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            Abstract
Seismic studies have found fine-scale anomalies at the core–mantle boundary (CMB), such as ultralow velocity zones (ULVZs)1,2 and the core rigidity zone3,4. ULVZs have been attributed to mantle-related processes5,6,7,8,9,10, but little is known about a possible core origin. The precipitation of light elements in the outer core has been proposed to explain the core rigidity zone3, but it remains unclear what processes can lead to such precipitation. Despite its importance for the outer core11, the melting behaviour of Fe–Si–H at relevant pressure–temperature conditions is not well understood. Here we report observations of the crystallization of B2 FeSi from Fe–9wt%Si melted in the presence of hydrogen up to 125 GPa and 3,700 K by using laser-heated diamond anvil cells. Hydrogen dramatically increases the Si concentration in the B2 crystals to a molar ratio of Si:Fe ≈ 1, whereas it mostly remains in the coexisting Fe liquid. The high Si content in the B2 phase makes it stable in a solid form at the outermost core temperatures and less dense than the surrounding liquids. Consequently, the Si-rich crystallites could form, float and be sedimented to the underside of the CMB interface, and that well explains the core side rigidity anomalies3,4. If a small amount of the FeSi crystals can be incorporated into the mantle, they would form dense low-velocity structures above the CMB, which may account for some ULVZs10. The B2 FeSi precipitation promoted by H in the outermost core provides a single core-driven origin for two types of anomalies at the CMB. Such a scenario could also explain the core-like tungsten isotope signatures in ocean island basalts12, after the materials equilibrated with the precipitates are entrained to the uppermost mantle by the mantle plumes connected to ULVZs.
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                    Fig. 1: XRD patterns of the melting products of Fe–9wt%Si in the presence of H.[image: ]


Fig. 2: Characterization of the thermally quenched samples.[image: ]


Fig. 3: Crystallization of B2 FeSi from the Fe–Si–H system at high P–T.[image: ]


Fig. 4: A schematic diagram for the origin of the seismologically observed velocity anomalies at the CMB.[image: ]
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Extended data figures and tables

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.


Extended Data Fig. 2 X-ray diffraction patterns measured before and 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 (a molar ratio of 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.


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 (1σ) for the experimental melting curves.


Extended Data Fig. 4 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.


Extended Data Fig. 5
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). Uncertainty is the 1σ standard deviation. Some errors are smaller than the size of the symbols.


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. 27,32,50,51,52. 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 grey band shows the expected Si content for the Earth’s outer core. Errors represent 1σ standard deviations and are not shown when smaller than the symbols.


Extended Data Table 1 Experimental conditions of the DAC runs for Fe-9wt%Si in a H-bearing mediumFull size table


Extended Data Table 2 Unit-cell volumes of the phases observed after laser heating at high pressuresFull size table
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