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X線
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X線パス（2方向）
・ダイヤモンド 数mm
・金属などのGasket 数mm

試料を取り囲むアンビルや圧力媒体によるX線の吸収が大きい。
HX（>10 keV）or 白色（高エネルギー）での実験が標準

Fig. 2.7: Schematic of high pressure loading apparatus installed at SPring-8 ;Uni-axial
press equipped with a DIA-type guide block.

　

measurements at 10-25 GPa and at 300-800 K. The PT-conditions for examining equation

of state of hcp-Fe0.95Si0.05 were covering the PT-condition for the structural refinement of

hcp-Fe0.95Si0.05D! (i.e., 14.7 GPa and 800 K). The unit cell volume used for the P–V–T

measurement was obtained during the descent process, and the crystal structures of each

condition were hcp single phase. In order to avoid grain growth of the sample, BN was

mixed in the NaCl sleeve and the sample. If grain growth of the sample was observed,

the measurement was performed while the whole press was oscillated in the ! axis. In

addition, the inside of the high-pressure cell was observed by X-ray radiography installed

in BL04B1 to determine the position to acquire X-ray diffraction data.

Equation of states of hcp-Fe0.95Si0.05

Phase determination and refinement of cell parameters were performed using PDIndexer

[50]. We applied P–V-T data to high temperature (HT) second-order Birch–Murnaghan

equation of state (Eq. (2.1)) third-order Birch–Murnaghan equation of state (Eq. (2.2))
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マルチアンビル高圧発生装置 ダイヤモンドアンビルセル

DIA型ガイドブロック

1段目アンビル (MA6)

２段目アンビル (MA6-8)



マルチアンビルプレスによる高圧実験
＠AR-NE7A (UG運営ビームライン)

概要
• 700トンの一軸圧縮プレス(MAX-III)に３種の
ガイドブロック(DIA型, D-DIA型, D-111型)
を装着

• 主に地球惑星内部科学、材料科学の研究者が
利用

• 地球下部マントルまでの条件で、多様な高温
高圧(変形)実験が可能 (~30 GPa, ~2000 K,
歪み速度~10-6-10-4 s-1)

• 高エネルギー白色(WX)および単色X線(HX,
~60 keV)を利用

• エネルギー分散法および角度分散法によるX
線回折とラジオグラフィー測定

• 高圧下における相転移、化学反応、状態方程
式、弾性波速度、メルト物性、塑性流動、岩
石破壊現象のその場観察



• 高エネルギー白色X線を用いて、
アンビル間のガスケットや圧
媒体を通して高圧下の試料を
測定

• エネルギー分散法によるコリ
メーションで、試料部のみか
らの良質なデータを取得

• 数十µmビームによるXRDと
数mmビームによるラジオグラ
フィー測定の併用

• 高圧下における相転移、化学
反応、状態方程式、弾性波速
度、液体の構造と物性のその
場観察

• 現状では数十秒毎の時分割測
定が限界、サブ秒オーダーの
高速測定が必要高圧XRD時分割測定により、衝撃変成隕石で起こる非平衡反応のカイネ

ティクスを解明 (Kubo et al., Nature Geoscience 2010)
圧力誘起で非晶質化したNaAlSi3O8 albiteから、NaAlSi2O6 jadeiteと
SiO2 stishoviteが結晶化

マルチアンビルプレスによる高圧実験
研究例その１

白色XRD時分割測定によるカイネティクス測定

Albite NaAlSi3O8
18.1 GPa
950℃



マルチアンビルプレスによる高圧実験
研究例その２

単色XRDとimagingによる塑性変形挙動の解明

24-27 GPa, 1473-1673 Kの下部マントル条件におい
て、主要鉱物ブリッジマナイトの流動則の決定に成功
(Tsujino et al., Science Advances 2022)

• D-111型ガイドブロックと高エネルギー単
色XRD(~60 keV)を組み合わせ、世界に先
駆けて地球下部マントル条件での定量的な
高圧変形実験を実現

• デバイリングのd値方位角依存性から差応力
を、ラジオグラフィーから塑性歪みを測定、
高温高圧下における応力-歪み曲線の測定

• 現状では数分毎の時分割測定が限界、時空
間分解能の数桁向上が課題



マルチアンビルプレスによる高圧実験
ハイブリッドリングでの HX + HX (or WX) の利用例

岩⽯破壊過程の⾼速マルチスケールその場観察︓深部地震現象の解明

HX or WX
マクロビームによる

2D-XRD, radiography
試料全体の反応⼒学挙動

応⼒-歪み曲線
反応速度曲線

Bulk rock dynamics

HX
マイクロビームによる

3D-XRD
断層⾯の局所構造
応⼒, 相, 粒径の
２次元mapping

Grain-scale dynamics

ミリ秒オーダー、μmからmmのマルチスケールで、断層⾯挙動をその場観察



超伝導研究の上で高圧技術の果たしてきた役割は大きい。
・銅酸化物超伝導体のTc最高値到達
・鉄系超伝導体発見時の圧力によるTcの大きな増大
・水素化物超伝導のTc最高値更新

H3S 高圧下 156 GPa

LaH10 260 K高圧下 188 GPa

超伝導転移温度Tcと発見年

FeSe単層膜

H2S 203 K高圧下 150 GPa

圧力によるTc増大（4 GPa) 鉄系超伝導体

圧力によるTc増大（10 GPa) 銅酸化物超伝導体



水素化合物超伝導体H2S- H3S
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ダイヤモンド
アンビルセル
電気抵抗測定

H2Sの R(T)とTc(P)曲線
A.P.Drozdov et al., Nature (2015)

M.Einaga et al., Nat. Phys.(2016)
高圧X線回折



and covalent bonds related to the water molecules, rather than
a single type of interaction like ionic bonding. The differences
among the interactions in the hydrate crystals result in
anisotropic responses to stimulations, such as thermal expan-
sion and compressibility. The physical properties of the overall
crystal reflect the packing scheme of the atomic species (e.g.
Fortes et al., 2017a). Such structure-dependent properties play
an essential role in various materials but are difficult to predict
from scratch. Experimental elucidations are demanded with
compensation by computational evaluation, but such struc-
tural studies of salt hydrates under high pressure are still
limited.

We report here a new hydrate of potassium chloride which
is stable only under high pressure. This phase was discovered
unexpectedly from a concentrated KCl solution under high
pressure at ambient temperature. Its structure was determined
by the combination of X-ray single-crystal diffraction and
density functional theory (DFT) calculations.

2. Experimental

2.1. Single-crystal X-ray diffraction under high pressure

A saturated KCl solution, corresponding to 26.5 wt% at
298 K and atmospheric pressure (Pinho & Macedo, 2005), was
prepared by dissolving an excess amount of reagent-grade KCl
(99.5%) purchased from Wako Corporation in Milli-Q water.
The solution was loaded into a diamond anvil cell (DAC) with
a small amount of crystalline KCl to achieve the desired
measurement conditions, whose details are described later. A
pair of Boehler–Almax-type diamond anvils (Boehler & De
Hantsetters, 2004) with a culet diameter of 600 mm were used.
Stainless steel (SUS301) plates were used as a gasket with a
� = 400 mm hole as a sample space. To obtain high-quality
X-ray diffraction data, a PFA (Teflon PFA) ring with an inner

diameter of 200 mm was introduced as an inner gasket and a
modified ‘clover seat’ backing seat was used (Komatsu et al.,
2011). The details of the backing seat are described in Section
S1 in the supporting information. A small ruby sphere was
introduced in the sample space to estimate the sample pres-
sure from the ruby fluorescent method (Piermarini et al.,
1975). The sample pressure for the diffraction measurements
was determined as the average and the deviation between
before and after the measurements.

The sealed sample was compressed up to 2.4 GPa at 295 K
and heated to ⇠350 K. At these high-pressure and high-tem-
perature conditions, single crystals of ice VII formed after
cyclic compression and decompression. After the crystal
growth of ice VII, the sample pressure decreased to ⇠2.3 GPa
at⇠320 K. The sample was compressed and heated again until
the remaining solution started to freeze. Further compression
and decompression were repeated to obtain single crystals of
the KCl hydrate, co-existing with ice VII at 2.3 GPa and 295 K
(Fig. 1).

Ideally, no co-existing crystals are preferred for measure-
ments without interference from extra Bragg spots. However,
water ices inevitably crystallize before the formation of KCl
hydrate. We initially tested a KCl-saturated solution without
KCl crystals as a starting material, but this resulted in its co-
existence with ice VI. Ice VI has an orthorhombic structure
with lattice parameters a ⇠ 6.2 Å and c ⇠ 5.7 Å, and their
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Figure 1
Photograph of single crystals of KCl·H2O with co-existing ice VII in a
diamond anvil cell at 2.27 GPa and 295 K. The outlines of KCl·H2O and
ice VII are highlighted by red and blue lines, respectively, as a guide for
the eyes. A photograph without this eye guide is shown in Fig. S2 in the
supporting information.

Table 1
Crystallographic parameters and experimental details for the single-
crystal X-ray diffraction experiments on KCl monohydrate.

Chemical formula KCl·H2O
Mr 92.57
Pressure (GPa) 2.23 (4)
Temperature (K) 295
Crystal system, space group Monoclinic, P21/n
a (Å) 5.687 (7)
b (Å) 6.3969 (8)
c (Å) 8.447 (3)
� (�) 107.08 (8)
V (Å3) 293.7 (4)
Z 4
Calculated density (Mg m�3) 2.048
Specimen shape, size (mm) Platelet, 220 ⇥ 180 ⇥ 90

Data collection
Radiation type Mo K↵, micro-focused
Data collection method Rigaku, Hypix-6000HE
Exposure (s/frame) 120
Orientations ! scans for 80 frames

by 0.5�

� (mm�1) 2.399
Range of h, k, l �3  h  3

�7  k  7
�8  l  7

Number of measured, used and unique reflections 1507, 892, 147

Refinement
Rejection criteria I > 3�
Rint, R� 0.1350, 0.0462
R1 0.0610
wR2 0.1984
S 1.797
Number of refined parameters, restraints 13, 0
Min/Max residual (e Å�3) �0.34/0.56

Computer programs: CrysAlis PRO (Agilent, 2014) and SHELXL2018 (Sheldrick, 2015).

新規塩水和物 KCl･H2Oの発見

2.27 GPa and 295 K
Yamashita et al. 2022

Moreover, KCl·H2O also has almost straight K–Cl chains
along the b axis [Fig. 3(c)]. In these K—Cl components, K and
Cl atoms are directly connected along the three orthogonal
directions. Such K—Cl alignments in the zigzag plane
resemble the f.c.c. structure of anhydrous KCl (B1).

From the similarity of K—Cl alignments, the structure of
KCl·H2O can be interpreted as a complex structure consisting
of part of the B1 phase of the anhydrous salt and additional
water molecules. In the view projected on the ac plane, water
molecules are located between the chains. The zigzag K–Cl
planes are displaced to make space for the intercalating water
molecules, resulting in long K—Cl distances along almost
perpendicular directions to the zigzag planes. Moreover, the
water molecules are slightly displaced along the b axis located
between K–Cl layers perpendicular to the b axis, resulting in
long K—Cl distances along the b axis comparable to anhy-
drous KCl (B2).

3.3. Computational structure evaluation of KCl·H2O

The crystal structure of KCl·H2O was also examined by
DFT calculations (Fig. 4). The optimized atomic positions
were in good agreement with the experimental results
(Table S1 in the supporting information). The interatomic
distances for K—Cl and K—O pairs (Table S2) indicate that
the dispersion corrections did not act significantly to improve
the reproducibility of geometries for the structure optimiza-
tion with a fixed-cell constraint. Each H atom of the water
molecules directly orients to the neighbouring Cl atom, with
distances of 2.15 and 2.18 Å, which do not differ by more than
0.02 Å with or without the dispersion corrections (Table S2).
These H� � �Cl distances are shorter than that of the known
alkali halide hydrate, i.e. ⇠2.4 Å in NaCl·2H2O (Bode et al.,

2015). MgCl2·6H2O has similar H� � �Cl distances and trans-
forms into the high-pressure phase at 0.9 GPa (Yamashita et
al., 2019). During this transformation, the structure reduces its
symmetry accompanied by a slight shortening of one of the
two equivalent H� � �Cl distances to 2.1 Å, while the other
equivalent distance elongates to 3.1 Å. Considering the elon-
gation of some K—Cl distances, the short H� � �Cl distances in
KCl·H2O would be the result of energy compensation for
stress releases at different parts of the crystal structure
including some repulsions and steric hindrances at specific
parts.

4. Concluding remarks

Potassium chloride monohydrate, KCl·H2O, was discovered by
crystallization directly from a KCl solution under high pres-
sure. In situ single-crystal diffraction revealed that its crystal
structure comprises K—Cl alignments similar to that of the B1
phase of KCl. The zigzag K–Cl layers in the hydrate are
separated by water molecules. The water intercalations elon-
gate some K—Cl distances, resulting in the intermediate
coordination structures of potassium and chlorine regarded as
a mixture of structural components of the B1 and B2 phases of
KCl, also supported by the obtained pressure of 2.23 (4) GPa
close to the B1!B2 phase transition pressure of KCl. Such a
structural relation of salt hydrates with an anhydrous salt
would be applied to other cases, such as NaCl·2H2O, in which
Na atoms form six-coordinated octahedra (Klewe & Pedersen,
1974; Bode et al., 2015).

We finally note the possibility of other salt hydrates under
high pressure. Despite the simplicity of the components, the
number of known hydrates and their behaviours under high
pressure are still limited for specific cases, such as MgSO4 and
MgCl2 hydrates. As described in this and previous studies,
multicomponent systems can form unique phases under high
pressure, distinct from ambient-pressure phases in structure
(Wang et al., 2018; Yamashita et al., 2019) or composition
(Komatsu et al., 2015; Fortes et al., 2017b). Temperature is also
an important factor to determine the formation of hydrates.
Low-temperature conditions are favoured for hydrates with
higher hydration numbers at ambient pressure, as seen in the
cases of MgCl2 hydrates (Hennings et al., 2013). However, the
formation of hydrates can be restricted kinetically, especially
for the transition starting from a mechanical mixture of crys-
talline salt and water ice because the hydrate formation needs
diffusion of chemical species. In nature, such transitions can
proceed over geological timescales, but their experimental
investigations are sometimes unachievable. Further investi-
gations for high-pressure and low-temperature regions would
need tricky approaches, such as crystallization from amor-
phous saline solution (Komatsu et al., 2015).

5. Related literature

The following reference is cited in the supporting information:
Arndt et al. (2006).

research papers

Acta Cryst. (2022). C78 Keishiro Yamashita et al. ✏ Water intercalation under high pressure 5 of 6

Figure 4
(a) The crystal structure of KCl·H2O optimized by DFT calculations using
the PBE functional (Perdew et al., 1996) with a fixed cell to be experi-
mentally derived. Purple, green, red and pink balls represent K, Cl, O and
H atoms, respectively



1. Introduction
Iron is the most abundant transition metal and exhibits multiple oxidation states in the Earth's mantle. The coordi-
nation environments and bond lengths of Fe 2+-O and Fe 3+-O in silicates change with increasing pressure. The spin 
states of Fe 2+ and Fe 3+ could also change not only in solid phases (Badro et al., 2003; Zhang & Oganov, 2006) 
but also in melts and glasses under high pressure (Gu et al., 2012; Karki et al., 2018; Nomura et al., 2011). 
The changes in the Fe 2+-O and Fe 3+-O bond lengths will tell their possible spin crossovers under lower-mantle 
pressures. It has been also suggested that Fe 2+ disproportionates into Fe 3+ and metal Fe in a deep magma ocean, 
depending on the partial molar volumes of FeO and FeO1.5 and their compressibilities (Armstrong et al., 2019; 
Hirschmann 2012; O’Neill et al., 2006; Zhang et al., 2017). However, direct measurements of these properties 
are limited to 1 atm (Kress & Carmichael, 1991; Lange & Carmichael, 1987). They are dependent on the coor-
dination environment of Fe ions, in particular their coordination number and the structure of silicate melts, both 
of which will change under high pressure (Sanloup, Drewitt, Konôpková et al., 2013). However, the change in 

Abstract The X-ray absorption fine structure (XAFS) spectrum is sensitive to the local structure of a 
specific element of interest and a useful tool for elucidating changes in the coordination environments and 
spin states of Fe 2+ and Fe 3+. However, in situ XAFS study of Fe 2+ and Fe 3+ in a silicate glass has not been 
conducted under high pressures due to experimental difficulties. Here we investigated pressure-induced 
changes in the coordination environments of Fe 2+ and Fe 3+ in basaltic glasses based on the Fe K-edge XAFS 
analyses for both X-ray absorption near edge structure and extended X-ray absorption fine structure (EXAFS) 
regions. Upon compression from 1 bar to ∼15 GPa, the average Fe 2+-O bond length determined by the 
EXAFS analyses remained similar, suggesting that the mean coordination number of Fe 2+ increased from ∼5 
to 6, which is also supported by a decrease in the pre-edge intensity. On the other hand, the Fe 3+-O bond was 
remarkably elongated, which indicates that Fe 3+ changed from 4-fold to 6-fold coordination. Above 15 GPa, the 
coordination numbers of both Fe 2+ and Fe 3+ further increased, which is inferred from comparisons of the bond 
lengths with those of reference melt and minerals. In addition, the bond lengths did not show an anomalous 
reduction, indicating that both Fe 2+ and Fe 3+ remained in the high-spin state up to 83 and 60 GPa, respectively, 
in the basaltic glasses. These compression behaviors of the Fe 2+-O and Fe 3+-O bonds support that Fe 2+ 
disproportionates into Fe 3+ and metal Fe in a deep magma ocean.

Plain Language Summary We examined pressure-induced changes in the average Fe-O bond 
length and the mean coordination numbers of Fe 2+ and Fe 3+ in basaltic glasses based on the X-ray absorption 
fine structure measurements. While the Fe-O bond is shortened by a simple compression effect, it is elongated 
due to an increase in the coordination number. The results demonstrated that Fe 2+ was approximately fivefold 
coordinated at 1 bar and became approximately sixfold to ∼15 GPa, leading to the almost constant average 
Fe 2+-O distance in this pressure range. On the other hand, the mean coordination number of Fe 3+ increased 
from 4 at ambient pressure to 6 at ∼15 GPa, showing the clear elongation of the average Fe 3+-O bond length. 
At pressures greater than 15 GPa, both the Fe 2+-O and Fe 3+-O bond lengths decreased similarly with slight 
increases in the mean coordination numbers of Fe 2+ and Fe 3+ beyond 6. We also found that both Fe 2+ and Fe 3+ 
remained high spin in our basaltic glasses over the entire pressure range explored. The higher compressibility of 
Fe 3+-O polyhedra below 15 GPa enhances the stability of Fe 3+ with respect to Fe 2+ at higher pressures. It may 
have driven the disproportionation reaction of Fe 2+ into Fe 3+ and metallic Fe in the Earth's deep magma ocean.
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Key Points:
•  We examined high-pressure 

coordination environments around 
Fe 2+ and Fe 3+ in basaltic glasses by 
X-ray absorption spectroscopy to 
83 GPa

•  X-ray absorption near edge structure 
and X-ray absorption fine structure 
analyses indicate that both Fe 2+ and 
Fe 3+ become six-fold coordinated with 
increasing pressure to ∼15 GPa

•  Compression behaviors of the 
Fe-O bond lengths support the 
disproportionation of Fe 2+ into Fe 3+ 
and Fe 0 in a deep magma ocean
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1. Introduction
Iron is the most abundant transition metal and exhibits multiple oxidation states in the Earth's mantle. The coordi-
nation environments and bond lengths of Fe 2+-O and Fe 3+-O in silicates change with increasing pressure. The spin 
states of Fe 2+ and Fe 3+ could also change not only in solid phases (Badro et al., 2003; Zhang & Oganov, 2006) 
but also in melts and glasses under high pressure (Gu et al., 2012; Karki et al., 2018; Nomura et al., 2011). 
The changes in the Fe 2+-O and Fe 3+-O bond lengths will tell their possible spin crossovers under lower-mantle 
pressures. It has been also suggested that Fe 2+ disproportionates into Fe 3+ and metal Fe in a deep magma ocean, 
depending on the partial molar volumes of FeO and FeO1.5 and their compressibilities (Armstrong et al., 2019; 
Hirschmann 2012; O’Neill et al., 2006; Zhang et al., 2017). However, direct measurements of these properties 
are limited to 1 atm (Kress & Carmichael, 1991; Lange & Carmichael, 1987). They are dependent on the coor-
dination environment of Fe ions, in particular their coordination number and the structure of silicate melts, both 
of which will change under high pressure (Sanloup, Drewitt, Konôpková et al., 2013). However, the change in 

Abstract The X-ray absorption fine structure (XAFS) spectrum is sensitive to the local structure of a 
specific element of interest and a useful tool for elucidating changes in the coordination environments and 
spin states of Fe 2+ and Fe 3+. However, in situ XAFS study of Fe 2+ and Fe 3+ in a silicate glass has not been 
conducted under high pressures due to experimental difficulties. Here we investigated pressure-induced 
changes in the coordination environments of Fe 2+ and Fe 3+ in basaltic glasses based on the Fe K-edge XAFS 
analyses for both X-ray absorption near edge structure and extended X-ray absorption fine structure (EXAFS) 
regions. Upon compression from 1 bar to ∼15 GPa, the average Fe 2+-O bond length determined by the 
EXAFS analyses remained similar, suggesting that the mean coordination number of Fe 2+ increased from ∼5 
to 6, which is also supported by a decrease in the pre-edge intensity. On the other hand, the Fe 3+-O bond was 
remarkably elongated, which indicates that Fe 3+ changed from 4-fold to 6-fold coordination. Above 15 GPa, the 
coordination numbers of both Fe 2+ and Fe 3+ further increased, which is inferred from comparisons of the bond 
lengths with those of reference melt and minerals. In addition, the bond lengths did not show an anomalous 
reduction, indicating that both Fe 2+ and Fe 3+ remained in the high-spin state up to 83 and 60 GPa, respectively, 
in the basaltic glasses. These compression behaviors of the Fe 2+-O and Fe 3+-O bonds support that Fe 2+ 
disproportionates into Fe 3+ and metal Fe in a deep magma ocean.

Plain Language Summary We examined pressure-induced changes in the average Fe-O bond 
length and the mean coordination numbers of Fe 2+ and Fe 3+ in basaltic glasses based on the X-ray absorption 
fine structure measurements. While the Fe-O bond is shortened by a simple compression effect, it is elongated 
due to an increase in the coordination number. The results demonstrated that Fe 2+ was approximately fivefold 
coordinated at 1 bar and became approximately sixfold to ∼15 GPa, leading to the almost constant average 
Fe 2+-O distance in this pressure range. On the other hand, the mean coordination number of Fe 3+ increased 
from 4 at ambient pressure to 6 at ∼15 GPa, showing the clear elongation of the average Fe 3+-O bond length. 
At pressures greater than 15 GPa, both the Fe 2+-O and Fe 3+-O bond lengths decreased similarly with slight 
increases in the mean coordination numbers of Fe 2+ and Fe 3+ beyond 6. We also found that both Fe 2+ and Fe 3+ 
remained high spin in our basaltic glasses over the entire pressure range explored. The higher compressibility of 
Fe 3+-O polyhedra below 15 GPa enhances the stability of Fe 3+ with respect to Fe 2+ at higher pressures. It may 
have driven the disproportionation reaction of Fe 2+ into Fe 3+ and metallic Fe in the Earth's deep magma ocean.
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1. Introduction
Iron is the most abundant transition metal and exhibits multiple oxidation states in the Earth's mantle. The coordi-
nation environments and bond lengths of Fe 2+-O and Fe 3+-O in silicates change with increasing pressure. The spin 
states of Fe 2+ and Fe 3+ could also change not only in solid phases (Badro et al., 2003; Zhang & Oganov, 2006) 
but also in melts and glasses under high pressure (Gu et al., 2012; Karki et al., 2018; Nomura et al., 2011). 
The changes in the Fe 2+-O and Fe 3+-O bond lengths will tell their possible spin crossovers under lower-mantle 
pressures. It has been also suggested that Fe 2+ disproportionates into Fe 3+ and metal Fe in a deep magma ocean, 
depending on the partial molar volumes of FeO and FeO1.5 and their compressibilities (Armstrong et al., 2019; 
Hirschmann 2012; O’Neill et al., 2006; Zhang et al., 2017). However, direct measurements of these properties 
are limited to 1 atm (Kress & Carmichael, 1991; Lange & Carmichael, 1987). They are dependent on the coor-
dination environment of Fe ions, in particular their coordination number and the structure of silicate melts, both 
of which will change under high pressure (Sanloup, Drewitt, Konôpková et al., 2013). However, the change in 

Abstract The X-ray absorption fine structure (XAFS) spectrum is sensitive to the local structure of a 
specific element of interest and a useful tool for elucidating changes in the coordination environments and 
spin states of Fe 2+ and Fe 3+. However, in situ XAFS study of Fe 2+ and Fe 3+ in a silicate glass has not been 
conducted under high pressures due to experimental difficulties. Here we investigated pressure-induced 
changes in the coordination environments of Fe 2+ and Fe 3+ in basaltic glasses based on the Fe K-edge XAFS 
analyses for both X-ray absorption near edge structure and extended X-ray absorption fine structure (EXAFS) 
regions. Upon compression from 1 bar to ∼15 GPa, the average Fe 2+-O bond length determined by the 
EXAFS analyses remained similar, suggesting that the mean coordination number of Fe 2+ increased from ∼5 
to 6, which is also supported by a decrease in the pre-edge intensity. On the other hand, the Fe 3+-O bond was 
remarkably elongated, which indicates that Fe 3+ changed from 4-fold to 6-fold coordination. Above 15 GPa, the 
coordination numbers of both Fe 2+ and Fe 3+ further increased, which is inferred from comparisons of the bond 
lengths with those of reference melt and minerals. In addition, the bond lengths did not show an anomalous 
reduction, indicating that both Fe 2+ and Fe 3+ remained in the high-spin state up to 83 and 60 GPa, respectively, 
in the basaltic glasses. These compression behaviors of the Fe 2+-O and Fe 3+-O bonds support that Fe 2+ 
disproportionates into Fe 3+ and metal Fe in a deep magma ocean.

Plain Language Summary We examined pressure-induced changes in the average Fe-O bond 
length and the mean coordination numbers of Fe 2+ and Fe 3+ in basaltic glasses based on the X-ray absorption 
fine structure measurements. While the Fe-O bond is shortened by a simple compression effect, it is elongated 
due to an increase in the coordination number. The results demonstrated that Fe 2+ was approximately fivefold 
coordinated at 1 bar and became approximately sixfold to ∼15 GPa, leading to the almost constant average 
Fe 2+-O distance in this pressure range. On the other hand, the mean coordination number of Fe 3+ increased 
from 4 at ambient pressure to 6 at ∼15 GPa, showing the clear elongation of the average Fe 3+-O bond length. 
At pressures greater than 15 GPa, both the Fe 2+-O and Fe 3+-O bond lengths decreased similarly with slight 
increases in the mean coordination numbers of Fe 2+ and Fe 3+ beyond 6. We also found that both Fe 2+ and Fe 3+ 
remained high spin in our basaltic glasses over the entire pressure range explored. The higher compressibility of 
Fe 3+-O polyhedra below 15 GPa enhances the stability of Fe 3+ with respect to Fe 2+ at higher pressures. It may 
have driven the disproportionation reaction of Fe 2+ into Fe 3+ and metallic Fe in the Earth's deep magma ocean.
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Figure 1. The μ-XAFS spectrum of oxidized basaltic glass in a diamond-anvil cell collected at 7.6 GPa, including the 
pre-edge features with centroid position, X-ray absorption near edge structure with the threshold energy and the peak of the 
while line, and X-ray absorption fine structure oscillations. Red dashed line is a cubic spline function for the background of 
the pre-edge signals (Wilke et al., 2001).

Pre-edge XANES EXAFS

Pressure 
(GPa)

Centroid 
(eV) Intensity

Threshold 
energy (eV)

Peak energy 
(eV) k range

Fe-O bond 
length (Å)

Reduced glass 1 bar 7111.92 0.1381 7118.30 7127.20 2.6–8.4 1.983(20)
2.9 7111.91 0.1200 7118.28 7127.58 2.6–8.4 1.966(19)
8.7 7112.09 0.1313 7118.60 7127.59 2.6–8.4 1.962(19)
15.1 7111.92 0.1248 7118.43 7127.13 2.6–8.4 1.995(18)
27.3 7111.79 0.0970 7118.64 7127.55 2.6–8.4 1.958(19)
46.9 7111.89 0.0968 7119.00 7128.99 2.6–8.4 1.932(20)
52.0 7111.91 0.1021 7119.01 7128.83 2.6–8.4 1.940(20)
67.6 a 7112.01 0.0873 7120.64 7130.34 2.6–8.4 1.904(19)
83.2 7111.76 0.1044 7118.98 7129.81 2.6–8.4 1.903(19)

Oxidized glass 1 bar 7113.40 0.2665 7121.63 7133.36 2.6–8.4 1.865(19)
3.3 7113.40 0.2332 7121.54 7132.70 2.6–8.4 1.900(19)
7.6 7113.39 0.2071 7121.75 7131.79 2.6–8.4 1.907(20)
16.2 7113.32 0.1514 7121.88 7132.13 2.6–8.4 1.949(21)
20.1 7113.34 0.1578 7121.94 7132.19 2.6–8.4 1.944(20)
38.2 7113.26 0.1312 7121.77 7132.56 2.6–8.4 1.905(19)
43.6 7113.30 0.1449 7122.59 7132.85 2.6–8.4 1.902(20)
60.0 7113.20 0.1420 7122.73 7133.91 2.6–8.4 1.872(20)

Note. The values in parentheses represent one standard deviations in the last digits. Uncertainties in the pre-edge intensity 
and the centroid energy are ±10% and ±0.1 eV, respectively.
 aReduced W-doped glass used in Ozawa et al. (2021).

Table 2 
Pre-Edge, X-ray Absorption Near Edge Structure, and X-ray Absorption Fine Structure Data for Reduced and Oxidized 
Basaltic Glasses
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ダイヤモンドアンビルセルを用いたXAFS測定



ダイヤモンドアンビルセルによる高圧実験
HX + HX の利用 X線①

X線②

2方向同時測定
①ダイヤモンド
②金属あるいはホウ素のガスケット
（ガスケット越しにX線を通す)

・X線回折(HX)とXAFS (～HX)

ü 地球深部鉱物の構造と金属の酸化数
ü 高圧下での物性変化
ü 高圧下で進む不均化反応を化学組成と回折で見る
ü （高温高圧下での流体中の鉄）

・X線回折(HX)とXRF (～HX)



2ビーム利⽤提案︓⾼圧グループ
新光源ハイブリッドリングでの HX + HX (or WX) の利⽤
マルチアンビルプレス ダイヤモンドアンビルセル

⾼圧⾼温変形場における岩⽯破壊過程の
⾼速マルチスケールその場観察
深部地震現象の解明を⽬指す

HX or WX
マクロビームによる

2D-XRD, radiography
試料全体の反応⼒学挙動

応⼒-歪み曲線
反応速度曲線

Bulk rock dynamics

HX
マイクロビームによる

3D-XRD
断層⾯の局所構造
応⼒, 相, 粒径の
２次元mapping

Grain-scale dynamics

X線①

X線②

氷と塩⽔和物 軽元素系超伝導物質

2⽅向同時測定 ①ダイヤモンド
②⾦属あるいはホウ素のガスケット

・X線回折(HX)と
XAFS(TX〜HX)

・X線回折(HX)と
蛍光X線(HX)

⾼圧下での物性変化
や合成反応の解明

H3S


