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Extreme redox variations in a superdeep diamond from a subducted slab
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The introduction of volatile-rich subducting slabs to the mantle may locally generate large
redox gradients, affecting phase stability, element partitioning and volatile speciation!. Here
we investigate the redox conditions of the deep mantle recorded in inclusions in a diamond
from Kankan, Guinea. Enstatite (former bridgmanite), ferropericlase and a uniquely Mg-
rich olivine (Mg# 99.9) inclusion indicate formation in highly variable redox conditions near
the 660 km seismic discontinuity. We propose a model involving dehydration, rehydration,
and dehydration in the underside of a warming slab at the transition zone — lower mantle
boundary. Fluid liberated by dehydration in a crumpled slab, driven by heating from the
lower mantle, ascends into the cooler interior of the slab, where the H>O is sequestered in
new hydrous minerals. Consequent fractionation of the remaining fluid produces extremely
reducing conditions, forming Mg-endmember ringwoodite. This fractionating fluid also
precipitates the host diamond. With continued heating, ringwoodite in the slab surrounding
the diamond forms bridgmanite + ferropericlase, trapped as the diamond grows in hydrous

fluids produced by dehydration of the warming slab.
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Superdeep diamonds from >300 km depth act as inert capsules that can transport material to the
surface without chemical alteration. The majority of these diamonds are associated with subducted

oceanic crust>>

, but others lack the isotopic and elemental signatures characteristic of altered crust
and likely originate from the convecting mantle or subducted oceanic peridotites*®. The Kankan
region of Guinea yields both of these distinct sublithospheric diamond populations, with both
being characterized by the resorbed shapes and low N contents typical of superdeep diamonds
worldwide!. The subset of diamonds with asthenospheric and transition zone inclusions has stable
isotopic characteristics similar to carbonate-rich oceanic crust, while the deeper subset, with an
assemblage principally of ferropericlase and MgSiOs3 (primary bridgmanite found as its low-
pressure polymorph - enstatite) inclusions, has diamond isotopic signatures reflective of a
convecting mantle origin!’-%, While the origin of the asthenospheric and transition zone diamonds
is now strongly tied to melting of carbonated slabs>, the origin of the ferropericlase- and MgSiOs-
bearing diamonds is still controversial'’. Here, we investigate some extreme chemical anomalies
within ferropericlase, olivine and MgSiOs-inclusions recovered from a super-deep diamond from
Kankan, Guinea. The inclusion chemistry confirms that this diamond originates from near the
transition zone/lower mantle boundary and reveals the existence of an extremely variable redox

environment that may have arisen as a stalled oceanic slab (“megalith”!") warms to ambient mantle

temperatures.

Inclusion assemblage. Raman spectroscopy and single-crystal X-ray diffraction (SCXRD)
identified seven non-touching mineral inclusions within Kankan diamond KK203. Four of these
were recovered (the other three were too small) during the diamond breakage and are: olivine,

enstatite, ferropericlase and an epigenetic clinopyroxene.
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Averaged electron probe microanalyses of these four inclusions after diamond breakage are
reported in Table 1. A complete set of analyses for all phases are reported in Supplementary Tables
1 and 2. Enstatite was also analysed by Raman spectroscopy (Extended Data Figure 1). An
additionally recovered clinopyroxene inclusion is compositionally inhomogeneous and considered
either as contamination or as an epigenetic (altered) inclusion and not considered further here.
Unexpectedly, the olivine inclusion is pure forsterite (Mg# 99.9), and currently unique for an
olivine inclusion in diamond.

Similar inclusion associations to those found in KK203 have been explained either as relics of
phase assemblages entrapped at the 660 km transition zone — lower-mantle boundary
(ferropericlase + retrogressed ringwoodite + retrogressed bridgmanite)!?, or involving retrogressed
ringwoodite as a transient retrograde reaction product of bimineralic ferropericlase + bridgmanite
inclusions®. With the present assemblage, all three inclusions were not zoned and X-ray
microtomography (Extended Data Figure 2) showed no fractures from the inclusions to the
diamond surface, indicating the inclusions were neither altered nor late-stage reaction products®.
While ferropericlase and enstatite are spatially almost in contact within the diamond, the olivine
is not. This spatial association may allow for entrapment of the olivine inclusion at a distinct

growth stage.

Super-deep origin of diamond KK203. Single-crystal X-ray diffraction performed on diamond
KK203 allowed refinement of the unit cell of the forsterite inclusion. 81 collected X-ray reflections
(see olivine.tabb reflections file, readable via Crysalis software) gave the following orthorhombic

unit-cell values:

a=4.748+0.014 A, b = 10.32+0.03 A, ¢ = 5.806+0.017 A, V'=284+1 A3
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Such a unit-cell volume is extremely small, considering that, at room temperature and pressure,
Fo99.9 should have a volume of '=290.57 A (e.g., with "'=308.56 —0.1801 x %Fo)'?. A synthetic
sample of Foioo studied by [16] has a volume of 291.15 A3, Thus, olivine in diamond KK203 must
be under a very high residual pressure (Pinc). Lithospheric olivine inclusions in diamond show
relatively low residual pressures with Pinc between 0.4 to 0.6 GPa'*!>. Using the equation of state
for mantle olivine!® and a room pressure and temperature volume of olivine with composition
Fo99.9 equal to 290.57 A3, we can calculate a Pinc = 3.0+£0.5 GPa, or 3.3+0.5 GPa using the volume
of [16]. These are the highest residual pressures ever found for an olivine inclusion in diamond.
Starting from these Pinc estimates, we can determine the minimum pressure of entrapment, Pirap
(which corresponds to the minimum pressure of diamond formation), using the equation of state
of diamond'” and the EosFit-Pinc software'®. The calculation provides an entrapment pressure Pirap
= 9.1£0.7 GPa or 9.6£0.7 GPa at 1,400°C, lying on the mantle adiabat'>?’. This calculation,
however, is based on purely elastic theory and cannot correctly approximate our diamond-
inclusion couple: diamond KK203 underwent extreme plastic deformation, which can be assessed
by comparing the measured unit-cell values with those obtained under hydrostatic compression'¢:
if we individually measure the residual pressures provided by the a, b and ¢ axes, then we observe
extreme differences, with the ¢ axis reaching 14.8 GPa of residual pressure, indicating very strong
deviatoric stresses. Diamond can only show such levels of plastic deformation at temperatures >
1,600 °C?!, which are reached only within the deep transition zone where ringwoodite is stable.
Thus, we are confident that our anomalous olivine inclusion, characterized by such unusually high
residual pressure and deviatoric stress, is a retrogressed ringwoodite. An additional depth
constraint comes from the low AlOs content recorded by the MgSiOs inclusion, which is

consistent with an origin from just below the 660 km discontinuity (~1 wt% Al20s3 for first formed
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bridgmanite at 660 km depth)?2. An origin in metaperidotitic rocks of the deep transition zone
and/or shallow lower mantle aligns with the mantle-like signatures of carbon isotopes in diamond

KK203 (8'3C: —3.9%0>%) and oxygen isotopes of its MgSiOs inclusion (5'%0: +5.3%0%).

The origin of highly magnesian olivine. From the evidence above, we propose that the recovered
olivine inclusion in diamond KK203 is a retrogressed low-pressure polymorph of original high-
pressure ringwoodite. Such olivine inclusions in superdeep diamonds with inclusions of
ferropericlase + former bridgmanite = former Ca-perovskite have been previously reported from
the Rio Soriso, Rio Sdo Luiz and the Juina-5 pipe in Brazil, Kankan in Guinea, and the Panda and
DO27 pipes at Lac de Gras, Canada®*?’. Our olivine (retrogressed ringwoodite) inclusion, however,
shows an extreme Mg#, which may relate to three possible environments: (a) subduction of
serpentinite, (b) extremely oxidizing conditions, and (¢) extremely reducing conditions. Evaluating

these three options;

(a) Oxygen (MgSiOs3 inclusion) isotope measurements of our lower mantle sample indicate
convecting mantle-like signatures®?*, and lack evidence for a seawater exchange expected from a
serpentinite protolith?®. In addition, olivines formed from serpentinite protoliths via dehydration
often have elevated MnO contents®®, which is inconsistent with the low concentrations of
<0.1 wt.% MnO in our sample. A serpentinite protolith for the Mg#-rich olivine in KK203 is,

therefore, considered highly unlikely.

(b) An alternative environment for producing extreme Mg#s in olivine is within subaerial lava

flows, where conditions can be extremely oxidizing. Olivine cannot incorporate ferric iron without
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distorting its crystal structure, so highly oxidizing conditions will either cause fayalite to break
down to laihunite (deformed olivine) and magnetite*®, or to coexist with hematite’!. While these
reactions can produce highly magnesian residual olivine (reported Mg#s < 99.8), they have only
been observed at surficial conditions®!. However, the extremely low NiO (close to the detection
limit) of our forsterite inclusion cannot be explained by oxidation, as highly magnesian olivines
reported from oxidized lavas have equivalent NiO contents to those of lower Mg# olivines from

unoxidized portions of the same flows>!.

(c) Instead, we attribute the inverse relationship between high olivine Mg# and low NiO to
equilibration with FeNi alloys or melts at fo2 conditions more reducing than the iron-wiistite (IW)
buffer®?. The production of silicate minerals with extreme Mg# (99.3-99.8) has been demonstrated
in multiple highly-reducing experiments that involve SiC or metal phases®***. In fact, previous
workers** predicted that nearly pure Mg-silicates would be an indicator of extremely reducing
conditions, 3 — 6 log units fo2 lower than IW. This is much lower than estimates of the fo2 of the
ambient deep mantle, which would be ~1.5 log units below the IW buffer, based on equilibrium

between FeNi metal and an assumed bulk mantle Mg# of ~90°°.

Diamond formation model. Although the highly magnesian olivine in KK203 is indicative of
extremely reducing conditions, neither the other inclusions in KK203, nor inclusions from other
diamonds derived from near the 660 km discontinuity, are extremely magnesian. Indeed, the
majority of the ferropericlase inclusions in Kankan diamonds have high NiO contents, which are
consistent with lower mantle o2 conditions slightly above FeNi metal saturation’. These estimates

are supported by previous Mossbauer measurements of lower mantle ferropericlase from Kankan,
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some of which have indicated fo: conditions approaching the upper limit of diamond stability
(4.3 log units above TW)*"*8, Mossbauer spectra collected on the ferropericlase inclusion in
KK203 show negligible Fe**/ZFe, indicating fo2 conditions near the IW buffer (Fig. 1, Extended
Data Table 1). Thus, considering the full suite of lower mantle diamonds at Kankan, we propose
that the mantle environment near the transition zone/lower mantle boundary sampled by this
diamond suite must locally vary in oxygen fugacity by about 8-10 log units, from Alog fO2 (IW)
~ +4 (typical Kankan diamonds) to ~ —4 to —6.7 (KK203 diamond). We propose that such extreme
variability can be produced in a subducted, warming slab at the transition zone — lower mantle
boundary*, and that the inclusions in KK203 represent two stages of diamond growth.

The extremely Mg-rich ringwoodite forms by reaction of the Fe2Si04 component, sequestering the
Fe into metal via the reaction:

Fe2SiO4 =2 Fe + SiO2 + O2 Eq. 1

under extremely reducing conditions**. Depending on the assumed composition of metal (or metal
melt) and the activity of silica, we calculate the Mg# of the ringwoodite reaches 99.9 at -4 to -6.7
log units below IW (see Supplementary Table 3 for details). If ambient mantle is only 1.5 log units
below IW, how do the required ultra-reducing conditions form? Previous authors** proposed such
reducing conditions can result from extreme fractionation of an H2O-rich C-H-O fluid that initially
is slightly more reduced than a water-maximum composition. In their model, H20O removal from
the fluid by formation of hydrous minerals drives the residual fluid toward the C-H side-line in the
C-H-O system while also precipitating C. We propose that the introduction of lithospheric slabs
into the deep mantle can create the necessary conditions for similar fractionation at the transition
zone — lower mantle region. Subducting slabs can transport H20 in hydrous phases to the transition

zone*, where they can stall and form “megaliths”!'*°, Warming of the stalled megalith by the
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surrounding mantle will cause it to dehydrate. Previous attention has focused on the upper slab-
mantle interface, where the H20 liberated by dehydration in the slab ascends into the overlying,
hotter mantle, in which hydrous phases are unlikely to be stable. However, if the slab buckles upon
reaching the transition zone — lower mantle region as suggested by geophysical modelling*!, then
the hydrated upper section of the slab will be inverted and in contact with the lower mantle, which
will heat the slab from below. Dehydration of that region of the slab will release fluid that escapes
upwards into the cooler interior of the slab, whereupon hydrous DHMS phases — and possibly
hydrous ringwoodite*> — will form, removing H2O from the fluid to drive the necessary
fractionation of the fluid to very reducing conditions. This inner portion of the slab, that remained
comparatively cool as the slab was subducting, would not have been fully hydrated during
subduction and therefore would act as a sponge, soaking up H2O. Any metal formed by pressure-
induced disproportionation in the fluid’s path would also react via:

2Fe (mantle) + H20 (slab) = FeO + FeHx + (1-x/2)H2 Eq. 2%

FeHx (mantle) + H20 (slab) = FeO + (1+x/2)Hz Eq. 3%

The liberation of H2 will shift the fluid H:O ratio above two, as well as release any C dissolved in
the metal into the fluid. Sequestration of H20 into hydrous phases drives the residual fluid towards
the C-H side-line®*, shifting the local fo2 to values much lower than IW. This fluid would react
with ringwoodite of normal Mg# (~90) by reaction 1 above to produce a nearly Fe-free ringwoodite
as well as ~7 wt.% metal. The Oz produced in this reaction would react with CH4 or Hz in the fluid
to form more H20, in turn forming more hydrous phases, reinforcing the fractionation of the fluid
back to the C-H side-line. Reaction with CH4 would also precipitate C, adding to the C produced
as the fluid fractionated by removal of H20 by formation of hydrous phases®*. The carbon may

initially dissolve into the metal formed by ringwoodite reduction, but with continued supply of
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fluid from below, the excess C could precipitate as diamond, entrapping the Mg# 99.9 ringwoodite
(Stage 1 in Fig.s 2 and 3). This extreme composition must be isolated quickly by diamond growth
to prevent re-equilibration by ambient mantle that had not been exposed to the hyper-reduced fluid.
The highly fractionated CHa-Ha-rich fluid will react with Fe?*-bearing silicates or ferropericlase
to form metal + H2O + C as it continues to ascend, returning the local environment to ambient
mantle conditions buffered by metal — silicate equilibria.

The ferropericlase and bridgmanite are trapped in a second stage of diamond growth (Stage 2,
Fig.s 2 and 3) as the diamond sits in a matrix of hydrous metaperidotite and metal near the bottom
of the megalith, floating in the lower mantle!!, consistent with seismic imaging*. Because of the
negative Clapeyron slope of the ringwoodite to bridgmanite + ferropericlase transition, this cool
megalith region, however, still resides in the ringwoodite stability field. Over time, as this part of
the megalith continues to warm, the ringwoodite breakdown reaction sweeps inwards (upwards
into the slab), transforming the metaperidotite surrounding the diamond to a lower-mantle
assemblage (bridgmanite + ferropericlase), as well as destabilizing the remaining hydrous phases
(Fig. 3). The associated densification of the megalith means that more material moves into the
bridgmanite + ferropericlase field by isostatic adjustment. The dehydration attending the heating
of the slab will release a hydrous diamond-forming fluid***, which could react with C-bearing

metal (or metal melt), the dominant host for carbon in low-C mantle'”:

2 Fe (metal) + x C + H20 (slab) =2 FeO + x CHa4 + (1-2x) Ho. Eq. 4

The methane produced in Eq. 4 could facilitate the crystallization of diamond if an appropriate

oxidizing agent is present®”. Recent work has suggested that mantle plumes could provide such an
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oxidizing source*®. Alternatively, the Fe2O3-bearing bridgmanite in the slab could be the oxidizing

source via:

2Fe203 + CH4 = 4FeO + C + 2H20 Eq. 5

where the FeO produced could be a constituent of ferropericlase or bridgmanite.

Implications. Our mineral assemblage tracks the evolution of the mantle in which diamond
KK203 was formed. We suggest that the presence of a pure forsterite end-member olivine
inclusion implies that localized environments of the transition zone — lower mantle region can be
very reducing and metal-rich, albeit possibly only representing the immediate surroundings of fluid
conduits. Such extreme compositions are only likely to be preserved from re-equilibration when

encapsulated into robust and chemically inert diamond hosts.

The dichotomy between a reduced, highly magnesian olivine polymorph and more oxidized and/or
hydrous superdeep inclusions [ferropericlase*’, majorite*®, and ringwoodite*’] reflects extreme
variations in fo2 over time in the same location in the deep mantle, as a result of the warming of
deeply subducted, hydrated slabs. Given the strong influence of mantle fo2 on mantle solidi and
carbon mobility, these extreme fluctuations and their associated local volatile enhancement are
one possible driving force for the production of deeply derived, low-melt fraction magmas such as
kimberlites. Further constraining the scale and magnitude of deep mantle fo2 fluctuations is clearly

important to understand these issues.
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Figure 1: Room temperature Mossbauer spectrum of the ferropericlase inclusion in diamond
KK203 showing that its Fe*/ZFe is negligible and indicating fo, conditions near the IW
buffer. The spectrum was fit to one pseudo-Voigt doublet assigned to Fe** (unshaded) and one
pseudo-Voigt singlet assigned to Fe** (shaded black). Fe**/ZFe was determined to be 0.01(1) based
on relative areas. The inclusion has approximate dimensions 200 x 200 x 100 um®.
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ambient mantle temperatures. Gray dashed line is the ringwoodite = bridgmanite + ferropericlase
reaction. S/= Stage 1: capture of high-Mg ringwoodite by growing diamond. S2 = Stage 2:
encapsulation of bridgmanite and ferropericlase in second stage of diamond growth. Slab
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Figure 3: Diamond growth events through a schematic cross-section of Earth, showing
subducting slab buckling in the transition zone, such that the slab enters the lower mantle
upside down. Figure after [41]. Note that a megalith (a melange of stalled slab at about 660 km
depth) would create an equivalent scenario. Red circle indicates region enlarged in (B) and (C).
Stage 1: Early in slab warming; dehydration near hot Lower Mantle (LM) — Slab interface (light
green crystals). Ascending fluid loses H2O as new hydrous phases form (dark green crystals).
Remaining fluid (darker end of arrows) fractionates to H2O-poor, reducing CHs-H2 compositions
by the removal of H20. This reduced fluid reacts with ringwoodite, driving it to very Mg-rich
composition. Simultaneously, the fluid is precipitating diamond, which encloses a crystal of the
high-Mg ringwoodite (blue), isolating it from further reaction. Dark blue dashed line is the position
of the ringwoodite (above, cooler) to bridgmanite + ferropericlase (below, warmer) reaction. Stage
2: The slab has continued to warm from below, which drives the ringwoodite to bridgmanite +
ferropericlase reaction (dark blue dashed line) upwards into the slab’s interior. The warming also
causes the dehydration front to sweep upwards into the slab’s interior; this dehydration releases
H2O-rich fluid that reacts with iron (small gray blebs) and bridgmanite to precipitate more diamond,
which entraps crystals of bridgmanite and ferropericlase as it grows.
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Methods

X-ray diffraction

Single crystal X-ray diffraction (SCXRD) data were collected at the Department of Geosciences,
University of Padova, using a Rigaku Oxford Diffraction SuperNova single-crystal diffractometer,
equipped with a Dectris Pilatus 200 K area detector and with a Mova X-ray microsource. A
monochromatized MoKa radiation (A =0.71073 A), working at 50 kV and 0.8 mA, was used. The
original reflection data for olivine in KK203 diamond are reported in the olivine.tabb file readable
by CrysAlis Pro software (Rigaku Oxford Diffraction) and is deposited open to public at the

Research Data University of Padova repository: http://researchdata.cab.unipd.it/id/eprint/652.

Micro-Raman spectroscopy

Raman spectra were collected at the Department of Chemical Sciences, University of Padova,
using a Thermo Scientific DXR Raman Microscope with a 532 nm laser. The analyses used a 50x
objective with 2.5 cm™! spectral resolution and 10 mW of power on the sample. The system was

set at 900 lines/mm grating.

X-ray microtomography
Tomography images were collected on beamline 13-BM-D of the GeoSoilEnviro Center for
Advanced Radiation Sources (GSECARS), Advanced Photon Source (APS), USA. Collection

times with a monochromatic beam with an energy of 28.9 keV were about 15 min°.

Electron probe microanalysis
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Electron probe microanalysis of the olivine and enstatite inclusions were collected using a JEOL
JXA-8900R with 5 wavelength dispersive spectrometers at the University of Alberta. The beam
energy was 20 keV with 30 nA of beam current and 2 um diameter. The counting time was 20 s
for Si Ka, Fe Ka, Mn Ka, N1 Ka, Zn Ka, 30 s for V Ka, T1 Ka, Cr Ka, 40 s for Na Ko, K Ka, Ca
Ka, Mg Ka, and 120 s for Al Ka. The olivine with Mg# of 99.90 was rerun using a Cameca SX100
to reduce detection limits and analyse for additional elements. The beam energy was 20 keV with
40 nA of beam current and 5 um diameter. The counting time was 60 s for all elements. Electron
probe microanalysis of the ferropericlase fragments were collected using a Cameca SX100. The
beam energy was 20 keV with 30 nA of beam current and 2 um diameter. The counting time was

20 s for all elements.

Mossbauer spectroscopy

Mossbauer spectra were collected on the two largest ferropericlase inclusions after diamond
breakage. Spectra were recorded at room temperature in transmission mode on a constant
acceleration spectrometer with a nominal 370 MBq *’Co point source in a 12 um thick Rh matrix.
The velocity scale was calibrated relative to 25 pm thick a-Fe foil; line widths of 0.36 mm/s for
the outer lines of a-Fe were obtained at room temperature. Spectra were collected for between one

and ten days.

Calculation of fo: for Mg# 99.9 olivine polymorph

Authors**! predicted that extremely Mg-rich silicates would be stable at conditions more reducing

than those of the IW buffer. For example, Fig. 3 of [34] shows that olivine with Mg# 99.9 would
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be stable at ~3.5 log units below IW at 10 GPa, coexisting with orthopyroxene, diamond, and a

FeSiC alloy.
At these reducing conditions, the ferrous iron in the silicate is reduced to iron metal:
Fe2Si04 =2 Fe + SiO2 + O2

The equilibrium constant for this reaction is given by:

2
AFelsio, fo,

Qre,sio,

And the f02 would be given by:
log f0, = logage,sio, — 2logag, — logas;p, — ArnG®/(2.303RT)

The requisite thermodynamic data to calculate the A,,,, G° term were taken from version ds634 of
the THERMOCALC database®?. Quantifying the fo: that will stabilize olivine, wadsleyite, or
ringwoodite with an Mg# of 99.9 requires values for ar. for the alloy or melt, and ag;,. For the
former, we explored a range of possibilities using pure iron as one extreme, as well as activities
estimated for the range of metal melt compositions> following the methodology of [54] and [55].
We tried to constrain ag;o, by considering a range of possibilities, the most extreme being that
pure SiO2 might precipitate in the reaction in a localized environment. We also considered two

possible reactions that might be appropriate for defining the ag;,
2 Mg2Si04 + 2 Si02 = Mg3(MgSi)Si3012 (majorite)
Mg>Si0O4 = 2 MgO (ferropericlase) + SiO2

In turn, these required assumptions regarding possible compositions of the majorite for the first
reaction and the ferropericlase for the second. We explored a range of possibilities at conditions
of 10, 15, and 20 GPa, at temperatures of 1,200°, 1,400°, and 1,800°C as detailed in Supplementary
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Table 3. This range of pressures spanned the stabilities of olivine (10 GPa), wadsleyite (15 GPa)
and ringwoodite (20 GPa). We used the solution models of [35] for olivine, wadsleyite,
ringwoodite, and ferropericlase in our calculations, supplemented by an ideal solution model for

majorite.

As shown in Extended Data Figure 3, these calculations produce a range of possible conditions
from ~4 to ~6.7 log units lower than the IW buffer curve, essentially independent of temperature
or pressure. The latter implies the polymorph of (Mg,Fe)2Si04 does not have a significant influence

on these results. In all cases, the “¥” is the result for pure iron and pure SiO.

Data availability: The original reflection data for olivine in KK203 diamond,
Supplementary Table 1, Table 2 and Table 3 were deposited with the EarthChem as:

Nestola, F., Regier, M., Luth, R. W, Pearson, D. G., Stachel, T., McCammon, C. A., Wenz, M.
W., Jacobsen, S. D., Anzolini, C., Bindi, L., Harris, J. W., 2022. Experimental and calculation data
KK203 diamond, Version 1.0. Interdisciplinary Earth Data Alliance (IEDA).
http://doi.org/10.26022/IEDA/112541.
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Table 1. Electron Probe Microanalyses for inclusions in diamond KK203. All values are average analyses
(ox wt% = oxide weight %; a.p.f.u. = atoms per formula unit).

Ferropericlase* Olivine Enstatite* High-Ca pyroxene

ox wt% a.p.fu ox wt% | a.p.fu ox wt% | a.p.fu. ox wt% | a.p.fu.
SiO, bdl bdl 42.12 0.998 57.56 1.971 50.69 1.858
TiO, bdl bdl bdl bdl bdl bdl 0.13 0.004
ALOs bdl bdl bdl bdl 0.32 0.013 7.63 0.330
Cr 03 0.30 0.002 bdl bdl 0.38 0.010 0.60 0.017
FeO 20.98 0.131 0.10 0.002 2.68 0.077 2.57 0.079
NiO 1.33 0.008 bdl bdl bdl bdl 0.05 0.002
MnO 0.17 0.001 0.02 0.000 0.10 0.003 0.09 0.003
MgO 76.69 0.857 56.64 2.001 38.01 1.940 14.96 0.818
CaO bdl bdl bdl bdl 0.08 0.003 20.68 0.812
Na,O 0.04 0.001 bdl bdl 0.02 0.001 1.19 0.038
Total 99.51 1.000 98.88 3.001 99.15 4.018 98.59 3.961
Mg# 86.7 99.90 96.2 91.2
*average of multiple fragments; bdl = below detection limit. High-Ca pyroxene is zoned and therefore likely represents
a non-primary, reacted multi-mineralic phase. ZnO, V,03, and K,O were analysed in all inclusions, plus Co, Cu, and P
in olivine, but all were below detection limit. P was also checked for ferropericlase but it was below the detection limit.

Extended data Figure/Table legends
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Extended Data Figure 1. Raman spectrum of enstatite measured in diamond KK203 (in blue solid
line). Reference spectrum of enstatite is in solid red line (RRUFF ID: R070641). The data
reduction software is OMNIC 9 (Thermo Fisher Scientific Inc.).

Extended Data Figure 2. X-ray tomographic image of KK203, collected at GSECARS, showing
no cracks leading to inclusions. Entire diamond could not fit into field of view.

Extended Data Figure 3. Calculated values of log fo2 relative to the IW buffer at 10, 15, and 20
GPa and 1200, 1400, and 1800°C necessary to stabilize a (Mg,Fe)2SiO4 polymorph with Mg# =
99.9. The different values at each condition reflect the range of assumed activities of Fe and SiO2
(see text for details). The stars denote the case with both activities equal to one. See tabulated
values in the accompanying spreadsheet for details of the calculations.

Extended Data Table 1. Hyperfine parameters of ferropericlase from KK203 determined from
room temperature Mossbauer spectrum.
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