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Iron oxyhydroxide as water carrier 
to the Earth’s mantle
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Antonio C. Piccino-Neto2, Paola Ferraz2, João F.G.A. Oliveira2, Eduardo X. Miqueles2, 
Nathaly L. Archilha2, Igor Torquato2, James M. Almeida5, Daniel G. Cedeño4,6,  
Sebastião W. da Silva7, Reinhardt A. Fuck1 & Hélio C. N. Tolentino2

The discovery of new mineral phases capable of transporting water into the Earth’s mantle via 
subduction zones is essential for understanding the deep Earth water cycle and its influence on mantle 
dynamics. Recent experimental and computational studies have proposed that certain hydrated 
oxyhydroxides may remain stable under deep mantle conditions, particularly within cold subducting 
slabs. Here, we report an advanced synchrotron multi-technique study on a natural complex iron 
oxyhydroxide mineral preserved within a Juína diamond, which may offer new evidence on water 
transport via cold subducted slabs and highlights the potential role of iron oxyhydroxides as carriers of 
volatiles into Earth’s interior. 

Hydrous minerals within the oceanic lithosphere are the main carrier phases for transporting water into the 
Earth’s mantle at subduction zones (e.g1.,). Numerous studies suggest the possibility of kilometers of hydration 
can occur across the oceanic crust and lithosphere, particularly in extensional outer-rise fault zones below the 
oceanic Moho, which makes the interior of certain subducted slabs even more altered and colder2 and references 
therein. While it is well established that a substantial proportion of volatiles, such as OH⁻, are recycled into 
the upper mantle and the transition zone via subduction1,3, the mechanisms, depths, and mineralogical hosts 
responsible for water carrier and storage in the mantle remain subjects of ongoing debate.

Water in the upper mantle is primarily stored within the crystal structures of OH-bearing minerals, such 
as amphibole and mica, or in trace amounts within nominally anhydrous minerals (NAMs) like olivine and 
pyroxenes4–6. In contrast, the mantle transition zone is recognized as a potential water reservoir, as demonstrated 
by high-pressure experiments on the polymorphs of olivine, wadsleyite and ringwoodite, which have significant 
OH⁻ storage capacity6–9. This evidence is further supported by investigations of diamond inclusions with the 
discovery of natural OH-bearing ringwoodite in super-deep diamonds from Juína (Brazil) and Karowe mine 
(Botswana), both containing a considerable amount of water incorporated into their structure9,11. Additional 
hydrous phases identified in super-deep diamonds include AlSiO₃(OH)12 and ice-VII13, further corroborating 
the presence of water in such regions.

Conversely, the knowledge about volatiles and their host minerals in the lower mantle is still based mainly 
on high-pressure experiments and few findings of volatile-bearing minerals and fluids as inclusions in super-
deep diamonds formed at the upper part of the lower mantle12,14. These studies suggest that the mineralogy of 
the lower mantle, as bridgmanite ((Mg, Fe)(Al, Si)O3), davemaoite (CaSiO3) and ferropericlase ((Mg, Fe)O), 
have a deficient water storage capacity15–17 with the minor phases known as dense hydrous magnesium silicates 
(DHMSs)9,18–20 being the main responsible carriers of H2O in such extreme conditions3,9,18,19.

Considering that the presence of water in the Earth’s mantle can significantly alter its physical and chemical 
properties, including melting temperature, rheology, phase stability, and the elasticity of constituent minerals9,18, 
it is crucial to identify the minerals hosts capable of transporting and storing volatiles that may be stable in the 
deep mantle and that may act as carriers.

Recent high-pressure experimental studies have proposed that hydrous phases with CaCl2-type structures 
like δ-AlOOH12,18,21–23 and α-FeOOH24–26, as well as dense SiO2stishovite23,27, might be stable in cold subducted 
slabs under extreme conditions and could act as important water carriers into the deep mantle20. Particular 
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attention has been given to α-FeOOH (goethite), a ubiquitous hydrated mineral that contains nominally 
more than 10% water in its structure, and it is found in the layers of oceanic crust and lithosphere28–31. These 
experimental studies have demonstrated that α-FeOOH, if present in cold subducted slabs, may transition to 
its high-pressure polymorph ε-FeOOH near ~ 7 GPa and, subsequently decompose into Fe2O3 (hematite) and 
Fe3O4 (magnetite) at higher pressures and temperatures (~ 35–80 GPa; ~875–2475  °C), releasing H2O and 
O2into the deep mantle24–26.

In this study, we report an advanced synchrotron multi-technique approach that identifies a complex iron 
oxyhydroxide as an inclusion well encapsulated within a diamond from Juína, Brazil. This iron oxyhydroxide is 
a mixture of goethite (FeOOH), hematite (Fe2O3), and magnetite (Fe3O4), which occurs in a diamond that also 
contains ferropericlase, wüstite, and sulfides. Based on our evidence, we suggest that this iron oxyhydroxide 
represents a retrograde phase derived from ε-FeOOH, which likely dehydrated and decomposed into iron oxides 
releasing H2O and O2 under deep mantle conditions, rather than being an epigenetic mineral inclusion in the 
diamond or resulting from hydrous infiltration and alteration of hematite and magnetite. Our observations 
and hypothesis may provide evidence of complex iron oxyhydroxide phases stable in the Earth’s mantle. It also 
suggests that cold subducted slabs may transport and preserve specific hydrated phases into the deep mantle, 
potentially releasing hydroxide (OH−) and oxygen (O2−) at these extreme depths.

Sublithospheric diamond (J1) and its assemblage
This study was conducted at the fourth-generation synchrotron light source SIRIUS32 in an irregular diamond 
(J1), translucent, highly reabsorbed, colorless to light-yellow, with dimensions of 3 × 2 × 1 mm3 (Fig.  1A), 
collected from the Chapadão Plateau in Juína, Mato Grosso, Brazil. To preserve its integrity, the diamond J1 
remained unpolished, making micro-Fourier-transform infrared (FTIR) and micro-Raman spectroscopy 
analysis challenging. Nonetheless, the diamond was classified as Type IaAB (Fig. S1), with nitrogen aggregated 
in B centers, and a smaller but still significant amount aggregated in A center33. Through Raman spectroscopy, 

Fig. 1.  General views of the diamond J1 and its inclusions. (A) Photography of the natural diamond J1 
mounted on its holder (photo credit: L.R. Chaves/Pesquisa-FAPESP); (B) micro-X-ray Computed Tomography 
(µ-CT) with a large field of view; (C) Zoom of the region of interest; showing the selected inclusion; and (D) 
Scanning Transmission X-ray Microscopy (STXM) with nanometer resolution of the selected inclusion. Note: 
The false colors applied to (B) and (C) were used to highlight a few inclusions within the diamond matrix. The 
inclusion indicated in C and shown in D is the Fe oxyhydroxide that is focus of our multi-technique study.
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we detected the presence of a potential composite inclusion formed by goethite (FeOOH) and hematite (Fe2O3) 
(Fig. S2). In another region of the diamond, we also detected a Raman peak at 686 cm⁻¹, which is consistent with 
the presence of ferropericlase (Mg, Fe)O (Fig. S3).

The high-resolution tomography of the J1 diamond (Fig.  1B), obtained via synchrotron radiation micro-
computed X-ray tomography (µ-CT), precisely mapped all inclusions in three-dimensional space. Over 100 
inclusions were identified and segmented. Among them, synchrotron radiation micro-X-ray diffraction 
analysis further revealed that the composite inclusion observed in the Raman measurements consists of a Fe 
oxyhydroxide composed of goethite, hematite, and magnetite, which is the primary focus of this study (Fig. 1C). 
Additionally, in another region of the diamond, an inclusion of ferropericlase associated with wüstite was 
identified (Fig. S4), as well as multiple inclusions of sulfides (pentlandite, pyrrhotite, and chalcopyrite). Based on 
the mineral assemblage observed in the J1 diamond, mainly the ferropericlase inclusions found, we suggest that 
this diamond formed under pressures corresponding from the ones of sublithospheric diamonds34, which are 
considered to have formed at depths from 300 to 1000 km35.

Fe oxyhydroxide mineral characterization
The Fe oxyhydroxide inclusion studied by scanning transmission X-ray microscopy (STXM) (Fig. 1D) displays 
dimensions of ≈35 μm. It was verified to be completely encapsulated within the diamond (Fig. S5, Movie S1), 
with no connection to fractures or exposure to the surface.

The nano X-ray fluorescence computed tomography (n-XFT) (Fig. 2A), reveals that the Fe oxyhydroxide is 
composed essentially of Fe (~ 96%) and Ni (~ 4%), with minor amounts (< 1%) of Ti, Cr, and V. The scanned 
area for each projection in the tomography covers 80 × 80 μm², with the studied mineral occupying a diameter 
of ≈35 μm at its center. Consequently, certain elements, such as Ca or Mn, are detected across the scanned area 
but are not part of the inclusion composition. The elemental distributions show that Fe and Ni exhibit similar 
density heterogeneities and are highly spatially correlated in the inclusion (Fig. 2B), while Cr, Ti, and V appear 
as minoritarian contributions (one can see bright spots of Cr outside the inclusion). The n-XFT segmentation 
focused on the Fe oxyhydroxide (Fig. 2C; Movies S2–S3) reveals regions of varying Fe density, including areas 
with high, low, and no Fe content. Such nano-tomography also illustrates the inclusion morphology, with the 
slice highlighting a high-density zone near the bottom (Fig. 2C), and euhedral faces with six sides identified 
in the crystal basal section. Additionally, very low-density zones devoid of Fe are associated with channels or 
micropores that are filled with carbon.

Micro-X-ray diffraction (µ-XRD) mapping of the Fe oxyhydroxide inclusion, containing 29 diffraction patterns 
collected from distinct positions (Fig. S6), reveals a complex and heterogeneous mixture of mineral phases. The 
inclusion is primarily composed of goethite (α-FeOOH; G) and hematite (Fe2O3; H), with subordinate magnetite 
(Fe3O4; M) (Fig. 3). The sum of all diffractograms (Fig. 3A) highlights the presence and indexing of all three 
phases. Individual diffractograms within the inclusion reveal variable proportions of goethite, hematite, and 
magnetite as shown by their weighted contributions across the mapped area (Fig. 3B; Fig. S7; Fig. S8). The unit 
cell parameters and volumes of goethite and hematite (140.32 and 304.65 Å³, respectively), are larger than those 
of their ambient counterparts by about 1%, indicating structural deviations probably caused by the stress and 
subsequent retrogression, and the incorporation of Ni into the crystal structure. Spatial variations of these three 
mineral phases can be observed across the inclusion. Regions with higher Fe density, such as point 19 (Fig. S7), 
display diffraction patterns dominated by hematite, with sharp reflections indicative of larger crystallite sizes. In 

Fig. 2.  Nano-X-ray Fluorescence (n-XRF). (A) n-XRF spectrum with the identified main element emission 
lines. Elements such as Ar, Ca, and Mn are from the surroundings and do not belong to the studied mineral; 
(B) 2D n-XRF map formed by the integrated spectra corresponding to the different elements Fe, Ni, Cr, Ti, and 
V; (C) nano-tomography with fluorescence contrast (n-XFCT), segmented in three levels, emphasizing higher 
and lower amounts of Fe and the channels filled with diamond or carbon matrix.
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contrast, areas with lower Fe density, such as point 23 (Fig. S7), are enriched in goethite and exhibit intense peaks 
with well-defined concentric rings, typical of a fine-grained, powder-like texture. Magnetite is in a small central 
region, as seen in point 28 (Fig. S7). In addition, we performed nanoscale resolution XRD mapping as a 40 × 40 
matrix with 400 nm step resolution (Fig. S9). Qualitatively, we observed a detailed diffraction map with the same 
phase admixture heterogeneities, with goethite more evenly distributed and hematite more concentrated in the 
denser regions, showing a few crystallites with higher intense reflections.

Overall, µ-XRD mapping demonstrates that goethite and hematite are pervasive throughout the inclusion, 
while magnetite appears restricted to its core (Fig. S8A-E). This spatial distribution of the three phases along 
the inclusion, with no fractures connecting it to other mineral inclusions or to the diamond, suggests that this 
Fe oxyhydroxide may have been captured by the host diamond in a transitional state, during a progressive 
decomposition and transformation from one phase to the others, which might have occurred in the deep mantle.

The dihydroxylation of goethite to hematite is a well-known oxidation reaction that typically occurs 
during diagenesis36. The reverse reaction is also commonly observed at the surface in sediments and soils, 
with hydration of Fe oxides and being transformed into goethite. However, the simultaneous occurrence of 
goethite, hematite, and magnetite within a single inclusion is unusual in natural systems, as it requires specific 
physical parameters and distinct redox conditions to stabilize each phase together in the same inclusion. The 
reduction of hematite to magnetite, or directly the transformation of goethite to magnetite, or even the transition 

Fig. 3.  X-ray diffraction patterns of the Fe oxyhydroxide inclusion. (A) Sum of the 29 diffraction patterns 
across the inclusion, showing phase indexing consistent with goethite (FeOOH), hematite (Fe2O3), and 
magnetite (Fe3O4). The diffraction pattern of our inclusion is similar to those obtained in high-pressure shock-
recovery experiments at ~ 35–57 GPa, performed on natural FeOOH and analyzed after shock compression 
(retrograde phase)26. (B) Representative diffraction patterns from three selected points illustrate spatial 
variation in phase composition inside the inclusion. Point 19 (blue dot and line) corresponds to a Fe dense 
region dominated by hematite; Point 24 (red dot and line) is from a less Fe dense region enriched in goethite; 
Point 28 (green dot and line) highlights a localized zone containing magnetite within the inclusion. *non-
identified phase related to the diamond matrix.
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from goethite to hematite and magnetite, is rare under natural conditions and generally requires elevated 
temperatures and the presence of organic carbon37. On the other hand, the transition from α-FeOOH to its 
high-pressure polymorph ε-FeOOH, followed by decomposition into Fe oxides, such as hematite and magnetite 
polymorphs, with the release of H2O and O2, has been observed under high-pressure and high-temperature 
experimental conditions representative of the deep mantle24–26,38,39. Notably, our XRD patterns of the complex 
Fe oxyhydroxide inclusion shows the presence of an assembly that has also been found by high-pressure shock-
recovery experiments26 (Fig. 3A). It was observed that pristine α-FeOOH first transforms into ε-FeOOH, and 
with increasing shock wave pressures and temperature (~ 35–57 GPa; 877–1827  °C), it partially decomposes 
into other Fe-oxides26. Their diffraction patterns, obtained with the post-shock samples, represent retrograde 
phases (goethite, hematite, and magnetite) that crystallized upon decompression and cooling, reflecting the 
products of high-pressure ε-FeOOH breakdown. These pressures and temperatures represent lower mantle 
conditions at approximately ~ 900 to 1,250  km depths26. If we propose that the complex Fe oxyhydroxide 
pathway observed in our study is analogous to that seen in shock-wave experiments, we could infer that the Juína 
diamond and its inclusion experienced similar conditions, potentially reaching the mantle transition zone and 
lower mantle. However, it is important to emphasize that this remains a hypothesis. Shock-wave compression 
follows a Hugoniot P-T path, and the subsequent release is approximately isentropic, which differs from static 
compression experiments such as diamond anvil cells (DAC) and from the pressure and temperature conditions 
expected in the deep mantle.

Oxidation state and coordination environment of Fe and Ni atoms
Micro-X-ray absorption near-edge structure (µ-XANES) spectroscopy mapping was conducted on the Fe K-edge 
at multiple locations (Fig. S10) in the Fe oxyhydroxide inclusion, revealing distinct Fe oxides mixed-phases 
(Fig. 4A). The analysis identified two principal components with almost equivalent weights but heterogeneously 
distributed (Fig. S11): the component 1 resembled goethite but with a shifted absorption edge to lower energies 
(≈ −1.6eV), while component 2 contained spectral features closer to hematite. Compatible with our XRD results, 
component 2 is prominent around the Fe denser region (Fig. S11B). Both components showed smooth spectral 
features indicative of a larger disorder than the standard mineral phases (Fig. S11C), consistent with more 
defects caused by the high-stress conditions in the deep mantle where the inclusion was probably formed, as 
we are suggesting in this study. The edge shift to lower energy may indicate a less oxidized iron state or local 
structural defects. Our preliminary simulations (Fig. S12) show that introducing oxygen vacancies and relaxing 
the structure creates a density of states at lower energies close to the edge. This effect is particularly evident in 
the case of goethite (Fig. S12A). A similar shift in the electronic structure of goethite under pressure, both during 
and after laser heating experiments, has been previously observed40, and has been attributed to the formation of 
Fe2+ oxidation states.

To get into the Fe oxidation state, we investigated XANES pre-edge by fitting and identifying the electronic 
transitions (Fig. S13) and then calculating the centroid for each spectrum (Table S1). The established centroid-
position diagram (Fig. S14)41, points to an inclusion as a mixture of Fe3+ and Fe2+ in octahedral coordination. 
This finding contrasts with typical minerals at ambient pressures, where Fe2+ in magnetite occupies the 
tetrahedral coordination site, and hematite or goethite lacks Fe2+ in its structure. The Fe2+ oxidation state, about 
10 to 15%, indicates possible defective sites, like oxygen vacancies or OH− replacing O2−, which could occur in 
any of the mineral phases that compose our inclusion. We hypothesize that Fe2+ may either replace Fe3+ in the 
FeOOH and Fe2O3 structures, with local chemical replacement of O2− by OH−, or accommodate itself within 
crystal defects or vacancies. These mechanisms are supported by our Fe K-edge µ-XANES results, which reveal 
structural distortions and mixed valence states, and by the unit cell parameters and volumes increase for goethite 
and hematite.

Considering that the Fe oxyhydroxide inclusion absorbs up to 4% Ni in its structure, we also conducted 
µ-XANES mapping at the Ni K-edge (Fig.  4B). The Ni K-edge exhibited spectral features corresponding to 
the pure Ni2+ oxidation state centered in an octahedron like NiO2(OH)4, a distinctive coordination when Ni2+ 
replaces Fe3+ in natural goethite42 or other oxides43. In contrast to the spectral heterogeneities observed for Fe, 
the Ni oxyhydroxide distribution is homogeneous, implying a widespread substitution in the defective goethite 
or hematite phases. The Ni2+ replacement for Fe3+ in octahedral sites requires a new charge balance, leading to 
the local substitution of O2− by OH−, converting FeO3(OH)3 into NiO2(OH)4octahedra42.

Fe oxyhydroxide and its polymorphs decomposition into the Earth’s mantle
The stability of goethite polymorphs under high pressure and temperature conditions has been investigated 
through both experimental studies and computational modeling. At pressures of approximately 5–7 GPa and 
temperatures near 200 °C, α-FeOOH transforms into its high-pressure polymorph ε-FeOOH44–46. This phase 
exhibits a crystal structure that may remain stable at mid-lower mantle depths, within the pressure range of 
~ 35–70 GPa26,39. Some experimental studies further suggest that, under deep lower mantle conditions (~ 80 
GPa), ε-FeOOH is still stable and can transform into an even higher-pressure phase, known as the pyrite-type 
FeO2Hx(“py-phase”; where x ≤ 1; space group Pa3 ̄) that may be stable until depths representative of the core-
mantle boundary4,5,7–9,9–49.

Goethite (α-FeOOH) is often overlooked in diamonds50–53, because it is a ubiquitous mineral present in soils 
and sediments, and therefore is usually considered as an epigenetic phase formed either by precipitation into 
diamond cracks or by hydrous reaction of Fe oxides resulting from fluid infiltration along diamond fractures. 
However, this is not the case of the J1 diamond studied here, which hosts a well-encapsulated Fe oxyhydroxide 
inclusion observed by micro and nano-tomography, along with other inclusions such as ferropericlase, wüstite, 
and sulfides, suggesting an origin in the deep mantle. This Fe oxyhydroxide is a heterogeneous mixture of 
goethite, hematite, and magnetite. Rather than interpreting the studied inclusion as epigenetic, we consider the 
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phase assemblage within the Fe oxyhydroxide inclusion as a record of retrograde transformation, reflecting the 
breakdown of ε-FeOOH into Fe2O3 and Fe3O4. Based on the mineralogy of the J1 diamond and on experimental 
studies, we suggest that this transformation likely occurred under pressure and temperature conditions 
corresponding to the deep mantle (Fig. 5, Fig S15).

The µ-XRD mapping of the Fe oxyhydroxide inclusion match with retrograde phases identified in shock-
recovery experiments, in which ε-goethite decomposed into hematite and magnetite under pressure and 
temperature conditions comparable to those expected in cold subducted slabs reaching the deep mantle (~ 35–
57 GPa; 877–2470 °C)26 (Fig. S15). Making an analogy between the complex Fe oxyhydroxide in our study and 

Fig. 4.  (A) µ-XANES spectroscopy at the Fe K-edge and (insert) the normalized pre-edge showing a non-
homogenous spectral shape depending on the location in the inclusion. The color bar indicates the 18 
mapped points according to the transmission image (Fig. S10A). (B) µ-XANES spectroscopy at the Ni K-edge 
exhibiting the same pattern in all mapped points, as shown in the transmission image, totalizing 16 points (Fig. 
S10B).
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those tested under high-pressure experiments24,26,38,39,44, we may suggest that the studied inclusion experienced 
comparable pressure and temperature conditions, potentially corresponding to the deep mantle. In addition to 
the µ-XRD data, the  µ-XANES spectroscopy reveals a disordered structure distinct from phases typically stable 
at ambient pressure, suggesting that the mineral phases comprising the complex Fe oxyhydroxide likely formed 
under intense stress associated with extreme mantle conditions, supporting our interpretation.

Therefore, based on our hypothesis and corroborated by experimental results24,25,26,39,54,55, we propose a 
model in which the complex Fe oxyhydroxide was originally formed as α-FeOOH within a cold subducted slab, 
and subsequently underwent a phase transition to ε-FeOOH at ~ 7 GPa (Fig. 5). This phase remained stable until 
the slab reached the deep upper mantle, transition zone and the uppermost part of the lower mantle, when the 
ε-FeOOH began to partially decompose into Fe-oxide phases (Fe2O3 and Fe3O4), releasing H2O and O2 (Fig. 5). 
Under these conditions, the heterogeneous Fe oxyhydroxide inclusion was encapsulated within a diamond, 
which either pre-existed in the mantle or crystallized simultaneously from melts or fluids derived from the same 
cold subducted slab that brought the FeOOH (Fig. 5)3,56.

Possible implications of H2O and O2 released from FeOOH decomposition into the Earth’s 
deep mantle
Mineral inclusions in super-deep diamonds, as well as helium isotopes, have provided evidence that the mantle 
transition zone and the upper part of the lower mantle interacted with fluids and melts from subducting sla
bs10,11,56,58–60. Seismic tomography data and observations of focal mechanisms and local earthquakes suggest 
the accumulation of slabs in the transition zone at 660 km depth2 and references therein), with the possibility 
of some slabs descending into the lower mantle61–66. Thus, our hypothesis based on the FeOOH transitioning to 
Fe oxides and realizing H2O and O2 into the deep mantle implies that cold subducted slabs can reach extreme 
conditions not only with dense hydrous magnesium silicates (DHMS) as stable hydrous minerals2,3,9,17,20,22, but 
also Fe oxyhydroxides (Fig. 5, Fig. S15).

The decomposition of ε-FeOOH observed in high-pressure experiments26,39  may follow the suggested 
reactions26:

Fig. 5.  Schematic cross-section showing a cold subducted slab descending through the mantle transition zone 
into the deep mantle. The cold, very cold slab and hot geotherms are represented by dashed lines54,55. The 
mantle geotherm is represented by the black line57. The α-FeOOH found in the oceanic crust or lithosphere 
transforms into its high-pressure polymorph, ε-FeOOH at ~ 230 km depth (~ 7 GPa)26,39. As the slab descends 
to deeper regions, the ε-FeOOH begins to break down into Fe2O3 and Fe3O4, releasing volatiles into the 
surrounding rocks (inset figure). This transformation may form localized redox heterogeneities in the mantle. 
The phase transformation is incomplete, forming a heterogeneous Fe oxyhydroxide assemblage in the crystal 
(inset), which is then trapped in a diamond, potentially crystallized from fluids and melts released by the slab 
(inset figure)26,39.
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	 2F eOOH → F e2O3 + H2O� (1)

	 12F eOOH → 4F e3O4 + 6H2O + O2� (2)

	 6F e2O3 → 4F e3O4 + O2� (3)

These reactions demonstrate a complex redox condition along with the formation of hematite and magnetite, 
and the release of H2O and O2. In this way, the natural occurrence of ɛ-FeOOH transitioning to Fe oxides 
with consequent release of volatiles, highlights the significance of Fe oxyhydroxides as possible carriers of water 
into the deep mantle, and may introduce a new perspective about our understanding of the deep Earth and its 
oxidation state. The oxygen fugacity (fO2) of the deep mantle should be relatively low, based mainly on its major 
mineralogical constituents15,67. However, the introduction of relicts of cold slabs into the uppermost part of 
the lower mantle, for instance, can disrupt this relatively homogeneous redox environment. In particular, our 
hypothesis suggests that the decomposition of oxyhydroxides releasing OH− and O2− at these depths, may form 
localized chemical heterogeneities (Fig. 5). These processes could modify the redox state of the surrounding 
mantle where the cold subducted slabs may reach, potentially creating highly complex redox microenvironments. 
The liberated H2O and O2 from the Fe oxyhydroxide decomposition can either be incorporated into the crystal 
structures of other complex mantle phases or trigger redox reactions with adjacent minerals, further modifying 
the local chemical and physical properties of the deep mantle.

Methods
Micro raman spectroscopy
Due to the challenges of obtaining good spectra in a highly reabsorbed diamond with an irregular surface 
(non-polished), only three mineral phases could be detected: ferropericlase, goethite, and hematite. The Raman 
spectra of the detected inclusions are slightly shifted. The µ-Raman spectroscopy analyses were performed at 
the Brazilian Nanotechnology National Laboratory (LNNano/CNPEM) using a Horiba Xplora Scientific Plus 
spectrometer. The analyses were repeated three times on different days, using a red laser (638 nm) to verify the 
occurrence of mineral phases. The analysis took 5 s with 10 accumulations, range between 100 and 1199 cm− 1, 
objective = 50 x(LWD), grating = 1200 (750 nm), filter = 25%, slit = 50 μm, and hole = 100 μm. The data processing 
was performed using the KnowItall (trial version), Wire 4.4, and OriginPro software.

Micro-fourier transform infrared (FTIR)
Micro-FTIR spectroscopy was conducted at the IMBUIA beamline, at an off-line source, of the LNLS using 
an Agilent Cary 600 FTIR spectrometer equipped with XT-KBr beam splitters and an MCT-A detector. The 
objective was to determine nitrogen concentrations and aggregation states in the diamond samples. Some 
challenges were encountered in obtaining a good transmission and clear spectra, particularly in the spectral 
region critical for classifying nitrogen aggregation states, probably due to the choice of using the rough diamond 
without polished planes. Transmission spectra were collected in the range of 4000–500 cm⁻¹, with a spectral 
resolution of 8 cm⁻¹, and averaged over 512 scans. Background spectra (also 512 scans) were acquired prior to 
each analysis. Spectral deconvolution was performed using the DiaMap software7071. The diamond analyzed in 
this study is classified as Type IaB. The FTIR spectrum is provided in Fig. S1. Nitrogen aggregation is mostly in 
the B-center, with some amount in A-center, classifying this diamond as Type IaAB33.

Multiple synchrotron radiation techniques – SIRIUS (LNLS)
Our findings have been uncovered thanks to the high-brilliant 4th-generation synchrotron light source at the 
Brazilian Synchrotron Light Laboratory (LNLS) - SIRIUS, which enabled the use of multiple beamlines and 
advanced analytical techniques, as well as the screening of numerous pristine diamond samples. To preserve the 
natural morphology and all enclosed inclusions, all analyses were conducted on an unpolished diamond sample. 
The diamond was donated from Mr. Romeu Veronese, and it was collected at the Chapadão Plateau, Juína, Mato 
Grosso, Brazil.

Micro-X-ray computed tomography (µ-CT)
The micro-X-ray computed tomography (µ-CT) was performed during the scientific commissioning phase of 
the MOGNO beamline72  (LNLS-SIRIUS). The beam used for the analysis had an energy of 22  keV with an 
effective pixel size of 1.46 μm. Data reconstruction was carried out by the Scientific Computing Group (GCC) 
at SIRIUS, using an in-house implementation of the Feldkamp–David–Kress (FDK) method73, while the 3D 
segmentation of the tomography was performed using AvizoS software. The high-resolution 3D map of the 
J1 diamond, obtained through this micro-computed tomography (µ-CT), accurately identified more than 100 
inclusions within the sample. Additionally, the map located all inclusions in space, as well as some fractures in the 
diamond. The oxyhydroxide inclusion selected for this study has a diameter of 35 μm and is fully encapsulated 
within the diamond.

Micro X-ray diffraction (µ-XRD)
The micro-X-ray diffraction data acquisition was performed at the EMA beamline74  (LNLS-SIRIUS). The 
incident beam size was 5  μm in diameter, with an energy of 12,658  eV. The calibration standard used was 
LaB6with a wavelength of 0.9795 Å. A point mapping was carried out on the main inclusion, consisting of 30 
diffraction points arranged in a 6 × 5 matrix with a 5 μm spacing between points. Each point took an average 
of 2  min for acquisition with an angular range from 0º to 44º. The data were subsequently processed using 
OriginPro and Dioptas75.
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Nano X-ray diffraction
The nano-X-ray diffraction data acquisition was performed at the CARNAÚBA beamline76  to certify our 
diffraction data collected of micro-XRD at the EMA beamline. The incident beam size was 400 × 200 nm2, with 
an energy of 10,000 eV. The calibration standard used was LaB6 with a wavelength of 1.240 Å. A full mapping 
was carried out on the inclusion, consisting of 1681 diffraction points arranged in a 41 × 41 matrix with a 1 μm 
spacing between points. Each point took an average of 5 s for acquisition. In this case, the angular range was 
limited from 11.5º to 32.7º. The data were subsequently processed using a Python code.

Nano-X-ray fluorescence (n-XRF)
The nano-X-ray fluorescence (n-XRF) mapping was conducted at the CARNAÚBA beamline76 (LNLS-SIRIUS) 
with the aim of discovering the compositional variation within the inclusion. n-XRF maps were measured, 
encompassing the entire inclusion and a specific region within the inclusion. Both maps were performed with an 
energy of 12 keV, with an acquisition time of 172 s (7.5 ms/pixel), in a scan area of 80 × 80 and 10 × 10 µm2, with 
pixel sizes of 800 and 100 nm, respectively. The XRF curve calibration was performed using the PyMca software, 
yielding an evaluation of the relative element content. Nano-X-ray Fluorescence (n-XRF) maps were acquired 
simultaneously with the STXM measurements. The 2D maps were collected at several projections to produce 
nano-computed tomography (n-CT) together with nano X-ray fluorescence tomography (n-XFT) contrasts (see 
below).

Nano-X-ray tomography
The nanometer-sized beam (< 500  nm) of CARNAÚBA beamline76  extends this technique to the nanoscale 
with high resolution, and its high flux allows that a wide range of elements be mapped, providing 3D elemental 
imaging. To perform tomography measurements, it is necessary to pre-align the sample, centering it at different 
rotation angles (RY), so as an internal code of the beamline can be processed to provide a set of parameters for 
proper tomography execution. The alignment of the inclusion precedes the tomography experiment and was 
done with an energy of 12 keV, a scanned area of 100 × 100 µm2 with a 5 μm step. The experiment acquisition 
was carried out at the same energy of 12 keV, a scan area of 80 × 80 µm2with a 0.8 μm step and a 2º angular 
increment, totaling 9 h of experiment (2 hours of alignment + 7 h of acquisition). For the fluorescence data, 
the reconstruction was carried out by the Scientific Computing Group (GCC) at SIRIUS through a modified 
version of the Chang’s method77 using as inputs the µ-Tomography reconstruction to account for diamond-
related self-absorption effects that are not in the field of view (FOV) region, as well as the nano tomographic 
reconstruction for the absorption effects within the FOV. For both tomography and fluorescence measurements, 
the final reconstructed data object has a voxel size of 0.8 × 0.8 × 0.8 µm3 and a total region of 80 × 80 × 80 µm3, 
with a total of 101 slices for segmentation, which was done using AvizoS software.

X-ray absorption near edge structure (XANES) spectroscopy
Absorption spectroscopy was conducted on CARNAÚBA beamline76 and focused only on the region near the 
absorption edge. XANES data were acquired in step scan mode. Before starting the measurements, standards 
of Fe-metal (Fe foil), Fe2O3, Fe3O4, FeO, and Ni-metal (Ni foil) were used, with scans of 100 eV around their 
respective K-edge absorption edges. Two XANES maps were performed in step scan mode at two different 
K-edges: iron and nickel. The acquisition time per point was 0.5 s, and the energy step was 0.4 eV, for each map. 
The Fe K-edge map has 25 (5 × 5 matrix) points (18 effective), an energy variation from 7100 to 7200 eV, and a 
total acquisition time of 125 min. The Ni K-edge map has 16 (4 × 4 matrix) points, an energy variation from 8320 
to 8420 eV, and a total acquisition time of 80 min.

To identify the components of the XANES spectrum, Multivariate Curve Resolution with Alternating 
Least Squares (MCR-ALS) were employed. The software used for the analysis was CORAL (in house software), 
developed by the QUATI beamline.

The XANES spectroscopy simulations were performed using available CIF files from goethite and hematite, 
introducing the defects manually, and applying the Quantum Espresso and FDMNES packages. The structural 
relaxations were performed with the Quantum Espresso package78,79  using the solid-state pseudopotential 
(SSSP)80. The wavefunction cutoff was 90 Ry, and the charge density cutoff was 1080 Ry. The exchange-
correlation functional employed was the Perdew-Burke-Ernzerhof (PBE)81. For the XANES spectra simulations, 
the FDMNES software was used82–84, the calculations were self-consistent with a cluster radius of 7.0 Angstroms, 
with the multiple scattering mode, where a muffin-tin potential is employed.

Data availability
“All data are available in the main text or the supplementary information.”
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