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Hydrous peridotitic fragments of Earth’s mantle
660 km discontinuity sampled by a diamond
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The internal structure and dynamics of Earth have been shaped by the 660 km boundary between the mantle transition zone
and lower mantle. However, due to the paucity of natural samples from this depth, the nature of this boundary—its composi-
tion and volatile fluxes across it—remain debated. Here we analyse the mineral inclusions in a rare type laB gem diamond
from the Karowe mine (Botswana). We discovered recovered lower-mantle minerals ringwoodite + ferropericlase + low-Ni
enstatite (MgSiO;) in a polyphase inclusion, together with other principal lower-mantle minerals and hydrous phases, place
its origin at ~23.5 GPa and ~1,650 °C, corresponding to the depth at the 660 km discontinuity. The petrological character of the
inclusions indicates that ringwoodite (~Mg, ;,Fe,.:5i0,) breaks down into bridgmanite (~Mg,q;Fe,,,5i0;) and ferropericlase
(~Mg, s.Fe,160) in a water-saturated environment at the 660 km discontinuity and reveals that the peridotitic composition and

hydrous conditions extend at least across the transition zone and into the lower mantle.

in density and seismic wave velocities, is one of the global
structures of our planet that controls heat and mass exchange
between the surface and the deep interior. It is commonly accepted,
on the basis of petrological evidence and laboratory observations,
that the mantle transition zone (TZ), starting from ~410km,
is dominated by wadsleyite and ringwoodite, which have high
water-storage capacities of 0.8—-1.5wt% H,0%?. At ~660km depth,
ringwoodite, (Mg,Fe),SiO,, the dominant TZ mineral between 520
and 660km depth, disproportionates into bridgmanite (Mg,Fe)
(Si,Al)O; and ferropericlase (Mg,Fe)O°®. The water-storage capac-
ity of these lower-mantle (LM) minerals is much lower than that
of wadsleyite or ringwoodite and shows a strong correlation with
chemical compositions ranging from 100 ppm at ~25 GPa for pure
Mg-bridgmanite*® to 2,000 ppm for Al- and Fe-bearing bridgman-
ite at similar conditions>®. The transportation of water beyond this
region is critical to understanding of the global water cycle, as well
as the compositional nature of the 660 km discontinuity.

However, it remains uncertain whether the chemical composi-
tion through the TZ-LM boundary is homogeneous or distinctly
stratified’-°. Geochemical analyses of the basaltic products of
mantle melting in the upper mantle’ and elasticity measurements
on Al-bearing bridgmanite at LM conditions® suggest composi-
tionally distinct upper and lower mantles. The compositional
difference would not only affect partitioning of water and trace
elements between the LM mineral assemblage'’, but also play a
role in the thermal stability of ringwoodite'* and associated min-
erals'?. Recent small-scale seismic tomography data reveal rugged
structures at the TZ-LM boundary*3, suggesting regional chemi-
cal differences between the upper and lower mantles. Therefore,
a partially restricted mantle circulation, alternating between lay-
ered and whole-mantle convection, raised questions about the
compositional nature as well as the role that water plays at the
660 km discontinuity.

T he 660 km discontinuity, demarcated by the abrupt changes

Direct samples from Earth’s TZ and LM are rather scarce.
Diamonds are one of the main sources that deliver samples from the
most inaccessible regions to the surface. Inclusions enclosed by dia-
monds such as ice VII*, the hydrous phase EGG (AISiO;(OH)** and
ringwoodite with 1.5wt% water' indicate water saturation in the
TZ around where diamonds form. However, it is unclear whether
these samples represent a local water-saturated condition or an
environment throughout the region. Although a few diamonds
show ferropericlase, enstatite (former bridgmanite) and olivine
(former ringwoodite) as isolated inclusions or in composite pairs*’
(Extended Data Fig. 1), these phases have never been reported all
together as one single inclusion in assemblage, and whether these
retrogressed mantle phases have a direct link with a hydrous envi-
ronment was ambiguous.

Unearth a rare polyphasic mineral inclusion

In this Article, we report an intimate mineral assemblage found
in a rare type laB, 1.5carat, D colour, polished gem diamond from
the Karowe mine, Botswana (Methods and Extended Data Fig. 2).
Within the diamond, except for a milky cluster (inclusion 3) com-
posed of sub-micro-sized inclusions, a total of 12 composite and
single-phase inclusions are visible (Supplementary Fig. 1), which
were examined by micro-Raman spectroscopy and X-ray diffrac-
tion, including several that were exposed using a polishing wheel
and Ar milling polisher at the surface for electron microprobe anal-
ysis (Supplementary Table 1).

Strikingly, among these inclusions, the diamond shows a min-
eral assemblage with ringwoodite in contact with ferropericlase and
enstatite (probably a polymorphic inversion from bridgmanite),
which marks a scenario when ringwoodite began to break down
into ferropericlase and bridgmanite at the TZ-LM 660 km bound-
ary. This assemblage, observed within inclusion 5 (Fig. 1), displays
an opaque centre (~30um; Fig. 1) on the up-front side with an
iridescent blue colour, which is often observed on ferropericlase,
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Fig. 1 | Photomicrographs of inclusions within a type iaB gem diamond from the Karowe mine, Botswana. a, Inclusion 5, imbedded in the diamond below
the surface, containing the assemblage hydrous ringwoodite (Rw) + enstatite (En) + ferropericlase (Fp). The smaller inclusion (Inclusion 5b) contains
enstatite+olivine + magnesite (Supplementary Databases). Field view is 0.91mm. b, Scanning electron microscope images of inclusions 1b and 1c, with
the main grains containing enstatite. ¢, Enlarged image of exposed ringwoodite grains.

partially surrounded by a transparent inclusion portion of ~80 um.
At the boundary between the opaque and transparent portions of
the inclusion, ringwoodite was identified by micro-Raman spec-
troscopy. The Raman bands at 803 and 839 cm~! correspond to the
asymmetric (T,,) and symmetric (A,,) stretching vibrations of SiO,
tetrahedra in ringwoodite'® (Fig. 2a). Single-crystal X-ray diffrac-
tion, performed on the whole inclusion, identified ferropericlase
and enstatite (unit-cell parameters in Supplementary Table 2). X-ray
diffraction spots assigned to ringwoodite are weak due to the very
small crystal size (probably <10 microns). However, reflections at
2.02A, 2.43A and possibly 2.81 A are not overlapping with dia-
mond, ferropericlase or enstatite (Supplementary Fig. 2) and are
confidently assigned to ringwoodite.

Moreover, in the same Raman spectrum that ringwoodite is
detected, we also observe a strong band at ~3,673 cm~t and a weaker
but distinct band at ~4,090cm™! (Fig. 2b). The 4,090 cm-* peak is
potentially due to the H-H stretching vibration in molecular H,
dissolved in the lattice structure of ringwoodite, which has been
observed in high-pressure experiments in olivine, orthopyrox-
ene, clinopyroxene and garnet under reducing conditions®, and in
omphacites from eclogites in Kaapvaal craton?, but has not previ-
ously been reported in ringwoodite. The 3,673 cm band is con-
sistent with OH stretching mode with H located at the edge of an
octahedral silicate site’! or in a hydrous mineral phase such as bru-
cite, serpentinite or talc with their OH stretching close to this region
(Fig. 2b), which probably retrogressed from the hydrous mineral
coexisting with ringwoodite or precipitate from the dehydration and
breakdown of hydrous ringwoodite when the diamond was brought
up to the surface. However, in the X-ray diffraction patterns, at least
one diffraction peak consistent with brucite is observed in inclu-
sion 5 (Supplementary Fig. 3). Therefore, a strained anisotropic
brucite grain could possibly account for the origin of the OH peak
at ~3,673cm™, with its peaks at the low-frequency region almost
invisible due to their intensities being less than ~20% of that of OH
stretching. Diamond anvil cell experiments? simulating mantle
downward flow demonstrated that brucite forms when hydrous
ringwoodite is quenched to ambient condition under H,O saturated
conditions, which is similar to the scenario when the diamond is
brought up to the surface transiently through explosive eruption. In
our diamond, no growth zones or fractures extending to the surface
have been observed under cathodoluminescence (Supplementary
Fig. 5) around inclusion 5, which exclude the secondary or pre-
cursor origin of this inclusion. Although the ringwoodite grain in
inclusion 5 is too small for Fourier-transform infrared spectroscopy
(FTIR) study and the Raman signal of OH in ringwoodite at the Mg
site from ~3,000 to 3,600cm is not clear for a quantitative study
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Fig. 2 | raman spectra of inclusion 5. a, The low-wavenumber range,
between 300 and 1,200 cm™. The spectra in solid lines represent
ringwoodite in inclusion 5. For comparison, the spectra of synthetic
hydrous Fog, ringwoodite (run SZ9901 (ref. %)) is shown in the dashed
line. b, OH stretching and potentially molecular H, are observed in the
high-wavenumber range.Source data

of H,0O content in this inclusion, the coexisting H vibration places
the origin of the entrapped hydrous substance near the 660 km
discontinuity.

other mantle slivers captured by this diamond

Beyond the polyphase inclusion 5, the 11 composite and single-phase
inclusions in the diamond provide a more comprehensive petro-
logical picture at this region. These inclusions were identified by
Raman spectroscopy (Supplementary Databases and Extended Data
Fig. 5) and X-ray diffraction (Supplementary Tables 1 and 2 and
Supplementary Figs. 2—4) as enstatite, ringwoodite, ferropericlase,
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Fig. 3 | Photomicrographs of major inclusions in the 1.5 carat diamond investigated in this work, in addition to inclusions 5 and 11. Inclusions 1(a—c) and
2b, colourless and transparent, were identified as enstatite by micro-Raman spectroscopy (Supplementary Databases 1 and 3). Inclusion 1b also shows
some minor portions of ringwoodite coexisting with enstatite (Supplementary Database 1). Inclusion 2a is a biphasic inclusion with enstatite in contact
with a further grain of ringwoodite (showing the two typical peaks at approximately 806 and 840 cm™?; Supplementary Database 2). Raman spectroscopy
performed on inclusion 2c showed bands corresponding to coesite and possibly phase D (Extended Data Fig. 5). In the same Raman spectrum, two peaks
at 822 and 857 cm™ are assigned to olivine as a back transformation from ringwoodite (Supplementary Database 4). Raman spectroscopy on inclusion 4
(Supplementary Database 5) indicates the presence of enstatite. However, an intense and broader band centred at ~780-800 cm™ could be attributed to a
mineral with perovskite structure. Colourless and small (<50 um) inclusion 6 was identified as enstatite (Supplementary Database 6). The small inclusion
8 (Supplementary Database 7) is identified as enstatite. Inclusion 10 is a large (~200 um) pseudo-hexagonal grain with a strong iridescence, which was
identified by X-ray diffraction as ferropericlase. Note that bulk modules, component ratios and geometries of minerals will all affect the deformation and
retrogression process of mineral inclusions in the diamond, and the high-pressure polymorph of the inclusions will not always be preserved. Field views of
each image from inclusions 1, 2, 4, 6, 8 and 10 are 1.10, 0.96, 0.92, 1.20, 0.91 and 1.03 mm, respectively.

coesite (former stishovite) and perovskite-type mineral (Fig. 3 and
Extended Data Figs. 3 and 4). Moreover, in inclusion 2c, coesite,
which is probably derived from its high-pressure polymorph stisho-
vite, is detected, accompanied by partially retrogressed ringwoodite,
enstatite and ferropericlase (Supplementary Database 4). In addi-
tion, a few diffraction reflections, 4.13 and 4.30 A (Supplementary
Fig. 4), which do not overlap with coesite or ringwoodite/enstatite/
ferropericlase (Supplementary Table 1), have been detected.
Considering a few unassigned Raman peaks in the region of 300-
1,000cm* at ~787, 735, 626 and 370cm™, in addition to the band
at 2,849 cm! (Extended Data Fig. 5), we could attempt an assign-
ment of these features to phase D. Moreover, we found a diffraction
peak at 2.99 A that could be the most intense peak of Phase D ((101)
reflection)?®. The occurrence of coesite has been observed from the
breakdown of hydrous ringwoodite in a pyrolitic composition?, and
it was often observed accompanied by dense hydrous magnesium
silicate (DHMS) phases in a hydrous ringwoodite system?® or vari-
ous compositions with MgO-SiO,—~Al,0;~FeO-H,0 (ref. *?).
In addition to being in inclusion 5, ringwoodite was detected

in inclusions 1b, 2a and 2c (Supplementary Databases 1 and 2).
Importantly, four micrometre-sized grains (1-4 um) were exposed
during the final step of Ar milling and polishing near inclusion 1b
(Fig. 1c). The two largest grains were analysed by electron micro-
probe analysis (EMPA), providing a composition of ~Mg; gF€;155i0,,
consistent with that of ringwoodite (Supplementary Table 3). Two
enstatite inclusions, 1b and 1c (Supplementary Table 4), were also
exposed and show nearly identical chemical composition (Mg gs
Fe0.067C10.004MNg 003 Ti0.003NA0.002) (Sio.g76Aloc24)Os - (hereafter  indicated
as (MgogsFeqo7)SiO5), which is consistent with the calculated com-
position of enstatite in inclusion 5 based on the equation of state
and the unit-cell volume variation along the enstatite—ferrosilite
binary join (Methods). These two enstatite crystals have NiO below
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the detection limit, which is consistent with its high-pressure poly-
morph bridgmanite formed in equilibrium with ferropericlase, and
a higher partition of Ni (Kp.y;) in ferropericlase versus bridgmanite
is expected with depth®. The equilibrium is also readily reflected
by the Ni content in ferropericlase of the exposed inclusion 11
(Extended Data Fig. 4), with chemical composition (MgygsFe€g1s
5Ni.012Na 003Cr000sMNg001)O  (hereafter indicated as MgggiF€0160)
(Supplementary Table 5). The Ni content is relatively high com-
pared with that in ferropericlase enclosed by super-deep diamonds
from other localities such as Juina, Kankan and Koffiefontein
(Supplementary Fig. 1). The presence of multiple isolated ring-
woodite, ferropericlase and enstatite grains in this diamond rein-
forced that the phase equilibrium observed in inclusion 5 is at the
boundary of the 660 km discontinuity as the isolated ringwoodites
can hardly reach equilibration at a lower pressure with the reaction
of bridgmanite and ferropericlase.

The small sizes of the inclusions and their polyphase nature, as
well as the potential loss of mineral sets when the diamond was
faceted, restrict the ability to estimate mineral proportions and
reconstruct the bulk composition of the protolith. However, the
relatively abundant ferropericlase implies that the protolith of the
inclusions captured by this diamond should have a relatively high
Mg/Si ratio (>1). Moreover, the partition coefficient of Fe between
bridgmanite and ferropericlase in this sample, which is calcu-
lated as 0.39 (Methods), shows a good match with that observed
in a pyrolitic composition?”?. On the basis of the thermodynamic
expression describing the free energy change of the ion exchange
reaction between bridgmanite and ferropericlase at equilibrium at
~24-25 GPa (ref. 2°) (Methods), we calculated the temperature cor-
responding to the Fe partition ratio, which is about 1,655 (+200) °C,
consistent with the geotherm at a depth of 660km, and it pro-
vides a further constraint that enstatite would more likely be the



Articles Nature GeoscieNce

retrogressed phase of its high-temperature precursor bridgmanite
instead of akimotoite (Extended Data Fig. 7). The relationship of
Fe—Mg partitioning data and the Al content in bridgmanite also
falls in the range of the results at ~24 GPa constrained by laboratory
experiments (Extended Data Fig. 6)*°.

Hydrated nature of the 660 km discontinuity

The phase transition pressure of ringwoodite to bridgmanite has
been constrained in previous laboratory experiments. Despite
the broad range of discrepancies due to technical challenges, it
has recently been reconciled by in situ experiments using a pre-
cise internal MgO pressure scale, and a transition pressure of

~23.51-24.07 GPa at ~1,472 °C for y-Mg,SiO, without Fe or Al was
obtained*’. In a pyrolitic system, with the effects of incorporated
cations such as Fe, Al and Ca, the transition pressure of ringwood-
ite was observed at ~23.5-24.5GPa at ~1,600 °C, with a negative
Clausius—Clapeyron slope?*®. By contrast, the majorite—bridgman-
ite transition boundary has a positive Clapeyron slope?; therefore,
majorite is more stable at a higher temperature in a pyrolitic system.
With a pure MgSiO; bulk composition, the majorite-to-bridgmanite
transition can occur as low as ~21 GPaat ~1,600 °C (ref. *%); however,
the Al content has a strong effect on the majorite-bridgmanite tran-
sition pressure, which is ~23.5 GPa with ~3.6 wt% Al,O; in the bulk
pyrolitic system?* and ~24.5 GPa with ~4.5wt% bulk Al,O; (ref. %),
both at 1,600 °C (Extended Data Fig. 7). The mineral assemblages
as well as the absence of majorite and the relatively low Al content
in bridgmanite in our sample can match with a slightly depleted
peridotitic composition at pressure ~23.7 GPa and temperature

~1,650 °C (Extended Data Fig. 7).

The petrological nature of the inclusions enclosed by this dia-
mond therefore provides a coherent evidence of its origin from
the 660 km discontinuity. The occurrence of ringwoodite together
with the hydrous phases indicate a wet environment at this
boundary. Although the formation of upper-mantle diamonds is
often associated with the presence of fluids, super-deep diamonds
with similar retrogressed mineral assemblages rarely have been
observed accompanied with hydrous minerals'’. The coexistence
of hydrous minerals with enstatite, ferropericlase and ringwood-
ite/olivine in this diamond further constrains the source of water
is from the dehydration of ringwoodite; thus, a backward origin
of ringwoodite from the reaction of bridgmanite and ferroperi-
clase in a much deeper realm would be less likely due to the low
water-storage capacity of bridgmanite and ferropericlase*®. The
water-saturated condition is also reflected by the presence of mag-
nesite near inclusion 5 (Supplementary Database 13), which could
have been produced when the released water from ringwoodite
interacted with carbonaceous material in deep Earth. However,
the absence of the independent hydrous or carbonate minerals
slims the possibility of the presence of an external aqueous fluid
that is often associated with upper-mantle diamonds. The occur-
rence of hydrous phases such as brucite and DHMS phases with
coesite balance the Mg/Si ratio in the system, rendering coesite
a plausible phase in an ultramafic rock. The possible presence of
phase D could potentially partition Al in the peridotitic system.
Experimental studies revealed that Al shows a strong partitioning
into DHMS phases with K around 10-15 at this depth®**, which
means up to ~10% wt% Al,O, could partition into phase D given
that ~1.2 wt% Al was detected in enstatite (former bridgmanite).
Incorporation of Al in DHMS phases substantially enhances their
stabilities at high temperature, and the thermal stable tempera-
ture of phase D can reach 1,600°C at 24 GPa in a MgO-SiO,—
Al,O;—H,0 system with only 1wt% Al in the bulk composition®?.
The occurrences of the hydrous minerals with the principal LM
phases in a peridotitic mantle could potentially be the source of
the seismic heterogeneity observed at the 660 km discontinuity®.
Even though a local H,O enrichment was suggested for the mantle

TZ based on the previous ringwoodite finding®, the ringwoodite
with hydrous phases, reported here—representative of a hydrous
peridotitic environment at the TZ-LM boundary—indicates a
more broadly hydrated transition zone down to and cross the
660 km discontinuity.
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Methods

FTIR spectroscopy. FTIR spectroscopy was conducted at Gemological Institute
of America’s New York lab using a Thermo Nicolet iS50 spectrometer equipped
with XT-KBr beam splitters and an MCT-A detector. Absorption spectra were
collected covering the 11,700-600 cm™* range. Background spectra of 32 scans were
recorded before the analytical session. Spectra were collected with a resolution of
1cm-. Instrument and sample chambers were purged with dried air to minimize
absorption features from atmospheric water. Spectra were normalized on the
basis of the height of the two-phonon absorption in diamond. The infrared

active nitrogen concentration of this diamond (Supplementary Fig. 2), calculated
from absorption coefficients at 1,282 cm (ref. *°), is approximately 66 ppm.

The aggregation of B centre nitrogen is 100% as the A centre nitrogen (two
neighbouring nitrogen atoms) was not detected. Pure type IaB diamonds are often
associated with diamond suites of super-deep origin®’.

Single-crystal X-ray diffraction. X-ray diffraction measurements were performed
using a Rigaku—-Oxford Diffraction Supernova single-crystal diffractometer
installed at the Department of Geosciences at the University of Padova. The
instrument is equipped with a micro-X-ray source, MoKa, operating at 50 kV

and 0.8 mA and with a Pilatus 200 K Dectris detector®. The beam size was

120 um during the analyses, and the sample-to-detector distance was 68 mm.

Data collections were done on inclusions using a 0-360° rotation along the phi
axis with exposure times between 10 and 300 seconds depending on the size

of the inclusions. Data collected on inclusions suitable for X-ray diffraction
measurements are reported in Supplementary Table 2.

Micro-Raman spectroscopy. Micro-Raman microscopy was performed on a
Renishaw Invia Raman Microscope at the Gemological Institute of America. Laser
output power was set to 17 mW and an 1,800 linesmm grating was used. A He—
Ne laser was used, with a wavelength of 632.8 nm. The choice of laser was in part
to avoid the luminescence peak from the diamond defect with zero-phonon line at
536 nm corresponding to a Raman shift at ~800 cm-* that occurs when a 514.5nm
laser is used. Lenses with magnification of x50 and x20 and 0.55 numerical
aperture were used. Raman shift was calibrated by a silicon standard with its
diagnostic peak at 520.5cm™.

Raman spectra collected at Northwestern University were obtained using a
custom-built, confocal optical path with Olympus-BX microscope, Melles Griot
458 nm solid-state laser, Andor Shamrock 0.3-m-focal-length spectrograph with
1,200 linesmm-* grating, Andor Newton DU970 CCD camera, x100 objective and
3-6mW of laser power at the focal spot.

Microprobe analyses on inclusion 1 and inclusion 11. Enstatite inclusions were
exposed by micro-diamond-imbedded polishing disk at Gemological Institute of
America. The whole diamond was mounted in epoxy for ion milling and analyses.
The ferropericlase and enstatite inclusions were initially 30-40 um below the
surface of the host diamond with a non-flat surface apparently bearing debris
from routine gem polishing. They were thinned using a Hitachi lon Mill Polisher
IM4000Plus, resulting in a smooth surface, with less than 0.5-1.0 um difference in
surface depth relative to host diamond. Ferropericlase and its standards as well as
enstatite inclusions were Ir coated with a thickness of 1 nm with a Leica ACE600
high vacuum-sputter coater. The standards for enstatite had been previously coated
with 20 nm of carbon.

EMPAs were performed at the Department of Geoscience, University of
Wisconsin—Madison, using eithera CAMECA SX51 or a CAMECA SXFiveFE
electron probe, operating at 15kV or 6 kV, and a 20 nA Faraday beam current
with a fixed tight beam. For ferropericlase Mg Ka and O Ka measurements were
performed with the SX51 at 6 kV to minimize the matrix correction (mainly
to reduce the absorption correction, from 60-70% to ~10%), and an oxygen
jet (pressure 1 x 10-* Pa) with LN-chilled cold plate were used to minimize
hydrocarbon contamination. All the other elements were measured at 15KkV.
The enstatite and the ringwoodite were analysed with the SXFiveFE. For
enstatite, 15 kV with 20 nA Faraday beam current was used. For ringwoodite,
both 15kV and 10 kV with 20 nA Faraday beam current were used. The issue of
low overvoltage for the Fe Ka line results in a much larger analytical error for
Fe (and not for Mg and Si), which was calculated as +15%. Counting time per
ng;pﬁgygsf 10 seconds on the peak and 10 seconds on the combined background

For wavelength-dispersive spectroscopy of ferropericlase, the following
analyser crystals were used: PCO (45 A) for O Ka; TAP for Na, Mg, Al and Si
Ka; PET for K, Ca, Ti, Cr and Mn Ke; and LiF for Fe and Ni Ka. The PAP matrix
correction and MAC30 mass absorption coefficients were used in the data
treatment. Standards used were MgO, Fey:»,0, Cr,0;, NiO, MnSiO; and albite (Na,

00 RSSO (/066 101 PR BRETS @ BB oL
points were set up and automated on the ferropericlase and enstatite, with ~6 um
spacing. We attempted to measure other elements in ferropericlase (Ca, K and Ti)
but they were below detection.

For wavelength-dispersive spectroscopy of enstatite, the following analyser
crystals were used: LTAP for Naand Mg; TAP for Al and Si Ka; LPET for Ca and

Ti Ka; LiF for Fe and Mn Ka; and LLIF for V, Cr and Ni Ka. The Armstrong—Scott
Love matrix correction and associated mass absorption coefficients were used in
the data treatment. Standards used were jadeite for Na and Al, synthetic enstatite
for Mg and Si, augite for Ca, haematite for Fe, TiO, for Ti, tephroite for Mn, Cr,O,
for Cr, and V and Ni metals for those elements. Detection limits (element wt%)

for the low-abundance elements are as follows: Na (0.01), Al (0.01), Ca (0.01), Ti
(0.01), Mn (0.02), V (0.02), Cr (0.02), Ni (0.02), Mn (0.018); V and Ni were below
detection.

For wavelength-dispersive spectroscopy of ringwoodite, the following analyser
crystals were used: LTAP for Mg, TAP for Si Ka, LPET for Ca Ka, LiF for Fe and
Mn Ka, and LLIF for Cr and Ni Ka. The Armstrong—Scott Love matrix correction
and associated mass absorption coefficients were used in the data treatment.
Standards used were synthetic forsterite for Mg and Si, augite for Ca, haematite for
Fe, tephroite for Mn, Cr,O, for Cr, and Ni metal for Ni. Detection limits (element
wt%) for the low-abundance elements are as follows: Ca (0.01), Mn (0.06), Cr
(0.04) and Ni (0.06); Ca, Cr and Ni were below detection.

Calculation of the residual pressure P, for ferropericlase and the composition
of enstatite in inclusion 5. Ferropericlase is stable at most pressure and

temperature conditions in the mantle and, therefore, when observed as an isolated
mineral inclusion is not considered an unambiguous indicator of a super-deep
origin®. The presence of ringwoodite in the phase assemblage, however, confirms
the super-deep origin of the diamond. The pressure exerted by the diamond

host on the inclusion when the diamond is at room pressure is generally referred

to as the residual pressure, P;,.. Here we can calculate the Py, of ferropericlase
ininclusion 5 as in ref. “°, assuming the same composition of inclusion 11 (a
homogeneity often observed within super-deep diamonds® ). To calculate P,

we used EosFIT7-GUI software® and the elastic properties for the ferropericlase
inclusions obtained by fitting the original pressure~volume-temperature (P-V-T)
data® up to 2,000 K and 50 GPa. Using a third-order Birch—-Murnaghan equation of
state combined with a Berman-type thermal expansion, we obtained an isothermal
bulk modulus K, =162(14) GPa.

Using the chemistry of ferropericlase of inclusion 11, a unit-cell volume at
room pressure equal to 75.80 A® (based on equation X, =8.441 x a(A)-35.553,
valid for stoichiometric ferropericlase-magnesiowiistite at room pressure*) was
obtained. As the volume of ferropericlase of inclusion 5 is 75.20 A* (Supplementary
Table 2), we can estimate that the difference in volume is 0.60 A2, Using the
preceding bulk modulus, a P;,.=1.31 GPa can be determined for inclusion 5.

Enstatite in inclusion 5 has a unit-cell volume V' =825.1 A® (Supplementary
Table 2). Assuming the P;,. =1.31 GPa determined on ferropericlase (which is
in contact with this enstatite) and using a bulk modulus K,r=105.8(5) GPa and
its first pressure derivative K* =8.5(3) for enstatite’, we can calculate that the
enstatite inclusion should have, at atmospheric pressure, a volume V= 834.9A2.
This volume is consistent with an enstatite having an approximate composition
equal to Mg, e:Fe,4;SiOs. This composition is obtained using the unit-cell volumes
for different compositions between pure MgSiO; and Mg, ssF€;,4.SiO; from the
literature’==* (which gives the following linear relationship: V (A%) =-0.4502 x En
(mole fraction x 100) +876.73 and VV=834.9 A?). Note that this calculation
does not consider the possible presence of Al in the former bridgmanite, which,
however, should be small (0.02 pfu)?"=2.

Calculation of the Fe partition coefficient between bridgmanite and
ferropericlase. The Fe partition coefficient between bridgmanite and ferropericlase
can be defined as = xBm T

Coi )
re Xygg | XamXoh (1)

M; Mg“ *Fe

Kee-ng

where X is the mol fraction of the element in the corresponding phase. Based on
the EMPA data, the Fe partition coefficient calculated here is 0.39. The Mg-Fe
partitioning equilibrium between bridgmanite and ferropericlase in an AL,O,-free
system is expressed as the following exchange reaction:

FeSiOs pirosciee + MO crictase = MESIOs briggmanite + FeO ferropeictase @
At the equilibrium, we have:
Bm Fp Bm Fp
Fesios T Mo = Magsio, ¥ Hreo 3
Where pX X

; is a partial molar free energy of i component in phase X. The y; is
expressed as
X oX X

F=u +RTIna @)

where p°X. ) .
; ismolar free energy of pure i component with the structure of phase X;

ai isactivity of i componentin phase X, which can be expressed as:
a = (Xy) ®)

where XX and yX are mole fraction and activity coefficient, respectively.
i i
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Assuming that all components are the pure phase at the target pressure and
temperature, then the standard free energy difference of equation (2) can be
expressed as: [

AG’' = -RTln (@™ _m )™

l‘eSl():a‘\[g() MgSiO;  FeO

By adopting a symmetric regular solution model for both bridgmanite and
ferropericlase solid solutions, the activity coefficient can be expressed as:

RTIny* = (1- X% WXG @)

where W is the interaction parameter of phase X for one cation site basis.
By combining equations (3)—(7), the partition coefficient Ke.v, can be
expressed in terms of interaction parameters and mole fractions as:

RTnKey, = AG + W'

We selected previous data from Fe—Mg partition experiments done with
pure (Mg,Fe)SiO; and (Mg,Fe)O in a temperature range below 1,900 °C and
pressure at ~24-25 GPa (refs. 22%°), The data were fitted by least-square fitting,

and the obtained parameters are AG°=27,400 (+540) Jmol*; WhEL_\ . = 1,200
(x150) Jmol; Wi‘;_Mg = 17,900 (+840)Jmol; with R? = 0.957. All Fe are
treated as Fe?* on the basis of the EMPA data of enstatite with a total close to 100%,

e . -

Implycgnc%rtlrg?&etp %%Oe'ﬁ%%tt %? Eﬁ a%?&lgdb\?a HESE Xi‘; the Al O sbearing

bridgmanite Fe/(Fe + Mg) ratio X*"#™ as a function of Al content in MgSiO
Fe 3

formula unit can be expressed as:
X:\I,Bm Bm 2

e =Xpe FaXy ©)

The coefficient a was adopted from a previous study® by a weighted
least-squares regression fit to both AL O,-free and Al,Os-bearing data, which gave
a=3.67. Our data match well with the range of Al content (~0.024 per formula
unit) when Fe reaches equilibrium in bridgmanite and ferropericlase at ~24 GPa
according to previous experimental observation (Extended Data Fig. 6), and the
calculated temperature at the phase equilibrium is 1,655 (+200) °C.

Data availability

All data are available in the main text or the supplementary materials; XRD raw
data are available at https://doi.org/10.6084/m9.figshare.20044727. Source data are
provided with this paper.
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Extended Data Fig. 1 | Nio content of ferropericlase in worldwide super deep diamonds. NiO content (wt%) versus molar Mg number for ferropericlase
inclusions in diamonds from this study (Karowe, Botswana) and world-wide sources of super deep diamonds from Kankan?, Koffiefontein®, Juina®>-¢,
Buffalo hills*°, Slave® !, and South Australia®.
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Extended Data Fig. 2 | FTir spectra of the 1.5 ct diamond. The spectrum was baselined in GRAMS software and normalized by two-phonon diamond

lattice bands at 2460 cm~1%, showing that it is a pure type laB diamond with only B center nitrogen. Inset figure (a) shows hydrogen related peaks at 3107
and 3085 cm™, which are typical in milky type laB diamonds®“®> and consistent with the milky feature observed around inclusion 3. Inset figure (b) shows
B center nitrogenat 1172 cm~twith no detectable A center nitrogen and very weak residual IR absorption at 1367cm™ caused by hydrogen related defects
incorporatedinto plateletsthat quenchthe platelet IR absorption®®.Source data
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Extended Data Fig. 3 | optical images of other inclusions found in the 1.5 ct diamond. Inclusion 3 is a cluster of submicron sized inclusions (inc3a),
surrounded by pin points that generate a milky appearance (inc3b), which could be octahedral or elongated nano sized inclusions filled with nitrogen

rich fluids®. Inclusion 7 and 12 did not show any detectable Raman bands. Inclusion 9 is opaque in the center and close to the mineral assemblage of
inclusion 2. Its appearance and Raman spectra (Extended databases) imply that it is likely a ferropericlase phase as the by-product from the decomposed
ringwoodite. Inclusion 13 is a polyphasic assemblage without diagnostic Raman spectra, while the individual minerals are too small to be precisely probed
by XRD (the shortest dimension is less than 10 pm). Field views of each image from inc3a to inc13 are 2.87, 1.40, 1.60, 0.91, 0.91, 0.96 mm.
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Extended Data Fig. 4 | optical image of inclusion 11. Scratches on the surface are marks in the Ir coating, after EMPA. Field view is 0.91 mm.
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Extended Data Fig. 5 | raman spectra for inclusion 2c at different areas (a-d). Coesite (cs) peaks (RRUFF ID: X050094¢%") have been observed in

almost all spectra; the peaks in area (a) and (c) at ¥800 and 858 cm™ are assigned to ringwoodite (rw) or partially retrogressed olivine (ol), possibly
accompanied by enstatite (En) in (a). Diagnostic Raman peaks have been observed in (b) at ~787, 735, 626, 375 cm~2, which could be assigned to phase

D (D). The accompanied vibration at ~2849 cmin (b) is consistent with the OH stretching of phase D?*%%%°, A few peaks at ~781 and 735 cm~ seem
recurring in (d). Spectra were collected at GIA. Red circle, triangle, orange stars: undefined peaks. The orange stars with the peak around 831 cm™ could be
overlapped with other hydrous phase such as super hydrous phase B
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Extended DataFig. 6 | Fe partition between bridgmanite and ferropericlase. Fe partition between bridgmanite and ferropericlase at differentamounts
of Al content in bridgmanite in atoms per formula unit adopted from previous study at 24 GPa, 1650 °C*. Red cross marks the data observed in this study
based on the molar Fe/(Fe+Mg) ratio of bridgmanite and ferropericlase, which falls into the range of Al ~0.024 per formula unit.
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Extended Data Fig. 7 | Phase relations in the pyrolitic mantle composition. Solidus curve is from??. 2 Solid blue diamonds and lines are from pyrolitic
mantle composition KLB-1 with slightly depleted bulk Al,0; ~3.6 wt.%**. Coexisting mineral assemblages have been marked by dark blue text. Note that
the transition of ringwoodite (Rw) to bridgmanite (Bm), ferropericlase (Fp) and Ca-perovskite (Cpv) has a negative Clapeyron slope (Rw out line), while
the transition of majorite garnet (Mj) to bridgmanite and ferropericlase has a positive Clapeyron slope (Mj out line). ® Solid blue pentagons are from
pyrolitic mantle composition and the solid purple line is the estimated line for ringwoodite phase transition which is between 24 to 25 GPa at 1500°C*. ¢
Solid brown circles and lines® are from pyrolitic mantle composition” with ~4.5wt.% bulk Al,O; content. The phase transition pressure of majorite garnet
to bridgmanite and ferropericlase is slightly higher than that with lower Al content in the bulk sample?*. “ Dashed green line represents the transition of
ringwoodite (Mg,Si0,) to bridgmanite and periclase constrained by a precise internal MgO pressure scale®. ¢ Dashed dark green line is from the most
recent data of the phase boundary of ringwoodite (Mg,SiO,) bridgmanite and periclase constrained by in situ X-ray diffraction in a multi-anvil press”.f
Phase relations of ringwoodite, wadsleyite (Wd), bridgmanite and periclase in a Mg,SiO, system (dashed light blue lines) as well as akimotoite (Ak),
majorite garnet, bridgmanite in a MgSiOs; system (dashed orange lines) calculated by density functional theory are plotted for comparison-7°, Results
from previous studies on the pyrolitic mantle composition with green’® and purple triangles’” are also plotted. *Note that the dashed lines represent data
constrained in a Mg-Si-O system (without Fe or Al). The pink star is the reference spot indicating the phases expected in a pyrolitic mantle composition
thatfallsinthe range of our calculated temperatureand the corresponding pressure at the phase equilibrium.
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