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Evidences for the lower mantle origin of the J1 diamond
S1.
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Figure S1. Infrared spectroscopy reveals that the J1 diamond is Type IaB, characterized mostly by nitrogen aggregation into B-centres (peak at 1173 cm-1). Hydrogen related peak at 3107cm−1 could indicate milky type IaB (Ref. 1 and references therein). 
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Figure S2. The Raman spectra of the studied inclusion reveal the presence of both goethite and hematite phases at different points within the inclusion. The orange and red reference spectra, corresponding to goethite (R050142) and hematite (R050300), respectively, are from the RRUFF database. The measured spectra are slightly shifted toward higher wavenumbers relative to the RRUFF references. This shift suggests the presence of some residual pressure of the inclusion inside the diamond (Refs. 2,3).
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Figure S3. Raman spectrum of the ferropericlase inclusion identified in the J1 diamond sample, compared with reference spectra (Ref.4, unpublished sample included in the Supplementary Materials). 
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Figure S4. X-ray diffraction pattern measured at the EMA beamline of the ferropericlase + wüstite inclusion found in the J1 diamond sample, associated with sulphide phases.











Additional data concerning the micro mineral inclusion selected in this study
S5.
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Figure S5. μ-Computed tomography(μ-CT) performed at the MOGNO beamline, showing segmented slices in the inclusion region (D, E, F). The arrow in image E indicates the selected inclusion of Fe oxyhydroxide. The slices show that there is no fracture and the mineral inclusion is completed embedded in the diamond. The only fracture in the diamond is visible in the lower right corner of images C to F.
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Figure S6. Reference for X-ray diffraction mapped points using the 5 m-beam at the EMA microdiffraction setup. A 5×6 matrix of points was collected. For unknown reasons (probably data loss during transfer), no data was recorded at point 13.
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Figure S7. The diffractograms show regions within the inclusion containing distinct proportions of goethite, hematite, and magnetite. Identification of these phases is facilitated by analyzing diffraction patterns collected at different positions. Point 19 (see Fig. S6), located in the denser region of the inclusion, displays light powder rings and bright spots in its diffraction pattern, indicative of a higher concentration of Fe2O3 (hematite) with larger crystallite sizes. In contrast, point 24 (see Fig. S6), situated in a less dense area, shows more intense FeOOH (goethite) peaks with a characteristic powder-like pattern and well-defined concentric rings. The contribution from Fe3O4 (magnetite) is most pronounced at point 28 (see Fig. S6), which corresponds to a localized region near the central-bottom part of the inclusion. In yellow (111) main peak from diamond. Only the miller indexes of hematite, goethite, and magnetite are indicated in figures A, B, and C, respectively.
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Figure S8.  Figures (A) to (E) show all the diffractogram points arranged in a 6×5 matrix, displayed line by line as indicated in each image. Note that in line 3 (Figure C), one point is missing; this data point was not recorded for unknown reasons. These figures highlight the fact that at each point the admixture of mineral phases is different.
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Figure S9. Nano X-ray diffraction map of the inclusion with 40×40 matrix with 400 nm resolution, measured at the X-ray nanoprobe CARNAUBA beamline.Qualitatively, we observed the same phase admixture heterogeneities, with goethite (FeOOH) more evenly distributed and hematite (Fe2O3) more concentrated in the denser region and showing a few crystallites with higher intense reflections. However, one can hardly estimate the exact proportion of the phases because of the incomplete powder diffraction rings, random larger crystallite reflections, and limited angular range. Magnetite is very hard to distinguish because the detector has not enough angular range to detect the magnetite main peaks.
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Figure S10. Scanning Transmission X-ray Microscopy (STXM) image with the spatial distribution of the micro-XANES mapped points. Fe-K edge (left) and Ni-K edge (right).
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Figure S11. Multivariate Curve Resolution using Alternating Least Squares (MCR-ALS) applied to the sum of the XANES spectra presented in Fig. 4A identifying two principal components (PCA). (A) Component 1 (blue) and Component 2 (orange); (B) Spatial distribution of each component across the XANES map (18 spectra), where point 3 is a pure component 1 and point 14 is pure component 2. One note that point 8, close to point 3, has about 80% of component 1, while points 9, 13 and 17, close to point 14, have about 80% of component 2. This result shows that the denser region around points 9, 13, 14 and 17 is more populated with Component 2. (C) Comparison of the extracted components with reference standards showing that Component 1 closely resembles goethite (FeOOH), but with a shifted edge by about -1.6 eV, while Component 2 exhibits spectral features characteristic of hematite (Fe₂O₃), but with smoothed structures compatible with a disordered system. These maps are consistent with the micro-XRD results where the hematite phase populated the denser region; (D) First derivatives of the components and standards are shown to enhance the assessment of spectral correspondence. The magnetite (Fe₃O₄) component has very low abundance in the inclusion and cannot be distinguished as a component by our XANES data.
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Figure S12. FDMNES XANES spectroscopy simulations showing the effect of introducing oxygen vacancies in the structure: A) Goethite and B) Hematite. The XANES spectroscopy simulations were performed using available CIF files, introducing the defects manually, and applying the Quantum Espresso and FDMNES packages. For more details of these simulations, please see the description at XANES methods. The aim here is to demonstrate that defects like oxygen vacancies tend to modify the XANES spectra, particularly in the rising absorption edge. The effect is clear at the rising absorption edge of goethite where news states become available giving rise to a shift to the lower energies. 
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Figure S13. Pre-edge XANES at Fe K-edge measurements showing the highest (point 13) and lowest (point 07) intensities. The gray lines show two contributions relevant to the 1s → 3d/4p transition and blue lines the extra transitions related to some Fe clustering.

















Diagram relative to the iron different chemical state and coordination, as known from literature, where the results of our analysis is represented
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Figure S14. Summary of pre-edge characteristics for the binary mixtures between IVFe2+, VIFe2+, IVFe3+, and VIFe3+ following the centroid position calculation and diagram (Ref. 5). The gray dots represent all 18 XANES (Fe K-edge) curves, while the centroid position of each point is presented at Table S2.
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[bookmark: _Hlk173528450]Figure S15. P-T phase diagram modified from Ref. 6, presenting the FeOOH thermal stability under Earth’s mantle conditions and hot, cold and very cold subducting slabs conditions. We estimated that our Fe oxyhydroxide inclusion (pink zone) was stable in the lower mantle at ~35-50 GPa at cold subducted slab conditions. Stars are α-FeOOH (Ref. 7); gray circles are ε-FeOOH (Ref. 8); blues squares (Ref. 8) and green squares (Ref. 6) indicates that ε-FeOOH partially decomposes into Fe oxides, H2O, and O2. Gray triangles represent Py-FeO2Hx (x = 1) (Refs. 10,11). The solid black line represents the phase boundary between α-FeOOH and ε-FeOOH (Ref. 12). The long dashed gray line shows the conditions of the mantle geotherm (Ref. 13); and the dotted, dotted dashed, and short dashed-dotted lines represent slab geotherms based on hypothetical models of hot, cold, and very cold slabs (Refs. 14,15), respectively. The light gray shadow exhibits the pressure and temperature conditions of the ε-FeOOH decomposition and formation of Fe-oxides, H2O and O2 based on experimental studies cited above.



Table S1. Pre-edge characteristics of each Fe K-edge XANES spectra of our inclusion. The calculation was based on the method applied for the centroid-position diagram (Ref. 5).
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Movie S1.
This movie shows the X-ray μ-CT results of the diamond sample J1, carried out at MOGNO beamline, with inclusions labeled, enabling to detect ~98 inclusions and the X, Y, Z coordinates of each one.

Movie S2.
This movie shows the X-ray nano-computed tomography (n-CT) transmission of the Fe oxyhydroxide inclusion. The data reveal the overall shape of the inclusion, which exhibits some euhedral faces. However, morphology appears somewhat disturbed, and several voids or ‘holes’ can be observed within the inclusion.

Movie S3.
This movie shows the X-ray n-CT with fluorescence contrast of Fe oxyhydroxide inclusion. The segmentation was divided into 3 labels: High iron intensity, low iron intensity and matrix. Analyzing the tomography of the Fe oxyhydroxide inclusion, in broad terms, it is possible to associate high iron intensity with a greater quantity of hematite crystallites and low intensity with a larger amount of goethite. Additionally, the holes filled with carbon (diamond) indicate that this inclusion went through a highly reactive process, most likely caused by the crystallization of diamond in its surrounding area.

























References 
1. Gu, T., Pamato, M.G., Novella, D., Alvaro, M., Fournelle, J., Brenker, F.E., Wang, W. & Nestola, F. Hydrous peridotitic fragments of Earth's mantle 660 km discontinuity sampled by a diamond. Nature Geoscience 15, 950–954 (2022).  
2. Nasdala, L., Brenker, F.E., Glinnemann, J., Hofmeister, W., Gasparik, T., Harris, J.W., Stachel, T., Reese, I. Spectroscopic 2D-tomography: Residual pressure and strain around mineral inclusions in diamonds. Eur J Mineral 15, 931–935 (2003).
3. Smith, E.M., Krebs, M.Y., Genzel, P.-T. & Brenker, F.E. Raman identification of inclusions in diamond. Rev. Mineral. Geochem. 88, 451–474 (2022).
4. Smith, E.M., Shirey, A.B., Richardson, S.H., Nestola, F., Bullock, E.S., Wang, J. & Wang, W. Blue boron-bearing diamonds from Earth’s lower mantle. Nature 560, 84–87 (2018). https://doi.org/10.1038/s41586-018-0334-5 
5. Wilke, M., Farges, F., Petit, P.E., Brown, G.E. & Martin, F. Oxidation state and coordination of Fe in minerals: An Fe K-XANES spectroscopic study. American Mineralogist 86, 714–730 (2001).
6. Gan, B., Zhang, Y., Huang, Y., Li, X. Wang, Q., Li, J., Zhuang, Y., Liu, Y. & Jiang, G. Partial Deoxygenation and Dehydration of Ferric Oxyhydroxide in Earth's Subducting Slabs. Geophysical Research Letters 48 (2021), e2021GL094446. https://doi.org/10.1029/2021GL094446
7. Wiethoff, F., Grevel, K.-D., Marler, B., Herrmann, J., Majzlan, J., Kirste, J., & Lathe, C. P-V-T behavior of FeO(OH) and MnO(OH). Physics and Chemistry of Minerals 44(8), 567–576 (2017). https://doi.org/10.1007/s00269-017-0884-3
8. Yoshino, T., Baker, E. & Duffey, K. Fate of water in subducted hydrous sediments deduced from stability fields of FeOOH and AlOOH up to 20 GPa. Physics of the Earth and Planetary Interiors 294, (2019). 
9. Koemets, E., Fedotenko, T., Khandarkhaeva, S., Bykov, M., Bykova, E., Thielmann, M., Chariton, S., Aprilis, G., Koemets, I., Glazyrin, K., Liermann, H. P., Hanfland, M., Ohtani, E., Dubrovinskaia, N., McCammon, C. & Dubrovinsky, L.  Chemical Stability of FeOOH at High Pressure and Temperature, and Oxygen Recycling in Early Earth History**. Eur J Inorg Chem 2021, 3048–3053 (2021).  https://doi.org/10.1002/ejic.202100274
10. Hu, Q., Kim, D. Y., Yang, W., Yang, L., Meng, Y., Zhang, L. & Mao, H. K. FeO2 and FeOOH under deep lower-mantle conditions and Earth's oxygen-hydrogen cycles. Nature 534, 241–244 (2016).  
11. Hu, Q., Kim, D.Y., Liu, J., Meng, Y., Yang, L., Zhang, D., Mao, W.L. & Mao, H.  Dehydrogenation of goethite in Earth’s deep lower mantle. Proc. Natl. Acad. Sci. U.S.A. 114 (7) 1498-1501 (2017). https://doi.org/10.1073/pnas.1620644114
12. Voigt, R., & Will, G. The system Fe2O3-H2O under high pressures. Neues Jahrbuch fur Mineralogie 2, 89–96 (1981).
13. Katsura, T., Yoneda, A., Yamazaki, D., Yoshino, T. & Ito, E.  Adiabatic temperature profile in the mantle. Physics of the Earth and Planetary Interiors 183(1), 212–218 (2010).
14. Komabayashi, T., S. Omori, & S. Maruyama. Petrogenetic grid in the system MgO-SiO2-H2O up to 30 GPa, 1600°C: Applications to hydrous peridotite subducting into the Earth’s deep interior. J. Geophys. Res. 109, B03206 (2004). doi:10.1029/2003JB002651.
15. Maeda, F., Ohtani, E., Kamada, S., Sakamaki, T., Hirao, N. & Ohishi, Y. Diamond formation in the deep lower mantle: a high-pressure reaction of MgCO3 and SiO2. Sci Rep 7, 40602 (2017). https://doi.org/10.1038/srep40602

3

image3.png
Intensity (a.u.)

“ls Inclusion

/v Ferropericlase (Smith et al)

200

400

660
Raman Shift (cm-)

800

1000 1200





image4.png
pyrr(011)
(O}

pn(440)

® @fp(zom





image5.png




image6.png
X-ray Diffraction map points

3.4
| 20pum
0.9

<
=
=
c
=}
7}
()
£
o
'—





image7.png
' ~_(116)
%24) (go)gm)

/\%(012) "
®

[
! !

o
(113)

Point 19

5000
4000

3000

Intensity

2000

1000

Index of main peaks
for Hematite

POint 24 Index of main peaks
(101) (111) for Goethite
4000 y v
(301) \ 3000
\ (111) . 212)
(@an) & *%f 210) \
.|(201) ) (211)
) )(211) 1000 1
1210) oL
/ 0 10 20 30 20
— (212) 60

"Point 28

(511)

(111)
®

(220)

o(212)

5000

4000

3000

Intensity

2000

1000

Index of main peaks
for Magnetite





image8.png
Intensity (a.u.)

Line 1: from 1 to 6

‘l A h Jl ” A A A l l ﬂ 3.60 3.65 3.70 3.75

Momentum Transfer (A”)

|

Transmission (%)

o

1.0 1.5 2.0 25 3.0 35 4.0 4.5
Momentum Transfer (A™")




image9.png
Intensity (a.u.)

q N Line 2: from 7 to 12

o e A

1.0

1.5

20

2.5 3.0 3.5
Momentum Transfer (A™")

4.0

4.5

3.60 3.65 3.70 3.75

Momentum Transfer (A")

3.4

Transmission (%)

o
©




image10.png
Intensity (a.u.)

Line 3: from 13 to 18

1.0

1.5

20

25 3.0 3.5 4.0 4.5
Momentum Transfer (A™")

3.60 3.65 3.70 3.75

Momentum Transfer (A”')

w
~

<
S
2
E
@
2
g
=





image11.png
Intensity (a.u.)

1 N Line 4: from 19 to 24
A } L )\ ~ ) \ (\} J\ /J\ M\ ~ A - ) \ A /\ ,\/\/\ A 3.60 365 3.70 3.75

Momentum Transfer (A”')

3.

Transmission (%)

T ——
© kS

o

1.0 1.5 2.0 25 3.0 3.5 4.0 4.5
Momentum Transfer (A™)




image12.png
Intensity (a.u.)

h Line 5: from 25 to 30 é\
M M\_,J\J\__J\‘JLAA_M‘__A

360 365 370 3.75
Mormentum Transfer (A”)

34

9

Transmission (%)

o

1.0 1.5 2.0 2.5 3.0 3.5 4.0 45
Momentum Transfer (A™")




image120.png




image13.png




image14.png
Stripe 2 Stripe 3 Stripe 4

Stripe 1

A

(ne) Ayisuayul

-
:

(ne) Ayisuayul

26

25

24

23

26

25

24

23

26

25

23 24

26

25

a

2.

23

q@dY

q@dY

q@dY

q@dY

2.42A1< q<2.46A1

£-FeOOH- 2.4841< q < 2.55A41

HP-Fe,05-

x100

100

ax102

2x100
10

33100
2100





image15.png
Fe K-edge Map Ni K-edge Map





image16.png
()]
=
c
=}
o)
—
©
—— Component 1
— Component 2
7100 7110 7120 7130 7140 7150 7160 7170 7180 7190
Energy (eV)
0
=
c
3
S |
—
©
— Component 1
— Component 2
— Goethite (standard)
—— Hematite (standard)
7100 7110 7120 7130 7140 7150 7160 7170 7180 7190

Energy (eV)

1.0 B

08

0.6

04

0.2

0.0

N
w -
A
w1
o -
<

8 9 10 11 12 13 14 15 1617 18
Points XANES-map

0.25

0.15

0.05

0.00

7100

7110

7120 7130 7140 7150 7160 7170 7180 7190
Energy (eV)




image17.jpeg
Normalized Intensity (a.u.)

Normalized Intensity (a.u.)

16

A —— Pristine

—— Oxygen Vacancy (6.25%)

14

=
N

e
o

o
@

o
o

0.4

0.2

00 7110 7120 7130 7140 7150 7160 7170 7180 7190

Energy (eV)

14 e
B —— Pristine

—— Oxygen Vacancy (2.8%)
1.2

0.8

0.6

0.2

e 7110 7120 7130 7140 7150 7160 7170 7180 7190

Energy (eV)




image18.png
Pre-edge normalized (a.u.)

Pre-edge normalized (a.u)

pre-edge normalized

7110

Energy (eV)

7113

7116

Pre-edge normalized (a.u.)

Point 07

Twe aw e e s e nw
Energy (eV)

)

T g aw s s nm
Energy (eV)





image19.png
Integrated pre-edge intensity

©
IS

©
N}

0.0

I ~ l“]F(Ie(II‘)/[G'Il:e(I‘I)

= o BEe(11)/®Fe(Il)

|~ “re(11)/MFe(IN)
- o BEe(1)/PFe ()
-~ CEe(1)/MFe ()
| A Re(I1)/Fe(Ill)

“IFe(IN)

1

“Fre(N) ]

6] i

- Fe(lll) -

IEe(l1) .
! | L | L I L ! | L L L | L
7112.0 7112.5 7113.0 7113.5

Centroid position (eV)




image20.png
2500}

N
o
o
o

Temperature (K)
o1
o
o

1000

500

Depth (km)
500 1000 1500 2000 2500

------ Hot slab /
—-=Cold slab —_—
----- Very cold slab ///
—— Phase transition - T
- A---""‘
// ws® = -
- wst® A A -
// .t L=t
/ “"‘ . = - A
/ “"‘ .- = A A L0
~ o .= -
* — - 2=
~ K . - - 1
.0 ‘f‘ E“— -
.‘O Y Y
@ I
S0 E == Gan et al., 2021
..’O/' RN S == Koemets et al., 2021
, ¢  a-FeOOH
O €-FeOOH
O e-FeOOH+Fe-oxides
A Py-phase

—— Mantle geotherm

e-FeOOH+Fe-oxides+05 +H,0
9 Studied inclusion region
1

40 60 80 100 120
Pressure (GPa)




image21.emf
Spectrum n. Height

Component 

Position (eV)

Width (eV) Area Total Area Centroid (eV) R²

1 0.0264 7112.3786 0.5137 0.0340 0.0949 7113.1252 0.9990

0.0354 7113.6820 0.5137 0.0455

0.0087 7114.8424 0.5137 0.0112

0.0033 7116.3350 0.5137 0.0042

2 0.0219 7112.5015 0.5312 0.0292 0.0748 7113.3183 0.9981

0.0342 7113.8427 0.5312 0.0455

3 0.0203 7112.4378 0.5605 0.0285 0.0742 7113.2520 0.9978

0.0297 7113.8077 0.5605 0.0417

0.0029 7115.2030 0.5605 0.0040

4 0.0226 7112.4741 0.2923 0.0322 0.0814 7113.2959 0.9990

0.0344 7113.8347 0.2923 0.0492

5

0.0256 7112.4871

0.2918 0.0359 0.0887 7113.3029 0.9981

0.0373 7113.8622

0.2940 0.0527

6

0.0210 7112.4798

0.3661 0.0273 0.0791 7113.3325 0.9986

0.0356 7113.8359

0.4230 0.0518

7

0.0210 7112.5139

0.3861 0.0282 0.0677 7113.3016 0.9992

0.0304 7113.8438

0.3677 0.0395

8

0.0240 7112.4183 0.5499

0.0330 0.0931 7113.1668 0.9986

0.0290 7113.7843 0.5499

0.0400

0.0095 7115.0261 0.5499

0.0131

0.0050 7116.4167 0.5499

0.0069

9

0.0245 7112.4157

0.2817 0.0334 0.1019 7113.2940 0.9976

0.0408 7113.8217

0.3606 0.0684

10

0.0206 7112.4821

0.3019 0.0299 0.0847 7113.3414 0.9974

0.0347 7113.8533

0.3358 0.0548

11

0.0233 7112.5177

0.9972 0.0347 0.0871 7113.3397 0.9984

0.0354 7113.8808

1.0074 0.0524

12

0.0225 7112.5013 0.5571

0.0314 0.0783 7113.3258 0.9987

0.0335 7113.8793 0.5571

0.0468

13

0.0314 7112.4355 0.5575

0.0439 0.1383 7113.2374 0.9989

0.0470 7113.7730 0.5575

0.0657

0.0140 7115.0315 0.5575

0.0196

0.0065 7116.3551 0.5575

0.0090

14

0.0263 7112.4052

0.3724 0.0339 0.1129 7113.2959 0.9981

0.0483 7113.7806

0.4999 0.0789

15 0.0250 7112.5385 0.4456 0.0375 0.0879 7113.3044 0.9988

0.0356 7113.8435 0.3503 0.0442

0.0051 7114.8967 0.3503 0.0063

16 0.0210 7112.4846 0.3758 0.0274 0.0794 7113.3184 0.9988

0.0343 7113.8280 0.4517 0.0520

17 0.0305 7112.4785 0.4343 0.0440 0.1200 7113.2472 0.9988

0.0445 7113.7730 0.3779 0.0578

0.0115 7114.8966 0.3460 0.0140

0.0036 7116.2648 0.3357 0.0043

18 0.0230 7112.4626 0.4076 0.0325 0.1014 7113.3143 0.9988

0.0399 7113.8055 0.4076 0.0564

0.0069 7115.0950 0.4076 0.0098

0.0019 7116.3727 0.4076 0.0027


image1.png
Absorption coefficient

0.10

0.6
0.08{

0.06
0.5 0.04
0.02/

0.4 0.004

1400 1300 1200 1100 1000
0.3

0.21

0.1

0.0

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm-1)




image2.png
Intensity {(a.u.)

'AJL /AN NN i WEN

Inclusion
Hematite (RRUFF 050300)

Inclusion
Goethite (RRUFF 050142)

MJ JKNM/\

170 290 410 530 650 770 890
Raman Shift (cm™)

1010 1130 1250





