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Abstract

To explore the influence of fluorine (F) on mantle minerals and its behaviors during subducting, we investigated the com-
pressibility of F-bearing superhydrous phase B (Shy-B) using synchrotron-based single-crystal X-ray diffraction combined with
diamond anvil cells up to 27 GPa and 750 K. Our results show that the presence of F can largely enhance the incompressibility
of Shy-B. Based on the obtained thermal elastic parameters, density and velocity profiles are evaluated along cold and warm
slabs. Our results demonstrate that addition of F enhances the density (71.3-1.7%) and the bulk velocity (71.0-2.4%) of Shy-B
relative to OH end-member at uppermost lower mantle conditions. The decomposition of F-bearing Shy-B would lead to an
abrupt increase in density (78.9-10.5%) and a small increase in bulk velocity (70.7-1.8%). The combined results could provide

constraints for modeling the geodynamic process related to subduction and transportation of F and OH into lower mantle.
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Key Points:

® No phase transition occurs in F-bearing Shy-B up to 27 GPa and 750 K.

® F component can largely increase the incompressibility, density and bulk velocity
of Shy-B.

® Shy-B is an essential carrier to transport F from upper mantle to lower mantle.
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Abstract
To explore the influence of fluorine (F) on mantle minerals and its behaviors
during subducting, we investigated the compressibility of F-bearing superhydrous

phase B (Shy-B) using synchrotron-based single-crystal X-ray diffraction combined
with diamond anvil cells up to 27 GPa and 750 K. Our results show that the presence
of F can largely enhance the incompressibility of Shy-B. Based on the obtained
thermal elastic parameters, density and velocity profiles are evaluated along cold and
warm slabs. Our results demonstrate that addition of F enhances the density
(~1.3-1.7%) and the bulk velocity (~1.0-2.4%) of Shy-B relative to OH end-member
at uppermost lower mantle conditions. The decomposition of F-bearing Shy-B would
lead to an abrupt increase in density (~8.9-10.5%) and a small increase in bulk
velocity (~0.7-1.8%). The combined results could provide constraints for modeling
the geodynamic process related to subduction and transportation of F and OH into

lower mantle.

Plain Language Summary:

Fluorine is the most abundant halogen in the Earth’s mantle. High-pressure and
high-temperature experiments show that bridgmanite, the major minerals in lower
mantle, can incorporate significate amount of F, indicating that lower mantle may be a
potential reservoir for F. Subduction zones are supposed to deliver F and H to deep
Earth. Superhydrous phase B, an important hydrous magnesium silicate in subduction
zones, plays a key role in the transportation of H from upper mantle to lower mantle,
while it may be also a potential carrier of F, since the similar radius between F and
OH'. Here, we investigated the influence of F on the compressibility of superhydrous
phase B, and we found that the presence of F can largely enhance the compressibility
of superhydrous phase B. We further propose that the accumulation and
decomposition of F-bearing Shy-B is hard to explain velocity anomaly and melting at

the uppermost lower mantle.
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1. Introduction

\olatiles have strong effects on the fractional crystallization of magmas,
viscosity of melts, and rheology of mantle minerals. Therefore, it is essential to study
the distribution and cycling mechanisms of volatile elements such as H, C and
halogen group (F, CI, Br and 1) in Earth ’s mantle. The deep cycle of H has been
extensively studied during last few decades. Previous studies show that major
minerals in transition zone (wadsleyite and ringwoodite) can incorporate up to 30000
Mg/g water. (e.g. Smyth, 1987; Inoue, 1994; Kohlstedt et al., 1996). While the major
upper and lower mantle minerals, olivine and bridgmanite, can accommodate
significantly less water. Thus, transition zone provides another perspective for the
analysis of mantle convection patterns, namely whole-mantle convection model of
"transition zone water-filter" (Bercovici and Karato, 2003). Recently, the behaviors of
F in deep earth have been studied seriously due to its similar radius with OH". F
concentrations in the Mid Ocean Ridge Basalt (MORB) and Oceanic Island Basalt
(OIB) range from 16 to 109 pg/g (Schilling et al., 1980; Saal et al., 2002) and from 34
to 76 pg/g (Joachim et al., 2015) respectively, which are both higher than the estimate
for bulk silicate Earth (BSE) (25 pg/g: McDonough and Sun, 1995). Therefore, the
abundance of F requires minerals to incorporate this element in Earth’s mantle.

High-pressure and high-temperature (HPHT) experiments show that the
solubility of F in forsterite (up to 5100 pg/g: Gritzner et al., 2017a) at high pressure is
higher than that in wadsleyite (1045 pg/g: Grutzner et al., 2018) and ringwoodite
(1235 pg/g: Roberge et al., 2015). Therefore, fractionation of H and F will occur
during subduction, as water enters preferentially into transition zone and F trends to
remaining in peridotite of lowermost upper mantle. Yoshino and Jaseem. (2018)
reported that the solubility of F in Al-bearing bridgmanite can up t012917 ug/g. Thus,
F is likely to partition into bridgmanite rather than ringwoodite, depending on the
significant contrast in solubility of F between Al-bearing bridgmanite and transition
zone minerals. We suggest that transition zone water-filter may not be an equivalent

fluorine-filter (Fig. 1), F is rather stored either above transition zone or below. One

3
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source of F is that F would be transported from Earth’s surface into deep mantle by
subduction zones, like the cases of H and C. Although F is partially released during
dehydration of oceanic crust and degassed through arc volcanism, ~95% of the
subducted F is estimated to be transported into deep mantle (Straub and Layne., 2003),
and annual global flux is about 9.9-10 x 10 g (John et al., 2011). Most of dominant
mantle minerals are nominally F-free and do not contain more than a few thousand
pg/g of F. However, a small component of F can significantly affect the properties of
minerals, such as pressure-temperature phase stability, elastic properties and electrical
conductivity (e.g. Roberge et al., 2015; Gritzner et al. 2017b, 2018; Li et al., 2017;
Ulian and Valdré2017).

OIB MORB
H,0 A F
storage storage
CApaciLy capacity
Upper mantle
410 km
660 kia v A Mantle transition zone
Shy-B
Lower mantle
1000 km== ===~
2900 km

Fig. 1 Schematic model for global fluorine and water storage capacity. At left and right are schematic view of the
H,O and F storage capacity at different depth of Earth’s mantle, respectively. We calculated H and F storage
capacity in earth mantle using the pyrolite model (Irifune and Ringwood, 1987). Water storage capacity at the
bottom of upper mantle can reach up to 10000 pg/g (Hirschmann, 2006). Mantle transition zone can comprise up
to 2.5 wt.% (Pearson et al., 2014), and lower mantle can contain 750-4700 pg/g in presence of Al, Fe and F
(Yoshino and Jaseem, 2018; Fu et al., 2019). F storage capacity have been calculated for upper mantle (3520 pg/g).
The mantle transition zone can store 741-1266 pg/g F and uppermost lower mantle can store 9680 pg/g F. We see a
striking difference between behaviors of F and H in Earth’s mantle. The “transition zone water-filter” (Bercovici

and Karato, 2003) may not be an equivalent fluorine-filter.

Dense hydrous magnesium silicates (DHMSSs), important reservoirs for the

distribution and transportation of water into deep Earth, are also proposed to be hosts
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for F (Hazen et al., 1997). One of the DHMSs, superhydrous phase B (Shy-B)
Mg10Si3018H4 with 5.8 wt.% H,O can be stable in mantle transition zone (410 — 660
km) and even down to the uppermost lower mantle (e.g. Inoue et al., 2006; Litasov et
al., 2007). It decomposes into phase D, bridgmanite and periclase at around 800 km
depth at cold slab conditions and into bridgmanite, periclase and water in hot slabs
(e.g. Ohtani et al., 2003). Elasticity and stability of Shy-B have been applied to
explain geophysical observations, such as low shear velocity anomalies at the topmost
lower mantle and discontinuity at ~800 km discontinuity (Li et al., 2016; Yang et al.,
2017). The effects of fluorine should be considered together with those of hydrogen in
order to further reveal the natural process of deep Earth. Here, we synthesized two
Shy-B samples, OH-rich Mo 86Si3.14014(F1.17,0H3.11) and F-rich
M0Qo9.06Si3.04014(F262,0H1.46), conducted X-ray single-crystal diffraction (XRD)
experiments up to ~ 27 GPa and 750 K, and obtained their equation of state. Based on
the results, we discuss the influences of F on mantle minerals, which may have
significant implications on the transportation of F from upper to the lower mantle via

subduction slabs and for low-velocity zones at uppermost lower mantle.

2. Materials and Methods

2.1.Samples Synthesis and Characterization

High-quality single-crystal OH-rich Shy-B and F-rich Shy-B labeled 5K3408
were synthesized at 20 GPa and 1673 K for around 7 hours using USSA-5000 ton
Kawai-type apparatus installed at Institute for Planetary Materials, Okayama
University. Two initial samples were placed in single cell and synthesized at same
condition. The starting material of OH-rich Shy-B was a mixture of MgO, SiO,, MgF,
and Mg(OH), with a molar ratio of 8:3:1:1. The starting material of F-rich Shy-B was
a mixture of MgO, SiO, and MgF, with a molar ratio of 8:3:2. The mixture was
loaded into an AugoPdyo capsule 2 mm in length and 2 mm in diameter. A Cr-doped

MgO octahedron with an edge length of 14 mm was adopted as a pressure medium.

5
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Eight tungsten carbide anvils with a truncation of 6 mm were used as second-stage
anvils. For the setup LaCrOs; was used as a heater. The recovered samples are
colorless single crystals with small grain size of ~ 200 um for OH-rich Shy-B and ~
100 um for F-rich Shy-B, respectively. Sample characterization were performed at
ambient conditions using scanning electron microscope (SEM) equipped with energy
dispersive spectrometer (EDS) (Quanta 450 FEG), XRD (Rigaku XtaLAB PRO
MMOO07HF), Raman spectroscopy (Horiba LabRAM HR Evolution) and electron
microprobe analysis (EMPA). SEM and EDS results indicated that samples were
chemically homogeneous with polyhedral shape (Fig. S1). The measurement
conditions for F were those used by Gritzner et al. (2017a) and F concentrations in
our two samples were determined with a synthetic multi-layered diffraction crystal
(LDE). EMPA results show the composition of 61.78 wt% MgO, 29.34 wt% SiO, and
3.46 wt% F and 60.68 wt% MgO, 27.66 wt% SiO, and 7.53 wt% F for two samples,
respectively, yielding the composition of Mg gsSi314014(F1.17,0H3.11) labeled OH-rich
Shy-B and Mgo.96Si3.04014(F2.62,0H1.46) labeled F-rich Shy-B. Their crystal structures
are determined to be orthorhombic phase (Pnnm and Z=2) with lattice constants of a
= 5.0826(2) A, b = 8.6772(3) A, ¢ = 13.9911(5) A, V = 617.05(7) A3 for OH-rich
Shy-B and a = 5.0703(8) A, b = 8.6729(9) A, ¢ = 13.8962(4) A, V = 611.07(11) A3 for
F-rich Shy-B by a micro-focused X-ray diffractometer equipped with Mo Ka radiation,
respectively. Raman spectra of 16 grains picked randomly are in good agreement with
those of Shy-B reported by Liu et al. (2002) (Fig. S2). The results of XRD, Raman
spectroscopy, and EMPA demonstrate that the recovered products are pure phases

without detectable impurities.
2.2.High-Pressure Synchrotron X-ray Diffraction Experiments

A short symmetry-type diamond anvil cell (DAC) equipped with Bohler-type
diamond anvils of 300-um flat culets anvils was employed to achieve high pressure
and 60° opening for room temperature experiments. The sample chamber was formed
by drilling a 190-um-diameter hole in a rhenium gasket that had been pre-indented to

~ 38 um in thickness. Two single-crystal sample of grain size ~40x40x15 um?® were

6
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loaded into sample chamber, as well as a piece of platinum for pressure calibration
(Fei et al., 2007). Neon was employed as pressure transmitting medium using the
COMPRES/GSECARS gas-loading system. In situ high-pressure single-crystal XRD
experiments were carried out at beamline 13BM-C at Advanced Photon Source (APS),
Argonne National Laboratory (ANL). A monochromatic X-ray beam with wavelength
of 0.43409 A was focused on a 15 x 15 um? spot (Zhang et al., 2017). Wide-scan and
stepped exposures were collected in a rotation range from -30° to 30° with 1° steps,
with an exposure time of 1 s per frame. Diffraction images were reduced and analyzed

using Bruker APEX3 software.
2.3.High pressure-high temperature Synchrotron Radiation XRD Experiments

In situ HPHT single-crystal XRD experiments were conducted up to 26.5 GPa
with four different temperatures (300 K, 450 K, 600 K and 750 K) at beamline
13-BMC of APS. A BX90-type DAC equipped with 400-um flat culets diamond
anvils was used combined with an external heater. Two single-crystal samples
polished on both sides and with a grain size 0f~30x30x15 um® were loaded into
sample chamber. They were prepared in the same way as the room temperature
experiments. Platinum was employed as pressure maker; neon as pressure
transmitting medium. As a heater alumina ceramic was coiled by a single platinum
wire of 200 um diameter and ~ 45 cm in length. The measured resistance of heater
was ~ 2 Q. A K-type thermocouple attached close to sample chamber was used to
determine temperatures. The GE PACE5000 membrane pressure controller was
employed to remotely increase pressure. For each heating run the sample chamber
was stabilized for at least 20 minutes at the given temperature to minimize
temperature and pressure instability. X-ray diffraction images were collected and

analyzed in the same way as the room temperature experiments.

3. Results and Discussion

3.1.Equation of State



192
193
194
195
196
197
198
199
200

201

202

Manuscript submitted to Geophysical Research Letters

In situ high-pressure single-crystal XRD experiments were conducted up to
~27.8 GPa at room temperature. The refined unit-cell parameters of Shy-B at various
pressures have been listed in Table S1. The unit-cell volumes of both samples
monotonously decrease with increasing pressure, the volumes as a function of
pressure are plotted in Fig. 2, where previous relevant data are also plotted for
comparison (Shienh et al., 2000; Litasov et al., 2007; Yang et al., 2017).
Pressure-volume data were fitted to 2nd-order Birch-Murnaghan (BM) equation of
state (EoS) with EoSFit7c (Angel et al., 2014). The fitting results are as follows: V, =
615.6(2) A%, Ko = 157(1) GPa for OH-rich sample, Vo = 610.33(6) A%, Ko = 162(6)
GPa for F-rich Shy-B.

OH-rich Shy-B (this study)

®
620 @® F-rich Shy-B (this study)
A Mg, Si,0,,(OH), (Litasov et al., 2007)
600 o Mg,,Fe,,Si,0,,(OH), (Shieh et al., 2000)
—— Mg, Si,0,,(OH), (Yang et al., 2017)
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Fig. 2 Unit-cell volumes of F-bearing superhydrous phase B as a function of pressure up to 27.8
GPa. The solid blue and red circles represent OH-rich Shy-B and F-rich Shy-B, respectively. The
open gray circles and triangles represent the experimental data from Shieh et al. (2000) and
Litasov et al. (2007). The solid gray line represents the results from literature data (Yang et al.,
2017). Error bars are smaller than the symbol size for our data.
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Fig. 3 P-V-T data obtained for (a) OH-rich Shy-B and (b) F-rich Shy-B in this study. The solid
lines represent the isothermal compression curves from the high temperature 3rd-order B-M EoS
at 300 K, 450 K, 600 K, and 750 K. The gray circles represent the high-pressure experimental data
at room temperature in this study.

Fig. 3 shows the unit-cell volumes of two samples at high pressure and high
temperature conditions and refined data were presented in Table S2. The experimental
data were fitted by B-M thermal EoS (Test S1) up to 26.5 GPa and 750 K (Angel et al.,
2014). The thermoelastic parameters are as follows: V(=615.68(18), K;=158(7) GPa,
XKIT=-0.020(4) GPa/K, ag=4.5(2)x10° K™ for OH-rich Shy-B and V= 610.38(7),
Ko= 162.4(7) GPa, &K/AT=-0.020(3) GPa/K, o= 4.4(1)x10° K for F-rich Shy-B for
BM2-Eo0S. The thermal expansion coefficient of our two samples at atmospheric
pressure are significantly larger than previous studies on OH end-member Shy-B with

3.8 x10™° K™ by Inoue et al. (2006) and 3.2 x10™ K™ by Litasov et al. (2007).
3.2.Axial Compressibility of F-bearing Shy-B

To investigate the effect of F on axial compressibility of Shy-B, normalized
unit-cell lattice parameters (a/ap, b/bg and c/cy) are plotted for comparison in Fig. S3
with respect to their ambient values for the two F-bearing Shy-B samples. No visible
discontinuity was observed in axial compressibility of the both samples up to 27.8

GPa. To determine axial compressibility of a, b, and ¢ of both samples, we used a

9
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linearized 2nd-order BM EO0S fitting where each axial dimension is cubed and treated
as volume in BM formulation, where the pressure derivatives assumed to be 12. We
fitted our linear moduli to a/ao, b/by and c/c, for OH-rich Shy-B are 448(18), 474(19),
477(7) GPa, while for F-rich Shy-B, we obtained linear moduli for a/ao, b/by and c/cy
of 507(8), 510(20), and 459(18) GPa. There is no considerable anisotropy in axial
compressibility in both phases, which is in good agreement with that of Kudoh et al.
(1994), Crichton et al. (1999), Shieh et al. (2000) and Litasov et al. (2007). It is
obvious that the OH-rich Shy-B is more compressible than F-rich Shy-B for a- and
b-axis. The axial compressibility of two samples at high P-T conditions (Fig. S4),

shows that temperature has no effects on the axial compressional anisotropy.

3.3.Effects of F on minerals

The volume of Shy-B decreases with increasing F content at ambient conditions
(Fig. 1), which is attributed to the smaller ionic radius of F~ (1.31 A) relative to that of
OH™ (1.35 A). It is obvious that the volume of F-rich Shy-B becomes closer to
OH-rich Shy-B with increasing pressure in Fig 1. The isothermal bulk moduli K, of
Shy-B are summarized in Table S3. We refitted the P-V data from literature using the
2nd-order BM EoS with a fixed K' = 4 for systematic comparison. Bulk modulus Ky
of F-bearing Shy-B (K, = 156.9 and 162 GPa) is significantly higher than the results
for those of OH end-member Shy-B from Crichton et al. (1999), Inoue et al. (2006)
and Litasov et al. (2007) with Ko = 148.9 (5), 124.8 (3) and 145.2 (4) GPa, indicating
that presence of F can increase the Ko remarkably. The great influences of F on
compressibility is in good agreement with previous results from F-bearing minerals.
For example, F-bearing chondrodite has a higher bulk modulus than synthetic
OH-chondrodite (Kuribayashi et al., 1998; Ross and Crichton, 2001 and references
therein) and K, of topaz also increases with fluorine content (Ulian and Valdre, 2017).
Therefore, F~ in Shy-B can lead to a higher isothermal bulk modulus. We also report
the relationship between the isothermal bulk modulus (Ko) and its pressure derivative
(K" of humite minerals and Shy-B to explore the influence of F on compression of

those minerals (Fig. S5a). We found that the presence of F would present obvious
10
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crystal-chemical trends, such as enhancing value of Ky and reducing value of K'. Fig
S5b and Table S4 show plots of th bulk modulus against the density of DHMSs,

which reveal a positive correlation between Ky and density.

4. Geophysical Implications

Recently, seismic low velocity zone has been observed at depths of the
uppermost lower mantle (Schmandt et al., 2014), which is explained as the result of
dehydration melting. Since Shy-B is expected to be a potential carrier of water to
uppermost lower mantle, the accumulation and decomposition of Shy-B can help to
explain the observed low-velocity layers in this region (Li et al., 2016; Yang et al.,
2017). To understand the geophysical and geodynamic significance of our results in a
subducting slab, we have evaluated density (p) and bulk velocity (V) profiles of two
samples as a function of pressure along both cold and hot slab geotherms (Fig. 4). Our
modeled results show that the density of F-bearing Shy-B samples are lower than
those of the preliminary reference Earth model (PREM) (Dziewonski and Anderson,
1981), indicating that presence of F-bearing Shy-B can contribute to a positive
buoyancy force in subducted slabs at uppermost lower mantle (Fig. 4). Inoue et al.
(2006) calculated the density of subducting slabs containing OH end-member Shy-B
and discussed that the presence of DHMSs in slabs can affect its ability to penetrate
into Earth’s lower mantle. The presence of ~18% OH end-member Shy-B at the top
of lower mantle would reduce the density of the hydrated subducting slab by 1.9—
2.1%. Accordingly, a homogeneously hydrated slab may float at the bottom of
transition zone and would not be able to penetrate into deep lower mantle (Litasov et
al., 2007). However, our modeled results for OH-rich and F-rich Shy-B are ~1.3% and
1.7% denser than OH end-member Shy-B both under cold and hot slab geotherms,
which would enhance the density of hydrated subducting slab by ~0.13 % and ~0.2%,
respectively. Due to its lower density relative to the main minerals in lower mantle,

F-bearing Shy-B may accumulate at depths of the topmost lower mantle while the

11
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subduction continues. Our results show that addition of F in Shy-B leads to ~1.8%
and ~2.4% increase in bulk sound velocity for OH-rich and F-rich Shy-B compared
with the OH end-member in cold slab geotherms, respectively. While increases by
~1.0% and ~2.1% for OH-rich and F-rich Shy-B at hot slab geotherms. Hence, it is
hard to explain low shear velocity anomalies at uppermost lower mantle by an
accumulation of F-bearing Shy-B, which may need much more Shy-B than previous

predict (Li et al., 2016).
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Fig. 4 Density (p) and bulk sound velocity (V) of the two samples which have been compared
with the preliminary reference Earth model (PREM) (Dziewonski and Anderson, 1981) and the
aggregate of 7 iron-free bridgmanite (Brg) + 3 periclase (Pc) under both cold (900K) and hot
(1300K) slabs geotherms.

Shy-B is an important candidate for water transportation into transition zone and

lower mantle, which can experience a series of dehydration reactions. It decomposes
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stoichiometrically into 3bridgmanite, 7periclase and 2H,O at 800~1000 km depth
depending on the temperature of slab. We modeled changes of density (p) and bulk
sound velocity (V) across these phases transition (Fig. 4) and we calculated p and Vo
of 3bridgmanite and 7periclase combined with the elastic parameters from Yang et al.
(2017). As there are currently no parameters available for F-bearing bridgmanite and
periclase, we use the data of F- and OH-free bridgmanite (MgSiOs) and periclase
(Yang et al., 2017) as best approximation. Our modeled results show that the
decomposition of F-bearing Shy-B leads to a density increase by ~9.3% and ~8.9%
for OH-rich and F-rich Shy-B, respectively, along cold slabs, and a density increase
by ~10.5% and ~10.1% for OH-rich and F-rich Shy-B along hot slabs at uppermost
lower mantle conditions. However, there is only a small V4 increase of ~1.8% and
~0.7% along hot subducted slabs. In cold subducted slabs, the V4 of F-bearing Shy-B
is almost consistent with the breakdown products. The solubility of H in bridgmanite
ranges from 0.1 to 0.62 wt% in presence of Al, Fe and F (Yoshino and Jaseem, 2018;
Fu et al., 2019). Hence, bridgmanite has the ability to accommodate high amounts of
H which originate from decomposition of Shy-B. Due to this consumption, partial
melt formation by Shy-B breakdown in uppermost lower mantle is very unlikely. The
downward flow of transition zone materials, at least contain ~6.2 wt% H, may be the

primary contributor (Schmandt et al., 2014).
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