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Abstract Clinopyroxene megacrysts and mineral
aggregates with clinopyroxene occur in the volcanic
deposits at Mont Briancon and Marais de Limagne,
which are located in the northern part of the Deves
volcanic field (Massif Central, France). The clinopy-
roxenes can be subdivided into five groups based upon
their major and trace element chemistry. Types 1a, 1b
and 1c have mg# ~0.80 and are relatively Al-rich and
low in Na and Fe®". Subdivision into three groups is
based on differing trace element signatures. Type 2
clinopyroxenes have mg# = 0.63-0.65 and higher Na
and Fe’* (Fe**/TFe > 0.4) contents and may contain
apatite inclusions. A type 3 megacryst is Fe-rich
(mg# = ~0.52) and has the highest Na and Fe** con-
tents, as well as containing titanite and apatite inclu-
sions. High Fe*" contents in all clinopyroxenes
investigated emphasises the need to consider Fe**/Fe**
when assessing the petrologic origin of such mega-
crysts. The large range in mg# means that the clino-
pyroxenes could not all have crystallised from the same
melt; in fact comparison with the basanitic host lavas
from the two localities reveal that nearly all of the
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megacrysts are xenocrystic in the strict sense. The
clinopyroxenes are mostly genetically related, having
crystallised from related melts within the magmatic
system that had undergone various degrees of differ-
entiation. Similarities in clinopyroxene chemistry
indicate that both volcanic centres are linked to the
same magmatic system at depth. Assessing the depth of
crystallisation reveals that types 1a and 1b formed in
the lithospheric mantle, near the asthenosphere-litho-
sphere boundary, whereas types lc, 2 and 3 formed in
crustal magma chambers or conduits. Eruption was
induced by a pulse of Mg-rich magma from the
asthenosphere that entered the existing magmatic sys-
tem, entraining clinopyroxene as megacrysts at several
stages of ascent, before erupting at the surface. The
style of eruption at Mont Briangon (cinder cone) and
Marais de Limagne (maar) is different and most likely
reflects local differences in near-surface hydrology.
The essentially identical variety in megacrysts at the
two localities suggests that eruption must have been
nearly contemporaneous.

Keywords Volcanism - Megacryst - Clinopyroxene -
Massif Central - Trace elements - Geochemistry -
Ferric iron

Introduction

Megacrysts of clinopyroxene, amphibole and occa-
sionally phlogopite, apatite, feldspar and zircon are a
common occurrence in alkaline basaltic lavas, where
they may be accompanied by peridotite and pyroxe-
nite xenoliths (e.g., Best 1970; Binns et al. 1970; Irving
1974; Wilkinson 1975; Gutmann 1977; Wass 1979;
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Irving and Frey 1984; Liotard et al. 1983, 1988; Shaw
and Eyzaguirre 2000; Akinin et al. 2005). The mega-
crysts can have a variety of origins. Megacrysts may
be unrelated to the current volcanic system, having
been entrained in the magma as xenocrysts or even
originally as a xenolith that became disaggregated
during transport (e.g., Schulze 1987). An exotic origin
can generally be discerned geochemically or by com-
parison with experimentally determined phase rela-
tions. In some cases, the phases are in chemical
equilibrium with the host lava so that they are
essentially phenocrysts and their composition(s) pro-
vide a glimpse of magma chamber conditions prior to
eruption (e.g., Liotard et al. 1988). In many other
cases, megacrysts are interpreted to have crystallised
at high pressures from magmas petrogenetically re-
lated to the host lavas (e.g., Irving and Frey 1984;
Shaw and Eyzaguirre 2000). This interpretation is
supported by the observation of mafic veins contain-
ing clinopyroxene, amphibole, and/or phlogopite of
similar composition occurring in some mantle xeno-
liths, as well as in some orogenic lherzolite massifs
(e.g., Wilshire et al. 1980; Bodinier et al. 1987; Witt-
Eickschen et al. 1993; Woodland et al. 1996; Shaw and
Eyzaguirre 2000). Having crystallised at depth over a
variety of pressure and temperature conditions, these
megacrysts can give us insights into the chemical
evolution of the magmatic system and potentially
provide us with important information about the
“plumbing” and melt migration beneath a volcanic
centre, even from mantle depths.

Alkali basaltic volcanism is widespread in the Massif
Central, occurring as numerous small centres clustered
into several fields (Brousse and Lefevre 1990). Along
with peridotite and pyroxenite xenoliths, clinopyrox-
ene and amphibole megacrysts are known to occur at a
number of localities (Biovin 1982; Liotard et al. 1983,
1988). Liotard et al. (1988) investigated regional vari-
ations in lava and clinopyroxene chemistry rather than
focussing on any particular locality in detail. As such,
their work forms a useful starting point for this work.
Two types of clinopyroxene megacrysts and pheno-
crysts were identified by Liotard et al. (1988): (1) ae-
gerine-rich clinopyroxenes enriched in REE, which are
considered to have crystallised at high pressures from
differentiated lavas, and (2) aegerine-poor augites
relatively low in REE and apparently in equilibrium
with their host lavas. However, their assessment of
ferric iron contents was based only on measurements
made by atomic absorption spectrometry and the
assumption of stoichiometry, an approach known to be
subject to significant uncertainty (e.g., Canil and
O’Neill 1996).
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We have undertaken a detailed study of a suite of
clinopyroxene (cpx) megacrysts and clinopyroxene
aggregates from two well-known localities on the
Deves plateau, Mont Briancon and Marais de Li-
magne. Our goal was to determine the origin of these
clinopyroxenes and, if possible, to use them as a probe
of the magmatic system at depth. A question we sought
to address was whether or not there is a linkage be-
tween the two localities at depth. The suite of samples
reveals a complex history of differentiation at various
depths in the crust and mantle and provides evidence
for the likely cause of the eruptions.

Geological background

The French Massif Central is a classic example of
continental intraplate alkaline magmatism and is spa-
tially related to the West-European Rift-System. Ter-
tiary to recent volcanism has occurred in three phases
(e.g., Wilson and Downes 1991; Michon and Merle
2001): (1) scattered volcanism in the northern part of
the Massif Central between 65 and 38 Ma, (2) mag-
matism related to rifting and the formation of the Li-
magne graben, again restricted to the northern portion
of the Massif Central (38-15 Ma), and (3) a major
magmatic event from early Miocene to recent times
that began in the south and spread to the north. Two
peaks in activity occurred during this last phase (e.g.,
Brousse and Lefevre 1990; Wilson and Downes 1991;
Michon and Merle 2001). The earliest produced the
Cantal, Aubrac, Velay, and Coirons volcanic fields
between ~10 and 5 Ma (Fig. 1). The second peak oc-
curred in both the south and north of the Massif
Central and formed the Deves and Mont Dore volcanic
fields from 3.5-0.5 Ma. Other older volcanic fields were
also locally active during this time. The most recent
eruptions in the Massif Central are those in the Chaine
des Puys, the Cézallier and Bas-Vivrais (Brousse and
Lefevre 1990; Goer et al. 1991). Uplift and rifting ap-
pears to be related to a mantle plume located at depth
(e.g., Granet et al. 1995; Sobolev et al. 1996), which is
also responsible for the alkaline volcanism in the re-
gion. An alternative hypothesis invokes thermal ero-
sion of the Ilithosphere that was caused by
asthenospheric flow, which was induced by the forma-
tion of the adjacent deep Alpine lithospheric root
(Merle and Michon 2001).

Mont Briangon and Marais de Limagne are situ-
ated in the northern part of the Deves volcanic field,
west of Le Puy en Velay. Lying between the Loire
and Allier rivers, the plateau of the Deves covers an
area of ca. 900 km? (60 x 15 km) and is elongated in a
NW-SE direction, reflecting a structural control
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Fig. 1 Map showing the distribution of Tertiary to Holocene age
volcanic fields of the Massif Central along with the location of
Mont Briangon and Marais de Limagne in the Deves. Map
modified after Debaisieux (1999)

through the southeastern extension of the Limagne
graben (Fig. 1). The field comprises nearly 200 vol-
canic centres and is dominated by fissure eruptions
that produced a ca. 20 km long ridge of nearly over-
lapping edifices, including Mont Deves. While Marais
de Limagne lies at the northern end of this trend,
Mont Briancon is displaced 3—4 km to the west. The
volcanism is of Plio-Pleistocene age (Brousse and
Lefevre 1990), with Mont Briangon reported to have
an age of 1.6 £+ 1 Ma (Lorand et al. 2003). The two
localities are ~8 km from each other (Fig.1). The
lavas at both localities are nepheline-normative ba-
sanites containing 5-6 wt% Na,O + K,O (Liotard
et al. 1988). However, the style of volcanism is
markedly different at the two localities. Mont Brian-
con is a cinder cone, made of massive vesicular scoria.
Marais de Limagne is a maar, with lapilli tuffs depos-
ited on the flanks. The maar formed in between two
pre-existing cinder cones (Peterlongo and Goer de
Herve 1978).

The samples

A total of 16 samples were studied, 10 from Mount
Briancon (MBR) and 6 from Marais de Limagne
(MAL). Most of the clinopyroxene megacrysts are
dark glassy crystal fragments ranging from 8 to 15 mm
in size (e.g., Fig. 2a). Some megacrysts are lozenge-
shaped, exhibiting resorbed surfaces (Fig. 2b), while
others are more angular in shape. Several other sam-
ples, MBR-2, MBR-3 and MBR-9 are vuggy, indicating
reaction and melting enroute to the surface (Fig. 2c).
Samples MBR-1, MBR-4 and MBR-5 contain euhedral
apatite inclusions (Fig. 2a). MBR-4 also contains tita-
nite inclusions. Sulphide blebs and rods occur in three
samples (MAL-2, MAL-4, MAL-5, Fig. 2d). The
sulphides are systematically distributed in domains
within the megacryst, exhibiting a texture similar to
that described by Peterson and Francis (1977) and
Dromgroole and Pasteris (1987). Peterson and Francis
(1977) interpreted this texture has been as having
developed by droplets of immiscible sulphide liquids
adhering to the surfaces of rapidly growing clinopy-
roxene crystals.

In addition to the megacryst fragments, two crystal
aggregates were investigated. One sample from Mount
Briancon (MBR-8) is an aggregate of coarse cpx
(~800 pm) and olivine and one sample from Marais de
Limagne is a fine aggregate of cpx and brown amphi-
bole (MAL-3).

Analytical methods

Major element compositions of the megacrysts were
determined using a JEOL JXA-8900RL electron
microprobe operating at 15 kV accelerating voltage
and a 20 nA beam current. A mix of natural and syn-
thetic standards that yield reliable results for clinopy-
roxene and amphibole were employed. The analyses
were all performed in wavelength-dispersive mode and
a ZAF matrix correction was applied to the raw data
collected. Mineral compositions are presented in
Table 1.

Ferric iron contents were determined on optically
clean handpicked separates by >’Fe Mossbauer spec-
troscopy. Sufficient material was finely ground to pre-
pare an absorber with a thickness of ~5 mg Fe/cm?. For
sample MBR-9 the amount of clean clinopyroxene
obtained was too small to permit a ferric iron deter-
mination. The samples were mounted in a hole drilled
in a Pb disc. A small amount of sugar was added to
yield enough material to uniformly cover the sample
holder and yet retain the desired thickness. A Ta-foil
with a hole of appropriate diameter was used ensure
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Fig. 2 Examples of the
clinopyroxene megacrysts
studied. a Sample MBR-1 is a
fragment with some rounded
margins and containing
apatite inclusions. Long
dimension is 8 mm, b sample
MAL-1 exhibits a rounded,
resorbed surface. Tick marks
on the scale are in cm. ¢
Sample MBR-2 is a
clinopyroxene with a vuggy
texture and irregular surface,
highlighted with a dashed line.
Long dimension of the
clinopyroxene is 22.5 mm.

d Reflected-light micrograph
of sulphide inclusions in
megacryst sample MAL-2.
Note the rod-shaped form

Table 1 Major element compositions of clinopyroxene, olivine and amphibole

Mineral/  MBR-1 MBR-2 MBR-3 MBR-3 MBR-4 MBR-5 MBR-6 MBR-§ MBR-9 MBR-10 MBR-11
type type2 typelc typelc olivine type3 type2 type2 typela typela typelb type2
CaO 20.38 21.38 21.32 0.11 20.09 20.49 20.46 20.05 21.42 18.63 20.35
TiO, 1.55 1.06 1.20 0.03 2.09 1.56 1.97 1.38 1.42 1.62 1.56
Cr,05 ND 0.10 0.13 ND ND ND ND 0.18 0.27 0.03 ND
MnO 0.27 0.14 0.15 0.21 0.41 0.26 0.22 0.11 0.14 0.13 0.25
FeO 10.52 6.26 6.26 16.84 12.96 10.48 10.42 5.80 5.37 6.92 10.62
NiO ND ND ND 0.13 ND ND ND 0.02 0.04 ND ND
Na,O 1.80 1.02 1.09 0.04 2.19 1.74 1.68 1.04 0.78 1.26 1.70
Sio, 48.08 50.01 49.59 40.04 46.03 48.59 47.11 49.64 49.82 48.77 49.12
AL O3 5.74 5.46 6.31 0.05 7.48 5.70 7.03 7.67 6.26 8.71 5.80
MgO 10.71 13.68 13.31 43.53 7.78 10.36 10.04 14.03 14.27 13.40 10.34
Total 99.05 99.12 99.37 100.98 99.04 99.18 98.93 99.92 99.79 99.48 99.74
Fe**/ZFe® 0.421 0.271 0.291 0.419 0.439 0.433 0.296 0.318 0.392
mgi# 0.64 0.80 0.79 0.82 0.52 0.64 0.63 0.81 0.83 0.78 0.63
MAL-1 MAL-2 MAL-3 MAL-3 MAL-4 MAL-5 MAL-7
type la type 1b type 1c amph type 1b type 1b type 2
K,O 1.45
CaO 20.24 18.59 20.81 11.28 18.66 18.91 20.27
TiO, 1.55 1.66 1.06 3.88 1.67 1.74 1.61
Cr,0; 0.02 ND 0.30 0.28 0.04 ND ND
MnO 0.12 0.14 0.15 0.11 0.18 0.14 0.26
FeO 5.81 6.72 6.41 9.37 6.76 6.73 10.76
NiO 0.02 0.03 0.04 0.05 ND ND ND
Na,O 1.08 1.29 1.12 2.61 1.35 1.23 1.87
SiO, 48.47 47.93 49.92 41.14 47.83 47.54 48.10
ALO; 8.76 9.14 5.84 13.28 8.97 9.27 6.23
MgO 13.65 13.27 13.21 13.67 13.14 13.30 9.93
Total 99.72 98.77 98.86 97.12 98.60 98.87 99.05
Fe’*/SFe 0.397 0.341 0.302 0.532 0.387 0.378 0.422
mg# 0.81 0.78 0.79 0.72 0.78 0.78 0.62

ND not detected, detection limits for Cr and Ni are 190 and 200 ppm, respectively

# From Mossbauer spectroscopy
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that only gamma rays that had interacted with the
sample reached the detector. Spectra were obtained at
room temperature, in transmission mode on a constant
acceleration Mossbauer spectrometer with a nominal
50 mCi °’Co source in a 6 pm Rh matrix. The velocity
scale was calibrated relative to 25-pum thick o-Fe foil at
room temperature using the positions certified by
NIST. Mirror image spectra were collected over 512
channels with a velocity range of +5 mm/s. The spectra
were fit with the NORMOS software package (dis-
tributed by Wissenschaftliche Elektronik GmbH,
Germany).

Spectra from clinopyroxene were fit following the
approach successfully applied by Woodland et al.
(2006) for mantle clinopyroxenes, which is similar to
the spectral model adopted by many others (e.g., Luth
and Canil 1993; Canil and O’Neill 1996; McCammon
et al. 1998; Sobolev et al. 1999). The spectra were fit
with two quadrupole split doublets for Fe** and one
doublet for Fe*", each with Lorentzian peak shapes
and equal areas (Fig. 3). Peak widths were allowed to
vary for the Fe®" doublets, to help account for next
nearest neighbour effects. As a result of the relatively
high Fe*" contents in the samples investigated here,
uncertainties in Fe**/ZFe are estimated to be +0.010 in
absolute terms and uncertainties in the hyperfine
parameters are in the range of +0.02 for both the Fe**
and Fe** doublets. The spectrum of amphibole from
sample MAL-3 was fit following the same procedure as
for clinopyroxene.

Trace element concentrations were determined by
LA-ICP-MS on either thick sections or on polished
fragments mounted in epoxy. A New Wave UP-213
(wavelength = 213 nm) laser system combined with a
ThermoFinnigan ELEMENT 2 ICP-MS at the Institut
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Fig. 3 Mossbauer spectrum of clinopyroxene megacryst MBR-5.
The Fe** component of the spectrum is denoted in grey

fiir Geowissenschaften in Frankfurt was used for the
measurements. The samples were analysed using an
80 um spot and 0.15 mJ energy at 10 Hz. The NIST
SRM 612 standard glass was used for the external
calibration of the 28 elements listed in eTable 2. The
reference values were taken from Pearce et al. (1997).
Calcium was used for internal standardisation. A gas
blank was measured before every measurement. The
raw data were exported from the ICP-MS and pro-
cessed using Glitter 4.0 (Van Achterberg et al. 2001).
Based upon values of the standard measured inter-
mittently during data acquisition, analytical accuracy
and precision is ~5% for most trace elements, except
for Be and V, which have uncertainties of ~10%.

Clinopyroxene composition
Major elements

As is commonly observed for megacrysts, the individ-
ual clinopyroxenes are compositionally homogeneous
(Fig. 4). Chemical compositions are provided in Ta-
ble la and b. All clinopyroxenes are Cr-poor
(<0.3 wt% Cr,03), with most having Cr-contents at or
near the detection limit. Three broad populations can
be discerned on the basis of mg# [molar Mg/
(Mg + Feyora)] and differing major element composi-
tions and are referred to here as type 1, 2 and 3 clin-
opyroxenes (see e.g., Fig. 5a). The most Mg-rich are
the type 1 clinopyroxenes, having mg# ~0.80. They are
relatively Al-rich and low in Na and Fe®". Measured
Fe**/EFe are typically ~0.3, although several samples
from Marias de Limagne are richer in Fe** (Table 1).
In all cases, Na cations per formula unit (pfu) exceed
Fe* contents (eTable 1), implying the presence of Na-
bearing components in addition to an aegerine com-
ponent (i.e., NaAlSi,Og). Type 1 clinopyroxenes
dominate the sample set from Marais de LImagne, with
three of these megacrysts containing blebs and rods of
(Fe,Ni)S. Type 2 clinopyroxenes have mg# = 0.63-0.65
and higher Na and Fe>* (Fe>*/ZFe > 0.4) contents than
the type 1 samples. Most of these samples are from
Mont Briangon, although MAL-7, from MAL, also
belongs to this group. Several megacrysts contain
inclusions of euhedral apatite (MBR-1, MBR-5). One
megacryst (MBR-4) has a mg# = ~0.52 and contains
titanite as well as apatite inclusions. This clinopyrox-
ene also has the highest Na and Fe®* contents and has
been designated as type 3. In contrast to the type 1
clinopyroxenes, types 2 and 3 have Fe>* cations (pfu) in
excess to that of Na (eTable 1). This implies that Na
incorporation in these latter types was crystal chemi-
cally controlled by the presence of Fe®" and that
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Fig. 4 Rim to rim compositional profiles of Mg and Ca across
sample MAL-1 illustrating the degree of homogeneity in the
megacrysts. This megacryst is nearly 1 cm in diameter

additional Fe** was balanced by other cation substi-
tutions, such as [*Al]. Chemical compositions are
consistent with this assessment (eTable 1). In accord
with previous studies (Canil and O’Neill 1996; Sobolev
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Fig. 5 Variation in a Fe>" (in cations per formula unit), b Zr and
Sc (ppm) contents with mg# of clinopyroxene
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et al. 1999; Woodland et al. 2006), our data provide
further evidence for the necessity to directly measure
Fe** contents in clinopyroxene, rather than relying on
structural formula calculations based upon microprobe
data alone.

The clinopyroxene in the clinopyroxene—amphibole
aggregate (MAL-3) has a mg# = 0.79 and is composi-
tionally very similar to the megacrysts MBR-2 and
MBR-3 (Table 1), so that clinopyroxene from this
aggregate can be considered as type 1. Clinopyroxene
in the clinopyroxene-olivine aggregate (MBR-8) also
belongs to type 1. In this sample, both phases are
somewhat more heterogeneous than observed in the
other samples.

Minor and trace element contents

Minor and trace element characteristics vary according
to clinopyroxene type, and can be used to further
characterise the high-Mg type 1 samples. Incompatible
trace elements like REE, HSFE, Fe>* and Sr increase
with decreasing mg#, consistent with the clinopyrox-
enes having crystallised from progressively fraction-
ated magmas, whereas compatible elements such as Sc
and V decrease with decreasing mg# (e.g., Fig. 5a, b;
Table 1, eTable 2).

Normalised REE patterns from all samples have a
generally similar form, controlled to a large extent by
the partitioning behaviour between clinopyroxene and
melt. The abundances increase by about a factor of two
between types 1 and 2 and between types 2 and 3
(Fig. 6a, b). Inspection of the REE patterns in type 1
clinopyroxenes reveals differences that allow further
subdivision of these samples (Fig. 6a). Samples MBR-
8, MBR-9 and MAL-1 have the lowest LREE and
HREE concentrations and are referred as type la.
Megacrysts MAL-2, MAL-4, MAL-5 and MBR10
(type 1b) have similarly low LREE, but have higher
HREE abundances by nearly a factor of two. Most
type 1b samples contain sulphide inclusions. A third
type (type 1c), exemplified by samples MBR-2, MBR-
3, and MAL-3, has similar HREE concentrations to
type 1b, but LREE contents are distinctly elevated. In
addition, type lc clinopyroxenes possess the highest
concentrations of Li, U and Th measured in this study
(eTable 2, Fig. 7). This type of clinopyroxene also
coexists with amphibole (i.e., MAL-3).

The REE abundances reported by Liotard et al.
(1988) for clinopyroxene megacrysts from Mont Bri-
ancon and Marais de Limagne lie between the type 2
and type 3 clinopyroxenes identified in this study. This
outcome can be explained by the fact that they sepa-
rated clinopyroxene fragments from bulk lava samples
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rather than analysing individual megacrysts. As a re-
sult, the analyses in Liotard et al. (1988) likely repre-
sent a mixture of clinopyroxene types 1, 2 and 3
present in unknown proportions.

Composition of coexisting phases in aggregates

The amphibole co-existing with clinopyroxene in
sample MAL-3 is calcic and Fe**-rich (Fe*/
>Fe = 0.53). It is a magnesiohastingsite following the
classification scheme of Leake et al. (1997) and is
similar in composition to the amphibole reported by
Liotard et al. (1983) from the same locality (see Ta-
ble 1). The Ti and alkali contents, with Na,O higher
than K,0O, are typical for amphiboles from localities in
the Massif Central (Liotard et al. 1983). Trace element
abundances are elevated in the amphibole compared to
the co-existing clinopyroxene, except for Sc, Hf, and
Zr, which occur in somewhat higher concentrations in
the pyroxene (eTable 2). Although LREE are rela-
tively higher in amphibole, the HREE abundances are
essentially the same as those in the clinopyroxene
(Fig. 8).

Olivine in the aggregate MRR-8 has a forsterite
content of 82 + 1 mol% and a Ni concentration of
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Fig. 6 REE patterns normalised to C1 chondrite (Tayor and
McLennan 1985) for a type 1, b type 2 and type 3 clinopyroxenes.
Note the stepwise increase in REE abundances going from type
1 to type 2 to type 3
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Fig. 7 Extended normalised (to Cl chondrites; Tayor and
McLennan 1985) trace element diagram. Note the elevated U
and Th concentrations in certain samples (see text)

0.13 wt%. Considering the typical composition of
mantle olivine (Xg =0.89 and Ni~ 03 wt% e.g.,
Woodland et al. 2006), the olivine in this aggregate
cannot have been inherited from a peridotitic source
(e.g., a disaggregated peridotite xenolith), but rather
must have crystallised with the clinopyroxene.

Discussion
Origin of clinopyroxene

The fact that the clinopyroxenes in our suite exhibit a
large range in mg# means that they could not all have
crystallised from the same melt. An important question
is whether any of the clinopyroxenes could have crys-
tallised from their host magma. We can assess this by
comparing the MgO/FeO of the host lavas with values
calculated by combining the FeO/MgO of the mega-
crysts (Fe** corrected) with pertinent clinopyroxene/
melt partitioning data. Lava compositions reported in
Liotard et al. (1988) were recalculated assuming Fe*/
Fe?* = 0.20, as recommended by Irving and Frey
(1984), yielding MgO/FeO = 1.29 and 1.30 for Mount
Briancon and Marais de Limagne, respectively. For
compositions similar to these lavas, Putirka et al.
(1996) report Fe-Mg partition coefficients [(FeO/
MgO)cpx X (MgO/FeO)mei] of 0.28-0.33. Assuming
this range to be representative, we computed possible
MgO/FeO values for the melt in which the megacrysts
would be in equilibrium (Table 2). Of all the samples,
only MAL-1 can arguably be considered to be in
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Fig. 8 Chondrite-normalised REE contents in amphibole from
sample MAL-3. The pattern for the co-existing clinopyroxene is
shown for reference

equilibrium with its host lava. This is an interesting
result in so far as the sample has a lozenge shape,
indicating reaction with the magma during transport.
Of course it does not preclude the possibility that the
megacryst was in equilibrium with the host magma at
depth. However, this would imply that the host magma
did not fractionate any further after this clinopyroxene
crystallised. The clinopyroxene in sample MBR-8
yields a calculated MgO/FeO approaching that of the
Mont Briancon lava, but even in this case some minor
fractionation relative to the host lava composition
seems to be required (Table 2). All other samples must
have crystallised from melts more Fe-rich than the host
lavas. This last conclusion is rather insensitive to our
assumption regarding the Fe®*/Fe** of the host lava.
Choosing a ratio of 0.1 would reduce the MgO/FeO of
the host lavas to ~1.16, which is still too Mg-rich to
have been in equilibrium with the majority of the
megacrysts. A higher Fe’*/Fe** of 0.3 would yield a
host lava MgO/FeO of ~1.48, and in this case we would
conclude that even megacrysts MAL-1 and MBR-8
could not have been in equilibrium.

Normalised REE contents of the magmas from
which the clinopyroxenes crystallised were calculated
in a similar fashion by combining our data with the
clinopyroxene-melt partition coefficients given by
Zack et al. (1997). Their coefficients should be valid for
the compositional range represented by our samples
since they are essentially those that were experimen-
tally determined by Hart and Dunn (1993) for alkali
basalt to basanite melt compositions. The resulting
melt compositions derived from clinopyroxenes MAL-
1 and MBR-8 (type 1a), as well as that for MAL-2
(type 1b) are basically consistent with the limited data
on the host magmas at Marais de Limagne and Mont

@ Springer

Table 2 Calculated MgO/FeO of parental magmas and depth of
crystallisation of the clinopyroxenes

Type MgO/FeO* Pressure®
parent melt (kbar)

Mont Briangon
MBR-1 2 0.49-0.58 3.0
MBR-2 1c 0.84-0.99 4.4
MBR-3 1lc 0.60-0.70 5.7
MBR-4 3 0.29-0.34 2.7
MBR-5 2 0.49-0.58 34
MBR-6 2 0.48-0.56 41
MBR-8 la 0.96-1.13 10.7
MBR-9 la 5.8°
MBR-10 1b 0.80-0.94 12.4
MBR-11 2 0.58-0.69 4.0
Host lava® 1.29
Marais de Limagne
MAL-1 la 1.09-1.28 10.6
MAL-2 1b 0.84-0.99 12.7
MAL-3 1lc 0.83-0.98 6.3
MAL-4 1b 0.89-1.05 12.3
MAL-5 1b 0.89-1.05 11.9
MAL-7 2 0.45-0.53 4.0
Host lava® 1.30

# Range calculated using partition coefficients of 0.28 and 0.33
(Putirka et al. 1996), see text

® Calculated after Nimis and Ulmer (1998)
© Calculated asumming Fe**/ZFe = 0.3
d Recalculated from Liotard et al. (1988), see text

Briancon reported by Liotard et al. (1988), suggesting
that types la and 1b could have crystallised either di-
rectly from their host magmas or from a magma closely
related in composition (Fig. 9). Considering their
MgO/FeO and REE systematics, clinopyroxene types
1c, 2 and 3 must be xenocrystic with respect to the host
lavas (Table 2, Fig. 9). However, genetic relationships
remain a possibility.

melt/chondrite

La Ce Pr Nd SmEu Gd Tb Dy Ho Er TmYb

Fig. 9 Calculated chondrite-normalised (Taylor and McLennan
1985) REE patterns of parental magmas for samples represen-
tative of clinopyroxene types la, 1b, lc, 2 and 3. Partition
coefficients were taken from Zack et al. (1997). Also shown are
normalised values for the host lavas (Liotard et al. 1988)
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Systematic variations in minor and trace element
concentrations with mg#, including those illustrated in
Fig. 5a and b are highly suggestive of clinopyroxene
types 1, 2 and 3 having crystallised from magmas that
are genetically related to each other through progres-
sive differentiation; compatible elements are system-
atically depleted and incompatible elements are
systematically enriched with increasing differentiation
(i.e., decreasing mg#). Not only the total iron content,
but also the Fe** content of the melt increased signif-
icantly during differentiation (Fig. 5a). The clinopy-
roxene types also have very similar normalised REE
patterns, with the patterns merely shifted to higher
concentrations going from type 1 to type 2 to type 3
(Fig. 6b). The covariation of high field strength ele-
ments and REE with mg#, as exemplified by Hf/Sm, is
further evidence that the different clinopyroxene types
crystallised from genetically related magmas that had
undergone progressive degrees of differentiation
(Fig. 10). Type 1c clinopyroxene is an exception to this
scheme, having elevated LREE such that La concen-
trations overlap with the type 2 samples (Fig. 6b) and
Hf/Sm that departs from the general linear trend de-
fined by the remaining samples. This, along with their
relatively high Li, Th and U contents, indicates that
type lc clinopyroxenes crystallised from a somewhat
more enriched batch of mafic magma than types 1a and
1b.

Pressure of crystallisation
An estimate of the pressure of crystallisation for each

sample can be made by applying the geobarometer of
Nimis and Ulmer (1998). Their model is valid for basic,

1.40 T T T T T T
type 1a
type 1b

1.20

mnE»r>ee

1.00 -

Hf/Sm

0.80

0.60

0.40 L
0.50 0.5

060 065 070 0.75 0.80 0.85

mg#

Fig. 10 Variation in Hf/Sm with mg# for the different types of
clinopyroxene

low SiO, bulk rock compositions such as ours. It is
important to have an accurate determination of Fe**
and Fe®", as this can introduce significant errors in the
calculated pressure. For example, the calculated pres-
sure for sample MBR-3 differs by 1.2 kbar, depending
on whether or not Fe* is explicitly accounted for in the
calculation. Clinopyroxene types 2 and 3 record low
pressures of 2.7-4.0 kbar, consistent with crystallisa-
tion under crustal conditions. In contrast, samples with
high mg# (type 1) yield a range in calculated pressures
from 4.4 kbar up to nearly 13 kbar (Table 2). With the
exception of MBR-9, which has a vuggy appearance,
the type la and 1b clinopyroxenes crystallised at
pressures >10 kbar, indicative of mantle conditions for
both the megacrysts and the basanitic magmas. The
geochemically distinct type 1c clinopyroxenes all re-
cord lower pressures of 4.4-6.3 kbar, placing their
crystallisation in crustal magma chambers or conduits
(Table 2).

Clinopyroxene—amphibole aggregate

The coexistence of clinopyroxene and amphibole in
sample MAL-3 allows us the opportunity to investigate
element partitioning between these two phases. Both
Ti and Fe®* preferentially partition into amphibole
with D¥™PYePX — 3 75 and 2.65, respectively, when cal-
culated on a mutual basis of 24 oxygens pfu. This
behaviour is not unexpected considering the crystal
chemistries of the two phases. The partitioning of REE
between amphibole and clinopyroxene is systematic,
ranging from ~1.6 for LREE down to ~1.0 for HREE
(Fig. 11). The Dgrgg-values compare very favourably
with literature data from amphibole-bearing spinel
peridotites (Witt-Eickschen and Harte 1994; Chazot
et al. 1996) and garnet pyroxenites (Zack et al. 1997).
This is particularly the case for average values derived
from ten West Eifel xenoliths reported by Witt-
Eickschen and Harte (1994) (note the linear scale in
Fig. 11) and suggests chemical equilibration between
amphibole and clinopyroxene in sample MAL-3.

The magmatic system in crust and mantle

The fact that both localities contain clinopyroxene
types 1la, 1b and 1c, as well as type 2, strongly suggests
that the Mont Briangon and Marais de Limagne
eruptive centres are surface expressions of the same
magmatic system and that the two centres could have
formed more or less contemporaneously. In this con-
text, it is important to note that the clinopyroxene
types crystallised in both the crust and mantle, indi-
cating not only a common source region for the mag-
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Fig. 11 REE partition coefficients for amphibole—clinopyroxene
in sample MAL-3. Three separate patterns are shown, based
upon different amphibole analyses, to illustrate the within-
sample variation. Literature data from Witt-Eickschen and 30 4
Harte (1994) (average of ten xenoliths from West Eifel), Chazot
et al. (1996) (average of three xenoliths from Yemen), and Zack
et al. (1997) (pyroxenites from Kakanui, New Zealand) are
plotted for reference. Agreement with the literature data is very 36
good, particularly for the Witt-Eickschen and Harte (1994)
dataset (note the linear scale of the y-axis). The representative
standard deviation in Dgrgg for the average values from Witt-
Eickschen and Harte (1994) (i.e., £0.3) is also plotted ailem
mas, but also that both localities share a common
magmatic system at crustal levels. The similarity in asthenospheric
host lava compositions at Mont Brian¢on and Marais 50 L mantle

de Limagne supports this interpretation (Table 2,
Fig. 9 and see Liotard et al. 1988). Thus the suite of
megacrysts and mineral aggregates provides a detailed
view into the magmatic system beneath the northern
part of the Deves volcanic field.

A schematic section of the magmatic system below
Mont Briancon and Marais de Limagne into the mantle
is presented in Fig. 12. The depth to the Moho is
constrained from seismic data to lie at ~30 km (Zeyen
et al. 1997). However, thermobarometric data (Ca in
olivine) for a mantle xenolith from Marais de Limagne
suggests a slightly shallower depth for the crust-mantle
boundary (27 km for sample 34/1 from Werling and
Altherr 1996). Teleseismic tomography indicates a
thinned lithosphere in this part of the Massif Central,
placing the lithosphere—asthenosphere boundary at
~50 km beneath the Deves volcanic field (Sobolev
et al. 1996). The high-pressure type la and 1b clino-
pyroxene megacrysts yielding depths of ~40-43 km
clearly formed in the mantle and most reasonably
represent crystallisation from different batches of
asthenospheric mafic melt that ponded in the mantle
lithosphere, near the lithosphere—asthenosphere
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Fig. 12 Schematic section of the magmatic system underneath
Mont Briangon and Marais de Limagne. The approximate depth
of the clinopyroxene samples is also indicated

boundary. The magma from which the type 1b clino-
pyroxenes crystallised was locally S-saturated, leading
to the formation of immiscible sulphide liquid that
adhered to the surface of the growing megacrysts.
Megacryst MAL-1 and the clinopyroxene-olivine
aggregate (MBR-8) crystallised at somewhat shal-
lower, but still mantle depths, possibly along a conduit
wall.

The presence of mid-crustal magma chambers at
various depths is indicated by the type 2 and 3 mega-
crysts. These chambers must have become established
in advance of eruption in order to allow enough time
for significant magmatic differentiation to occur. This
scenario is consistent with the “mush column’ model
of Marsh (1996). The compositional systematics of
megacryst types 2 and 3, along with their coexisting
with apatite and apatite + titanite, respectively, sug-
gests these two groups belong to a differentiation series
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that developed within the mush column at ~10 km
depth.

The type lc clinopyroxenes (and amphibole) rep-
resent the products of crystallisation from a batch of
essentially undifferentiated mantle-derived mafic melt
that reached middle crustal levels. Although the higher
LREE contents of these clinopyroxenes could be due
in part to crystallisation at lower pressures compared
to the other type 1 clinopyroxenes (i.e., P-dependent
partition coefficients, Adam and Green 1994), the
elevated Li, U and Th contents in the type 1c samples
suggest that crustal contamination modified the trace
element signature of this magma.

Considering the rather primitive lava compositions
at the Mont Briancon and Marais de Limagne (Lio-
tard et al. 1988) and the wide variety of megacryst
types present at these two localities, the following
interpretation for the evolution of the magmatic
system and the cause of eruptions can be made.
Asthenosphere-derived mafic melts that had ponded
in the lithospheric mantle ascended to mid-crustal
levels, where a system of magma chambers and
conduits established a mush column. Here, magmas
underwent various degrees of crystal fractionation,
progressively evolving to become Fe-rich, more oxi-
dised (Fe**-rich) and generally enriched in incom-
patible trace elements. This evolution led to
crystallisation of clinopyroxene or clinopyroxene and
amphibole, followed by clinopyroxene with apatite
and then clinopyroxene together with apatite and ti-
tanite. The aggregate of clinopyroxene and amphi-
bole probably represents a fragment of a crystalline
crust that developed within the solidification front
along a chamber or conduit wall.

Eruption was caused by a pulse of Mg-rich magma
from the asthenosphere that entered the existing
magmatic system, entraining clinopyroxene as mega-
crysts at several stages of ascent, before erupting at the
surface. Magma transport from the mantle magma
chambers to those in the crust must have been rapid,
leading to entrainment of peridotite xenoliths in the
mantle lithosphere (e.g., Werling and Altherr 1996).
The occurrence of peridotite xenoliths indicates the
magma must have had a short residence time, if any, at
crustal levels prior to eruption. Significant residence
times in crustal magma chambers have the conse-
quences of either allowing the xenoliths to settle out
and not be erupted, or giving enough time for the
xenoliths to react physically and chemically with the
magma, causing disaggregation and dissolution of the
xenoliths (e.g., Shaw 2004). Many of the peridotite
xenoliths at Mont Briancon are quite angular in form,
indicating minimal reaction with the magma prior to

eruption. The presence of megacrysts with composi-
tions clearly out of equilibrium with the host lava also
suggests rapid ascent and eruption before they could be
completely resorbed.

The eruptive style at Mont Briangon is quite dif-
ferent from that at Marais de Limagne, the first being a
cinder cone and the latter being a maar. This difference
is most likely due to local variations in near-surface
hydrology. The exact relative timing of the two erup-
tions is unclear and may not be resolvable by standard
radiometric techniques. However, the similarities in
the megacryst populations at Mont Brian¢on and Ma-
rais de Limagne indicate that not only are the two
centres linked to the same magmatic system at depth,
but also that they probably erupted nearly contempo-
raneously. Considering that most megacrysts in this
suite are not in equilibrium with their host lava and
that the variety of megacrysts is essentially the same at
both localities, a significant time lag between the two
eruptions can be ruled out, otherwise, most of the
megacrysts would have had time to be resorbed prior
to the second eruption.
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