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The pressure-induced local structural change around tungsten in
silicate glass
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Abstract doi: 10.7185/geochemlet.2116

Tungsten is one of the key elements to understand the conditions and timing of plan-
etary core formation. While the metal-silicate partitioning of tungsten has been
extensively studied, the effects of pressure and silicate melt composition have been
controversial. Here we have investigated the local environment of tungsten in
a basaltic glass up to 67 GPa based on EXAFS spectroscopy and found that the
W-O bond length increases in a pressure range from 10 to 32 GPa, indicating that
W6! ion increases the coordination number from four to six. It is known that the
coordination of silicon also changes at similar pressure range, suggesting that
the coordination structure of trace element tungsten may be controlled by the
Si-O coordination. The coordination change of tungsten will affect its metal-silicate

partitioning and may explain the previously observed change in the pressure effect around 5 GPa, when considering the differ-
ence between melt and glass. This also suggests further change in the pressure dependence above 32 GPa where tungsten is
predominantly sixfold coordinated. In addition, the effect of silicate melt composition may diminish at such pressure range.

Received 23 December 2020 | Accepted 2 April 2021 | Published 1 June 2021

Introduction

The Earth’s mantle is depleted in siderophile (iron-loving) ele-
ments because they were preferentially partitioned into metals
during core formation. Such depletion can be a record of condi-
tions for core-forming metal segregation from silicate. Among
siderophile elements, the metal-silicate partitioning of tungsten
has been extensively studied because of its chemical properties
and geological significance. Since tungsten is a highly refractory
element, its bulk Earth abundance is obtained from the chon-
dritic abundance without correction for volatility (see review
by McDonough, 2014), giving the tungsten content in the core
from the knownmantle abundance. The distribution of tungsten
between the core and the mantle is thought to be key to under-
standing the conditions for metal-silicate chemical equilibrium
during core metal segregation.

Previous experiments have explored the effects of pres-
sure, temperature, oxygen fugacity, and the compositions of
metallic liquid and silicate melt on the metal-silicate partitioning
of tungsten (Walter and Thibault, 1995; O’Neill et al., 2008;
Cottrell et al., 2009; Siebert et al., 2011; Rai and van Westrenen,
2014; Jennings et al., 2020). However, partitioning is still not well
understood even at relatively low pressures. It has been argued
that tungsten becomes more siderophile with increasing pres-
sure to !5 GPa and then less siderophile at higher pressures
(Cottrell et al., 2009; Rai and van Westrenen, 2014). This was
attributed to the formation of W4! (Cottrell et al., 2009) due to
the emergence of octahedrally coordinated silicon in silicate

melts (Sanloup et al., 2013). Sanloup et al. (2011) also pointed
out that a change in the compressibility of liquid iron may affect
the metal-silicate partitioning of trace elements including
tungsten.

Pressure-induced structural changes in silicate melt and
glasses have been examined, focusing on a change in the co-
ordination of silicon (e.g., Sanloup et al., 2013; Prescher et al.,
2017). The local structure around a trace element in silicate melt
may be important for its partitioning, in particular for cations
with high valences such as W6!, but it has been least explored.
Keppler and Rubie (1993) reported the coordination changes of
Ni2! and Co2! in silicate melts at high pressures up to 10 GPa
based on crystal field spectroscopy on quenched glasses at ambi-
ent conditions. The coordination environments of lutetium and
xenon in silicate glasses andmelts were examined by using in situ
high pressure X-ray diffraction (XRD) techniques to 8 GPa
(de Grouchy et al., 2017; Leroy et al., 2018). As far as we know,
there are no experimental studies that investigate the local struc-
ture around trace elements under lower mantle conditions so
far, because of their low concentrations and disturbance by
Compton signals from diamond in XRD measurements at high
pressure in a diamond-anvil cell (DAC).

Here we examine a change in the coordination structure of
tungsten in a basaltic glass with increasing pressure to 67 GPa,
based on in situ high pressure X-ray absorption spectroscopy in
the fluorescence yield mode, which gives element selective infor-
mation and is sensitive to trace elements. The extended X-ray ab-
sorption fine structure (EXAFS) and X-ray absorption near-edge
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structure (XANES) spectra demonstrate the pressure-induced
coordination change of W6!. We discuss its implications for the
partitioning behaviour of tungsten at high pressure.

Results and Discussion

Change in the coordination structure of tungsten. We obtained
twelve separate tungsten LIII-edge EXAFS spectra of the
W-doped basaltic silicate glass in a wide pressure range from
1 bar to 67.2 GPa, whose k3-weighted oscillations are shown
in Figure 1a. As can be seen from the change in the oscillation
period, the average W-O bond became longer with increasing
pressure from 10.7 to 32.3 GPa although it did not change out-
side of this pressure range (Fig. 2). The W-O bond length (rW-O)
was determined at each pressure from the EXAFS analysis
(Fig. 1, Table 1).

At ambient pressure, we obtained rW-O= 1.77 ± 0.02 Å in
the basaltic glass, similar to rW-O= 1.78 Å in WO4

2" solution
reported by Kashiwabara et al. (2013). This indicates that W6!

was predominantly tetrahedrally coordinated at 1 bar in our glass
sample in agreement with O’Neill et al. (2008). At 10.7 GPa, we
found rW-O= 1.75 ± 0.02 Å, which is close to the average W-O
bond length at ambient pressure. Nevertheless, the XANES
spectra and their second derivatives, which are sensitive to the
local structure around an element of interest, show a difference
between the two pressures (Fig. 3), possibly suggesting that the
WO4 tetrahedral symmetry was slightly changed by compression.

A rapid increase in the average W-O bond length in
a pressure range from 10.7 to 32.3 GPa can be attributed to
a change in the mean coordination number from four to six
(Fig. 2). rW-O= 1.94 Å at 32.3 GPa is longer by 0.17 Å than
rW-O= 1.77 Å at 1 bar. This difference in the average W-O bond
length is similar to the difference in the ionic radii between
0.42 and 0.60 Å for fourfold and sixfold coordinatedW6!, respec-
tively (Shannon, 1976). Above 32.3 GPa, the average W-O bond
length remained similar; neither the period of EXAFS oscillations
nor the XANES spectra changed significantly (Figs. 1, 3). This
could be because the effect of compression was compensated
by the effect of the small continuous increase in the mean co-
ordination number of W6! to >6.

Coordination changes of tungsten and silicon at similar
pressure range. These changes in the average W-O bond length
and the tungsten coordination number take place at a pressure
range very similar to that in which silicon changes its co-
ordination from four to six in silicate glass and melt (see a com-
parison in Fig. 2). Previous XRD measurements have examined
the pressure effect on the average Si-O bond length and the
coordination number of silicon in SiO2 glass up to a megabar
pressure (Prescher et al., 2017; Sato and Funamori, 2010). The
most recent experiments performed by Prescher et al. (2017)
demonstrated that i) below 10 GPa, the Si-O bond length was
constant at !1.62 Å, while volume was reduced because of
the collapse of void space (topological change), ii) between 10

Figure 1 EXAFS oscillations of tungsten in a basaltic glass and FT-EXAFS spectra up to 67 GPa. (a) The k3-weighted oscillations, !(k) ! k3,
extracted from EXAFS spectra (black curves). The vertical dotted lines highlight the wave numbers k of the first and second maxima of
the oscillations at ambient pressure. (b) The radial structural function at the LIII-edge for tungsten, which was Fourier transformed (FT) from
k3-weighted EXAFS oscillations (black curves). The vertical dotted line indicates the position of themaximum FT-magnitude at 1 bar. The red
curves in (a) and (b) show simulation data of EXAFS spectra using the parameter extracted by FEFF.

Figure 2 Pressure-induced change in theW-O bond length (open
circles) in basaltic glass on compression from the present EXAFS
analyses, compared to those in the Si-O bond length. Filled squares
(Prescher et al., 2017) and diamonds (Sato and Funamori, 2010)
indicate data on SiO2 glass. Open squares are for a molten basalt
(Sanloup et al., 2013). All the Si-O bond length data were obtained
by XRD measurements.
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and 40 GPa, the Si-O bond length increased to !1.69 Å as a
consequence of the increase in the mean silicon coordination
number from four to six, and iii) above 40 GPa, the Si-O bond
length slightly decreased with pressure, as illustrated in Fig-
ure 2. Furthermore, the XRD study on a basaltic melt by Sanloup
et al. (2013) showed that the Si-O bond length rapidly increased
from<10 to!35GPa (Fig. 2), consistent with the observations in
SiO2 glass. The ab initio simulations of a model basalt by Bajgain
et al. (2015) reported that the mean silicon coordination number
started to increase from 5.3 GPa at 2,200 K. They additionally
calculated the mean coordination numbers of other major cati-
ons at high pressures, demonstrating that those of network
modifier cations of Na!, Ca2!, Mg2!, and Fe2! increase with ini-
tial compression to 20 GPa, in contrast to those of network for-
mer cations of Si4! and Al3!.

These suggest that the coordination increase in tungsten
may be induced by that of silicon which determines the overall
networking structure in silicate. Below 10 GPa, W6! is predomi-
nantly fourfold coordinated and therefore cannot be a network
former in a silicate glass (Farges et al., 2006). This is explained by

the bond valence theory; oxygen cannot connect fourfold coor-
dinated W6! and Si4! ions because the sum of the valence units
combining W6!-O (VI/4= 1.5) and Si4!-O bonds (IV/4= 1.0)
exceeds the valence (= 2) of an oxygen ion (Pauling, 1929).
Therefore, the WO4 tetrahedra are positioned in a region that
is rich in the network modifier cations (e.g., Na!, Ca2!, Mg2!,
and Fe2!), and are disconnected from the framework of SiO2
tetrahedra. This could be the reason why tungsten is much less
siderophile during metal-silicate partitioning when silicate melt
exhibits higher NBO/T (the ratio of non-bridging oxygens per
tetrahedrally coordinated cations, a measure of the depolymer-
isation) (Walter and Thibault, 1995) or contains more alkali met-
als and alkaline earth metals, in particular CaO (Jennings et al.,
2020). Above 10 GPa, fourfold coordinated Si4! starts to change
into sixfold coordination, leading to an increase in bridging oxy-
gen at the expense of non-bridging oxygen and possibly the oxy-
gen constituting WO4 tetrahedra. While fourfold coordinated
W6! cannot bind to the bridging oxygen due to its high bond
valence, it is possible for sixfold coordinated W6! to do so
because its bond valence units decrease to 1.0 (= VI/6). Such six-
fold coordinated W6! can thus be a network former cation,
bonding to the bridging oxygen together with the charge com-
pensating cations such as Na! in a basaltic glass.

Implications for the partitioning of tungsten. The change
in the nature of the W6!-O bond will affect the partitioning
behaviour of tungsten. Cottrell et al. (2009) examined the parti-
tioning of tungsten between liquid iron and basaltic melt and
showed positive and negative pressure effects on the metal/
silicate partition coefficient below and above 2–6 GPa, respec-
tively. Amore recent study by Rai and vanWestrenen (2014) also
demonstrated the positive pressure effect below 5 GPa before it
changes to negative at higher pressures. Cottrell et al. (2009)
argued that such a change in the pressure effect may corres-
pond to the emergence of W4!, but this was not supported by
Wade et al. (2012) who found that the valence of tungsten
remained six in silicate melt at 6 to 24 GPa based on augmented
experimental data. This might be attributed to the change in the
structure of liquid iron alloy (Sanloup et al., 2011; Shibazaki et al.,
2015), but the pressure response of the metal-silicate partition-
ing of tungsten is different from that of nickel and cobalt, which
cannot be explained solely by the structural change in liquid
metal. Alternatively, it is likely that the change in the pressure

Table 1 The W-O bond length in a basaltic glass at each pressure
obtained from the k range of EXAFS spectra provided. Standard
deviations are given in parentheses.

Pressure
(GPa)

k range
(Å"1)

W-O bond
length (Å)

0 2.3–8.2 1.771(18)
10.7 2.3–8.2 1.753(19)
13.7 2.3–8.2 1.814(21)
17.4 2.3–8.2 1.845(23)
22.4 2.3–8.2 1.858(23)
29.0 2.3–7.0 1.900(29)
32.3 2.3–8.2 1.939(21)
42.7 2.3–7.0 1.932(28)
47.5 2.3–8.2 1.928(21)
53.0 2.3–8.2 1.950(20)
62.3 2.3–8.2 1.934(19)
67.2 2.3–8.2 1.931(19)

Figure 3 Tungsten LIII-edge XANES spectra of a basaltic glass collected up to 67 GPa after background subtraction. (a) Normalised XANES
spectra and (b) their secondderivatives. In (b), theblue and reddashed lines indicate thepositionof theminimumof the secondderivatives of
theXANES spectrumat 1 bar and that of the localminimumthat is prominent above 32.3GPa, respectively. TheseXANES spectra showa clear
difference between fourfold and sixfold coordinated W6!.
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effect on the metal/silicate partitioning of tungsten above !5 GPa
is caused by the onset of the increase in the coordination number
of W6! in a silicate melt (note that this may start in melt at pres-
sures slightly lower than that in glass as predicted for Si by Bajgain
et al., 2015). These observations further suggest that the pressure
effect on the metal/silicate partitioning of tungsten above 32 GPa
(sixfold coordinatedW6! predominant) is likely different from that
at<5GPa (fourfold coordinatedW6! predominant) and 5–32GPa
(mixed state).

It has also been argued that the metal-silicate partitioning
of tungsten strongly depends on the silicate melt composition
represented by such as NBO/T or the CaO content as mentioned
above (e.g., Walter and Thibault, 1995; Jennings et al., 2020). For
example, according to the parameterisation by O’Neill et al.
(2008), the partition coefficient of tungsten between metal and
pyrolitic melt is forty times as high as that between metal and
basaltic melt below 6 GPa. Such strong compositional depend-
ence may significantly diminish as the coordination structure of
tungsten changes. Indeed, the earlier experiments conducted by
Siebert et al. (2011) have demonstrated that the effect of NBO/T
on metal-silicate partitioning is smaller for sixfold coordinated,
high valence cations such as Nb5! and Ta5! than for fourfold
coordinated W6! and P5!. We can thus expect that the effect
of silicate melt composition on the metal-silicate partitioning
of tungsten is smaller above 32 GPa, where sixfold coordinated
W6! is predominant, than previously found below 10 GPa.

Moreover, the change in the coordination number of
tungsten should affect its isotopic fractionation between melt
and crystals at high pressure. In general, heavier isotopes tend
to be partitioned into a phase with a lower coordination num-
ber (Kashiwabara et al., 2017). Therefore, the 182W/184W ratio in
silicate melt equilibrated with metallic liquid above 32 GPa may
be higher than that below 10 GPa, although the temperature for
metal-silicate equilibrium at the time of core formationmay have
been too high to cause a resolvable isotopic fractionation, as is
the case for Mo as reported by Hin et al. (2019).

Coordination changes of other trace elements. It is worth
emphasising that the pressure range for the coordination change
of W6! observed in this study is quite different from those for
Ni2!, Co2! (Keppler and Rubie, 1993), and Lu3! (de Grouchy
et al., 2017), whose coordination numbers increase rapidly with
increasing pressure up to 10 GPa. Such a difference may be
related to the field strength (= charge/ionic radius) of these trace
elements. The low field strength of Ni2!, Co2!, and Lu3! sug-
gests that their local structures are similar to those of network
modifier cations. On the other hand, we expect that the local
structures around high field strength elements such as Mo6!,
P5!, and As5! are close to that of W6!, and therefore their co-
ordination numbers will increase in a manner similar to that
of tungsten. Future studies of these high field strength elements
besides tungsten will clarify the importance of the field strength
on the behaviour of pressure-induced coordination changes in
silicate glasses and melts.
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Experimental Methods 

A tungsten-doped basaltic glass was synthesised for EXAFS measurements. Basalt powder was 
prepared originally from gel, mixed with 0.8 wt. % WO3 powder, and melted at 1473 K for 30 
min in a furnace under reduced H2-CO2 gas atmosphere (two log units below the wüstite-
magnetite buffer). Under this condition, tungsten exists in a silicate melt almost exclusively as 
W6+ (Wade et al., 2013). It was then quenched to a glass by being dropped into water. The 
chemical composition and homogeneity of the basaltic glass were examined with an electron 
probe micro-analyser equipped with a field-emission source (FE-EPMA, JEOL JXA-8530F) 
(Table S-1). 

At 1 bar, the EXAFS spectrum of the basaltic glass sample was collected at beamline 
BL01B1 at the SPring-8 synchrotron facility. High-pressure EXAFS measurements were 
carried out at beamline BL4A, Photon Factory, KEK with a beam focused to 5 µm × 5 µm area 
on a sample by using a KB mirror system. In this study, we calibrated the energy based on the 
white line peak of Na2WO4 • 2H2O at 10.198 keV by following Kashiwabara et al. (2013). The 
sample was compressed to high pressures in a DAC using diamond anvils with 300 µm culet 
size. The basalt glass was loaded into a sample chamber at the centre of an X-ray transparent 
gasket that was composed of an outer Kapton ring and an inner boron (+ epoxy) disk (Merkel 
and Yagi, 2005). Before compression, the sample chamber was about 80 µm across and 50–100 
µm thick. At high pressure, first we searched for a sample position in a DAC by a micro-X-ray 
mapping technique. An X-ray fluorescence (XRF) map for tungsten was collected based on its 
Lα line of tungsten (Fig. S-1). Subsequently high-pressure EXAFS measurements were 
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performed near the LⅢ absorption edge of tungsten in the fluorescence mode because of its 
relatively low concentration in the sample. The sample was irradiated from a direction 
perpendicular to the compression axis through the X-ray transparent gasket in order to avoid 
absorption of X-rays by diamond (anvils). The energy range for the EXAFS scans was 10.145–
10.566 keV. Pressure was measured based on a Raman shift of a diamond anvil (Akahama and 
Kawamura, 2004). No pressure change was observed before and after the EXAFS measurement. 

These EXAFS data were reduced using a REX2000 software (Rigaku Co. Ltd.) with a 
parameter generated by the FEFF 7.0 code (Zabinsky et al., 1995). The k3-weighted EXAFS 
oscillation was extracted from each spectrum in the range of 2.3–8.2 Å−1 except for two data 
points (Table 1). The Fourier transformation (FT) of the k3-weighted oscillation was performed, 
and the radial structural function was obtained. In order to extract information on the nearest 
neighbours of tungsten atoms from the radial structural function, the first-neighbour shell 
EXAFS was filtered out from high frequency noise and outer shells using Hanning window 
function. The filtered FT-EXAFS spectra were back-transformed to k-space using parameters 
extracted from the crystal structure of CaWO4 scheelite by the FEFF 7.0. Curve fitting analysis 
was performed for the first shell (W-O). 
 

 
Supplementary Table 
 
Table S-1 The chemical composition of the basaltic glass sample. 
 

 wt. % 

SiO2 46.16(25) 
TiO2 9.79(13) 
Al2O3 13.84(6) 
FeO 8.76(23) 
MgO 7.78(10) 
CaO 9.31(2) 
Na2O 4.46(13) 
K2O 0.13(1) 
WO3 0.78(8) 

Total 101.01 
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Supplementary Figure 
 

Figure S-1 Micro-XRF maps of tungsten in a basaltic glass sample at 48 GPa for searching 
sample position in a DAC. Incident X-ray with 10.5 keV was used to obtain the W Lα map. 
Maps were obtained for (a) 1500 μm × 1500 μm area by 31 × 31 steps and then (b) 100 μm × 
100 μm area by 26 × 26 steps by moving the sample with respect to the X-ray beam. The black 
circle in (a) indicates the area shown in (b). 
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