 to 0.83 for CAM samples (Fig. 3).
The different structural spinel groups above defined are also chemically
distinct: LB I spinels are characterized by Cr# = 0.07–0.18 and Mg# =
0.76–0.82), LB II by Cr# = 0.12–0.56 and Mg# = 0.69–0.81 while for
CAM spinels Cr# and Mg# are in the range 0.08–0.17 and 0.79–0.84,
respectively. As far as concerns the minor oxides in LB samples, TiO2

is usually below 0.15 wt.%, MnO below 0.25 wt.%, NiO between 0.1
and 0.4 wt.%. In CAM, TiO2 is on average higher than in the LB samples
but lower than 0.2 wt.%, except for LN09 approaching 0.5 wt.% TiO2.
The MOR spinels show Cr# in the range 0.10–0.35 and Mg# between
0.34 and 0.82.
Fig. 2. Oxygen positional parameter, u, vs. cell edge, a. Green circle: Libya spinels (this study); b
Antarctica (Perinelli et al., 2014); open circle:mantle xenolithsworldwide (Carraro, 2003; Della
square: Balmuccia and Ronda peridotite massifs (Basso et al., 1984; Lenaz et al., 2010). (For inte
version of this article.)
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temperature (Tc) derived from the Mg–Al exchange between the two
sites M and T. The spinels of the LB I group with high u (higher than
0.2630) show values in the range 480–640 °C, while those with lower
u values (lower than 0.2627) are in the range 680–950 °C. CAM samples
show a more limited range between 630 and 760 °C.

Among the minor elements, Ni is the most abundant. Its content is
in the range 1148–3862 ppm in LB samples, 2950–3920 in CAM,
and 2238–3922 ppm in MOR. It is followed by Mn (760–1458 LB;
761–970 CAM; 824–1217 MOR), Zn (742–1580 LB; 414–771 CAM;
463–966 MOR), V (404–1116 LB; 377–519 CAM; 407–907 MOR)
and Co (271–372 LB; 202–267 CAM; 229–281 MOR). Gallium (38–89
LB; 65–150 CAM; 65–95 MOR), Cu (1.88–8.13 LB; 1.48–4.91 CAM;
lue circle: Cameroon (this study); red square: Morocco (Lenaz et al., 2014a); yellow circle:
Giusta et al., 1986;Nédli et al., 2008; Princivalle et al., 1989, 2014; Uchida et al., 2005); open
rpretation of the references to color in this figure legend, the reader is referred to the web



Table 2
Chemical analyses and cation distribution. Mean chemical analyses (10–25 spot analyses for each crystal) and cation distribution in T andM site of the analysed Cr-spinels on the basis of four oxygen atoms per formula unit. Fe3+ from stoichiometry.
F(x):minimization factorwhich takes into account themean of square differences between calculated and observed parameters, divided by their standard deviations. Estimated standard deviations are in brackets. Intracrystalline closure temperature
calculated by using the thermometer by Princivalle et al. (1999). Cr#: Cr/(Cr + Al); Mg#: Mg/(Mg + Fe2+); Fe#: Fe3+/(Fe3++Al + Cr).

Sample LB1A LB1Z LB3A LB3B LB16A LB16B LB2A LB4A LB6A LB10A LB10Z LB14A BAR LN05 LN06 LN07 LN08 LN09 LN10

MgO 20.9 (1) 21.1 (2) 19.2 (2) 18.9 (1) 20.7 (2) 20.2 (3) 15.3 (1) 17.8 (2) 18.6 (2) 20.7 (1) 20.9 (2) 16.0 (2) 21.5 (1) 21.7 (1) 20.9 (2) 21.0 (1) 21.1 (1) 20.4 (1) 20.6 (1)
Al2O3 60.1 (2) 59.3 (4) 50.2 (4) 50.2 (2) 56.3 (2) 55.5 (3) 24.3 (1) 40.6 (2) 43.5 (2) 57.1 (2) 56.4 (6) 33.8 (4) 56.7 (2) 58.6 (2) 55.7 (1) 58.3 (2) 54.7 (3) 54.9 (3) 52.1 (2)
TiO2 0.12 (2) 0.12 (2) 0.07 (2) 0.07 (1) 0.11 (2) 0.12 (3) 0.11 (2) 0.10 (2) 0.04 (1) 0.05 (2) 0.05 (2) 0.05 (2) 0.16 (2) 0.14 (1) 0.11 (1) 0.10 (2) 0.13 (3) 0.52 (2) 0.05 (1)
Cr2O3 7.51 (9) 7.6 (1) 17.4 (1) 17.4 (3) 12.4 (3) 13.1 (2) 45.3 (4) 28.5 (1) 26.2 (3) 11.2 (2) 11.4 (1) 33.5 (3) 8.6 (2) 8.4 (2) 12.4 (2) 8.94 (8) 12.5 (3) 10.0 (2) 15.9 (2)
MnO 0.10 (2) 0.10 (2) 0.12 (3) 0.12 (2) 0.10 (3) 0.12 (3) 0.20 (3) 0.16 (2) 0.15 (2) 0.12 (2) 0.10 (2) 0.19 (2) 0.10 (3) 0.10 (2) 0.11 (2) 0.11 (2) 0.10 (3) 0.10 (2) 0.11 (3)
FeOtot 10.7 (1) 10.8 (2) 13.1 (1) 13.3 (2) 10.6 (1) 10.3 (3) 14.6 (1) 11.2 (2) 11.7 (1) 10.5 (1) 10.6 (2) 16.5 (2) 10.63 (1) 11.2 (1) 10.45 (8) 11.3 (1) 11.75 (9) 14.0 (2) 11.7 (2)
NiO 0.42 (3) 0.41 (3) 0.31 (2) 0.32 (3) 0.36 (4) 0.33 (2) 0.13 (3) 0.22 (4) 0.22 (4) 0.36 (4) 0.37 (4) 0.17 (2) 0.40 (5) 0.42 (4) 0.35 (3) 0.40 (4) 0.39 (3) 0.41 (4) 0.35 (5)
Sum 99.80 99.48 100.42 100.27 100.51 99.7 99.87 100.82 100.31 100.02 99.78 100.047 100.03 100.49 100.01 100.08 100.65 100.36 100.76
FeO 9.2 (1) 8.5 (2) 10.4 (1) 10.9 (2) 9.1 (1) 9.4 (3) 12.3 (1) 11.2 (2) 10.3 (1) 8.9 (1) 8.6 (2) 12.7 (2) 8.1 (1) 8.0 (1) 8.48 (8) 8.8 (1) 8.38 (9) 9.6 (2) 8.7 (2)
Fe2O3 1.7 2.5 3.0 2.7 1.7 1.0 2.5 2.5 1.6 1.8 2.2 4.1 2.7 3.5 2.19 2.7 3.75 4.9 3.32
Sum 99.97 99.73 100.72 100.54 100.68 99.81 100.12 101.07 100.47 100.20 100.00 100.49 100.30 100.84 100.23 100.35 101.03 100.85 101.09

T site
Mg 0.698 (3) 0.693 (7) 0.734 (7) 0.695 (4) 0.717 (5) 0.707 (9) 0.673 (5) 0.640 (4) 0.616 (5) 0.613 (3) 0.657 (7) 0.549 (6) 0.668 (4) 0.669 (4) 0.669 (4) 0.665 (4) 0.672 (4) 0.645 (4) 0.670 (3)
Al 0.1061 (9) 0.107 (2) 0.052 (1) 0.067 (1) 0.100 (1) 0.111 (2) 0.0207 (7) 0.085 (1) 0.128 (2) 0.185 (2) 0.197 (3) 0.081 (2) 0.149 (1) 0.125 (1) 0.142 (1) 0.141 (1) 0.100 (1) 0.117 (2) 0.115 (1)
Mn 0.0022 (4) 0.0022 (4) 0.0029 (7) 0.0027 (5) 0.0022 (7) 0.0027 (7) 0.0051 (8) 0.0037 (5) 0.0035 (5) 0.0026 (4) 0.0022 (4) 0.0046 (5) 0.0021 (7) 0.0022 (4) 0.0024 (4) 0.0024 (4) 0.0021 (7) 0.0022 (4) 0.0024 (7)
Fe2+ 0.161 (3) 0.149 (4) 0.148 (2) 0.181 (3) 0.156 (3) 0.160 (6) 0.245 (3) 0.218 (3) 0.220 (2) 0.172 (2) 0.136 (4) 0.300 (4) 0.127 (2) 0.106 (2) 0.1445 (2) 0.138 (2) 0.151 (2) 0.150 (3) 0.148 (3)
Fe3+ 0.033 (3) 0.049 (6) 0.064 (6) 0.054 (5) 0.024 (4) 0.019 (8) 0.057 (5) 0.053 (5) 0.033 (5) 0.027 (3) 0.007 (3) 0.065 (6) 0.054 (4) 0.073 (4) 0.042 (4) 0.053 (4) 0.073 (4) 0.087 (4) 0.065 (4)

M site
Mg 0.096 (1) 0.111 (3) 0.022 (1) 0.052 (1) 0.076 (2) 0.079 (3) 0.0095 (5) 0.094 (2) 0.142 (2) 0.185 (2) 0.145 (3) 0.133 (3) 0.152 (2) 0.128 (2) 0.139 (2) 0.136 (2) 0.138 (2) 0.147 (2) 0.130 (1)
Al 1.706 (4) 1.685 (7) 1.521 (7) 1.512 (5) 1.613 (5) 1.598 (9) 0.840 (4) 1.235 (5) 1.273 (6) 1.551 (4) 1.523 (9) 1.070 (9) 1.619 (5) 1.631 (4) 1.558 (5) 1.621 (4) 1.566 (5) 1.563 (6) 1.490 (4)
Ti 0.0023 (4) 0.0023 (4) 0.0014 (4) 0.0014 (2) 0.0021 (4) 0.0024 (6) 0.0025 (5) 0.0021 (4) 0.0008 (2) 0.0010 (4) 0.0010 (4) 0.0011 (4) 0.0031 (4) 0.0027 (2) 0.0021 (2) 0.0019 (4) 0.0025 (6) 0.0102 (4) 0.0010 (2)
Cr 0.152 (2) 0.155 (2) 0.364 (3) 0.366 (5) 0.252 (5) 0.270 (5) 1.077 (7) 0.622 (3) 0.565 (6) 0.228 (3) 0.234 (3) 0.762 (6) 0.172 (2) 0.167 (4) 0.254 (5) 0.181 (2) 0.256 (5) 0.205 (4) 0.328 (4)
Fe2+ 0.035 (1) 0.036 (2) 0.083 (2) 0.061 (2) 0.039 (1) 0.043 (3) 0.064 (2) 0.041 (1) 0.0149 (6) 0.0205 (8) 0.049 (2) 0.0050 (5) 0.046 (1) 0.062 (2) 0.0390 (8) 0.052 (1) 0.0297 (8) 0.058 (2) 0.043 (2)
Fe3+ 0.0001 (1) 0.0010 (9) 0.0003 (4) 0.006 (5) 0.010 (3) 0.0001 (5) 0.0023 (9) 0.0001 (2) 0.000 0.007 (2) 0.035 (6) 0.024 (3) 0.0001 (1) 0.0001 (1) 0.0006 (5) 0.0007 (4) 0.0002 (2) 0.008 (1) 0.003 (3)
Ni 0.0086 (6) 0.0085 (6) 0.0066 (4) 0.0069 (6) 0.0077 (8) 0.0069 (4) 0.0031 (7) 0.0049 (9) 0.0048 89) 0.0075 (8) 0.0077 (8) 0.0039 (5) 0.008 (1) 0.0078 (8) 0.0073 (6) 0.0080 (8) 0.0082 (6) 0.0086 (8) 0.008 (1)
Cr# 0.08 0.08 0.19 0.19 0.13 0.14 0.56 0.32 0.29 0.12 0.12 0.40 0.09 0.09 0.13 0.09 0.13 0.11 0.17
Mg# 0.80 0.81 0.77 0.76 0.80 0.80 0.69 0.74 0.76 0.81 0.81 0.69 0.83 0.83 0.82 0.81 0.82 0.79 0.81
Fe# 0.02 0.03 0.03 0.03 0.02 0.01 0.03 0.03 0.02 0.02 0.02 0.04 0.03 0.04 0.02 0.03 0.04 0.05 0.03
F(X) 0.155 0.312 0.372 0.178 0.336 0.177 0.253 0.083 0.007 0.012 0.16 0.034 0.297 0.633 0.017 0.118 0.672 0.635 0.048
T°C 573 585 485 557 595 641 676 794 937 914 943 930 743 659 764 726 630 698 721
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0.48–8.08MOR) and Sc (0.08–2.67 LB; 0.32–1.39 CAM; 0.22–1.66MOR)
are the less abundant. It is to notice that for certain elements CAM and
MOR show similar behaviour and that there is no or poor overlapping
between them and the LB spinels. These elements are Zn where all the

2014b, 2014c; Nédli et al., 2008; Perinelli et al., 2014; Princivalle et al.,
1989, 2014; Uchida et al., 2005). Due to the fact that in each mantle
xenolith suite there is a characteristic u value for all the spinels, inde-
pendently from their chemistry, Princivalle et al. (1989) related the

Fig. 3. Cr# vs. Mg#. Green circle: Libya spinels (this study); blue circle: Cameroon; red
square: Morocco; blue squares: spinels from Barombi, Lake Nyos and Ngaoundéré by
Temdjim (2012), Pintér et al. (2015) and Nkouandou et al. (2015). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article.)
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LB spinels are higher than 742 ppm and few CAM and MOR spinels ex-
ceed this value, and Co that is higher than 271 in LB spinels with only
few spinels from MOR reaching this value. When considering the
other elements two different behaviours can be recognized with LB II
spinels differing from the others. When considering Sc, V and Mn, LB II
spinels differ from the other structural groups. In fact, LB II spinels
have higher concentrations of Sc, V and Mn, but low contents of Ni
and Ga as compared with the other 3 groups (LB I, CAM and MOR)
which, for these elements present identical compositions.

When comparing the content of Cr2O3 with the minor elements it is
possible to recognize a positive correlation with V and Mn and a nega-
tive one with Ni and, at a lesser degree, Ga (Fig. 4).

6. Discussion and conclusions

Large variations in trivalent cations, especially Cr, have been com-
monly considered the main responsible of changes in the cell edges of
Cr-spinels and chromites from layered mafic complexes (Lenaz et al.,
2007, 2011, 2012), ophiolites (Derbyshire et al., 2013; Lenaz et al.,
2014b, 2014c), komatiites (Lenaz et al., 2004), as well as kimberlites
and diamond inclusions (Lenaz et al., 2009). More precisely, for those
cases the changes are related to the Cr + Fe3+ content. In the mantle
xenolith spinels, where the Fe3+ content is very low, the cell edge
could be directly related to the Cr# showing an R2 value close to 0.96
(Fig. 5; Carraro, 2003; Della Giusta et al., 1986; Lenaz et al., 2014a,
u values of the mantle xenolith spinels to their cooling history and
even with the closure temperature (Tc), i.e. the temperature at which
the intracrystalline exchange reaction practically stopped (Lucchesi
et al., 2010). This u value is 0.2628 (1) for Morocco samples (Lenaz
et al., 2014a), 0.2624 (1) for Mt. Leura, 0.2625 (1) for NE Brazil and
Mt. Noorat, 0.2627 (1) for Assab (Princivalle et al., 1989), 0.2628
(1) for Predazzo (Carraro, 2003) and 0.2629 (1) for San Carlos (Arizona;
Uchida et al., 2005) (Fig. 2). According to Lucchesi et al. (2010), for spi-
nels in mantle xenoliths the cooling events should be related to the
cooling rate of the lava hosting the xenoliths, to the size of the xenoliths
and to the position of the crystal within the xenoliths. This is because it
is expected that large xenoliths will cool more slowly than small ones
and crystals close to the rim will close at a higher temperature than
those located in the core of the xenolith. Lenaz et al. (2010) on the
basis of the existent literature data reported that the Tc of spinels
from mantle xenoliths was in the range 700–1000 °C, while Lenaz
et al. (2014a) extended Tc to lower values finding, for Morocco spinels,
Tc in the range 560–750 °C. For this last case, these authors suggested
that the Tc could be related to a possible shallow depth of equilibration
(about 20–40 km; close to the Moho discontinuity) and not to the tem-
perature of the host lava, similarly to what happened to the Ronda
alpine peridotite (Lenaz et al., 2010). Perinelli et al. (2014) described
spinels from two localities 80 km apart in Northern Victoria Land
(Antarctica) with two very distinctive oxygen positional parameter
values. For the BR spinels, u is in the range 0.2623–0.2626 while
for the GR spinels it varies from 0.2628 to 0.2633, leading to very differ-
ent intracrystalline closure temperatures of 880–910 and 590–670 °C,
respectively. Considering that the mantle xenoliths were probably
disrupted at the same depth within the mantle by an uprising magma,
Perinelli et al. (2014) argued that even for mantle xenoliths there
could be a chemical control on the oxygen positional parameter, sug-
gesting that different u values are caused by the higher Fe3+ content
and cation vacancies present in the GR spinels due to the existence rela-
tion among these values. Perinelli et al. (2014) considered powder
Mössbauer analyses combined with single crystal X-ray diffraction
a valuable method to determine the real amount of Fe3+ and cation
vacancies as previously reported also by Bosi et al. (2004) and Lenaz
et al. (2004). However, Lenaz et al. (2013, 2014b) pointed out that pow-
der Mössbauer can yield significant errors given the fact that, within a
powder, there could be grains of spinels which suffered different oxida-
tion degrees causing large differences in the calculated Fe3+/ΣFe ratios
that could be avoided by using a point-Mössbauer source.

In this study, we report a situation in which mantle xenoliths
(LB samples) erupted from the same volcano have distinctive spinel u
and Tc values. There are no significant differences in the occurrence of
the mantle xenoliths, their size is similar as is the composition of their
hosting lava, the position of the sampled crystal is in the core. Therefore,
all the points summarized by Lucchesi et al. (2010) would point to sim-
ilarities in both u and Tc values. Moreover, they occur in bombs so that
the supposed u values should be quite low due to the very fast cooling
history of those spinels and of their host lavas.

The small size of the here-studied crystals and the low total iron
does not allow determining the Fe3+/ΣFe ratio via a point-Mössbauer
source. Anyway, considering the Fe3+ calculated according to the stoi-
chiometry of these spinels, and not having evidence of possible cation
vacancies, it is possible to see in Fig. 6 that even if it seems that there
is a correlation between the intracrystalline closure temperature and
the Fe3+ content for the Libyan samples, this is not present for all the
other crystals here studied as well for other spinels from the literature.
As it can be seen in Fig. 6, CAM spinels show Tc in a limited range
630–760 °C that is, more or less intermediate between those of LB I
and LB II, and similar to that of Morocco samples.



Differences in the trace element chemistry, in the structural param-
eters and in the intracrystalline closure temperatures suggest that a dif-
ferent history should be considered for CAM, MOR, LB I and LB II
spinels. Even if it was not considered for this purpose, we tentatively

If we consider all previously published Tc for spinels and their mag-
matic or peridotitic affinity, it is possible to divide themagmatic spinels
into two groups (Fig. 8). One group yields Tc in the range 550 to 770 °C
and the other group shows a narrower range between 730 and 880 °C.

Fig. 4. V, Mn, Sc, Ni, Ga and Co (ppm) vs. Cr2O3 (wt.%). Symbols as in Fig. 2.
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used the Lenaz et al. (2000) and Kamenetsky et al. (2001) Fe2+/Fe3+

vs. TiO2 diagram. According to those authors this diagram should dis-
criminate between peridotitic and the so-called “magmatic” spinels,
i.e. spinel crystallized from melts (Fig. 7). Therefore, Fe2+/Fe3+ vs.
TiO2 variations should be helpful in discriminating restitic spinels
from those crystallized from melts. LB I and LB II spinels plot in the pe-
ridotitic field while CAM spinels fall almost all in the magmatic field,
with the only exception of spinels from the nodule LN06. Spinels
from LN10 fall in between the two fields. MOR spinels too fall in the
magmatic field.
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In our opinion, these values could be related to the different tempera-
tures of the intrudingmelts and the cooling rates of the spinel themselves
equilibrating at a certain depth in themantle. On the contrary the perido-
titic spinels show awide spread of Tc from480 to about 1200 °C. It seems
unlikely that this large range of temperatures could be related to the ex-
planations given by Princivalle et al. (1989) and Lucchesi et al. (2010) or
even to the Fe3+ content as suggested by Perinelli et al. (2014). Instead,
we propose that the low u–high Tc LB II group spinels recorded a deep
origin, possibly at the spinel to garnet peridotite boundary and have
been brought quickly to the surface from there without stalling at



intermediate depths. A confirmation of this can be found in Bardintzeff
et al. (2012) who suggested, based on petrographic evidence, that
the volcanism in the Libyan volcanic field is due to low-degree partial
melting of a garnet- and amphibole-bearing mantle source at a depth

about 30 km. In any case, the here-studied spinels seem to be part of
the primary peridotite group, being peridotitic and not magmatic, even
if different authors found out evidences of metasomatism in these man-
tle xenoliths (Bardintzeff et al., 2012; Beccaluva et al., 2008).

Fig. 5. Cell edge, a, vs. Cr#. Green circle: LB spinels; blue circle: CAM; open circle: mantle xenoliths worldwide (Carraro, 2003; Della Giusta et al., 1986; Lenaz et al., 2014a; Nédli et al.,
2008; Perinelli et al., 2014; Princivalle et al., 1989, 2014; Uchida et al., 2005). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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of 80–100 km. On the contrary, the high u–low Tc LB I spinels probably
had a different depth story. Their similarity with the Morocco samples,
in fact, suggests that they possibly equilibrated at a shallow depth,
Fig. 6. Intracrystalline closure temperature vs. Fe3+tot. Green circle: Libya spinels (this study); bl
BR spinels (Antarctica; Perinelli et al., 2014); yellow square: GP spinels (Antarctica; Perinelli
(Princivalle et al., 1989); open triangle: Assab (Princivalle et al., 1989); full triangle: Mt. Noo
(China; Princivalle et al., 2014); full square: San Carlos (Arizona; Uchida et al., 2005). (For in
web version of this article.)

9

The distributions of minor- and trace elements in chromite recently
provided new insights into the genesis and/or successive evolution
(metamorphism) of the chromitites in ophiolitic rocks (e.g., Akmaz
ue square: Cameroon (this study); red square:Morocco (Lenaz et al., 2014a); yellow circle:
et al., 2014); open square: Mt. Leura (Della Giusta et al., 1986); open diamond: NE Brazil
rat (Princivalle et al., 1989); full circle: Predazzo (Carraro, 2003); open circle: Hannuoba
terpretation of the references to color in this figure legend, the reader is referred to the



et al., 2014; Colás et al., 2014; Dare et al., 2009; González-Jiménez et al.,
2011, 2014, 2015; McGowan et al., 2015; Pagé and Barnes, 2009; Zhou
et al., 2014). According to these authors, the use of the chromite
trace-element data (especially Ga, Ni, Zn, Co, Mn, V and Sc), in combina-

(600–1000 ppm) are present in amounts N1 ppm and a couple of anal-
yses of spinels included in garnet from the Zagadochnaya kimberlite
(Ziberna et al., 2013). As far as concern mantle xenoliths, Raffone et al.
(2009) analysed only Sc, V and REE. No analyses of Ga, Zn, Co are

Fig. 7. FeO/Fe2O3 vs. TiO2. Peridotitic and magmatic field of spinels according to Lenaz et al. (2000) and Kamenetsky et al. (2001). Green circle: Libya spinels (this study); blue circle:
Cameroon (this study); red square: Morocco; yellow circle: Antarctica (Perinelli et al., 2014). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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tion with major-element data provides a better understanding of the
geochemistry of these mantle rocks. Literature dealing with minor and
trace element distributions in Cr-spinels from other occurrences are
very limited. To our knowledge in this field we should consider one re-
cent study by Di Rocco et al. (2012) discussing spinels in endoskarns,
where only V (58–66 ppm), Co (11–4 ppm), Ni (2–49 ppm) and Zn
Fig. 8. Range of intracrystalline closure temperatures for the studied spinels and mantle xenoli
Princivalle et al., 1989; San Carlos, Uchida et al., 2005; Predazzo, Carraro, 2003; Morocco, Lenaz
magmatic spinels; blue bar: peridotitic spinels. (For interpretation of the references to color in

10
present. In such a view it is difficult to compare our samples with liter-
ature data, anyway, it is evident that, apart, from those elements that are
related to Cr2O3 content, other elements allow to discriminate between
the so-called peridotitic spinels and those crystallized from magma,
i.e. Zn and Co where peridotitic and “magmatic” spinels fall in two dif-
ferent groups (Fig. 9).
ths used for comparison (Mt. Leura, Della Giusta et al., 1986; Mt. Noorat, NE Brazil, Assab,
et al., 2014a; Antarctica, Perinelli et al., 2014; Hannuoba, Princivalle et al., 2014). Red bar:
this figure legend, the reader is referred to the web version of this article.)



Based on petrographic observations and chemical-mineralogical and
geothermobarometric data on Lake Nyos xenoliths, Temdjim (2012)
pointed out to an upper mantle uplift beneath the Cameroon Volcanic
Line possibly induced by the heating of the lithospheric mantle by the
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Fig. 9. Zn (ppm) vs. Co (ppm). Symbols as in Fig. 2.
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11
emplacement of a deep mantle plume. The features described by
Temdjim (2012) suggested that a couple of their xenoliths initially
equilibrated at deeper depth (N60 km) followed by a decompression
linked to diapirism of the astenospheric mantle and followed by the
final equilibration at a depth of about 30 km. Moreover, Princivalle
et al. (2000) suggested that the protogranular texture of the Lake Nji
mantle xenoliths testifies that the spinel peridotite and the associated
small-volume melts completely re-equilibrated at the spinel-peridotite
facies.

Among the here-studied CAM samples we did not find evidence
of the deeper mantle xenoliths, while all the other xenoliths show
features resembling a situation of final equilibration at about 30 km
depth. The associated spinels with their low Tc and u values similar
to those of the Moroccan spinels (Lenaz et al., 2014a) suggest a
depth in the range 20–40 km, consistent with the results of Temdjim
(2012). El Messbahi et al. (2015) found out for the Morocco maars
also considered by Lenaz et al. (2014a) that the Bou Ibalghatene man-
tle was densely fluxed by high melt fractions, mostly focused in melt
conduits, while the Tafraoute suite records heterogeneous infiltration
of smaller melt fractions that migrated diffusively, by intergranular
porous flow.

In summary, the xenoliths sampled from a probably juvenile SCLM
at the edge of the most important lithospheric roots (i.e. Morocco
and Cameroon) apparently have spinels possibly fractionated in situ
from percolating melts and probably do not represent a real spinel-
peridotite facies. On the contrary mantle xenoliths from Libya exhibit
spinels with peridotitic features compatible with a slow ascent of a
mantle diapir (plume).

We also demonstrated that trace elements contribute in discrimi-
nating peridotitic spinels from those crystallized from magmas. Among
the elements that are not correlated with Cr# or Mg# content, Zn and
Co seem to be the most interesting well separating peridotitic from
magmatic occurrences.
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