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G E O C H E M I S T R Y

Onset of slab mantle melting in Earth’s lower mantle: 
Evidence from ferropericlase in superdeep diamonds
Peng Ni1,2*, Steven B. Shirey2, Michael J. Walter2, Janina Czas2, Davide Novella3, Fabrizio Nestola3, 
Nico Kueter2,4, Evan M. Smith5, Thomas Stachel6, D. Graham Pearson6, Andrew Steele2,  
Laura L. Gardner7, Steven D. Jacobsen7, Ben Harte8, Jeffrey W. Harris9, Anat Shahar2

Ferropericlase ([Mgx,Fe1-x]O), the most common inclusion in sublithospheric diamonds, has a poorly understood 
crystallization history and depth of origin. Nineteen microscopic ferropericlase grains with different Mg#s were 
released from Juína and Kankan diamonds with mantle-like carbon, for Mg and Fe isotopic analysis. Two groups of 
ferropericlase inclusions can be distinguished with respect to diamond growth: high-Mg# inclusions with mantle-
like Mg and Fe (δ26Mg = −0.23 ± 0.22‰; δ56Fe = 0.00 ± 0.14‰) inferred to be preexisting and lower Mg# inclu-
sions with non–mantle-like heavy Fe (δ56Fe up to +0.3‰) and light Mg (δ26Mg down to −1.4‰) inferred to be 
coeval. We propose that coeval ferropericlase inclusions formed by melting of hydrated and carbonated perido-
titic slab components subducted to lower mantle depths. Continuous reaction of these melts with surrounding 
reduced, dry slab harzburgite can produce the large range in Mg# and Ni contents of our ferropericlase suite—
a heretofore unexplained feature of global ferropericlase data.

INTRODUCTION
Plate tectonics can change the composition, mineralogy, and physi-
cal properties of the deep Earth by volatile element (H, C, O, and S) 
and halogen (Cl, F) transport into the mantle during slab subduc-
tion. Oceanic island arcs provide ample evidence of fluid release at 
sub-arc depths: seismic activity derived by dehydration embrittle-
ment (1), fluid escape along the subduction channel (2), lowering of 
the mantle solidus and thus enhanced melting in the mantle wedge 
(3), and eruption of some of Earth’s most water-rich magmas (4). 
These observations provide direct evidence that subducting plates 
carry volatile elements and halogens derived from hydrothermal in-
teraction with seawater to at least 250-km depths in the mantle (5). 
Subduction recycling of surface volatiles is also evidenced by studies 
focusing on ocean island basalts (OIBs) [e.g., (6, 7)].

Until recently, it was thought that beyond ~250 km, subducting 
plates would be stripped of their volatiles (8, 9). However, studies 
in mantle tomography (10), seismology (11), diamond petrology 
(12, 13), and thermal modeling/geodynamics (14) demonstrate that 
older and hence colder oceanic plates can carry volatiles to upper-
most lower mantle depths (700 to 800 km)—a region where released 
fluids can cause sublithospheric diamonds to form (14).

Sublithospheric diamonds and their mineral cargo provide an 
unparalleled opportunity to examine volatile transport and their deep 
release. Diamonds grow at depth from the reduction of C-bearing 
fluids and melts (hereafter “fluids”) by the mantle (15). They are 
Earth’s deepest-formed mantle samples and have been transported 

back to the surface by mantle convection and rapidly erupting kim-
berlitic magmas. During growth, diamond may encapsulate pre-
existing minerals either from the mantle host or coeval minerals 
growing from the fluid. However, once formed, diamond is stable 
throughout the entire mantle below ~150-km depth (16), preserving 
the trapped inclusions. The exceptionally low elemental diffusivities 
in diamond make it unreactive with the solid mantle host and able 
to shield included minerals from chemical reequilibration during man-
tle convection and kimberlite eruption.

This study reports Fe and Mg isotopic composition of a main min-
eralogical constituent of Earth’s lower mantle, ferropericlase. Ferro-
periclase, which occurs with bridgmanite and Ca silicate perovskite 
in lower mantle peridotite, is also the most abundant inclusion in 
many sublithospheric diamond suites. In addition to establishing 
the Fe and Mg isotopic composition of ferropericlase inclusions to 
explore their petrogenesis, the purpose of this paper is to better con-
strain the sources of the deep fluids/melts responsible for forming 
the sublithospheric diamonds in the uppermost lower mantle, to 
show how the fluids could be released, and to explore their role in 
modifying the deep mantle. Answers to these questions are impor-
tant for understanding the phase changes and deformation occur-
ring in deeply subducted plates, the onset of melting in the slab 
mantle, the nature of Earth’s deep mantle volatile cycle, the genera-
tion of deep-focus earthquakes, and the creation of heterogeneity at 
mid-mantle levels.

Sublithospheric diamonds for this study come from two well-
studied alluvial localities, Juína, Brazil, and Kankan, Guinea. Both 
localities have figured prominently in our understanding of sub-
lithospheric diamonds and their mineral inclusions [see historical 
summary in (15)]. At the Juína locality, numerous studies have dem-
onstrated the existence of mantle transition zone and lower mantle 
assemblages and how they formed (13, 17–29). For the Kankan lo-
cality, Stachel et al. (30–32) specifically traced mantle mineralogy 
from the lithosphere to the lower mantle.

Alluvial sublithospheric diamonds from the Juína area are thought 
to have been supplied by the weathering of the Juína 5 and Collier 
4 kimberlite pipes and many other unexposed kimberlites of similar 
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Cretaceous age in the region. These kimberlites erupted through a 
Proterozoic mobile belt at the southwestern margin of the Archean 
Amazonian composite craton—a similar mobile belt geologic set-
ting to the Ellendale and Argyle localities in northwestern Australia. 
Such mobile belts are now considered to be deformed, younger, 
marginal parts of composite cratons that have become “cratonized” 
to make supercratons (33) by the addition of thickened litho-
spheric mantle. What sets Juína apart as a locality is the very large 
percentage of sublithospheric versus lithospheric diamonds as 
evidenced by an overwhelming number of low-N, type II diamonds. 
Ferropericlase inclusions for this study come from type II diamonds 
purchased on collecting trips to the town of Juína in 2014 and 
2019, as well as samples previously reported on by Harte and co-
workers (18, 34).

Alluvial diamonds mined in Guinea [see summaries in (32–34)] 
are thought to come from known early Cretaceous kimberlite clus-
ters at Banankoro in the Mandala Basin (35) and other unexposed, 
similar-aged kimberlites. Kimberlites in this region erupted through 
the Meso- to Neoarchean Man cratonic nucleus, now part of the 
West Africa composite craton (33). Xenoliths from the subcontinen-
tal lithospheric mantle of the Man craton carry the characteristic 
signatures of melt depletion generally seen in Archean nuclei (36). 
Ferropericlase inclusions for this study come from the diamond 
suites studied by Stachel (30–32) that were purchased in the provin-
cial capital of Kankan (30). They were obtained as released, isolated 
grains from previously studied diamonds.

For Juína, it has been proposed that the diamonds were erupted 
to the surface by kimberlites in the Cretaceous, perhaps related to 
the 109-million-year-old Trindade plume (21,  23), whereas for 
Kankan no link between kimberlites and a mantle plume has been 
suggested. However, Aulbach et al. (37) recently proposed a plume 
source for the Koidu, Liberia kimberlites, and Gernon et  al. (38) 
suggested that kimberlites were generated from the subcontinen-
tal lithospheric mantle at rift edges (e.g., Brazil and Guinea) as a 
natural, postrift consequence of the type of rifting that created the 
Atlantic Ocean.

The Juína and Kankan diamonds crystallized in the Cambrian as 
shown by the recent Rb-Sr, Sm-Nd, U-Pb, and Re-Os geochronologi-
cal studies of breyite and larnite (retrogressed Ca-silicate perovskite) 
and pyrrhotite by Timmerman and coworkers (39). The most likely 
setting for sublithospheric diamond formation in the Cambrian ap-
pears to be a subduction zone around the northwestern margin of 

the Gondwana supercontinent (39). This system is thought to have 
carried volatiles to the deep upper mantle and transition zone where 
diamond-forming fluids were released and reduced, crystallizing 
diamonds. Buoyancy of the thermally equilibrated metaperidotitic 
diamond substrates enabled the transportation of diamonds upward 
to the base of the supercontinent keel where they were stored in the 
lithospheric root, moving with the supercontinent until its initial 
break-up in the Jurassic (39, 40). This common history of the Juína 
and Kankan localities allows us to investigate them together for a 
more thorough look at the evolution of slab-derived fluid during 
diamond growth.

RESULTS
Ferropericlase composition
Ferropericlase inclusions analyzed in this study have Mg#s [Mg/
(Mg + Fet) in atomic ratio] of 0.58 to 0.81 for those from Juína, Brazil 
(n = 14), and 0.85 to 0.88 for those from Kankan, Guinea (n = 5). 
Images of one of the ferropericlase inclusions from Juína are shown 
in Fig. 1 as an example. Four additional ferropericlase inclusions 
from Juína with Mg# of 0.61, 0.64, 0.78, and 0.85 were exposed but 
no Fe or Mg isotope data were obtained. The five ferropericlase in-
clusions from Kankan have similar chemical composition (in wt %), 
with 1.28 to 1.46 NiO, 0.34 to 0.57 Cr2O3, 0.16 to 0.22 MnO, 
and <0.34 Na2O. The ferropericlase inclusions from Juína show a 
broader range of minor element composition, with 0.32 to 1.39 NiO, 
0.20 to 0.87 Cr2O3, 0.14 to 0.69 MnO, and 0.01 to 0.99 Na2O 
(table S1).

The major element composition of ferropericlase inclusions se-
lected for this study is generally consistent with ferropericlase from 
other studies (41). A positive correlation between NiO and Mg# and 
negative correlation between MnO and Mg# are observed, whereas 
Cr2O3 and Na2O do not appear to show correlations with Mg# 
(fig. S1). Essentially all ferropericlase that we analyzed with Mg# 
lower than 0.80 originated from the Amazonian craton (42).

Carbon isotope composition
Twelve diamonds containing ferropericlase (Mg# > 0.50) or magne-
siowütite (Mg# < 0.50) inclusions from Juína, Brazil were analyzed 
for their bulk carbon isotopic composition. Duplicate analyses of 
two chips from the same diamond (6b05) yielded results within 
analytical error from each other (table S2). The δ13C composition 

Fig. 1. Images of a ferropericlase inclusion in diamond. (A) Microscopic image of the inclusion before exposure. The inclusion is surrounded by a disc-shaped fracture 
partially filled with graphite. (B) Backscattered electron image of the inclusion in the host diamond after exposure. The surface morphology of the inclusion was partially 
preserved. The diamond surface was cleaned before dissolution of the inclusion.
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(defined as the per mil difference in 13C/12C ratio relative to the 
Vienna-Pee Dee Belemnite) of the diamonds form a narrow range of 
−5.70 ± 0.09‰ (2 SD) to −4.39 ± 0.09‰, with an average δ13C 
of −4.92 ± 0.68‰ (2 SD) that is indistinguishable from the mantle 
value of −5‰ (43).

Iron isotope composition
Seventeen ferropericlase inclusions from Kankan and Juína were 
analyzed for their iron isotopic composition (table S3). Extraction/
dissolution of the inclusions typically yielded 0.3 to 3 μg of Fe each, 
except for the one in diamond AZ1_2 from Juína with 10.6 μg of Fe. 
Iron isotopic compositions of the ferropericlase are reported as both 
δ56Fe and δ57Fe (56Fe/54Fe or 57Fe/54Fe ratio relative to IRMM-014 in 
per mil unit). Later discussions, however, will focus on δ56Fe since 
56Fe is more abundant and hence easier to measure precisely for 
small samples. Repeat analyses of a ferropericlase inclusion in dia-
mond N5a from Juína, on the same aliquot of purified Fe and dupli-
cated column purifications yielded δ56Fe values of −0.013 ± 0.042‰ 
(2 SE), −0.004 ± 0.044‰, and −0.043 ± 0.024‰, which are within 
analytical error from each other. Similarly, duplicate column purifi-
cation for inclusions in diamonds JH17A1 and JH12A1 also yielded 
δ56Fe values within analytical error from each other (table S3).

The four ferropericlase inclusions from Kankan show a nar-
row range of δ56Fe compositions between −0.039  ±  0.052‰ and 
0.076  ±  0.038‰ (2 SE), which is within analytical error of the 
mantle iron isotopic composition estimated on the basis of mantle 
peridotite data [δ56Fe = 0.03‰; (3, 4)]. Conversely, ferroperi-
clase inclusions from Juína exhibit a much wider range of Fe iso-
topic compositions with δ56Fe varying from −0.255 ± 0.036‰ to 
0.242 ± 0.022‰ (2 SE). The isotopic variation is comparable to the 

whole range of δ56Fe values reported for mantle peridotites, mid-
ocean ridge basalts (MORBs), OIBs, and island-arc basalts (Fig. 2). 
Such light and heavy iron isotope compositions measured for fer-
ropericlase inclusions in Juína diamonds are distinct from those 
from Kankan.

Magnesium isotope composition
The ferropericlase inclusions each contain 0.5 to 3 μg pf Mg. Isoto-
pic analyses yielded compositions of −0.105  ±  0.032‰ (2 SE) to 
−1.440 ± 0.038‰ in δ26Mg. The two ferropericlase from Kankan 
have δ26Mg values of −0.105 ± 0.032‰ and −0.178 ± 0.056‰, 
slightly heavier than the well-constrained mantle composition of 
−0.25 ± 0.07‰ (2 SD) (44). In contrast, magnesium in Juína ferro-
periclase inclusions appears to be isotopically lighter than the man-
tle value, with most of the inclusions being −0.3 to −0.4‰ in δ26Mg 
(Fig. 3). In particular, two of the ferropericlases (JH17A1 and BZ70) 
have δ26Mg compositions of −0.545 ± 0.040‰ and −1.440 ± 
0.038‰, substantially lower than the mantle value. The large range 
of magnesium isotope compositions measured for the ferroperi-
clase inclusions in sublithospheric diamonds is in strong contrast 
with primitive peridotite xenoliths and oceanic basalts. Mantle pe-
ridotites, MORBs, and OIBs were reported to have highly similar 
magnesium isotope compositions, with similar mean values of 
−0.24 ± 0.04‰ (2 SD), −0.25 ± 0.06‰, and −0.26 ± 0.08‰, re-
spectively (Fig. 3) (44).

DISCUSSION
Experimental petrologic and seismologic studies indicate that the 
phase change from ringwoodite to bridgmanite + ferropericlase 

Fig. 2. Iron isotope results. High-Mg ferropericlase inclusions from Kankan and Juína show a narrow range of iron isotopic composition, near the bulk silicate Earth value 
of 0.03‰, whereas low-Mg ferropericlase from Juína show a larger range, extending mostly toward the heavy side. Iron isotope data for metallic inclusions in CLIPPIR 
diamonds from (53) are shown in red diamonds. Error bars represent 2 SEM. Iron isotope data for peridotites, MORB, OIBs, and island arc basalts (IAB) are from (59, 103–
114). The dark gray region represents the estimated composition for the bulk silicate Earth (59, 60). The light gray region depicts the iron isotope compositional range of 
peridotites (0.00 ±  0.14‰, 2 SD), whose data span is largely due to serpentinization. Data for ophiolites and mineral separates in serpentinized peridotite are from 
(88, 115). Figure modified from (53), licensed under CC BY 4.0 (http://creativecommons.org/licenses/by/4.0/). Changes include data addition and minor restyling.
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assemblages marks the mantle transition zone–lower mantle bound-
ary (45–47). Geodynamic models of cold slab mantle subduction 
(48, 49) provide the mineralogical mechanisms to transport volatiles 
that can promote sublithospheric diamond formation in the lower 
mantle, supporting the idea that ferropericlase inclusions in sublitho-
spheric diamonds can be lower mantle phases. However, since ferro-
periclase is also known to be stable at shallower levels in the upper 
mantle, it is not clear that the ferropericlase is of lower mantle origin 
from the inclusion itself (29, 50, 51). Thus, we used an approach that 
combines the stable isotope systems of C, Fe, and Mg with previous 
observations on crystallographic relationships and inclusion coexis-
tence to better understand the origin of ferropericlase inclusions.

Isotopes of carbon have been a powerful tool for tracing the ori-
gin of diamonds because in supercritical fluids at deep mantle 
temperatures and in open systems, C isotopic variation due to frac-
tionation is much less than the range of C composition in various C 
sources (43). The well-known C isotope database for geological ma-
terials demonstrates a mantle with δ13C ≈ −5‰, seawater-derived 
carbonates that are high in 13C/12C ratios (δ13C ≈ 0‰) and reduced 
organic carbon as low as <−25‰ in δ13C. The well-established 
observation of 13C-depletion signatures in eclogitic (E-type) litho-
spheric and majoritic garnet bearing transition zone diamonds can 
be attributed to the subduction of altered oceanic crust (52). Nitro-
gen isotope measurements, coupled with carbon isotopes, could be 
more diagnostic of the source for lithospheric diamonds (43), but 
sublithospheric diamonds are often too low in N (i.e., type II dia-
monds that contain low or undetectable nitrogen) for accurate 
isotopic analyses.

The iron and magnesium isotopic compositions of mantle-derived 
silicate rocks are relatively homogeneous, but a large magnitude of 
fractionation occurs in low-temperature environments. Extremely 
heavy iron isotopic compositions have been reported for metallic 
inclusions in a group of so-called CLIPPIR diamonds, which were 
attributed to Fe-rich phases produced during peridotite serpentini-
zation on the ocean floor at relatively low temperatures (53). No Mg 
isotopic analysis has been previously reported for inclusions in sub-
lithospheric diamonds. However, the characteristically light Mg 
isotope signature of carbonates, regardless of their origin, contrasts 
with the highly homogeneous Mg isotopic compositions found in 
seawater, MORBs, peridotite xenoliths, and OIBs, making the Mg 
isotope system a potential indicator for the involvement of carbon-
ates during diamond formation (54). Therefore, Fe and Mg isotope 
compositions of ferropericlase inclusions can be combined with car-
bon isotopes to provide a previously unexplored perspective on the 
source of diamond-forming fluids and the mineralogy of the mantle 
region where the reactions occur.

Lack of isotopically light carbon in 
ferropericlase-bearing diamonds
Carbon isotope measurements of lithospheric diamonds demon-
strate that the peridotitic suite of diamonds has strong mode with a 
narrow range of carbon isotopic compositions around the mantle 
value of δ13C = −5 ± 2‰ (55). Values ≤ −10‰ in δ13C are scarce 
for peridotitic diamonds. The eclogitic and websteritic suites con-
tain a significant population of diamonds with δ13C ≤ −10‰ tailing 
down to −40‰ (43). The 13C-depleted signature of nonperidotitic 

Fig. 3. Magnesium isotope results. The two ferropericlase inclusions from Kankan are slightly heavy in Mg isotopic composition. The two high-Mg# ferropericlase inclu-
sions from Juína are mantle-like in δ26Mg, whereas the low-Mg# ones demonstrate a clear tendency toward light Mg isotope composition. Error bars represent 2 SEM. 
Peridotites, MORBs, and OIBs have highly consistent Mg isotope compositions that define a Bulk Silicate Earth (BSE) δ26Mg value of −0.25 ± 0.07‰ (2 SD) (44). Because of 
the limited variations in peridotite data, the mantle compositional range defined by the peridotite is identical to BSE. Magnesium isotope composition of the seawater is 
from (116). Magnesium isotope data for sedimentary dolomites from (117–124) are used to demonstrate the characteristic light Mg isotope composition of Mg-bearing 
carbonates, due to the lack of Mg isotope data for carbonates in serpentinized peridotites and basalts. Magnesium isotope data for peridotite metasomatism phases 
(meta-rodingites and Ti clinohumite) are from (79).
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lithospheric diamonds has typically been attributed to subducted 
organic carbon (56) or carbonates derived by its oxidation in altered 
oceanic crust (52). The carbon isotope database for sublithospheric 
diamonds shows that the signature of light carbon seen at localities 
such as Jagersfontein, Koffiefontein, and Juína (43) occurs chiefly 
in diamonds that have inclusions of majoritic garnet and Ti-rich 
former Ca-perovskite with compositions linking them to basaltic 
oceanic crust, which therefore also derive principally from organic 
carbon in oceanic crust subducted to the deep upper mantle and 
transition zone [e.g., (15)].

The newly measured carbon isotope compositions of the 12 Juína 
diamonds with ferropericlase or magnesiowüstite inclusions in this 
study all have restricted, mantle-like carbon isotope compositions 
(with a range in δ13C between −5.70 and −4.39 ‰; table S3). A nar-
row compositional range around mantle-like values for the host dia-
mond applies to the global ferropericlase inclusion dataset (Figs. 4 
and 5), as previously discussed in (57).

The dominance of mantle-like carbon with little evidence of light 
carbon in ferropericlase-bearing diamonds (Fig.  4) is consistent 
with the protolith providing the diamond-forming melts being the 
lithospheric mantle portion of the slab, which has low surface or-
ganic carbon (43). In addition, diamonds that are thought to have 
been derived from surficial carbon usually show internal heteroge-
neity in isotopic composition (58), which is unlikely the case in our 
sample set based on duplicate analyses of one diamond.

This indication that the diamonds crystallized from slab mantle–
derived fluids is supported by the ferropericlase compositions, 
which have the low-Na and -Al contents expected from a low-Na 
and -Al protolith such as the slab mantle (41). The high Mg#s of 
coexisting ferropericlase and bridgmanite inclusions also indicate a 
melt-depleted source consistent with harzburgitic slab mantle (42). 
In addition, there is an absence of inclusions with an oceanic crust-
al affinity, including Ca-rich majoritic-garnet, Al- and/or Ti-rich 
bridgmanite, and NAL and CF phases in diamonds containing fer-
ropericlase inclusions. Typically, if diamond-forming fluids are de-
rived from eclogitic protoliths (13, 21, 26) of the slab crust, these 
minerals would be present, as in the Juína-5 and Collier 4 suites with 
light carbon isotopic compositions (26). Majorite garnet is the sec-
ond most common inclusion in sublithospheric diamonds after 
ferropericlase, yet these two types of inclusions have not been ob-
served to co-occur within the same diamond (41). We also note 
that measured trace element abundances in ferropericlase inclu-
sions show relative enrichments in some incompatible lithophile 
elements (e.g., Th, U, Nb, and Ta) suggestive of equilibration with a 
fluid/melt phase, and marked depletions in Y that may indicate a 
distinct source (41).

Two suites of ferropericlase inclusions and the 
diamond substrate
Compositionally, the entire ferropericlase dataset can be split into 
two groups. The first group includes Kankan and Juína samples 
that have high-Mg# (i.e., >0.78) and mantle-like Fe isotopic com-
positions (δ56Fe = 0.00 ± 0.10‰; 2 SD; n = 7; Fig. 2) that all fall 
within the mantle range defined by peridotites (59, 60). The sec-
ond group includes low-Mg# (i.e., <0.78) ferropericlase inclu-
sions with Fe isotopic compositions that, except for one inclusion 
(JH12A1, δ56Fe = −0.23‰), are overlapping but range to heavier 
than the mantle (δ56Fe = −0.013 to +0.24‰). The low-Mg# fer-
ropericlase inclusions account for most of the Fe isotope variability 

in the dataset but show no obvious correlation between δ56Fe and 
Mg# (Fig. 6).

The crystallographic orientation relationship (COR) with the 
diamond also allows the ferropericlase inclusion samples set to be 
split into two groups. A recent study of Juína and Kankan dia-
monds (61) showed that of 57 ferropericlase inclusions in 37 dia-
monds, 32 ferropericlase inclusions with Mg# >  0.70 had a COR 

Fig. 4. Diamond carbon isotope composition classified on the basis of inclu-
sion phases. Ferropericlase-bearing sublithospheric diamonds from the mantle 
transition zone (MTZ) or the lower mantle have dominantly mantle-like carbon iso-
tope composition, including the 14 Juína diamonds analyzed in this study. Dia-
monds from this depth range with δ13C near −25‰ are limited to the Juína-5 and 
Collier-4 occurrences in the Juína region of Brazil. These diamonds do not contain 
ferropericlase inclusions but are characterized by NAL-phase inclusions. Compiled 
carbon isotope dataset is from (32).

Fig. 5. Diamond carbon isotope composition (top) and NiO versus Mg# (Mg/
[Mg + Fe2+]) (bottom) of ferropericlase inclusions. The Kankan diamonds are 
slightly high in δ13C value, while the Juína ones measured in this study are mostly 
mantle-like in carbon isotope composition. This conclusion is generally true when 
considering the compiled dataset from the literature. Note that the low-Mg ferro-
periclase inclusions are exclusively from the Amazonian craton. Compiled data are 
from (41, 43).
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that was random relative to the diamond lattice, whereas all 25 of 
the ferropericlase inclusions with Mg# < 0.70 had a specific COR 
relative to the diamond lattice. Lorenzon et al. (61) suggested that 
the high-Mg ferropericlases are protogenetic (e.g., crystallized be-
fore the diamond encapsulated them) and the low-Mg ferroperi-
clases are syngenetic (e.g., cocrystallized or coeval with their host 
diamonds) and therefore two genetically distinct generations of 
ferropericlases exist in Juína and Kankan diamonds. A theoretical 
follow-up study with no new analyses pointed out the technical pos-
sibility of ferropericlase inclusions with a specific COR being also 
protogenetic, but no direct evidence has been identified yet to support 

this hypothesis (62). Because of the different interpretations of pre-
ferred COR between low-Mg# ferropericlase inclusions and their 
host diamonds, we simply note that they are perhaps indicative of 
different formation mechanism for them compared to the high-Mg# 
ferropericlase. Hereafter, we will refer to these inclusions as “coeval” 
instead of “syngenetic” and the “protogenetic” ones as “preexisting” 
based on COR relationship.

We were able to obtain four released ferropericlase grains from 
the Lorenzon et al. (61) study—two from the population with ran-
dom COR and two from the population with specific COR. The two 
ferropericlases that had random COR have mantle-like Fe isotope 

Fig. 6. Iron (top) and magnesium (bottom) isotope compositions versus Mg# of ferropericlase inclusions. Error bars represent 2 SEM. The high-Mg# ferropericlase 
inclusions show a limited range of Fe and Mg isotope compositions close to those defined by mantle peridotites. The low-Mg# ferropericlases, on the other hand, show 
much larger variations in both isotope systems that indicate contributions by additional components. The coeval and preexisting model for low-Mg and high-Mg ferro-
periclases, respectively, is based on the crystal orientation relationship between the ferropericlase inclusions and host diamonds (61). Data sources for mantle peridotites, 
BSE, serpentine (SERP), mantle metasomatism phases, carbonates, magnetite (MAG), and awaruite (AWA) are provided in Figs. 2 and 3. Note that these low-temperature 
phases are used to represent components of the slab mantle with heterogeneous Fe and Mg isotope compositions, owing to the absence of data on subducted serpen-
tinized peridotites. The predicted Mg# ranges for ferropericlase precipitated from the dehydration melting and crystallization models (see Supplementary text) are plot-
ted at the top of the figure for comparison with the data.
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compositions, whereas the two ferropericlase that had specific COR 
have slightly heavier Fe isotopic compositions. While most of our 
isotopic analyses are from ferropericlase inclusions with undeter-
mined COR, we interpret the four with known COR to be represen-
tative of their respective populations. Thus, we have classified the 
high-Mg# ferropericlase as preexisting and the lower Mg# ferro-
periclase as coeval (Fig. 6 and Table 1).

The mantle-like Fe isotope compositions for the ferropericlase 
inclusions in Kankan diamonds, along with their high Mg# (0.85 to 
0.88), the δ13C of the host diamonds (−2.6 to −3.9‰; discussed 
above), and recent oxygen isotope measurements of enstatite inclu-
sions in the same suite of diamonds (δ18O = +5.3 to +5.8‰) (49), 
are all consistent with the inferences from the ferropericlase compo-
sitions (e.g., low Na and Al content) and lack of crustal inclu-
sions (e.g., majorite) that the diamonds grew in meta-peridotite [or 
“kankanite,” (13)] from the slab mantle not significantly mixed with 
recycled crustal material. The group of Juína diamonds containing 
high-Mg# ferropericlase inclusions appears to be equivalent to the 
Kankan suite in terms of their Mg# and Fe isotopic composition. In 
addition, the carbon isotope compositions of the host diamonds in-
dicate derivation from a similar protolith. A preexisting origin for 
high-Mg# ferropericlase inclusions also supports their mantle-like 
Fe isotope compositions measured in this study because they would 
have been part of the equilibrium mineral assemblage in the mantle 
portion of the slab before incorporation into their host diamonds.

Juína diamonds containing ferropericlase with low Mg# ap-
pear to have a different origin. Because they are coeval in COR 
relation with the host diamonds, the low-Mg# ferropericlases 
might have precipitated at the time of diamond formation. Thus, 
they are likely to have tracked the Fe isotope composition of a 
fluid or melt phase as it left its source, reacted with host rocks, and 
crystallized diamonds.

Isotopically light Mg—Linkage to subducted carbonates and 
slab metasomatism
The Mg isotope measurements of the ferropericlase inclusions show 
a split between the high and low-Mg# ferropericlase inclusions, sim-
ilar to the division observed in the Fe isotope data. Measured δ26Mg 
values of the two ferropericlase inclusions from Kankan diamonds 

were  −0.11  ±  0.03‰ and  −0.18  ±  0.05‰ (2 SE), which are 
slightly heavier than the mantle value (−0.25 ± 0.07‰) (5). The 
two high-Mg# ferropericlases measured in Juína diamonds are 
both within error of the mantle δ26Mg value (−0.31  ±  0.02‰ 
and −0.34 ±  0.05‰). The low-Mg# ferropericlase from Juína, on 
the other hand, demonstrates a much larger range of magnesium 
isotope compositions, extending toward more 26Mg-depleted than 
the mantle composition (δ26Mg = −1.44 ± 0.04‰ to −0.29 ± 0.14‰), 
with an average δ26Mg value of −0.48 ± 0.70‰ (2 SD). The large 
variance about the mean is largely due to one ferropericlase (BZ70) 
with an extreme δ26Mg value of −1.44 ±  0.04‰. Even when this 
sample is excluded, all low-Mg# ferropericlase inclusions from Juína 
lie exclusively to the lower side of the bulk silicate Earth composi-
tion (δ26Mg = −0.25 ± 0.07‰, 2 SD) (44).

The offset in magnesium isotope composition to slightly heavier 
than mantle values for the two Kankan ferropericlase inclusions 
would be in concert with the slightly heavier Mg isotopic composi-
tion seen for serpentinite (δ26Mg  =  averaged −0.14‰) (Fig. 2). 
However, the possibility that ferropericlase directly inherit light Mg 
from a serpentinite precursor is low because of the lack of the ex-
tremely light Fe isotope signature of serpentinite (δ56Fe ~ −0.4‰) in 
these ferropericlases (average δ56Fe = 0.0‰; Figs. 2 and 6). The pre-
existing COR with diamond suggests that the ferropericlase incor-
porated in the diamond was from the ferropericlase and bridgmanite 
assemblage formed by the decomposition of ringwoodite. Fraction-
ation factors between ferropericlase and bridgmanite have not been 
determined. Nonetheless, if existing equilibrium isotope fraction-
ation data (fig. S2) with coexisting silicates such as olivine or pyrox-
ene at 1100° to 1200°C can be used as a guide, ferropericlase is 
expected to be 0.1 to 0.2‰ heavier than the bulk mantle.

The lower δ26Mg values of up to −1.44‰ for the low-Mg# fer-
ropericlase inclusions in Juína diamonds cannot be explained by 
equilibrium fractionation processes commonly occurring in the 
silicate mantle. Mantle partial melting and magmatic differentiation 
in the upper mantle are known to have limited effects on magne-
sium isotope fractionation, as evidenced from the highly consistent 
Mg isotope compositions of mantle peridotites, MORBs, and OIBs 
(Fig. 3). Teng et al. (44) reported an average Mg isotope compo-
sition of δ26Mg = −0.25 ± 0.04‰ (2 SD) for mantle peridotites, 

Table 1. Summary of geochemical and mineralogical information of sublithospheric diamonds from Kankan (Guinea) and Juína (Brazil) in this study 
and from literature. Diamonds are grouped on the basis of the type of (or absence of ) ferropericlase inclusions they contain. Iron and Magnesium isotope data 
are from this study. Carbon isotope data are from this study and literature (43). Oxygen isotope data are from (125). Crystal orientation analyses were reported in 
(61). Mineral inclusion information is from the compiled dataset in (41).

Diamond group High-Mg fpr (Kankan) High-Mg fpr (Juína) Low-Mg fpr (Juína) Fpr-free (Juína)

 # of diamonds ~42 ~59 ~95 ~33

﻿δ56Fe Mantle-like Mantle-like More variable, often heavy N/A

﻿δ26Mg Mantle-like (slightly heavy) Mantle-like More variable, often light N/A

﻿δ13C Averaged −4‰ Averaged −5‰ Averaged −5‰ Clear mode of −25‰

﻿δ18O Mantle-like N/A N/A Heavy

Crystal orientation N/A Preexisting Coeval N/A

Coexisting mineral inclusions CaPv* (3) MgPv† (5) CaPv (2) MgPv (14)  
Jeffbenite (5)

CaPv (2) MgPv (3)  
Jeffbenite (0)

High-Al MgPv (4) High-Ti 
CaPv (8) NAL-phase (6) 

*Retrograded Ca-perovskite inclusion    †Retrograded Mg-perovskite inclusion
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−0.24 ± 0.06‰ for global MOBRs, and −0.26 ± 0.08‰ for OIBs, 
which are within uncertainty from each other and show a limited 
range. More recent data expanded the magnesium isotope range 
to as low as −0.4‰ for some OIBs, whose low δ26Mg values have 
mainly been attributed to pyroxenite melting (63) and diffusive Fe-
Mg exchange (64).

The light Mg isotope enrichment is also unlikely to be caused by 
kinetic processes because diffusion-limited or reaction rate–limited 
growth of the inclusions would also affect the Fe isotopes by enrich-
ing the lighter isotope (54Fe) in these same ferropericlase inclusions, 
which is not observed (Figs. 2 and 6). More likely, the light Mg iso-
topic signature in these ferropericlase grains is derived from other 
components in the altered slab mantle that were produced by rela-
tively low-temperature processes on or near the ocean floor.

Serpentinites are a major carrier of Mg in the subducted slab 
mantle, but they are slightly enriched in 26Mg (δ26Mg = −0.14‰ 
on average) (Fig. 2) due to seawater-silicate equilibrium during hy-
drothermal circulation and serpentine crystallization. This compo-
sitional difference is opposite to the light Mg isotope composition 
(lower 26Mg/24Mg ratios) observed for the low-Mg# ferropericlase. 
Although seawater has a homogeneous, isotopically light Mg com-
position partly due to serpentinization (54, 65), seawater is lost at 
shallow levels during subduction. The only mechanism to carry wa-
ter to great depths is by the hydroxyl molecule in serpentine and 
eventually as a substitutional component in dense hydrous magne-
sium silicates (48, 49).

Carbonates are known to have weak bond strengths relative to 
silicates and therefore tend to be enriched in the lighter isotope 
of Mg (66). Biogenic and abiogenic carbonates, for example, show 
large ranges of 26Mg-depleted compositions with calcite-rich car-
bonates ranging from −5.57 to −1.04‰ and dolomite-rich ones 
ranging from −3.25 to −0.38‰ in all types of terrestrial rocks (54). 
The enrichment of light isotopes of Mg in carbonates is not only re-
flected in sediments but also seen in altered oceanic crust (65). Sub-
duction of carbonate-bearing altered oceanic crust and marine 
sediments is commonly thought to be the cause for light Mg enrich-
ment in cratonic eclogites (67–69), continental basalts (70–72), and 
metasomatized mantle xenoliths (73, 74). The presence of carbon-
ates in serpentinized peridotites is also supported by a recent study 
of the Lost City hydrothermal field on the Atlantis Massif (75, 76), 
which documented the mineralogy and textures of carbonates dis-
tributed throughout serpentinized peridotites.

The light Mg isotopic composition of low-Mg# ferropericlases 
in Juína diamonds may indicate a contribution of subducted car-
bonates as the source of light Mg to the diamond-forming flu-
ids. The possible contribution of carbonates to the formation of 
low-Mg# ferropericlase inclusions is further evidenced by a re-
cent study of a separate suite of diamonds from Juína, which re-
ported a touching pair of low-Mg# ferropericlase and magnesite 
inclusions (77).

A less common yet possible alternative source of light Mg found 
in the serpentinites are the Ti-clinohumite dikelets and metarodin-
gites. Carvalho et al. (78), for example, found a hydroxylclinohumite 
inclusion in another suite of sublithospheric diamonds that indi-
cates a serpentinite protolith. As plotted in Figs. 3 and 6, these Mg- 
and Ca- metasomatized rocks contain high amounts of MgO (>30 wt 
%) and could be extremely light in Mg isotopic composition (as light 
as −1.49‰) (79). Subduction of such metasomatized components 
associated with meta-serpentinite could potentially introduce a 

light noncarbonate Mg reservoir that contributed to the formation 
of the low-Mg ferropericlases measured in this study.

Ferropericlase formation by dehydration melting of deeply 
subducted slab mantle
A formation model for the studied ferropericlase suite should be 
able to explain the characteristics of the suite as summarized here 
and in Table 1: (i) the correlated and wide variation in Mg# among 
co-occurring bridgmanite and ferropericlase inclusions (41); (ii) the 
positive trend between NiO and Mg# in ferropericlase inclusions 
(Fig. 5); (iii) the preexisting and coeval COR with the host diamond; 
(iv) the mantle-like carbon isotope composition of the host diamonds; 
and (v) the systematic differences in Fe and Mg isotope compositions 
of the ferropericlase.

Formation of ferropericlase-bearing sublithospheric diamonds 
has been attributed to several possible mechanisms: the melting of 
carbonated oceanic crust (29), the general reduction of slab-released 
carbon-bearing fluids/melts, or the partial decarbonation of ferro-
magnesite (50). Any one of these mechanisms could be part of ex-
plaining the crystallization of ferropericlase at depths ranging from 
the upper mantle to the top of the lower mantle. The melting of car-
bonated oceanic crust, for example, is especially germane to the 
majorite-bearing, isotopically light carbon–enriched diamonds that 
indicate a parental lithology of subducted oceanic crust (Table 1). As 
we noted above, however, none of these majorite-bearing diamonds 
also contain ferropericlase inclusions. However, a solely crustal pro-
tolith does not have the composition needed to explain the collec-
tive geochemical characteristics seen in the ferropericlase-bearing 
diamonds studied here and ferropericlases in the literature that are 
similar to our suite.

Here, we propose a petrological model for producing ferropericlase-
bearing diamonds at the top of the lower mantle that takes into 
account diamond and ferropericlase isotopic composition, ferro-
periclase major and trace element composition, and crystallogra-
phy. The model, as depicted schematically in Fig. 7, incorporates the 
types of alteration [e.g., serpentinization and carbonate veining; 
(75, 80, 81)] that have been observed to affect the slab mantle before 
subduction. It is also partly inspired by recent high pressure experi-
ments indicating that hydrous melting at lower mantle pressures can 
occur at relatively low temperatures (82–84). This model is poten-
tially capable of explaining the geochemical and crystallograph-
ic characteristics of the ferropericlase inclusions as summarized 
in Table 1. We emphasize, however, that further experiments are 
needed to investigate the petrological and geochemical details of 
this scenario and to better constrain its relation to existing ideas on 
ferropericlase formation.

The model assumes a parental lithology of partially serpentinized 
slab mantle for the ferropericlase-bearing diamonds because ser-
pentinizition is a common feature produced by seawater alteration 
before and during early stages of subduction (75, 76, 85–90). Hydro-
thermal circulation of seawater through the slab mantle creates 
stockworks of fluid altered rock and serpentinite surrounded by and 
adjacent to unaltered harzburgitic mantle. These juxtaposed litholo-
gies exhibit strong contrasts in oxidation state and degree of hy-
dration. We propose that upon subduction to the top of the lower 
mantle, the redox differences and hydration gradients between them 
become essential factors in sublithospheric diamond formation (91).

During subduction of older and colder slabs, serpentinized slab 
mantle can avoid shallow dehydration affecting warm and young 
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slabs by converting serpentine into dense hydrous magnesium sili-
cates, such as phase A and phase E (Fig. 7) (14). After reaching 
the transition zone and/or lower mantle depths, subducted slab can 
stagnate at the top of the lower mantle because of its lower density. 
There, it would warm up over time and undergo hydrous melting 
from the serpentinized portion of the slab mantle (14) because of its 
considerably lower solidus. On the basis of recent experiments, this 
melting process can happen at temperatures below 1300°C and pro-
duce a water-rich melt with ~40% H2O (82). With a lower density 
than the surrounding slab mantle and a low viscosity (92), this hy-
drous melt is expected to migrate upward from its source region 
and react with more reducing, dry harzburgitic portions of the sub-
ducted slab mantle [also referred to as kankanite; (59)]. During 
migration, the melt will lose some of its H2O to anhydrous miner-
als (e.g., bridgmanite and ferropericlase) and become reduced, 
leading to crystallization of ferropericlase ± bridgmanite along with 
diamonds (Fig. 7).

A more detailed discussion of the model is included in Supple-
mentary Text to demonstrate the feasibility of the melt infiltration 
process and consequent reactions leading to ferropericlase ± bridg-
manite crystallization. This model can produce two populations of 
ferropericlase inclusion in diamonds. Existing high-Mg# ferroperi-
clase formed as part of the high-pressure assemblage in the dry har-
zburgitic portion of the slab mantle can be trapped in the diamond 
hosts, becoming preexisting inclusions in diamonds. Ferropericlase 
precipitated from the hydrous melt, however, will be coeval with 
the diamond hosts because they formed simultaneously during 
melt infiltration (Fig. 7). Our model shows that this population of 

ferropericlase becomes progressively Fe-rich in composition as the 
melt evolves, which correlates with Mg# of crystallized bridgmanite. 
Using Fe-Mg exchange coefficients and Ni partition coefficient from 
the literature (83, 93), our model also successfully reproduces the 
observed correlations between Mg# of bridgmanite and ferroperi-
clase inclusions, and Ni concentration and Mg# of ferropericlase 
(Supplementary Text).

An essential geological aspect of ferropericlase crystallization is 
that each inclusion has been encapsulated from one individual dia-
mond whose crystallization occurred from its own little hydrous 
melt—host rock system. The studied ferropericlase population from 
17 diamonds is not necessarily a product of one batch of melt but 
rather 17 batches of melt derived each from their own sources with 
similar but not identical modal mineralogy. We do not expect good 
elemental abundance and isotopic correlations with Mg number of 
ferropericlase but simply that they equilibrate with variable amounts 
of similar phases in the slab.

The preexisting ferropericlase inclusions formed in the above 
model would inherit geochemical characteristics of the original de-
pleted harzburgite and have high Mg# and high Ni contents, and be 
similar to the mantle in δ26Mg, δ56Fe, δ13C, and δ18O compositions 
that match the observations summarized in Table 1. For the coeval 
ferropericlase inclusions, the mantle-like carbon isotope composi-
tions of the host diamonds agree with a parental lithology of serpen-
tinized slab mantle with little organic carbon. Their more variable 
Fe and Mg isotope composition of the ferropericlase inclusions 
can be explained by the uneven incorporation of Fe-bearing and 
Mg-bearing phases that are variable in isotopic composition when 

Fig. 7. Schematic diagram illustrating the model of dehydration melting and ferropericlase crystallization. Isotopic compositions are relative to mantle values in 
per mil unit. Phase diagram for hydrous slab mantle is modified from (40), licensed under CC BY 4.0 (http://creativecommons.org/licenses/by/4.0/). Changes including 
pressure-temperature range adjustment and restyling. Hydrated regions of cooler slabs depicted in the left diagram may transport as much as 5 wt % water in hydrous 
phases deeper into the mantle. When heated up in the shallow lower mantle, the hydrated portions of the slab will undergo dehydration melting due to the breakdown 
of phase D or superhydrous phase B, producing an H2O-rich partial melt. As illustrated on the right diagram, this hydrous and oxidized melt generated in the serpentinized 
regions of slab mantle (i.e., “alphabetite”) will migrate into the anhydrous and reduced slab mantle harzburgite (i.e., kankanite) due to their low density and viscosity (see 
Supplementary Text). Loss of H2O to the anhydrous surrounding promotes crystallization of ferropericlase ± bridgmanite. The isotopic composition of the initial hydrous 
melts may take on values close to the mantle values, but migrating melts can sample magnetite or iron melt with highly positive δ56Fe values and/or carbonates with 
highly negative δ26Mg, yielding the idiosyncratic variation in these isotope systems observed in the coeval ferropericlase inclusions. Carbon dioxide dissolved in the hy-
drous melt is reduced to diamond due to the strong redox gradient between the oxidized melt and reduced slab mantle. SHB, superhydrous phase B; PhD, phase D; PhE, 
phase E; brg, bridgmanite; fp, ferropericlase.
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initially formed during serpentinization or metasomatism, such as 
magnetite, native iron alloys, Fe-rich or Mg-rich carbonates, titano-
clinohumites, or meta-rodingites (Figs. 3, 4, and 6). Incorporating 
these phases disproportionally during migration of the hydrous 
melt can explain the more variable Fe–Mg isotope systematics of the 
low-Mg#, coeval ferropericlase inclusions (Fig. 7, also see Supple-
mentary Text for more detailed discussions).

A simple mass balance mixing calculation shows that, for a hy-
drous melt with ~30 wt % MgO and a serpentinite-like δ26Mg of 0‰, 
and a carbonate with ~30 wt % MgO (e.g., magnesite) and δ26Mg of 
−2‰, most of the measured ferropericlase inclusions would require 
an ~90:10 ratio of melt to carbonate. For the ferropericlase inclusion 
with the lowest δ26Mg value of −1.4‰, the mixing ratio would be 
~30:70. A hydrous melt percolating through altered slab mantle may 
incorporate a substantial carbonate component and become locally 
more carbonatitic (Fig. 7). Notably, the diamonds themselves attest 
to a carbon-saturated melt and may reflect preferential sampling of 
those melts that interacted most extensively with carbonate in the 
altered mantle.

Ferropericlase and the onset of melting of subducted cold 
slab mantle
A recent geochronologic study (39) of breyite (retrogressed Ca-
silicate perovskite) inclusions in Juína and Kankan diamonds helps 
to constrain the timing and geologic setting of the slab melting that 
produced ferropericlase. Not only are the dated diamonds from the 
same Juina and Kankan localities, but Ca-silicate perovskite inclu-
sions suggest that these diamonds were also derived from the slab 
mantle at lower mantle depths (39). Furthermore, about half of the 
dated diamonds have ferropericlase inclusions (39). The Juína and 
Kankan diamonds crystallized around 450 to 650 million years ago, 
when the Amazonian and West African cratonic nuclei were assem-
bled together as the interior of the Gondwana supercontinent (39). 
Timmerman et al. (39) proposed that subduction around the edge 
of Gondwana transported altered, cold oceanic slab mantle into the 
lower mantle below the supercontinent. There, during heating and 
devolatilization, diamonds were formed from the expelled fluid/
melt and subsequently transported upward together with the de-
pleted buoyant mantle residues in the parts of the slab where they 
were generated. Our detailed stable isotopic compositions for C, Fe, 
and Mg on diamonds and their preexisting and coeval ferropericlase 
inclusions, which span a large range in Mg#, suggest how the slab 
began to melt and produce diamond-forming fluids/melts.

The hydrous melt infiltration and bridgmanite ± ferropericlase 
crystallization model discussed above and in Supplementary Text 
involves rocks wholly within the slab mantle. These different rock 
types would be physically in proximity and their interaction would 
not have involved the slab crust, whose melting should have already 
occurred separately in space and time from the melting of the slab 
mantle. The slab crust heats up faster, dehydrates in the upper man-
tle (e.g., <300 km), and has a lower solidus temperature compared 
with the slab mantle. Therefore, by the time slab mantle has heated 
up sufficiently to undergo dehydration melting in the lower mantle, 
CO2-bearing crust should have already partially melted in the deep 
upper mantle or transition zone, leading to diamond formation 
through redox freezing and crystallization and trapping of Ca-rich 
majorite and Ca silicate perovskite inclusions (28,  40,  41,  53). In 
addition, the density contrast between the meta-basaltic slab crust 
and the underlying slab mantle may trigger delamination during 

subduction, perhaps physically separating them even before the slab 
reaches the top of the lower mantle (94, 95). Thus, the diamond 
forming fluids causing the encapsulation of the ferropericlases avoid 
incorporating much isotopically light carbon as seen in other 
crustally derived Juína diamond suites that originated in the upper 
mantle and transition zone [e.g., (22)]. The hydrous melt infiltra-
tion model also provides a mechanism that physically separates 
rock fragments from the slab mantle along the preexisting serpenti-
nization network, allowing these lower-density rocks to be entrained 
by upwelling mantle convection and brought up to the upper mantle 
rather than subducted further into the lower mantle as heating and 
complete phase transition occur for the slab.

While the Juína and Kankan diamonds are linked by their ages 
and thus the subduction system around Gondwana, the localities 
are separated by many hundreds of kilometers along the strike of the 
slab. The physical distance means that they are not produced from a 
single, spatially related occurrence of evolving melt/fluid in a por-
tion of the same slab mantle. Therefore, compositional differences 
and different evolution paths are expected for ferropericlase and 
diamonds at each locality. Specifically, the Kankan suite of diamonds 
has ferropericlase with a slightly higher Mg# and a more restricted 
Mg# range compared with the Juína suite. Further differences be-
tween the suites could also arise from sampling bias by the kimber-
litic magma that extracted these diamonds from the supercontinent’s 
mantle keel.

Differences between the Kankan and Juina ferropericlase inclu-
sion suites might also reflect original differences in the extent of al-
teration when the oceanic lithosphere was first created, perhaps due 
to the well-known relationship between spreading rate differences 
and degree of serpentinization (96). For example, the degree of de-
pletion and serpentinization depends greatly on the depth of melt 
detachment beneath the slab surface (97) and spreading rate [e.g., 
(75,  76)].The outer rise, just before subduction, is another region 
where oceanic lithospheric mantle can be serpentinized along deep-
seated fracture systems formed by bending (80, 81). Here, large con-
trasts in the degree of serpentinization could also occur, but the 
detailed differences are less predictable. Nonetheless, it is evident 
that the oceanic lithosphere will be subducted with heterogeneity 
created by differences in degree of seawater alteration and serpenti-
nization on a variety of scales. These features are inherent to any 
section of hydrothermally altered slab lithosphere, and we suspect 
that they may be critical in understanding differences in separate 
diamond suites. We speculate here that the Kankan ferropericlase 
inclusions could have been derived from slab mantle created by a 
moderately serpentinized ridge mantle, whereas Juína ferropericlase 
inclusions could have been derived from a slab mantle segment that 
experienced more extensive serpentinization and carbonatization. 
Thus, sublithospheric diamonds with oxide inclusions, like their 
metallic counterparts (53, 98), bear direct witness to surficial pro-
cesses occurring during creation of the oceanic lithosphere.

MATERIALS AND METHODS
Diamond samples and ferropericlase inclusions
The 19 ferropericlase inclusions analyzed in this study were hosted 
in 19 individual diamonds recovered from the Kankan district of 
Guinea and the Juína region of Brazil. Ferropericlase inclusions in 
Kankan diamonds come from the diamond suites studied by Stachel 
(30–32) that were purchased in the provincial capital of Kankan 
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(30). They were obtained as released, isolated grains from previously 
studied diamonds. Ferropericlase inclusions from the Juína region 
of Brazil come from type II diamonds purchased on collecting trips 
to the town of Juína in 2014 and 2019, as well as samples previously 
reported on by Harte and coworkers (18, 34). The five diamonds 
from Kankan are colorless and octahedral or dodecahedral in shape. 
They contained ferropericlase inclusions that are approximately 100 
to 300 μm in diameter. Two of the five diamonds contained more 
than one ferropericlase inclusion, but only the largest in each dia-
mond was used for isotopic analysis. Besides ferropericlase, addi-
tional inclusions of MgSiO3, olivine, and siderite were also present 
in these diamonds (31). The diamonds from Juína region of Brazil 
are colorless to pale yellow/brown in color and are irregular in 
shape. Most of them contained one to three ferropericlase inclusions 
that are optically visible, but some specimens contained clusters of 
small ferropericlase inclusions that are tens of micrometers in diam-
eter (e.g., 6b05 and N5a). The ferropericlase inclusions in Juína dia-
monds are dark in color, flat, elongated, or rounded in shape. Some 
of them show the characteristic peacock color when in diamond. 
Those selected for isotopic analysis are typically 100 to 300 μm along 
the longest dimension. Raman analyses of silicate phases in 6b05 
from Juína confirmed the presence of olivine and retrograded 
CaSiO3 phases (walstromite and larnite), supporting the sublitho-
spheric depth of origin (fig. S4). In eight of the Juína diamonds 
(table S2), previous synchrotron x-ray diffraction analyses identified 
grains of titanomagnetite and olivine (99).

Inclusion exposure and dissolution
The 5 ferropericlase inclusions from Kankan and 8 of the 14 from 
Juína were previously exposed by cracking the host diamonds and 
have been polished on one side for electron microprobe analysis 
(17, 31, 61, 100). These inclusions have been kept either on a piece of 
clear tape or in epoxy resin mounts before this study. Inclusions on 
the tape were carefully moved to individual polytetrafluoroethylene 
(PTFE) vials using a pair of plastic tweezers for dissolution. Inclu-
sions mounted on epoxy resin were dug out by a tungsten carbide 
drill bit and moved to PTFE vials for dissolution. Before sample dis-
solution, the inclusions were cleaned repeatedly with acetone and 
ethanol to remove residual organic compounds from the tape and 
the epoxy mount. After cleaning, each of the inclusions was moved 
into a brand-new PTFE vial and the inclusions were dissolved in 0.6 
to 0.9 ml of mixed concentrated HCl and HNO3 at 120°C for at 
least 48 hours.

The other six inclusions from Juína were first isolated into small-
er diamond fragments from their hosts by a laser cutting instru-
ment. The diamond fragments containing the target ferropericlase 
inclusions were subsequently polished using conventional diamond 
polishing methods on a scaife to expose the inclusions. When 
preparing for sample dissolution, the diamond surface was cleaned 
with distilled acetone and ethanol to remove organic contaminants. 
The exposed inclusion surface was protected with a small drop of 
crystal bond, and then the diamond fragment was placed in a Teflon 
vial and soaked in 0.4 to 1 ml of 6 M HCl at room temperature for 3 
to 21 days to further clean the surface following a procedure previ-
ously reported in (53). The cleaning hydrochloric acid in the vial 
was replaced every 1 to 4 days and measured for Fe and Mg contents 
to track the surface blanks of Fe and Mg.

Composition of the leachates were analyzed using an iCapQ quad-
rupole inductively coupled plasma mass spectrometry (ICP-MS) to 

measure the amount of Mg and Fe yielded by each step of leaching. 
The first leachates of the diamond fragments contained 40 to 1000 ng 
of Fe and 20 to 100 ng of Mg. Within the 3 to 21 days of cleaning, 
the Fe and Mg contents of the leachates both decreased to 1 to 4 ng, 
insignificant comparing to the 100 to 1000 ng of Fe and Mg yielded 
by the inclusions (table S4). After being cleaned in 6 M HCl, the 
crystal bond on the diamond surface was removed by distilled ace-
tone and distilled ethanol. The diamond fragment was then moved 
to a virgin Teflon beaker, and the exposed inclusion was dissolved 
out of the diamond using 0.4 ml of 6 M HCl at room temperature 
for at least 48 hours. The diamond was examined under a binocular 
scope throughout the process to make sure that the inclusion re-
mained intact during cleaning and completely extracted during dis-
solution (fig. S5). Dissolution of the ferropericlase was tested in 
advance using a synthetic ferropericlase (SynFpr, Mg0.82Fe0.18O) 
powder, and complete dissolution was achieved overnight at 110°C 
with either 6 M HCl, concentrated HNO3, or 2:1 HCl:HNO3.

Carbon isotope analysis
Carbon isotope measurements were conducted on 12 diamonds from 
Juína with ferropericlase or magnesiowüstite inclusions at Carnegie 
Institution for Science. Diamond fragments, weighing between 0.25 
and 1.5 mg, were obtained either by laser cutting or through 
mechanical inclusion release from previously cut diamond wafers. 
Each fragment was placed in a platinum crucible and inductively 
combusted at 1500°C in analytical grade oxygen (0.5 bar). The 
combustion process lasted up to 4  min and was monitored by a 
pressure gauge.

The resulting CO2 was frozen in a one-fourth–inch (~0.64 cm) 
Pyrex glass finger attached to the vacuum line and submerged in 
liquid nitrogen, with residual oxygen being pumped away after all 
CO2 was frozen. The glass finger was then flame-sealed and loaded 
into a Swagelok tube cracking device. By cracking the glass tube un-
der vacuum, the CO2 was introduced into the dual-inlet system of 
a Thermo Finnigan Delta Plus XL isotope ratio mass spectrometer 
and measured against an in-house CO2 reference gas. External refer-
encing was performed using USGS24 (Graphite, δ13CVPDB = −16.05 ‰), 
treated similarly to a diamond sample. The reproducibility of the 
combustion method is 0.05 ‰ (1 SD) based on USGS24 (n = 8).

Raman spectroscopy
Raman imaging was conducted using a WITec confocal Raman mi-
croscope system at the Earth and Planets Laboratory of Carnegie 
Institution for Science. A frequency-doubled solid-state yttrium 
aluminum garnet laser was operated at 532 nm with an output pow-
er of ~1 mW as the source. The system used a long working dis-
tance objective and a 50-μm optical fiber as the confocal pinhole. 
Raman spectra were collected using an f/4 diafragma 300-mm focal 
length imaging spectrometer and a Peltier-cooled Andor electron 
multiplying charge-coupled device camera for signal collection. Af-
ter data collection, the combined image file was cosmic ray reduced, 
baseline corrected, and analyzed for phases using the Witec Project 
5 software.

Electron microprobe analysis
Before dissolution, major (MgO and FeO) and trace element (Na2O, 
SiO2, Al2O3, Cr2O3, NiO, and MnO) compositions of the ferroperi-
clase inclusions were analyzed using a JEOL 8530 F field-emission 
sourced electron microprobe at the Earth and Planets Laboratory of 
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Carnegie Institution for Science. Beam conditions of 15 kV, 15 nA, 
and 5 μm were used for all analyses with 30 s of counting time for all 
elements. Standardization was conducted using DJ35 for Na and Si, 
pure oxides for Al, Mg, and Mn, chromite for Cr, magnetite for 
Fe, and Ni-olivine for Ni. Each inclusion was analyzed 8 to 12 times 
depending on the size of the exposed area of the inclusion. Analyses 
hitting fractures or the boundary of the inclusion yielding low totals 
were excluded from the results, and the averages of the rest of 
the data are reported as the mean composition of the inclusion in 
table S1. A subset of inclusions in our study are from Harte and co-
workers (18) and were used as secondary standards for electron mi-
croprobe analyses. The compositions obtained using our protocol 
are within error from published results (34).

Iron and magnesium isotope geochemistry
Iron column purification was conducted using one-step ion-exchange 
chromatography similarly to previously reported in (53) and briefly 
summarized below. The dissolved ferropericlase inclusions were 
converted to chloride form by drying down the solution and taken 
up again in a few drops of concentration HCl. The process was re-
peated for two to three times to drive away any nitride residue from 
dissolution. Heat-shrinkage Teflon columns loaded with 0.1 ml of 
Bio-Rad AG1-X8 resin (100 to 200 mesh) were used for separating 
Mg and Fe from the sample. The sample was loaded on the column 
in <100 μl of 6 M HCl (+ 0.001% H2O2) and the Mg fraction was 
eluted in 1.2 ml of 6 M HCl (+ 0.001% H2O2). The Fe fraction of the 
sample was subsequently eluted in 2 ml of 1 M HCl. Note that any 
impurities in the ferropericlase (e.g., Ni, Mn, Cr, and Na) were also 
collected with the Mg fraction. The Mg and Fe fractions of the sam-
ple were evaporated to dryness and dissolved in 5 μl of concentrated 
HNO3 and 400 μl of concentrated H2O2 at 90°C overnight to react 
away organic compounds from the resin. The purified Mg and Fe 
samples were further processed with concentrated HNO3 to re-
move any excess chlorine and then taken up in 1 ml of 0.4 M HNO3 
for Mg and Fe isotope analyses. The column procedure constantly 
gives high yields for Mg and Fe approaching 100%, as being tested 
by processing standards with known concentrations. A small per-
centage (<10%) of Fe could occasionally be lost during evapora-
tion, but it does not cause measurable fractionation in Fe isotopes 
based on the tests in (53). To check on the reproducibility of column 
chemistry and isotopic measurements, a solution of the “SynFpr” 
was regularly processed with column chemistry and measured for 
Fe and Mg isotopes.

Iron isotope measurements
Isotopic compositions of the Fe fractions of the ferropericlase inclu-
sions were measured using a Nu Plasma II MC-ICPMS at Carnegie 
Science following the same protocol as previously described in (53). 
Iron solutions were diluted to 250 or 500 parts per billion (ppb) us-
ing 0.4 M HNO3 and introduced to the mass spectrometer via an 
Aridus III desolvating nebulizer. The concentrations of the iron so-
lutions were selected to achieve approximately 7 to 12 V on 56Fe, 0.4 
to 0.7 V on 54Fe, and 0.17 to 0.26 V on 57Fe. Measurements were 
conducted with mass resolution power of >8000 to resolve 57Fe+ 
and 56Fe+ from argon-related interferences. Potential isobaric inter-
ference of 54Cr+ on 54Fe+ was monitored using 53Cr+ and subtracted 
from 54Fe+ signals. The monitored intensity on 53Cr+ is usually <0.7 mV, 
leading to a correction of <0.2 mV on 54Fe+, which is insignifi-
cant to cause fractionation on the results after correction as tested 

on isotope standards. The sensitivity was 14 to 24 V/ppm (parts per 
million) on 56Fe, which was improved to 32 to 44 V/ppm on 56Fe 
after an upgrade on the plasma end of the Nu Plasma II in September 
2022. Each sample was analyzed 4 to 12 times, and each analysis 
included 20 cycles of 4-s integration. Instrument-based mass frac-
tionation was corrected using the standard-sample bracketing tech-
nique, and the Fe isotopic compositions of the samples are reported 
relative to IRMM-524a, a standard that has identical Fe isotopic 
composition compared with the international standard IRMM-014: 
δ56Fe =

[(

56∕54FeSample

)

∕
(

56∕54FeIRMM−524a

)

−1
]

× 1000‰ . Three 
geological reference materials (BHVO-2, BIR-1, and AGV-2) have been 
regularly purified using the “short-column” procedure of Craddock 
and Dauphas (101) and analyzed using the Nu Plasma II for Fe 
isotope composition. Measured iron isotope compositions of 
the three reference materials agree well with those reported in 
the literature (53, 102). An in-house Fe concentration standard 
(“SPEX”) was analyzed at the beginning of every mass spectrom-
eter session to check for consistency of the Fe analysis. Repeated 
analyses of the SPEX in-house standard yielded a weighted mean 
of δ56Fe = 0.007 ± 0.018‰ (2 SE, n = 7) over one and half years 
(fig. S6). In addition, solution of an SynFpr was purified together 
with the inclusion diamond samples, and the Fe fractions of the col-
umn were checked for consistency in the procedures. The analyses 
yielded a weighted mean of δ56Fe = 0.523 ± 0.018‰ (2 SE, n = 7) 
over the duration of the project (fig. S7).

Magnesium isotope measurements
The Mg fractions of the ferropericlase inclusions were used for Mg 
isotope measurements. On the basis of the column calibration pre-
viously conducted for the work in (53), any impurities in the ferro-
periclase, such as Cr, Mn, Ni, and Na, are expected to be eluted off 
the column together with Mg. Electron microprobe analyses of the 
ferropericlase inclusions show that their trace elements are within 
~5 mol % of the magnesium concentrations (table S2), which satis-
fies the typical criteria of matrix/Mg < 5% for successful magnesium 
column purification in the literature [e.g., (44)]. Nonetheless, the 
Mg fractions of the ferropericlase samples were further measured 
using a Thermo Fisher Scientific iCap Q quadrupole ICP-MS at 
Carnegie Institution for Science to check for the concentrations of 
matrix elements. An aliquot of the Mg fractions was diluted to con-
tain 8- to 80-ppb Mg for analysis. A set of mixed mass spectrometer 
concentration standards was used for the standardization of Na, Mg, 
Al, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Sr, and Y. Among 
these elements measured, Sc, Cu, Zn, Rb, Sr, and Y were below de-
tection limit most of the time. The molar concentrations of Ti, V, Co, 
and Ni are below 0.5, 0.3, 0.2, and 0.5% those of Mg in all samples 
measured. The molar concentrations of Cr and Mn are within 2% of 
Mg. Calcium and aluminum concentrations are within 3% of Mg 
except for BZ260D (Ca/Mg = 7.2) and 6b06 (Al/Mg = 7%), which 
are both excluded for Mg isotope analyses. The concentrations of Na 
and K had relatively large errors due to the high levels of background 
signals, leading to a detection limit of approximately 3% for Na/Mg 
and 2% for K/Mg. To be conservative with the level of matrix ele-
ments in the Mg samples, any samples with (Na + K)/Mg > 15% 
were excluded for Mg isotope analyses.

Magnesium isotope analyses were conducted in low-resolution 
mode using the Nu Plasma II MC-ICPMS at Carnegie Science. A 
small portion of the Mg fraction of the ferropericlase inclusion 
was diluted to 20 ppb in 0.4 M HNO3 for analysis. The solution was 
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introduced into the mass spectrometer by an Aridus III desolvating 
nebulizer, and the sensitivity was approximately 350 V/ppm for 24Mg. 
Instrumental mass bias was corrected by sample-standard bracket-
ing with the signal levels matched to within 10% between sample 
and standard. Each sample was measured six to eight times with 
each analysis consisting of 20 cycles of 4-s integrations. The bracket-
ing standard used in this study was FZT-Mg from University of 
Washington, which is 1.176‰ lighter in δ25Mg and 2.284‰ light-
er in δ26Mg (pers. comm. with F.-Z. Teng) compared with the 
international reference material DSM-3 that is no longer avail-
able. All Mg isotope compositions are reported relative to DSM-3 
after correcting for the difference between FZT-Mg and DSM-3: 
δXMg =

[(

X∕24MgSample

)

∕
(

X∕24MgDSM−3

)

−1
]

× 1000‰ , where X 
is 25 or 26. The relative difference between FZT-Mg and DSM-3 was 
verified by analyzing a small aliquot of DSM-3 as the sample using 
FZT-Mg as the bracketing standard, which yielded δ25Mg and 
δ26Mg values both within analytical error from 0‰. An in-house 
Mg-concentration standard (SPEX) was used to check for the con-
sistency of mass spectrometer analysis for Mg. Ten repeated analy-
ses of the SPEX standard throughout the project time period yielded 
a weighted mean of δ25Mg = −0.363 ± 0.015‰ (2 SE, n = 10) and 
δ26Mg = −0.698 ± 0.026‰ (2 SE, n = 10). In addition, the magne-
sium fraction of the SynFpr purified together with the inclusion 
samples from diamond were also measured for Mg isotopes to 
check for consistency in the procedures. The analyses yielded a 
weighted mean of δ25Mg = −0.398 ± 0.018‰ (2 SE, n = 5) and 
δ26Mg = −0.763 ± 0.030‰ (2 SE, n = 5) after excluding one outlier.
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