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Abstract: The thermal history of a mafic xenolith from the Beaunit maar (Massif Central, France) is
reconstructed at the basis of a transmissionelectron microscopy study. The protolith is a meta-microgabbro (opx-
1, cpx-1, pl-1) sampled in the lower continental crust (T = 870–970°C, P 0.7–0.8 GPa). The incorporation in the
basalticmagma produced five reactions around orthopyroxene: opx-1 Þ cpx-2 Þ cpx-3 (augite + high pigeonite)
Þ liq Þ cpx-4. The final reaction is the transformation of residual cpx-3 (augite + high pigeonite) into cpx-5
(augite + low pigeonite). The calculationof the time required for each transformationyields a minimum residence
time of the enclave in the host magma of 16 hours and a magma ascent velocity of 1.8 km.h-1. Exsolutions are
produced by pressure decrease as the xenolith is brought up to the surface in the host basalt. Fractures observed
in primary minerals are interpreted as a consequence of xenolith shocks against the wall of the magma conduit.
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Introduction

Xenoliths brought up to the surface by volcanoes are
fascinating geological objects, because they consti-
tute a natural sampling of deep rocks. They are a
unique source of data on the chemical composition of
the deep crust and upper mantle, give an opportunity
to study the mineralogy of the deep parts of the litho-
sphere, and allow the reconstruction of a locally ver-
tical section of the crust and the upper mantle. How-
ever, these “samples” are interesting only if they are
not too much modified during the transport to the
surface. Actually, because they have been incorpo-
rated in basalt, all xenoliths underwent pyrometa-
morphism, sometimes intense enough to induce par-
tial melting. This is well known in acidic xenoliths,
where melting textures have been described (Maury
& Bizouard, 1974; Harris & Bell, 1982; Grapes,
1986; Graham et al., 1988), but melting textures in
mafic xenolith have been only rarely reported.

Here we present a detailed petrographical study of
“partially molten” mafic granulitic xenoliths from the
Massif Central. Such xenoliths received little atten-
tion so far, because they were strongly affectedby py-
rometamorphism and melting. Combining optical
microscopy, scanning electron microscopy (SEM)
and transmission electron-microscope (TEM) inves-
tigations, the thermal history of this xenolith has been
reconstructed. The opportunity to observe the sample
through several orders of magnitude proved to be a
powerful tool for characterising reaction mecha-
nisms, and therefore the P-T history of the xenolith.

Analytical techniques

We used three complementary microscopes allow-
ing observation from rock-scale to the crystal-lat-
tice scale. The petrographical microscope and SEM
allow one to identify mineral-mineral and mineral-
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melt reactions, TEM characterises phase transi-
tions and very fine reaction textures. The SEM
work was carried out with a Cambridge-Leica Ste-
reoscan 360 instrument, equipped with an energy
dispersive X-ray analyser at Université Blaise Pas-
cal, Clermont-Ferrand. We used mainly the back-
scattered electron mode on polished thin sections,
with 20 kV accelerating voltage, 2 nA probe cur-
rent, 17 mm working distance. The microprobe
analyses were performed with a Cameca Camebax
at Université Blaise Pascal (Centre Régional de
Mesure Physique), Clermont-Ferrand. Analytical
conditions were 15 kV accelerating voltage, 10 nA
beam current. Standards used for calibration are
natural albite, orthoclase, olivine, wollastonite,
synthetic Fe2O3, Al2O3, MnTiO3; ZAF correction
procedures were applied. Analyses of glass were
performed with a defocused beam in order to mini-
mise alkali migration. For TEM work, the selected
areas from thin section were mounted on Cu single-
hole grids, thinned further by ion milling (Gatan
Precision Ion Polishing System) and C-coated on
both sides. The specimens were studied at Univer-
sité de Limoges (Centre de Microscopie Electroni-
que) in a 200 kV TEM (JEOL 2010), equipped with
an energy dispersive X-ray spectrometer (XEDS).
Chemical analyses of thin foils were locally per-
formed using convergent electron beam, the size of
which ranges from 20 to 5 nm. Quantitative infor-
mations were obtained by reference to internal
standards, assuming that X-ray absorption and
fluorescence can be ignored to a first approxima-
tion. For high-resolution electron microscopy
(HREM) images, the determination of the local
symmetry and periodicities of nanocrystals was
performed using routines from the CRISP software
(Hovmöller, 1992). In this case, selected areas of
the negative photographs were digitized using a
charge-coupled device video camera mounted
above a light box.

Sample description

The studied xenoliths were sampled on the “Puy
Gonnard” strombolian cone (Camus, 1975) located
inside the “Maar de Beaunit” in the “Chaõ̂ ne des
Puys” (French Massif Central), dated at 43900
5100 a (Rosseel, 1996). This volcano contains a
great variety of xenoliths: granites and gneisses
from the upper crust, mafic and felsic granulites
from the lower crust and peridotites from the upper
mantle (Brousse & Rudel, 1964; Leyreloup, 1973).

Table 1. Electron-microprobe analyses of the glass outside
(basalt) and inside the xenolith.

Basaltic glass
SiO2 49.18 49.80 49.33 49.07 48.35 48.54
TiO2 3.97 3.85 3.56 3.50 3.57 3.51
Al2O3 13.71 14.21 15.11 15.18 14.87 14.76
Cr2O3 0.00 0.14 0.00 0.03 0.00 0.03
FeO 12.63 12.71 12.27 11.62 11.59 10.52
MnO 0.24 0.21 0.23 0.24 0.22 0.23
MgO 3.72 3.71 3.62 3.75 3.74 3.67
CaO 7.99 7.71 8.31 8.15 7.78 7.45
Na2O 3.73 3.66 2.98 3.70 3.97 5.04
K2O 2.84 2.67 2.81 3.34 3.54 3.47
ZnO 0.00 0.00 0.07 0.16 0.05 0.01
Sum 98.01 98.65 98.29 98.74 97.69 97.24
Glass inside the xenolith
SiO2 49.72 50.15 50.61 47.69 48.18 48.81
TiO2 3.57 3.67 3.28 3.38 3.35 3.29
Al2O3 14.21 14.09 14.56 14.32 14.76 14.6
Cr2O3 0.00 0.00 0.06 0.01 0.04 0.02
FeO 12.50 13.15 12.77 11.83 11.64 11.57
MnO 0.09 0.00 0.23 0.19 0.10 0.26
MgO 3.38 3.74 3.41 3.84 3.80 3.77
CaO 7.96 7.72 7.75 8.38 7.41 7.86
Na2O 3.54 3.01 3.29 3.57 4.07 3.89
K2O 2.61 2.88 3.06 3.26 3.81 3.84
ZnO 0.16 0.00 0.16 0.12 0.00 0.00
Sum 97.73 98.40 99.18 96.58 97.17 97.92

The studied mafic xenolith is several cubic cen-
timetres in size, surrounded by a mm-thick layer of
vesicular and highly scoriated basalt (Rosseel,
1996). The basalt is essentially made of clinopyro-
xene and olivine phenocrysts, plagioclase microli-
tes and tiny oxide crystals, embedded in brown
glass. The xenolith itself is fine-grained, with white
feldspars and brown pyroxenes. It contains abun-
dant brown interstitial pockets of glass, which iso-
late small pyroxene aggregates. Inside the xenolith,
the glass is lighter than in the surrounding basalt,
but electron-microprobe investigations did not re-
veal significant differences in chemical composi-
tion (Table 1). Plagioclase microlites (An65) in the
glass are observed both inside glass pockets within
the xenolith and in the host lava. The glass inside
the xenolith also contains abundant olivine (Fo65)
and opaque minerals.

The petrological study of the xenolith itself al-
lows one to distinguish a primary mineral associa-
tion including plagioclase (pl-1), clinopyroxene
(cpx-1) and orthopyroxene (opx-1) (Table 2),
which is a typical assemblage for lower-crustal
mafic xenoliths in this area.
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Table 2. Representative electron-microprobeanalyses of minerals in the mafic xenolith (opx, orthopyroxene; cpx, clino-
pyroxene; Pl, plagioclase).

Compo-
sition
(in wt %)

Cpx-1 Cpx-2 Cpx-1 Cpx-2 Opx-1
core

Opx-1
rim

Opx-1
core

Opx-1
rim

(in
wt %)

Pl-1 Pl-1 Pl-1 Pl-1

SiO2 50.74 50.53 50.51 49.43 51.77 51.64 51.04 51.31 SiO2 55.92 51.77 53.29 49.1
TiO2 0.81 1.25 0.84 1.83 0.10 0.24 0.15 0.23 TiO2 0.09 0.23 0.00 0.09
Al2O3 3.46 3.05 3.23 3.63 1.46 1.33 1.36 1.45 Al2O3 27.11 29.88 29.41 31.70
Cr2O3 0.07 0.15 0.06 0.05 0.13 0.00 0.02 0.01 Cr2O3 0.00 0.00 0.06 0.12
FeO 15.58 10.92 14.30 8.11 26.35 25.76 25.82 25.55 FeO 0.41 0.68 0.47 0.53
MnO 1.13 0.34 0.38 0.25 0.67 0.55 0.68 1.06 MnO 0.03 0.04 0.01 0.04
MgO 13.65 14.43 12.96 13.93 19.57 18.64 18.82 18.91 MgO 0.06 0.10 0.11 0.09
CaO 15.53 19.58 17.20 21.41 0.66 1.42 0.80 0.86 CaO 10.31 12.98 12.14 15.40
Na2O 0.32 0.39 0.28 0.50 0.03 0.02 0.00 0.03 Na2O 4.72 3.64 3.76 2.56
K2O 0.01 0.02 0.00 0.00 0.00 0.02 0.00 0.03 K2O 1.38 0.32 0.68 0.29
Sum 101.30 100.66 99.76 99.14 100.74 99.62 98.69 99.44 Sum 100.03 99.64 99.93 99.92
Number of cations on the basis of 6 oxygens Number of ions on the basis of 32 oxygens
Si 1.898 1.885 1.913 1.861 1.954 1.968 1.965 1.959 Si 10.116 9.456 9.672 9.014
AlIV 0.102 0.115 0.087 0.139 0.046 0.032 0.035 0.041 Ti 0.012 0.031 0.000 0.013
AlVI 0.050 0.018 0.057 0.022 0.018 0.027 0.026 0.024 Al 5.780 6.432 6.291 6.859
Ti 0.022 0.035 0.024 0.051 0.002 0.006 0.004 0.006 Fe 0.062 0.103 0.071 0.081
Fe3+ 0.023 0.012 0.009 0.015 0.013 0.016 0.011 0.020 Mg 0.016 0.027 0.029 0.024
Cr 0.002 0.004 0.001 0.001 0.004 0.000 0.000 0.000 Ca 1.999 2.541 2.361 3.029
Fe2+ 0.464 0.328 0.444 0.240 0.818 0.805 0.820 0.796 Na 1.654 1.290 1.322 0.909
Mn 0.036 0.010 0.012 0.008 0.021 0.017 0.022 0.034 Mn 0.005 0.005 0.001 0.005
Mg 0.761 0.802 0.731 0.782 1.101 1.059 1.079 1.076 K 0.317 0.074 0.156 0.067
Ca 0.622 0.782 0.698 0.864 0.026 0.058 0.033 0.035 Cr 0.000 0.000 0.008 0.017
Na 0.023 0.028 0.020 0.036 0.001 0.001 0.000 0.002 Sum 19.965 19.976 19.914 20.021
K 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001
Sum 4.012 4.024 3.999 4.023 4.008 3.995 3.998 4.002 Ab 0.416 0.330 0.344 0.227

Or 0.080 0.018 0.040 0.016
Wo 0.326 0.404 0.368 0.452 0.013 0.029 0.016 0.018 An 0.503 0.650 0.614 0.756
En 0.399 0.414 0.386 0.409 0.555 0.541 0.549 0.548
Fs 0.274 0.181 0.245 0.138 0.430 0.428 0.434 0.433

– The plagioclase (An54–76) crystals, 3–4 mm in
size, are generally broken or display wrapped twins
and undulose extinction. The glass is located both
at the plagioclase periphery and inside the mineral.
Plagioclase-glass contacts show sawtooth texture.
– Clinopyroxene (cpx-1) displays either a homoge-
neous texture or a sieve texture. As previously noted,
crystals are surrounded by a glassy phase. Crystals
are fractured and even the fresh ones are broken into
small fragments at crystal rim. Along the clinopyro-
xene-glass contact, newly formed clinopyroxene
crystals with a different coloration are also observed
(cpx-2 analysis in Table 2). These crystals are more
Al and Ti-rich than cpx-1. The orthopyroxene, also
surrounded by an abundant glassy phase (Fig. 1), ex-
hibits spectacular reaction textures.
a) Inside the xenolith the orthopyroxene crystals
display a single corona of clinopyroxene, which
may be very thick (100 µm).

b) In external parts of the xenolith, the orthopyrox-
ene crystals are totally rimmed by a double corona.
The inner part of the corona consists in clinopyro-
xene which, in turn, is rimmed by an olivine layer
(Fig. 1).

Reaction textures

A detailed study (TEM) of the structure in the outer
part of the xenolith has been carried out in order to
clarify the textural relationships among the minerals.

Orthopyroxene breakdown reactions

Inner rim (cpx-2)

In the inner part of the reaction corona, micrometre
sized cpx-2 crystals show epitactic relationships
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Fig. 1. Photomicrographand sketch drawing of the orthopyroxene (opx) reaction site located at the edge of the xenolith.The
opx is entirelysurrounded by a corona of clinopyroxene (cpx). The cpx is rimmed by a discontinuous layer of olivine. Oliv-
ine sometimes displays hopper texture (see arrow). The box locates the area displayed on Fig. 2.

with the opx-1, even when cpx is apparently separat-
ed from opx by glass (Fig. 2a-b-c). The contact be-
tween the two minerals is not regular and relictual
opx are sometimes trapped in the core of cpx grains
(Fig. 2a). These observations account for a topotactic
growth of cpx-2 on opx-1. Near the cpx-2 – opx inter-
face, a P-mode, Fe-Mg-rich clinopyroxene is often
present. This phase is characterisedby a 9 ÊA periodic-
ity of the (100) planes (Fig. 2d). According to Kohl-
sed & Vander Sande (1976), this characterises low pi-
geonite. A fracture, which crosscuts the observed ar-
ea (Fig. 2a), contains clay minerals, assumed to result
from the alteration of the glass. Fractures are thus de-
veloped before the glass solidification.

Outer rim (olivine)

Figure 3 shows that the olivine (Fo65) displays hop-
per crystal morphologies (Lofgren & Donaldson,
1975; Donaldson, 1976, 1977), quench needles (La-
porte & Watson, 1995) and many vitreous inclusions
(Dixon et al., 1986). All these observations suggest
rapid growth during quench. HREM images ob-
tained along the [001] zone axis orientation of the ol-
ivine show that the olivine – glass contact is sharp
(Fig. 4) with no evidence of alteration (iddingsitisati-
on). However, along the interface we can note the
presence of small “buds”, 5 to 10 nm in size (Fig. 4b).
Owing to their small thickness, these features are
overlapped by the glass, which prevented us from

obtaining good TEM images or EDS analyses. We
digitized the HREM micrograph and calculated pow-
er spectra, which represents [512 × 512] Fourier
transforms of selected regions (Fig. 4c-d). This re-
veals a periodicity of about 10 Å suggesting that
these “buds” are laihunite (distorted olivine structure
with Fe3+ charge balanced by vacancies), a phase al-
ready reported to occur in forsterite-rich olivine by
Banfield et al. (1990). This phase is monoclinic with

= 91° (Tamada et al., 1983). It is know to increase
the resistance of olivine to weathering (Banfield et
al., 1990). The laihunite lattice parameters are close
to those of olivine: alaihunite= 4.81 Å, blaihunite= 10.43–
10.44 Å and claihunite = 5.93–5.99 Å (Kondoh et al.,
1985). Therefore, we suggest that these buds could
be laihunite which grows in epitaxy on the olivine.
The crystallographic relationship between the two
minerals can thus be established as follows: [001]lai-

hunite // [001]olivine and (010)laihunite // (100)olivine. The
rotation of 90°, around the c axis, of the laihunite lat-
tice with respect to olivine is likely to result from the
limitation of the elastic strain at the interface be-
tween these two minerals. Indeed, laihunite = olivine =
90° while laihunite = 91°.

Other reactions

Several other types of reaction, all concerning py-
roxenes, were revealed by TEM observations. Fig-
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Fig. 2. Conventional TEM imaging showing the opx-1 re-
action site.
a) Overview, bright field image showing the location of an
opx pocket trapped in the cpx-2corona.
b-c) [010] zone axis selected area diffraction patterns ob-
tainedon opx-1 and cpx-2, respectively.
d) High-resolution image of the opx-1/cpx-2 contact ob-
tained under the [010] orientation. The periodicity of the
(100) fringes is indicated.Between the opx-1 (18 Å period-
icity) and the cpx-2 (4.5 Å periodicity) a thick layer of pi-
geonite (9 Å periodicity) is commomly observed.

ure 5 represents an interface between a crystal of
clinopyroxene (cpx-2) and a glassy phase. The
presence of internal glass pockets can be attributed
either to a section effect or to a local melting texture
(see below).
– In the outer part of this crystal, an exsolution
process takes place, giving rise to (001) and (100)
lamellae (Fig. 5a-b), 50 nm thick. Selected-area
electron-diffraction (SAED) pattern (Fig. 5e) indi-
cates that they are P21/c pigeonite lamellae exsol-

Fig. 3. SEM image showing olivine in glass near opx-1. Ol-
ivine displays quench textures: quench needle and vitreous
inclusions.

ved within a C2/c matrix (Bailey et al., 1970; Co-
pley et al., 1974; Fuess et al., 1986). This is con-
firmed by dark-field imaging (using (h+k) odd re-
flections of P21/c) and XEDS analysis. This exso-
lution results in the formation of cpx-3 (augite + pi-
geonite).
– In the core of the same clinopyroxene (cpx-2), a
tweed texture is apparent (Fig. 5a-c), which is cha-
racterised in the SAED pattern by stretching of the
diffraction spots (Fig. 5d) parallel to a* and c*
(Nord et al., 1976; Feuer et al., 1989). Bulk analy-
ses performed with a defocused electron beam re-
veal that the composition of the clinopyroxene is
very similar in the core and near the rim of the min-
eral. The difference observed between the exsolu-
tion patterns (lamellae or tweed pattern) is thus
more likely due to kinetic reasons than to the varia-
tion of composition of the parent clinopyroxene
(cpx-2).
– Both orthopyroxene/glass and clinopyroxene
(cpx-2; cpx-3)/glass contacts frequently show a
”stair-like” geometry (Fig. 6a-c). In bright-field
images, these interfaces display a high diffraction
contrast (Fig. 6b-c) which suggests the presence of
a crystallised phase located along the (opx/glass)
and (cpx/glass) interface. High-resolution images
obtained along the [010] zone axis of opx (Fig. 6d)
as well as nano-diffraction patterns obtained on
these crystals (Fig. 6e) reveal that they consist of a
C2/c clinopyroxene (cpx-4). This clinopyroxene is
significantly enriched in magnesium compared to
the secondary cpx phase (cpx-2). Such nano-sized
crystals of cpx grew in epitaxy either on the opx

Nano-petrographic investigation of a mafic xenolith 31



Fig. 4. TEM observationof the olivine-glasscontact.
a) Bright-fieldimageshowing the presence of smallbuds at the glass-olivinecontact.
b) Enlargement of the circledarea in (a).
c) [001] zone axis power spectrum of both olivine and laihunite obtained after a [512 × 512] Fourier transform of the area
selectedin (b).
d) [001] zone axis power spectrum obtained after a [512 × 512] Fourier transform of the square area selected in (a).

(opx-1) or on the cpx (cpx-2, cpx-3) lattice. They
typically crosscut the exsolution lamellae previ-
ously developed in the cpx-2.

In addition, opaque minerals (Fig. 6d-f) are some-
times observed, epitactically oriented on these tiny
cpx-4 crystals. Nano-diffraction experiments as well
as chemical analysis performed on these crystals in-
dicate that they are ilmenite. Indeed, the [010] zone
axis diffraction pattern provided in Fig. 6f allows the
distinction between hematite (R3c space group) and
ilmenite (R3 space group).

Interpretation

Origin of the glass

Two main hypotheses can be proposed to explain the
presence of an abundant glassy phase in the xenolith:
partial melting of the xenolith itself, or infiltration of

the surrounding basaltic liquid. The chemical data, as
well as the presence of plagioclase microlites, sug-
gest that a large proportion of the glass within the xe-
nolith results from the infiltration of the host basalt.
Such a situation has been previously described by
O’Reilly et al. (1989). However, the observed tex-
ture indicates that the primary assemblage melted
too, as a response to pyrometamorphism: (1) plagio-
clase displays serrated contacts with the glass, a fea-
ture that is commonly interpreted as a melting texture
(Tsuchiyama & Takahashi, 1983; Dixon et al., 1986;
Chen & Arculus, 1995); (2) for clinopyroxene, the
observations suggesting melting are the sieve texture
(Tsuchiyama, 1986) and the TiO2-enrichment toward
the rim (Lee et al., 1993); (3) the reaction texture
around opx-1 (giving cpx-2 and olivine) can also be
interpreted as a melting reaction according to Berger
& Forette (1975) or Warner & Wasilewski (1995).
Therefore we can conclude that, although dominant-
ly formed by the infiltration of the host lava, the glass
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Fig. 5. TEM observationsof the exsolution in cpx-2.
a) General overview showing the phase distribution.
b) Bright-fieldimagingof the thick exsolution lamellaesituatedin the externalpart of the rimof cpx-2.
c) Bright-fieldimagingof the tweed texture.
d) SAED patternof the core of cpx-2 obtained along the [010] zone axis.
e) SAED pattern of pigeonite obtained along the [010] zone axis.

in the xenolith is probably also formed by partial
melting of the xenolith itself. Similarly, Wysoczanski
et al. (1995) interpreted the glass within the symplec-
tites surrounding orthopyroxene as the product of in-
teraction between xenolith and the host melt.

Thermobarometric history

A thermal history for this xenolith can be inferred
from the petrographic observations (optical mi-
croscopy, SEM, TEM).

Initial paragenesis

The protolith is a mafic granulite initially containing
opx-1, cpx-1 and pl-1. An estimate of the chemical

composition of the rock has been obtained from the
modal proportion and the chemical compositions of
minerals. For this composition, the absence of gar-
net, according to Green & Ringwood (1967) and
Green (1967) indicates a maximum pressure of 0.7-
0.8 GPa. Two-pyroxene-thermometry using pyrox-
ene cores with the calibration of Berman (1991)
yielded temperatures ranging from 870 to 970°C.
These results are consistent with those obtained by
Dostal et al. (1980) and Downes et al. (1990) and
correspond to lower-crustal granulite facies.

Opx-1 Þ cpx-2 reaction

The topotactic orthoenstatite (opx-1) Þ clinoenstati-
te (cpx-2) reaction has been experimentally studied
by high-temperature transmission electron micros-
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Fig. 6. TEM observation showing the crystallisationof cpx-4.
a) Overview of an opx-1/cpx-2 contact. The two mineralsare separatedby an abundant layer of glass.
b) Enlargement of the cpx-2/glass contact showing a stair-like interface. Cpx-4 developed between these two phases. EDS
spectraof the bulkcpx-2 and cpx-4 are reported (see arrows).
c) Enlargement of the opx-1/glass contact showing also a stair-like interface. Crystals of cpx-4 of hundred nm in size are
present at the opx-1 contact.
d) HREM imageobtained with a [010] zone axis of the opx-1/cpx-4 contact.
e) SAED of cpx-4 and the relevant EDS analysis.
f) SAED of the ilmenitecrystal with the correspondingEDS spectrum.
g) SAED of opx-1 with the corresponding EDS spectrum.

copy (HTTEM) (Shimobayashi & Kitamura, 1993).
It was shown that this reaction proceeds only for tem-
peratures higher than 1200°C. Because of this high
temperature of reaction, we think that the transfor-
mation (opx-1 to cpx-2) corresponds to the incorpo-
ration of the xenolith into the host magma. This hy-
pothesis is supported by the increase of Al and Ti in
clinopyroxene-2 (Table 2) which marks a high-tem-
perature origin (Usselman et al., 1975). The calcium
necessary to form the clinopyroxene probably comes
from the host basalt or from plagioclase melting.

Reactions inside cpx-2

Other reactions (exsolution and spinodal decomposi-
tions) occurred later, since they are observed only in
cpx-2. Exsolutions are usually interpreted as result-
ing from a temperature decrease (Robinson, 1980;
Dixon et al., 1986). It is however unlikely for this xe-
nolith, because the initial magma temperature is
slightly above 1200°C (see above) whereas eruption
temperature calculated from the quenched olivine-
melt equilibrium (Jurewicz & Watson, 1988) is
around 1125°C, only 75°C below the initial tempera-
ture. On the other hand, the pressure variation may
have been as high as 0.7–0.8 GPa (pressure differ-
ence between surface and lower crust), a drop of
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pressure significant enough to produce exsolutions
when xenoliths are brought up to the surface in the
host basalt (see reaction 3 below).

The overall exsolution pattern is complex, so
thick exsolution lamellae and spinodal decomposi-
tion textures have to be considered separately. On
the one hand, the exsolution that leads to the forma-
tion of thick lamellae (50 nm) of C2/c high pigeon-
ite within the C2/c augite is inconsistent with rapid
cooling. The formation of these thick lamellae is
thus supposed to be initiated in the crustal base-
ment, and their thickness will be considered in the
following discussion as a measure of the ascent
time of the xenolith. On the other hand, the spino-
dal decomposition is a more rapid phenomenon
(Champness & Lorimer, 1976) and may result from
cooling of the xenolith during the eruption.

Other reactions

Several other reactions can be incorporated in the
xenolith history. The fourth generation of clinopy-
roxene (cpx-4) post-dates the formation of cpx-3
(augite + high pigeonite) and opx-1, because it
grows epitactically on both. The opaque minerals
(ilmenite) epitactically grew on cpx-4 (Fig. 6d–f)
and are therefore more recent.

The incipient formation of olivine crystals could
not be ascertained precisely, as olivine textures
(hopper, quench needle) only depend on undercool-
ing conditions. Olivine crystallisation could result
from the liquid produced by melting of cpx-3 along
the cotectic pigeonite-diopside-forsterite-liquid
(Longhi & Boudreau, 1980).

The last reaction is the martensitic transformation
(Shimobayashi & Kitamura, 1991) of high pigeonite
(C2/c, in the unmelted cpx-3 augite + high pigeonite)
into low pigeonite (P21/c): cpx-5. The temperature of
this phase transition depends on pigeonite composi-
tion, from 1000°C for Mg-rich ones to 500°C for Fe-
rich ones (Prewitt et al., 1971; Fuess et al., 1986).

We assume that the laihunite was formed by the
oxidation of olivine between 800 and 400°C (Kon-
doh et al., 1985).

Discussion

Chronology of the reaction (Fig. 7)

The first visible reaction in the xenolith is the topo-
tactic transformation of opx-1 into cpx-2 due to the
incorporation of the xenolith in the basalt. The sub-

Fig. 7. Two isobaric temperature- composition schematic
diagrams relevant to the reactions observed in opx-1, after
Longhi & Bertka (1996). Solid circles represent the compo-
sition of the minerals studied.However, the phase diagrams
are not well constrainedfor this composition.a) Reaction 1:
opx-1 Þ cpx-2 corresponds to the incorporation of the xe-
nolith in the host magma (T increases).The calcium in cpx-
2 probably originates from the host basalt or from plagio-
clase melting. b) Upon decreasing pressure due to xenolith
ascent to the surface, cpx-2 decomposes and undergoes
phase separation to augite (C2/c) and high pigeonite (C2/c).

sequent step is the drop of pressure due to ascent of
the lava. At this stage, cpx-2 undergoes a phase sep-
aration into augite (C2/c) and high pigeonite (C2/
c). This phase assemblage constitutes cpx-3. As xe-
nolith ascent proceeds, cpx-3 melts, in response to
new pressure conditions, then it partially crystalli-
ses as cpx-4 and Fe-Ti oxides. Then cooling of the
non-melted cpx-3 produces spinodal decomposi-
tion and martensitic transformation from C2/c high
pigeonite to P21/c low pigeonite.

Recent work on pyroxene phase equilibria es-
tablished from experimental data and topological
constraints (Bertka & Holloway, 1993; Longhi &
Bertka, 1996) allows us to locate the reactions in
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the pressure and temperature fields. However, the
phase diagrams are not well constrained for our
natural pyroxenes. The incorporation of the xeno-
lith into the magma corresponds to an isobaric tem-
perature increase leading to reaction 1: opx-1 Þ
cpx-2. The xenolith ascent corresponds to a nearly
isothermal decompression that may explain reac-
tion 2: cpx-2 Þ pigeonite + augite. The next reac-
tion (3) (pigeonite + augite Þ liquid) is due to the
pressure decrease as well, but here melting occurs
eutectically (composition m, Fig. 7).

Estimate of the xenolith ascent velocity

The aim of this part is to assess the time required for
development of the various textures. A similar
method using amphibole breakdown has been ap-
plied to estimate magma ascent rates for the Mount
St Helens eruptions (Rutherford & Hill, 1993).

1/ Ascent-time estimate

Ascent time is given by the time between the incorpo-
ration into the magma (reaction 1: opx-1 Þ cpx-2)
and the eruption (final crystallisation at low pressure).

a) Reaction 1 (opx-1 Þ cpx-2)
This reaction corresponds to the heating of the xe-
nolith in the basalt. Selverstone (1982) showed that
the complete heating (1200°C) of a 10 cm-xenolith
requires 2–3 hours. The diameter of the xenolith we
have studied is much smaller (on the order of 4 cm),
therefore the xenolith reached the host-basalt tem-
perature more rapidly. The time necessary for this
stage has been estimated at about 18 minutes
though the simplified equation t = x2/ , where x is
the distance between the centre of orthopyroxene
and host basalt (about 5 mm), and the thermal
conductivity. However, the time was probably
shorter because heat was also transferred to the xe-
nolith by infiltration of the host magma into it.

b) Reaction 2 (cpx-2 Þ [augite C2/c + high pigeon-
ite C2/c])
The time required for the exsolution lamellae to de-
velop can be calculated using the calcium diffusion
rate. Figure 5b shows that the width of exsolution
lamellae is about 50 nm. Although the calcium dif-
fusion coefficient in pyroxene is not well know
(Freer et al., 1982), the minimum time required to
develop these exsolution lamellae was calculated
using a calcium diffusion coefficient of D 10-

15cm2.s-1 (Freer et al., 1982) and the simplified
equation given by Crank (1975): t h2/D, where h
is the distance (cm) between the centres of adjacent
lamellae, each lamella being bisected by a plane of
symmetry (Brady & McCallister, 1983), and t is the
time in seconds. We find a minimum of 7 hours.

c) Reaction 3 (melting of the pyroxene)
Here the time is estimated through the size of the
melt film which varies from 500 nm to 2 µm. Ac-
cording to Tsuchiyama (1986), the width of melt
pools ( x) is roughly proportional to the square
root of time (t1/2), x = k t1/2, where k approximate-
ly satisfies an Arrhenius law. For temperatures of
about 1250°C and pressure of 5 kbar, k = 1.11 × 10-6

cm.s-1 (Brearley & Scarfe, 1986), so 30 minutes to
9 hours are necessary.

Therefore the cumulated time needed for these
reactions to occur suggests a minimum xenolith as-
cent time of about16 hours.

2/ Depth estimate

Only the maximum pressure of the xenolith is
known: 0.7–0.8 GPa. Goër de Herve et al. (1991)
proposed that this volcano has a magma chamber
located at the bottom of the lower crust, because it
contains abundant peridotitic nodules and because
the magma is non differentiated. At present, a total
crustal thickness of about 27 to 30 km is inferred
in this area from seismic studies (Perrier & Ruegg,
1973; Hirn, 1976; Souriau et al., 1981; Sobolev et
al., 1996). Therefore, we propose that the initial
depth of this xenolith was 30 km.

3/ Ascent-velocity estimate

If we accept that the granulite xenolith has been scav-
enged from the bottom of the lower crust (30 km) and
reached the surface in 16 h, then its ascent velocity
may be estimated to be about 1.8 km.h-1 (Fig. 8). This
is in good agreement with other results reported in
the literature. From Stokes’ law applied to xenoliths,
Spera (1980) estimated ascent velocities of basalts to
be in the range 0.36–36 km.h-1. Morin & Corriveau
(1996) proposed a minimum ascent velocity of 1.8
km.h-1 using the same method. Scandone & Malone
(1985) estimated magma ascent times of about 2.1–
2.5 km.h-1 on the basis of seismic evidence at Mount
St Helens. A minimum Stokes ascent velocity in the
range 0.36–1.44 km.h-1 has been estimated from the
largest xenoliths (1.689 kg, 489.6 cm3) in Beaunit
(written comm., Aurejac, 1997).
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Fig. 8. Diagram indicating the path followed by the xenolith from extraction to final eruptionwith the host basalt.The series
of reactions observed around opx-1 is summarised.

For the particular xenolith studied, the mini-
mum Stokes ascent velocity would be 3 × 10-4

km.h-1, with 2600 kg.m-3 for the specific gravity of
basalt and 16.1 Pa.s for its viscosity (Shaw, 1972).
This velocity can be neglected compared to the as-
cent velocity we found.

The fracturing issue

Intense fracturing in primary minerals is frequently
described from xenoliths (Rudnick, 1992), and can
be interpreted in three ways:
– thermal fracturing due to rapid cooling from ex-
trusion temperature to ambient temperature (Dixon
et al., 1986) or resulting from incorporation of
“cold” xenolith in the “hot” host magma (Bouloton
& Gasquet, 1995),

– decompression due to rapid ascent of the xeno-
lith (Jones et al., 1983; Garvey & Robinson, 1984),
– impact fracturing due to collision amongst xe-
noliths or collision of the xenolith on the walls of
the conduit (Dixon et al., 1986; Morin & Corrive-
au, 1996).

The textural observations we made exclude
thermal fracturing during the incorporation of the
xenolith in the magma, since this mechanism
should affect only opx-1 (Fig. 2). Both opx-1 and
cpx-2 are affected by the same fractures, and since
cpx-2 resulted from the transformation of opx-1
during heating above 1200°C, it means that fractur-
ing occurred after this stage. Moreover, opx-1 frac-
turing prior to cpx-2 formation would have let the
basaltic magma penetrate along the fractures lead-
ing to a preferential cpx-2 formation along these
fractures, a feature which is not observed (Fig. 2a).
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Thermal fracturing due to rapid cooling is also
not a suitable mechanism because some minerals,
which are formed at a late, high-temperature stage
(cpx-4, olivine and oxide), are not fractured. There-
fore, fracturing should have occurred in the xeno-
lith when it was transported by the basalt, and colli-
sion is the best hypothesis for explaining it. How-
ever, collision should have occurred before the
crystals melted and became ductile. It is worth not-
ing that some recent investigations of pyroxene
rheology showed that this mineral becomes harder
as temperature increases (Raterron & Jaoul, 1991;
Ingrin et al., 1991) because of the development of
early partial melting.

If we assume that fracturation occurred by colli-
sion, we must imagine that the magma had a vigor-
ous turbulent behaviour (Reynolds number Re
1000). This is achieved only if the minimum width
of the magmatic conduit were about 20 m. Accord-
ing to Morin & Corriveau (1996) this is unlikely in
the lower crust, and these authors suggested that
impacts between xenoliths are produced by local
constriction and plugging of the conduit.

Conclusion

Several steps of the history of a single xenolith
have been deciphered. This includes: the initial
heating during the incorporation in the basalt, the
decompression during the ascent, and the rapid
cooling during the eruption. Each of this stage is
marked by various reactions that must be studied
carefully in order to reconstruct the chronology of
the transformation, using crosscutting relationships
and epitaxy relationships. The various relation-
ships between clinopyroxene and orthopyroxene
proved to be very rich in information, because
those transformations are very sensitive to kinetics
factors. Of particular interest is the formation of ex-
solution lamellae by pressure decrease, instead of
temperature decrease as usually interpreted in simi-
lar contexts.

This study shows that detailed petrographical
studies involving modern methods of observation
may severely constrain parameters as important as
the timescale of magma transport or the nature of
the fluid regime during basalt ascent.
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