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Abstract

The field of noble gases chemistry has witnessed amazing advances in the last decade
with over 100 compounds reported including Xe oxides and Xe-Fe alloys stable at the
pressure-temperature conditions of planetary interiors. The chemistry of Xe with plan-
etary materials is nonetheless still mostly ignored, while Xe isotopes are used to trace a
variety of key planetary processes from atmosphere formation to underground nuclear
tests. It is indeed difficult to incorporate the possibility of Xe reactivity at depth in
isotopic geochemical models without a precise knowledge of its chemical environment.
The structure of Xe doped hydrous silica-rich melts melts is investigated by in situ
high energy synchrotron X-ray diffraction using resistive heating diamond anvil cells.
Obtained pair distribution functions reveal the oxidation of Xe between 0.2 GPa and 4
GPa at high T up to 1000 K. In addition to the usual interatomic distances, a contribu-
tion at 2.0540.05 A is observed. This contribution is not observed in the undoped melt,
and is interpreted as the Xe-O bond, with a coordination number of about 12 consistent
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with Xe insertion in rings of the melt structure. Xe solubility measurements by elec-
tron microprobe and particle induced X-rays emission analysis confirm that Xe and Ar
have similar solubility values in wt% in silicate melts. These values are nonetheless an
order of magnitude higher than those theoretically calculated for Xe. The formation of
Xe-O bonds explains the enhanced solubility of Xe in deep continental crust magmas,
revealing a mechanism that could store Xe and fractionate its isotopes. Xenon is indeed
atypical among noble gases, the atmosphere being notably depleted in elemental Xe,
and very strongly depleted in Xe light isotopes. These observations are known as the

‘missing’ Xe paradox, and could be solved by the present findings.

1. Introduction

Noble gases are key tracers of Earth dynamics, and as such, Xe isotopes are impor-
tant markers of planetary and atmosphere formation (Staudacher and Allegre, 1982;
Pepin, 2006); they may also be used to track underground nuclear tests (Hourdin and
Issartel, 2000). In particular, the I-Pu-Xe system is used to date the formation of
the atmosphere (Ozima and Podosek, 1999; Avice and Marty, 2014) due to the very
short half-lifes of 12T (17 My) and ?*Pu (82 My). Degassing of the early Earth could
thus have massively contributed to the formation of the terrestrial atmosphere within
the first 100 Myr (Staudacher and Allegre, 1982). However, recent Monte Carlo sim-
ulations pointed out that given the uncertainties on Xe isotopic compositions, such a
catastrophic early degassing event could not be evidenced unambiguously, and that the

potential chemistry of Xe at depth must be solved first (Boehnke et al., 2015).
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Xe abundances and isotopic ratios have been measured in a large variety of samples
(atmosphere, fluids, rocks) and from different geological contexts, from Archean rocks
(Pujol et al., 2011) to Martian meteorites (Gilmour et al., 1998). From these measure-
ments, it was pointed out as early as 1970 that Xe is missing from the atmosphere of
the Earth and Mars (Anders and Owen, 1977), a depletion relative to chondritic pat-
terns of up to 90% (Ozima and Podosek, 1999) and known as the ‘missing Xe’ problem.
Atmospheric Xe is besides strongly depleted in light isotopes (Krummenacher et al.,
1962), a depletion that could be even larger if the primordial Earth composition — from
which the present-day atmosphere is derived by mass-fractionation processes — is the
U-Xe component instead of a solar wind or Q-planetary component (Marty et al., 2017).
First high precision measurements of non-radiogenic Xe isotopes (Caffee et al., 1999)
and their correlation with '2Xe/!3%Xe ratio showed that the atmosphere was degassed
very early after minor iodine decay in the mantle, and then underwent mass fractiona-
tion. Three types of scenarios have been proposed to solve the missing Xe problem. (1)
Xe may have escaped from the atmosphere, possibly after ionization (Avice and Marty,
2014), (2) Xe may be hidden at depth in the core (Lee and Steinle-Neumann, 2006;
Zhu et al., 2014), (3) Xe may have simply not been accreted on the planet (Dauphas,
2003). The fact that Earth and Mars atmospheres are similarly depleted in light Xe
isotopes (Swindle et al., 1986) nevertheless points out to a phenomenon that does not
depend on the mass of the planet such as hydrodynamic escape or trapping in the deep
reservoirs unique to the Earth, i.e. lower mantle and core. Besides, core formation

(Kleine et al., 2002) was likely completed by the time Xe was lost around 110 My
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(Ozima and Podosek, 1999). Discovery of Archean rocks with Xe isotopic composition
falling between primitive chondrites and present Earth atmosphere (Pujol et al., 2011)
indicates a storage and fractionation of Xe throughout the Archean that could even
continue nowadays through subduction process. Geochemical tracing of Xe recycling in
the mantle (Trieloff and Kunz, 2005; Holland and Ballentine, 2006) points indeed to an
obvious link between Xe and water intake and release in subduction zones, resulting in
the storage of volatiles in the subcontinental lithosphere (Broadley et al., 2016). While
natural Xe concentrations are ~0.1 ppt in granites (Allegre et al., 1986) and ~0.05 ppt
in basalts (Ozima et al., 2002), they reach 0.2 ppb in deep sea siliceous fossils (Matsuda
and Matsubara, 1989) that may later enter subduction zones.

To understand Xe atypical behaviour, the mainstream approach has been to study
the relative stability of noble gases in melts relative to the major silicate minerals by
measuring partition coefficients. The results (Heber et al., 2007) span 4 orders of magni-
tude for Ar, and 7 for Xe, mostly due to different interpretations of where the noble gas
was incorporated, i.e. exclusively in bubble-free crystal zones or including sub-surface
and small bubbles as reflecting gas release upon quenching from high P-T' conditions.
This highlights the extreme difficulty to probe the behaviour of volatile elements by an-
alyzing samples recovered at ambient conditions, either natural or synthetic. Besides,
despite its generally inert nature, Xe has been shown to react with crystalline planetary
oxides (Sanloup et al., 2005, 2011, 2013; Seoung et al., 2014; Crépisson et al., 2018) un-
der the high pressure (P)-temperature (1) conditions relevant of planetary interiors. Xe

oxides have been synthesized at ambient P and cryogenic T': XeOs, XeQy, Xe peroxides
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(XeO;™ ion), XeO, (Brock and Schrobilgen, 2011), and lately Xe perovskites (Britvin
et al.; 2016). On the high P side, Xe oxides have been predicted to be stable above
75 GPa (Zhu et al., 2013; Hermann and Schwerdtfeger, 2014), and observed above 77
GPa (Dewaele et al., 2016). Magmas being the most efficient transfer agents, the next
natural step was to determine Xe reactivity in silicate melts at depth.

The first and major objective here is to solve the retention mechanisms of Xe in
deep silicate melts by means of in situ high P-T' X-ray diffraction experiments. While
X-ray absorption spectroscopy (XAS) is a classical method to probe the local envi-
ronment of elements in crystals, and used to evidence the Xe-O bond in high P Xe
oxides (Dewaele et al., 2016), it is difficult to use it for materials without appropriate
standards and with unknown structure, especially disordered materials such as mag-
mas. Instead, X-ray diffraction data are not model dependent. They are however
not chemically-selective and all ion-ion contributions must be solved. This implies to
work with simplified chemical compositions, such as haplogranitic magmas taken here
as analogues of continental crust melts, with only 5 elements (Si, Al, Na, K, and O),
and Si making 70 at% of the cations. X-ray diffraction is a well established technique
to probe the structural environment of major cations in silicate melts in situ, and the
recent study of Lu environment in compressed melts has demonstrated its potential to
probe the local environment of minor elements (de Grouchy et al., 2017). The second
objective is to measure the solubility of Xe in silica-rich melts at high P, current data
under high P conditions being limited to the tholeitic composition (Schmidt and Kep-

pler, 2002), and discuss the structural data in the light of Xe solubility measurements
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2. Experimental Methods

2.1. Glass Synthesis

The haplogranite (HPG) glass composition was chosen as a continental crust melt
analogue. The starting HPG glass was prepared by mixing reagent grade oxides (AlyOs,
SiOy) and carbonates (NayCOj3, KoCO3) powders. Powder was ground and decarbon-
ated by slow ramp heating from room temperature to 1473 K within 8 hours in a
platinum crucible, further fused at 1873 K in an atmospheric furnace for one hour, and
quenched in water. The obtained glass was crushed into a powder, and remelted twice
at 1873 K to ensure homogeneity. Hydration was done by high P-T synthesis at 2 GPa
and 1673 K using a piston-cylinder apparatus with a half-inch talc pyrex assembly, a
graphite heater, and dried MgO powder packed around the Pt capsule. Two hydration
levels were targeted, 5 wt% and 7 wt%. For that purpose, the glass was encapsulated
along with the approximate amount of distilled water in a platinum capsule weld shut
at both ends. Xenon doping was done subsequently by gas-loading (Boettcher et al.,
1989) another platinum capsule partially filled with the recovered hydrous HPG glasses,
and brought to 3.5 GPa and 1873 K for one hour, followed by rapid 7' quenching and
decompression at room 7. The major part of the capsule material was used for X-ray
diffraction experiments, and a few glass pieces were spared for chemical analysis. The
HPG-7Twt%H50 composition was slightly contaminated upon retrieving the hydrated

glass from the first platinum capsule by the MgO P-medium packed around the capsule



101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

(1.5 wt% MgO, cf Table 1).

2.2. Recovered Sample Analysis

Starting glasses and one sample (P5) were analyzed for major elements using a
CAMECA SX-FIVE electron microprobe analyzer (EMPA) at Camparis (UPMC, Paris),
using a defocused beam of 15 pm diameter and the following operating conditions: 1)
15 keV accelerating voltage, 6 nA beam current for Na, K, Al, Si, and 2) 15 keV and 100
nA for Xe. Calibration for Xe was established by measuring the counts for the neigh-
boring elements, I (Cul) and Cs (CsCl) following the procedure developed by Montana
et al. (1993). Hydrogen (i.e. water) and Xe contents were analyzed with the nuclear
microprobe of LEEL/LIMBE, CEA Saclay, France using ERDA (Elastic Recoil Detec-
tion Analysis) and PIXE (Particle Induced X rays Emission) respectively. For ERDA
(Bureau et al., 2009) we used a 4x16 pm? incident beam of “He at 3 MeV, mapped on
selected areas (up to 200x200 pm?). For PIXE (Bureau et al., 2000, 2010), we used a
3x3 pm? incident beam of protons at 2 MeV mapped on selected areas (up to 200x200
nm), and the Xe L X-ray line at 4.1 keV. Xe contents obtained by EMPA (Table 1) and
PIXE (Fig.1) compare well, except for one sample (P5) that we attribute to the sample
geometry as the sample surface could not be mirror polished, being embedded in the
epoxy while still in the rhenium gasket chamber. The PIXE measurements indicate
that the sample Xe content did not change during the course of the X-ray diffraction

experiment.



Table 1: Chemical composition in wt% obtained from EMPA except * from PIXE and ** from ERDA.

Analyses are based on average of 10 data points, standard deviations are shown in brackets.

Oxide plain glass  Xe-dopped glasses ~ Recovered sample P5

Si0, 738 (0.6) 69.3 (0.7) 71.3 (0.7) 67.9 (0.9)
AlLO; 122 (0.3) 11.1(0.3) 11.7 (0.2) 10.8 (0.3)
Na,O  4.7(0.1) 3.6 (0.1) 4.6 (0.1) 3.2 (0.5)
K,0 42(0.2) 37(0.2) 4.1(0.2) 3.9 (0.1)
MgO - 1.5(0.1) - 1.6 (0.1)
Xe - 31(02) 4.6 (0.1) 1.5 (0.2)
Xe* - 31(04) 4.0 (0.8) 2.9 (0.4)
H,0* 59 (1.7) 7.2(2.0) 5.1 (1.4) 7.2 (2.0)
Total 100.8 99.5 100.8 97.5
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Figure 1: PIXE spectra of glasses and theoretical spectrum. Red line: starting glass (3.1 wt% Xe),

green line: glass recovered from XRD run P5 (2.9 wt% Xe).

2.3. X-ray Diffraction

We collected in situ high energy synchrotron X-ray diffraction (XRD) data in re-
sistive heating diamond anvil cells at the extreme conditions beamline P02.2, Petra
IIT (DESY, Hamburg). High P-T conditions were generated by symmetric resistive-
heating diamond-anvil cells (DAC) equipped with either 300 pm culet diamonds and
70°-opening Boehler Almax seats (runs P5, P7, P11) or 800 pm culet diamonds and 80°-
opening Boehler Almax seats (runs P3, P6). We used a high energy X-ray monochro-
matic beam (60 keV) focused down to 4 pmx6 pm to access a wide g-range of 15 A~
(runs P5, P7, P11) to 16 A~' (runs P3, P6), allowing high spatial resolution in di-

rect space. While optimising the spatial resolution is always important in structural
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studies, it is particularly crucial here to decipher the contribution of Xe, a minor ele-
ment. Heating was achieved by an internal resistive molybdenum-wire heater, and an
external heater set at 200°C around the DAC. The starting glass sample was loaded
in a 200 pm diameter hole drilled in a rhenium gasket. Pressure was measured from
the fluorescence of a ruby sphere (Mao et al., 1986) at ambient 7', and from the unit
cell volume of platinum (Fei et al., 2004) at high 7. Temperature was read by a type-
K thermocouple localized as close as possible to the sample chamber. In situ X-ray
diffraction data were collected for five different loadings (Table 2 and Fig.2), three on
the HPG-3wt%Xe-7wt%H,0 composition, one on the HPG-4wt%Xe-5wt%H,O com-
position, and one on the undoped HPG-7Twt%H;0O composition. The hydrous HPG
composition has a glass transition temperature low enough ~ 850 K (Dingwell, 1998)
to be achieved with a resistive heating furnace, and its high silica content (70 at%)
implies that the melt is highly polymerized with consequent high noble gases solubility
(Carroll and Stolper, 1993). The addition of water to the starting glass consequently
lowered the rate of recrystallization upon heating. Recrystallization occurred above the
glass transition 7" in only two runs, while the others remained in the amorphous state,
and were quenched as glasses. At each P-T point, 120 times 1 s diffraction patterns
were recorded on a Perkin-Elmer 2D detector, and summed. Diffraction patterns were
integrated using the Fit2D software (Hammersley et al., 1996). For each run, X-ray
diffraction patterns were collected at room conditions with an empty gasket inserted in
the DAC. The baseline of the recrystallized patterns (P7 and P11) was used to scale the

intensity of the empty background patterns. Obtained patterns were then subtracted

10
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from the sample diffraction patterns to isolate the signal scattered from the melt.

Table 2: Summary of diamond-anvil cell runs.

Run Starting composition Quenched products
P3 HPG-7Twt%H,0 glass
P5  HPG-3wt%Xe-7wt%H,O glass
P6  HPG-3wt%Xe-Twt%H,0O glass
P7  HPG-4wt%Xe-5wt%H,0 crystals
P11  HPG-3wt%Xe-Twt%H,0 crystals

3. Results

3.1. Owerall structural description

To obtain a detailed description of Xe local environment in compressed silicate
melt, X-ray diffraction data were collected on both Xe-doped and plain samples as
X-ray diffraction is not chemically-selective. All ion-ion contributions must be solved,
which could be done in this study due to the chemical simplicity of the chosen magma
composition with only 5 elements (Si, Al, Na, K, and O), and Si making 70 at% of the
cations. X-ray diffraction intensity data are converted into the structure factor S(q)
(Fig.3A), where ¢ is the scattering vector, using the Ashcroft-Langreth formalism. The

radial distribution function g(r) (Fig.3B), that describes ion-ion contributions in real

11
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Figure 2: Experimental P-T' conditions. Circles: HPG-3wt%Xe-Twt%H2O composition (white: P6,
purple: P11, grey: P5); diamonds: HPG-4wt%Xe-5wt%HoO composition (run P7), dark squares:

plain hydrous HPG (P3).

12



164

165

166

167

168

170

171

172

173

174

175

176

177

178

179

180

181

182

183

space, is obtained by Fourier transforming of S(q),

1 o .
g(r) = 27?27’71/0 qS(q) sin(qr) dq (1)
where n = %, M the mean atomic molar mass, and p the density calculated using

the volumetric properties determined for hydrous rhyolitic liquids (Malfait et al., 2014).
Whereas no changes were observed for the plain composition upon heating, an addi-
tional contribution is visible at 2.0540.05 A above 573 K for the Xe-doped samples,
and vanishes upon quenching (Fig.3B). This additional contribution is observed for all
four experimental runs (Fig.1 to 3 in Supplementary Materials), and its intensity is
higher in run P7 for which the Xe content is higher (4 wt% vs 3 wt% for runs P5,
P6 and P11). Amongst the atoms present in our melt composition (i.e. Si, Al, Na,
K, O and H), only H and O are known to form compounds with Xe (see review by
Haner and Schrobilgen (2015) and references therein). Xe-H bond length in Xe-O-H
and Xe-C-H compounds is shorter, at 1.7-1.8 A (Khriachtchev et al., 2008). Moreover,
due to the very weak scattering factor of hydrogen, if the additional contribution at
2.05 A was to be attributed to Xe-H, it would imply an extremely high coordination
number. Theoretical calculations predict a much more comparable Xe-O bond length
of 1.99 A t0 2.29 A in Xe-doped SiO, quartz (Probert, 2010), and of 2.17 A in Xe-doped
fibrous SiOy (Kalinowski et al., 2014), two compounds chemically close to the present
composition except for their crystalline state. The nature of the Xe-O bond is covalent
for these predicted Xe-doped silica cristalline phases, as could also be expected from

the sum of the covalent radii of oxygen (0.73 A) and xenon (1.3 A). Despite the absence
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of reported compounds of Xe with Si, Al, Na and K, if Xe was to interact with these
atoms in our experimental samples, one would expect an interatomic distance larger
than 2.4 A from covalent radii considerations. For these reasons, we attribute the newly
observed peak at 2.05+0.05 A to the Xe-O interatomic distance. Although no Xe-O
contribution is distinct on ambient 7" data, whether before or after heating, a shoulder
is still present on g(r) around 2.00 A unlike for the plain samples (Fig.3B), indicating a
poorer ordering of Xe atoms. The second main difference between plain and Xe-doped
HPG is the stronger intensity of the first sharp diffraction peak on S(q) in the latter,

which indicates an increase of the intermediate range order.

3.2. Xenon incorporation

In order to estimate the Xe-O coordination number, each particular ion -ion j

partial distribution function was simulated with the following equations:

ivj (r —diy)?
95(7) NS5OV 27T6xp( 207, ) @

N
A - O (3)

W 47r? —(r — dij)2>
exp | ————==2 | dr
/ o\ 2T b ( 207

where C'V; is the coordination number of the ion ¢-ion j contribution, d; ; the corre-

sponding inter-atomic distance, and o0; ; = k+/d; ; a parameter depending on structural
disorder (Hosemann and Bagchi, 1962) where k is an adjustable parameter (typically

0.08-0.15).

80 =n st [ o) - 0™ ar (@)
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Figure 3: Structure factors, S(g), of molten haplogranite at high pressures (top panel: runP6, see
Supplementary Materials for runs P5, P7 and P11), and corresponding radial distribution functions,
g(r) (bottom panel). The dotted lines correspond to the plain sample and the full lines to the Xe-

doped sample. The asterisk denotes the additional contribution observed for Xe-doped samples, and
attributed to the Xe-O bond.
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where ¢; is the mole fraction of species 7, and f; is the atomic scattering factor tabulated
from Hajdu (1972). Following the approximation adopted by Eggert et al. (2002) for
polyatomic liquids, the dependency of f;;(¢) on g can be removed in equation 4 and
the experimental g(r) simulated directly against the weighted sum of all individual g; ;.

Ton-ion contributions at distances larger than 2.5 A such as K-O and Si-Si are
considered negligible below the Xe-O contribution (less than 5% of the peak height), and
therefore only Si-O, Al-O, and Xe-O contributions were modelled as separate gaussians,
along with a single common contribution for Na-O and O-O both circa 2.5 A, and with
signal at larger distances fitted as a single large contribution (Fig.4). Both Si-O and
Al-O contribute to the first peak in g(r), while the Al content is much smaller than
the Si content. Consequently, it is not possible to refine independently both Si-O and
Al-O contributions. Instead, we fixed the Al-O bond length to 1.77 A (Drewitt et al.,
2015), and its coordination number to either 4.0 up to 1 GPa or 4.3 above 1 GPa. Al-O
CN is indeed expected to vary between 4.0 and 4.3 in our experimental 0 GPa-3.8 GPa
P-range (Drewitt et al., 2015), and using either of these values provides a conservative
estimate of the consequent error on the fitted Si-O coordination number of 0.05, with
no significant effect on the fitted Xe-O coordination number. Fitted parameters C'V;,

d; ;, and k for Si-O, Al-O and Xe-O contributions at each P-T' condition are given in

2,79

Table 3. For the plain sample (run P3), the fitted CN and bond length (respectively
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Figure 4: Fit to the experimental radial distribution function, g(r). The black line is the sum of the
underlying gaussians; only Si-O, Al-O, and Xe-O contributions were modeled as separate gaussians,
along with a common contribution for Na-O and O-O both circa 2.5 A, and with signal at larger
distances fitted as a single large contribution including K-O and Si-Si at 3.1 A; the grey gaussian is

the Mg-O contribution due to slight contamination (1.5 wt%, see section 2.1).
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4.1 and 1.57 A+0.02A) for Si-O are consistent with values reported for SiO, glass at
similar P, i.e. respectively 4.0 and 1.58 A (Benmore et al., 2010). Except for the room
T data, the fitted Xe-O coordination number is 12 4+ 2, with no dependence on either
T or P in the investigated P-T range. Noteworthy is the systematic shift of the fit Si-O
bond length upon heating to lower distances compared to the plain sample patterns
(cf Table 3). This reduction of the Si-O bond length is accompanied, although less
systematically, by a decrease of the Si-O coordination number. This changes in the
Si-O contribution might compensate the charge transfer between Xe and O atoms.
The high coordination number found here is not consistent with Xe substitution
to Si as proposed for quartz in the deep crust (Sanloup et al., 2005; Probert, 2010).
Instead, it is consistent with the insertion of Xe in melt rings structure. Amorphous
silica is characterized by a broad distribution spread between four and eight-membered
rings (Huang et al., 2012), with a characteristic ring size close to 6 in compressed SiOq
melts (Guerette et al., 2015). The center of these 6-membered rings is surrounded by 6
oxygens in the ring plane at circa 2.2 A (Guerette et al., 2015), with a second nearest
shell of another 6 oxygens off plane. The presence of Xe could therefore stabilize the
6-membered rings of the melt network, hence explaining the observed increase in in-
termediate range order in the presence of Xe. The stronger intensity of the first sharp
diffraction peak can indeed be interpreted as a narrowed distribution of ring sizes, with
6-membered rings being more prominent compared to the broader distribution present
in the plain HPG melt. Noble gases enter the melt ring structure, and as a consequence

are more soluble in highly polymerized siliceous melts (Carroll and Stolper, 1993). In
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Table 3: Fitting parameters derived for Si-O and Xe-O ion-ion contributions for all runs; CN;: coor-
dination number, d;: bond length, k;: width parameter of Gaussian. Error bars for Si-O and Al-O
variable parameters do not vary and are given in the top row, they do vary for Xe-O as this contribution
varies between ambient 7" and high 7.

run # Si-O Al-O Xe-O

P-T conditions CN d(A) k |CN k CN d (A) k
error bars 025 0.02 0.002] - 0.01

P3 (no Xe)

293 K-3.5 GPa 4.10 1.57 0.092 | 4.3 0.08 - - -
773 K-3.5 GPa 410 1.57 0.092 | 4.3 0.08 - - -
P5 (3 wt% Xe)

293 K-2.9 GPa 393 158 0.150 | 4.3 0.14 | 10.8(21) 2.05(2) 0.085
453 K-2.2 GPa 370 155 0.140 | 43 0.14 | 12.6(4) 2.03(2) 0.080
573 K-2.7 GPa 370 156 0.120 | 43 0.14 | 13.0(2) 2.05(2) 0.078
TT3K-3.7GPa | 375 153 0.145| 4.3 0.14| 12.9(2) 2.03(2) 0.080
quench 2.5 GPa | 3.87 1.57 0.120 | 4.3 0.14 | 12.0(4) 2.06(2) 0.084

P6 (3 wt% Xe)
203 K-1.5 GPa | 3.75  1.62 0120 | 40 0.12| 41(5) 2.02(2) 0.100
573 K-1.3 GPa | 4.03 157 0120 | 43 0.09 | 10.3(4) (2) 0.080
673 K-1.9 GPa | 4.00 156 0.120 | 4.3 0.08 | 12.4(2) (2) 0.080
773 K-2.8 GPa 410 1.55 0.120 | 4.3 0.08 | 13.8(2) 2.03(2) 0.080
923 K-3.4 GPa | 4.06 1.57 0.110 | 43 0.08 | 12.7(3) (2) 0.080
973 K-3.8 GPa | 3.87 1.54 0.110 | 43 0.08 | 13.4(2) (2) 0.080
quench 1.1 GPa | 3.93 158 0130 | 4.0 0.10| 6.0(5) 2.01(2) 0.085
P7 (4 wt% Xe)
293 K-0.5 GPa 355 158 0133 4.0 0.14 | 12.2(7) (2) 0.085
483 K-0.45 GPa | 355 1.54 0138 | 4.0 0.14 | 11.5(2) (2) 0.080
573 K-0.13 GPa | 355 155 0.132 |40 0.4 | 12.0(2) 2.05(2) 0.080
673 K-0.4 GPa 3.61 1.55 0.137 | 4.0 0.14 | 13.3(2) (2) 0.080
P11 (3 wt% Xe)

293 K-4.4 GPa 395 154 0.150 | 43 0.14 | 9.0(10) 2.07(4) 0.120
457 K-3.8 GPa 373 153 0.140 | 4.3 0.14 | 11.9(2) 2.05(2) 0.090
588 K-3.6 GPa 383 154 012543 0.11| 10.3(3) 2.10(2) 0.090
693 K-4.1 GPa 382 153 012543 0.11| 127(2) 2.08(2) 0.088
773 K-4.2 GPa 390 153 0120 43 0.11| 11.4(2) 2.07(2) 0.080
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the case of Kr dissolved in vitreous silica (Wulf et al., 1999), the oxygen atoms lie at
a significantly greater distance of 3.45 A compared to the Xe-O distance of 2.0540.05
A found in the compressed silicate melts, consistent with Kr being a neutral species in
vitreous silica. There are no experimental indications on the valence of Xe in silica-rich
melts. Xe has a +5.08 valence in Xe-doped fibrous silica (Kalinowski et al., 2014), the
closest crystalline analogue to our silica-rich melts in terms of chemical composition,
with a coordination number of 4 and mean bond length of 2.17 A. Amongst all reported
Xe oxides, Xe valence varies from +2.89 in Xe-doped olivine for a coordination number
of 3 and bond length circa 2.0 A (Crépisson et al., 2018), to +8 for Xe in XeOy (co-
ordination number of 4, bond length of 1.74 A (Gundersen and Hedberg, 1970)) and
K4Xe3015 perovskite (coordination number of 6, bond length of 1.77 A (Britvin et al.,
2016)). From this review, no systematic trend appears between Xe-O coordination
number, valence and/or bond length; however the Xe-O bond always has a covalent
character, and a minimum valence of +4 for Xe in compressed silicate melts seems a

conservative assumption.

3.3. Xe solubility

Our measured solubility values of Xe at 3.5 GPa in molten hydrous HPG, i.e.
3.1(0.4) wt% for 7.2 wt% H,0O and 4.0(0.8) wt% for 5.1 wt% H,O, are respectively
5 and 7 times higher than Xe solubility in tholeitic melt (Schmidt and Keppler, 2002).
The lower solubility of Xe in the most hydrated HPG glass is consistent with noble

gas solubility being highest in the most polymerized melts (Carroll and Stolper, 1993),
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water being an effective depolymerizing agent in silicate melts. Similarly, Schmidt
and Keppler (2002) reported Ar solubility values about 5 times higher in molten HPG
than in molten tholeite. The experimental solubility values are however at odds with
molecular dynamic calculations (Guillot and Sator, 2012), being a factor of 8 higher
for Xe in tholeitic melt, and 10 higher for Xe in HPG melt (Fig.5). We propose that
such a strong discrepancy is related to the chemical interaction between Xe and neigh-
bouring O atoms that is not considered in theoretical calculations but likely enhances
Xe solubility in silicate melts. Indeed, considering a neutral Xe atom implies a larger
atomic radius than an oxidized Xe atom, hence the much lower abundance of sites large
enough to accommodate neutral Xe atoms that does not match experimentally mea-
sured solubilities. Simulations allowing Xe to ionize would be expected to reproduce
the solubility data. A structural investigation of Xe environment in basaltic melts using
X-ray diffraction as done here for HPG melts is not possible, due to the low Xe solubility
for this composition. The very weak Xe contribution to the pair distribution functions
would indeed be below noise level. The similar mismatch between experimental and
theoretical Xe solubility values in molten HPG and basalt nonetheless indicates that

Xe oxidation may as well occur in basalts at depth.

4. Discussion

Xe oxidation in deep magmas and consequent isotopic fractionation may be expected
in the following geodynamical settings. Xe oxidation can occur in major cristalline

phases of the deep continental crust (Sanloup et al., 2005; Probert, 2010; Kalinowski
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Figure 5: Experimental solubility data for Xe; black circles: in tholeitic melt (Schmidt and Keppler,
2002), red circles: in hydrous haplogranitic melts (this work). Are shown for comparison theoretical
calculations by Guillot and Sator (2012) (black diamonds: tholeitic melt, red diamonds: haplogranitic

melt).
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et al., 2014) and upper mantle (Sanloup et al., 2011; Crépisson et al., 2018). The present
experimental results show that Xe oxidation could also occur in magmas generated
at subduction zones, following fluid and/or melt release from the subducted plate.
Hydrous silicic slab-derived melts which composition is similar to ours occur either by
melting of the basaltic crust (Prouteau et al., 2001) or by melting of siliceous sediments
(Turner et al., 2012), the latter interestingly having a strong Xe retention (Matsuda and
Matsubara, 1989). These melts and their metasomatic products are subsequently found
in the continental lithosphere. Xe terrestrial deep cycle is therefore likely controlled by
the behaviour of silica-rich materials (i.e. siliceous sediments, polymerized crustal melts
and their crystallization products), providing a storage mechanism in these materials
at depth. Geochemical tracing of Xe also suggests that Xe is stored in the continental
lithosphere (Broadley et al., 2016), including in the deep crust where elemental and
isotopic excesses have been reported (Pujol et al., 2011; Holland et al., 2013). Besides
deep crustal melts, other obvious Xe reservoirs at depth would be melts trapped at depth
as probed by seismological data atop the 410 km (Tauzin et al., 2010), below the 670
km (Schmandt et al., 2014) and at the core-mantle boundary (Garnero and McNamara,
2008). The latter might be a remnant of the magma ocean, in which noble gases were
dissolved (Harper, 1996), explaining the deep mantle signature of heavy noble gases.
Subsequent atmosphere ejection (T-Tauri blow-off and impact erosion) resulted in the
Xe present-day atmospheric signature being derived from the Xe fraction retained at
depth.

Xe isotopes are highly fractionated in both terrestrial and martian atmospheres, by
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30 %o/amu. Isotopic fractionation in experimental samples remains to be measured in
order to quantitatively assess how Xe oxydation at depth may solve the Xe isotopic
paradox. However, experiments involving noble gas ionization resulted in mass depen-
dent isotope fractionation of Xe of the order of 5-15 %o/amu favouring heavy isotopes
at 1000 K (Kuga et al., 2015). This contradicts the intuition that elements are not
isotopically fractionated at high T, as also shown by nitrogen isotopes in metal /melt
partitioning experiments with §'° N = —3.5 4 1.7%0 even in the 1900-2100 K range (Li
et al., 2016). From bond stiffness considerations, the effect of Xe-O bond formation in
silicates is expected to be stronger than simple ionization as it involves more charge
transfer (0 — 4, cf section 3.2) than simple ionization while occurring at similar T
(circa 1000 K). Xe oxydation in crystalline silica occurs in a different environment,
with Xe being bonded to four oxygen atoms in a planar geometry (Probert, 2010; Kali-
nowski et al., 2014). Different bonding environment in crystals and melts may also
induce isotopic fractionation, that unlike elemental fractionation, should be preserved

in experimental high P-T" samples quenched back to ambient conditions.

5. Conclusions

From in situ high energy X-ray diffraction measurements on compressed silicate
melts, it is shown that Xe bonds to oxygen in hydrous haplogranitic magmas at depth.
The Xe-O bond length is 2.05+0.05 A and its coordination number of 1242, consistent
with Xe insertion in 6-membered rings, with 6 oxygen in the ring plane and 6 oxygen

off plane. The Xe-O bond is evidenced on pair distribution functions that describe
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the melt structure, while it is absent for Xe undoped melt. This result provides an
explanation for the order of magnitude difference between experimentally measured
and theoretically calculated Xe solubility in melts, while the results are in much better
agreement for Ar.

This result adds to previous studies on Xe retention in minerals at depth, comfort-
ing the hypothesis of Xe storage at depth to explain the ‘missing Xe’ paradox. To what
extent Xe retention in silicate minerals and melts affects its partitioning in magmatic
processes depends on crystal/melt partition coefficients. Measuring Xe crystal/melt
partitioning on samples quenched to ambient conditions has proved challenging, as
demonstrated by the results spanning 7 orders of magnitude (Heber et al., 2007). In-
stead, a comprehensive understanding of Xe environment in melts and major silicate
minerals would help to provide a theoretical framework to model Xe partitioning. This
method was initially proposed by Brooker et al. (2003), although the authors then
assumed zero charge neutrality for Xe, and would need to be revised to consider Xe
oxidation and the consequent smaller radius of Xe.

This study therefore paves the way for a more systematic study of Xe chemical
environment in planetary materials, extended to crystalline phases. Understanding the
chemical environment of noble gases in planetary materials seems the most efficient

path to solve the fundamental geochemistry of xenon.
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