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Abstract: Alpine antigorite serpentinites associated with eclogites were investigated to determine if they can be used as indicators
of the tectono-metamorphic conditions during subduction and exhumation processes. The detailed petrology of serpentinites
sampled in the Monviso massif (Western Alps, Italy) was combined with a transmission electron microscopy study. Alpine
serpentinites display a degree of serpentinization close to 100%. Antigorite is the main mineral present, forming non-pseudomorphic
textures in the various studied samples and exhibiting a homogeneous chemical composition with limited cationic substitutions.
Considering its oceanic origin, the Alpine serpentinite in the Monviso massif formed a lizardite + chrysotile assemblage that
recrystallized under greenschist-facies conditions into poorly ordered antigorite, with a modulation wavelength showing significant
variations at the crystal scale. Under blueschist-facies conditions, the modulation wavelength of antigorite becomes regular. Thus,
periodic antigorites can be related to high-grade conditions, while poorly ordered antigorites characterize lower metamorphic grade.
In the present study, we failed to observe any elimination of structural defects with increasing metamorphic grade. While around 50%
of the antigorite crystals are highly ordered, it seems that this ordering is at least partly obliterated by retrogressive deformation.
Antigorite displays strong evidence of deformation-sensitivity, and the observed microstructures can be directly related to the
mechanical behaviour of serpentinites in subduction zones. We investigated the deformation-induced microstructures in
serpentinites collected in the Erro-Tobbio eclogitic unit (Ligurian Alps, Italy), which appear to preserve prograde and retrograde
structures formed during subduction. According to the microstructural evidence, shearing is accommodated by brittle and/or ductile
deformation mechanisms. Collected samples were fractured at different scales (cm to nm) and have a well-developed schistosity
characterized by a strong crystallographic fabric. With increasing metamorphic grade, the brittle behaviour gives way to pressure-
solution, which persists up to eclogite-facies conditions. The common obliteration of high-grade microstructures in antigorite, as
observed in the Monviso serpentinites, results from continuous recrystallization of this mineral during retrogressive deformation.
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1. Introduction

Serpentinites result from the hydration of the oceanic upper
mantle during ocean floor spreading (e.g. Mevel, 2003 for
review) or are produced by hydration of the mantle wedge
above the subducting lithosphere (Fyfe & McBirney, 1975;
Guillot et al., 2001; Hyndman & Peacock, 2003). They are
composed of serpentine minerals, which are 1:1 type hy-
drous phyllosilicates of ideal formula Mg3Si2O5(OH)4. The
low-grade phases lizardite and chrysotile result from seawa-
ter interactions during oceanic hydrothermal alteration
(Evans et al., 1976; Berman, 1988; O’Hanley, 1996; Mevel,

2003; Evans, 2004), while antigorite rapidly becomes stable
along a cold subduction-related geotherm (Fig. 1). The anti-
gorite structure results from a structural modulation of the
serpentine layers along the a direction (Fig. 2a). The modu-
lation consists of a polarity reversal of the tetrahedral sheets,
with an alternation of 6-reversals (6-membered tetrahedral
rings) and 8-reversals (8- and 4-membered tetrahedral
rings) every half wavelength (Zussman, 1954; Zussman et
al., 1957; Kunze, 1956, 1958, 1961; Yada, 1979; Spinnler,
1985; Dodony et al., 2002; Grobety, 2003; Capitani & Mel-
lini, 2004). The unit cell is described by a long A parameter,
which corresponds to the modulation wavelength along a,
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Fig. 1. Phase diagram of serpentine minerals showing P-T condi-
tions affecting the serpentinites during their metamorphism. The
boxes correspond to the estimated P-T fields of serpentinites from
the Monviso massif (after Schwartz et al., 2001). The thick grey
lines along the Alpine P-T path correspond to metamorphic condi-
tions undergone by the highly sheared Erro-Tobbio serpentinites (af-
ter Hermann et al., 2000). Two antigorite breakdown curves are re-
ported, derived from recent experimental studies: (1) Wunder et al.
(2001) and (2) Ulmer & Trommsdorff (1995). The stability field of
eclogite (Ecl), blueschist (BS) and greenschist (GS) facies are also
indicated.
(LS = Lago Superiore, PG = Passo Gallarino and VM = Viso Mozzo;
atg: antigorite, chrys: chrysotile, Fo: forsterite, En: enstatite, Tlc:
talc, W: water)

and a layer thickness of 7.2 Å characteristic of serpentine
minerals. The A parameter is commonly expressed by the m-
value, representing the number of tetrahedra in one modula-
tion. For the purposes of the present study, we mainly use
this notation. Antigorite displays highly variable micro-
structures, such as modulations in wavelength and layer
stacking. These commonly observed structural modifica-
tions are described in further detail in this paper. To some
extent, Transmission Electron Microscopy (TEM) is a con-
venient tool for investigating and characterizing antigorite
variability at such a scale. A Selected Area Electron Diffrac-
tion (SAED) pattern consists of the main diffraction spots
from the lizardite subcell (white arrows, Fig. 2b), which are
surrounded by satellite diffraction spots from the modulated
structure of antigorite (dashed arrows, Fig. 2b). The con-
trasts seen on TEM images underline the layer thickness
along c and the modulation along a (Fig. 2c). Only the 8-re-
versals produce a significant TEM contrast with the sur-
rounding structure along a.

Serpentinites are observed in various active tectonic set-
tings (e.g., O’Hanley, 1996). Recently, they have been in-
voked as playing an important role in subduction-related
processes such as exhumation of high pressure – low tem-
perature (HP-LT) rocks (Blake et al., 1995; Hermann et al.,
2000; Schwartz et al., 2001; Guillot et al., 2000, 2001), re-

Fig. 2. a) Crystal structure of antigorite close to the a-c projection
(from Uehara, 1998). b) Central zone of a Selected Area Electron
Diffraction pattern of antigorite. The solid white arrow indicates a
main diffraction spot and the dashed white arrow a ?surstructure sat-
ellite diffraction spot. c) High-resolution Transmission Electron Mi-
croscopy image of antigorite. Contrasts emphasize the layer thick-
ness along a and the modulation along c.

cycling water in the mantle (Scambelluri et al., 1995; Ulmer
& Trommsdorff, 1995; Scambelluri et al., 2001) or in mag-
ma genesis leading to arc volcanism (Scambelluri et al.,
1995; Hattori & Guillot, 2003). These different studies give
rise to some questions on the behaviour of serpentinites un-
der subduction conditions.

Previous studies have proposed that antigorite micro-
structures may be used to indicate the metamorphic grade
(Mellini et al., 1987; Wunder et al., 2001; Auzende et al.,
2002). Our paper presents a study of serpentinites collected
in a well-constrained paleo-subduction zone (Western and
Ligurian Alps), with the aim of investigating the metamor-
phic record. The second part of this study discusses the be-
haviour of serpentinites subjected to deformation, based on
microstructural observations. Indeed, serpentinites are com-
monly highly sheared in subduction zones and the processes
involved in accommodating the deformation are not clearly
understood. However, the development of serpentinite de-
formation is a crucial issue, particularly for understanding
the role of such rocks in the preservation and exhumation of
HP-LT eclogites.
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Fig. 3. a) Tectonic map of the Alps (from Polino, 1990; modified by
Schwartz, 2000). Stars refer to detailed maps shown on b) and c). b)
Lithological map of the central part of the Monviso massif (after
Schwartz et al., 2000). c) Lithological map of the Erro-Tobbio unit
(Voltri Massif, Italy) (from Hermann et al., 2000). Stars refer to the
sampling areas in b and c.

2. Sampling and analytical conditions

2.1. Geological setting and selected serpentinite
samples

To investigate the evolution of serpentine microstructures as
a function of metamorphic grade, we require a well-con-
strained sampling zone where serpentinites are associated
with metamorphic rocks that have undergone various pres-
sure and temperature conditions along a cold geotherm. The
western Alps represent a geologically well-known and ser-
pentinite-rich terrain offering a very favourable setting for
such a study (Fig. 3). The Monviso eclogitic massif (inter-
nal Piemontese zone) consists of a tectonic mélange of oce-
anic lithospheric fragments that have undergone Alpine
subduction. Serpentinites represent about 40 % of this mas-
sif (e.g., Lagabrielle, 1987; Blake et al.,1995; Schwartz et

al., 2001). The samples were collected in three units: Lago
Superiore (LS), Passo Gallarino (PG) and Viso Mozzo (VM).
These units correspond to a mixing of basic and ultra-
basic rocks sampled at different depths, from 30 to 80 km,
along the same subduction plane (Messiga et al., 1999;
Schwartz et al., 2001). The rocks from the Lago Superiore
unit have recorded high-grade eclogite-facies conditions (P =
19 „ 2 kbar, T = 580 „ 40 up to P 8 24 kbar, T = 620 „ 50°C;
Schwartz et al., 2001 and Messiga et al., 1999, respectively)
while the two other units have undergone conditions at the
transition between the blueschist and eclogite facies (12–
13 kbar, T = 450 „ 40°C). Since the serpentinites are inti-
mately associated with eclogites in the field from the cm to the
cartographic scale, we assume they have shared a similar
metamorphic evolution (e.g., Schwartz et al., 2001). The
metamorphic conditions are illustrated in Fig. 1. We studied
serpentinites collected in lenses embedded in a protecting ma-
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trix, since these lenses are more likely to preserve the struc-
tures acquired during the metamorphic peak. However, in
the Monviso massif, the embedding matrix consists mainly
of highly sheared serpentinites that are harder compared
with the soft metasediments surrounding the serpentinites
lenses in Cuba (Auzende et al., 2002).

To investigate the deformation-induced microstructures of
antigorites sheared at high grade, we selected serpentinite
samples from the Erro-Tobbio (ET) unit (Fig. 3) in the Voltri
massif (Ligurian Alps, Italy). This massif, which is located at
the transition between the Alps and the Apennines, belongs to
the internal Penninic domain and consists of three units corre-
sponding to remnants of the Liguro-Piemontese oceanic litho-
sphere (Chiesa et al., 1975; Piccardo, 1984; Piccardo et al.,
1988; Messiga & Scambelluri, 1991). The Erro-Tobbio unit is
the uppermost unit in the stacking sequence of this tectonic
domain. This unit underwent a similar tectonic history com-
pared with the Monviso massif: i) exhumation of subconti-
nental mantle during Alpine rifting, ii) emplacement onto Te-
thyan ocean floor, iii) subduction during convergence be-
tween Africa and Europe, and iv) exhumation and emplace-
ment at its present position. The serpentinites and associated
shear zones have preserved and recorded these successive Al-
pine events, and the successive ductile and brittle deformation
structures are correlated with the successive P-T conditions
(Hermann et al., 2000) as shown on Fig. 1.

2.2. High-resolution transmission electron microscopy

TEM imaging and electron diffraction data were acquired
with a JEOL 2000FX high-resolution transmission electron
microscope at the CRMCN-CNRS facility (Marseille,
France). The operating conditions were: 200 kV accelerat-
ing voltage, a point-to-point resolution of 2.8 Å, using a side
entry, double-tilt ( „ 30°) specimen holder. The TEM speci-
mens were extracted from petrographic thin sections glued
with Crystal Bond® epoxy resin onto a glass slide. Single-
hole copper TEM slots were glued with araldite® onto se-
lected areas of the thin sections. Specimens were removed
by drilling around the Cu slots and heating the thermal resin.
Prior to TEM observations, the specimens were thinned to
perforation by ion-beam milling (PIPSTM-Precision Ion
Polishing System- GATAN i 691) and then carbon coated.

Antigorite along the [010] direction can be easily recog-
nised on TEM images and SAED patterns owing to its mod-
ulated structure (Fig. 2). Most of the crystals were oriented
along [010]. TEM observations were performed on selected
domains, petrologically characterized by a homogeneous
texture and the absence of visible retrogressive veins.

3. Results

3.1. Monviso serpentinites

Prior to the TEM study, we characterized the samples petro-
logically. Observations at the mm scale allowed us to select
representative unretrogressed areas for TEM studies. The
serpentinites collected in the Monviso unit are homoge-

Fig. 4. Microphotographs under cross-polarized light of thin sec-
tions of serpentinites from Monviso. a) Interpenetrative antigorite
texture with preserved pseudomorphic mesh boundaries picked out
by magnetite (serpentinite 624–2 : Viso Mozzo). b) Typical antigori-
te interpenetrative texture within a former bastite (serpentinite 623–
3: Lago Superiore). c) Sheared serpentinite with antigorite and chlo-
rite (Chl) defining the cleavage. Some postkinematic chlorite crys-
tals cut the foliation (serpentinite 625–6 : Lago Superiore).

neous, with a degree of serpentinization close to 100 %. A
few samples also contain relict diopside grains, which are
highly serpentinized and deformed. Serpentine minerals oc-
cur as interpenetrative blades in non pseudomorphic tex-
tures. Ghosts of early pseudomorphic structures can be ob-
served with relict magnetites that still outline the early mesh
boundaries. Former serpentinized pyroxenes (bastites) cor-
respond to magnetite-free areas (Fig. 4a). Figure 4 also
shows high-grade recrystallization of the serpentine into in-
terpenetrative blades in the cores of meshes and in bastites.
However, we can differentiate these textures from the clas-
sical pseudomorphic textures described by Wicks & O’Han-
ley (1988). Textural evidence combined with a micro-Ra-
man spectroscopic study (ENS-Lyon) show that antigorite is
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Table 1. Representative chemical analyses of antigorites from Mon-
viso.

LS
623–2

LS
623–3

LS
625–6

PG
624–9

PG
624–8

PG
624–7

VM
624–4

VM
624–10

VM
627–1

SiO2 42.23 43.43 41.77 43.53 42.88 41.50 42.67 42.04 41.60
Al2O3 2.14 1.35 2.87 1.37 1.73 2.60 2.24 2.07 1.97
FeO 2.92 1.92 6.50 3.18 3.57 3.57 3.21 3.24 2.46
MgO 39.10 39.84 35.78 38.46 38.36 37.60 38.50 38.76 39.99
Total 86.40 86.54 86.92 86.55 86.54 85.27 86.62 86.11 86.01

the main variety in these samples, while classical meshes are
usually considered as being composed of lizardite (Wicks &
O’Hanley, 1988). An exception occurs in the Lago Superiore
serpentinite sample 625–6, which exhibits an intimate associ-
ation between antigorite and chlorite (Fig. 4c). Most of the
samples contain late veins filled by minerals such as chlorite
or fibrous chrysotile. Electron microprobe analyses (Cameca
SX100 – Clermont-Ferrand) fail to show any clear variation
of antigorite composition. Antigorites are magnesium-rich
(Table 1 and Fig. 5), with substitution of aluminium and iron
remaining below 10 wt% (oxide weight). The higher amount
of Al2O3 and FeO ( 8 10 wt%) in sample 625–6 is the result of
the intimate mixing of antigorite and chlorite.

At the TEM scale, the antigorite microstructures were in-
vestigated by electron imaging coupled with SAED. The re-
sults show that, while the samples are homogeneous at the mi-
cron scale (as regards texture and chemistry), antigorite crys-
tals display a high variability. However, we note one constant
feature in all the SAED patterns: the presence of sharp modu-
lation diffraction spots without streaking in the a* direction
(Fig. 6). This emphasizes the regularity of intracrystalline
polysomatic structures in the Monviso samples, i.e., the A di-
mension (modulation wavelength) is constant at the crystal
scale. This regularity is also clearly noticeable on TEM im-
ages, showing highly ordered structures along a (Fig. 6). Nev-
ertheless, while the modulation length is constant in each
crystal, this dimension significantly varies from one antigori-
te grain to another within the same TEM sample. The m-val-
ues, which express the modulation wavelength, range from 13
(Mellini & Zussman, 1986) to 50 (Chapman & Zussman,
1959; Grobety, 2003), while most antigorites display m = 13–
21 (Zussman et al., 1957; Kunze, 1961; Uehara & Shirozu,
1985). Polysomatic variations were quantified by measuring
m-values from the SAED patterns of 96 antigorite crystals ori-
ented along [010]. The results are presented on Fig. 7a. Ac-
cording to our data, antigorites from Monviso have m-values
varying between 16 and 20 (41 to 52 Å), with a dominance of
crystals with m = 18 (46 Å) and 19 (49 Å). The average m-val-
ues for the three units are relatively close considering their
standard deviation.

We also tried to evaluate the nature and frequency of varia-
tions with respect to the basic structure of antigorite by study-
ing the SAED patterns of the 96 antigorite crystals oriented
along [010] as well as the associated electron images. In the
Monviso samples, antigorite microstructures vary from high-
ly ordered to lower periodic structures in the c direction
(Fig. 6a-c). It is difficult to quantify the degree of order, chief-
ly because antigorite structures change at the crystal scale.

Thus, we used SAED patterns to determine whether or not the
crystals were ordered, assuming that disordered patterns ex-
hibit diffuse streaking between subcell spots or modulation
spots. Around 50 % of antigorites are highly ordered in the
Lago Superiore unit, 37 % in the Passo Gallarino unit and
65 % in the Viso Mozzo unit. The other crystals display di-
verse amounts of structural variation. Among the different
types of modification, offset is a common stacking defect
characterized on the SAED pattern by satellites around the
(h00) sublattice spots that are not lined up with the neighbou-
ring (h00) group (Fig. 6b: top). This implies a difference in
orientation between the sublattice and the modulated cell,
which can be explained by a lateral shift of the layers along
(001) planes (Spinnler, 1985; Otten, 1993). Offsets are hardly
resolvable on TEM images, since they mainly involve a later-
al shift of a single lizardite modulus (Fig. 6b: bottom). Almost
50 % of the investigated crystals display offsets, whatever the
sample location. Another frequent type of stacking modifica-
tion corresponds to polytypic variations from the common 1-
layer stacking. Unusual intensity reinforcement can appear on
the SAED pattern at half the distance of two successive spots
along c* (Fig. 6c: top). Such a pattern may arise either from a
2-layer sequence or a mixing of 1- and 2-layer stacking. The
electron image clears up this ambiguity (Fig. 6c: bottom). In
the Monviso samples, 20 % of the crystals in the Lago Superi-
ore unit display 2-layer stacking slabs, characterized by a lay-
er repeat along c twice as long as that of the usual layer, i.e.,
14.6 Å, in a 1-layer sequence, 15 % in the Passo Gallarino unit
and 8 % in the Viso Mozzo unit. Twinning is another type of
stacking variation, which is expressed on SAED patterns by
two sets of spots representing two distinct lattices slightly dis-
oriented relatively along b* (Fig. 6d: left). In real space, the
twinning operation can be described by combining a (001)
mirror with a shift of half the modulation wavelength (Spinn-
ler, 1985; Otten, 1993). Thus, despite being apparently out of
phase due to the switch of the 8- and 6-membered reversals,
the half waves remain in phase. A significant amount of these

Fig. 5. Chemical composition (in atom %) of antigorites from the
Monviso obtained by electron microprobe analysis (Cameca SX100
– Clermont-Ferrand).
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stacking faults produce a periodicity loss in the c direction.
It also produces diffuse streaks that affect the diffraction
spots along c*. Twinning affects about 35 % of antigorites
in the Lago Superiore, 53 % in the Passo Gallarino unit and
50 % in the Viso Mozzo unit.

In a general way, most of the antigorite crystals from
Monviso are characterized by highly ordered portions inter-
calated with variably sized slabs of low-periodicity struc-
tures (Fig. 6d).

3.2. Erro-Tobbio serpentinites

The Erro Tobbio (ET) serpentinites are highly sheared. Vari-
ous deformation structures are recognized, each recording a
distinct deformation phase during burial (prograde units I/II
and III) and exhumation (retrogressed unit IV) (Piccardo et
al., 1988; Scambelluri et al., 1995; Hermann et al., 2000).
Specific P-T conditions are attributed to the successive de-
formation phases in the serpentinites by Hermann et al.
(2000) (Fig. 1).

The studied samples are almost entirely serpentinized
and display only some rare early diopsides in a homoge-
neous matrix of antigorite. The texture is clearly non pseu-
domorphic. The antigorite blades display a strong crystallo-
graphic fabric, defining the main schistosity but locally af-
fected by bending related to ductile shear planes. In early
serpentinites (unit I/II), the schistosity is cut by late veins
filled by metamorphic olivine „ titano-clinohumite. These
veins commonly affect the ET samples and can be observed
at the outcrop (Fig. 8a) or at the microscopic scale (Fig. 8b).
Under higher PT conditions (III), the “schistosity + cross-
cutting veins” structure is replaced by a more complex sys-
tem, with simultaneous development of antigorite schistosi-
ty and continuously dismembered olivine veins (Hermann
et al., 2000). In unit IV, cleavage and shear band structures
are well-developed and shear bands are picked out by clus-
ters of recrystallized diopside + olivine.

Similarly to the Monviso antigorites, we observed no sig-
nificant intracrystalline polysomatic disorder in these sam-
ples. From the study of 58 SAED patterns of antigorite crys-

Fig. 7. Histograms representing the modulation wavelength variability (expressed by m-values) and associated average m-values as a function
of pressure and temperature in a) Monviso samples (from 96 SAED patterns) and b) Erro Tobbio samples (from 58 SAED pattern). The verti-
cal bars represent the standard derivation and the horizontal bar the uncertainties on the PT conditions. For Erro Tobbio samples, T and P un-
certainties are arbitrarily defined as „ 50°C and „ 2 kbar respectively.

Fig. 6. Electron micrographs and associated SAED patterns of antigorite crystals from Monviso oriented along [010] direction. a) Highly ordered
structure along a* and c*. Magnification of framed diffraction spots reveals the lack of streaking along these directions (LS, 623–3). b) Offset
structure. The offset is the difference in alignment between satellites around a (h00) sublattice spot and around the neighbouring (h00) group. The
lateral shift of the layers can hardly be observed on the electron image at this resolution (Passo Gallarino, 624–7). c) Stacking variations, alternat-
ing 1- and 2-layer polytypes. The dashed arrows in the SAED pattern indicate the intensity reinforcement due to the double periodicity along c*.
Besides the polytypic variations, the pattern shows diffuse streaks that affect the lattice and modulation spots along c*, indicating the loss of peri-
odicity due to planar faults/?defects. The associated micrograph show the stacking of two distinct polytypes (Passo Gallarino, 624–7). d) Streak-
ing along c* indicates stacking disorder. White arrow shows spot rotation due to twinning and dotted white arrows indicate supplementary diffrac-
tion spot with 14.6 Å periodicity characteristic of 2-layer polytype (Monviso, Lago Superiore, 623–3).
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Fig. 8. a) Photograph of an “en echelon” vein (V) cutting antigorite foliation (F), filled by olivine + titano-clinohumite (Ti-Cl) (Erro Tobbio-
Al22). b) Microphotograph of a foliated serpentinite under crossed Nicols. Olivine-TiCl vein crosscut the ductile structures (Erro Tobbio-
Al28).

tals oriented along [010], the distribution of m-values for ET
samples appears somewhat broader compared to Monviso
(Fig. 7b). This reflects a greater variation of the modulation
wavelength, with m-values ranging from 16 to 21 (41 to 54
Å). When plotted against pressure and temperature, the av-
erage m-values do not show any clear trend. Locally, ET an-
tigorite crystals are highly disordered with numerous stak-
king faults (Fig. 9a). Twinning and offset structures are the
most common defects in these antigorites, affecting around
50 % of the crystals. The 2-layer polytypes also occur as in-
tergrowth slabs in mainly 1-layer crystals, as in Monviso,
and appear in up to 46 % of the investigated crystals in unit
III.

As previously mentioned, deformation structures can be
recognized at various scales from optical microscopy and
field observations. Figure 9a presents a high-resolution
TEM image of antigorite from a sheared ET sample (unit II).
The two blocks of antigorite are affected by numerous stak-
king faults. The grain boundary between the two blocks is ir-
regular, occurring as an interpenetrative contact similar to a
grain suture between deformed crystals of other minerals
(e.g., Blenkisop, 2000 for review). Furthermore, several
stacking faults can be traced on both sides of the boundary,
both far away as well as close to the contact. The slight dis-
orientation of the left block has caused a loss of resolution
and explains why not all the faults can be traced across. Fi-
nally, the close orientation of both blocks strongly suggests
that an initial antigorite grain was broken into these two
blocks by microfracturing. The shift of the common defects
within the two blocks suggests that the two parts have
moved relative to one another. The fracture picks out brittle
deformation that is also observed at a larger scale (Fig. 8). In
the area outlined by the square in Fig. 9a, brittle deforma-
tion has now been replaced by ductile deformation. We ob-
serve rotations of modulation along a that are caused by
ductile deformation of the edges of the blocks. In the inves-
tigated crystal, these rotations mainly occur about the [010]
direction. The movements of these blocks have created
empty spaces that have been infilled by recrystallization of
new antigorite. On Fig. 9b, antigorite recrystallization is

more developed. The variations in contrast are due to the
relatively slight disorientation of the two parts, which picks
out a grain boundary indicated by the dashed line. As in the
previous image, the contact resembles an interpenetrative
suture. The lack of significant stacking disorder and the dis-
orientation of the bottom block means we are unable to ob-
serve any relative shifts of the blocks. Significant recrystal-
lization of antigorite is only observed in the high-grade Erro
Tobbio serpentinites. Ductile deformation mechanisms are
suspected in these serpentinites, since they display well-de-
veloped cleavage and strong crystallographic orientation.

4. Discussion

4.1. Do antigorite microstructures yield a record of
metamorphic conditions?

We can evaluate the metamorphic conditions recorded by
rocks in several ways. One of the most effective methods is
to study the mineral reactions that reflect the metamorphic
evolution of the rocks. Geochemistry can also be used, since
the composition of mineral solid-solutions can give reliable
information on the preserved P and/or T conditions. Howev-
er, while there is no simple tool to estimate the P-T condi-
tions in serpentinites, some insights can now be provided by
the structural variations. The Monviso Serpentinites have
undergone Alpine metamorphism. During burial and exhu-
mation, they underwent variations in pressure and tempera-
ture up to eclogite-facies conditions. When embedded in a
suitable matrix, the samples were protected from retrogres-
sive alteration during exhumation, thus preserving a possi-
ble record of the metamorphic climax, as observed within
the serpentinites from central Cuba (Auzende et al., 2002).

Most Alpine serpentinites have an oceanic origin, and
this is notably the case for Monviso (Phillipot et al., 1993,
1998; Lagabrielle & Lemoine, 1997). The petrology of oce-
anic serpentinites is clearly established, and usually consists
of an assemblage of lizardite and chrysotile (e.g., Wicks &
O’Hanley, 1988; Mevel, 2003 for a review). During the first
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Fig. 9. a) Electron micro-
photograph of an antigori-
te monocrystal affected
by a microfault. Defects
in both parts can be corre-
lated across the suture
zone, as indicated by the
white arrows. The zone
outlined by the square dis-
plays ductile modulation
rotation and antigorite re-
crystallization (Erro Tob-
bio-Al21).
b) Electron micrograph of
a grain boundary with in-
tense antigorite recrystal-
lization (Erro Tobbio-
Al21).

stages of burial under greenschist-facies conditions, the
subducting oceanic serpentinite transforms into a metamor-
phic assemblage dominated by antigorite that persists up to
high pressure ( 8 6 GPa) (Ulmer & Trommsdorff, 1995;
Wunder & Schreyer, 1997; Wunder et al., 2001). This min-
eralogical reaction is considered as an early record of in-
creasing metamorphic grade within serpentinites. This is ef-
fectively the case for the Monviso samples, which are domi-
nated by antigorites. This metamorphic reaction is accom-
panied by textural modifications: pseudomorphic lizardite
textures are progressively replaced by interpenetrative, non-
pseudomorphic antigorite textures. Therefore, this early
stage in the prograde metamorphic record can be observed
at the thin-section scale.

The study of antigorite microstructures from Monviso by
TEM reveals a systematic intracrystalline polysomatic or-
der. The periodicity of the modulation wavelength is pre-
served whatever the frequency of other structural faults.
This is in agreement with previous results acquired on Cu-
ban serpentinites (Auzende et al., 2002). On the other hand,
this is in contrast with the high degree of intracrystalline
polysomatic disorder commonly observed in antigorites that
have not undergone high-pressure conditions. Indeed, “ac-
cordion-type” structures have been observed in the Val Ma-
lenco antigorites (Mellini et al., 1987) and in antigorites in
veins (Viti & Mellini, 1996). In matrix antigorites from the
Malenco ophiolitic nappe, Mellini et al. (1987) observed a
polysomatic disorder in the antigorite crystallites of low-
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grade serpentinites that can persist up into greenschist-fa-
cies metamorphic conditions. This polysomatic disorder is
enhanced in antigorite crystals thermally recrystallized due
to contact metamorphism, while a higher pressure sample
(MG159, upper greenschist-facies conditions) is well-or-
dered. According to the results of Mellini et al. (1987) and
our study, ordering of the modulation may be achieved un-
der blueschists-facies conditions. Therefore, the elimination
of intracrystalline polysomatic disorder can be correlated
with increasing metamorphic grade in a subduction context.

Mellini et al. (1987) and Wunder et al. (2001) proposed
that the recorded metamorphic grade is a function of the
modulation wavelength of antigorites. Mellini et al. (1987)
investigated natural antigorites recrystallized at low pres-
sure and high temperature during the contact metamorphism
associated with the intrusion of the Alpine Bregaglia phono-
litic massif. Wunder et al. (2001) carried out their study on
antigorites synthesized at various PT conditions in the pure
MSH system. According to these studies, the m-value de-
scribing the modulation wavelength decreases with temper-
ature. This temperature effect is not confirmed in our study
within the investigated range. Wunder et al. (2001) showed
a T-dependence of m, with values varying from 18 at the
lowest temperature to 14 at the temperature of antigorite
breakdown. According to these authors, antigorites from
Monviso should display m-values around 14 and 15 instead
of the values we obtained around 18 or 19. The discrepancy
between our data and the experimental results of Wunder et
al. (2001) may tentatively be explained by the chemical dif-
ferences between the antigorites. Indeed, the Monviso anti-
gorites contain significant amounts of iron and aluminium
(3–4 wt% FeOt and 2–3 wt% Al2O3) (see Fig. 5 and Table 1)
while the synthetic antigorites of Wunder et al. (2001) are
purely magnesian. However, even though substitutions may
change the wavelength compared to purely magnesian anti-
gorites, this is not yet clearly established, so chemical varia-
tions cannot entirely explain this discrepancy. Indeed, as the
Monviso antigorites exhibit homogeneous chemistry, sub-
stitutions would only shift the m-values ranges. Further-
more, Mellini et al. (1987) also studied natural substituted
samples. The main difference with our study is that Mellini
et al.’s (1987) samples underwent increasing temperature
conditions but only a limited rise in pressure. We assume
that pressure may also be an important factor that might
change the value of m set by the temperature conditions. Fi-
nally, it is important to note that the processes of antigorite
growth are unknown. Thus, parameters such as the sur-
rounding oxidation state or the rock-water ratio may play an
important role in explaining the wavelength of the modula-
tion. We propose here that m-values cannot be used in natu-
ral high-grade antigorites as a T-indicator or P-indicator.
This is also consistent with results obtained on the Cuban
serpentinites (Auzende et al., 2002).

The ordering of microstructures with increasing meta-
morphic grade has already been observed in carbonaceous
materials (Beyssac et al., 2002), and as a function of pres-
sure in phyllosilicates such as the chlorite cookeite (Jullien
et al., 1996) and talc (Jullien, 1995). Such an effect was sug-
gested for antigorite microstructures (Auzende et al., 2002).
In the Monviso samples, while half of the crystals are highly

ordered, the remainder display considerable stacking disor-
der. We observed perfectly ordered high-grade antigorites,
while low-grade antigorites are mainly disordered, which
suggests that increasing metamorphic grade tends to order
the structure. However, the lack of statistically-significant
evidence for the evolution of ordering within the studied
range of P-T conditions prevents us from using antigorite as
a reliable thermobarometer in subduction settings. The main
difference between Cuban and Alpine serpentinites may
arise from the quality of preservation. While Cuban serpen-
tinites from the Escambray massif are embedded in a matrix
of weak metasediments, the Monviso samples are embed-
ded in a matrix of sheared serpentinites. Thus, the rheologi-
cal boundary observed in Cuba may not be as efficient in the
Alpine example. Indeed, the viscosity of metasediments is
at least an order of magnitude lower than that of serpentini-
tes (e.g., Schwartz et al., 2001). This could explain the oc-
currence of retrogressed veins at the mm scale as well as the
possible non-preservation of a modulation wavelength char-
acteristic of high metamorphic grade.

4.2. Do antigorite microstructures provide evidence of
deformation processes?

Multi-scale observations of highly-sheared serpentinites
that experienced varying P-T conditions along a cold geo-
therm have different coexisting deformation structures in
most samples.

The veins expressing brittle deformation are filled with
metamorphic olivine „ titano-clinohumite, which are the
dehydration products of serpentines (Hermann et al., 2000).
This demonstrates that the Erro Tobbio serpentinites have
experienced partial breakdown of antigorite and is consis-
tent with several studies showing that serpentinites become
brittle when they reach dehydration conditions (Raleigh &
Patterson, 1965; Escartin et al., 1997; Neufeld et al., 2003).
This brittle behaviour is also seen at the TEM scale, where
we observe antigorite crystals affected by microfractures
(Fig. 9).

Brittle behaviour is not the only way for serpentinites to
accommodate deformation. Raleigh & Paterson (1965)
showed that below 600°C, and with increasing pressure, ser-
pentinites composed of antigorite and chrysotile go from a
brittle to a ductile behaviour. However, because the pressure
range given by these authors (op.cit.) does not exceed 5
kbar, these assemblages can hardly be compared to our sam-
ples. At the field and thin-section scale, ductile deformation
is indicated by antigorite schistosity marked by a strong
crystallographic fabric. Various mechanisms can produce
schistosity, but phyllosilicates such as micas or chlorites are
known to accommodate deformation mainly by gliding on
(001) planes (Bons, 1988 for chlorite; Etheridge & Schrey-
ers, 1973, Kronenberg, 1990, Christoffersen & Kronenberg,
1993 for biotite; Mares & Kronenberg, 1993 for muscovite).
Antigorite, as the other phyllosilicates, displays a lower
density of iono-covalent bonds along [001] with respect to
directions in the (a,b) plane (Kunze, 1961; Capitani & Mel-
lini, 2004). However, the successive layers of antigorite are
linked at every half wavelength by strong Si-O-Si bonds
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along c (Fig. 2). This makes basal slips more difficult com-
pared with the other phyllosilicates. In this study of Erro
Tobbio antigorites, we show that half of the investigated
crystal display mildly ordered structures, with offsets or
twinning. Most of the stacking faults are characterized, at
least partly, by a gliding component along a (e.g., Spinnler,
1985; Otten, 1993). A twin is also a structure that can be re-
lated to deformation (e.g., Blenkishop, 2000). In antigorite,
it is not clear whether twins represent a structure related to
growth or deformation. The previous crystallographic ex-
planation of twinning implies that it is unlikely to result
from deformation. Moreover, the Monviso antigorites dis-
play a similar proportion of twins compared to the Val Ma-
lenco antigorites, which recrystallized under static condi-
tions (Mellini et al., 1987). Even if these defects are shear-
ing-related, which remains to be demonstrated, their role in
deformation accommodation is not evident. The complex
operation that produces twinning implies severe crystallo-
graphic constraints, such as the coincidence of reversals.
This suggests that twinning might be a less efficient mecha-
nism compared with common basal slips, where adjustment
of the successive layers is easy. In contrast, offsets would be
more likely explained by deformation. However, we were
unable to find any significant increase of the amount of
these defects in the Erro Tobbio serpentinites.

Several other deformation structures are observed, espe-
cially by TEM, that might be good candidates for the ac-
commodation of deformation. We observed ductile block
rotations and antigorite recrystallizations in open interstic-
es. The suture between the two blocks of the crystal resem-
bles an interpenetrative contact (Fig. 9). All these features
suggest the removal and reprecipitation of material by pres-
sure solution (e.g., Blenkinshop, 2000). This process is of-
ten involved in the formation of schistosity (Wood, 1974)
and is considered as one of the most efficient mechanisms of
deformation accommodation. Pressure solution is generally
considered as a low-grade process, mainly because it re-
quires fluids (e.g., Durney, 1972; Gray, 1979; Kerrich,
1997). However, it may persist up to eclogite-facies condi-
tions (Bell & Cuff, 1989). In our case, the required fluids
may be available because of the partial dehydration of anti-
gorites. Indeed, serpentinite dehydration produces continu-
ous fluid release up until the complete breakdown of antigo-
rite (Fig. 1). This implies a progressive increase of pore
pressure up to a critical value which, in order to reduce the
stress regime, brings the system into a brittle regime (Dob-
son et al., 2002). Between two main events of hydraulic
fracturing, i.e. when the pore pressure is too high, fluids are
available for pressure-solution processes. Pressure solution
could be the dominant deformation process in antigorite,
which would also be compatible with the modelling of eclo-
gite exhumation velocity in a serpentinite channel (Gerya &
Stöckert, 2002). These authors showed that a Newtonian
rheology, such as pressure solution along the subduction
plane, can explain the fast exhumation rate of eclogite (1/3
of the subduction rate) better than a non-Newtonian rheolo-
gy such as a power-law creep (1/6 of the subduction rate).
Thus, antigorite can be considered to be synkinematic min-
eral that continuously recrystallizes during deformation
processes. This could explain why the occurrence of antigo-

rite is restricted to fault planes in the oceanic lithosphere. It
also accounts for the difficulty of synthesizing this mineral
under hydrostatic pressure conditions, while it is frequently
described along the fault planes of low-grade rocks. The
synkinematic crystallization also explains the non-preserva-
tion of a metamorphic microstructural record in antigorite-
bearing rocks.

5. Conclusions

Serpentine microstructures can potentially preserve infor-
mation on metamorphic conditions. Indeed, above the
chrysotile-lizardite to antigorite transition, antigorite to
some extent displays increasingly ordered structures as a
function of metamorphic grade. Intracrystalline polysomat-
ic disorder is progressively obliterated at increasing pres-
sure and temperature. Such an increase in polysomatic order
is also observed in high-grade sheared serpentinites contain-
ing antigorite. Finally, stacking disorder (along c*) seems to
decrease with increasing metamorphic grade (Auzende et
al., 2002). However, this last step seems to be obliterated by
subsequent deformation episodes (prograde shearing as
well as retrogression) and will only be observed in the best
preserved rocks. This means that antigorite cannot be used
as a reliable marker in subduction conditions.

The deformation processes of serpentinites during sub-
duction are complex. Once the partial dehydration reaction
is reached, antigorite could recrystallize mainly by a pres-
sure solution mechanism, and the mineral would thus exhib-
it a synkinematic behaviour. The required fluids would be
derived from the progressive dehydration of antigorite.
When the pore pressure becomes too high, a major fractur-
ing event may occur (Dobson et al., 2002). This tentatively
explains the coexistence of ductile and brittle deformation at
various scales, and is consistent with results of several ex-
perimental studies and seismological evidence. Indeed, em-
brittlement accounts for deep earthquakes within the sub-
ducting lithosphere (Peacock, 2001; Kerrick & Connolly,
2001; Dobson et al., 2002; Jung et al., 2003). Moreover,
pressure solution is the most effective mechanism to accom-
modate deformation, and it is compatible with a Newtonian
rheology for serpentinites as proposed by Gerya & Stöckert
(2002). Moreover, their recurrent association with eclogite-
facies rocks in paleo-subduction zones (Alps, Himalaya and
the Caribbean) is consistent with the possible role of antigo-
rite serpentinites in the preservation and exhumation of HP-
LT rocks (Blake et al., 1995; Hermann et al., 2000;
Schwartz et al., 2000; Guillot et al., 2000, 2001; Gerya &
Stöckert, 2002). Indeed, serpentinites can localize the defor-
mation within a subduction/exhumation channel, thus mak-
ing it possible to preserve the structures and mineralogy of
eclogites coming from depths 8 100 km below the Earth’s
surface.
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