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Probing the partitioning behaviour of Xe using in situ 

X-ray synchrotron techniques at high P-T conditions 

Abstract 

Understanding crystal/melt xenon (Xe) partitioning at depth is key to properly trace 

planetary processes using Xe isotopes. Partition coefficients measured on 

experimental samples recovered at room pressure (P) and temperature (T) span six 

orders of magnitude, potentially due to Xe exsolution from crystals upon quenching. 

We chose two in situ synchrotron X-ray methods to investigate Xe crystal/melt 

partitioning under high P and T up to 3 GPa and 1050 °C using (1) resistive-heated 

diamond anvil cell with angle-dispersive diffraction and X-ray fluorescence, and (2) a 

new protocol using large volume press with energy-dispersive diffraction set-up. 

Results from both methods are consistent, and Xe is found to be compatible at depth, 

suggesting the continental crust could be a Xe-rich reservoir. 

This new protocol advances research to probe geological systems at the higher P-T 

conditions accessible with large volume press while maintaining homogeneous T 

throughout the sample.
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1. Introduction 

Noble gases, which have been extensively studied by geoscientists, play a key role to 

track several processes in Earth and planetary sciences, ranging from planetary and 

atmosphere formation [1,2], mantle convection [3,4] and tracking underground 

nuclear tests [5]. However, Xe stands out amongst other heavy noble gases as it is 

strongly depleted relative to chondritic patterns. Up to 90% Earth’s and Mars’ Xe is 

missing from the atmosphere, which is known as the ‘missing Xe paradox’ [6,7]. This 

issue has become one of the most challenging riddles in the planetary sciences for 

decades. Xenon could have escaped from the atmosphere [8,9], and/or could be 

trapped at depth. The latter scenario is supported by the demonstration of Xe 

reactivity at much lower pressures as a trace/minor element with planetary materials 

such as olivine and quartz, through the formation of Xe-O bonds [10-12], also 

evidenced in deep crustal melts [13]. 

However, there are still many fundamental unknowns about the chemical behaviour of 

Xe with planetary materials. To better constrain Xe distribution, one of the most 

effective ways is to investigate the partition coefficients between major silicate 

minerals and melts in melting and crystallizing processes. Ex situ measurements of 

partition coefficients of Xe (DXecrystal/melt) on quenched samples span over 6 orders of 

magnitude (e.g., 6×10-4 to 350 for olivine/melt partitioning) from ambient P to 1.5 

GPa and 1000-1300 ºC [14-16]. However, Xe is found partly located in gas bubbles in 

these samples, resulting in inconsistencies in Xe solubility and partition coefficients 

whether or not bubbles are analyzed, i.e. whether or not bubbles reflect equilibrium at 

high P-T or are produced upon quenching the experiment back to room conditions. 
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Therefore, it is questionable whether the measured solubility and partition coefficient 

faithfully reflect the equilibrium solubility and partition coefficient at experimental 

high P-T conditions. Consequently, it is essential to carry out in situ measurements at 

high P and T to evaluate partitioning of volatile elements such as Xe at depth. First in 

situ partitioning experiments between aqueous fluids and haplogranitic melt (DXef/m) 

under high P showed that Xe degassing is strongly T-dependent, varying from 2750 to 

0.15 in the range of 680 to 850 ºC [13], indicating that Xe is preferentially retained in 

deep crust melts in hot contexts but otherwise very efficiently degassed in the fluid.  

There are so far no in situ measurements on Xe crystal/melt partitioning at depth.  

Here we present a method to investigate partitioning of Xe in crystal/melt system 

using large volume press (LVP) with in situ synchrotron energy dispersive set-up 

(EDX), which allows simultaneous collection of diffraction and fluorescence signal 

under high P-T. To demonstrate the feasibility of this technique, we also conducted 

experiments using the more established combination of resistive-heating diamond 

anvil cell (DAC) with in situ synchrotron angle dispersive X-ray diffraction (ADX) 

and X-ray fluorescence analysis (XRF). Experimental data were collected up to 3 GPa 

and 1050 °C (Table 1), the maximum T achievable using our resistive-heating DACs. 

We consequently focussed this first investigation of Xe crystal/melt partitioning on a 

silica-rich hydrated composition which liquidus is relatively low, co-existing with 

either plagioclase or clinopyroxene (jadeite or omphacite, cf Table 1). This melt 

composition is a good analogue of continental crust melts, while plagioclase and 

clinopyroxene are two main rock-forming minerals making up the Earth’s crust [17]. 
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2. Methods 

2.1 Synthesis of starting glasses 

Starting glasses were prepared from reagent grade carbonates (Na2CO3 and CaCO3) 

and oxides (Al2O3 and SiO2) powders with a nominal composition of 80/20 mol% 

albite/anorthite (Ab80An20). Powders were firstly ground and decarbonated by slowly 

heating in a platinum (Pt) crucible in an atmospheric furnace from room T to 1000 °C, 

run for 10 hours, molten at 1650 °C for 1 hour, and then quenched in water. 

Recovered glass was crushed into powder again, and remolten twice to ensure 

homogeneity. 

For hydration and Xe doping processes, recovered Ab80An20 glass was first loaded 

into one-end welded Pt capsule to which were added 12 wt% water, and Xe using a 

gas loading device [18]. The capsule was brought to 2 GPa and 1500 °C using a 

piston-cylinder apparatus with a half-inch talc pyrex assembly, a graphite heater, and 

dried MgO powder packed around the Pt capsule, followed by rapid T quenching and 

decompression at room T. To assess the potential effect of Xe content on its 

distribution, glasses with two different Xe contents were used, 0.14 wt% and 0.02 

wt% respectively (Table 2), which are far less than Xe solubility (0.32-0.41 wt%) 

measured in tholeiitic melt at 1.5-2 GPa [19]. There are no available data on Xe 

solubility in albite-anorthite melts. However, knowing that noble gases solubility 

increases with SiO2 melt content [20], our experiments are well below Xe-saturated 

condition. 

For DAC experiments, only few pieces of starting glass were needed. For large 

volume press experiments, more starting glass was extracted from the Pt capsule as 
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larger amounts of sample were needed, which accidentally brought some MgO packed 

outside the Pt capsule into the sample, resulting in growth of clinopyroxene 

omphacite at high P (see section 2.5 and Table 1). 

2.2 Diamond-anvil cell experiments with angle-dispersive set-up 

Symmetric large opening DACs (70°) equipped with Boelher-Almax seats and 800 

µm diameter culet diamonds were used to generate high P-T conditions [21]. Laser 

drilled Re gasket was used as sample chamber (250 μm diameter) filled with Xe-

doped hydrous plagioclase glass. Resistive-heating was achieved using the internal 

heating technique developed by Fei and Mao [22] modifier by using a Pt wire. T was 

recorded by a type S thermocouple located on the edge of the gasket closed to the 

sample chamber. Pressure at ambient T was measured by ruby fluorescence, and was 

monitored at high T from the cell volume of a piece of gold [23] inserted in the 

sample chamber. A schematic of the resistive-heating DAC assembly is given in 

supplementary information (Fig.S1). 

Synchrotron experiments were performed at the beamline P02.2, Petra III (DESY, 

Hamburg) using a 3×8 mm2 focused monochromatic X-ray beam at 42.7 keV, 

following the same strategy as in previous studies [13,24]. At each T step, ADX 

patterns were recorded on a CsI bonded amorphous silicon detector (Perkin Elmer 

XRD 1621) to identify phases (i.e., crystalline vs molten) and monitor P from the cell 

volume of the Au internal calibrant. The X-ray diffraction patterns were integrated 

from the images with Fit2D software [25], and the diffraction signal was Le Bail 

fitted using Fullprof software [26] to obtain phase identification, crystal cell-volume, 
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and melt fraction for melt + crystals data-sets. XRF signal was collected on a Vortex® 

60-EX silicon drift detector with a collection time of 900-1800 s. 

2.3 Large-volume press experiments with energy-dispersive set-up  

High P-T experiments were carried out using a Hall-type press equipped with 6 

hydraulic rams (mavo press LPQ6-1500-100 by Voggenreiter) at the P61B LVP-EC 

beamline, PETRA III (DESY, Hamburg), using a combination of 6 first-stage anvils 

and 8 tungsten carbide (WC) second-stage anvils. We used the 18/11 cell-assembly 

with truncated edge lengths of 11 mm, doped octahedra MgO with a graphite heater, 

ZrO2 thermal isolator and MgO as the capsule container (supplementary information 

Fig. S2). Temperature was monitored using a type C thermocouple. To preserve the 

sample chemical integrity and cylindrical geometry while being transparent to X-rays, 

diamond cylinder (2 mm height x 1 mm inner diameter) was used as sample capsule 

sealed under P by platinum-rhodium caps.  

Energy-dispersive diffraction and fluorescence signals were collected using a low 

energy Germanium detector (LEGe) and a diffracted beam collimated to 50×300 µm2. 

The radiographic imaging system is composed of a GGG:Eu scintillator (40 µm 

thickness), an objective lens with 5x magnification, a mirror and a sCMOS camera. 

The scattering angle 2θ was calibrated by measuring MgO each time before 

compression, which remained constant at 7.1312° ±  0.0003°. Based on the detector 

position and the incident beam and collimator slits size (both 50×300 µm2), the 

maximum size of the gauge volume from where the diffracted X-rays were collected 

in the sample is no larger than 0.03 mm3. Pressure was derived from the equation of 

state of MgO [27] by recording its diffraction pattern (MgO cylinder surrounding the 
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sample capsule) before and after each measurement on sample to ensure that P was 

kept constant. In case the thermocouple broke down during experiments, T was then 

determined using the power vs T calibration curve established before failure 

(supplementary information Fig. S3). Experimental conditions are reported in Table 1. 

EDX data were collected for 60 seconds for both MgO and sample, and data 

collection was iterated a large number of times (50-175) on the sample at the same 

position and averaged to optimize the signal to noise ratio for the Xe fluorescence 

peaks. For run HH357, the pyrophyllite gaskets on the anvils were modified with  

boron-epoxy windows to reduce X-ray absorption for both the incident and diffracted 

X-rays. Explored P-T conditions along with observed phases are summarized in Table 

1. 

2.4 X-ray tomography on recovered large volume press samples 

For X-ray diffraction patterns that display a mixture of crystalline and molten phases 

(Table 1), it is necessary to determine the phases fractions to constrain Xe 

partitioning. This can be obtained in the case of LVP experiments from fitting the melt 

fraction on diffraction data (see section 3.2), and was cross checked by carrying X-ray 

tomography scans on two recovered samples. For this purpose, the diamond capsule, 

still containing the sample, was extracted from two recovered cell-assemblies after the 

experiments. The cell-assembly is indeed very absorbing which impedes the detection 

of absorption contrast between crystals and melt in situ at high P-T conditions.  

X-ray tomography scans were done at the micro-CT scan facilities at the National 

Museum of Natural History in Paris (AST-RX platform). The voltage used was 160 

kV, and the power on sample was 10 W. Detector size was 400 ×  400 mm2 with a 
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2024×2024 pixels matrix. The voxel size was approximately 2 µm, with an 

acquisition time of 2 seconds per frame. 

2.5 Chemical analyses 

Quenched samples together with starting glasses were put in epoxy resin and polished 

for Raman analysis, scanning electron microscopy, and electron microprobe analyses. 

A Zeiss Ultra 55 field emission scanning electron microscope (SEM) was used with a 

working distance of 7.5 mm and a voltage of 20 kV for detection of Xe. Major 

elements were analyzed using a Cameca SX-FIVE electron microprobe analyzer 

(EPMA) on the Camparis platform. The beam was focused to 15 µm diameter on the 

sample. Conditions were set to 15 kV acceleration voltage, 5 nA beam current, and  

10 s counting time per element on both peak and background for Na, Ca, Al, Si, and 

15 kV, 40 nA, and 60 s counting time on Xe peak and 30 s on background. Xenon 

calibration was established following the procedure developed by Montana et al. [28] 

by measuring the counts for the neighbouring elements, I (CuI) and Cs (CsCl). This 

method had been previously confirmed by analyzing one Xe-bearing glass PC53 (2.6 

wt% Xe; haplogranite glass from C. Crépisson’s PhD thesis [30]), for which Xe 

content was assessed by Particle induced X-ray emission [29]. 

All analyses are summarized in Table 2. Based on SEM and EPMA analyses, the 

synthesized starting glass Ab80An20 is chemically homogeneous. Low Na2O content 

likely is an artefact caused by Na loss during EPMA analysis, and the relatively low 

total may account for Na loss. The numerous lighter roundish zones observed by SEM 

in PC162a and b are too tiny to get quantitative insights (Fig. 1a and 1b), but are most 

likely Ca-rich seeds, Ca being the only major heavier element.  
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To constrain H2O content in starting and recovered glasses, Raman spectra were 

recorded on a Jobin-Yvon Horiba HR460 spectrometer using a single-grating 

monochromator with 1500 gratings/mm and an argon laser (514.5 nm wavelength) 

with the power of 11.4 mW. All spectra were acquired at room T with accumulation 

time of twice 45 s. For LVP experiments, H2O content determined using is similar 

within the uncertainties in starting and quenched glasses (see supplementary text and 

Fig.S4), attesting that the sample remained sealed. However, H2O losses were found 

for DAC experiments, which must have occurred during the quenching process 

because if H2O had been lost during experiments, no melt should have been detected 

at experimental T based on hydrous albite phase diagram [30]. 

Note that MgO is detected in quenched phases from LVP experiments (samples 

HH355 and HH357) resulting in growth of clinopyroxene due to the MgO 

contamination before in situ high P-T experiments (Table 2 and section 2.1). 

Recovered clinopyroxene crystals from LVP experiments were caracterized by Raman 

spectroscopy (supplementary Fig.S5) and SEM analyses showing calcic-magnesic 

cores and more sodic rims (Fig. 1d to 1f). This indicates that the contamination of 

MgO results in the transformation of albite (NaAlSi3O8)-anorthite (CaAl2Si2O8) join 

to jadeite (NaAlSi2O6)-omphacite ((CaNa)(MgAl)Si2O6) join at high P [31], also 

confirmed by the observation of additional alumina silicate (Al2SiO5) in recovered 

sample HH357 (Fig. 1f). No Xe is detected in the quenched crystals, although a few 

bubbles open upon polishing are observed inside crystals (Fig. 1e and 1g). Chemical 

analyses show that the inclusion in the middle of clinopyroxene crystals (Fig. 1f) has 

the same composition as the melt.  
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In addition to H2O, CH4 vibrational modes are detected in the quenched glass by 

Raman spectroscopy (supplementary Fig.S3). Holes observed in recovered sample 

HH355 (Fig. 1d and 1e) thus are assumed to be exsolution of CH4 produced at 

experimental conditions by reaction with the diamond capsule, also attested by the 

presence of some graphite crystals in the glass in one run (Fig. 1f and 1g). 

3. Xe crystal/melt partitioning measurements 

3.1 In situ determination of Xe content in crystals and melt 

For large volume press experiments, after a first compression step, T was initially 

increased until full melting was reached to ensure equilibrium, then decreased 

stepwise until both crystalline and molten phases co-exist, and hold for 1800 s before 

data collection. For resistive-heating DAC experiments, full melting was almost 

reached, with some crystals nonetheless preserved on the edge of gasket (Fig. 1c). 

While it is difficult to distinguish crystals vs melt from visual observations (DAC 

experiments) or in situ radiographic imaging (LVP experiments), X-ray diffraction 

allows unambiguous phase determination (Fig. 2a and 3). Therefore, at the targeted P-

T conditions, samples were scanned while collecting X-ray diffraction data until best 

positions were found: one optimizing crystalline diffraction signal (further referred as 

‘crystal-rich’), and one optimizing melt diffuse signal (further referred as ‘melt-rich’) 

with eventually pure melt. 

At each position, Xe content is determined using the fluorescence signal of Xe Kα line 

(29.78 keV) either on a specific fluorescence detector for angle-dispersive set-up 

(DAC experiments) or on the same detector used for diffraction for energy-dispersive 
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set-up (LVP experiments). While Xe Kβ line is visible at 33.62 keV, the weak signal/

noise ratio prohibits its use for determination of Xe content.  

For angle-dispersive DAC experiments, energy calibration and quantification of Xe 

content from signal intensity were calibrated in situ in the DAC at room conditions by 

filling a gasket with a Xe-doped glass PC53 (2.6 wt% Xe; unpublished data, 

haplogranite glass from C. Crépisson’s PhD thesis [32]) previously analyzed by both 

EPMA and Particle X-ray Emission [29]. XRF data are processed with PyMCA 

software with the declaration of attenuation by absorption of Be window and diamond 

anvils [33]. At 1010 °C, melt proportion (see section 3.2 for determination of phases 

fractions) is more than 97% in the ‘melt-rich’ pattern thus we assume it can represent 

the Xe content in pure melt (Table 3). As for ‘crystal-rich’ pattern which contains a 

mixture of crystals and melt, data are further treated in a multilayer way. We assume 

there are two layers (melt and crystalline) in ‘crystal-rich’ pattern, sample thickness is 

assumed to be equal to that of the recovered gasket and proportions are taken as the 

relative layer thickness. Xenon content in crystals is then obtained from mass balance 

calculation in PyMCA software, as the bulk Xe content of the starting glass before 

heating is known and Xe content in the melt is taken from the 97% melt-rich pattern. 

Fluorescence peaks on energy-dispersive patterns from LVP experiments are fitted 

following Simabuco and Nascimento [34] whereby the absolute intensity of the 

fluorescence signal depends on the five following factors: 1) beam intensity, 2) Xe 

concentration in the sample, 3) volume of the sample probed by X-rays, 4) absorption 

by the sample and the surrounding cell-assembly, 5) detector sensitivity. Note that 

these underlying physics are the same as implemented in the PyMCA software used 

above. They can be expressed by: 
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where Xei is Xe weight fraction in the volume probed by X-rays at a given position i; 

ρi, the average density; Di, the sample thickness along X-ray beam path; S, the X-ray 

sensitivity of the spectrometer; , the total beam intensity; A, the absorption by the 

sample and the surrounding cell-assembly. 

As we know the Xe content in the starting sample, the  product can be 

calculated (cf equation 1) from Xe Kα fluorescence peak intensity collected at high P 

at the highest T while the sample is fully molten. We specifically used diamond 

capsules as those do not deform under our P-T conditions hence the path length, Di, 

through the sample remains constant.  

Assuming that the intensity of Xe Kα fluorescence peak can be expressed by the peak 

area, Xei can be written as: 

 

Peak area of Xe Kα fluorescence peak is obtained by integration of peak intensity, 

considering a linear baseline from 29.2 keV to 30.2 keV. The average density, ρi, is 

calculated using a 3rd order Birch-Murnaghan equation of state assuming ideal mixing 

of H2O and silicate melt [35], and the density of crystals using the molar volumes of 

plagioclase Ab80An20 predicted from the Murnaghan equation of state [36], the 

thermal expansion of plagioclase feldspars [37], and the molar volumes of 

clinopyroxene calculated from high-T Birch-Murnaghan equation of state of diopside 

as a proxy [38]. All densities for crystals and melt are summarized in Table 3.  

                                   Ii = Xei × ρi × S × Di × I0
i × 10−A                                           (1)

I0
i

S × I 0
i × 10−A

      Xei = Xestarting glass ×
peak area at posit ion i

peak area for star t ing glass
×

ρstarting glass

ρi
        (2)
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Xenon weight fraction in crystals can finally be obtained from mass balance 

calculations using phase fractions as determined in section 3.2 below: 

 

where Xem is the Xe weight fraction in the melt, Xec, the Xe weight fraction in 

crystals, and , the melt fraction in pattern i. At each P-T point, Xem is taken from 

pure melt pattern except for one P-T condition (run HH355 1.6 GPa-700°C) for which 

we did not succeed to localize a pure melt zone, and had to solve a set of two mass-

balance equations, one for the crystal-rich zone and one for the melt-rich zone. 

If Xe concentrations in each phase are not needed, Xe partition coefficient can be 

obtained without using fluorescence data on the fully molten sample, hence without 

doing any assumption on negligible cell-assembly deformation upon cooling from 

fully molten state. In that case, one can combine equations 1 and 3 to directly 

calculate Xe partition coefficient from Xe fluorescence line area measured on co-

existing melt and crystal-rich areas (equation 4). The contribution from cell-assembly 

is exactly the same in co-existing melt and crystal-rich areas since they are collected 

at the same P-T condition, and consequently cancels out. 

    (4) 

                                                     Xei = x i
mXem + (1 − x i

m)Xec                                              (3)

x i
m

Dcrystal/melt =
Xec

Xem

=
(Xei − xmXem)/(1 − xm)

Xem

=
(peak area)i /ρi − (xm(peak area)m /ρm)/(1 − xm)

(peak area)m /ρm
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Overall, the largest source of uncertainty stems from the noise/signal ratio on Xe Kα 

fluorescence peak (between 4% and 16% error bar, depending on EDX averaged 

pattern). Additional sources of uncertainty are: 1) uncertainty on P-T conditions that 

translate into approximately 1% error bar on phases densities, and 2) in the case of Xe 

concentration in crystals, uncertainty on phase fractions (see section 3.2 below), also 

stemming from the noise/signal ratio on XRD spectra (4% to 8%). Error bars given in 

Table 3 result from the propagation of these uncertainties. 

3.2 Determination of phase fractions 

To obtain phase fractions for patterns collected on mixture of crystals and melts, 

angle-dispersive diffraction data (DAC experiments) are processed by LeBail 

refinement (supplementary Fig.S6), adopting the procedure developed by Madsen et 

al. [39] for crystallinity quantification which relies on the proportionality between (a) 

amorphous (i.e. molten) fraction and measured amorphous intensity; (b) crystalline 

fraction and measured crystalline intensity. In the case of resistive-heating DAC 

experiments, crystals remained small enough to produce powder-quality X-ray 

diffraction patterns (supplementary Fig.S7). The weight fraction of crystals is thus 

obtained from the ratio of cristalline intensity to cristalline+melt intensity (i.e. diffuse 

scattering), and reciprocally for the weight fraction of melt. 

During large volume press experiments, crystals grew to a larger size than in DAC, 

resulting in preferred orientation as can be seen from SEM images of recovered 

quenched samples (Fig.1d). In that case, we cannot rely on measured crystalline 

intensity. Instead, melt phase proportion was obtained from the ratio between diffuse 

melt intensity in a given EDX pattern and that observed for pure melt pattern, both 

after subtraction of the background signal taken from EDX pattern collected on 
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surrounding MgO (supplementary Fig. S8). For that purpose, diffraction signal was 

processed by normalizing intensities by time and slits size, and converting energy to 

scattering vector, , where E is the photon energy, , the scattering 

angle, h, the Planck constant, and c, the speed of light. Crystal fraction is then 

obtained by difference to 100%. This method was cross-checked for two samples by 

image processing of X-ray tomography scans (cf section 2.4) on two recovered 

diamond capsules (runs HH355 and HH357) extracted from the cell-assembly, 

assuming that crystal vs melt fractions are not affected by the quenching process. The 

data were processed with ImageJ software for 3-D reconstruction (Fig. 4) [40]. After 

that, melt and crystals phase fractions were calculated for each beam path as defined 

by the position of collimating slits recorded on X-ray radiographs during in situ EDX 

experiments (Fig. 4c and 4d). 

The results obtained using both X-ray tomography and intensity ratio calculation of 

EDX data tested on run HH355 are within the 8% uncertainty, with 73% melt at the 

melt-rich position and 56% melt at the crystal-rich position (from X-ray tomography) 

vs 68% and 55% respectively (from intensity ratio calculation). 

4. Results and discussion 

4.1 Results: Xe partitioning behaviour 

The higher Xe concentrations are systematically found in crystal phase for 

clinopyroxene/melt system at all investigated P-T conditions, indicating Xe 

preferentially goes into clinopyroxene rather than into the melt (Fig. 5 and 6, and 

Table 3). Our in situ high P-T measurements thus show that Xe is a compatible 

q = Esinθ /hc 2θ

16



element in clinopyroxene at depth with DXeclinopyroxene/melt reaching 3.58 ±  0.93 at 

700°C, and linearly decreasing with increasing T (Fig.6 and Table 3). Only one data 

point is collected for plagioclase/melt system using DAC, at the highest T investigated 

(1010 °C), with higher Xe content retained in melt. Consequently, for plagioclase/

melt system, Xe is found to preferentially partition into the melt (DXeplagioclase/melt = 

0.50 ± 0.10) at 1010 °C. Note that this lower value is consistent with the negative T-

trend that we report for Cpx/melt partitioning (Fig.6). 

These results are two orders of magnitude below the upper range of former Xe 

partitioning studies on olivine/melt and clinopyroxene/melt systems (Fig. 5) but 

clearly near/above unity, implying that one cannot systematically discard Xe bubbles 

in quenched samples as those must have at least partly been formed upon quenching 

to ambient conditions. In the case of Xe reactivity with olivine at high P-T conditions 

through Xe substitution to Si [41], Xe was indeed observed to be at least partly 

released from crystals upon quenching to room T as indicated by the appearance of 

pure Xe diffraction signal [42]. 

Noble gases retention sites in silicate melts are inside rings and cavities of the three-

dimensional network. Their solubility depends on the melt composition and structure, 

it increases with the SiO2 content and with P up to approximately 5 GPa but is 

independent on T for Ar and Xe [19,20]. Xe-O bonds have been reported to form in 

hydrous silica-rich melts when compressed with a coordination number of about 12, 

consistent with Xe insertion in the most abundant 6-membered rings [13]. However, 

the Xe-O coordination number shows no dependence on either T or P at the 

experimental conditions. Consequently, Xe solubility in melts cannot be simply 

17



explained by Langmuir adsorption model. On the other hand, Xe reacts with minerals 

by substituting to Si, bonding to either 4 oxygen atoms in silica polymerized phases 

[43] or to 3 oxygen atoms in olivine depolymerized structure [41], with oxidation 

state between + 2 and + 3. Yet there is so far no data about the exact oxidation state of 

Xe in magmas.  

Xenon solubility is promoted by the existence of Si-vacancies in quartz [10] and 

olivine, owing for the latter to an increased concentration of Fe3+ cations at the high 

experimental T [44]. Based on the EPMA analyses on quenched samples (Table 2), 

less Al3+ is retained in clinopyroxene when T increases, and it results in the lack of the 

vacancy-forming element in clinopyroxene. In consequence, the crystal could retain 

less Xe. Therefore, we suggest the negative relationship between DXec/m and T (Fig.6) 

is due to the decrease of trivalent elements in clinopyroxene phase. 

4.2 Xe storage in the deep crust and the missing Xe 

Xenon can be stored within major minerals of the deep continental crust [10,48] and 

upper mantle [16,45]. Xenon crystal/melt partition coefficients obtained from our 

experiments (0.50±0.10 to 3.58±0.93) indicate that Xe is moderately incompatible to 

compatible at continental P-T conditions. This range of values confirms the 

compatibility of Xe in minerals. Xenon compatibility in crystalline silicates at depth is 

attributed to its P-induced chemical reactivity, with the formation of Xe-O bonds 

[10,41,43]. This short bond length is due to Xe being oxidized, not neutral. Compared 

to other noble gases, Xe is therefore preferentially retained into the crystal fraction 

during partial melting processes, rather than degassed from the melt. Xenon is 

recycled at depth by subduction processes, leading to the mantle noble gas isotopic 
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composition [45]. Besides, Xe is detected up to 0.2 ppb (part per billion) in deep sea 

siliceous fossils [46], that eventually also are recycled into the mantle at subduction 

zones. In the case of haplogranite, Xe degasses strongly or is preferentially retained 

within the haplogranitic melt, depending on T [10]. Thus, in the presence of aqueous 

fluids, Xe is not necessarily degassed upon rock melting. Xenon stored or recycled at 

depth is expected to be only partially released during partial melting process, and 

mostly remains in crustal minerals with upwelling of magma. Thus, our results 

support the hypothesis of Xe storage in the continental crust. This is consistent with 

natural Xe enrichments of 1 to 3 orders of magnitude compared to krypton (Kr) that 

have been reported in exhumed Red Rock granite (130Xe/84Kr ~ 0.2) from the Sudbury 

structure, Canada, formed by an asteroid impact [47] and in North America tektites 

(130Xe/84Kr ~ 0.5) [48]. While in common rocks, 130Xe/84Kr is 0.004-0.012 in granites 

[47] and 0.007-0.033 in igneous rocks [49]. The time scale is very different between 

natural shocked rocks and slowly exhumed ones that likely underwent episodes of 

metamorphism/magmatism resulting in Xe loss. Thus, only shocked rocks, and to 

lesser extent fast ascent rocks (e.g., xenoliths) may preserve Xe excess.  

As a matter of fact, our experimental conditions are restricted to a simple system of 

crystal/silica-rich melt. This type of investigation must now be extended to mantle/

oceanic compositions, i.e. more basaltic systems, to explore the potential of the upper 

mantle to store Xe at depth as natural Xe excesses have also been reported in 

xenoliths [50-52]. 
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4.3 Advantages of the new EDX protocol for in situ partitioning experiments 

For the angle-dispersive set-up, the volume sampled by XRF is slightly smaller than 

the volume probed by XRD, and great care must be taken to align the XRF detector 

with the XRD focal point (Fig. 7a). While for the energy-dispersive set-up, both 

structural information (i.e. diffraction) and chemical information (i.e. fluorescence) 

are collected using one single detector with the exact same gauge volume and 

geometry of sample probed (Fig. 7b). The obtained diffraction pattern is therefore 

more accurate. 

Another disadvantage of the ADX set-up is that fluorescence signal scattered from 

sample environment (e.g. diamond anvils, rhenium gasket, body cell) is also detected, 

which can impede detection of some elements at low concentrations. This problem is 

circumvented in the EDX set-up due to the collimation tip placed in front of the Ge-

detector. Note that the situation can be improved with an ADX set-up by placing an 

additional polycapillary X-ray half-lens in front of the fluorescence detector [53]. 

To evaluate the consistency between the two data processing methods (i.e. PyMCA 

software and equations 1-4 following Simabuco and Nascimento [35]), both of them 

have been tested on the DAC fluorescence data, and results are consistent (cf Table 3 

and Fig. 6). Thus, the feasibility of the new protocol is demonstrated, with advantages 

of the congruent geometry of sample probed.  

In terms of limitations, the lowest Xe content measured here is 0.013±0.002 wt%. 

This could be achieved by inserting boron-epoxy window along the X-ray path (see 

section 2.3), which significantly reduced signal absorption by surrounding materials 

(see Fig.3a). This step is however not necessary for Xe content at the 0.1 wt% level. 
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This new technique therefore offers a new avenue to determine elements 

concentration, including for volatile elements, in phases using X-ray fluorescence 

signal on energy dispersive diffraction data. Besides, by using large volume press 

instead of resistive-heating DAC, this protocol allows to probe geological systems at 

higher P-T conditions, with potential for significant impact in the experimental 

petrology and Earth’s sciences community. Higher P-T conditions can be achieved in 

laser heated DACs. However while the whole sample is at constant T in a resistive 

heated DAC, only the central part of the laser heated spot is homogeneous for T in a 

laser heated DAC, making equilibrium measurements between co-existing phases 

very challenging [54]. The present method is nonetheless restricted to the 

investigation of elements with fluorescence signal between 15 keV and 120 keV for 

most synchrotron sources. 
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Table 1. Experimental conditions. 

Run Cell5 was conducted in DAC; Runs HH354 to 357 were conducted in LVP; # = number 
of scans; Duration = duration of the run at high-T; a, quenched P-T conditions; uncertainty on 
P is 0.3 GPa, on T is 50 °C. Note that run HH355 is the next-day continuation of run HH354.  

Run P  
(GPa)

T  
(°C)

Duration  
(h)

Fluorescence  
collection time

State

Cell5 2a 1010a 6.5 30 min melt, 30 min crystals melt + plagioclase

HH354 3.5 25 7.5 1h36 starting glass

3.2 800 1 min fully crystalline

2.5 800 1 min fully crystalline

1.7 1000 9 min melt

1.8a 950a 1h33 melt, 50 min crystals melt + jadeite

HH355 2.8 950 15 1 min fully crystalline

1.4 950 3 min melt + jadeite

2.1 1050 1h40 melt

1.7 800 1 min melt + jadeite

1.6a 700a 1h47 melt, 1h58 crystals melt + jadeite

HH357 2.0 25 14.5 2h32 starting glass

2.3 700 1 min fully crystalline

2.0 800 1 min fully crystalline

1.1 850 21 min melt

1.7a 850a 2h26 melt, 2h55 crystals melt + omphacite
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Table 2. Chemical analyses on starting glasses and recovered high P-T samples in 

wt% obtained from EPMA. Analyses are based on 10-20 data points, in brackets: 

standard deviation. 

Ab80An20 is the dry starting glass; 1: hydrated glasses from piston cylinder runs, 2: samples 
recovered from in situ LVP experiments, 3: sample recovered from in situ DAC experiment; 
H2O* is estimated from Raman spectra (see Supplemental file for details); m = melt; c = 
crystal; DL = detection limit (230-260 ppm).  

Na2O SiO2 CaO Al2O3 MgO Xe H2O* total

Ab80An20 8.64  
(0.47)

62.82 
(0.46)

4.47 
(0.08)

25.45 
(0.39)

101.41

PC162a1 4.92 
(0.19)

57.63 
(1.48)

3.71 
(0.13)

21.94 
(0.62)

0.14 
(0.01)

10.89 
(1.37)

99.23

PC162b1 4.98 
(0.27)

56.74 
(0.77)

3.42 
(0.15)

20.51 
(0.32)

0.02 
(0.01)

12.02 
(1.50)

97.69

HH355m
2

4.84 
(0.57)

66.80 
(2.02)

1.22 
(0.12)

14.80 
(0.67)

0.01 
(0.01)

0.05 
(0.01)

10.76 
(1.57)

98.49 

HH355c2 7.76 
(1.02)

54.99 
(0.95)

11.86 
(1.91)

23.23 
(1.82)

4.94 
(1.35)

< DL 102.78

HH357m
2

7.72 
(0.98)

60.08 
(0.99)

2.46 
(0.12)

17.52 
(0.46)

1.02 
(0.15)

< DL 11.66 
(1.07)

100.46 

HH357c2 6.81 
(0.96)

55.57 
(1.11)

13.45 
(1.3)

18.57 
(0.94)

8.37 
(0.8)

< DL 102.77 

Cell5m3 7.55 
(0.73)

63.46 
(0.95)

4.50 
(0.19)

24.04 
(0.58)

0.14 
(0.01)

99.75
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Table 3. Phase proportions, phase densities, Xe weight fractions, and Xe partition 

coefficients. 

 , melt % fraction; Xec, Xe content in crystal; Xem/g, Xe content in melt or glass; 
uncertainties (in brackets); a, calculated with PyMCA software. Note that melt fraction in 
‘crystal-rich’ area, being determined locally, does not necessarily increases with T unlike the 
total fraction of melt in the sample.  

Run starting 
glass

P T Density"
(g/cm3)

melt
-rich

crysta
l-rich

Xec Xem/g

(GPa) (°C) ρc ρm/g (wt%) (wt%)

HH354 PC162a 1.8 950 3.264 2.253 100 82 0.204 
(0.031)

0.125 
(0.010)

1.63 
(0.37)

HH355 PC162a 1.6 700 3.288 2.252 73 56 0.222 
(0.038)

0.062 
(0.006)

3.58 
(0.93)

HH357 PC162b 1.7 850 3.273 2.216 95 77 0.033  
(0.008)

0.013 
(0.002)

2.54 
(0.97)

Cell5 PC162a 2.0 1010 2.518 2.267 97 57 0.110  
(0.009)

0.144 
(0.006)

0.76 
(0.14)

2.0 1010 2.518 2.267 97 57 0.074a 
(0.007)

0.148a 
(0.009)

0.50a 
(0.11)

xmxm

DXe
crystal/melt

xm
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Fig. 2 
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Fig. 3 
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Fig. 4 

Fig. 5 
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Fig. 6 
 

Fig. 7 

 

35



Fig. 1. SEM images of starting materials and high P-T quenched samples. Starting glasses 

PC162a (a) and PC162b (b); bright dots may indicate Ca-rich plagioclase seeds. (c) Quenched 

sample Cell5 from DAC experiments surrounded by Re gasket (bright periphery); quenched 

sample is mostly glass, with a few plagioclase crystals near the gasket edge. (d) Quenched 

sample HH355 from LVP experiment; (e) zoomed on clinopyroxene crystal; holes are 

assumed to be H2O and CH4 bubbles open upon polishing. (f) Quenched sample HH357 and 

(g) zoomed on clinopyroxene crystal; grey area is melt while brighter areas are clinopyroxene 

crystals (Ca-rich core and Na-rich rims); black dots in the glass are graphite crystals; about 

2% alumina silicate (columnar crystals) is detected. 

Fig. 2. (a) Angle-dispersive X-ray diffraction data collected at 2 GPa and 1010 °C in 

resistive-heating diamond-anvil cell (run Cell5); (b) corresponding X-ray fluorescence 

spectra. Pl, plagioclase; dotted line: background obtained using an empty gasket in the DAC. 

The Xe Kα and Kβ fluorescence rays are observed at 29.78 keV and 33.62 keV, respectively. 

Fig. 3. Full in situ energy-dispersive spectra data-set from large-volume press experiments. 

(a) Data on coexisting melt (red lines) and crystal-rich (blue lines) areas for all three LVP 

runs; the increased intensity between 25 keV and 60 keV for run HH357 is due to the use of a 

boron-epoxy window along the X-ray path that significantly reduced signal absorption by the 

surrounding materials; (b) zoom on Xe fluorescence signal for all three data-sets and fully 

molten pattern (orange line) collected at high P for run HH355, after subtraction of a linear 

baseline. *, Ge fluorescence from detector; 1, MgO diffraction from cell-assembly; 2, W 

fluorescence 3, Pb fluorescence from beamline elements, and the W absorption edge is visible 

at 69 keV; C, crystalline diffraction peaks. Due to the large crystal sizes (cf Fig. 1), not all 

diffraction peaks are observed on crystal-rich patterns but only a few depending on crystal 

orientation. 

Fig. 4. X-ray tomography slice reconstruction on the recovered large-volume press sample 

(HH357). (a) Crystallized omphacite (yellow) coexisting with partial melt quenched as a glass 

(blue); (b) recovered sample with the beam slits position on melt-rich (white rectangle) and 

crystal-rich areas (black rectangle); reconstructed cross sections at (c) ‘melt-rich’ and (d) 

‘crystal-rich’ positions. 
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Fig. 5. Crystal-melt partitioning coefficients of Xe. From our experiments (red stars) and 

compared with literature data. Pl, plagioclase; Ol, olivine; Cpx, clinopyroxene; Spl. spinel. 

Fig. 6. Temperature effect on Xe crystal/melt partitioning under P. Solid symbols: DXec/m 

obtained using method from Simabuco and Nascimento (1994); empty symbols: using 

method from Solé et al. (2007).  

Fig. 7. Schematic geometry of (a) the angle-dispersive X-ray set-up (at P02.2 PETRAIII) and 

(b) energy-dispersive X-ray set-up (at P61B PETRAIII).
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