
From ocean to subduction: the polyphase metamorphic evolution of the
Frido Unit metadolerite dikes (Southern Apennine, Italy)

Maria T. Cristi Sansone, Paola Tartarotti, Giacomo Prosser, Giovanna Rizzo

Journal of the Virtual Explorer, Electronic Edition, ISSN 1441-8142, volume 41, paper 3
In: (Eds.) Michele Zucali, Maria Iole Spalla, and Guido Gosso,

Multiscale structures and tectonic trajectories in active margins, 2012.

Download from: http://virtualexplorer.com.au/article/2011/289/polyphase-evolution-metadolerite-dikes

Click http://virtualexplorer.com.au/subscribe/ to subscribe to the Journal of the Virtual Explorer.
Email team@virtualexplorer.com.au to contact a member of the Virtual Explorer team.

Copyright is shared by The Virtual Explorer Pty Ltd with authors of individual contributions. Individual authors may
use a single figure and/or a table and/or a brief paragraph or two of text in a subsequent work, provided this work is of
a scientific nature, and intended for use in a learned journal, book or other peer reviewed publication. Copies of this
article may be made in unlimited numbers for use in a classroom, to further education and science. The Virtual
Explorer Pty Ltd is a scientific publisher and intends that appropriate professional standards be met in any of its
publications.

mailto:team@virtualexplorer.com.au


From ocean to subduction: the polyphase metamorphic evolution of the
Frido Unit metadolerite dikes (Southern Apennine, Italy)

Maria T. Cristi Sansone
Università degli Studi della Basilicata, Dipartimento di Scienze Geologiche, Potenza, Italy.
Email: mariacristisansone@virgilio.it

Paola Tartarotti
Università degli Studi di Milano, Dipartimento di Scienze della Terra, Milano, Italy.

Giacomo Prosser
Università degli Studi della Basilicata, Dipartimento di Scienze Geologiche, Potenza, Italy.

Giovanna Rizzo
Università degli Studi della Basilicata, Dipartimento di Chimica, Potenza, Italy.

Abstract: The Liguride accretionary wedge in the Southern Apennine chain includes ophiolitic slices representing
remnants of the Jurassic Tethyan ocean. In the northeastern slope of the Pollino Ridge (Calabria-Lucania border zone)
ophiolitic rocks mostly consist of serpentinites crosscut by metadolerite dikes showing different types of textures,
ranging from magmatic intersertal/intergranular and blastophitic to mylonitic and cataclastic. The metadolerite dikes
have been affected by ocean-floor metamorphism under amphibolite to greenschists facies conditions. Subsequent
subduction-related metamorphism under relatively HP/LT (blueschist facies) conditions affected the rocks during the
formation of the Apennine accretionary prism. Late orogenic minerals of the prehnite-pumpellyite facies have
crystallized in rocks and in veins. Such long-lasting metamorphic history, from the emplacement in the Jurassic
western Tethys to the subsequent evolution in the Apennine accretionary wedge, is traced by pseudomorphic and
coronitic textures of amphibole replacing igneous clinopyroxene. More specifically, this is attested to by the
occurrence of brown amphibole coronas rimmed by green and blue-green to pale-green amphiboles that are statically
replaced by Ca-Na-amphibole and subsequent Na-amphibole. The investigated textural domains still record such a
long-lasting metamorphic evolution since metadolerites are almost unaffected by high strain zones due to deformation
partitioning in the weaker serpentinite matrix or in low-grade metasediments during oceanic lithospheric stretching or
during emplacement in the accretionary wedge.
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Introduction
Ophiolites of southern Apennines are obducted re-

mains of a Late Cretaceous-Oligocene accretionary
wedge (Knott, 1987; Monaco, 1993; Knott, 1994; Maz-
zoli, 1998; Cello and Mazzoli, 1999), resulting from a
northwestward subduction of the Jurassic western Tethys
below the European continental margin (Dewey et al.,
1989; Bortolotti and Principi, 2005). Fragments of the
former European crust are now exposed in the Calabria
Terrane (Fig. 1), representing the southernmost segment
of the Apennine arc (Ogniben, 1969; Knott, 1987; Bonar-
di et al., 2001).

Figure 1. Geological sketch map of southern Apennine
chain, partly modified after Mazzoli (1998).

In this paper we have studied metadolerite dikes from
the ophiolites of the southern Apennines in order to un-
ravel their evolution from the emplacement in the Tethy-
an ocean and related ocean-floor metamorphism, to the
HP/LT subduction-related metamorphism acquired dur-
ing the growth of the Apennine accretionary wedge. A
general overview of these metadolerites is given in San-
sone (2010), Sansone et al. (2011) and Sansone and Riz-
zo (2012). These Authors suggest that the metadolerite
dikes display both amphibolite and greenschists facies
mineral assemblages, related to ocean-floor metamor-
phism, and lawsonite-glaucophane facies assemblages,
typical of subduction-related metamorphism. However,
textural relationships between minerals related to primary
crystallization and to the subsequent metamorphic events
have never been described in detail.

We have focused our study on undeformed micro-
structural sites where the orogenic evolution did not

obliterate the original igneous structure and the oceanic
mineral assemblages, leaving intact an almost complete
record of their long-lasting evolution. For this purpose,
we have analysed the microstructure and mineral chemis-
try of metadolerite dikes, with particular emphasis on the
pseudomorphic and coronitic textures indicative of dif-
ferent metamorphic events. Detailed petrographical and
microstructural data are provided to unravel the evolution
from the ocean-floor metamorphism to the HP/LT oro-
genic overprint. Microstructural and mineral chemistry
analyses, implemented with element compositional maps,
have facilitated the identification of the primary (igne-
ous) mineral assemblages related to the magmatic proto-
lith, and of the metamorphic minerals crystallized during
the subsequent metamorphic events.

Geological Setting
The Southern Apennine chain is a fold-and-thrust belt

(Fig. 1) formed between the upper Oligocene and Quater-
nary (Scandone, 1967; Ogniben, 1969; D’Argenio et al.,
1973, 1975; Pescatore and Slaczka, 1984; Mostardini and
Merlini, 1986; Casero et al., 1988; Roure et al., 1991;
Hippolyte et al., 1994; Cello and Mazzoli, 1999; Cello et
al., 2000; Mazzoli et al., 2001; Patacca and Scandone,
2007), resulting from the convergence between the Afri-
can and European plates and the simultaneous rollback of
the SE-directed Ionian subduction, which caused the
opening of the Tyrrhenian back-arc basin (Gueguen et
al., 1998; Cello and Mazzoli, 1998; Doglioni et al.,
1999). Relicts of the late Creaceous-Oligocene accretion-
ary wedge, resulting from subduction towards NW of the
western Tethys Ocean, occur at the highest structural lev-
els of the Apennine chain. The accretionary wedge in-
cludes the Liguride Complex, consisting of HP/LT meta-
morphic sequences (the Frido Unit; Vezzani, 1969,
1970), as well as sequences devoid of a metamorphic
overprint (the North-Calabrian Unit; Bonardi et al.,
1988). Ophiolitic slices are present both in the Frido Unit
and in the North-Calabrian Unit (Bonardi et al., 1988).
Ophiolites of the Frido Unit are characterized by a HP/
LT metamorphic overprint (Lanzafame et al., 1979; Spa-
dea, 1982; Beccaluva et al., 1982), whereas those of the
North-Calabrian Unit do not exhibit any subduction-rela-
ted metamorphism (Bonardi et al., 1988).

The ophiolitic rocks studied in this paper belong to the
Frido Unit (Fig. 2) consisting of serpentinites, derived
from mantle lherzolite and subordinate harzburgite
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(Sansone et al., 2012), metagabbros, metabasalts, and
their respective sedimentary cover, showing a very low-
grade metamorphic overprint (Vezzani, 1970; Lanzafame
et al. 1979; Spadea, 1982, 1994). Metabasalts either oc-
cur as metadolerite dikes intruded in the serpentinites or
as volcanic rocks with a relict pillow structure (Lanza-
fame et al. 1979; Spadea, 1982, 1994). Dikes and serpen-
tinites have been affected by ductile to brittle deforma-
tion connected to oceanic lithosphere stretching and to
emplacement of the ophiolites in the orogenic wedge. For
this reason, dikes are mostly preserved as 1 to 10 m-sized
blocks enclosed in a strongly deformed serpentinite ma-
trix (Fig. 3). Ophiolites are associated with tectonic slices
essentially made up of medium-to high grade metamor-
phic rocks (such as amphibolite, gneiss and granofels).

Figure 2. Simplified geological map of the study area (see
text), modified after Monaco et al. (1995).

Figure 3. Examples of outcrops of metadolerite dikes in the
study area.

a) Metadolerite dike protruding from serpentinites
covered by grass at Timpa della Guardia. b) Dike sur-
rounded by cataclastic serpentinites at the Timpa
Castello quarry.
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Metadolerite dikes hosted in serpentinized peridotites
display different kinds of texture and degrees of re-crys-
tallization (Sansone, 2010). Texture ranges from interser-
tal to grano-xenoblastic and mylonitic with increasing de-
formation. Metadolerites recorded two main metamor-
phic events: an ocean-floor metamorphism and an oro-
genic overprint (Sansone et al., 2011). Ocean-floor meta-
morphism was accompanied by rodingitization and spili-
tization. In the study area rodingites are exposed as grey-
ish-white, cm- to dm-thick dikes cutting through serpen-
tinites (Spadea, 1982; Sansone et al., 2011; Sansone and
Rizzo, 2012). Garnet found in rodingites replaces plagio-
clase and retains high hydrogrossularite–grossularite con-
tents (86 - 95 mol% Grs; 0.02 - 8 mol % Prp; 4 - 6 mol %
Alm.; 0.2 - 0.4 mol % Sps; Sansone et al., 2011).

The serpentinites of the Frido Unit derive from ser-
pentinization of mantle peridotites with porphyroclastic
texture (Sansone et al., 2012). Serpentinization produced
a pseudomorphic mesh texture defined by serpentine
+magnetite that statically replace olivine crystals, and by
yellow-brown bastite replacing orthopyroxene. Pseudo-
morphic texture is crosscut by various sets of submilli-
metric veins mostly filled with serpentine fibers. These
serpentine veins are responsible for the foliation visible
in the field.

Sampling and analytical methods
The Frido Unit metadolerites were collected at San

Severino Lucano village, at Timpa Della Guardia, Piani
Matteo and Fosso Arcangelo localities, located at the
Calabria-Lucania border zone (Figs. 1, 2). These rocks
occur mainly as m-sized blocks within strongly deformed
serpentinite matrix (Fig. 3).

Petrographic and microstructural observations were
carried out in selected samples (Table 1); electron mi-
croprobe analyses were performed on amphibole, clino-
pyroxene, pumpellyite, chlorite, and white mica by using
a JEOL JXA-8200 probe, equipped with five WDS spec-
trometers and an EDS spectrometer, at the Dipartimento
di Scienze della Terra “Ardito Desio” of the Università
degli Studi di Milano. The analytical conditions were: 15
kV accelerating voltage and 15 nA beam current; count
time 30 s at peak and 10 s at background. Natural oxides
were used as standards.

Symbols for minerals recommended by Siivola and
Schmid (2007) were used in the text, tables, and figures.
The exceptions are indicated by the following symbols:
brAm (brown amphibole), grAm (green amphiboles),
blAm (blue amphibole), bl-grAm (blue-green amphib-
ole), Dbt (diabantite); Pc-Chl (pycnochlorite), and Wm
(white mica).

Petrography
The studied metadolerite dikes show various textures

in response to the extent of dolerite recrystallization and
deformation (Table 1). These textures range from inter-
sertal or intergranular and blastophitic to mylonitic and
cataclastic. Metadolerite dikes with intersertal/intergranu-
lar and blastophitic texture consist of plagioclase, clino-
pyroxene, and opaque minerals (Fig. 4a), which represent
the primary (igneous) minerals. Plagioclase is commonly
sericitized or saussuritized or is completely replaced by
fine-grained aggregates of pumpellyite, prehnite, chlorite,
and epidote. Fresh clinopyroxene occurs as twinned or
zoned crystals showing undulose extinctions. More often
clinopyroxene is partially replaced by chlorite, white mi-
ca, and various types of amphibole (mainly brown-,
green-, and blue-amphibole). Brown amphibole is present
as single crystals (Fig. 4a), as pseudomorph after clino-
pyroxene (Figs. 4a-4d), or it forms coronas rimming cli-
nopyroxene. Green amphibole crystallized as single crys-
tals, as pseudomorph after clinopyroxene, or it forms co-
ronas rimming brown amphibole or clinopyroxene (Figs.
4c, 4d). Pale-green amphibole may form pseudomorphs
after clinopyroxene (together with chlorite and white mi-
ca). Most commonly, uncoloured or pale-green amphib-
ole rims the brown amphibole and is in turn rimmed by
blue-green amphibole (Fig. 4b). Blue amphibole com-
monly rims the brown amphibole or the green amphibole
(Fig. 4c). On the basis of amphibole type and texture,
several occurrences were distinguished and summarized
in Figure 5.

Metadolerite with mylonitic and cataclastic textures
characterize the most deformed domains. In these rocks,
the primary mineralogy and structure have been obliter-
ated, with the exception of porphyroclastic clinopyroxene
which displays a sigmoidal shape.
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Figure 4. Photomicrographs of metadolerite dike (sample MC81).

a) General view of the rock showing intersertal structure (altered plagioclase and clinopyroxene), cut by a vein filled with
chlorite+epidote. Brown amphibole occurs as single crystal (upper left) or partly replacing clinopyroxene. Plane polarized
light. b) Enlargment of fig. 4a showing brown amphibole (replacing clinopyroxene) rimmed by pale-green and blue am-
phiboles. Plane polarized light. c) Altered plagioclase, brown amphibole (replacing clinopyroxene) rimmed by green am-
phibole which is rimmed by blue amphibole. Plane polarized light. d) Brown amphibole grading to green amphibole rim-

med by blue amphibole growing in the textural site of clinopyroxene. Chlorite grows at the core of the cpx site. Plane
polarized light.
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Figure 5. Simplified sketch of amphiboles in metadolerite samples.

Simplified sketch summarizing the textures of amphiboles crystallized during oceanic and subduction-related metamor-
phism in metadolerite samples with intersertal/intergranular and blastophitic textures (see text for explanation and miner-

al abbreviations).

Additional metamorphic minerals were observed in all
metadolerite types and include quartz, albite, titanite,
apatite, and typical blueschist facies minerals such as
blue-amphibole and lawsonite (Table 1). Metadolerites
are commonly cut by veins filled with metamorphic min-
erals as pumpellyite, chlorite, prehnite, albite, tremolite/
actinolite, white mica, quartz, calcite, epidote, lawsonite,
glaucophane, and chrysotile, which occur with various
combinations within the same vein (see also Sansone et
al., 2011; Sansone and Rizzo, 2012).

Petrographic and microstructural observations carried
out on metadolerite samples allowed us to reconstruct the
textural and metamorphic evolution of dolerite dikes in-
truding serpentinites in the Frido Unit. The results are
summarized in Table 2, which refers to the entire set of
investigated samples, although we focused our analysis
on metadolerites characterized by intersertal/

intergranular and blastophitic texture. In particular, one
sample (sample MC81; Table 1) was selected for the de-
scription of pseudomorphic and coronitic domains. These
domains (as small as about 500µm) trace in detail the
mineralogical and textural changes induced by oceanic
and subduction-related metamorphism. The results are il-
lustrated and discussed after presentation of the mineral
chemistry data.

Mineral chemistry
In selected samples of metadolerites (samples MC70,

MC77, MC81; Table 1) electron microprobe analyses
were carried out on relict igneous clinopyroxene and
metamorphic minerals, as amphibole, chlorite, pumpelly-
ite, and white mica. The results are reported in Tables 3,
4, 5.
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Clinopyroxene

Structural formula of clinopyroxene was calculated on
the basis of 6 oxygens and classified by using the pyrox-
ene nomenclature suggested by Morimoto (1988, 1989);
the chemical compositions of clinopyroxene are reported
in Table 3. Clinopyroxene is enriched in augite and au-
gite-diopside components and displays high Al and Fe
contents (Al2O3= 4.95-6.86 wt %; FeO=6.05-18.80 wt %;
Table 3). The only exception is represented by acicular
clinopyroxene crystals with aegirine-augite composition
(e.g. Na2O=6.90 wt %; Table 3, sample MC81-21; see al-
so Fig. 7a).

Amphiboles

Structural formula of amphibole was recalculated on
the basis of 23 oxygens and classified by using the am-
phiboles nomenclature suggested by Leake et al. (1997,
2004). The chemical compositions of the analysed am-
phiboles are reported in Table 4. They include Ca-am-
phiboles (Figs. 6a, 6b), Na-Ca-amphiboles (Fig. 6c), and

Na-amphiboles (Fig. 6d). The analysed amphiboles are:
brown, green, pale-green/colorless, blue, and blue-green
amphiboles.

Brown amphiboles with (Na+K)A<0.50 have magne-
siohornblende and ferrotschermakite compositions (Fig.
6a). Brown amphiboles with (Na+K)A≥0.50 and Ti<0.50
show magnesiohastingsite, edenite, and pargasite compo-
sitions (Fig. 6b). Green and pale green/uncoloured am-
phiboles with (Na+K)A<0.50 show magnesiohornblende,
actinolite, and tschermakite compositions (Fig. 6a),
whilst green amphiboles with (Na+K)A≥0.50 and
Ti<0.50 show magnesiohastingsite, hastingsite, and eden-
ite compositions (Fig. 6b). The blue-green amphiboles
with (Na+K)A≥0.50 and Ti< 0.50 have magnesiohasting-
site composition, while those with (Na+K)A<0.50 show a
tschermakite composition. The sodic-calcic amphibole
shows a winchite composition (Fig. 6c): it occurs at the
rim of brown amphibole and is in turn rimmed by blue
amphibole corona. Blue amphibole exhibits glaucophane
and magnesioriebeckite compositions (Fig. 6d).

Figure 6. Chemical composition of amphiboles according to the nomenclature of Leake et al. (2004).
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Figure 7. Textural features and microchemical composition of metadolerite MC81.

a) Photomicrograph of a selected microstructural site showing amphiboles replacing magmatic clinopyroxene (middle)
and altered plagioclase (upper side); plane polarized light. The shape of magmatic clinopyroxene (now replaced by brown

amphibole) is still recognizable. Brown amphibole is rimmed by uncoloured and blue amphiboles growing towards the
core of the microstructural site. Location of the analysed spots is also indicated. b) BSE image of the same sample por-

tion with location of the analysed spots (analysis number as in Table 4). c-f): elemental maps relative to Al, Ca, Fe and Na
distribution, respectively.

One sample (MC81; Table 1) was selected for show-
ing microstructural domains characterized by pseudomor-
phic and coronitic textures. Microchemical composition
and location of the analysed spots are reported in Figures

7a and 7b, and in Table 4. In such domains, brown am-
phibole (Mg-hastingsite) is pseudomorphic after clino-
pyroxene (replacive amphibole) and is rimmed by pale
green/uncoloured amphibole (actinolite). The brown and

Journal of the Virtual Explorer, 2012
Volume 41

Paper 3
http://virtualexplorer.com.au/

From ocean to subduction: the polyphase metamorphic evolution of the Frido Unit metadolerite dikes (Southern Apennine, Italy) Page 9



pale green amphiboles are rimmed by blue amphibole
(glaucophane and Mg-riebekite). The core of these do-
mains consists of chlorite + aegirin-augite (Fig. 7a)
which probably replaced magmatic clinopyroxene. De-
tailed microchemical analyses and elemental maps were
performed on these domains as illustrated in Figures
7c-7f. The elemental maps clearly show that Al and Ca
decrease from the brown to the blue amphibole (Figs. 7c
and 7d), whilst Na and Fe increase from the brown am-
phibole to the blue amphibole (Figs. 7e and 7f).

Chlorite

Chlorite was recalculated on the basis of 28 oxygens.
Selected analyses are reported in Table 5. Chlorite is
classified according with Hey (1954)’s nomenclature.
The analysed chlorite occurs at the core of textural sites
near blue amphibole rimming brown amphibole (see
Figs. 7a, 7b; analyses 21 and 22 in Table 5) and in veins
associated with colourless amphibole (analysis 160 in Ta-
ble 5).

Pumpellyite

Pumpellyite occurs in veins and as pseudomorph after
magmatic plagioclase. Pumpellyite composition is char-
acterized by relatively high content of Al
(Al2O3=22.68-26.04 wt %) and Fe (FeO=2.83-7.43 wt
%); MgO content is between 2.31-3.43 wt %. Pumpelly-
ite shows a linear and negative Fetot vs Al2O3 .

White mica

The structural formula of white mica was recalculated
on the basis 11 oxygens. Using the calculations suggested
by Bousquet et al. (2002), white mica in the Frido Unit
metadolerites shows a phengitic composition (Si =
3.133-3.425 a.p.f.u.).

Textural and Metamorphic Evolution of the
Frido Unit Metadolerite Dikes

Metadolerite dikes crosscutting serpentinites in the
Frido Unit ophiolites are characterized by a wide range of
textures going from well-preserved igneous intersertal/in-
tegranular and blastophitic textures to cataclastic and my-
lonitic. The microstructural and metamorphic evolution
of the investigated metadolerites is summarized in Table
2. In the least deformed metadolerite samples showing
intersertal/intergranular and blastophitic texture, plagio-
clase, clinopyroxene and opaque minerals represent the

relict igneous phases (“Igneous” stage in Table 2). Clino-
pyroxene is replaced by brown amphibole (mainly Mg-
hornblende and Mg-hastingsite) rimmed by green am-
phibole with similar compositions. The brown and green
(or blue-green) amphiboles are often rimmed by uncol-
oured actinolite. We interpret these Ca-amphiboles as be-
ing related to oceanic metamorphism in the Jurassic Te-
thys Ocean that occurred under amphibolite to greens-
chists facies conditions (e.g. Liou et al., 1974; Spear,
1981; stage “Oceanic 1” in Table 2). Brown and red/
brown amphiboles have been described in oceanic gab-
bros (e.g. Prichard and Cann, 1982; Mével, 1988; Coo-
gan et al., 2001) and ophiolitic gabbros (e.g. Mével et al.,
1978; Tribuzio et al., 1995, 1999) and attributed to either
magmatic or late magmatic crystallization (e.g. Tribuzio
et al., 2000) or to HT-oceanic alteration (e.g. Gaggero
and Cortesogno, 1997) or both (e.g. Coogan et al., 2001),
depending on textural features and composition of trace
elements. In the Northern Apennine ophiolite, brown am-
phibole associated with green and blue-green amphiboles
has been found in dolerites and attributed to oceanic
metamorphism (Cortesogno and Oliveri, 1974). Green
and pale-green Ca-amphiboles replacing clinopyroxene
and veins filled with actinolite, actinolitic hornblende,
and Mg-hornblende have been found in dolerites drilled
in the modern oceanic crust from the Pacific ocean (low-
er sheeted dike complex; Laverne et al., 1995; Tartarotti
et al., 1995; Alt et al., 1996; Vanko et al., 1996) indicat-
ing relatively high temperatures (>400°C), typical of
greenschists to amphibolite facies conditions.

Plagioclase phenocrysts in the Frido metadolerites are
replaced by pseudomorphs of sericite or saussurite, pum-
pellyite, prehnite, chlorite, and epidote. These metamor-
phic minerals can be interpreted either as oceanic (stage
“Oceanic 2” in Table 2) or as orogenic (see Table 2),
since minerals of the prehnite-pumpellyite facies as well
as of the greenschists (or sub-greenschists) facies have
been described in both the present-day oceanic crust (e.g.
Alt et al., 1986, 1996, 2010 and refs. therein) and in oro-
genic environments (e.g. in the Apennines; Cortesogno
and Oliveri, 1974; Cortesogno, 1980; Beccaluva et al.,
1982). As far as pumpellyite, its textural features and the
high Al2O3 content suggest that it probably crystallized
under blueschists or lawsonite-albite facies conditions
(Cortesogno et al., 1984, Sansone and Rizzo, 2012), sup-
porting the hypothesis of an orogenic (subduction-rela-
ted) origin.
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Blue amphibole (glaucophane and Mg-riebekite), that
commonly grows at the rim of Ca-amphiboles replacing
clinopyroxene in the Frido metadolerites, is here interpre-
ted as being of orogenic origin (stage “Subduction-rela-
ted” in Table 2): it crystallized during subduction under
HP-LT conditions in the Apennine accretionary wedge,
as already discussed in Spadea (1994) and Sansone et al.
(2011). Ca-Na amphibole (winchite) at the contact be-
tween green and blue amphiboles might be interpreted as
a reaction product formed during the initial stage of the
subduction phase (“Win” in Table 2). In fact, winchite
has been described in eclogites from the Western Alps
(Gran Paradiso and Sesia-Lanzo unit; Ungaretti et al.,
1983; Benciolini et al., 1994). Lawsonite in our samples
commonly fills veins. It is also interpreted as being a sub-
duction-related mineral (Table 2). White mica filling
veins has a phengitic composition and can be also ascri-
bed to a subduction-related stage (Bousquet et al., 2002).

In textural domains where the suite “brown- green-
and blue-amphibole” occurs, we also observed the asso-
ciation of chlorite+aegirin-augite (see Figs. 7a, 7b).
These two minerals are interpreted as being crystallized
under blueschist facies (or epidote-blueschist facies as
defined by Evans, 1990) conditions. Aegirin-augite has
been observed in blueschists facies rocks from the North
Cascades and from New Zealand (e.g. Brown, 1974).
However, secondary aegirin-augite of oceanic origin has
been also described in basalts from the Pacific Ocean
(Laverne, 1987); consequently, an oceanic origin for this
pyroxene cannot be completely ruled out.

Additional metamorphic minerals found in the studied
samples also include quartz, albite, apatite, titanite, and
minor calcite and chrysotile (see also Sansone et al.,
2011). These minerals occur either as pseudomorphs (or
replacive) crystals after igneous phases or more often as
vein infilling. Mineral associations within veins may be
various; in fact, within a vein, mineral assemblages typi-
cal of the prehnite-pumpellyite as well as of the lawson-
ite-glaucophane facies may occur together, as already
stated by Sansone et al. (2011) and Sansone and Rizzo
(2012). However, since veins cut through all the previous
textures of the rock, they are interpreted as being formed
during the entire orogenic evolution of the Frido ophio-
lite within the Apennine accretionary wedge, from sub-
duction to late orogenic stages (see Table 2). Similar
metamorphic mineral assemblages have been described

in the Franciscan subduction complex (California), where
mafic blocks in the mélanges are mostly composed of
LT-blueschist facies minerals including albite, chlorite,
pumpellyite, lawsonite, Na-pyroxene, quartz, sphene (and
no garnet; e.g. Cloos, 1985 and refs. therein). This is dif-
ferent from most of the lawsonite-bearing rocks occur-
ring at active margins, being lawsonite eclogites (e.g.
Tsujimori et al., 2006; Zucali & Spalla, 2011).

Summing up, we may infer that the studied metadoler-
ites have been affected by rock-seawater (or seawater-de-
rived fluids) interaction in the Jurassic Tethys Ocean,
producing oceanic alteration under amphibolite to
greenschists and facies conditions. Oceanic hydrothermal
alteration may have induced element mobility (e.g.
LREE), although the studied rocks have all an N-MORB
affinity (Sansone et al., 2011). These oceanic rocks have
been subsequently involved in the Apennine accretionary
prism, as attested by the occurrence of blueschist facies
minerals and by late prehnite-pumpellyite facies mineral
assemblages (see Table 2). A qualitative P-T path for the
investigated rocks is illustrated in Figure 8. The oceanic
evolution of the metadolerite dikes is constrained by the
crystallization of amphiboles under amphibolite and
greenschist facies conditions (steps 1 and 2 in Fig. 8) at
low pressure. The early orogenic evolution is marked by
crystallization of (LT-) blueschist facies minerals, name-
ly lawsonite and glaucophane related to subduction
(“subduction-related” stage in Table 2). Pressure and
temperature are difficult to determine however, as the
glaucophane stability field (“Gln in” curve in Fig. 8) con-
strains the upper T boundary (Maresch, 1977), while the
occurrence of lawsonite in the studied samples suggests
minimum pressures of 3 kbar (Thompson, 1971; Liou,
1971). Lawsonite in the metadolerite dikes occurs inside
veins and is mostly associated with LT-blueschist facies
minerals. Consequently, the reaction curve Lws+Gln =
Pmp+Chl+Ab+Qtz+fluid by Liou et al. (1985) was chos-
en to constrain the upper pressure boundary for the stud-
ied samples (curve 2 in Fig. 8). The presence of albite in-
stead of jadeite and quartz (curve 1 in Fig. 8) suggests a
maximum pressure for the subduction-related metamor-
phism of 8 to 10 kbar in the temperature range of 100 to
250°C (Newton & Smith, 1967). Late orogenic minerals
observed in our samples (“late orogenic stage” in Table
2) suggest a decompressional retrograde path toward the
prehnite-pumpellyite facies (stage 4 in Fig. 8).
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Figure 8. P-T diagram showing the metamorphic evolution of the Frido Unit metadolerites.

Metamorphic evolution of the Frido unit metadolerites plot in a P-T diagram showing petrogenetic grid for low-grade
metamorphic facies in a basaltic system (redrawn after Liou et al., 1985 and after Maresch, 1977 for the glaucophane

stability field). A proposed qualitative P-T path is illustrated (red arrowed-trajectory). Red numbers (1 through 4) refers to
Oceanic 1, Oceanic 2, Subduction-related, and Late orogenic stages, as defined in Table 2, respectively (see text and

Table 2 for comments). Numbered lines are the following univariant lines (according to Liou et al., 1985): (1) Jd+Qtz = Ab;
(2) Lws+Gln = Pmp+Chl+Ab+Qtz+fluid; (3) Pmp+Chl+Qtz = Zo+Tr+fluid; (4) Zo+Chl+Tr+Qtz = Hbl+fluid; (5) Pmp+Tr+Qtz
= Prh+Chl+fluid, (6) Pmp+Qtz = Zo+Prh+Chl+fluid; (7) Ab+fluid = Anl+Qtz. “Gln in”: upper stability field for glaucophane
according to Maresch (1977). Metamorphic facies: PP=prehnite-pumpellyite; PrA=prehnite-actinolite; GS=greenschist;

BS=blueschist; EA=epidote-amphibolite; AM=amphibolite. Geothermal gradients of 5°C/Km, 10°C/Km, and 20°C/Km are
also shown. Mineral abbreviations according to Siivola and Schmid (2007).
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The retrograde path did not necessarily take place at a
lower temperature than the prograde one during the sub-
duction; thus the downward and upward paths could have
been almost identical. However, we suggest that the ret-
rograde path did not proceed under a higher temperature
than the prograde path, since relatively high temperatures
would have led to the lawsonite breakdown. Consequent-
ly, the inferred qualitative P-T-path follows a counter-
clockwise trajectory. Counter-clockwise trajectories for
subducted terranes are commonly attributed by numerical
modeling to early subduction stages in an accretionary
prism (e.g. Cloos, 1982; Gerya et al., 2002; Gerya,
2011), such as the Franciscan Complex (Cloos, 1985).
Well-developed counter-clockwise paths have been pro-
posed for fast subduction by Roda et al. (2010), where
burial flow dominates over the upwelling flow. Addition-
al field and analytical studies are needed to better con-
strain and quantify the metamorphic evolution of the Fri-
do unit.

Conclusions
The metadolerites from the Frido Unit have been af-

fected by ocean-floor metamorphism under amphibolite
to greenschists facies conditions. Subsequent subduction-
related metamorphism under relatively HP/LT (blueschist
facies) conditions affected the rocks during the formation
of the Apennine accretionary prism. Late orogenic miner-
als of the prehnite-pumpellyite facies have crystallized in

rocks and in veins. Such long-lasting metamorphic evolu-
tion accompanying the rocks investigated here, from their
emplacement in the Jurassic western Tethys to the tecton-
ic history in the Apennine accretionary wedge, is easily
readable within microstructural domains characterized by
pseudomorphic textures. The zoned structure of amphib-
oles replacing igneous clinopyroxene records the entire
metamorphic evolution, as attested by the occurrence of
Ca-amphiboles (brown amphibole rimmed by green and
blue-green to pale-green amphiboles) that are statically
replaced by Ca-Na-amphibole and subsequent Na-am-
phibole. The investigated textural domains still record
such a long-lasting metamorphic evolution since the rock
was relatively unaffected by high strain zones (unde-
formed pods), due to deformation partitioning in the
weaker serpentinite matrix or in low-grade metasedi-
ments during oceanic lithospheric stretching or during
emplacement in the accretionary wedge.
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