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Spongy clinopyroxene is common in most mantle-derived xenoliths and megacrysts of eclogitic and peridotitic parageneses. Its
formation is commonly attributed to the partial melting of a primary clinopyroxene in response to various factors, including changes
in pressure and temperature or infiltration of external melts or fluids. In order to study the mechanism of spongy clinopyroxene
formation in detail, we selected six eclogitic clinopyroxene inclusions in diamonds with varying amounts of spongy clinopyroxene
(from ∼10 to 100%). We employed computed tomography, electron microprobe analysis, and Raman spectroscopy to study the textural
characteristics, major element concentrations, and the types of volatiles present in both phases. We also used pMELTS to model the
compositions of spongy clinopyroxene and associated melts produced by the melting of primary clinopyroxene over a range of pressures
and temperatures. We compare these results with estimates from major element thermobarometry of the spongy clinopyroxene. We
conclude that the studied spongy clinopyroxene is the solid product of partial melting that occurs upon decompression of the primary
clinopyroxene within the diamond in a near-closed system. Melting of the primary clinopyroxene occurred continuously or in pulses
at different depths during the diamond’s ascent to Earth’s surface and produced variable spongy clinopyroxene and melt compositions
even within the same inclusion. This is possible due to relatively rapid kimberlite ascent. The degrees of melting are various and
unexpectedly high for mantle melting (between <10 and 60% with an average of ∼20–30%). The produced melts are highly silicic,
phonolitic, and alkali-rich. pMELTS modelling shows the spongy clinopyroxene compositions can be reproduced at pressures between
0.5–2.7 GPa and temperatures of 850–1300◦C, with the majority of them satisfying the P–T conditions of 1–2 GPa and 1100–1300◦C. This
indicates decompression melting of primary clinopyroxene at shallow upper mantle or lower crustal conditions.

Key words: diamond inclusions; kimberlite ascent; spongy clinopyroxene; thermobarometry

INTRODUCTION
Spongy (or cracking, or crinkled) clinopyroxene is a common sec-
ondary mineral in eclogitic and peridotitic mantle xenoliths and
megacrysts (Taylor & Neal, 1989; Misra et al., 2004; Ma et al., 2015;
Pan et al., 2018; Lebedeva et al., 2022; Chien et al., 2024; Wang et al.,
2024). The formation of secondary spongy clinopyroxene has been
reported in xenoliths of eclogitic affinity across multiple cratons:
Arkhangelsk province (Lebedeva et al., 2022); Kaapvaal Craton:
Bellsbank (Taylor & Neal, 1989), Bobbejaan (Caporuscio & Smyth,
1990), Jagersfontein (Pyle & Haggerty, 1998), and Roberts Victor
(Windom & Boettcher, 1980; Kiseeva et al., 2017); Kasai Craton
(Korolev et al., 2021); North Atlantic Craton (Pobric et al., 2020);

Slave Craton (De Stefano et al., 2009); Sask Craton (Czas et al.,
2018); Siberian Craton (Spetsius & Taylor, 2002): Mir (Beard et al.,
1996) and Udachnaya (Sobolev et al., 1999; Misra et al., 2004); West
African craton: Koidu kimberlites (Fung & Haggerty, 1995; Barth
et al., 2002), and many other locations.

Texturally, spongy clinopyroxene is typically concentrated at
the rims of the primary clinopyroxene, or along veins and frac-
tures inside of it (Taylor & Neal, 1989; Misra et al., 2004; Kargin
et al., 2017; Pan et al., 2018). The spongy texture typically presents
as a series of interconnected pores or melt pools that form a
network, characterised by irregular shapes and varying degrees of
porosity or melt pool abundance. Pores develop as a result of the
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rapid escape of melt. In case the melt has not been drained off,
spongy clinopyroxene is frequently accompanied or intergrown
with an alkali-rich phase, which differs between xenoliths and
can be either a feldspar (albitic plagioclase or K-feldspar) and/or
glass. It has also been observed in association with micro-spinel
(Spetsius & Taylor, 2002).

The compositions of spongy clinopyroxene of eclogitic parage-
nesis are always more refractory, with a diopsidic composition in
comparison with the primary omphacite (Misra et al., 2004; Taylor
& Anand, 2004). This is usually attributed to its formation at lower
pressures than the primary omphacitic clinopyroxene, consistent
with decreasing partitioning of Na into clinopyroxene at lower
pressure (Blundy et al., 1995). Due to their initial low-Na content,
a more refractory, lower-Na composition of spongy clinopyroxene
is less pronounced in peridotitic pyroxenes (Kopylova et al., 2019).

There is little agreement regarding the temperatures and pres-
sures in which spongy clinopyroxene can form, as well as the
proportion of externally introduced melt or fluid that aid in its
formation. Proposed mechanisms for the formation of spongy
clinopyroxene greatly differ based on the mantle-derived rock
type and the extent of interaction with the host kimberlitic fluid
or magma: eclogites (Spetsius & Taylor, 2002; Misra et al., 2004;
Lebedeva et al., 2022), peridotites (e.g., Su et al., 2011; Lu et al., 2015;
Pan et al., 2018), and clinopyroxene megacrysts (Bussweiler et al.,
2016; Kargin et al., 2017; Abersteiner et al., 2019).

Nevertheless, it is commonly agreed that spongy textures form
as a result of partial melting; however, the main trigger of this
melting is still a matter of debate (Su et al., 2011; Lu et al., 2015;
Ma et al., 2015; Pan et al., 2018).

The main unresolved controversies regarding the origin of
spongy clinopyroxene are: (1) the pressure–temperature (P–T)
conditions of its formation, reflecting whether this occurred in
the lithospheric mantle (for peridotites: 1.0–2.7 GPa (Carpenter
et al., 2002; Table 1 in Chien et al., 2024; Ionov et al., 1994; Lu
et al., 2015; Schiano & Clocchiatti, 1994; Schiano et al., 1994);
for eclogites: 3–6 GPa (Misra et al., 2004; Lebedeva et al., 2022);
for clinopyroxene megacrysts: <2.5 GPa (Bussweiler et al., 2016) or
lower crust (for peridotites: <1 GPa (Ma et al., 2015; Pan et al., 2018);
for eclogites: <1.5 GPa (Spetsius & Taylor, 2002; Taylor & Anand,
2004); (2) the mechanism of partial melting of primary clinopyrox-
ene, which can include induced melting as a result of interaction
with metasomatic melts/fluids (Griffin et al., 1984; Menzies et al.,
1985), kimberlitic–carbonatitic melts/fluids (Spetsius & Taylor,
2002; Huang et al., 2012; Huang et al., 2014; Abersteiner et al.,
2019), or incipient melting; for example, decompression melting
(Su et al., 2011; Kiseeva et al., 2017).

Unravelling the mechanism of spongy clinopyroxene formation
in mantle xenoliths is hampered by an extensive surface or near-
surface modification of the samples, which usually results in the
crystallisation of low-pressure secondary phases such as calcite,
zeolites, barite, and others. Low-pressure alteration can also cause
compositional modification of alkali-rich melt pockets associated
with spongy clinopyroxene (Misra et al., 2004; Kiseeva et al., 2017).

One way to address this problem is through studies of
mineral inclusions in diamonds. Although very rare, there are
a small number of studies that report the presence of primary
and spongy clinopyroxene in inclusions in diamonds (Taylor
et al., 2000; Liu et al., 2009; Sobolev et al., 2009). Among these,
Taylor et al. (2000) conducted a detailed chemical characterisation
of primary and spongy clinopyroxenes within the same inclusion.
Although all reported inclusions are found in three diamonds
from a single Udachnaya (Siberia) eclogitic xenolith, the major
and trace element compositions of the inclusions span almost

two-thirds of the range of clinopyroxenes found in all xenoliths
from the Udachnaya kimberlite (Taylor et al., 2000). The authors
attribute the formation of spongy clinopyroxene within the
diamonds to the presence of cracks and fractures, through which
alkali-rich melts or fluids associated with the formation of the
spongy clinopyroxene penetrated and interacted with the primary
clinopyroxene.

In this study, we conducted a petrological, computed tomog-
raphy, electron microprobe, Raman spectroscopy, and pMELTS
modelling study of six eclogitic clinopyroxene inclusions in six
diamonds from the Cullinan (South Africa) mine and Rassolnaya
Placer (Urals Mountains, Russia). The studied clinopyroxene inclu-
sions share a common feature in containing various amounts
of secondary spongy clinopyroxene, typically around their rims.
Considering these inclusions in diamond are well protected from
low pressure–temperature alteration, they provide an ideal oppor-
tunity for addressing the possible origins of spongy clinopyroxene
in mantle-derived samples.

SAMPLES AND METHODS
Diamonds and their mineral inclusions
We studied six diamonds containing clinopyroxene inclusions
with spongy textures (Figs 1 and 2, Supplementary Figs S1–S5).
These samples are from a suite of diamonds, which has been pre-
viously studied for their mineral inclusion compositions (Korolev
et al., 2018a; Korolev et al., 2018b; Korolev et al., 2023). Mineral
inclusions were exposed on the diamonds surfaces by polishing
with diamond-impregnated steel scaife at the University of British
Columbia, Canada.

Four diamonds (Cln-268, Cln-285, Cln-320, and Cln-481;
Fig. 1a–c and f) are from the Cullinan (former Premier) kimber-
lite pipe, Kaapvaal Craton. Two diamonds (U-345 and U-530;
Fig. 1d and e) are from the Rassolnaya alluvial deposit in the
Krasnovishersky region of the Urals, Russia. The weights of the
host Cullinan diamonds range between 4.5 and 7.7 mg (0.0225–
0.0385 ct), while those from Rassolnaya are 47.3 mg (0.24 ct; U-530)
and 128.7 mg (0.64 ct; U-345). All diamonds are colourless and
have either dodecahedral (U-345, U-530, Cln-268, Cln-320, and
Cln-481) or octahedral (Cln-285) habit (Supplementary Table S1).
A detailed characterisation of the Cullinan diamonds, including
FTIR, photoluminescence, and morphological features has been
reported by Korolev et al. (2018a). The morphology of diamond
U-530 is reported by Rakin (2013) (sample number 20530 in the
original paper). The primary host rock of the Rassolnaya diamonds
remains unclear and, like many other placers in the region, has
not been reliably identified (Khachatryan et al., 2004; Sobolev
et al., 2019; Vasilev et al., 2019). The Rassolnaya Placer is an
alluvial deposit occurring within a karst depression at the contact
of Vendian–Cambrian terrigenous rocks of the Churochnaya
Formation (PR3–Ccr) and Silurian carbonate rocks of the Kolchim
Formation (Nikulin, 2022). The depression is predominantly filled
with clayey and terrigenous rocks of Palaeogene–Neogene age,
including diamond-bearing sediments formed at the expense
of erosion of intermediate diamond collectors (Ordovician,
Lower Silurian and Lower Devonian coastal-marine, and deltaic
deposits) (Nikulin, 2022). Diamonds are concentrated mainly in
Miocene alluvium (Grahanov et al., 2007).

Diamonds in this study containing spongy clinopyroxene
belong to the eclogite paragenesis based on garnet and clinopy-
roxene inclusion chemistry (<0.3 wt % Cr2O3). All but one sample
(U-530) contains multiple mineral inclusions. Both diamonds
Cln-268 and Cln-285 also contain one exposed clinopyroxene
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Fig. 1. Back-scattered electron (BSE) images of the studied clinopyroxene inclusions in diamonds. Images (a) Cln-268, (b) Cln-285, (c) Cln-320, (d) U-345,
(e) U-530, and (f) Cln-481. Cln-481 shows a complete transformation of primary clinopyroxene into spongy clinopyroxene and phlogopite with no core
clinopyroxene preserved. Cpx, clinopyroxene; Phl, phlogopite; Gl, glass.

Fig. 2. Representative spongy-rimmed clinopyroxene (Cpx) inclusions in the studied diamonds: a) U-345; b) Cln-285; c) Cln-268; and d) Cln-481, which
has been completely transformed into secondary clinopyroxene. ∗ delineates the exposed inclusions on the surface.

without spongy textures. These pristine inclusions have identical
compositions to the cores of the other clinopyroxene inclusions
in the same diamond that have spongy rims (Supplementary 1 in
Korolev et al., 2018b).

Diamond Cln-320 has three clinopyroxene and two garnet
inclusions exposed, with one of the clinopyroxenes having a
spongy texture on its rim. The composition of the unaltered
core of this inclusion is nearly identical to the other two
clinopyroxene inclusions (Korolev et al., 2018b). The garnets are

pyropes with small amounts of almandine and grossular end-
members (Korolev et al., 2023). Based on major elements in garnet
and clinopyroxene, P–T calculations indicate equilibration at 6.2–
6.4 GPa and 1370–1400◦C (Korolev et al., 2023).

Diamonds Cln-268, Cln-285, and Cln-481 also contain sulfide
inclusions. Cln-268 has three exposed sulfides with intermediate
sulfide solid solution compositions containing Cu (17.9–25.3
wt %), Ni (1.1–8.1 wt %), Co (up to 1.5 wt %), and Pb (0.2–
0.3 wt %) (Supplementary Table S2). In Cln-285, clinopyroxene
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forms a touching inclusion with pyrrhotite containing Ni (4.3–
4.8 wt %), Cu (0.5–1.4 wt %), Pb, and Cr (<0.2 wt % each) (Fig. 1b,
Supplementary Table S2). The presence of an unexposed sulfide
inclusion in Cln-481 has been confirmed by Raman spectroscopy.
Diamond U-345 contains only one exposed spongy-rimmed
clinopyroxene. Raman spectroscopy indicates the presence of
eight clinopyroxenes and one garnet unexposed within this
diamond.

SEM–EDS
The textures of the exposed mineral inclusions in diamonds
were studied using a Jeol JSM-IT100 InTouchScope™ scanning
electron microscope (SEM) at University College Cork, Ireland.
The microscope is equipped with a 25-mm2 solid-state energy
dispersive X-Ray spectroscopy (EDS) detector for X-ray analysis.
Analytical conditions included an accelerating voltage of 20 kV,
60% probe current, objective aperture of 30 μm, and working dis-
tance of 10 mm. For analysis, samples were coated with 15 nm of
carbon.

The chemical composition of the spongy clinopyroxene and
glass of the inclusion in diamond U-530 was determined by SEM-
EDS at the Institute of Precambrian Geology and Geochronology
of the Russian Academy of Science (RAS), Saint-Petersburg, Russia
using a scanning electron microscope JEOL JSM-6510LA with an
energy dispersive attachment JED-2200, an accelerating voltage of
20 kV, a beam current of 5 nA, a spot size of ∼3 μm, and working
distance 11 mm. Synthetic oxides, metals, and natural minerals
were used as standards. The ZAF algorithm has been applied to
correct for matrix effects.

EPMA
The chemical composition of all inclusions (except U-530) was
studied by Wavelength Dispersive Spectroscopy (WDS) using a
JEOL JXA-8230 electron microprobe at the Hebrew University of
Jerusalem (HUJI), Israel. Inclusion U-530 was lost during sample
preparation following EPMA analysis at the University of British
Columbia; therefore, we were unable to repeat further major
element analysis at HUJI. All samples were carbon-coated before
analysis. Operating conditions were 15 kV excitation voltage,
15 nA beam current, 30 s peak count time, 15 s background
count time, and a ∼ 2–5-μm spot diameter. Detection limits for
the different oxides measured were below 0.07 wt %. For clinopy-
roxene, the following standards, X-ray lines, and crystals were
used: bustamite, Mn-Kα, LIFL; chromite, Cr-Kα, PETJ; chromite, Fe-
Kα, LIFH; diopside, Ca-Kα, PETL; diopside, Mg-Kα, TAPH; diopside,
Si-Kα, TAP; jadeite, Al-Kα, TAP; jadeite, Na-Kα, TAPH; kaersutite,
Ti-Kα, LIFH; pentlandine, Ni-Kα, LIFH; sanidine, K-Kα, PETL.

For inclusion U-530, the core clinopyroxene was measured at
the University of British Columbia, Canada using a CAMECA SX-
50 electron microprobe. All elements were analysed with a beam
current of 20 nA, an acceleration voltage of 15 kV, 20 s count
time, and 10 s background count time. Longer counts (40 s on
the peak and 20 s on the background) were used for K in pyrox-
ene. The beam diameter was approximately 5 μm. For pyroxene
analyses, the following standards, X-ray lines, and crystals were
used: albite, Na-Kα, TAP; kyanite, Al-Kα, TAP; diopside, Mg-Kα,
TAP; diopside, Si-Kα, TAP; orthoclase, K-Kα, PET; diopside, Ca-
Kα, PET; rutile, Ti-Kα, PET; synthetic magnesiochromite, Cr-Kα,
LIF; synthetic rhodonite, Mn-Kα, LIF; synthetic fayalite, Fe-Kα, LIF.
Detection limits for the different oxides measured were below
0.07 wt %.

Raman spectroscopy
Raman spectra of mineral inclusions were obtained at room
temperature using a Renishaw InVia Qontor confocal Raman
microscope equipped with a 532 nm diode-pumped solid-state
laser (DPSS) and a Peltier cooled (−70◦C) near-infrared enhanced
deep depletion CCD detector at University College Cork, Ireland.
Calibration was achieved via an internally mounted silicon stan-
dard at 520.5 cm−1. Measurements used a × 50 LWD objective,
laser residence times of 10–25 s and 2–4 acquisitions per sample.
The spectral resolution limit was 0.02 cm−1 and spatial resolution
was ∼1.2 μm. Spectra were processed using Renishaw WiRE 5.5
to remove the cosmic-ray peaks and in OriginPro software for
baseline subtraction, peak positioning, and smoothing. In this
study, Raman spectroscopy is a qualitative method that allows
us to determine the presence of volatile components, but not to
quantify their concentration.

CT-scan
X-ray micro-tomography (μCT) data were collected for two
clinopyroxene inclusions and one fracture from diamond U-345
at the American Museum of Natural History (AMNH) Microscopy
and Imaging Facility using a ZEISS Xradia 630 Versa μCT system
(Supplementary video files S1, S2, and Figs S7–S15). One inclusion
is exposed on the diamond surface (Fig. 1d) and the other is inside
the diamond (Fig. 2a). The fracture is on the other side of the
diamond U-345 unrelated to the studied inclusions. The Xradia
instrument operated with a current of 125 μA and potential of
60.0 kV (6.5 W power) to generate polychromatic X-rays with a
tungsten anode X-ray tube. The objective used was 40X-P and
source filter LE1. Data were collected with a resolution (pixel size)
of 0.345 μm/voxel edge.

pMELTS modelling
To constrain the P–T parameters of the spongy clinopyroxene
rims surrounding pristine primary cores and to assess whether
melting of primary clinopyroxene occurred in a closed system,
we performed geochemical modelling using the 5.6.1 MS Excel
version of pMELTS software (Ghiorso et al., 2002; Gualda & Ghiorso,
2015). Based on the textural features and chemical compositions,
we assume the cores of clinopyroxene inclusions represent a
starting composition (primary clinopyroxene from here onwards),
while the spongy clinopyroxene at the rims is a residue after
partial melting of the primary clinopyroxene. In some diamonds
(U-530 and inclusions described by Taylor et al., 2000) as well as in
many mantle xenoliths (Misra et al., 2004), spongy clinopyroxene
also coexists with detectable glass/melt (see discussion below),
which represents a product of partial melting of the primary
clinopyroxene.

For the purpose of pMELTS modelling, we make the assumption
that the entire inclusion is a closed (or nearly closed) system
with regard to material exchange. The primary clinopyroxene
is then melted over a broad range of pressures (0–4 GPa) and
temperatures (600–1400◦C) over a grid of 0.05 GPa and 50◦C, at
−3.7 log units relative to FMQ (oxygen fugacity relative to fay-
alite–magnetite-quartz buffer), to produce melt, residual spongy
clinopyroxene, and in some scenarios an additional phase. The
ΔlogfO2(FMQ) value of −3.7 was chosen based on previous work
on the redox state of mantle eclogite xenoliths from the Kaapvaal
Craton, which all have similar ranges. In detail, eclogites from the
Lace kimberlites, close to the Cullinan pipe, record ΔlogfO2(FMQ)
values from −1.3 to −4.6; median of −3.7 (Aulbach et al., 2017).
Values of −1.2 to −4.0; median of −2.5 are reported for Bellsbank
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eclogites (Smart et al., 2021). Finally, values of −1.5 to −5.3; median
of −3.8, are reported for eclogites from Jagersfontein, Kimberley
(Kamfersdam) and Roberts Victor pipes (Burness et al., 2020).

Overall, our samples are comprised of three phases only: pri-
mary clinopyroxene, spongy clinopyroxene, and rare glass. Even
when visible, it is not possible to accurately determine the glass
composition due to its small size, except for the inclusion in
diamond U-530, which has a large melt pool. For pMELTS cal-
culations, we limit the output of the modelling to two phases:
clinopyroxene and melt. However, at some P–T conditions, to
satisfy equilibrium, the presence of an additional mineral phase is
required as a product of melting. This is usually either a nepheline
solid solution compound (‘Neph ss’) or an additional clinopyrox-
ene (‘Cpx II’; Supplementary Table S3). Taking into account the
absence of any phases besides clinopyroxene and glass in the
studied spongy rims, we used ‘Neph ss’ as a qualitative indicator
of the presence of another phase in the melting products, without
investigating in detail each of the possible multiple equilibria.

Following the pMELTS modelling, we matched the composi-
tions of modelled clinopyroxenes with the natural spongy clinopy-
roxenes from inclusions in diamonds (Supplementary Tables S4–
S9). For this, we allow an empirically selected discrepancy of no
more than 15% for each oxide (SiO2, Al2O3, MgO, CaO, Na2O,
and FeO). This discrepancy is chosen mainly to satisfy both
major (such as SiO2, Al2O3, MgO, etc.) oxides, for which 10%
discrepancy would be sufficient, and relatively minor (such
as Na2O) oxides, for which 20% discrepancy would be more
favourable.

Taking into account the temperature range of 850–1300◦C and
the pressure range of 0.5–2.7 GPa obtained from the pMELTS
modelling (Supplementary Table S3), as well as the studies by
Ghiorso et al. (2002), Jennings & Holland (2015), and Otto et al.
(2023), the uncertainty in temperature for pMELTS calculations
is estimated to be 50◦C, while the uncertainty in pressure is
approximately 0.1 GPa.

Notably, the modelled pMELTS ranges of pressure and temper-
ature (Supplementary Table S3) show the most likely conditions
under which melting occurred. These estimates should not be
taken as exact melting conditions and do not necessarily imply
that melting occurred over the entire temperature and pressure
range shown. These estimates are indicative of the P–T range
outside of which the melting is highly unlikely.

Clinopyroxene-only thermobarometry
The crystallisation temperature and pressure of each spongy
clinopyroxene was calculated using the clinopyroxene-only
barometer and thermometer of Putirka (Putirka, 2008, eqn. 32b
[barometer] and eqn. 32d [thermometer]). The thermobarometer
has been calibrated mainly over a range of 900–1600◦C and 0.0–
3.2 GPa using experimental data, with an uncertainty of 87◦C in
temperature and 0.26 GPa in pressure (Putirka, 2008). We have
restricted our results to below 2.0 GPa as the accuracy of the
barometer decreases at higher pressures (see Figs. 8c and 9h from
Putirka, 2008). The Excel spreadsheets used for the calculations
are provided in the supplemental materials of Neave & Putirka
(2017). For each clinopyroxene composition, the equations were
solved iteratively (n = 200) to converge on a final temperature
and pressure (i.e. the solution of one equation, temperature or
pressure, was used as one of the inputs for the other equation
until the change between iterations was less than 0.001). Reported
results were calculated for melt compositions containing 0.5 wt %
H2O. A range of 0–2 wt % was also explored but had little effect on
the calculations. Additionally, we applied the thermobarometer

Fig. 3. BSE-image of a clinopyroxene inclusion in diamond U-345
displaying variations in Al2O3 and MgO (wt %) across the grain. The core
area is largely homogeneous, while the rim areas, characterised by
spongy textures, exhibit variable compositions.

by Jorgenson et al. (2022), which is based on machine learning
and employs various models reported in the literature. This
thermobarometer was developed by compiling a large dataset of
experimentally obtained clinopyroxene and its equilibrium liquid
compositions and applying a series of algorithm-based predictive
models, and calibrating it using a large number of experimental
results at 0–3 GPa and 800–1500◦C.

RESULTS
Textures of spongy clinopyroxene
Except for one sample, all spongy clinopyroxene inclusions in this
study have cores with primary textures and compositions and
rims that comprise spongy textures, which consist of secondary
clinopyroxene with spongy or cracked textures and adjacent melt
pockets (Figs 1 and 3; Supplementary Figs S1–S5 and S7–S14,
and Supplementary video files S1 and S2). The six samples show
differing degrees of melt formation. In four of the samples (Cln-
268, Cln-285, Cln-320, and U-345), melt pockets within the spongy
rims are too small to measure. However, the presence of melt
pockets can be inferred from elevated potassium contents in a
number of EPMA analyses of spongy clinopyroxene. These K-rich
(up to ∼0.41 wt % of K2O) compositions are similar to glass occur-
ring adjacent to spongy clinopyroxene in diamond U-530. The
spongy rim of the clinopyroxene inclusion in this diamond con-
sists of two clearly distinguishable phases—secondary clinopy-
roxene and glass (Fig. 1e and Supplementary Fig. S1). Inclusion
Cln-481 has been completely transformed into secondary clinopy-
roxene and coexists with phlogopite (Fig. 1f). The small sizes
of each of these minerals prevented us from determining their
compositions by EPMA.

The CT-scan analysis of inclusions in sample U-345 revealed
that spongy textures occur only on the rims of the inclusions
and are mainly concentrated along the edges of crystal faces
(Supplementary video files S1, S2, and Figs S7–S14).
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Fig. 4. Major element compositions of clinopyroxene cores and spongy rims from the studied inclusions. Cores are depicted by large symbols, while
their spongy counterparts are represented by corresponding small symbols. Sample Cln-481, a fully altered clinopyroxene, is an example of extreme
Na and Al depletion alongside Mg and Ca enrichment. Apfu, atoms per formula unit.

Optical observations show that some of the studied spongy
clinopyroxene inclusions are associated with fractures within
the diamonds. Some of the fractures are filled with graphite
and/or sulfide material (Fig. 2a and b), while some of them are
empty (Fig. 2c).

It should be emphasised that there is no direct correlation
between the presence of visible fractures and inclusions with
spongy textures. For instance, diamond Cln-285 shows both a
spongy-rimmed clinopyroxene and an unmodified clinopyroxene
inclusion in conjunction with the same fracture (Fig. 2b). SEM and
EPMA measurements show that the unmodified clinopyroxene is
homogeneous in terms of major element composition. Moreover,
in other cases, we observe unaltered homogeneous inclusions
in association with fractures. Also, the completely altered Cln-
481 inclusion does not have any visible nearby feeder fractures—
fractures with visible secondary mineralisation that could indi-
cate an influx of external material (Fig. 2d).

Major element composition
Major element compositions of the unaltered primary clinopy-
roxene cores and associated spongy clinopyroxene are presented
in Table 1. The primary clinopyroxenes with homogeneous com-
positions are eclogitic omphacites (<0.1 wt % of Cr2O3) with
jadeite contents between 20.0 and 57.5% (Na2O 3.2–8.1 wt % and
Al2O3 7.0–14.9 wt %). The compositions of the secondary spongy
clinopyroxene are either augite (U-345, Cln-285, and Cln-320), low-
jadeite omphacite (U-530, Cln-285, and Cln-320), or aluminium
diopside (Cln-268). The Cln-481 inclusion has been completely
transformed into secondary clinopyroxene of Fe-rich diopside
composition (Fig. 1f and Table 1). There is no spatial systematic
order, zoning, or pattern of changes in the chemical composition
of spongy clinopyroxene. This secondary clinopyroxene is char-
acterised by extremely heterogeneous compositions in different
areas of the inclusion. For example, for the inclusions in sample
U-345 (Fig. 3), compared to the homogeneous core, the spongy rim
exhibits significant differences in MgO content (13.7–13.8 wt % vs.
16.2–18.5 wt %), Al2O3 (8.9 wt % vs. 3.2–5.5 wt %), and other oxides
(Table 1).

Nevertheless, in all inclusions the spongy clinopyroxene is
depleted in Na and Al (Na2O of 0.9–4.2 wt %, Al2O3 of 3.2–
11.3 wt %) and enriched in Mg and Ca (MgO of 8.2–18.5 wt %,

CaO of 13.9–23.7 wt %) in comparison with the primary homo-
geneous omphacite cores (Figs 4, 5, Supplementary Fig. S6 and
Supplementary Tables S4–S8). Sample Cln-481, with a spongy tex-
ture, which has completely transformed into secondary diopside,
has the most depleted composition of all samples with lowest
Na and Al and highest Mg and Ca values: Na2O 1.0–1.1 wt %;
Al2O3 0.3–0.5 wt %; MgO 15.5–15.8 wt %; CaO 22.7–23.8 wt %.
The enrichment in the diopside component during transforma-
tion from primary to spongy clinopyroxene for each sample is
evidenced by an almost perfect 1:1 Ca–Mg ratio of cations (Fig. 4a),
while the corresponding depletion in the jadeite component has
a close to 1:1 ratio of Na and Al (Fig. 4b). The composition of
the glass adjacent to spongy clinopyroxene in diamond U-530
(Fig. 1e) is characterised by high silica (60.5–62.9 wt % of SiO2) and
alkali content (7.6–8.0 wt % of Na2O and up to 0.8 wt % of K2O)
(Table 1).

Raman measurements of volatile phases in core
and spongy clinopyroxene
Raman measurements of the primary cores and spongy rims for
the exposed clinopyroxene inclusions between wavenumbers of
1370–4500 cm−1 revealed the presence of C–H (2779–3129 cm−1,
Socrates, 2004), C=C (1500–1713 cm−1, Socrates, 2004), X ≡ Y,
X = Y = Z; X, Y, and Z may represent any of the atoms C, N, O
and S (1842–2355 cm−1, Eremets et al., 2004, Knippers et al., 1986,
Sampathkumar et al., 2019), and (CH4)n(H2)m (4212–4242 cm−1,
Kolesnikov et al., 2009, Somayazulu et al., 1996) bands (Fig. 6 and
Supplementary Table S10). The volatiles are likely located either in
microinclusions within the pyroxenes or as defects in the crystal
structure. Raman and gas chromatography–mass spectrometry
studies of inclusions in diamonds show that these bands can
be associated with dozens of different compounds such as
aliphatic, cyclic, and oxygenated hydrocarbons, heterocyclic and
sulfonated groups and many others (Sobolev et al., 2019). In the
studied inclusions, the position of these bands varies slightly from
sample to sample (Fig. 6 and Supplementary Table S10). However,
within the same sample, the sets of observed Raman bands are
nearly identical in the primary core and spongy rim parts. This
suggests that the core and spongy parts of the clinopyroxene
inclusions have the same suite of volatile components. More
importantly, it indicates there is no influx of volatile components
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Fig. 5. Chemical compositions of the studied clinopyroxene inclusions.
a) Q-J diagram (Morimoto et al., 1988), where Q = Ca + Mg + Fe2+ (apfu)
and J = 2 × Na (apfu). b) Classification diagrams for Ca-Na pyroxenes
(Morimoto et al., 1988). c) Classification diagrams for Ca-Fe-Mg
pyroxenes (Morimoto et al., 1988). Mineral symbols according to Warr
(2021): Aeg, Aegirine [NaFe3+

2(SiO3)2], En, Enstatite [Mg2(SiO3)2], Fs,
Ferrosilite [Fe2+

2(SiO3)2], Jd, Jadeite [NaAl(SiO3)2], Wo, Wollastonite
[Ca2(SiO3)2].

to the newly formed spongy clinopyroxene, compared to those
observed in the primary part of the clinopyroxene inclusion
(Fig. 6).

DISCUSSION
Occurrence of spongy clinopyroxene as an
inclusion in diamond
To deduce the formation of clinopyroxene with spongy textures
trapped in diamond, it is necessary to address whether the
spongy clinopyroxene was captured in the diamond together
with primary clinopyroxene, or formed within the diamond
after encapsulation. This also has implications for the formation
conditions of spongy clinopyroxene in other mantle lithologies.
The majority of pristine mineral inclusions encapsulated in
diamond are protogenetic, having formed in the surrounding
mantle prior to entrapment in a growing diamond (Bruno et al.,
2024). The characteristics of the clinopyroxene inclusions in
diamond in this study are consistent with this interpretation.
However, the spongy-textured clinopyroxene associated with
pockets of melt forming on the rims of the primary clinopyroxene
indicate subsequent processes were superimposed on these
inclusions following their entrapment in diamond.

Although a deep mantle origin for spongy clinopyroxene is not
completely excluded, regardless of its paragenesis (peridotitic or
eclogitic), most studies attribute its formation to a low-pressure
regime (<2 GPa), well outside of the stability field of diamond
(Spetsius & Taylor, 2002; Ma et al., 2015; Bussweiler et al., 2016; Pan
et al., 2018). The reasons behind this are the following:

• the presence of porous spongy textures with a lot of voids
around them does not coincide with a high-pressure origin
(Ma et al., 2015);

• a diopsidic composition, which is significantly more refrac-
tory, is usually formed at a lower pressure compared to the
initial high-Na and high-K omphacitic clinopyroxene (Hill
et al., 2011);

• pressures obtained for most of the reported spongy clinopy-
roxene are <2.7 GPa regardless of their paragenesis (Ionov
et al., 1994; Spetsius & Taylor, 2002; Taylor & Anand, 2004; Lu
et al., 2015; Bussweiler et al., 2016; Pan et al., 2018; Chien et al.,
2024).

• for mantle xenoliths, spongy clinopyroxene usually forms
wide (hundreds of microns) coronas around the primary
clinopyroxene. Thus, it is unlikely that diamond could cap-
ture both primary and spongy clinopyroxene on a microscale
when grain sizes of each are substantially larger.

Undoubtedly, the spongy clinopyroxene represents the residue
of partial melting of the primary clinopyroxene. This is supported
by the following evidence:

• texturally, it is commonly observed on the rims of the primary
clinopyroxene (though in some cases it forms along fractures
within the inclusions) and it is always accompanied by small
concentrations of alkali-rich melt in the pockets around the
spongy texture (Fig. 1e, e.g., Misra et al., 2004; Pan et al., 2018).

• compositionally, spongy clinopyroxene is significantly more
refractory than the primary clinopyroxene (Figs 4 and 5;
Table 1), and hence cannot be a product of fractional crys-
tallisation from the melt produced by primary clinopyroxene.

The P–T range of melting temperatures can be roughly
estimated through element partitioning, specifically Na and
Al. The clinopyroxene-only thermobarometers of Putirka (2008)
that utilise Na and Al concentrations of clinopyroxene, can be
used to estimate the crystallisation P–T conditions for a sample
without knowing the composition of the liquid from which the
clinopyroxene crystallised. This is useful in this scenario where
the melt composition evolved over time (e.g., during kimberlite
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Fig. 6. Representative Raman spectra of primary cores and spongy rims from the studied clinopyroxene inclusions. X, Y, and Z may be represented by
C, N, O and/or S in the X ≡ Y, X = Y = Z bands (Knippers et al., 1986; Eremets et al., 2004; Sampathkumar et al., 2019). The numbers correspond to the
position of the centres of the peaks (Supplementary table S10). The ∼2470 cm−1 peak is likely associated with the second-order diamond Raman peak
(Solin & Ramdas, 1970).

ascent) and the final melt is likely not equilibrated with any one
crystallised clinopyroxene. The thermobarometry results support
this interpretation (Table 2) in which all samples, regardless of
locality, follow a general trend of decreasing temperature and
pressure, from ∼1320◦C at 1.9 GPa to ∼1160 at 0.7 GPa (Fig. 7 and
Table 2).

Thermobarometry of Jorgenson et al. (2022) supports these
results and indicates that the studied spongy clinopyroxene can
form under pressures of 1.1–2.1 GPa and temperatures of 968–
1275◦C (Table 2).

An independent tool for determining the P–T conditions for
the formation of spongy clinopyroxene through partial melting of
primary clinopyroxene is pMELTS modelling. pMELTS modelling
was applied to five inclusions from this study (Cln-268, Cln-285,
Cln-320, U-345, and U-530) and three inclusions reported by Taylor
et al. (2000) (W1, W4, and W14). In order to achieve an imposed
compositional constraint of <15% difference for each oxide in
measured versus modelled spongy clinopyroxene, the calculated
equilibrium pressures reach up to ∼2.7 GPa for Cln-320 and range
between 0.6 and 2.2 GPa for the other four inclusions (Fig. 7).
Interestingly, models that had the neph-ss phase yield pressures
of less than 0.8 GPa (Supplementary Tables S4, S6, and S9).

Although the range of P–T conditions produced by pMELTS
and clinopyroxene thermobarometry for each sample is very

large (Fig. 7 and Supplementary Tables S4–S9), it clearly shows
that melting occurred at pressures well outside the stabil-
ity field of diamond (Fig. 7). The resulting P–T conditions
(Supplementary Table S3) also far exceed the equilibrium
conditions (905–1450◦C, 3.4–6.7 GPa) of mantle xenoliths from
the Cullinan pipe (Fig. 7) (Dludla et al., 2006; Viljoen et al., 2009;
De Hoog et al., 2010) and P–T parameters obtained for the Cln-
320 sample using garnet–clinopyroxene thermobarometry 1370–
1400◦C and 6.2–6.4 GPa (Korolev et al., 2023). At such high storage
temperatures, considering the small size of the clinopyroxene
(<100 μm), this would lead to a fairly rapid element diffusivity
(e.g., the diffusivities for Fe-Mg roughly from 10−18 to 10−16 m2/s,
according to Müller et al., 2013). This makes it unlikely for
small-scale compositional gradients (core clinopyroxene, spongy
clinopyroxene, and melt) to survive long-term mantle storage.
Additionally, pressures of melting estimated by pMELTS are
well below the pressures of geotherms at relevant geotherm
temperatures, indicating that the partial melting of these spongy
clinopyroxenes was most likely caused by decompression.

The CT-scan study of two representative inclusions
(Supplementary video files S1 and S2) provides additional evi-
dence in favour of melting (modification) of the inclusions
after, rather than before, their capture by the diamond. The 3D
models show that spongy clinopyroxene is concentrated mainly
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Fig. 7. P–T estimates for the formation conditions of spongy clinopyroxene inclusions in diamond. Squares represent the results of the pMELTS
calculation grid search, where compositions closely match measured spongy clinopyroxene from this study and those reported by Taylor et al. (2000).
The red dashed line surrounding these points is interpreted as the potential P–T range for spongy clinopyroxene crystallisation. Circles represent the
results of the clinopyroxene-only thermobarometry, using the Putirka (2008)’s equations 32b as a barometer and 32d as a thermometer. P–T
equilibrium estimates for Cullinan peridotite xenoliths are taken from Viljoen et al. (2009) and De Hoog et al. (2010), while eclogite xenoliths estimates
are from Dludla et al. (2006) and recalculated by Korolev et al. (2018b). The yellow and red squares represent P–T conditions calculated for
clinopyroxene-garnet paired (non-touching) inclusion from the same diamond, Cln-320 (Korolev et al., 2018b). The solid orange line represents an
ambient mantle adiabat with a surface temperature of 1375 ± 40◦C and a temperature gradient of 0.4◦C/km (Katsura et al., 2010). The solid blue line
denotes the dry eclogite solidus (Yasuda et al., 1994). Model conductive geotherms labelled 40 and 45 (mW/m2) are after Hasterok & Chapman (2011).
The graphite (Gr)–diamond (Dia) phase boundary of Day (2012) is shown by the solid dark grey line. The black dashed lines represent the kimberlite
ascent path, which is determined by Kavanagh & Sparks (2009).

along crystal edges. When we consider how spongy textures
in mantle xenoliths strongly affect grain rims, making their
crystallographic shapes poorly defined, it seems unlikely that
diamond inclusions could have been captured with the observed
morphological relationship between sponge-like rims and pristine
cores (Supplementary video files S1 and S2).

In the case of encapsulation of a spongy-rimmed clinopyrox-
ene, one would expect a random distribution between the two
types of clinopyroxene, with one part of the inclusion show-
ing spongy textures and the other comprising a primary core
(in varying proportions). However, since spongy clinopyroxene is
developed exclusively along the crystal edges, the assumption
of clinopyroxene entrapment together with the spongy textures
seems unlikely.

‘Near-closed’ system melting: textural
observations
Now that we have established the capture of primary clinopyrox-
ene by the diamond prior to its partially melting upon decom-
pression, we can address the question of whether melting and
the formation of spongy clinopyroxene occurred in a chemically
‘closed’ versus ‘open’ system while trapped in the diamond. The
term near-closed applied in this study refers to a system that
is open to the changes in external pressures and temperatures,
but closed with respect to the influx or outflux of material
from the inclusion. This has direct implications for the style
of melting within the diamond and the formation of spongy
clinopyroxene as a result of a partial melting of the primary
clinopyroxene.

Evidence in support of a near-closed system is the presence of
small fractures within the diamonds associated with the stud-
ied inclusions (Fig. 2). Given the low-pressure origin of spongy
clinopyroxene, the likely trigger for decompression melting within
diamond is the presence of a fracture that would allow the inclu-
sion to experience changes in pressure outside of its protective
diamond ‘capsule’. It is well established that within a closed
system, such as a diamond, the retrogression of high-pressure
phases to lower pressure counterparts can occur. For instance,
with decreasing pressure bridgmanite reverts to orthopyroxene
(enstatite), ringwoodite reverts to olivine (Nestola et al., 2023), and
majoritic garnet may revert to touching clinopyroxene and lower-
pressure garnet (Wilding, 1990; Harte & Cayzer, 2007). Garnet
and pyroxenes tend to maintain relatively low internal pressures
upon decompression of the diamond on its ascent to Earth’s
surface (Barron, 2005; Nestola et al., 2011), which is supported by
a large number of well-preserved garnet and pyroxene inclusions
in diamonds reported in the literature (Stachel & Harris, 2008 and
references therein). Therefore, any pressure-related modifications
of clinopyroxene inclusions upon diamond ascent are unlikely to
occur within a completely closed system.

This suggests that the small fractures in diamond in this
study play an important role in inclusion modification during
decompression (Smith & Nestola, 2021). However, even in the
case of small fractures present, it would be incorrect to assume
that the system was open to chemical modifications, permitting
a constant exchange of material between the inclusion and the
diamond-host media. In this case the production of, most likely,
low-temperature, and low-pressure epigenetic secondary phases
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Fig. 8. BSE-images of (a) a touching clinopyroxene and sulfide inclusion in diamond Cln-285 and (b) a close-up of the interface between the
spongy-rimmed clinopyroxene and unaltered pyrrhotite (b). Cpx, clinopyroxene; Pyh, Pyrrhotite.

in diamond would be more pronounced. An example of this is
the inclusion in Cln-481, which has fully transformed into spongy
clinopyroxene and phlogopite. This represents a contrasting case
of open system modification, where fluids/melts likely perco-
lated along fractures in the diamond. The presence of phlogopite
amongst the secondary products suggests an influx of potassium
into the inclusion, providing indirect evidence for the chemically
closed system in the other inclusions.

It is important to note that fractures in diamonds often form
internally during decompression, without reaching the diamond’s
exterior. Some examples of such fractures are shown in Figs 1
and 5 in Smith et al. (2022); Figs. 01, 5-04, 5-06, 5-16, 5-21 in
Tappert & Tappert (2011); Fig. 2 in Smith et al. (2014) and Fig.
16D in Taylor & Anand (2004). The latter demonstrates no visible
fracture in reflected light and back-scattered electron image, but
a strongly visible fracture in cathodoluminescence. In contrast,
an example of a fracture that clearly reaches the exterior of the
diamond is shown in Supplementary Fig. S15. This figure shows a
section of diamond U-345 where a large fracture from the surface
has reached a ∼10–15-μm mineral inclusion and has caused its
complete modification, while a smaller nearby inclusion (∼3–
5 μm), which was not reached by the fracture, remains intact.

Although most of the diamonds in this study have fractures
associated with the spongy-rimmed clinopyroxene inclusions
(Fig. 2), we consider that these fractures did not extend to the
exterior surface. Therefore, the system remained near-closed,
with minimal, if any, exchange with the external environment
beyond the host diamond. We find that the presence of a
fracture is not a prerequisite for the influx or outflux of a
fluid/melt as many clinopyroxenes bound to fractures have
not undergone any alteration. For example, in Cln-285 both
a spongy-rimmed and pristine clinopyroxene inclusions are
connected by the same fracture (Fig. 2b). SEM and EPMA analyses
show that the primary clinopyroxene inclusion is homogeneous
and does not contain any alteration. The same diamond has a
notable additional inclusion: a clinopyroxene with a spongy-
rim touching a pyrrhotite (Fig. 8). The spongy texture occurs
at the boundary between the clinopyroxene and pyrrhotite as
well as on other rims within the grain. However, the sulfide
is intact. Although sulfide inclusions in diamond and sulfides
in mantle xenoliths are susceptible to metasomatic alteration,
there is no evidence of pyrrhotite alteration and the presence
of a secondary assemblage including related oxides, hydroxides,
or low-pressure and low-temperature sulfides, such as pyrite
(Misra et al., 2004; Hughes et al., 2021). Under open-system
conditions, it is difficult to imagine a scenario in which only

clinopyroxene would be altered by fluid flowing along the grain
boundary interface (Fig. 8), while the pyrrhotite remains intact.
Moreover, our CT-scan study of two representative inclusions
demonstrates that spongy clinopyroxene is mainly concentrated
along the crystal edges of the inclusions (3D models provided as
Supplementary video files S1 and S2). If the fluid had infiltrated
through a fracture into the space between the host diamond
and the inclusion, it seems unlikely that it would distribute so
uniformly along the edges of the inclusion. Furthermore, some
fractures may form in diamonds during their extraction from
kimberlites or during polishing to expose inclusions. In this
case, inclusions represent zones of weakness, inhomogeneities
in the diamond, which may be susceptible to the development of
secondary fractures.

Overall, there is strong textural evidence that the studied inclu-
sions are associated with fractures in their diamond hosts, which
have likely affected the internal pressure conditions for each
inclusion. However, there are no textural signs of any material
exchange between the inclusions and the media outside of the
diamond.

‘Near-closed’ system melting: insights into
chemical compositions of mineral inclusions
Further evidence in favour of spongy clinopyroxene in diamond
having formed in a near-closed system comes from Raman anal-
yses. We observe the presence of the same C–H, C=C and other
more complex volatile species in the range of 1400–4500 cm−1 in
both the primary cores and spongy rims (see chapter ‘Raman mea-
surements of volatile phases in core and spongy clinopyroxene’
and Fig. 6). If spongy clinopyroxene in our samples formed by
processes such as fractional crystallisation or metasomatic fluid-
triggered re-crystallisation, we would expect this to differentiate
the volatile distribution and element budget between the cores
and spongy rims.

Further, we typically do not find additional low-pressure
phases occurring with spongy clinopyroxene inclusions, apart
from sample Cln-481 (Fig. 1f). In contrast, the occurrence of
low-pressure mineral inclusions in diamond (e.g., Fe-oxides,
serpentine, amphibole, and hydroxides) indicates extensive
interaction with external fluids or melts and the presence
of an open system within the diamond (Stachel et al., 2022).
Additionally, metasomatic formation (involving external fluid) of
the spongy textures observed in mantle eclogitic xenoliths imply
the reactions to form new minerals:

Cpx-1 + fluid = Cpx-2 (spongy) + K-Feldspar [1]
(Misra et al., 2004)
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Cpx-1 + K-fluid = Cpx-2 (spongy) + Spinel + K-glass ±
Plagioclase [2]

(Spetsius & Taylor, 2002)
In the studied inclusions, we observe no reactions leading

to the formation of new minerals, except in inclusion Cln-481
that contains phlogopite (Fig. 1f). In contrast, we identified only
primary clinopyroxene, residual spongy clinopyroxene and glass
(Fig. 1a-e and Supplementary Figs S1–S4).

The most definitive test for the occurrence of near-closed
system melting of clinopyroxene in diamond is through mass bal-
ance calculations using element compositions of the core, spongy
clinopyroxene, and associated glass. However, this approach has
its limitations due to the small size of the melt pockets adjacent
to spongy clinopyroxene. Inclusion U-530 is the only one with a
measured melt composition. The mass balance calculations for
this sample have elevated uncertainties due to reliance on EDS
measurements, a heterogeneous glass composition, and the lack
of a 3D image to correctly assess the proportions of melt.

Nevertheless, using approximately 55–60% melting (deter-
mined by the BSE image, Fig. 1e), the mass balance calculations
yield discrepancies for all elements below 20% (below 5% for Si,
Al and Ca), except for Na which is underestimated by about 30%.
Possible reasons for Na-loss are described below.

According to pMELTS calculations, the degree of melting
for inclusions in this study ranges between 1 and ∼46%,
with the majority of primary clinopyroxene inclusions having
melted no more than 20–30% (Supplementary Table S3). These
calculated values are in good agreement with the area proportions
occupied by spongy clinopyroxenes in Fig. 1a–1e and with the 3D
tomography data showing that the spongy areas make up 18.6 vol.
% of the unexposed and 20.0 vol. % of the exposed clinopyroxene
inclusions from diamond U-345 (Supplementary video files S1
and S2).

The very small sizes of individual melt pockets adjacent to
spongy clinopyroxene, as confirmed by calculated and measured
degrees of melt, make it difficult to obtain the exact melt com-
positions, even on the scale of mantle xenoliths (Carpenter et al.,
2002; Llorens et al., 2019). In the case of tiny inclusions in dia-
mond (∼50 μm), the task is more challenging, yielding potentially
compromised values. For instance, Taylor et al. (2000) list four
melt compositions for the W5 inclusion, which vary between 2.80–
9.92 wt % MgO and 1.16–5.16 wt % FeO with similar large ranges
for other oxides. However, the composition of their partial melt
should not be so highly magnesian, due to the highly compatible
nature of Mg in clinopyroxene (Hill et al., 2011). This is also sup-
ported by the diopside-rich compositions of the spongy clinopy-
roxenes. Most likely the Mg-rich melt compositions resulted from
measurement overlap with the adjacent spongy clinopyroxene,
which contains 13 wt % MgO. However, as discussed below in
more detail, the melt compositions are likely to also be very
heterogeneous.

The lack of reliable melt composition measurements can be
substituted by calculated melt compositions modelled by pMELTS.
The modelled data shows that partial melting of primary clinopy-
roxene over a range of P–T conditions can closely reproduce the
compositions of spongy clinopyroxenes for all diamond inclusions
from this study and Taylor et al. (2000) (Supplementary Tables S4–
S9). It can also reproduce the glass compositions reasonably well.

Supplementary Tables S4–S9 show measured and calculated
spongy clinopyroxene and melt compositions for five diamond
inclusions from this study and three diamond inclusions (W1,
W5, and W14) from Taylor et al. (2000). Regardless of the varia-
tions in input parameters, the calculated spongy clinopyroxene

compositions demonstrate very little deviation from the mea-
sured (within 5–10% for most oxides). A common feature of both
measured and modelled melts is their high-alkaline trachytic-
phonolitic character, manifested by >50–60 wt % SiO2, 15–20 wt %
Al2O3 and ∼10 wt % (Na2O + K2O). However, there are some sub-
stantial differences between the modelled melt compositions that
relate to the different initial chemical composition of the inclu-
sions (see U-530, W1, W5, W14; Supplementary Tables S4 and S9).
pMELTS calculations yield very small amounts of FeO, MgO, CaO in
the melt, which does not agree with the measured compositions.
We consider this discrepancy to be due to a combination of a
pMELTS artefact, analytical challenges, and a high apparent het-
erogeneity of the melt. The analytical challenges are most likely
caused by the overlap with the adjacent pyroxene, or secondary
fluorescence during electron microprobe analysis (Jennings et al.,
2019).

Interestingly, within the mantle, eclogitic clinopyroxene can
melt independently of garnet, resulting in a melt that is not
in equilibrium with the bulk rock. This process is common in
mantle xenoliths as evidenced by spongy clinopyroxene formed
as a product of primary clinopyroxene melting, while kelyphitic
rims result from garnet modification. This appears to be possible
due to the very high ascent rates of kimberlite magma (days or
even hours).

Extraction of potassium and sodium in mantle
clinopyroxene by incipient melting
A good proxy for determining a realistic melt composition can
be derived from the alkali elements, which are depleted from
spongy clinopyroxene during melt extraction; spongy clinopyrox-
ene does not contain K at levels above the detection limit of
the electron probe, while its Na concentrations do not exceed
3–4 wt %. However, compared to the measured melt composi-
tions, pMELTS calculations overestimate the Na content of the
melts, regardless of the input P–T parameters of melting that we
varied substantially. This suggests that an open system influx
of Na through any fractures in the diamonds can be ruled out.
In contrast, pMELTS underestimates K contents for the melts in
inclusions W1, W5, and W14 of Taylor et al. (2000) compared to
the measured compositions, indicating a potential influx of K. The
K content of the melt in inclusion U-530 is very low and agrees
with the pMELTS estimates, which is consistent with the low-K
concentration in the primary clinopyroxene.

Like Na, K is a highly mobile element and can be easily intro-
duced into the rock and subsequent diamond by a K-bearing
fluid (Spetsius & Taylor, 2002). However, as noted by Taylor et al.
(2000), the concentrations of K in primary clinopyroxene cores
of inclusions W1, W5, and W14 are significantly higher than
in the clinopyroxene in the diamond-host xenolith. An unlikely
scenario to explain this is the introduction of a K-rich fluid into
each individual diamond, which then metasomatises the primary
clinopyroxene and enriches the melt to the same degree so they
both contain 0.6–0.7 wt % K2O. A more realistic assumption would
be that highly potassic primary clinopyroxene in eclogitic dia-
monds and mantle xenoliths produces K-rich melts. This could
be the mechanism for which clinopyroxene within xenoliths is
depleted in potassium after one or several melting episodes, while
encapsulated inclusions in diamond retain their high potassium
concentrations. High potassium contents in eclogitic clinopyrox-
ene inclusions in diamond have been shown to be related to
diamond precipitation from saline high-density fluids derived
from subduction zones (Izraeli et al., 2001; Izraeli et al., 2004; Weiss
et al., 2014; Sverjensky & Huang, 2015; Weiss et al., 2015; Shatskiy
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Fig. 9. K2O compositions of melts modelled by pMELTS for W5 primary
clinopyroxene from Taylor et al. (2000). Dashed lines indicate the K2O
compositions of glasses for the same inclusion in diamond. The degree
of melting (F, in %) decreases progressively from 0.5 to 5.0 GPa for the
isotherms as follows: from 69.2 to 6.5 % at 1200◦С; from 48.9 to 6.2 % at
1100◦C; from 24.6 to 6.1 % at 1000◦C; from 15.6 to 6.1 % at 900◦C; from
8.3 to 6.0 % at 800◦C; and from 6.7 to 6.0 % at 700◦C.

et al., 2019; Weiss et al., 2022) as well as high pressures of formation
(Harlow, 1997). A lack of high potassium concentration in clinopy-
roxene in associated xenoliths is suggested to be from subsequent
interaction with K2O undersaturated fluids or melts during the
xenoliths mantle storage and evolution (Stachel et al., 2022). In this
study, we show an alternative mechanism for potassium removal
through the process of melt extraction.

Using the composition of the primary clinopyroxene core from
inclusion W5 of Taylor et al. (2000), we calculated the K2O content
of the generated melt as a function of pressure along isotherms
between 700 and 1200◦C (Fig. 9). Our results show that melts
formed at low-pressure and low-temperature can readily repro-
duce the observed K contents. However, high K concentrations in
the melt are only feasible at low degrees of melting (<15%). Since
the spongy clinopyroxenes in this study exhibit higher degrees of
melting (25–43% for inclusion W5), identifying the low tempera-
ture conditions in which such melts can form is important.

Spongy clinopyroxene observed as inclusions in diamonds and
mantle xenoliths is highly zoned and heterogeneous in compo-
sition (Fig. 3). Even on a scale of a few tens of microns, we find
variation in Al2O3 (3.15–5.45 wt %), and MgO (16.23–18.50 wt %).
This can only be explained by the continuous melting of a primary
clinopyroxene at a relatively wide range of P–T conditions and a
large range in the degrees of melting (Fig. 7). It is difficult to fully
explain this style of melting by batch melting as is conducted by
pMELTS. Low-degree melts will be highly sodic and potassic, but
as melting continues with decreasing pressure, they will gradually
become more diluted by the silicate component.

Given that all produced melts are silicic and hence the dihedral
angles are high (>60◦), melt pockets formed by low degrees of
melting may not always be related to the melt formed by higher
degrees of melting, causing some melts to be out of equilibrium
with the spongy clinopyroxene. This can explain a large vari-
ation in melt compositions. Continuous melting also explains
the compositional variation observed in spongy clinopyroxenes
and can explain various degrees of melting (Figs 1 and 3), while

the primary clinopyroxene in the core remains homogeneous in
composition.

We consider that the partial melting of clinopyroxene within
the diamonds and the resultant formation of spongy clinopyrox-
ene did not occur as a single event. Episodes of melting possibly
resulted in the formation of multiple types of melt compositions
for different parts of clinopyroxene, even within the same inclu-
sion, as a function of changing P–T conditions (Fig. 3). Various
melt compositions in conjunction with compositionally diverse
spongy clinopyroxene provide strong evidence for multiple and/or
continuous melting events during the diamond’s ascent to the
surface. This process was probably fast, because the melt did not
fractionally crystallise, and although feldspars and spinels are
reported (Spetsius & Taylor, 2002) glass is by far the most common
phase interstitial to spongy clinopyroxene.

The behaviour of Na is rather enigmatic. pMELTS continuously
overestimates the Na content of the melt in comparison with
the measured Na concentration of inclusions (U-530, W1, W5,
and W14). We suggest a number of explanations for this discrep-
ancy. Firstly, it could result from the loss of water-soluble Na-
carbonates that were lost during diamond polishing to expose
the inclusion. Alternatively, Na loss from melt pockets may have
occurred through any small fractures in the diamond or fluid
decrepitation along the fractures. We find it unlikely that Na was
the only element to escape the inclusion, as the influx or loss
of other oxides, such as K2O, would also be apparent. However,
given the mobility of Na in water-rich fluids and melts (Moore,
2012; Tsay et al., 2017), this cannot be ruled out. Ultimately, in the
presence of water, Na is likely to be partitioned into a hydrous
silica film, which can be stored at the interface between the
diamond and inclusion (Nimis et al., 2016).

Kimberlite ascent to the surface
The thermobarometry for these samples along with the garnet-
clinopyroxene thermobarometry reported by Korolev et al. (2018b)
tells a thorough story of kimberlite magma ascent. The Cullinan
samples (Cln-268, -285, and -320) have the most complete P–T his-
tory, so we shall discuss them in the most detail, but samples from
all three localities are consistent with this overall interpretation
(Fig. 10).

The diamonds form at the P–T conditions established by
the clinopyroxene-garnet pair (∼6 GPa and ∼1400◦C) (Korolev
et al., 2018b). The kimberlite melting is assumed to have last
equilibrated with the mantle at the depth of the lithosphere-
asthenosphere boundary, which for the Cullinan pipe of the age of
1150 Ma is equivalent to ∼210 km (∼7 GPa) (Tappe et al., 2018) and
a mantle potential temperature of 1375◦C (Ganne & Feng, 2017).
As the kimberlite ascends, it entrains the diamonds at depths of
180 km (∼6 GPa); the diamonds are heated to the temperature
of the kimberlite rather quickly. As the magma ascends, the
system undergoes decompression causing the formation of
fractures within diamonds and triggering the onset of melting of
clinopyroxene inclusions. As previously mentioned, we propose
multiple episodes of either scenario: the spongy clinopyroxene
may have formed through pulses of melting and crystallisation,
recording these events, or the primary clinopyroxene may have
undergone continuous melting over the range of P–T conditions
during kimberlite ascent. However, the rapid nature of this
process likely prevented the melts from equilibrating with the
surrounding solids. Importantly, the host clinopyroxene melted
along the P–T conditions that follow those of the kimberlite. This
is seen in the results of our pMELTS modelling and clinopyroxene
thermobarometry (Fig. 7), which demonstrate that crystallisation

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/66/5/egaf036/8114348 by Am

erican M
useum

 of N
atural H

istory user on 27 M
ay 2025



Journal of Petrology, 2025, Vol. 66, No. 5 | 15

Fig. 10. A model for the formation of spongy clinopyroxene in ascending kimberlite. Using the P–T parameters of sample Cln-320 as an example, the
formation process of spongy clinopyroxene during kimberlite ascent is depicted. Kimberlite melt forms at depths within the diamond stability field
and ascends, capturing diamonds and mantle xenoliths (the capture pressure of Cln-320 is 6.2–6.4 GPa). For simplicity, only eclogite xenoliths and
eclogitic clinopyroxene inclusions in diamonds are considered. During rapid ascent some clinopyroxenes enclosed in diamonds experience partial
melting due to decompression, leading to the formation of a spongy rim and melt (the decompression melting range of Cln-320 is 0.5–2.7 GPa). The
studied clinopyroxene inclusions preserve the decompression record that led to the formation of spongy clinopyroxene and melt. The orange arrow
indicates the ascent direction of the kimberlite magma. Cpx, clinopyroxene; Gr, graphite; Dia, diamond.

temperature and pressure are correlated along a decompression
path. These estimates also generally agree with the kimberlite P–T
ascent paths calculated by Kavanagh & Sparks (2009) for a mantle
potential temperature of 1375 ± 40◦C (Ganne & Feng, 2017).

CONCLUSIONS
1) We studied six eclogitic clinopyroxene inclusions in six dia-

monds. Five of the inclusions contain primary clinopyroxene
cores and spongy clinopyroxene rims. The sixth inclusion
contains spongy clinopyroxene with phlogopite. The latter
serves as an example of formation in an open system. The
following conclusions apply to the five studied inclusions,
which formed in a closed or nearly closed system.

2) Each inclusion provides a snapshot of its melting history,
allowing us to reconstruct the formation of spongy clinopy-
roxene within the host diamond. Unlike mantle xenoliths,
modified by superimposed processes (metasomatism, par-
tial melting, re-crystallisation, interaction with kimberlite
melts, etc.), mineral inclusions in diamonds provide a unique
opportunity to examine clinopyroxene melting without the
influence of external fluids or melts. Instead, we argue that
its formation occurred due to decompression melting. Given
that the vast majority of eclogitic and peridotitic mantle
xenoliths transported to the surface by kimberlites contain
spongy clinopyroxene, this process is likely a common mech-
anism for modifying primary xenolith assemblages associ-
ated with kimberlite magmatism.

3) Textural features, major element compositions, thermo-
barometry and geochemical modelling (pMELTS) establish
that the primary clinopyroxene was captured within the
diamond stability field and underwent partial melting
inside the host diamond at pressures below 2.7 GPa.

These pressures are lower than diamond (or xenolith
containing diamond) entrapment by the kimberlite melt.
As the kimberlite carried the diamonds to the surface, the
combined effects of high temperatures and decompression
triggered the melting of clinopyroxene inclusions, leading to
the crystallisation of spongy clinopyroxene.

4) We consider that the system was near-closed, with no chem-
ical exchange with the external environment, but subject to
internal changes in pressure and temperature. Evidence sup-
porting incipient melting of primary clinopyroxene within
the diamond after inclusion entrapment includes: identical
Raman spectra between the primary cores and spongy rims,
indicating similar compound composition (Raman bands);
compositional variations in spongy clinopyroxene within
the same grain; the localisation of spongy clinopyroxene
exclusively along crystal edges, in contrast to mantle xeno-
liths, where spongy textures completely surround grains
due to fluid infiltration; refractory diopside compositions
compared to the enriched primary omphacite; and forma-
tion at low pressures and temperatures (<2.7 GPa; pMELTS
modelling and Putirka (2008) barometer).

5) The major-element compositions of spongy clinopyroxene
and the associated melt vary significantly on a micro-scale
across different parts of inclusion rims. However, there is no
systematic zoning or pattern to the chemical variations in
the spongy clinopyroxene compositions. We suggest these
results either from multiple pulses of melting across a wide
range of pressures (0.5–2.7 GPa) upon the diamond’s journey
to the surface, or from a lack of melt-solid equilibrium due
to the rapid ascent to the surface.

6) Established P–T conditions for spongy clinopyroxene forma-
tion allow for the reconstruction of a P–T path for kimberlite
ascent, which is in a good agreement with previous models.
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