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ABSTRACT

The Jurassic Chenaillet ophiolite from Western Alps consists of a gabbro-mantle association exhumed to 
the seafloor through detachment faulting and partly covered by basaltic lavas. One of the Chenaillet 
gabbroic bodies include mylonites that are transected by a network of felsic veins, thereby testifying the 
interplay of ductile shearing and magma emplacement. The deformed gabbros preserve clinopyroxene 
porphyroclasts of primary magmatic origin, which are typically mantled by amphibole (titanian edenite) 
and minor secondary clinopyroxene. Titanian edenite and secondary clinopyroxene also occur as fine-
grained syn-kinematic phases locally associated with fine-grained plagioclase. The felsic veins are made 
up of anorthite-poor plagioclase and minor titanian edenite. Geothermometric investigations document 
that the ductile gabbro deformation and the crystallization of the felsic veins occurred at 765 ± 50 °C and 
800 ± 55 °C, respectively.

With respect to undeformed counterparts, the deformed gabbros are variably enriched in SiO2 and 
variably depleted in Mg/(Mg+Fe2+

tot) and Ca/(Ca+Na). In addition, the deformed gabbros show relatively 
high concentrations of incompatible trace elements such as Rare Earth Elements (REE), Y, Zr and Nb. 
The felsic veins are characterized by low Mg/(Mg+Fe2+

tot) and Ca/(Ca+Na), high SiO2 and high 
concentrations of incompatible trace elements. Relict clinopyroxene porphyroclasts from the deformed 
gabbros display a rather primitive, MOR-type geochemical signature, which contrasts with the trace 
element fingerprint of titanian edenite from both the deformed gabbros and the felsic veins. For instance, 
titanian edenite typically has relatively high REE abundances, with chondrite normalized REE patterns 
characterized by pronounced negative Eu anomaly. A similar trace element signature is shown by 
secondary clinopyroxene from the deformed gabbros. Amphibole from both the deformed gabbros and 
the felsic veins display high F/Cl values. We show that the SiO2-rich hydrous melts feeding the felsic 
veins were involved in the high temperature gabbro deformation and that melt-gabbro reactions led to 
major and trace element metasomatism of the deforming gabbros.

Keywords: gabbro mylonite, felsic veins, lower oceanic crust, amphibole, trace elements, detachment 
fault  
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INTRODUCTION

The petrogenetic processes associated with the early stages of gabbroic crust exhumation at slow and 
ultraslow spreading ridges have not been ascertained yet. The detachment fault systems leading to 
gabbro denudation are rooted into or below the brittle-plastic transition (Hansen et al., 2013), possibly in 
partially molten gabbros (Dick et al., 2000). In addition, the high temperature deformation structures in the 
exhuming gabbroic crust could act as pathways for seawater-derived fluids, thereby triggering gabbro 
partial melting and ultimately producing anatectic SiO2-rich hydrous melts (Koepke et al., 2004).

This study aims at shedding light on the complex interplay among tectonics, magmatism and 
hydrothermalism in the gabbroic oceanic crust exhumed to the seafloor in the footwall of extensional 
detachment faults. At this purpose, we investigated the potential relationships between ductile shearing 
and magmatism within one of the gabbroic bodies from the Jurassic Chenaillet ophiolite (Western Alps). 
The Chenaillet gabbros formed at a (ultra-)slow spreading system and were exhumed to the seafloor in 
response to detachment faulting (Chalot-Prat, 2005; Manatschal et al., 2011). The Chenaillet gabbro 
sequence (Costa and Caby, 2001) bears remarkable structural and compositional similarities to the lower 
crust section of the Atlantic Bank oceanic core complex (Southwest Indian Ridge). These similarities 
include: (i) grain size and/or modal layering characterized by lack of clear mineral alignment in coarse-
grained gabbros; (ii) occurrence of oxide-gabbros (i.e., relatively rich in ilmenite and/or titanomagnetite) 
and “plagiogranites” in dykes and veins; (iii) common presence of high temperature ductile shear zones 
(cf. Dick et al., 2000 and MacLeod et al., 2017).

We investigated one Chenaillet gabbroic body that mostly consists of clinopyroxene-rich gabbros involved 
in a ductile shear zone (Mevel et al., 1978; Steen et al., 1980). The deformed gabbros show the syn-
kinematic crystallization of plagioclase, clinopyroxene and abundant amphibole, and are frequently 
associated with amphibole-bearing felsic veins. To explain the association of amphibole-rich deformed 
gabbros and amphibole-bearing felsic veins, Caby (1995) envisioned that migration of seawater-derived 
fluids into ductile shear zones triggered the syn-kinematic partial melting of the gabbros, thereby 
generating SiO2-rich hydrous melts that fed the felsic veins. A similar process has been recently proposed 
for the origin of some felsic veins within the upper 500 m of the gabbroic section of the Atlantic Bank 
oceanic core complex (Pietranik et al., 2017). Conversely, most studies of felsic veins from the Jurassic 
ophiolites of the Alpine-Apennine belt, including the Chenaillet ophiolite, proposed an origin by residual 
melts after crystallization of gabbros rich in ilmenite ± titanomagnetite (Schaltegger et al., 2002; Montanini 
et al., 2006a; Brophy, 2009; Li et al., 2013; 2015; Tribuzio et al., 2014). A process of extreme fractional 
crystallization starting from MORB was also envisaged for the Atlantic Bank felsic veins (Gillis and Meyer, 
2001; Niu et al., 2002).

To unravel the potential petrogenetic relationships between high temperature deformation of the gabbros, 
migration of seawater-derived fluids and formation of felsic veins in the exhuming intrusive crust, we 
conducted different chemical analyses on the sheared gabbros and associated felsic veins from the 
Chenaillet ophiolite. Major and trace element compositions of major minerals (clinopyroxene, amphibole 
and plagioclase) were combined with major and trace element compositions of whole-rocks. Selected 
amphiboles were also analyzed for F and Cl by ion microprobe. We found no clear evidence for 
involvement of seawater-derived fluids into the ductile shear zones and for gabbro partial melting. Most 
likely, the chemically evolved melts that formed the felsic veins participated in the high temperature 
gabbro deformation, and the resulting melt-gabbro reactions led to metasomatism of the deformed 
gabbros.
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GEOLOGICAL SETTING AND FIELD RELATIONSHIPS

The Jurassic ophiolites from the Alpine-Apennine belt are lithospheric remnants of the Liguria-Piedmont 
basin (also referred to as Alpine Tethys), which developed in conjunction with the opening of the Central 
Atlantic Ocean (e.g., Schettino and Turco, 2011; Vissers et al., 2013). Many of the Alpine-Apennine 
ophiolites are associated with continental crust material (e.g., Manatschal and Nievergelt, 1997; Marroni 
et al., 1998; Renna et al., 2017) and/or include mantle sequences retaining a subcontinental lithospheric 
origin (e.g., Desmurs et al., 2002; Müntener et al., 2004; Montanini et al., 2006b). These ophiolites were 
interpreted to have formed at magma-poor ocean-continent transitions similar to those of the Iberia-
Newfoundland margins (see also Manatschal and Müntener, 2009). Conversely, some of the Alpine-
Apennine ophiolites are not associated with continental crust material and have mantle sequences 
showing a depleted geochemical signature (Lagabrielle and Cannat, 1990), and are typically attributed to 
ultradistal paleogeographic domains of the Jurassic margin (see also Decarlis et al., 2018). These 
successions include the Chenaillet ophiolite exposed in the Western Alps (e.g., Chalot-Prat, 2005), the 
Internal Ligurian ophiolites from the Northern Apennine (e.g., Sanfilippo and Tribuzio, 2011), and the 
Pineto ophiolite from Central Corsica (e.g., Sanfilippo and Tribuzio, 2013). These ophiolitic sequences 
include up to km-scale gabbroic bodies that are structurally and compositionally similar to those from 
oceanic core complexes of Mid-Atlantic and Southwest Indian Ridges (cf. Blackman et al., 2006; Kelemen 
et al., 2007; Dick et al., 2008; MacLeod et al., 2017).

The Chenaillet ophiolite exposed at the French-Italian border in the Western Alps (Fig. 1) was only weakly 
overprinted by tectonic and metamorphic processes in response to its emplacement in the Alpine nappe 
stack (cf. Bertrand et al., 1987, and Chalot-Prat et al., 2003). In particular, orogenic-related peak 
metamorphic conditions were referred by Bertrand et al. (1987) to the prehnite-pumpellyite facies. This 
ophiolite essentially consists of a gabbro-mantle association exhumed to the seafloor through detachment 
faulting and covered by extrusive basaltic sequences, which locally overlie sediments derived from the 
footwall of the detachment (Chalot-Prat, 2005; Manatschal et al., 2011; Lafay et al., 2017).

The gabbroic sequences are mostly composed of coarse-grained clinopyroxene-rich gabbros to 
troctolites, and are locally crosscut by oxide-gabbro and felsic dykes/veins (Bertrand et al., 1987; Caby, 
1995; Costa and Caby, 2001). Anastomosing ductile shear zones are widespread within the 
clinopyroxene-rich gabbros. Basaltic dykes with chilled margins frequently crosscut the gabbroic 
sequences, including the deformed gabbros. The gabbroic sequences have a MORB-type geochemical 
signature, which was shown on the basis of whole-rock Rare Earth Elements (REE) and Nd isotopic 
compositions (see also Chalot-Prat et al., 2003). Zircons extracted from one troctolite and one felsic vein 
crosscutting the mantle sequence consistently displayed MORB-type Hf-O isotopic compositions, and 
gave U-Pb crystallization ages of ~165 Ma (Li et al., 2013). The MORB-type fingerprint is also revealed by 
the incompatible trace element compositions of associated basaltic volcanics (Chalot-Prat, 2005).

The samples selected for this study were collected from a gabbroic body (Fig. 2) exposed north of 
Chenaillet peak and west of Rocher de l’Aigle, which is hereafter referred to as Rocher de l’Aigle body. 
The gabbroic body preserves evidence for originally being in contact with a thin serpentinized mantle slice 
that was covered by sediments (Caby 1995; Chalot-Prat, 2005). The sequence of gabbros, serpentinites 
and sediments was interpreted to have developed in response to an oceanic detachment fault, which was 
lately truncated by oceanic high-angle faults that juxtaposed the gabbroic body against adjacent basaltic 
volcanics (Manatschal et al., 2011). The base of the gabbro body and the contact to underlying rocks is 
not exposed. Hence, the original thickness of the gabbroic body, before the development of oceanic 
faults, cannot be constrained.
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The Rocher de l’Aigle gabbroic body consists of coarse-grained clinopyroxene-rich gabbros with minor 
troctolites and subordinate oxide-gabbros, which as a whole show evidence for having experienced 
ductile shearing (Mevel et al., 1978; Steen et al., 1980; Caby, 1995). The rocks typically display 
protomylonite to mylonite structures (Fig. 3a) characterized by alignment of up to 1 cm-long clinopyroxene 
porphyroclasts mantled by amphibole, and up to mm-scale thick layers mostly made up of fine-grained 
plagioclase. Deformed gabbros with ultramylonite structures are in places present. Weakly deformed, 
coarse-grained gabbros to troctolites typically occur as up to meter-scale, boudin-shaped domains, where 
grain size and/or modal layering of primary magmatic origin is locally preserved.

The Rocher de l’Aigle gabbros are intimately associated with coarse-grained, amphibole-bearing felsic 
veins that are up to 15 cm thick and meter-scale long. In weakly deformed gabbro domains, the felsic 
veins are typically subparallel and locally enclose angular gabbro fragments. Within protomylonite to 
mylonite gabbros, the felsic veins are typically discordant with respect to the gabbro foliation (Fig. 3b) and 
in places include deformed gabbro fragments. Locally, the felsic veins are subparallel to the gabbro 
foliation (Fig. 3c), or show evidence for being involved in the deformation event. This process is indicated 
by felsic vein irregular branches elongated concordantly with the foliation of host gabbros, and by a 
gneissic foliation defined by alignment of fish-shaped amphiboles. The gneissic foliation of the felsic veins 
is in places discordant with respect to the mylonitic foliation of host gabbros, thereby documenting a 
polyphase deformation evolution, with the late deformation phase confined within the felsic veins. The 
association of deformed gabbros and felsic veins is crosscut by basaltic dykes with chilled margins (Fig. 
3d). For further details about field relationships, the reader is referred to Caby (1995).

PETROGRAPHY AND MAJOR-HALOGEN ELEMENT MINERAL COMPOSITIONS

Four deformed gabbros (CH2-5, CH2-6, CH2-7, CH2-8) and two felsic veins (CH2-10, CH2-11) from the 
Rocher de l’Aigle gabbroic body were selected for the chemical analyses. For comparative purposes, we 
also analyzed an undeformed gabbro (CH3-6) mostly made up of subhedral-euhedral plagioclase and 
subophitic clinopyroxene, collected from the Punta Rascià gabbroic body of the Chenaillet ophiolite (Figs. 
1 and 2). Clinopyroxene, amphibole and plagioclase were analyzed for Si, Ti, Al, Cr, Fe, Mn, Ni, Mg, Ca, 
Na and K (Table 1) by electron microprobe (JEOL 8200 Super Probe) at Dipartimento di Scienze della 
Terra, Università degli Studi di Milano, in wavelength-dispersive spectrometry mode. We also analyzed 
apatite from deformed gabbros for Ca, P, F and Cl (Table 2). For all analyses, electron microprobe 
operating conditions were 15 kV accelerating voltage and 5 nA beam current; counting times were 30 s 
on the peaks and 10 s on the backgrounds, and natural standards were used.

Measurement of concentrations of F and Cl in amphibole from deformed gabbros CH2-5 and CH2-6, and 
from felsic vein CH2-11 (Table 3) was carried out with the ion microprobe Cameca IMS 4f, installed at 
Istituto di Geoscienze e Georisorse - C.N.R., Unità di Pavia. A beam of 16O- primary ions, at an 
accelerating voltage of -12.5 kV, with a 5 nA current intensity, corresponding to a 8-10 µm beam 
diameter, was used. F and Cl were analyzed together with the 30Si isotope, representative of the silicate 
matrix. The selected positive secondary ions (namely 19F+, 35Cl+, 37Cl+ and 30Si+), accelerated by a voltage 
of +4500 V, under a 25-µm image field, using a contrast diaphragm of 400-µm Ø and a field aperture of 
1800-µm Ø, were detected by an electron multiplier. The mass resolution (M/ΔM) was equal to 900. The 
counting times in each analytical run were: 24 s (19F+), 12 s (30Si+), 18 s (35Cl+) and 24 s (37Cl+) over 3 
acquisition cycles, after 900 s waiting time. The selection of secondary ions was conducted with the 
energy filtering technique by applying an offset of -100 V to the secondary-ion accelerating voltage 
(+4500 V), with the width of the energy slit by 50 eV, which is equivalent to 75-125 eV emission kinetic 
energies. The reference samples used for the calibration of the instrument and for the conversion of ion 
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signals into elemental concentrations for F and Cl were Kaersutite Soda Spring (Ottolini et al., 1994), and 
scapolite (meionite) USNM R66001 (Ottolini and Le Fevre, 2008), respectively. The analytical accuracy is 
estimated to be of the order of 15% and 20% for F and Cl, respectively.

Deformed gabbros

These rocks show protomylonite to mylonite structures characterized by clinopyroxene porphyroclasts 
(15-30 vol% and up to 10 mm in length) elongated along the foliation and mantled by coronas made up of 
brown amphibole and/or pale clinopyroxene. The porphyroclastic clinopyroxene locally retains a 
magmatic subophitic structure in association with primary plagioclase (Fig. 4a), and includes µm-scale 
thick orthopyroxene exsolution lamellae. Porphyroclastic plagioclase (up to 5 mm in length) is also in 
places present and mantled by neoblastic plagioclase. Both primary and neoblastic plagioclase are 
typically altered into fine-grained aggregates made up of epidote and albite. Common accessories are 
zircon, apatite and ilmenite.

The porphyroclastic clinopyroxene from the four selected samples has comparable compositions, 
characterized by Mg# [Mg/(Mg+Fe2+

tot) × 100] and Al2O3 ranging from 83 to 87 and from 1.7 to 3.5 wt%, 
respectively (Fig. 5). The concentrations of TiO2 and Na2O in the porphyroclastic clinopyroxene cluster at 
0.4-0.6 wt%, and the Cr2O3 amounts vary from 0.1 to 0.3 wt%. Similar clinopyroxene compositions were 
found for clinopyroxene cores in undeformed gabbros from the Chenaillet ophiolite (i.e., sample CH3-6) 
and other Alpine-Apennine ophiolites (e.g., Hébert et al., 1989; Tribuzio et al., 2014). The porphyroclastic 
plagioclase is invariably replaced by epidote + albite aggregates. Based on clinopyroxene-plagioclase 
covariations reported in the literature for the gabbros of the Alpine-Apennine ophiolites (Tiepolo et al., 
1997; Sanfilippo and Tribuzio, 2013), the porphyroclastic plagioclase is inferred to have had 55-65 mol% 
of anorthite component.

The brown amphibole/pale clinopyroxene coronas mantling the porphyroclastic clinopyroxene are a few 
tens to a few hundred µm in thickness, with a brown amphibole to pale clinopyroxene modal ratio varying 
from 3:1 to 2:1. Brown amphibole and pale clinopyroxene occur as nearly granoblastic aggregates 
consisting of grains weakly aligned along the edge of the porphyroclastic clinopyroxene (Fig. 4b), and/or 
as single crystal, undeformed coronas (Fig. 4c). The external portion of the porphyroclastic clinopyroxene, 
near the contact with the amphibole/clinopyroxene coronas, in places includes patches (typically 
hundreds of µm in size) made up of pale, unexsolved clinopyroxene containing vermicular to globular 
brown amphibole (Fig. 4d). Brown amphibole in addition frequently replaces the orthopyroxene exsolution 
lamellae within the porphyroclastic clinopyroxene.

The rock domains modally dominated by neoblastic plagioclase locally include brown amphibole grains. 
The neoblastic plagioclase is locally preserved and has 30-33 mol% anorthite. Both plagioclase and 
amphibole in these aggregates are typically a few tens of µm in length and aligned along the foliation 
plane (Fig. 4e), and are associated in places with pale clinopyroxene crystals having a similar grain size. 
Some undeformed, brown amphibole crystals having a relatively large grain size (hundreds of µm in 
length) were also observed. Irrespective of its microstructure, brown amphibole is partially replaced, 
typically at its rims, by pale brown to green amphibole. Pale to green amphibole also occurs in medium-
grained aggregates, locally associated with talc or chlorite, which could represent pseudomorphs after 
primary olivine.

The pale clinopyroxene in coronas and in nearly granoblastic aggregates (hereafter both referred to 
secondary clinopyroxene) show similar compositions. It typically has lower Mg#, Al2O3 and TiO2, and 
higher MnO than the porphyroclastic counterpart (Fig. 5). Note that the secondary clinopyroxene is also 
chemically distinct from the clinopyroxene rim in undeformed gabbro CH3-6. In particular, the latter has 
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higher TiO2 and Al2O3, and frequently lower MnO than the secondary clinopyroxene in the deformed 
gabbros.

In the deformed gabbros, no clear chemical difference (Fig. 6) between the brown amphibole mantling the 
clinopyroxene porphyroclasts and that associated with fine-grained plagioclase was observed. Taken as a 
whole, these amphiboles display Mg# ranging from 67 to 77 and 5.0-7.7 wt% Al2O3, 1.0-1.9 wt% Na2O 
and 0.8-2.0 wt% TiO2. These chemical parameters produce rough correlations indicating that the Mg# 
decreases with increasing edenite substitution (NaAlSi-1) and TiO2 contents. The coronitic and neoblastic 
amphiboles also show significant variations in CaO (11.3-12.3 wt%) and MnO (0.1-0.3 wt%), which 
decrease and increase, respectively, with decreasing Mg#. We attribute these CaO-MnO variations to 
replacement of Ca by Mn2+ in the M4 crystallographic site (cummingtonite substitution). In the deformed 
gabbro CH2-8, we found a large, undeformed brown amphibole grain that is chemically distinct in the 
slightly lower Mg#, and the slightly higher TiO2 and edenite-cummingtonite substitutions. According to the 
classification of Leake et al. (1997), all brown amphiboles are titanian edenites.

Coronitic/neoblastic amphibole from the deformed gabbros have F and Cl concentrations of 590-1110 
ppm and 240-430 ppm, respectively (Fig. 7). A similar halogen signature was observed for interstitial 
accessory amphibole of magmatic origin (titanian pargasite) in undeformed gabbros from other Alpine-
Apennine ophiolites, which is characterized by variable F and low Cl (Tribuzio et al., 2000). Apatite from 
the deformed gabbros has high F/Cl values, with F and Cl concentrations (1.8-2.3 wt% and 0.25-0.40 
wt%, respectively) that are about one order of magnitude higher than in coronitic/neoblastic amphibole.

Felsic veins

Selected samples show a gneissic structure characterized by alignment of porphyroclastic plagioclase 
(~45 vol%) and brown amphibole (~15 vol%), both ranging from 2 to 10 mm in length. They are quartz-
free (leucodiorites) and include accessory phases such as zircon, apatite and ilmenite. The 
porphyroclastic plagioclase (An = 13-14 mol%) typically shows undulose extinction and, locally, bent 
twinning planes. It is mantled by aggregates made up of aligned plagioclase neoblasts, which are tens of 
µm in size and extensively replaced by fine-grained aggregates made up of albite and epidote. The 
porphyroclastic amphibole (titanian edenite) does not show clear evidence for being plastically deformed 
(Fig. 4f). It displays low Mg#, relatively high TiO2 and edenite-cummingtonite substitutions (Fig. 6), and 
high F/Cl (1100-1300 ppm F and 230-330 ppm Cl, Fig. 7). At the edge of the porphyroclastic amphibole, 
there are brown amphibole fragments (tens to hundreds of µm in size) that are typically aligned 
concordantly with the foliation and widely replaced by green amphibole and minor Fe-Ti-oxide phases. 
Green amphibole also frequently replaces the outer portions of the porphyroclastic amphibole.

GEOTHERMOMETRY

Temperatures estimates for the ductile deformation of the gabbros and the crystallization of the felsic 
veins were acquired using amphibole-based geothermometers. In particular, we applied the edenite-
richterite calibration of the amphibole-plagioclase geothermometer (Holland and Blundy 1994), assuming 
a confining pressure of 0.1 GPa. This geothermometer was calibrated for a temperature range of 500-900 
°C and for plagioclase compositions with anorthite component between 10 and 90 mol%, and was 
inferred to be accurate within ± 40 °C. We also used the recent amphibole geothermometer of Putirka 
(2016) that was calibrated for igneous systems (T ≥650 °C) and was estimated to have an accuracy of ± 
30 °C. In particular, we adopted the equation 6 of Putirka (2016), assuming a confining pressure of 0.1 
GPa.
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In the deformed gabbros, the amphibole-plagioclase geothermometer (Holland and Blundy, 1994) was 
applied to the fine-grained brown amphibole-plagioclase aggregates that are not physically associated 
with the porphyroclastic clinopyroxene (e.g., Fig. 3e). We obtained mean temperature values of 727 °C 
and 715 °C for deformed gabbros CH2-5 and CH2-8, respectively. Using the same amphibole 
compositions, the amphibole geothermometer of Putirka (2016) furnished higher mean temperature 
values of 814 °C and 813 °C. The porphyroclastic amphibole-plagioclase pairs from the felsic veins gave 
mean values of 746 °C and 749 °C according to the amphibole-plagioclase geothermometer of Holland 
and Blundy (1994). Based on amphibole compositions alone (Putirka, 2016), we attained mean values of 
852 °C and 854 °C for the felsic veins. For both the deformed gabbros and the felsic veins, the 
discrepancy in the temperature evaluations by the two methods could be related to a lower closure 
temperature of the amphibole-plagioclase equilibrium (Holland and Blundy, 1994) with respect to the 
amphibole geothermometer of Putirka (2016). If the same geothermometric method is adopted, there are 
negligible temperature differences (within the uncertainty of the methods) between ductile deformation of 
gabbros and crystallization of felsic veins, which are in summary inferred to have occurred at 765 ± 50 °C 
and 800 ± 55 °C, respectively. Note that the crystallization temperature estimates for the felsic veins are 
within the interval of Ti-in-zircon crystallization temperatures obtained for felsic veins within gabbroic 
sections of slow and ultraslow spreading ridges (845-676 °C, Grimes et al., 2009).

TRACE ELEMENT MINERAL COMPOSITIONS

Analytical procedure

Trace element analyses of clinopyroxene and amphibole were carried out using laser ablation inductively 
coupled plasma spectrometry at Istituto di Geoscienze e Georisorse - C.N.R., Unità di Pavia (Table 4). 
The laser probe consisted of a Q-switched Nd:YAG laser, model Quantel (Brilliant), whose fundamental 
emission in the near-IR region (1064 nm) was converted into 213 nm wavelength using three harmonic 
generators (Jeffries et al., 1998). Spot diameter was typically ~40 µm. The ablated material was analyzed 
by using an Elan DRC-e quadrupole mass spectrometer. Helium was utilized as carrier gas and mixed 
with Ar downstream of the ablation cell. NIST SRM 610 was utilized as external standard. The CaO 
content obtained by electron microprobe was used as internal standard, scaled on the 44Ca+ signal. 
Precision and accuracy were assessed from repeated analyses of the BCR2-g standard and resulted 
usually better than 10% at ppm concentration level. Detection limits were typically in the range of 0.5-1.0 
ppm for Cr and Ti, 0.1-0.5 ppm for V, Ni and Sc, 10-100 ppb for Co, Zn, Sr, Ba, Zr and Y, 1-10 ppb for Nb, 
Hf, Ta and REE.

Deformed gabbros

The chondrite‐normalized REE pattern of the porphyroclastic clinopyroxene shows a MORB-type 
geochemical signature, with LREE depletion with respect to MREE (LaN/SmN = 0.2, with SmN = 10-14), no 
evident Eu anomaly, and nearly flat MREE-HREE (Fig. 8). A similar REE fingerprint is displayed by 
clinopyroxene cores in undeformed gabbros from the Chenaillet ophiolite (i.e., sample CH3-6) and other 
Alpine-Apennine ophiolites (e.g., Sanfilippo and Tribuzio, 2011; 2013; Tribuzio et al., 2014). The 
secondary clinopyroxene from the deformed gabbros has high REE concentrations with a pattern 
exhibiting prominent negative Eu anomaly (Eu/Eu* = 0.2-0.5, Fig. 8), slight La-Ce depletion with respect 
to Pr-Nd, and slight steady increase from Gd to Lu (GdN/LuN = 0.5-0.7, with LuN = 39-79). The secondary 
clinopyroxene differs from the porphyroclastic counterpart not only in the REE signature but also in the 
lower Sr, Ti, V, Cr and Ni (Table 4). Note that the clinopyroxene rim in undeformed gabbro CH3-6 has 
distinct trace element compositions with respect to the secondary clinopyroxene in the deformed gabbros. 
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In particular, the REE pattern of the clinopyroxene rim parallels the core REE pattern at higher 
concentration levels (by a factor of ~3).

The brown amphibole mantling the clinopyroxene porphyroclasts and that in nearly granoblastic 
aggregates have chondrite-normalized REE patterns (Fig. 9a) resembling those of the secondary 
clinopyroxene. The amphibole patterns are characterized by marked negative Eu anomaly (Eu/Eu* = 0.2-
0.4) and slight LREE depletion (LaN/SmN = 0.4-0.8) with respect to MREE and HREE, which are nearly 
flat and range from ~150 to ~200 times chondrite. The neoblastic amphibole analyzed for deformed 
gabbro CH2-8 is distinct in the slightly lower MREE-HREE concentrations at ~100 times chondrite. 
Normalization of incompatible elements to chondrite reveals that coronitic/neoblastic amphibole has: (i) 
Ba and Sr depleted by two orders of magnitude with respect to MREE-HREE, (ii) similar values for Nb, Ta 
and La, (iii) Zr and Hf moderately depleted with respect to Nd and Sm, and (iv) Ti depleted by one order 
of magnitude with respect to MREE-HREE. The large, undeformed amphibole from sample CH2-8 
remarkably has high REE concentrations, with MREE-HREE at ~300 times chondrite, pronounced 
negative Eu anomaly (Eu/Eu* = 0.4) and LREE depletion (LaN/SmN = 0.3). This amphibole also differs 
from the coronitic/neoblastic amphiboles in the lower V and in the higher Ba, Zr, Hf, Ti and Y.

Felsic veins

The porphyroclastic amphibole has high REE concentrations, with a chondrite-normalized pattern 
showing LREE depletion (LaN/SmN = 0.3-0.4), prominent negative Eu anomaly (Eu/Eu* = 0.4-0.5), and 
MREE-HREE at 290-420 times chondrite (Fig. 9b). The amphibole exhibits low concentrations of V and 
Cr (Table 4), and an incompatible element pattern characterized by: (i) abrupt Ba and Sr depletion with 
respect to LREE, (ii) similar values for Nb, Ta and La, (iii) moderate depletion of Zr and Hf with respect to 
Nd and Sm, and (iv) pronounced negative Ti anomaly with respect to MREE-HREE. A comparable 
incompatible element signature was found for the brown amphibole in the felsic veins crosscutting the 
gabbros from the Internal Ligurian ophiolites (Northern Apennine, Tribuzio et al., 2014) and from the 
oceanic core complex of Atlantis Bank (Southwest Indian Ridge, Nguyen et al., 2018).

WHOLE-ROCK MAJOR AND TRACE ELEMENT COMPOSITIONS

Analytical procedure

Whole-rock major and trace element analyses of the deformed gabbros and the felsic veins (Table 5) 
were carried out at Activation Laboratories (Ancaster, Ontario) by inductively coupled plasma (ICP) optical 
emission spectroscopy and ICP mass spectrometry. Precision and accuracy is estimated to be better than 
2% for SiO2, Al2O3, Fe2O3 and MgO, and better than 5% for the other major elements. Precision and 
accuracy of trace element analyses are typically assessed to be within 10%.

Deformed gabbros

The deformed gabbros show Mg# [molar Mg/(Mg+Fe2+
tot) × 100] decreasing (Fig. 10) with increasing SiO2 

and decreasing Ca# [molar Ca/(Ca+Na) × 100]. They have higher SiO2 and Na2O, and lower CaO than 
undeformed gabbros from Chenaillet ophiolite (samples CH3-6) and other Alpine-Apennine ophiolites that 
include clinopyroxenes chemically similar (Tribuzio et al., 2014) to the porphyroclastic clinopyroxenes of 
the present study. The deformed gabbros are also distinct in the relatively low Mg# and TiO2, and the 
significant P2O5 amounts (0.03-0.05 wt%) that are consistent with the occurrence of accessory apatite in 
these rocks.
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The chondrite-normalized REE patterns of the deformed gabbros (Fig. 11) exhibit variable fractionations 
in the LREE, which are nearly flat to moderately enriched with respect to MREE (LaN/SmN = 0.9-1.8, with 
SmN = 18-39). The REE patterns are also characterized by slight negative Eu anomaly (Eu/Eu* = 0.6-0.9) 
and slight enrichment of HREE over MREE (GdN/LuN = 0.6-0.9). Deformed gabbro CH2-6 exhibits the 
highest REE concentrations and the highest P2O5 contents, thereby suggesting a significant role of 
apatite in controlling the whole-rock REE chemistry, in agreement with experimental studies showing that 
REE and Y are highly compatible in this phase (e.g., Prowatke and Klemme, 2006). The REE signature of 
the undeformed gabbros is different, displaying relatively low concentrations and a pattern characterized 
by moderate LREE depletion, mild positive Eu anomaly and slight HREE depletion. Normalization of 
incompatible elements to chondrite shows that the deformed gabbros have: (i) Nb and Ta slightly 
depleted with respect to La, (ii) similar values for Sr and LREE, (iii) slight Zr-Hf enrichment with respect to 
adjacent REE, which could be related (see Luo and Ayers, 2009) to the common occurrence of accessory 
zircon in these rocks, and (iii) Ti markedly depleted with respect to MREE-HREE. Note that the deformed 
gabbros are distinct from the undeformed gabbros also in the higher concentrations of Nb, Ta, Zr, Hf and 
Y.

Felsic veins

These rocks display (Fig. 10) high SiO2 and Al2O3 (60-62 wt% and 19-20 wt%, respectively), and low Mg# 
and Ca# (53-55 and 21-23, respectively). The whole-rock major element chemistry of the felsic veins is 
satisfactorily reproduced on the basis of mean compositions of porphyroclastic plagioclase and 
amphibole, with plagioclase:amphibole ratios of 87:13 and 81:19 (wt%) for samples CH2-10 and CH2-11, 
respectively. The felsic veins have low concentrations of Ni, V and Cr (Table 5), and high REE 
abundances (Fig. 11). The chondrite-normalized REE patterns are nearly flat (LaN/SmN = 0.8-1.1, with 
SmN = 39-58) and with no significant Eu anomaly. The chondrite-normalized incompatible element 
patterns are characterized by moderate negative Sr anomaly with respect to LREE, and abrupt negative 
Ti anomaly with respect to MREE-HREE; Nb, Ta, Zr and Hf show normalized values similar to those of 
LREE. Note that the Chenaillet felsic veins have overall slightly lower REE concentrations than the felsic 
leucodiorite vein analyzed by Tribuzio et al. (2014) for the Internal Ligurian ophiolites (Northern 
Apennine).

DISCUSSION

The deformed gabbros show a peculiar mineral assemblage

The Rocher de l’Aigle gabbroic body from the Chenaillet ophiolite experienced localized high temperature 
ductile deformation, as shown by development of mylonite structures mostly localized in the 
clinopyroxene-rich gabbros. The deformed gabbros preserve clinopyroxene porphyroclasts of magmatic 
origin and include relatively high modal amounts of brown amphibole (titanian edenite) that is typically 
associated with secondary clinopyroxene. Amphibole and secondary clinopyroxene occur as fine-grained 
syn-kinematic phases locally associated with fine-grained plagioclase, and as coronas around 
porphyroclastic clinopyroxene.

High temperature ductile deformation localized along shear zones was reported for gabbros from the 
Internal Ligurian ophiolites of the Northern Apennine (e.g., Cortesogno et al., 1975; Molli, 1995; Menna, 
2009). Typically, these deformed gabbros have porphyroclastic structures showing dynamic re-
crystallization of magmatic clinopyroxene and plagioclase, and the frequent association of neoblastic 
clinopyroxene with accessory red-brown amphibole (titanian pargasite) and/or ilmenite (see also Tribuzio 
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et al., 1995, and Sanfilippo and Tribuzio, 2011). Neoblastic clinopyroxene and plagioclase show subtle 
chemical variations with respect to porphyroclastic clinopyroxene and plagioclase, and the trace element 
signature of titanian pargasite is similar to that of accessory interstitial titanian pargasite of magmatic 
origin locally present in undeformed gabbros (cf. Tribuzio et al., 2000). Based on pyroxene, amphibole 
and plagioclase chemical compositions, the ductile deformation event was evaluated to have occurred at 
850-900 °C, under near solidus conditions. Gabbros experiencing high temperature crystal-plastic 
deformation from the oceanic core complex of Atlantis Bank (Southwest Indian Ridge) show comparable 
microstructural, compositional and thermometric characteristics (Cannat et al., 1991; Stakes et al., 1991; 
Dick et al., 2000; Miranda and John, 2010; MacLeod et al., 2017). Comparable deformed gabbros were 
also reported for the oceanic core complexes from Mid Atlantic Ridge and typically referred to as granulite 
facies rocks (e.g., Cortesogno et al., 2000; Coogan et al., 2001). Although there is not a general 
consensus about the origin of the fluids/melts involved in this event of high temperature dynamic 
recrystallization, it is noteworthy that halogen and trace element compositions of titanian pargasite from 
both fossil and modern deformed gabbros do not show any evidence for crystallization from fluids with a 
seawater component (Tribuzio et al., 1995, Cortesogno et al., 2000; Coogan et al., 2001).

In the Rocher de l’Aigle deformed gabbros, brown amphibole (titanian edenite) is not accessory. Its modal 
amounts are typically higher than those of secondary clinopyroxene. In addition, secondary plagioclase 
from these deformed gabbros is anorthite-depleted with respect to secondary plagioclase in Ligurian 
deformed gabbros. Furthermore, secondary clinopyroxene and brown amphibole from studied deformed 
gabbros are clearly chemically distinct with respect to secondary clinopyroxene and associated brown 
amphibole from the high temperature deformed gabbros of the Internal Ligurian ophiolites. For instance, 
both secondary clinopyroxene and brown amphibole from the Rocher de l’Aigle deformed gabbros have 
lower Al2O3 and TiO2 (Fig. 12), and higher REE (cf. Tribuzio et al., 1995) than Internal Ligurian ophiolite 
counterparts. Finally, the temperature conditions estimated for the ductile deformation affecting the 
gabbros of the present study (765 ± 50 °C) are lower than those reported for the granulite facies 
deformation recorded by gabbros from Ligurian ophiolites (Sanfilippo and Tribuzio, 2011) and (ultra-)slow 
spreading ridges (e.g., Coogan et al., 2001; Miranda and John, 2010).

The secondary clinopyroxene in the Rocher de l’Aigle deformed gabbros is chemically distinct with 
respect to the clinopyroxene rim in the undeformed gabbro CH3-6, which was collected from another 
gabbro body of the Chenaillet ophiolite (Figs. 5, 8 and 12). The marked clinopyroxene zoning observed 
for this sample is similar to that reported for other undeformed, chemically primitive gabbros from Alpine-
Apennine ophiolites (e.g., Tribuzio et al., 1999; Borghini and Rampone, 2007) and modern oceans (e.g., 
Coogan et al., 2000; Gao et al., 2007), which is typically related to reaction of clinopyroxene with melts 
expelled out from an underlying crystal mush by buoyancy-driven compaction (see also Lissenberg and 
MacLeod, 2016). Remarkably, clinopyroxene rims and associated interstitial magmatic amphiboles 
(Tribuzio et al., 2000; Coogan et al., 2001) in the undeformed gabbros are compositionally 
indistinguishable with respect to neoblastic clinopyroxenes and associated amphiboles in the near 
solidus, granulite facies deformed gabbros (see also Tribuzio et al., 1995; Cortesogno et al., 2000). The 
granulite facies deformation could therefore be assisted by melts chemically similar to those that gave rise 
to the clinopyroxene rims in undeformed gabbros.

The Rocher de l’Aigle deformed gabbros are also microstructurally and chemically distinct with respect to 
the amphibolite facies, mylonitic metagabbros that in places occur in the Ligurian ophiolites (Molli, 1995; 
Montanini et al., 2008; Sanfilippo and Tribuzio, 2011) and the oceanic core complex of Atlantis Bank 
(Miranda and John, 2010; MacLeod et al., 2017). These amphibolite facies metagabbros are 
characterized by a clinopyroxene-free, brown-green amphibole + plagioclase mineral assemblage, which 

most likely developed in response to influx of seawater‐derived fluids into the shear zones, as suggested 
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by the relatively high Cl contents (typically 0.2-0.3 wt%) of the syn-kinematic amphibole (titanian edenite 
to Mg-hornblende). In the following sections, the nature of the atypical mineral assemblage observed for 
studied deformed gabbros will be investigated.

The deformed gabbros are not partial melting residues

Porphyroclastic clinopyroxene from the Rocher de l’Aigle deformed gabbros has a rather primitive 
chemical signature, which is for instance shown by its high Mg# (83-87, Fig. 5). This geochemical 
fingerprint is difficult to reconcile with the fact that the deformed gabbros include relatively high amounts 
of accessory zircon and apatite, which are characteristic of chemically evolved gabbros. Note that the 
secondary clinopyroxene is depleted in Mg# and compatible trace elements (e.g., Ni, Cr and V), and 
enriched in MnO and REE with respect to porphyroclastic clinopyroxene (see also Table 4 and Fig. 8). 
This evolved chemical signature is paralleled by the compositions of brown amphibole. In particular, 
secondary clinopyroxene and brown amphibole have alike REE patterns (cf. Figs. 8 and 9a), 
characterized by prominent negative Eu anomaly. An evolved chemical fingerprint is also shown by 
secondary plagioclase, which is rather anorthite-poor (31-33 mol%).

The contrasting geochemical signature between porphyroclastic clinopyroxene and secondary mineral 
assemblage (clinopyroxene + brown amphibole + plagioclase) could be related to a process of hydrous 
partial melting. Indeed, Caby (1995) proposed that the Rocher de l’Aigle deformed gabbros experienced 
partial melting in response to introduction of seawater-derived fluids into nearly anhydrous gabbros during 
high temperature shearing. Hydrous partial melting of chemically primitive, MOR-gabbros was 
experimentally shown to occur at temperatures ≥870 °C (Koepke et al., 2004; Wolff et al., 2013), 
according to the following reaction:

(1) plagioclase + clinopyroxene + olivine + H2O ⇒ amphibole + orthopyroxene + secondary anorthite-rich 
plagioclase + SiO2-rich hydrous melt

Hydrous partial melting is expected to produce amphibole-enriched gabbro residues and SiO2-rich melts 
(62-67 wt% at 900 °C, Koepke et al., 2004). The Rocher de l’Aigle deformed gabbros could therefore 
correspond to the gabbro residues and associated felsic veins could be formed by the SiO2-rich melts of 
anatectic origin. In the deformed gabbros, however, orthopyroxene is absent and secondary plagioclase 
is anorthite-poor. In addition, the temperature conditions evaluated for the ductile deformation (765 ± 50 
°C) are below the hydrous solidus of chemically primitive gabbros (Koepke et al., 2004; Wolff et al., 
2013). Furthermore, the whole-rock chemical compositions show that studied deformed gabbros are 
variably enriched, rather than depleted, in fusible components (i.e., SiO2 and Na2O) with respect to 
undeformed, chemically primitive gabbros (Fig. 10). Hence, we argue against the hydrous partial melting 
model envisioned by Caby (1995).

In the Rocher de l’Aigle deformed gabbros, brown amphibole and secondary clinopyroxene form not only 
nearly granoblastic aggregates but also single-crystal coronas mantling the clinopyroxene porphyroclasts 
(Fig. 4b). Such a coronitic microstructure argues against a whole syn-kinematic origin for brown 
amphibole and secondary clinopyroxene in the deformed gabbros, and suggests infiltration of H2O-rich 
fluid/melt along mineral grain boundaries. Migration of melt through the gabbros is consistent with the 
local occurrence of aggregates made up of vermicular to globular brown amphibole and secondary pale 
clinopyroxene, in an intermediate micro-domain between the clinopyroxene porphyroclasts and the 
external brown amphibole coronas (Fig. 4c). This microstructure is typically attributed to reaction between 
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igneous clinopyroxene and a hydrous silicate melt in chemical disequilibrium with igneous clinopyroxene 
(Coogan et al., 2001; Lissenberg and MacLeod, 2016).

The Rocher de l’Aigle deformed gabbros are intermingled with felsic veins. These rocks consist of 
anorthite-poor (13-14 mol%) plagioclase, a minor proportion of brown amphibole (titanian edenite), and 
accessory zircon and apatite. Felsic veins with similar structural and compositional characteristics occur 
in the gabbroic sections from the Ligurian ophiolites (Tribuzio et al., 2014) and the oceanic core complex 
of Atlantis Bank (Niu et al., 2002; Robinson et al., 2002; MacLeod et al., 2017; Pietranik et al., 2017; 
Nguyen et al., 2018). These felsic veins for instance share an analogous incompatible trace element 
signature of amphibole (Fig. 9b), and are interpreted to have formed by SiO2-rich hydrous melts, and not 
by magmatic fluids exsolved from the melts. An origin by silicate melts for the felsic veins within the 
Rocher de l’Aigle deformed gabbros is corroborated by the F/Cl values of included amphibole (Fig. 7), in 
agreement with experimental data (London et al., 1988; Webster et al., 1988) on the halogen partitioning 
between silicate melts and aqueous fluids (cf. Coogan et al., 2001). To account for Ca-amphibole 
saturation in silicate melts under low pressure conditions, notably, 2-4 wt% H2O melt contents are 
required (Gillis and Meyer, 2001; Feig et al., 2006).

In deformed gabbro CH2-8, we found an undeformed amphibole grain, physically unrelated to the 
porphyroclastic clinopyroxene, showing chemical compositions approaching those of the amphiboles from 
associated felsic veins (Figs. 6 and 9). This finding led us to propose that the deformed gabbros were 
permeated by a melt genetically related to the felsic veins. This idea is consistent with: (i) the fact that 
amphibole and apatite from deformed gabbros have high F/Cl values, as observed for the amphibole from 
the felsic veins (Fig. 7), and (ii) the similar temperature estimates obtained for the ductile deformation of 
the gabbros and the crystallization of the felsic veins (765 ± 50 °C and 800 ± 55 °C, respectively). Hence, 
we envisage that the melts forming the felsic veins reacted with the gabbro-forming minerals, thereby 
producing a new mineral assemblage, namely brown amphibole + secondary clinopyroxene + secondary 
plagioclase (+ accessory zircon and apatite).

Origin of the melts feeding the felsic veins

In the previous section, we have shown that the melts forming the Rocher de l’Aigle felsic veins were not 
genetically related to a process of partial melting of physically adjacent, deformed gabbros. We also 
exclude that the melts feeding the felsic veins were generated by partial melting of hydrothermally altered 
gabbros, in response to a heat increase produced by a new primitive melt injection, similarly to what was 
shown for the origin of “plagiogranites” at the dyke-gabbro transition (e.g., France et al., 2009). Amphibole 
from plagiogranites interpreted as partial melting products of hydrothermally altered sheeted dykes from 
the Troodos ophiolite is Cl-rich (1700-4900 ppm, Gillis and Coogan, 2002), thereby contrasting with the 
low Cl concentrations in amphibole from the Rocher de l’Aigle felsic veins (230-330 ppm, Fig. 7). We 
argue that the melts parental of the Rocher de l’Aigle felsic veins formed at deeper levels of the gabbroic 
crust and migrated upwards in response to density contrast. Buoyancy-driven migration of SiO2-rich 
hydrous melts (see also Koepke et al., 2018) could be favored by: (i) development of highly permeable 
pathways during the transition from ductile to brittle conditions, and (ii) compaction or deformation of 
partially molten material. Hence, we formulate two petrogenetic hypotheses for the origin of the SiO2-rich 
hydrous melts forming the studied felsic veins: (i) extreme magmatic evolution of MORB-type melts, and 
(ii) gabbro partial melting at a deeper level of the high temperature ductile shear zone.

The process of extreme magmatic evolution is supported by experimental studies for tholeiitic systems 
showing that the melts produced at lowest temperatures are SiO2-rich in response to fractionation of Fe-
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Ti-oxide phases (Toplis and Carroll, 1995; Berndt et al., 2005; Feig et al., 2006; Botcharnikov et al., 2008; 
Koepke et al., 2018). This process was for instance proposed by Gillis and Meyer (2001) and Niu et al. 
(2002), who concurred that ~90% fractional crystallization starting from N-MORB was able to produce 
residual SiO2-rich melts forming the amphibole-bearing felsic veins within the gabbroic section of the 
Atlantic Bank oceanic core complex. The second petrogenetic hypothesis implies that the melts feeding 
the felsic veins were generated by gabbro partial melting in a deeper sector of the high temperature 
ductile shear zone. The partial melting could be triggered by infiltration of seawater-derived fluids, as 
sustained by the experimental studies of Koepke et al. (2007) and Wolff et al. (2013). Following this 
hypothesis, the seawater contribution in the hydrous partial melting had to be low, based on Cl 
concentrations of amphibole from the felsic veins (Fig. 7). Note, however, that partial melting of deforming 
gabbros could also initiate with no involvement of seawater-derived fluids, in response to shear heating 
(e.g., Kelemen and Hirth, 2007) or in association with fluids exsolved from melts (e.g., Kelley, 1997).

The felsic veins within the Rocher de l’Aigle deformed gabbros have lower Ca# (Fig. 10) than 
experimentally-produced melts residual after crystallization of oxide-gabbros (Koepke et al., 2018), and 
experimentally-produced melts derived from hydrous gabbro partial melting (Koepke et al., 2004). The 
low Ca# of analyzed felsic veins could be controlled by “accumulation” of anorthite-poor plagioclase (13-
14 mol%), thereby implying that the whole-rock compositions of the felsic veins do not represent frozen 
melts. This inference is confirmed by the comparison with the REE compositions of a leucodiorite vein 
within the gabbros from the Internal Ligurian ophiolites (Tribuzio et al., 2014). Although brown amphibole 
from the Rocher de l’Aigle and the Ligurian felsic veins has analogous REE signature (Fig. 9c), the 
chondrite-normalized REE patterns of host rocks are diverse, with the Ligurian felsic vein distinct in 
having overall higher REE concentrations and negative Eu anomaly (Fig. 11b). These whole-rock REE 
variations may reflect different modal proportions of the minerals where the REE are mainly partitioned, 
such as amphibole and apatite. In particular, the Ligurian felsic vein most likely has relatively high 
amounts of apatite, a REE repository in oceanic intrusive rocks (e.g., Tribuzio et al., 1996; 1999), in 
agreement with its whole-rock P2O5 concentrations (0.11 wt% vs. 0.03-0.04 wt% for the Rocher de l’Aigle 
counterparts).

We propose that the whole-rock compositions of the leucodiorite veins within the gabbros of the Alpine-
Appennine ophiolites show different Eu fractionations with respect to adjacent REE mainly in response to 
varying amounts of accessory apatite, similar to what was observed for associated oxide-gabbros, which 
are in turn cumulates or mixtures of cumulates and frozen melts (e.g., Tiepolo et al., 1997; Desmurs et al., 
2002). Note that the anorthite proportion of plagioclase is slightly higher in the oxide-gabbros (27-35 
mol%; see also Sanfilippo et al., 2013) than in the Rocher de l’Aigle felsic veins. Crystallization of oxide-
gabbros are inferred to produce a Ca# decrease in residual melts in response to fractionation of a mineral 
assemblage characterized by a high proportion of Ca-phases, namely plagioclase and clinopyroxene (± 
amphibole). This implies that the low Ca# of the Rocher de l’Aigle felsic veins (Fig. 10) may be reconciled 
with the process of extreme magmatic evolution of MORB-type melts, in conjunction with segregation of 
anorthite-poor plagioclase and minor amphibole (+ accessory phases), and removal (or partial removal) of 
the residual melt.

Further information about the origin of melts forming the Rocher de l’Aigle felsic veins may be acquired by 
the amphibole chemistry. The compilation of magmatic amphibole compositions by Putirka (2016) 
enables calculating the SiO2 content of the amphibole equilibrium melt. In addition, the Mg# of amphibole 
equilibrium melt may be computed assuming an amphibole/melt Fe-Mg partition coefficient varying from 
0.40 and 0.52, in agreement with experiments carried out at 780 °C and 830 °C (Nandedkar et al., 2014). 
Calculations indicate that the melts forming the felsic veins had high SiO2 and low Mg# (71 ± 4 wt% and 
39 ± 4). We also computed the REE compositions of melts in equilibrium with amphibole from the Rocher 
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de l’Aigle felsic veins, through amphibole/melt partition coefficients. A similar approach was reported for 
the Atlantis Bank felsic veins, based not only on amphibole but also on zircon chemistry (Grimes et al., 
2009; Pietranik et al., 2017; Nguyen et al., 2018). Experimental studies for the system of interest, 
characterized by SiO2-rich melts and low temperature and pressure conditions, document substantial 
changes of REE amphibole/melt partition coefficients in response to small variations in melt and 
amphibole compositions, and in temperature and pressure conditions (Adam and Green, 1994; Sisson, 
1994; Klein et al., 1997; Tiepolo et al., 2007; Nandedkar et al., 2016). The choice of suitable 
amphibole/melt partition coefficients is therefore critical in identifying the REE signature of the amphibole-
forming melts. Based on the experiments by Nandedkar et al. (2016), Shimizu et al. (2017) proposed an 
algorithm to calculate appropriate amphibole-melt partition coefficients for REE. We computed the 
amphibole/melt REE partition coefficients following this method (Table 6), thereby obtaining amphibole 
equilibrium melts characterized by high REE concentrations, which depict chondrite-normalized patterns 
(Fig. 13) with LREE enrichment over MREE (LaN/SmN = 3.0, with SmN = 100-130), pronounced negative 
Eu anomaly (Eu/Eu* = 0.4) and weak HREE enrichment over MREE (DyN/YbN = 0.8). Similar REE melt 
compositions were obtained for the Atlantis Bank felsic veins, based on amphibole and zircon 
compositions (Grimes et al., 2009; Pietranik et al., 2017; Nguyen et al., 2018).

We finally calculated the TiO2 contents of the melt in equilibrium with amphibole from the Rocher de 
l’Aigle felsic veins. Notably, despite the wide uncertainty related to the choice of the amphibole/melt 
partition coefficient, the relatively high TiO2 contents of amphibole (~2.7 wt%, Fig. 6) do not imply that the 
melts forming the felsic veins were Ti-rich. Assuming an amphibole/melt Ti partition coefficient of 5.2, 
obtained by averaging the partition coefficients resulting from the experiments of Nandedkar et al. (2016) 
for SiO2-rich melts (58.6 to 65.9 wt%), the amphibole equilibrium melt had 0.52 wt% TiO2. If we assume a 
higher partition coefficient of 8.6, obtained by averaging the partition coefficients resulting from the 
experiments of Sisson (1994) for melts with SiO2 = 67.2 and 76.8 wt%, the melt TiO2 content is 0.31 wt%. 
Computed melt TiO2 contents correspond to chondrite-normalized Ti values of 4.3-7.1, which are 
therefore one order of magnitude lower than those pertaining to MREE-HREE (80-100 times chondrite). A 
similar Ti depletion with respect to REE was proposed for the melts feeding the felsic veins within the 
gabbros from Internal Ligurian ophiolites (Tribuzio et al., 2014) and Atlantis Bank (Nguyen et al., 2018).

The high REE concentrations of the amphibole equilibrium melts computed for the Rocher de l’Aigle felsic 
veins (Fig. 13) are consistent with an overall incompatible behavior of REE during a process of extreme 
magmatic evolution of MORB-type melts, with the negative Eu anomaly showing a major role of 
plagioclase in the fractionating assemblage (Gillis and Meyer, 2001). The LREE enrichment of the SiO2-
rich hydrous melts was interpreted to reflect a higher incompatibility of LREE with respect to MREE-HREE 
during the late stage fractionation leading to formation of gabbros rich in ilmenite and/or titanomagnetite. 
This idea is consistent with MREE-HREE being compatible in clinopyroxene (and amphibole) for evolved 
magmatic systems, contrary to LREE (see also Davidson et al., 2013). In addition, LREE enrichment in 
residual melts could be amplified by a magmatic evolution process associated with reaction between 
upward migrating interstitial melts and the gabbroic crystal mush (cf. Lissenberg and MacLeod, 2016). 
Note, finally, that substantial segregation of Fe-Ti-oxide phases is also expected to diminish the TiO2 
content of residual melts, in agreement with low TiO2 of 0.3-0.5 wt% calculated for amphibole equilibrium 
melts.

Brophy (2009) argued that melts formed by partial melting of MOR-type gabbros are relatively REE-poor, 
because of the low REE concentrations in the gabbro protoliths. If an extremely low degree of partial 
melting is attained, however, the anatectic melts could concentrate relatively high REE amounts. 
Following this hypothesis, gabbro partial melting involved the rim domains of plagioclase and 
clinopyroxene, which are typically REE enriched with respect to cores (Tribuzio et al., 1999; Coogan et 
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al., 2000; Borghini and Rampone, 2007; Gao et al., 2007; Lissenberg and MacLeod, 2016), and the REE-
rich accessory minerals interstitial to the major silicates (i.e., titanian pargasite and apatite), as similarly 
envisioned by Koepke et al. (2007) and Wolff et al. (2013). Because LREE are more incompatible than 
MREE-HREE with respect to any refractory residuum characterized by a high modal percentage of 
pyroxene and/or amphibole in association with plagioclase (e.g., Davidson et al., 2013), the potential 
anatectic melt should be LREE-enriched. The negative Eu anomaly of the melts feeding the felsic veins 
(Fig. 13) may be related to the occurrence of plagioclase in the refractory residuum. To explain the Ti 
depletion with respect to REE, in addition, the potential process of gabbro partial melting also requires the 
occurrence of Fe-Ti-oxide phases in the refractory residuum.

In summary, based on the data presented in this study, two main hypotheses may be formulated for the 
generation of the SiO2-rich hydrous melts feeding the felsic veins. In the first, they formed by a composite 
process of extreme magmatic evolution starting from MORB-type melts, with a fractionation stage 
preceding the formation of the SiO2-rich hydrous melts controlled by separation of plagioclase, 
clinopyroxene and ilmenite/magnetite. The second petrogenetic hypothesis envisages a low-degree 
partial melting of gabbros experiencing high temperature ductile shearing at deeper crustal levels. 
Although we believe that further studies are required to shed light on this topic, the extreme magmatic 
evolution driven by fractionation of anhydrous phases is here favored. We consider the anatectic 
petrogenetic hypothesis difficult to reconcile with the SiO2-rich hydrous melts being REE-rich and 
relatively poor in Cl and Ti.

The melts feeding the felsic veins led to metasomatism of deforming gabbros

The Rocher de l’Aigle deformed gabbros are variably SiO2-enriched and Mg#- and Ca#-depleted with 
respect to undeformed, chemically primitive gabbros (Fig. 10). We relate the atypical major element 
chemical compositions of the deformed gabbros to interaction between original gabbro protoliths and the 
melts forming the felsic veins. The resulting gabbro-melt reactions most likely led to bulk chemical 
modifications, in conjunction with different extents of transformation of: (i) primary clinopyroxene (± 
olivine) into secondary clinopyroxene and brown amphibole, and (ii) primary plagioclase (presumably 
An60-65) into secondary plagioclase (An31-33). The crystallization of the secondary mineral assemblage 
within the deforming gabbros is therefore inferred to result in substantial metasomatism, according to the 
following reaction:

(2) protolith gabbro + SiO2-rich hydrous melt ⇒ deformed gabbro ± residual melt

The presence of residual melt among reaction products implies that the melt-rock reaction could occur 
under open system conditions, with a fraction of the migrating melt leaving the local system after reaction 
with the gabbro. Note that secondary clinopyroxene and brown amphibole from the deformed gabbros 
show within-sample chemical variations (Figs. 6, 8 and 9a), which may be related to the melt-rock 
reaction progress. For instance, the amphibole Mg# increases with decreasing Na2O, TiO2 and MnO, 
consistently with the idea of gradual reduction of the hydrous melt proportion during the ongoing reaction. 
We cannot exclude, however, that some of the amphibole (and clinopyroxene) chemical variability reflects 
replacement and/or overgrowth by a secondary amphibole in response to interaction of the gabbros with 
fluids, which could be exsolved from the melt trapped within the deformed gabbros, and/or derived from 
seawater during subsequent exhumation of the gabbros to the seafloor.

The interaction between deforming gabbros and migrating SiO2-rich hydrous melts is inferred to have 
produced a substantial modification of original whole-rock gabbro chemistry, not only for major elements 
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but also for REE, Y, Zr, Hf, Nb and Ta. The Rocher de l’Aigle deformed gabbros actually show higher 
concentrations of these incompatible trace elements than undeformed counterparts (Fig. 11), in 
agreement with secondary clinopyroxene and brown amphibole being mineral products of reaction (2). 
Both these phases display higher concentrations of REE and Y than the porphyroclastic clinopyroxene of 
primary magmatic origin, and brown amphibole has high abundances of Zr, Hf, Nb and Ta (Figs. 8 and 9). 
Remarkably, whereas the deformed gabbros register a gain in these incompatible trace elements, the 
included amphiboles have lower concentrations of REE, Y, Zr and Hf than amphiboles from the felsic 
veins (Fig. 9). These incompatible trace elements were therefore partitioned in newly formed minerals, 
mainly in secondary clinopyroxene and amphibole but most likely also in accessory zircon and apatite, in 
accord with melt-mineral experimental studies (e.g., Prowatke and Klemme, 2006; Luo and Ayers, 2009).

The REE compositions of amphibole equilibrium melts computed for the felsic veins (Fig. 13) sustain the 
notion that the deformed gabbros experienced trace element metasomatism by melt/gabbro interaction. 
The REE concentrations of the deformed gabbros are indeed intermediate between those of the 
undeformed gabbros and those calculated for the SiO2-rich hydrous melts. However, the different whole-
rock REE compositions of the deformed gabbros (e.g., the variable LREE fractionations) cannot be simply 
obtained by varying the proportions between two endmembers having nearly constant compositions, 
specifically the undeformed gabbros and the SiO2-rich hydrous melts. In addition, there is not a clear 
correlation between REE and major element compositions (see also Fig.10). The deformed gabbro CH2-
6 shows the highest REE concentrations, the highest SiO2 contents and the lowest Mg# and Ca# values, 
thereby concurring with the idea that this sample includes the highest proportion of hydrous melt 
component. However, the deformed gabbros CH2-8 and CH2-5 have similar REE signature but different 
major element compositions. The variations in whole-rock REE compositions of deformed gabbros are 
therefore inferred to reflect changes not only in melt/rock ratios but also in the compositions of the 
migrating melt. We conclude that the SiO2-rich hydrous melts migrating through the deforming gabbros 
changed its chemical compositions with progression of the melt-consuming reaction mechanism (cf. 
Lissenberg and MacLeod, 2016), thereby ultimately resulting in considerable chemical variations of the 
deformed gabbros.

SUMMARY AND CONCLUSIVE REMARKS

The Jurassic Chenaillet ophiolite essentially consists of a gabbro-mantle association exhumed to the 
seafloor along detachment faulting and partly covered by basaltic lavas. The gabbros locally include 
peculiar mylonites that are associated with a network of felsic veins. The mylonitic gabbros preserve 
clinopyroxene porphyroclasts displaying a rather primitive, MOR-type geochemical signature, and 
comprise relatively high modal amounts of amphibole (titanian edenite), which is typically associated with 
secondary clinopyroxene and plagioclase (+ accessory zircon and apatite). Titanian edenite and 
secondary clinopyroxene show an evolved geochemical fingerprint and occur as: (i) fine-grained syn-
kinematic phases locally associated with secondary fine-grained plagioclase, and (ii) coronas around the 
porphyroclastic clinopyroxene. The felsic veins formed by SiO2-rich hydrous melts, in response to 
segregation of anorthite-poor plagioclase and minor titanian edenite, and removal (or partial removal) of 
residual melt. The ductile gabbro deformation and the crystallization of the felsic veins occurred at 765 ± 
50 °C and 800 ± 55 °C, respectively.

The melts feeding the felsic veins were most likely generated and segregated at deeper sectors of the 
solidifying gabbroic crust. The preferred petrogenetic hypothesis for their origin implies that they were 
residual after the crystallization of oxide-gabbros. Interaction of the upward migrating SiO2-rich hydrous 
melts with gabbros experiencing ductile shearing led to deformation-enhanced melt-gabbro reactions and, 
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ultimately, to major and trace element metasomatism of the deforming gabbros. In particular, with respect 
to undeformed counterparts, the deformed gabbros are variably enriched in SiO2 and incompatible trace 
elements (e.g., REE, Y, Nb, Ta, Zr and Hf), and variably depleted in Mg# and Ca#.

This study emphasizes the complexity of the tectono-magmatic relationships during the early exhumation 
of oceanic gabbroic sequences along detachment faulting. After ductile shearing under near solidus 
conditions (T = 850-900 °C), ongoing exhumation and cooling of the gabbroic intrusions may have led to 
upward channelized migration of the SiO2-rich hydrous melts at the ductile to brittle transition. The 
deformed gabbros considered in the present study document the local and transient renewal of the ductile 
deformation regime, which could be dictated by new magmatic injections resulting in anomalous thermal 
events. This idea is consistent with growth of the gabbroic crust by sequential underplating of magmatic 
intrusions, as shown for the Atlantis Bank oceanic core complex (e.g., Rioux et al, 2016). We speculate 
that the ductile deformation event registered by studied gabbros occurred shortly before the onset of the 
brittle deformation regime that allowed the migration of seawater-derived fluids into the exhuming 
gabbroic crust.

ACKNOWLEDGEMENTS

We are indebted to Irene Pezzali for collecting many of the petrographic and mineral chemical data 
reported in the present study, during a post-doc position granted from Università Italo Francese/Université 
Franco Italienne (Bando Vinci 2014, project n. C4-44). We thank reviewers Francoise Chalot-Prat, 
Matthew Loocke and Tomoaki Morishita, and Journal Editor Jörg Hermann for their thorough evaluations 
and stimulating comments. This study also benefitted from discussions with Alessio Sanfilippo. The 
research was financially supported by Fondo Ricerca Giovani of Università di Pavia.

 

References

Adam, J., & Green, T. H. (1994). The effects of pressure and temperature on the partitioning of Ti, Sr and 
REE between amphibole, clinopyroxene and basanitic melts. Chemical Geology, 117(1-4), 219-233.

Berndt J., Koepke J., & Holtz F. (2005). An experimental investigation of the influence of water and 
oxygen fugacity on differentiation of MORB at 200 MPa. J. Petrol. 46, 135-167.

Bertrand J., Dietrich V., Nievergelt P., & Vuagnat M. (1987). Comparative major and trace element 
geochemistry of gabbroic and volcanic rock sequences, Montgenèvre ophiolite, Western Alps. 
Schweizerische Mineralogische und Petrographische Mitteilungen 67, 147-169.

Blackman, D. K., Ildefonse, B., John, B. E., Ohara, Y., Miller, D. J., MacLeod, C. J. & the Expedition 
304/305 Scientists (2006). Ocean core complex formation, Atlantis Massif. Proceedings of the 
Integrated Ocean Drilling Program, v. 304/305. doi:10.2204/iodp.proc.304305.2006.

Botcharnikov, R. E., Almeev, R. R., Koepke, J., & Holtz, F. (2008). Experimental phase relations, mineral-
melt equilibria and liquid lines of descent in a hydrous ferrobasalt - Implications for the Skaergaard 
intrusion and Columbia River flood basalts. Journal of Petrology, 49(9), 1687-1727.

Brophy, J. G. (2009). La-SiO2 and Yb-SiO2 systematics in mid-ocean ridge magmas: implications for the 
origin of oceanic plagiogranite. Contributions to Mineralogy and Petrology, 158(1), 99.

Caby R. (1995). Plastic deformation of gabbros in a slow-spreading Mesozoic Ridge: example of the 
Montgènevre Ophiolite. In: Vissers R.L.M., Nicolas A. (Eds), Mantle and lower crust exposed in 
oceanic ridges and in ophiolites. Kluwer Academic Publishers, pp. 123-145.

Cannat, M., Mével, C., & Stakes, D. (1991). Stretching of the deep crust at the slow-spreading Southwest 
Indian Ridge. Tectonophysics, 190(1), 73-94.

http://www.petrology.oupjournals.org/

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/advance-article-abstract/doi/10.1093/petrology/egaa015/5736559 by guest on 15 February 2020



Chalot-Prat, F. (2005). An undeformed ophiolite in the Alps: field and geochemical evidence for a link 
between volcanism and shallow plate tectonic processes. Special Papers-Geological Society of 
America, 388, 751.

Chalot-Prat, F., Ganne, J., & Lombard, A. (2003). No significant element transfer from the oceanic plate to 
the mantle wedge during subduction and exhumation of the Tethys lithosphere (Western Alps). Lithos, 
69, 69-103.

Coogan, L. A., Wilson, R. N., Gillis, K. M., & MacLeod, C. J. (2001). Near-solidus evolution of oceanic 
gabbros: insights from amphibole geochemistry. Geochimica et Cosmochimica Acta, 65(23), 4339-
4357.

Cortesogno, L., Gianelli, G., & Piccardo, G. (1975). Preorogenic metamorphic and tectonic evolution of 
the ophiolite mafic rocks (Northern Apennine and Tuscany). Bollettino della Societa Geologica Italiana, 
94(1-2), 291-327.

Cortesogno, L., Gaggero, L., & Zanetti, A. (2000). Rare earth and trace elements in igneous and high-
temperature metamorphic minerals of oceanic gabbros (MARK area, Mid-Atlantic Ridge). 
Contributions to Mineralogy and Petrology, 139(4), 373-393.

Costa S., & Caby R. (2001). Evolution of the Ligurian Tethys in the Western Alps: Sm/Nd and U/Pb 
geochronology and rare-earth element geochemistry of the Montgenèvre ophiolite (France). Chemical 
Geology 175, 449-466.

Davidson, J., Turner, S., & Plank, T. (2013). Dy/Dy*: variations arising from mantle sources and 
petrogenetic processes. Journal of Petrology, 54(3), 525-537.

Decarlis, A., Gillard, M., Tribuzio, R., Epin, M. E., & Manatschal, G. (2018). Breaking up continents at 
magma-poor rifted margins: a seismic v. outcrop perspective. Journal of the Geological Society, 
175(6), 875-882.

DePaolo D. J. (1981) A neodymium and strontium isotopic study of the Mesozoic calc-alkaline granitic 
batholiths of the Sierra Nevada and Peninsula Ranges, California. Journal of Geophysical Research, 
86,

10470-10488.
Desmurs, L., Müntener, O., & Manatschal, G. (2002). Onset of magmatic accretion within a magma-poor 

rifted margin: a case study from the Platta ocean-continent transition, eastern Switzerland. 
Contributions to Mineralogy and Petrology, 144(3), 365-382.

Dick, H. J., Natland, J. H., Alt, J. C., Bach, W., Bideau, D., Gee, J. S., Haggas S., Hertogen J.G.H., Hirth 
G, Holm P.M., Ildefonse, B., Iturrino G.J., John B.E., Kelley D.S., Kikawa E., Kingdon A., LeRoux P.J., 
Maeda J., Meyer P.S., Miller D.J., Naslund H.R., Niu Y-L., Robinson P.T., Snow J., Stephen R.A., 
Trimby P.W., Worm H-U., Yoshinobu A. (2000). A long in situ section of the lower ocean crust: results 
of ODP Leg 176 drilling at the Southwest Indian Ridge. Earth and planetary science letters, 179(1), 31-
51.

Dick, H. J. B., Tivey, M. A. & Tucholke, B. E. (2008). Plutonic foundation of a slow-spreading ridge 
segment: Oceanic core complex at Kane Megamullion, 23°30′N, 45°20′W. Geochemistry, Geophysics, 
Geosystems 9, Q05014, doi:10.1029/2007GC001645.

Feig, S. T., Koepke, J., & Snow, J. E. (2006). Effect of water on tholeiitic basalt phase equilibria: an 
experimental study under oxidizing conditions. Contributions to Mineralogy and Petrology, 152(5), 611-
638.

France, L., Ildefonse, B., & Koepke, J. (2009). Interactions between magma and hydrothermal system in 
Oman ophiolite and in IODP Hole 1256D: Fossilization of a dynamic melt lens at fast spreading ridges. 
Geochemistry, Geophysics, Geosystems, 10(10).

Gillis, K. M., & Meyer, P. S. (2001). Metasomatism of oceanic gabbros by late stage melts and 
hydrothermal fluids: Evidence from the rare earth element composition of amphiboles. Geochemistry, 
Geophysics, Geosystems, 2(3).

Gillis, K. M., & Coogan, L. A. (2002). Anatectic migmatites from the roof of an ocean ridge magma 
chamber. Journal of Petrology, 43(11), 2075-2095.

Grimes, C. B., John, B. E., Cheadle, M. J., Mazdab, F. K., Wooden, J. L., Swapp, S., & Schwartz, J. J. 
(2009). On the occurrence, trace element geochemistry, and crystallization history of zircon from in 
situ ocean lithosphere. Contributions to Mineralogy and Petrology, 158(6), 757.

Hansen, L. N., Cheadle, M. J., John, B. E., Swapp, S. M., Dick, H. J., Tucholke, B. E., & Tivey, M. A. 
(2013). Mylonitic deformation at the Kane oceanic core complex: Implications for the rheological 
behavior of oceanic detachment faults. Geochemistry, Geophysics, Geosystems, 14(8), 3085-3108.

http://www.petrology.oupjournals.org/

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/advance-article-abstract/doi/10.1093/petrology/egaa015/5736559 by guest on 15 February 2020



Hébert, R., Serri, G., & Hékinian, R. (1989). Mineral chemistry of ultramafic tectonites and ultramafic to 
gabbroic cumulates from the major oceanic basins and Northern Apennine ophiolites (Italy)-A 
comparison. Chemical Geology, 77(3-4), 183-207.

Holland, T., & Blundy, J. (1994). Non-ideal interactions in calcic amphiboles and their bearing on 
amphibole-plagioclase thermometry. Contributions to mineralogy and petrology, 116(4), 433-447.

Jeffries, T. E., Jackson, S. E., & Longerich, H. P. (1998). Application of a frequency quintupled Nd: YAG 
source (λ= 213 nm) for laser ablation inductively coupled plasma mass spectrometric analysis of 
minerals. Journal of Analytical Atomic Spectrometry, 13(9), 935-940.

Kelemen, P. B., Kikawa, E., Miller, D. J., & Party, S. S. (2007). Leg 209 summary: Processes in a 20-km-
thick conductive boundary layer beneath the Mid-Atlantic Ridge, 14°–16°N. In: Kelemen, P.B., Kikawa, 
E., & Miller, D.J. (eds.) Proceedings of the Integrated Ocean Drilling Program 209. College Station, TX 
(Ocean Drilling Program), 1-33. doi:10.2973/odp.proc.sr.209.001.2007.

Kelemen, P. B., & Hirth, G. (2007). A periodic shear-heating mechanism for intermediate-depth 
earthquakes in the mantle. Nature, 446(7137), 787.

Kelley D. S. (1997) Fluid evolution in slow-spreading environments. Proceedings Ocean Drilling Program 
Scientific Results 153, 399-415.

Klein, M., Stosch, H. G., & Seck, H. A. (1997). Partitioning of high field-strength and rare-earth elements 
between amphibole and quartz-dioritic to tonalitic melts: an experimental study. Chemical Geology, 
138(3), 257-271.

Koepke, J., Feig, S. T., Snow, J., & Freise, M. (2004). Petrogenesis of oceanic plagiogranites by partial 
melting of gabbros: an experimental study. Contributions to Mineralogy and Petrology, 146(4), 414-
432.

Koepke, J., Berndt, J., Feig, S. T., & Holtz, F. (2007). The formation of SiO 2-rich melts within the deep 
oceanic crust by hydrous partial melting of gabbros. Contributions to Mineralogy and Petrology, 
153(1), 67-84.

Koepke, J., Botcharnikov, R. E., & Natland, J. H. (2018). Crystallization of late-stage MORB under varying 
water activities and redox conditions: Implications for the formation of highly evolved lavas and oxide 
gabbro in the ocean crust. Lithos, 323, 58-77.

Lafay, R., Baumgartner, L. P., Stephane, S., Suzanne, P., German, M. H., & Torsten, V. (2017). 
Petrologic and stable isotopic studies of a fossil hydrothermal system in ultramafic environment 
(Chenaillet ophicalcites, Western Alps, France): Processes of carbonate cementation. Lithos, 294, 
319-338.

Lagabrielle Y., & Cannat M. (1990). Alpine Jurassic ophiolite resemble the modern central Atlantic 
Basament. Geology 18, 319-322.

Leake B.E., Woolley A.R., Arps C.E.S., Birch W.D., Gilbert M.C., Grice J.D., Hawthorne F.C., Kato A., 
Kisch H.J., Krivovichev V.G., Linthout K., Laird J., Mandarino J., Maresch W.V., Nickel E.H., Tock 
N.M.S., Schumacher J.C., Smith D.C., Stephenson N.C.N., Ungaretti L., Whittaker E.J.W., Youzhi G. 
(1997) Nomenclature of amphiboles: report of the Subcommittee on amphiboles of the International 
Mineralogical Association Commission on new minerals and mineral names. American Mineralogist 
82, 1019-1037.

Li X.-H., Faure M., Lin W., & Manatschal G. (2013). New isotopic constraints on age and magma genesis 
of an embryonic oceanic crust: the Chenaillet Ophiolite in the Western Alps. Lithos 160-161, 283-291.

Li, X. H., Faure, M., Rossi, P., Lin, W., & Lahondère, D. (2015). Age of Alpine Corsica ophiolites revisited: 
Insights from in situ zircon U-Pb age and O-Hf isotopes. Lithos, 220, 179-190.

Lissenberg, C. J., & MacLeod, C. J. (2016). A reactive porous flow control on mid-ocean ridge magmatic 
evolution. Journal of Petrology, 57(11-12), 2195-2220.

London, D., Hervig, R. L., & Morgan, G. B. (1988). Melt-vapor solubilities and elemental partitioning in 
peraluminous granite-pegmatite systems: experimental results with Macusani glass at 200 MPa. 
Contributions to Mineralogy and Petrology, 99(3), 360-373.

Luo, Y., & Ayers, J. C. (2009). Experimental measurements of zircon/melt trace-element partition 
coefficients. Geochimica et Cosmochimica Acta, 73(12), 3656-3679. 

MacLeod, C. J., Dick, H. J. B., Blum, P., Abe, N., Blackman, D. K., Bowles, J. A., Cheadle M.J., Cho K., 
Ciążela J., Deans J.R., Edgcomb V.P., Ferrando C., France L., Ghosh B., Ildefonse B.M., Kendrick 
M.A., Koepke J.H., Leong J.A.M., Liu C., Ma Q., Morishita T., Morris A., Natland J.H., Nozaka T., 
Pluemper O., Sanfilippo A., Sylvan J.B., Tivey M.A., Tribuzio R., and Viegas L.G.F. (2017). Expedition 
360 methods. In MacLeod, C.J., Dick, H.J.B., Blum, P., and the Expedition 360 Scientists, Southwest 

http://www.petrology.oupjournals.org/

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/advance-article-abstract/doi/10.1093/petrology/egaa015/5736559 by guest on 15 February 2020



Indian Ridge Lower Crust and Moho. Proceedings of the International Ocean Discovery Program, 360: 
College Station, TX (International Ocean Discovery Program). 
http://dx.doi.org/10.14379/iodp.proc.360.102.2017

Manatschal, G., & Nievergelt, P. (1997). A continent-ocean transition recorded in the Err and Platta 
nappes (Eastern Switzerland). Eclogae Geologicae Helvetiae, 90(1), 3-28.

Manatschal G., & Müntener O. (2009). A type sequence across an ancient magma-poor ocean-continent 
transition: the example of the western Alpine Tethys ophiolites. Tectonophysics 473, 4-19.

Manatschal G., Sauter D. ,Karpoff A.M., Masini E., Mohn G., & Lagabrielle Y. (2011). The Chenaillet 
Ophiolite in the French/Italians Alps: an ancient analogue for an Oceanic Core Complex? Lithos 124, 
169-184.

Marroni, M., Molli, G., Montanini, A., & Tribuzio, R. (1998). The association of continental crust rocks with 
ophiolites in the Northern Apennines (Italy): implications for the continent-ocean transition in the 
Western Tethys. Tectonophysics, 292(1-2), 43-66.

Menna, F. (2009). From magmatic to metamorphic deformations in a Jurassic ophiolitic complex: the 
Bracco Gabbroic Massif, Eastern Liguria (Italy). Ofioliti, 34(2), 109-130.

Mével C., Caby R., & Kienast J.-R. (1978). Amphibolite facies conditions in the oceanic crust: example of 
amphibolized flaser-gabbro and amphibolites from the Chenaillet ophiolite massif (Hautes Alpes, 
France). Earth and Planetary Sciences Letters 39, 98-108.

Miranda, E. A., & John, B. E. (2010). Strain localization along the Atlantis Bank oceanic detachment fault 
system, Southwest Indian Ridge. Geochemistry, Geophysics, Geosystems, 11(4).

Molli, G. (1995). Pre-orogenic High Temperature Shear Zones in a Ophiolite Complex (Bracco Massif, 
Northern Apennines, Italy). In Vissers, R.L.M., & Nicolas, A. (eds.) Mantle and Lower Crust Exposed in 
Oceanic Ridges and in Ophiolites, Kluwer Academic Publishers, 147-161.

Montanini, A., Travaglioli, M., Serri, G., Dostal, J., & Ricci, C. A. (2006a). Petrology of gabbroic to 
plagiogranitic rocks from southern Tuscany (Italy): Evidence for magmatic differentation in an ophiolitic 
sequence. Ofioliti, 31(2), 55-69.

Montanini, A., Tribuzio, R., & Anczkiewicz, R. (2006b). Exhumation history of a garnet pyroxenite-bearing 
mantle section from a continent–ocean transition (Northern Apennine ophiolites, Italy). Journal of 
Petrology, 47(10), 1943-1971.

Montanini, A., Tribuzio, R., & Vernia, L. (2008). Petrogenesis of basalts and gabbros from an ancient 
continent-ocean transition (External Liguride ophiolites, Northern Italy). Lithos, 101(3-4), 453-479.

Müntener, O., Pettke, T., Desmurs, L., Meier, M., & Schaltegger, U. (2004). Refertilization of mantle 
peridotite in embryonic ocean basins: trace element and Nd isotopic evidence and implications for 
crust–mantle relationships. Earth and Planetary Science Letters, 221(1-4), 293-308.

Nandedkar, R. H., Ulmer, P., & Müntener, O. (2014). Fractional crystallization of primitive, hydrous arc 
magmas: an experimental study at 0.7 GPa. Contributions to Mineralogy and Petrology, 167(6), 1015.

Nandedkar, R. H., Hürlimann, N., Ulmer, P., & Müntener, O. (2016). Amphibole–melt trace element 
partitioning of fractionating calc-alkaline magmas in the lower crust: an experimental study. 
Contributions to Mineralogy and Petrology, 171(8-9), 71.

Nguyen, D., Morishita, T., Soda, Y., Tamura, A., Ghosh, B., Harigane, Y., France, L., Liu, C., Natland J. 
H., Sanfilippo, A., MacLeod, C., Blum, P., & Dick, H. J. B. (2018). Occurrence of Felsic Rocks in 
Oceanic Gabbros from IODP Hole 1473A: Implications for Evolved Melt Migration in the Lower 
Oceanic Crust. Minerals, 8(12), 583.

Niu, Y., Gilmore, T., Mackie, S., Greig, A., & Bach, W. (2002). Mineral chemistry, whole-rock 
compositions, and petrogenesis of Leg 176 gabbros: data and discussion. In Proceedings of the 
Ocean Drilling Program, Scientific Results (Vol. 176, pp. 1-60). College Station, TX: Ocean Drilling 
Program.

Ottolini, L., Bottazzi, P., & Zanetti, A. (1994, December). Quantitative analysis of hydrogen, fluorine and 
chlorine in silicates using energy filtering. In SIMS IX Proceedings (pp. 191-194). John Wiley & Sons 
Chichester, UK.

Ottolini, L. P., & Le Fevre, B. (2008). SIMS analysis of chlorine in metasomatised upper-mantle rocks. 
Microchimica Acta, 161(3-4), 329-336.

Pietranik, A., Storey, C., Koepke, J., & Lasalle, S. (2017). Zircon record of fractionation, hydrous partial 
melting and thermal gradients at different depths in oceanic crust (ODP Site 735B, South-West Indian 
Ocean). Contributions to Mineralogy and Petrology, 172(2-3), 10.

http://www.petrology.oupjournals.org/

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/advance-article-abstract/doi/10.1093/petrology/egaa015/5736559 by guest on 15 February 2020

http://dx.doi.org/10.14379/iodp.proc.360.102.2017


Prowatke, S., & Klemme, S. (2006). Trace element partitioning between apatite and silicate melts. 
Geochimica et Cosmochimica Acta, 70(17), 4513-4527.

Putirka, K. (2016). Amphibole thermometers and barometers for igneous systems and some implications 
for eruption mechanisms of felsic magmas at arc volcanoes. American Mineralogist, 101(4), 841-858.

Renna, M. R., Tribuzio, R., Sanfilippo, A., & Tiepolo, M. (2017). Zircon U-Pb geochronology of lower crust 
and quartzo-feldspathic clastic sediments from the Balagne ophiolite (Corsica). Swiss Journal of 
Geosciences, 110(2), 479-501.

Rioux, M., Cheadle, M. J., Barbara E. J., & Bowring, S. A. (2016). The temporal and spatial distribution of 
magmatism during lower crustal accretion at an ultraslow-spreading ridge: High-precision U-Pb zircon 
dating of ODP Holes 735B and 1105A, Atlantis Bank, Southwest Indian Ridge. Earth and Planetary 
Science Letters, 449, 395-406.

Robinson, P. T., Erzinger, J., & Emmermann, R. (2002). The composition and origin of igneous and 
hydrothermal veins in the lower ocean crust - ODP Hole 735B, Southwest Indian Ridge. In 
Proceedings Ocean Drilling Program Science Results (Vol. 176, p. 66).

Sanfilippo, A., & Tribuzio, R. (2011). Melt transport and deformation history in a nonvolcanic ophiolitic 
section, northern Apennines, Italy: implications for crustal accretion at slow spreading settings. 
Geochemistry, Geophysics, Geosystems, 12(7).

Sanfilippo, A., & Tribuzio, R. (2013). Building of the deepest crust at a fossil slow-spreading centre 
(Pineto gabbroic sequence, Alpine Jurassic ophiolites). Contributions to Mineralogy and Petrology, 
165(4), 705-721.

Schaltegger, U., Desmurs, L., Manatschal, G., Müntener, O., Meier, M., Frank, M., & Bernoulli, D. (2002). 
The transition from rifting to sea‐floor spreading within a magma‐poor rifted margin: field and isotopic 
constraints. Terra Nova, 14(3), 156-162.

Schettino A., & Turco E. (2011). Tectonic history of the western Tethys since the Late Triassic. Geological 
Society of America Bulletin 12, 89-105.

Shimizu, K., Liang, Y., Sun, C., Jackson, C. R., & Saal, A. E. (2017). Parameterized lattice strain models 
for REE partitioning between amphibole and silicate melt. American Mineralogist: Journal of Earth and 
Planetary Materials, 102(11), 2254-2267.

Sisson, T. W. (1991). Pyroxene-high silica rhyolite trace element partition coefficients measured by ion 
microprobe. Geochimica et Cosmochimica Acta, 55, 1575-1585.

Sisson, T. W. (1994). Hornblende-melt trace-element partitioning measured by ion microprobe. Chemical 
Geology, 117(1-4), 331-344.

Stakes, D., Mével, C., Cannat, M., & Chaput, T. (1991). Metamorphic stratigraphy of Hole 735B. In Von 
Herzen, RP, Robinson, PT, et al., Proceedings of the Ocean Drilling Program, Scientific Results, 118, 
153-180.

Steen, D., Vuagnat, M., & Wagner, J. J. (1980). Early deformations in Montgenevre gabbros. Centre 
National de la Recherche Scientifique.

Tiepolo, M., Tribuzio, R., & Vannucci, R. (1997). Mg-and Fe-gabbroids from Northern Apennine ophiolites: 
parental liquids and igneous differentiation process. Ofioliti, 22(1), 57-69.

Tiepolo, M., Oberti, R., Zanetti, A., Vannucci, R., & Foley, S. F. (2007). Trace-element partitioning 
between amphibole and silicate melt. Reviews in mineralogy and geochemistry, 67(1), 417-452.

Toplis, M. J., & Carroll, M. R. (1995). An experimental study of the influence of oxygen fugacity on Fe-Ti 
oxide stability, phase relations, and mineral-melt equilibria in ferro-basaltic systems. Journal of 
Petrology, 36(5), 1137-1170.

Tribuzio, R., Riccardi, M.P. & Ottolini, L. (1995). Trace element redistribution in high temperature 
deformed gabbros from East Ligurian ophiolites (northern Apennines, Italy): Constraints on the origin 
of syndeformation fluids. Journal of Metamorphic Geology 13, 367-377.

Tribuzio, R., Messiga, B., Vannucci, R., & Bottazzi, P. (1996). Rare earth element redistribution during 
high-pressure-low-temperature metamorphism in ophiolitic Fe-gabbros (Liguria, northwestern Italy): 
Implications for light REE mobility in subduction zones. Geology, 24(8), 711-714.

Tribuzio, R., Tiepolo, M., Vannucci, R., & Bottazzi, P. (1999). Trace element distribution within olivine-
bearing gabbros from the Northern Apennine ophiolites (Italy): evidence for post-cumulus 
crystallization in MOR-type gabbroic rocks. Contributions to Mineralogy and Petrology, 134(2-3), 123-
133.

http://www.petrology.oupjournals.org/

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/advance-article-abstract/doi/10.1093/petrology/egaa015/5736559 by guest on 15 February 2020



Tribuzio, R., Tiepolo, M. & Vannucci, R. (2000). Evolution of gabbroic rocks from the Northern Apennine 
ophiolites (Italy): comparison with the lower oceanic crust from modern slow-spreading ridges. In 
Dilek, J., Moores, E., Elthon, D. & Nicolas, A. (eds.) Ophiolites and oceanic crust: new insights from 
field studies and Ocean Drilling Program. Geological Society of America Memoir, Special Publication 
349, 129-138.

Tribuzio, R., Renna, M. R., Dallai, L., & Zanetti, A. (2014). The magmatic–hydrothermal transition in the 
lower oceanic crust: Clues from the Ligurian ophiolites, Italy. Geochimica et Cosmochimica Acta, 130, 
188-211.

Vissers R.L.M., Van Hinsbergen D.J.J., Meijer P.T., & Piccardo G.B. (2013). Kinematics of Jurassic ultra-
slow spreading in the Piemonte Ligurian ocean. Earth and Planetary Sciences Letters 380, 138-150.

Webster, C. R., Menzies, R. T., & Hinkley, E. D. (1988). Infrared laser absorption: theory and applications. 
Laser Remote Chemical Analysis, 94, 163-272.

Wolff, P. E., Koepke, J., & Feig, S. T. (2013). The reaction mechanism of fluid-induced partial melting of 
gabbro in the oceanic crust. European Journal of Mineralogy, 25(3), 279-298.

 

Figure captions

Fig. 1 - A. Sketch map showing the location of the Chenaillet ophiolite in the Alpine-Apennine belt 
(redrawn after Sanfilippo and Tribuzio, 2013). B. Geological map of the Chenaillet ophiolite (redrawn after 
Caby 1995; Chalot-Prat 2005; Manatschal et al., 2011); the inset shows the localization of studied 
gabbroic body (coordinates: 44°54'21.07"N/6°44'28.70"E).

Fig. 2 - Panoramic view of the Rocher de l’Aigle gabbro body and related geological section (redrawn 
after Manatschal et al., 2011). The gabbroic body preserves evidence for originally being in contact with a 
thin serpentinized mantle slice that is in turn covered by sediments (Caby 1995; Chalot-Prat, 2005). The 
sequence of gabbros, serpentinites and sediments was interpreted to have developed in response to an 
oceanic detachment fault, which was lately truncated by oceanic high-angle faults that juxtaposed the 
gabbroic body against adjacent basaltic volcanics (Manatschal et al., 2011). The high-angle faults were 
slightly reactivated during the Alpine orogeny.

Fig. 3 - Photos showing relevant field-scale structures. A. Weakly deformed, boudin-shaped domain 
within deformed gabbros showing mylonite structures. The latter are characterized by alignment of up to 1 
cm-long clinopyroxene porphyroclasts mantled by amphibole, and up to mm-scale thick layers mostly 
made up of fine-grained plagioclase. B. Felsic vein crosscutting at a high angle the foliation of host 
deformed gabbro. C. Felsic vein subparallel to the foliation of host deformed gabbro. Close to the contact 
with the felsic vein, the gabbro shows a mm-scale band characterized by an amphibole-rich mylonitic 
foliation; amphibole coronas around clinopyroxene porphyroclasts are also present. D. A basaltic dyke 
with chilled margins crosscutting deformed gabbros that preserve a grain size and modal layering of 
primary magmatic origin.

Fig. 4 - Relevant microstructures of deformed gabbros and felsic veins from the The Rocher de l’Aigle 
gabbroic body. A. Thin section image of a deformed gabbro including porphyroclastic clinopyroxenes 
(Cpx1) that retain a magmatic subophitic structure in association with primary plagioclase (Pl1). B. Brown 
amphibole (Amp) and pale clinopyroxene (Cpx2) aggregates made up of grains weakly aligned along the 
edge of the porphyroclastic clinopyroxene (Cpx1, sample CH2-7); the dark material consists of fine-
grained aggregates mostly made up of epidote and albite that substitute plagioclase. C. Single crystal, 
brown amphibole corona (Amp) mantling a porphyroclastic clinopyroxene (Cpx1, sample CH2-6); the dark 
material consists of fine-grained aggregates mostly made up of epidote and albite that substitute 
plagioclase. D. Porphyroclastic clinopyroxene (Cpx1) including in its external portion patches made up of 
pale, unexsolved clinopyroxene and vermicular to globular brown amphibole (Cpx + Amp), in turn mantled 
by nearly granoblastic amphibole aggregates (Amp, sample CH2-6). E. Plagioclase (Pl2) and amphibole 
(Amp) in nearly granoblastic aggregates aligned along the foliation plane (sample CH2-8). F. Brown 
amphibole (Amp) and plagioclase (Pl) from felsic vein CH2-11. Green amphibole and minor Fe-Ti-oxide 
phases occur along the outer portion of the brown amphibole, and plagioclase is widely replaced by fine-
grained aggregates made up of albite and epidote (dark material).
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Fig. 5 - Major element compositions of clinopyroxenes from deformed gabbros of the Rocher de l’Aigle 
gabbroic body: Al2O3, TiO2 and MnO vs. Mg#. Clinopyroxenes from undeformed gabbro CH3-6 of the 
Punta Rascià gabbroic body (Chenaillet ophiolite) are reported for comparative purposes.

Fig. 6 - Major element compositions of amphiboles from deformed gabbros and associated felsic veins of 
the Rocher de l’Aigle gabbroic body: CaO, TiO2, MnO, Al2O3, Na2O vs. Mg#.

Fig. 7 - Cl vs. F in compositions of amphiboles (ppm) and apatites from deformed gabbros and associated 
felsic veins of the Chenaillet ophiolite. The compositional fields of interstitial magmatic amphiboles in 
gabbros from Internal Ligurian and Tuscany ophiolites (Tribuzio et al., 2000), and of amphibolite facies 
hydrothermal amphiboles in gabbros from Internal Ligurian ophiolites (unpublished data) are reported for 
comparative purposes.

Fig. 8 - REE compositions of clinopyroxenes from deformed gabbros of the Rocher de l’Aigle gabbroic 
body, normalized to CI chondrite (Anders and Ebihara, 1982). Clinopyroxenes from undeformed gabbro 
CH3-6 of the Punta Rascià gabbroic body (Chenaillet ophiolite) and from undeformed gabbros FG1-1 and 
BO5 of the Internal Ligurian ophiolites (Tribuzio et al., 2014) are reported for comparative purposes.

Fig. 9 - REE and incompatible trace element compositions of amphiboles from deformed gabbros and 
associated felsic veins of the Rocher de l’Aigle gabbroic body, normalized to CI chondrite (Anders and 
Ebihara, 1982). A and B: Amphiboles from deformed gabbros. C and D: Amphiboles from felsic veins; for 
comparative purposes, these diagram report: (i) amphibole from leucodiorite vein VFC3 within gabbros 
from the Internal Ligurian ophiolites, and amphiboles (sample VF12b and VF12c) that formed in response 
to reaction of Si-rich hydrous melts with gabbros from the Internal Ligurian ophiolites (Tribuzio et al., 
2014), (ii) the compositional field of brown amphiboles from felsic veins within the gabbros of the oceanic 
core complex of Atlantis Bank (Nguyen et al., 2018).

Fig. 10 - Whole-rock major element compositions of deformed gabbros and felsic veins from the Rocher 
de l’Aigle gabbroic body: Mg# [molar Mg/(Mg+Fe2+

tot) × 100] versus Ca# [molar Ca/(Ca + Na) × 100], SiO2 
(wt%) and TiO2. SiO2 and TiO2 recalculated on anhydrous basis and assuming all Fe as Fe3+. The 
diagrams include for comparative purposes: (i) the undeformed gabbro CH3-6 from the Chenaillet 
ophiolite collected at Punta Rascià, (ii) the undeformed gabbros FG1-1 and BO5 from the Internal 
Ligurian ophiolites (Tribuzio et al., 2014), whose clinopyroxene cores are chemically similar to the 
porphyroclastic clinopyroxenes from deformed gabbros of the present study (see also Fig. 8), and (iii) 
leucodiorite vein VFC3 within gabbros from the Internal Ligurian ophiolites (Tribuzio et al., 2014), whose 
included primary amphibole is chemically similar to the amphiboles from the felsic veins of the present 
study (see also Figs. 9b and 9c). The diagrams also comprise the experimentally-produced compositions 
of: (i) melts residual after crystallization of oxide-gabbros at 900 °C and 850 °C (Koepke et al., 2018), and 
(ii) melts produced by gabbro-partial melting at 900 °C and 940 °C (Koepke et al., 2004).

Fig. 11 - Whole-rock REE and incompatible trace element compositions of deformed gabbros and felsic 
veins from the Rocher de l’Aigle gabbroic body, normalized to CI chondrite (Anders and Ebihara, 1982). 
A. Deformed gabbros. The diagrams include for comparative purposes: (i) the undeformed gabbro from 
the Chenaillet ophiolite collected at Punta Rascià (CH3-6), and (ii) the undeformed gabbros FG1-1 and 
BO5 from the Internal Ligurian ophiolites (Tribuzio et al., 2014), which include clinopyroxenes having 
similar major and trace element compositions to porphyroclastic clinopyroxenes from deformed gabbros 
of the present study (see also Figs. 5 and 8). B. Felsic veins. The diagrams includes for comparative 
purposes a leucodiorite vein within gabbros from the Internal Ligurian ophiolites (Tribuzio et al., 2014), 
which includes amphibole having similar compositions to amphiboles from felsic veins of the present 
study (see also Figs. 9b and 9c).

Fig. 12 - TiO2 and Al2O3 contents in amphibole and clinopyroxenes from deformed gabbros of the Rocher 
de l’Aigle gabbroic body (Chenaillet ophiolite) and in granulite facies (titanian pargasite-bearing) deformed 
gabbros from Internal Ligurian ophiolites (Tribuzio et al., 1995; Menna, 2009). The diagram also reports: 
(i) core and rim clinopyroxene compositions for undeformed gabbro CH3-6 from Punta Rascià gabbroic 
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body (Chenaillet ophiolite); (ii) the compositions of interstitial magmatic amphiboles in gabbros from 
Internal and Tuscany Ligurian ophiolites (Tribuzio et al., 1999; 2000).

Fig. 13 - Computed REE compositions of melts in equilibrium with amphibole from the Chenaillet felsic 
veins. For comparative purposes, the diagram includes the whole-rock REE compositions of: (i) Chenaillet 
deformed gabbros from Chenaillet ophiolite, and (ii) undeformed, chemically primitive gabbros from the 
Chenaillet and the Internal Ligurian ophiolites (same compositions reported in Fig. 10). REE compositions 
of amphibole equilibrium melts were computed based on amphibole/melt partition coefficients reported in 
Table 6, which were in turn calculated following the method of Shimizu et al. (2017).
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Fig. 1 - A. Sketch map showing the location of the Chenaillet ophiolite in the Alpine-Apennine belt (redrawn 
after Sanfilippo and Tribuzio, 2013). B. Geological map of the Chenaillet ophiolite (redrawn after Caby 1995; 

Chalot-Prat 2005; Manatschal et al., 2011); the inset shows the localization of studied gabbroic body 
(coordinates: 44°54'21.07"N/6°44'28.70"E). 
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Fig. 2 - Panoramic view of the Rocher de l’Aigle gabbro body and related geological section (redrawn after 
Manatschal et al., 2011). The gabbroic body preserves evidence for originally being in contact with a thin 

serpentinized mantle slice that is in turn covered by sediments (Caby 1995; Chalot-Prat, 2005). The 
sequence of gabbros, serpentinites and sediments was interpreted to have developed in response to an 
oceanic detachment fault, which was lately truncated by oceanic high-angle faults that juxtaposed the 
gabbroic body against adjacent basaltic volcanics (Manatschal et al., 2011). The high-angle faults were 

slightly reactivated during the Alpine orogeny. 
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Fig. 3 - Photos showing relevant field-scale structures. A. Weakly deformed, boudin-shaped domain within 
deformed gabbros showing mylonite structures. The latter are characterized by alignment of up to 1 cm-long 

clinopyroxene porphyroclasts mantled by amphibole, and up to mm-scale thick layers mostly made up of 
fine-grained plagioclase. B. Felsic vein crosscutting at a high angle the foliation of host deformed gabbro. C. 
Felsic vein subparallel to the foliation of host deformed gabbro. Close to the contact with the felsic vein, the 
gabbro shows a mm-scale band characterized by an amphibole-rich mylonitic foliation; amphibole coronas 
around clinopyroxene porphyroclasts are also present. D. A basaltic dyke with chilled margins crosscutting 

deformed gabbros that preserve a grain size and modal layering of primary magmatic origin. 
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Fig. 4 - Relevant microstructures of deformed gabbros and felsic veins from the The Rocher de l’Aigle 
gabbroic body. A. Thin section image of a deformed gabbro including porphyroclastic clinopyroxenes (Cpx1) 

that retain a magmatic subophitic structure in association with primary plagioclase (Pl1). B. Brown 
amphibole (Amp) and pale clinopyroxene (Cpx2) aggregates made up of grains weakly aligned along the 

edge of the porphyroclastic clinopyroxene (Cpx1, sample CH2-7); the dark material consists of fine-grained 
aggregates mostly made up of epidote and albite in substitution of plagioclase. C. Single crystal, brown 

amphibole corona (Amp) mantling a porphyroclastic clinopyroxene (Cpx1, sample CH2-6); the dark material 
consists of fine-grained aggregates mostly made up of epidote and albite in substitution of plagioclase. D. 
Porphyroclastic clinopyroxene (Cpx1) including in its external portion patches made up of pale, unexsolved 

clinopyroxene and vermicular to globular brown amphibole (Cpx + Amp), in turn mantled by nearly 
granoblastic amphibole aggregates (Amp, sample CH2-6). E. Plagioclase (Pl2) and amphibole (Amp) in 

nearly granoblastic aggregates aligned along the foliation plane (sample CH2-8). F. Brown amphibole (Amp) 
and plagioclase (Pl) from felsic vein CH2-11. Green amphibole and minor Fe-Ti-oxide phases occur along the 
outer portion of the brown amphibole, and plagioclase is widely replaced by fine-grained aggregates made 

up of albite and epidote (dark material). 
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Fig. 5 - Major element compositions of clinopyroxenes from deformed gabbros of the Rocher de l’Aigle 
gabbroic body: Al2O3, TiO2 and MnO vs. Mg#. Clinopyroxenes from undeformed gabbro CH3-6 of the Punta 

Rascià gabbroic body (Chenaillet ophiolite) are reported for comparative purposes. 
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Fig. 6 - Major element compositions of amphiboles from deformed gabbros and associated felsic veins of the 
Rocher de l’Aigle gabbroic body: CaO, TiO2, MnO, Al2O3, Na2O vs. Mg#. 
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Fig. 7 - Cl vs. F in compositions of amphiboles (ppm) and apatites from deformed gabbros and associated 
felsic veins of the Chenaillet ophiolite. The compositional fields of interstitial magmatic amphiboles in 

gabbros from Internal Ligurian and Tuscany ophiolites (Tribuzio et al., 2000), and of amphibolite facies 
hydrothermal amphiboles in gabbros from Internal Ligurian ophiolites (unpublished data) are reported for 

comparative purposes. 
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Fig. 8 - REE compositions of clinopyroxenes from deformed gabbros of the Rocher de l’Aigle gabbroic body, 
normalized to CI chondrite (Anders and Ebihara, 1982). Clinopyroxenes from undeformed gabbro CH3-6 of 
the Punta Rascià gabbroic body (Chenaillet ophiolite) and from undeformed gabbros FG1-1 and BO5 of the 

Internal Ligurian ophiolites (Tribuzio et al., 2014) are reported for comparative purposes. 
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Fig. 9 - REE and incompatible trace element compositions of amphiboles from deformed gabbros and 
associated felsic veins of the Rocher de l’Aigle gabbroic body, normalized to CI chondrite (Anders and 

Ebihara, 1982). A and B: Amphiboles from deformed gabbros. C and D: Amphiboles from felsic veins; for 
comparative purposes, these diagram report: (i) amphibole from leucodiorite vein VFC3 within gabbros from 

the Internal Ligurian ophiolites, and amphiboles (sample VF12b and VF12c) that formed in response to 
reaction of Si-rich hydrous melts with gabbros from the Internal Ligurian ophiolites (Tribuzio et al., 2014), 

(ii) the compositional field of brown amphiboles from felsic veins within the gabbros of the oceanic core 
complex of Atlantis Bank (Nguyen et al., 2018). 
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Fig. 10 - Whole-rock major element compositions of deformed gabbros and felsic veins from the Rocher de 
l’Aigle gabbroic body: Mg# [molar Mg/(Mg+Fe2+tot) × 100] versus Ca# [molar Ca/(Ca + Na) × 100], SiO2 
(wt%) and TiO2. SiO2 and TiO2 recalculated on anhydrous basis and assuming all Fe as Fe3+. The diagrams 
include for comparative purposes: (i) the undeformed gabbro CH3-6 from the Chenaillet ophiolite collected 
at Punta Rascià, (ii) the undeformed gabbros FG1-1 and BO5 from the Internal Ligurian ophiolites (Tribuzio 
et al., 2014), whose clinopyroxene cores are chemically similar to the porphyroclastic clinopyroxenes from 

deformed gabbros of the present study (see also Fig. 8), and (iii) leucodiorite vein VFC3 within gabbros from 
the Internal Ligurian ophiolites (Tribuzio et al., 2014), whose included primary amphibole is chemically 

similar to the amphiboles from the felsic veins of the present study (see also Figs. 9b and 9c). The diagrams 
also comprise the experimentally-produced compositions of: (i) melts residual after crystallization of oxide-
gabbros at 900 °C and 850 °C (Koepke et al., 2018), and (ii) melts produced by gabbro-partial melting at 

900 °C and 940 °C (Koepke et al., 2004). 
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Fig. 11 - Whole-rock REE and incompatible trace element compositions of deformed gabbros and felsic veins 
from the Rocher de l’Aigle gabbroic body, normalized to CI chondrite (Anders and Ebihara, 1982). A. 

Deformed gabbros. The diagrams include for comparative purposes: (i) the undeformed gabbro from the 
Chenaillet ophiolite collected at Punta Rascià (CH3-6), and (ii) the undeformed gabbros FG1-1 and BO5 from 

the Internal Ligurian ophiolites (Tribuzio et al., 2014), which include clinopyroxenes having similar major 
and trace element compositions to porphyroclastic clinopyroxenes from deformed gabbros of the present 
study (see also Figs. 5 and 8). B. Felsic veins. The diagrams includes for comparative purposes the felsic 
veins within gabbros from the Internal Ligurian ophiolites (Tribuzio et al., 2014), which include amphibole 
having similar major and trace element compositions to amphiboles from felsic veins of the present study 

(see also Fig. 9b). 
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Fig. 12 - TiO2 and Al2O3 contents in amphibole and clinopyroxenes from deformed gabbros of the Rocher de 
l’Aigle gabbroic body (Chenaillet ophiolite) and in granulite facies (titanian pargasite-bearing) deformed 

gabbros from Internal Ligurian ophiolites (Tribuzio et al., 1995; Menna, 2009). The diagram also reports: (i) 
core and rim clinopyroxene compositions for undeformed gabbro CH3-6 from Punta Rascià gabbroic body 

(Chenaillet ophiolite); (ii) the compositions of interstitial magmatic amphiboles in gabbros from Internal and 
Tuscany Ligurian ophiolites (Tribuzio et al., 1999; 2000). 
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Fig. 13 - Computed REE compositions of melts in equilibrium with amphibole from the Chenaillet felsic veins. 
For comparative purposes, the diagram includes the whole-rock REE compositions of: (i) Chenaillet 

deformed gabbros from Chenaillet ophiolite, and (ii) undeformed, chemically primitive gabbros from the 
Chenaillet and the Internal Ligurian ophiolites (same compositions reported in Fig. 10). REE compositions of 

amphibole equilibrium melts were computed based on amphibole/melt partition coefficients reported in 
Table 6, which were in turn calculated following the method of Shimizu et al. (2017). 
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Table 1

Representative major element compositions (wt%) of minerals from Chenaillet deformed gabbros and included felsic veins: clinopyroxene, 

amphibole and plagioclase

Sample CH2-5 CH2-6 CH2-7 CH2-8 CH2-5 CH2-6 CH2-7 CH2-8 CH3-6 CH3-6
rock-
type def gabbro def gabbro def gabbro def gabbro def gabbro def gabbro def gabbro def gabbro undef 

gabbro
undef 
gabbro

mineral Cpx prim. Cpx prim. Cpx prim. Cpx prim. Cpx neob. Cpx neob. Cpx neob. Cpx neob. Cpx core Cpx rim
SiO2 52.7 52.4 52.8 52.3 54.4 54.0 54.5 54.1 51.7 51.10

TiO2 0.53 0.52 0.56 0.66 0.15 0.08 0.08 0.13 0.56 0.98

Al2O3 2.90 2.94 2.77 2.80 0.50 0.41 0.44 0.53 3.02 2.96

Cr2O3 0.15 0.20 0.19 0.27 0.12 0.02 0.11 0.07 1.02 0.40
FeO 4.96 4.9 4.47 4.97 5.53 7.85 6.76 6.9 4.55 6.32
MnO 0.12 0.16 0.12 0.17 0.23 0.39 0.25 0.24 0.14 0.26
NiO 0.12 <0.02 0.10 0.10 <0.02 0.04 <0.02 <0.02 0.06 0.02
MgO 15.8 15.7 16.1 15.5 15.1 13.9 14.6 14.7 15.3 14.34

CaO 22.1 22.4 22.3 22.3 23.8 23.3 23.3 23.2 23.8 23.73

Na2O 0.45 0.43 0.36 0.57 0.24 0.27 0.28 0.27 0.48 0.57

K2O <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.01 0.01
Sum 99.8 99.6 99.8 99.6 100.1 100.2 100.3 100.1 100.7 100.7

Mg# 85.0 85.0 86.6 84.7 82.9 75.9 79.3 79.3 85.7 80.2
def gabbro, deformed gabbro; undef gabbro, undeformed gabbro; fels vein, felsic vein

Cpx prim., primary clinopyroxene (porphyroclast); Cpx neob., clinopyroxene neoblast 

Amp neob., amphibole neoblast; undef. Amp, large undeformed amphibole grain

Mg#, [100 × Mg/(Mg+Fe2+
tot), in atoms per formula unit]

http://www.petrology.oupjournals.org/

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/advance-article-abstract/doi/10.1093/petrology/egaa015/5736559 by guest on 15 February 2020



Table 1 (continued)

Sample CH2-5 CH2-5 CH2-6 CH2-6 CH2-7 CH2-7 CH2-8 CH2-8 CH2-8 CH2-10 CH2-11
rock-
type def gabbro def gabbro def gabbro def gabbro def gabbro def gabbro def gabbro def gabbro def gabbro fels vein fels vein

mineral Amp 
corona

Amp 
neob.

Amp 
corona

Amp 
neob.

Amp 
corona

Amp 
neob.

undef. 
Amp

Amp 
corona Amp neob. Amp Amp

SiO2 48.9 49.1 49.5 49.7 50.8 50.6 47.1 49.9 49.6 45.8 45.3
TiO2 1.93 1.42 1.38 1.37 1.29 1.67 2.49 0.95 1.35 2.76 2.70
Al2O3 7.16 6.96 6.60 6.27 5.51 5.79 7.99 5.72 6.13 8.37 8.64
Cr2O3 0.10 <0.04 0.09 <0.04 0.15 0.20 0.07 0.17 0.11 0.05 <0.04
FeO 10.1 10.9 11.59 12.11 9.73 10.1 14.0 10.1 11.0 15.7 16.3
MnO 0.25 0.30 0.24 0.23 0.23 0.14 0.43 0.21 0.22 0.43 0.53
NiO <0.02 0.04 0.04 <0.02 <0.02 <0.02 0.08 0.14 0.02 <0.02 <0.02
MgO 15.7 15.8 15.0 15.3 16.4 16.2 13.7 16.6 15.3 13.0 12.4
CaO 11.6 11.6 11.6 11.8 12.0 12.0 10.5 12.1 12.0 9.9 9.7
Na2O 1.75 1.60 1.44 1.47 1.15 1.22 2.07 1.24 1.20 2.57 2.63
K2O 0.23 0.21 0.33 0.34 0.25 0.28 0.31 0.31 0.38 0.21 0.22
Sum 97.7 97.8 97.8 98.6 97.5 98.2 98.6 97.5 97.2 98.8 98.4

Mg# 73.4 72.2 69.7 69.2 75.0 74.0 63.6 74.5 71.3 59.5 57.5
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Table 1 (continued)

Sample CH2-5 CH2-8 CH2-10 CH2-11
rock-type def gabbro def gabbro fels vein fels vein
mineral Pl Pl Pl Pl
SiO2 60.4 60.3 66.2 66.5
TiO2 <0.04 0.06 <0.04 0.05
Al2O3 25.3 24.4 22.0 21.9
FeO 0.16 0.09 0.13 0.30
MnO <0.01 <0.01 0.01 <0.01
MgO 0.03 0.03 <0.01 0.01
CaO 6.50 6.04 2.96 3.01
Na2O 8.01 7.68 9.49 9.81
K2O 0.08 0.35 0.25 0.24
Sum 100.5 99.0 101.0 101.7

An (mol%) 30.8 29.7 14.5 14.3
Ab (mol%) 68.7 68.3 84.1 84.3
Or (mol%) 0.4 2.1 1.5 1.4
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Table 2

Halogen compositions of apatite from Chenaillet deformed gabbros 

sample F (wt%) Cl (wt%) CaO (wt%) P2O5 (wt%) Sum
1.80 0.25 57.0 42.1 101.1
1.81 0.26 57.5 42.1 101.7CH2-5
1.82 0.24 57.8 41.8 101.7
2.16 0.35 58.1 42.4 103.0
2.78 0.38 57.7 42.4 103.3
2.20 0.31 58.2 42.3 103.0

CH2-6

2.29 0.34 57.9 42.4 102.9
2.20 0.42 58.0 42.0 102.6
2.19 0.40 57.9 42.7 103.1CH2-8
2.22 0.37 58.0 41.9 102.5
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Table 3

Halogen compositions of amphibole from Chenaillet deformed gabbros and included felsic veins

sample rock-type F (ppm) Cl (ppm)
Amp neoblast 793 247
Amp neoblast 602.0 266.0CH2-5 def gabbro
Amp neoblast 854 359
Amp neoblast 1113 264
Amp neoblast 1146 435
Amp neoblast 1150 397
Amp corona 1085 267

CH2-6 def gabbro

Amp corona 1151 267
Amp 1184 324
Amp 1327 276
Amp 1133 237

CH2-11 felsic vein

Amp 1190 338
def gabbro, deformed gabbro
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Table 4

Trace element compositions (ppm) of minerals from Chenaillet deformed gabbros and included felsic veins: clinopyroxene and amphibole

Sample CH2-6 CH2-7 CH2-8 CH2-5 CH2-6 CH2-7 CH2-8 CH2-10 CH2-11

rock-type def. gabbro def. gabbro def. gabbro def. gabbro def. gabbro def. gabbro def. gabbro felsic vein felsic vein

mineral Cpx Cpx Cpx Cpx Cpx Cpx Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp
prim. sec. sec. sec. prim sec. corona neob. corona neob. neob. undef. neob.

V 406 65 177 218 344 157 340 304 229 171 303 88 284 66.3 62.3 50.7 43.1
Cr 1,180 48 339 510 1,540 477 1,180 828 650 175 598 244 958 13.8 49.1 15.7 7.12
Co 38 32 31 30 40 29 68 45 51 53 40 41 46 38.4 40.8 34.0 27.2
Ni 141 84 120 107 176 92 256 137 171 216 206 114 194 103 85.0 84.7 55.7
Zn 42 114 59 64 50 74 162 141 165 184 133 188 119 324 338 290 222
Sc 121 41 74 80 98 78 72.6 86.0 77.1 46.7 76.8 74 85 86.9 84.6 68.5 64.4
Ti 3,620 516 825 744 2,840 762 8,740 9,280 8,820 7,520 7,240 14,700 5,730 19,800 19,300 14,100 14,700
Sr 18.2 6.6 6.22 6.96 17.8 6.74 12.0 10.0 10.1 9.15 9.65 18.6 7.6 20.2 16.4 12.9 12.7
Ba ≤0.1 ≤0.1 ≤0.1 ≤0.1 ≤0.1 ≤0.1 4.14 2.48 3.57 2.69 2.68 6.82 1.73 9.20 8.50 7.95 6.52
Zr 17.4 19.3 12.4 21.1 11.4 16.3 185 104 179 107 91.7 422 56.8 589 605 412 446
Nb 0.05 0.03 0.11 0.08 0.02 0.06 21.4 15.4 23.4 34.3 24.8 34.0 17.9 45.5 48.9 33.3 34.4
Y 22.2 97.4 60.6 93.7 15.6 47.0 221 237 305 303 279 429 144 525 601 416 414
Hf 0.58 1.30 1.06 1.35 0.29 1.40 10.5 4.64 8.98 7.59 4.87 15.0 3.62 22.8 22.0 15.0 15.2
Ta ≤0.02 0.03 ≤0.02 ≤0.02 ≤0.02 0.04 1.25 0.60 1.09 1.33 1.13 1.21 1.05 1.83 1.92 1.28 1.30

La 0.45 8.36 6.68 9.14 0.34 5.23 13.5 15.1 28.5 29.6 20.2 26.8 17.1 30.79 33.2 29.3 23.6
Ce 2.29 37.6 24.6 42.2 1.79 21.0 65.0 73.0 117 124 84.7 120 65.9 141 155 136 109
Pr 0.51 6.46 4.31 7.28 0.38 3.44 11.9 14.1 21.0 21.4 14.5 24.2 10.4 29.1 32.0 25.9 23.4
Nd 3.96 34.5 19.61 31.5 2.96 16.6 75.9 86.0 113 102 79.5 146 49.6 174 193 149 139
Sm 1.80 8.80 5.51 7.48 1.31 3.25 22.6 26.2 32.4 29.1 28.6 50.4 14.1 58.9 68.9 49.6 49.2
Eu 0.70 0.58 0.46 0.72 0.65 0.69 3.14 2.58 3.70 1.83 1.63 7.76 1.30 10.3 11.0 8.45 8.10
Gd 2.62 8.04 5.86 9.22 2.19 5.04 28.1 29.3 37.6 33.5 23.5 60.5 14.4 73.1 81.5 58.6 59.4
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Tb 0.56 1.92 1.23 1.66 0.37 0.95 6.23 6.47 7.46 6.43 5.67 11.9 3.22 14.6 16.5 12.0 11.3
Dy 3.89 13.9 8.31 12.3 2.62 7.28 43.5 42.3 51.8 47.9 39.8 80.2 22.3 99.3 111 76.5 77.1
Ho 0.88 3.21 1.96 3.11 0.64 1.50 8.46 9.94 11.47 10.6 9.77 17.2 4.96 21.4 24.5 16.8 17.2
Er 2.28 11.8 7.58 9.92 1.61 5.44 25.1 22.4 32.5 34.5 30.5 48.4 15.4 58.4 68.5 47.5 45.6
Tm 0.30 1.64 0.91 1.60 0.22 0.84 3.21 3.98 5.12 5.44 4.40 6.61 2.40 8.48 9.81 6.84 6.82
Yb 2.06 15.5 7.96 12.2 1.35 6.90 19.1 25.2 36.3 43.1 28.8 47.0 18.4 57.7 67.2 47.2 46.4
Lu 0.28 2.20 1.31 1.82 0.23 0.92 3.28 3.28 4.80 5.85 4.41 6.20 2.70 7.72 8.79 6.64 5.73
LaN/SmN 0.16 0.60 0.76 0.77 0.16 1.01 0.37 0.36 0.55 0.64 0.44 0.33 0.76 0.33 0.30 0.37 0.30
GdN/YbN 1.05 0.43 0.61 0.63 1.34 0.61 1.21 0.96 0.86 0.64 0.68 1.07 0.65 1.05 1.00 1.03 1.06
Eu/Eu* 0.98 0.21 0.25 0.26 1.16 0.52 0.38 0.28 0.32 0.18 0.19 0.43 0.28 0.48 0.45 0.48 0.45
def gabbro, deformed gabbro; 

Cpx prim., primary clinopyroxene (porphyroclast); Cpx sec., secondary clinopyroxene (neoblast/corona)

Amp neob., amphibole neoblast; Amp undef., large undeformed amphibole grain; 

Eu/Eu* = EuN/(SmN × GdN)1/2

LaN/SmN, GdN/YbN and (SmN x GdN), normalized to CI chondrite
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Table 5

Whole-rock major and trace element compositions of Chenaillet deformed gabbros and included 

felsic veins. The compositions of an undeformed gabbro from the Chenaillet ophiolite collected at 

Punta Rascià (CH3-6) is also reported

Sample CH2-5 CH2-6 CH2-7 CH2-8 CH2-10 CH2-11 CH3-6

rock-type def gab def gab def gab def gab felsic 
vein

felsic 
vein

undef 
gab

Major elements (wt%)       
SiO2 52.0 55.8 54.4 55.3 61.6 60.4 50.9
TiO2 0.32 0.35 0.32 0.39 0.42 0.53 0.43
Al2O3 16.9 16.5 16.3 16.3 19.8 19.1 15.1

Fe2O3
tot 5.11 4.54 4.20 5.10 2.46 3.78 4.53

MnO 0.10 0.10 0.09 0.10 0.06 0.09 0.09
MgO 8.24 5.93 6.48 7.06 1.52 2.12 8.83
CaO 10.1 8.6 10.5 9.26 4.08 4.28 13.5
Na2O 4.02 5.27 4.53 4.84 8.40 8.09 3.03
K2O 0.14 0.11 0.12 0.16 0.07 0.11 0.05
P2O5 0.04 0.05 0.03 0.04 0.04 0.03 0.02
L.O.I 2.33 1.87 2.28 1.80 1.06 0.92 3.43
Total 99.4 99.1 99.2 100.3 99.4 99.4 99.8

Mg# 76.1 72.1 75.4 73.3 55.0 52.7 79.4
Ca# 58.2 47.4 56.1 51.4 21.2 22.6 71.1

Trace elements (ppm)
V 100 90 108 101 13 15 152
Cr 450 215 275 305 50 < 20 2,180
Sc 29 25 31 29 6 10 43
Co 29 21 21 24 5 7 23
Ni 140 85 100 115 20 30 190
Cu 75 55 45 60 < 10 10 50
Zn 40 45 40 40 30 40 < 30
Ga 14 20 14 15 26 25 13
Sn 1.5 3.5 2.5 3 2 2.5 2
Rb 1.0 < 1 < 1 1.0 < 1 1.0 < 1
Sr 314 252 231 205 193 193 111
Ba 1.0 4.0 2.5 2.0 3.5 2.5 < 1
Zr 267 176 90.5 161 218 162 19.0
Nb 2.25 6.9 4.45 3.45 10.1 7.85 < 0.2
Y 30.8 57.9 29.5 34.3 58.6 78.3 10.5
Hf 5.85 5.30 2.75 4.00 4.85 4.30 0.60
Ta 0.16 0.43 0.36 0.31 0.47 0.40 0.05
Th 0.27 0.19 0.56 1.02 0.24 0.17 < 0.05
U 0.10 0.09 0.31 0.25 0.04 0.04 0.02
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La 4.89 12.5 7.66 6.06 10.0 9.96 0.77
Ce 15.2 36.2 20.5 17.3 27.4 30.7 2.65
Pr 2.33 5.02 2.58 2.56 4.02 5.05 0.50
Nd 11.2 20.9 10.3 11.6 19.0 25.7 2.77
Sm 3.46 5.70 2.65 3.75 5.74 8.59 1.22
Eu 0.99 1.15 0.74 1.18 2.26 3.30 0.57
Gd 3.99 6.38 3.20 4.37 7.03 10.4 1.78
Tb 0.75 1.24 0.63 0.84 1.35 2.00 0.32
Dy 5.21 8.85 4.46 5.79 9.53 13.9 2.07
Ho 1.12 1.96 0.99 1.21 2.05 2.92 0.42
Er 3.45 6.42 3.21 3.76 6.44 8.69 1.24
Tm 0.54 1.05 0.54 0.57 0.97 1.29 0.18
Yb 3.64 7.49 3.81 3.83 6.53 8.27 1.09
Lu 0.56 1.22 0.58 0.59 0.99 1.25 0.17
LaN/SmN 0.88 1.38 1.81 1.01 1.09 0.73 0.40
GdN/YbN 0.91 0.70 0.69 0.94 0.89 1.04 1.35
Eu/Eu* 0.81 0.58 0.77 0.88 1.08 1.06 1.18
def gabbro, deformed gabbro; undef gabbro, undeformed gabbro

Mg# = molar Mg/(Mg+Fe2+tot) × 100; Ca# = molar Ca/(Ca+Na) × 100

Eu/Eu* = EuN/(SmN × GdN)1/2

LaN/SmN, GdN/YbN and (SmN x GdN), normalized to CI chondrite 

(Anders & Ebihara, 1982)
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Table 6

Amphibole/melt partition coefficients calculated following the method of Shimizu et al. (2017), 

which requires amphibole major element compositions and crystallization temperature conditions

sample CH2-10 CH2-11
rock-
type felsic vein felsic vein

Amp D Amp D

Major elements (wt%)   
SiO2 45.7 45.4
TiO2 2.70 2.70
Al2O3 8.51 8.58
Cr2O3 0.01 0.01
FeO 16.0 16.4
MnO 0.49 0.54
MgO 12.8 12.5
CaO 9.70 9.58
Na2O 2.57 2.59
K2O 0.21 0.21

T °C 854 852
Trace elements (ppm)
La 32.0 0.37 26.6 0.37
Ce 148 0.70 124 0.70
Pr 30.5 1.21 25.4 1.21
Nd 184 1.90 149 1.91
Sm 63.9 3.36 51.3 3.41
Eu 10.7 3.95 8.23 4.01
Gd 77.3 4.41 60.5 4.49
Tb 15.5 4.69 12.1 4.78
Dy 105 4.75 81.4 4.85
Ho 22.9 4.61 17.8 4.71
Er 63.5 4.33 48.8 4.43
Tm 9.14 3.98 7.18 4.08
Yb 62.5 3.61 49.8 3.70
Lu 8.25 3.25 6.53 3.34
Crystallization temperatures were estimated based on the method of Putirka (2016), assuming a 

confining pressure of 0.1 GPa.

Major elements compositions are average of 4 analyses for CH2-10 and 8 for CH2-11

Trace elements compositions for CH2-10 and CH2-11 are average of analyses reported in Table 2
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