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[1] An integrated structural, petrological, and geochro-
nological/thermochronological study was undertaken to
constrain the tectonic controls on the exhumation of the
Voltri Massif high‐pressure (HP) complex, located in
the Ligurian portion of the Western Alps (Italy). Petro-
textural analyses were performed to identify the
pressure‐temperature interval of (1) peak metamor-
phism (the D1‐M1 stage) to eclogitic/blueschist facies
conditions and (2) the main retrogressive event (the
D2‐M2 stage) to greenschist facies conditions. U‐Pb
SHRIMP dating on a zircon rim (33.8 ± 0.8 Ma) and
titanite grains (29 ± 5Ma), coupledwith 40Ar‐39Ar anal-
yses on phengite (∼64 Ma to ∼34 Ma) placed temporal
constraints on the exhumation path from the D1‐M1 to
the D2‐M2 stages at the Eocene‐Oligocene boundary.
Apatite fission track thermochronology, with older ages
of 23.9 ± 4.9 Ma, confirms the existence of a regional,
Late Oligocene to Miocene cooling/exhumation event
for the Voltri Massif (the D3‐M3 stage). The compila-
tion of this pressure‐temperature‐deformation‐time
path supports a change in the exhumation history: (1) an
initial stage, from the D1‐M1 to the D2‐M2, which
was nearly isothermal with highly variable exhumation
rates, and (2) a second stage, from D2‐M2 to upper
crustal levels, which was accomplished by cooling
and moderate exhumation rates of ∼1–2 mm yr−1.
This two‐stage path can be reconciled with the domi-
nant tectonic mechanisms responsible for exhumation
of HP rocks in the Voltri Massif area. At the regional
scale, this path is consistent with major geodynamic
reorganization in the Mediterranean region at the
Eocene‐Oligocene time boundary, which involved a
switch from synorogenic events during transpressive
kinematics at the Alpine‐Apennine plate boundaries,

to postorogenic processes related to crustal thinning
and opening of back‐arc basins. Citation: Vignaroli, G.,
F. Rossetti, D. Rubatto, T. Theye, F. Lisker, and D. Phillips
(2010), Pressure‐temperature‐deformation‐time (P‐T‐d‐t)
exhumation history of the Voltri Massif HP complex, Ligurian
Alps, Italy, Tectonics, 29, TC6009, doi:10.1029/2009TC002621.

1. Introduction
[2] The exposure of high‐pressure (HP) metamorphic

suites in orogenic domains implies exhumation from deep‐
seated crustal levels at convergent plate margins. Whereas
HP metamorphism is generally considered to be related to
progressive burial during ongoing subduction, exhumation
processes involved in bringing these rocks to surface are
somewhat controversial and can be grouped into two main
end‐member mechanisms: (1) shortening and thrust faulting
concomitant with erosion at the surface [Platt, 1993; Stüwe
and Barr, 1998] during underplating in a subduction chan-
nel [e.g., Cloos, 1982; Chemenda et al., 1995; Burov et al.,
2001; Gerya et al., 2002] and (2) removal of the overburden
produced by extensional detachment tectonics during
synorogenic to postorogenic processes [Platt, 1986; Jolivet
et al., 1998]. The ongoing debate surrounding this issue
mainly stems from the wide range of metamorphic peak
conditions, timing, and rates of exhumation documented for
paleosubduction environments [e.g., Ernst, 1988; Platt,
1993; Jolivet et al., 1998, 2003; Ring et al., 1999; Agard et al.,
2009].
[3] Reconstruction of the pressure‐temperature‐deformation‐

time (P‐T‐d‐t) paths of exhumed HP domains is a prereq-
uisite for constructing plausible geodynamic and tectonic
scenarios for the mechanism(s) and processes leading to
deep‐seated rock exhumation in orogenic domains. A P‐T‐d‐t
path involves assigning an absolute age to a specific tectonic
event by linking crystallization ages for specific minerals to
a specific rock fabric, in addition to mineral thermo-
barometry [e.g., Monié et al., 1991; Agard et al., 2002;
Challandes et al., 2003; Augier et al., 2005]. A multidisci-
plinary approach is necessary because of (1) the ambiguity
in correlating ages with mineral crystallization events in a
poly metamorphic fabric [e.g., Vernon, 1996; Vavra et al.,
1999; Harley et al., 2007], (2) questions relating to the
validity of isotopic parameters, such as the closure temper-
ature concept [e.g., Dodson, 1973; Villa, 1998], and (3) the
occurrence of external factors affecting the geochronological
results (e.g., the gain or loss of isotopic components in
presence of fluid phase [e.g., Geisler et al., 2007]).
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[4] The Western Alps (Figure 1) represent an important
natural laboratory to test modes of deep‐seated rock exhu-
mation in paleosubduction environments. The exhumed
roots of the Western Alps were variably equilibrated at both
ultra‐HP [e.g., Chopin, 1984; Reinecke, 1998; Rubatto and
Hermann, 2001] and eclogitic [e.g., Messiga et al., 1983;
Schwartz et al., 2000; Cartwright and Barnicoat, 2002] peak
conditions. In addition, a widespread retrograde greenschist
facies metamorphic overprint accompanied the exhumation
path [e.g., Messiga and Scambelluri, 1991; Barnicoat et al.,
1995; Agard et al., 2002; Reddy et al., 2003]. The wealth
of available geochronological data, although somewhat het-
erogeneous and based on different dating techniques, sug-
gests an overall younging of the orogenic belt from the

external (Africa‐derived units) to the internal (Europe‐de-
rived units) sector of the Alpine chain (see Rosenbaum and
Lister [2005] for a review). Within this data set, a partial
temporal overlap (at the Late Eocene‐Early Oligocene
boundary; see, e.g., Agard et al. [2002] and Rosenbaum and
Lister [2005] for a review) exists between ages attributed to
(U)HP metamorphism [Duchêne et al., 1997; Gebauer et al.,
1997; Rubatto and Hermann , 2001; Rubatto and
Scambelluri, 2003; Di Vincenzo et al., 2006] and the ret-
rogressive metamorphism during exhumation [Freeman et
al., 1997; Agard et al., 2002; Cartwright and Barnicoat,
2002; Reddy et al., 2003; Meffan‐Main et al., 2004;
Federico et al., 2005] (Figure 1). Fission track thermo-
chronology on apatite and zircon have revealed episodic

Figure 1. Geological map of the Western Alps with a compilation of published geochronological data
showing a partial temporal overlap (at the Late Eocene‐Early Oligocene boundary) existing between ages
attributed to (U)HP metamorphism and ages attributed to the retrogressive metamorphism during exhuma-
tion [after Agard et al., 2002;Meffan‐Main et al., 2004]. VM, Voltri Massif; TPB, Tertiary Piedmont Basin.
Numbers refer to the following: 1, Cliff et al. [1998]; 2, Tilton et al. [1991]; 3, Gebauer et al. [1997]; 4,
Duchêne et al. [1997]; 5,Rubatto andHermann [2001]; 6,Agard et al. [2002]; 7,Meffan‐Main et al. [2004];
8, Amato et al. [1999]; 9, Rubatto et al. [1998]; 10, Rubatto and Scambelluri [2003]; 11, Federico et al.
[2005]; 12, Inger et al. [1996]; 13, Rubatto and Hermann [2003]; 14, Rubatto et al. [1999]; 15, Bowtell
et al. [1994]; 16, Reddy et al. [1999]; 17, Cartwright and Barnicoat [2002]; 18, Paquette et al.
[1989]; 19, Monié and Chopin [1991]; 20, Scaillet et al. [1990]; 21, Scaillet et al. [1992]; 22, Dal Piaz
et al. [2001]; 23, Di Vincenzo et al. [2006]; 24, Federico et al. [2007b]; 25, Freeman et al. [1997];
26, Reddy et al. [2003]; 27, Markley et al. [1998]; 28, Gabudianu Radulescu et al. [2009].
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erosion/denudation stages (assisted by tectonics) since 32Ma
along the length of the Western Alps axis [e.g., Seward and
Mancktelow, 1994; Fügenschuh et al., 1997; Fügenschuh
and Schmid, 2003; Malusà et al., 2005; Malusà and
Vezzoli, 2006].
[5] The published geochronological data set also results in

a large variations of estimated exhumation velocities for (U)
HP units, spanning from < mm yr−1 to cm yr−1 [e.g., Ernst,
1988; Rubatto and Hermann, 2001; Chopin, 2003; Agard
et al., 2009]. This variation implies slow to ultrafast exhu-
mation rates in orogenic domain, which appears to be incon-
sistent with plausible geodynamic and tectonic scenarios (see
discussion by Agard et al. [2002]).
[6] The Voltri Massif (Ligurian Alps, Italy) is a key area

to investigate the geological parameters and tectonic sce-
narios controlling exhumation of the Alpine HP complexes,
because of (1) its particular geographic position at the
junction between the Western Alps and the Apennines belt
(Figure 1), (2) no general consensus exists about the P‐T‐d‐t
path followed by the exhumed HP units (see below), and
(3) proposed exhumation rates vary about 1 order of mag-
nitude [e.g., Rubatto and Scambelluri, 2003; Federico et al.,
2005]. In this context, we present a multidisciplinary study
that integrates U‐Pb, 40Ar‐39Ar, and apatite fission track
(AFT) geochronology with petrographical and structural
analyses. The results allow proposing a unitary P‐T‐d‐t
path for the HP units in the Voltri Massif by connecting
deformation/metamorphic stages to specific time intervals.
The results are discussed in terms of timing, rates, and
mechanisms of orogenic deformation in the Voltri area and
provide important insights into the processes that caused
exhumation of the HP domains in the Western Alps.

2. Geological Background of the Voltri Massif
2.1. Main Structural Subdivisions

[7] The Voltri Massif of the Ligurian Alps (Figure 2a)
consists of an eclogite‐bearing metaophiolitic complex and
corresponds to a remnant of the Liguro‐Piedmont oceanic
domain subducted during plate convergence between
Europe and Adria [e.g., Chiesa et al., 1975; Vanossi et al.,
1984]. The massif is located at the boundary between the
Western Alps and the northern Apennines (Figure 1) and is
in contact with the Hercynian continental basement rocks
(amphibolites, orthogneiss and associated intrusive granites)
of the Savona Massif [Vanossi et al., 1984], and the
ophiolitic terranes of the Sestri‐Voltaggio Zone [e.g.,
Cortesogno and Haccard, 1984] and the Montenotte Unit

[e.g., Beccaluva et al., 1979]. In the Voltri Massif, the
eclogitic rocks occur as variably retrogressed boudins (up to
one kilometer in size) embedded in a mafic sequence
composed by serpentinites, metagabbros, metabasalts and
minor metarodingites (the Beigua Unit). The associated
metasediments (the Voltri‐Rossiglione Unit) mainly consist
of mica schists, calc‐schists and quartz schists, locally
enclosing serpentinites, metabasalts and continent‐derived
rocks in boudins. Finally, partly serpentinized lherzolites
(the Erro‐Tobbio Unit) belonging to a mantle sliver of
the former Adriatic continental domain [e.g., Ernst, 1981;
Scambelluri et al., 1991] are placed at the top of the metao-
phiolite series. Some authors propose the presence of a dis-
tinctive unit (the Palmaro‐Caffarella Unit [e.g., Cortesogno
and Haccard, 1984; Capponi and Crispini, 2006b]) in the
southeastern part of the Voltri Massif, tectonically inter-
layered between the Beigua Unit and the Voltri‐Rossiglione
Unit. In this work, the Palmaro‐Caffarella Unit is considered
part of the Voltri‐Rossiglione Unit (see discussions by
Capponi et al. [2009] andVignaroli et al. [2009b]). The entire
tectonic edifice is overlain by Oligo‐Miocene sedimentary
deposits of the Tertiary Piedmont Basin (TPB) [e.g.,
Charrier et al., 1964; Franceschetti, 1967; Gelati and
Gnaccolini, 1998], a transgressive succession characterized
by a basal monogenic breccia (the Costa Cravara Breccias)
and a conglomeratic formation (the Molare Formation)
containing eclogitic clasts commonly attributed to denuda-
tion of the Voltri Massif [e.g., Vanossi et al., 1984; Federico
et al., 2004].

2.2. P‐T Data Set

[8] Detailed petrological works for the Voltri eclogites
show maximum peak metamorphic conditions of 18–22 kbar
and 500°C–600°C [e.g., Messiga et al., 1983; Liou et al.,
1998; Brouwer et al., 2002; Vignaroli et al., 2005], fol-
lowed by polyphase retrograde evolution through the
blueschist and the amphibolite facies fields [Messiga and
Scambelluri, 1991; Vignaroli et al., 2005]. An eclogitic
overprint has been also documented in the Erro‐Tobbio
lherzolites (20–25 kbar and 550°C–600°C) and is considered
indicative of an Alpine subduction history [e.g., Scambelluri
et al., 1995]. Few petrological studies dealt with the meta-
morphic evolution of the metasediments (Voltri‐Rossiglione
Unit and Palmaro‐Caffarella Unit). Peak metamorphic con-
ditions are represented by relicts of garnet, paragonite, sodic
amphibole and zoisite together with Si4+‐rich phengite
(Si4+ > 3.5 atoms per formula unit (a.p.f.u.)), all preserved

Figure 2. (a) Simplified geological map of the Voltri Massif and surrounding area from integration of older [Allasinaz
et al., 1971; Chiesa et al., 1975] and more recent maps [Capponi and Crispini, 2005, 2006a, 2006b, 2006c]. Sample
locations are also shown. (b) Compilation of published geochronological data for the Voltri Massif units and for clasts from
the Tertiary Piedmont Basin. Numbers refer to the following: 1, Rubatto and Scambelluri [2003]; 2, Hoogerduijn Strating
[1991]; 3, Barbieri et al. [2003]; 4, Carrapa et al. [2004]; 5, Charrier et al. [1964] and Gelati et al. [1993]; 6, Di Biase and
Pandolfi [1999]; 7, Federico et al. [2005]; 8, Gelati and Gnaccolini [1998]; 9, Bertotti et al. [2006]; 10, Federico et al.
[2007b]. (c–f) Proposed tectonic models for exhumation in the Voltri Massif, simplified and redrawn after Messiga and
Scambelluri [1991] (Figure 2c), Federico et al. [2007a] (Figure 2d), Hoogerduijn Strating [1994], with permission from
Elsevier (Figure 2e), and Vignaroli et al. [2008] (Figure 2f). The asterisk indicates the supposed position of the Voltri
Massif.
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