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Seismic studies have found fine-scale anomalies at the core-mantle boundary (CMB), such as ultra-8

low velocity zones (ULVZs)
1,2

and the core rigidity zone (CRZ)
3,4

. ULVZs have been attributed to9

mantle-related processes
5–10

, but little is known about possible core origin. Precipitation of light10

elements in the outer core has been proposed to explain the CRZ
3
, but it remains unclear what11

processes can lead to such precipitation. Despite the importance of silicon and hydrogen in the outer12

core
11
, constraints on the melting behaviour of Fe-Si-H at relevant pressure-temperature conditions13

are still lacking. Here, we report experimental observations of crystallization of a B2-structured14

Si-rich FeSi alloy from Fe-9wt%Si (9 wt% Si) melted in the presence of hydrogen up to 125 GPa and15

3700 K using laser-heated diamond anvil cells. We found that hydrogen dramatically increases the16

Si concentration in the B2 crystals (Si/Fe⇡1), while it mostly remains in the coexisting Fe liquid. The17

high Si content in the B2 phase makes it stable in a solid form at the outermost-core temperatures18

and less dense than the surrounding liquids. Consequently, the Si-rich crystallites could form, float,19

and be sedimented to the underside of the CMB interface, and that well explains the core-side20

rigidity anomalies
3,4

. If a small amount (8.4 vol%) of the FeSi crystals can be incorporated into the21

mantle under convection flow, they would form dense low-velocity structures above the CMB, which22

may account for some ULVZs
10
. The B2 FeSi precipitation promoted by H in the outermost core23

provides a single core-driven origin for two types of anomalies at the CMB. Such a scenario could24

also explain the core-like tungsten isotope signatures in ocean island basalts
12
, after the materials25

equilibrated with the precipitates are entrained to the uppermost mantle by the mantle plumes26

rooting at ULVZs.27

Introduction28

The Earth’s core-mantle boundary (CMB) represents an interface between the solid silicate mantle and the29

liquid metallic outer core, and structure and dynamics in this region are fundamental for understanding30

heat and material transfer in our planet11. Fine-scale seismic velocity anomalies have been detected at31

the CMB, such as the ultra-low velocity zones (ULVZs)1,2 and the core rigidity zone (CRZ)3. ULVZs32

exist at the base of the mantle1,2 with thicknesses of 3–100 km, compressional and shear wave velocity33

reductions of up to 25% and 50%, respectively, and density increases of 5–20%. The observed CRZ is less34

than 2–km thick at the core side near CMB, allows for the propagation of shear waves, and displays a35

density decrease of <40% compared to the surrounding liquid outermost core3.36

A range of models have been proposed to explain the origin of ULVZs, including partial melt13 or iron-37



enriched materials (i.e., post-perovskite7, magnesiowüstites8, FeSi alloys10, and hydrogen-bearing Fe38

peroxide9) in the mantle and/or via subduction into the CMB region6. Buffet et al.14 also proposed that39

reactions between mantle and core materials may produce silicate sediments at the top of the Earth’s40

core. While many of these involve mantle processes, the role of the core has not been considered as41

much. On the other hand, the CRZ has been attributed to possible precipitation of light elements in the42

liquid outermost core3. However, it is not known what light elements are being incorporated into such43

precipitates and what factors can result in such crystallization.44

The Earth’s core consists of Fe-Ni alloys with a few percent of light elements11, including Si, H, S, O,45

and C. Among them, of particular interest are Si and H due to their abundances15 and high solubilities in46

Fe metal at high pressure-temperature (P-T ) conditions16,17. Studies have estimated as much as 10 wt%47

Si and 1 wt% H in the outer core11,18. However, experimental datasets for the melting behaviours of48

Fe-Si-H ternary system19–22 are limited to 62 GPa and 3000 K.49

Here, we report a series of high P-T experiments where a pure H2 or Ar-H2 mixture was used as a H50

source to react with Fe-Si alloys with 9 wt% Si (Fe-9wt%Si; Fe0.83Si0.17) up to 125 GPa and 3700 K in51

laser-heated diamond anvil cells (LHDACs) (see Extended Data Figure 1 for experimental setup). Use of52

an Ar-H2 mixture limits the amount of H (less than 1.7 wt%) to the metal alloy, unlike a pure H2 source53

(see Methods). It also significantly reduces H diffusion to diamond anvils, decreasing the likelihood of54

diamond breakage and enabling high-temperature heating relevant to the liquid outer core for a longer55

duration. Furthermore, unlike paraffin (CnHn) or water as a H source, an Ar-H2 mixture medium prevents56

participation of other elements in the reaction, effectively isolating factors controlling chemical processes.57

Synchrotron X-ray diffraction (XRD) measurements were conducted on the heated spots at in-situ high58

P-T and after temperature quench. These characterizations allow us to understand the Si partitioning59

between metal alloy melts and solids, as well as crystallization of the Fe-Si-H ternary. Our results provide60

key data to link core processes with seismologically observed velocity anomalies at the CMB region1,3.61

Results62

After laser heating the Fe-9wt%Si starting material to 2400–3700 K at 49.5–124.8 GPa (Extended Data63

Figure 3, Extended Data Table 1, and Methods), optical images of the sample show the removal of metal64

alloy at the heated center where the transparent hydrogen fills the space (Figure 1 insert). Such a signature65

was not found when the sample was heated to sub-solidus temperatures. Before heating, the Ar-H2 mixture66

forms Ar(H2)2 at 300 K and high pressures23. The diffraction peaks of Ar(H2)2 are mostly replaced by Ar67

diffraction lines after heating, indicating that Ar(H2)2 breaks down and releases H2 at high temperatures,68

which subsequently reacts with the starting Fe-9wt%Si. Therefore, the convection of the medium, which69

should be molten at high temperatures, likely removed some of the liquid metal alloy, resulting in the70

observed optical texture. XRD patterns on the heated area after temperature quench show that the melting71

of Fe-9wt%Si in H produces face centered cubic (fcc) FeHx, double hexagonal close-packed (dhcp) FeHx,72

and B2 Fe1�dSi1+d (d for Si deviation from Si/Fe = 1; Figure 1). We also observed a small amount73

of the cubic FeH3 (space group: Pm3̄m) after heating above 100 GPa, which is likely frozen melt with74

local enrichment of H. Early experiments19 reported the synthesis of H-bearing hcp Fe-6.5 wt%Si phase75

(1.2–1.5 wt% H) at temperatures below 1000 K at 27–67 GPa. The different phases we observed here76

likely result from melting. A recent study22 reported the melting behaviour of Fe-Si-H at ⇠50 GPa, which77

is far lower than the pressure expected for the outer core.78
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Figure 1. Rietveld refinements of the X-ray diffraction patterns collected after the melting of Fe-9wt%Si
in a H-bearing medium a at 85.8 GPa and 3400 K and b at 121.6 GPa and 3300 K. The black circles are
measured intensities, the red curves are the best fits, and the black curves are residuals. Peak positions of
different phases are shown in the coloured vertical ticks: dhcp FeHx (red), fcc FeHx or cubic FeH3 (blue),
B2 FeSi (orange), and a small amount of a hcp phase (black). Ar and Ar(H2)2 from the pressure medium
were labeled as light gray and gray ticks, respectively. Residue factor (Rwp) and mole fractions of phases
were provided in the legend. The wavelength of incident X-ray beam is 0.3344 Å. The insert in a shows
an optical image of the sample after heating at 93.2 GPa. The red rectangles indicate three molten spots
up to 3400 K.
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Figure 2. Characterization of the temperature quenched samples. a-c Composition estimations of the
phases observed after laser heating at 300 K using the measured volumes. a B2 FeSi, b fcc FeHx, and c

dhcp FeHx. The red, black, and olive circles are from different samples (DACs #1, #2, and #3). The solid
and open circles are measured volumes during compression and decompression, respectively. Previous
experimental reports on B2 FeSi16, D03 Fe-9wt%Si16, fcc FeH24, and dhcp FeH17 were plotted as solid
curves for comparison. d-e Two-dimensional distribution of the phases in the heated region at 102.9 GPa
after heating to 3300 K. d B2 110 diffraction peak, e dhcp 004 diffraction peak. The contours are
normalized intensities of the selected peaks. The crosses mark the heating center. Much more FeHx exists
at the heating center while more B2 FeSi exists around the hottest spot. This texture indicates that FeHx is
the quenched liquid, while B2 FeSi is the first crystallizing phase during temperature quench.
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The effects of H and Si on the volumes of Fe alloy phases16,17, 24 are well known at high pressures and79

300 K, which can be used to estimate compositions of the temperature-quenched products in this study80

(Extended Data Table 2 and see Methods). This method is particularly effective in the case of the sample81

synthesized in a H or Ar-H2 medium because the heated sample foils are severely mechanically weakened82

from fracturing by the convection of the molten medium and are therefore difficult to recover for chemical83

analysis at 1 bar. The volumes of the B2 phase show slight deviations (< 1.3%) from those of H-free84

B2 FeSi phase16 (Figure 2a). A recent study20 found about 0.1 wt% H in B2 FeSi with a 2% volume85

decrease. Therefore, the observed volume decreases below 70 GPa in this study can be attributed to86

0.06 wt% H in the B2 structure. As to the⇠1.3% volume increase in the B2 structure above 100 GPa, based87

on the existing data of the Si effect on the volume of B2 Fe-Si alloys16, we attribute it to a slight deviation88

of the Si content from Si/Fe = 1 by less than ±0.05. Considering the minimal Si or H deviations from FeSi89

in the B2 phase, we will use FeSi for its composition in the rest of this paper. The observed volumes of90

fcc and dhcp phases match well with those of FeHx alloys17,24 with H/Fe ⇡ 1 (Figure 2b-c). The slightly91

smaller volumes of the dhcp phase at 72–84 GPa might be attributed to a relatively low H/Fe ratio (>0.8).92

However, we do not rule out the possibility of other effects, such as a spin or magnetic transition25. Above93

100 GPa, we observed a small amount of cubic FeH3 (6 mol% from Rietveld refinements) (Figure 1b).94

The pressure range of the observation is consistent with an earlier report17. The cubic phase displays a95

4–5% higher volume than pure FeH3
17 (Extended Data Figure 4a). The slight increase in volume can be96

from more H or a small amount of Si in the phase. As Fe liquid may have a larger H solubility26, we97

interpret that the observed FeH3 in this study formed from a local H enrichment during the temperature98

quench. We also found a small amount (<3 mol%) of remnant hcp phase after heating (Extended Data99

Figure 4b and see Supplementary Information).100

Two-dimensional XRD maps of the heated areas show that more FeHx exists near the heated center, while101

more B2 FeSi exists at the edge (Figure 2d-e). The FeHx-rich area is 3–4 µm away from the hotspot center102

due to the removal of metal alloy at the highest temperature region (Figure 1a insert), as well as the limited103

(2–µm) spatial resolution in XRD mapping. Partial melting of Fe alloys typically resulted in melt at the hot104

center with coexisting solid phases at the lower-temperature surroundings in LHDACs experiments27,28.105

The heating temperatures in this study are lower than the melting of FeSi alloy29 and pure Fe metal30106

(Extended Data Figure 3). However, the temperatures are higher than the melting temperature of FeHx107

alloy31, which is approximately 2300 K at 125 GPa, indicating partial melting in our experiments. Given108

3900 K for eutectic melting of H-free Fe-Si system27 at⇠120 GPa, our results show that H greatly reduces109

the eutectic temperature. The high-temperature XRD patterns show that the solid B2 phase appears when110

the starting material was heated above ⇠1950 K at 72.2 GPa without any peaks attributable to the fcc111

or dhcp FeHx phases (Extended Data Figure 5). It suggests that H is in Fe liquid while crystallites are112

rich in Si. Therefore, the composition of our starting Fe-9wt%Si alloy should be located at the Si-richer113

side of the eutectic point (the orange coloured areas in the pseudo-binary sections of Figure 3a). Both114

high-temperature XRD patterns and 2D XRD maps are consistent with our interpretation that the FeHx115

is the quenched H-rich metal melt while B2 FeSi crystallizes first from the liquid during cooling. This116

observation was consistently made in our experimental runs.117

In a H-free Fe-Si system27, the Si content in the eutectic liquid decreases from 5.5 wt% at 70 GPa to118

2.2 wt% at 120 GPa (Extended Data Figure 6 and the red circle in Figure 3a). Based on our observations119

discussed above, H further decreases the Si/Fe of the eutectic composition close to 0 at about 120 GPa120

(Figure 3a). The B2 phase coexisting with melt is reported to have Si/Fe = 0.08–0.22 in a H-free Fe-Si121

system27, which is far lower than that, ⇠1, when H is present in this study. Although the exact eutectic122
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composition of the Fe-FeH binary at 120 GPa remains uncertain, our experiments reveal that B2 FeSi123

would precipitate and the coexisting Fe liquid would be rich in H, if the outer core contains Si at least124

greater than that expected for the Fe-FeSi eutectic composition27 (2.2 wt% Si) and a few tenth to 1.7 wt%125

H (see Methods and Figure 3a). As shown in Figure 3a, comparison with the low-pressure study22 indicates126

that pressure shifts the cotectic lines toward Si-poor side of the ternary diagram.127

Discussion128

Our experiments show that hydrogen can make significant changes in the crystallization behaviour of129

Fe-Si system. The most notable change is that the B2 phase crystallized from a Fe-Si-H system with a Si130

content reasonable for the outer core11 has much more Si (Si/Fe ⇡ 1) than the H-free case27. Among the131

candidate light elements in the outer core, Si is shown to decrease the melting temperature of Fe alloys132

the least16,31, 32, 37. Particularly, Si-rich B2 FeSi displays a comparable or even slightly higher melting133

temperature than pure Fe metal29,30. As shown in Figure 3b, within the temperature range (3900–4300 K)134

expected for the present-day outermost core30,33, 38, Si-rich B2 FeSi should be stable as a solid because of135

its high melting temperature, and therefore precipitate. In other words, the first light element that begins136

to crystallize from a (Si,H)-bearing Earth’s outer core by secular cooling would be Si. Because the slope137

of the B2 FeSi melting curve decreases with pressure29 (Figure 3b), the crystallization of FeSi is likely138

limited to the topmost region of the outer core. We note that Si should be initially incorporated into the139

liquid outer core in the early Earth because of its higher temperature than the melting curve of B2 FeSi.140

The density of the Si-rich B2 FeSi alloy16 is as much as 10–20% lower than those of dhcp/fcc FeHx141

alloys17,24 and hcp Fe metal34 at the outermost core P-T conditions (Figure 3c). Theoretical calculations142

show that Fe alloy liquids are 1–2% less dense than their solid counterparts36. Therefore, Si-rich B2 FeSi143

crystallites are approximately 14% less dense than the density of the outermost core35. As a result, the144

Si-rich B2 FeSi crystallized in a H-bearing liquid outer core would float and be deposited at the CMB145

(Figure 4). An earlier study suggested that FeSi and FeO could form via reactions of lower-mantle146

bridgmanite with the core Fe liquid5. Our finding here provides a new mechanism, that FeSi forms solely147

from the cooling of the liquid outer core.148

The formation of Si-rich B2 FeSi crystals at the outermost core can have important implications for the149

origin of seismic velocity anomalies in this region. For instance, a thin CRZ (120–180 m) was found150

underside the mantle with a detectable shear velocity of 0.6–0.8 km/s and a density reduction of as much151

as 10-40% compared to the surroundings3. Our model predicts that the B2 FeSi sedimentation is global152

and therefore a thin B2 FeSi layer forms beneath the CMB (Figure 4). The lateral extension of CRZ is153

uncertain in seismology because of the small thickness of CRZ close to the detection limit. If a 100-m thin154

global FeSi layer forms by the FeSi precipitation in a top 40-km thin region of the outer core, it requires a155

decrease of 0.07 wt% Si in the top 40-km region (see Methods). The 14.4% lower density of B2 FeSi156

than the surrounding outermost core in the PREM model35 is reasonable for the expected density contrast157

at the CRZ3,4, 10-40%. The shear velocity of solid B2 FeSi is 5.22±0.07 km/s at the outermost core158

P-T condition10 higher than the estimation for the CRZ3, 0.6-0.8 km/s. However, if the CRZ is porous159

and contains some amount of liquid Fe alloy in the pore space14, the shear velocity can be much lower160

than that of the pure B2 FeSi solid. In this case, the Si reduction from the outermost core estimated here161

may be an upper limit. The precipitation of Si-rich solids in the outermost core will consequently make162

the remaining surrounding liquid slightly denser. The denser melt may sink to the deeper core and the163

upwelling flow will supply relatively Si-richer melt to the outermost region to prevent radial Si gradient. If164
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Figure 3. Crystallization of B2 FeSi from the Fe-Si-H system at high P-T . a A provisional Fe-Si-H
ternary diagram at ⇠120 GPa (solid line). Estimated bulk chemical composition of our Fe-Si-H system is
shown by a red star. The eutectic composition is obtained from Ref.27 for a H-free Fe-FeSi system (red
circle). The ternary phase relation22 reported at ⇠50 GPa is shown as dashed lines for comparison. The
Fe-H eutectic at 120 GPa is not well known and therefore denoted by a question mark. Binary sections for
Fe-FeSi27 and FeH-FeSi (this study) are shown for highlighting the hydrogen effect. The axes are in mole
fractions with corresponding wt% in parentheses (left axis in H content and right axis in Si content). b
Melting curves of Fe-Si alloys at the topmost outer core. We show the melting curve of B2 FeSi29 (black)
and the solidus temperature of Fe-Si alloys containing 7–22 wt% Si (Fe-Si Eu; gray)32. We include three
candidate outer-core geotherms30,33 for the temperatures at the inner core boundary (TIOB) of 5900, 5530,
and 5320 K. c The densities of the Earth’s outer core candidate Fe alloys along an expected geotherm30:
thick black for B2 FeSi16, and gray for hcp Fe34, hcp Fe-9wt%Si16, and dhcp FeH17. Seismic density
profile is plotted as a light green curve (PREM)35. Note that these profiles are for solid phases as the
thermoelastic properties of these liquid phases are not well known. For liquids, the density may be slightly
smaller by 1–2% than solids, according to theoretical calculations36.
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Figure 4. A schematic diagram for the origin of seismologically observed velocity anomalies at the
core-mantle boundary. Si as B2 FeSi is likely the first light element to crystallize at the outermost core
with secular cooling due to its high melting temperature (Figure 3b). The lower density of the FeSi crystals
than the surrounding liquid outer core makes them float and possibly aggregate at the CMB to form the
core-rigidity zone (CRZ) at the core side and some ultralow-velocity zones (ULVZs) at the mantle side.
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the outer core is well mixed such that the Si loss at the outermost region is compensated by Si-richer Fe165

metal liquid from the deeper region, the amount of Si loss decreases to 0.003 wt% for the entire outer core166

(see Methods).167

The FeSi crystallized from the outer core has a density 50% higher than that of the lowermost mantle at168

the CMB. If a small amount of FeSi was swept into the mantle flow and mixed with the lower-mantle169

silicate minerals (Figure 4), this can contribute to the seismic anomalies at the mantle side of the CMB,170

such as ULVZs. Although such a high-density contrast may require a sufficiently long time for the B2 FeSi171

crystallites to mix well with the surrounding mantle39, exsolution of FeSi in a small grain size may dilute172

the patches and make the mixing possible. A recent seismic study estimated that the detected ULVZs takes173

up ⇠10.3% of the CMB globally2. An experimental study has shown that less than 8.4 vol% FeSi in the174

aggregates can explain both the velocity reduction and the density increase estimated for ULVZs10. To175

account for the properties of ULVZs10 with thicknesses of 10–30 km, 0.06–0.18 wt% Si is required to176

crystallize in a top 40-km thick region of the liquid outer core (see Methods). If the outer core is well177

mixed, the Si loss for the entire outer core is 0.003–0.009 wt% to account for ULVZs. Therefore, the178

required amount of Si is much smaller than the possible Si content in the outer core11, up to 10 wt%. If a179

range of mechanisms can form ULVZs instead of a single process2,40, the required amount of the core Si180

loss for ULVZs is even smaller. Overall, our results suggest that the crystallization of solid B2 FeSi at the181

outermost region of a cooling H-bearing Earth’s core could explain the seismologically observed velocity182

anomalies at both the mantle and the core sides of the CMB, i.e., the CRZ and some ULVZs. Another183

important implication is that the CRZ and some ULVZs from FeSi precipitation should be relatively young184

structures, which may have existed only after the outermost core has cooled to a temperature below the185

melting temperature of B2 FeSi. It is important to note that, however, Si and H are assumed to be the186

major light elements and other candidate light elements, such as S, C or O, are not considered in our187

experiments and models. Therefore, future studies should address these elements.188

Some ocean island basalts are believed to be linked to the structures at the CMB through mantle plumes.189

The tungsten isotope anomalies found in some ocean island basalts appear to be a core signature12.190

However, processes which can lead to the geochemical observation remain unclear. In order to fit a range191

of geochemical constraints, a model involving core-mantle equilibrium has been proposed12. If a core192

material, such as FeSi, is mixed with mantle silicates to form some ULVZs, which are often inferred to be193

the source region of the mantle plumes (and therefore volcanic rocks with deep origin)12,40, a small-scale194

localized equilibrium between the core and mantle materials in ULVZs may be established, providing a195

viable source for the geochemical observation. Therefore, the FeSi crystallization in a H-bearing outer196

core provides a new process to explain both the geochemical and the geophysical observations at the CMB.197
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Methods279

Experimental procedure The Fe-9wt%Si alloy starting material with 8.84±0.30 wt% Si (Fe0.83Si0.17)280

was purchased from GoodFellow Corporation. Chemical analysis of the sample can be found in Ref.21.281

The analysis found that the Fe-9wt%Si sample is homogeneous. The powder with an average grain size282

of 3–5 µm was compressed into less than 7–µm thick foils and then loaded into DACs for high P-T283

experiments. Symmetric DACs with culet sizes between 200 µm flat and 120 µm beveled (300-µm outer284

bevels) were used to pre-indent Re gaskets to a thickness of ⇠20 µm. Holes with diameters of 60% of285

the culet sizes were drilled in the pre-indented areas to be used as sample chambers. We loaded small286

grains of the same starting materials on both sides of the diamond anvils to avoid direct contact with the287

foil21. This configuration allows for better thermal insulation and laser coupling during heating (Extended288

Data Figure 1). A piece of Au and ruby were placed close to the sample foil in the chamber as pressure289

calibrants41,42.290

High P-T heating experiments on Fe-9wt%Si with H were carried out at the 13-IDD beamline of the291

GeoSoilEnviroCARS (GSECARS) sector of the Advanced Photon Source (APS), Argonne National292

Laboratory (ANL). The infrared laser has a wavelength of 1064 nm and beams with flat-top intensity293

profiles (⇠ 15 µm in diameter) were focused on both sides of the sample for heating43. An incident294

monochromatic X-ray beam with a wavelength of 0.3344 Å was focused to 3⇥ 4 µm2 and aligned295

co-axially with the laser beam for XRD measurements. To achieve the pressure from mid-lower mantle to296

CMB, three DACs were prepared (Extended Data Table 1). For DAC #1, pure H2 gas was loaded as a297

pressure medium and hydrogen source using a gas loading system at Arizona State University. Because298

pure H can fast diffuse into diamond anvils at high P-T , pulsed laser heating with a repetition rate of299

10 kHz were employed for heating to sufficiently high temperatures20. For DACs #2 and #3, an Ar-H2300

mixture containing 60–70% H2 was loaded into the DACs for heating above 70 GPa. The Earth’s core301

should have a finite amount of H as a light element, thus, Ar in the Ar-H2 mixture reduces the H supply302

to the sample in our experiments. According to the Rietveld refinements on mole fraction of quenched303

products (Figure 1), such an experimental setup limits less than 1.7 wt% H in the metal alloys. Ar also304

reduces H diffusion to diamond anvils, enabling both continuous-wave and pulsed laser heating. For the305

continuous-wave laser heating, a heating duration of 2-5 min was conducted, which was sufficient for306

achieving near equilibrium conditions between melt and solid21.307

The prepared DACs were first compressed to target pressures. Double-sided laser heating was employed308

to melt Fe-9wt%Si in H at high P-T . The thermal radiation spectra from both sides of the samples were309

measured and fit to a Plank function based on a gray-body approximation after correcting for the system310

response to obtain the temperatures of both sides44. 2D XRD mappings were conducted on the heated311

spots at high pressures to determine the spatial distribution of phases after melting. XRD data were312

also collected during compression and decompression at the center of heated spots at room temperature313

(Extended Data Table 2). We calculated pressures and their uncertainties from the measured unit-cell314

volumes of Au before and after each laser heating. We note that Au was not mixed with the sample to315

prevent alloying between them. Because Au was not heated, we did not observe gold hydride and therefore316

the gold grains remained as a reliable internal pressure standard throughout the experiments (Extended317

Data Figure 2).318

Data analysis We used DIOPTAS software45 to integrate XRD images to patterns. PeakPo software46319

were employed to identify the diffraction peaks and to derive unit-cell parameters of the observed phases.320

The Pytheos toolset47 was used to calculate pressures from the measured volumes of Au.321
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Estimation for H and Si contents in the quenched products We calculated volume differences322

between the observed alloys (B2, fcc, and dhcp phases) and their pure end members from previous323

experiments16,34,48. From the volume differences, we can then determine the Si and H contents in the324

phases (Extended Data Table 2). For H, studies have reported the equations of state of fcc and dhcp FeHx325

(x= 1)17,24. Assuming a linear H effect on the volumes of fcc/dhcp FeHx, its H content can be calculated326

as: x=VFeHx/(VFeH�VFe), where VFeHx is the measured volume of fcc or dhcp FeHx, and VFeH and VFe327

are the volumes of pure FeH and Fe metal, respectively, at a given pressure17,24. For Si, a recent study49328

determined the effect of Si on the thermal equation of state of B2 Fe-Si alloys together with previous329

experimental data on the FeSi end member16. Following a similar procedure as the H case, we can estimate330

the Si deviations from Fe/Si=1:1 in the B2 structure of FeSi alloy. The uncertainties in our measured331

volumes are less than 1%. Based on error propagation, the estimated uncertainty for Si and H contents332

from this method is 2–5%.333

Estimation of the bulk composition of our Fe-Si-H The phase fractions of the quenched products can334

be obtained from Rietveld refinements of the XRD patterns measured after heating at high pressures335

(Figure 1). Combined with the estimated Si and H contents discussed above, the phase fraction allows us336

to calculate the bulk chemical composition of the Fe-Si-H system in this study. Calculations show that337

our Fe-Si-H system contains 91.2 wt% Fe, 7.4 wt% Si, and 1.4 wt% H at 49.5 GPa and 121.6 GPa; and338

92.3 wt% Fe, 6.0 wt% Si, and 1.7 wt% H at 85.8 GPa.339

Estimation of the amount of Si to crystallize out in the outermost core to explain the CRZ or the340

ULVZs For a global FeSi layer with a thickness of dCRZ (in km) formed from the FeSi precipitation at the341

outermost region (dPCL in km) of the outer core, a mass balance yields:342

4
3

p
⇥
rCMB

3� (rCMB�dCRZ)
3⇤ ·rFeSi =

4
3

p
⇥
rCMB

3� (rCMB�dPCL)
3)
⇤
·rOC · x ·

MFe+MSi

MSi
(1)

where x is the Si loss (in weight fraction) by the precipitation, rCMB is the radius at the core-mantle343

boundary (3481 km), rFeSi is the density of B2 FeSi at the CMB relevant P-T conditions (⇠8.47 g/cm3)16,344

rOC is the density of liquid outer core (e.g., ⇠9.90 g/cm3 near the CMB from the PREM model35), and345

MFe andMSi are the molar masses of Fe and Si, respectively. If we assume that the global CRZ is 100-m346

thin (dCRZ = 0.1 km) and the thicknesses of the outermost core layer where FeSi precipitates is 40 km347

(dPCL = 40 km), the Si loss by precipitation in the layer (x) is 0.07 wt%. With the further cooling of the348

Earth’s core (therefore, a decrease in temperature), dPCL increases and the required Si loss in the region349

will decrease accordingly. If the outer core is well mixed over geological time, the Si loss of the entire350

outer core is less than 0.003 wt%.351

Following a similar procedure for ULVZs, the Si loss (x in weight fraction) in the outermost core by the352

FeSi precipitation can be estimated as:353

4
3

p
⇥
(rCMB+dULVZ)

3� rCMB
3⇤ ·S ·V ·rFeSi =

4
3

p
⇥
rCMB

3� (rCMB�dPCL)
3)
⇤
·rOC ·x ·

MFe+MSi

MSi
(2)

where dULVZ is the average thickness of ULVZs, S is the area fraction of ULVZs at the CMB (⇠ 10.3%)2,354

and V is the volume fraction of FeSi in ULVZs (⇠ 8.4%) to account for the seismologically observed355

density and velocities10. For dULVZ =10–30 km and dPCL =40 km, x is 0.06–0.18 wt%. If the outer core356

is completely homogenized, the Si loss of the whole outer core is 0.003–0.009 wt%. Therefore, the Si loss357

is minimal.358
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1 Supplementary Information395

Hexagonal-close packed (hcp) phase observed after laser heating396

The volume of the hcp phase is consistent with that of the H-free Fe-9wt%Si alloy below ⇠80 GPa and397

gradually increases at higher pressures (Extended Data Figure 4b). Both Si and H can increase the volume398

of hcp Fe-Si-H alloys16,17. Estimations show that the hcp phase could have a range of compositions:399

Fe0.83±dSi⌥dHx (d < 0.1 and x< 0.21). It is difficult to determine whether the hcp phase is the product400

or remnant of the starting materials. Because the hcp phase is shown to have weak diffraction peaks in the401

patterns and therefore its small amount (Figure 1), it does not affect our main findings on the formation402

of B2 Fe1±dSi1⌥d and FeHx as major phases in the heated spots. We note that the Fe-Si alloys became403

fragile after heating to high temperatures in a H medium in LHDACs, which made it difficult to recover404

the sample for chemical analyses.405
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Extended Data Fig. 1. Schematic diagrams of the experimental setup used in this study. Top and bottom
figures show side and top views, respectively, of a DAC loaded with the Fe-9wt%Si alloy foil in the
presence of H as a medium. Beveled diamonds with a 120-µm inner culet and 300-µm outer bevel were
used for the experiments over 100 GPa. The initial thickness of the compressed foil is less than 7 µm. In
this setup, the loaded H can penetrate the compressed sample foil and exist between the grain boundaries.
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Extended Data Fig. 2. Representative X-ray diffraction patterns of Au loaded for a pressure standard.
We provided patterns measured before and after laser-heating the Fe-9wt%Si alloy in a H-bearing medium
at 121.6 GPa. The Miller indices of Au were provided, and “Re” denotes weak peaks from the gasket. The
gold was intentionally loaded near the gasket inside the sample chamber to avoid direct contact with the
sample foil. Because of the setup, the grain is close to the gasket, which can result in detection of weak
diffraction lines from the Re gasket. Au was not heated in our experiments. The Au diffraction peaks do
not show any changes before and after heating the sample and we did not find any sign of hydrogenation
of gold. The wavelength of the incident X-ray beam is 0.3344 Å.
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Extended Data Fig. 3. Pressure–temperature conditions of our experiments. The solid and open circles
represent pulsed and continuous heating runs, respectively. Melting curves of the related alloy phases are
shown: Fe metal (black)30, Fe-Si alloys containing 7-22 wt% Si (olive)32, FeSi (shaded orange area)29,
and FeH (red)31. The error bar is the representative uncertainty for the experimental melting curves.
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Extended Data Fig. 4. Pressure-volume relationship of a cubic FeH3 and b the hcp phase observed after
laser heating at 300 K. The red, black, and olive circles are from DACs #1, #2, and #3, respectively. The
solid and open circles are measured volumes during compression and decompression, respectively. The
FeH3 appeared only after heating above 100 GPa. Previous experimental data on pure FeH3 (P14)17 and
H-free Fe-9wt%Si (T15)50 were plotted as solid lines for comparison. The dashed line in b is the best fit
for the compression data of the hcp phase in DAC #3, which has a 4–5% higher volume than H-free
Fe-9wt%Si (see Extended Data Table 2).
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Extended Data Fig. 5. X-ray diffraction patterns measured during heating Fe-9wt%Si in a H-bearing
medium at 72.2 GPa. At temperatures below 1491 K, no melting was observed. At 2150 K, the Si-rich
(Si/Fe⇡1) B2 phase appears. The vertical ticks indicate peak positions of the identified phases. The
wavelength of incident X-ray beam is 0.3344 Å.
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Extended Data Fig. 6. Si content of the eutectic liquid in an Fe-FeSi binary. The figure is revised from
Ref.27. Data are from Refs.27,32,50–52. The large red arrow highlights that the Si content in the eutectic
liquid composition of a H-free Fe-Si system decreases with pressure. The gray band shows the expected
Si content for the Earth’s outer core.
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Extended Data Table 1. Experimental conditions of the DAC runs for Fe-9wt%Si in a H-bearing
medium. Note that the pressures reported here were measured at room temperature. Temperatures were
gradually increased in the experiments and we presented the highest temperature achieved in the runs. The
1s uncertainties on the last digits are shown in parentheses.

Medium Heating technique Pressure (GPa) Temperature (K)

DAC #1 Pure H2 Pulsed 49.5(6) 2450(100)
62.7(5) 2600(120)

DAC #2 Ar-H2 mixture Pulsed and continuous
72.2(7) 3150(100)
83.7(7) 3400(100)
93.2(8) 3000(110)

DAC #3 Ar-H2 mixture Pulsed 102.9(13) 3300(120)
124.8(9) 3700(150)
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Extended Data Table 2. Unit-cell volumes of the phases observed after laser heating at high pressures.
These data points were measured during compression and/or decompression at 300 K. The 1s
uncertainties on the last digit(s) are shown in parentheses.

P (GPa) a(Au) (Å) B2 Fe1�dSi1+d FeHx Fe0.83±dSi0.17⌥dHx FeH3
a(B2) (Å) d a(fcc) (Å) x a(dhcp) (Å) c(dhcp) (Å) x a(hcp) (Å) c(hcp) (Å) a (Å)

DAC #1: Fe-9wt%Si heated in a pure H2 medium

Heated at 49.5 GPa up to 2450 K, compression
49.5(6) 3.844(3) 2.624(1) 0.04 3.549(6) 1.08(1) 2.515(3) 8.152(9) 1.02(2) 2.384(1) 3.857(3) -
56.8(13) 3.822(6) 2.608(3) 0.05 3.527(9) 1.04(2) 2.509(6) 8.135(15) 1.00(3) 2.373(3) 3.838(5) -

Heated at 62.7 GPa up to 2600 K, compression
62.7(5) 3.806(2) 2.597(3) 0.04 3.512(9) 1.04(2) 2.475(6) 8.110(12) 1.02(3) 2.351(2) 3.804(5) -
68.0(4) 3.793(2) 2.586(1) 0.04 3.507(7) 1.09(3) 2.450(5) 8.115(12) 0.98(2) 2.346(2) 3.795(6) -
73.0(15) 3.780(6) 2.584(2) 0.02 3.477(7) 1.00(2) 2.441(4) 8.072(14) 0.98(3) 2.338(2) 3.783(7) -

DAC #2: Fe-9wt%Si heated in a Ar-H2 mixture medium

Heated at 72.2 GPa up to 3150 K, compression
72.2(7) 3.783(2) 2.588(1) 0.01 3.479(2) 1.01(1) 2.453(3) 7.875(12) 0.87(3) 2.352(2) 3.743(2) -
74.6(6) 3.777(1) 2.583(1) 0.01 3.464(2) 0.96(1) 2.450(1) 7.786(13) 0.84(2) 2.351(1) 3.723(2) -
76.5(7) 3.773(2) 2.579(1) 0.02 3.459(2) 0.96(2) 2.443(4) 7.792(22) 0.84(3) 2.349(1) 3.709(1) -
80.1(7) 3.764(2) 2.572(2) 0.02 3.450(2) 0.96(2) 2.418(7) 7.872(18) 0.82(4) 2.352(4) 3.709(8) -
83.5(7) 3.757(2) 2.570(1) 0.01 3.444(1) 0.97(2) 2.414(7) 7.873(15) 0.83(4) 2.357(8) 3.705(17) -

Heated at 83.7 GPa up to 3400 K, compression
83.7(7) 3.757(2) 2.566(1) 0.02 3.455(3) 1.04(2) 2.441(1) 7.776(9) 0.90(5) 2.355(5) 3.716(11) -
85.5(8) 3.753(2) 2.569(1) -0.01 3.439(3) 0.97(2) 2.410(4) 7.953(8) 0.90(5) 2.354(1) 3.710(3) -
87.5(9) 3.748(2) 2.563(2) -0.04 3.447(1) 1.05(3) 2.414(4) 7.974(16) 0.95(3) 2.352(4) 3.711(7) -
91.7(9) 3.740(2) 2.561(2) -0.01 3.440(1) 0.99(1) 2.411(3) 7.954(9) 0.93(2) 2.347(9) 3.699(6) -
93.0(9) 3.737(2) 2.556(1) 0.01 3.435(1) 1.04(1) 2.407(3) 7.992(11) 0.97(2) 2.348(1) 3.695(1) -

Heated at 93.2 GPa up to 3000 K, decompression
93.2(8) 3.737(2) 2.555(1) 0.03 3.417(1) 1.02(1) 2.400(1) 7.958(8) 0.99(2) 2.344(1) 3.731(5) -
94.2(9) 3.735(2) 2.561(1) -0.02 3.431(3) 0.99(2) - - - 2.353(2) 3.724(8) -
83.2(9) 3.757(3) 2.568(2) 0.03 3.448(4) 0.96(1) 2.406(1) 7.919(9) 0.82(3) 2.355(2) 3.732(9) -
65.0(8) 3.800(4) 2.592(2) 0.05 3.485(2) 0.94(3) - - - 2.383(1) 3.763(9) -

DAC #3: Fe-9wt%Si heated in a Ar-H2 mixture medium

Heated at 102.9 GPa up to 3300 K, compression
102.9(13) 3.718(3) 2.554(1) -0.05 - - 2.413(5) 7.859(13) 1.07(5) 2.334(2) 3.775(6) 2.452(7)
105.1(11) 3.714(2) 2.553(1) -0.05 - - 2.406(6) 7.861(18) 1.06(2) 2.333(2) 3.752(8) 2.448(7)
107.5(11) 3.709(2) 2.551(1) -0.05 - - 2.400(8) 7.903(18) 1.07(1) 2.331(4) 3.748(9) 2.444(6)
110.5(12) 3.704(2) 2.551(1) -0.06 - - - - - 2.327(4) 3.742(8) 2.442(5)
112.8(11) 3.700(2) 2.543(2) -0.06 - - 2.409(9) 7.810(22) 1.12(3) 2.324(5) 3.734(11) 2.439(8)
115.5(13) 3.695(3) 2.538(1) -0.05 - - 2.405(9) 7.782(19) 1.12(3) 2.320(4) 3.726(10) 2.434(7)
121.6(17) 3.685(4) 2.539(2) -0.05 - - 2.383(7) 7.778(15) 1.06(3) 2.312(3) 3.715(7) 2.419(9)

Heated at 124.8 GPa up to 3700 K, decompression
124.8(9) 3.680(2) 2.526(1) -0.08 - - 2.379(3) 7.667(13) 0.98(1) 2.289(2) 3.748(6) 2.410(7)
119.4(8) 3.689(1) 2.533(1) -0.06 - - 2.370(3) 7.806(13) 0.99(3) 2.312(2) 3.716(6) 2.423(4)
114.6(8) 3.697(1) 2.539(2) -0.05 - - 2.389(3) 7.916(14) 1.14(5) 2.298(2) 3.761(7) 2.419(5)
103.4(7) 3.717(1) 2.553(1) -0.05 - - 2.406(5) 7.955(12) 1.12(5) 2.307(2) 3.744(6) 2.433(4)
90.7(8) 3.742(1) 2.566(2) -0.03 - - 2.428(7) 7.847(15) 0.98(3) 2.324(3) 3.793(8) 2.446(3)
77.5(8) 3.770(1) 2.586(2) -0.03 - - 2.453(7) 7.874(16) 0.95(2) 2.340(3) 3.816(9) 2.460(3)
70.7(5) 3.786(1) 2.601(2) -0.05 - - 2.485(6) 7.680(21) 0.85(3) 2.338(4) 3.866(12) 2.471(4)
41.4(8) 3.870(2) 2.668(2) -0.07 - - 2.518(9) 7.985(17) 0.89(5) 2.411(4) 3.948(9) 2.530(3)
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