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Key Points:
e The presence of F and Cl increases the electrical conductivity in aqueous fluids
¢ During dehydration, a fraction of F and Cl partitioned into solid phases

e Fand Cl can be transported to the deep mantle by secondary minerals
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Abstract

Amphiboles are hydrous minerals that are formed in the oceanic crust via hydrothermal
alteration. The partial substitution of halogens for OH™ makes amphibole one of the principal
hosts of Cl and F in the subducting slab. In this study, we investigated the electrical conductivity
of a suite of halogen bearing amphibole minerals at 1.5 GPa up to 1400 K. The discontinuous
electrical behavior indicate dehydration of amphibole at ~915 K. This is followed by
dehydration induced hydrous melting at temperatures above 1070 K. We find that the released
aqueous fluids have an electrical conductivity of ~0.1 S/m. This high electrical conductivity is
likely to explain anomalously high electrical conductivity observed in certain subduction zone
settings. This high electrical conductivity of an order of magnitude greater than the electrical
conductivity of pure aqueous fluids at similar conditions is likely due to the partitioning of the
F and Cl into the aqueous fluids. We also noted that subsequent to the dehydration, secondary
phases form due to the breakdown of the primary halogen bearing amphibole. Chemical
analyses of these secondary phases indicate that they are repositories of F and CIl. Hence, we
infer that upon dehydration of the primary halogen bearing amphibole, first the F and CI are
partitioned into the aqueous fluids and then the halogens are partitioned back to the secondary
mineral phases. These secondary minerals are likely to transport the halogen to the deep Earth

and may in part explain the halogen concentration observed in ocean island basalt.
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Plain language summary

Amphiboles are one of the principal mineral phases that accommodate halogens in the
subducting slab. The aqueous fluid released during the dehydration of amphibole dissolves and
transfers halogens into the overlying wedge mantle. The resulting fluid exhibits high electrical
conductivity. Our study also indicates that a significant portion of F and small quantities of Cl
carried by amphibole are partitioned back to the secondary mineral phases that result from the
breakdown of the primary amphibole. These secondary mineral phases are likely to transport
halogen into the Earth’s interior and may explain the distinct halogen contents observed

between lower mantle-derived ocean island basalts compared to MORB sources.

1. Introduction

Amphiboles are hydrous minerals present in the altered oceanic crust and play a vital
role in transporting hydrophile elements including halogen into the deep mantle via subduction
of oceanic plates (Debret et al., 2016; Ito et al., 1983). The crystal structure of amphibole
consists of corner-sharing tetrahedral units linked to form double chains and edge-sharing
octahedral units. The octahedral strip is sandwiched between two tetrahedral double chains with
their apices pointing towards each other forming an I-beam. These minerals also contain ~ 2 wt
% water crystallographically bound as hydroxyl (OH") units. The interaction of saline seawater
with oceanic crust often helps to incorporate Cl and F into the amphibole crystal structure.
These halogen ions, CI" and F readily substitutes for the hydroxyl (OH") units (Kendrick et al.,
2011). As the subducting slabs experience higher temperatures at depths, hydrous minerals
including amphibole dehydrate. And upon dehydration, Cl and F in the amphibole crystal
structure are likely to partition into the released aqueous fluid. However, based on experimental

results it seems that Cl is likely to partition into aqueous fluid far more easily than F (Bernini
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et al., 2013; Fabbrizio et al., 2013a; Fabbrizio et al., 2013b). When amphibole or apatite is
present with an aqueous fluid, F partitions into these minerals instead of fluid (Brenan, 1993;
Wu & Koga, 2013, 2018). During partial melting, these elements are incompatible with
minerals (Beyer et al., 2012, 2016; Dalou et al., 2012, 2014). However, highly incompatible Cl
may readily partition into the melt phase while moderately incompatible F may incorporate into
minerals with hydroxyl-sites (Van den Bleeken & Koga, 2015; Mathez & Webster, 2005;
Webster et al., 2009).

Magnetotelluric (MT) studies provide crucial information on the presence of aqueous
fluids and/or melts in Earth's interior. Interpretation of MT results based on the laboratory-based
electrical conductivity of minerals, fluids, and melts has been fundamental in the
characterization of the degree of mantle hydration (Freitas & Manthilake, 2019; Soyer &
Unsworth, 2006), circulation of aqueous fluids in the upper mantle (Manthilake et al., 2015;
Manthilake et al., 2016), and melting (McGary et al., 2014; Zhang et al., 2014). A few studies
have discussed the electrical conductivity of fluids bearing systems (Guo & Keppler, 2019; Guo
etal., 2015; Reynard et al., 2011; Sakuma & Ichiki, 2016; Shimojuku et al., 2012, 2014; Sinmyo
& Keppler, 2017). These studies have characterized saline fluid compositions that are
appropriate for shallow crustal fluids. However, the fluids released in subduction zones and at
conditions relevant for deeper mantle are likely to be different from such crustal fluids. At
greater depths, aqueous fluids often evolve to supercritical fluids and may have enhanced
electrical conductivities (Manthilake et al., 2015; Mitchell & Nellis, 1982). In addition, the
effect of halogen on aqueous fluids under these conditions remains unknown.

The thermodynamic stability of amphibole in subducting slabs is often dictated by the
composition. For instance, the hydrous amphibole phase is likely to break down at around ~80
km depth (Schmidt & Poli, 1998). In contrast, the thermal stability of F~ and/or CI bearing

amphibole is greater and may be stable beyond depths of 80 km (Foley, 1991; Holloway &
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Ford, 1975). A related key question is, when halogen bearing amphiboles dehydrate, do all the
halogens partition to the aqueous fluids and eventually recycled back to the Earth’s surface? Or
is there a fraction of halogens sequestered into nominally anhydrous phases and are transported
into the deep Earth?

The relatively stable halogen levels in world oceans suggest that the amount of halogen
entering into the Earth’s interior via subduction would go through efficient recycling processes
and re-emitted at the arc volcanoes (Wallace, 2005). While most of the halogens are recycled
at shallower depths (Scambelluri et al., 2004), the recent reports of higher concentrations of Cl
and F in the lower mantle-derived oceanic island basalts magmas (OIB) indicate a possibility
of subducting halogens into the Earth’s lower mantle (Hanyu et al., 2019; Jackson et al., 2015;
Kovalenko et al., 2006; Rose-Koga et al., 2017). These recent reports have also prompted
experimental studies on the solubility of halogen in mineral phases of the transition zone and
lower mantle (Roberge et al., 2017; Yoshino & Jaseem, 2018) which also suggests that these
deep mantle phases could sequester halogens to the deep Earth.

Hence, in order to understand the fate of halogens during the dehydration of halogen
bearing amphibole at subduction zone conditions, in this study, we investigate the electrical
conductivity of four chemically distinct, Cl, and F bearing amphibole compositions at 1.5 GPa
up to 1400 K. We characterize the electrical conductivity of the aqueous fluid and if halogens
are partitioned into the fluids, does that affect the electrical conductivity and we compare
laboratory data with MT data to better understand subduction settings where these results are
applicable. Also, we characterize the secondary mineral phases to evaluate whether all the
halogens are lost to the aqueous fluids or are there a fraction of halogen sequestered into
secondary phases which may transfer it to deep Earth and explain the halogen concentrations

observed in OIB.
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2. Methods

For the electrical conductivity experiments, four natural amphibole samples, ferri-
kaersutite (Dontresse, Cézalier, France), actinolite (Russel, NY, USA), hastingsite (Lenzo,
Italy), and tremolite (Russel, NY, USA) were used. These four distinct samples have varying
concentrations of halogens i.e., Cl and F. The chemical composition of amphiboles was
analyzed using a Cameca SxFiveTactis electron microprobe. The electron probe microanalysis
was conducted with an accelerating voltage of 15 kV and a beam current of 20 nA. F and
Cl were measured by electron microprobe using three Fe interference-free Thallium acid
phthalate (TAP) crystals (Rose-Koga et al., 2020). The concentrations of F and Cl in the four
natural amphibole samples were also determined using an IMS 1270 secondary-ion mass
spectrometer (SIMS) at Centre de Recherches Pétrographiques et Géochimiques (CRPG)
Nancy, France.

To prepare the samples for the electrical conductivity measurements, first, the large
crystals of natural amphibole were broken down to smaller sized crystals. Then, the inclusion-
free smaller sized crystals were handpicked under the binocular microscope. These smaller
inclusion-free crystals were then crushed into finely powdered samples. These powdered
samples were placed in cylindrical thenium (Re) capsule and hot-pressed at 1.5 GPa and 700 K
for 1 hour. Hot pressing of the sample and electrical conductivity experiments at high pressures
and temperatures were performed using a 1500-ton multi-anvil apparatus installed at the
Laboratoire Magmas et Volcans. The electrical conductivity measurements were performed in
18/11 multi-anvil assemblies i.e., 18 mm edge length of the MgO octahedral pressure medium
and 11 mm of the truncated edge length of the first stage anvils made up of tungsten carbide
(WC) (Fig. 1a). Pre-sintered cylindrical samples were placed in a polycrystalline hBN capsule.
The high purity hBN, sintered at higher temperature and pressure without boron (B) binder

(BNHP- FINAL Advanced Materials, France) ensured that there were no B»O; forming
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reactions with the aqueous fluids. The fine grain size of the sintered hBN also reduced the
possibility of fluid escape from the sample at high temperatures. Nickel (Ni) disks were placed
at the opposite ends of the cylindrical sample. These Ni disks were used as electrodes for the
electrical conductivity measurements. These Ni disks also served to regulate the oxygen
fugacity (fp,) Ni-NiO which is similar to the Fayalite-Magnetite-Quartz (FMQ) buffer (Frost,
1991). The temperature of the sample was monitored with a WosRes-W7Rezs thermocouple
junction placed at one side of the sample. Sample resistance was obtained using the leads from
the thermocouple and a separate WosRes cable placed at the opposite side of the sample. MgO
ceramic sleeves were placed to insulate the electrode wires from the furnace. To avoid the
exposure of assembly components to atmospheric moisture and other impurities, ceramic
assembly parts were baked at 1273 K and stored at 400 K in high- vacuum furnaces prior to
assembling.

Electrical resistivity was determined using the impedance spectroscopy method in the
frequency range of 10°-10' Hz. At the desired pressure, samples were kept at 500 K for several
hours to remove the absorbed moisture in the sample capsule and the surrounding area, which
improves the insulation resistance of the assembly (Manthilake et al., 2015). The sample
resistance was measured at temperature steps of 50-100 K with increasing temperature beyond
the thermodynamic stability of amphiboles. We have also collected data along the cooling
cycle. along with the heating and cooling cycle. The resistance of polycrystalline samples can
be modeled by a combination of resistor-capacitor (R-C) or resistor-constant phase element (R-
CPE) circuits (Fig. 2). The electrical conductivity of the polycrystalline sample can be
determined by the resistance from impedance spectra, and the dimension of the sample i.e.,
diameter and length, measured after each experiment (Fig. 1b-e).

The dependence of the electrical conductivity of the polycrystalline sample with inverse

temperature exhibits Arrhenius relation (Fig.3). The activation enthalpy (AH) of the conduction
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mechanisms operating at different temperature intervals can be determined according to the
Arrhenius equation, ¢ = gyexp(—AH|RT), where o is the electrical conductivity (S/m), T is
the absolute temperature, gy is the pre-exponential factor (S/m), and R is the universal gas
constant (J/K.mol).

In addition to the chemical compositions of the natural amphiboles used for the
electrical conductivity studies, the chemistry and the modal abundances of the secondary
phases, following the in-situ electrical conductivity experiments, were also investigated using
the Cameca SxFiveTactis electron microprobe. Unreacted primary minerals and secondary
mineral assemblages from the breakdown of the primary amphiboles due to dehydration were
characterized using energy-dispersive x-ray spectroscopy (EDS) chemical mapping. The
composition of the fluid and the melt phases were determined by mass-balance calculations
based on the mineral proportions and their chemical compositions of recovered samples

following the dehydration and dehydration-induced partial melting (Locock, 2014).

3. Results

The discontinuous increase of electrical conductivity with increasing temperature was
observed in all experimental runs (Fig. 3). We note that heating of the sample above the pre-
sintering temperature does not significantly enhance the electrical conductivity. However, we
have observed a reduction of the noise in the impedance spectra during the high T annealing.
This is likely due to the healing of microcracks developed during the compression. The
discontinuous trends can be used to determine the changes that the sample undergoes including
dehydration and dehydration-induced melting (Freitas and Manthilake, 2019; Manthilake et al.,
2015; Manthilake et al., 2016). The electrical conductivity of amphibole was characterized by
two main conductivity discontinuities, the first discontinuity occur over a temperature range of

915-933 K and the second discontinuity is often observed over a temperature range of 1070-
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1170 K. These observed discontinuities in electrical conductivity vs. inverse temperature can
be separated into three distinct temperature intervals: at temperatures lower than 900 K, the
electrical conductivity is dominated by the polycrystalline mineral sample, between 900 and
1100 K, the electrical conductivity is due to aqueous fluids released by dehydration of
amphibole, and at temperatures greater than 1100 K, the electrical conductivity is due to the
dehydration-induced hydrous silicate melt (Fig. 3). The dehydration temperatures observed for
a suite of amphiboles that are likely to be stable in different lithologies in the Earth’s mantle
ranges between 1200 to 1300 K (Mandler & Grove, 2016). We note the enhancement in the
electrical conductivity is in good agreement with the dehydration-induced melting observed in
amphibolites (Wyllie & Wolf, 1993). The electrical conductivities of dehydrating fluids were
similar with little or no variations (~0.1 S/m) across all starting compositions. The electrical
conductivity of the hydrous melt produced by the melting of ferri-kaersutite, actinolite,
hastingsite 6, 8, and 8 S/m respectively, at the highest temperature measured in each heating
cycles, while tremolite exhibited slightly lower conductivity of about 2 S/m at 1403 K.

The increase of electrical conductivity with increasing temperature after the dehydration
and subsequent dehydration-induced melting of amphibole is likely to be related to (a) the
interconnectivity of the liquid phase governed by their ability to wet the grain boundaries, and
(b) the increase of fluid/melt fraction in the samples as observed in prior studies on different
samples (Freitas et al., 2019). It is known that the dihedral angle of aqueous fluids decreases
with increasing pressures and temperatures (Manthilake et al., 2015; Mibe et al., 1999; Yoshino
et al., 2002). This points toward the enhancement of grain boundary wetting by aqueous fluid
in subduction zones. In partially molten samples, the dihedral angle decreases at high pressures
and enhanced water contents (Freitas et al., 2017; Yoshino et al., 2009). The high water contents
observed in our melt suggests that hydrous silicate melt produced by the released aqueous fluids

from dehydration of amphiboles are efficient in wetting the grain boundaries. The experimental
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conditions explored in our experiments are likely to produce aqueous fluids and melt dihedral
angles that result in excellent inter-connectivity of fluid/melt phase which in turn helps in
enhanced electrical conductivity even at lower fluid/melt fractions.

We confirmed the partial breakdown of amphibole with detailed electron microprobe
analysis, scanning electron microscopy images, and energy-dispersive X-ray spectroscopy
(EDS) elemental mapping of recovered samples (Fig. 4). The experimental run products
indicate dehydration and breakdown of amphibole to secondary mineral phases (Table 1). For
instance in the experiments (#555), upon dehydration, actinolite completely transforms into a
mixture of clinopyroxene (cpx) and orthopyroxene (opx). The orthopyroxene (opx) inherited
an amphibole-like elongated form (Fig. 4b). In additional experiments (#554, 567, 576), upon
dehydration, Fe-kaersutite (#554), hastingsite (#567), and tremolite (#576), transforms to an
assemblage consisting of c¢px, opx, gt, and secondary amphiboles (Fig. 4a,c,d). In addition, we
also find relics of pristine or primary amphibole. Relics of pristine amphiboles are often
recognizable with SEM images (Fig. 4). In all experiments, the dehydration-induced fluids
triggered partial melting and crystallized a suite of secondary amphiboles upon a gradual
decrease in temperature. The secondary amphiboles showed strong F enrichment and moderate

Cl contents compared to the melt phase (Fig. 5)

4. Discussion
4.1. Electrical conductivity of the halogen-bearing dehydrating fluid

We observed that the electrical conductivity of halogen bearing fluids is more than a
factor of ten or higher compared to the halogen-free aqueous fluids reported in earlier studies
(Guo et al., 2011; Manthilake et al., 2016; Wang and Karato, 2013) (Fig. 6). Based on the
partitioning behavior, it is generally assumed that upon dehydration, F~ and CI" ions in

amphibole are readily partitioned into the aqueous fluid phase, making dehydrating fluids in

10
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the mantle wedge rich in F and Cl. Because of their highly ionic nature, the aqueous fluids
containing halogens are good electrical conductors (Guo & Keppler, 2019; Reynard et al., 2011;
Shimojuku et al., 2012, 2014; Sinmyo & Keppler, 2017).

Partitioning of halogen between aqueous fluids and anhydrous minerals including
olivine and pyroxenes show that CI and F are dominantly incorporated into the fluid phase
(Bernini et al., 2013; Fabbrizio et al., 2013a; Fabbrizio et al., 2013b). However, the chemical
analyses of our experimental run products after partial dehydration of amphibole suggest that F
and Cl are mostly partitioned into the secondary mineral phases such as edenite and garnet,
(Table 2). It has been shown that the halogen concentrations in secondary amphiboles in
equilibrium with the fluid are lower than the primary amphiboles. (Bernini et al., 2013; Wu &
Koga, 2013, 2018). The increase of electrical conductivity of the fluid phase compared to

halogen-free fluids can be attributed to the fraction of F and Cl dissolved in the fluid.

4.2 Electrical conductivity of hydrous melt

The dehydration-induced hydrous silicate melts produced by ferri-kaersutite, actinolite,
hastingsite, and tremolite amphibole compositions, all have electrical conductivities within the
range 2-8 S/m. (Fig. 3). The electrical conductivity of melt produced by the melting of
amphibole in the slab closely resembles the values obtained for basalts commonly found in
volcanic-arc settings (Gailler et al., 2019) (Fig. 6). This demonstrates that distinguishing the
precursor compositions of most hydrous melts based on the electrical conductivity is often
challenging and hint towards the broad similarities in electrical charge carrier concentrations in
both types of melts.

The diverse chemical composition of amphiboles used in this study enables us to
investigate the efficiency of charge-carrying cations in hydrous silicate melts (Fig. 7). We

observe that the increase in the concentrations of Na* and Fe?'/Fe’" show strong positive
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correlation with the electrical conductivity of the melt (Fig. 7 a,b). However, we find that an
increase in the Ca?" ion concentrations has an inverse effect on electrical conductivity in the
melt (Fig. 7¢). It has been shown that the electrical conductivity and the diffusivity in silicate
melts strongly depended on the degree of polymerization (Mills, 1993). The increase of
network-breaking Ca®" results in breaking of bonding-oxygen in SiO4* tetrahedral and bind
with non-bridging oxygen forming both polymerized and depolymerized units (Lee & Stebbins,
2006; Maroufi et al., 2016; Mills, 1993). An increase of CaO concentrations affects the number
of such anionic units present in the melt (Mills, 1993). The negative correlation observed
between the electrical conductivity and the concentration of CaO, could be attributed to the

increase of polymerized anions in the melt.

4.3 Implications for the wedge-mantle electrical anomalies

The observed electrical conductivity anomalies in subduction zone settings are often
linked with the presence of aqueous fluids (McGary et al., 2014). Support for this argument is
further reinforced by numerous electrical conductivity studies based on laboratory experiments
which demonstrate higher electrical conductivities for aqueous fluid compared to solid mineral
phases (Manthilake et al., 2015; Manthilake et al., 2016; Manthilake et al., 2021a; Reynard et
al., 2011; Shen et al., 2020; Wang et al., 2012; Wang and Karato, 2013; Zhang et al., 2014).
Upon dehydration, the released fluids may lead to the formation of an interconnected network
of a conductive phase (fluid/ melt). This interconnected network of highly conductive fluid/melt
could dominate the bulk conductivity of rock and mask the relatively resistive matrix made up
of remaining mineral phases. Similarly, an interconnected network of fluids/melt also affects
the shear modulus of the rock, reducing both compressional and shear wave velocities (Chantel
et al., 2016; Freitas et al., 2017, 2019; Manthilake et al., 2021b; Soustelle et al., 2014;Weidner

et al., 2018). The concomitant reduction of seismic wave velocities and the seismic attenuation
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is considered as a strong indication of the presence of a liquid phase. However, given that high
electrical conductivities could also be caused by thin films of graphite (Glover, 1996) or
crystalline precipitates of metal oxides (Manthilake et al., 2016), a cross-correlation between
seismic and electrical signatures are often warranted (Freitas et al., 2019).

Several subduction zone settings exhibit elevated electrical conductivity at depths of 40
and 100 km in the wedge mantle. Moderate to high electrical conductivity anomalies have been
observed in the Cascadia subduction system (CSZ) (Evans et al., 2014; McGary et al., 2014),
Cocos subduction system in Sothern Mexico (SM) (Jodicke et al., 2006), Marlborough, New
Zealand (NZ) (Wannamaker et al., 2009) Northwestern Costa Rica (CR) (Brasse et al., 2009;
Worzewski et al., 2011), Bolivia-Altiplano (BVA) (Brasse et al., 2002), Bolivian Orocline
(BVO) (Brasse & Eydam, 2008) and Southern Kyushu (KYU) (Ichiki et al., 2000). These
observations of elevated electrical conductivity can often be explained by the presence of
aqueous fluid released by dehydration. The depth-dependent MT data from these subduction
systems show three clusters of electrical conductivities (Fig. 8). Several locations including
Northwestern Costa Rica (CR), Sothern Mexico (SM), Marlborough, New Zealand(NZ),
Cascadia-Mount Rainier (CAS-MR) (McGary et al., 2014), Sothern Kyushu (Ichiki et al., 2000)
exhibits electrical conductivity ~0.1 S/m. The second cluster of electrical conductivity~ 1 S/m
is shown by subduction zones including Cascadia-Oregon (CAS-OR) (Evans et al., 2014),
Bolivia-Altiplano (BVA) (Brasse et al., 2002). The third cluster of electrical conductivity ~ 1
S/m is observed at greater depths 50-100 km, these include Bolivia-Altiplano (BVA) (Brasse
et al., 2002), Bolivian Orocline (BVO) (Brasse & Eydam, 2008). The clear distinction between
these two shallow clusters could be due to variation in thermal state of the subduction zone, the
physical state of the conductive phase, i.e., aqueous fluid, melt/super critical fluids, or

conductive solid, and the chemical composition of the conducive phase.
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Could the observed variation of electrical conductivity between these two states be
attributed to the salinity of the aqueous fluids? It is well known that electrical conductivity of
~0.1 S/m can be explained by 30 %o salinity in aqueous fluids (Manthilake et al., 2016;
Shimojuku et al., 2012, 2014; Sinmyo and Keppler, 2017). 30 %o salinity is close to the salinity
expected at natural seawater. However, electrical conductivity observed for the second cluster
1.e., ~1 S/m requires fluid with extremely high salinities of more than 100 %o (Manthilake et al.,
2016). Our study indicates that the high salinities of ~ 100 %o may not be achieved in naturally
occurring fluids in subduction zones as halogen partitions into thermodynamically stable
secondary mineral phases in the downgoing slab (Table 2). Naturally occurring fluid inclusions
from subduction-related orogenic ophiolites could have salinities up to ~89 %o salinity
(Kawamoto et al., 2018). But this high salinity is rare and only occurs in extreme cases, the
average salinity is ~45 %o (Kawamoto et al., 2018). The expected salinity of our experimental
charge, calculated based on the Cl and F partitioned into the fluid phase, is 24 %o for Fe
kaersutite, 27 %o hastingsite, 12 %o tremolite, and 0.03 %o actinolite. We conclude that the high
conductivity anomalies around 0.1 S/m are the range that can be explained by dehydrating fluids
exiting from the slab, which contain halogens.

The high conductivity anomalies of more than 1 S/m found in subduction systems are
located at two distinctive regions relative to the slab (Brasse et al., 2002; Evans et al., 2014;
Soyer & Unsworth, 2006). The first location is found at the nose of the mantle wedge in the
depth range 20-40 km and shown to have a much smaller spatial distribution (Brasse et al.,
2002; Evans et al., 2014; Jodicke et al., 2006; Wannamaker et al., 2009). The second anomaly
is located at 60-120 km depths beneath the arc and shows the larger spatial distribution (Brasse
et al., 2002; Brasse & Eydam, 2008; Evans et al., 2014; McGary et al., 2014). The anomaly
found at the nose of the wedge has been explained by solid conductors such as interconnected

magnetite along grain boundaries, which can be precipitated during the dehydration of chlorite
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(Manthilake et al., 2016). When the electrical anomalies are associated with negative seismic
anomalies, such as those found at 60-120 km beneath the arc, an inter-connected liquid must be
present in the region. Because the saline fluid in the natural arc setting is not expected to
increase the conductivity to 1 S/m, we conclude that a hydrous silicate melt is the likely cause
of high conductivity observed at the depth range 60-120 km (Fig. 8). If an anomaly is located
within the mantle wedge, the partial hydrous silicate melt is likely to be feeding the arc
magmatism. If the anomaly is situated near the slab-mantle wedge interface, the partial melt is
expected to be that of slab-derived melt, such as partial melting of sediments and/or mafic crust.
In either case, small degrees of the partial melt is high in volatile and incompatible elements

such as H>O and Na, and such compositional tendency is consistent with high conductivity

(Fig. 8).

4.4 Implications for the transport of halogen into the deep mantle

Recycling of halogen in the subduction zone settings is directly tied to the aqueous
fluids/melts released from the subducting slab. The aqueous fluid is an efficient carrier of easily
ionizing halogens, except for F in certain circumstances. Based on the balance of the subduction
input and the output from arc volcanoes, nearly all of Cl is recycled back to the surface. In
contrast to Cl, more than 90 % of F is estimated to be partitioned to either reservoir located at
the wedge mantle or, to deep mantle reservoirs (Straub & Layne, 2003). Experimentally
determined partition coefficients also indicate that F is likely to be partitioned to the residual
amphibole during dehydration-induced melting (Wu & Koga, 2013).

However, both Cl and F can be partitioned to hydrous silicate melts and be effectively
removed from the slab, thus increasing F and CI contents in arc magma (Van den Bleeken and
Koga, 2015; Beyer et al. 2016). However, even in the presence of hydrous silicate melt, F is

moderately incompatible and can in sequestered in the crystalline structure of minerals
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including amphibole, mica, and apatite. Thus, some amount of F is expected to be transported
into the deep mantle via secondary mineral phases (Fig. 5). Because of the distinct partitioning
behavior of halogen (F) in melt and aqueous fluids, the efficiency of the halogen recycling is
likely to be controlled by the nature of the fluid phase in the subducting slab. This might be
further complicated by the presence of supercritical fluids which could enhance the partitioning
of elements into the fluids (Kessel et al., 2005). Thus, the injection of halogen into the deep
mantle varies greatly from one arc to another depending on the type of liquid coming out of the
slab (fluid or slab melt). Our study provided a crucial link between the halogen induced
enhanced electrical conductivity of aqueous fluids and melts and also the partitioning of
halogen in secondary phases such as amphibole and garnet that could sequester halogens such
as F and Cl and transfer them to the deep Earth. Once halogen is subducted into the transition
zone and lower mantle, the high-pressure phases can accommodate these elements in its
crystalline structure and it is not expected to produce significant fractionation during the mantle
convection.

Variable degrees of halogen recycling has already been inferred based on the
distribution of halogens in ocean island basalts. Much of the variations of Cl and F abundances
are often attributed to near-surface contamination (Kendrick et al., 2015). However, there are
variations in the concentration of halogens that could be attributed to the variations related to
the source of the OIBs (Kovalenko et al., 2006; Jackson et al., 2015; Rose-Koga et al., 2017;
Hanyu et al., 2019; Kendrick et al. 2015). An increase of F in ocean island basalts compared to
a MORB source mantle appears to correlate with the radiogenic Pb signature establishing the

direct relationship between recycling slab and F enrichment (Rose-Koga et al., 2017).
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Figure captions

Figure 1. (a) Schematic cross-section of the high-pressure cell-assembly used for the electrical
conductivity measurements. The backscattered electron (BSE) images of (b) Fe kaersutite, (c)
actinolite, (d) hastingsite, (e¢) tremolite. The BSE images were acquired after the electrical

conductivity measurements.

Figure 2. Cole-cole plot of actinolite sample with increasing temperature. (a) At temperatures
below dehydration (673 K), conduction is through minerals in solid-state. The conductivity of
the solid mineral grains could be modeled with an R-CPE circuit, with a phase angle of 15.5
degrees. (b) At 841 K, the impedance spectrum shows the development of an inductive loop in
response to the onset of dehydration. The equivalent circuit can be represented as an R-CPE
with inductive component L. The induction at low frequencies may due to the adsorption of
ionic species in the electrode surface or erosion of electrodes due to fluid phases. (¢) Further
increase in temperature to 1258 K results in a sudden decrease in sample resistance. The
persisting induction in impedance spectra indicates a possible reaction of melt with Ni

electrodes.

Figure 3. A plot of electrical conductivity of amphibole as a function of reciprocal temperature.
The symbols, blue, black, and red indicate solid, fluid, and melt, respectively. Activation
enthalpies below dehydrating temperatures are indicated in eV, next to individual fits. The
vertical lines indicate possible dehydration / melting temperatures for each mineral phase. The
uncertainties in electrical conductivity result from the estimations of temperature, pressure,
sample dimensions and data fitting errors and are estimated to be less than 5 %. Error bars are

smaller than the size of the markers.
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Figure 4. Electron back-scattered image and the corresponding energy-dispersive X-ray
spectroscopy (EDS) chemical map amphibole sample after the electrical conductivity
measurements. (a) BSE image of exp. 554 Fe-Kaersutite breakdown. (b) Result of phase
identification. P1 (red) is the remains of the initial Fe-Kaersutite, P2 (green) is garnet, P3 (blue)
is the secondary garnet, P4 (light blue) is olivine but it appears to be metastable intermediate
composition, P5 (purple) is porosity. (c) BSE image of exp. 555 actinolite breakdown showing
porous texture with a bi-phase assembly. (d) Result of phase identification analysis. P1 (red) is
cpx, P2 (green) is opx, and P3 (blue) corresponds to a high porosity zone with a high Cl signal.
(e) BSE image of exp. 567 hastingsite breakdown. This starting material had some inclusions
in the picked crystal, resulting in a larger number of phases in the charge. (f) Result of phase
identification. P1 (red) indicates amphiboles, but it was not possible to distinguish the initial
and secondary amphibole, as their compositional change was subtle. P2 (green) is opx. P3 (blue)
is melt. P4 (light blue) is magnetite. P5 (purple) is ilmenite. P6 (yellow) is calcite. P7 (orange)
is isolated tiny dots, which are the noise of EDS image. (g) BSE image of exp. 576 tremolite
breakdown showing a porous texture. (h) Result of phase identification is shown in colors. P1
(red) remains of the initial tremolite, P2 (green) is the secondary amphibolite, fluoro-edenite.
P3 (blue) is opx in needle form. Note opx and cpx are included in poikilitic fluoro-edenite. P4

(light blue) is melt. P5 (purple) corresponds to the high porosity zone.

Figure 5. A compilation of electrical conductivity data of hydrous minerals, dehydrating fluids,
and hydrous melt. The vertical lines represent arbitrary boundaries defined based on talc (tlc)
(Guoetal., 2011; Wang & Karato, 2013), serpentine (serp) (Reynard et al., 2011), chlorite (chl)
(Manthilake et al., 2016) and amp (this study) and there dehydrating products. The electrical
conductivity of saline fluids, basaltic melt (Gailler et al., 2019; Ni et al., 2011) and magnetite

precipitates (Manthilake et al., 2016) are shown for comparison.
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Figure 6. The energy-dispersive X-ray spectroscopy (EDS) chemical map showing the F
concentrations of tremolite samples after dehydration. The F is mostly incorporated into the

secondary fluoro-edenite (Ed) (green shades). The hydrous melt is shown in blue.

Figure 7. A plot of the logarithm of electrical conductivity of melt as a function of the Na>O,
FeO, and CaO wt % in the melt. Solid lines represent linear fits through data points with
(1.0927 £+ 2.7093) + (1.171 £ 0.7342)x for Na,O, (1.9912 + 1.6585) + (0.503331 +
0.23433)x for FeO, and (5.2806 + 5.7038) — (0.11349 + 0.52924)x for CaO. The

electrical conductivities of melt were taken at the highest temperature of each experiment.

Figure 8. Electrical conductivity of a variety of fluid and melt compared with the range of
values reported for subduction zones. The electrical conductivity presented in the figure are
from the Cascadia subduction system (Evans et al., 2014; Soyer & Unsworth, 2006), Cocos
subduction system in Sothern Mexico (Jodicke et al., 2006), Marlborough, New Zealand
(Wannamaker et al., 2009) Northwestern Costa Rica (Brasse et al., 2009; Worzewski et al.,
2011), Bolivia-Altiplano (Brasse et al., 2002), Bolivian Orocline (Brasse & Eydam, 2008) and

Southern Kyushu (Ichiki et al., 2000).

List of tables.
Table 1. Pressures and temperatures explored in this study and the resulting phases including

secondary mineral phases, fluids, and melts.
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741  Table 2. Chemistry of the primary amphiboles and the secondary mineral phases produced after

742 dehydration and dehydration melting.
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Table 1. Experimental conditions

Exp. P(GPa) Ti(K) T2(K) Reaction % rest
M554 1.5 933 1392 Fe Kaersutite = 0.50 Gt + 0.18 Ol + 0.32 Liq (melt) 62
M555 1.5 923 1258  Actinolite = 0.58 Cpx + 0.14 Opx + 0.28 Liq (melt) 0
M567 1.5 1091 1301  Hastigsite = 0.58 Kearsutite + 0.01 Opx + 0.42 Liq (melt) 76
M576 15 915 1402 Tremolite = 0.70 Cpx + 0.15 Opx + 0.17 Liq (Low T) 47

Tremolite = 0.35 F edenite + 0.65 Liq (High T)

Exp., experiment run number. P, the pressure condition of the experiment. T1 and T2, temperature conditions corresponding
to the interval of the reaction, identified on the bases of the activation enthalpy. Reaction, mineral assemblages are expressed
as a product stoichiometry determined by mass-balance calculations with the procedure described in Wu and Koga (2013).
Phase compositions are given in Table 2. The starting amphibole is taken as unity. % rest, the fraction of initial amphibole
remained in the experiment at the end of the experiment, determined by SEM image analysis.



Table 2. Composition of mineral phases after dehydration and melting

Fe-Krs=Gt+Ol+liq Act=Cpx+Opx+liq Hst=Krs+En+Liq Tr=F-Ed+liq

Phase  Krs* Gt Ol Melt Act* Cpx Opx Melt Hst* Krs En Melt Tr* F-Ed melt

SiO2 39.0(7) 40.2(14) 34.9(17) 422(31) 57.18) 552(2) 57.1(5) 61.0(28) 43.1(13)  384(8) 58.9(2) 48.3(29) 56.9(8) 56.00(5) 55.2(4)
TiO: 542)  7.602) 3376)  3.5(7) 0.03(4) 0.04(1) 0.01(2) 0.03(14) 38(6)  S5.1(5)  0.06(1) 2.2(17) 0.08(4) 0.17(3) 0.23(5)
ALOs  1393) 15.1(13)  7.409) 16.6(21) 1.18(9)  1.4@4) 094)  0.8(8) 9.7(7) 148(5) 0313)  2.9(19) 13(1) 12809 1.7Q2)
Cr0s  0.02(2)  0.02(1) 0.00  0.02(7) 0.00 0.00 0.00 0.00 0.02(2)  0.04(3) 0.003(4) 0.00 0.00 0.00 0.00
FeO 11.2(5)  9.8(9) 204(19)  9.1(23) 494)  5.1(4) 733) 3.5(15) 13.7(12)  164(8) 3.842)  9.9(30) 293)  2.79(5)  2.6(1)
MnO  0.103) 0.11(0) 0.15(5)  0.08(9) 0.3(2) 0.40(3) 0.42(4) 0.00 023(9) 026(5) 0.06(1) 0202 0.1(1) 0.082) 0.07(3)
MgO  11.9(4) 12.3(9) 244(6)  5.4(19) 21.13) 21.1(7) 30.6(33) 16.3(19) 13.15)  85(5) 33.9(7) 18.5(14) 224(3)  24.6(9) 23.2(5)
CaO  11.6(2) 120(4)  63(8) 14.8(9) 11.6(2) 155@8) 2.54)  8.2(19) 99(4) 10.8(2)  2.7(1)  8.8(9) 12.7Q2)  9.6(11) 10.0(4)
Na:O  2.168)  1.6(1) 0.7100)  3.93) 0.8(1) 0.28(7) 0.052)  2.1(4) 3.93) 29(2) 0.085)  5.3(7) 1.0(1)  1.9409)  2.6(3)
K20 1.6509)  1.9(1) 027(4)  2.1(4) 0.05(2) 0.01(1) 0.01(0)  0.17(9) 0.162) 0.16(2)  0.06(8)  0.16(7) 0.38(4)  0.75(4)  L.1(1)
F 0.17(2)  0.34(8) 0.00 0.00 0.0200)  0.00  0.00 0.09(11) 0.21(8)  0.22(1) 0.48(10) 0.18(20) 0.792)  33@) 0.1(1)
cl 0.022(2)  0.03(1) 0.00  0.02(4) 0.004(1)  0.00  0.00 0.01(11) 0.033) 0.006(5) 1.02(5)  0.03(7) 0.012(2)  0.03(4) 0.01(1)
H20+  0.71(5) 0.00 0.00  2.3(3) 2.16(5) 000 000  7.7(2) 1.92(4)  0.72(21) 000  3.6(3) 1.63(4)  0.01(10) 2.56(5)
Total 97.87 101.01 97.61 100.00 99.24 99.01 98.82 100.00 99.88 98.41 101.48 100.00 100.18 100.58 99.17

Measurements by an electron microprobe are reported here. Values in parentheses represent one standard deviation on the averages in terms of the smallest units cited.
For example, 39.0(7) should read as 39.0 +/- 0.7. H20+: the values are determined by the stoichiometric balance of amphibole composition following the procedure of
Locock (2014). Met compositions are determined by a modified mass-balance procedure (Wu and Koga 2013). *starting amphiboles remaining in the sample after the
dehydration-melting
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