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B Metamorphic olivine records external fluid infiltration during

serpentinite dehydration

E. Clarke', J.C.M. De Hoog'", L.A. Kirstein, J. Harvey?, B. Debret?

I Abstract

1 1oBt crustal fluids

doi: 10.7185/geochemlet.2039

We used boron (B) isotope systematics of co-existing olivine and serpentine to study
deep fluid flow in subduction zones. Metamorphic olivine produced by serpentine
dehydration at sub-arc conditions from high pressure ophiolites in the Western Alps
contains significant concentrations of B (2-30 pg/g) with a high &!'B values (+9 to
+28 %o), whilst co-existing serpentine has 2-50 pg/g B with 8''B = +6 to +24 %o.
Boron isotope fractionation between olivine and its precursor serpentine (A"Bg)_qp =
8B — 8''Byy,) is highly variable, which indicates significant isotopic disequilibrium
between these minerals. Importantly, samples with B-enriched olivine have low
AMByy s, (down to —9 %), evidence that olivine grew in the presence of a mixture

of serpentine-derived fluids and external fluids with 8B of ca. +6 to +15 %o. The
composition of these external fluids is consistent with those from subducting sediments and altered oceanic crust at 50—
80 km depth, and atleast 1545 % fluid addition. Our work shows that large scale slab fluid infiltration and fluid-mobile element
transport accompanies serpentinite dehydration in subduction zones.

Received 12 August 2020 | Accepted 25 October 2020 | Published 23 December 2020

! Introduction

The recycling of lithosphere-hosted volatile and fluid-mobile
elements (e.g., H,O, CO,, B, halogens) back into the convecting
mantle via subduction has been crucial for Earth’s evolution.
Down-dragged mantle wedge serpentinites and hydrated
oceanic mantle are water-rich (up to 13 wt. % H,0), and increas-
ingly recognised as important sources of water and fluid-mobile
elements (Deschamps et al., 2013; Scambelluri ef al., 2019).
However, many details of serpentinite dehydration in subduc-
tion zones are still poorly understood, including the
relative roles of mantle wedge vs. ocean floor serpentinites
(Martin et al., 2020) and B isotope fractionation during serpen-
tine breakdown (De Hoog et al., 2014). Previous work on B
behaviour during de-serpentinisation in subduction settings
focussed on whole rock geochemistry (Harvey et al, 2014;
Cannao et al., 2015), which obscures the detailed record of
fluid-rock interaction preserved in individual mineral phases.

Metamorphic olivine is formed during breakdown of
brucite or antigorite (high pressure serpentine) at ~400 °C and
~650 °C, respectively (Scambelluri et al., 2004) and is B-rich
(up to 100 pg/g; Scambelluri et al., 2004; De Hoog et al., 2014) com-
pared to primary mantle olivine (<0.11 pg/g; Ottolini et al., 2004).
The incorporation of B in metamorphic olivine uniquely records
fluid processes during serpentinite dehydration and allows insight
into the composition, evolution and origin of these fluids.

Here we present in situ §''B data of co-existing serpentine
and metamorphic olivine from high pressure serpentinites,
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which show significant disequilibrium between the two miner-
als. We interpret this as evidence for the infiltration of externally
derived fluids during serpentinite dehydration, attesting to com-
plex fluid pathways near the slab-wedge interface.

I Samples and their Geological Setting

To capture the dehydration process, we selected eight serpentin-
ite samples with phase assemblages between the brucite-out and
antigorite-out phase transitions with 20-40 % modal olivine from
three ophiolites in the Western Alps (Fig. 1). The Monviso Lago
Superiore Unit (LSU) is a shear zone which underwent lawson-
ite-eclogite facies metamorphism and likely represents a serpen-
tinite channel on the interface between the subducting plate and
overlying mantle (Guillot et al., 2004). The Zermatt-Saas ophio-
lite represents relict oceanic lithosphere of the Mesozoic Tethys
ocean subducted to ~60-70 km: samples were obtained from
near Zermatt and from Val d’Aosta. The Erro-Tobbio metaperi-
dotites in the Voltri massif were subducted to 2.0-2.5 GPa and
550-600 °C and represent a subduction channel domain. See
Supplementary Information for further sample details.

Boron Isotope Systematics of Olivine
and Serpentine

Boron isotope ratios and concentrations were measured by SIMS
at the Edinburgh Ion Microprobe Facility. Matrix-matched
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Figure 1 Metamorphic facies map of the Western Alps (after Bousquet et al., 2012) showing study areas and sample locations.

standards including serpentine and olivine with known B isotope
compositions were used for calibration. Typical uncertainty
for B isotope analyses is +1.6 %o (1s). Further analytical details
and the complete dataset can be found in the Supplementary
Information.

Olivine and serpentine show high 8B (46 to +28 %) in
all samples (Fig. 2). Minor phases present in some samples
include pyroxene, chlorite and clinohumite. Clinohumite has
similar [B] as olivine (4.8 to 6.5 pg/g), but very low modal abun-
dance. Pyroxene and chlorite have low [B] (<2 pg/g) compared to
olivine and serpentine and can be ignored for the overall B
budget.

On average, Monviso metamorphic olivine shows lower
8!'B and higher [B] (8''B=+8 to +14 %o, [B] ~16 pg/g) than
co-existing serpentine (3'B=+18 to +21 %o, [B] ~6 pglg).
Erro-Tobbio olivine has slightly higher §''B and [B] (6''B +18
to +20 %o, [B] ~11 pg/g) than co-existing serpentine (5''B +16
to +17 %o, [B] ~10 pg/g). Zermatt olivine shows a wide range of
8B (+16 to +28 %o) and is higher on average than serpentine
(6"B=+6 to +21 %o), but lower [B] (~4 pg/g) in olivine
compared to serpentine (~8 pg/g). The Val d’Aosta sample
has higher [B] in olivine vs. serpentine (22 vs. 10 pg/g) but some-
what lower 8''B (+17 to +19 %e. in olivine, +16 to +21 %o in
serpentine).

The most striking aspect of our dataset is the large varia-
tion in B isotope fractionation between olivine and serpentine
(A"Bo_sip; 8By — 8By, Of co-existing olivine and serpentine),
which shows that olivine is often not in isotopic equilibrium with

serpentine, despite being its daughter product. Our dataset also
shows a clear covariation between A'B,_s;, and B-enrichment
in olivine ([Bloysrp: [Bloi/[Blstp): Zermatt metamorphic olivine is
depleted in B compared to co-existing serpentine but has heavier
8!'B (Fig. 3). Monviso and Val d’Aosta olivine, however, is
enriched in B compared to the co-existing serpentine but has
lower 8!!B. Erro-Tobbio olivine lies between these two extremes
with roughly similar [B] and 8B in olivine and serpentine.
As the measured olivine is metamorphic and grew upon serpen-
tinite dehydration, protolith composition and heterogeneity
have no bearing on [B]gysrp and A“Bol,srp, therefore processes
operating during olivine growth are needed to explain these
observations.

Fluid Infiltration during Serpentine
Dehydration

No partitioning data for B between serpentine and olivine (Dg®"

SP) is available, but a value of 3-5 for Dgfluid/residue yag racorded
during serpentinite dehydration experiments with olivine as the
main reservoir for B in the residue (Tenthorey and Hermann,
2004). Given this, mass balance dictates that Dg°/s™® ~ 0.6-0.9
(see Supplementary Information), and higher values indicate
excess B in olivine. Samples from Zermatt show [Blyy/sr, 0.4—
0.9, close to the expected equilibrium value. This is accompanied
by AMBg)_gp Of +7.4 t0 +14.6 %o (Fig. 3). In most silicates, includ-
ing serpentine, B3* substitutes for Si** or AP* in tetrahedral (IV)
coordination (Hervig et al., 2002; Pabst et al., 2011). In mantle
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Figure2 §''Bdata forolivine and serpentine in our samples. Error
bars represent 1s uncertainties and include calibration uncertain-
ties. Also indicated are B isotope compositions of various reservoirs
relevant to subduction zones (data sources: Tonarini et al., 2011;
De Hoog and Savov, 2018 and references therein; Martin et al.,
2020).

silicates such as clinopyroxene and olivine, B also substitutes for
Si** but occurs in trigonal (II) coordination as a BO3 group
(Hélenius et al., 2010; Ingrin et al., 2014). As 1B preferentially
resides in trigonal and 1B in tetrahedral coordination (Kowalski
etal., 2013), olivine with trigonal B will show a heavier B isotope
signature than co-existing serpentine with tetrahedral B. For the
Zermatt samples, A“Bol,srp is close to the experimentally deter-
mined equilibrium B isotope fractionation between III and IV
phases, which decreases from A"Bg)_q, = +12.5 to +8.5 %o with
T increasing from 450 to 650 °C (Kowalski et al., 2013).

Therefore, we conclude that Zermatt metamorphic olivine
was in equilibrium with internal fluids released during dehydra-
tion of serpentine, with no evidence for contamination by
external fluids. This conclusion is supported by REE and Sr iso-
tope data (Gilio et al., 2019) and consistent with the geological
setting of the Zermatt samples, which come from a thick (~2 km)
coherent section of subducted ocean lithosphere. The range in
AMBy1_grp Of +7.4 t0 +14.6 %o is probably related to metamorphic
olivine forming at different temperatures during antigorite-out
and brucite-out reactions, respectively.

The majority of metamorphic olivines from localities other
than Zermatt have [Bloysep > 1 and AMBy_grp, < +5 %o, i.. more B
and '°B in olivine than is expected for growth during equilibrium
dehydration of serpentine (Fig. 3). The most likely source of
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Figure 3 Diagram comparing boron isotope systematics of co-
existing metamorphic olivine and serpentine. [Blyysp = [Bloiivine/
[Blserpentines and A''B,=8'"B of olivine — §''B of serpentine.
Large symbols with 1s error bars indicate averages for each sample,
whereas small symbols represent all possible olivine-serpentine
pairs for each sample (see Supplementary Information for
details). A broadly negative correlation between [Bloysrp and
A"Boy.srp is Observed. Grey bars indicate equilibrium fractionation
of boron and its isotopes at relevant P-T conditions.

excess B is external fluid, as no other B-rich phases that dehy-
drate at 450-650 °C were present. Scarce clinohumite is B-rich
but stable at the prevailing P-T conditions (Shen et al., 2015)
and its breakdown products (ilmenite, rutile) were not ob-
served. Thus, we envisage a model where fluid from serpentine
dehydration mixed with infiltrating external fluid, and metamor-
phic olivine grew in equilibrium with this mixed fluid. Serpentine
did not re-equilibrate with this fluid due to sluggish kinetics
at these low temperatures (450-650 °C) (e.g., Lafay et al., 2019).
Mass balance calculations indicate that these external fluids had
8B of +6 %o (Monviso) to +15 %o (Erro-Tobbio) depending on
the B concentration of the external fluids (Fig. S-6) and assuming
mildly alkaline pH conditions for both internal and external
fluids (Galvez et al., 2016; Debret and Sverjensky, 2017). This
matches the composition of fluids derived from a mixture of
altered oceanic crust and sediments from 50-80 km depth
(Tonarini et al., 2011; Yamada et al., 2019), consistent with the
depth of the serpentinites in the former subduction zone. The
external fluids comprise at least ca. 15-45 % of the total fluid
budget of the dehydrating serpentinites, which are minimum
estimates, as any partial re-equilibration of serpentine would
lead to underestimating the amount of external fluid.

Metasomatism near the Subduction
Interface

External fluids may permeate dehydrating serpentinites without
the need for large scale faulting, as seen in Erro-Tobbio, which
only shows metre scale vein networks and deformation. During
serpentine dehydration there is a rapid increase in porosity and
rock permeability allowing fluid to drain from the rock without
the need for brittle failures and opening of fault pathways
(Tenthorey and Cox, 2003; Pliimper et al., 2017). The creation
of such porosity also provides pathways for significant volumes
of B-rich external fluids to infiltrate.
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Figure4 Schematicdiagram depicting proposed fluid pathways and setting within the plate interface for serpentinite localities in this study
after Gilio et al. (2019), where LCU and CdG indicate positions of Lago di Cignana and Cima di Gagnone HP ophiolites from that publication.

The trend towards higher [B]oysrp with lower AMB,_g,,, indi-
cates an increasing influence of B-rich external fluids from Zermatt
to Erro-Tobbio to Valle d’Aosta to Monviso. This trend correlates
with the position of the serpentinite bodies relative to the slab-
mantle interface during peak metamorphic conditions (Fig. 4).
The Monviso ophiolite and Erro-Tobbio massif are thought to
represent serpentinite domains between the subducting slab and
the mantle wedge (Guillot et al., 2004; Scambelluri and Tonarini,
2012); a prime location to be infiltrated by fluids derived from the
subducted slab. Shear zone associated faulting provides many
additional pathways for fluid flow throughout the Monviso ophio-
lite, leaving the serpentinites exposed to extensive interaction with
external fluids (Angiboust et al., 2014; Gilio et al., 2020). The Val
d’Aosta sample is considered part of the Zermatt-Saas ophiolite
but at Val d’Aosta the serpentinite is thinner (~0.5 km) and sur-
rounded by crustal lithologies (metasediments and metabasalts).
This sample shows elevated [Boysyp and lower AMBg g, com-
pared to the other Zermatt samples, likely related to its proximity
to other lithologies and increased exposure to dehydration fluids.

The micro-scale process where metamorphic olivine
grows from a mixture of internal and external fluids would not
be detected using whole rock 31'B data, as serpentinites in this
study have positive whole rock 8''B (e.g., Scambelluri and
Tonarini, 2012) whilst being variably affected by external fluid
infiltration. In contrast, subduction mélange serpentinites and
metaperidotites with negative §!'B suffered more extensive con-
tamination and extreme 8!'B overprinting consistent with their
close association with large proportions of crustal rocks and sedi-
ments (Cannao et al., 2015; Martin et al., 2020).

I Conclusions

Metamorphic olivine is a sensitive recorder of the fluid composi-
tion from which it grew, and recorded extensive external fluid
infiltration during subduction dehydration of Alpine serpentinites,

which are sinks and carriers of crust-derived fluid mobile ele-
ments. External fluid infiltration was most prominent in serpen-
tinites close to the subduction interface and amounted to up to
45 % of the total dehydration fluid budget. The study of B isotope
systematics of texturally co-existing olivine and serpentine pro-
vides a powerful tool to study fluid flow deep in subduction zones,
and reveals processes not visible in whole rock §!'B compositions.
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1. Analytical Methods

Major element analyses

Major element analyses were conducted by EPMA using the Cameca SX-100 at the University of
Edinburgh using thin sections prepared from the hand specimens. Sections were carbon coated before
analysis. Analytical set up (counting times, beam current, spot size) was tailored to each phase
individually, here is a summary. Spot size varied from 2 to 8 um depending on phase (defocussed spot
for hydrous phases), accelerating voltage was set at 15 kV. Beam current varied from 2 to 100 nA
depending on phase and element, with higher current used for minor elements, which were analysed
subsequently to the major elements. Peak counting times varied from 20 to 120 s and background
counting times varied from 10 to 100 s. Data were calibrated using certified mineral standards.

Fluid Mobile Element concentration analyses

B, Li, F, Cl and H,O data were obtained by SIMS using the Cameca IMS-4f ion microprobe at the
NERC IMF at the University of Edinburgh. Thin sections were cut into 25 mm rounds and gold
coated before analysis. For all phases, a 5 nA primary beam of °O- ions accelerated to 14.5 kV was
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used to impact the sample. The spot size was ~15 pm and pit depth <2 um. Prior to the start of each
analysis the analytical area was cleaned using a 120 s pre-sputter with a 25 pm raster. Secondary ions
were filtered based on their energy (75 20 eV) and counted using a single electron multiplier. Total
counting times per analysis (divided into six mass cycles) were 18 s for *H, 30 s for ’Li, !B, 12 s for
Mg, 2’Al and *°Si, and 60 s for **F and 3CI. Analyses were calibrated using basaltic glass standards
St81-A9 (Lesne et al., 2011), GSD1-G and BCR-2G (preferred values in GeoReM; Jochum et al.,
2005, except B in GSD is 65 pg/g, Walowski et al., 2019), using *°Si as an internal standard with SiO-
from EPMA data.

In situ B isotope analyses

Boron isotope ratios were measured by SIMS using the Cameca IMS-1270 ion microprobe at the
NERC IMF at the University of Edinburgh. A primary beam of %O, ions was accelerated to 22.5 kV
with a beam current of 25-30 nA (pyroxene, olivine, chlorite, serpentine). Analysis time, including
pre-sputtering, was around 26 minutes per spot and resulted in a spot size of ~20 um. Each analysis
was divided into 100 cycles with counting times of 8 s for 1°B and 2 s for !B, respectively. To
calculate the isotope ratio for each analysis, each !B value was divided by the average of B
measured directly before and after, resulting in 99 ratios in total (as no °B value was measured after
the last 1B value). Internal precision was calculated as the standard error, i.e., standard deviation of
99 ratios divided by the square root of 99.

Drift was monitored and data was calibrated using the glass standards BCR-2G, GOR128-G and
StHs6/80-G (Jochum et al., 2000) for olivine and serpentine standards (srp-21826; SY347; Geissl) for
serpentine, as previous work suggested significant matrix effects for hydrous minerals (De Hoog et
al., 2017). The use of the glass calibration for olivine was later confirmed as accurate by analysis of a
newly acquired olivine mineral standard Koh (8*'B = -4.6 0.8 %o, measured as bulk powder by MC-
ICP-MS after fusion digestion in Pisa by Eleri Clarke and Samuele Agostini, and after HF digestion in
Bristol by Andre Paul), which showed no offset within analytical uncertainty. Matrix effects have
previously been shown to be insignificant for B isotope measurements by SIMS for anhydrous silicate
glasses other than NIST SRM610-616, in a study including komatiites and rhyolites (Marschall and
Monteleone, 2015). This is in sharp contrast with matrix effects observed for Li isotopes, in which
even the Fo content of olivine has an effect (Bell et al., 2009). Although we do not have multiple
olivine B isotope standards with different Fo contents, the lack of matrix effects in the anhydrous
silicate glasses and the fact that our single olivine standard falls on the silicate glass trend indicates
that our data (Fos—F0gs) was not affected by matrix effects.

In contrast, analysis of three serpentine standards, measured in bulk independently by TIMS, revealed
an offset of on average -6.6 +0.9 %o compared to glass standards (Fig. S-1). The serpentine standards
have somewhat lower Mg# (Table S-1) than our samples (Table S-5), but no matrix effect
(correlation of Mg# with 3''B offset) was apparent.

Calibration of B isotope measurements was done by calculating the slope of measured !B/'°B ratios
vs. reference 'B/°B ratios for the calibration standards (ranging from 0.953-0.974 for glasses and
0.947-0.967 for serpentines) and using these values to correct measured *'B/'°B ratios of the samples.
The uncertainties of the calibration slopes (ca. 0.9 %) were propagated into the analytical
uncertainties presented in Table S-3. Boron isotope ratios are presented as delta values (in %o) relative
to standard (SRM951 B/1°B ratio of 4.04362 (Catanzaro et al., 1970) using the equation: 5!'Bsample =
1000[(Rsampie/Rsrmos1) — 1] where R = 1'B/°B ratio.
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Table S-1 Major element composition by EPMA of mineral standards for B isotope analysis.
Sample SiO; | AlO3 | Cr;03 FeO MnO NiO MgO CaO Na,O | Total Mg#
Koh-ol 40.1 na. <0.04 5.5 0.10 0.43 53.9 <0.01 | <0.02 | 100.03 | 94.6
SRP-21826 | 42.23 2.87 0.34 6.43 0.11 0.26 36.10 0.02 <0.02 | 88.37 90.9
SRP-SY347 42.20 2.50 0.34 7.73 0.10 0.24 34.83 0.03 <0.02 | 87.98 88.9
SRP-GEISS1 | 43.55 2.40 0.15 5.00 0.10 0.20 36.30 0.11 <0.02 | 87.80 92.8
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Figure S-1 (@) Measured 8B calibrated using silicate glasses vs. reference 5'!'B. Note the offset

for the serpentine standards of -6.6 %.. Individual analytical points as well as average +1s are
indicated. (b) Measured 6B (calibrated using serpentine standards for serpentine and glass standards
for silicate glasses) vs. measured B concentration. Glasses indicated with green symbols, serpentine in
other colours. If multiple grains were measured for serpentines these are indicated with different
symbols (two grains each for srp-21826 and Geissl). BCR2-G data is from four different fragments
on several different mounts. Data for srp-21826 was previously published in Pabst et al. (2012).
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2. Geological Context of Samples

Monviso

The Monviso Lago Superiore Unit (LSU) is a shear zone comprising metabasalts, metagabbros and
serpentinites, which underlies the Monviso Unit and overlies the Dora Maira metasediments. The
Monviso ophiolite was subducted to a depth of ~80 km (Groppo and Castelli, 2010), reaching
lawsonite-eclogite facies metamorphism about 45 Ma (Rubatto and Herman, 2003) with a maximum
P-T of 550 °C at 2.6 GPa (Angiboust et al. 2012). The ophiolite is widely considered to represent
ancient Tethyan ocean floor (e.g. Rubatto and Angiboust, 2015). Guillot et al. (2004) proposed that
the Monviso ophiolite represents a serpentinite channel on the interface between the subducting plate
and overlying mantle. The presence of the shear zone provides many pathways for fluid flow
throughout the ophiolite (Angiboust et al., 2014; Gilio et al., 2020) leaving the serpentinites exposed
to extensive interaction with external fluids. Samples Vis5B and DC84 preserve metamorphic olivine
veins amongst patches of antigorite and rare relict pyroxene. The former was collected from
serpentinites in the lower shear zone of the LSU and has been discussed previously by Debret et al.
(2013). The latter was collected from the LSU basal serpentinites nearby, where samples show
evidence of infiltration by crustal fluids (Gilio et al., 2020).

Zermatt and Val d’Aosta (Zermatt-Saas ophiolite)

The Zermatt-Saas ophiolite comprises antigorite schists, metagabbros, metabasalts and sheeted dyke
complexes, and is thought to represent relict oceanic lithosphere of the Mesozoic Tethys ocean of
harzburgitic composition (e.g. Li et al., 2004; Angiboust et al., 2009; Gilio et al., 2019).
Metamorphism occurred during subduction to ~60—-70 km depth followed by exhumation during the
Alpine orogeny (Barnicoat and Fry, 1986) between 34 to 14 Ma (Amato et al., 1999), with maximum
P—T conditions of 600 °C at 2.5 GPa (Rebay et al., 2012). At this locality, however, there is little to
no evidence of external fluids, indicating that the serpentinites have remained relatively isolated from
other lithologies during their metamorphic history (Gilio et al., 2019). Many ‘ZS’ samples contain
metamorphic olivine veins in antigorite matrix that are in some places associated with clinohumite,
chlorite, pyroxene or magnetite. Metamorphic olivine is in all cases associated with antigorite shards.
Samples were collected from a ~2 km thick serpentinite unit in the Zermatt-Saas Ophiolite (primarily
from just east of Trockener Steg near the town of Zermatt).

Sample DC47 was also collected from the Zermatt-Saas ophiolite but from a distal location (Servette,
Valle d’Aosta). Here serpentinite is more closely associated (few 100 m) with hydrothermally altered
meta-sediments and metabasalts. The sediments overlying the metabasalts are interpreted to be the
cover sequence of the oceanic lithosphere (Tartarotti et al., 1986). Peak conditions reached in this
locality were 2.1 GPa and 550 °C (Martin et al., 2008).

Erro-Tobbio (Voltri Massif)

The Erro-Tobbio metaperidotite is a lherzolitic unit at a high stratigraphic level within the Voltri
Massif, which comprises meta-sediments, metagabbros and serpentinites (Capponi and Crispini,
2002). It underwent serpentinisation and was subducted to 2.0-2.5 GPa and 550-600 °C during the
Cretaceous (145-66 Ma) (Scambelluri et al., 1991; Scambelluri et al., 1995). The serpentinites of
Erro-Tobbio are suggested to be former oceanic mantle hydrated (serpentinised) in a mantle wedge
domain (Scambelluri and Tonarini, 2012). Lower stratigraphic parts of the Voltri Massif were
serpentinised on the seafloor and endured further fluid-rock interactions within subduction channel
domains (Cannao et al., 2016), but are distinct from the Erro-Tobbio unit. Erro-Tobbio serpentinites
have a strong foliation defined by antigorite and chlorite, with parallel veins of metamorphic olivine

@ Geochem. Persp. Let. (2020) 16, 25-29| doi: 10.7185/geochemlet.2039 Sl-4



Geochemical Perspectives Letters — Supplementary Information

and clinohumite. Sample VT8-3 (as in de Hoog et al., 2014) was collected from one of these veins.
Also contains relic pyroxene and chlorite.

3. Sample Descriptions

Table S-2

Brief descriptions of samples in this study. Figure S-2 shows examples of

serpentinite textures found in these samples. Mineral abbreviations as in Kretz (1983). Erro-Tobbio
sample (VT8-3) from De Hoog et al. (2014), Monviso sample (Vis5b) from Debret et al. (2013).

Massif)
44°33.677' N
08°48.907" E

+mag

Locality Sample nr. | Mineral assemblage | Textures

Zermatt 7S17-8 srp + chu+ ol + mag+di | Ol and chu form veins around atg patches with px
45°58’ 04”N cores. Shards of atg are found included in ol or on
07° 44’ 04”E grain boundaries

Zermatt 7S817-9 srp + ol + mag + chl Thick (2mm) veins of 0]2 in atg matrix with minor
45°58'06”N chlorite

07° 43’ 58”E

Zermatt 751 ol +srp + mag Foliated with two distinct types: interlocking ol and
In vicinity of ZS17-8,9 atg. Ol included by atg shards

Valle d’Aosta DC47 srp + ol + mag Elongate patches of ol in atg matrix

45°42’ 11”N

07°2719”E

Monviso DC84 srp + ol + px + mag Veins of atg + ol around relict px

44° 41’ 52”N

07° 05’ 35”E

Monviso Vis5b srp + ol + mag Ol in veins amongst patches of atg

In vicinity of DC84

Erro-Tobio (Voltti VT8-3 srp + chl + ol + chu + px Foliation forming atg + chl with veins of ol + chu. Ol

contain low-Ti mag

Metamorphic olivine
Metamorphic olivine can be distinguished from primary (relict) olivine both texturally and
chemically. Metamorphic olivines tend to have higher Mg# (88.7 to 96.5) due to Fe sequestration in
magnetite during serpentinisation, higher MnO (0.2 to 0.5 wt %, Table S-4), and higher [B] most
likely due to their formation by brucite and/or antigorite breakdown than typical primary mantle
olivine (F090-92, MnO <0.2 wt.%, De Hoog et al., 2010). Metamorphic olivine often has antigorite
inclusions. Texturally, metamorphic olivine in this study forms veins or elongate clusters (see Fig. S-
2) and such veins are often associated with dehydration reactions (Healy et al., 2009; Lopez S&nchez-
Vizcaino et al., 2009), whereas relict primary olivines are often preserved in the cores of serpentine
mesh textures (e.g. Rouméjon and Cannat, 2014). No primary olivine was preserved in any of our

samples.
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Serpentine (antigorite)

Serpentine was abundant in all samples and was essentially identified as antigorite by crystal shape
(short laths) and high Al,Os (1.3-2.1 wt%) contents, but this was not confirmed by Raman
spectrometry. However, it is in agreement with the high-pressure origin of these rocks and consistent
with literature about serpentinites from the localities studied here (e.g., Scambelluri et al., 1995;
Debret et al., 2013; Angiboust et al., 2014; Kempf and Hermann, 2018). Serpentine in late-stage veins
had low Al,O; and may be lizardite, but this was again not confirmed by Raman spectrometry.

Figure S-2 Textures of metamorphic olivine in thin sections. (a) Zermatt: Thin section XP
images of metamorphic olivine veins in a matrix of antigorite. (b) Erro-Tobbio: Thin section PPL
image of secondary olivine, antigorite and chlorite in Erro-Tobbio sample VT8-3 from De Hoog et al.
(2014). Small dark orange grains are clinohumite. (c) Zermatt: Thin section XP images of
metamorphic olivine veins in a matrix of antigorite. (d) Monviso: Thin section XP image of
metamorphic olivine vein in matrix of antigorite.
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4. Background Geochemical Data

Major elements

Major element data for the olivine, serpentine and other silicates are presented in Table S-4, S-5 and
S-6, respectively. Samples from the Zermatt-Saas ophiolite make up the majority of the samples in
this study. They contain Fog g7 olivine (except Val d’Aosta sample DC47: Fog) with MnO ~ 0.2-0.4
wt % and NiO ~0.21-0.27 wt %. Antigorite has Mg# ~96-97 and Al,O3 ~1.2-2.1 wt %. Pyroxene is
scarce and diopsidic, with a Mg# ~98 and CaO ~26.0 wt%. Clinohumite is Ti-rich TiO, ~3.3-4.1
wt%, Mg# ~96, MnO ~0.3 wt% and NiO ~0.2 wt%.

Sample VT8-3 from Erro-Tobio (Voltri Massif) was described by De Hoog et al. (2014); olivine has
lower Fo contents (~Fos7) than Zermatt olivine but similar MnO ~0.3 wt % and NiO ~0.3 wt %. Some
high TiO, up to 0.9 wt % values are present due to the presence of clinohumite defects, but these do
not correlate with B contents. Clinohumite is Ti-rich (4.7-7.8 wt %) and has lower Mg# (~86) then
Zermatt clinohumite with similar MnO ~0.4 wt% and NiO ~0.2 wt%. Antigorite is similar to that
from Zermatt with high Mg# (~95) and ~2.6 wt % Al.Os. Clinopyroxene is Ca-rich (22.9-25.6 wt %)
and have variable Al;O; (0.1-5.5 wt %), where the Al-poor cpx is remnant primary cpx and Al-poor
cpx represents late stage metamorphic overgrowth.

Samples from the Monviso ophiolite (Vis5B (Debret et al., 2013) and DC84) contain lower Fo
olivine (Fos7_g2) than the rest of the samples but contain similar MnO ~ 0.3-0.4 wt % and NiO ~0.05—
0.46 wt %. Monviso antigorite has high Mg# ~96 and Al,O3 ~1.5-2.3 wt %.

Fluid-mobile elements

Boron contents are variable (~1 to ~30 pg/g in serpentine and secondary olivine). Secondary olivine
also contains high concentrations of other FMEs (F: ~5-50 ug/g, Cl: ~0-40 pg/g and Li: ~0.1-
11.5 pg/g) (see Table S-3) and contains more Li than co-existing serpentine. Minor serpentinite
phases: chlorite, clinohumite, pyroxene and amphibole also contain appreciable amounts of FMEs,
including B (up to 11.9 pg/g). We briefly summarise the FME data below, but we provide this data
for completeness and discussion is beyond the scope of this study. FME contents of antigorite are
inherited from the protolith or the serpentinising fluids, but have little bearing on the serpentine
dehydration process studied here.

Monviso secondary olivine shows higher Li (~0.11-0.19 ug/g) and B (~12-17 pg/g) compared to
serpentine (Li ~ 0.01-0.02 pg/g and B 4 — 5 pg/g). F and CI concentrations are more similar between
secondary olivine (F ~19 ug/g and Cl ~20 ug/g) and serpentine (F ~15 pg/g and Cl ~19 pg/g).
Pyroxene has very low B (0.5 pg/g), moderate F (10 pg/g) and Cl (13 pg/g), and higher Li (1.3 pg/g)
than secondary olivine.

Zermatt (incl. Val d’Aosta) secondary olivine shows higher Li (~0.1-1.7 pg/g) and B (~2-20 ug/g)
overall compared to serpentine (Li ~ 0.01-0.03 pg/g and B ~ 3.0-11 pg/g), but lower F (~8-12 ug/g)
and Cl (~3-11 pg/g) concentrations compared to serpentine (F ~18-21 ug/g and Cl ~6-31 ug/g).
Other phases are rich in FMEs: Chlorite (where present) has lower B (~1.6 pg/g) but similar Li (~0.06
Ma/g), F (~17 pg/g) and Cl (~33 pg/g) to serpentine. Clinohumite shows similar Li (~0.3-0.4 ug/g), B
(~5-12 pg/g) and CI (~6-10 pg/g) to secondary olivine but much higher concentrations of F (~112—
658 pg/g). Diopside contains similar Li (~0.6 pg/g), F (~8 pg/g) and CI (~7 pg/g) to olivine but less B
(~2.5 ug/g).

Erro-Tobbio (Voltri) data is from De Hoog et al. (2014). Secondary olivine contains high B (9-23
Hg/g) and very high Li (4-47 pg/g) compared to olivine from other localities in this study.
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5. Average [Bloisrp and A Bosrp Calculations

Due to difficulty in finding serpentine of sufficient size and adequate polish for analysis it was often
not possible to measure adjacent serpentine and olivine grains. Therefore, [Blowsp and A'Boisp could
not be calculated based on measurements of discrete mineral pairs. Averaging all B isotope and
concentration data for each mineral phase may introduce bias if any heterogeneity is present in the
samples. To determine the length scale of any potential sample heterogeneities we plotted ABou.sp for
all possible serpentine-olivine pairs in each sample against the distance between the analytical spots
(Fig. S-3). For example, if 3 olivines and 4 serpentines were measured in a sample, twelve A*Boj.srp
values and distances were calculated. In addition, we plotted A™B for all possible olivine-olivine and
serpentine-serpentine pairs.

Most samples showed no correlation between ABysrp Values and distance, indicating that these were
homogeneous at the scale of (the measured area of) the thin section (Fig. S-3). However, for sample
ZS17-9 any pairs that were more than 8 mm apart show an offset of 2—4 %o in AYBoi.oi and A™Bgrp-srp
as well as increased scatter for A*Bgisrp. A plot of X-Y positions of the analytical points labelled with
8B values shows a small but significant difference between the left and right side of the sample for
olivine as well as serpentine (Fig. S-4). Importantly, A'Boisp in the two domains is similar, as
otherwise a larger scatter on the plot of distance vs A'Bgisr, Would be observed for distances <8 mm.
Therefore, we conclude that the two different domains are related to the original sample heterogeneity
of the protolith (serpentinite), which was inherited by later metamorphic olivine. Likewise, small §'!B
heterogeneities of on a scale of ca. 4 mm can be seen in sample ZS-1, but again the effect on A*Boj.srp
is limited. As taking average 6''Bol — average 6''Bsrp may lead to bias if there are an unequal number
of analyses of serpentine and olivine from heterogeneous domains, the average A'Bqi.spp for each
sample was calculated averaging ABou.sp Values of all possible olivine-serpentine pairs in the sample.
The uncertainty in the average A'Baisp is calculated as the standard deviation in the average of all
possible pairs. This data is presented in Fig. 3 in the main text.
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Figure S-3 Boron isotope fractionation
between mineral pairs vs. their distance from
each other. For each analytical spot, the di-
fference between all other analytical spots
from the same sample are indicated and
colour coded by mineral. For example, if a
sample has three olivine grains and two
serpentine grains analysed, three olivine-
olivine pairs are indicated (ol1-ol2, ol1l-ol3
and ol2-0l3), one serpentine pair (srpl-srp2)
and six olivine-serpentine pairs (ol1-srpl, ol1-
srp2, ol2-srpl, ol2-srp2, ol3-srpl, ol3-srp2).
Note that A™B for ol-ol and srp-srp pairs are
close to zero and show little correlation with
distance, showing homogeneous boron
isotopic compositions. Only sample ZS-1
shows increased fractionation for spots >4000
um apart, and ZS17-9 for spots >9000 um
apart due to different domains having slightly
different olivine and serpentine 3B values.
In contrast, large differences in boron isotope
fractionation are observed for ol-srp pairs in
different samples. These fractionation di-
fferences show little correlation with distance
between the points, again indicating
consistent behaviour on thin-section scale.
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6. Estimate of Equilibrium Dg°s"

No literature Dg®*" value is available, so it was calculated based on dehydration experiments by Tenthorey
and Hermann (2004). First, we needed to estimate Dg". A value of D"reidee of 3-5 was presented by
Tenthorey and Hermann (2004) for their serpentinite dehydration experiments. Olivine was shown to be the
major host for B in the residue, but about 10 % modal orthopyroxene and chlorite were present in the
experiments, which is consistent with serpentine having a higher Si/Mg ratio than olivine. Both orthopyroxene
and chlorite have lower affinity for B than olivine (D" = 3-4 and Dg®°P* = 1.3-3; Tenthorey and Hermann,
2004), and can therefore be ignored in the overall B budget, but their presence does slightly modify the
estimate for Dg"''. Mass balance calculations result in a value of Dg*'=2.8-4.7.

De" values were also presented by Scambelluri et al. (2004) based on fluid inclusion data, which average to
about 5 and broadly agree with the values of Tenthorey and Hermann (2004). However, these values were
considerably more scattered and dependent on assumptions about salinity of the fluid (Scambelluri et al.,
2004). Therefore, we regard the Tenthorey and Hermann (2004) the more reliable estimate of Dg°!s™,

ol/srp H H H iAn- ol/srp — 1
Dg®"® can be derived using the following equation: Dg D/oTxFra s Fro

with D' = 2.8-4.7, Frq = 0.13 and Fry = 0.84, where Fr is the fraction of either olivine or fluid produced by
the breakdown of serpentine. This gives a value of 0.68-0.81 for Dg®*"®. We model this based on serpentine
containing 13 wt.% H>0O, and a residue containing 87 wt.% olivine. However, serpentine has higher Si/Mg
than olivine and therefore either some Opx must form or excess Si is transported away in the fluid. The effect
of this on the above calculations is only small: incorporating 10 wt% Opx in the residue with Dg°/Px = 3
would result in Dg®”™ values of 0.70-0.85 instead. To take into account these uncertainties we have used a
range of Dg?*" 0.68-0.85 for equilibrium partitioning in our modelling.

@ Geochem. Persp. Let. (2020) 16, 25-29| doi: 10.7185/geochemlet.2039 SI-11
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7. Modelling of External Fluid Composition

The B isotopic composition of external fluids infiltrating during serpentinite dehydration can be estimated
based on compositions of co-existing olivine and serpentine. For this model we assume the following
dehydration environment: as serpentine breaks down it releases a B-bearing aqueous internal fluid and creates
new metamorphic olivine. When externally derived fluids infiltrate the pore spaces, these mix with the
serpentine-breakdown fluid, and metamorphic olivine grows in isotopic equilibrium with the mixed fluid (Fig.
S-5). Serpentine does not re-equilibrate with the mixed fluid, as evidenced by the large range of A*Bol.srp in
our samples, which is incompatible with olivine and serpentine both being in equilibrium with the mixed
fluid. Slow diffusion of B in serpentine at the conditions of serpentinite dehydration (450-650 °C) are
probably the cause of this lack of re-equilibration. Our model simulates this mixing process and calculates the
composition of the externally derived fluid.

Equilibrium

* Magnetite

& Antigorite

Metamorphic olivine

<«-=-== Boron uptake

= F|yid release

@Qf

Disequilibrium

i

10B-rich fluid

Figure S-5 Schematic diagram depicting two different scenarios of serpentine dehydration. (a)
Breakdown of serpentine releases fluid and creates metamorphic olivine. The volume change of the solid
components creates porosity (e.g. Tenthorey and Cox, 2003). As all fluid is produced internally, olivine and
serpentine will be in B isotopic equilibrium. (b) If B-bearing external fluids infiltrate during serpentine
dehydration and mix with the serpentine breakdown fluids, metamorphic olivine will not be in isotope
equilibrium with serpentine. Serpentine compositions are unlikely to be affected by the external fluid, as
exchange of B between serpentine and fluid is limited by slow diffusion at the low temperatures involved.
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We calculate the range of possible external fluid compositions based on the compositions of the serpentine
fluid and the mixed fluid using the following equations:

Internal (serpentine dehydration) fluid

[B]int—fl = DBfI/srp X [B]srp

8" Bint-ni = SllBsrp + AllBsrp-ﬂ
where AMBgpn = 0 %o at 650 °C as there will be little to no fractionation between IV sites in silicates and 1V
sites in mildly alkaline fluids (Williams et al., 2001), and Dg"s"® = DB x DBoysrp = 2.3-3.3. Bsrp and §MBrp
are the average measured serpentine compositions in a sample. pH of the internal fluid during serpentinite
dehydration is about 5, whereas neutral pH at these conditions is about 3.5 (Debret and Sverjensky, 2017),
thus B(OH). is the main B species in the fluid.
Mixed fluid (in equilibrium with olivine)

[B]mix-ti = D™°! x [B]oi

3" Bmix-fi = 8'Bol + AMBoifi
where AMBo.n = -9.8 %o at 650°C based on the isotopic fractionation of B between Ill-coordinated B in

olivine and IV-coordinated B in mildly alkaline fluids (Williams et al., 2001), and DB = 2.8-4.7. B, and
5By are the average measured olivine compositions in a sample.

If the internal fluid is the same as the mixed fluid, the system is in equilibrium and no external fluid is needed
to explain the olivine and serpentine compositions. If an external fluid were present, it would have the same
composition as the internal fluid, and cannot be detected.

External fluid

The mixed fluid is a mixture of internal and external fluid, so the composition of the latter can be calculated
by mass balance if the compositions of mixed and internal fluid are known. However, since the B
concentration of the fluid is not known, we can only calculate the §''B of the external fluid (6*'Bextn1) as a
function of assumed B content ([Blexn). These are the curves presented in Fig. S-6. We assume that B
speciation in the external fluid is similar to that of the internal fluid (i.e., dominated by B(OH).), as crustal-
derived fluids at subduction-zone conditions are mildly alkaline, similar to serpentinite-derived fluids (Galvez
et al., 2016; Debret and Sverjensky, 2017).

For the mass balance calculation we mix °B and !B individually, which results in the B concentration ([B] =
[1°B] + [!B]) as well as the B isotope ratio B/*°B, from which 6B can be derived:

[*°Blmixst = [*°Blinti - Fr + [*Blexent - (1-Fr)
[*Blmix-ft = [*Blintnt * Fr + [*'Blextni - (1-Fr)

where Fr = fraction of internal fluid added, and °B and B were calculated from 5B and [B] of the mixed
fluid and internal fluid as follows:

& Geochem. Persp. Let. (2020) 16, 25-29| doi: 10.7185/geochemlet.2039 SI-13
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B
[©B]q = 1[1 b and [“Bln = [Bln — [*°B]n, where SRM = B/°B of SRM951 (4-04362;
(8 By )
SRMx{——+ 1)+ 1

1000
Catanzaro et al., 1970), for which 8B is zero by definition.

Uncertainties in input parameters (Dg"*", [Blsm, 6''Bsp, Ds™!, [B]oi, 6*'Boi Where taken into account, which is
why the mixing curves are shown as fields and not as lines in Fig. S-6.

+24 %o
AOCH+Sed fluids released at slab depth:

+22 %o - # 30 km

100 ® 55 km
I
I
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Figure S-6 Plot of 8''B vs. B concentration showing the possible range of compositions of external fluid
needed to produce the olivine compositions in different localities. Blue numbers indicate the percentage of
external fluid mixing with serpentine fluid, where 50 % is a 1:1 mixture. External fluids are predicted to have
exclusively positive 8''B. Also indicated are model compositions of slab-derived fluids at various depths of
the slab (red line: 90 % AOC + 10% sediment; Tonarini et al., 2011; blue line: 70 % AOC + 30 % sediment;

Yamada et al., 2019).
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Table S-3 Boron isotopic compositions FME concentrations (pg/g) of olivine (OL) and serpentine
(SRP).
Phase | Analysis code X pos | Y pos [6MB %o |1s %o |B B ug/g|Li F Cl H.O
(B isotope spot) Ho/g |(4f) |Mg/lg  (Mg/g  |pg/g (Wt %
(1270)
Zermatt (ZS17-8)
OL 66_7517-8-0L -383| 3574 +25.5| 1.8 3.6 4.9 1.7 11.0 4.2 <d.l
OL 61_7S17-8-0OL 4840 -408 +18.6| 1.7 2.6 n.a. n.a. n.a. n.a. n.a.
OL 62_7S17-8-0OL 3626 -1012 +225| 1.6 3.6 n.a. n.a. n.a. n.a. n.a.
SRP 65_7517-8-SRP 108| 4116 +9.8| =#1.7 3.6 3.6 <d. 13.2 7.6 14.3
SRP 63_7S17-8-SRP 5627 | -180 +6.0| *1.7 3.8 5.3 <d.l 26.4 7.8 13.6
SRP 72_7S17-8-SRP -3463| -3212 +75| £1.7 4.2 10.1 <d.l 18.0 5.8 13.9
SRP 71_7S517-8-SRP -4625| -4456 +7.7| %14 12.1 n.a. n.a. n.a. n.a. n.a.
SRP 73_7S17-8-SRP 866 | -4904 +7.3| #1.3 12.6 n.a. n.a. n.a. n.a. n.a.
Zermatt (ZS17-9)
OL 84_7517-9-0OL 3675| 1296 +26.0| *19 1.4 1.8 1.2 7.6 0.8 <dl
OL 86_7517-9-0OL 2683| 2120 +259| +1.8 1.7 2.3 0.6 9.6 2.4 <d.l
OL 93_7517-9-0L 831| -4688 +254| £2.0 1.4 1.9 1.2 5.1 2.2 <dl
OL 92_7517-9-0OL -3770| -418 +26.6| =*1.7 1.7 1.9 1.5 8.3 0.7 <d.l
OL 91_7517-9-0OL -7274| 1404 +27.6| %18 1.8 3.2 0.4 7.7 6.9 0.1
OL 89_7517-9-0OL -3518| 3242 +26.6| *19 1.4 1.7 0.8 8.9 3.8 <d.l
SRP 83_7S17-9-ATG 3984 940 +179| 2.0 1.2 2.7 <dl 19.3 5.9 13.9
SRP 87_7517-9-ATG 3255| 2632 +18.7| *1.8 2.0 1.7 <d.l 16.0 3.8 13.5
SRP 94 _7S517-9-ATG 1192| -4890 +18.7| 1.7 1.8 5.6 <dl 16.9 8.4 13.6
SRP 85_7517-9-ATG 3936| 2174 +18.1| =*1.8 2.1 3.3 <d.l 10.8 9.3 14.2
SRP 90_7S17-9-ATG -6317| 3888 +21.3| 1.9 1.6 1.6 <dl 27.1 2.5 14.7
Zermatt (2S1)
OL 11_7ZS-0l11S -2545| -1497 +19.5| #1.5 7.4 8.5 0.5 7.7 8.8 <d.l
OL 12_7S-0l12 S 1670| -4125 +183| +1.8 4.6 8.7 1.0 5.9 5.7 <dl
OL 7_7S-0l7 L 751| 1035 +16.1| =*1.7 5.1 7.9 0.4 6.1 1.8 <d.l
OL 8_7S-0l8 S -1978| 1557 +163| =*1.7 5.7 5.9 0.6 8.8 1.8 <dl
OL 15_7ZS-0l15 L 1360| 3520 +17.0| =#1.5 11.6 n.a. n.a. n.a. n.a. n.a.
OL 3_7S-0l3 S -2701| 3070 +164| 1.6 6.0 n.a. n.a. n.a. n.a. n.a.
OL 4 7S-0l4 S -1566| 3005 +16.6| *1.8 6.5 n.a. n.a. n.a. n.a. n.a.
SRP 13_ZS-atgl3 203| -3340 +76| £1.3 17.9 21 <d.l| 119.0 78.9 14.1
SRP 6_ZS-atgb 1105 690 +11.1| =*1.6 10.8 22.4 <dl| 126.0 90.0 14.0
SRP 14 _7S-atgl4 -2852| -4549 +9.2| *14 15.5 50.5 <d.l| 598.0 84.4 14.5
SRP 5_7S-atg5 17 623 +89| *14 19.1 13.8 <d.l| 104.0 85.7 13.1
SRP 9_7S-atg9 -3917 229 +12.1| 1.6 14.4 12.8 <dl| 124.0 39.2 13.4
<d.l. = less than detection limit, for H,O <0.02 and otherwise <0.1. n.a = not analysed. 1270 refers to isotope
analysis, 4f to trace element analysis. X pos and Y pos are sample stage coordinates in um.
Geochem. Persp. Let. (2020) 16, 25-29| doi: 10.7185/geochemlet.2039 SI-15
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Table S-3 Continued
Phase | Analysis code X pos | Y pos [6MB %o |1s %o |B B ug/g|Li F Cl H,O
(B isotope spot) Mo/g |(4f) |Mg/g  |ug/g  (ug/lg  |wt %
(1270)
Valle d'Aosta (DC47)
OL 36_36-DC47-0L 642| 1132 +18.0| 1.2 15.9 18.6 0.1 11.4 11.5 <dl
OL 40_40-DC47-0OL 111| 6268 +18.6| 1.2 249 28.6 0.5 12.0 12.8 <d.
OL 42_42-DC47-0L 649 | 6874 +17.1| £1.2 24.0 15.4 0.2 12.1 9.9 <dl
OL 41_41-DC47-0OL 1203 | 6754 +18.1| 1.1 24.0 16.8 0.3 11.0 8.6 <d.
SRP |37_37-DC47-ATG 852| 1286 +20.2| 1.3 12.7 7.4 <d.l 23.7 19.7 13.3
SRP |43_43-DC47-ATG 488| 6154 +19.2| %13 9.6 16.7 <d.l 20.7 36.6 12.8
SRP |38_38-DC47-SRP 903| 2662 +21.2| *1.4 9.0 n.a. n.a. n.a. n.a. n.a.
SRP 39_39-DC47-SRP -144| 4410 +20.3| 1.4 8.5 n.a. n.a. n.a. n.a. n.a.
Erro Tobbio (VT8-3)
OL 3_VT8-3_oll -3586| -3568 +18.1| #1.5 12.2 17.4 3.6 12.9| 270.0 0.1
OL 11_VT8-3_ol2 3949 | 2837 +18.8| 1.5 9.9 14.4 48.2 17.2 48.1 <d.l
OL 13_VT8-3_ol3 2540| 5725 +199| +1.5 10.5 18.6 3.7 19.3 23.0 <dl
OL 15_VT8-3_ol4 -5142 511 +19.7| 1.6 9.6 13.2 13.6 8.3 24.5 <d.l
SRP |5_VT8-3_atgl -3505| -5183 +17.3| £1.7 8.6 13.6 0.1| 590.0 41.8 14.1
SRP |8_VT8-3_atg2 3997 | -2209 +16.4| 1.5 10.1 10.5 0.1| 195.0 49.4 14.2
Monviso (Vis5b)
OL 6_Vis5b-0l01 -90| -2137 +11.3| *1.4 13.5 12.6 0.3 6.8 11.0 <dl
OL 5_Vis5b-0l04 22| -1250 +84| *1.4 16.0 n.a. n.a. n.a. n.a. n.a.
OL 3_Vis5b-0l02a 109| -2087 +11.2| 1.5 12.0 n.a. n.a. n.a. n.a. n.a.
OL 4_Vis5b-0102 181 -2100 +9.6| 1.5 9.2 8 0.1 4.1 2.4 <d.l
OL 7_Vis5b-0l06 152 -1276 +11.7| 1.4 12.6 11.2 0.1 8.8 6.5 0.1
SRP | 1_Vis5b-atg01 -426| -1510 +19.0| 1.8 5.3 1.8 <d.l 14.0 18.1 14.2
SRP |8_Vis5b-atg04 -327| -1477 +18.4| 2.1 2.5 1.6 <d.l 19.1 353 13.1
SRP | 2_Vis5b-atg02 -717| -1180 +19.7| 1.7 5.8 2.9 <d.l 28.9 25.3 13.7
Monviso (DC84)
OL 47_DC84-0L -916 178 +13.0| 1.2 20.2 7.2 <d.l 10.2 5.7 <dl
OL 53_DC84-0L -237| -1398 +125| £1.2 16.6 21.7 0.1 27.4 13.2 <dl
OL 48_D(C84-X -808| 1772 +99| 1.3 14.9 n.a. n.a. n.a. n.a. n.a.
OL 54 DC84-0OL 755| -1914 +14.1| 1.2 32.7 n.a. n.a. n.a. n.a. n.a.
OL 51_DC84-X 2111| 3626 +11.7| 1.3 13.0 n.a. n.a. n.a. n.a. n.a.
SRP |49_DC84-SRP 649 | 1254 +203| %15 5.8 5 <d.l 12.2 13.9 12.6
SRP |55_DC84-SRP 1608 | -2284 +20.0| 1.7 3.3 2.7 <d.l 16.6 18.0 12.7
SRP |52_DC84-SRP -2188| 1346 +19.2| 1.5 5.4 3.6 <d.l 17.1 16.5 12.2
SRP |50_DC84-SRP 1476 | 3526 +20.2| *1.4 9.1 7.1 <d.l 18.0 31.0 12.9
SRP |56_DC84-SRP 3123 -2232 +21.4| *14 9.9 7.4 <d.l 12.0 13.0 13.0
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Table S-4 Representative major element analyses (wt %) of metamorphic olivine by EPMA.

Sample SiO; TiO2 | Cr03 FeO | MnO NiO | MgO CaOo Total Fo%
Val d’Aosta

DC47 41.56 <d.l <d.l 7.76 0.38 0.35| 51.14 <dl. | 101.17 92.2
DC47 40.90 <d.l <d.l 8.13 0.37 0.34 | 51.17 <dl. | 100.91 91.8
Zermatt

7517-8 41.40 0.01 <d.l 3.61 0.31 0.24 | 55.06 <dl. | 100.63 96.5
7517-8 42.41 0.01 <d.l 5.04 0.31 0.29 | 53.75 <dl. | 101.81 95.0
ZS17-9 41.62 <d.l 0.01 4.19 0.24 0.23 | 5391 <dl. | 100.20 95.8
7517-9 41.00 <d.l <d.l 4.29 0.23 0.26 | 54.50 <dl. | 100.28 95.8
751 41.73 <d.l <d.l 5.99 0.33 0.21 | 52.73 <dl. | 101.00 94.0
751 41.55 <d.l 0.01 6.23 0.23 0.27 | 52.34 0.01 | 100.64 93.7
751 41.54 <d.l <d.l 5.93 0.28 0.34 | 52.90 <dl. | 100.98 94.1
Monviso

DC84 39.21 <d.l <dl.| 16.68 0.52 0.01 | 44.35 0.03 | 100.81 82.6
DC84 39.49 <d.l 0.01 | 1290 0.34 0.17 | 46.63 0.02 99.56 86.6
DC84 40.07 0.01 0.01 8.67 0.20 0.04 | 50.59 0.03 99.62 91.2
Vis5b 39.71 <d.L 0.01 | 10.75 0.36 0.46 | 48.17 0.02 99.51 88.9
Vis5b 39.88 0.01 <dl. | 10.84 0.51 0.23 | 47.95 0.02 99.44 88.7
Erro-Tobbio

VT8-3 40.03 <d.l <dl. | 12.60 0.35 0.32 | 46.82 0.01 | 100.19 86.9
VT8-3 39.26 0.86 0.05| 12.13 0.29 0.30 | 46.71 0.01 | 100.47 87.3

<d.l. = less than detection limit (<0.01 for all elements). VT8-3 data from De Hoog et al. (2014).
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Table S-5 Representative major element analyses (wt %) of serpentine by EPMA.

Sample SiO; | AlO3 FeO| MgO | MnO NiO | Cr,Os | Total Mg#
Val d’Aosta

DC47 43.43 2.09 2.79 | 39.31 0.04 0.12 0.27 | 88.05 96.2
DC47 44.19 1.20 2.64 | 39.61 0.07 0.11 0.25 | 88.08 96.4
DC47 43.73 1.73 2.66 | 39.92 0.04 0.10 0.15 | 88.33 96.4
Zermatt

7517-8 42.54 2.11 2.16 | 40.19 0.03 0.07 0.42 | 87.52 97.1
7517-8 42.65 2.10 2.03 | 40.61 0.05 0.11 0.18 | 87.74 97.3
7517-8 43.08 1.99 1.85 | 40.51 0.03 0.09 0.24 | 87.80 97.5
7517-8 42.68 2.08 198 | 40.15 0.04 0.06 0.83 | 87.83 97.3
7517-9 42.40 1.84 1.92 | 39.59 0.03 0.10 0.60 | 86.48 97.4
7517-9 42.67 1.64 230 | 3991 0.04 0.10 0.42 | 87.06 96.9
7517-9 4297 2.20 2.27 | 39.25 0.04 0.11 0.46 | 87.32 96.8
751 43.10 1.60 2.00 | 39.90 0.00 0.10 0.40 | 87.10 97.3
751 42.10 1.80 2.10 | 39.30 0.10 0.10 0.60 | 86.00 97.1
751 43.50 1.70 1.80 | 40.00 0.00 0.10 0.20 | 87.90 97.5
Monviso

DC84 41.72 2.25 296 | 38.06 0.03 0.09 0.89 | 86.01 95.8
DC84 42.81 1.31 2.99 | 38.88 0.03 0.01 0.39 | 86.69 95.9
DC84 42.31 1.74 3.09 | 38.46 0.03 0.02 0.52 | 86.42 95.7
Vis5b 43.03 1.65 2.79 | 39.13 0.02 0.11 0.43 | 87.17 96.1
Vis5b 42.84 2.16 292 | 38.78 0.03 0.16 0.68 | 87.57 96.0
Vis5b 43.26 1.73 3.11| 3897 0.03 0.18 0.29 | 87.58 95.7
Erro-Tobbio

VTS8-3 41.54 2.56 3.66 | 37.00 0.05 0.07 0.11| 85.02 94.7

VT8-3 data from De Hoog et al. (2014).
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Table S-6 Representative major element analyses (wt %) of accessory silicate phases by EPMA, where present.
Sample Phase | SiOz | TiO2 | Al,Os | Cr,0s | FeO | MnO | NiO | MgO | CaO | Na,O | Total
Zermatt

7517-8 Chu 37.23 3.69 | <0.01 0.01 4.52 0.34 0.20 | 52.32 | <0.01 na. | 98.31
7517-8 Cpx 55.17 | <0.01 0.01 0.01 0.66 0.06 0.01 | 18.42 | 25.54 na. | 99.89
7517-9 Chl 33.66 | <0.01 | 11.71 1.54 3.34 0.02 0.13 | 35.21 | <0.01 n.a. | 85.63
Erro-Tobbio

VT8-3 Chu 36.53 4.72 | <0.01 0.08 | 13.02 0.44 0.20 | 44.13 | <0.01 na. | 99.12
VT8-3 Chu 32.69 7.76 0.01 0.12 | 12.71 0.44 0.14 | 42.64 | <0.01 na. | 96.52
VT8-3 Cpx 51.26 0.40 5.46 1.12 2.72 0.05 0.02 | 15.26 | 2291 0.31 | 99.51
VT8-3 Cpx 54.46 0.01 0.05 0.02 191 0.10 | <0.01 | 17.57 | 25.58 | <0.02 | 99.70
VT8-3 Chl 37.60 0.05 8.66 1.06 3.69 | <0.01 0.13 | 35.32 0.05 0.06 | 86.62

n.a. = not analysed, chu = clinohumite, chl = chlorite, cpx = clinopyroxene ; VT8-3 data from De Hoog et al.
(2014).
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