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Abstract Experiments were performed at 17-19 GPa and 1000-1200 °C to determine the aqueous
fluid-majoritic garnet-majoritic garnet dihedral angle gy in a basalt-H,O system. The results show that
the Ogregrt is between 44 + 2° and 55 + 3°, decreasing with increasing pressure and temperature. These new
data combined with previous data obtained in the aqueous fluid-olivine and aqueous fluid-garnet systems
suggest that connected network of aqueous fluids can form in the peridotite part of the subducting slab
but may not form in a cold subducting oceanic crust at pressures below 14 GPa. Therefore, aqueous fluids
formed by dehydration of a cold slab could be trapped as interstitial fluids in the oceanic crust and
transported into the deep mantle. However, at the mantle transition zone (MTZ) conditions, aqueous fluids
trapped previously and/or formed lately by the breakdown of hydrous minerals can percolate through the
oceanic crust and hydrate the MTZ, providing an important mechanism for the MTZ hydration. Furthermore,
aqueous fluids formed by mineral dehydration in a hot slab are readily lost into the mantle wedge at
shallow depth, due to low dihedral angles (6 < 60°) of the subducting oceanic crust, resulting in less water
available to hydrate the MTZ. The distinct contribution of the cold slab and the hot slab to the MTZ hydration
may cause water heterogeneity in the MTZ.

1. Introduction

The distribution and cycle of water in Earth'’s interior is one of the most critical factors controlling Earth'’s geo-
chemical and geodynamical evolution (e.g., Hirschmann, 2006). A small amount of water can significantly
affect the properties of Earth’s mantle material, such as solidus, viscosity, electrical conductivity, and seismic
velocity (e.g., Bolfan-Casanova, 2005; Dixon et al., 2004; Hirth & Kohlstedt, 1996; Karato, 2011; Karato & Jung,
1998; Kelbert et al., 2009; Keppler, 2017). Our knowledge of the water cycle in subduction zones has been sig-
nificantly improved by extensive studies on the stability of hydrous minerals at high P-T conditions (e.g., Frost,
2006; Kawamoto, 2006; Ohtani, 2015, and references therein), and it is now generally believed that the sub-
ducting slab can bring a significant amount of water to the mantle transition zone (MTZ) and even to the
lower mantle. It has also been suggested that aqueous fluids can be formed due to the breakdown of hydrous
minerals in the subducting slab, and these aqueous fluids may eventually hydrate the overlying mantle
including the MTZ (e.g. Bolfan-Casanova, 2005; Frost, 2006; Hirschmann, 2006; Karato et al., 2013;
Kawamoto, 2006; Ohtani, 2005, 2015; Schmidt & Poli, 1998). However, whether the aqueous fluids formed
due to the breakdown of hydrous minerals can flow on the grain edges at deep subduction conditions has
received little attention. If the aqueous fluids cannot form interconnected network, they could be trapped
physically in the subducting slab and may not be available for the hydration of the overlying mantle.

In the past 30 years, it has been well established that the dihedral angle § provides important information
on the connectivity of aqueous fluids in the Earth’s interior (Brenan & Watson, 1988; Holness, 1993, 2006;
Matsukage et al, 2017; Mibe et al,, 1999, 2003; Ono et al.,, 2002; Watson, 1982; Watson & Brenan, 1987;
Watson et al., 1991; Watson & Lupulescu, 1993; Yoshino et al., 2002, 2007). The dihedral angle @ is the angle
formed at the junction of two solid grains in textural equilibrium with a fluid phase. A 6 value of less than 60°
would mean that even a small amount of fluids can fill the channels between mineral grains and efficient
percolation is possible. However, when the 8 value is above 60° or the fluid fractions are very low, fluids
can only form disconnected pockets and efficient percolation is not possible. It should be noted that dihe-
dral angle theory is strictly valid for an isotropic and static (nondeforming) system. Mineral anisotropy,
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Table 1

Major Element Compositions of Starting Materials (in Weight Percent)

inhomogeneous mineral distribution, or deformation at the grain bound-

Major element

Starting material®

ary scale could complicate the interpretation of permeability.

In order to constrain the connectivity of aqueous fluids in Earth’s interior, a

oxides SM3.5 SM2.1 JB-2° MORB® number of studies have measured the dihedral angles of aqueous fluid-
5i0, 47.22 49.63 53.25 50.47 mineral-mineral at P-T conditions relevant for the crust and the upper
TiO, 1.05 1.10 1.18 1.68 mantle (Brenan & Watson, 1988; Holness, 1993; Holness & Graham, 1991;
Al,03 12.98 13.64 14.64 14.70 Matsukage et al.,, 2017; Mibe et al,, 1998, 1999, 2003; Ono et al., 2002;
FeO 8.85 930 9.98 1043 Wanamaker & Kohlstedt, 1991; Watson et al, 1991; Watson & Brenan,
3583 g?g 3;8 32? (;8 1987; Yoshino et al., 2002, 2007). For example, Watson et al. (1991),
MgO 11.93 9.01 462 758 Mibe et al. (1998, 1999), and Yoshino et al. (2007) determined systemati-
Cao 8.78 9.23 990 11.39 cally the effects of P-T on the aqueous fluid-olivine-olivine dihedral angle
NayO 1.81 1.90 2,04 2.79 Ooliv-oliv Up to 1200 °C and 13 GPa, and these authors found that increasing
K20 037 039 042 0.16 P-T can effectively decrease the Oy)y-oiiv from above 60° to significantly
P,05 0.09 0.09 0.10 0.18 o . ) -

HoO 350 210 below 60°, indicating efficient percolation of aqueous fluids in the deep

2 . . — —

total 99.70 99.69 99.67 99.56 upper mantle. Ono et al. (2002) measured the dihedral angle in the H,O-
Mg# 64.53 56.65 38.45 56.68 pyrope system at 900-1200 °C and 4-13 GPa. They found that the dihedral

*Two different starting mixtures were prepared by mixing a JB-2 basalt
The major element composition of the JB-2 basalt. “The sures of above 9 GPa the Og.gr is greater than 60° if the temperature is

and brucite.

angle O41qt increases with increasing pressure up to 9 GPa, and at pres-

average major element composition of mid-ocean ridge basalt (MORB)  pejow 1000 °C. Matsukage et al. (2017) measured the dihedral angles of

from Gale et al. (2013) is listed for comparison.

clinopyroxene and garnet in the basalt-H,O system at 1000 °C and 4-
16 GPa, in which they found that 6 px.cpx remains around 60° but Ocpx-grt
is always higher than 60°. They also found that 8y.qr increases from 46° at 4 GPa to 66° at 12 GPa, although
it showed a weak decreasing trend at pressures higher than 12 GPa. Therefore, Ono et al. (2002) and
Matsukage et al. (2017) concluded that a part of the aqueous fluids formed from the breakdown of hydrous
minerals may be trapped in the subducting oceanic crust and transported into the deep mantle.

However, despite significant efforts made by previous authors, our understanding of the connectivity of
aqueous fluids in the subducting oceanic crust is still heavily hampered by the lack of experiments at MTZ
pressures. Previous studies show that the subducting basaltic crust consists mainly of majoritic garnet when
the pressure is higher than 16 GPa (e.g., Aoki & Takahashi, 2004; Irifune et al., 1986; Matsukage et al., 2017;
Okamoto & Maruyama, 2004). Determining the dihedral angle of aqueous fluid-majoritic garnet-majoritic
garnet and the effects of P-T are thus required to understand the connectivity of aqueous fluids in the
subducting oceanic crust at very high pressures, which in turn could be very important to our understanding
of the hydration of the Earth’s mantle including the MTZ. We therefore performed experiments at 17-19 GPa
and 1000-1200 °C on a hydrous basaltic system to determine the aqueous fluid-majoritic garnet-majoritic
garnet dihedral angles. Our results in conjunction with previously determined dihedral angles are used to
discuss the water cycle in subduction zones and the hydration of the MTZ.

2. Experimental Techniques
2.1. High P-T Experiments

Two different starting materials, which were prepared by mixing a natural JB-2 basalt (a reference basalt dis-
tributed by the Geological Survey of Japan) and brucite (Mg(OH),) reagent with different mass proportions,
were used in this study. We choose natural basalt as the starting material because it would reduce the effect
of mineral composition on the constrained fluid connectivity in subducting oceanic crust. Each starting mate-
rial was ground under acetone over an hour for homogeneity and then heated in an oven at 110 °C overnight
to remove moisture. The major element compositions of the two different starting materials and the JB-2
basalt are listed in Table 1. The water content of the two different starting materials is about 2.1 and
3.5 wt.%, respectively (Table 1).

A double capsule technique was used to encapsulate the sample material. The starting material was loaded
into an inner Au capsule (1.3-mm O.D.; 1.1-mm |.D.; 1.5-mm length), which was then loaded into an outer Pt
capsule (1.6-mm 0.D.; 1.4-mm |.D.; 2.5-mm length). The sample was kept at oxygen fugacity of the Ni-NiO buf-
fer, by loading a mixture of NiO + Ni + Ni(OH), powder in the space between the inner Au and the outer Pt
capsule. In addition, very thin Pt foil was used to wrap the inner Au capsule to avoid any potential reaction
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Table 2

Summary of Experimental Conditions and Products

Median angle

Runno. T(°C) P (GPa) Duration (hr) Starting material Run products (Ogrt-grt) Niotal  Neypet
DHL-1 1000 17 24 SM3.5 grt (81), sti (10), Fe-Ti (4), Ti-CaPv (3), fl 55 (3) 169 131
DHL-4 1200 17 24 SM3.5 grt (88), sti (8), Ti-CaPv (3), fl 47 (2) 199 160
DHL-13 1000 18 24 SM2.1 grt (77), Ti-CaPv (1), Fe-Ti (5), hol (2), sti (14), fl 54 (2) 237 162
DHL-5 1000 19 24 SM3.5 grt (67), Al-phase D (18), Ti-CaPv (3), rwd (5), hol (3), sti (4), fl 52 (3) 183 138
DHL-19 1100 19 24 SM3.5 grt (75), Fe-Ti (4), CaPv (6), rwd (4), hol (2), sti (9), fl 50 (3) 166 114
DHL-10 1200 19 13 SM3.5 grt (82), sti (8), Ti-CaPv (3), CaPv (1), rwd (3), fl 44 (2) 241 162

Note. N = number of measurements. Values in parentheses of angles denote the error of true dihedral angle. Values in parentheses of minerals denote the
proportion of run products. grt = majoritic garnet; sti = stishovite; Fe-Ti = Fe-Ti oxyhydroxide; Ti-CaPv = Ti-rich Ca-perovskite; fl = fluid; hol = K-hollandite;
rwd = ringwoodite; Al-phase D = Al-rich phase D; CaPv = Ca-perovskite. The starting material in run DHL-13 contains 2.1 wt.% water and the others contain

3.5 wt.%.

between the buffer materials and the inner Au capsule. Both the inner Au capsule and the outer Pt capsule
were sealed by arc welding.

Six experiments were performed at pressures of 17-19 GPa and temperatures of 1000-1200 °C, using a
2,500-t Kawai-type multianvil apparatus at the Tokyo Institute of Technology. Tungsten carbide anvils with
truncations of 5-mm edges were used in combination with a Cr-doped MgO octahedral pressure medium
with 10-mm edge length. Pyrophyllite gaskets were used to support the anvil flanks. Cylindrical LaCrO3
was used as a heater and an MgO sleeve was used to separate the heater from the sample capsule. All
the experiments were first pressurized to the target pressure at room temperature and then were heated
to the desired temperatures at a rate of 50 °C/min. The pressure was calibrated based on the phase transi-
tions of Bi (I-1l), ZnS, GaAs, and GaP at room temperature and of SiO, (coesite-stishovite), olivine (a-f and
S-y), and MgSiOs (ilmenite-perovskite) at 1600 °C (Katsura, 2004; Matsuzaka et al., 2000; Zhang et al., 1996).
The temperature was measured using a 0.125-mm diameter WqsRes-W;4Re 6 type-C thermocouple. The
pressure and temperature uncertainties are thought to be better than 1 GPa and 50 °C. The run durations
ranged from 13 to 24 hr depending on the run temperature. All the experiments were quenched by
switching off the electricity to the heater. The recovered samples were mounted in epoxy resin and care-
fully polished to prevent the mineral grain plucking.

2.2. Analytical Techniques

The polished samples were analyzed with a focused beam on a JEOL-JXA8530F electron microprobe at the
ELSI, Tokyo Institute of Technology. The operation voltage was 15 kV, and the beam current was 10 nA to
measure the major element compositions of the silicate minerals. The standards employed were wollastonite
(Ca, Si), hematite (Fe), periclase (Mg), corundum (Al), albite (Na), aduralia (K), rutile (Ti), Cr,0O5 (Cr), bunsenite
(Ni), and tephroite (Mn). The counting times were 20 s on peak and 10 s for background for all the elements
except for Naand K (10 s on peak and 5 s for background). A focused beam was used in the analysis. The sec-
ondary electron and backscattered electron photomicrographs of the samples, with a resolution of 542 dpi,
were also obtained for further dihedral angle measurements. The magnification was about 3,500-10,000
depending on the pore size. The dihedral angles were measured using the protractor provided in Scion
Image, an image analysis software developed by National Institute of Health for Windows. More than 100
measurements were conducted for each sample in the random cross section at the capsule hotter part.
The measurement uncertainty for each sample is estimated to be within +5°. The median of the apparent
angle distribution is adopted as the true dihedral angle (Jurewicz & Jurewicz, 1986).

3. Results
3.1. Run Products

A summary of the experimental conditions and products is given in Table 2. The resulting phase assem-
blages consist of 67-88% garnet and various proportions of stishovite (4-14%) + Ca-perovskite (1-5%) + K-
hollandite (0-3%) + ringwoodite (0-5%) + hydrous phase (Fe-Ti oxyhydroxide or Al-rich phase D; 0-18%),
based on mass balance calculation (the compositions of run products are presented in Table S1 in the sup-
porting information). The hydrous Fe-Ti oxyhydroxide and Al-rich phase D are only present in the runs

LIU ET AL.

6564



10.1029/2018JB015973

Figure 1. Backscattered electron images of representative run products: (a) Run DHL-13 at 18 GPa and 1000 °C; (b) run DHL-
10 at 19 GPa and 1200 °C; (c) run DHL-5 at 19 GPa and 1000 °C; (d) run DHL-4 at 17 GPa and 1200 °C. grt = majoritic garnet;
sti = stishovite; CaPv = Ti-rich Ca-perovskite. The black areas are grain junctions that were filled with aqueous fluids at
run conditions. Note that, as shown in (a), the garnet grains meeting at approximately 120° triple junctions indicates
textural equilibrium at run conditions. The arrows in (b) and (d) point to three different types of dihedral angles at aqueous
fluid-garnet-garnet triple junctions (see text for details). The arrow in (c) points to the garnet crystals precipitated from
fluids during quench. Note that the big holes (larger than 5 um) in a may be from grain plucking.

with temperatures below 1100 °C and will be reported in detail elsewhere. The grain sizes of the silicate
minerals are mostly less than 10 pm. The representative backscattered electron images of run products are
shown in Figure 1. The void space filled with epoxy between minerals, as shown in Figure 1, indicates the
presence of free aqueous fluids at the experimental conditions.

The garnet crystals are usually larger than 2 um (Figure 1). The major element compositions of the garnets are
42.55-45.62 wt.% SiO,, 0.12-0.81 wt.% TiO,, 15.48-18.32 wt.% Al;03, 11.49-13.41 wt.% FeO, 0.24-0.26 wt.%
MnO, 10.43-15.13 wt.% MgO, 7.70-13.80 wt.% Ca0, 0.97-2.14 wt.% Na,0, and trace amounts of K,0, Cr,05,
and NiO (see Table 3). No compositional zoning was observed in garnet crystals from any individual run.
Based on these compositions, the garnets are majoritic garnets, consistent with the results of previous studies
performed at similar conditions (e.g., Aoki & Takahashi, 2004; Irifune et al., 1986; Matsukage et al., 2017;
Okamoto & Maruyama, 2004). In addition, we found some small garnet crystals, which are distributed in
the fluid void spaces (Figure 1). Compared to those garnet crystals, which are larger than 2 pm and are
thought to be in equilibrium with the fluids during the run, these garnet crystals are smaller than 1 um
and generally have higher Al,03 and CaO contents but lower SiO,, MgO, and FeO contents. We believe that
these small garnets are products precipitated from the fluids during quench.

In the recovered run products, mass balance calculations and electron microprobe analyses show that there
is no noticeable iron loss from the sample to Au capsule. The recovered oxygen fugacity buffer materials were
also carefully checked under the optical microscope immediately after opening the sample capsule. The
results show that Ni, NiO, and water all were still present in the space between the inner Au capsule and outer
Pt capsule.

3.2. Dihedral Angles

Since the fine-grained garnets (smaller than 1 pm) are the products precipitated from the aqueous fluids dur-
ing quench, we only measured the apparent dihedral angles of the majoritic garnets that are in equilibrium
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Table 3
Major Element Composition of Majoritic Garnet (Weight Percent)

Run no.

Element
Composition DHL-1 DHL-4 DHL-13 DHL-5 DHL-19 DHL-10
T (°Q) 1000 1200 1000 1000 1100 1200
P (GPa) 17 17 18 19 19 19
N 24 13 15 10 6 18
SiOy 43.98(0.43) 44.51(0.26) 42.55(0.61) 45,62(0.59) 43.57(0.78) 44,08(0.47)
TiO, n.a. 0.37(0.17) 0.81(0.40) 0.29(0.30) 0.12(0.05) 0.12(0.05)
Al,O3 15.48(0.55) 16.28(0.61) 18.02(0.62) 17.04(0.25) 18.25(0.94) 18.32(0.46)
FeO 13.27(0.73) 13.08(0.22) 11.49(4.11) 12.65(0.66) 12.48(2.36) 13.41(0.50)
MnO 0.26(0.04) 0.24(0.03) 0.24(0.06) 0.29(0.02) 0.26(0.04) 0.25(0.06)
MgO 14.91(0.47) 13.79(0.55) 10.43(0.87) 11.89(0.94) 15.13(0.89) 14.62(0.45)
Cao 9.48(0.65) 9.34(0.44) 13.80(4.22) 9.09(0.70) 7.93(1.26) 7.70(0.47)
Na,O 1.27(0.19) 1.01(0.11) 1.62(0.22) 2.14(0.25) 1.27(0.31) 0.97(0.10)
K>O 0.04(0.03) 0.04(0.03) 0.04(0.02) 0.03(0.03) 0.06(0.05) 0.03(0.03)
Cr,03 0.02(0.02) 0.01(0.01) 0.02(0.02) 0.01(0.02) 0.02(0.02) 0.02(0.02)
NiO 0.01(0.01) 0.01(0.01) 0.02(0.02) 0.01(0.01) 0.01(0.01) 0.01(0.02)
Total 98.71(0.38) 98.69(0.28) 99.04(0.64) 99.05(0.52) 99.11(0.72) 99.53(0.48)

Note. N = number of analyses; n.a. = not analyzed. Number in the bracket corresponds to 15 standard deviation.

with the fluids. We used the median value as the true dihedral angle for each sample, because the difference
between the median of the observed apparent angles and the true angle is very small (less than one degree)
if a large number of measurements are conducted. (Jurewicz & Jurewicz, 1986; Riegger & Vanvlack, 1960). The
error of the true dihedral angle is based on a 95% confidence interval around the median as described in
Stickels and Hucke (1964).

1.0
La ‘b C
0.8 |® etype 1
e A Qtotal F o DHL-4 /& DHL-13
a Z  17GPa 17 GPa 4 18GPa
04 | 1000 °C 1200 °C 1000 °C
&
g 02} median = 55+3° median =47£2° median = 5442°
2, | n=T%1 n=160 n=162
o
& 0.0
2 1d e #F |t
S 08} / # i &
2 J DHLs f' DHL-19 £ DHL-10
3 0.6 - 19 GPa 19 GPa v3 19 GPa
04 1000 °C 1100°C 1200 °C
' {
02t median = 5243° 4 median = 5043° median = 44+2°
' n=138 y =114 n=162
0 " " " " L "
0 30 60 90 120 150 30 60 90 120 150 30 60 90 120 150

Apparent dihedral angle

Figure 2. Cumulative frequency distributions for measured apparent dihedral angles at fluid-garnet-garnet triple junctions
in this study. The theoretical cumulative frequency curves of true dihedral angles are also shown for comparison (solid
blue curves). Note that the difference between Type 1 dihedral angles (blue circles) and the total dihedral angles (black
triangles, Types 1-3) are very small. See text for details.
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Figure 3. The aqueous fluid-majoritic garnet-majoritic garnet dihedral angle Og;grt in the HyO-basalt system decreases
with increasing pressure (a) and temperature (b).

Previous studies show that silicate mineral-fluid interfaces frequently have faceted faces, which can poten-
tially affect the connectivity of fluids (Yoshino et al., 2002, 2006). Yoshino et al. (2006) also suggested that
the permeability of texturally equilibrated rocks with low fluid fraction in a faceting system would be signifi-
cantly decreased. Therefore, in order to evaluate the degree and effect of faceting, we divided the dihedral
angles into three different types, depending on the geometrical shape of pore space (see Figure 1). Type 1
dihedral angles are the angles between two smoothly curved interfaces, Type 2 are angles between one
faceted interface and one smoothly curved interface, and Type 3 are angles between two faceted interfaces
(see also Yoshino et al., 2002, and Mibe et al., 2003, for more details). The results show that the Type 1 dihedral
angles are predominant, and the difference between Type 1 dihedral angles and the total dihedral angles
(Types 1-3) are smaller than the experimental uncertainties (see Table 2 and Figure 2), indicating that the
degree and effect of faceted interface are limited. This result is consistent with the observation in Yoshino
et al. (2002) who concluded that the crystallographic control is significant only at large grain size (>5 um)
and that long run duration reduces the effect of faceting. In this study, we choose median value of only
Type 1 dihedral angles as the true dihedral angle.

The cumulative frequency curves obtained from measurements of the apparent Type 1 and total dihedral
angles are shown in Figure 2. The distribution of the apparent dihedral angles is broader than that of the the-
oretically calculated dihedral angles, as observed in previous studies (e.g. Matsukage et al., 2017; Mibe et al.,
1998; Yoshino et al., 2002, 2007). Besides measurement uncertainty, the deviation could be also caused by
different crystal orientations, which, however, may not have significant influence on the true dihedral angles
within measurement uncertainty (Holness, 2006; Mibe et al., 2003; Ono et al., 2002). Table 2 and Figure 3 show
that the determined aqueous fluid-majoritic garnet-majoritic garnet dihedral angle 04/ in this study is
between 44 + 2° and 55 + 3°. As shown in Figure 3, 04rtg¢ is Negatively correlated with both temperature
and pressure, that is, a higher temperature and/or pressure yield a smaller 0gy¢.gr. At 19 GPa, Ogyr.gre decreases
from 52 + 3° to 44 + 2° with temperature increasing from 1000 to 1200 °C (Figure 3a). At 1000 °C, Ogrt-grt
decreases from 55 + 3° to 52 + 3° with pressure increasing from 17 to 19 GPa, while at 1200 °C, 6,
decreases from 47 + 2° to 44 + 2° with pressure increasing from 17 to 19 GPa (Figure 3b).

grt-grt

As shown in Table 2, stishovite is the main second phase (4-14 wt.%) in the run products. Therefore, the dihe-
dral angles of fluid-stishovite-stishovite and/or fluid-stishovite-garnet should also be measured, in order to
fully evaluate the connectivity of aqueous fluids. However, we found that stishovite crystals usually have
open grain boundaries, so that the dihedral angles of fluid-stishovite-stishovite or fluid-stishovite-garnet can-
not be determined in this study. But considering that majoritic garnet is the predominant phase in the deeply
subducted slab, we believe that the effect of presence of a second phase (stishovite in this study) on the
understanding of the connectivity of fluids in the deeply subducted slab may not be significant, although this
speculation needs confirmation in future studies.
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4. Discussion
4.1. Attainment of Equilibrium

It is important to establish whether the textural equilibrium was attained among the run products before
evaluating the connectivity of aqueous fluids based on the measured dihedral angles. No time series experi-
ments were conducted in this study, but previous studies suggest that a run duration of 23 hr at 900 °C in the
aqueous fluid-pyrope system is sufficient to attain textual equilibrium for the valid measurements of aqueous
fluid-pyrope-pyrope dihedral angles (Ono et al, 2002). Yoshino et al. (2007) show that in the aqueous
fluid-olivine system, textural equilibrium can be approached within 6 hr at 1200 °C for the measurements
of aqueous fluid-olivine-olivine dihedral angles. The temperatures in our experiments are 1000 to 1200 °C,
and all the experiments, except for run DHL-10 at 1200 °C, were run for 24 hr (Table 2). The run duration of
DHL-10 at 1200 °C is 13 hr. Therefore, our experiments should all have approached the textural equilibrium
and our measured fgrgr: should be valid. Further evidence for the equilibrium of our experiments raised
from mineral morphology and mineral compositions. As shown in Figure 1a, many garnet-garnet-garnet
triple junctions have intersection angles of ~120° indicating the achievement of textural equilibrium and a
relatively low orientation dependence of the grain boundary energy (Matsukage et al., 2017). The composi-
tional homogeneity of the garnet crystals in an individual run (Table 3) also implies that both chemical and
textual equilibrium has been achieved. In addition, the systematic negative correlation between 6g.gr, tem-
perature, and pressure, as shown in Figure 3, may not be obtained without the approach of equilibrium.

In the double capsule technique, the equilibrium in H, fugacity between sample in the inner Au sample cap-
sule and the external oxygen buffer can be established within a few hours at temperatures between 700 and
1200 °C (Chou, 1987; Li & Keppler, 2014). Considering that all the buffer materials (Ni-NiO-H,0) were present
in the space between the inner Au capsule and the outer Pt capsule, and considering that in the inner Au cap-
sule a free fluid phase was also present, the oxygen fugacity prevailing in the sample should be close to the
Ni-NiO buffer. However, since a considerable amount of silicates must have been dissolved in the fluid phase,
the water activity in the inner Au capsule should be slightly less than one. This would cause the sample
oxygen fugacity slightly lower than the Ni-NiO buffer, but the sample oxygen fugacity should still well corre-
spond to the oxygen fugacity of the subduction zone fluids (McCammon et al., 2004; Wood et al., 1990).

4.2. Comparison With Previous Studies

Previous studies focused on the dihedral angles in calcite-, quartz-, feldspar-, olivine-, garnet-, and
clinopyroxene-dominated rocks at temperatures of 600-1200 °C and pressures of 0.1-16 GPa (Brenan &
Watson, 1988; Holness, 1993; Holness & Graham, 1991; Matsukage et al.,, 2017; Mibe et al., 1998, 1999,
2003; Ono et al,, 2002; Wanamaker & Kohlstedt, 1991; Watson et al., 1991; Watson & Brenan, 1987; Yoshino
etal, 2002, 2007). Since our present study mainly focuses on the wetting properties of aqueous fluids in mafic
mineral dominated subduction zone rocks, we only compared our measured dihedral angles with those
obtained from the aqueous fluid-mafic mineral systems (Matsukage et al.,, 2017; Mibe et al., 1998, 1999,
2003; Ono et al., 2002; Watson et al,, 1991; Yoshino et al., 2007).

In Figure 4, the new 0g.q« data reported here are plotted together with the available dihedral angle data
obtained in olivine-, clinopyroxene-, and garnet-dominated systems. It can be seen from Figure 4 that the
decrease of Ot.qrt With increasing P-T (see also Figure 3) is in good agreement with the previously observed
linear variation of O)iy-oiiv With P-T. The observed linear reduction in 8,;y-oiv With increasing P-T is usually
attributed to the increased solubility of silicates in the aqueous fluids with increasing P-T (e.g., Mibe et al.,
1999; Takei & Shimizu, 2003; Yoshino et al., 2007). Therefore, the silicate concentration in an aqueous fluid
that is in equilibrium with a basalt at high P-T conditions, as investigated in this study, may also increase with
increasing P-T, which thus can explain the observed reduction in Ogq,c With increasing P-T in this study.

However, the 0g,.gr: determined by Ono et al. (2002) and by Matsukage et al. (2017) increases with increasing
pressure at pressures lower than 12 GPa. This is in big contrast with the observed reduction in ;y._ojiv With
increasing pressure. More interestingly, our new gy gr: data combined with the fy.gr data from Ono et al.
(2002) and Matsukage et al. (2017) show that g .. first increases to a maximum of ~65° as pressure
increases to ~12 GPa but then drops to below ~44° as pressure increases further to 19 GPa (Figure 4b).
The increase of 0gt.q« With increasing pressure contradicts the expectation that a higher pressure leads to
a lower dihedral angle due to the increased silicate solubility in the aqueous fluids. However, a similar
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Figure 4. A summary of dihedral angles determined in the H,O-olivine system and H,0-garnet system. The error bars are
not available in Watson et al. (1991) and Mibe et al. (1998). Dihedral angles at (a) the fluid-oliv-oliv, fluid-cpx-cpx, fluid-grt-
cpx and (b) fluid-grt-grt triple junctions in previous studies and this study indicate that the fluid connectivity in the
subducting slabs is mainly controlled by the oceanic crust as the dihedral angle in H,O-olivine system (peridotite part)
deceases quickly with increasing pressure and temperature. As shown in (b), the dihedral angle in H,O-garnet system
increases at the upper mantle conditions (<12 GPa) but decreases at the MTZ conditions (>13 GPa). Note that the dotted
lines/curves are used to guide the eyes.

linear variation of dihedral angle with pressure was indeed observed previously by Holness (1993), in the
aqueous fluid-quartz system. Holness (1993) found that at 1000 °C, increasing pressure from ~0.2 to
~0.8 GPa would cause a linear increase of the aqueous fluid-quartz-quartz dihedral angle Ogt;-qr, from
~75 to ~83° but at pressures from ~0.8 to ~0.95 GPa, the Oyrz-qr. drops linearly from ~83 to ~72°
Holness (1993) also showed a similar observation in the same aqueous fluid-quartz system at 600 °C. The
suggested explanation for the variation of 04t With pressure was that the presence of an absorbed
layer of water on the fluid-quartz interface and the quartz grain boundary may change the interfacial
energy and cause the abrupt change of the dihedral angle. It is not clear whether the same explanation
can be applied here to the aqueous fluid-garnet system, but the similar observation in the aqueous fluid-
quartz system implies that the presently observed variation of 04q,: With pressure (Figure 4b) is true.

Another potential explanation for the variation of 8grgre With pressure is the variation of composition of
garnet. As shown in many previous studies (e.g., Aoki & Takahashi, 2004; Irifune et al., 1986), the composition
of garnet changes in the pressure range of 5-16 GPa but is almost constant at pressures above 16 GPa (this
study). The composition change may plausibly change the surficial energy of garnet and results in the
increase of Og.gr With increasing pressure. However, as found by Matsukage et al. (2017), the 0y, data
obtained from the pyrope + H,O system (Ono et al., 2002) agree well with their data obtained from the com-
plex basalt-H,O system. Therefore, the effect of mineral composition on &g« Mmight be small. Obviously,
much more detailed work is required in the future to better understand the mechanism causing the variation
of Ogrt-gre With pressure.

The dihedral angle in a solid-H,O0 system can in principle be predicted by the theoretical lattice-like model
(Shimizu & Takei, 2005; Takei & Shimizu, 2003). However, we noticed that the lattice-like model by Takei
and Shimizu (2003) was built upon the basis that the dihedral angle in a silicate-H,O system decreases with
solid concentration in the fluid phase. However, this basis is not consistent with the observed variation of G-
grt With pressure (Figure 4b), as discussed above. In addition, Takei and Shimizu (2003) clearly pointed out
that their model can only be used for simple solid-H,0 two-component system, such as quartz-H,0O system,
and the application of their model to complex systems, such as forterite-H,O system or rock-H,0O system, is
problematic. Consequently, the Takei and Shimizu (2003) model cannot be used to predict the variation of
Ogrt-gre With temperature and/or pressure in our complex basalt-H,0 system.

4.3. Implications for Water Cycle in Subduction Zones and Hydration of the MTZ

The high solubility of water in the MTZ minerals wadsleyite and ringwoodite indicates that the MTZ may be
very wet (Demouchy et al., 2005; Inoue et al., 1995; Kohlstedt et al., 1996; Litasov & Ohtani, 2003; Ohtani et al.,
2000). The strongest evidence for a hydrous MTZ is the observation that ringwoodite hosted in ultradeep

LIU ET AL.

6569



Journal of Geophysical Research: Solid Earth 10.1029/2018JB015973

1400 r

1200

Temperature (°C)

600

400

1000 |

800

100 200 200 DCpTOf)km) 500 600 diamonds from Juina, Brazil, contains up to 1-2 wt.% water (Pearson et al.,

Toper mantle ‘ Ton zome — 2014). Nestola and Smyth (2016) estimated that the MTZ may contain up

=] Shy'B to 28% of the Earth’s total water. If these studies are correct, then one

© 0....8 i interesting research theme is how the MTZ was hydrated. Due to the sta-

\\“\)\3\'\):},‘5‘\‘3‘/:"0/ s . Shy Homl . bilization of hydrous minerals at different pressures corresponding to the

© "oo © ;/‘,9%77“""\? S subducting slab (see Figure 5; Bolfan-Casanova, 2005; Hirschmann, 2006;

- et R 7‘:7”(:’?,‘,77 — Karato et al, 2013; Kawamoto, 2006; Nishihara & Matsukage, 2016;

-® - o HRE T Ohtani, 2005, 2015; Schmidt & Poli, 1998), it is now widely accepted that

water can be transported into the deep mantle by hydrous minerals in

- L flud-grt-grt the subducting slab and that the water released finally by the breakdown
_ =TI of these hydrous minerals may hydrate the MTZ.

’ v Pressure (G[lz) 2 Hydrous minerals in the subducting slab can bring water to the deep Earth.

However, whether the aqueous fluids formed by the breakdown of

Figure 5. The aqueous fluid-garnet-garnet dihedral angle 0yt.gre in P-T  hydrous minerals in the subducting slab can be segregated from the slab
space, and the hydrous phase stability fields in the hydrous basalt (dotted 3 available to hydrate the overlying mantle depends significantly on the

purple line) and the hydrous peridotite (dotted green line) systems. The gray
and red circles denote the Ogyt.gy¢ smaller than 60° and greater than 60°,

permeability of aqueous fluids in the subducting slab rocks. The significant

respectively, which are separated by the dashed black curve. The dihedral decrease of Oojiy-oiiv With increasing P-T (Figure 4a) indicates that aqueous
angle data are taken from Figure 4b. The dashed blue and red lines represent ~ fluids released from the breakdown of hydrous minerals such as serpen-
the global range of slab surface temperature, respectively, extrapolated tine and phase A (Figure 5) can form interconnected network and flow

from Syracuse et al. (2010). The hydrous phase stability fields in the hydrous
basalt and the hydrous peridotite systems were modified from Okamoto and
Maruyama (2004), Kawamoto (2006), and Nishihara and Matsukage (2016).

on the grain edges in the peridotite part of the subducting slab. But
whether the released fluids in the peridotite of the subducting slab can

Abbreviations are Law = lawsonite; Fe-Ti = iron-titanium oxyhydroxides; percolate through the overlying layer of oceanic crust and hydrate the
Ser = serpentine; CH = clinohumite; Ch = chondrodite; Ph A = phase A; Ph mantle wedge would mainly depend on the connectivity of aqueous fluids
E = phase E; Ph D = phase D; Shy B = superhydrous phase B. in the subducting oceanic crust.

Figure 5 shows that aqueous fluids probably cannot form interconnected

network in a relatively cold oceanic crust at pressures below 14 GPa but
can form interconnected network in a relatively hot oceanic crust. Therefore, in a cold slab, the aqueous fluids
formed by the breakdown of hydrous minerals, such as lawsonite, clinohumite, and phase A (Figure 5), could
be trapped as interstitial fluids in the subducting oceanic crust, although these fluids can flow on the grain
edges in the peridotite layer of the subducting slab. Therefore, these fluids could be retained physically in
the subducting oceanic crust and transported into the deep mantle at pressures above 14 GPa. However,
at 15-20 GPa corresponding to pressures of the MTZ, the 04,+.,« appears to be lower than 60° even for a very
cold slab, indicating that the aqueous fluids can flow on the grain edges of the subducting oceanic crust and
be available to hydrate the overlying MTZ. Accordingly, in a cold slab, the aqueous fluids at the MTZ condi-
tions, including those trapped physically in the slab and those formed lately by the breakdown of hydrous
minerals at very high pressures (Figure 5), can eventually be segregated from the subducting oceanic crust
and hydrate the MTZ. This may thus provide an important but hitherto unappreciated mechanism for the
hydration of the MTZ.

In contrast, if the slab is hot, most of the aqueous fluids formed at shallow depth cannot be retained physi-
cally in the subducting oceanic crust due to the low 0.4 (Figure 5); therefore, only the water stored in the
hydrous minerals, such as iron-titanium oxyhydroxides, phase E, and phase D, can be transported into the
MTZ depth (Figure 5). Since @gyr.qgr is lower than 60° in a hot slab at the MTZ conditions, the breakdown of
these hydrous minerals at the MTZ conditions also produces aqueous fluids that can percolate through the
subducting oceanic crust and hydrate the MTZ. However, it should be noted that the total mass of the avail-
able aqueous fluids in a hot slab to hydrate the MTZ should be considerably smaller than that in a cold slab. In
a hot slab, most of hydrous minerals are dehydrated at shallow depths and the formed fluids are readily lost
into the overlying mantle wedge due to the low 6y, value (< 60°% Figure 5), but in a cold slab less hydrous
minerals are dehydrated at shallow depth and the formed aqueous fluids can be trapped physically in the
subuducting oceanic crust and transported into the MTZ depth. Therefore, the cold slab and the hot slab
may play a distinct role in transportation of water into the MTZ, causing heterogeneous distribution of water
in the MTZ, as inferred from electrical conductivity measurements, for example (Huang et al., 2005; Karato
etal, 2013).
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The low Ogt.gr values (<60°) at pressures corresponding to MTZ (Figure 5) also implies that all the aqueous
fluids, no matter they are trapped physically in the slab at depth above the MTZ or formed by the breakdown
of hydrous minerals at the MTZ depth, cannot be subducted into the lower mantle, so that the MTZ may
potentially play as a filter of free aqueous fluids in the subducting slab.

Here it should be further noted that in the subducting slab, aqueous fluids can also be mobilized as channe-
lized fluid flow along cracks, veins, shear zones, or fold hinges (e.g., Manea et al., 2014; Zack & John, 2007).
However, it remains unknown which mechanism, channelized fluids along cracks or fluid permeability con-
trolled by dihedral angle, is the dominated mechanism for fluid mobility in the subducting slab, in particular
at pressures beyond the sub-arc depth. Following many previous studies (e.g., Matsukage et al., 2017; Mibe
et al,, 1999, 2003; Ono et al., 2002), we consider that the dihedral angle is at least one of the most important
factors controlling fluid mobility in the subducting slab.

5. Conclusions

This study reports the first data on aqueous fluid-majoritic garnet-majoritic garnet dihedral angle in a
hydrous basaltic system at the MTZ conditions (17-19 GPa and 1000-1200 °C). The dihedral angle Ogtgrt
is less than 60° and decreases with increasing pressure and temperature. These experimental results demon-
strate that aqueous fluids can percolate through the subducting oceanic crust at the MTZ conditions.
Considering that aqueous fluids cannot percolate through the subducting oceanic crust in a cold slab at
depth above the MTZ, due to the high dihedral angle (0g.grx > 60°), the aqueous fluids formed by the
breakdown of slab hydrous minerals may be trapped as interstitial fluids in the slab and transported into
the MTZ depth. At the MTZ depth, both the aqueous fluids trapped previously and the aqueous fluids
formed lately by the breakdown of slab hydrous minerals can percolate through the subducting oceanic
crust and be available for the hydration of the MTZ, which thus provides an important mechanism for the
hydration of the MTZ. On the other hand, due to the low dihedral angle (0gr-gr: < 60°) of a hot subducting
slab, most of the aqueous fluids formed by slab mineral dehydration may be lost into the overlying upper
mantle at shallow depth, and only the aqueous fluids formed by the breakdown of hydrous minerals at
the MTZ depth can be available for the hydration of the MTZ. Accordingly, the cold slab may transport more
water than the hot slab to the hydration of the MTZ, providing an explanation for the observed heteroge-
neous distribution of water in the MTZ. Our results also imply that the MTZ may potentially play as a filter
of free aqueous fluids in the subducting slab.
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