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Abstract. We present microfabrics in high-pressure, meta-that stresses were not sufficiently high to allow for significant
morphic, partly serpentinized peridotite mylonites from the dislocation creep of olivine at conditions at which antigorite
Voltri Massif, in which porphyroclasts and matrix record in- is stable. The porphyroclast microstructures are not associ-
dependent deformation events. The microfabrics are analated with the microstructures of the mylonitic matrix, but are
ysed using polarization microscopy and electron microscopyinherited from an independent earlier deformation. The por-
(SEM/EBSD, EMP). The mylonites contain diopside and phyroclasts record a high-stress deformation of the peridotite
olivine porphyroclasts originating from the mantle protolith with dislocation creep of olivine in the upper mantle proba-
embedded in a fine-grained matrix consisting mainly of bly related to rifting processes, whereas the serpentinite ma-
antigorite and minor olivine and pyroxene. The porphyro- trix records dominantly dissolution—precipitation creep and
clasts record brittle and crystal-plastic deformation of thelow stresses during subduction and exhumation.
peridotite at upper-mantle conditions and differential stresses
of a few hundred MPa. After the peridotites became ser-
pentinized, deformation occurred mainly by dissolution—
precipitation creep resulting in a pronounced foliation of 1 Introduction
the antigorite matrix, crenulation cleavages and newly pre-
cipitated olivine and pyroxene from the pore fluid at sites In mylonites, the microstructures of porphyroclasts and
of dilation, i.e. in strain shadows next to porphyroclasts mylonitic matrix are commonly associated and develop
and folded fine-grained antigorite layers. Antigorite revealsconcurrently, though by different deformation mechanisms
a pronounced associated shape preferred orientation (SP@.g. Mitra, 1978; White et al., 1980; Schmid and Handy
and crystallographic preferred orientation (CPO) with the 1990; Handy et al., 1999). Here, we present microstruc-
basal (001) cleavage plane oriented in the foliation planetures in partly serpentinized peridotite mylonites from the
In monomineralic antigorite aggregates at sites of stres/oltri Massif, in which porphyroclasts and matrix record
concentration around porphyroclasts, a characteristically reindependent deformation events. The ophiolitic rocks from
duced grain size and deflecting CPO as well as sutured graithe Alpine Voltri Massif, northwestern Italy, provide a
boundaries indicate also some contribution of crystal-plasticunique record of their complex geodynamic history. As
deformation and grain-boundary migration of antigorite. In such, these rocks have been studied extensively by petro-
contrast, the absence of any intragranular deformation fealogical, structural and geochronological investigations (e.g.
tures in newly precipitated olivine in strain shadows revealsDrury et al., 1990; Vissers et al., 1991, 1995; Hooger-
duijn Strating, 1991; Hoogerduijn Strating and Vissers, 1991,
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Hoogerduijn Strating et al., 1993; Hermann et al., 2000;
Rampone et al., 2005; Piccardo, 2003, 2008, 2010; Healy e
al., 2009; Vignaroli et al., 2010; Malatesta et al., 2012a, b);
see Piccardo (2013) for a recent review on the geodynami
history of the \Voltri Massif. In the variously serpentinized,
high-pressure, metamorphic peridotites from the Voltri Mas-
sif, the original mantle components are in parts still pre-
served. As such they carry information on the pre-Alpine
evolution (e.g. Drury et al., 1990; Hoogerduijn Strating 1991,
Hoogerduijn Strating et al., 1993; Vissers et al., 1991; Ram-
pone et al., 2004, 2005; Piccardo and Vissers, 2007), as wel
as on the subsequent subduction and exhumation history (e.
Scambelluri et al., 1991, 1995, 1997; Messiga et al., 1995;
Hermann et al., 2000; Frih-Green et al., 2001; Malatesta e
al., 2012a, b; Piccardo 2013).
In this study, we focus on the so far not widely used
microstructural record of grain-scale deformation processe
provided by partly serpentinized peridotite mylonites (Drury
et al., 1990; Hoogerduijn Strating, 1991; Scambelluri et al.,
1991; Hoogerduijn Strating and Vissers, 1991; Hoogerduijn
Strating et al., 1993; Vissers et al., 1991, 1995; Hermann
et al., 2000) to obtain information on the rheology and
the stress condition during the different deformation stages.
These rocks dramatically changed their mineral content angkig. 1. Schematic tectonic map of the \oltri Group (after Scambel-
thus their rheological behaviour during the complex geo-luri et al., 1991). Serpentinites have been sampled close to Mt. To-
dynamic history. In comparison with experimental studiesbbio and Mt. Poggio as indicated by the star.
on the rheology of rock-forming minerals in metamorphic
mafic to ultramafic rocks (olivine: e.g. Chopra and Pater-
son, 1981; Hirth and Kohlstedt, 2003; Zhang et al., 2000;2 Geological setting
Jung and Karato, 2001; Jung et al., 2006; Druiventak et al.,
2011, 2012; clinopyroxene: e.g. Avé Lallemant, 1978; Ingrin The ophiolitic Voltri Massif is located in NW lItaly, about
et al., 1992; Orzol et al., 2006; Zhang et al., 2006; Zhang20 km NW of Genoa directly at the transition from the Lig-
and Green, 2007; Moghadam et al., 2010; antigorite: e.g. Hi-urian Alps to the Apennine chain (Fig. 1). As the largest
lairet et al., 2007; Chernak and Hirth, 2010) microfabrics canultramafic massif within the Alps—Apennine chain it is re-
yield information on the deformation mechanisms, as wellstricted eastward by the Sestri Voltaggio Zone and northward
as the stress and strain-rate conditions during burial and exby the Piemont basin filled with Tertiary sediments (Hooger-
humation (e.g. Skrotzki et al., 1990; van der Wal, 1993; Al- duijn Strating, 1991). The ophiolite complex from the \oltri
tenberger, 1995; Jin et al. 1998; Zhang et al, 2000; Jung antassif is related to the Late Jurassic Piemont-Ligurian
Karato, 2001; Piepenbreier and Stockhert, 2001; StockhertDcean, the Alpine—Apennine part of the Mesozoic Tethys
2002; Andreani et al., 2005; Auzende et al., 2006; Jung e{Bodinier et al., 1986; Hoogerduijn Strating, 1991; Scambel-
al., 2006; Wassmann et al., 2011; Matysiak and Trepmannluri et al., 1997, 2004; Hermann et al, 2000; Piccardo and
2012). The aim of this study is to use the successively overVissers, 2007). The Jurassic Piemont-Ligurian Tethys has
printed and modified microfabrics of the partly serpentinizedbeen proposed to represent an analogue of a slow-ultraslow-
peridotite mylonites to differentiate between the potential spreading ocean basin (Tribuzio et al., 2000; Piccardo, 2008,
record of independent grain-scale deformation processes ar2D13), which is characterized by extended continental mar-
implications on the stress conditions. On the basis of the findgins and ocean continent transition zones, whereby litho-
ings we discuss implications for the inferred superposition ofspheric subcontinental mantle can be preserved in the rift
features associated with initial brittle and crystal-plastic de-system (Manatschal et al., 2007; Péron-Pinvidic and Man-
formation of the original mantle peridotites with features in- atschal, 2009; Piccardo, 2013). The Voltri Massif ophio-
dicating dissolution—precipitation creep of the serpentinizedlite complex comprises units that are derived from oceanic
peridotites. lithosphere (Beigua-type serpentinites), associated with their
volcanic-sedimentary cover (Voltri-Rossiglione-type calc-
schists and meta-volcanics), and units derived from the
subcontinental mantle (Erro-Tobbio-type peridotit@ds<
1000— 1100 C and spinel-facies conditions; e.g. Vissers et
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al., 1991; Rampone et al., 2005; Piccardo, 2003, 2008, 2010;onsisting of an early synorogenic exhumation within the
Piccardo and Vissers, 2007); for a recent review see Piccardsubduction zone at ca. 33 to 35 Ma, during which the rocks
(2013). are overprinted by a greenschist facies metamorphism, fol-
During subduction of the Piemont-Ligurian Ocean and lowed by a postorogenics: 30 Ma exhumation from green-
Alpine collision, the Voltri Massif ophiolitic rocks under- schist facies metamorphic conditions to upper crustal condi-
went an Alpine prograde metamorphism (Hoogerduijn Strat-tions due to crustal thinning, accomplished by a relatively
ing, 1991; Messiga et al., 1995; Scambelluri et al., 1995;high cooling rate of up to 40CMa~! (Vignaroli et al.,
Hermann et al., 2000; Frih-Green et al., 2001; Malatests2010). The eastern sector of the Voltri Massif has been in-
et al., 2012a, b). The peak metamorphic conditions of theterpreted as a tectonic mélange in which strongly deformed
Alpine metamorphism have been estimated at 1.8—2.5 GPaerpentinites and metasediments enclose variably deformed
and 500-650C on the basis of the assemblage omphagite lenses of HP metagabbro, metabasite, and peridotite, repre-
chloritoid + garnet+ zoisite *talc in a mylonitic metagab- senting a fossil subduction channel (Federico et al., 2007;
bro by Messiga et al. (1995), which are consistent with Malatesta et al., 2012a; Piccardo, 2013). Numerical simula-
the pressure—temperature (P-T) estimates by Scambelluri ¢ions adapted for the geological situation of the Voltri Mas-
al. (1995). Recently performed P-T pseudosections coupledif show that the model of a subduction channel with low-
with garnet-omphacite geothermometry reveal peak metaviscosity serpentinites can explain the observations of such a
morphic conditions for eclogitic lenses ranging from 2.1 GPatectonic mélange exhumed from HP conditions (Malatesta
and 450—490C to 2.2-2.8 GPa and 460-500 (Malatesta et al., 2012a, b). Piccardo (2013) proposed that the ultra-
et al., 2012a). The peak pressure condition indicates a submafic units of slab (Beigua unit) and mantle-wedge (Erro-
duction of rocks from the Erro-Tobbio unit up to 80 km depth Tobbio unit) provenances were emplaced and exhumed to-
(Hermann et al., 2000). New U-Pb SHRIMP data for zircon gether from deep levels of the subduction channel.
and titanite ages coupled with Ar-Ar phengite ages show a
time interval of~ 34 to~ 50 Ma for the eclogite facies peak
metamorphism (Rubatto and Scambelluri, 2003; Federico e

al., 2005, 2007; Vignaroli et al., 2010). Veins in antigorite Thin sections (ca. 30 um) were examined with a polariza-

serpentinites, containing olivine, titanian clinohumite, mag- .. . .
; T . > _tion microscope and analysed with the electron backscattered
netite and diopside (Scambelluri et al., 1995) have been in-,. . .
) . diffraction (EBSD) method (e.g. Prior et al., 1996, 1999) us-
terpreted as dehydration cracks generated at high-pressure

(HP) conditions and indicating the circulation of a free fluid INg the scanning electron microscope (SEM) LEO 1530 at

phase (Hoogerduijn Strating and Vissers., 1991; Scambel'—?Uhr University, Bochum (Germany). For EBSD investiga-

luri et al., 2004: Healy et al., 2009). Piccardo (2013) dis- tions, mechanically polished thin sections have additionally

cussed that this formation requires that the Ti-bearing min-been chemically polished with Syt8rfor 15 min to reduce

S . . . surface damage and then coated with carbon to avoid charg-

erals of mantle peridotites crystallize at eclogite facies con-; . . . .

. . ; . . ing effects. For EBSD analysis the thin sections were tilted

ditions accompanied by the release of Ti, while appreciable : .

A ) : at an angle of 70with respect to the beam. An accelerating

volumes of water were present in this environment. This sug- ; :

. g . . . voltage of 20 kV and a working distance to 25 um was used.

gests that Ti is mobile in fluid phases at eclogite facies con- .

ditions (Gao et al., 2007). Field and petrologic evidence in The EBSD data were analysed using the Oxford Instruments
dicate that the peridotites of the Erro-Tobbio unit are char-HKL software CHANNEL 5. A CAMECA SX-50 electron

acterized by a widespread occurrence of Ti-bearing cIinohu—mICfOprObe was used for the analysis of the chemical min-

mite; in contrast, the Beigua serpentinites are described to bgral composition.

almost free of Ti-clinohumite (Piccardo, 2013). The most re-

cent literature (Piccardo, 2013; Scambelluri, 2013) discusseg  Sample description

whether the Erro-Tobbio peridotites got serpentinized dur-

ing large-scale hydration at shallow lithospheric depths of theThe partly serpentinized peridotite mylonites studied here

Piemont-Ligurian Tethys by sea-water-derived fluids (Scam-were collected in NW Italy about 10 km NW of Genoa, SW

belluri et al., 1997; Hermann et al., 2000; Frih-Green et al.,of Mt. Poggio (N 44 320.48’, E008 4639.96') and SW

2001; Scambelluri, 2013), as proposed also for the Beiguaf Mt. Tobbio (N 44 3149.02', E0084638.94 (Fig. 1).

serpentinites (Piccardo, 2013), or whether the Erro-TobbioThe modal composition varies strongly but is typically

peridotites became hydrated at HP eclogite facies condiin the range of 46-51% antigorite, 10-20% olivine, 5—

tions by dehydration fluids of other units of the Voltri Massif 10 % diopside, 5-7 % chlorite, 2—3 % spinel, and 0-2 % en-

(e.g. the Beigua serpentinites) (Piccardo, 2013). statite. Associated with these partly serpentinized peridotite
The prograde evolution of the Erro-Tobbio rocks is fol- mylonites, vein-like structures containing Ti—clinohumite

lowed by a retrograde metamorphic history related to Alpineare widespread within the sampled area. The occurrence

collision (Hoogerduijn Strating, 1991, 1994). The exhuma- of Ti-clinohumite in the investigated partly serpentinized

tion path for the Voltri HP units reveals a two-stage processperidotite mylonites suggests their association with the

§ Methods
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Fig. 2. Polarized light micrograph (crossed polarizers) of a typical sample of investigated partly serpentinized peridotite mylonites. Olivine
and clinopyroxene porphyroclasts are embedded in an antigorite-rich matrix (sample CT_07-13).

Erro-Tobbio unit (Hoogerduijn Strating and Vissers., 1991; the grains. Antigorite forms a matrix in which large isolated
Piccardo, 2013). However, as discussed by Piccardo (2013plivine and diopside porphyroclasts are embedded (Fig. 2).
a differentiation of serpentinized Erro-Tobbio peridotites

and serpentinites from the Beigua unit can be quite sub-

tle, because of their close field relations and their corre-

lated subduction and exhumation history. Hoogerduijn Strat-5 Microfabrics

ing et al. (1993) distinguished five types of shear zone devel;
oped from original granular spinel Iherzolites from the Erro-
Tobbio unit by mineral association, namely, spinel-bearing
porphyroclastic tectonites; plagioclase-, hornblende-, an
chlorite-bearing peridotite mylonites; and serpentinite my-
lonites. The samples investigated here, correspond to se
pentinite mylonites, i.e. chlorite-bearing partly serpentinized
peridotite mylonites. Although a variety of mesoscopic struc-
tures in the ultramafic rocks of the Voltri Massif unit has been
interpreted to pre-date Alpine thrust zones, they are WldelyO
modified by the Alpine deformation and metamorphism (e.g
Drury et al., 1990; Hoogerduijn Strating, 1991; Hoogerduijn
Strating and Vissers, 1991; Hoogerduijn Strating et al., 1993;

Scalmbellurl e_t gl., dlgg.ld' 1.995)' ITh!S s esgezu;\]lly tru(TI fo porphyroclasts show a similar isometric shape and size as
part'y sergentlmze. per ﬁme my omte; stul N | ere. Allin- compared to the new grains (red lines in Fig. 4a). The crys-
vestigated serpentinites show a pervasive slaty cleavage anqgﬂographic orientation of the recrystallized grains scatters

variously pronounced lineation characterized by a shape pre around the crystallographic orientation of the host (Fig. 4c, d,
ferred orientation (SPO) of antigorite and magnetite. In thISSC d). The olivine porphyroclasts consist offas7 with an

study, we focus on the microstructural record of the rocks to_ average composition of MgFe, 2SiOs. In comparison, re-

infer the grain-scale deformation processes. Thin sections argrystalhzed grains have a lowenx, with an average compo-
oriented perpendicular to foliation (i.e. parallel to the maxi-

sition of Mgy 7Fep 3SiO4 in the range of Fgy_gs (Fig. 5). No
mum shorten_lng d_|rect_|om) a_lnd parallel to I|_neat|0_n (mini- chemical zoning in single grains is apparent (Fig. 5). The un-
mum shortening direction), if present. In thin sections, the

S . AR : dulatory extinction of olivine porphyroclasts observed by po-
foliation is defined by antigorite-rich layers with a SPO of Iarizatirgn microscopy (Fig. 3F; ispre):)resented in EBSD x]gps

5.1 Porphyroclasts

The olivine porphyroclasts have an average grain diameter
f 1.2 mm (Fig. 2). They show undulatory extinction, defor-
matlon bands, low-angle grain boundaries (LAGBs) forming
Chess-board-like patterns and irregular subgrains (Fig. 3a—c).
Olivine porphyroclasts are partly recrystallized: the recrys-
tallized grains occur in intragranular bands (Fig. 3c, d) or
along the boundary of porphyroclasts (Fig. 3e, f). The size
f the recrystallized grains is typically in the range of 10
9-t0 50 pm. The boundaries of recrystallized grains are mostly
smoothly curved and only slightly lobate (Figs. 4a, b, 5a, b).
Low-angle grain boundaries (yellow lines in Fig. 4a) in the
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by relative misorientation angles of up to°3@rigs. 4a and  orite grains in monomineralic aggregates is smaller in the

5a). vicinity of porphyroclasts at sites of stress concentrations,
Large diopside porphyroclasts occur in the partly where also the CPO is deflected (Fig. 8c, d). Furthermore,

serpentinized peridotite mylonites embedded in theantigorite grains in monomineralic aggregates show sutured

antigorite matrix with an average grain diameter of grain boundaries (Fig. 8e, d).

ca. 2mm. (Figs. 2, 6). The average composition is

(Mgo.9,Fen.1,Can.9,Al01)[(Si19,Alo1)0s]. All  diopside

porphyroclasts show exsolution lamellae parallel (100) withe Discussion

a relative constant spacing and a width of a few um (Fig. 6).

They are commonly fractured (Fig. 6a), kinked and bent6.1 Deformation processes and conditions recorded by

(Fig. 6b, c). The stereographic projection of bent and kinked olivine and diopside porphyroclasts

crystals shows that the [010] axis is a common axis and thus

probably represents the rotation axis (i.e. the normal to theThe deformed diopside porphyroclasts (Fig. 6) record brit-

glide direction within the glide plane) during deformation tle and crystal-plastic deformation by dislocation glide. The

by dislocation glide (Fig. 6¢). The misorientation angle bent (100) plane, the common rotation axis and kink band

between kinked domains is in the range of°50 70° axis parallel to [010] indicate that the glide system (100)

(Fig. 6€). The progressive misorientation within a bent kink [001] was active. Mechanical twinning of clinopyroxene is

domain is characterized by a misorientation angle of up toknown to occur by the activation of the same glide sys-

60 (Fig. 6d). tem (100) [001] (e.g. Raleigh and Talbot, 1967; Kirby and
Christie, 1977). It requires a critical shear stress on the (100)
5.2 Matrix glide plane of about 140 to 150 MPa + 50 MPa and therefore

high differential stresses of at least 280 to 300 MPa (Kolle

Some of the olivine porphyroclasts embedded in the ma-and Blacic 1982; Trepmann and Stockhert, 2001; Orzol et
trix show asymmetric strain shadows (Fig. 2), in which fine- al., 2003). No mechanical twins are observed in the diop-
grained olivine (20-40 um in diameter) and antigorite ag-side porphyroclasts. Yet, the overall presence of (100) exso-
gregates (Fig. 7b, ¢) occur. In these aggregates antigorit@ution lamellae in porphyroclasts may have masked or inhib-
grains are elongate (long axis: 200—400 pm) and show raréed (100) twinning. As recrystallized grains and subgrains in
grain boundaries. Instead, unilateral rational phase bounddiopside porphyroclasts are characteristically absent, there is
aries parallel to the antigorite cleavage plane, i.e. the (001)yo evidence for dislocation climb and dynamic recrystalliza-
basal plane, to fine-grained olivine dominate (Fig. 7c). Thetion. The dislocation-glide-controlled diopside microstruc-
antigorite (001) basal plane is oriented parallel to the folia-tures described here are consistent with observations of ex-
tion plane, as shown in polarized light micrograph Fig. 7b perimentally and naturally deformed clinopyroxene from
and EBSD map Fig. 7c, revealing that the SPO is associate@revious studies that show the dominance of kinking and dis-
with a crystallographic preferred orientation (CPO). Also the location glide over dislocation climb processes, with the sys-
olivine grains show a SPO in strain shadows by a preferredem for gliding being predominantly (100) [001] (e.g. Green
2-D orientation of the long axis parallel to the foliation of and Radcliffe, 1972; Skemer et al., 2006; Skrotzki et al.,
the sample (Fig. 7c, f). The size of the olivine grains in the 1990; Moghadam et al., 2010). Dynamically recrystallized
strain shadow ranges from 5 to 60 um. Their compositionpyroxenes are reported from nature to occur localized at high
is, with Fago_gg, lower in Mg compared to olivine porphy- stresses (e.g. Miller and Franz, 2008; Raimbourgh et al.,
roclasts and recrystallized olivine. In strain shadows around2008) and temperatures as low as 500(e.g. Piepenbreier
diopside porphyroclasts, aggregates of diopside and enstatitend Stdckhert, 2001), consistent with experimental studies
occur (Fig. 7a). The new pyroxene crystals in the strain shad{e.g. Orzol et al., 2006; Zhang et al., 2006; Zhang and Green,
ows do not show any exsolution lamellae, in contrast to the2007; Moghadam et al., 2010). Thus, the systematic absence
porphyroclasts. of recrystallized grains, subgrains and twins in diopside sug-

Antigorite occurs as long needles growing into olivine por- gest that stresses were not sufficiently high to allow for ef-
phyroclasts (Figs. 3-5, 8a), together with olivine in strain fective dynamic recrystallization and mechanical twinning
shadows (Fig. 7b, c) and in fine-grained antigorite-rich lay- of diopside. Dislocation glide, kinking and fracturing are the
ers. The fine-grained antigorite layers show a pronouncedlominant deformation mechanisms recorded by the diopside
associated SPO and CPO obvious from the polarized lighporphyroclasts.
micrographs with crossed polarizers (Fig. 8a, b) and with The intragranular deformation microstructures in olivine
inserted compensator (Fig. 8c, d) showing the antigoriteporphyroclasts (undulatory extinction, deformation bands,
cleavage plane, i.e. (001) basal plane, parallel to the folial AGBs) indicate inhomogeneous crystal-plastic deforma-
tion plane. The fine-grained antigorite layers can be foldedtion with dislocation glide and dislocation climb (Fig. 3).
forming a crenulation cleavage with fine-grained secondaryThe intragranular zones with recrystallized small grains
olivine enriched in shear bands (Fig. 8a, b). The size of antigshow a crystallographic orientation similar to that of the
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Fig. 3. Polarized light micrograph (crossed polarizers) showing microstructures in olivine porphyroclasts from sample CTapB)13.
Deformation bands and subgrains in olivine porphyroclgsts) intragranular zones of recrystallized olivine grains within olivine porphy-
roclast;(e, f) partly recrystallized olivine porphyroclasts. EBSD map of area in f is presented in Fig. 4.

host porphyroclast. The porphyroclasts show many subgrainaacchioni, 2004). Growth of new grains along former mi-
(Fig. 4) with a similar size and shape compared to the recryserocracks is suggested by intragranular zones of recrystal-
tallized grains (Figs. 3c—f, 4, 5). Both observations suggestized grains that show a systematic chemical variation to
subgrain rotation recrystallization in the regime of disloca- the host porphyroclast. The different chemical composition
tion creep, where the new grains inherit a crystallographicof olivine porphyroclasts and intragranular new grains indi-
orientation similar to that of the replaced original grain (e.g. cates the involvement of chemical reactions during recrys-
Nicolas and Poirier, 1976; Poirier, 1985; Urai et al., 1986; tallization. A secondary chemical variation caused by the
Drury and Urai, 1990; Lloyd and Freeman, 1994; Bestmannlarger surface area in relation to the grain volume of the re-
and Prior, 2003; Trepmann and Stdckhert, 2009). Some inerystallized grains seems unlikely, as the porphyroclasts do
fluence of grain-boundary migration, however, is not ex- not show any chemical variation at their phase boundary to
cluded as the grain boundaries of recrystallized grains can béhe antigorite matrix. Chemical reactions during dislocation
slightly lobate (Figs. 4a, b, 5 a, b). Jung and Karato (2001)creep are known to be able to cause chemical variation of re-
discuss that grain-boundary migration in olivine is facili- crystallized grains (e.g. Yund and Tullis, 1991, Stlinitz, 1998;
tated by the presence of fluids, as is well known e.g. alsaBittner and Kasemann, 2007). The observed decrease in the
for quartz (e.g. Drury and Urai, 1990; Mancktelow and Pen- Xyg values in intragranular recrystallized zones requires an
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Fig. 4.EBSD data presented as maps colour-code@)pthe relative misorientation ar() orientation (Euler angles) showing partly recrys-

tallized olivine porphyroclast (sample CT_07-13; compare Fig. 3f). Yellow lin€a)irepresent low-angle grain boundaries (misorientation
< 10°); red lines represent high-angle grain boundaries (misorientatib@). (c, d) Corresponding pole figures of poles to (100), (010)
and (001) planes in an equal-angle projection of the lower hemisphere for porphyroclasts and recrystallized grains, respectively.

exchange reaction between olivine and a co-existing solid ofized grains and porphyroclasts in peridotites from the Ivrea
fluid phase, both being favoured by the presence of a circuzone (e.g. Matysiak and Trepmann, 2012).

lating free fluid. Localized intragranular zones of recrystal-  Applying the experimental calibrations of the dependence
lized grains within deformed porphyroclasts suggest that re-of recrystallization grain size of olivine developed in the
crystallization was restricted at sites of high strain, e.g. alongegime of dislocation creep on flow stress by van der Wal
former fractures, kink bands and deformation bands. Suctet al. (1993) and Karato (1980) to the observed recrystallized
deformation features have been observed from naturally degrain sizes of 10 to 50 um, one derives differential stresses
formed peridotites from the Balmuccia complex in the West-in the range of 70 to 250 MPa and 76 to 300 MPa, respec-
ern Alps (Matysiak and Trepmann, 2012) and by deformationtively. As grain-boundary migration may have modified re-
and annealing experiments on peridotites (Druiventak et alcrystallized grain size, and given the large uncertainties of
2012). Intragranular zones of recrystallized grains within de-the extrapolations of the experimental results to nature, these
formed porphyroclasts are indicators for a switch from anvalues can only be considered to give a rough order of magni-
initial brittle and glide-controlled deformation in the low- tude. Differential stresses not markedly exceeding 300 MPa
plasticity regime followed by dislocation creep. Such a mi- are consistent with the absence of recrystallized and twinned
crostructural development is characteristic for stress variadiopside.

tions at the lower tip of seismically active fault zones (Trep- The absence of serpentine minerals in the intragranular re-
mann and Stéckhert, 2003; Trepmann et al., 2007; Druiven<rystallized olivine aggregates within olivine porphyroclasts
tak et al., 2012; Matysiak and Trepmann, 2012). However,implies temperatures higher than 6@ (e.g. Hermann et
the chemical variance of recrystallized grains and host poral., 2000; Scambelluri et al., 2004) during recrystallization.
phyroclasts observed here is in contrast to the remarkably hoA temperature above 60C is also in accord with the gen-
mogeneous chemical composition of the localized recrystal-eral assumption that dynamic recrystallization of olivine in
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Fig. 5. (a, b)EBSD maps of partly recrystallized olivine porphyroclast (sample CT_07-13) colour-coded by relative misorientation and ori-
entation (Euler angles), respectivdly, d) Polefigures of poles to (100), (010) and (001) planes (equal-angle projection, lower hemisphere).
(e, f) EMP maps of the same area with relative distribution of&end Mg(f) (red: high content; blue: low content) showing a systematic
difference of a more Fe-rich composition of new grains compared to the host porphyroclast.

the regime of dislocation creep at reasonable strain ratetaw for dislocation creep of olivine by Chopra and Paterson

of 1012 to 10 1°s1 requires temperatures above about (1981) (Fig. 9).

650 C as based on observations from natural systems (e.qg.

Skrotzki et al., 1990; Altenberger, 1995; Jin et al., 1998) andg.2 Deformation processes and conditions recorded by

the extrapolation from experimentally derived flow laws for the mylonitic matrix minerals

dislocation creep of olivine (Fig. 9; Chopra and Paterson,

1981; Hirth and Kohlstedt, 2003). At the inferred range of The presence of secondary olivine (fine-grained, low, X

differential stresses of 70 to 300MPa, temperatures in thgy, fine-grained aggregates together with antigorite as well as

range of about 650C to 80C C are indicated assuming rea- secondary pyroxene (fine-grained, no exsolution lamellae) in

sonable strain rates of 18 to 10-1°s7 using the flow  gtrain shadows (Fig. 7a—c) along the lineatiai &nd per-
pendicular to the maximum shortening directienifidicates
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precipitation of new material at sites of dilation from the
pore fluid during deformation by dissolution—precipitation
creep. The fine-grained secondary olivine enriched in crenu-
lation cleavages and shear bands (Fig. 8a, b) indicates that
olivine crystallized during folding in areas of dilation, or that
olivine was present before folding and was redistributed by
dissolution along the phase boundaries to antigorite. Trans-
port in and precipitation from the pore fluid are necessary
in both cases. The microstructure of secondary olivine to-
gether with antigorite in strain shadows and crenulation
cleavages indicate that the phase boundaries between antig-
orite and olivine act as sites of preferred dissolution during
dissolution—precipitation creep (Wassmann et al., 2011).

The observations from this study are in accord with previ-
ous studies on naturally deformed antigorite (e.g. Andreani
et al., 2005; Auzende et al., 2006; Wassmann et al., 2011)
that demonstrate the importance of dissolution—precipitation
processes during ductile deformation of antigorite, especially
in polyphase aggregates, where phase boundaries between
antigorite and olivine act as sites of preferred dissolution.
The general importance of phase boundaries as preferred
sites of dissolution during dissolution—precipitation creep
is evident from many natural rocks (e.g. Groshong, 1988;
Knipe, 1989; Tada and Siever, 1989; Schwarz and Stdck-
hert, 1996, 2002; Trepmann and Stdckhert, 2009; Trepmann
et al., 2010; Wassmann et al., 2011). In polyphase rocks un-
dergoing dissolution—precipitation creep, monomineralic in-
clusions can deform by crystal-plastic processes as observed
for folded quartz veins indicating dislocation creep within
metagreywacke deformed by dissolution—precipitation creep
(Trepmann and Stdckhert, 2009). The observed characteris-
tic grain size variation in fine-grained monomineralic antig-
orite aggregates at sites of stress concentrations in additions
to a marked CPO deflected around porphyroclasts (Fig. 8c,
d) and sutured grain boundaries (Fig. 8e, f) suggest also
some contribution of crystal-plastic deformation and grain-
boundary migration of antigorite. Auzende et al. (2006) re-
port on sutured grain boundaries and recrystallization of
antigorite from serpentinites of the Erro-Tobbio unit on the
scale of high-resolution transmission electron microscopy.
Antigorite deformation at low temperature (LT) is controlled
by the anisotropy of the crystal structure, with dislocation
glide along the antigorite (001) basal plane being a very
effective deformation mechanism. The von Mises criterion,
which states that five independent slip systems are required
to accommodate homogenous flow of a polycrystalline ma-
terial, however, has been proposed to limit the accommoda-

200 300 400 tion of strain by dislocation glide of antigorite (Chernak and

distance [Um Hirth, 2010; Hirth and Guillot, 2013). Deformation experi-

Fig. 6. (a) Polarized light micrograph (crossed polarizers) showing fractured and bentMeNts ON antigorite Serpeminites by Hilairet et al. (2007) and
diopside porphyroclast with exsolution lamellae parallel (100) (sample CT_07-21); Chernak and Hirth (2010) demonstrate the low strength of
(b) polarized light micrograph (crossed polarizers) showing kinked and bent diopside . . . . . . . .
porphyroclast with exsolution lamellae parallel (100) (sample CT_07{t3EBSD antlgorlte durlng ductile and semi-brittle deformation at hlgh
map (relative misorientation to a reference point indicated by red cross) of kinked andtemperature and pressure, respectively. Hilairet et al. (2007)
B oo e i epresent a low law for ductile deformation of antigorite that

planes and [001] directions. The [010] axis represents the common rotation axis. Whitayould indicate differential stresses on the order of 5 MPa
line indicates location of misorientation profile shown(@). (d) Misorienation profile

relative to the first poinfa); line is indicated in the EBSD map {i).
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Fig. 7. (a) Polarized light micrograph (crossed polarizers) showing enstatite (en) in strain shadow around a diopside (di) porphyroclast
(sample CT_07-19). Note that the new pyroxene grains in the strain shadow do not show exsolution IéshEltdarized light micrograph
(crossed polarizers) showing olivine (ol) in strain shadow around olivine porphyroclast (sample CT_@JHBED map and corresponding

pole figures of poles to (100), (010) and (001) planegd®folivine porphyroclast ande) olivine in strain shadow(f) Shape preferred
orientation of olivine grains in strain shadow with long axes of grains in the foliation plane.

assuming a strain rate of 1% s~ and 50 MPa for a strain tions at which antigorite is stable and during dissolution—
rate of 101% 1. Chernak and Hirth (2010) report on semi- precipitation creep of the mylonitic matrix.

brittle deformation with contributions of crystal-plastic de-

formation, and their findings likewise show a low strength of 6.3  From brittle and crystal-plastic deformation to
antigorite aggregates. However, these experiments have been  dissolution—precipitation creep

performed at laboratory strain rates of #&1 to 10 6s1. _ _
Secondary olivine does not show indications of marked 1 N€ deformation microstructures of the porphyroclasts

crystal-plastic deformation — as opposed to the porphyro_recording dislocation creep of olivine and dislocation glide of

clasts — indicating insufficiently high stresses to accumulatg!ioPSide indicate upper-mantle temperature conditions (650
significant strain by dislocation creep of olivine at condi- ©© 800 C), i.e. considerably higher than suggested for the
Alpine HP-LT metamorphism, and differential stresses of a

Solid Earth, 4, 315330, 2013 www.solid-earth.net/4/315/2013/



J. Bial and C. A. Trepmann: The microstructural record of porphyroclasts 325

Fig. 8. Polarized light micrograph (crossed polarizers) showing antigorite microstructarés.Fine-grained folded antigorite (atg) layers

forming a crenulation cleavage with fine-grained secondary olivine (ol) enriched in shear bands (sample CT(Q®1LB)ne-grained

antigorite aggregates (atg) with sutured grain boundaries, SPO and associated CPO deflected around porphyroclasts — photograph taken wi
A-compensator plate inserted (sample CT_07-21). Note that the grain size of antigorite is very small at sites of stress cond@ntfations.
Fine-grained antigorite aggregates with sutured grain boundaries (sample CT_07-21).

few hundred MPa are inferred (Fig. 9). Antigorite is charac- ated with deep earthquakes (e.g. Albaric et al., 2009; 2010;
teristically absent in the recrystallized aggregates in olivinelbs-von Seht et al., 2008). At deep continuations of seismi-

porphyroclasts (Figs. 3 to 5). Therefore the microstructurescally active fault zones peridotites can be affected by a se-
are interpreted to have developed in the original mantle periquence of high-stress deformation followed by recrystalliza-

dotite before hydration of the peridotite and transformationtion at decreasing stresses (Druiventak et al., 2011, 2012;
into serpentinites, consistent with previous studies that reMatysiak and Trepmann, 2012), leading to strongly hetero-
port on shear zones in lherzolites from the Erro-Tobbio unitgeneous microstructures with localized zones of fine-grained
that were associated with pre-Alpine Jurassic rifting (Drury recrystallized aggregates with weak CPO within and sur-

etal., 1990; Vissers et al., 1991; Hoogerduijn Strating, 1991;rounding deformed porphyroclasts. The partly recrystallized

Hoogerduijn Strating and Vissers, 1991; Hoogerduijn Strat-and crystal-plastically deformed olivine porphyroclasts and

ing et al., 1993). Rifting processes are known to be associ-
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Antigorite+ Brucite— Olivine + Water (1)
Antigorite — Olivine + Enstatitet+ Water (2)

600

700 It is suggested that fluid provided by these dehydration

reactions also contributed to the recorded dissolution—
precipitation processes. If so, precipitation of secondary

olivine and pyroxene from the pore fluid at sites of dilation,
i.e. in strain shadows (Fig. 7a—c) and folded antigorite layers
(Fig. 8a, b), might be related to these reactions. The precip-

itation of olivine at the expense of antigorite might then fur-
ther have facilitated dissolution—precipitation processes due
Fig. 9. Flow law for dislocation creep of olivine after Chopra and to the er!rlchment of preferr_ed sites of dissolution, i.e. _phase
Pat.eréon (1981). The box correlates inferred differential stresses Ol?oundarles. Chern_a_k and Hirth (2010) report on Q?(pe_rlments

70 to 300 MPa to a temperature range of ca. 650 td &8t as- perforrr_led at -condltlons above the thermal Stab”.lty I|r_n|t .Of
sumed reasonable strain rates of 4®to 101551, antigorite, which document that dehydration reactions inhibit

strain localization and facilitate ductile behaviour.

Generally, it is remarkable that the deformed and recrys-

tallized olivine microstructure from the original mantle peri-

fractured, kinked and bent diopside porphyroclasts are congOtites Is p_af“y preservec_l and n_ot more € f_fec_tively modifie_d
sistent with such a microstructural record (Fig. 3-6). y serpentinization and d|s_sqlutlon—preC|p|tat|on_creep. This
The recorded dissolution—precipitation processes (Fig. 7suggests that the serpentinized parts of the microstructure

8) are attributed to deformation during Alpine subduction were areas of even higher strain (€.g. shear zones with re-

and exhumation, consistent with previous studies (e_g_crystalllzed olivine of finer grain sizes) than the preserved

Scambelluri et al., 1991, 1995; Hermann et al., 2000; Malat-re"CtS.' Thus, the porphyrocl_asts record the minimum strain
o . ' of an independent deformation event not related to the my-
esta et al., 2012a; Piccardo, 2013) — irrespective of whethe{onitic antigorite matrix
the investigated partly serpentinized peridotite mylonites '
got serpentinized during hydration at shallow lithospheric
depths, or at HP eclogite facies conditions, as discusse¢ Summary and conclusions
controversially for the Erro-Tobbio and Beigua serpentinized
peridotites (Scambelluri et al., 1997; Hermann et al., 2000;The microfabrics of the investigated partly serpentinized
Frih-Green et al., 2001; Piccardo, 2013; Scambelluri, 2013)peridotite mylonites record changing rheological behaviour
Dissolution—precipitation creep occurred at stresses insuffiduring their complex geological history with a dramatic
cient to allow for significant dislocation creep of olivine at change in mineral composition from original mantle peri-
conditions at which antigorite is stable, as secondary olivinedotite to HP-LT metamorphic serpentinites. Based on our ob-
does not show any evidence of crystal-plastic deformationservations the following is inferred.
Serpentinite is commonly assumed to constitute weak (1) Brittle and crystal-plastic deformation of olivine and
material and to play a major role in the development of adiopside occurred in peridotites, leading to undulatory ex-
subduction channel and exhumation of (U)HP metamorphidinction, deformation bands and intragranular recrystallized
rocks (e.g. Hermann et al.,2000; Schwartz et al.,, 2001areas in olivine porphyroclasts and fragmented and kinked
Guillot et al., 2001; Auzende et al.,, 2006; Federico etdiopside porphyroclasts. Deformation took place at upper-
al., 2007; Hilairet and Reynard 2009; Agard et al., 2009; mantle conditions, above the thermal stability limit of antig-
Angiboust et al., 2009; Piccardo, 2013). Long-term flow orite, and differential stresses of a few hundred MPa. Chemi-
with Newtonian rheology in deeper levels of subduction cal reactions during dislocation creep probably in the pres-
zones at low stress levels and low viscosities has been relateghce of a pore fluid are indicated by a different chemical
to dissolution—precipitation processes in serpentinites andomposition of recrystallized olivine and olivine porphyro-
metasediments (e.g. Wassmann et al., 2011; Grigull etlasts. A likely geological situation for the recorded defor-
al.,, 2012; Wassmann and Stdckhert, 2012). Dehydratiommation is the deep area of a nearby seismically active mantle
reactions of antigorite according to the reactions (1, 2) haveshear zone probably related to Jurassic rifting.
been proposed to be recorded by the HP-LT metamorphic (2) During Alpine subduction and exhumation,
mineral assemblage of the Erro-Tobbio serpentinites (e.gdissolution—precipitation creep lead to the foliation of
Hoogerduijn Strating and Vissers, 1991; Scambelluri et al.,the partly serpentinized peridotite mylonites, formation of
1991, 2004; Ulmer and Trommsdorff, 1995; Hermann et al.,strain shadows and crenulation cleavages with precipitation
2000; Healy et al., 2009). of new olivine and pyroxene from the pore fluid at sites

temperature [°C]
]
o
o
I

o

o

o
1

1000 -
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of dilation. The phase boundaries between olivine und fornian serpentinite gouge, J. Struct. Geol., 27, 2256-2267,
antigorite act as sites of preferred dissolution. In contrast, doi:10.1016/j.jsg.2005.08.002005.
in monomineralic antigorite aggregates, some contributionAngiboust, S., Agard, P., Jolivet, L., and Beyssac, O.: The Zermatt-
of crystal-plastic deformation and grain-boundary migration ~Saas Ophiolite; the largest (60-km wide) and deepest (c. 70-80
is suggested by sutured grain boundaries, characteristic km) continuous slice of oceanic lithosphere detachted from a
. L . . i ? — i -
grain size variations and a deflected combined SPO and Zligiuzcggg éggsb’;—ggg Nova, 21, 171-180, bl 111/}.1365
.CPO at sites of Stress. Concentratlon.s' The absenc.el of an uzende, A. L., Guillot, S., Devouard, B., and Baronnet, A.: Ser-
intragranular deformation features in newly precipitated

. . . e pentinites in an Alpine convergent setting: effects of metamor-
olivine in strain shadows indicates, however, that stress phic grade and deformation on microstructures, Eur. J. Mineral.,
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porphyroclasts are not associated with the matrix microstruc- commodated grain boundary sliding as a result of subgrain
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