Geochimica et Cosmochimica Acta
Manuscript Draft

Manuscript Number: GCA-D-17-00784

Title: Halogens and noble gases in chlorite and garnet peridotites formed
by serpentinite dehydration: Implications for seawater subduction and the
origin of mantle neon

Article Type: Article

Abstract: Halogens and noble gases were investigated in secondary
peridotites formed by serpentinite dehydration reactions (and preserved
in ophiolites) to improve constraints on the fates of noble gases and
halogens during subduction zone metamorphism. Both whole rock and
mineral separates where investigated to identify the dominant mineral
hosts of these elements. New samples including high grade (olivine-
bearing) antigorite serpentinites and granofels textured chlorite
harzburgites from Cerro del Almirez (Betic Cordillera); and a chlorite
harzburgite and garnet peridotite from Cima di Gagnone (Swiss Alps); were
selected to complement previous studies of low grade chrysotile-
serpentinites that retain features of oceanic serpentinisation (IODP
samples; Monte Nero, Northern Apennines; Erro Tobbio, Western Alps) and
subducted eclogite facies antigorite-serpentinites (Erro Tobbio, Western
Alps) .

The data show that the 40Ar/36Ar ratios of chrysotile- and antigorite-
serpentinites and their dehydrated peridotite equivalents range from
~296-390 in rocks from Erro Tobbio to ~340-600 in rocks from Cerro del
Almirez, and to ~600-1100 in rocks from Cima di Gagnone. The variation of
40Ar/36Ar between localities is independent of metamorphic grade but
broadly correlated with variation in other radiogenic isotopes
(206Pb/204Pb and 87Sr/86Sr) suggesting that excess 40Ar in ophiolitic
serpentinites and their dehydrated equivalents was derived from
terrigenous sediments in the different subduction zones.

The high compatibilities of noble gases and F in chlorite, and the
involvement of fluids derived from sedimentary units in the subducting
slab, are suggested to explain the enrichment of chlorite-harzburgites in
Ne relative to Ar and F relative to Cl. The 20Ne/36Ar ratios of chlorite
harzburgites from both Cerro del Almirez and Cima di Gagnone are much
greater than seawater, suggesting that even though subducted atmospheric
Ne is a minor component in the Earth's mantle, subduction of atmospheric
Ne in dehydrated serpentinites could be sufficiently important to explain
how the mantle acquired a 20Ne/22Ne ratio of less than the primordial
Solar composition.

The garnet peridotite from Cima di Gagnone records the final and complete
dehydration of serpentinite. Based on the analysis of mineral separates
minimally affected by retrogression (marked by garnet breakdown and the
appearance of Cl-rich hornblende), nominally anhydrous garnet peridotite
retains Cl, Br, I and noble gas concentrations up to an order of
magnitude higher than average depleted mantle. Furthermore, garnet
peridotites preserve Br/Cl and I/Cl ratios fairly close to mantle values,
consistent with dehydrated serpentinised lithosphere as a major source of
deeply subducted seawater-derived volatiles in the Earth's mantle.
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Abstract. Halogens and noble gases were investigated in secondary peridotites formed by
serpentinite dehydration reactions (and preserved in ophiolites) to improve constraints on the
fates of noble gases and halogens during subduction zone metamorphism. Both whole rock
and mineral separates where investigated to identify the dominant mineral hosts of these
elements. New samples including high grade (olivine-bearing) antigorite serpentinites and
granofels textured chlorite harzburgites from Cerro del Almirez (Betic Cordillera); and a
chlorite harzburgite and garnet peridotite from Cima di Gagnone (Swiss Alps); were selected
to complement previous studies of low grade chrysotile-serpentinites that retain features of
oceanic serpentinisation (IODP samples; Monte Nero, Northern Apennines; Erro Tobbio,
Western Alps) and subducted eclogite facies antigorite-serpentinites (Erro Tobbio, Western
Alps).

The data show that the “°Ar/**Ar ratios of chrysotile- and antigorite-serpentinites and
their dehydrated peridotite equivalents range from ~296-390 in rocks from Erro Tobbio to
~340-600 in rocks from Cerro del Almirez, and to ~600-1100 in rocks from Cima di
Gagnone. The variation of “°Ar/*°Ar between localities is independent of metamorphic grade
but broadly correlated with variation in other radiogenic isotopes (**Pb/?**Pb and ®/Sr/*sr)
suggesting that excess “°Ar in ophiolitic serpentinites and their dehydrated equivalents was
derived from terrigenous sediments in the different subduction zones.

The high compatibilities of noble gases and F in chlorite, and the involvement of
fluids derived from sedimentary units in the subducting slab, are suggested to explain the
enrichment of chlorite-harzburgites in Ne relative to Ar and F relative to Cl. The *°Ne/*Ar
ratios of chlorite harzburgites from both Cerro del Almirez and Cima di Gagnone are much
greater than seawater, suggesting that even though subducted atmospheric Ne is a minor
component in the Earth’s mantle, subduction of atmospheric Ne in dehydrated serpentinites
could be sufficiently important to explain how the mantle acquired a *°Ne/?’Ne ratio of less
than the primordial Solar composition.

The garnet peridotite from Cima di Gagnone records the final and complete
dehydration of serpentinite. Based on the analysis of mineral separates minimally affected by
retrogression (marked by garnet breakdown and the appearance of Cl-rich hornblende),
nominally anhydrous garnet peridotite retains CI, Br, | and noble gas concentrations up to an
order of magnitude higher than average depleted mantle. Furthermore, garnet peridotites
preserve Br/Cl and I/Cl ratios fairly close to mantle values, consistent with dehydrated
serpentinised lithosphere as a major source of deeply subducted seawater-derived volatiles in
the Earth’s mantle.
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1. Introduction

The halogens and noble gases represent volatile elements that are depleted in the
mantle and strongly concentrated in Earth’s surface reservoirs of the atmosphere, seawater
and sediments (Kendrick et al., 2017; Ozima and Podosek, 2002). As a result, halogens and
noble gases represent powerful elements for tracking the subduction of seawater-derived
volatiles into the mantle (Chavrit et al., 2016; Holland and Ballentine, 2006; Kendrick et al.,
2017; Kobyashi et al., 2017; Sumino et al., 2010). Recent studies have suggested that up to
~90% of non-radiogenic Ar, Kr and Xe and most of the heavy halogens (Cl, Br, I) have
subducted origins in the Earth’s mantle (Caracausi et al., 2016; Holland and Ballentine, 2006;
Holland et al., 2009; Kendrick et al., 2017; Mukhopadhyay, 2012). However, relatively few
studies have investigated the combined behaviour of multiple halogens and/or noble gases
during prograde metamorphism (John et al., 2011; Kendrick et al., 2015; 2011; Page et al.,
2016), with much of what we do know about the behaviour of these elements during
metamorphism based on investigations of chlorine and excess “°Ar alone (e.g. Arnaud and
Kelley, 1995; Kelley, 2002; Philippot et al., 1998; Scaillet, 1996; Scambelluri et al., 20044;
1997). The current study addresses this gap in our knowledge by investigating all the noble
gases (He, Ne, Ar, Kr, Xe) and halogens (F, CI, Br, 1) in a suite of chlorite and garnet
peridotites formed by eclogite facies metamorphism of seafloor serpentinites (Cannao et al.,

2015; Marchesi et al., 2013; Scambelluri et al., 2015; 2014).

The investigation of noble gases and halogens in serpentinites and their
metamorphosed equivalents is important because no other major subduction zone lithology is
more enriched in seawater-derived Cl or H,O (Schmidt and Poli, 1998). Furthermore,
previous work has shown that serpentinites are strongly enriched in a range of other fluid
mobile elements including noble gases and B, which are derived mainly from seawater (e.g.

Kendrick et al., 2013b; Scambelluri et al., 2004b; 1997), and in some cases a number of
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elements including iodine, arsenic and antimomy, which are usually associated with marine
sediments (e.g. Cannao et al., 2015; Deschamps et al., 2012; Hattori and Guillot, 2007;
Kendrick et al., 2013b; Peters et al., 2017; Scambelluri et al., 2015). The presence of
sediment-like signatures in serpentinites can be explained by the involvement of sedimentary
pore waters in serpentinisation reactions (John et al., 2011; Kendrick et al., 2013b; 2011),
which are likely to be particularly important at the slab bend where sediments overly deep
fractures into the oceanic lithosphere (Ranero et al., 2003) and in subduction channels
underlying forearc environments (Bostock et al., 2002; Deschamps et al., 2013; Scambelluri
et al., 2015).  An implication of serpentinites carrying ‘sedimentary’ signatures is that
aqueous fluids produced by serpentine breakdown reactions in subarc environments might be
able to contribute toward the ‘sedimentary signature’ of some arc lavas (Kendrick et al.,
2014; Scambelluri et al., 2015). Peridotites formed by dehydration of serpentinites have also
been suggested as an important component of the HIMU mantle reservoir and the principal
lithology enabling subduction of noble gases and halogens into the deep mantle (Kendrick et

al., 2017; 2011).

The current study aims to further constrain the fate of noble gases and halogens
during the partial and complete dehydration of serpentinites and builds on previous work that
characterised the noble gas and halogen content of seafloor serpentinites and their
metamorphosed equivalents from Erro Tobbio in Italy and Cerro del Almirez in Spain (Fig 1;
John et al., 2011; Kendrick et al., 2013b; 2011; Scambelluri et al., 2004b; 1997). We provide
noble gas and halogen (Cl, Br, I) data for new lithologies that are key for understanding the
fates of noble gases and halogens in dehydrating serpentinites and we utilise SHRIMP for the
measurement of F in a selection of the new and old samples. The new lithologies investigated
include: i) antigorite-serpentinites from Cerro del Almirez, which are more closely related to

chlorite harzburgites from this locality, than the antigorite-serpentinites investigated
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previously (John et al., 2011; Kendrick et al., 2011); ii) Granofels textured chlorite
harzburgites from Cerro del Almirez (Padron-Navarta et al., 2015), which complement
previous analyses of chlorite harzburgites with spinifex-like textures (Kendrick et al., 2011);
and iii) we selected a chlorite harzburgite and garnet peridotite from Cima di Gagnone, which
is the only known locality where garnet peridotites have been produced by the final
dehydration of serpentinites (Fig 1). The unique nature of the Cima di Gagnone garnet
peridotite means it provides important information about the nature of dehydrated lithosphere
subducted into the deep mantle (Evans and Trommsdorff, 1978; Scambelluri et al., 2015;

2014).

2. Geological setting and samples

The study utilises data from a variety of seafloor serpentinites recovered by I0DP drilling
operations (Kendrick et al., 2013b; Kodolanyi et al., 2012), as well as serpentinites and
related rocks collected from ophiolite localities including: Monte Nero in the Northern
Apennines (John et al., 2011; Scambelluri et al., 2004b), Erro Tobbio in the Ligurian western
Alps (Scambelluri et al., 1995; 1997), Cerro del Almirez in the Betic Cordillera of Spain
(Garrido et al., 2005; Lépez Sanchez-Vizcaino et al., 2009; 2005; Padron-Navarta et al.,
2011; Puga et al., 1999; Scambelluri et al., 2004a; Trommsdorff et al., 1998) and Cima di
Gagnone in the Swiss Alps (Evans and Trommsdorff, 1978; Cannao et al., 2015; Scambelluri
et al., 2015; 2014). The samples and locations have been described in detail previously, but

some important steps in the samples prograde metamorphism are highlighted below (Fig 1).

Initial serpentinisation is recorded in the seafloor serpentinites and selected chrysotile
serpentinites and serpentinised peridotites from Monte Nero and Erro Tobbio. The

antigoritisation of chrysotile (Kodolanyi and Pettke, 2011) and the first breakdown of
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antigorite by the reaction: antigorite + brucite => olivine + H,0, which releases ~2 wt. %
H,O is recorded by antigorite serpentinites at Erro Tobbio and Cerro del Almirez
(Scambelluri et al., 2004b). The final breakdown of antigorite by the reaction: antigorite =>
olivine + enstatite + chlorite + H,O, which releases ~5-10 wt. % H,O is recorded by chlorite
harzburgites at both Cerro del Almirez and Cima di Gagnone (Evans and Trommsdorff, 1978;
Padron-Navarta et al., 2013; Scambelluri et al., 2001; 2014; Trommsdorff et al., 1998). The
chlorite harzburgites at Cerro del Almirez are divided into two textural types, which reflect
different rates of reaction progress and fluid escape, one has brown spinifex-like olivine and
the second type has a granofels texture (Figs 2a and b; Padron-Navarta et al., 2011). In
addition, chlorite-rich veins from this locality are related to the escape of antigorite
breakdown fluids. The final dehydration of chlorite harzburgites by the reaction: chlorite +
enstatite + diopside => garnet + olivine + H,O, which releases ~1-5 wt. % H,O is recorded by
garnet peridotites at a single outcrop (Mg160) at Cima di Gagnone (Evans and Trommsdorff,

1978; Scambelluri et al., 2015; 2014).

Olivine in secondary peridotites formed by serpentine dehydration is easily
distinguished from mantle olivine by different major and trace element composition, the
presence of Ti-clinohumite defects, or by the presence of ilmenite laths formed after Ti-
clinohumite in olivine (Fig 2f; Hermann et al., 2007; Puga et al., 1999; Risold et al., 2001).
Fluid inclusions associated with the escape of fluids from dehydrating serpentinites are
preserved in olivine veins at Erro Tobbio, and in the nominally anhydrous secondary olivine,
enstatite and garnet in samples from both Cerro del Almirez and Cima di Gagnone (Fig 2f;
Scambelluri et al., 2004b; 2015; 1997). The fluid inclusions at Erro Tobbio have high
salinities of >40 wt. % salt and are preserved intact (Scambelluri et al., 1997). In contrast,
fluid inclusions in samples from Cerro del Almirez and Cima di Gagnone have been

desiccated by the escape of H* ions and/or reaction with the host mineral, but they retain
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solutes including heavy noble gases representative of the originally trapped fluids (Kendrick
et al., 2011; Scambelluri et al., 2004b; 2015). Some photomicrographs of representative

textures and fluid related inclusions are shown in Fig 2.
3. Methods

Halogens (F, CI, Br and I) and noble gases (He, Ne, Ar, Kr and Xe) were measured in
whole rock samples and mineral separates (0.2-1 mm size fraction) using a variety of
techniques: i) the heavy halogens and noble gases (Cl, Br, I, Ar, Kr and Xe) were measured
in irradiated samples by the noble gas method at the University of Melbourne; ii) the
distribution of Cl in sample Mg160 was then investigated in a thin section using the JEOL
8530F plus Field Emission Electron Microprobe at the Centre of Advanced Microscopy at the
Australian National University (ANU); iii) fluorine was measured in mineral separates and
flux glasses prepared from whole rock powders using the SHRIMP-I11 at the ANU; and iv)
noble gases including He and Ne as well as Ar, Kr and Xe were measured in non-irradiated

sample chips at the ANU.

3.1 Halogens (ClI, Br, I) by the noble gas method and electron microprobe

The noble gas method based on measurement of irradiation-produced noble gas proxy
isotopes for the halogens, has sub-ppm detection limit for Cl and sub-ppb detection limits for
Br and I (Kendrick, 2012; Kendrick et al., 2013a). It was applied to high purity mineral

separates and crushed samples (not powders) approximating whole rocks.

The samples were ultrasonically washed in distilled water and acetone and 23-56 mg
sized portions were packed in Al-foil and placed in silica glass irradiation canisters along
with the “°Ar-**Ar flux monitor Hb3gr (Roddick, 1983) and 3 scapolite gems (Kendrick,

2012; Kendrick et al., 2013a). The samples were irradiated in two batches: Almirez
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antigorites were included in irradiation UM#44 on the 27" February 2011, and the chlorite
and garnet peridotites were included in irradiation UM#53 on the 28" November 2012.
Irradiation UM#44 in position 5c of the McMaster reactor, had a duration of 42 hours and
received a total neutron fluence of 1.2x10° neutrons cm™ with a thermal/fast neutron ratio of
2.7. Irradiation UM#53 in a central position of the USGS Triga reactor, had a duration of 80
hours and received a total neutron fluence of 7x10"® neutrons cm™ with a thermal/fast neutron

ratio of 0.8.

The irradiated samples were returned to the noble gas laboratory and analysed within
1 year of irradiation. The samples were placed in Sn-foil packets in an ultra-high vacuum
sample holder and baked at ~120 °C for 24 hours to achieve ultra-high vacuum. Each sample
was successively dropped into the tantalum resistance furnace and noble gases were extracted
in 20 minute heating steps, encompassing a low temperature step (300 or 400 °C) and a high
temperature step (1500 or 1600 °C). The extracted gases were purified using a Ti-foil bulk
getter at 700 °C and a series of three SAES getters over a period of 1 hour. The purified
noble gases were then expanded into the MAP 215-50 noble gas mass spectrometer, and
analysed for irradiation-produced and naturally occurring isotopes of Ar, Kr and Xe. The
measurements were made in static vacuum in 9 cycles of peak jumping over a period of ~50

minutes.

The abundances of Cl, Br, I, K and Ca were calculated from signals of irradiation-
produced *®Arc;, ¥Krg, Xe, ¥Ark and *’Arc, based on mass spectrometer sensitivity
determined via daily air calibrations and noble gas production ratios (*®Arc/Cl, *Krg/Br,
128%eill, *Ark/K, ¥ Arc,/Ca) determined from the irradiation monitors (Kendrick, 2012;
Kendrick et al., 2013a). Analytical precision is at the 1-2% level for element ratios, but the

long term reproducibility of elemental abundances, relevant for comparing analyses of
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samples included in different irradiations and different techniques is estimated as 10% (20)

(see (Kendrick et al., 2013a).

The JEOL 8530 plus electron microprobe was subsequently used to investigate the
distribution of ClI in sample Mg160. The analytical conditions for EPMA included an
accelerating potential of 15 keV, beam current of 20 nA and a 8 um spot size. Counting
times during the main analytical session were 10 seconds for the majority of elements and 30
seconds for CI, which gave a calculated CI detection limit of ~30 ppm. Scapolite BB1 with
3.1 wt % CI was used as the CI calibration standard (Kendrick, 2012). Durango apatite
analysed as an unknown gave a Cl concentration of 0.45 wt %, which is within the previously

reported range (Marks et al., 2012; Nadzri et al., 2017).

3.2 Fluorine by SHRIMP-II

The SHRIMP-II housed at the ANU was used to measure F signals in individual
grains of chlorite, garnet, olivine and pyroxene separated from the chlorite harzburgites and
garnet peridotite. In addition, SHRIMP-11 was used to measure F in Li-metaborate glasses
produced by flux melting various whole rock sample powders. This was undertaken to test if
SHRIMP could be used to measure F in whole rocks as well as mineral separates in a single
analytical session. Possible matrix affects and F-loss from Li-metaborate glasses was
evaluated by preparing Li-metaborate glasses of F-doped MORB and producing a F-doped
MORB glass in a piston cyclinder at 1250 °C and 6 kbar. The SHRIMP results for these
glasses define a calibration curve (Fig 3), which gives F concentrations of 279 + 1 ppm in
NIST SRM 610 (n = 2), 330 = 40 ppm in RGM-2 (n = 3, flux glass) and 1150 ppm in JR-1
(flux glass). In comparison, this is within uncertainty of independently calibrated values for

the NIST glass (Hoskin, 1999; Kendrick et al., 2017) and brackets values reported for the
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rock standards (Michel and Villemant, 2003; Balcone-Boissard et al., 2009). Together with
the data for whole rocks and mineral separates (below), this demonstrates that matrix affects
between the glasses and minerals were <10% and F-loss during preparation of Li-metaborate

flux glasses was negligible.

Flux glasses were prepared following standard XRF protocols: whole rock powders
were mixed with a lithium metaborate flux in a ratio of 1:3 and placed in a platinum crucible.
A drop of ammonium nitrate was added to the powder and dried in a furnace at 400 °C for 10
minutes. The sample was then placed in a furnace and melted at 1080 °C for 10 minutes
during which time it was continuously agitated. The glass was quenched by removal from
the furnace and then broken into multiple chips. A Li metaborate glass (with no sample) was
prepared as a blank for this procedure and was found to contain a few ppm F meaning that the
effective limit for reliable F measurement in whole rocks by this procedure is ~20 ppm,
compared to ppm level detection limits in mineral grains. The flux glass chips and mineral
separates were mounted in epoxy and polished to a 1 um finish. The polished mount was
cleaned with acetone, dried overnight in a vacuum furnace at 100 °C and given a 10 nm thick

gold coat before loading into the SHRIMP 11 for analysis.

The sample mount was held in the SHRIMP-II ultrahigh-vacuum chamber at a
potential of 10 kV and targeted with a primary Cs"* ion beam focused to a ~30 pm spot on the
sample. The ion beam generated with a Kimball Physics Cs gun (IGS-4) was 2 nA and had an
energy of 5 kV. Charge compensation was achieved by focusing a 2 kV electron beam
generated with a Kimball Physics electron gun onto the sample mount. Secondary *°F and ‘20
released from the sample were measured by Faraday multi-collection (10 and 102
resistors). The instrument was configured to give resolution of 5,000 (1% valley definition).

Data was collected over four 20 s integration periods in static mode (total measurement time

10
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80 s). The measured '°F signal was calibrated using 'O as an internal standard and the

calibration curve constructed with F-doped Li-metaborate flux glasses (Fig 3).

3.3 Noble gas analysis in non-irradiated samples

Portions of non-irradiated mineral separates (~100-500 mg), and unsorted mineral
grains approximating whole rocks, were ultrasonically washed in acetone and distilled water.
After drying they were then wrapped in Sn-foil sample packets and loaded into an ultra-high
vacuum sample carasol attached to a resistance furnace on the VG5400 noble gas mass
spectrometer at the ANU. The non-irradiated samples were baked overnight at >200 °C to
achieve ultra-high vacuum and outgassed in a single 30 minute heating step at 1800 °C. The
extracted gases were purified using two Ti-foil bulk getters and a SAES getter over a period
of at least 2.5 hours. The purified gas was condensed onto a cryogenic head at 33 K and each
noble gas was sequentially released and isotopically analysed in the VG 5400 noble gas mass
spectrometer. Small corrections were made for instrumental blank and interference of “°Ar™
on ®Ne and CO,"™ on ??Ne. The methods have been described previously by Honda et al.

(2004).

4. Results
4.1 Chlorine, Bromine and lodine

A significant proportion of the irradiation-produced noble gas isotopes used to
measure CI, Br, I, K and Ca were released in the low temperature heating steps of each
sample (Table 1). Low temperature release of **Arc, can account for as much as ~50% of the
total **Arc, released from chrysotile-serpentinites and ~20% of *Arc released from
antigorite-serpentinites and chlorite harzburgites, but it only accounted for ~1% of the total

% Arc released from the garnet peridotite minerals (Table 1). The release pattern is consistent
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with the presence of loosely bound water soluble halogens in the lowest grade serpentinites
(Sharp and Barnes, 2004), and the presence of halogen-bearing fluid inclusions in the chlorite
harzburgites, which probably leak at temperatures of 300-400 °C. As the loosely bound
halogens account for an important part of the samples total halogen inventory, mineral and
whole rock Cl, Br, I, K and Ca concentrations are based on the total **Ar;, ®Krg,, **Xe,,

% Ark and *"Arc, released from each sample in all heating steps (Table 2).

The new analyses indicate antigorite-serpentinites from Cerro del Almirez have 160-
250 ppm CI, 200-370 ppb Br and 17-32 ppb I, which encompass a similar range as those
previously reported for antigorite-serpentinites from Erro Tobbio (Fig 4; Table 2). In
comparison, the chlorite harzburgites from Cerro del Almirez and Cima di Gagnone have
lower concentrations of 36-180 ppm ClI, 210-320 ppb Br and 7-30 ppb I (Fig 4; Table 2). The
bulk of the CI in the chlorite harzburgites is hosted by the olivine and opx, presumably in
fluid inclusions: the oliv-opx mineral separates (Almirez) contain 170-240 ppm CI, 220-340
ppb Br and 22-29 ppb I, compared with concentrations of 140-150 ppm CI, 130-200 ppb Br

and 42-47 ppb 1 in the chlorite mineral separates (Fig 4; Table 2).

The mineral separates obtained from the Cima di Gagnone garnet peridotite (Mg160)
have variable halogen concentrations of 20 ppm CI in olv-opx, 78 ppm CI in garnet and an
unexpectedly high concentration of 290 ppm CI in the clinopyroxene separate (Table 2),
which contains up to ~10% retrograde amphibole (Fig 5). Based on the modal mineralogy
(50 ol: 15 opx; 25 gnt: 10 cpx(+ hbl)), we estimate whole rock concentrations of ~60 ppm Cl,
~250 ppb Br and ~12 ppb I (Table 2). These concentrations are higher than, or similar to the
concentrations of CI, Br and | in the chlorite harzburgite from Cima di Gagnone (Mg31 09-
03; Table 2); however, the presence of retrograde amphibole in the clinopyroxene mineral
separate means that they are not considered representative of the peak metamorphic mineral

assemblage.
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Retrograde amphiboles with ~12 wt % CaO and ~0.1-0.5 wt % ClI are found replacing
both garnet and clinopyroxene in Mgl160 (Figs 5 and 6; Table 3). However, the green
colouration and very fine grain size of the retrograde amphibole (ranging from mm-size down
to 10’s of microns) meant that it was much harder to separate from green clinopyroxene than
pink garnet during hand picking. As a result, retrograde amphibole is mainly in the
clinopyroxene mineral separate which has a concentration of 290 ppm CI and ~20 wt. % CaO
(Table 2), which is lower than the concentration of ~23 wt. % CaO in pure clinopyroxene
(Scambelluri et al., 2014). In contrast, the garnet separate has a Cl concentration of 78 ppm
that is still much greater than in the olivine-opx separate with 20 ppm CI (Table 2), but this
cannot be explained by the presence of calcic amphibole, because it has a bulk CaO
concentration of 4.1 wt % that is slightly lower than Cima di Gagnone garnet (Scambelluri et
al., 2014). Instead, the high CI content of the garnet is probably explained by the presence of
Cl-rich inclusions related to peak metamorphism that have been documented in this mineral

previously (Scambelluri et al., 2015).

The original Cl, Br and | contents of the peak metamorphic garnet peridotite are
estimated as ~40 ppm ClI, ~170 ppb Br and ~10 ppb | based on the model mineralogy (50 ol:
15 opx; 25 gnt: 10 cpx(+ hbl)), but excluding the contaminated cpx mineral separate (Table
2). The estimated peak metamorphic concentrations of Cl, Br and | are 20-30% lower than in
the retrograded sample, and similar to the values measured in the chlorite harzburgite from

Cima di Gagnone (Table 2).

4.2 Fluorine

The new F measurements made by SHRIMP-II on individual minerals and flux

glasses are comparable with previous whole rock analyses made by combining
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pyrohydrolysis and ion chromatography (John et al.,, 2011). Thirteen chrysotile- and
antigorite-serpentinites investigated for F have concentrations of less than the 20 ppm limit
for reliable measurement in whole rock flux glasses. However, the chrysotile-serpentinite
sample MN5 from Monte Nero and the antigorite-serpentinite sample Alm-94 from Cerro del
Almirez were both indicated to have ~20 ppm F (e.g. F close to the detection limit; Table 2).
These results are consistent with the previous work, which indicated 1-18 ppm F in
serpentinites from Erro Tobbio and 14-30 ppm F in serpentinites from Monte Nero (John et

al., 2011).

In contrast with the serpentinite samples, chlorite harzburgites from both Cerro del
Almirez and Cima di Gagnone have F concentrations ranging from 36 ppm up to 170 ppm
(Table 2). The highest concentration of 170 ppm F obtained in the spinifex-like sample Alm-
8 is much higher than the value of 38 ppm F obtained for this sample by John et al. (2011),
and is probably explained by the localised presence of Ti-clinohumite in these rocks, which
can contain <0.01-2 wt. % F (LOpez Sanchez-Vizcaino et al., 2005; Puga et al., 1999;
Scambelluri et al., 2014). Therefore a concentration range of 36-78 ppm F, that excludes

Alm 8, is considered more typical of the chlorite harzburgites investigated (Table 2).

SHRIMP analysis of individual minerals from the chlorite harzburgite Al08-16, which
has a whole rock concentration of ~49 ppm F, indicates that chlorite with 220-280 ppm F is
the dominant F host. In comparison, the olivine contains only 9-28 ppm F and enstatite
contains only ~5 ppm F (Table 2). The measured concentrations of F in the whole rock and
the mineral separates are consistent with a modal chlorite abundance of 15%, that is close to
the value of 21% estimated optically (Padron-Navarta et al., 2011). Consequently, it is
suggested that negligible F is hosted in either fluid inclusions or Ti-clinohumite in this

sample. The chlorite-rich veins investigated (Alm-13.3 and Alm-11) have F concentrations
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of 170-270 ppm F that overlap the concentration ranges of the chlorite mineral separates

(Table 2).

The garnet peridotite has a F concentration of 11 ppm calculated from the modal
mineral abundances (50 ol: 15 opx; 25 gnt: 10 cpx(+ hbl)) and concentrations of F in
individual minerals (Fig 4a). Among the main minerals, garnet has the lowest concentration
of 51 ppm F, clinopyroxene has the most variable F content with an average of 10+5 ppm
and olivine has the highest average F concentration of ~13+2 ppm F (Table 2). Fluorine was
also not detected in a flux glass of this sample, reflecting the calculated concentration of 11

ppm that is below the 20 ppm detection limit for flux glasses.

4.3 Noble gases

A very large proportion of the total atmospheric noble gas released from irradiated
samples was released in low temperature heating steps at 300-400 °C (Table 1). Low
temperature release accounted for as much as 95 % of the total **Ar released from
serpentinites and 30-50% of the total °Ar released from peridotites (Table 1). The
proportion of atmospheric **Ar to irradiation-produced *®Arc; was always high in low
temperature steps (Table 1), and the gases released at low temperature had uniformly
atmospheric “°Ar/®*Ar ratios. These observations indicate that atmospheric contamination
incompletely removed from the sample surfaces by baking at ~120 °C was released in the
300-400 °C heating steps of irradiated samples. Noble gas concentrations determined for
irradiated samples are therefore based on the gas released only in high temperature steps,
which are minimally affected by atmospheric contamination (Table 4). Noble gas
concentrations and “°Ar/*®Ar ratios obtained for high temperature steps of irradiated samples

in this way (Table 4) are comparable with those obtained for non-irradiated samples analysed
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in a single heating step, but baked at >200 °C before analysis (Table 5), suggesting that both

approaches effectively remove atmospheric contamination.

The antigorite-serpentinites from Cerro del Almirez have concentrations of 65-
750x10™" mol/g **Ar, which is similar to the range of 90-740x10™> mol/g **Ar obtained for
antigorite-serpentinites from Erro Tobbio (Kendrick et al., 2011) and is significantly lower
than the range of 110-5,400x10™ mol/g reported for chrysotile serpentinites (Tables 4 and 5;

Fig 7; Kendrick et al., 2013b).

The mineral separates obtained from the granofels chlorite harzburgites from Cerro
del Almirez have concentrations of 9-640x10™ mol/g **Ar, encompassing a slightly greater
range than reported for spinifex-like rocks from this locality (21-260x10™*°> mol/g **Ar;
Kendrick et al., 2011). The chlorite harzburgite from Cima di Gagnone (Mg31 09-03) has a
concentration of 290x10™ mol/g *°Ar that is also within this range (Fig 7; Tables 4 and 5).
Interestingly, the chlorite mineral separates from both Al08-16 and Al10-06 have much
higher concentrations of *°Ar (210-640x10™ mol/g) than the olivine-enstatite separates (9.4-
78x10™ mol/g), even though it is the olivine-enstatite separates that have the higher CI
concentrations (170-240 ppm), which was attributed to the presence of fluid inclusions in
these minerals (section 4.1). These data indicate that while fluid inclusions are a dominant
reservoir for heavy halogens in chlorite harzburgites, the mineral structure of chlorite is of

equal or slightly greater importance for hosting noble gases (Fig 8).

The mineral separates from the garnet peridotite from Cima di Gagnone have variable
%8 Ar concentrations. The highest **Ar concentration of 120x10™ mol/g was obtained for the
clinopyroxene separate, which contains retrograde amphibole (section 4.1). The garnet and
olivine mineral separates have lower **Ar concentrations of 46x10™ mol/g and 25x10™"°
mol/g, respectively. A whole rock concentration of 56x10™> mol/g **Ar was obtained for the
538 mg non-irradiated aliquot of sample Mg160, which is slightly higher than that calculated
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from the modal abundances of the minerals in this rock (cf. Tables 4 and 5). Excluding the
clinopyroxene mineral separate, the peak metamorphic concentration could have been as low
as ~31x10™ mol/g *°Ar, which remains fifteen times higher than estimated depleted mantle

values (Table 5; Holland and Ballentine, 2006).

Samples from different localities have “°Ar/*Ar ratios that fall within characteristic
ranges and are representative of fluids either originally responsible for serpentinisation or
introduced during subduction-zone metamorphism (Kendrick et al., 2013b; 2011): the
samples contain only a few ppm of K (Table 2), meaning that in situ production of radiogenic
“Ar is negligible in all of the samples analysed (Fig 9), even though K has locally elevated
concentrations in retrograde hornblende (Fig 6; Table 3).  The serpentinites from Erro
Tobbio have “Ar/*Ar ratios of between the atmospheric or seawater value of 296 and ~390
(Fig 10a; Tables 4 and 5). The antigorite-serpentinites and chlorite harzburgites from Cerro
del Almirez have “°Ar/*®Ar ratios of ~320-650, and the chlorite and garnet peridotites from
Cima di Gagnone have the highest “°Ar/*®Ar ratios of ~600-1100 (Fig 10a; Tables 4 and 5).
The ranges of “°Ar/**Ar at each locality are broadly correlated with the 'Sr/*°Sr and
206pp/204ph jsotope ratios reported for Erro Tobbio, Cerro del Almirez and Cima di Gagnone

(Fig 10; Cannao et al., 2015; 2016; Harvey et al., 2014).

All the samples investigated for helium isotopes have ®He below the detection limit
but are enriched in “He relative to air (Table 6); however, as we lack U and Th data on the
aliquots analysed, a full discussion of the “He budget from in situ decay and trapping and
involving substantial “He loss from most samples is beyond the scope of this paper. All
samples have Ne, Kr and Xe isotope signatures within uncertainty of air and the abundances

of atmospheric “Ne, 3*Kr and ***Xe are broadly correlated with **Ar (below; Fig 7).
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5. Discussion

The new data provide some important insights on a range of issues including: the origin of
serpentinising fluids, how noble gases and halogens are trapped in subduction zone-
lithologies, the nature of fluid processes and the behaviour of noble gases and halogens
during prograde metamorphism of serpentinites, and localised retrogression (Fig 5). In
addition, the data have significant implications for understanding how seawater-derived
volatiles might be subducted into the subarc and deep mantle (Kendrick et al., 2017; 2011;
Scambelluri et al., 2015) and for interpretation of Earth’s accretion which is partly
constrained by the mantle’s 2’Ne/?Ne ratio (Ballent