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Xinzhuan Guo® (2, Jiayuan Bai® (), Chao Wang?, Xiang Wu? (2, and Xingfan Zhou®

'Key Laboratory for High-Temperature and High-Pressure Study of the Earth's Interior, Institute of Geochemistry,
Chinese Academy of Sciences, Guiyang, China, *State Key Laboratory of Geological Processes and Mineral Resources,
China University of Geosciences, Wuhan, China

Abstract To investigate the effect of CO, on water solubility in orthopyroxene coexisting with H,O-CO,
as a buffering fluid, high-pressure experiments were conducted at pressures of 1.5 and 3 GPa and a
temperature of 1100 °C. The experiments were performed in a Walker-type multianvil assembly using
natural orthopyroxene with various CO, to CO,-H,O molar ratios as a starting material. The water
contents were measured by polarized Fourier transform infrared spectrometry. At 1.5 GPa and 1100 °C,
the H,O solubility decreased with increasing CO, content in the fluid. The water solubility c(H,O) could
be quantitatively determined based on water fugacity f{H,O) as ¢c(H,0) = 25.21 X f(H,0)"**. The addition
of 57% CO, dramatically reduced the water solubility in orthopyroxene from 184 to 90 ppm. In contrast,
at 3 GPa and 1100 °C, the water solubility did not change with the CO, content in the starting material
because CO, is unstable in bulk peridotite due to the reaction between CO, and olivine at pressures
exceeding 2.2 GPa. This study confirms that the additional component in the aqueous fluid can change
the water activity and fugacity, thereby directly lowering the water storage capacity in mantle minerals.
As a result, previous estimates of the maximum water storage capacity in the shallow mantle may be
overestimated by a factor of 3.

1. Introduction

The mantle is potentially a huge water reservoir in deep Earth, and this reservoir has important effects on
water distribution and water cycling, including the formation of the Earth's hydrosphere and atmosphere
(Bell & Rossman, 1992; Hirschmann, 2006). Water is mainly stored in nominally anhydrous minerals as
H-related point defects such as OH groups. The structural hydrogen in nominally anhydrous minerals can
significantly affect the melting points of minerals (Gaetani & Grove, 1998), viscosity (Mackwell et al.,
1985; Mei & Kohlstedt, 2000a, 2000b; Tielke et al., 2017), and electrical conductivity (Karato, 1990;
Yoshino et al., 2006). Therefore, it is important to investigate water solubility in mantle minerals.

Most experimental studies on water solubility in mantle minerals were carried out under pure water-
saturated conditions (Bai & Kohlstedt, 1992, 1993; Férot & Bolfan-Casanova, 2012; Gaetani et al., 2014;
Kohlstedt et al., 1996; Matveev, 2001; Mierdel et al., 2007; Mierdel & Keppler, 2004; Padron-Navarta &
Hermann, 2017). However, the fluid environment of the upper mantle is complex. The shallow fluid in
the upper mantle is mainly H,O-CO, (Baptiste et al., 2015), while the deep fluid is CH4-H,O (Frost &
McCammon, 2008; Wood et al., 1990; Yang, 2015; Yang et al., 2014). Yang et al. (2014) and Yang (2015)
experimentally studied water solubility in olivine with H,O-CO, or H,0-CH, as the buffering fluid.
Compared with pure water environments, the addition of CO, or CH, strongly reduced the water solubility
of olivine, indicating that the storage capacity of water in the shallow mantle estimated using pure water as
the buffering fluid may be largely overestimated.

Next to olivine, pyroxene is the most important constituent of the upper mantle. The maximum water
solubility of orthopyroxene is higher than that of olivine under the conditions of the shallow upper mantle
(e.g., pressure < 5 GPa; Hauri et al., 2006). The hydrogen incorporation mechanism in orthopyroxene has
been widely investigated (Rauch & Keppler, 2002; Stalder, 2004; Stalder et al., 2005; Stalder et al., 2015). If
some amount of aluminum (Al) is incorporated into the crystal structure, the water solubility could increase
significantly. For example, approximately 1 wt% Al,O3 enhanced the water solubility of enstatite from 199 to
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Table 1

Summary of Experimental Conditions and Results

Run no. P (GPa) Fluid composition (in weight) Fluid source Duration (hr) ppm H,0?
R1026 1.5 (H,0) 100% Talc + brucite 28 184 + 10
PC494 1.5 (H,0) 82%, (CO,) 18% Talc + brucite + oxalic acid 28 149 + 8
PC489 1.5 (H30) 66%, (CO,) 34% Talc + brucite + oxalic acid 28 124 + 12
R1026 1.5 (H,0) 43%, (CO,) 57% Talc + brucite + oxalic acid 28 90 + 3
R1060 3 (H,0) 100% Talc + brucite 28 363 + 36
R1072 3 (H,0) 82%, (CO,) 18% Talc + brucite + oxalic acid 28 364 + 50
R1060 3 (H,0) 66%, (CO,) 34% Talc + brucite + oxalic acid 28 364 + 37
R1072 3 (H,0) 43%, (CO,) 57% Talc + brucite + oxalic acid 28 365 + 39
En1® 1.5 (H,0) 100% Mg (OH), + SiO, 94 199 + 15
En6” 3 (H,0) 100% Mg (OH), + SiO, 144 372 + 20

Note. All runs experiments were carried out at 1100 °C, and oxygen fugacity of the sample was controlled by Ni-NiO buffer.
#Based on the absorption coefficient of Bell et al. (1995). ~Data from Rauch and Keppler (2002); both experiments are conducted at 1100 °C and buffered by Ni-

NiO.

1,100 ppm at 1100 °C and 1.5 GPa (Rauch & Keppler, 2002). The partition coefficient of water in Al-rich
orthopyroxene to olivine (DEI%) is as high as 11.7 (Grant et al., 2007). Therefore, orthopyroxene might be
a more important water host than olivine in the shallow upper mantle. The lower H,O activity and H,O
fugacity in H,0-CO, fluid could potentially reduce the H,O solubility of orthopyroxene, as has been
confirmed for olivine (Yang et al., 2014). Thus, to properly evaluate water storage in the upper mantle,
experiments on the water solubility of orthopyroxene in complex fluids, particularly C-H-O fluid, should
be performed.

In this study, we investigated the water solubility in single-crystal orthopyroxene coexisting with peridotite
powder and H,0O-CO, fluid at 1.5 and 3 GPa and 1100 °C with oxygen fugacity buffered by Ni-NiO. For com-
parison, experiments on water solubility in orthopyroxene coexisting with H,O alone were also conducted.
The influence of CO, on water storage in the upper mantle is discussed on the basis of these experiments.
The results of this study improve our understanding of water storage in the upper mantle in terms of water
fugacity and pressure.

2. Experimental Methods
2.1. Starting Materials

Natural single-crystal orthopyroxene was separated from a spinel-bearing lherzolite xenolith sampled at
Damaping (Hannuoba area, Hebei Province, China). Polarized Fourier transform infrared (FTIR) spectro-
scopy measurements yielded a water content of 39 ppm by weight in the single-crystal orthopyroxene.
The orthopyroxene crystal was cut into blocks with dimensions of 1 X 1 X 1.5 mm to prepare the water adop-
ter in the experiments. Another spinel-bearing lherzolite collected from Damaping and consisting of olivine
(66 vol%), orthopyroxene (24 vol%), clinopyroxene (8 vol%), and ferroan spinel (2 vol%) was milled into pow-
der with a grain size of less than 20 um. The powders were then mixed with brucite, talc, and oxalic acid
ground in an agate mortar. These powders were used in experiments to construct peridotite-saturated con-
ditions. Brucite and talc with a molar radio of 5:1 were used as the water source, and oxalic acid was used as
both the H,0 and CO, sources. The chemical composition of single-crystal orthopyroxene is similar to that
of the matrix orthopyroxene. It should be noted that oxalic acid decomposes to CO,, H,0, and CO at ambient
pressure and high temperature. However, under our experimental conditions of 1.5 and 3 GPa and 1100 °C,
the oxygen fugacity of Ni-NiO lies mostly within +1.18 log units relative to the fayalite-magnetite-quartz buf-
fer according to the formula of Dai et al. (2016). Under these conditions, CO will be oxidized to CO, (Zhang
& Duan, 2010). The bulk H,O content in all experimental runs was 5 wt%, and the CO, content in the fluid, X
(COy), varied from 0% to 57%. Detailed information about the starting materials is provided in Table 1.

2.2. High-Pressure Experiments

All experiments were conducted using a Walker-type Rockland 1,000-ton multianvil apparatus at the State
Key Laboratory of Geological Processes and Mineral Resources, China University of Geosciences (Wuhan).
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Figure 1. (a) Schematic cross section of the cell assembly for the Walker-type apparatus and (b) detailed schematic of the
experimental capsule.

A Cr,05-doped MgO octahedron with an edge length of 25 mm was adopted as a pressure medium. Eight
tungsten carbide anvils with a truncation of 15 mm were used as the second-stage anvils. Pressure genera-
tion in this 25/15 assembly was determined previously based on the phase transition of Bi and the melting
of NaCl (Li et al., 2018). The detailed cell design is shown in Figure 1.

The stepped heater can effectively reduce the temperature gradient within the cell. Orthopyroxene crystal
was embedded in the peridotite matrix, in which the water and CO, sources were homogeneously mixed.
The Ni-NiO capsule was placed inside the Pt capsule. This double-capsule assemblage can efficiently buffer
the oxygen fugacity and prevent water loss during high-temperature experiments. To ensure the equili-
brium of hydrogen between the orthopyroxene crystals and the matrix, the experimental duration was
set at 28 hr based on the calibration of the H,O diffusion distance under a hydrogen diffusion coefficient
of 1.3 x 10~ m?/s at 1100 °C (Carpenter Woods, 2001; Denis et al., 2018). The experimental conditions
are listed in Table 1.

2.3. Analytical Techniques

After annealing experiments, the recovered capsules were first mounted in epoxy resin and then polished on
one side using sandpapers (#600, #2000, and #5000) under dry conditions and Al,O5 polishing slurry (1 and
0.05 um) in sequence until the surface of orthopyroxene crystal could be clearly observed.

The recovered single-crystal orthopyroxene was cut into three individual parts along random but mutually
perpendicular directions. Every sample was then double-polished to a thickness of 150-200 pwm. Polarized
FTIR spectroscopy spectra were acquired using a Nicolet 6700 spectrometer equipped with a Nicolet conti-
nuum microscope, a KBr beam splitter, and a liquid nitrogen-cooled MCT-A detector at the State Key
Laboratory of Geological Processes and Mineral Resources, China University of Geosciences (Wuhan).
The polarized spectra were obtained with the electric field vector (E) parallel to two mutually perpendicular
directions. The aperture size was 50 X 50 um or 100 X 100 wm. For all measurements, 256 scans were
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collected in transmission mode in the wavenumber range of 650-4,000 cm™" at a resolution of 4 cm™". The
spectral backgrounds were corrected by the spline fitting of the baseline defined by points outside the
OH-stretching region.

The water content of orthopyroxene, an anisotropic mineral, can be determined from the polarized spectra
of three random (x, y, and z) but orthogonal sections of the crystal (Libowitzky & Rossman, 1996; Shuai &
Yang, 2017). The total thickness-normalized integral absorbance (Abs;.) can be expressed as

Absoy = Absy + Abs,, + Abs; (1)
with
Abe _ Absmax,x + Absmin‘x 7 (2)
2
Abs, — AbSmaxy er AbSminy 7 3)
and
Abs, — Absmax,z + AbSming ) )

2

The water content (C,,, in ppm) can be determined by the Beer-Lambert law, C,, = Abs./I’, where I’ is the
mineral-specific integral molar absorption coefficient (ppm™'-cm™2). In this study, I' was 15.6 + 0.94
ppm™'.cm™? according to the calibration of Bell et al. (1995). This method has been efficiently used to mea-

sure the water contents of monoclinic minerals including feldspars (Johnson & Rossman, 2003).

To verify the homogeneity of water in orthopyroxene, FTIR mapping analysis and profile analysis were per-
formed for all sections. The mapping area covered the entire crystal and a part of the peridotite matrix; the
step length was 50 or 100 um, and 64 scans were accumulated for each spot. For line analysis, spectra were
collected in the range of 650-4,000 cm™ " with an aperture of 100 x 100 um from the rim to the core. The step
length was 100 um, and 256 scans were accumulated for each spot.

The contents of major elements in the recovered samples were analyzed using a JEOL-8100 electron microp-
robe with an accelerating voltage of 15 kV, a beam current of 20 nA, and a beam size of 1-5 um for mineral
analysis; for melt analysis, the beam current and beam size were 10 nA and 7-10 pm, respectively. The tex-
tures of the samples were observed by scanning electron microscopy using a Quanta2000 scanning
electron microscope.

3. Results

3.1. Textures of the Recovered Samples

The saturation of H,0 was recognized by bubble escaping from the capsule when we pierced the capsule.
Under water-saturated conditions, no reaction rim between orthopyroxene crystals and the matrix was
observed in any of the annealed samples (Figure 2a), and the chemical compositions before and after anneal-
ing were identical (Table 2). In all experiments, partial melting occurred, and clinopyroxene almost disap-
peared. The relic components in the matrix were olivine, orthopyroxene, spinel, and melts (Figure 2c).
The volume fractions of melt in all samples were less than 3%. The melt fraction was independent of X
(CO,) in the sample. According to the melting experiments carried out on a model of the upper mantle
(Green, 1973), the solidus of pyrolite under water-saturated conditions is around 950-1000 °C at 1.5 GPa
and 1000-1050 °C at 3 GPa, and the disappearance temperature of clinopyroxene is nearly 1100 °C at 1.5
GPa and 1050 °C at 3 GPa. At 2-3 GPa and temperatures below 1000 °C, the melting temperature of perido-
tite coexisting with both CO, and H,0 was found to be lower than that of peridotite coexisting with H,O
alone (Wallace & Green, 1988). The experimental temperature of 1100 °C in this study is greater than the
hydrous solidus at both 1.5 and 3 GPa. Therefore, the assemblages of olivine + orthopyroxene + melt are
consistent with previous studies.
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Figure 2. Scanning electron microscopy images of different products: (a) and (b) annealed at 1.5 GPa and 1100 °C with X
(CO,) = 0% and 57%, respectively. (c) and (d) annealed at 3 GPa and 1100 °C with X (CO,) = 0% and 57%, respectively. ()
and (f) dendritic melts at 3 GPa. Opx = orthopyroxene; Ol = olivine; Cpx = clinopyroxene; Spl = spinel.

The melt morphology differed between 1.5 and 3 GPa. At 1.5 GPa, the melt was a homogeneous glass
(Figure 2a). In contrast, the melt at 3 GPa showed a dendritic texture with two different intergrown compo-
nents (Figures 2e and 2f). The compositions of these two melts were also very different (Table 3). The melt at
1.5 GPa was a basaltic melt containing 48.2-53.4 wt% SiO,, while that at 3 GPa had a much lower SiO, con-
tent (3-28 wt%). CO, was experimentally confirmed to react with olivine to produce orthopyroxene and
MgCOs; at 2.2 GPa and 1100 °C (Newton & Sharp, 1975). At 3 GPa and 1100 °C in our experiments, the
MgCO; crystals eventually disappeared, and a carbonatitic silicate melt was observed in the H,O-saturated
environment (Dasgupta & Hirschmann, 2007). The carbonatitic melt with very low SiO, content was sepa-
rated from the carbonatitic silicates during quenching, forming the dendritic textures shown in Figure 2f.
The amount of H,0 + CO, dissolved in the melt can be estimated from the difference between 100% and
the total H,O + CO, observed by microprobe analysis. At 1.5 GPa, the CO, + H,0 content of the silicate melt
in the matrix was between 8.7 and 15.6 wt%. Considering that the water content of melt in peridotite with a
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Table 2

Chemical Compositions of the Starting Materials and the Recovered Samples (Wt%)

Before experiments

After experiments

. Peridotite Orthopyroxene crystals Peridotite
Weight Orthopyroxene

(%) crystals Cpx Ol Opx R1026 PC494 PC489 R1026 R1060 R1072 R1060 R1072  Cpx Ol Opx
SiO, 54.96 52.17 4196 56.16  55.18 55.70 55.50 54.47 56.19 55.35 55.32 54.70  51.81 40.57 55.83
MgO 33.49 15.41 49.71 33.06  33.88 33.85 33.09 32.83 34.29 32.84 33.09 32.31 14.85 49.06 34.21
K50 0.00 0.01 0.01 0.01 0.01 0.00 0.04 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
FeO 5.78 2.35 8.53 6.15 5.60 5.24 5.58 5.37 3.46 5.59 5.89 6.35 237 6.56 4.50
Al,O3 3.66 5.25 0.02 3.22 3.57 3.59 3.76 4.84 2.01 3.72 4.11 4.54 5.85 0.03 2.98
Na,O 0.05 1.59 0.01 0.05 0.06 0.08 0.25 0.05 0.01 0.06 0.09 0.10 1.63 0.01 0.03
CaO 0.43 21.03 0.07 0.41 0.50 0.57 0.64 0.54 0.35 0.73 0.58 0.70 21.09 0.06 0.52
Cr,03 0.00 0.89 0.04 0.31 0.00 0.48 0.00 0.49 0.84 0.55 0.42 0.35 0.92 0.08 0.62
TiO, 0.14 0.37 0.01 0.06 0.08 0.08 0.03 0.20 0.05 0.08 0.12 0.12 0.42 0.01 0.07
MnO 0.14 0.07 0.11 0.13 0.13 0.14 0.13 0.16 0.09 0.14 0.14 0.14 0.07 0.09 0.12
NiO 0.00 0.00 0.00 0.00 0.00 0.26 0.00 0.79 1.86 0.13 0.11 0.12 0.31 3.12 0.62
Total 98.65 99.13 100.46 99.57 99.68  100.00  98.98 99.75 99.16 99.18 99.89 99.42  99.72 99.61 99.49
Total O= 6 6 4 6 6 6 6 6 6 6 6 6 6 4 6
Si 1.92 1.91 1.01 1.94 1.92 1.92 1.93 1.89 1.95 1.92 1.91 1.90 1.89 1.00 1.93
Mg 1.74 0.84 1.79 1.70 1.75 172 1.71 1.70 1.77 1.70 1.70 1.67 0.81 1.80 1.76
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe® 0.17 0.07 0.17 0.18 0.16 0.16 0.16 0.16 0.10 0.16 0.17 0.18 0.08 0.14 0.13
Al 0.15 0.23 0.00 0.13 0.15 0.15 0.15 0.20 0.08 0.15 0.17 0.19 0.25 0.00 0.12
Na 0.00 0.11 0.00 0.00 0.00 0.01 0.02 0.00 0.00 0.00 0.01 0.01 0.12 0.00 0.00
Ca 0.02 0.82 0.00 0.02 0.02 0.02 0.02 0.02 0.01 0.03 0.02 0.03 0.82 0.00 0.02
Cr 0.00 0.03 0.00 0.01 0.00 0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.03 0.00 0.02
Ti 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.05 0.00 0.00 0.00 0.01 0.06 0.02
Mg# 0.91 0.92 0.91 0.91 0.92 0.92 0.91 0.92 0.95 0.91 0.91 0.90 0.91 0.93 0.93
Total 4.01 4.02 2.98 3.99 4.01 4.00 4.00 4.00 4.00 3.99 4.00 4.00 4.02 3.00 4.00

Note. N denotes the number of analyses for each mineral.

1t is assumed that all iron is ferrous iron.

Table 3

Chemical Composition of the Melt (wt%)

1.5 GPa, 1100 °C

3 GPa, 1100 °C

R1072 18% CO,

R1060 34% CO,

R1072 57% CO,

Weight R1026 5% H,0 PC 494 18% CO, R1026 57% CO, R1060 5% H,0 Meltl Melt2 Meltl Melt2 Meltl Melt2
(%) N =5) N=3) N=4) N =5) IN=6) N=4) (=5 ©N=1) {N=5 ©N=95
Si0, 53.38 48.17 51.31 40.18 28.11 19.96 25.74 18.65 13.79 3.29
MgO 9.35 3.36 7.09 8.79 11.21 9.56 11.28 11.59 17.27 18.82
K50 0.07 0.19 1.09 0.35 0.28 0.27 0.30 0.14 0.46 0.04
FeO?® 3.97 2.14 2.27 3.74 4.84 3.46 5.85 5.73 5.52 4.86
Al,O3 12.22 18.68 18.64 15.70 10.90 7.89 13.02 6.90 7.09 1.49
Na,O 1.06 0.36 1.59 0.53 0.46 0.48 0.40 0.31 0.26 0.24
CaO 10.13 9.73 6.68 9.68 15.23 20.19 15.43 19.18 18.79 24.11
Cr,03 0.16 0.07 0.02 0.06 0.13 0.07 0.06 0.08 0.05 0.03
TiO, 0.71 1.21 0.95 0.63 0.90 0.40 0.63 0.32 0.42 0.13
MnO 0.10 0.11 0.05 0.16 0.17 0.17 0.26 0.18 0.29 0.29
NiO 0.13 0.39 0.26 0.97 0.49 0.23 0.23 0.32 0.53 0.53
Total 91.27 84.40 89.96 80.79 72.72 62.67 73.19 63.39 64.47 53.83
Note. N denotes the number of analyses for each melt.
1t is assumed that all iron is ferrous iron.
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Figure 3. Respective FTIR maps and profile spectra of the recovered orthopyroxene crystals. (a-c) Scanning electron microscopy images of the analyzed orthopyr-
oxene samples showing the points of the profile analyses and the areas used for mapping. (a’-c") FTIR mapping images of the crystals. The water contents are given
by the color bar. (a”-c”) Profile analysis results from the rim to the core. The spectra were collected with a spot size of 100 um and then normalized to a thickness of 1
cm and vertically offset. The numbers above each spectrum give the water contents (left) and the position of the analyzed points (right).

bulk water content of 5 wt% is 8.73 wt%, the CO, content of the melt in peridotite with both H,O and CO, at
1.5 GPa was less than 7 wt%. In contrast, the CO, + H,O content of the carbonatitic silicates in peridotite
with both H,0 and CO, at 3 GPa was much higher (26.81-37.33 wt%).

3.2. FTIR Analysis of Orthopyroxene Crystals

We investigated the zoning in orthopyroxene by FTIR mapping and profile analysis to ensure hydrogen is
homogeneously distributed within the orthopyroxene crystal. Figure 3 shows the polarized FTIR mapping
results and profile analysis from the rim to the core of the orthopyroxene crystals in one direction (x, y,
or z). The water contents given by the color bar in Figure 3 are approximately one third of the total water
content. It should be noted that the crystals were easily to be damaged and fractures and cavities would occur
during decompressing, especially under 3-GPa condition.

No zoning texture was observed in the OH distribution, and the difference in water content was less than
10%. The green rims (Figures 3a’-3c’) surrounding the crystals can be attributed to the use of the inter-
polation method when constructing the maps. Therefore, the equilibrium of hydrogen incorporation in
orthopyroxene crystals can be established. The crystal quality became worse in the experiments at 3
GPa; more caves were observed within the crystal, resulting in higher water contents in some
positions (Figure 3c).
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Figure 4. Polarized FTIR spectra of the recovered orthopyroxene crystals normalized to 1-cm thickness. Spectra for three
random but mutually perpendicular directions (X, Y, and Z) are offset for clarity. Experimental condition was shown at the
top right corner of each panel.

Although no additional experiments with variable durations have been conducted to prove the water equili-
bration between the crystal and the matrix, we believe the equilibrium has been established for two reasons.
(1) The experimental duration of 28 hr is long enough for hydrogen diffusion in both the crystals and the
matrix based on the hydrogen diffusivity in these minerals. (2) Profile analysis from the rim to the core
and the mapping showed that there are no zoning of water content. In addition, hydrogen equilibrium
between olivine and the matrix has been established in experimental studies (Yang, 2015; Yang et al.,
2014) within 30 hr at 1.5 GPa, in which experiments the experimental setup was similar to ours.
Hydrogen diffusion in orthopyroxene is generally faster than that in olivine. Therefore, the equilibrium
should be established in our experiments.

Figure 4 shows representative polarized FTIR spectra of the recovered orthopyroxene on three mutually per-
pendicular directions (x, y, and z). At 1.5 GPa and 1100 °C, the OH absorption in the orthopyroxene spectra
in the mid-IR range (3,700-2,800 cm™ 1) can be divided into four groups (Figure 4): 3,595-3,600, 3,521, 3,400-
3,430, and 3,077 cm™*. The absorption band at 3,595-3,600 cmtis relatively intense and narrow in all the
samples at 1.5 GPa. The absorption band at 3,400-3,430 cm™" is relatively broad. These bands are consistent
with natural orthopyroxene in the mantle xenolith (Grant et al., 2007; Yang et al., 2008). The positions of the
OH absorption bands in orthopyroxene are almost uniform, regardless of whether CO, is present in the fluid
(Figure 4). This indicates that the addition of CO, to the aqueous fluid does not change the mechanism of
hydrogen incorporation in orthopyroxene.

Figure 5 shows the calculated water contents of orthopyroxene crystals as functions of X (CO,) and pressure.
At 1.5 GPa, the H,O solubility decreased with increasing X (CO,); the water content decreased from 184 ppm
at X (CO,) = 0 to 149 ppm at X (CO,) = 18%, 124 ppm at X (CO,) = 34%, and 90 ppm at X (CO,) = 57%
(Figure 5a). In contrast, at 3 GPa, H,O solubility in orthopyroxene did not change with the CO, content
in the fluid. In coexistence with H,O, the H,O solubility increased from ~184 ppm at 1.5 GPa to 363 ppm
at 3 GPa and 1100 °C; in coexistence with H,O-CO,, the H,O solubility at 3 GPa was at least twice that at
1.5 GPa (Figure 5b). The dependence of X (CO,) on the H,O solubility in orthopyroxene is not consistent
with that in olivine. Yang et al. (2014) and Yang (2015) reported independent of H,O solubility in olivine
coexisting CHy-H,0 and CO,-H,O fluids at 1.5 and 3 GPa, respectively. In these two studies, the water
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Figure 5. Water content of recovered orthopyroxene (a) as a function of X (CO,) at 1.5 and 3 GPa and 1100 °C and (b) asa
function of pressure at 1100 °C.

solubility of olivine first rapidly decreased when additional CO, or CH, was present, but it was almost
independent of X (CO,) or X (CH4) when more CO, or CH, was present. However, the H,O solubility in
orthopyroxene in coexistence with pure H,O in this study is consistent with those reported by Rauch and
Keppler (2002) using the Al-free enstatite as the starting material at both 1.5 and 3 GPa (Figure 5b).

4. Discussion
4.1. OH Groups in Orthopyroxene

The FTIR spectra of orthopyroxene hydrated in equilibrium with either H,O or H,0-CO, show prominent
intrinsic bands of pure enstatite and characteristic Al bands. Pure enstatite exhibits two main OH bands at
3,070 and 3,361 cm™" (Stalder & Skogby, 2002) due to the hydrogen atoms incorporated at the SiO,— tetra-
hedron faces pointing toward the cavity between the two M2 positions along the crystallographic b axis. The
stretching frequencies of O-H can be calculated from the hydrogen bond length (do_o) (Libowitzky, 1999).

In our samples, Al, Fe, and Cr trivalent cation impurities resulted in complex OH absorption in orthopyrox-
ene. More OH absorption bands are observed at wavenumbers exceeding 3,400 cm™". The OH absorption
band at 3,361 cm ™! was either weakened or overwhelmed by the intense absorption at 3,400 cm ™}, which
was reported in previous studies (Grant et al., 2007; Mierdel et al., 2007). The OH absorption band at
3,070 cm™" is only observed in some of the spectra (sample PC489).

For the OH absorptions at 3,361 and 3,070 cm ™, two possible charge-balancing substitutions are Si** = 4H™*
and Mg2+ = 2H™. The absorption bands above 3,400 cm ™" are related to Al incorporation in orthopyroxene
via three potential mechanisms: 2A1°* & Mg**+Si**, AP*+H* < Si**, and A" +H* © 2Mg>*". When the
incorporation mechanism is AT +H" < Si*™, hydrogen is mainly incorporated between the oxygen atoms
of the SiO, tetrahedra, resulting in the additional OH bands above 3,400 cm™! (Stalder, 2004; Stalder &
Skogby, 2002). The broad bands in the FTIR spectra of recovered orthopyroxene are attributed to the
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5 (;Pa, 1'100 oC' crystal distortion resulting from Al substitution (Sakurai et al., 2014). The
1 amount of Cr impurity in our samples was very low; Al/(Al + Cr) was far
08 L 4 less than 0.6, indicating that Cr had a negligible influence on the water
incorporation mechanism in orthopyroxene (Stalder et al., 2005).

2 0o a 4.2. Effect of H,0 Fugacity on H,O Solubility in Orthopyroxene

2

3 The reduced H,O solubility in orthopyroxene buffered by bulk peridotite
g 04 L i coexisting with H,O-CO, fluid may be related to the reduced water activ-
B ity and water fugacity due to the addition CO, in the fluid at 1.5 GPa and

1100 °C. Oxidized carbon dissolved in pure water can take three forms:
02 7 carbonate ion (CO5>7), bicarbonate ion (HCO;7), and dissolved CO,
(CO;,aq)- Carbonic acid, H,CO3, is negligible since it rapidly decomposes
00 L . , . L in H,O to produce CO, ,q under high-pressure, high-temperature condi-
0.0 0.2 0.4 0.6 0.8 1.0 tions. High-pressure experiments have shown that the stability of HCO;™
X(Co,) decreases significantly under high pressure (Martinez et al., 2004). The
main oxidized form of carbon is CO,,q in the H,0-CO, system, and
Figure 6. Acti\:ity—concentration relationsh%p of the COZ—H?O system at 1.5 COsaq and H,O are fully miscible under the conditions of the crust or
?Dl?ain; lzlhofng(;zcoaé?)lllated from the equation of state of binary H,0-CO, upper mantle (Frantz, 1998; Manning et al., 2013). Given the bulk com-
position of peridotite, CO,-H,O can be stable at pressures up to 2.2 GPa
at 1100 °C; in contrast, CO, was consumed via reaction with olivine to
produce the carbonatitic silicate melt and orthopyroxene at pressures higher than 2.2 GPa and 1100 °C
under the water-saturated conditions in our experiments (Dasgupta & Hirschmann, 2007; Newton &
Sharp, 1975; White & Wyllie, 1992). Therefore, at 1.5 GPa and 1100 °C, the water activity decreased with
increasing CO, content. In contrast, the water activity did not change at 3 GPa and 1100 °C, if neglecting

the increasing silicate solute in the fluid with increasing pressure.

We calculated the water activity as a function of X (CO,) at 1.5 GPa and 1100 °C (Figure 6) by applying the
equation of state of a binary H,O-CO, system from Duan and Zhang (2006). The water fugacity can be cal-
culated as

f(H;0) = P®y,0xn,0, ©)

- where P is the pressure (GPa), @y, 0 is the fugacity coefficient, and xy,0 is
Calculated Results of Water Fugacity at Different X (CO5) the mole fraction of H,O in the CO,-H,O binary system. The calculated
water activity and water fugacity values are listed in Table 4.

1.5 GPa, 1100 °C

Figure 7 shows the water content based on the calibration of Bell et al.

Partial fugacity A o .
X (CO,) coefficient g; Water activity a; Water fugacity f; (1995) against H,0). At a fixed temperature of 1100 °C, water solubility
and water fugacity satisfy the following equation:

0.00 3.27 1.00 491
0.10 3.31 0.91 4.47 n

¢(H,0) = AXf(H,0 6
018 3.40 0.85 417 (H20) f(H0)7, ©
g'ig i':i 8'3‘; :;g where A is a temperature-dependent constant and n is an exponent
0:34 3:69 0:75 3:67 depending on the solubility mechanism. The fitted values of A and n are
0.40 3.84 0.70 3.45 25.21 + 0.69 and 1.24 + 0.02, respectively. Our experiments indicated a
0.50 411 0.63 3.08 strong dependence of water solubility in orthopyroxene on water fugacity
0.57 4.34 0.57 2.71 at 1.5 GPa. However, no such dependence was observed for olivine buf-
828 i';‘; 8.4512 ;i: fered by peridotite and H,0-CO, (Yang et al., 2014). In their study, the
0:80 5:19 0:32 1:56 H,0 solubility in olivine was significantly reduced if CO, was added to
0.90 5.65 0.17 0.85 the fluid; however, H,O solubility was independent of X (CO,).
1.00 6.19 0.00 0.00

The value of n is related to the incorporation mechanism of water in the
Note. Mole fraction of carbon dioxide. f;, a;, and ¢; are the water fugacity,  minerals (Lu & Keppler, 1997; Rauch & Keppler, 2002). In principle, if

water activity, and water fugacity coefficient of component i at (T, P). The . 24 + . . _
relationship between water fugacity and water activity satisfies f; = poPa; H,0 is incorporated through Mg™ < 2H", forming OH pairs, n = 1. If

(Duan & Zhang, 2006), where ¢ is the water fugacity coefficient of pure ~ H,O is incorporated through Si*t « 4H", n = 2. If the Al**-related
water at (T, P). mechanisms QA" o Mg? +8i**, APT+H™ o Si*") in orthopyroxene
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v XE . 02;: 5% where a is the activity. For this mechanism, n = 0.5. The n value in this
100 | A X(C0)-34% ] study was similar to but higher than that obtained for the pure enstatite-
& XC0y=sT% H,0 system (n = 1; Rauch & Keppler, 2002), indicating a combination
L . I N E— of Al**-related mechanisms (AI’*+H* < Si**, Si** « 4H") and Mg**-
2.5 3.0 3.5 4.0 4.5 5.0 5.5 related mechanism (Mg2+ & 2H™). The incorporation mechanism of
Water fugacity (GPa) Si** < 4H' must be included.

Figure 7. Water solubility in orthopyroxene as a function of water fugacity. ~ L1 contrast, at 3 GPa and 1100 °C, CO becomes unstable in bulk perido-
The red line is the fitting curve with formulay = ax® (R? = 0.99). tite due to its reaction with olivine. As a result, the water activity is

approximately 1, and the water fugacity is independent of the X (CO,) of
the starting material. The larger and nearly constant water solubility in orthopyroxene is only due to the
higher pressure compared to 1.5 GPa.

4.3. Effect of Pressure on H,O Solubility in Orthopyroxene

The enhanced water solubility in MgSiO; enstatite with pressure under water-saturated conditions was con-
firmed at 0.2-10 GPa and 1100 °C by Rauch and Keppler (2002). In our experiments, the H,O solubility in
orthopyroxene with bulk peridotite composition under pure water-saturated conditions increased from
~184 ppm at 1.5 GPa to ~363 ppm at 3 GPa, nearly consistent with the previous study (Table 1 and
Figure 5b), in which the starting material was pure enstatite (free of AT, Fe*", and Cr3+). The pressure
dependence of water solubility in orthopyroxene is controlled by the combined effect of water fugacity
[f(H,0)] and the change in pyroxene volume due to hydrogen incorporation (AV), which can be expressed
by the solubility law (Lu & Keppler, 1997):

¢(H,0) = A’f(H,0)"exp(—PAV /RT), @)

where A’ is a constant depending on T, n is an exponent depending on the solubility mechanism (n = 1.24 in
this study), and R is the gas constant. It is impossible to evaluate A" and AV for orthopyroxene coexisting
with peridotite and H,0-CO, fluids because the water solubility is independent of X (CO,) at pressures
higher than 2.2 GPa at the temperature of 1100 °C. Alternatively, the data obtained in aqueous fluid alone
were fitting. The fitting results using n = 1.24 + 0.02 and the water fugacity calculated by Duan and
Zhang (2006) yielded A’ = 0.00263 ppm/bar and AV = 17.04 cm®/mol.

4.4. Maximum Water Storage in the Bulk Shallow Mantle

As mentioned above, lithospheric fluids are very complex in composition. The additional CO, phase in aqu-
eous fluids is common in the crust and shallow mantle. The lower water solubility in orthopyroxene in peri-
dotite coexisting with CO,-H,O fluids is of significance in understanding water storage in the crust and
shallow upper mantle. The water contents in orthopyroxene crystals in this study were much lower than
those reported by Hauri et al. (2006) and Mierdel et al. (2007). Considering the effect of CO, in the fluid
on the water solubility in pyroxene, the maximum water solubility in orthopyroxene reported in previous
studies is overestimated by up to two times within the stability field of CO, coexisting with bulk peridotite
(e.g., pressures below 2.8 GPa at 1200 °C; Newton & Sharp, 1975). Water partition between minerals in
the upper mantle has been widely investigated under different conditions (Aubaud et al., 2004; Hauri
et al., 2006; Grant et al., 2007; Novella et al., 2014; Sakurai et al., 2014; Demouchy et al., 2017). Among these
studies, the experimental condition of Aubaud et al. (2004) is close to ours except that they measured the
water content by secondary ion mass spectroscopy rather than FTIR. Given that the partition coefficient
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600 é T e between orthopyroxene and olivine is 10 (Aubaud et al., 2004), the maxi-
I " g‘:ﬁﬁxﬁg‘i‘?j{)ﬁﬁz;Shi‘"‘a‘ model of mum water solubility in olivine coexisting with peridotite and H,0-CO,
500 -  This study, using the compositional model of [X (CO,) = 57%] fluids should be around 9 ppm at 1.5 GPa. This estimate
_ r ° 3;§§‘lf;.f§83x (@S- (13 w0) is five times lower than the experimental result of Yang et al. (2014) under
E 400 |- - E::;r 2: H similar experimental conditions, indicating that the partition coefficient
7;’ L of water between orthopyroxene and olivine should be much lower than
% 300 L . o 5 ° 5 | 10 in peridotite coe>'<1st1ng with qu—CQZ fluids. Considering the experi-
° I mental results obtained for the peridotite-H,0-CO, system [X (CO,) <
‘§ 00 L i 57%], the maximum partition coefficient is around 4, close to the result
2 o of Demouchy et al. (2017). Using the compositional model of olivine (60
/7 [ ®-_IlIo- T wt%)-orthopyroxene (40 wt%), the orthopyroxene data in this study and
100 = T w-SIIiiiioig olivine data from Yang et al. (2014), the water storage capacity of the bulk
H shallow mantle at 1.5 GPa and 1100 °C decreases from 146 to 75 ppm with
ol v L increasing X (CO,) in the fluid from 0% to 57% (Figure 8). If lherzolite
0 10 20 30 40 >0 60 model of olivine (60 wt%)-orthopyroxene (25 wt%)-clinopyroxene (15
X(CO,) wt%) together with a water partition coefficient between clinopyroxene

Figure 8. Calculated bulk water content of the shallow upper mantle as a
function of X (CO,) at 1.5 GPa and 1100 °C. The red solid squares repre-
sent water content calculated by this study using the compositional model of
olivine (60 wt%)-orthopyroxene (40 wt%). The green diamonds represent
water content calculated by this study using the compositional model of
olivine (60 wt%)-orthopyroxene (25 wt%)-clinopyroxene (15 wt%). The blue
open circles represent water content calculated by using water solubility of
olivine and partitioning coefficient pOYOPX = 19 (Yang et al., 2014). Opx =
orthopyroxene; Ol = olivine; Cpx = clinopyroxene.
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and orthopyroxene of 2 was used (Demouchy et al., 2017), the water sto-
rage capacity of the bulk shallow upper mantle at 1.5 GPa and 1100 °C
decreases from 174 to 89 ppm with increasing X (CO,) in the fluid from
0% to 57%. These values are just one third of the estimates reported by
Yang et al. (2014). Based on the experimental data in this study, it is diffi-
cult to evaluate the maximum bulk water content of the deep upper man-
tle (e.g., pressure > 3 GPa and temperature > 1300 °C for a typical oceanic
geotherm; Turcotte & Schubert, 2002) for two reasons: (1) Orthopyroxene
crystals are always destroyed by dissolution in melts in the peridotite-
H,0-CO, system, making it difficult to measure the water content; and (2) CO, is no longer stable under
these conditions. However, we can estimate the maximum water storage [X (CO,) = 0] in the bulk mantle
at 3 GPa and 1100 °C to be 227-242 ppm. If CH,4-H,O0 is considered as a C-H-O fluid in reduced conditions,
the water storage capacity of the upper mantle at pressures higher than 3 GPa is expected to decrease with
increasing X (CHy), as reported by Yang (2015).

5. Conclusions

Water solubility in orthopyroxene buffered by peridotite and H,0-CO, fluids was investigated at 1.5 and 3
GPa and 1100 °C using polarized FTIR spectroscopy. The strong effects of water activity and water fugacity
on water solubility in orthopyroxene were confirmed in this study. The water fugacity exponent n was deter-
mined to be 1.24 at 1.5 GPa and 1100 °C, and the volume change of pyroxene due to hydrogen incorporation
(AV) was 17.04 cm®/mol. According to experimental results of this study and Yang et al. (2014), the water
partition coefficient between orthopyroxene and olivine is much lower than 10 when these minerals are buf-
fered by the peridotite-H,0-CO, system. Based on our data, the typical compositional model of the upper
mantle, and the water solubility in olivine data from Yang et al. (2014), the maximum water storage in bulk
shallow mantle is constrained to be less than 0.018 wt% at 1.5 GPa and 1100 °C, which is just one third of the
previously estimate reported by Yang et al. (2014).
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