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Abstract 

Trace element and isotopic compositions of exhumed high-pressure (P) mafic rocks are an important 

archive to investigate chemical processes in subduction zones. Here we report the B isotope (δ11B) 

composition of eclogitic mafic rocks enclosed in high-P serpentinite from the Voltri Massif, Ligurian 

Alps (Italy). Combined with bulk δ18O values, 87Sr/86Sr ratios and trace element data, the δ11B of 

eclogitic mafic rocks were investigated to test oceanic inheritance vs. subduction-related processes 

and to provide inferences on the timing of B uptake in eclogitic metagabbros. 

Petrographic observations along with major and trace element data indicate that the eclogite facies 

mafic rocks derived from primitive Mg-Al-bearing gabbros (Erro-Tobbio eclogites) and 

differentiated Fe-Ti-bearing oxide gabbros (Vara eclogites). Metarodingite from Vara shares similar 

REE pattern to that of the Erro-Tobbio eclogites, suggesting a plagioclase-rich gabbroic protolith. 

The studied rocks show variable enrichments in fluids-mobile elements (e.g., Cs, Ba, Li, Sr; high 

Li/Y, B/Nb). Boron concentrations range between 2.3 to 7.6 ppm, with no significant differences 

among the different samples. Oxygen isotope compositions (1σ ± 0.1‰) for the Vara and the Erro-

Tobbio eclogites range from +5.4 to +6.4‰ and from +3.1 to +5.3‰, respectively, whereas the 

87Sr/86Sr ratios range between 0.7036 and 0.7042 for the Vara eclogites and from 0.7030 to 0.7034 

for Erro-Tobbio metagabbros. The B isotope compositions for the Vara eclogites range between -3.2 

to +0.9‰, which are in striking contrast with the positive δ11B signatures of the Erro-Tobbio eclogitic 

metagabbros ranging from +4.3 to + 8.9‰, the highest positive δ11B signatures observed in eclogitic 

metagabbros so far. Metarodingite from Vara has a δ18O of +3.7‰ and 87Sr/86Sr of 0.7046 and a δ11B 

value of +11.5‰. 

We argue that the δ18O signatures and the 87Sr/86Sr ratios of metamafic rocks from the Voltri Unit 

mainly reflect inherited signatures from the seafloor, whereas subduction-related processes are 

mainly traced through δ11B variations. Progressive B isotope fractionation due to dehydration 

processes during subduction is responsible for the dominantly negative δ11B signatures of eclogites 

from the Vara area and elsewhere, whereas the positive δ11B of the high-P metarodingite is 
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compatible with an inherited oceanic signature, although interaction with fluids released by the 

surrounding serpentinites at peak conditions cannot be ruled out. We discuss three scenarios to 

explain the positive δ11B imprint reported for the Erro-Tobbio eclogites: (i) inheritance of oceanic 

signatures, (ii) records of B isotope fractionation from an extreme 11B-rich protolith, or (iii) 

interaction with 11B-rich slab fluids derived from serpentinite hydration at high-P. Based on these 

scenarios, two potential implications of global relevance are presented: (1) the transfer of largely 

unmodified oceanic signatures up to eclogite facies conditions, and (2) the formation of newly 

(subduction-related) 11B-rich reservoirs. We propose that the protolith composition of the mafic crust 

controls the development of hydrous phases at high-P thus enabling the preservation of high δ11B 

signatures. This mechanism of chemical transfer may generate a 11B-rich reservoir that, together with 

high-P serpentinites, may form positive δ11B domains in the mantle. 

 

Keywords: Boron isotopes, Boron recycling, Voltri Massif, Eclogites 

 

1. Introduction 

In the last decades estimates of the geochemical fluxes of fluid-mobile elements and volatiles in 

subduction settings have become increasingly more quantitative (Cannaò and Malaspina, 2018; 

Mallik et al., 2018; Plank and Manning, 2019). The contribution of serpentinized mantle from both 

slab and wedge derivation is now ascertained by many studies (Scambelluri et al., 2019, and 

references therein) and strongly controls the budget of volatiles and incompatible elements at depth 

exceeding 100 km, beyond the stability of antigorite (Scambelluri et al., 2015; Spandler et al., 2014). 

Despite a significant early release of fluids and elements at shallow depth (Hacker, 2008; Rüpke et 

al., 2004; Savov et al., 2005), the role of sedimentary rock in providing volatiles and other chemical 

components to arc volcanoes and contaminants to the deeper mantle is relevant and mainly controlled 

on the destabilization of phengite, lawsonite and accessory minerals (Cannaò and Malaspina, 2018; 

Hermann et al., 2013). Hydrothermal alteration processes in the oceanic crust also have a strong 
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impact in the amounts of volatiles and fluid-mobile elements released at depth in convergent margins 

(Cannaò and Malaspina, 2018, and references therein); however, the composition of altered oceanic 

crust (AOC) can be extremely variable depending on the alteration degree of the original protolith 

(Staudigel, 2014) and its parental composition (Godard et al., 2009). Depending on the whole rock 

chemistry (e.g., Mg-Al gabbro vs. Fe-Ti gabbros), different high-pressure (P) mineral assemblages 

may develop (Angiboust et al., 2012; Pelletier and Müntener, 2006). Early models emphasized that 

the major fluid pulse from subducted AOC was linked to the destabilization of amphibole during the 

blueschist-eclogite transition (Peacock, 1993). Experimentally-determined phase equilibria at high-P 

have shown that other hydrous phases such as lawsonite, chloritoid, talc and epidote can be present 

in mafic systems (Poli, 1995; Poli and Schmidt, 1997, 1995). These phases can release fluids at 

greater depths; however, how the compositional variability of the AOC affects the release and 

mobility of fluid-mobile elements in subduction zone is poorly explored (e.g., Spandler et al., 2003). 

To better understand fluid-mobile element and volatile cycles in convergent margins fluid-rock 

interactions among different slab lithologies are crucial (Bebout and Penniston-Dorland, 2016). 

Deciphering between oceanic inheritance versus subduction-related signatures in high-P rocks is a 

challenging task requiring both trace element and isotopic data. To this end, the boron (B) isotope 

systematics (δ11B) has revealed as a powerful tracer of rock dehydration and fluid/rock interaction 

processes in subduction zones (de Hoog and Savov, 2018; Leeman and Sisson, 1996) and the B 

isotope studies of subduction-derived rocks are of particular interest to constrain the geochemical 

evolution of metamorphic terranes (Cannaò et al., 2015; Halama et al., 2020; King et al., 2007; Prigent 

et al., 2018). The fluid-mobile nature of B coupled to large B isotope fractionation makes B an ideal 

tracer for fluid processes during progressive rock dehydration (Bebout and Nakamura, 2003; Rosner 

et al., 2003). The preferential loss of B and of its heavy isotope to fluids results in a B-poor and 

isotopically light (i.e., 11B-poor) eclogitic residue in subducting slabs (King et al., 2007; Pabst et al., 

2012; Peacock and Hervig, 1999). In this contribution, we provide new insights into the δ11B 

fingerprints of eclogitized mafic rocks of the Voltri Massif (Ligurian Western Alps, Italy) showing 
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both negative and positive δ11B signatures, the latter documented here for the first time. We discuss 

scenarios where the 11B-enriched signatures of the Voltri rocks can either represent an oceanic 

inheritance, or an interaction with slab-derived fluids during prograde subduction. Timing of B uptake 

in these rocks is also discussed in the light of δ18O values, 87Sr/86Sr ratios and trace element data. We 

speculate that oceanic mafic rocks and the eclogites experiencing fluid-mediated exchange with 

serpentinites at high-P represent 11B-rich reservoirs transferring their positive δ11B signatures to 

depth. 

 

2. Geological background 

The Voltri Massif consists of ophiolitic rocks associated with metasediments (Fig. 1) and recorded 

initial oceanic alteration followed by eclogite-facies subduction and exhumation during the Alpine 

orogeny (Crispini and Capponi, 2007). The dominant rock types of the Voltri Massif are 

metamorphosed antigorite-bearing serpentinites, peridotites and mica-/calc-schists associated with 

metavolcanics of oceanic origin (Capponi et al., 2016; Chiesa et al., 1975). Smaller (1 – 100 m) 

metamorphosed gabbroic and basaltic bodies are embedded within ultramafic rocks and 

metasediments (Malatesta et al., 2012). Metamorphosed rodingite dikes are often enclosed in 

serpentinites as witness of oceanic alteration on the seafloor (Haws et al., 2021; Scambelluri and 

Rampone, 1999). According to the recent revision of the tectonic evolution by Capponi et al. (2016), 

the Voltri Massif consists of three major tectono-metamorphic Units: the Varazze, Palmaro-Caffarella 

and Voltri Units (Fig. 1) showing increase in peak metamorphic conditions from greenschist- to 

blueschist- to eclogite-facies conditions, respectively. The samples investigated in this work are from 

the Voltri Unit; however, in this contribution, we treat the samples pertaining to the Erro-Tobbio 

sliver distinct from the other serpentinites and eclogites of the Voltri Unit, which are reported 

hereafter as the Vara eclogites, located in the central sector of the massif (Fig. 1). The peak 

metamorphic conditions in the Voltri Unit are recorded by garnet-pyroxene assemblages in mafic 

rocks, phengite-garnet assemblages in metasediments and of metamorphic olivine, Ti-clinohumite, 
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magnetite and diopside either in veins and overgrowing antigorite in massive and foliated high-P 

serpentinites (Scambelluri et al., 1995, 1991). Estimated peak metamorphic conditions range between 

1.8 and 2.5 GPa and from 450 to 600 °C (Brouwer et al., 2002; Federico et al., 2007; Liou et al., 

1998; Malatesta et al., 2012; Scambelluri et al., 2016; Scarsi et al., 2017; Starr et al., 2020; Vignaroli 

et al., 2005). The ages of the prograde, peak and retrograde assemblages of the Voltri Massif span 

from 50 to 33 Ma (Federico et al., 2005; Haws et al., 2021; Rubatto and Scambelluri, 2003; Starr et 

al., 2020; Vignaroli et al., 2010). Recent geochronology using Sm-Nd systematics on garnet 

constraints the peak age at ~ 40 ± 2 Ma (Starr et al., 2020) for the Vara eclogites. Similarly, high-P 

recrystallization ages of the metarodingite bodies obtained with Sm-Nd systematics on garnet gave 

40.6 ± 2.9 Ma, whereas a garnetite vein cross-cutting a main metarodingite body is dated at 37.7 ± 

1.4 Ma, near peak eclogites-facies conditions (Haws et al., 2021). Further details about the geological 

background of the Voltri Massif can be found in the Supplementary Materials. 

 

3. Sample description 

In this study, we analyzed eclogitic metagabbros and one eclogitic metarodingite from the Vara area 

(near the Vara village, Fig. 1) and several eclogitic metagabbros from the Erro-Tobbio, in the north-

eastern sector of the massif (Fig.1). The petrographic and petrologic features of the Vara rocks are 

well known (Bocchio, 1995; Cimmino et al., 1981; Cortesogno et al., 1977; Haws et al., 2021; 

Messiga et al., 1983; Messiga and Scambelluri, 1991; Scambelluri and Rampone, 1999; Starr et al., 

2020). Detailed petrographic and petrologic descriptions of the Erro-Tobbio eclogites are presented 

by Messiga et al. (1995); in addition, these rocks have been analyzed for their O-H isotope 

compositions (Früh-Green et al., 2001), and one eclogite sample (E89-26) was also analyzed for its 

[B], δ11B and 87Sr/86Sr (Scambelluri and Tonarini, 2012). Here we summarize the key features of the 

studied samples (Table 1), referring to previous works for more exhaustive descriptions. 

The Erro-Tobbio metagabbros are associated with mantle peridotites and high-P serpentinites (Früh-

Green et al., 2001; Scambelluri et al., 2001). Their protoliths were troctolite and (olivine) gabbros 
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intruded in partially serpentinized mantle rocks and affected by subsequent subduction to eclogite-

facies condition during the Alpine orogeny (Messiga et al., 1995). The eclogite facies recrystallization 

occurs statically, forming corona structures (samples MG5, F1, MG4/7) as well as dynamically, 

developing mylonitic textures along former stretched magmatic minerals (sample E89-26). Coronitic 

rocks preserve the original textures of low-P cumulates showing idiomorphic olivine, plagioclase and 

interstitial clinopyroxene (Borghini et al., 2007). With the exception of rare clinopyroxene and rare 

plagioclase and olivine relicts, igneous minerals were pseudomorphosed by high-P mineral 

assemblages. Igneous plagioclase and olivine were replaced by jadeite + zoisite ± garnet and talc + 

tremolite, respectively; omphacite + talc developed after magmatic clinopyroxene. Omphacite + talc 

+ garnet coronas developed along the clinopyroxene/plagioclase boundaries (Früh-Green et al., 2001; 

Messiga et al., 1995) while chloritoid + talc + garnet coronas (type 2 in Messiga et al., 1995) 

developed between igneous olivine and plagioclase domains. Locally, orthopyroxene is stable with 

chlorite and garnet (type 1 in Messiga et al., 1995) replacing magmatic olivine sites in sample MG4/7 

which, in turn, is replaced by type 2 corona (see Messiga et al., 1995; Table 1). In the mylonitic 

sample E89-26, the stretched magmatic mineral sites are still distinguishable. The rock shows a 

banded texture consisting of alternating fine-grained layers of omphacite + garnet ± chlorite with 

omphacite porphyroclasts, omphacite + zoisite ± garnet and omphacite + talc + chloritoid that 

correspond to pseudomorphs after primary clinopyroxene, plagioclase and olivine domains. To 

summarize, the association of chlorite + garnet ± chloritoid and chloritoid + talc ± garnet in coronas 

is coeval with the high-P assemblages made of jadeite + zoisite ± garnet and omphacite + garnet in 

microdomains. This textural relationship likely indicates hydration at high-P conditions (Messiga et 

al., 1995). 

In the Vara area, the core of the Voltri Unit (Fig. 1), mylonitic olivine-bearing high-P serpentinites 

enclose boudinaged mylonitic Fe-Ti-oxide rich eclogites (samples ENV1, ENV10/2, FL4) and 

metarodingites (sample ENV11B). In this configuration, the antigorite foliation formed during 

subduction-zone eclogitization of the associated mafic bodies (Cannaò et al., 2016; Haws et al., 
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2021). In thin section, the Vara mylonitic eclogites display porphyroclastic omphacite embedded in 

a foliated fine grained omphacite matrix hosting zoned almandine-rich garnet and oriented rutile 

stripes (Fig. 2A). Accessory quartz, magnetite and sulfide are also present. Glaucophane can be stable 

with omphacite and garnet, although it more generally overgrows omphacite (Gln in Fig. 2A); late 

actinolite ± diopside and albite form along the glaucophane rims and in the core of the omphacite 

porphyroclasts. The above secondary assemblages are compatible with retrograde blueschist- and 

greenschist-facies conditions. Sample ENV10/2 is representative for a garnet-rich layer within the 

eclogite bodies (Fig. 2B) whereas samples ENV1 and FL4 represent foliated metagabbros with almost 

equal and comparable amount of garnet and omphacite. Sample FL4 shows higher amounts of 

retrograde glaucophane. 

Metarodingite ENV11B shows a massive texture with garnet + diopside + chlorite equilibrium 

assemblages. Apatite, magnetite and titanite are present as accessory minerals, as previously reported 

(Scambelluri and Rampone, 1999). Recrystallization of garnet and diopside (Di2 in Fig. 2C) along 

the grain boundaries and in veins are indicative of high-P metamorphic conditions (Haws et al., 2021). 

A striking difference between Erro-Tobbio and Voltri eclogites regards the protolith composition: the 

Vara eclogites derived from Fe-Ti oxide rich metagabbros, as shown by high modal rutile, and the 

Erro-Tobbio eclogites correspond to Mg-Al gabbros (Messiga et al., 1995). The eclogitic assemblage 

of the Vara rocks is dominated by anhydrous minerals, while abundant hydrous phases in the Erro-

Tobbio high-P assemblage points to uptake of significant amount of H2O in these rocks. 

 

4. Methods 

Major and trace element concentrations of metamafic rocks were determined by laser ablation 

inductively coupled plasma mass spectrometry (LA-ICP-MS) on pressed powder pellets (PPP) at the 

Geochemistry, Geochronology and Isotope Geology laboratory hosted at the Earth Science 

Department, University of Milano (Italy). The instrument couples an Analyte Excite 193 nm ArF 

excimer laser microprobe system equipped with a double volume chamber cell HelEx II (Teledyne 
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Cetac Technologies) to a single-quadrupole ICP-MS (iCAP-RQ, Thermo Fisher Scientific). Reported 

final data are the mean of 6 spot analyses and the error is expressed as their standard deviation (1σ). 

Precise B concentrations were determined by isotope dilution using the NIST SRM 982 as spike and 

determined using a single collector VG Isomass 54E P-TIMS (now dismissed) running in dynamic 

mode at the IGG-CNR, Pisa (Italy). Boron was extracted through alkaline fusion and purification by 

three-step ion-exchange technique and boron isotope composition was determined via Multi-

Collector ICP-MS at the IGG-CNR, Pisa (Italy) as described in Agostini et al. (2021). The oxygen 

isotope composition was determined by using a CO2-laser fluorination line coupled to a Finnigan 

MAT 253 mass spectrometer hosted at the Institute of Earth Science, University of Lausanne 

(Switzerland). Oxygen and B isotope compositions are reported in the standard delta(δ)-notation 

(expressed in permil ‰), relative to VSMOW and NIST SRM 951 standards, respectively. Strontium 

isotope analyses were performed via Multi-Collector ICP-MS at the IGG-CNR, Pisa (Italy) as 

described in Agostini et al. (2022). In order to constrain the influence of the H2O on the formation of 

hydrous-bearing assemblages at high-P conditions for the Erro-Tobbio eclogites (former oceanic Mg-

Al gabbros), T-XH2O isobaric (P =2.5 GPa) and P-XH2O isothermal (T = 550 °C) equilibrium phase 

diagram modeling was carried out through Gibbs free energy minimization using the program 

Perple_X (Connolly, 2005). The average composition of the olivine-bearing gabbros from IODP site 

U1309 (Godard et al., 2009), representing the oceanic equivalent of the Erro-Tobbio eclogites, was 

used for the calculations in the simplified system SiO2-Al2O3-MgO-FeO-CaO-Na2O with a H2O 

content ranging from 0 to 4 wt.%. Further information about the analytical methodology and the 

thermodynamic modeling can be found in the Supplementary Materials. 

 

5. Results 

5.1. Major and trace element composition 

Major, minor and trace element compositions of the studied metamafic rocks are reported in Table 

2. The main feature of the Vara eclogites area are their high contents in Fe2O3 and TiO2 (up to 21.3 
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and 6.1 wt.%, respectively), suggesting derivation from differentiated Fe-Ti gabbros. The Erro-

Tobbio eclogites are mostly depleted in these oxides showing strong enrichment in MgO and Al2O3 

(up to 11.6 and 20.0 wt.%, respectively), typical features of Mg-Al gabbroic bodies intruded into the 

oceanic lithosphere. Metarodingite shows the alkali-silica depletion (Na2O and K2O below 0.1 wt.%) 

and CaO enrichment (25.5 wt.%) characteristic of rodingite processes and metasomatism occurring 

at the seafloor during oceanic low-grade metamorphism (e.g., Bach and Klein, 2009) 

The Rare Earth Element (REE) patterns of the eclogites are very different between the Vara and the 

Erro-Tobbio rocks (Fig. 3). The Vara samples ENV1 and FL4 are characterized by slight enrichment 

and depletion in light-REE (LREE; LaN/SmN of 1.12 and 0.76), respectively, and both show slight 

depletion from middle(M-) to heavy-REE (HREE; SmN/LuN ~ 1.22). Normalized REE are always 

above the reference N-MORB values (Sun and McDonough, 1989) in agreement with evolved 

tholeiitic melt with MORB affinity and overlap oxide-gabbros from present-day oceanic lithosphere 

(e.g., Godard et al., 2009). The eclogite ENV10/2 shows a low LaN/LuN ratio of 0.14, in agreement 

with its garnet-rich nature (Figs. 2B, 3A). The Erro-Tobbio eclogites show very similar REE patterns 

(Fig. 3B), characterized by variable trends from LREE to MREE (LaN/NdN from 0.69 to 1.44), 

enrichments in MREE over HREE (SmN/LuN from 1.24 to 1.47) and a striking positive Eu anomaly 

(EuN/EuN
* from 1.49 to 3.29), reflecting plagioclase accumulation in the gabbroic protolith. These 

REE patterns resemble those of preserved troctolites and olivine-gabbros of the Erro-Tobbio rock 

suite (Borghini et al., 2007) and of drilled slow-spreading oceanic gabbro (e.g., Godard et al., 2009) 

and related to differentiated cumulus rocks produced by fractional crystallization of a rather primitive 

N-MORB-type aggregated basalt (Borghini et al., 2007). Metarodingite from Vara share similar REE 

pattern to that of the Erro-Tobbio eclogites (LaN/NdN = 0.92; SmN/LuN = 1.28; EuN/Eu*
N = 2.26), 

although showing slightly enriched values relative to N-MORB (Fig. 3A). 

Normalized to N-MORB (Sun and McDonough, 1989; Marschall et al., 2017), the trace element 

patterns for the Vara eclogites are heterogeneous (Fig. 3C), with sample ENV10/2 showing depletion 

in all elements except for Cs, B and Sb. Comparable enrichments in these elements are shown by 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



samples ENV1 and FL4 although the remaining elements are slightly higher than N-MORB values. 

Metarodingite shows the same depletion in LILEs as for eclogites except for Cs and other fluid mobile 

elements such as B, Sb and Li (Fig. 3C). The trace element patterns for the Erro-Tobbio eclogites 

show variable enrichments in incompatible elements such as Cs, Ba, B, Sb, Sr and Li and depletion 

in high field strength elements (Nb, Ta, Zr, Hf), Th, U and Y relative to N-MORB (Fig. 3D). Overall, 

B concentrations range between 2.3 and 7.6 ppm, with no significant difference between Vara and 

Erro-Tobbio eclogites. Boron contents are not affected by differences in composition and textures of 

the samples (coronitic vs. deformed varieties), although the Erro-Tobbio rocks show slightly more 

scattered values (Figs. 3C, D and 4A, C). 

Fluid-mobile (Sr, Ba, Li, B) versus fluid-immobile (Nd, Nb, Zr, Y) elemental ratios (Fig. 5) for the 

Erro-Tobbio eclogites show positive trends in Zr/Nb vs Sr/Nd, Ba/Nb Li/Y and B/Nb (Figs. 5A-D), 

in Li/Y vs Sr/Nd, Ba/Nb and B/Nb (Figs. 5E-G) and in B/Nb vs Sr/Nd (Fig. 5H) diagrams. This 

demonstrates the fluid-mobile enriched nature of the Erro-Tobbio eclogites compared to precursor 

troctolite and olivine-gabbro from Erro-Tobbio and from slow-spreading oceanic lithosphere (Godard 

et al., 2009). The Fe-Ti eclogites from Vara plot mostly within the field of oceanic oxide gabbros 

(e.g., Godard et al., 2009), with elemental ratios close to the N-MORB source (Sun and McDonough, 

1989; Marschall et al., 2017) except for the higher B/Nb ratio (Figs. 5D, G, H). Metarodingite from 

Vara are similar to the Erro-Tobbio eclogites (Figs. 5 C, D, F, G). 

 

5.2 Stable (B-O) and radiogenic (Sr) isotopic signatures 

The stable B-O and Sr isotopic compositions of the studied Voltri metamafic rocks are reported in 

Table 3. Despite similar B contents, the δ11B signatures of the studied eclogites are highly variable: 

the Vara eclogites are characterized by values ranging from -3.2 to +0.9‰, in contrast with the 

signatures of the Erro-Tobbio eclogites showing higher δ11B values from +4.3 to +8.9‰. The 

metarodingite has a δ11B of +11.6‰, significantly higher than the Vara eclogites (Fig. 4A). 
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The Vara eclogites have both mantle-like and slightly 18O-enriched compositions ranging between 

+5.4 and +6.4‰, whereas the metarodingite has lower δ18O value of +3.7‰. The δ18O composition 

of the Erro-Tobbio eclogites (data from Früh-Green et al., 2001) are depleted and variably ranging 

from +3.1 to +5.3‰ (mean value of +4.4 ± 0.9‰; Figs. 4B, C). 

The age-corrected (40 Ma, Starr et al., 2020) 87Sr/86Sr ratios for the Vara eclogites range between 

0.70363 and 0.70415, whereas the metarodingite shows a slightly higher value up to 0.70447 (37 Ma, 

Haws et al., 2021). Assuming coeval peak metamorphic age between Vara and Erro-Tobbio rocks, 

the eclogitic metagabbros of the Erro-Tobbio show more restricted Sr isotopic ratios ranging between 

0.70302 and 0.70347, slightly lower compared to the eclogites from the Vara area. Note that due to 

the high Sr/Rb ratios of the Erro-Tobbio eclogites, the uncertainty in their eclogite-facies ages has a 

negligible effect on the final 87Sr/86Sr ratios and their interpretation (see Table 3). Overall, reported 

87Sr/86Sr ratios for Vara and Erro-Tobbio eclogites overlap those of non-subducted gabbros from the 

N. Apennine (Italy – from 0.70295 to 0.70457; Schwarzenbach et al., 2021). 

 

5.3 Hydrous phase assemblages and water content for subducted Mg-Al gabbros 

In light of the high-P mineral assemblages of the Erro-Tobbio eclogites made of clinopyroxene, 

garnet, talc, chloritoid, chlorite and zoisite, the calculated peak P-T conditions are 2.35-2.55 GPa and 

520-580 °C (Fig. 6), in agreement with the previous estimates (Messiga et al., 1995). At these P-T 

conditions, the H2O content stored in the minerals ranges between 1.1 and 2.3 wt% (Fig. 6). The 

predicted H2O contents of the system at these P-T conditions fall within the range of H2O contents of 

Mg-Al gabbros from the Atlantis Bank (SW Indian Ridge; Kendrick, 2019) and the Atlantis Massif 

(Mid-Atlantic Ridge; Godard et al., 2009; see Supplementary Materials). At fixed P of 2.5 GPa free 

fluid phase can be present at T above 600 °C in these range of H2O contents (Fig. 6B) linked to the 

partial destabilization of hydrous phases (i.e., chlorite and zoisite). 

 

6. Discussion 
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The stable O, H and B isotopes are sensitive to changes in the chemical-physical conditions of a 

system (e.g., T, pH) and are geochemical tracers of fluid/rock interactions monitoring open vs. closed 

system evolution in high-P metamorphic rocks (e.g., Alt et al., 2012; Cannaò et al., 2016; Früh-Green 

et al., 2001; Lafay et al., 2019; Putlitz et al., 2000). During the oceanic hydration of mafic and 

ultramafic rocks, the shift of δ18O with respect to unaltered protoliths (with signature ≈ +5.8‰) is 

dependent to the temperature (T) of alteration, resulting in an18O-enrichment (i.e., δ18O > +5.8‰) or 

18O-depletion (i.e., δ18O < +5.8‰) at T below and above than ≈ 300°C, respectively (Wenner and 

Taylor, 1971). Other parameters influencing the δ18O of rocks are the fluid composition and the 

mineral assemblages. Similarly, B isotopes may help unravelling the hydration history of rocks 

exposed at the ocean floor. The correlation between the δ18O and δ11B isotopic compositions of 

altered gabbroic rocks from several ophiolitic terranes (e.g., Troodos and Oman) and of present-day 

altered oceanic crust (AOC; Fig. 4B), shows that higher-T samples with δ18O < +5.8‰ display δ11B 

between +10 and +18‰, trending towards the seawater value (~ +39.6‰). Samples altered at lower-

T are characterized by δ18O > +5.8‰ and by δ11B from +5 to -2‰ (Smith et al., 1995; Yamaoka et 

al., 2012, 2015). Bulk B contents show a rough positive correlation with δ18O (Fig. 4C) and is in turn 

linked with the T of alteration. This chemical modification allows transferring seawater-derived B 

and O signatures to the altered oceanic crust, as also indicated by the elevated 87Sr/86Sr ratios of the 

Oman gabbros (Yamaoka et al., 2012) (Fig. 4D). These 87Sr/86Sr ratios are higher than 

uncontaminated MORB (87Sr/86Sr = 0.7025; Rehkamper and Hofmann, 1997) and are shifted towards 

Cretaceous seawater of ~ 0.7074 (Mcarthur et al., 2001). These isotope geochemical features 

represent the main drivers to interpret the data presented here and have to be accounted for 

subduction-related processes, which can further modify the geochemistry of metamafic rocks, e.g., 

via stable isotope fractionation (e.g., Früh-Green et al., 2001; Rosner et al., 2003)  and fluid-mediated 

interaction with internal or external sources (Barnes et al., 2014; Cannaò et al., 2016, 2015; 

Scambelluri and Tonarini, 2012). 

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



6.1 Oceanic inheritance vs. subduction-related evolution 

6.1.1 Vara eclogites (ENV1, ENV10/2, FL4) 

The dominantly negative δ11B trend of the Vara Fe-Ti oxide rich eclogites contrasts with the common 

δ11B fingerprints of the AOC from modern and fossil settings (e.g., obducted Oman and Troodos), 

showing δ11B values ranging from 0 to +25‰ and only a few samples with negative δ11B down to -

2‰ (Fig. 4A). According to several studies (Smith et al., 1995; Yamaoka et al., 2012), the average 

[B] and δ11B signature of the AOC entering in subduction is about 3.6-5.2 ppm and +3.7 to +7.9‰, 

respectively. Therefore, the low δ11B signatures shown by the Vara eclogites cannot be explained by 

oceanic inheritance only, but rather reflect subduction-related processes. It is known from literatures 

that progressive slab devolatilization during subduction shifts the δ11B signature of the subducting 

rocks towards more 11B-depleted values (Rosner et al., 2003). In subduction zones, the B isotope 

fractionation is mainly driven by the T variations within and atop the subducting slab and is more 

pronounced at low-T (Rosner et al., 2003) – i.e., at shallow subduction depths. The δ11B compositions 

of the Vara eclogites closely overlap the ones of mafic blueschist-facies minerals recovered from the 

active subduction zone in the Mariana trench (Pabst et al., 2012) and of high-P mafic rocks from 

fossil subduction zones (King et al., 2007; Martin et al., 2016; Peacock and Hervig, 1999) (Fig. 7). 

This indicates that the Vara eclogites record B isotope fractionation during subduction-zone 

dehydration and eclogite facies recrystallization. This is confirmed by the anhydrous nature of their 

peak mineralogy, made of omphacite + garnet + rutile. The slightly positive δ11B value of ca. +0.9‰ 

shown by sample FL4 may be related to a partial contribution of retrograde glaucophane due to re-

hydration event(s) during initial stage(s) of exhumation. Although the B isotope compositions of the 

Vara Fe-Ti eclogites can be attributed to prograde metamorphism, their δ18O composition averaging 

at +5.8 ± 0.5‰ appears to reflect the initial oceanic imprint (Barnicoat and Cartwright, 1997; 

Cartwright and Barnicoat, 1999; Putlitz et al., 2000) (Figs. 4B, C). Similarly, the 87Sr/86Sr ratios of 

the Vara eclogites reflect the oceanic imprint: their values between 0.70365 and 0.70418 well match 

those of the non-subducted oceanic crust of Cretaceous age (Yamaoka et al., 2012) and the 87Sr/86Sr 
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ratio variability shown by the non-subducted gabbros of the N. Apennine (from 0.70295 to 0.70457; 

Schwarzenbach et al., 2021; Fig. 4D). This indicates that the δ11B is the main isotope marker of the 

dehydration processes affecting gabbroic rocks during subduction, fingerprinting prograde 

dehydration and the ability to re-equilibrate at high-P with respect to O isotopes. The inherited δ18O 

and 87Sr/86Sr ratios from the oceanic stage suggest that the dehydration process likely occurred at 

closed system conditions. 

 

6.1.2 Vara metarodingite (ENV11B) 

Differently from eclogites, the δ11B of +11.6‰ of theVara metarodingite does not appears to record 

a negative shift induced by dehydration processes during subduction. Same as δ11B, the +3.7‰ δ18O 

composition of this metarodingite is different to those reported for the associated eclogites (+5.8 ± 

0.5‰; Figs. 4B, C), suggesting that oceanic rodingitization took place at high-T conditions. This is 

consistent with the 87Sr/86Sr ratio of the metarodingite, which is more radiogenic compared to those 

of the eclogites (0.70450 vs. 0.70365-0.70418), trending towards the value of Jurassic seawater (~ 

0.7070, McArthur et al., 2001). To the best of our knowledge, no data of the δ11B composition of 

oceanic rodingites are reported in the literature, making thus difficult to constrain the influence of 

subduction event(s) super-imposed on oceanic hydration. Remarkably, the δ11B of the Vara 

metarodingite overlaps the data of the B isotope composition of non-subducted altered oceanic crust 

s.l. (Fig. 4). All these geochemical features agree with the high fluid/rock ratio characteristic of the 

oceanic rodingitization process of the mafic protolith. Interestingly, the metarodingite also shows 

relatively high Li/Y and B/Nb ratios compared to those of the Vara eclogites (Fig. 5G) associated 

with no significant variation in their Zr/Nb ratios (Figs. 5C, D), thus supporting the interpretation of 

fluid-rock interaction during the alteration process(es). 

The petrologic and geochemical evolution of the Voltri and other alpine rodingites during subduction 

is described in several works (Evans et al., 1979; Haws et al., 2021; Scambelluri and Rampone, 1999; 

Zanoni et al., 2016). Particularly, Haws et al. (2021) have recently shown that metarodingites from 
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the Vara area evolved at open system conditions during interaction with serpentinite-derived fluids 

close to peak eclogite-facies conditions. This is documented by the enrichments in Cr, Ni and Cu and 

several fluid-mobile elements (FMEs: Li, Rb, Ca and Ba) in diopside + garnet veins cutting a 

metarodingite comparable to sample ENV11B (Fig. 2C). The enrichments in transition metals and 

FMEs are interpreted to be related to interaction with high-P fluids derived from the surrounding 

antigorite-bearing serpentinites (Haws et al., 2021) that experienced interaction with sedimentary-

derived fluids during prograde metamorphism (Cannaò et al., 2016). An intriguing scenario is that 

the positive δ11B data reported for the metarodingite also represents the result of the interaction with 

fluids sourced from the surrounding serpentinites, which is the primary 11B-rich reservoir in 

subduction zones (de Hoog and Savov, 2018). The occurrence of high-P veins made of metamorphic 

olivine ± Ti-clinohumite witnesses the residue of fluids pathways released from the partial dewatering 

of serpentinites at increasing P-T conditions (Plümper et al., 2017; Scambelluri et al., 1995), fluids 

that are expected to be 11B-rich as reported previously (Cannaò, 2020; Clarke et al., 2020; Halama et 

al., 2020; Scambelluri and Tonarini, 2012; Tonarini et al., 2011). The infiltration of such fluids in 

rodingites at eclogitic conditions (Haws et al., 2021) may shift their δ11B towards higher values. For 

this reason, we cannot completely exclude that the positive δ11B signature reported here for the Vara 

metarodingite may also derive from partial re-equilibration with metamorphic fluids. Remarkably, 

fluid-mediated chemical exchanges between rodingitized mafic bodies enclosed in serpentinites 

during prograde subduction are reported in several localities (e.g., Laborda-López et al., 2020, 2018), 

however, the behavior of B and its isotopes in such rocks has not been investigated yet. Overall, the 

paucity of B isotopic signatures of oceanic rodingites and their metamorphosed counterparts strongly 

hampers our understanding of the B isotopic evolution in such rocks in subduction environments. 

Although the metarodingite data reported here might be reasonably explained as an oceanic 

inheritance, reworking of these rocks by subduction processes cannot be completely ruled out. Further 

geochemical investigations with more representative metarodingites are required to better constrain 

this scenario. 
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6.1.3 Erro-Tobbio eclogites (MG5, F1, MG4/7, E89-26) 

The positive B isotope values of the Erro-Tobbio Mg-Al-rich eclogites average at +6.5 ± 2.0‰, 

significantly higher than those measured in other blueschist- and eclogites-facies mafic rocks (Pabst 

et al., 2012; Peacock and Hervig, 1999) and are uncommon for subducted metagabbros (Fig. 7). 

Again, these positive δ11B signatures may develop from: (1) an oceanic inheritance, and/or (2) 

fluid/rock interaction during subduction. 

Regarding the first hypothesis, the Erro-Tobbio eclogites can preserve pre-subduction B, O and Sr 

isotope signatures (Fig. 4). According to Früh-Green et al. (2001), the whole-rock δ18O signatures of 

the Erro-Tobbio eclogites are 18O-depleted, suggesting high-T (> 300°C) seafloor alteration. Such a 

seafloor inherited geochemical signature is supported by the similarity in the δ18O of igneous 

clinopyroxene relicts with its metamorphic omphacitic counterpart (δ18O from +4.4 to +5.6‰), thus 

indicating the preservation of oceanic compositions and the limited isotopic exchange during 

eclogitization (Früh-Green et al., 2001). Moreover, the 87Sr/86Sr composition of Erro-Tobbio 

eclogites fall below the range of the obducted Oman and N. Apennines gabbros (Fig. 4D) and of the 

Vara eclogites and is close to the depleted MORB mantle (0.7025; Rehkamper and Hofmann, 1997). 

The above geochemical features point to limited O and Sr isotopic exchange during subduction and 

to a preservation of the seafloor signatures. Based on these data, we may also interpret the δ11B of the 

Erro-Tobbio eclogites as mainly be inherited from the oceanic stage and, for the best of our 

knowledge, this represents the first report of eclogites with positive B isotope signatures worldwide. 

Together with high δ11B imprint, these eclogites are remarkably enriched in B/Nb, Li/Y, Sr/Nd and 

Ba/Nb ratios (Figs. 5D, 7), which positively correlate with the EuN/Eu*N ratio (Fig. 8). The trends 

reported in Figure 8 show the strong relationship between the hydration of igneous plagioclase and 

the B-Li enrichment driven by fluid/rock interaction. The stability of hydrous phases during prograde 

subduction up to eclogite facies conditions (Poli and Schmidt, 1995, 1997) and the element re-
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distribution between minerals at the sample scale during metamorphic reactions (e.g., Spandler et al., 

2003) may control the degree of inheritance of their oceanic geochemical imprint (Fig. 9A). 

Although the B, O and Sr isotope signature of the Erro-Tobbio eclogites can be reasonably attributed 

to oceanic inheritance, the δ11B modification towards less positive values during prograde subduction 

needs further consideration. Two scenarios can be considered: (i) the occurrence of B isotope 

fractionation starting form extremely high δ11B protoliths (Fig. 9B), and (ii) the modification of δ11B 

values caused by circulating 11B-rich fluids during subduction processes (Fig. 9C). In the first case, 

the B isotope composition of the AOC at 2.4 GPa and 560°C is expected to be ~14‰ lower than that 

of the oceanic protolith, as modelled by Rosner et al. (2003). Considering the variability of the δ11B 

values reported here for the Erro-Tobbio eclogites (from +4 to +9‰), the B isotope composition of 

the gabbroic protoliths may have ranged between +18 to +23‰. Although the current estimates of 

the δ11B signature of the AOC entering in subduction is comprises between +3.7 and +7.9‰ (Smith 

et al., 1995; Yamaoka et al., 2012), more recently, a mean δ11B value of +21.7 ± 1.9‰ has been 

determined for altered oceanic gabbros (McCaig et al., 2018), thus shifting the upper limit of B 

isotope signatures of the AOC to much higher values. The calculated B isotope values for the Erro-

Tobbio gabbro protoliths agree with the estimation of the δ11B of present-day altered lower crustal 

gabbros of the Hess Deep (McCaig et al., 2018), thus supporting the proposed scenario (Fig. 9B). 

However, despite this B isotopic match, the presence of hydrous minerals in the Erro-Tobbio eclogites 

(Messiga et al., 1995) and their elevated water contents (from 2.6 to 4.4 wt.% of loss of ignition; 

Table 2) suggest that either dewatering of these rocks during subduction was incomplete, or that 

subduction fluids were added to poorly altered oceanic gabbros, which complicates an evaluation of 

the δ11B signatures of their oceanic protolith. Interestingly, the thermodynamic modeling (Fig. 6) 

indicates that the H2O content required to stabilize the high-P mineral assemblage shown by the Erro-

Tobbio eclogites is close to the H2O content of samples F1 and MG 4/7 (Table 2), whereas the 

samples MG5 and E89-26 are characterized by higher H2O contents (Table 2). Remarkably, the latter 
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samples are the most enriched in Li/Y and B/Nb ratios (Figs. 5, 8), indicating higher degree of 

interaction with fluids. 

An alternative interpretation for the positive δ11B of the Erro-Tobbio eclogites, is an interaction with 

11B-rich slab-derived fluids, as proposed by Messiga et al. (1995) to explain the presence of eclogite-

facies hydrous minerals in the corona structures separating dry igneous minerals. According to the 

petrographic and petrologic investigations of the Erro-Tobbio eclogites by Messiga et al. (1995), the 

development of talc + chloritoid + garnet in corona texture between igneous olivine and plagioclase 

igneous is indicative of hydration at high-P conditions (ca. 2.4 GPa and 550°C, Fig. 6). This agrees 

with the complex history affecting the Erro-Tobbio rock suite as a whole and, in particular, with the 

geochemical characterization of the enclosing serpentinite, documenting variable interaction with 

both internally- and externally-derived fluids (Früh-Green et al., 2001; Scambelluri and Tonarini, 

2012). The integration of stable O-H and B isotopes and Sr isotope systematics highlights that the 

Erro-Tobbio serpentinite underwent two hydration stages at increasing T (i.e., from low grade to high 

grade serpentinites), as reported by the increase of the H2O-Sr contents and δD signatures and to the 

decrease of δ18O (Früh-Green et al., 2001). Their high B content coupled with their high δ11B and 

dissimilar 87Sr/86Sr ratios compared to Jurassic seawater, suggest that Erro-Tobbio serpentinites were 

flushed by Sr- and 11B-rich slab-derived fluids during prograde burial and prior to peak conditions 

(Scambelluri and Tonarini, 2012). As a consequence, the Erro-Tobbio rocks likely evolved along the 

slab-mantle interface or in supra-subduction environment (Früh-Green et al., 2001; Scambelluri and 

Tonarini, 2012). The 11B-rich nature of the fluids circulating in such environments is supported by 

geochemical modelling (e.g., Rosner et al., 2003) and, for instance, the positive δ11B values shown 

by tourmaline from eclogitic blocks in the metasomatized mélange overlying the slab from Syros 

(Greece, Marschall et al., 2006) and forearc serpentinites in the Mariana and South Sandwich trenches 

(Benton et al., 2001; Tonarini et al., 2011). The relatively high δ11B values reported for the Erro-

Tobbio eclogites therefore could match such a scenario (Fig. 7), and they may indicate interaction of 

the metagabbros with11B-rich slab-derived fluids. The required fluids may derive from the partial 
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dehydration of the enclosing antigorite-bearing serpentinites linked to the development of olivine-

bearing veins during prograde subduction (Messiga et al., 1995; Scambelluri et al., 1995) that, in turn, 

occurs at open system conditions with external-fluids with an estimated δ11B of +15‰, as recently 

proposed by in-situ B isotopic data (Clarke et al., 2020). We propose a mechanism involving such 

11B-rich hybrid fluids to transfer water and 11B to the Mg-Al eclogites, thus obscuring the B isotope 

fractionation typical for subducted AOC and, more importantly, mimic the positive δ11B signatures 

characteristic of the oceanic alteration stage (Fig. 9C). Distinguishing between the proposed scenarios 

can be accomplished only with further in-situ B and O isotopic analyses of the key phases directly 

involved in the high-P evolution of the rocks, mainly chlorite, chloritoid, talc and zoisite (Messiga et 

al., 1995). These analyses await further development of SIMS or LA-MC-ICP-MS techniques, and 

further dedicated investigations are necessary to resolve the inheritance versus subduction-related 

δ11B issue of the Erro-Tobbio eclogites. 

 

6.2 Implications for B cycle 

In the previous sections we discussed how the δ11B signatures of the Voltri eclogites together with 

others more common geochemical tracers (e.g., O-H, Sr isotope systematics) may help unravelling 

oceanic inheritance vs. subduction-related processes and the open vs. closed system evolution of 

mafic rocks. We have also shown that δ11B is a powerful isotope tracer of eclogite dehydration 

processes in the Vara area, having the strongest ability to re-equilibrate relative to other isotope 

systems. However, the interpretation of the B isotope composition for the Erro-Tobbio eclogites is 

more controversial and three major scenarios have been proposed (Fig. 9): (1) geochemical 

inheritance of the oceanic stage (Fig. 9A), (2) record of the B isotope fractionation from an extremely 

high δ11B protolith (Fig. 9B), and (3) re-equilibration of the δ11B imprint by interaction with 11B-rich 

fluids at high-P (Fig. 9C). Despite these uncertainties, two potential implications of global 

importance arise: (i) the transfer of oceanic signatures up to eclogite facies conditions, and (ii) the 

formation of newly (subduction-related) 11B-rich reservoirs. Based on major and trace element data, 
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the Erro-Tobbio eclogites derived from primitive Mg-Al-enriched gabbro protoliths while the Vara 

eclogites have evolved Fe-Ti-oxide gabbro precursors (Table 2; Fig 3). We claim that this 

compositional difference derived from igneous differentiation of tholeiitic basaltic magmas might be 

the parameter enabling to stabilize hydrous phases in mafic system down to high-P conditions, as 

experimentally reproduced in several works (Schmidt and Poli, 2014, and references therein). 

Petrology and phase relations of igneous differentiation are responsible for the crystallization of Al-

Mg-rich to Fe-Ti-rich gabbros. Based on the geochemistry of present-day slow-spreading oceanic 

lithosphere from ocean drilling projects (e.g., ODP, IODP), Mg-Al-rich gabbros are generally more 

abundant than Fe-Ti-rich ones. Mg-Al gabbros can reach 28% of the total volume (vol.%) of the 

drilled crustal section against the 7 vol.% of the Fe-Ti-rich gabbros in the Atlantis Massif (Mid 

Atlantic Ridge; IODP Site U1309) (Godard et al., 2009) and up to 78 vol.% of olivine gabbros are 

reported in the Southwest Indian Ridge (ODP Leg 176, Hole 735B; IODP Hole U1473A) compared 

with <15 vol.% of Fe-Ti-rich gabbros (Dick et al., 2000; Ferrando et al., 2021). In fast-spreading mid 

ocean ridges, the volume of Fe-Ti-rich gabbros may increase up to a ratio of 1:1 with Mg-Al gabbros 

lithology (Wilson et al., 2006), although Fe-Ti-rich gabbros can be virtually absent in the lower 

oceanic sequence as individuated at the Hess Deep rift Site U1415, East Pacific Rise (Gillis et al., 

2014). Consequently, the oceanic alteration of a portion of Mg-Al gabbros can significantly modify 

their volatile and B budgets and deviate their pristine MORB-like B isotopic signature towards 

seawater values (e.g., Fig. 4B; McCaig et al., 2018). Subduction of such altered gabbros may transfer 

the oceanic signatures to high-P (Fig. 9A), as a result of the internal element re-distribution during 

prograde metamorphic devolatilization reactions facilitated by the stability of hydrous phases in 

subducted rocks (e.g., Spandler et al., 2003). Based on the total volume of Fe-Ti and Mg-Al gabbros 

of drilled crustal sections in slow-spreading ridges presented above (Godard et. al., 2009; Ferrando 

et al., 2020) and considering the average B concentrations of 4.9 and 4.5 ppm for the Vara and Erro-

Tobbio eclogites, respectively, we quantify their B flux at high-P conditions (Table 4). Assuming a 

convergence rate of 0.05 cm/year and a total arc length of 44000 km (Straub and Layne, 2003), the 
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maximum B flux contributed by Fe-Ti gabbros and Mg-Al gabbros range between 0.24 to 0.52 x 106 

mol/year and between 0.84 to 2.33 x 106 mol/year, respectively (Table 4). Remarkably, the B flux 

contribution of Mg-Al gabbros is up to 82% (Table 4), thus supporting the Mg-Al-rich mafic 

lithotypes as important 11B-rich reservoir at depth. 

The second implication regards the high-P hydration of the Mg-Al gabbros as the consequence of 

dehydration of associated serpentinites, a process releasing 11B-rich aqueous fluids (Cannaò, 2020; 

Konrad-Schmolke and Halama, 2014; Tonarini et al., 2011). Uprise of these fluids along the slab-

mantle interface can be accompanied by interaction with Mg-Al-rich oceanic crust causing its high-

P hydration with subsequent stabilization of hydrous minerals and storage of 11B (Fig. 9C). The 

mechanism of chemical transfer proposed here has the potential to generate subduction-related 11B-

rich reservoirs in the mantle. The quantification of how much B can be transferred with such a 

mechanism is challenging considering the high variability of slab-mantle interface (e.g., Bebout and 

Penniston-Dorland, 2016) and further dedicated investigations are required. Together with high-P 

serpentinites, subducted Mg-Al rich oceanic crust could act as a reservoir of B with a heavy isotope 

signature (i.e., with positive δ11B), with a sizeable contribution to the global B cycle. 

 

7. Concluding remarks 

Metamafic rocks from the Voltri Unit were investigated for their major and trace element composition 

and δ11B, δ18O and Sr isotope signatures and the main results of our study can be summarized as 

follows: 

 

 Oxygen isotope compositions and 87Sr/86Sr ratios of metamafic rocks from the Voltri Massif 

mainly reflect inherited signatures from the seafloor, whereas subduction-related processes 

are mainly traced through δ11B variations. 

 Progressive B isotope fractionation due to subduction-zone dehydration are responsible for 

the dominant negative δ11B signatures of eclogites from the Vara area, whereas the 11B-rich 
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imprint of the high-P metarodingite is compatible with inheritance of the oceanic signatures, 

although an interaction with fluids released by the surrounding serpentinites at peak 

conditions cannot be ruled out. 

 The Erro-Tobbio eclogite shows enrichment in Li/Y and B/Nb ratios and positive δ11B 

signature: to our knowledge, this is the first report worldwide. Three scenarios are evaluated: 

(i) inheritance of oceanic signatures, (ii) record of B isotope fractionation from an extreme 

11B-rich protolith, or (iii) interaction with 11B-rich slab fluids during hydration at high-P 

conditions. 

 We propose that the protolith composition of the mafic crust controls the development of 

hydrous phases at high-P thus enabling the storage of 11B. Although further in-situ δ11B 

investigations are required, we claim that this mechanism of chemical transfer may generate 

a 11B-rich reservoir that, along with high-P serpentinites, will provide positive δ11B domains 

in the mantle. 
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Figure captions 

Figure 1. Simplified geological map of the Voltri Massif and surrounding Units (modified from 

Capponi et al., 2016). Locations of the collected samples are indicated with the yellow stars. 

 

Figure 2. Microphotographs of the eclogitized metamafic rocks from Vara. (A) Mylonitic foliation 

of sample ENV1 made of omphacite 2 (omp2) + garnet (grt) + rutile (rt) surrounding syn-deformed 

porphyroblast of omphacite 1 (omp1). Locally are present retrogression of glaucophanic amphibole 

(gln) and symplectites (sympl). (B) Sample ENV10/2, showing garnet-rich layer with omphacite 2 

and rutile. (C) high-P vein made of garnet and limpid diopside (di2) crosscutting prograde diopside 

(di1) grains from the metarodiginte sample ENV11B. 

 

Figure 3. N-MORB normalized (Sun and McDonough, 1989; reference values for B and Li are from 

Marschall et al., 2017) Rare Earth Element (REE) and trace element patterns for Vara (A, C) and 

Erro-Tobbio (B, D) metamafic rocks. In (A) the light green field reports the range of oxide gabbros 

from the IODP site U1309 (Godard et al., 2009), whereas in (B) the light purple field reports the 

range of olivine gabbros from the IODP site U1309 (Godard et al., 2009). In (B) are also reported the 

REE patterns of unmetamorphosed troctolite and olivine-gabbros from the Erro-Tobbio (small grey 

circles, Borghini et al., 2007). 

 

Figure 4. Boron concentrations, δ11B, δ18O and 87Sr/86Sr isotope compositions of the eclogitized 

metamafic rocks from the Voltri Unit (green and purple symbols: Vara and Erro-Tobbio samples, 

respectively): (A) B (ppm) vs. δ11B (‰); (A) δ18O (‰) vs. δ11B (‰); (C) δ18O (‰) vs. B (ppm); (D) 

δ11B (‰) vs. 87Sr/86Sr. Data for variably altered gabbros from the Troodos, Oman and N. Apennines 

ophiolites, the altered oceanic crust (AOC) and mantle-MORB are reported for comparison 

(Marschall et al., 2017; Mattey et al., 1994; Schwarzenbach et al., 2021; Smith et al., 1995; Yamaoka 

et al., 2015, 2012). 
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Figure 5. Fluid-mobile (Li, B, Sr, Ba) vs. fluid-immobile (Nd, Nb, Y) element ratios for the Voltri 

eclogites and metarodingite (legend as in Fig. 3). The dashed purple field reports the range of olivine 

gabbros from the IODP site U1309 (Godard et al., 2009), whereas the light green contour reports the 

range of oxide gabbros from the IODP site U1309 (Godard et al., 2009). Small gray circles are 

unmetamorphosed troctolite and olivine-gabbros from the Erro-Tobbio (Borghini et al., 2007). N-

MORB value from Sun and McDonough (1989) and Marschall et al. (2017). Legend as in Fig. 3. 

 

Figure 6. (A) P-XH2O isothermal (T = 550 °C) and (B) T-XH2O isobaric (P =2.5 GPa) pseudosections 

calculated in the NCFMAS-H2O system for the olivine-bearing gabbros as the oceanic equivalent of 

the Erro-Tobbio eclogites. Yellow fields represent the high-P mineral assemblages for the Erro-

Tobbio eclogites. Mineral abbreviations: gt: garnet, cpx: clinopyroxene; zo: zoisite; t: talc; law: 

lawsonite; ctd: chloritoid; chl: chlorite; ky: kyanite; q: quartz; amph: amphibole; coe: coesite. 

 

Figure 7. Boron concentration (in ppm) vs. δ11B (‰) of the Voltri eclogitized metamafic rocks 

compared with several subducted-derived high-P mafic rocks and minerals. Whole-rock data of 

lawsonite-blueschist matrix mélange of the Catalina Schist are from King et al. (2007); amphibole 

and phengite from the Mariana forearc blueschist mafic rocks are from(Pabst et al., 2012); ranges for 

the metasomatized tourmaline from Syros and for the restitic slab are from Marschall et al. (2006)  

and Peacock and Hervig (1999), respectively (see text for discussion). Legend as in Fig. 3. 

 

Figure 8. EuN/Eu*N vs. Li/Y(A) and B/Nb (B) ratios for the Voltri eclogites and metarodingite 

(legend as in Fig. 3). The positive correlation shown by the Erro-Tobbio eclogites suggests the 

dependence of the igneous plagioclase alteration by fluids and the enrichment in Li and B. The dashed 

purple field reports the range of olivine gabbros from the IODP site U1309 (Godard et al., 2009), 
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whereas the light green contour reports the range of oxide gabbros from the IODP site U1309 (Godard 

et al., 2009). N-MORB value from Sun and McDonough (1989) and Marschall et al. (2017). 

 

Figure 9. Schematic 1D-diagrams showing the main relationship between H2O (wt.%) and B (ppm) 

contents (in blue and green, respectively) and δ11B (‰; in red) for Mg-Al gabbros at the oceanic and 

high-P stages (at 160 and 40(?) Ma, respectively). Three major scenarios are reported: oceanic 

inheritance and internal element re-distribution (A), partial dehydration associated with B release and 

B isotope fractionation (B), and interaction with 11B-rich fluids overprinting scenario 1 and 2 (C). 

Oceanic H2O data (n = 109) are from Godard et al. (2009) and Kendrick (2019); B and δ11B data (n 

= 48) are from Smith et al. (1995), Yamaoka et al. (2012, 2015) and McCaig et al. (2018). High-P 

boxes represent the range of the Erro-Tobbio eclogites from in this study. For oceanic data: error bars 

are maximum and minimum values of data population; each box refers to 10th and 90th percentile of 

the data population while the black line within the box is the mean of the data population. 
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Table 2. Major (wt.%) and trace element (µg/g) composition of the studied metamafic rocks 
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All Fe as Fe2O3 

 

 

Table 3. Whole rock δ11B, δ18O and 87Sr/86Sr isotopic compositions of the Voltri Unit eclogites 

Are

a 
Lithology 

Sam

ple 
  

B 

(pp

m) 

  
δ11B 

(‰) 
1σ   

δ18O 

(‰) 
  

87Sr/86S

rmeas 
1σ   

87Sr/86

Srage 

Var

a 

Fe-Ti 

metagabbro 

ENV

1 
  5.2   -0.65 

0.3

7 
  +6.4   

0.7036

96 

0.000

004 
  

0.7036

8 

ENV

10/2 
  3.4   -3.18 

0.2

1 
  +5.4   

0.7036

76 

0.000

004 
  

0.7036

3 

FL4   5.7   +0.93 
0.1

8 
  +5.6   

0.7041

92 

0.000

004 
  

0.7041

5 

Metaroding

ite 

ENV

11B 
  5.5   

+11.5

4 

0.2

4 
  +3.7   

0.7046

08 

0.000

012 
  

0.7044

7 

                              

Err

o-

Mg-Al 

metagabbro 
MG5   7.6   +4.30 

0.0

3 
  +4.3b   

0.7031

17 

0.000

003 
  

0.7031

1 
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Tob

bio 
F1   3.2   +5.49 

0.2

0 
  +3.1b   

0.7030

26 

0.000

004 
  

0.7030

2 

MG4/

7 
  2.3a   +7.33 

0.2

0 
  +4.7b   

0.7033

87 

0.000

004 
  

0.7033

7 

E89-

26 
  4.7a   

+10.0

0a 

0.5

0a 
  +5.3b   

0.7034

70a 
      

        
repe

ated 
  +8.85 

0.1

3 
      

0.7034

68 

0.000

004 
  

0.7034

7 
a: data from Scambelluri & Tonarini (2012) 
b: data from Früh-Green et al. (2001) 

Age correction assume coheval metamorphic peak conditions for the Vara and Erro-Tobbio 

eclogites (~40Ma, Starr et al., 2020) 

 

 

Table 4. Calculation for the flux of subducted B in eclogitized Mg-Al and Fe-Ti gabbros 

    
Volum

e (%) 

Densit

y 

(g/cm3

) 

B 

(ppm

)   

Flux 

(g/yea

r 

x106) 

Flux 

(mol/yea

r x106) 

Flux 

contributio

n (%)   

Mid 

Atlantic 

Ridge 

Mg-Al 

gabbros 28 3.3 4.5   9.05 0.84 77   

Fe-Ti gabbros 7 3.5 4.9   2.64 0.24 23   

                    

Southwes

t Indian 

Ridge 

Mg-Al 

gabbros 78 3.3 4.5   25.20 2.33 82   

Fe-Ti gabbros 15 3.5 4.9   5.66 0.52 18   

Volume % for Mid Atlantic Ridge from Godard et al. (2009) 

Volume % for Southwest Indian Ridge from Ferrando et al. (2020) 

Boron content is the average of B data reported in Table 3 

Denity for Mg-Al gabbros is estimated by thermodynamic modeling. 

Denity for Fe-Ti gabbros is assumed to be 0.2 g/cm3 higher than that of Mg-Al gabbros 
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 Eclogites from Fe-Ti and Mg-Al gabbros show negative and positive δ11B, respectively 

 Metarodingite has positive δ11B signature 

 First report of eclogites with positive δ11B signatures worldwide 

 Potential inheritance of oceanic signatures up to eclogite facies conditions 

 Subduction processes revealed by δ11B rather than δ18O and 87Sr/86Sr systems 
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