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Abstract: The occurrence and preservation of aragonite in eclogite-facies rocks of north-eastern Corsica is linked to an uncommon
microtexture. Aragonite exclusively occurs as oriented fibres in garnet crystals of a graphitic, more or less siliceous marble that
immediately overlies a serpentinite body of the meta-ophiolitic unit. The arrangement of the fibres is grossly radial, but more clearly
sectoral in subhedral garnet, the fibres growing perpendicular to the garnet/matrix interface. Raman mapping reveals that the
carbonate is calcite in the matrix and in poikiloblastic garnet cores, and that the fibres in the garnet mantle are aragonite alone in the
case of a carbonate matrix, and both aragonite and quartz (in distinct fibres) in a quartz–carbonate matrix. These features are
interpreted as prograde intergrowths, the result of garnet nucleation and growth in a calcite and then aragonite matrix (±quartz). Upon
further heating and/or decompression, the aragonite matrix transformed back to calcite while the carbonates included in garnet
retained their original structure, in spite of the relatively high temperature attained (ca. 500 �C). These aragonite relics are one more
example of the preservation of a high-pressure polymorph through mechanical shielding of inclusions in a rigid host. The aragonite–
garnet intergrowths are similar to quartz–garnet intergrowths described in amphibolite-facies graphitic schists. They are evidence that
oriented inclusions in garnet are not necessarily precipitates (‘exsolutions’). Unlike precipitates, their orientation is controlled more
by the shape of the garnet growth front than by symmetry constraints.

Key-words: aragonite, inclusion, intergrowth, high-pressure relic, blueschist, eclogite facies, garnet, carbonaceous material, Raman
mapping, wollastonite, Corsica.

Introduction: the aragonite paradox

Aragonite, a high-pressure CaCO3 polymorph, is expected
to form from calcite during incipient subduction of carbon-
ated sediments and, at much higher pressure (P > 5 GPa),
through the breakdown of dolomite, CaMg(CO3)2, to
MgCO3 (magnesite) + CaCO3 (e.g. Martinez et al., 1996;
Shirasaka et al., 2002). Aragonite is therefore assumed to
be the stable CaCO3 high-pressure form in subducted slabs.
However, there are extremely few records of metamorphic
aragonite from high-pressure (HP) terranes other than the
lowest-temperature, blueschist-facies terranes in which it is
classical, like the Franciscan formation in California, or
western Crete in Greece.
This paradox has long been recognised as a kinetic issue

(Brown et al., 1962; Carlson & Rosenfeld, 1981). The rapid
kinetics of the back-transformation of aragonite to calcite
make the preservation of metamorphic aragonite to the
surface an indicator of decompression under quite low tem-
peratures, implying either anti-clockwiseP–T paths or at least
continuous cooling during decompression. Indeed, records of
aragonite relics in high-grade, even eclogite-facies or ultra-
high-pressure (UHP) rocks are utterly uncommon. Docu-
mented records are 10 lm inclusions (with jadeite and
coesite) in zircon from paragneiss in the Dabie UHP terrane
(Ye et al., 2002), and nanometre-size inclusions in metamor-

phic diamond from the Kokchetav massif (Dobrzhinetskaya
et al., 2006). In both instances, aragonite could only be iden-
tified by high-resolution techniques (Raman microspectro-
scopy and transmission electron microscopy, respectively),
and it occurs as tiny inclusions in a rigid host mineral that
prevents expansion and transformation of the high-pressure
carbonate into a higher-volume polymorph (in the same
way as it does for coesite or microdiamond, e.g. Gillet
et al., 1984; Sobolev & Shatsky, 1990). Aragonite was also
reported both as inclusion in garnet and as a minor matrix
phase in eclogite overprinted by blueschist-facies retrograde
metamorphism, in an exotic block of the Franciscan Forma-
tion (Armstrong et al., 2004; cf. Page et al., 2007).
We report here the occurrence and preservation of arago-

nite in eclogite-facies, hence relatively high-grade metasedi-
ments of eastern Corsica. It is one more instance of the
mechanical preservation of a high-pressure polymorph
within garnet; in addition, the most uncommon microtexture
of the aragonite–garnet intergrowths may have an important
bearing on the mechanisms of garnet growth and the inter-
pretation of oriented solid inclusions in minerals. We believe
that Werner Schreyer, as a keen microscopist, would have
appreciated such petrographic fioretti and their implications,
with his usual enthusiasm in such matters. We take great
pleasure and pride in dedicating this preliminary report to
the memory of this master, mentor and friend.
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Geological setting and occurrence

North-eastern Corsica is part of the Alpine orogen (Fig. 1,
inset) and consists mainly of Mesozoic formations of
oceanic derivation, some of them possibly transitional
between a continental margin (to the west) and more typical
ophiolitic units (e.g. Faure & Malavieille, 1981; Jolivet
et al., 1990; Malavieille et al., 1998, for more details). Most
units were metamorphosed during the Alpine orogeny under
HP conditions and some reached the lawsonite-eclogite
facies, of which they provide a fine, classical example
(Caron & Péquignot, 1986; Ravna et al., submitted for pub-
lication). In Cap Corse, the northern tip of the island
(Fig. 1), the metamorphic pile comprises several ophiolitic
units, mostly serpentinite with some gabbro, basalt, perido-
tite and subordinate sedimentary material including radiola-
rite and calcschist. Other intercalated units comprise material
of more continental derivation, e.g. the Farinole/Serra di
Pigno gneisses. The Farinole series contain jadeite-bearing
metagranite and lawsonite-eclogite, for which early esti-
mates by Lahondère (1988) are P > 10 kbar, T(grt–cpx

inclusion) ~ 430–520 �C, T(grt–cpx in matrix) ~ 500–
600 �C, revised to P > 15 kbar, T ~ 450–490 �C if one
combines Lahondère’s (1996) new estimates for orthogneiss
and metabasite.1 More recent estimates for lawsonite-eclog-
ite in meta-pillow-basalts of the Lancône Pass, about 10 km
further south, are 24–27 kbar, 450–470 �C (Ravna et al.,
submitted for publication).
Above the village of Patrimonio, the Malaspina ridge

which leads to the Serra di Pigno exposes slivers of a me-
tasedimentary series ranging from marble to carbonate
quartzite, in direct contact and refolded with a large serpent-
inite body (which overlies the Farinole/Serra di Pigno gneis-
ses, which themselves lie structurally above meta-ophiolitic
units; Fig. 1). The marble/serpentinite contact is concordant
with the sedimentary bedding, as judged from lithological
heterogeneities (Fig. 2), and is marked by a continuous, cen-
timetre-thick, weathering-resistant reaction rim of calc-
silicates. This sedimentary series may, or may not, represent
the stratigraphic cover of a tectonized ocean floor.
Minerals found in the first metres of this series, i.e. in the

more carbonate-rich layers, are calcite, quartz, garnet, minor
diopside, clinozoisite, titanite and apatite, rare albite and
abundant graphitic material, locally prehnite. Glaucophane
(‘crossite’) and phengite occur in more pelitic layers. Arago-
nite was found exclusively in garnet crystals in a black cal-
cite marble layer that immediately overlies the serpentinite,
and to which garnet is restricted (Fig. 2). The present report
focuses on one such sample and ignores the calc-silicate
reaction rim between carbonate series and serpentinite.
Noteworthily, yet, wollastonite occurs in this cm-thick
calc-silicate rim. It does not occur in our sample nor in
the overlying beds. Its identification and local abundance
came as a surprise, as this is to our knowledge the first report
of wollastonite in high-pressure rocks.

Fig. 1. Geological sketch map and cross-section of the Cap Corse
area, NE Corsica, after Malavieille et al. (1998). Flesh colour refers
to continental units (Variscan basement) with parautochthonous
cover (brown), green refers to metamorphic oceanic units, yellow to
the uppermost, nearly non-metamorphic nappes. The star indicates
the location of the Cima di Malaspina outcrop; SPF = Serra di
Pigno/Farinole units. Inset: Alpine chain with internal units (reddish
brown) and external crystalline massifs (flesh colour).

1 Mineral names abbreviated after Kretz (1983), capitalised for end-
members (Aeg for aegirine).

Fig. 2. Outcrop photograph of the garnet-bearing marble layer,
within 1 m from the contact to serpentinite. Garnet crystals and the
compositional layering are made conspicuous by differential
weathering. Cima di Malaspina, Patrimonio, 485 m elevation.
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Phase characterization, Raman maps

Beside optical microscopy, electron-microprobe analyses
were carried out at Camparis, Université Paris 6 (see Simon
& Chopin, 2001, for details of the analytical procedure,
except for Sr: SrSiO3 standard, counting 40 s on SrLa peak).
Structural formulae were calculated on the basis of a fixed
number of cations to allow a gross estimate of the Fe2+/
Fe3+ ratio, but on 22 charges for phengite and on a fixed
number of tetrahedral cations for epidote-group minerals
(Armbruster et al., 2006). Raman microspectroscopy was
implemented (i) to characterize the structural state of carbo-
naceous material in our samples and obtain an estimate of
the maximum temperature reached during metamorphism
(RSCM, Raman Spectroscopy of Carbonaceous Material
thermometry, Beyssac et al., 2002), and (ii) to identify the
nature and areal distribution of the CaCO3 polymorphs in
thin section, both in point mode and through line-scanning
mapping to produce mineral distribution maps.
We used a Renishaw� InVia Raman microspectrometer

(at ENS, Paris) equipped with a Modu-Laser Argon Laser
(514.5 nm), a 1800 grooves/mm holographic grating and a
RENCAM 2d CCD detector. For point analysis, the laser
was focussed through a Leica DMLM microscope with a
·100 objective (numerical aperture NA = 0.90) to reach a
planar resolution of ~ 1 lm with a laser power delivered
at the sample surface of around 1 mW, low enough to avoid
laser-induced heating/damaging of the sample.
Raman compositional maps were acquired using the same

system with a PRIOR XYZ motorized stage, a ·50 objective
(NA = 0.75) and a line focus system which ensures a linear
illumination for the laser thanks to a cylindrical lens.We used
the Streamline mapping tool recently developed by Reni-
shaw in which the relative mechanical movement of the laser
line over the sample is synchronized with the Raman signal
acquisition on the CCD detector. This configuration shortens
drastically the total acquisition time by up to 50 times com-
pared to point mapping and makes possible the mapping of
large areas with high imaging resolution, with sampling step
down to 1.1 lm limited by the minimum spot size which is
1 · 1.1 lm (Bernard et al., 2008). Each measured spectrum
is subsequently compared to reference spectra, in terms of
peak position, width and intensity, using a principal-
component analysis method provided by the Renishaw soft-
ware Wire 3.0. A correlation index 0 to 1 is calculated for
each point, with 1 indicating a complete agreement with
the reference spectrum. In the maps presented here, a specific
colour is assigned to each particular reference mineral spec-
trum. Each pixel of the mapped area displaying an index
value greater than 0.7 for a particular reference (in order to
take the signal noise into account) has been represented with
the specific colour of this reference.

Petrography

Weathering of the carbonate-rich series reveals a composi-
tional layering due to varying proportions of calcite and
quartz in the matrix and, in this matrix, to the varying abun-

dance and size of whitish nodules which turned out to be
garnet (Fig. 2). The marble sample studied, about 20 cm
across strike, shows the abrupt transition from about 2 cm
of pure, very fine-grained (highly strained?) carbonate
matrix on the serpentinite side, to a garnet-bearing carbonate
matrix in which the proportion of quartz progressively
increases away from the contact and in which the size of
garnet is first large (several millimetres, Fig. 3A) in a
quartz-poor zone (about 1 cm thick) and then rapidly falls
to less than 1 mm in the calcite–quartz matrix. Carbona-
ceous material is ubiquitous, it blurs most grain boundaries
but also concentrates into layers that wrap around the garnet
porphyroblasts and their pressure shadows. The pure car-
bonate layer also contains finely dispersed carbonaceous
material and thin trails of it. A centimetre-size, coarse-
grained polycrystalline diopside boudin occurs in the pure
carbonate layer and shows little evidence of rotational defor-
mation. Fine-grained diopside also occurs rather inconspic-
uously throughout the carbonate–quartz matrix, as a minor
component of it.
The largest, millimetre-size garnet crystals concentrated in

a 1 cm thick layer of carbonate-rich matrix show an uncom-
mon texture in thin section. They are crowded with more or
less radially arranged fibres or rods (Fig. 3A), which are so
abundant that the garnet section hardly extinguishes in
cross-polarized light (although the garnet itself is not bire-
fringent). Closer inspection of subhedral crystals shows that
the fibres are actually perpendicular to the faces of the gar-
net, resulting in a sectoral arrangement of parallel fibres,
rather than a radial one (Fig. 3C). The garnets are definitely
not of the snowball type. These larger crystals contain
hardly any other inclusions than the fibres, which seem to
extend from core to rim, and graphite. However, the (nearer
to equatorial?) sections of a few crystals show a narrow core
zone of poikiloblastic appearance (Fig. 4A, B; Fig. 3B).
The garnet texture changes as the proportion of quartz in

the carbonate matrix increases and the garnet size decreases.
The fibrous texture in garnet first remains obvious but limited
to a thick mantle around a small poikiloblastic core contain-
ing a number of equidimensional inclusions (Fig. 4C). Then,
in smaller garnet poikiloblasts, fibres become hardly discern-
ible in a thin, massive cloudy rim that bounds a large core
zone with honey-comb texture (Fig. 4D). The nearly equidi-
mensional inclusions in the cores are mainly quartz with
some carbonate, i.e. the matrix components. Their grain size
and slight elongation are the same as in the surrounding
matrix, implying that little grain coarsening has taken place
in the matrix after growth of the core garnet films along grain
boundaries. Inclusions of pyroxene were observed both in
the core and mantle zones of garnet, mostly as anhedral
grains or short prisms, rarely as a few radial fibres in the outer
mantle of a garnet in a pyroxene-bearing part of the matrix.
Carbonaceous material imparts a dark colour to the whole

rock but, seen in thin section, is not quite evenly distributed.
The very fine-grained, pure carbonate zone appears clearer,
as well as the carbonate-filled pressure shadows around the
large garnets. The garnet crystals themselves, especially the
large ones, are also clearer than the average matrix. Actually,
carbonaceous material appears as concentrated along the
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margin of these crystals, as if pushed aside during garnet
growth (Fig. 3A and D; cf. the ‘cleavage domes’ of Rice &
Mitchell, 1991). Some of these packets have been partly
engulfed in the garnet margin, imparting it a crenulated out-
line (Fig. 3D), or simply ‘left behind’ and entirely incorpo-
rated in garnet during its growth (Fig. 3A). In such
instances, they commonly interfere with or interrupt the sim-
ple fibre pattern. Carbonaceous matter also forms a few
nearly ellipsoidal hollow nodules, about 200 lm in size,
reminiscent of microfossils. Consistently filled with diopsidic
pyroxene (± clinozoisite ± phengite ± quartz), they occur in
the matrix but may be included in garnet as well (e.g. in the
garnet crystal of the central upper part of Fig. 3A).
The fibres in the largest garnet crystals commonly extend

from core to rim, as far as can be judged from sections that
may not be equatorial. They reach the rim/matrix interface,
although there is also some evidence in places of the con-
trary, i.e. of a very narrow outer rim devoid of fibres
(Fig. 3D).

Mineralogy and mineral chemistry

Raman spectroscopy (Fig. 4) shows that the fibres are arago-
nite in the largest garnet crystals (in an essentially calcite
matrix), and are both quartz and aragonite in the smaller gar-
nets in the mixed quartz–calcite matrix. In the latter garnets,
quartz and aragonite occur as distinct fibres and the proportion
of quartz to aragonite fibres increases with increasing quartz
content in the matrix (Fig. 4). The anhedral grains included
in the poikiloblastic garnet cores are quartz and calcite
(Fig. 4). In the sample studied, calcite and aragonite are close
to end-member composition (Table 1), with FeO < 0.09
wt.% and MnO < 0.03 wt.%; they are free of Mg except
for calcite in the late veins, which bears up to 4 mol% dolo-
mite. The SrO contents are low, typically in the 0.1 wt.%
range for both aragonite (up to 0.24 wt.%) and calcite; only
late-vein calcite is consistently very low in Sr.
Garnet is grossular, with no evidence of a hydrogarnet

component (judging from analytical totals and structural

Fig. 3. (A) Photomicrograph of garnet-bearing marble, the zone with the largest garnet crystals in an essentially carbonate groundmass.
Note the fibrous appearance of the crystals, the subhedral outline, and the thin selvage of carbonaceous material around them, better seen in
D. Cross-polarised light (cpl). (B) Back-scattered electron image of garnet in matrix of carbonate and minor quartz (+apatite, ap). Note the
fibres in the garnet mantle, mostly quartz with some aragonite (arrow). (C) Photomicrograph (cpl) of a garnet crystal in the same thin section
as A and B, showing that the fibre arrangement is more sectoral (with parallel fibres in a given sector, perpendicular to the crystal face) than
strictly radial. Three generations of carbonate are visible: aragonite fibres included in the garnet, fine-grained calcite band (lower right) and
matrix (upper left), and late calcite vein. (D) Detailed view (photomicrograph, plane polarized light) of a garnet rim (left-hand side) in a
matrix of calcite + carbonaceous matter. Note the selvage of carbonaceous material along the garnet rim, the termination of many fibres in
garnet before they reach the rim (arrow), and the crenulated pattern of the garnet/matrix interface, suggesting a much more efficient growth
of garnet (and the fibres) perpendicular to the crystal face than laterally. Most fibres are aragonite, a few may be quartz.
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formulae in Table 1, and from the Raman spectrum in the
OH region). It is rather homogeneous near Grs91
Adr3Alm4Sps1. Compositional variation among crystals is
larger than within crystal, but it hardly exceeds ±1 mol%
of the Grs, Adr or Alm components. The sole consistent

feature in terms of crystal zonation seems to be a slight
increase in FeOtotal and TiO2 toward the rim (Table 1).
Clinopyroxene is diopside, close to end-member

(Di88Hd9Jd2) in the cm-size, coarse-grained boudin in the
carbonate layer; the small grains in the carbonate–quartz

Fig. 4. Raman maps of garnet crystals showing various inclusion patterns and matrix minerals. Colour code: red = garnet, green = quartz,
yellow = aragonite, blue = calcite, black is mostly carbonaceous material. (A) Garnet in carbonate-rich matrix; 3010 · 2827 lm, 77 357
spectra, 10 · 11 lm sampling step. Note the calcite matrix, the presence of quartz in the small poikiloblastic core, and of fibrous aragonite
in the thick mantle. (B) Enlargement of box in A; 1204.5 · 1356.3 lm, 150 015 spectra, 3.3 · 3.3 lm sampling step. Some aragonite fibres
reach the garnet–matrix interface, here against carbonaceous material (upper centre of the picture). Small calcite grains occur locally in
garnet (in the large embayment of garnet rim, lower left quarter, and in the inner mantle, lower right corner); their small size and their
consistent and intimate association with aragonite suggest that they result from incipient transformation of the latter. (C) Garnet in
carbonate–quartz matrix; 807.5 · 1223.2 lm, 179 588 spectra, 2.5 · 2.2 lm sampling step. Note the comparable grain size and shape of
quartz and calcite in the matrix and the poikiloblastic garnet core, and the absence there of aragonite associated to calcite, suggesting the
primary nature of these calcite inclusions in garnet core (cf. A and B). Some aragonite fibres reach the garnet–matrix interface, and the wide
fibres of calcite in the garnet rim (upper part of the picture) may be former thick aragonite fibres opening into the matrix and completely
back-transformed to calcite. (D) Core to rim section of garnet within carbonate–quartz matrix; 257.4 · 1041.7 lm, 187 506 spectra,
1.3 · 1.1 lm sampling step. In the broad poikiloblastic core zone (upper half of the picture), garnet films interstitial to quartz and calcite are
reminiscent of a lace-like or honey-comb texture (cf. Hawkins et al., 2007). Thin fibres of quartz and aragonite occur in the more massive
garnet rim; one of them reaches the interface with matrix. Broader fibres opening into the matrix and possibly connecting with the core area
are calcite and may represent former aragonite fibres.

Aragonite–grossular intergrowths 861

eschweizerbartxxx author



matrix are more Na and Fe-rich, near Di67Hd22Jd10. In some
of the ellipsoidal nodules of carbonaceous material,
pyroxene may be even more jadeite-rich, reaching ompha-
cite composition (to Jd38Aeg10Di29Hd22) and bearing Fe3+,
consistent with the presence there of clinozoisite (Table 1).
In such a nodule, the sole phengite flake found has 3.51
Si pfu (Table 1). Apatite is Cl-free, with F < 2.3 wt.%; titan-
ite contains less than 2.2 wt.% Al2O3 and 0.2 wt.% FeOtot.
Carbonaceous matter is similar to polycrystalline graphite.

Raman microspectroscopy showed some variability in its
structural state, with no relation to the textural position
(whether included in garnet, or located along garnet rims
or within the matrix). The spectra obtained correspond to
a maximum metamorphic temperature of 495 �C, with a
range (uncertainty) of less than ±15 �C and a calibration-
attached accuracy of ±50 �C (Beyssac et al., 2002), a very
conservative estimate (cf. Beyssac et al., 2004).

Discussion

Metamorphic conditions, aragonite preservation

The maximum temperature attained is well constrained near
500 �C by Raman microspectrometry. Pressure is more dif-
ficult to evaluate if one restricts the observations to the out-
crop or to the lithological unit considered. Strictly, the P–T
estimates obtained on characteristic lawsonite eclogite and
jadeite–garnet–glaucophane–chloritoid–paragonite assem-
blages (20.5 ± 1.2 kbar and 485 ± 15 �C, Lahondère
et al., in preparation) apply to units that are underlying the

present one. However, considering that our ongoing survey
with RSCM thermometry shows temperatures around 470–
500 �C in the lawsonite-eclogite-facies units of Cap Corse,
and around 380 �C in the overlying units in which Mg–
Fe–carpholite relics are preserved and no eclogite occurs,
we assign the Malaspina section to the same lawsonite-
eclogite facies as underlying units, on the basis of the high
temperature obtained.
The presence of aragonite at such high temperature is puz-

zling, but cannot be taken at face value to derive a minimum
pressure (about 11 kbar at 500 �C according to the aragonite–
calcite equilibriumcurve, e.g.Hackeret al., 2005). Indeed, the
exclusive presence of aragonite as inclusion in a rigid host-
mineral like garnet mechanically prevents its back transfor-
mation to a lower-pressure, higher-volume polymorph, even
in a temperature rangewhere transformation kinetics are rapid
(cf. Gillet et al., 1984;Van derMolen&VanRoermund, 1986;
Sobolev et al., 2000). In other words, this maximum temper-
ature may have been reached outside the aragonite stability
field, even if aragonite is preserved.
Besides, the relatively high peak-temperature derived is in

line with the occurrence of wollastonite in the inner part of
the calc-silicate reaction zone between the carbonate series
and serpentinite at Malaspina. Wollastonite implies very
low XCO2 in the fluid phase attending its formation (XCO2 <
0.0004 at 490 �C and 10 kbar, according to the database of
Berman (1988) including the equation of state and mixing
properties of H2O–CO2 by Kerrick & Jacobs, 1981). How-
ever, such conditions must have been restricted to the contact
zonewith serpentinite, because quartz +CaCO3 remained sta-
ble throughout the rest of the profile, including our sample.

Table 1. Electron-microprobe analyses (wt.%) and structural formulae of minerals in garnet-marble (n.a. = not analysed).

Garnet Clinopyroxene Mica Epidote Carbonate

Site Core Mantle Rim Boudin Matrix Nodule Nodule Nodule Fibre Matrix Vein

SiO2 39.50 39.62 39.38 54.39 52.57 53.81 51.92 38.37
P2O5 0.00 0.05 0.03 0.03 0.03 0.02 0.00 0.06
Al2O3 21.43 21.23 20.41 0.37 2.32 8.79 25.01 30.89
TiO2 0.48 0.44 0.57 0.06 0.03 0.10 0.01 0.08
MgO 0.00 0.05 0.00 16.12 11.84 5.32 3.04 0.03 0.00 0.00 0.71
CaO 34.37 34.64 34.79 24.52 21.97 13.24 0.06 22.69 58.82 58.35 57.31
MnO 0.59 0.41 0.60 0.14 0.27 1.40 0.07 0.02 0.06 0.02 0.00
FeOtot. 3.09 2.61 3.26 2.98 7.10 10.50 3.86 3.78 0.09 0.04 0.03
SrO n.a. n.a. n.a. 0.11 0.00 n.a. 0.00 0.29 0.20 0.03 0.03
Na2O 0.00 0.00 0.03 0.29 1.43 6.73 0.08 0.01
K2O n.a. n.a. n.a. 0.03 0.04 n.a. 10.28 0.04
Total 99.46 99.05 99.07 99.04 97.68 99.91 94.41 96.46 59.17 58.43 58.07

Basis 8 cations 4 cations 11 O Si + P = 3 1 cation
Si 3.009 3.027 3.016 2.005 1.992 1.967 3.511 2.996
P 0.000 0.003 0.002 0.001 0.001 0.001 0.000 0.004
Al 1.924 1.911 1.843 0.016 0.104 0.379 1.994 2.842
Ti 0.028 0.025 0.033 0.002 0.001 0.003 0.001 0.005
Mg 0.000 0.005 0.000 0.886 0.669 0.290 0.306 0.003 0.000 0.000 0.017
Ca 2.805 2.835 2.855 0.969 0.892 0.519 0.004 1.898 0.996 0.999 0.983
Mn 0.038 0.026 0.039 0.004 0.009 0.043 0.004 0.001 0.001 0.000 0.000
Fe 0.197 0.167 0.209 0.092 0.225 0.321 0.218 0.247 0.001 0.001 0.000
Sr 0.002 0.000 0.000 0.013 0.002 0.000 0.000
Na 0.000 0.000 0.005 0.021 0.105 0.477 0.010 0.001
K 0.001 0.002 0.887 0.003
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The presence of titanite rather than rutile with quartz + car-
bonate in the profile sets an upper bound for XCO2 (< 0.02
at 500 �C, 10 kbar; < 0.12 at 500 �C, 5 kbar); the presence
of grossular rather than clinozoisite + quartz + calcite in
our sample narrows the conditions to XCO2 < 0.004 at
500 �C, 10 kbar; < 0.01 at 500 �C, 5 kbar).

Aragonite significance: a growth scenario

The presence of calcite (+quartz, Fig. 4C, D) in the poikilo-
blastic garnet cores is a key point; it shows that garnet nucle-
ation took place in a calcite–quartz matrix, before the
growth of the rim containing aragonite + quartz fibres. This
is evidence that aragonite cannot be a metastable relic from
the sedimentary stage – a question that may arise since the
presence of aragonite in/on serpentinite ocean-floor is well
documented (e.g. Ribeiro et al., 2008).
Besides, a secondary origin for the aragonite fibres within

garnet is not conceivable either; the hypothesis of a carbon-
ate precipitate (‘exsolution’) within a garnet matrix is chem-
ically untenable if one considers the volume ratio of
carbonate fibres and host silicate, and it would have a crys-
tallographic control reflecting all the symmetry operators of
the host-mineral, which is not the case (at any given place in
garnet, one single fibre direction is observed).
The origin of the fibres must therefore be primary. Their

shape and orientation and the crystallographic continuity
of each fibre imply that the fibres cannot have pre-existed
in a rock matrix but that they have been trapped during gar-
net growth. Clearly, they must have nucleated and grown
during garnet growth, by some competitive growth process
of the two phases, leading to the present texture which is
best characterised as a prograde intergrowth.
Themost likely scenario is therefore the following.Whether

or not aragonite was present in the sediment, garnet nucleated
along the prograde path in a quartz–calcite ± diopside matrix
and started to grow in a poikiloblastic way, trapping nearly
isometric quartz, calcite and rare diopside inclusions. At some
later stage, the calcite-aragonite transition was sufficiently
overstepped for the reaction to proceed, transforming the
matrix into an aragonite ± quartz groundmass. Garnet growth
continued in the quartz–carbonate matrix and started in the
carbonate matrix (to the extent that the garnet crystals there
donot showpoikiloblastic cores but aragonitefibres fromcore
to rim), in both instances with fibrous rather than isometric
inclusions. Calcite inclusions in the poikiloblastic cores did
not convert to aragonite, as they were mechanically shielded
by the rigid host garnet (e.g.Gillet et al., 1984; Van derMolen
& Van Roermund, 1986). Later, upon decompression or/and
heating out of the aragonite stability field, the aragonitematrix
transformed back to calcite while the carbonates included in
garnet retained their original structure (calcite inpoikiloblastic
cores and aragonite in the fibres) thanks again to mechanical
shielding by the rigid host.
The back-transformation of the matrix must have occurred

above about 250 �C for kinetic reasons (e.g. Sotin &Madon,
1988); it most likely took place after cessation of garnet
growth, because the garnet does not seem to contain calcite

inclusions in its outer rim. In this respect, the manner in
which the aragonite fibres merge out of the garnet rim and
whether they show some degree of transformation into cal-
cite when they are in open connection with the matrix is of
particular relevance. However, the common accumulation
of carbonaceous matter along garnet rims makes observation
and a definite answer difficult. In some instances, the arago-
nite ± quartz fibres clearly ‘neck down’ within the garnet rim
without reaching the matrix (Fig. 3D) but this may not be the
general case. Fibres in many garnet crystals do reach the
interface with the matrix (especially with the carbonaceous
material, Fig. 4B, C) and the Raman maps suggest that cal-
cite may penetrate a few tens of lm, replacing some of the
broadest aragonite fibres. Nowhere is the impression given
of a prograde trapping of calcite inclusion in garnet rims.
The whole metamorphic history may be relatively simple

and the preservation of aragonite in such a high-grade,
garnet-bearing rock is solely due to the mechanical shielding
of fibrous inclusions. That such preservation has not been
more often recognized may be due to the fact that minute
carbonate inclusions are seldom checked for their exact nat-
ure. Indeed, tiny aragonite blebs have just been discovered
within coesite inclusions in garnet from Erzgebirge eclogite
(O’Brien & Ziemann, 2008, this issue), as a by-product of
Raman mapping dedicated to the coesite inclusions. In our
case, the conspicuous texture was the incentive for a closer
investigation. The origin of this uncommon texture remains
a main point of discussion.

Origin of the intergrowths

How and why did these intergrowths form? Why did garnet
growth in the carbonate–quartz matrix change from poiki-
loblastic to a competitive one with aragonite fibres? An
interesting feature is that the most euhedral garnet crystals
show that the fibre growth is not strictly radial but rather
tends to be sectoral, with the fibres oriented perpendicular
to the growing free face bounding the sector toward the
matrix (Fig. 3C). This feature is very reminiscent of the
spectacular inclusion pattern of quartz fibres described by
Andersen (1984) in almandine–kyanite–staurolite schist
from amphibolite-facies rocks of North Cape, Norway.
The similarity in size, spacing and aspect ratio of the fibres,
in their arrangement perpendicular to the growing surface, is
striking (Fig. 2 and 3 in Andersen, 1984). These features of
sectoral growth with oriented quartz fibres were also
observed in other garnets (cf. Fig. 100A in Harker, 1939)
and elegantly rationalized by Burton (1986, his Fig. 1) as
a coeval growth of quartz fibres parallel to the [110] direc-
tion of garnet, i.e. perpendicular to the growing face in each
of the twelve symmetry-equivalent pyramids making up
rhombododecahedral garnet. In these cases, the additional
trapping of tiny isometric grains of matrix minerals (mostly
graphite and ilmenite) by the lateral growth of adjacent faces
results in typical inclusions trails along sector boundaries
(type-1 inclusions of Andersen, 1984 – the very inclusion
pattern typical for ‘chiastolite’ andalusite and ‘trapiche’
emerald).
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A relevant point made by Burton (1986) is that the quartz–
garnet intergrowths are confined to graphite-bearing layers,
with a sharp contrast in garnet zonation and inclusion pattern
across the boundary between graphite-free and graphite-bear-
ing layer (his Fig. 4). This led him to the hypothesis that the
composition of the attending fluid (XCH4, XCO2, etc.), in
reducing the solubility of quartz, may determine the appear-
ance of such intergrowths. Indeed, the growth of the fibres
along with that of the garnet face implies dissolution in the
matrix and reprecipitation at the growing face, with a neces-
sary component redistribution between fibre tips and garnet
face. Implicit in this hypothesis is that, the lower the solubil-
ity, the more a local process (nucleation and precipitation) is
favoured (over migration and precipitation). The ‘graphite’
rim around garnet may be the insoluble residue left as evi-
dence of matrix dissolution. Through its shielding effect, it
isolates the garnet face from the abundant quartz or carbonate
nuclei present in the matrix and so can make quartz or car-
bonate nucleation at the garnet surface (and then growth of
regularly spaced fibres) energetically more favourable than
overgrowth on preexisting seeds in the matrix.
The Corsican occurrence confirms the relation to beds rich

in carbonaceous material; however, it also shows that this
intergrowth pattern in garnet is not restricted to quartz but
simply involves the main matrix mineral(s): it may be quartz
alone in pelitic schist (Norway), but aragonite in a carbonate
matrix (Fig. 3A, C; Fig. 4A, B), or aragonite + quartz in a
carbonate + quartz matrix (Fig. 3B, 4C, D) and may also
involve diopside in pyroxene-bearing parts of the matrix.
If one considers unlikely that phases as different as quartz,
pyroxene and carbonate may show a same dependence of
their solubility on fluid composition, the chemical effect of
graphite through fluid composition as proposed by Burton
(1986) may not be determining. More effective would be
the screening effect of the graphite layer progressively accu-
mulating on the garnet face, insulating the growing face
from the nuclei present in the matrix (after an initial stage
during which garnet growth is still poikiloblastic). One
may also think of a change in the wetting properties of
the fluid, or of other surface effects of graphite, like site poi-
soning. It may or may not be relevant that the few instances
of the rare fibrous habit developed by mica or chlorite are in
very graphite-rich systems (Raith & Vali, 1998).
However, graphite may not be the ultimate explanation.

Indeed, graphite-free pyrometamorphic rocks of the Hatru-
rim Formation in Israel, which may have reached 900 �C
or more during oil or gas combustion, provide another spec-
tacular example of such intergrowths (Sokol et al., 2008;
Gross, 1977): rods of nagelschmidtite, (Ca,K)2(Si,P)O4,
are sectorally arranged in schorlomite garnet (also in meli-
lite) in a groundmass of wollastonite, rankinite, kalsilite,
etc. The ‘tubular inclusions’ show an extremely regular
shape and distribution in garnet. These features bear some
kinship with cellular precipitation reactions in alloys (cf.
Hacker et al., 2005, about rods of magnesian calcite in ara-
gonite) and symplectite formation (Ashworth & Chambers,
2000), even if in the latter two cases a pre-existing phase
(alloy, or olivine for instance) provides locally the compo-
nents of the intergrowth. In our case, the grossular-forming

reaction is unclear but, on textural grounds, it is unlikely that
garnet replaced a pre-existing phase like lawsonite, prehnite
or (clino)zoisite, and mass transport may have played a role.
In any event, the principle underlying the solid-state forma-
tion of intergrowths with grains elongated perpendicular to
the reaction front from which the product minerals grow,
is the difficult diffusion of some components as compared
to growth rate, and the balance between diffusive energy
dissipation and grain-boundary energy (e.g. Ashworth &
Chambers, 2000).
At this preliminary stage of investigation, the factor that

governed this balance and the change in garnet growth from
poikiloblastic to fibrous in our sample is still unclear, as it
was for the change from honeycomb to massive in the
high-pressure garnets studied in much greater detail by
Hawkins et al. (2007).

Implications: prograde intergrowths vs. ‘exsolutions’

In spite of this uncertainty, the recognition of these oriented
rods or fibres as a primary growth feature, rather than a sec-
ondary precipitate, has some general bearing. Oriented
inclusions, in particular in garnet, must not necessarily be
secondary precipitates (‘exsolutions’), as commonly
assumed in recent literature. Considering the far-reaching
implications that actual precipitates may have in terms of
high pressure or temperature of formation of the parent min-
eral (e.g. Liu et al., 2007), it is essential to establish sound
discrimination criteria between primary growth features and
secondary precipitates. The crystallographic control on a
precipitate must be a strong one, revealing the symmetry
of the host; for the fibrous intergrowths, a single direction
is expressed locally within the crystal, it is perpendicular
to the growing interface and so coincides with a crystallo-
graphic direction only when the growing surface is an actual
crystal face. Otherwise, even a bending of the fibres is pos-
sible, reflecting changes in the shape of the growing inter-
face, and should be characteristic of an intergrowth.
Last, we hope this report will be received as a call for a

new look at oriented inclusions in minerals – for which
Raman mapping can be a powerful tool.
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