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Abstract: 

The problem of how dense high- (HP) and ultrahigh-pressure (UHP) metamorphosed oceanic 

mafic and ultramafic rocks are exhumed from deep within subduction zones is crucial to 

understanding processes occurring at the interface between the subducting slab and the overlying 

plate and mantle wedge. In this study, we use the P-T-t evolution of metamorphosed Fe-Ti 
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gabbros hosted in meta-serpentinite from the Voltri Ophiolite (Ligurian Alps, Italy) to evaluate 

potential exhumation mechanisms and assess whether HP mafic rocks were exhumed as blocks 

within a complex serpentinite-hosted mélange or as coherent sections of oceanic lithosphere. A 

number of observations provide evidence for subduction and exhumation of the central portion 

of Voltri Ophiolite as a coherent package of ultramafic and mafic material: (1) a similar 

evolution in mineral assemblages, textures and compositions suggesting peak metamorphism in 

the eclogite-facies, followed by a retrograde evolution through blueschist-, amphibolite- and 

greenschist-facies conditions; (2) uniform P-T conditions of both initial garnet growth (~475-

480℃ and 2.0-2.2 GPa) and peak metamorphism (~500-525℃ and 2.3-2.5 GPa); and (3) bulk 

Sm-Nd garnet ages that reveal a very tight grouping of ages for four well-equilibrated foliated 

Fe-Ti meta-gabbros clustering at 39.98 ± 0.84 Ma. A massive undeformed gabbro also from the 

central Voltri area gave a slightly younger age of 38.15 ± 0.89 Ma, which is interpreted to reflect 

kinetic overstepping and delayed growth of garnet. By contrast, an Sm-Nd garnet age from the 

NW portion of the Voltri Ophiolite indicates peak eclogite-facies metamorphism occurring ~10-

12 Ma earlier at 49.68 ± 0.35 Ma. A compilation of the current geochronological data suggests 

that the NW portion of the Voltri Ophiolite underwent peak eclogite-facies metamorphism first 

at ~50 Ma, the sedimentary portion of the Voltri Unit (the Voltri-Rossiglione meta-sediments) 

experienced peak metamorphism around ~47-44 Ma, whilst subduction and peak metamorphism 

of the central part of the ophiolite occurred later at 41-38 Ma. Alongside recent studies of other 

Alpine ophiolites (Zermatt Saas, Monviso, Alpine Corsica), this study suggests that detachment 

and buoyant exhumation of large kilometric-scale coherent sections of slab material, rather than 

exhumation within a chaotic serpentinite mélange, is the dominant mechanism of preserving and 

returning eclogite-facies metamorphic rocks to the surface in the Western Alps. In the case of the 
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Voltri Ophiolite, which lacks any associated continental massif, this exhumation was likely aided 

by the buoyancy of the serpentinite-dominated oceanic lithosphere, rather than by coupling to 

continental crust.   

Key Words: 

Subduction; Exhumation; Eclogites; High-pressure metamorphism; Western Alps; Garnet 

 

Highlights: 

 Eclogite-facies metamorphism in the central Voltri Ophiolite occurred at 41-38Ma 

 HP metamorphism occurred earlier at ~50Ma in the NW part of the ophiolite 

 The central Voltri area was subducted and exhumed as a coherent lithospheric slice 

 The ophiolite comprises at least two slices with variable P-T-t histories  

 Exhumation of the ophiolite achieved via buoyancy of serpentinite-dominated crust 

 

 

 

 

1. Introduction: 

Understanding the physical and chemical characteristics of the subduction interface is vital to 

better characterizing the mass and chemical transfer between the subducting slab and overlying 

plate and mantle (e.g. Bebout and Barton, 2002; Kerrick and Connolly, 2001; Poli and Schmidt, 
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1995; Schmidt and Poli, 1998), the role of metamorphic fluids in the generation and chemical 

modification of arc magmas (e.g. Debret and Sverjensky, 2017; Evans, 2012; Gerrits et al., 2019; 

Kelley and Cottrell, 2009; Parkinson and Arculus, 1999; Tatsumi, 2005), and the controls on 

seismic activity within subduction zones (e.g. Abers et al., 2006; Austrheim, 1987; Hacker et al., 

2003; Peacock and Hyndman, 1999; Scambelluri et al., 2017). In particular, the processes that 

control the detachment and subsequent exhumation of material from the subducting slab have 

received considerable study as they are important for understanding the movement of material 

along the subduction interface and the characteristics of the interface itself (e.g. Agard et al., 

2009; Cloos, 1982; Cloos and Shreve, 1988; Gerya et al., 2002; Platt, 1986, 1993). Relics of such 

material, manifested as high-pressure (HP) metamorphic rocks within orogenic belts, provide a 

potentially high-resolution window into the mineralogy and geochemistry of subduction slab 

material and the structure of the subduction interface. 

At shallow depths (e.g. <40 km), the exhumation of HP metamorphic rocks is considered to 

occur within accretionary wedge structures, dominated by relatively buoyant, low viscosity 

sediments, as a result of various tectonic and/or erosional processes (e.g. Agard et al., 2009; 

Beaumont et al., 1999; Cloos, 1982; Cloos and Shreve, 1988; Guillot et al., 2009; Platt, 1993, 

1986). At depths below the base of the accretionary wedge, however, sediments become less 

prevalent along the subduction interface so different exhumation mechanisms are required to 

explain the return of high-pressure (HP) and ultrahigh-pressure (UHP) metamorphic rocks (e.g. 

Agard et al., 2009; Gerya and Stockhert, 2002; Guillot et al., 2009). Whereas the buoyancy-

driven exhumation of continental material from HP and UHP metamorphic conditions is 

generally thought to occur at cm/yr rates, the exhumation of mafic rocks is slower (mm/yr) (see 
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review of Agard et al., 2009 and references therein) and occurs in spite of the negative buoyancy 

of eclogitized mafic crust relative to hanging wall lithologies.  

One mechanism widely reported to account for the exhumation of mafic and ultramafic material 

is the formation of a ‘serpentinite subduction channel’ in which blocks of high-pressure mafic 

and sedimentary ophiolitic material are entrained within a serpentinite-dominated mélange that 

forms at the interface between the downgoing slab material and overlying mantle wedge 

(Federico et al., 2007a, 2007b; Gerya and Stockhert, 2002; Guillot et al., 2004, 2009; Hermann et 

al., 2000; Stockhert and Gerya, 2005). A number of field studies have demonstrated the 

systematic association of HP oceanic mafic material with serpentinites within exhumed 

ophiolites (e.g. Agard et al., 2009; Guillot et al., 2004, 2009; Hermann et al., 2000) and the 

importance of serpentinites, as buoyant, low viscosity material, in exhuming denser crustal 

material (e.g. Chernak and Hirth, 2010; Guillot et al., 2009; Hermann et al., 2000; Hilairet et al., 

2007). Geodynamic models have suggested formation of this serpentinite channel as a result of 

metamorphic devolatilization from the subducting slab and resulting fluid influx and 

serpentinization of the mantle wedge (Gerya et al., 2002), though subducted abyssal serpentinites 

may also provide a source for the serpentinite channel (e.g. Li et al., 2004; Scambelluri et al., 

1995). Crustal material may be exhumed as a result of the detachment from the slab and 

incorporation into this channel. Models predict that this would exhume a mélange of meta-

serpentinite-hosted crustal blocks that, as a population, preserve evidence of heterogeneous 

metamorphic chronologies and a range of different pressure-temperature (P-T) histories (e.g. 

England and Holland, 1979; Gerya et al., 2002; Stockhert and Gerya, 2005).  

While the serpentinite subduction channel model has been widely proposed to account for the 

exhumation of HP mafic rocks, a number of studies describe observations that are difficult to 
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reconcile with exhumation within a chaotic subduction channel structure. These observations 

from HP sequences include the occurrence of continuous sections of coherent lithostratigraphy 

and the presence of uniform P-T conditions and metamorphic ages across a wide area (Angiboust 

et al., 2009, 2012; Angiboust and Agard, 2010; Beltrando et al., 2010a; Lagabrielle et al., 2015; 

Lagabrielle and Cannat, 1990; Lagabrielle and Lemoine, 1997; Vitale Brovarone et al., 2013). 

Such observations are more consistent with the detachment and exhumation of large coherent 

sections of subducted slab material (e.g. Angiboust et al., 2009, 2012; Vitale Brovarone et al., 

2013). The exhumation of these larger coherent sections of oceanic lithosphere has been 

proposed to occur as a result of the buoyancy-driven exhumation potentially aided by the 

presence of low-density serpentinized mantle (e.g. Hermann et al., 2000) or the coupling to 

buoyant continental crust upon subduction of the continental margin (e.g. Angiboust et al., 2009, 

2012; Angiboust and Agard, 2010; Beltrando et al., 2010a).  

Past investigations of the high-pressure metamorphic massifs of the Western Alps have imposed 

a critical influence on the development of exhumation mechanisms for HP rocks. A number of 

studies of the Monviso Ophiolite (e.g. Guillot et al., 2004, 2009; Schwartz et al., 2001) and parts 

of the Voltri Ophiolite (e.g. Cascine Parasi, Federico et al., 2007a, 2007b; eastern Voltri, 

Malatesta et al., 2012; northern Voltri, Brouwer et al., 2002) have suggested that they are 

serpentinite mélanges that represent ‘fossilized’ serpentinite subduction channels (see Fig. 1a for 

localities). By contrast, more recent studies of the Monviso, Zermatt Saas and Alpine Corsica 

Ophiolites provide evidence for exhumation of these massifs as more coherent crustal fragments, 

potentially aided by coupling to buoyant continental crust late in the subduction history 

(Angiboust et al., 2009, 2012; Angiboust and Agard, 2010; Beltrando et al., 2010; Vitale 

Brovarone et al., 2011, 2013). 
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The Voltri Ophiolite, located within the Ligurian Alps (Fig. 1), consists predominantly of 

serpentinites that host ~1-100m lenses of mafic and sedimentary material, as well as units 

dominated by sedimentary and sub-continental lithospheric material, metamorphosed to 

blueschist- and eclogite-facies during the Alpine orogeny (e.g. Ernst, 1981; Federico et al., 2005; 

Messiga and Scambelluri, 1991). Previous studies have suggested a wide range of ages (~49-33 

Ma) that have generally been interpreted to date peak metamorphism (e.g. Federico et al., 2005, 

2007a; Rubatto and Scambelluri, 2003; Vignaroli et al., 2010). This large variation in 

metamorphic ages raises a number of important questions including whether these data truly 

reflect diachronous subduction of different bodies within the ophiolite and the scale over which 

P-T-t variations occur. The Voltri Ophiolite thus provides an ideal field laboratory in which to 

test the various proposed mechanisms for exhuming dense high-pressure (HP) metamorphic 

rocks and, in particular, to establish whether it preserves the characteristic signatures of a 

complex tectonic mélange structure or that of a coherent ophiolitic slice. 

In this study, we utilize garnet Sm-Nd garnet geochronology, combined with petrographic and P-

T analysis, to determine P-T-t paths for rocks of the central and western Voltri Ophiolite. We 

analyze meta-gabbroic lenses that occur within serpentinite, questioning whether variations in 

timing and P-T conditions of peak metamorphism occur on either a small (~100m) or larger 

(>1km) spatial scale. Our aims include: (1) determining the P-T paths and timing of peak 

metamorphism across the Voltri Ophiolite; (2) establishing whether different units or areas of the 

Voltri Ophiolite experienced different subduction and exhumation histories; and (3) examining 

whether material within individual units were exhumed as coherent blocks or as part of a more 

chaotic ‘mélange’ structure. Finally, we compare our results from Voltri with those from other 
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HP massifs from the Western Alps in order to establish viable mechanisms for the exhumation of 

(U)HP material across the Alps and other subduction systems. 

2. Geological Background 

Ophiolitic rocks of the Voltri Massif consist predominantly of metamorphosed serpentinite that 

contains smaller (~1-100m) Fe-Ti meta-gabbro, metabasalt, and metarodingite bodies, in 

addition to associated oceanic metasedimentary units that include micaschists and calcschists 

(e.g. Capponi et al., 2016; Chiesa et al., 1975; Cortesogno et al., 1977; Hoogerduijn-Strating, 

1991). Together, these represent a fragment of the former Liguro-Piedmont oceanic domain that 

was subducted as a result of the convergence of Europe and Adria (e.g. Ernst, 1981; Messiga et 

al., 1983; Messiga and Scambelluri, 1991). A number of equivalent metamorphosed fragments of 

the Liguro-Piedmont ocean are found elsewhere within the Western Alps, notably the Zermatt 

Saas and Monviso Ophiolites to the north and the ophiolites of Alpine Corsica to the south (Fig. 

1a). 

The Voltri Massif can be structurally divided into two major units: the Voltri and Erro-Tobbio 

Units (Fig. 1b). The central portion (Vara area) of the Voltri Unit, which forms the main focus 

for this study, is dominated by antigorite meta-serpentinites containing blocks of metamorphosed 

Fe-Ti gabbros, metabasalts, and meta-rodingites (e.g. Cortesogno et al., 1977; Hoogerduijn-

Strating, 1991; Messiga and Scambelluri, 1991; Vignaroli et al., 2005). The Voltri Unit also 

comprises meta-sedimentary rocks including micaschists and calcschists (e.g. Capponi et al., 

2016; Federico et al., 2005; Vignaroli et al., 2010) (Fig. 1b), termed here the ‘Voltri-Rossiglione 

meta-sediments’ (previously the Voltri-Rossiglione Unit; e.g. Chiesa et al., 1975). The Cascine 

Parasi Mélange unit, within the western portion of the Voltri Unit (Fig. 1b), consists of small 

blocks of metabasite and metasediment contained within a chlorite-actinolite matrix (e.g. 
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Federico et al., 2007a, 2007b). The Erro-Tobbio Unit overlies the Voltri Unit and comprises 

partly serpentinized spinel and plagioclase lherzolites intruded by metagabbroic dykes that 

record an Alpine subduction history (e.g. Piccardo and Vissers, 2007; Scambelluri et al., 1991, 

1995; Vissers et al., 1991). It preserves inherited pre-Alpine rift-related structures and has been 

interpreted to represent subcontinental mantle from the Adriatic domain exhumed to the seafloor 

prior to Alpine subduction (e.g. Piccardo and Vissers, 2007; Scambelluri et al., 1991, 1995; 

Vissers et al., 1991). These units are overlain by the sedimentary Tertiary Piedmont Basin (TPB) 

(Fig. 1b), in which breccias and conglomerates contain mafic eclogite clasts derived from the 

Voltri Ophiolite and deposited during the Oligocene and Miocene (e.g. Barbieri et al., 2003; 

Carrapa et al., 2004; Federico et al., 2005).     

Previous work has given a range of possible P-T conditions and paths for the high-P and 

retrograde evolution of the Voltri Massif based on analysis of mafic eclogites (e.g. Brouwer et 

al., 2002; Hoogerduijn-Strating, 1991; Messiga et al., 1983; Messiga and Scambelluri, 1991; 

Vignaroli et al., 2005), Voltri-Rossiglione meta-sediments (e.g. Vignaroli et al., 2010) and meta-

serpentinites and ophi-carbonates of the Voltri and Erro-Tobbio Units (e.g. Scambelluri et al., 

1991, 1995). Peak eclogite-facies conditions have been variably constrained to ~1.8-2.5 GPa and 

450-550℃ (Brouwer et al., 2002; Federico et al., 2007a, 2007b; Malatesta et al., 2012; 

Scambelluri et al., 2016; Scarsi et al., 2017; Vignaroli et al., 2005). The conditions of blueschist-, 

amphibolite- and greenschist-facies overprints have also been partially constrained to ~1.2 GPa 

and 550℃ (epidote blueschist facies; Vignaroli et al., 2005) and ~0.8 GPa and 480 ℃ 

(amphibolite- to greenschist-facies transition; Vignaroli et al., 2005).  

The majority of previous constraints on the timing of metamorphic and deformation events in the 

Voltri Ophiolite have been derived from whole-grain Ar-Ar and Rb-Sr dating of zoned white 
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micas from the Voltri Unit eclogites and Voltri-Rossiglione meta-sediments (e.g. Federico et al., 

2005, 2007a; Vignaroli et al., 2010) or from the overlying Tertiary Piedmont Basin (TPB) (e.g. 

Barbieri et al., 2003; Carrapa et al., 2004; Federico et al., 2005). This previous work has resulted 

in a large range of ages interpreted to represent peak eclogite-facies metamorphism at ~49-33 

Ma. Federico et al. (2005) suggest that peak eclogite-facies metamorphism for the Voltri 

Ophiolite occurred around 49Ma, with blueschist and greenschist retrogression constrained to 

approximately 43-40 Ma and 33 Ma respectively, based on Ar-Ar dating of white micas. Dating 

of eclogite blocks from the Cascine Parasi Mélange unit (Ar-Ar white mica) indicate slightly 

younger peak metamorphism at ~43 Ma and blueschist-facies retrogression at 43-40Ma. By 

contrast, a U-Pb (SHRIMP) age of 33.6 ± 1.0 Ma for baddeleyite within Ti-clinohumite veins 

from the Vara area (Voltri Unit) was interpreted as recording the timing of peak metamorphism 

(Rubatto and Scambelluri, 2003).  

3. Analytical Methods 

3.1. Mineral and Whole Rock Compositions 

Major element mineral compositions were determined using wavelength dispersive spectrometry 

(WDS) with a JEOL JXA-8200 electron microprobe at the Massachusetts Institute of 

Technology and a JXA-8900R Superprobe at the University of Maryland. All spot analyses used 

an acceleration voltage of 15 kV, a current of 20 nA, and an approximate spot size of 5 µm. 

Representative major element data for garnet, pyroxene and amphibole are shown in Tables S1, 

S2, and S3 respectively.  

Trace element concentrations in garnet from several Fe-Ti gabbro samples were 

determined using an Agilent 7500ce ICP-MS coupled with a 193 nm Geolas laser ablation 
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system, at Virginia Tech. Mineral ablation was performed in a He atmosphere (0.5 L/min). Laser 

ablation analyses were conducted using a beam diameter of 90 µm and a repetition rate of 5 Hz. 

Each analysis comprised of a suite of 45 elements, each with a dwell time of 10 ms. The total 

sweep time was 0.53 s. Each analysis consisted of 60 s of background acquisition and 60 s of 

data acquisition. 28Si was used as the internal standard (at a concentration of 37 wt.% SiO2). The 

NIST 610 reference glass (Pearce et al., 1997) was analyzed as an external standard, in duplicate, 

at the start and end of the analytical session. Data processing was performed using the in-house 

(Virginia Tech) software AMS v.1.1.1 (Mutchler et al., 2008). Instrument drift was corrected by 

applying a linear fit between the standards analyzed at the start and end of the analytical session. 

The precision of all (garnet) LA-ICP-MS analyses was calculated to be less than 5% for all trace 

elements. 

Bulk rock major and trace element analysis of selected Fe-Ti gabbros were conducted at the 

Department of Earth and Environmental Sciences at Franklin and Marshall College, utilizing a 

PANalytical 2404 X-ray fluorescence (XRF) spectrometer, using the methods of Boyd and 

Mertzman (1987). 

3.2. Garnet Geochronology 

Sm-Nd garnet geochronology was conducted on ‘bulk’ garnet separates from six Fe-Ti gabbro 

samples. Physical separation of garnet was carried out using magnetic separation utilizing a 

Frantz separator, followed by careful handpicking to remove garnet grains with visible 

inclusions. The garnet separate was then crushed further and separated into 75-150 µm and <75 

µm (powder) fractions. Representative whole rock fractions were selected and finely crushed 

into a powder (<75 µm grain size).   
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The effective removal of micro-inclusions, which commonly have orders of magnitude greater 

Sm and Nd concentrations than their host garnet, is a significant challenge to producing an 

accurate and precise garnet Sm-Nd ages (e.g. Amato et al., 1999; Anczkiewicz and Thirlwall, 

2003; Baxter et al., 2002, 2017, Pollington and Baxter, 2010, 2011; Scherer et al., 2000; Thoni, 

2003). In this study, we used a ‘partial dissolution’ method, modified from that of Amato et al. 

(1999), Baxter et al. (2002) and Pollington and Baxter (2010, 2011), to remove micro-inclusions 

from the picked garnet separate. Garnet separates were subjected to low concentration 

hydrofluoric acid (HF) for two hours at 120℃, followed by two hours in nitric acid (HNO3) also 

at 120℃. The exact concentration of HF was modified based upon the starting amount of garnet 

to achieve the desired amount of separate dissolution. This two stage HF + HNO3 step was 

repeated as many times as necessary (>2 times), progressively dissolving the garnet separate 

until the remaining garnet residue is reduced to the desired weight (~60-90% total weight loss). 

The HF and HNO3 acid leachates (labelled Lch 1, Lch 2, etc. representing progressive 

HF+HNO3 dissolution stages), which contained garnet and inclusion phases dissolved during 

each HF + HNO3 step, were also collected and analyzed. These partial dissolution methods were 

used to populate 4- to 6-point isochrons for each sample, comprising multiple final cleansed 

garnet (75-150 µm) and garnet powder (<75 µm) residues, intermediate garnet leachates, along 

with the whole rock.  

All samples were then fully dissolved using HF + HNO3 + HCl, and spiked with a well-

calibrated mixed 147Sm-150Nd tracer. These were then run through column chemistry to isolate 

Sm and Nd, and analyzed using an IsotopX Phoenix TIMS at the Boston College Center for 

Isotope Geochemistry, following the methods outlined in Harvey and Baxter (2009). Analysis of 

an in-house 4ng Nd standard (Ames metal) over the duration of analysis for this study gave a 
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mean 143Nd/144Nd of 0.512151 ± 0.000006 (2SD). This external reproducibility was used for age 

error analysis in cases where the internal run precision was greater (i.e. lower error). The column 

blanks ranged from 2-13 pg of Nd, and were thus insignificant for the age calculations. 

4. Fe-Ti Meta-Gabbros – Field and Petrographic Observations 

We focus on the mafic components of the Voltri Unit located in the central and western parts of 

the Voltri Ophiolite (Fig. 1b). The majority of samples used in this study come from road cuts 

and riverbeds within the Vara area around the villages of San Pietro d’Olba and Vara, (including 

V17-S805D01, V17-X808E01, V18-D619A08, and V18-D619A16; referred to as Blocks 1, 2, 3, 

and 4 respectively) and further east, closer to the town of Voltri (including V17-X811A01; Block 

5) (Fig. 1b). Additional samples (notably V18-S617C01; Block 6) come from the NW of the 

Voltri Ophiolite, still within the Voltri Unit, close to the town of Sassello (Fig. 1b) 

4.1. Massive and Foliated Fe-Ti Meta-Gabbros 

Whilst the majority of the Voltri Unit is dominated by meta-serpentinites, this study focuses on 

the embedded mafic lithologies, due to their value as recorders of P-T-t histories. These eclogite-

facies Fe-Ti meta-gabbros occur as 1-100 m diameter lenses within antigorite serpentinites (Fig. 

2a). The meta-gabbros are grouped according to deformation intensity: (1) massive or ‘coronitic’ 

eclogites preserving former igneous fabrics including recrystallized pseudomorphs after former 

coarse-grained igneous pyroxene, plagioclase and Fe-Ti oxides, rimmed by fine-grained coronas 

of garnet (Fig. 2b); (2) foliated eclogites retaining little or no evidence of former igneous 

structures and containing euhedral garnet within a fine-grained foliated matrix (Fig. 2c) (e.g. 

Cortesogno et al., 1977; Messiga and Scambelluri, 1991; Vignaroli et al., 2005; this study).  

4.2. Mineral Assemblage Evolution 
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Although there is some variation in the degree of metamorphic retrogression, the majority of 

samples (both massive and foliated) display similar mineral assemblages, compositions, and 

microstructural features, allowing for the construction of a generalized composite prograde, 

peak, and retrograde metamorphic history, as summarized in Fig. 3. Table 1 provides a brief 

description and summary of key features for each of the individual samples used in this study.   

4.2.1. Prograde and Peak History 

Rock matrices preserve no record of blueschist-facies mineralogy that can be definitively 

interpreted to be of prograde origin, however inclusions within garnet provide a clear record of a 

blueschist-facies prograde event (Fig. 3a). Garnet porphyroblasts within meta-gabbros generally 

contain fine-grained, inclusion-rich cores, and rims that are largely devoid of inclusions (Figs. 

2b, c). The inclusions within garnet cores include glaucophane, sodic pyroxene, talc, rutile, 

ilmenite, titanite and quartz. In addition, rectangular inclusions containing fine-grained epidote 

and paragonite are found within garnet cores and are tentatively interpreted to represent 

pseudomorphs after lawsonite. Similar observations of epidote and paragonite inclusions within 

Fe-Ti meta-gabbros in the Vara area, that were interpreted to indicate the presence of former 

lawsonite during prograde garnet growth, are described in Messiga and Scambelluri (1991) and 

Vignaroli et al. (2005). A massive meta-gabbro from the Vara area (Block 1) is an important 

exception to these general observations, containing no diagnostic blueschist-facies inclusions 

within garnet (only omphacite, talc, rutile and ilmenite). 

The peak metamorphic eclogitic assemblage is preserved as garnet + sodic pyroxene + rutile ± 

glaucophane ± quartz ± paragonite ± talc (Fig. 3b). In massive gabbroic samples, these eclogitic 

assemblages are interpreted to pseudomorph the original igneous assemblage: sodic pyroxene 

and fine-grained garnet replace original igneous pyroxene and plagioclase grains within well-
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formed pseudomorphs (Fig. 2b), garnet forms coronal structures around former igneous 

pyroxene and oxides (Fig. 2b), and rutile replaces original igneous Fe-Ti oxide phases. In 

foliated samples, the peak assemblages are layered into garnet-rich and pyroxene-rich (often 

replaced by retrograde amphibole) zones, with interspersed deformed rutile stringers (Fig. 2c).  

4.2.2. Blueschist Facies Retrograde History 

The first retrograde event is characterized by the growth of blueschist-facies mineralogy 

including sodic, sodic-calcic and calcic amphiboles (glaucophane, winchite and actinolite), and 

plagioclase (Fig. 3c). In both massive and foliated meta-gabbros, this blueschist overprint occurs 

as coarse-grained intergrowths of glaucophane and winchite/actinolite (Figs. 2e, f). In addition, 

glaucophane also occurs as a fine-grained replacement of the peak minerals (e.g. sodic 

pyroxene), commonly localized along the rims of pseudomorphs after the former igneous 

mineralogy within massive meta-gabbros.  

4.2.3. Amphibolite and Greenschist Facies Retrograde History 

A later amphibolite-facies retrograde overprint is observed in all massive and foliated Fe-Ti 

meta-gabbros and is characterized by the assemblage katophorite + hornblende + epidote + albite 

+ paragonite + chlorite (Fig. 3d). A final greenschist-facies overprint is observed in the majority 

of samples, comprising fine-grained actinolite, chlorite, albite and epidote, replacing peak and 

previous retrograde assemblages (Fig. 3e). This greenschist-facies overprint is limited in extent 

compared to the dominant amphibolite- and blueschist-facies stages observed in most meta-

gabbro samples.    

5. Mineral Compositions and Textures 

5.1. Garnet Compositions 
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Garnet from both massive and foliated meta-gabbros is consistently almandine-rich (>66%) and 

pyrope-poor (<15%) in all samples (Fig. 4a). Most garnet grains show obvious prograde 

chemical zonation characterized by cores enriched in grossular and spessartine components, with 

more almandine- and pyrope-rich rims (Figs. 4a, c-f; Table S1; see also supplementary Figs. S1-

5 for full garnet compositional maps for Blocks 1, 2 and 5). There is some variation in the 

compositions of garnet between massive and foliated samples, with massive gabbros 

demonstrating more pyrope-rich rims and less grossular and almandine zonation (compositional 

variation: Alm69-79Grs13-23Prp4-15Sps0-5), compared to garnet in foliated gabbros (compositional 

variation: Alm64-83Grs12-33Prp1-8Sps0-10) (Fig. 4a). Garnet grains found in several foliated meta-

gabbro samples contain Mn spikes and Ca depletion towards the rims, potentially suggesting 

some garnet resorption and/or breakdown of a Mn-rich phase during garnet rim growth (Fig. 4f). 

5.2. Pyroxene Compositions 

Metamorphic sodic pyroxene within massive meta-gabbros is found as pseudomorphs after 

primary igneous clinopyroxene and plagioclase (Fig. 2b). In foliated samples, such obvious 

pseudomorphs are rare and clinopyroxene shows evidence of deformation and recrystallization 

within fine-grained pyroxene-rich layers. Pyroxene within foliated samples generally shows 

greater compositional heterogeneity (Di38-68Jd16-43Ae27-59) than within massive samples (Di45-

56Jd21-36Ae35-48) (Fig. 4b; Table S2). Analysis of pyroxene cores and rims from both massive and 

foliated meta-gabbros indicates no evidence of core-rim chemical zonation, although there is 

consistent patchy µm-scale chemical variation.  

5.3. Amphibole Compositions 
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The retrograde history of the Fe-Ti meta-gabbros is best recorded by an evolution in amphibole 

chemistry and textures that documents progressive metamorphism from blueschist- to 

greenschist-facies conditions. The ferric iron contents and cation per formula unit (cpfu) values 

for all amphibole analyses were calculated using the method of Schumacher (1997; average 

recalculation factor). Fig. 5 shows amphibole compositions plotted in terms of cation sites 

occupancies (Figs. 5a, b, c) and also expressed as coupled substitution vectors (tschermakite, 

edenite and glaucophane; after Schumacher, 2007) (Fig. 5d). 

We identify six distinct amphibole phases belonging to four different generations: (1) prograde 

glaucophane appearing as inclusions within garnet; (2) coexisting retrograde glaucophane and 

winchite/actinolite occurring as intergrowths and core-rim microstructures; (3) coexisting 

retrograde katophorite and hornblende/tschermakite as rims and individual grains; and (4) 

retrograde actinolite (Fig. 5; Table S3). The glaucophane interpreted to be of prograde origin 

occurs as small, compositionally homogeneous inclusions within the cores and mantles of garnet. 

As part of the blueschist overprint, glaucophane and winchite/actinolite coexist in a number of 

textural relationships: (1) intergrowths of glaucophane and winchite/actinolite (e.g. Figs. 2e, f); 

(2) winchite/actinolite rimmed by glaucophane; (3) rare examples of glaucophane rimmed by 

winchite/actinolite. These textural observations, in addition to the consistent gap in the degree of 

glaucophane substitution (BNaCAl ↔ BCaCMg) (Figs. 5a, b, d), support equilibrium coexistence 

across the sodic-calcic amphibole miscibility gap (e.g. Schumacher, 2007; Smelik and Veblen, 

1992).  

The amphibolite-facies overprint is characterized by the coexistence of the Ca-Na amphibole, 

katophorite and calcic amphiboles ranging in composition from magnesio-hornblende to ferro-

tschermakite (hereby termed more generally as hornblende) (Fig. 5c). The amphibole textures 
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provide clear evidence that the amphibolite-facies metamorphism postdates the blueschist-facies 

retrogression including: (1) katophorite rimming glaucophane-winchite/actinolite intergrowths 

(Figs. 2e, f); (2) the static crystallization of hornblende and katophorite that overprints the earlier 

metamorphic fabrics seen within the peak eclogite and retrograde blueschist-facies mineralogy 

(Figs. 2g, 2h). Kataphorite commonly forms rims around glaucophane-winchite intergrowths 

(Figs. 2e, f) and hornblende predominantly forms new crystals within the matrix (e.g. Figs. 2g. 

h), indicating that their coexistence may be partly controlled by their differing nucleation sites. 

The final generation of amphibole, part of the greenschist-facies overprint, plots as actinolite and 

shows limited compositional variation. It is compositionally typical of the greenschist-facies (e.g. 

Schumacher, 2007; Starr and Pattison, 2019) and is distinct from actinolite occurring as part of 

the blueschist-facies overprint (Figure 5d).  

6. Bulk Rock Compositions 

Major and trace element compositions for twelve Fe-Ti gabbros from the Voltri unit are shown 

in Table 2. These are similar to the ‘unaltered’ Fe-Ti gabbro compositions of Bocchio et al. 

(2000) and to other metamorphosed Fe-Ti gabbro suites in Voltri and elsewhere in the Western 

Alps (e.g. Pognante, 1985; Pognante and Kienast, 1987). This suggests little compositional 

modification of the original Fe-Ti gabbro composition from sea floor alteration or during 

subduction-related metamorphism, in contrast to the numerous rodingitized gabbroic dykes that 

exist within the Voltri area and show considerable calcium enrichment and depletion in SiO2 and 

Na2O (Table 2). The gabbros demonstrate very little variation in major element compositions and 

are characterized by high Fe and Ti contents and low Mg#, MgO and Al2O3 compared to average 

MORB compositions (e.g. Sun and McDonough, 1989).  

7. Thermodynamic Modelling 
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7.1. Methods: 

Isochemical equilibrium phase diagrams (pseudosections) were calculated for three samples 

through Gibbs free energy minimization using the program Perple_X (Connolly, 2005; version 

6.8.1). We focused on samples (Blocks 1, 2, 5; Fig. 1) which were dated using garnet 

geochronology. Two of the remaining samples that were dated (Blocks 3 and 4) come from 

within ~100m of Block 2. The bulk compositions used for the P-T modelling are shown in Table 

2. All P-T modelling utilized the system Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O-TiO2-

Fe2O3 (NCKFMASHTO), with H2O considered to be in excess. MnO was not included as part of 

the chosen modelling set-up due to the low Mn contents of the Fe-Ti gabbros (0.24-0.37wt%), 

the limited availability of appropriate Mn-bearing activity-composition models for mafic rocks at 

these metamorphic grades, and the uncertainties associated with the energetics of Mn 

incorporation in important host phases, including garnet. We did, however, test how the 

inclusion of Mn would affect results during preliminary modelling which showed that whilst Mn 

expands garnet stability to lower pressures and temperatures, only minor growth (<<1 vol%) of 

spessartine-rich garnet occurs at these lower grade conditions. Results of these Mn-bearing tests 

are available in supplementary material (Figs. S6 and S7) and highlight that the majority of 

garnet growth and the positioning of core isopleth intersections occur at approximately the same 

P-T conditions as in the Mn-absent system described below. The growth of small amounts of 

more spessartine-rich garnet is likely a modelling artefact generated by the lack of stable phases 

in the modelling set-up that may host Mn at lower grade conditions. Estimates of bulk-rock 

ferrous and ferric iron contents, determined using ferrous iron titration in conjunction with XRF 

analysis, vary between samples but all fall in the range XFe3+ (wt%) = Fe2O3/ FeO+Fe2O3 = 0.21-

0.37.  
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All calculations used the internally consistent thermodynamic dataset of Holland and Powell 

(1998; updated to version ds5.5; Perple_X solution data file: hp04ver.dat) with the following a-X 

models: clino-amphibole (Powell and Holland, 1999; Wei et al., 2003; White et al., 2003; termed 

GlTrTsPg in the Perple_X solution model database), clinopyroxene (Holland and Powell, 1996; 

Zeh et al., 2005; Perple_X solution model name: Omph(HP)), garnet (Holland and Powell, 1998; 

Tinkham et al., 2001; Gt(HP)), chlorite (Holland et al., 1998; Perpe_X solution model name: 

Chl(HP)), white mica (Auzanneau et al., 2010; Coggon and Holland, 2002; Mica(CHA)), epidote 

(Holland and Powell, 1998; Ep(HP)), ilmenite-hematite (White et al., 2000; Ilm(WPH)), talc 

(Holland and Powell, 1998; T) and feldspar (Fuhrman and Lindsley, 1988; feldspar). In order to 

test for the effects of changing the choice of thermodynamic database and a-X models phase 

equilibria and garnet compositional isopleths were also calculated for the Block 1 (sample V17-

S805D01) core and rim bulk compositions with alternative clino-amphibole, clinopyroxene and 

garnet models with THERMOCALC ds5.5, as well as with the internally consistent 

thermodynamic dataset of Holland and Powell (2011; updated to ds6.2) and appropriate a-X 

models (see Supplementary Figs. S8 and S9 for more details on methods and results). A 

comparison of these modelling results shows that dataset 5.5 and the a-X models listed above 

better reproduce a number of important observations from the natural rocks, including: (1) the 

lack of coesite documented in the Voltri samples by this and all other previous studies, indicating 

that they did not reach UHP conditions (all other models indicate garnet rim growth at UHP 

conditions; Fig. S9); (2) glaucophane and lawsonite stability during garnet core growth (i.e. 

during earlier prograde garnet growth); (3) the low modal proportions of talc within garnet 

inclusions assemblages, and the absence of talc within the peak eclogite-facies assemblage 
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(Supplementary Figs. S8 and S9). On this basis, THERMOCALC dataset 5.5 and the a-X models 

listed above were utilized for all further modelling of P-T evolution (Fig. 6). 

Changes to the effective reactive composition upon the growth of refractory phases such as 

garnet can modify phase stabilities and compositions, and numerous strategies have previously 

been applied to account for this in phase equilibria modelling (e.g. Spear, 1988; Marmo, 2002; 

Evans, 2004; Caddick et al., 2007; Konrad-Schmolke et al., 2008; Lanari and Engi, 2017). For 

the Voltri Fe-Ti gabbros, garnet compositions and chemical zoning patterns (i.e. bell-shaped 

MnO profiles) are consistent with expected garnet growth zoning in mafic lithologies at eclogite-

facies P-T conditions, and thus indicate that garnet cores were chemically fractionated from the 

reactive bulk rock composition during garnet rim growth. Here, we use the XRF compositions 

(in mol%) for the construction of pseudosections that model conditions before and during the 

initial growth of garnet cores. To ascertain conditions of garnet crystal rim growth, bulk 

compositions were modified by removing components sequestered in garnet crystals based on 

the estimated abundance of garnet in thin sections and the composition of that garnet. This was 

done by removing the volume averaged (~80 vol.% of total garnet) and density-corrected garnet 

core composition from the XRF-determined bulk rock composition during pseudosection 

calculations. Almandine, grossular and pyrope compositional isopleths were plotted for 

representative observed core and rim compositions for each sample.  

7.2. Comparison of Observed and Predicted Mineral Assemblages 

Fig. 6 shows the results of the pseudosection modelling for Block 1 (Fig. 6a, b), Block 2 (Fig. 6c, 

d), and Block 5 (Fig. 6e, f) for core growth (XRF bulk composition) and rim growth 

(fractionated bulk composition) conditions. For all three samples, garnet crystal core growth is 

calculated, based on garnet compositional isopleth intersections, to have occurred in the 
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assemblage field Chl-Gl-Ph-Gt-Omp-Law-Ru (±Qtz±Omp(2)), just upgrade of the garnet-in 

reaction. This assemblage is consistent with petrographic observations, with garnet cores 

containing inclusions of glaucophane, omphacite, lawsonite pseudomorphs, chlorite and rutile. 

The lack of calculated ilmenite and titanite, which are found as rare inclusions within garnet, 

may be a result of uncertainties in the bulk rock XFe3+ used here, which exerts a strong control on 

the stability of these Ti-bearing accessory phases (e.g. Diener and Powell, 2010). Garnet rim 

compositions are calculated to be stable within the assemblage field Chl-Gl-Gt-Omp-Ilm-

Ru(±Ph), which largely matches the interpreted peak assemblage derived from the thin sections, 

Overall, the comparison between the petrographic observations and the isopleth-derived garnet 

growth conditions, which successfully predicts garnet growth spanning lawsonite blueschist to 

eclogite facies conditions, provides confidence in the P-T conditions described in the following 

section.  

7.3. Pressure-Temperature Estimates of Garnet Core and Rim Growth 

P-T estimates for the growth of garnet cores, constrained by isopleth intersections and agreement 

between mineral inclusion assemblages and calculated assemblages, are ~480℃ / 2.0 GPa, 

~480℃ / 2.2 GPa and ~475℃ / 2.2 GPa for Blocks 1, 2, and 5 respectively (Fig. 6). 

Uncertainties in these estimates are difficult to quantify as they depend upon uncertainties in 

both the thermodynamic and geological (e.g. bulk compositional; mineral compositional) inputs 

(e.g. Evans and Bickle, 2005; Palin et al., 2016). However, uncertainty in the bulk composition 

alone has previously been shown to displace assemblage boundaries within pseudosections by 

±0.1 GPa (Palin et al., 2016). For all of the phase diagrams presented in Fig. 6, the temperature is 

well constrained by both the assemblage fields and garnet compositional isopleths. For the 

metamorphic pressure estimations, there is more uncertainty in the core growth conditions 
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because the garnet compositional isopleths are oriented sub-parallel in some parts of the phase 

diagram, though the grossular isopleths generally provide reasonable constraints on the pressure 

(Fig. 6). Thus, given the very minor variation in the P-T conditions (5℃ and 0.15 GPa), the 

apparent initial garnet growth conditions for the three samples are interpreted to be 

indistinguishable from one another. P-T estimates for garnet rim growth conditions for the same 

three samples are ~525℃ / 2.4 GPa, ~510℃ / 2.5 GPa and ~500℃ / 2.4 GPa respectively (Fig. 

6). Again, the variation between these estimates is small (25℃ and 0.1 GPa), with uncertainties 

in the fractionated bulk compositions likely contributing to additional uncertainty here.   

These results suggest a shared P-T history for the three Fe-Ti gabbro samples, with garnet core 

growth initiating within the lawsonite blueschist facies at ~480℃ and 2.0-2.2 GPa, and rim 

growth occurring in the eclogite-facies at ~500-525℃ and 2.3-2.5 GPa (Fig. 6). This is 

consistent with petrographic observations that consistently demonstrate very similar mineral 

assemblages, textures and compositions, suggestive of an identical metamorphic evolution 

between samples. 

8. Garnet Geochronology 

Six representative Fe-Ti gabbro samples were selected for Sm-Nd garnet geochronology in order 

to test for P-T-t differences between gabbros blocks on a range of scales. Five of these samples 

(Blocks 1-5) come from the Vara area, with Blocks 2, 3, and 4 representing three relatively small 

(<10m) separate blocks within ~100 m of each other. Blocks 1 and 5 are located further apart in 

the Vara area (Fig. 1b), whilst Block 6 is from the NW portion of the Ophiolite (Fig. 1b). 

8.1. Removal of Inclusions 
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Given the significant potential for inclusions in garnet to affect the accuracy and precision of 

Sm-Nd garnet age data, the Sm and Nd concentrations and isotope ratios for garnet derived from 

TIMS analyses were compared to LA-ICPMS data to assess for the potentially deleterious effects 

of inherited inclusions (Fig. 7). LA-ICPMS data for garnet from four meta-gabbro samples 

indicate very high estimated 147Sm/144Nd ratios (0.9-9) and low Nd concentrations (<0.5ppm; 

commonly less than 0.2ppm) (Fig. 7; Table S4), typical of ‘clean’ garnet analyses (e.g. Baxter et 

al., 2017). The TIMS data for the final garnet residues (i.e. the solid material remaining after the 

partial dissolution procedure) and the final garnet leachates (leachate 2) yield similarly high 

147Sm/144Nd ratios (1.2-8.7) and low Nd concentrations (0.05-0.46 ppm) (Fig. 7), indicating that 

these garnet separates have been successfully cleansed of inclusions. By contrast, the first garnet 

leachates (leachate 1) have lower 147Sm/144Nd ratios (0.3-1.4) and higher Nd concentrations 

(0.64-5.73 ppm), demonstrating the importance of the partial dissolution process in removing 

micro-inclusions that remain even within a visually ‘clean’ picked garnet separate (Fig. 7). 

Whilst the data from the first garnet leachates (leachate 1) are clearly affected by the presence of 

inclusions, the majority of data points plot on the isochrons containing the whole rock and final 

garnet residue/leachates and are thus included in age calculations (Fig. 8; Table 3).  

8.2. Garnet Sm-Nd Age Data 

Fig. 8 shows the isochrons calculated for the six Fe-Ti meta-gabbros dated as part of this study, 

whilst Tables 3 and 4 show the Sm-Nd data and calculated age data, respectively. For Block 1, 

five garnet residue and leachate fractions, combined with a representative whole rock point, were 

used to calculate an isochron yielding an age of 38.15 ± 0.89 Ma (MSWD = 7.0; n = 6) (Fig. 8a). 

The large spread of 147Sm/144Nd ratios (max 147Sm/144Nd = 5.14) (Fig. 8a) is interpreted to reflect 

the difference in inclusion ‘cleanliness’ of the garnet residues versus the leachates. The higher 
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MSWD of this sample relative to the others (7.0 versus <1.8) and the slightly larger uncertainty 

reflects the fact that one of the points (‘Gt PwdR A’) does not plot on an isochron composed of 

all of the other data points. Isochron calculations excluding ‘Gt PwdR A’ yield a more precise 

age of 38.29 ± 0.27 Ma (MSWD = 1.11; n = 5), whilst a two-point isochron constructed of ‘Gt 

PwdR A’ and the whole rock yields a slightly younger age of 37.2 ± 0.52 Ma (Table 4). Given 

the high 147Sm/144Nd ratio of this analysis (3.33; indicating effective cleansing of inclusions) and 

the precision of the measurement, this difference is interpreted to reflect real age variation 

between different analyzed fractions and thus that the growth duration of the garnet likely 

exceeds the individual age precision of the measurements. This is the only sample for which all 

of the analyses did not fit on a complete isochron.  

For Block 2, an isochron composed of four garnet residue and leachate fractions and a 

representative whole rock gives an age of 40.4 ± 1.3 Ma (MSWD = 1.6; n = 5) (Fig. 8b). The 

lower 147Sm/144Nd ratios (and resulting lower age precision) are interpreted to reflect the effects 

of minor inclusion contamination based on comparison of the 147Sm/144Nd ratios and Nd 

concentrations between the TIMS and LA-ICPMS data. However, given that the garnet residue 

analyses have 147Sm/144Nd ratios that exceed 1.0, the potential for the inclusions to affect the 

accuracy of this age is low (e.g. Baxter et al., 2017). 

Five garnet residue and leach fractions in addition to the whole rock fit on a isochron for Block 

3, with a spread in 147Sm/144Nd ratios between 0.33-5.64 (Fig. 8c). This yields an age of 40.38 ± 

0.33 Ma (MSWD = 1.3; n = 6). The combination of a MSWD close to 1 for this 6-point isochron, 

as well as the narrow spread of ages for the individual 2-point isochrons (40.00-40.31 Ma for the 

garnet residues and final leaches; Table 4), likely suggest a small duration of garnet growth. An 

isochron for Block 4 is fit through four garnet residues and leaches and a whole rock analysis, 
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with a very large range of 147Sm/144Nd ratios (max 147Sm/144Nd = 8.63), an age of 39.37 ± 0.62 

Ma, and a low MSWD of 1.30 (n=5) (Fig. 8d). An age of 39.52 ± 0.44 Ma (MSWD = 1.30; n = 

4) for Block 5 was calculated using an isochron comprising three garnet residues and leaches 

combined with a whole rock (Fig. 8e). Block 6, a foliated Fe-Ti gabbro from the NW part of the 

Voltri Ophiolite, gives a much older age than the Vara samples. An isochron was calculated 

using 3 garnet residues, paired with a whole rock, yielding an age of 49.68 ± 0.35 Ma (MSWD = 

0.86; n = 4) (Fig. 8f).   

8.2. Comparison of Age Data: 

The data shows a tight grouping of ages for the samples from the Vara area (comparison shown 

in Figure 9), particularly for the four foliated meta-gabbro samples (Blocks 2-5). A weighted 

average of the four ages from these foliated meta-gabbro samples (Blocks 2-5) yields an age of 

39.98 ± 0.84 Ma (MSWD = 4.85). The age for the massive gabbro (Block 1) from the Vara area, 

38.15 ± 0.89 Ma, is slightly younger than the four foliated meta-gabbro samples (Fig. 9). The age 

for the eclogitized Fe-Ti meta-gabbro from the NW part of the Voltri Ophiolite (Block 6), has a 

considerably older age (49.68 ± 0.35 Ma) that is clearly distinguishable from all of the ages from 

the Vara area. The high quality of the ages (high 147Sm/144Nd ratios for garnet; MSWD close to 

1) provide high confidence in the data, in the grouping of ages for the Vara samples, and in the 

~10-12 Ma difference between peak metamorphism in the central and NW portions of the 

ophiolite.   

9. Discussion 

9.1. P-T-t Conditions of Metamorphism in the Central Part of the Voltri Ophiolite 
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Several lines of evidence suggest a shared metamorphic and tectonic history for the mafic bodies 

within the central portion (Vara area) of the Voltri Ophiolite: (1) a similar mineralogical 

evolution suggesting early garnet growth in the lawsonite blueschist facies and peak 

metamorphism in the eclogite-facies, followed by a retrograde evolution through blueschist-, 

amphibolite- and greenschist-facies conditions (Figs. 2-5); (2) pseudosection modelling for three 

representative samples indicating very similar P-T conditions of garnet core and rim growth (Fig. 

6); and (3) bulk Sm-Nd garnet ages that reveal a tight grouping of ages for the five Fe-Ti meta-

gabbros (Figs. 8, 9). 

The pseudosections for the three Fe-Ti gabbro samples suggest initiation of garnet growth at 

~475-480℃ and 2.0-2.2 GPa and subsequent peak metamorphic conditions of ~500-525℃ and 

2.3-2.5 GPa. These results are consistent with previous estimates of peak eclogite-facies 

conditions for mafic and associated lithologies within the Voltri Unit, furthering the case for 

uniform P-T conditions across the unit. These previously reported P-T conditions are in the range 

1.8-2.5 GPa and 450-550℃, with estimates by area as follows: ~2.0 GPa and ~550℃ (Vara area; 

minimum estimate; Vignaroli et al., 2005), ~2.0-2.5 GPa and ~550℃ (NW area; Scambelluri et 

al., 2016), ~1.8 GPa and 450-550 ℃ (northern area; Brouwer et al., 2002), ~2.1-2.4 GPa and 

>560 ℃ (Cascine Parasi; Federico et al., 2007a, 2007b), 1.8-2.1 GPa and 450-500 ℃ (eastern 

area; Malatesta et al., 2012), and 2.1-2.4 GPa and 470 ℃ (NW area; Scarsi et al., 2017). Whilst 

the majority of these papers report similar clockwise P-T paths to our study, Vignaroli et al. 

(2005) interpret the meta-gabbros from central Voltri to have an anti-clockwise P-T path, 

including initial garnet growth at greenschist- to amphibolite-facies conditions, on the basis of 

thermobarometry on inclusion and matrix assemblages. We note that we do not find any 

evidence for this low-P garnet growth and both the garnet core inclusion assemblages (including 
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glaucophane, omphacite, talc and rutile) and P-T modelling are fully consistent with garnet 

growth at HP (blueschist to eclogite facies) conditions.  

Several pieces of evidence suggest that the Sm-Nd bulk garnet ages from the Fe-Ti meta-gabbros 

record the timing of peak, or close to peak (late prograde) metamorphic conditions. The phase 

equilibria modelling indicates that garnet grew over a relatively narrow range of P-T conditions 

(~475-525℃; ~2-2.4 GPa) close to peak conditions, suggesting that the bulk garnet age should 

record some point of the late prograde to peak path. The degree to which the bulk garnet ages 

may be skewed towards recording growth along the earlier or later portions of this P-T path (i.e. 

garnet core or rim growth) is controlled by the concentration of the parent element Sm from core 

to rim (e.g. Baxter et al., 2017; Kohn, 2009). If the majority of Sm is hosted in the core, the age 

will be skewed towards recording early garnet growth whereas if it resides predominantly in the 

rim, the age will reflect the later stages of garnet growth (in this case, coinciding with peak 

metamorphism) (e.g. Baxter et al., 2017; Kohn, 2009). The garnets in the Fe-Ti meta-gabbros 

used in this study were too small for core-rim profiles, so it was not possible to obtain a full 

geochemical transect. However, LA-ICPMS analysis of garnets from a number of samples (Fig. 

7; Table S4) suggests little variation in the concentrations of Sm and Nd and no evidence for 

strong core to rim zonation. This is consistent with typical zonation patterns of Sm within garnet, 

in which Sm is usually uniformly distributed throughout the garnet or slightly enriched towards 

the rim (e.g. Baxter et al., 2017; Kohn, 2009; Lapen et al., 2003; Skora et al., 2009). This results 

in higher total Sm contents in crystal rims than cores (the latter being volumetrically less 

significant), thus skewing Sm/Nd ages towards rim growth and peak eclogite-facies 

metamorphism. Finally, the isotope and age data suggests that the duration of garnet growth was 

short (see discussion in section 9.2). As such, there is little potential for a significant age 
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difference between late prograde (garnet core) and peak (garnet rim) phases and the age data 

should record close to peak conditions, even in the unlikely scenario that more Sm is hosted in 

the core than detected.  

The Sm-Nd garnet geochronological data shows a very tight grouping of ages (40.4 ± 1.3 Ma, 

40.38 ± 0.33 Ma, 39.37 ± 0.62 Ma, 39.52 ± 0.44 Ma) for the four foliated Fe-Ti meta-gabbros in 

the Vara area (Blocks 2-5) (Fig. 9), with a weighted-average age of 39.98 ± 0.84 Ma (MSWD = 

4.85). The higher MSWD for the weighted average reflects the fact that the ages for Blocks 3 

and 5 fall just outside of error of each other (by ~0.09Ma). Given that these data represent bulk 

garnet ages, these small age differences are likely accounted for by minor sampling differences 

(e.g. slightly uneven sampling of core and rim material). The only significant age outlier from 

the Vara area is the younger age (38.15 ± 0.89 Ma) for a massive gabbroic body (Block 1), 

which lies just outside of the error bracket of the weighted mean age for Blocks 2-5. Whilst a 

difference in the timing of subduction of Block 1 is difficult to rule out, the similarity in 

mineralogical evolution and P-T conditions relative to the other samples, and the lack of age 

variation in the other samples nearby make this unlikely. An alternative mechanism to explain 

the younger age involves the growth of garnet further along the P-T path (i.e. closer to peak 

conditions), potentially as a result of delayed garnet growth due to overstepping of the garnet-

forming reactions. Block 1 represents the only massive, relatively undeformed, Fe-Ti gabbro of 

the five samples and, in contrast to the other foliated samples, there is no evidence of 

glaucophane or lawsonite inclusions within the garnet in this sample, implying initial growth at 

eclogite-facies conditions rather than within the blueschist-facies. Furthermore, there is some 

evidence of significant departure from hand-specimen-wide equilibration within some 

undeformed meta-gabbros from this area, including retention of original igneous mineralogy up 
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to peak conditions (Bocchio, 1995; Messiga and Scambelluri, 1991; this study). This significant 

overstepping of the garnet-forming reactions at blueschist- and eclogite-facies conditions is 

consistent with observations for coarse-grained meta-gabbros from other localities (e.g. Zermatt 

Saas Ophiolite, Bucher and Grapes, 2009; Zambezi Belt, Zambia, John and Schenk, 2003). We 

thus suggest that the difference between the ~41-39 Ma ages recorded by the foliated meta-

gabbros and the ~38 Ma age for the massive gabbro is likely a result of different amounts of 

equilibration and reaction overstepping as opposed to subduction as part of different tectonic 

slices. Overall, these combined data suggest that the central Voltri area experienced peak, or 

close to peak, eclogite-facies metamorphic conditions between at least ~41-38 Ma, with garnet 

growth within the massive gabbro sample skewed towards a younger age relative to the foliated 

gabbros. 

9.2. Durations of Garnet Growth and Peak Metamorphism 

Whilst the bulk garnet ages do not directly provide a quantitative estimate of the duration of 

garnet growth and peak metamorphism, the data provide some useful insights. The MSWDs 

(close to 1 for most samples) indicate ages derived from individual garnet separates all fall 

within error of a single population, which would suggest limited age zonation within garnet 

crystals (see Table 4). In addition, the tight grouping of garnet ages for all samples from the Vara 

area is also consistent with short durations of eclogite-facies metamorphism, as one would expect 

greater age variability in the case of prolonged garnet growth spans (e.g. >5Ma) as a function of 

the bulk garnet dating method (e.g. Kohn, 2009). This is in line with previous estimates of garnet 

growth spans from other eclogite-facies terranes using zoned Sm-Nd garnet geochronology (e.g. 

<1 Ma; Dragovic et al., 2012, 2015).  

9.3. The Timing of Metamorphism across the Voltri Ophiolite 
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Fig. 10 shows a compilation of geochronological data from across the Voltri Ophiolite, including 

data from the Voltri Unit (split according to area), the Voltri-Rossiglione meta-sediments, and 

eclogite clasts within the overlying molasses (Tertiary Piedmont Basin - TPB). For the Voltri 

Unit, ages interpreted to record peak blueschist- and eclogite-facies metamorphism range 

between ~50-33 Ma (Federico et al., 2005, 2007a; Rubatto and Scambelluri, 2003; this study). In 

the Voltri-Rossiglione meta-sediments, peak eclogite- and blueschist-facies ages span ~47-44 

Ma (Federico et al., 2005) with the blueschist-facies retrogression suggested to have occurred at 

~41 Ma (Federico et al., 2005) (Fig. 10). Dating of ophiolite-derived eclogite-facies clasts within 

the TPB, yields peak metamorphic ages of ~49-46 Ma (Carrapa et al., 2004; Federico et al., 

2005), and a blueschist overprint age of ~43Ma (Federico et al., 2005) (Fig. 10). Ages for the 

greenschist-facies overprint range from 34-30 Ma, for the bedrock units (Federico et al., 2005; 

Vignaroli et al., 2010).  

The large range of published peak metamorphic ages for the Voltri Ophiolite and TPB raises a 

number of important questions including the degree to which existing age data truly records the 

timing of peak metamorphism and whether there are significant differences in the timing of 

metamorphism between different tectonic domains and geographic areas. This study provides the 

first direct dating of peak mineralogy and the most robust ages for peak metamorphism of the 

Voltri Ophiolite and provides a framework for evaluating the age data across the Voltri Massif. 

Our Sm-Nd garnet data indicates that peak metamorphism in the central portion of the Voltri 

Ophiolite (Vara area) occurred around ~40 Ma (Fig. 9, 10). One previous age exists in the 

literature for the Vara area: a U/Pb baddeleyite age of 33.6 ± 1.0 Ma from a Ti-clinohumite-

bearing vein, originally interpreted to record peak metamorphism (Rubatto and Scambelluri, 

2003). Given the robust Sm-Nd garnet data which suggests earlier peak metamorphic ages, and 
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the difficulty in interpreting the timing of baddeleyite growth within Ti-clinohumite veins, we 

suggest that the ~34 Ma age more likely represents the age of the blueschist- or greenschist-

facies retrograde overprint (Figure 10).  

A comparison with the peak metamorphic ages (Sm-Nd garnet; Ar-Ar white mica) for other parts 

of the Voltri Massif and the Tertiary Piedmont Basin indicates that Sm-Nd garnet ages for the 

Vara area are consistently younger than peak metamorphic ages from other areas (Fig. 10). In the 

NW domain of the Voltri Massif, our ~50 Ma Sm-Nd garnet age represents the oldest recorded 

metamorphism of the Voltri Massif and suggests that subduction of this portion of the ophiolite 

occurred ~9-12 Ma prior to that of the central area (~41-38 Ma). This strongly suggests that 

whilst currently mapped as a single unit, the Voltri Unit consists of (at least) two slices with 

disparate subduction histories. White mica ages from eclogite clasts within the TPB suggest peak 

eclogite-facies metamorphism at ~49 Ma (Federico et al., 2005), implying that this material was 

likely sourced from an eroded equivalent of the NW part of the Voltri Unit.  

The Voltri-Rossiglione meta-sediments record peak metamorphic ages of ~47-44 Ma, based on 

Ar-Ar dating of white micas, also suggesting an earlier subduction history than the rocks of the 

Vara area of the Voltri Ophiolite. Peak P-T conditions of the meta-sediments of the Voltri-

Rossiglione meta-sediments are less well constrained though have generally been estimated to be 

lower (~1.4-1.9 GPa; Hoogerduijn-Strating, 1991; Vignaroli et al., 2010) than the conditions 

determined for the Vara meta-gabbros in this study. The difference in P-T conditions and timing 

of peak metamorphism suggests that the Voltri-Rossiglione meta-sediments were likely 

subducted as a separate slice from the central and NW parts of the Voltri Unit.  

9.4. Evaluating Mechanisms for the Exhumation of High-Pressure Metamorphic Rocks 
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A number of mechanisms and exhumation environments have been proposed for the exhumation 

of HP and UHP rocks. These include return flow within an accretionary prism (e.g. Agard et al., 

2002; Cloos, 1982; Cloos and Shreve, 1988; Glodny et al., 2005; Guillot et al., 2009; Platt, 1993, 

1986; Yamato et al., 2007), buoyancy-driven exhumation as part of a serpentinite-dominated 

mélange within a subduction channel (e.g. Federico et al., 2007a; Gerya et al., 2002; Guillot et 

al., 2004, 2009; Hermann et al., 2000; Malatesta et al., 2012; Schwartz et al., 2001; Stockhert 

and Gerya, 2005); and detachment and exhumation of coherent crustal slices within a subduction 

channel, potentially as a result of coupling and exhumation with buoyant continental crust 

(Angiboust et al., 2009, 2012; Angiboust and Agard, 2010; Beltrando et al., 2010; Lagabrielle et 

al., 2015; Lagabrielle and Cannat, 1990; Vitale Brovarone et al., 2011, 2013). Serpentinite 

mélange structures are predicted to contain a number of characteristic features: (1) different P-T 

histories recorded by a diverse range of blocks over a small spatial scale (e.g. 10-100s of metres); 

(2) disparate peak and retrograde geochronological records for each block (e.g. Gerya et al., 

2002). Importantly, the mafic and sedimentary blocks are foreign to their meta-serpentinite hosts 

and are juxtaposed at depth within the subduction zone. By contrast, if exhumation is achieved as 

a coherent block (or series of blocks), contiguous P-T-t histories are predicted for the entire 

ophiolite or km-scale slices of crustal material. Furthermore, the ultramafic and mafic lithologies 

would be expected to share a common history from formation on the seafloor.  

Whilst early work suggested that the Zermatt Saas and Monviso Ophiolites originated as part of 

a subduction channel mélange (e.g. Guillot et al., 2004, 2009; Schwartz et al., 2001), recent 

studies indicate that they were subducted and exhumed as coherent sections of ultramafic and 

mafic crust, potentially aided by coupling to buoyant continental massifs (e.g. Angiboust et al., 

2009, 2012; Angiboust and Agard, 2010). By contrast, part of the Voltri Ophiolite, the Cascine 
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Parasi unit, has been suggested to represent a serpentinite mélange on the basis of field mapping 

observations, thermodynamic modelling and Ar-Ar phengite ages (Federico et al., 2007b, 

2007a). The eastern sector of the Voltri Ophiolite has also been suggested to represent a tectonic 

mélange and ‘fossil’ serpentinite-subduction channel, suggesting that larger parts of the ophiolite 

may have been exhumed within such a subduction channel (Malatesta et al., 2012). However, the 

lack of previous P-T-t data, and particularly peak metamorphic ages, for the larger part of the 

Voltri area, has hindered evaluation of the broader subduction history of the Voltri Ophiolite and 

the mechanisms for its exhumation. 

As discussed in section 9.1, several lines of evidence now attest to a shared prograde and 

retrograde metamorphic history for samples across the central part of the Voltri Ophiolite. These 

observations provide robust evidence of subduction and exhumation of the central portion of 

Voltri Ophiolite as a coherent package of ultramafic and mafic material. In contrast to the 

Zermatt Saas and Monviso Ophiolites, where meta-gabbros and rare meta-basalts occur as semi-

continuous mafic layers (e.g. Angiboust et al., 2009, 2012; Angiboust and Agard, 2010), in the 

Voltri Ophiolite they occur as small, generally discontinuous, lenses and dykes. Although the 

occurrence of often isolated meta-gabbro blocks within serpentinite may resemble a serpentinite 

mélange structure, this more likely reflects the primary structure of the serpentinite-dominated, 

magma-poor oceanic lithosphere that formed as part of a slow-spreading ridge system as widely 

documented for the ophiolites of the Western Alps (e.g. Lagabrielle et al., 2015; Lagabrielle and 

Cannat, 1990; Lagabrielle and Lemoine, 1997).  

The differences in metamorphic age between the central Voltri area and the NW portions of the 

Voltri unit and the Voltri-Rossiglione meta-sediments suggest the existence of a series of large 

tectonic slices that have different subduction and exhumation histories. Based on a compilation 
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of the current geochronological data, we propose that the NW portion of the Voltri Ophiolite was 

subducted first, undergoing peak eclogite-facies metamorphism at ~50Ma. This was followed by 

the Voltri-Rossiglione meta-sediments around ~47-44 Ma, with eclogite-facies metamorphism in 

the central part of the ophiolite occurring much later at 41-38 Ma (Fig. 10). All units had been 

exhumed to greenschist-facies conditions by approximately 34-30 Ma (Fig. 10).  

These age disparities highlight previously unknown complexities in the internal structure of the 

Voltri Ophiolite and necessitate a re-evaluation of the unit divisions, with the Voltri Unit likely 

comprising at least two slices with different subduction histories. The size of the coherent crustal 

slice representing the central part of the ophiolite is difficult to estimate but must be at least 

~6km in size based on the positioning of samples with a shared P-T-t history. Given the 

difficulty in determining structural relationships in these serpentinite-dominated lithologies, it is 

uncertain the degree to which the size of block reflects the structural thickness (i.e. size 

perpendicular to the subduction interface) versus distance along the subduction interface (i.e. size 

parallel to the subduction interface). 

The subduction-channel mélange type structures previously described in the literature (e.g. 

Cascine Parasi Mélange; Federico et al., 2007a, 2007b) appear to be developed only on a small 

scale (<100m) and may be localized on the boundaries of more coherent units. The 

characteristics within the Cascine Parasi Mélange for the both the blocks (mixed mafic and 

sedimentary blocks; variable peak P-T conditions; different peak metamorphic ages) and the host 

lithology (chlorite-actinolite matrix) are clearly different from the field areas in this study. The 

location and characteristics of the structural boundary between the different coherent units of the 

Voltri Massif, and the relationship to small mélange structures, are difficult to precisely constrain 

given the serpentinite-dominated lithologies and the sporadic exposure across the area.  
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The interpretation that the Voltri Ophiolite consists of a series of large coherent slices that 

experienced different P-T-t histories and a prolonged period of subduction and exhumation is 

consistent with similar observations from the Zermatt Saas, Monviso and Alpine Corsica 

Ophiolites. In the case of Zermatt Saas Ophiolite, it has been suggested that the upper part of the 

ophiolite experienced peak metamorphism around ~52-46 Ma, whilst the lower part records peak 

metamorphic conditions at ~41-38 Ma (Amato et al., 1999; Dragovic et al., 2020; Lapen et al., 

2003; Skora et al., 2015), demonstrating a remarkably similar age range to the Voltri Ophiolite. 

The Monviso Ophiolite consists of two separate coherent units, the Lago Superiore and Monviso 

units, each demonstrating preserved primary stratigraphy and homogeneous P-T conditions, but 

with the Lago Superiore Unit showing evidence of distinctly higher P-T conditions than the 

Monviso Unit (Angiboust et al., 2012). The Lago Superiore Unit records peak conditions of ~51-

45 Ma (Duchene et al., 1997; Garber et al., 2020; Rubatto and Angiboust, 2015; Rubatto and 

Hermann, 2003), whilst the metamorphic age of the Monviso Unit is speculated to be younger in 

age (~40 Ma) based on mixed Rb-Sr white mica age data (Angiboust and Glodny, 2020). The 

high-grade blueschist- and eclogite-facies units in Alpine Corsica have been interpreted to 

represent a number of different coherent lithospheric sections that each record homogenous 

metamorphic conditions and continuous lithostratigraphy (Meresse et al., 2012; Vitale Brovarone 

et al., 2013) with HP metamorphism occurring around 34-37Ma (Martin et al., 2011; Vitale 

Brovarone and Herwartz, 2013). Lu-Hf dating of garnet and lawsonite from these units reveal 

some small differences in the timing of high-pressure metamorphism, with a lawsonite-eclogite 

facies unit recording peak ages of ~35-34 Ma whereas a peak age of ~37.5 Ma was obtained for a 

lawsonite-blueschist facies unit (Vitale Brovarone and Herwartz, 2013). The youngest age 

recorded for eclogite-facies metamorphism in the Voltri area (38.15 ± 0.89 Ma; this study) 
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overlaps within error of the lawsonite age from the lawsonite-blueschist unit (37.5 ± 1.3 Ma; 

Vitale Brovarone and Herwartz, 2013) suggesting similar or only slightly younger ages for high-

pressure metamorphism in Alpine Corsica compared to Voltri. 

Alongside this recent data from other Alpine ophiolites, this study documents that the 

detachment and buoyancy-driven exhumation of km-scale coherent sections of slab material is 

the dominant mechanism of preserving and returning eclogite-facies metamorphic rocks to the 

surface in the Western Alps. Such observations infer a subduction channel capable of exhuming 

large coherent kilometric (potentially >5km) slices of oceanic lithosphere. One interesting 

feature of the Voltri Ophiolite is the lack of a large associated continental massif that may have 

aided the exhumation of denser mafic material, as suggested for the Zermatt Saas and Monviso 

Ophiolite (e.g. Angiboust et al., 2009, 2012; Angiboust and Agard, 2010). This may be 

consistent with a fundamental different exhumation mechanism for the Voltri Ophiolite or may 

suggest that the role of continental material in the exhumation of ultramafic and mafic rocks 

elsewhere in the Western Alps may be less significant than previously thought. The latter is 

consistent with the recent work of Angiboust and Glodny (2020), which found that exhumation 

of the Monviso Ophiolite was achieved prior to subduction and exhumation of associated 

continental material. In the case of the Western Alps, the apparent widespread exhumation of 

such large oceanic crustal blocks across the orogen is likely aided by the relative buoyancy of the 

serpentinite-dominated, magma-poor oceanic lithosphere of the Liguro-Piedmont oceanic 

domain (e.g. Hermann et al., 2000). 

10. Conclusions 

1. Fe-Ti meta-gabbros from the central part (Vara area) of the Voltri Ophiolite record 

evidence of a shared metamorphic history with prograde garnet growth in the lawsonite 
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blueschist facies and peak metamorphism in the eclogite-facies, followed by a retrograde 

evolution through the blueschist-, amphibolite- and greenschist-facies. 

2. Pseudosection modelling suggests uniform metamorphic P-T conditions across the 

central area of the ophiolite, with garnet core growth occurring at ~475-480℃ and 2.0-

2.2 GPa, and peak conditions (garnet rim growth) occurring at ~500-525℃ and 2.3-2.5 

GPa. 

3. Sm-Nd garnet geochronological ages for four well-equilibrated foliated Fe-Ti meta-

gabbros from the central part of the Ophiolite shows a very tight grouping of ages (40.4 ± 

1.3 Ma, 40.38 ± 0.33 Ma, 39.37 ± 0.62 Ma, 39.52 ± 0.44 Ma) with a weighted average 

age of 39.98 ± 0.84 Ma (MSWD = 4.85). A slightly younger age of 38.15 ± 0.89 Ma for a 

massive undeformed gabbro is interpreted to result from the delayed growth of garnet as 

a result of reaction overstepping. By contrast, an Fe-Ti meta-gabbroic sample from the 

NW part of the ophiolite has a significantly older age of 49.68 ± 0.35 Ma. 

4. Together these data provide strong evidence that the central portion of the Voltri 

Ophiolite forms a >5km coherent slice of oceanic lithosphere, with Fe-Ti meta-gabbros 

and the serpentinite host rocks sharing a common subduction and exhumation history. 

The chaotic serpentinite mélange structures previously described in parts of the Voltri 

Ophiolite (e.g. Cascine Parasi Mélange) appear to be small (~100 m) local features that 

have distinctly different characteristics from the larger coherent slices described in this 

work.   

5. The ~50 Ma age for the NW part of the Voltri Massif indicates that it underwent peak 

metamorphism ~10-12 Ma prior to the central part of the Voltri Ophiolite (41-38 Ma). 

Based on a geochronological data compilation, it is suggested that the NW portion of the 
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Voltri Ophiolite underwent peak eclogite-facies metamorphism at ~50 Ma, the Voltri-

Rossiglione meta-sediments experienced peak blueschist-facies metamorphism around 

~47-44 Ma, and peak eclogite-facies metamorphism in the central part of the ophiolite 

occurred at 41-38 Ma.  

6. A comparison with recent observations from the Zermatt Saas and Monviso Ophiolites 

suggests that the dominant mechanism of exhuming high-pressure metamorphic rocks in 

the Western Alps involves the detachment and exhumation of relatively large coherent 

sections of slab material alongside the subduction interface. The lack of subducted 

continental material suggests that exhumation of the Voltri Massif was likely achieved 

through the buoyancy of the serpentinite-dominated lithospheric slices themselves, rather 

than coupling to continental crust as has been suggested for other ophiolites within the 

Western Alps. 
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13. Figure Captions: 

Fig. 1: Geological maps of the Western Alps and the Voltri Ophiolite. (a): Simplified geological 

map of the Western Alps, showing the broad distribution of oceanic rocks, continental massifs, 

and sedimentary units within the orogen. The black box outlines the area shown in Figure 1b. 

(b): Simplified geology sketch map of the Voltri Ophiolite and surrounding units. Sample 

locations used for geochronology and P-T modelling shown by stars.   

Fig. 2: Field and microscope images of the Fe-Ti meta-gabbros. (a): Field photos showing Fe-Ti 

meta-gabbro hosted within serpentinite. (b): Plane polarized light (PPL) image of massive Fe-Ti 

meta-gabbro (V17-S805D01) showing garnet coronas around omphacite (replacing former 

igneous pyroxene). (c): PPL image of foliated Fe-Ti meta-gabbro showing obvious garnet and 

rutile layers and retrograde blueschist and greenschist overprint. (d): Back-scattered electron 

(BSE) image of inclusions within garnet including a lawsonite pseudomorph (now paragonite 

and epidote). (e)-(f): Images of blueschist facies overprint including intergrown glaucophane and 

winchite/actinolite with later katophorite rims. (g)-(h): Amphibolite facies retrograde 

assemblages dominated by hornblende and katophorite growth that postdates deformation. 

Fig. 3: Mineral paragenesis for the Voltri Fe-Ti meta-gabbros. Solid lines indicate clear evidence 

of the equilibrium existence of this phase at the indicated metamorphic grade; dashed lines 
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indicate possible, but less clear, evidence for this phase being stable at the indicated 

metamorphic grade.    

Fig. 4: Compositions of metamorphic garnet and sodic pyroxene. (a): Triangular plot of garnet 

compositions separated by textural group (massive/coronitic versus foliated) Data comes from 

samples Block 1 (V17-S805D01), Block 2 (V17-X808E01) Block 5 (V17-X811A01), V17-

X811B01, V17-W808A01, and V17-W808A03. (b): Pyroxene compositions also separated by 

textural group. Data comes from samples Block 1 (V17-S805D01), Block 2 (V17-X808E01) 

Block 5 (V17-X811A01), V17-X811B01, V17-W808A01, V17-W808A03, V17-W814A07, and 

V17-D615A05. (c) and (d): Ca and Mn maps for Block 1(V17-S805D01). See supplementary 

Fig. S1 for accompanying Mg and Fe maps and Fig. S2 for more garnet compositional maps 

from Block 1. (e) and (f): Ca and Mn maps for Block 5 (V17-X811A01). See supplementary Fig. 

S4 for accompanying Mg and Fe maps and Fig. S5 for more garnet compositional maps from 

Block 5. 

Fig. 5: Amphibole compositions plotted in terms of site occupancies and coupled substitution 

vectors. (a)-(b): Complete amphibole dataset plotted in terms of Na(B) and Al(VI) versus Al(IV). 

(c): Calcic amphiboles plotted on calcic amphibole discrimination plot (after Leake et al., 1997). 

(d): All amphibole analyses plotted in terms of main coupled substitution vectors (after 

Schumacher et al., 2007). Data comes from samples Block 1 (V17-S805D01), Block 2 (V17-

X808E01) Block 5 (V17-X811A01), V17-X811B01, V17-W808A01, V17-W808A03, V17-

W814A07, and V17-D615A05. 

Fig. 6: Equilibrium phase diagram modelling for three representative Fe-Ti meta-gabbros from 

the central part (Vara area) of the Voltri Ophiolite (V17-S805D01, V17-X808E01, V17-

X811A01). (a)-(f): Diagrams on the left (a, c, e) represent pseudosection and isopleth modelling 
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of garnet core growth, whereas the diagrams on the right (b, d, f) represent modelling for garnet 

rim growth. The garnet isopleths (almandine = red; grossular = green; pyrope = blue) were 

calculated for representative garnet core and rim compositions (derived from electron 

microprobe analyses) for each sample. (g): Summary P-T figure showing core and rim P-T 

estimates for all three samples. 

Fig. 7: Plot of 147Sm/144Nd ratio versus Nd concentrations (ppm) for TIMS and LA-ICPMS 

analyses of garnets from the Fe-Ti meta-gabbros, used to assess to effectiveness of the partial 

dissolution method in removing inclusions. The TIMS data is split into final residue plus final 

leach analyses versus first leach analyses (see text for discussion) to demonstrate the progressive 

removal of inclusions with further partial dissolution. Note that higher 147Sm/144Nd ratios and 

lower Nd concentrations are indicative of ‘cleaner’ garnet analyses and the effective removal of 

inclusions. 

Fig. 8: All Sm/Nd isochron data for six Fe-Ti meta-gabbros. The points are labelled based on 

whether they are analyses of whole rocks (WR), garnet residues (75-150µm grain size), garnet 

powder residues (<75µm grain size), garnet leach 1 (leach produced during first stage of 

HF+HNO3; see text for discussion) or garnet leach 2 (leach produced during second stage of 

HF+HNO3). Note that for V17-S805D01 (Figure 8a), calculated ages are shown for all of the 

analyses, all analyses minus Gt PwdR A (which falls off an isochron constructed with all of the 

analyses), and an isochron constructed with just Gt PwdR A (see text for discussion). For all 

other samples, all analyses plot on the single isochron and thus only one age (calculated using all 

points) is shown.  

Fig. 9: Comparison of age data from the central Voltri Ophiolite. This data includes the age data 

for the five Fe-Ti meta-gabbros from this study.  
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Fig. 10: Compilation of age data from the Voltri Ophiolite and Tertiary Piedmont Basin (TPB). 

(a) Data compilation shown in map form, indicating the age and the location of the dated sample. 

The interpretation of the metamorphic facies that is recorded by each age (i.e. recording mineral 

growth during eclogite, blueschist or greenschist facies conditions) is indicated by the shape and 

internal colour of the symbols (see key on right). The method used to obtain each age is indicated 

by the colour of the symbol rim (see key on right). (b) Age plot showing a full compilation of 

age data, split by unit (TPB, Voltri-Rossiglione meta-sediments, Voltri unit split by area). 

Table 1: Summary of information for individual samples used in this study, including locations, 

textural type, a brief description, P-T conditions and age (derived by Sm-Nd garnet 

geochronology). The first six samples (Blocks 1-6) were used for garnet geochronology (Blocks 

1, 2 and 5 were also used for phase diagram modelling). The other remaining samples were sued 

for petrography and mineral chemistry analysis.  

Table 2: Whole rock major and trace bulk compositional data (XRF) for 12 Fe-Ti meta-gabbros 

and 1 rodingite from the Voltri Ophiolite. 

Table 3: Sm-Nd isotope data for the six Fe-Ti meta-gabbros that were dates in this study. 

Table 4: Sm-Nd garnet age data, calculated for complete datasets and individual two point 

isochrons (garnet or leach plus whole rock). 
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Sample 
Name 

Block 
No. 

Location 
GPS 

Coordinates 
Textural 

Type 
Brief Description 

P-T 
Conditions 

Age (Ma) 

V17-
S805D01 

1 
Central 
(Vara) 

44.475694 
8.581667 

Massive 
Massive gabbro with pseudomorphed igneous textures + fine 

grained garnet coronas (largest grains: ~200um). Distinct 
blueschist, amphibolite + greenschist retrogression. [Figs. 2b, e, f] 

Core: 480℃; 
2.0 GPa 

Rim: 525℃; 
2.4 GPa 

38.25 ± 0.89 

V17-
X808E01 

2 
Central 
(Vara) 

44.47713 
8.596267 

Foliated 
Small (~1m width) gabbroic dyke (deformed throughout). Strongly 

mineralogically layered with fine grained garnet (largest grains: 
~300um). Pervasive blueschist + amphibolite overprint. [Fig. 2h]. 

Core: 480℃; 
2.2 GPa 

Rim: 510℃; 
2.5 GPa 

40.4 ± 1.3 

V18-
D619A08 

3 
Central 
(Vara) 

44.47807 
8.597517 

Foliated 
Sampled from ~10-15 diameter gabbro body (close to gabbro- 
serpentinite contact). Abundant, uniformly fine grained garnet. 
Pervasive blueschist and amphibolite facies overprint. [Fig. 2a]  

- 40.38 ± 0.33 

V18-
D619A16 

4 
Central 
(Vara) 

44.477467 
8.598017  

Foliated 
Smaller (<5m diameter) gabbro body close to Block 3. Similar in 

appearance to Block 3 with abundant garnet and pervasive 
blueschist and amphibolite facies overprint. [Fig. 2g]  

- 39.37 ± 0.62 

V17-
X811A01 

5 
Central 
(Vara) 

44.45977 
8.666467  

Foliated 
Foliated gabbro body (<10m diameter) with very abundant garnet 

(variable in size; up to 500um; some atoll garnets). Strong 
blueschist facies overprint. [Fig. 2c] 

Core: 475℃; 
2.2 GPa 

Rim: 500℃; 
2.4 GPa 

39.52 ± 0.44 

V18-
S617C01 

6 NW 
44.555450 
8.446450 

Foliated 
Sampled close to La Pesca locality of Scambelluri et al. (2016). 

Abundant, coarser grained garnet (1-5mm); dominant blueschist 
overprint with abundant glaucophane.  

- 49.68 ± 0.35 

V17-
X811B01 

- 
Central 
(Vara) 

44.48142 
8.59745 

Foliated 
Gabbro block sampled from close to Blocks 2-4.  Abundant fine 

grained garnet. Pervasive blueschist and amphibolite facies 
overprint 

- - 

V17-
W808A01 

3 
Central 
(Vara) 

44.47807 
8.599017 

Foliated 
Sampled from same Block as Block 3. Preserved some 

pseudomorphed igneous textures. Larger (1-2mm) heavily 
fractured garnets. Strong blueschist + amphibolite facies overprint. 

- - 

V17-
W808A03 

- 
Central 
(Vara) 

 44.47835 
8.597517 

Foliated 
Gabbro block sampled from close to Blocks 2-4. Abundant garnet 

(mostly fine; few porphyroblastic grains ~500um in size). 
Dominant amphibolite facies overprint. 

- - 

V18-
D615A05 

- 
Central 
(Vara) 

44.475694 
8.581667 

Massive 
Massive gabbro sampled from same area as Block 1. Large (5mm) 
garnets with partial blueschist and greenschist facies overprints. 

Weakly foliated; cut by late stage blueschist facies vein. 
- - 
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Fe-Ti Gabbros 

 
Rodingite 

    

Specimen 
V17-

S805D01 
V17-

X808E01  
V18-

D619A08  
V18-

D619A16  
V17-

X811A01 
V17-

W808A02 
V17-

W808A03 
V17-

H805D03 
V17-

W808A01 
V17-

X811B01 
V17-

X808A03 
V17-

G805D01 
 

V17-
X808A02 

                              

SiO2 43.34 48.24 43.83 43.74 46.29 43.95 43.75 44.06 42.67 43.79 44.93 44.62 
 

34.04 

TiO2 5.95 2.46 6.14 5.69 5.15 5.54 6.61 6.03 7.88 3.79 5.59 6.80 
 

5.08 

Al2O3 11.81 11.41 11.70 9.83 11.81 12.13 11.56 12.78 10.15 11.75 11.46 10.43 
 

9.68 

Fe2O3 (T) 19.76 16.42 19.29 20.95 20.86 18.98 19.88 18.27 19.69 20.94 18.81 18.59 
 

20.00 

MnO 0.32 0.24 0.27 0.30 0.37 0.27 0.30 0.27 0.30 0.24 0.29 0.25 
 

0.43 

MgO 5.23 6.43 5.36 6.11 4.11 5.94 5.14 5.61 6.55 6.67 5.65 6.22 
 

4.96 

CaO 9.42 10.47 10.43 9.91 7.14 9.10 9.17 9.65 8.93 9.11 9.21 9.39 
 

21.69 

Na2O 3.66 3.98 3.21 3.21 3.80 3.46 3.71 3.58 3.37 3.25 3.83 3.61 
 

0.31 

K2O 0.07 0.06 0.03 0.02 0.01 0.07 0.00 0.00 0.10 0.16 0.04 0.01 
 

0.00 

P2O5 0.09 0.01 0.03 0.01 0.33 0.11 0.10 0.02 0.05 0.06 0.11 0.10 
 

3.59 

Total 99.65 99.72 100.29 99.77 99.87 99.55 100.22 100.27 99.69 99.76 99.92 100.02 
 

99.78 

LOI 0.95 1.13 1.13 0.96 1.15 1.17 1.20 1.20 2.16 1.97 1.40 0.91 
 

1.32 

FeO 12.74 9.62 12.22 12.16 14.70 13.35 13.69 12.71 13.80 14.18 13.59 12.14 
 

14.38 

Fe2O3 5.60 5.73 5.71 7.44 4.52 4.14 4.67 4.14 4.35 5.18 3.71 5.10 
 

4.02 

% (Fe2O3) 30.54 37.32 31.84 37.95 23.53 23.69 25.42 24.59 23.98 26.76 21.43 29.58 
 

21.84 
  

              
Rb 0.5 0.9 <0.5 0.6 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

 
<0.5 

Sr 162 128 90 17 52 98 75 235 29 35 66 52 
 

55.0 

Y 35.7 29.7 20.4 19.7 54.2 20.3 24.6 13.7 13.0 22.6 26.7 13.5 
 

84 

Zr 147 58 53 38 141 92 121 56 62 48 111 68 
 

122.0 

V 532 613 719 745 251 742 448 569 476 1175 586 410 
 

181 

Ni 20 47 14 19 6 31 12 25 24 76 14 26 
 

84 

Cr 80 6 <2 51 55 27 119 86 125 40 62 144 
 

88 

Nb 2.3 1.7 1.5 0.8 4.2 2.3 1.7 0.5 1.4 0.5 2.8 0.8 
 

2.9 

Ga 19.4 20.1 17.7 17.3 18.9 16.3 18.0 16.9 12.7 16.4 16.9 15.1 
 

10.0 

Cu 83 42 45 60 63 124 91 83 74 246 88 65 
 

64.0 

Zn 117 126 99 117 189 128 136 85 121 149 153 96 
 

64 

Co 54 41 50 51 65 75 69 70 66 79 65 60 
 

35 

Ba 3 31 <3 <3 3 3 3 3 3 3 3 3 
 

13 

La 3 <2 14 7 4 3 4 3 5 6 2 5 
 

5 

Ce 7 <2 3 3 8 5 7 8 12 12 5 11 
 

5 

U 0.5 <0.5 <0.5 0.6 0.5 0.5 0.8 1.1 0.5 0.5 0.5 0.6 
 

1.5 

Th 5.1 <0.5 <0.5 <0.5 5.8 3.9 6.6 6.7 5.5 1.2 2.7 5.9 
 

5.4 

Sc 43 55 49 51 35 42 46 46 56 49 42 46 
 

36.0 

Pb 1 2 <1 <1 1 1 1 1 1 1 1 1 
 

<1 
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Sample 
147

Sm/
144

Nd 2 S.E.  
143

Nd/
144

Nd 2 S.E. Nd (ppm) Sm (ppm) Nd Loaded (ng) Sm Loaded (ng) 
                  

         V17-S805D01 
        Gt PwdN A 5.141 0.00135 0.514377 0.000021 0.20 1.70 1.74 14.78 

Gt PwdN B 4.958 0.00083 0.514328 0.000006 0.20 1.66 4.94 40.48 

Gt PwdR A 3.326 0.00062 0.513903 0.000005 0.32 1.74 8.13 44.69 

Gt PwdN B Lch1 1.401 0.00020 0.513433 0.000006 0.83 1.92 16.76 38.83 

Gt PwdN B Lch2 1.871 0.00020 0.513558 0.000009 0.46 1.43 4.82 14.90 

WR1 0.2621 0.00003 0.513155 0.000009 7.36 3.19 10.77 4.67 

         V17-X808E01 
        Gt PwdN A 1.172 0.00016 0.513385 0.000013 0.41 0.79 4.69 9.08 

Gt PwdN A Lch1 0.5946 0.00010 0.513242 0.000012 0.97 0.96 9.66 9.50 

 Gt PwdN B 1.333 0.00016 0.513435 0.000010 0.35 0.77 6.89 15.19 

Gt PwdN B Lch1 0.5223 0.00007 0.513225 0.000005 1.18 1.02 31.46 27.17 

WR1 0.2239 0.00003 0.513140 0.000005 10.17 3.76 13.33 4.93 

         V18-D619A08 
        Gt A 5.642 0.00052 0.514569 0.000011 0.05 0.48 1.39 12.97 

 Gt PwdN A 1.933 0.00015 0.513588 0.000008 0.17 0.53 3.08 9.84 

Gt A Lch 1 0.6802 0.00006 0.513262 0.000008 0.64 0.72 14.81 13.17 

Gt A Lch 2 3.822 0.00032 0.514088 0.000010 0.08 0.51 1.97 12.43 

Gt PwdN A Lch 1 0.5868 0.00007 0.513222 0.000012 0.68 0.66 6.42 6.23 

WR1 0.3315 0.00005 0.513168 0.000012 2.44 1.34 26.51 14.53 

         V18-D619A16 
        Gt A 8.633 0.00129 0.515326 0.000023 0.05 0.67 1.47 21.02 

Gt PwdN A 3.812 0.00041 0.514062 0.000021 0.12 0.74 2.35 14.84 

Gt A Lch 2 3.502 0.00032 0.513993 0.000013 0.13 0.75 4.26 24.64 

Gt PwdN A Lch 1 0.5692 0.00010 0.513258 0.000031 1.11 1.04 6.63 6.24 

WR1 0.4299 0.00008 0.513222 0.000048 1.87 1.33 18.82 13.37 

         V17-X811A01 
        Gt A 3.847 0.00110 0.514066 0.000010 0.23 1.48 2.40 15.29 

Gt A Lch 1 0.3073 0.00011 0.513157 0.000006 5.73 2.91 21.78 11.07 

Gt PwdN A 2.787 0.00099 0.513802 0.000017 0.36 1.67 1.71 7.89 

WR 0.2240 0.00004 0.513128 0.000006 11.49 4.26 123.45 45.70 

         V18-S617C01 
        Gt A 4.879 0.00144 0.514649 0.000015 0.07 0.58 1.01 8.18 

Gt B 4.821 0.00078 0.514637 0.000009 0.06 0.48 0.70 5.59 

Gt PwdN A 3.6963 0.00053 0.514278 0.000014 0.10 1.16 7.06 0.60 
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WR1 0.2511 0.00003 0.513151 0.000008 6.53 2.71 55.71 23.13 
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Sample    Age (Ma) ±σ (Ma)     MSWD 
        

    V17-S805D01 
   Complete Isochron 38.15 0.89 7.00 

All Data Exc. PwdR A 38.29 0.27 1.11 

Gt PwdN A + WR 38.27 0.71 N/A 

Gt PwdN B + WR 38.16 0.34 N/A 

Gt PwdR A + WR 37.20 0.52 N/A 

Gt PwdN B Lch1 + WR 37.30 1.40 N/A 

Gt PwdN B Lch2 + WR 38.30 1.20 N/A 

    V17-X808E01 
   Complete Isochron 40.4 1.3 1.6 

Gt PwdN A + WR 39.60 2.30 N/A 

Gt PwdN A Lch1 + WR 42.30 5.10 N/A 

 Gt PwdN B + WR 40.70 1.50 N/A 

Gt PwdN B Lch1 + WR 43.70 3.60 N/A 

    V18-D619A08 
   Complete Isochron 40.38 0.33 1.30 

Gt A + WR 40.31 0.46 N/A 

 Gt PwdN A + WR 40.00 1.30 N/A 

Gt A Lch 1 + WR 41.10 6.00 N/A 

Gt A Lch 2 + WR 40.28 0.66 N/A 

Gt PwdN A Lch 1 + WR 31.90 9.80 N/A 

    V18-D619A16 
   Complete Isochron 39.37 0.62 1.30 

Gt A + WR 39.21 0.98 N/A 

Gt PwdN A + WR 38.00 2.30 N/A 

Gt A Lch 2 + WR 38.40 2.40 N/A 

Gt PwdN A Lch 1 + WR 39.00 61.00 N/A 

    V17-X811A01 
   Complete Isochron 39.52 0.44 1.80 

Gt A + WR 39.57 0.49 N/A 

Gt A Lch 1 + WR 52.00 15.00 N/A 

Gt PwdN A + WR 40.20 1.10 N/A 

    V18-S617C01 
   Complete Isochron 49.68 0.35 0.86 

Gt A + WR 49.48 0.54 N/A 
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Gt B + WR 49.72 0.40 N/A 

Gt PwdN A + WR 50.00 0.70 N/A 
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Highlights: 

 Eclogite-facies metamorphism in the central Voltri Ophiolite occurred at 41-38Ma 

 HP metamorphism occurred earlier at ~50Ma in the NW part of the ophiolite 

 The central Voltri area was subducted and exhumed as a coherent lithospheric slice 

 The ophiolite comprises at least two slices with variable P-T-t histories  

 Exhumation of the ophiolite achieved via buoyancy of serpentinite-dominated crust 
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