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Oxygen fugacity (fO2) controls the speciation of COH fluids in Earth’s mantle; a major question is whether
the sublithospheric mantle is metal-saturated, maintaining fO2 near the Iron-Wüstite (IW) buffer reac-
tion. If so, then COH fluids from this source will be dominated by CH4 + H2, rather than the more oxidized
CO2-H2O fluids commonly considered in petrological studies. A key to this question is found in rare but
widespread examples of natural mineral assemblages that require unusually low fO2. We summarize an
investigation of super-reduced mineral assemblages in corundum xenocrysts from Late Cretaceous alkali-
basalt volcanoes on Mt Carmel, northern Israel and related Plio-Pleistocene alluvial deposits. P-T esti-
mates indicate that the corundum xenocrysts crystallized in the uppermost mantle. The well-
documented geological controls on the origin of these deposits, and radiometric dating of the super-
reduced phases, ensure the ‘‘naturalness” of the controversial assemblages and make these mineral par-
ageneses a benchmark for evaluation of related occurrences worldwide.
The tuffs contain a ‘‘basalt-megacryst” mineral suite (zircon, sapphire, ilmenite, spinel). The megacryst

chemistry and the geochronology of the zircons indicate that the megacrysts crystallized from broadly
syenitic melts that differentiated at subcrustal levels (P ca 1 GPa) within a thick gabbroic underplate built
up from Permian through Pliocene time and perhaps into the Pleistocene. Reaction of mantle-derived
CH4-H2 fluids with these syenitic melts led to the separation of immiscible Fe0 and Fe-Ti oxide melts near
fO2 = IW. Trace-element distributions suggest the syenitic melts then separated into immiscible Si-Al-Na-
K-rich and FeO-rich oxide melts; the latter were enriched in HFSE, REE, P and Zr as in other natural and
synthetic examples of melt-melt immiscibility.
In a model magma chamber the FeO-rich melts would sink, leaving the Si-Al-Na-K melts in an upper

zone, both still fluxed by CH4-H2 fluids. At fO2 ofDIW-6 to -7 the removal of immiscible Fe-Ti-Si-C silicide
melts from the FeO-rich melt would leave a desilicated Ca-Al-Si oxide melt that crystallized high-Ti
corundum hibonite cumulates with inclusions requiring fO2 from DIW + 2 to DIW-9, while the less-
reduced conjugate silicate melts in the upper levels crystallized low-Ti corundum. Aggregates of skeletal,
strongly Ti-zoned corundum crystals. reflect rapid crystallization from very reduced melt-fluid mixtures,
probably in fluid-escape channels. Explosive eruptions sampled individual magma chambers at different
depths and with different initial compositions, fluid mixtures and fluid dynamics to produce Mt Carmel’s
mineralogical diversity.
A review of similar occurrences worldwide suggests that the Mt Carmel assemblages reflect a funda-

mental process – the rise of CH4-H2 fluids into the upper mantle -- that accompanies mantle-derived
magmatism in many tectonic settings. The interaction of these fluids with lithospheric mantle rocks
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and melts can lead to extreme fractionation via the separation of immiscible Fe-Ti-Si-C melts and residual
desilicated melts. The oxidation of CH4-H2 fluids in the lithospheric mantle may be the ultimate source of
metasomatic fluids dominated by CO2 + H2O, and of many diamonds. More attention should be paid to
the role of methane and other reduced fluids in mantle petrology, and their relevance to metasomatic
processes and global carbon cycles.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of International Association for Gondwana
Research. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.0/).
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1. Introduction

Ongoing controversy surrounds the nature and origin of carbon-
bearing fluids in Earth’s upper mantle. For example: are diamonds
formed in the cratonic lithospheric mantle by oxidation of reduced
fluids, by reduction of oxidized fluids, or both? How are metaso-
matic fluids generated in the lithospheric mantle? What is the
redox state of the sublithospheric mantle? Are fluid fluxes ana-
lyzed at the surface representative of mantle outgassing? Such
uncertainty ultimately affects our ideas about the nature of meta-
somatic processes and melting relationships in the mantle, and the
processes that drive volcanism and move elements of economic
interest from mantle to crust. Some of the controversy reflects
the difficulty of interpreting mineralogical and isotopic signatures
in terms of their causative agents, and the ambiguity of most types
of evidence.

Experimentally calibrated oxythermobarometers indicate that
the upper mantle and its shallow melting products such as
basalts are relatively oxidized, providing little evidence for
reducing fluids in the upper mantle. On the other hand, several
studies have concluded that much of the sublithospheric mantle
is saturated in metal (Fe,Ni) alloys, in which case coexisting COH
fluids would be dominated by methane and hydrogen (e.g. Frost
et al., 2004; Rohrbach et al., 2007; Frost and McCammon, 2008;
Stagno et al., 2013). The discovery that large sublithospheric dia-
monds grew in metal-saturated environments and contain inclu-
sions of CH4 + H2 (Smith et al., 2016, 2018) also argues for the
presence of reducing fluids at least in the deeper parts of the
upper mantle. If such fluids do rise from the asthenosphere, evi-
dence of their passage might not be expected to survive in a
more oxidized upper mantle. However, peridotites in depleted
cratonic lithosphere, at least, have little buffering capacity
(Luth and Stachel, 2014) and many deep-seated xenoliths record
oxygen fugacities (fO2) approaching the iron-wüstite (IW) buffer
(Woodland and Koch, 2003; Yaxley et al., 2012). Furthermore,
the presence of phases such as moissanite (SiC) as inclusions
in diamonds and in mineral separates from kimberlites and
other deep-seated rocks (Shiryaev et al., 2011; Griffin et al.,
2018c) requires that domains with fO2� IW must exist at least
locally within the upper mantle.

This review first explores the composition and formation of
xenolithic material from nine small late-Cretaceous volcanoes,
erupted over ca 10–15 Ma and an area of ca 150 km2 on Mt Carmel,
northern Israel (Fig. 1), and from related alluvial deposits in the
adjacent Yizre’el valley (Supplementary Material, Fig. S-1). These
were targeted by a successful 14-year exploration program by
Shefa Yamim Ltd (now Shefa Gems Ltd), aimed at the discovery
of placer gem deposits in the Plio-Pleistocene sediments of the
proto-Kishon River, which ran along the northern escarpment of
Mt Carmel. Extensive heavy-mineral sampling of modern drai-
nages and weathering profiles was used to identify possible pri-
mary sources. More than 1400 individual samples from the
volcanic centres, the Plio-Pleistocene placers and modern drai-
nages, ranging from a few kg to > 600 tonnes, were processed (Sup-
plementary Material II; Hattingh, 2019).

Heavy-mineral concentrates from these samples typically con-
tain a ‘‘basalt-megacryst” suite (zircon, sapphire, clinopyroxene,
ilmenite, spinel), minerals derived from disaggregated mantle
rocks (olivine, clinopyroxene, garnet, spinel) and a suite of miner-
als that require fO2 ranging from DIW + 2 to DIW-9. Individual
eruptions appear to have sampled a range of broadly similar mag-
matic systems at different stages of their parallel evolution. We
propose that this evolution reflects interaction between highly
reduced mantle-derived fluids and pre-existing melts in a differen-
tiated basaltic underplate near the crust-mantle boundary.
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We have previously documented several aspects of these
remarkable deposits (Griffin et al., 2016a, 2018a-c, 2019a,b,
2020a,b, 2021a,b, 2022; Huang, 2020; Oliveira, 2021; Xiong et al.,
2017). Here we synthesise that information and integrate it with
a range of new observations and analytical data, including radio-
metric dating of SUR phases. Our aim is to provide a benchmark
for understanding the sources and effects of highly reduced fluids
in the mantle and lower crust.

This review of the mineralogy and geochemistry of the Mt Car-
mel assemblages allows the evaluation of other reported super-
reduced (SUR) mineral associations, such as those from Tethyan
ophiolites, kimberlitic rocks and the Kamchatka volcanoes, and
supports their natural origins. We conclude that these processes
are global in distribution; similar mineral assemblages are associ-
ated with cratonic roots, continental-collision zones and explosive
volcanism in subduction zones and volcanic arcs, as well as in
intraplate settings such as Mt Carmel. They imply an important
role for mantle-derived methane-hydrogen fluids in magmatic
and metasomatic processes in a variety of geological settings, with
implications for global carbon cycles.
2. Geological setting and provenance of samples

The material described here is derived from intraplate Creta-
ceous volcanic centres and related Plio-Pleistocene alluvial (placer)
deposits in the Mt Carmel-Yizre’el Valley area of Galilee, northern
Israel (Fig. 1b; Supplementary Material, Fig. S-1). The geological
setting and field appearance of the volcanics and the placer depos-
its have been described previously (Griffin et al., 2018a, 2021b) and
are briefly summarized here.

The area lies within a complex system of minor rifts and other
faults related to the nearby Africa-Arabia plate boundary, which
later developed into the Dead Sea Transform, with ca 105km of
left-lateral offset since movement began in Miocene time
(Weinstein, 2012). The NW-SE Carmel Fault that bounds Mount
Carmel on the east (Fig. 1b; Supplementary Material, Fig. S-1) is
part of a belt of faulting 10–20 km wide that runs through the Yis-
re’el Valley and may extend NW across the continental margin
(Segev and Rybakov, 2011). The unexposed basement rocks proba-
bly formed in Pan-African (Cadomian) time (>620 Ma; Stein and
Goldstein, 1996).

This region experienced mafic and felsic volcanism during and
after the Permo-Triassic Palmyra rifting related to the breakup of
Gondwana and the opening of the Neo-Tethys ocean. An Early
Jurassic (197–193 Ma) event erupted alkali-olivine basalts and
pyroclastics with OIB-intraplate geochemical signatures (Dvorkin
and Kohn, 1989). The sparse Early Cretaceous magmatism (C1,
137–139 Ma; Segev, 2005; references therein) comprises subalka-
line to alkaline basalts, nephelinites and basanites with hotspot/
mantle-plume geochemical and isotopic signatures (Garfunkel,
1989; Stein and Hofmann, 1992, 1994; Laws and Wilson, 1997).
This magmatism continued until ca 125 Ma in Lebanon and possi-
bly extended into northern Israel (C2; Segev, 2005).

The Late Cretaceous (98–94 Ma, Turonian-Cenomanian) volcan-
ism in the Mount Carmel-Umm El Fahm area (Supplementary
Material, Fig. S-1) has been described by Sass (1980). The dominant
volcanic rocks are mafic to ultramafic pyroclastics with few lava
flows, erupted in a shallow marine environment with carbonate
sediments. The eruptive vents contain relatively fresh massive
‘‘black pyroclastics” (Sass, 1980; Griffin et al., 2021b); more
strongly layered water-laid ‘‘variegated pyroclastics” of variable
thickness are locally interbedded with carbonates, reflecting the
construction and levelling of small seamounts (Sass, 1980). The
few spatially associated basalt flows are porphyritic alkali-olivine



Fig. 1. a, Regional map showing location of major fault systems and the Mt Carmel area. Red frame marks location of b, a map of the Mt Carmel area showing simplified
geology and locations of Cretaceous volcanic centres.
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basalts with OIB-like trace-element signatures (Kaminchik et al.,
2014); their relationship to the explosive magmatism is unclear
(Sass, 1980). This volcanism continued to at least 76 Ma in areas
NE of Mt Carmel (Ilani et al., 2005).
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Following the Eocene recession of the Mediterranean Sea the
area was eroded to a broad, flat coastal plain during the Oligocene.
The present geomorphology (Fig. S-1) reflects the early Miocene to
Pliocene development of a half-graben structure along the
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N-dipping Carmel Fault, related to movement on the Dead Sea
Transform (Kafri, 2002; Matmon et al., 2003). Prior to this, the
Mt Carmel block was covered by late Eocene, Oligocene and prob-
ably early Miocene sediments and volcanic rocks; Miocene ero-
sional surfaces are found on the Mt Carmel plateau (Steinberg
et al., 2010). Isostatic uplift of the Mt Carmel block involved
400–500 m displacement and continues today (Matmon et al.,
2003; Steinberg et al., 2010). The Lower Basalt (17–10 Ma;
Rozenbaum et al., 2016) and the upper Miocene-Pliocene Cover
Basalts (ca 5 Ma to < 3 Ma) include alkaline to tholeiitic flows
and pyroclastic deposits with OIB geochemical signatures
(Weinstein, 2000; Weinstein et al., 2006). The bulk of these basalts
is buried beneath sediments, but large outcrops occur in the east-
ern and northern parts of the Yizre’el Valley (Fig. 1b; Supplemen-
tary Material, Fig. S-1).

The gem placers discussed here are concentrated in the ‘‘Kishon
Gap” (Supplementary Material, Fig. S-1) where the valley narrows
next to the Mt Carmel escarpment and the river entrains coarser
material coming down in alluvial fans. Extensive drainage sam-
pling and dating of ‘‘basaltic” zircons across the Yizre’el Valley
indicates that both the Miocene-Pliocene volcanics and the Creta-
ceous volcanic centres have contributed heavy minerals to the
alluvial deposits (Griffin et al., 2018). It is important to note that
the placers sampled in this work do not come from the current
bed of the Kishon River; they are paleoplacers developed at the
base of Plio-Pleistocene terraces that now lie ca 10 m above the
modern drainage. The paleoplacers occur in unlithified and unce-
mented coarse gravels that directly overlie bedrock at depths of
4–10 m and are overlain in turn by undisturbed finer-grained sed-
iments (Griffin et al., 2021a).

Most of the known volcanic centers, as well as the paleoplacers,
have been bulk-sampled (See Supplementary Material II) to deter-
mine their contents of gem minerals. These procedures capture
heavy minerals down to 0.5 mm, a meticulous sampling regime
rarely used in studies of basaltic complexes. This sampling has
established that the Cretaceous volcanic centers, which lie 50–
350 m above the Kishon river (Supplementary Material; Fig. S-1),
collectively contain all of the minerals found in the alluvial depos-
its, in particular moissanite, ruby and corundum aggregates
(Griffin et al., 2018a).

Corundum and moissanite (up to 4.1 mm), along with the
peridotite-pyroxenite suite of minerals, also are found in surfi-
cial sediments and modern streams across the drainage basin
of the Kishon River. This distribution in part reflects a shallow
Miocene marine incursion that resulted in locally preserved
carbonate-cemented, quartz-rich beach placers with garnet,
diopside, spinel and moissanite (Roup et al., 2009; Supplemen-
tary Material, Fig. SD-3), which have been recycled into the
Pliocene and Pleistocene-recent drainages. However, detailed
surface sampling indicates that some of the placer materials,
including sapphire, corundum aggregates and moissanite also
may be derived directly from Tertiary volcanics exposed
(presently or previously) in the area (Wald and Toledo, 2016).
Geochronological data (see below) and our analysis of the
distribution of different corundum parageneses (see below)
strongly support this inference.

The occurrence of the corundum-moissanite SUR suite in the
primary volcanic centres, in deeply buried Plio-Pleistocene placers
and in lithified Miocene beach deposits (Griffin et al., 2019b,
2021b) and Mesozoic-Cenozoic U-Pb-Th ages on SUR minerals in
the corundum aggregates (see below) demonstrate that the Mt
Carmel SUR phases were formed and deposited long before
humans walked on Earth. This clearly makes arguments for indus-
trial contamination (Ballhaus, 2021; Galuskin and Galuskina,
2023a,b; Griffin, 2019a; Litasov et al., 2019b; Griffin et al.,
2019b; Litasov et al., 2019a) untenable. Other evidence for the
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‘‘naturalness” of the material studied here is summarized in
Supplementary Material I.
3. Methods

Sampling and mineral separation procedures are described in
detail by Griffin et al., (2021b) and in Supplementary Material II;
they are based on diamond-industry practices designed to prevent
anthropogenic contamination. Analytical procedures are described
in Supplementary Material III. Methods used in this work include
reflected- and transmitted-light petrography, electron probe
microanalysis (EPMA) for analysis of major and minor elements
and Th-U-Pb dating of minerals, scanning electron microscopy
(SEM) with back-scattered electron (BSE) and cathodolumines-
cence (CL) imaging, energy-dispersive elemental analysis (EDS)
and electron-backscatter diffraction (EBSD), Raman spectroscopy,
transmission electron microscopy (TEM), electron energy-loss
spectrometry (EELS), 3D X-ray lCT imaging, single-crystal X-ray
diffraction, analysis of trapped gasses, analysis of oxygen and car-
bon isotopes by secondary-ion mass spectrometry (SIMS), and
laser-ablation inductively-coupled plasma mass spectrometry
(LA-ICPMS) for in situ analysis of trace-element abundances, 87-
Sr/86Sr in carbonates and U-Pb dating of carmeltazite.
4. Results

We describe in turn the geological and mineralogical features
relevant to understanding the origin of the SUR mineral assem-
blages. To avoid repetition and simplify description we have com-
bined petrographic and geochemical data for each aspect and
integrated these in the Discussion.

4.1. Mt Carmel Cretaceous volcanics

The ejecta from the Cretaceous volcanoes are dominated by
‘‘ash. . . made up of microvesicular glass in various degrees of
preservation [and] lapilli and volcanic bombs [of] vitrophyric
basalt, rich in vesicles and consisting of black glass (sideromelane),
altered olivine phenocrysts and microlites of augite and plagio-
clase” (Sass, 1980). Most of the tuffs are water-laid (Yudalevich,
2007); many primary minerals are altered, and the matrix com-
monly contains secondary carbonates. The freshest lapilli (1–
2 cm in diameter) typically comprise smaller individual lapilli,
many of which are themselves composites, cemented by fine-
grained material altered to various degrees (Supplementary Mate-
rial, Fig. S-2). Tuff lapilli from the main vent of the Rakefet Mag-
matic Complex consist largely of petrographically isotropic but
devitrified and hydrated glasses; basaltic lapilli are
clinopyroxene-phyric with apparently fresh groundmass plagio-
clase while more mafic minerals are altered to cryptocrystalline
material. Grain size and the degree of crystallinity vary widely,
and large zoned phenocrysts of clinopyroxene are abundant. Petro-
graphic and geochemical studies (DeBeers Africa Exploration,
internal document, 2005) concluded that the primary magma
was an olivine monchiquite/basaltic lamprophyre.

The largest homogeneous parts of individual basaltic clasts
were analysed using SEM-EDS areal analysis. Analytical sums typ-
ically are <90 %, suggesting a large ‘‘loss on ignition”; analyses in
Supplementary Material, Table S-1 are normalized to a volatile-
free basis. Despite the textural variation, the suite is relatively
homogeneous in composition; differences between clasts mainly
reflect variations in the proportions of clinopyroxene vs olivine +
orthopyroxene. Positive correlations of Fe and Mg suggest minimal
fractional crystallization. The mean composition of the clasts
(n = 50) is olivine-orthopyroxene normative; its low SiO2



Fig. 2. Major-element plots for glasses in tuffs of the Rakefet Magmatic Complex; green star shows mean composition of Cretaceous basalts from Mt Carmel.

Fig. 3. Oxygen-isotope analyses of corundums from Mt Carmel. Grains with
‘‘unzoned CL” may be either Crn-B (high-Ti) or Crn-C (low-Ti); others are strongly
zoned Crn-A. Data from Supplementary Material Table S-3.
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(43.5 wt%) and Na2O + K2O (<1 wt%) classify it as a tholeiitic picrite,
although the mean P2O5 content is high (1.2 %). The alkali elements
and SiO2 may have been modified by alteration, but the composi-
tional similarity between the least cpx-phyric varieties (with the
highest proportion of easily altered groundmass) and the micro-
gabbros makes this seem unlikely. Furthermore, Sass (1980) has
noted that the most common type of alteration is spilitization,
which would add Na.

Dark lapilli from the ‘‘black pyroclastic” vent facies (Sass, 1980)
of the Rakefet Magmatic Complex comprise irregular fragments of
devitrified felsic and mafic glass. The mafic glass (‘‘LOI” from EPMA
analyses = 10–20 %; light in BSE images; Supplementary Material,
Fig. S-2) sits in a fine-grained felsic matrix, isotropic under crossed
polars and darker in petrographic and BSE images. The felsic glass
typically contains fragments of mafic glass, cpx and feldspar and
many shards have a rim of the mafic glass. The felsic glass also
occurs as round to irregular inclusions within shards of the mafic
glass; some shards have a foliation suggesting the mingling of
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two distinct melts. Subangular to rounded bodies of carbonate
occur mainly in the mafic glass; some may be vesicle fillings, but
others may be balls of carbonate melts. Many vesicles contain apa-
tite with 2–3 wt% SO2.

Large-area EDS analyses show that both mafic and felsic glasses
have high MgO contents, but the high-SiO2 glass has the higher
Mg# (85 vs 65; Supplementary Material, Table S-1); neither type
contains measurable Na or K. The low-SiO2 glass is olivine-opx nor-
mative, while the high-SiO2 glass contains only normative opx. In
the low-SiO2 glasses MgO and Al2O3 are positively correlated with
SiO2 (Fig. 2), while FeO and CaO are negatively correlated. In the
high-SiO2 glasses, the only clear correlations are decreases in
Al2O3 and FeO with increasing SiO2. The compositional gap
between the two populations of glass, combined with the petro-
graphic observations, suggests that the tuffs from the RMC sam-
pled at least two immiscible magmas. The mafic component was
especially volatile-rich, leading to the production of highly vesicu-
lar fragments. In most of these plots the crystalline basalts lie out-
side the trends defined by the two types of ‘‘glass”. The low-SiO2

glasses are compositionally similar to some meimichites; the
high-SiO2 glasses resemble some boninites but have higher MgO
than most.

Basalts from flows intercalated with tuffs and limestones on Mt
Carmel have higher average contents of SiO2, Al2O3, Na2O and K2O,
but much lower MgO contents than the lapilli in the tuffs and clas-
sify as alkaline to subalkaline basalts (Kaminchik et al., 2014; Sup-
plementary Material, Table S-1). They also have significantly lower
Mg# than the analyzed lapilli or glasses and are more evolved than
the magmas that accompanied the explosive eruptions. This evolu-
tion probably involved the fractional crystallization of olivine and
cpx, the major phenocrysts in the lavas (Kaminchik et al., 2014).
However, modelling using the MELTS software indicates that the
basaltic lapilli in the tuffs do not represent parental melts to the
Cretaceous basalts.

4.2. Basalt-megacryst suite

This suite includes several minerals that are found as coarse-
grained xenocrysts in many alkali basalts worldwide; they are
commonly linked to the crystallization of differentiated mafic
magmas in the deep crust or uppermost mantle.



Fig. 4. Synthesis of data on zircons from Mt Carmel vents. (a) fO2 of host melts
(Loucks et al., 2020) vs age (Griffin et al., 2018a); (b) Ti-in zircon T (Fu et al., 2009) vs
fO2; Y content vs calculated SiO2 of host melts (Turner et al., 2020).
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4.2.1. Corundum
Monocrystalline grains of corundum up to > 2 cm across are

found in all of the primary centres and the gem placers; most are
anhedral fragments, but some retain crystal shapes or euhedral
colour zoning. They can be divided into red–purple varieties (ruby)
and sapphires, which range from colourless or pale pink to yellow
and dark blue. Rubies are much rarer than sapphires, typically
much smaller (<2mm) and have been recovered from the Rakefet,
Har Alon and Beit Oren vents (Fig. S-1), as well as the placer depos-
its. Monocrystalline rubies and sapphires typically show little or no
cathodoluminescence (CL). One monazite inclusion and one Na-K
feldspar inclusion have been seen in the blue sapphires.

Trace-element contents of representative samples are given in
Supplementary Material, Table S-2. The blue sapphires tend to
have lower Fe, higher Mg, Ti, V and Cr, and significantly lower
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Ga/Mg than the paler varieties. The rubies contain 0.3–2 wt% Cr
and have very low contents of Mg, Fe and Ti. A high-Ga/Mg group
has much lower contents of Mg, Ti and Fe than the low-Ga/Mg
group, but higher Zn and Ga.

Oxygen-isotope analyses of 13 blue to green sapphires range in
d18O from 2 to 7.5 ‰, with a mean and median of 4 ‰ (Fig. 3; Sup-
plementary Material, Table S-3); these values are typical for basalt-
borne sapphires and are considered indicative of a mantle deriva-
tion (Sutherland et al. 2009; Graham et al., 2019). The d18O data for
the rubies link them to the SUR mineral suite and are discussed
below.

4.2.2. Zircon
Zircon ‘‘megacrysts” are typically several mm long, with euhe-

dral to highly irregular external forms (Griffin et al., 2018b). CL
images reveal complex histories involving magmatic crystalliza-
tion, brecciation, recrystallization and overgrowth. The age spec-
trum of zircons from the Cretaceous volcanics shows
semicontinuous magmatism from ca 300 Ma to 100 Ma, with peaks
around 275 Ma, 240 Ma, 190 Ma and 100 Ma. Zircon populations
from the Plio-Pleistocene placers have additional peaks at 80–90,
28, 10–14 and 3–5 Ma. Core-rim microstructures are common:
Permian cores in Triassic zircons; Permian or Triassic cores in
Jurassic zircons. Observed inclusions are pyrite, apatite, clinopy-
roxene and K-feldspar. Most grains have eHf(t) of + 5 to + 10; the
scatter of data between the Hf-isotope evolution lines for the DM
and CHUR ‘‘reservoirs” is similar to that observed in zircon mega-
crysts from kimberlites worldwide (Griffin et al., 2000; Woodhead
et al., 2017). d18O values range from 3.7 to 5.9 ‰, (mean 5.1 ‰);
most are within the accepted ‘‘mantle range” of 5.6 ± 0.6 ‰ but
lighter values are found in grains that show late brecciation and
recrystallization. In the CART classification (Belousova et al.,
2002) 47 % of the zircons classify as syenitic, 33 % as monzonitic
and 11 % as carbonatitic. This pattern is typical of mantle-derived
zircons in continental settings, which usually are interpreted as
forming in late differentiates of mafic magmas.

SiO2 contents of the parental melts, estimated from Th/Y sys-
tematics (Turner et al., 2020) are 52 ± 4 wt% for zircons with both
syenitic and monzonitic signatures, and the mean SiO2 contents of
the melts increase with decreasing age and Y contents (Fig. 4). Zir-
cons from higher-SiO2 melts are generally more enriched in incom-
patible elements. The Ce-U/Ti oxybarometer of Loucks et al. (2020)
gives fO2 values of DQFM = 2 ± 2 for most Permo-Triassic zircons,
but nearly half of the Jurassic and Cretaceous zircons record fO2

< QFM (Fig. 4). This may suggest that the reducing conditions seen
in the Cretaceous Mt Carmel material studied here also were
experienced during earlier magmatic episodes.

4.2.3. Mg-Ilmenite
Ilmenite grains are up to centimetric in size; some are subhe-

dral to euhedral but most are fragments. There is a wide but coher-
ent range in composition within several of the smaller primary
volcanic centres, and in ilmenites from the paleoplacer deposits
(Fig. 5). MgO contents range from 1.8 to 7.8 wt% (6.7–28.5 % (mean
14.7 %) of the geikilite component and are positively correlated
with TiO2 contents (Supplementary Material, Table S-4). Some
higher-MgO grains resemble megacrysts from kimberlites in this
regard (Fig. 5a). However, unlike most kimberlitic ilmenites, calcu-
lated Fe3+ contents are high (mean Ilm64.2Hem20.5Geik14.7Pyro0.6;
Fig. 5b). Contents of Cr2O3 in this dataset are < 0.07 wt% (mean
0.03 wt%).

A large ilmenite dataset from the tuffs of the Rakefet Magmatic
Complex (Fig. 1b; Fig. 5c) shows a wider range of both MgO and
Cr2O3, up to 16 wt% and 1.2 wt%, respectively. High values of
Cr2O3 are not confined to high-MgO grains, but in grains
with >10 wt% MgO, MgO and Cr2O3 are positively correlated, while



Fig. 5. Chemistry of ilmenite ‘‘megacrysts” fromMt Carmel volcanic vents. (a) Plot of MgO vs TiO2 for kimberlitic and non-kimberlitic rocks. Contours of % Fe2O3 are shown as
dashed light-grey lines. The black curve at lower MgO represents the boundary of the non-kimberlitic ilmenite field. The black line at higher MgO represents the boundary of
kimberlitic ilmenite compositions from localities in South Africa and Namibia. After Wyatt et al. (2004). (b) Grey fields, ilmenite megacrysts in South African kimberlites
(Wyatt et al., 2004). (c) Comparison of ilmenites from Mt Carmel with ilmenites in pyroxenite veins (thick vs thin) in peridotites of the Lherz massif (Lorand and Gregoire,
2010).

W.L. Griffin, L. Bindi, F. Cámara et al. Gondwana Research 128 (2024) 14–54
MgO and Fe3+ are negatively correlated. Most of this high-MgO,
high-Cr2O3 population has �5 % Hem and is similar to kimberlitic
ilmenite megacrysts (Wyatt et al., 2004).

The main population of low-Cr ilmenites can be matched with
grains in low-MgO garnet pyroxenite xenoliths from the Mt Carmel
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volcanics (Lu et al., 2022). No xenolith analogue has been found for
the higher-Cr, less-oxidized ilmenites. However, they resemble
ilmenites in amphibole-rich high-pressure (1.2–1.5 GPa) veins that
crosscut the Lherz (France) orogenic lherzolite massif (Lorand and
Gregoire, 2010; Fig. 5c).



Fig. 6. Analyses of spinels from Mt Carmel vents. Red field, spinels from abyssal peridotites. Red line in (e) encloses 50% of spinels from Large Igneous Provinces; blue line in
(e) is the Fe-Al magmatic trend (basalts and gabbros; Barnes and Roedder, 2001).
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4.2.4. Clinopyroxene
Clinopyroxene megacrysts can be > 1 cm long; they typically are

anhedral fragments but some retain crystal shapes. The main pop-
ulation (n = 170) shows little variation in composition (Supple-
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mentary Material, Table S-4); they are augites rich in Ca-
Tschermak’s molecule. One minor group has higher FeO and SiO2

but lower Al2O3, MgO and CaO. Observed inclusions are Fe-Mg-Al
spinel with relatively high Fe3+ (see below) and quandilite ((Mg,



Fig. 7. BSE images of Fe-oxide balls from Mt Carmel tuffs; some show central voids. Crystals on the surface of (a) are FeO; (b-d) are microcrystalline but close to FeO in
composition.
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Fe3+)2(Ti,Al, Fe3+)O4, an ulvøspinel phase). The main population is
identical to cpx in low-Mg garnet pyroxenite xenoliths from Mt
Carmel (Table S-4; Lu et al., 2022). The cpx megacrysts probably
represent material from disaggregated coarse-grained pyroxenites,
crystallized from mafic melts and recrystallized during cooling at
P = 20–25 kb, in the deeper part of the lithospheric mantle beneath
the area (Lu et al., 2022).

4.2.5. Spinel
Spinel is abundant in heavy-mineral concentrates from both the

vents and the alluvial deposits. Most grains are millimetric, but
some are up to cm size, red and transparent. Analyses (Fig. 6;
Table S-4) show two distinct populations: a Cr-series with Cr#
(Cr/(Cr + Al) of 0.1 to 0.7, and an Al-series with little Cr but high
Ti, Fe and Fe3+. The Cr-spinels commonly have ‘‘holly-leaf” mor-
phology and a wide range in Cr# over a narrow range of Mg#
(Mg/(Fe + Mg)); they are typical of spinels from xenoliths of
spinel-facies peridotites. Within this group there are two broad
clusters, with Cr# = 0.1 to 0.3, and 0.4 to 0.55, respectively. Com-
parison with data on xenoliths from continental margins (Davis
et al., 2007) suggests that the higher-Cr subset represents frag-
ments of mantle peridotites, while the lower-Cr subset may be
derived from cumulate gabbros and troctolites.

The Al-series spinels showmore variable morphology, including
octahedral grains. They appear to have crystallized from Cr-poor,
Fe-Ti-rich melts; TiO2 contents reach 1.5–2 wt%. Fe3+ increases
together with Fe# and TiO2, a typical magmatic trend (Fig. 6e). They
are similar to Ti-rich spinels from seamount xenoliths (Davis et al.,
2007) and to spinels from basalts in large igneous provinces.

4.3. Carbonates

Carbonate fragments derived from subjacent limestones are
abundant in the tuffs. However, carbonates also comprise aggre-
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gates of 20–100 lm euhedral to subhedral crystals of high-Mg
dolomite (molar Mg/Mg + Ca up to 0.54, FeO to 3 wt%; Supplemen-
tary Material, Table S-4; Fig. S-4), commonly enclosed by a euhe-
dral rim which may be overgrown in turn by high-Mg calcite.
The aggregates typically are outlined by tiny grains of unidentified
Ti-oxides and sulfides. The highest Mg/Mg + Ca values are found in
crystal cores, or in late overgrowths. LA-ICPMS analyses of cores
also typically contain 0.3–0.7 wt% S, probably in sulfide microin-
clusions (Table S-4). These carbonates are interpreted as mag-
matic; the highest Mg/Mg + Ca values correspond to
temperatures of > 1000 �C on the dolomite-magnesite solvus at
P = 0.2–1.5 GPa (Goldsmith and Heard, 1961; Anovitz and
Essene, 1987).

LA-ICPMS Rb-Sr analysis (Supplementary Material, Table S-5)
shows that the cores have a mean 87Sr/86Sr = 0.7060 ± 0.0008
(2r), while the rims have higher values (0.7088 ± 0.0005), as well
as higher mean Sr contents. Analyses of isolated grains in the tuff
matrix have 87Sr/86Sr identical to the rims; this is slightly higher
than mean Cretaceous seawater (0.7075; Veizer, 1989).
4.4. Other mantle-derived phases

Olivine (Fo89-90) is rare in the Cretaceous pyroclastic deposits
due to alteration, but common in sediments derived from the
Miocene-Pliocene basalts of the Yizre’el valley. Opx occurs rarely
as large single crystals; its chemistry is consistent with derivation
from spinel lherzolites. Cr-diopside is abundant and similar to cpx
from spinel lherzolites. Abundant garnet in heavy-mineral concen-
trates is derived mainly from garnet pyroxenites but some low-Cr
pyropes are similar to those in fertile garnet-spinel lherzolites
worldwide (Lu et al., 2022). Amphibole megacrysts are abundant
in the Har Alon vent, but rare elsewhere.



Fig. 8. Above; (a), (b). BSE images and element maps of Fe-oxide balls with cores of Fe0 and rims of ferroarmalcolite crystals in silicate matrices. The example in (b) has an
inner core of iron alloyed with Mn; the shape of the outer core suggests it was originally molten. Box shows location of maps in (c). (c) The Fe0 core in contains abundant
droplets with compositions similar to the rims; many also contain a vesicle. Below, element maps of a vesicular ball consisting of ferroarmalcolite in a silicate matrix.
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4.5. Reduced and super-reduced parageneses

4.5.1. Iron-, iron oxide- and Fe-Ti oxide melts
The pyroclastics and the paleoplacer deposits contain abundant

spherules up to 3 mm in diameter of native iron (Fe0) and a range
of Fe-Ti oxides (Fig. 7). Some balls are alloys of Fe with Mn, Cr and
Ni. The Fe0 balls are commonly surrounded by rims of Fe-Ti oxides,
and some Fe0 cores contain many tiny inclusions of FeO, each with
24
a bubble of unknown composition. Similar oxides occur as spheres
or aggregates of spheres, many of which are vesicular or contain
one large spherical central void (Fig. 7). The oxides may be micro-
crystalline or coarsely crystalline with finer-grained rims (Fig. 8).
Three populations have been recognized in terms of bulk composi-
tion (SEM-EDS areal analysis; Supplementary Material, Table S-6):
(1) � 80 wt% FeO, �10 wt% TiO2; (2) mean FeO 38 wt%; TiO2 40 wt
%; (3) mean FeO 15 wt%; TiO2 54 wt%. The first type, where



Fig. 9. Element maps of a portion of a vesicular, oscillatorily-zoned Fe-Ti-oxide ball. See analyses in Supplementary Material, Table S-6.
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crystalline, consists of skeletal crystals of nearly stoichiometric FeO
in a matrix richer in Si, Ca and Al. The more Ti-rich varieties com-
monly crystallize blades of Si-rich ferroarmalcolite (Fe2+Ti2O5;
Fig. 8; Table S-6) in a matrix rich in Si, Ti, Ca and K; some micro-
crystalline types show fine oscillatory zoning (Fig. 9). Some contain
crystals of tephroitic fayalite (analysis 689-2c).

The interstitial matrices in the oxide spherules show wide vari-
ations in Ca, Mg, Al, Ti and Si (Table S-6). In Fe-oxide shells on Fe0

cores (Fig. 8a) the matrix concentrates Ti, Al, Ca and Si, while in the
Fe-oxide and Fe-Ti-oxide spherules the matrix concentrates Si, Al,
Ca and Mg. In the Ti-oxide spherules, the matrix concentrates Si,
W and S relative to the ferroarmalcolite blades.

Some Fe0 and oxide spherules are enclosed in frothy fine-
grained devitrified silicate glass with pronounced oscillatory zon-
ing, defined by variations in (Fe + Mn) vs (Si + K) (Fig. 10). This
frothy glass is much richer in Ti and Ca than homogeneous glass
spherules found attached to Fe-Ti oxide balls (Supplementary Data,
Table S-6) but is broadly similar to the average of silicate matrices
in the crystallized Fe-Ti oxide spherules.

The microstructures suggest that the oxide spheroids repre-
sent � 2 mutually immiscible metal-oxide melts, an Fe0 melt and
a silicate melt. Aggregates of spheroids may comprise any combi-
nation of these compositions. The abundance of hollow and/or
vesicular spheres implies the additional presence of a mutually
immiscible volatile phase. Several of these metal-oxide spherules
are attached to fragments of corundum.

The vent pyroclastics and alluvial deposits also contain platy
fragments of an iron monoxide, up to several mm across. These
can be both mono- and polycrystalline, and many grains contain
abundant vesicles (Supplementary Material, Fig. S-5). Some show
minor zoning in MnO, which ranges up to 1.7 wt%; many grains
contain traces of SiO2 and/or Al2O3. Molar (Fe + Mn)/O ranges from
0.86 to 1.2, with a mean of 1.12. The microstructures of the grains
suggest that they represent quenched fluid-rich melts rather than
phenocrysts.

4.5.2. Hibonite-gehlenite cumulates
Microxenoliths recovered from two alluvial bulk samples com-

prise coarse-grained (100–500 lm) laths of hibonite, gehlenite,
anorthite and 100–200 lm euhedral crystals of a Ni-rich
Mg-Fe-Al spinel (chihmingite, (Ni,Mg,Fe)Al2O4) set in ground-
masses with some or all of these phases as well as perovskite,
kushiroite (Ca-Tschermak-rich pyroxene), grossite (CaAl4O7),
possible Ca-lorenzite and unidentified Ca-rich phases, among them
possible Ca-lorenzenite, Ca2(Ti4+Al)O3(SiAl)O6, a very rare
pyroxene-like mineral. The microstructures (Fig. 11) suggest that
these xenoliths represent cumulates from very aluminous, high-
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Ca melts. The cumulate mineral assemblages are: spinel (with
interstitial anorthite, gehlenite); hibonite (with perovskite, gehlen-
ite, spinel, kushiroite); hibonite + gehlenite (with anorthite);
hibonite + anorthite (with gehlenite, anorthite, spinel, unknown
phases); hibonite + gehlenite + anorthite (with kushiroite, spinel).
Larnite (Ca2SiO4) and the unknownmineral Ca4Al6O13 (synthesized
at 1250 �C and 2.5 GPa by Kahlenberg et al., 2000) are rare intersti-
tial phases. Corundum occurs as inclusions in hibonite in one sam-
ple, while in others the ‘‘cumulate” assemblage is in direct contact
with large rounded grains of a low-Ti corundum.

In addition to minor Ti and Mg, the hibonite and gehlenite have
significant contents of Fe and Ni (Supplementary Material,
Table S-7), unlike the more reduced hibonite-bearing assemblages
described below. In a plot of (Mg + Fe + Mn) vs (Ti + Si) (not shown)
the hibonite analyses fall along a 1:1 line, suggesting low to zero
concentrations of Ti3+.

The structural formulae of the cumulate spinels (chihmingite)
suggest that the tetrahedral site is fully occupied by (Mg + Ni),
and that most of the Fe may be Fe3+ substituting for Al. Neither
of these features has been observed in spinels from other parage-
neses found at Mt Carmel. The presence of Fe2+ + Fe3+ + Ni2+ sug-
gests an fO2 of ca DIW + 2.

4.5.3. High-Cr corundum assemblages
Rubies are rare in the Mt Carmel ejecta, and most have rela-

tively low Cr2O3 contents (1–2 wt%). However, some samples con-
tain more Cr-rich corundum that carries important information on
the evolution of fO2 in the Mt Carmel assemblages (Griffin et al.,
2021b). In one assemblage (Supplementary Material, Fig. S-6),
laths of corundum (Cr2O3 up to 15 wt%) coexist with Fe-Mg-Cr-Al
spinels, Fe-Mg-Al-Na oxides and Fe-Ni alloys in an apparent cumu-
late microstructure; areas with barred intergrowths of the major
phases suggest the crystallization of a eutectic melt. The corundum
laths are zoned from high-Cr cores to lower-Cr rims. The composi-
tions of coexisting spinels and alloys suggest crystallization at fO2

near the IW buffer (DIW ± 1).
In some apparent cumulates, corundum prisms with low-Cr

cores and still lower-Cr rims coexist with Cr-Fe alloys (Fe 45 wt
%). In other examples, corundum with inclusions of native Cr
(Cr0) has low-Cr cores, but high-Cr rims (to >30 % Cr2O3). These dif-
ferent zoning patterns reflect the strong decrease in the melting
point of Cr2O3, relative to that of Al2O3, with decreasing fO2. At
low fO2 melts are more Cr-rich than the crystallizing corundum,
while the reverse is true at high fO2. EELS analyses show that Cr
is present as Cr3+ in corundum coexisting with Cr0, suggesting that
Cr2+ has disproportionated via the reaction 3Cr2+(melt) ?
2Cr3+(Crn) + Cr0 and implying fO2 � DIW-5. The most Cr-rich



Fig. 10. BSE images of frothy, vesicular silicate melts coexisting with Ti-Fe oxide
melts and Fe0 melts, suggesting the presence of at least four mutually immiscible
melts/fluids.
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corundum crystallized together with b-alumina phases including
NaAl11O17 (diaoyudaoite) and KAl11O17 (kahlenbergite) as well as
b‘‘-alumina phases; residual melts crystallized a range of unknown
(K,Mg)2(Al,Cr)10O17 phases with the kahlenbergite structure.

4.5.4. Hibonite-grossite-vanadium paragenesis
This paragenesis is found as rounded to angular xenoliths up to

2.5 cm across (Griffin et al., 2019a). Hibonite occurs as tabular crys-
tals up to 1 cm long, in a matrix of granular grossite and spinel
26
(commonly euhedral); fluorite was the last phase to crystallize
(Supplementary Material, Fig. S-7). The oxyfluoride phase Ca4Al6-
F2O12 precedes fluorite in the crystallization sequence and coexists
with grossite. Rare grains of perovskite (CaTiO3) coexist with gros-
site or are intergrown with fluorite. Resorbed inclusions of corun-
dum in hibonite laths indicate that hibonite crystallized via the
peritectic reaction Crn + liquid/melt (L) ? hibonite. This was fol-
lowed by the cotectic precipitation of grossite, hibonite and spinel,
and finally the assemblage grossite + spinel + krotite
(CaAl2O4) + fluorite.

Small spherical inclusions of native vanadium (V0) are common
in both hibonite and grossite (Fig. S-7). V0 with percent levels of Cr
and Mn also occurs as spheres up to 500 lm across, either isolated
within hibonite, or together with grossite and fluorite in pockets
among hibonite grains. In some cases, vanadium inclusions in
hibonite develop from spheres into 3D dendritic growths sub-
parallel to the c axis of hibonite (Griffin et al., 2020a). The presence
of V0 requires fO2 � DIW �9, implying a coexisting hydrogen-
dominated fluid phase. Kishonite (VH2, the first natural hydride)
was discovered attached to a V0 ball (Bindi et al., 2020), and gasses
released on crushing hibonite grains carry on average 67 ppm N,
1140 ppm C, 2800 ppm H and 480 ppm S (n = 4; Griffin et al.,
2020b;). Raman spectroscopy shows that high levels of H occur
in defects and interstitially in the lattice of the hibonite adjacent
to V0 inclusions (Griffin et al., 2019a).

The hibonite of this paragenesis is lower in REE by two orders of
magnitude than those in the corundum aggregates (see below), but
the REE patterns are essentially parallel, with similar negative Eu
anomalies (Griffin et al. 2019a). The coexisting spinels contain per-
cent levels of V (mean V2O3 31.3 ± 2.3 wt%, VO 21.4 ± 4.8 wt%)
where V0 is absent, but much lower levels when V0 is present.
The most V-rich spinels correspond to dellagiustaite ((AlV2+V3+)3-
O4); Cámara et al., 2019), which occurs in Argentinian samples very
similar to the Mt Carmel hibonite-grossite-V0 material.
4.6. Corundum aggregates

4.6.1. Paragenetic types
The most abundant gem mineral from the Mt Carmel volcanics

comprises aggregates of corundum crystals. These range from
colourless through orange-brown to dark blue, and in size up to
2.5 cm (33.3 carats); they have been marketed by Shefa Gems
Ltd as ‘‘Carmel SapphireTM”. Three parageneses have been recog-
nized, with different Ti contents in corundum, different types of
trapped melts and different mineral associations.

The most common type of aggregate (Crn-A) comprises crystals
100–200 lm across with skeletal to hopper morphology, typical of
rapid growth. This process has trapped abundant pockets of the
parental melt, which contain a veritable zoo of phenocryst miner-
als, metallic melts (see below) and voids that presumably con-
tained volatile phases. Voids may also contain euhedral crystals
of phenocryst minerals, possibly grown from the volatile phases
(Supplementary Material, Fig. S-8). 3D X-ray lCT imagery of 6
aggregates (see Graphical Abstract; Supplementary Material, Figs
S-9, S-9-v) indicates that crystallographically-defined voids com-
prise 0.3–2.3 vol% (median 0.7 %). EELS spectra show that Ti is pre-
sent in Crn-A corundum as Ti3+ (Oliveira et al., 2021). The growth
process is recorded in complex cathodoluminescence (CL) patterns
(Fig. 12a, b; Supplementary Material, Fig. S-10) related to varia-
tions in Ti content. The bright pale pink CL typical of low-Ti3+

corundum (<0.5 wt% Ti) is progressively extinguished as Ti con-
tents increase first linearly, then exponentially, toward trapped
pockets of silicate melt, to reach wt% levels (Fig. 12c).

Numerical modelling of the Ti-zoning patterns (Oliveira et al.,
2021) indicates that the skeletal corundum crystals initially grew



Fig. 11. BSE images of microxenoliths of the hibonite (Hib) – gehlenite (Geh) – spinel (Spl) – anorthite (An) association.

Fig. 12. a,b. False-colour cathodoluminescence (CL) images of Crn-A corundum. The true CL colour of the bright parts is pink; it fades to black as Ti contents rise toward the
rims. The skeletal (‘‘hopper”) growth pattern reflects very rapid crystallization, trapping the Ti-rich melt in the porous skeletal structure. c, typical Ti zoning profile from light
to dark CL, showing growth stages discussed in the text. d, diffusion modelling of a stage 3 growth profile, which probably developed shortly before eruption of the host
magma. After Oliveira et al., 2021.

W.L. Griffin, L. Bindi, F. Cámara et al. Gondwana Research 128 (2024) 14–54
in open systems with a through-flowing magma, giving a low and
homogeneous Ti content. The subsequent linear increase of Ti con-
tents in the growth direction (Fig. 12c) reflects decreasing porosity
due to crystal growth, while the exponential increase in Ti near
melt pockets marks the closure of the system, isolating melt pock-
ets from the percolating melt. Calculations based on diffusion pro-
files and experimental growth rates constrain the growth process
to periods of days to years prior to entrainment in the ascending
host basalt (Fig. 12d).

Another paragenesis (Crn-B) consists of larger corundum crys-
tals with high Ti contents (1.5–2.8 wt% Ti, mean 2.4 wt%) and no
CL; most of these crystals are only weakly zoned in Ti. Contacts
between grains tend to be smooth and interstitial melt pockets
are dominated by coarse-grained phenocrysts with little glass
but many irregular voids. There is little evidence of early skeletal
growth as seen in Crn-A aggregates.

The third paragenesis (Crn-C) comprises coarse-grained aggre-
gates of relatively low-Ti corundum (�1.0 wt% Ti; mostly < 0.5 wt
%), which typically has homogeneous pale CL and little if any zon-
ing. Interstitial clusters of oxide and silicate phases are generally
coarse-grained and few contain any glass. The corundum typically
27
is colourless, but some aggregates take on a blue colour from inclu-
sions of hibonite.

The CL images of corundum in all three parageneses, but espe-
cially Crn-A, show square cross-sections, and separated crystals
show cubic forms (Fig. 12; Supplementary Material, Fig. S-10).
These are pseudocubic rhombohedra, terminated by (012),

(1
�
02), (10 2

�
), (0 1

�
2
�
), (1 1

�
2), and (1

�
12
�
) faces (i.e., the {012} form).

Similar forms are occasionally seen in other hexagonal-
rhombohedral minerals including calcite (e.g., Hatipoglu and
Chamberlain, 2011) and quartz (e.g. Tarr and Lonsdale, 1929).
Gurlo et al. (2008) suggested that this morphology reflects rapid,
kinetically-driven growth and/or the effect of other components
on the surface energy of different faces.
4.6.2. Mineralogy of parageneses
Crn-A (Supplementary Material, Fig. S-11). Melt pockets in

aggregates with strongly Ti-zoned corundum typically show a
crystallization sequence Mg-Al spinel ? tistarite (Ti2O3) ?
carmeltazite (ZrAl2Ti4O11; Griffin et al., 2016a). However, some
spinels contain inclusions of tistarite, indicating a slightly differ-



Fig. 13. Bivariate plots of trace-element analyses across four grains of corundum from the Crn-A paragenesis.
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ent sequence. Some tistarite grains retain a primary cubic mor-
phology, but most are rounded and overgrown by carmeltazite,
which is typically skeletal and euhedral against the glass. The
initial sequence is followed by a range of phases, including sev-
eral unknown silicates, the most common of which is MgTiAl2(Si,
Zr)O8. The glasses commonly contain rounded voids, suggesting
the presence of a coexisting volatile phase. Late-crystallizing
phases comprise a range of sulfides (TiS, (Ti,Cr)S, CaS, MnS), zir-
conolite and several unidentified REE-bearing phases, kham-
rabaevite (TiC), moissanite (SiC; Huang et al., 2020), and
jingsuite (TiB2; Griffin et al., 2020a). Residual glasses commonly
contain needles or blades of dmisteinbergite (CaAl2Si2O8), a
quench phase.

Crn-B (Supplementary Material, Fig. S-12). Pockets in aggre-
gates of high-Ti corundum with little Ti-zoning display several
crystallization sequences.
28
� (Ti3+, Al)2Ti4+O5 + melt. The oxide phase (an Al-rich sassite)
forms long rods in glass; the ends of the rods are overgrown
by the host corundum, which is euhedral against the glass
(Fig. S-12a).

� (Ti,Zr)O2 ? Ti2Al2O6 + (K,Na,Ca)Al2Si7O18 + melt.
� Tistarite ? carmeltazite ? hibonite + melt. (Mn,Ca,Ti,Fe)S,
nöggerathite and Zr(Ti,Al,Y)4O8 are accessory phases.

� Tistarite ? Ti-Al-Zr oxide + melt. Some tistarite has exsolved
blades of kaitianite (Ti3+2 Ti4+O5; Ma et al., 2023) (Supplementary
Material, Fig. S-13).

� Tistarite ? hibonite + melt

The interstitial pockets may be dominated by voids rather than
melt, or contain melt but are connected to interstitial voids. Such
voids may contain euhedral crystals of tistarite, carmeltazite, hibo-
nite, or moissanite (Fig S-12e). Rare melt pockets contain dmistein-
bergite quench crystals.



Fig. 14. Chondrite-normalized trace-element plots for corundum of parageneses Crn-A, B and C.
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Crn-C. Melt pockets in this paragenesis (Supplementary Mate-
rial, Fig. S-14) are dominated by hibonite and Ti-Al oxides; tistarite
is absent. Observed assemblages are:

� Hibonite + melt
� Hibonite + (Ti,Mg,Al,Zr)1.8O3 (analog of panguite?) + melt
� Machiite (Al2Ti3O9) + (Ti,Mg,Al,Zr)1.8O3 + melt
� Griffinite (TiAl2O5) + (Zr,Ti)O2 + melt.
� Ti-Al-Zr oxide + hibonite + melt

As in Crn-B, voids are common and may contain euhedral crys-
tals of the phases that coexist with the melts. Dmisteinbergite has
not been observed as a quench phase.
4.6.3. Mineral chemistry
4.6.3.1. Corundum. Analyses of corundum in the aggregates are
summarized in Fig. 13 and Supplementary Material, Table S-8.
Details of the Ti-Mg zoning in Crn-A are given by Oliveira et al.,
(2021; see Fig. 12). The two elements are closely correlated in
Crn-A. Ti is also positively correlated with Sc, Zr and V, but not with
Si. The corundum in the Crn-C paragenesis contains only 0–1 wt% Ti
or Mg, whereas the typical Ti contents of Crn-B are 2.0–3.5 wt%,
extending beyond the levels in the high-Ti zones in Crn-A.

The extended trace-element patterns of the early-crystallizing
corundum in Crn-A show low Ti and low HREE and LREE relative
to MREE, with negative anomalies in Y and Sr (Fig. 14). At higher
Ti contents (Fig. 14b), two populations are apparent, which corre-
late with the second and third growth stages defined by Oliveira
et al. (2021). The higher-Ti population has a small positive Y anom-
aly; the pattern is essentially flat from Nd to Lu and rises toward La
and Ce. Zr, Hf, Th, U, Nb and Ta all rise in concert with Ti. In the
lower-Ti population the LREE are higher and the Y anomaly smal-
ler. The two available LA-ICPMS analyses of corundum from Crn-B
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closely mimic the two populations in the high-Ti group of parage-
nesis Crn-A. Analyses of corundum from Crn-C are most similar to
the low-Ti group in Crn-A, but stand out by their much higher Ga
contents and much lower Sc, Ba, Zr and Hf; a few analyses have
strikingly high contents of Nb, Ta, Th and U.

Besides Ti, the major differences between the ‘‘basaltic sap-
phire” megacrysts (section 4.2.1) and the aggregate corundums
are in Fe and Ga; both elements and Ga/Mg are much lower in
the Crn-A and Crn-B corundums, because Fe and Ga are sequestered
into inclusions of immiscible Fe-Ti silicides (Griffin et al., 2022; see
below). However, Crn-C corundum is notably enriched in Ga (ca
100x the levels in Crn-A and -B). Most of the corundum in the
aggregates contains 1–14 ppm Sc, which is below detection in
the ‘‘basaltic” sapphires and rubies, and >100 ppm Mg, while most
sapphires and rubies contain <100 ppm Mg.

O-isotope data are presented in Fig. 3 and in Supplementary
Material, Table S-3. While the ‘‘basaltic” sapphires of the megacryst
suite lie within the range of mantle values, Crn-A shows a range in
d18O from 6.8 to 17 ‰. Most values fall between 10 and 13 ‰; the
mean and median values are 11.4 and 11.7 ‰, respectively. There
is no clear correlation between Ti contents and d18O. Two Crn-B
grains have d18O of 8.2 and 8.7 ‰, but a third is at 16.1 ‰. Seven
grains of Crn-C have d18O from 8.5 to 13.1 ‰, with a median value
of 9.0 ± 1.3‰. Rubies have d18O values within the range of the Crn-
A samples. Most pink sapphires fall in a distinct group around
d18O = 16 ‰, but some with low Ti go down to d18O = 9 ‰.
4.6.3.2. Trapped melts. The melts trapped as glasses in the Crn-A
aggregates are Ca-Al-Mg silicates with Ca�K > Na, and a wide
range in Ti, Ca, Al, Si and Mg. Much of this variation reflects the
post-entrapment crystallization of corundum, producing negative
correlations of most elements with Al, but these fractional-
crystallization trends are modified to various degrees by crystal-



Fig. 15. Bivariate plots of oxide contents in melts trapped in corundum aggregates. While Crn-B melts appear closely related to Crn-A melts, the Crn-C melts are clearly
different. The composition of anorthite is shown in plots where the crystallization of quench anorthite clearly has influenced the interelement trends (e.g., Ca-Al).
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lization of the phenocryst and quench phases described above
(Fig. 15, Supplementary Material, Table S-9). Most EPMA analyses
of the glasses have analytical totals of 85–95 %, suggesting abun-
dant dissolved volatiles, which is consistent with the presence of
spherical voids in many melt pockets. A TEM-EDS analysis (with
no carbon coating) of a typical Crn-A melt (Supplementary Data,
Table SD-9) provided a carbon content of 0.9 wt% C, or 3.2 wt% CO2.

The mean values for elements such as Th, La and K in melts
(Table S-9) are biased by outliers with high concentrations. Incom-
patible elements such as Ce and S show strong negative correla-
tions with Al2O3; phenocryst-controlled elements such as Ti, Mg
and Zr show more scattered negative correlations. A plot of CaO
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vs Al2O3 (Fig. 15) shows two well-defined correlations; the nega-
tive one is controlled by the fractional crystallization of corundum,
and the positive one by the crystallization of dmisteinbergite as a
quench phase. FeO contents are typically below 0.01 wt%, as Fe is
strongly partitioned into the coexisting Fe0 and Fe-Ti silicide melts.

The glasses have very high concentrations of Ti, Zr, Ba, REE and
S. Binary plots (Fig. 15) show strong positive correlations of S with
Ca and Al in the middle of the distribution, which suggests that the
Ti-Mn sulfides began to crystallize from the trapped melts after
removal of corundum (and/or quench dmisteinbergite?) had low-
ered Al2O3 from ca 38 wt% to ca 25 wt%, and CaO from ca 18 wt%
to ca 13 wt%. Chondrite-normalized trace-element diagrams



Fig. 16. Chondrite-normalized trace-element patterns of Crn-A melts.

Fig. 17. Ti-Al-Zr triplot illustrating the range of compositions in known (stars) and
unknown phases.
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(Fig. 16) show flat HREE-MREE patterns, enrichment in LREE, U and
Th, and negative anomalies in Mg, Ga, Sr, Nb and Ta. Overall the
pattern resembles that of the high-Ti Crn-A corundum (Fig. 14),
though at much higher concentrations. The principal differences
are the greater enrichment of the LREE relative to Zr-Hf and Ti,
the lower Ga/Ti and the slightly deeper Eu anomaly in the glasses.

Melts are less commonly preserved in the Crn-B and Crn-C sam-
ples; most glasses contain abundant phenocrysts and thus are
extremely residual. The glasses in Crn-B are similar to those in
Crn-A, but have higher mean Mg, Ca and Zr, higher Mg/Al and
lower K, Na and Th. They typically contain < 0.05 wt% S, in contrast
to the Crn-A glasses. The glasses in Crn-C are distinctly different,
with lower Si, Mg, S and especially Ca, but higher mean Ti, Al, Zr
and K. Another distinctive feature is their high contents of V, which
is below EPMA detection limits in the other parageneses (LA-ICPMS
analyses show a mean of 175 ppm in Crn-A glasses (Supplemen-
tary Material, Table S-9)). The unusually high Zr content of the
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mean Crn-C glass is consistent with the presence of minute quench
crystals of baddeleyite and ziroite (polymorphs of ZrO2; Ma et al.,
2024).

4.6.3.3. Phenocryst phases. Ti-Al-Zr oxides
Ti-Al-Zr oxides are the most abundant phenocryst phases and

cover a wide spectrum of compositions (Fig. 17; Supplementary
Material, Table S-10). Tistarite (Ti2O3) typically contains < 0.6 at.%
Zr (mean 0.1), <1.6 at.% Al (mean 0.84) and up to 4 at.% Mg (mean
1.4). Ti and Al are negatively correlated, but Zr shows no correlation
with other elements. In somemelt pockets in Crn-B aggregates, long
rods of Al-bearing sassite occur as the only phenocryst (Supplemen-
tary Material, Fig. S-12).

Carmeltazite (ZrAl2Ti4O11) shows a moderate range in composi-
tion, with Zr 5–7 at.%, Ti 19–23 at.% and Al 10.8–12.2 at.%. Zr is
negatively correlated with Ti but positively correlated with Al,
while Ti and Al are negatively correlated. Mg (1–2 at.%) and Si
(typically 1 at.%) are the only significant minor elements. EELS
spectra (Supplementary Material, Fig. S-15) and XRD (Griffin
et al., 2018a) indicate that Ti is trivalent in carmeltazite.

A large population of Ti-Al-Zr oxides overlaps the field of car-
meltazite, but with a much greater range in Zr:Al:Ti (Fig. 17). These
are structurally and compositionally similar to the Ti-Al-Zr phases
found in the Allende chondrite (Ma and Beckett, 2021) and are dis-
tinct from carmeltazite. They commonly appear as phenocrysts, or
surrounding tistarite, in Crn-B and Crn-C (Supplementary Material,
Fig. S-14). Stoichiometric calculations show a wide range of Ti3+/
Ti4+ (from ca 3–20; Supplementary Material, Table S-10). In para-
genesis Crn-B, these phases tend to have higher Ti and Al, but sim-
ilar Zr to carmeltazite (Fig. 18). Those in Crn-C have generally lower
Zr, Si and Sc and higher Al and Mg than those in Crn-A and Crn-B,
but there is considerable overlap among the parageneses.

Ti occurs with mixed valence in several other phases in Fig. 17.
A scatter of data along the Ti-Al join represents solid solution
between sassite and griffinite (Al2TiO5; Ma et al., 2023b). Kaitianite
(Ti3+2 Ti4+O5) occurs rarely as oriented lamellae in grains of tistarite,
suggesting oxidation during or prior to formation of the enclosing
Ti-Al-Zr oxide (Supplementary Material, Fig. S-14). Unlike its parage-
nesis in the Allende chondrite (Ma and Beckett, 2021) it is not asso-
ciated with rutile. Griffinite is rare in Crn-A but common in Crn-B and
Crn-C; in several occurrences it coexists with rutile and appears to
form by the oxidation of carmeltazite. The incorporation of minor



Fig. 18. Binary plots by paragenesis of major elements in the structural formulae of
Ti-Al-Zr oxide phases (Ti-Al-Zr field in Fig. 17), normalized to 7 cations. Dashed
lines mark the composition of type carmeltazite from Crn-A.
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Ti3+ is equivalent to limited solid solution with sassite. Magnéliite
((Ti3+, Al)2Ti4+2 O7) is a rare phenocryst in glass in Crn-B.

Baddeleyite (monoclinic ZrO2) is a common minor phase in all
parageneses, and contains no detectable Ti, Al or Mg. However,
ziroite ((Zr,Ti)O2; Ma et al., 2024) may contain up to 10 at.%
Ti and 5 at.% Al. Srilankite ((Ti,Zr)O2) occurs together with griffinite
and Zr-rutile in possible pseudomorphs after carmeltazite, an
assemblage typical of Crn-C.

Ti-Al-Mg Oxides with Ca, Zr
Several unknown oxides representing combinations of Ti + Al +

Mg ± Zr ± Ca (Supplementary Material, Table S-11) have been ana-
lyzed, mostly in Crn-A and Crn-B (Supplementary Material, Figs S-
11b,c; S-12b; S-14) but some in Crn-C. Some occur as phenocrysts
while others appear to be late-crystallizing or have ambiguous
relationships to other phases.
32
Mg-Al spinels are mainly confined to paragenesis Crn-A and can
be divided on inclusion types into 3 categories: pre-tistarite, post-
tistarite and late (small, euhedral); sectioning effects may classify
some post-tistarite spinels as pre-tistarite (Fig. 19, Supplementary
Material, Table S-12). All the spinels are Fe-free non-stoichiometric
Mg-Al-Ti oxides; Mg (as cations to 4O) ranges from 0.69 to 0.97,
mean 0.79, while the sum of cations to 4O rarely reaches 3 and
averages 2.89. Ti in spinel coexisting with tistarite can be expected
to be mainly trivalent; Al is negatively correlated with (Ti + Mg),
and Ti with Mg, both suggesting that Ti3+ substitutes for Mg in
the tetrahedral site. Temperatures estimated using the MgO-
Al2O3 phase diagram of Jung et al. (2004) range from 1200 to
1545 �C, with most estimates between 1285 and 1460 �C. Ti con-
tents show a rough positive correlation with T. In general, pre-
tistarite spinels (7/11) have T >1400 �C, post-tistarite spinels
(8/12) have T �1400 �C and late spinels (7/11) record
T �1375 �C. Non-stoichiometry is also correlated with T; the pre-
tistarite spinels have the lowest number of cations. This may
reflect the exsolution of abundant tiny unidentified Ti-rich phases
in some of these spinels (Fig. 19a). Spinels that crystallized
together with TiC from Fe-Ti silicide melts enclosed in Crn-A
corundum (Fig. 19b) have compositions similar to pre-tistarite
spinels.

Hibonite is common in all three corundum parageneses, but
especially Crn-B and Crn-C. It typically has an intense blue colour,
which may reflect high levels of Ti3+ (Beckett et al., 1988); this con-
trasts with the pale purple colour of the low-Ti hibonite (mean
290 ppm Ti; Griffin et al., 2019a) in the hibonite-grossite-V0 xeno-
liths discussed above. The same colour has been observed in V-rich
hibonite with almost no Ti and can be related to the presence of
both V2+ and V3+ (Ardit et al., 2021). Fig. 20 and Table S-13 (Supple-
mentary Material), show that Crn-A hibonite has the widest range
of Ti and Al contents; Crn-B hibonite has Al contents in the lower
end of the Crn-A range, while most Crn-C hibonites are grouped
more tightly at the lower-Ti end of the Crn-A range. Mg contents
are similar across the three parageneses, but Crn-B hibonite has
generally lower Ca contents than Crn-A hibonite, while Crn-C hibo-
nite has the highest Ca levels. The plot of Mg vs Ca shows a wide
scatter for Crn-A, perhaps with a weak positive trend; however,
data for Crn-B and Crn-C together define a broad negative trend.
The hibonites from the Crn-A and Crn-B parageneses contain signif-
icant levels of Sr and REE (mean atomic (La + Ce + Nd) = 0.19
cations), while Crn-C hibonite has much lower levels of these ele-
ments. In Crn-B hibonite, Nd/Ce is typically >1, while the opposite
is true in Crn-A hibonite; Nd is seldom above EDS detection limits
in Crn-C hibonite. In Crn-B, the paragenetic position of hibonite can
be taken by mizraite-(Ce) (Ce(Al, Mg)11O19; Ma et al., 2024),
reflecting the high concentration of REE in the residual melts.

Hibonite compositions can be expressed as solid solutions of 3
components: CAH (CaAl12O19), MTH (CaAl10MgTiO19) and MSH
(CaAl10MgSiO19), where MSH and MTH represent the substitution
of Mg2++(Ti,Si)4+ ? 2Al3+. We assume here that the REE substitute
for Ca and require substitution of divalent elements for Al (REE3++
Mg ? Ca + Al). A plot of Mg vs (Ti + Si) (Fig. 20) shows some points
near the line corresponding to 1:1 substitution, but most analyses
show a large excess of Ti and an overall positive correlation
between Mg and (Ti + Si). Plots of Ti and (Ti + Si) vs Al show very
strong negative correlations. When the excess Ti above that
required by Mg substitution is added to the Al, the resulting sum
matches the number of trivalent cations required to balance the
2 + cations. This is seen in Table S-13 where the number of 3
+ cations required by the proportions of CAH, MTH and MSH
components is identical within uncertainties to the sum of (3+

cations + excess Ti). This suggests that the Ti excess is a rough mea-
sure (given the uncertainties in the EPMA analyses) of Ti3+. If so,
then Ti3+/Ti ranges from 0 to 60 % (n = 75; Fig. 20) and has a mean



Fig. 19. Parageneses of spinels included in corundum. a, spinel (with exsolved Ti-rich phase) encloses lamellar TiB2 and tistarite (Ti2O3), coexists with carmeltazite (Ctz) and
is enclosed by quench crystals of dmisteinbergite. b, spinel is intergrown with Fe-Ti silicides and TiC. Below, bivariate plots of major elements in spinels divided by
paragenesis (see text for explanation).
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value of 33–37 % across all three parageneses. This is in the range
of blue-hibonite analyses from refractory inclusions in carbona-
ceous chondrites (Beckett et al., 1988). Ti3+/Ti rises with the num-
ber of Ti cations, but plateaus at ca 0.6 (Fig. 20) and the different
parageneses appear to define subparallel distributions. The curve
for Crn-A is the shallowest, while the steepest curve is dominated
by Crn-C hibonite. A similar levelling-off of Ti3+/Ti (or /Ti4+) has
been observed in synthetic hibonites under reducing conditions
and may be related to reduction of all Ti4+ to Ti3+on the five-fold
site (Beckett et al., 1988).

Silicate Phases
Silicates are minor phases in the melt pockets and typically

crystallize after most other phenocryst phases, as Si concentrations
increase in residual melts. The most common are Mg-Ti-Al-Zr sili-
cates which range from MgTi2(Al,Zr)4(Si,Al)O12 in Crn-B to Mg(Ti,
Mg)2(Al,Mg)4(Si,Al)O12 in Crn-A; they may comprise a solid-
solution series with two more silica-rich variants Mg(Al,Ti)2Si4O12

(phases 3 and 4 in Supplementary Data, Table SD-14). The most
common Ca-Al silicate in Crn-A melt pockets has the nominal
formula (Ca,Mg)3(Al,Ti3+,Zr,Mg)5(Si,Al)4O18; a similar phase in
Crn-B pockets has higher Al and Ti, while in Crn-C pockets it has
higher Mg and Si. A rare aluminosilicate can be expressed as
(Al,Ti3+)6(Si,Ti4+)2O13. A rare Zr-rich silicate (expressed as
33
Zr2(Ti3+,Al)2SiO9) occurs with hibonite in both Crn-A and Crn-B
melt pockets. Sapphirine ((Mg,Al)8(Al,Si)6O20) has been observed
in association with tistarite, kaitianite, and the unknown phase
MgTi3+2 Al4SiO12 in one sample (Ma et al., 2023a).

Sulfides
Sulfides are trace phases in melt pockets in the Crn-A paragen-

esis, and very rarely in the Crn-B paragenesis. The most common is
TiS, which typically forms long blades either intergrown with oxide
and silicate phenocrysts (Supplementary Material, Table S-15;
Fig. S-16), isolated crystals in glass, or emulsions of TiS spherules
dispersed in glass. TEM-EDX analyses of one example of TiS fits
the hexagonal structure P63mc; this distinguishes it from was-
sonite (TiS), which is rhombohedral (Nakamura-Messenger et al.,
2012). However, EBSD analyses of other TiS phases confirm that
they are wassonite. It commonly is associated with MnS
(alabandite), which typically forms cuboid to spheroidal grains
(Supplementary Material, Fig. S-16b). Wassonite contains 0.5 wt%
Mn on average, while alabandite takes up considerable amounts
of Ti, Cr, Fe and Mg. Other less-common sulfides have compositions
corresponding to (Cr,Mn)S, (Ti,Ce)S and (Mn,Ti)S. The petrography
of the sulfides suggests that they have crystallized very late,
possibly during ascent of the corundum xenoliths in the melt
column.



Fig. 20. Bivariate plots of hibonite compositions by paragenesis. The blue line in upper right represents 1:1 substitution of Mg vs (Ti + Si); points falling above the line
probably contain significant Ti3+.
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Quench phases
The glasses in the melt pockets of the Crn-A paragenesis, in par-

ticular, commonly show randomly oriented blades with the chem-
ical composition of anorthite (Fig. 19a, Supplementary Material,
Fig. S-8d; Table S-16). Raman spectra show that these are the
hexagonal polymorph dmisteinbergite, first reported from burning
coal dumps, where it crystallizes from extremely reducing gasses
at ca 1000 �C (Zolotarev et al., 2019). In the Mt Carmel samples,
it appears to represent a quench phase, probably formed during
the explosive eruption and rapid cooling of the xenolith-bearing
magmas.

An Fe-free, highly aluminous Ti-rich clinopyroxene, also appar-
ently a quench phase, typically has nucleated on other silicates as
triangular to elongate porous crystals, and at the contact between
Fe0 spheres and Ca-Al glasses in Crn-A melt pockets. It is similar to
the grossmanite (CaTi3+SiAlO6; Ma and Rossman, 2009) found in
carbonaceous chondrites and comets (Table S-16), with 26 wt%
Al2O3 and ca 12 wt% Ti2O3, and high LREE contents but with signif-
icant Zr in the M1 site. Terrestrial grossmanite was first reported as
inclusions in high-Ti corundum from the Karpinska-1 kimberlite
(Arkangelsk field, Russia; Yatsenko et al., 2021b).

Several REE-rich phases occur in quench-type textures (Supple-
mentary Material, Fig S-11a, b; Fig. S-12d; Table S-17). Zirkelite is
the most common, followed by a Fe,Nb-free equivalent of
nöggerathite-(Ce) ((Ce,Ca)2Zr2(Nb,Ti)(Ti,Nb)2Fe2+O14, a zirconolite-
group mineral), a Nb equivalent of belyankinite (Ca1-2(Ti,Zr,Nb)5-
O12�9H2O) and Al-rich perrierite-(Ce). The presence of these phases
emphasises the strong enrichment of the trapped melts in REE and
Zr, at low aSiO2. Baddeleyite (ZrO2) is a rare quench phase in melt-
pocket glasses but is common as skeletal crystals in the glass rims
34
on xenoliths of the corundum aggregates. Zircon appears to be a
quench phase in somemelt pockets, where it forms spherical aggre-
gates up to 30 lm across, composed of tiny euhedral to subhedral
crystals togetherwith euhedral crystals of mullite, in a glassmatrix.
Similar balls up to 1 mm in diameter have been found in heavy-
mineral concentrates.

4.6.4. Metallic melts and moissanite
The metallic melts have been described in detail by Griffin et al.

(2022); here we give a brief summary, including new phases iden-
tified more recently.

Microstructural evidence (Supplementary Material, Fig. S-17)
indicates that immiscible carbon-rich metallic (Fe-Ti-Zr-(Si,P))
melts separated from the silicate melts of the Crn-A and Crn-B par-
ageneses early in their evolution; in some cases tistarite overgrows
spheroids of silicide melt. These silicide-melt inclusions are most
abundant in Crn-A, and rare in Crn-C. Reconstructed compositions
of individual complex silicide inclusions (Griffin et al., 2022) fall
close to cotectic curves in the Fe-Ti-Si system (Weitzer et al.,
2008), consistent with their trapping as metallic liquids. The fur-
ther evolution of the silicide melts was driven by crystallization
of two main ternary phases (FeTiSi and FeTiSi2) and several near-
binary phases, as well as the separation of later immiscible melts,
many enriched in P and Zr (Griffin et al., 2016, 2022). Temperatures
estimated by comparison with experimental work range
from �1500 �C to ca 1150 �C; these probably are maximum values,
since the solution of C, P, Zr and especially H2 would lower the
crystallization T of the melts. With decreasing T, the Si, Fe and P
contents of the Fe-Ti-Si melts increase, while contents of Ti and C
decrease.
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Recently reported phases from paragenesis Crn-B (Ma et al.,
2024) include (Ti,Fe,Mn)6Si5, CrSi2, and toledoite (TiFeSi; also
found in Crn-A). Others from Crn-C are yeite (TiSi) and wenjite (Ti5-
Si3), while the parageneses of oreillyite (Cr2N; Bindi et al., 2020)
and FeTiP are ambiguous.

Some silicide melts have crystallized Mg-Al spinel (Fig. 19),
jingsuite (TiB2; Supplementary Material, Fig. S-18a; Griffin et al.,
2020a; Xiong et al., 2022) khamrabaevite (TiC; Fig. S-17) and
moissanite (SiC). Melt-inclusion studies (Huang et al., 2020) show
that most SiC has crystallized from immiscible silicon (Si0) melts,
but SiC crystals include several phases that also occur in the Fe-
Ti silicide melts, suggesting that immiscible Si0- and Fe-Ti silicide
melts coexisted. Volatiles released upon crushing of acid-leached
SiC grains are dominated (75 wt%) by H2, suggesting the presence
of a third immiscible phase during crystallization (Huang et al.,
2020). In situ (SIMS) isotopic analyses of carbon define two main
populations (d13C = -30 to –32 ‰, d13C = -25 to �28 ‰). The latter
population is similar to SiC from kimberlites and from ophiolites in
the Tethyan and Central Asian orogenic belts (Shiryaev et al., 2011;
Huang et al., 2020).
4.6.5. Ti-oxynitrides in Crn-A
Ti oxynitrides (Ti(N,O,C)) are abundant in the Crn-A aggregates

(Griffin et al., 2021a). They appear in a remarkable array of mor-
phologies (Supplementary Material, Fig. S-18): cuboid crystals
included in tistarite; small isolated globular to cruciform inclu-
sions in corundum; irregular blobs, drop-shaped lenses and cruci-
form inclusions in silicate melts; long arrays or lattice patterns
apparently controlled by orthogonal voids in the skeletal structure
of corundum aggregates; and irregular bodies interstitial to corun-
dum crystals. Some nitrides appear to be crystals on the rims of
balls of Fe-Ti silicide melts, often together with TiB2 (Griffin
et al., 2020a) and/or TiC (Griffin et al., 2022); microstructures sug-
gest that others were immiscible with Fe-Ti-silicide melts (Supple-
mentary Material, Fig. S-18b). EELS spectra (Supplementary
Material, Fig. S-15) indicate that Ti is divalent in analyzed Ti-
nitrides and in coexisting TiC.

The TiN phase shows a wide range of solid solution (Griffin
et al., 2021a; Supplementary Material, Fig. S-19), taking up 0–
10 wt% carbon and 1.7–17 wt% oxygen. TEM analysis confirms that
the nitrides have crystallized in the halite (fcc) structure. Nitrides
coexisting with silicide melts have higher C/O than those coexist-
Fig. 21. Trace-element distribution in glass
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ing with silicate melts. Analyses with no carbon fall along the
TiN-TiO join in Ti-N-O phase space (Fig. S-19), implying that their
Ti is a mixture of Ti3+ and Ti2+, while those with 1–3 at.% C appear
to be solid solutions between TiN and Ti0.75O. Analyses with >10 at.
% C have higher Ti2+/Ti3+, suggesting lower fO2. The implied fO2

across this range of compositions is 	DIW �6 to �8.
4.6.6. Oxygen fugacity: Variation with paragenesis
The three corundum-aggregate parageneses display gradational

differences in fO2. Crn-A is dominated by minerals containing Ti as
Ti3+ (tistarite, carmeltazite, hibonite), Ti2+ (TiC, Ti(N,O), TiB2) and
Ti0 (various Fe-Ti-Zr-Si alloys); spinels commonly show extensive
substitution of Ti3+ for Mg. Tistarite also occurs in Crn-B, and the
high levels of Ti in corundum of Crn-B require Ti3+ substitution,
but this paragenesis also contains several phases with both Ti3+

and Ti4+ (sassite, magnéliite, hibonite, kaitianite) or only Ti4+ (grif-
finite, rutile). TiC and Ti(N,O) are rare. Fine-grained intergrowths of
griffinite with rutile and ziroite suggest late oxidative breakdown
of carmeltazite. In Crn-C, corundum has very low levels of Ti and
hibonite appears to contain only Ti4+; griffinite is a common phase
in interstitial pockets. The Crn-C aggregates do not contain metal-
alloy inclusions. It is clear that fO2 decreases from Crn-C to Crn-B to
Crn-A.
4.6.7. Trapped gasses
Several attempts were made at IGG-CAS (Beijing) to analyze the

noble gasses in Crn-A corundum. Only one was successful, yielding
3He/4He(Ra) = 8.1 ± 0.2 (4He = 8 E-7 cc STP), indicative of a mantle
derivation (H. He, pers. comm.).

Four 2–3 mm grains of the hibonite-grossite-V0 aggregates and
four Crn-A corundum aggregates were analysed for H, C, N, and S
contents by ignition in an O2-He atmosphere at ca 1150 �C, fol-
lowed by chromatographic analysis (Griffin et al., 2020b; see Sup-
plementary Material III and Table S-18). The hibonite samples
contain concentrations of gas 4–5 times higher than the corundum
aggregates, even though the latter have much more void space
than the hibonite crystals (Supplementary Material, Fig. S-9). How-
ever, in both cases the included fluids comprise > 95 at.% hydrogen.
Carbon is the second most abundant element, as expected from the
common occurrence of carbide minerals in the aggregates and
amorphous carbon in the breccia xenoliths (Fig. S-20).
rims on corundum-aggregate xenoliths.



Fig. 22. Estimating the composition of primary trapped melts in Crn-A aggregates; see text for explanation.
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4.7. Eruption-related breccias and silicate melts

Some larger fragments of corundum aggregates are breccias,
with angular clasts of the corundum aggregate (dominantly
Crn-C) embedded in a matrix composed dominantly of carbon
(Fig. S-20). TEM, EBSD and Raman analyses indicate that the carbon
is amorphous. TEM images show corundum grains and melt pock-
36
ets cut by parallel-sided veins of vesicular amorphous carbon from
several tens of microns to � 50 nm thick.

In the breccias the carbon is mixed with angular, rotated frag-
ments of corundum, SiC and sulfides (FeS, FeS2, ZnS). Fluorine
resides in abundant fluorite, a cryolite-like phase (possibly Na3-
AlF4(OH)2) and an unknown K-Al fluoride (possibly KAlF2(OH)2);
chlorine is concentrated in NaCl and KCl. The microstructures
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and the amorphous nature of the carbon suggest that these veins
reflect brittle fracture and turbulent mixing during injection of
carbon-rich fluids with high levels of sulfur, chlorine and fluorine.
These processes may be linked to the eruption of the host magma,
Fig. 23. Phase diagrams of the CaO-Al2O3-SiO2 system. 1 atm. a, FactSage; b, Mao
et al., 2006; c, Ottonello et al. (2013). a and b are from experimental data; c is from
thermodynamic modelling. Grey field covers analyses of trapped glasses in Crn-A
and B.
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but many of the melt-pocket glasses in the corundum aggregates
are also high in sulfur (Supplementary Material, Table S-9), sug-
gesting that the volatiles are part of the corundum-aggregate sys-
tem. TIMS analyses of the matrices of four samples give d13C
between �19 and �21.7 ‰ (vs PDB; mean �20.5 ± 1.4 ‰ (1r)).

Many rounded fragments of the corundum aggregates (mainly
Crn-A) have thick rims of glass with fluidal textures; these glasses
contain quench crystals of baddeleyite (Supplementary Material,
Fig. S-21) and abundant resorbed zircon or aggregates of tiny euhe-
dral zircon grains. There are two intermixed, apparently immisci-
ble, glasses: high-Si/low-Al and low-Si/high-Al. High levels of
BaO (3.7–3.8 wt%,) and Ca	Na�K (Supplementary Material,
Table S-19) distinguish them from the melts trapped in the corun-
dum aggregates, and the glasses of the volcanic ejecta (Supplemen-
tary Material, Tables S-1, 9).

The fine-scale mixing of the high- and low-Si glasses prevented
separate LA-ICPMS analyses. The ‘‘bulk” compositions of glass rims
on Crn-A aggregates, dominated by the low-Si component, have a
V-shaped REE pattern with the minimum at Eu and a modest neg-
ative Sr anomaly (Fig. 21). Like the melt-pocket glasses, they show
high levels of Zr, Hf, U and Th, but low Ti contents.

Crn-B aggregates may be rimmed by either a high-K glass or a
Ba, Ca, Na-rich glass similar to those rimming Crn-A aggregates
(Table S-19). Glass rims on Crn-C aggregates are low in Ba, but
otherwise intermediate in composition between the two popula-
tions of glasses on Crn-B fragments.

4.8. Parental melts

The compositions of most melt pockets in the corundum aggre-
gates have been strongly modified by the post-entrapment crys-
tallisation of corundum, phenocryst phases and quench phases.
The composition of the least-modified trapped melts can be esti-
mated from plots of % oxide vs % glass in individual pockets
(Fig. 22). The volumes of glass can only be approximations, due
to 2D sectioning effects, but with enough analyses, clear trends
are observed. In these plots, a decrease in wt% oxide with decreas-
ing % glass reflects the removal of that oxide (e.g. Al2O3) in a major
crystallizing phase, while an increase in wt% oxide with decreasing
glass content (e.g. Na2O) shows that the element was incompatible
in the crystallizing solids. The composition of this ‘‘first trapped”
melt in the Crn-A paragenesis (Fig. 22; Supplementary Material,
Table S-20) is low in SiO2 (48 wt%) and Fe-free but with high
Al2O3 and %-level contents of LREE, Zr, Ti, Mg and S.

To derive the composition of the ‘‘parental melt” from which
the Crn-A aggregates began to crystallize, a significant amount of
Al2O3 would have to be added to the ‘‘first-trapped” melt, equiva-
lent at least to the last part of the zoned profiles (Fig. 12), which
crystallized after the system was partially to completely closed
(Oliveira et al., 2021). Addition of 20–35 % of corundum gives a
rough estimate for the ‘‘parental melt” of Crn-A (Table S-20) that
is high in Al2O3 and CaO, with low SiO2; K2O and MgO are the other
major oxides. For a relatively low-SiO2 melt, it is markedly
enriched in Zr, Ti, LREE and S. However, this composition would
represent a relatively late-stage melt from which an unknown pro-
portion of immiscible oxide and silicide melt(s) had already
separated.

Melt pockets with large rods of an Al-bearing sassite in glass
(Supplementary Material, Fig. S-11a) have been used to reconstruct
one ‘‘parental” melt in a sample of the Crn-B paragenesis. An over-
view of this xenolith (Supplementary Material, Fig. S-22) shows
that the melt pockets represent the concentration of a residual
melt within a compacting corundum cumulate, and the sassite
thus is a late-crystallizing phase. The reconstructed melt is very
high in Ti and Al, and low in Ca and Mg, but the residual melt
(the glass) is similar to many trapped melts in both the Crn-B



Fig. 24. Modelled CAS phase diagrams at 1 and 2 GPa (Ottonello et al., 2013). Grey field covers analyses of trapped glasses in Crn-A and B.
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and Crn-A aggregates. The compositions of earlier-stage Crn-B
melts have also been calculated from the composition of hibonite
crystals (n = 24) in melt pockets. The average of these estimates
(Supplementary Material, Table S-20) also has low SiO2, but much
higher CaO than the reconstructed late-stage melt.

The melt composition calculated from hibonites in the Crn-C
paragenesis is higher in Si, Ti and Zr than the corresponding Crn-
B melt, but lower in Ca. The melt compositions calculated for the
coarse-grained hibonite + grossite ± vanadium xenoliths are even
lower in SiO2 and higher in Al2O3 and CaO.

In a cumulate of Cr-rich corundum, Fe-Ni alloys and Fe-Mg-Al
spinels, barred intergrowths of these phases are strongly sugges-
tive of eutectic crystallisation (Supplementary Material, Fig. S-6).
An areal EDS analysis of these intergrowths (Supplementary Mate-
rial, Table S-20) is dominated by Al2O3 and Cr2O3, with lesser
amounts of FeO and MgO and only 2 wt% SiO2. This may represent
the composition of a metal-oxide melt. Similarly, the reconstructed
parental melts of the Cr-corundum + spinel cumulates are Al-Cr-
Fe-Mg oxides with ca 2 wt% SiO2.

The compositions of melts that coexisted with the hibonite-geh
lenite-anorthite-corundum cumulates (Fig. 11; Table S-20) have
been calculated from hibonite, gehlenite, anorthite and spinel,
using the crystal/melt distribution coefficients of Beckett and
Stolper (1994), as modified by Griffin et al. (2019a). In most cases
the contents of SiO2 estimated from hibonite are lower by 5–10 wt
% than those calculated from gehlenite and anorthite, and the latter
were adopted. The estimates for other elements represent means
of the values obtained from the other phases, which typically show
little scatter; FeO could only be calculated from hibonite. These are
all Ca-Al-Si melts with 2–5 wt% TiO2. An areal EDS analysis of the
mesostasis in one hibonite-gehlenite-anorthite cumulate (Figs. 23,
24) is similar in terms of CaO, but has higher SiO2, TiO2 and lower
Al2O3, suggesting that the xenoliths are indeed cumulates and do
not represent the crystallization of a eutectic melt.

4.9. Radiometric dating

U-Pb dating of carmeltazite, which can contain high levels of U
and Th, was carried out using LA-ICPMS. This analysis is compli-
cated by the occurrence of carmeltazite as small
(typically � 20 lm) phenocrysts in the melts (now glass) trapped
in cavities in the corundum. The relatively high Pb contents of
the melts, combined with the small size of the target grains, means
that most analyses are mixtures of common Pb and radiogenic Pb.
We have approached this problem by projecting from a young
common Pb composition (207Pb/206Pb = 1.106) to construct mixing
lines, whose intersection with Concordia is taken as the corrected
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age (see Supplementary Material II). Analyses of 21 of the largest
available carmeltazites are shown in Supplementary Material
Table S-21. In some corundum grains carmeltazite could be ana-
lyzed in two melt pockets, giving a total of 13 estimated ages, of
which nine represent 3-point mixing lines.

Nine of the 13 ages range from 1.6 to 4.6 Ma, i.e. Pliocene (2.6–
5.3 Ma) to lower Pleistocene. Two ages are mid-Miocene (10 and
14 Ma). This group is supported by an estimated age of
13 ± 2 Ma (EMPA dating; Supplementary Material II) on a U-rich
thorianite [(Th,U)O2] coexisting with ziroite (ZrO2), mizraite-(Ce)
[Ce(Al11Mg)O19] and Ti-sulfide in a melt inclusion in a Carmel Sap-
phire (Sample 198, Crn-B) from surface alluvium near outcrops of
the Cover Basalt at Migdal ha-Emeq (Supplementary Material,
Fig. S-1).

One U-Pb age of 27 ± 2 Ma (upper Oligocene) and one of
225 ± 10 Ma (mid-Triassic) are accompanied by a TEM U-Pb anal-
ysis of an alloy phase (Zr,U,Ti)2(P,Si) (U = 23.4 wt%; Pb = 1.09 wt%;
Griffin et al., 2022) in a corundum grain from alluvium (1130; Crn-
B paragenesis) in the Yoqneam Valley. The calculated bulk U-Pb
age is 323 ± 50 Ma (Upper Carboniferous); the presumed presence
of minor Th would lead to a slightly younger age. This is within the
age range identified in mantle-derived zircons from the Rakefet
Magmatic Complex (Griffin et al., 2018b).

5. Discussion

The mineral assemblages and corundum aggregates described
here show widely variable textural development, from unequili-
brated skeletal growth (Crn-A) to cumulates (Crn-B, C), and evi-
dence for > 1 primary melt composition as well as a wide range
in oxygen fugacity. Individual samples are interpreted as frag-
ments of individual subsystems, sampled by explosive eruptions
at different stages of their magmatic evolution. To organize this
mass of observations, we will discuss them as if they represent a
single magmatic system.

We first attempt to define the geological setting and environ-
mental conditions in which these melts evolved; we then discuss
the implications of observed melt-melt and melt-fluid immiscibil-
ity for the origins of the melts themselves. Finally, we present a
model of an idealized Mt Carmel magmatic system and discuss
the broader implications of this model.

5.1. Crystallization environment

5.1.1. Volcanic sources
The age spectrum of carmeltazite from paleo-placer samples is

similar to that of the zircons from the paleoplacer deposits (Griffin



Fig. 25. Solubility of Ti2O3 in corundum vs temperature (after Yasuda et al., 1998).
Vertical bars showmean values of Ti2O3 in the low-Ti cores of corundum in a typical
Crn-A aggregate, and the high-Ti unzoned cores typical of Crn-B corundum. See text
for further explanation.
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et al., 2018), which shows major peaks at 3–4 Ma (Cover basalt)
and 9–15 Ma (Lower Basalt) with a gap from 6 to 9 Ma, and a smal-
ler peak at 28 Ma. The 10–14 Ma carmeltazite U-Pb ages corre-
spond to the timing of the Lower Basalt, while the 1.6–4.6 Ma
ages overlap the eruption of the Pliocene Cover Basalt but extend
to younger ages. The youngest ages (<3 Ma) may reflect derivation
from Pleistocene volcanism north of the study area. However, no
zircons younger than 3.5 Ma have been found in the paleoplacers
to date, and selection of a slightly more radiogenic common-Pb
composition would move these analyses to slightly older ages,
within the Pliocene. Most of the Plio-Pleistocene ages are from
the Crn-A paragenesis, while older ages are from Crn-B or Crn-C
samples. This may reflect both the fragility of Crn-A during trans-
port from the more distant Cretaceous vents, and an overall larger
contribution of material from the nearby Miocene-Pliocene
volcanics.

All three corundum-aggregate parageneses are found in both
the Cretaceous tuffs and the Plio-Pleistocene paleoplacers. How-
ever, in the alluvial deposits the abundance of Crn-A is much higher
relative to Crn-B and Crn-C than in the tuffs. This distribution, and
the radiogenic ages noted above, suggest that the Miocene-
Pliocene volcanism in the Yizre’el Valley has sampled younger
SUR parageneses similar to those found in the Cretaceous volcanic
centers on Mt Carmel. This would be consistent with the occur-
rence of corundum, moissanite and the basalt-megacryst suite in
alluvial samples taken near outcrops of the younger basalts
(Wald and Toledo, 2016; Supplementary Material, Fig. S-1). Over
large areas between the Dead Sea and Mt Carmel, units of the Mid-
dle and Upper Judea Group, coeval with the Cretaceous volcanics
on Mt Carmel, are overlain by the Cover Basalts (Kafri, 2002;
Rozenbaum et al., 2016). It thus is possible that these younger
basalts also sampled buried Cretaceous pyroclastics, similar to
those on Mt Carmel.

The Lower Basalts on the divide between the Yizre’el valley and
the Jordan Valley drained westward into the proto-Kishon river
until relatively late in the uplift history, when streams flowing into
the deepening Dead Sea Rift captured the upper reaches. Volcan-
ism continued into the Pleistocene in the Golan Heights and north-
ern Galilee, just outside the Yizre’el Valley; these younger basalts
also probably drained southward until the present geomorphology
began to develop after the Pliocene volcanism (Kafri, 2002;
Matmon et al., 2003). All of these basalts thus may have con-
tributed alluvium to the proto-Kishon valley.

Most of the Cretaceous volcanic centers on Mt Carmel have
been draining to the west since uplift and tilting of the block began
in the late Miocene, and probably have contributed little to the
placers in the proto-Kishon River. The exceptions are the Rakefet
Magmatic Complex, which drains into the Yoqneam River, a tribu-
tary of the Kishon, and the Muhraka outcrops (Supplementary
Material, Fig. S-1).

5.1.2. A thin lithosphere and a basaltic underplate
Apter (2014) proposed a conductive geotherm (45 mW/m2) for

the upper mantle beneath Mt Carmel, based on single-
clinopyroxene thermobarometry. Lu et al., (2022, references
therein) used a suite of garnet-websterite and two-pyroxene + gar
net granulite xenoliths to construct a more detailed picture, with
an elevated advective geotherm typical of alkali-basalt fields
worldwide (O’Reilly and Griffin, 1985). Peridotitic garnet xeno-
crysts from the Cretaceous volcanics and the alluvial deposits are
limited to low-Cr types (Cr2O3 = 1–2 wt%) typical of low-P fertile
garnet lherzolites with ‘‘asthenospheric” compositions (Lu et al.,
2022). No garnet-peridotite xenoliths have been recovered from
the tuffs and there is thus no evidence for a thick, depleted litho-
sphere in Cretaceous time. The xenolith data thus indicate a thin
(<90 km), hot lithospheric mantle. However, the heat flow across
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the area (Moshen et al., 2006) is lower than would be expected
above such a thin lithosphere, or from the xenolith-based
geotherm. This discrepancy suggests that the lithosphere has been
further thinned relatively recently and that the associated heat
pulse has not yet reached the surface.

Geophysical surveys show that the area has a thin continental
crust, with a Moho at 26–27 km (Hofstetter and Bock, 2004;
Koulakov and Sobolev, 2006; Segev and Rybakov, 2011). Vp and
Vs from the stations nearest to Mt Carmel suggest a mafic lower
crust with SiO2 = 45–53 wt% (Hofstetter et al., 2000; Hofstetter
and Bock, 2004; Li et al., 2021). Receiver-function analyses at sta-
tions in northern Israel show unusually low sub-Moho Vs (4.3–
4.4 km/sec; Hofstetter and Bock, 2004) and the station closest to
Mt Carmel (MRNI) shows a gradual increase in Vs with depth from
the Moho to a maximum of 4.7 km/sec at depths of 60–70 km. The
underlying low-velocity zone is taken as the lithosphere-
asthenosphere boundary (LAB); it rises from ca 80 km in northern
Israel to 67 km near the Red Sea (Moshen et al., 2006). This combi-
nation of a mafic lower crust and a gradient in Vs with depth sug-
gests a thick mafic underplate and a gradual crust/mantle
transition beneath Mt Carmel (cf. Griffin and O’Reilly, 1987). This
underplating is further recorded in the chemistry of the Miocene
basalts of the area. The basalts of the Yisre’el Valley are basanites
and nephelinites, derived from a mantle with a high proportion
of pyroxenites, while basalts from areas to the E and SE are alkali
basalts with a dominantly peridotitic source (Weinstein, 2000).
5.1.3. Pressure estimates
Some constraints on the crystallization pressures of the differ-

ent parageneses can be derived by comparing the compositions
of the trapped and reconstructed melts with experimental data
and thermodynamic modelling on the CaO-Al2O3-SiO2 (CAS) sys-
tem, which comprises > 90 % of most of these melts. One-
atmosphere experimental data are available (Fig. 23a, b; Mao
et al., 2006) and Ottonello et al. (2013) have modelled the topology
of the CAS system at 1 atm. (Fig. 23c), 1 GPa and 2 GPa (Fig. 24).

On experimentally-determined 1-atm. phase diagrams
(Fig. 23a,b) nearly all of the trapped melts in the Crn-A,B paragene-
ses plot in the liquidus field of anorthite. However, plagioclase is
not a liquidus phase in these melts. Furthermore, the calculated
parental melts for the Crn-A paragenesis fall in the liquidus field
of mullite, rather than that of corundum, the observed liquidus
phase. In the modelled 1-atm. phase diagram (Fig. 23c) the anor-
thite field is smaller, and both trapped and parental melts straddle
the mullite-corundum cotectic.
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At 1 GPa (Fig. 24a) some of these issues are resolved. The
trapped melts no longer fall in the An field; this is consistent with
the incongruent melting of anorthite to Crn + Liq at P > 0.9 Gpa
(Goldsmith, 1980). Some of the Crn-A, B trapped melts (and the
mean of 6 Crn-C melts) still fall in the liquidus field of mullite,
but all of the Crn-A, B reconstructed melts fall in the liquidus field
of corundum. In the modelled system at 2 Gpa (Fig. 24b) these rela-
tionships do not change substantially. It therefore seems likely that
the Crn-A, B, C parageneses crystallized at pressures � 1 Gpa,
within the uppermost mantle beneath Mt Carmel.

On the modelled plots, the melts calculated from hibonite
enclosed in corundum aggregates fall within the hibonite field or
near the hibonite-corundum peritectic (crn + melt ? hib) at all
pressures; this is consistent with the parageneses, in which hibo-
nite crystallizes after corundum.

The hibonite-related melt calculated from coarse-grained hib +
gross ± V0 xenoliths plots in the hibonite field in Fig. 23a, and on
the hibonite-grossite cotectic in Fig. 23b and 23c, while at 1 and
2 Gpa (Fig. 24) it is on the peritectic, consistent with the occurrence
of resorbed corundum cores in hibonite crystals. In the 1-Gpa plot,
the liquidus field of grossite is absent, but it is not clear where (be-
tween 1 atm and 1 Gpa) grossite ceases to be a liquidus phase. This
paragenesis may be genetically related to the Crn-Bmelts, but crys-
tallized at P <1 Gpa.

The calculated melts in equilibrium with the hibonite-gehlenite
anorthite xenoliths give conflicting results. In the 1-atm. phase dia-
grams (Fig. 23a,b) they plot close to the corundum-hibonite peri-
tectic, consistent with their petrography. The mesostasis of the
hibonite-gehlenite xenoliths plots in the gehlenite field in
Fig. 23a near the anorthite-gehlenite cotectic. In Fig. 23b the
mesostasis is close to the gehlenite-hibonite-anorthite eutectic,
also consistent with its petrography. The presence of anorthite in
the paragenesis implies that the hibonite-gehlenite cumulates
crystallized at P < 0.9 Gpa (near the crust-mantle boundary) prob-
ably from melts like those that crystallized hibonite in the corun-
dum aggregates.

The assemblage srilankite ((Ti0.53Zr0.47)O2) + rutile occurs in
Crn-C aggregates. The Ti/Zr ratio of srilankite in equilibrium with
rutile is a function of both T and P (Troitzsch et al., 2005). Assuming
T of 1300–1400 �C (see below), this srilankite-rutile pair would
require P of ca 1.5 GPa, corresponding to depths of ca 45 km, within
the basaltic underplate imaged by seismic data. Sapphirine has a
very small liquidus field in the MgO-Al2O3-SiO2 system at P <2
GPa (Belmonte et al., 2017), but a wider stability range in the sub-
solidus. The rare occurrence of this phase in some melt pockets
(Supplementary Material, Fig. S-14) implies P (at T > 1000 �C)
above ca 1 GPa, but below 2 GPa (Christy, 1989; Podlesskii, 2010).

5.1.4. Temperature estimates
The immiscible separation of Fe-Ti-Si-P-C melts from oxide

melts probably occurred at T � 1500 �C, and many compositions
cluster around cotectics and eutectics in the Fe-Ti-Si system
(Weitzer et al., 2008) with temperatures ranging from 1300 to
1500 �C (Griffin et al., 2022); some subsolidus assemblages indi-
cate temperatures of ca 1200 �C. Reconstructed Si0 melt inclusions
in SiC crystals suggest T between 1450 and 1250 �C (Huang et al.,
2020). These T estimates must be regarded as maximum values,
given the abundance of volatile phases in the Mt Carmel assem-
blages. Hydrogen, in particular, can lower the liquidus and solidus
temperatures of metallic melts by several hundred degrees (Fukai,
2006).

The coarse-grained hibonite-grossite xenoliths contain the
phase Ca4Al6O12F2, which in the 1-atm. CaF2-CaAl2O4 system crys-
tallizes from 1480 �C to a eutectic with CaF2 at 1375 �C, but is
unstable in the subsolidus at T < 1150 �C. The fluorite-grossite
assemblage in these xenoliths crystallizes at ca 1375 �C in the same
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system (Griffin et al., 2019a). Crystallization temperatures for the
spinels in the melt pockets of the Crn-A paragenesis are mostly
between 1285 and 1460 �C (Fig. 19; Supplementary Material,
Table S-12).

Experimental studies in the 1 atm. Zr-Ti-Al oxide system
(Ilatovskaia et al., 2017) show that Al2TiO5 (griffinite) coexists with
Al2O3 + TiO2 (consistent with its paragenesis) at 1284 �C, but at
1357 �C griffinite would coexist with either ZrO2 + Al2O3, ZrTiO4 +-
Al2O3 or ZrTiO4 + TiO2. ZrTiO4 is equivalent to the srilankite ((Ti,Zr)
O2) noted above. Ferroarmalcolite, a major phase crystallized from
the immiscible Ti-Fe-oxide melts (Supplementary Material,
Table S-6), crystallizes from at T ranging from < 1200 �C at
1 atm. to 1350 at 1.5 GPa (Friel et al., 1977).

Under reducing conditions, the maximum solubility of Ti3+ in
corundum is dictated by the precipitation of tistarite and increases
with increasing temperature (Fig. 25; Yasuda et al., 1998). In the
Crn-A paragenesis, unzoned or weakly zoned parts of corundum
crystals with melt pockets containing tistarite carry 0.20–
0.40 mol % Ti2O3 (Fig. 12c). Assuming equilibrium with tistarite,
these would give Tmin of 1300–1325 �C. Other grains have long
unzoned profiles with up to 1.2 mol% Ti, equivalent to ca
1375 �C. The much higher Ti contents in the outer parts of zoned
grains (1.5–3 mol %) would give Tmin up to ca 1600 �C. However,
this zoning to higher Ti is unlikely to reflect higher T during crys-
tallization, since resorption is not obvious. This suggests that the
melts were no longer in equilibrium with tistarite, as fractional
crystallization closed off individual melt pockets (Oliviera et al.,
2021), and reactions such as tistarite + melt ? carmeltazite iso-
lated early-crystallized tistarite from the melt. Similarly,
microstructures indicate that the Crn-B grains with the highest
Ti2O3 were not in equilibrium with tistarite, but were still reduced
enough to keep Ti as Ti3+.

All of these T estimates lie well above the xenolith-based
geotherm (Lu et al., 2022) at lithospheric pressures. If the
values > 1400 �C are correct they imply high mantle potential tem-
peratures, consistent with models that derive the basalts from a
fossil plume head (Stein and Hoffmann, 1992), and with the high
MgO contents and Mg# of the vent magmas (Supplementary Mate-
rial, Table S-1). The intrusion of high-T melts at relatively shallow
mantle depths is also consistent with the advective nature of the
xenolith-based geotherm.

There are few firm subsolidus temperatures below ca 1150 �C,
suggesting that most of the sampled subsystems did not cool sig-
nificantly below this T prior to eruption.

5.1.5. Oxygen fugacity
In the hibonite-gehlenite xenoliths, the presence of spinels with

both Fe3+, Fe2+ and high levels of Ni2+ suggests fO2 ca two log units
above the iron-wüstite buffer (DIW + 2), whereas the coexistence
of Fe-bearing spinels and metallic alloys in the cumulates of Cr-
rich corundum implies fO2 near IW. The onset of melt-melt immis-
cibility recorded by the iron-iron oxide-titanium oxide spherules
also must have occurred at fO2 near the IW buffer. The coexistence
of Cr0 with the most Cr2O3-rich corundum implies fO2 near the Cr-
Cr2O3 buffer, at DIW �4.4. The abundance of Ti3+-bearing phases in
the melt pockets of Crn-A and Crn-B aggregates, and the presence
of phases with both Ti3+ and Ti4+ in Crn-B and Crn-C indicate fO2

near or below the TiO2-Ti2O3 buffer, at DIW �4.6. The separation
of immiscible Si0 melts could occur near the SiO2-Si buffer (DIW-
6.5). The presence of moissanite (SiC) in both Fe-Ti-Si melts and
the trapped silicate melts of the corundum aggregates requires
fO2 = DIW � -6.7 (Ulmer et al., 1998). Still lower fO2 is required
by the presence of native vanadium in the coarse-grained
hibonite-grossite xenoliths; the V0-VO buffer lies at DIW �8.2
(Ulmer et al., 1998). The occurrence of Ti2+ phases such as TiS, Ti
(N,O,C) and TiB2 (Griffin et al., 2020b,2021a) suggests fO2 below
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the Ti2O3-TiO buffer, at ca DIW �9.3. In the Crn-A paragenesis the
increase in the Si content of the Fe-Ti-Si melts with decreasing T
(Griffin et al., 2022) also requires a corresponding decrease in fO2

(Weitzer et al., 2008), probably to ca DIW �9.
There is some evidence for reversals of this overall reduction

trend; local oxidation is indicated by the exsolution of kaitainite
from tistarite (Supplementary Material, Fig. S-14) and by pseudo-
morphs of carmeltazite by griffinite + rutile ± ziroite.
5.2. The basalt-megacryst suite – Guides to the magmatic setting

5.2.1. Zircons
The zircons record �200 Ma of basaltic underplating near the

base of the crust, from Permian to Cretaceous (Griffin et al.,
2018b), and extending into Miocene-Pliocene time. Over this time
the temperature in the crust-mantle transition zone (25–40 km)
probably did not fall below 800–1000 �C (Lu et al., 2021), allowing
the slow cooling and differentiation of successive generations of
magmas. Zircon rarely crystallizes from mafic magmas, but with
slow cooling and extended fractional crystallization it can crystal-
lize from late residual melts or fluids (Guo et al., 1996). As noted
above, most of the zircons from the Mt Carmel tuffs and the asso-
ciated paleoplacer deposits have trace-element patterns consistent
with crystallization from syenitic or monzonitic melts, and mantle-
like O isotopes.
5.2.2. Sapphires
The sapphire megacrysts fromMt Carmel are similar in terms of

colour, zoning, and O isotopes to those from alkali basalts in e.g.
Laos, Vietnam, Thailand and eastern Australia. In the plot of
Peucat et al., (2007; Supplementary Material, Fig. S-23) the Mt Car-
mel sapphires have Fe contents typical of magmatic sapphires, but
extend out of the ‘‘magmatic field” toward lower Ga/Mg. However,
Ga/Mg is well-correlated with Fe/Mg, and the generally higher Mg
content of the Mt Carmel sapphires is accompanied by higher
Cr and higher Ti, following the plumasitic ‘‘Kashmir trend”
Fig. 26. Phase diagram of the Fe-O system at 1 atm
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(Fig. S-23), related to desilication of low-SiO2 magmas by interac-
tion with ultramafic rocks.

Mineral inclusions from basalt-related sapphires worldwide
comprise plagioclase, zircon, monazite, Nb-Ta oxides and carbon-
ates, accompanied by CO2-rich fluids (Guo et al., 1996; Song and
Hu, 2009; Xu, 2021), supporting an origin by crystallization from
broadly syenitic differentiates of mafic magmas in the deep
crust/upper mantle. Melt inclusions in sapphires from Bo Ploi
(Thailand) have compositions ranging from trachyte-
trachyandesite to Ne-syenite, with homogenization temperatures
ranging from 800 to 1000 �C (Srithai and Rankin, 1999). For exam-
ple, sapphires from S. Vietnamese basalts contain zircons with ages
identical to the basalts’ eruption ages, and trace elements indicat-
ing crystallization from highly evolved felsic melts (Vu et al., 2021).
5.2.3. Ilmenites
The Mt Carmel ilmenite ‘‘megacrysts” are similar to those in

alkali basalts from many locations (e.g., Haggerty, 1976; Ellis,
1976; Barr and Dostal, 1986; Agata, 1998). They form two broad
groups; low-Cr grains that overlap the compositions of ilmenites
from garnet pyroxenite xenoliths (Lu et al., 2022) and high-Mg,
Cr,Ti ilmenites that suggest a more complex process. A possible
analogue for the latter group is found in the Lherz peridotite massif
(France) where ilmenite has crystallized from alkali-rich felsic
melts that intruded and reacted with peridotites at 1.25–1.5 GPa
(Lorand and Gregoire, 2010); the most Mg-rich ilmenites come
from the thinnest veins. The Lherz ilmenite trend of high Mg and
Cr also is seen in the ilmenites from the Rakefet Magmatic complex
(Fig. 5c). Lorand and Gregoire (2010) argue that the felsic veins at
Lherz were water-poor, which would suppress the crystallization
of amphibole and enhance the early crystallization of an Fe-Ti
oxide. They calculate an fO2 of DQFM �4.7 (ca DIW �1) and sug-
gest that the peridotite was being fluxed by CH4-rich fluids that
oxidized during passage through the SCLM.

These comparisons suggest that the Mt Carmel sapphires, zir-
cons and ilmenites crystallized from broadly syenitic melts, in a
. (after Wriedt, 1991). See text for explanation.
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setting where they could interact with ultramafic or high-Mg mafic
rocks. The low-Cr spinels suggest the differentiation of mafic mag-
mas, perhaps during the evolution of the syenitic melts, while the
ilmenite populations appear to reflect interaction between syenitic
melts and the surrounding ultramafic rocks. This type of reaction
could also desilicate syenitic melts and lead to the crystallization
of the ‘‘plumasitic” sapphires.

The ponding and differentiation of mafic magmas would be
expected within the thick mafic underplate that developed
beneath the Mt Carmel/Yizre’el Valley area from Permo-Triassic
to Late Cretaceous and Miocene-Pliocene time. The interaction of
each melt generation with earlier ones is evidenced by the abun-
dance of older cores in younger zircons throughout this period
(Griffin et al., 2018a). Slow cooling toward an elevated geotherm
and the intermittent input of heat frommantle-derived mafic mag-
mas would provide the conditions required for both extended frac-
tional crystallization and the interaction of melts with the mafic to
ultramafic wall rocks. Even if older melt ponds had largely crystal-
lized, they would be easily remelted with modest additions of heat
and volatiles from the next magmatic episode.

5.3. Significance of the Fe-Ti oxide melts – Silicate-rich vs Fe-rich melts

The compositional and microstructural features of the Fe-Ti
oxide spherules, some with cores of native Fe (section 4.5.1), sug-
gest that they represent melt immiscibility at fO2 near the IW buf-
fer, while the crystallization of ferroarmalcolite indicates
conditions near the Fe-TiO2-FeTiO3 buffer (DIW �1).

The 1-atm. phase diagram of the Fe-O system (Darken and
Gurry, 1946; Wreidt 1991; Fig. 26) shows a two-liquid field
between Fe0 and Fe-oxide melts down to ca 1528 �C; this field is
poorly constrained at T > 1600 �C. Below 1528 �C, Fe0 coexists with
an Fe-O liquid down to 1371 �C; at lower temperatures Fe0 coexists
with near-stoichiometric FeO. Below 1528 �C the liquid oxide coex-
isting with solid Fe0 becomes more oxygen-rich with decreasing
temperature, and at the eutectic (1371 �C) Fe + liq + wüstite the liq-
uid has 23.2 wt% O, while the wüstite has 25.3 wt% O. This analysis
suggests that the Fe-oxide melts and the stoichiometric FeO phase
(s) analyzed here formed at temperatures higher than 1370 �C
(Supplementary Material, Table S-22). The compositions of the
Fe0 and FeO melts (Fig. 26) suggest that under the natural condi-
tions the gap between the Fe0 and Fe-oxide melts is narrower than
in Fig. 26. However, the overall phase relationships are consistent;
the blocky wüstite grains (Supplementary Material, Fig. S-5) are
more oxygen-rich than most of the Fe-oxide melts. The tempera-
tures of the Ti-oxide melts are difficult to constrain, but slag stud-
ies (Fourie et al., 2005) show that these compositions would be
liquids in equilibrium with Fe-liq + pseudobrookite at 1500 �C.
As noted above, all T estimates drawn from these simple systems
would be maximum values, given the presence of Mn, Ca, Mg, Si,
and especially H2 in the melts (Fukai, 2006).

The microstructures of the metallic and oxide spheroids
(Fig. 7,8) are notably similar to the organization of motile micro-
scale oil-in-water emulsion droplets solubilized in an aqueous sur-
factant solution (Meredith et al., 2020; Supplementary Material,
Figs S-24, S-24-v). In such emulsion systems, compositional differ-
ences between two or more partially miscible droplet species
induce micelle-mediated oil exchange through the continuous
aqueous phase. The asymmetric exchange of oil between droplets
of differing composition establishes chemical gradients in the sur-
rounding fluid and differences in interfacial tension across surfaces
of adjacent droplets, resulting in droplet motion via the Marangoni
effect. With sufficient asymmetry in the rates of chemical
exchange, predator–prey-like interactions can emerge, leading to
the capture of prey by predator droplets and motility-driven self-
organization of multi-body clusters with dynamic behaviours
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(Fig. S-24-v). Adjusting the surfactant concentration and type
affects the magnitude and direction of chemical exchange between
droplets. Structures such as the Fe0 cores in oxide-melt shells, Fe-
oxide balls with vapour-bubble ‘‘cores”, and aggregates of oxide-
melt balls of different compositions (Figs. 7, 8) may have formed
through analogous processes of chemical exchange and locally
emergent flows between dispersed melt and fluid phases. Similar
effects have been observed in calcium aluminosilicate glasses
(Clark et al., 2022).

The clusters of metallic and oxide spheroids (Figs. 7, 8) reflect a
process involving multiple immiscible liquids: Fe0 melt, Fe-oxide
melts, Ti-Fe oxide melts, and C-O–H fluid. In a differentiating melt,
all of these phases may have appeared essentially simultaneously,
producing a dense emulsion similar to the experimental situation
described above. We suggest that this multiple immiscibility
occurred when the fO2 of the melt dropped below the IW buffer,
triggering the separation of Fe0 melts. Gravitational removal of
the metal/metal oxide droplets would deplete the host silicate melt
in Fe, and perhaps in Ti, but enrich it in most other elements.

Immiscible high-iron oxide melts in syenitic xenoliths from
basalts of the Western Carpathians closely resemble the Fe-oxide
and Ti-Fe oxide melts described here (Hurai et al., 1998; Supple-
mentary Material, Table S-21). The xenoliths are interpreted as dif-
ferentiates of the alkali basalts. Another analogue may be the
blocks of native iron in the basalts of Disko Island, Greenland.
These are cumulates of spherules (0.5–1 mm) of immiscible iron
melts formed by interaction between basalt magmas and carbona-
ceous sediments >3 km below the surface (Bird et al., 1981;
Pedersen, 1979,1981; Ulff-Møller, 1990) generating fO2 in the
range IW to DIW �1. These conditions are more reducing than
the CCO buffer at the estimated pressures and imply a high fH2.
The removal of the Fe0 droplets from the basaltic parent melt left
a broadly andesitic residual melt, found as xenoliths in the basalts
(Ulff-Møller, 1990).

5.4. Origin of ‘‘parental melts” by immiscibility

The melts parental to those trapped in the corundum aggre-
gates (Supplementary Material, Table S-20) are low in SiO2 and
nearly Fe-free, yet have very high concentrations of HFSE and
REE, and their very small Eu anomalies (Fig. 16) make feldspar frac-
tionation unlikely. It is difficult produce such melts by simple frac-
tional crystallization from a syenitic or basaltic melt. We suggest
that the solution lies in the element partitioning that takes place
during the immiscible separation of Si-Al-rich melts and FeO-rich
melts, accompanied by extreme reduction.

Coexisting melts have been described in melt inclusions in
lunar basalts, in mantle-derived peridotites, and in the groundmass
of terrestrial volcanic rocks. Most studies of melt immiscibility deal
with broadly tholeiitic parental melts, and typically produce two
conjugate melts, one concentrating Fe, Mg, Ca and P, and other
Si, Al, Na and K (Supplementary Material, Table S-23). This process
has been recognized in plutonic settings, including the upper zones
of the Skaergaard intrusion (McBirney and Nakamura, 1974;
Jakobsen et al., 2005) and the Bushveld Complex (Fischer et al.,
2016), mainly by analysis of fluid inclusions in cumulate phases
such as apatite. Similar coexisting melts have been produced
experimentally (Table S-23; Watson, 1976; Veksler et al., 2006, ref-
erences therein), and coexisting Fe-rich and Si-rich melt inclusions
in typical ‘‘basaltic” sapphires have been interpreted as reflecting
immiscibility in a parental syenitic melt (Xu et al., 2021). In natural
occurrences and experimental studies the transition elements,
HFSE and REE partition strongly into the immiscible FeO-rich melts
(Hurai et al., 1998; Veksler et al., 2006), while coexisting silica-rich
melts concentrate both Al2O3 and LIL elements. However, the sta-
bility of AlO4 tetrahedra in a highly polymerized SiO2-rich melt is



Fig. 27. Cartoon illustrating the proposed evolution of the super-reduced assemblages, focussed on the corundum-aggregate parageneses. (a) Formation of a gabbroic
underplate (Triassic – Pleistocene) with lenses of syenitic differentiates, fluxed by mantle-derived CH4 + H2 fluids. (b) Crystallization of corundum and zircon megacrysts,
separation and sinking of Fe0, Fe-Ti-oxide melts. (c) separation of Fe-rich and Si-rich immiscible melts, crystallization of Cr-rich corundum. (d) Further reduction, separation
of Fe-Ti-Si and Si0-SiC melts; development of residual CAS melts. Crn-B is crystallizing and accumulating in the lower part of the chamber, and Crn-C in the upper parts. Loss of
Fe decreases density of the Ca-Al-Si-Ti melts, leading to gravitational instability at the interface between Si-rich and Si-poor melts. Escape of evolved melts + H2 produces
highly-reduced hibonite + grossite + V0 assemblages. e) melt mixing and fluid saturation leads to development of melt-escape channels with precipitation of Crn-A corundum
aggregates. (f) explosive eruption of alkali basalts samples magma chambers, builds small volcanoes.
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greatly reduced in systems with low contents of alkali elements.
This results in a preference of Al (and Ti) for the FeO-rich melts
by factors of 3–4, where their substitution is balanced by divalent
cations.

The generation of immiscible Fe-rich and Si-rich melts can lead
to the development of stratified magma chambers, as the denser
Fe-rich melts sink to the bottom and the Si-rich members rise to
the top (cf. the Disko Island example above). The upper part of the
Bushveld intrusion may represent the largest single example of
such vertical segregation (VanTongeren and Mathez, 2012), while
in the smaller Skaergaard intrusion the two melts may have
remained in an emulsion-like state (Charlier et al., 2013;
Jakobsen et al., 2005). However, the rare eruptions of Fe-oxide
melts (e.g., Naslund,1983) suggest that more complete segregation
may be common, but rarely expressed due to the density con-
straints on eruption of such Fe-rich melts.

The second key to the origin of the ‘‘parental” melts of the
corundum aggregates is the potential for an unusual fractionation
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path driven by the progressive lowering of fO2. This prevents the
crystallization of magnetite and retains Fe in the melt to the point
(fO2 = DIW 5 to �6) where it is extracted as immiscible Fe-Ti sili-
cide melts, leading to desilication of the residual melt. This frac-
tionation can explain the evolution of an essentially Fe-oxide
melt to the highly aluminous, Fe-free CAS melts trapped in the
corundum aggregates.

5.5. A model

The model proposed here (Fig. 27a) involves the evolution of
syenitic magma chambers, formed by the fractional crystallization
of mafic magmas, broadly analogous to the upper zone of the
Skaergaard intrusion (McBirney and Nakamura, 1974; Jakobsen
et al., 2005). These melts would crystallize the megacryst suite (in-
cluding zircon, corundum, ilmenite) described above (Fig. 27b).
The lowering of fO2 by a flux of mantle-derived CH4 + H2 would
prevent the early crystallization of magnetite, but the melt would



Fig. 28. CAS plot at 1 GPa (from Fig. 24), including compositions of immiscible felsic
and Fe-oxide melts from basalts, the Bushveld Complex and upper zone of the
Skaergaard intrusion (data from Table S-22). Dashed red lines show the effect of
desilication (removal of Fe-Ti-Si and Si0 melts); dashed green lines (‘‘decarbona-
tion”) show the effect of removal of Ca-Mg carbonate, either by crystallization of
carbonates or the extraction of carbonatitic melts, initiated by the production of
CO2 during the oxidation of methane-rich fluids. Dashed purple line shows the
trajectory of melt compositions that led to the coarse-grained hibonite-grossite-V0

assemblages (Griffin et al., 2019a). Dashed orange line traces the late crystallization
of melts of the Crn-B paragenesis.
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exsolve immiscible Fe0- and Fe-Ti-oxide melts and wüstite as fO2

approached the IW buffer. Further fractionation would lead to
the separation of the syenitic melt into Si(Na,K,Al)-rich and Fe
(REE,HFSE)-rich immiscible melts (Fig. 27c). Models of lunar sys-
tems suggest that the volume of the Fe-rich immiscible melt would
be several times larger than that of the Si-rich melts.

Fe-oxide melts are very dense and very fluid (Bird et al., 1981;
Pedersen, 1979; Veksler et al., 2006) and would sink to the bottom
of the magma chamber, leaving the alkali-rich felsic melt above.
This would produce an isolated lower layer with a thermal gradi-
ent, resistant to disturbance by convection (Jaupart et al., 1984).
If the magma chamber were being flushed with reducing fluids,
these might affect the lower layer most strongly, but such fluids
also could reach the upper layer of the chamber, especially once
the lower layer had lost any significant buffering capacity. For
example, Nazzareni et al. (2019) have described the occurrence
of SiC in syenitic differentiates of oceanic basalts.

The next recognizable step (in terms of decreasing fO2) is the
formation of Cr-Al-Na-K oxide melts (DIW �4 to �5) and the crys-
tallization of cumulates with high-Cr corundum ± Cr0 ± Cr-Ga
alloys and Na,K b-alumina phases (Griffin et al., 2021b). The high
alkali contents suggest that these melts separated from the Si-
rich immiscible silicate melts. If similar melts also separated from
the conjugate Fe-rich melts, they would effectively reduce the
alkali-element contents to the low levels observed in the melt-
pocket glasses.

The Si-SiO2 and Ti2O3-TiO2 buffers (DIW �5 to �7.5) mark the
separation of immiscible Si0, Fe-Ti-Si and Si-Fe-Al-C melts
(Huang et al., 2020), leading to the gravitational removal of Fe, P
and Si. The dissociation of Ti4+ ?Ti0(in alloys) + Ti3+ would leave
Ti3+ in the silicate melt. The loss of Si leads to saturation in Al2O3

and the precipitation of Ti3+-bearing corundum.
As the cumulates compact, melt volumes shrink; the removal of

Fe from the melts leaves them with little buffering capacity, and
higher fluid/melt ratios lead to a rapid decrease in fO2. The distri-
bution of trace elements (section 4.6.3.1) and their microstructures
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(Supplementary Material, Fig. S-22) suggests that the Crn-B corun-
dum aggregates crystallized as cumulates in the lower portion of
this system, while Crn-C aggregates formed as cumulates in the
upper, more felsic part.

The precipitation of the coarse-grained hibonite + grossite + v
anadium assemblage at DIW-8 to �9 implies that fO2 was con-
trolled by hydrogen-dominated fluids. This paragenesis may have
been localized in smaller melt volumes with high fluid contents,
favouring pegmatitic growth.

The removal of the immiscible Fe-Ti-Si and Si-C melts reduces
the density of the remaining fluid-rich oxide melt, creating a grav-
itational instability conducive to overturns and disruption of the
layering (Fig. 27d). Overturns could trigger the escape of volatile-
rich melts and reduced fluids; the skeletal Crn-A corundum aggre-
gates probably grew along short-lived melt-escape channels
(Fig. 27e), with high levels of H2. These overturns and mixing
between more- and less-reduced layers could explain the late oxi-
dation of carmeltazite and other SUR phases in some Crn-B corun-
dum aggregates (Supplementary Material, Figs S-12, S-13).
Explosive eruption (Fig. 27f) was accompanied by brecciation dri-
ven by the injection of volatile-rich fluids (Na, K, F, S, Cl, C, CH4).
The preservation of glass and quench textures in the corundum-
aggregate melt pockets is consistent with the known speed of
xenolith-bearing pyroclastic eruptions (O’Reilly and Griffin, 2010)
leaving no time for reaction of the melts with the surrounding
crust.

Can this generalized model produce the range of ‘‘parental
melts” identified for the different parageneses described above?
The melts calculated or reconstructed from hibonite-bearing
assemblages in the corundum aggregates and the coarse-grained
hibonite + grossite xenoliths are typically low in SiO2. Fig. 28 shows
that desilication of the natural immiscible melts listed in Supple-
mentary Material Table S-23 would produce low-Si melts, but with
Ca/Al ratios higher than any observed or calculated for the Mt Car-
mel materials.

To move these desilicated melts toward the compositions of
those calculated from the hibonite-bearing assemblages, signifi-
cant amounts of Ca would need to be removed. The Mt Carmel
assemblages contain no important Ca-rich phenocryst phases that
could accomplish this through fractional crystallisation. However,
the reduction of the magmatic system by oxidation of CH4 would
produce CO2, with the potential to crystallize Ca-bearing carbon-
ates, or to generate immiscible carbonatitic fluids/melts that would
sequester CaO and to some extent MgO. Such carbonatitic melts
may be the source of the zoned carbonate crystals in the volcanic
ashes (Supplementary Material, Fig. S-4). The 87Sr/86Sr values of
these carbonates (0.706 ± 1; Supplementary Material, Table S-3)
are similar to those of EMI basalts, a signature that has been vari-
ously interpreted as reflecting the involvement of the metasoma-
tized lithospheric mantle or the lower continental crust (see
review by Lustrino and Dallai, 2003).

The generalized evolution of the desilicated melts can be
sketched by the compositional trajectory of the Crn-B paragenesis
in the CAS plot (Fig. 28), from the melts coexisting with hibonite
(an early phase) to those that precipitated sassite (a late phase)
and finally to the residual melt. The calculated parental melt of
the sassite (Supplementary Material, Figures S-12 and S-22) is Si-
poor but high in TiO2 (41 wt%) and Al2O3 (30 wt%). The step from
the hibonite-related melt to the sassite-related melt cannot be
accomplished by the removal of hibonite or grossite, both low in
Ca, but could be driven by the separation of a carbonatitic melt/
fluid, accompanied by the continued crystallization of corundum.
The residual melt (following removal of sassite and corundum;
Supplementary Material, Table S-20) is similar to many other
trapped melts in both Crn-A and Crn-B. The evolution of the
coarse-grained hibonite + grossite + V0 assemblages (Griffin et al.,
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2019a) requires a very low-Si melt in the corundum field; crystal-
lization of corundum drives the melt to the hibonite-corundum
peritectic, and then to the hibonite-grossite cotectic (not shown
in Fig. 28).

The parental melt of hibonite in Crn-A aggregates is close to the
one for Crn-B, but Crn-A hibonite is higher in Ti and lower in LREE
than Crn-B hibonite. The trajectory from ‘‘parental” melts to
trapped melts in Crn-A is not constrained, but may be similar to
that sketched for Crn-B. This model suggests that the ‘‘first trapped
melts” of the Crn-A paragenesis actually were residual melts in
contact with Crn-B cumulates, consistent with their high levels of
incompatible elements and volatiles.

The felsic component of natural immiscible-melt pairs is typi-
cally CaO-poor (Fig. 28, Supplementary Material, Table S-22), and
the effect of desilication would be simply an increase in Al2O3

and alkali elements. However, the Si-Al-rich immiscible melts
would have low contents of elements that could form silicides to
produce extensive desilication. As shown in Fig. 28, most glass rims
on corundum-aggregate xenoliths are only weakly depleted in SiO2

compared to natural immiscible felsic melts.
The occurrence of Ba-rich glasses as rims on ejecta of the corun-

dum aggregates implies that this melt coexisted with the CAS
trapped melts. Compared to the trapped melts, the Ba-rich glasses
are also strongly enriched in Na, Al, Zr and Hf, but depleted in REE,
Ca, Sr and Ti (Supplementary Material, Table S-19). The Ba-rich
melts thus may be fractionation products of the SiO2-rich melts
in the upper parts of a magma chamber, coexisting with cumulates
similar to the Crn-C aggregates. This would be consistent with
these glasses coating corundum-aggregate xenoliths derived from
the lower parts of the chamber, as they ascended during eruption.

The evolution of the idealized magma system sketched above
may have proceeded on timescales of 104-105 years, as suggested
for bodies such as the Skaergaard or Bushveld intrusions (e.g.,
McBirney, 1996). In contrast, diffusion modelling (Fig. 12) indicates
that the growth of Crn-A corundum proceeded on timescales of
days to years. In its final stages, this idealized magmatic system
would have contained several mutually immiscible melts, includ-
ing Ti(N,O,C), Fe-Ti-Zr-Si alloys, the Crn-A ‘‘parental melt”, the
Ba-rich felsic melts, carbonatitic melts, and one or more fluids rich
in alkali elements, carbon, hydrogen, Cl and F�H2O-rich, CH4-rich
and H2-rich fluids would be mutually immiscible and could coexist
under these conditions (Bali et al., 2013; Preteanu et al., 2017;
Vlasov et al., 2023). The conditions at which such immiscibility
appears to have occurred in the Mt Carmel material lie at higher
T/P than experimental determinations of the critical point for
H2-H2O systems, but are close to the curve modelled by
Bergermann et al. (2021).

The magmatic underplate as a whole may have been zoned in
fO2, with the lower parts generally more reduced due to longer
exposure to the reduced fluids. In such a scenario, the hibonite-
gehlenite xenoliths might represent cumulates formed at shal-
lower levels and somewhat higher fO2 than the idealized model.
The materials described here thus may represent many different
magma chambers that developed episodically from Triassic time
onward before being sampled during the late Cretaceous Mt Car-
mel volcanism, and again during Miocene-Pliocene volcanism in
the Yizre’el Valley.

5.5.1. Volatiles in the magmatic system
The wide range of fO2 recorded in the Mt Carmel xenoliths

requires a source of low-fO2 fluids to reduce the primary melts pro-
duced by immiscibility within broadly syenitic precursors. Our
model predicates the introduction of such fluids at high fluid/rock
ratios, gradually overwhelming anymineral associations capable of
buffering fO2 at the more ‘‘normal” levels (ca FMQ) typical of most
volcanic eruptions.
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Throughout the proposed evolution, the presence of a free fluid
phase, immiscible with the silicate/oxide melts, is witnessed by
vesicular plates of wüstite and hollow spheres of Fe-FeO and Ti-
Fe oxide melts; spherical to ovoid bubbles in the glasses of melt
pockets; crystallographically controlled voids in hopper crystals
of corundum (especially in Crn-A); interstitial voids with euhedral
crystals of phenocryst phases; and explosive breccias with a matrix
of amorphous carbon. The high carbon content of these fluids is
confirmed by analysis of the trapped volatiles (Supplementary
Material, Table S-18) and by the crystallization of C-rich phe-
nocryst phases (Ti(N,O,C), TiC, SiC) in trapped melts.

The lowest fO2 values are similar to those estimated for the
early Solar nebula, in which H2 was the dominant species. This is
consistent with the speciation of sulfur in the Mt Carmel material.
S normally partitions into the vapour phase (relative to the melt
phase) at low P, and this partitioning is enhanced at low fO2, where
S2+ is less soluble in melts (Edmonds and Wallace, 2017). However,
even though the corundum aggregates (especially Crn-A) are
highly reduced, S was retained in the trapped melts, finally crystal-
lizing as TiS, MnS and mixed sulfides of Ti, Mn, Cr and Ce (Supple-
mentary Material, Table S-15). This suggests that P was high
enough (�1 GPa) to retain S in the melt despite the low fO2, and
that the partial pressure of H2S was relatively high. At magmatic
temperatures (1300–1500 �C) MnS is stable only at H2S/
H2O > 10�3 (Larimer, 1968); this is similar to estimates for Cosmic
gasses (H2S/H2O ca 10�1.7), where hydrogen is by far the dominant
species (H2O/H2 ca 10�4). However, the absence of CaS and MgS in
the Crn-A,B aggregates indicates that H2S/H2O probably was not
much higher than the Cosmic value (Larimer, 1968).

Gasses released by fusing samples of Crn-A (n = 4) have average
contents of 107 ppm N, 310 ppm C, 490 ppm H (ca 95at.% H) and
130 ppm S (Supplementary Material, Table S-18). At the low fO2

of these fluids and P ca 1 GPa, most C would be present as CH4. It
therefore seems clear that the fluids were dominated by
CH4 + H2, with lower but significant levels of S and N. If the
corundum aggregates crystallized within the mafic underplate
below the crust/mantle boundary (P ca 1 GPa) then the reducing
fluids must have been derived from the subjacent mantle (>75 km).

The isotopically light carbon in the abundant SiC (d13C = -25 to
–32; Huang et al., 2020) and in the amorphous carbon of the
eruptive breccias (d13C = -19 to –22) is similar to the low-d13C com-
ponent in kimberlites sourced from the deep mantle (Giuliani et al.,
2022), and in sublithospheric Type IIb diamonds (d13C = -25 ‰;
Smith et al., 2016). Isotopically light carbon in the mantle typically
is ascribed to the subduction of crustal organic material. However,
isotopic fractionation occurs during metal-carbonate reactions,
with 13C concentrating in melts while 12C is sequestered in alloys;
this mechanism seems more consistent with the high ratio of
carbonate to organic carbon in subducted oceanic crust (Reutsky
et al., 2023). The isotopically light carbon, as well as the primitive
isotopic nature of the He (RA = 8.1 ± 0.2) trapped in the corundum
aggregates, is thus consistent with a mantle derivation of the
reducing fluids.

CH4 probably is ubiquitous in the sublithospheric mantle
(Matjuschkin et al., 2020) where fO2 is at least locally controlled
by the presence of a free metallic phase (Matveev et al., 1997;
Frost and McCammon,2008; Griffin et al., 2018c). CH4 is only
weakly soluble in silicatemelts, but it might be physically entrained
in volumes of upwelling mantle (‘‘plumes”) and liberated once the
‘‘plume” stalled at the base of the lithospheric mantle. If the redox
state of the lower lithospheric mantle is near the IW buffer (Yaxley
et al., 2012), CH4 would need to travel a few tens of km before
reaching the underplate. This could be aided by the concentration
of fluids into channels with progressively reduced wall rocks.

This scenario implies that the evolution of the reduced melts
within the basaltic underplate was driven by volatiles related to



W.L. Griffin, L. Bindi, F. Cámara et al. Gondwana Research 128 (2024) 14–54
contemporaneous magmas that stalled at the LAB until eruption.
We have no samples of the equivalent volcanic eruptions during
the Permo-Triassic to Jurassic magmatic episodes, but the limited
radiometric data suggest that some super-reduced material in
the Cretaceous and Miocene volcanics dates back to this older
magmatism. This may be supported by the drop in fO2 recorded
by zircon xenocrysts that crystallized toward the end of each of
the older magmatic episodes (Fig. 4).

5.5.2. Crustal components in fluids?
Some aspects of the fluid chemistry could be regarded as incon-

sistent with a mantle source. One is the O-isotope composition of
the corundum aggregates; most analyses have d18O significantly
higher than the typical range of ‘‘mantle” sapphires recovered from
alkali basalts (Fig. 3). This distribution is broadly related to parage-
nesis. Crn-B corundums lie within the field of basaltic sapphires,
while those of Crn-C spread from the heavy end of the basaltic-
sapphire range to d18O = 13 ‰. Some Crn-A corundums also lie
within the basaltic-sapphire field, but most fall in the range
d18O = 11 to 13 ‰.

In the worldwide summary of Giuliani et al. (2007), d18O values
of 14–16.5 ‰ are recorded in corundum from skarns and desili-
cated pegmatites. However, the microstructures, parageneses, P-T
estimates and low fO2 of the Mt Carmel samples make a crustal ori-
gin unlikely; interaction with the subcontinental lithospheric man-
tle would, if anything, lead to lower d18O.

A more probable explanation for the d18O range in the Crn-A
aggregates lies in their crystallization in open systems through
which immiscible fluids and melts were moving independently.
In this situation, the lighter isotope will concentrate in the fluids,
leaving the crystallizing phases isotopically heavier (Mysen,
2018). Similar Rayleigh fractionation is observed during the exper-
imental degassing of tektites, which produces residues with d18O
up to 4.3 ‰ higher than the starting material (Macris et al., 2017,
2018). It seems likely that the parental melts (and dissolved fluids)
of the corundum aggregates had d18O within the ‘‘mantle range”
(Fig. 3), and that higher d18O values reflect isotopic fractionation
driven by the escape of the volatile phase(s) during the rapid dise-
quilibrium crystallization of Crn-A corundum.

Other potential ‘‘crustal” components of the melts and fluids
include B, F and Cl. Boron occurs as TiB2, mostly in association with
immiscible metallic melts trapped in the corundum aggregates
(Griffin et al., 2020a; Supplementary Material, Fig S-18a). Fluorine
occurs in fluorite and Ca2Al6O13F2 in the coarse-grained hibonite +
grossite ± V0 paragenesis (Griffin et al., 2019a) and as Na-Al-F and
K-Al-F phases in the amorphous-carbon groundmass of the explo-
sion breccias. No chlorine-bearing phases have been recognized in
the corundum melt pockets, but NaCl and KCl are abundant in the
amorphous-carbon matrix of the explosion breccias.

This suite of elements would not be expected to concentrate in
the deep crust, much less in the lithospheric mantle; it is more typ-
ical of sediments and could be a signature of subducted material in
the source of the primary melts. Boron is present in the deep man-
tle, as shown by the occurrence of boron-bearing Type IIb sublitho-
spheric diamonds (Smith et al., 2018), and Maas et al. (2005) have
argued for a Cl-rich reservoir in the deep mantle as the origin of
comagmatic chlorides and carbonates in the very fresh Udachnaya
East kimberlite.

There is no evidence for a subducted slab beneath Mt Carmel,
but the mantle Transition Zone (MTZ) of the eastern Mediterranean
may contain remnants of slabs derived from the subduction zones
that have affected the region since mid-Proterozoic time. The MTZ
might therefore have served as a source of ‘‘crustal” elements and
volatiles, to be incorporated in melts rising from deeper levels or
from the MTZ itself. Seismic tomography (Kaviani et al., 2018) sug-
gests that the MTZ beneath the Levant is thinned, with upwarping
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of the 660-km discontinuity, and has a relatively low Vs. This map-
ping suggests an upward flow of lower-mantle material into the
upper mantle, concentrated beneath the Afar Rift but spreading
strongly northward along the plate boundary marked by the Dead
Sea Rift. This deep upwelling could provide a source of recycled
subducted volatiles.

5.6. A world-wide process

The super-reduced mineral assemblages described here are not
simply mineralogical curiosities; their terrestrial occurrence has a
wider significance. Under current paradigms, the fO2-T conditions
required to produce SiC, silicide melts, Ti3+-bearing phases and
native vanadium would not be expected to occur in Earth’s upper
mantle. However, their presence at Mt Carmel shows that melts
derived from the sublithospheric mantle may be accompanied by
CH4-H2 fluids, and when concentrated in specific environments
such fluids can produce highly reduced rocks. How widespread
are these processes, and what is their role in the global carbon
cycle?

As noted above, samples of a hibonite-grossite-V-spinel-V0

assemblage with strong similarities to that in Mt Carmel have been
reported from the Sierra de Comechingones, San Luis, Argentina
(Cámara et al., 2019). The locality is not more closely specified,
but the authors have suggested that it is derived from the Neogene
Volcanic Belt of San Luis in Argentina.

Rappenglück (2022) has provided an exhaustive review of
occurrences of natural iron silicides, and lists > 40 localities of Fe
silicides associated with mantle-derived rocks. He includes infor-
mation on many associated minerals, but relatively sparse data
on the geological evidence for their natural origin.

Heavy-mineral concentrates of chromitites in ophiolites from
Tibet (Xu et al., 2015), the Polar Urals (Yang et al., 2014) Bulgaria
(Xiong et al., 2017) and other ophiolites along major continental-
collision zones contain SiC, diamond, Fe-Ti -Si alloys, native metals
and other phases indicative of low fO2 (Supplementary Material,
Table S-25). Many of these phases also occur as inclusions in
corundum together with tistarite, carmeltazite, TiN, TiC and native
V (Xu et al., 2009, 2015), as in the Mt Carmel material. Spherules of
wüstite and Fe0 are also common. Because most of the reported
minerals have been separated from very large rock samples by
industrial-scale processes, there has been controversy surrounding
these occurrences. However, Zhang et al. (2016) have demon-
strated that the SUR phases occur in situ in both chromitites and
in their peridotitic host rocks; key examples are SiC inclusions in
highly magnesian olivine (Fo96-98), SiC + wüstite + Fe0 in olivine,
and Fe0 + Si0 in chromite. Industrial contamination is therefore
very unlikely.

The ophiolitic diamonds, now reported from numerous locali-
ties, have attracted particular opprobrium, and a campaign insist-
ing that the diamonds are man-made (Litasov et al., 2019a,b,c,d;
2020a,b), because of their similarity in morphology and carbon-
isotope composition to HPHT synthetic diamonds. This campaign
appears to imply either improper behaviour from researchers, or
widespread contamination with synthetic diamonds from drill bits,
polishing wheels or similar industrial equipment. At least in the
case of Luobusa both accusations seem improbable, because dia-
monds were first found in Luobusa in the 1970s (Fang and Bai,
1981) at a time when synthetic HPHT diamonds apparently were
not widely available in China.

More directly, Yang et al. (2014, 2015) and Zhang et al. (2016)
have demonstrated that diamonds (and SiC) occur in situ in both
chromite and olivine from the Ray-Iz (Polar Urals) and Luobusa
chromitites; in each case the diamonds and SiC are surrounded
by microbreccias filled with amorphous carbon. Furthermore, Xu
et al. (2017) and Moe et al. (2017) have shown that the ophiolitic
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diamonds have a suite of fluid inclusions containing REE, carbonate
and minerals (chromite, moissanite) that are not found in any
known synthetic diamonds. They also note that the diamonds from
both chromitites and peridotites at Luobusa display a much wider
range of d13C (�15 to �29 ‰; Howell et al., 2015; Xu et al., 2017)
than HPHT diamonds, which are typically homogeneous around
d13C = �21 ‰. Both Howell et al. (2015) and Xu et al. (2017)
observe that the ophiolitic diamonds contain high levels of trace
elements (not found in synthetic diamonds) and inclusions of Ni-
Mn-Co alloys rather than the Fe-Ni alloys common in HPHT dia-
monds. The trace-element patterns of Luobusa diamonds are
broadly similar to those of kimberlitic diamonds (Howell et al.,
2015), but differ in having strong negative anomalies in redox-
sensitive elements such as Eu, Sm, Yb and Y, and containing essen-
tially no Fe; these features link the diamonds to the SUR assem-
blages. Moe et al. (2017) have used spectroscopic techniques to
identify fluid inclusions of carbonate and silicate fluid, solid inclu-
sions of CO2, and reduced mineral inclusions (moissanite and Mg-
chromite) in diamonds from both Luobusa and Ray-Iz. There is thus
no reasonable basis to regard the diamonds in the Tethyan and
Urals ophiolites as being man-made, nor that they are part of a nat-
ural SUR mineral association. Other occurrences can be expected
when similar bodies in continental-collision zones are subjected
to similarly meticulous examination.

There is evidence that the Tibetan ophiolites experienced a sub-
duction episode that carried the peridotites and chromitites from a
near-surface environment to the Mantle Transition Zone (MTZ).
Yang et al. (2007) and Dobrzhinetskaya et al. (2009) described an
association of diamond, a high-P form of TiO2 and coesite pseudo-
morphs after stishovite, all included in chromite. McGowan et al.
(2015) and Griffin et al., (2016b) described exsolved pyroxenes
and coesite in chromite, suggesting inversion from a high-P Ca-
ferrite polymorph of chromite. Microstructural evidence indicates
that the chromitites recrystallized from fine-grained highly
deformed mixtures and an octahedral polymorph of chromite
(Satsukawa et al., 2015). An inverse-ringwoodite phase found in
concentrates from Luobusa was later synthesised at 20 GPa and
1600 �C (Bindi et al., 2018). Symplectites of opx + Cr-Al
spinel ± cpx in the peridotites are related to the breakdown of
majoritic garnet. Geodynamic modelling (Griffin et al., 2016b) sug-
gests that the exhumation of the peridotites from the MTZ was ini-
tiated by slab rollback and took <10 m.y., consistent with the low
aggregation state of N in the diamonds (Howell et al., 2015, Xu
et al., 2017).

It seems very probable that deeply subducted peridotites in
major suture zones would have interacted with highly reduced flu-
ids both in the deep upper mantle or the MTZ, and on their way
back to the surface. This reaction is consistent with the many sim-
ilarities between the mineral associations in Mt Carmel and those
in Luobusa, Ray-Iz and many other ophiolites in similar tectonic
settings (Supplementary Material, Table S-25). Aside from the
absence of diamond in Mt Carmel, the major difference lies in
the abundance of PGE-Fe-Mn-Cr alloys and native elements in
the ophiolitic assemblages. This clearly reflects a difference in
starting points for the reduction processes: mafic-felsic melts at
Mt Carmel vs peridotites and chromitites in the ophiolitic rocks.

The occurrence of diamond + SiC + CH4 + CO2 inclusions in gar-
net from Alpine UHP metasedimentary rocks (e.g., Janák et al.,
2015) indicates that highly reducing conditions also may exist in
the crustal section of subducting slabs that reach UHP conditions.
The reducing fluids in these situations may be derived from
carbonaceous-pelitic sediments within the downgoing crustal sec-
tion. However, the similarity in tectonic setting to the Tethyan
ophiolites suggests that such deep-seated mantle structures may
serve as conduits for CH4 + H2 fluids derived from the deeper
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mantle and released by the mantle upwellings that accompany
subduction activity on such structures.

Xenocrysts in subduction-related explosive mafic–ultramafic
volcanics on the Kamchatka peninsula include diamond,
Ti-corundum, SiC, Fe-Ti-Cr alloys, Fe-Si alloys and native Fe; the
largest suite has come from the 2012–2013 eruption of the
Tolbachik Fissure (Karpov et al., 2014; Galimov et al., 2020;
Supplementary Material, Table S-25). The diamonds have been
found both in cavities in basalts, and in pyroclastic eruption
products sampled while still warm. The authors have provided
extensive evidence for the natural occurrence of the diamonds,
including high concentrations of volatile elements (F, Cl, S) that
also are abundant in the gasses from the eruptions, and inclusions
of both SiC and Mn-silicides that are not found in HPHT diamonds.
At least six other Kamchatka volcanoes have provided similar
material, while aggregates of polycrystalline diamond cemented
with tilleyite (Ca5(Si2O7)(CO3)2), SiC, Fe-Ni-Mn-Cr silicides,
graphite and Si0 (‘‘kamchatkites”; Kaminsky et al., 2019) have been
reported from the Valizhgen Peninsula. The authors proposed that
this assemblage was formed by gas-phase condensation or
chemical vapor deposition; the implication is that the volcanic
gasses in this case must have been extremely reducing.

Kamchatka provides other importance evidence for reduced
mantle-derived fluids (Table S-24). Spinel-harzburgite xenoliths
from the Avacha volcano, representing fragments of the sub-arc
upper mantle, contain a metasomatic mineral assemblage with
native metals (Ni, Ti, Fe) and silicides (Fe3Si, Fe5Si3, FeSi, FeSi2,
Fe-Ti-Si), many distributed in inclusion trails through olivine
(Fo89-96) and opx (Ishimaru et al., 2009). Composite inclusions sug-
gest that a complex Fe-Ti-Si melt precipitated FeSiTi (toledoite;
phase s2 of Weitzer et al., 2008), leaving residual melts that crys-
tallized FeSi and other Fe-Ti-Si phases on cooling; similar relation-
ships have been observed in the Mt Carmel corundum aggregates
(Griffin et al., 2022). These assemblages require very low fO2, while
the host peridotites record high fO2 (DQFM = +1 to + 2) related to
earlier Si-rich metasomatism. These observations are critical to the
interpretation of similar SUR assemblages in the Tethyan ophio-
lites, because the reduced fluids apparently have traversed the
mantle wedge without achieving equilibrium with the enclosing
rocks, and the assemblages precipitated by the fluids are consistent
with the very low fO2 of the volcanic gasses at the surface (Galimov
et al., 2020). In these cases of obvious disequilibrium. the argument
that such assemblages ‘‘cannot exist in the mantle” (e.g. Ballhaus
et al., 2021) is clearly invalid.

Ishimaru et al. (2009) suggest that H2 was derived from serpen-
tinization in the underlying slab, which is plausible but perhaps
not necessary. Modelling by J.C. Afonso (Griffin et al., 2016b) shows
that slab rollback leads to the rapid exhumation of deep-mantle
material, offering another source of CH4-H2 fluids. In either case,
the examples from Kamchatka emphasise the similarity of prod-
ucts that can be produced by mantle-derived reduced fluids
accompanying volcanism.

Kimberlites and related rocks also carry SUR mineral assem-
blages similar to those found at Mt Carmel (Table S-25).
Yatsenko et al. (2017, 2018, 2021a,b) have documented a wide-
spread ‘‘Highly Reduced Mantle Mineral Association” (HRMMA)
including spherules of Fe-FeO melts (and related silicate glasses),
metallic alloys, SiC, diamond, WC and Ti-rich corundumwith inclu-
sions of TiN, TiC, TiS, Fe-Ti-Si alloys, tistarite, grossmanite, carmel-
tazite and hibonite. They have described this association from
numerous localities, including pyroclastic kimberlites and lam-
proites in the Azov and other blocks of the Ukrainian shield. We
have independently verified their observations on the Azov kim-
berlites, using concentrates kindly provided by the late V.I. Tatar-
intsev (Tatarintsev et al., 1987; authors’ unpublished data). The
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HRMMA also is reported from Ukrainian lamproites (Yatsenko
et al., 2020), diamondiferous pyroclastic ‘‘visherites” in the western
Urals (Chaikovskii and Korotchenkova, 2012; Yatsenko et al.,
2018), the Karpinska-1 kimberlite of the Arkhangelsk region
(Yatsenko et al., 2021b), and several kimberlites in the Yakutian
kimberlite fields (Yatsenko et al., 2017, 2018). Shiryaev et al.
(2011) reported that SiC is common in Yakutian kimberlites, in
grain sizes much larger than any used in synthetic abrasives. We
also have observed that Ti-rich corundum from the Udachnaya East
kimberlite carries inclusions of FeTiSi, TiC, carmeltazite, TiFe2Si2,
Ti2FeSi, Ti3O4 and Fe-carbide (authors’ unpublished data).

Unfortunately, heavy-mineral concentrates from South African
kimberlites have not been routinely examined for phases such as
SiC and Ti-rich corundum, although Leung et al. (1996) described
SiC microcrystals from a kimberlite in the Kimberley field. How-
ever, corundum with the bright pink CL characteristic of Ti3+ sub-
stitution in Mt Carmel corundum has been observed in
microdiamond residues from the Svartruggens kimberlite (M.
MacCallum, oral pers. comm.). The archives of microdiamond resi-
dues retained by diamond exploration companies thus are a poten-
tial resource for evaluating the presence of SUR phases in
kimberlites.

The association of the HRMMA with kimberlites extends to its
occurrence as inclusions in diamonds. A corundum inclusion with
1.8 wt% Ti was found in a diamond from the Monastery Mine kim-
berlite (South Africa; Moore and Gurney, 1989), and other dia-
monds from this mine contain inclusions of SiC. Otter and
Gurney (1989) reported corundum inclusions with 0.7 and 1.2 wt
% Ti in two diamonds from the Sloan kimberlite (Colorado). Native
iron (Fe0) has been found in diamonds from kimberlites in Yakutia
(Sobolev, 1981), Sloan (Meyer and McCallum, 1986) and Rio Soriso
(Brazil; Hayman et al., 2005), while Stachel et al. (1998) described
a spherical inclusion of Fe0 rimmed by wüstite (cf. Fig. 8a, b) in a
diamond from the Mwadui kimberlite (Tanzania). Bulanova et al.
(1998) found that many Yakutian diamonds contain a central
‘‘seed” of wüstite, suggesting the involvement of Fe-oxide melts
in diamond formation.

SiC has also been recognized as inclusions in diamonds from
Siberia (Marshintsev, 1990), the North China Craton (Fuxian kim-
berlite; Leung, 1990), the Argyle lamproite in Australia (Jaques
et al., 1986, 1989), Sloan (Otter and Gurney, 1989) and Monastery
Mine (Moore and Gurney, 1989). It therefore seems likely that
these diamonds have formed by deposition of carbon released dur-
ing the oxidation of methane, while in at least some cases Ti-
corundum was crystallizing from coexisting reduced melts, as at
Mt Carmel. The mineralogical links between Mt Carmel and the
HRMMA in kimberlites and diamonds appear to support a critical
role for methane-melt interactions in both the deep lithosphere
and areas with thin SCLM.

The role of methane in diamond formation has been extensively
debated. Stachel and Harris (2009) concluded that diamonds may
have formed by both oxidation of methane and reduction of car-
bonates, with the former path dominant in Hadean to Archean
time. Others (e.g., Jablon and Navon, 2016) have argued against
the generation of diamonds from methane. However, fluid inclu-
sions of methane have been described in diamonds from the Mar-
ange deposit in Zimbabwe (Smith et al., 2016), and from alluvial
deposits in Siberia (Tomilenko et al., 1997). Other arguments for
the growth of diamonds from methane-rich fluids have been based
on the covariance of d13C-N in single diamonds (Smit et al., 2016)
and in a suite of cogenetic diamonds (Thomassot et al., 2007).
The latter study of 59 diamonds in a small xenolith found correla-
tions of [N], d13C and d15N that could best be explained by crystal-
lization from a methane-bearing fluid undergoing Rayleigh
fractionation (oxidation) under mantle conditions (150 km depth,
1200 �C).
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A potential problem with such modelling is that reduced fluids
from the asthenosphere will contain not only methane, but a rich
variety of heavier hydrocarbons (O’Reilly et al., 1990; Sverjensky
et al., 2017), and partition coefficients for CH4/diamond may not
describe the full natural situation. In such fluids, a decrease in P
and T can produce changes in pH that can precipitate diamond or
graphite independently of redox processes (Sverjensky et al.,
2014; Sokol et al., 2017). Stachel et al. (2017) modelled the varia-
tions in d13C of diamonds and concluded that fluid speciation,
rather than silicate-buffered redox reactions, is the key factor con-
trolling d13C. Stressing the rarity of d13C-depletion trends, they
concluded that most diamonds have crystallized from CH4- and
CO2-bearing water-rich fluids. Perhaps more importantly, they
conclude that these fluids must have a narrow low range of XCO2,
which would imply a nearly constant (buffered) initial fO2 for the
fluid source, presumably the asthenospheric mantle.

In these examples the mineral associations, and in particular
the link between Ti-rich corundum and the super-reduced phases,
are similar to those reported from Mt Carmel. We conclude that
this association reflects a fundamental process – the transfer of
highly reduced fluids from the mantle to the lithosphere -- that
occurs across a range of tectonic settings, including cratonic roots,
intraplate areas with thin lithosphere, volcanic arcs and
continental-collision zones. The ubiquity of this process is strong
evidence that the sublithospheric upper mantle is metal-
saturated, so that fluids derived from this source will be dominated
by CH4 + H2.
6. Conclusions

The Mt Carmel megacryst suite, combined with seismic and
geochronological data, suggests that broadly syenitic melts
evolved within a thick basaltic underplate built up from Permian
to Miocene-Pliocene time, fluxed by highly reducing mantle-
derived fluids. Our observations indicate that these melts were
reduced to fO2 near the IW buffer, leading to the separation of
immiscible Fe0- and Fe-Ti-oxide melts, coexisting with more felsic
melts and a C-O–H fluid phase. The microstructural similarity
between these products and experimental systems with multiple
immiscibility (Meredith et al., 2020) suggests a promising new
direction for investigations of differentiation in mafic systems
under reducing conditions.

With further reduction the felsic melts separated into immisci-
ble Si-Al-Na,K oxide melts and Fe-rich, Si-poor oxide melts, as
observed in other basaltic magma chambers. In a model magma/
crystal-mush chamber, the FeO-rich melts, enriched in Ca, Mg,
HFSE and REE + Zr sank, leaving the Si-Al-Na-K melts in an upper
zone.

At fO2 of DIW �6 to �7 further immiscibility produced Si-C and
Fe-Ti-Si-C melts. Their gravitational removal led to (super)satura-
tion in Al2O3 and crystallization of corundum (Crn-B) from the
residual Ca-Al-Si oxide melt. Oxidation of CH4 to CO2 could pro-
duce carbonatitic melts that removed Ca, driving the residual melts
to higher Si, as seen in the trapped melts in the corundum aggre-
gates. The most reduced assemblages (hibonite + grossite + V0)
crystallized at caDIW�9, from Ca-Al-silicate melts coexisting with
H2-dominated fluids, perhaps in pegmatitic segregations.

The evolution of the conjugate silicate melts in the upper parts
of the model magma chamber is less well-defined; it may have
crystallized the rare Cr-rich corundum (Griffin et al., 2021b) when
fO2 reached DIW �5, and Crn-C corundum at lower fO2. The resid-
ual melts may be represented by the Ba-rich glasses coating many
corundum-aggregate xenoliths. The Crn-A paragenesis reflects
rapid crystallization of corundum in an open system, probably in
fluid-escape channels opened during overturn of the magma
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chamber as the deeper melts became less dense. Explosive basaltic
eruptions from at least late Cretaceous to Miocene-Pliocene (-
Pleistocene?) time appear to have sampled many versions of the
model system described here, reflecting individual magma cham-
bers at different depths, with different fluid mixtures, initial com-
positions and fluid dynamics, to produce the remarkable
mineralogical diversity of Mt Carmel.

Such localized highly reduced volumes may commonly develop
in the lithospheric mantle, regardless of its thickness, through the
introduction of mantle-derived, magma-transported CH4-H2 fluids.
The occurrence of the HRMMA suite in kimberlites and diamond
inclusions implies that similar processes occur in the roots of cra-
tons. The idea that ‘‘these phases cannot exist in the mantle” (e.g.,
Ballhaus et al., 2021) is invalid simply because it assumes that the
reduced phases must equilibrate with more oxidized mantle peri-
dotites and pyroxenites. The Mt Carmel example, and the many
ophiolitic examples, show that reduced systems and their products
can be protected from oxidation by entrapment in phases like
corundum or chromite, by crystallization from H2-saturated melts,
or by isolation in pockets of amorphous carbon, as in the case of
diamonds and SiC in ophiolitic chromitites (Howell et al., 2015;
Griffin et al., 2016b). The example of the Avacha xenoliths dis-
cussed above demonstrates that reduced fluids can traverse mantle
peridotites even on very small scales and deposit super-reduced
phases, without equilibrating with the oxidised lithospheric
mantle.

The interaction of such reduced fluids with the lithospheric
mantle may be one control on lithosphere viscosity and stability
(Jackson and Gibson,2023). The oxidation of such fluids also may
be the ultimate source of the more commonly recognized metaso-
matic fluids dominated by CO2 + H2O. These observations suggest
that more attention should be paid to the role of methane and
other reduced fluids in mantle petrology, and their relevance to
metasomatic processes, the genesis of diamonds, and the transport
of elements that may form crustal mineral deposits. Global carbon
cycles must include CH4 as a major factor in mantle outgassing,
especially during magmatism. There is a great deal to be learned
about these processes from a careful examination of heavy-
mineral concentrates and mantle-derived xenoliths in explosive
volcanic rocks, from kimberlites to volcanic arcs and intraplate
basalts.
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