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Nitrogen occupies approximately 78% of the Earth's atmosphere and is one of the essential 
elements of life. Despite its importance, nitrogen behavior in the Earth's interior remains poorly 
understood. When the mass of volatile elements in the bulk silicate Earth is normalized to the 
chondrite composition, nitrogen in the bulk Earth is depleted compared to other volatile elements 
(Marty et al., 2012). This is called “missing” nitrogen or “lost” nitrogen (Marty et al., 2012; 
Kaminsky and Wirth, 2017) and remains an unsolved geochemically important problem. 
Experimental studies suggested that the "missing" nitrogen was caused by nitrogen stored in the 
deep mantle through the solidification of the magma ocean (e.g., Li et al., 2013; Yoshioka et al., 
2018). Yoshioka et al. (2018) are the only authors reporting the nitrogen solubility in 
bridgmanite, which occupies approximately 80 vol% of the lower mantle. Nitrogen solubility in 
ferropericlase, which occupies approximately 15 vol% of the lower mantle, has not been 
investigated.  

In this research, we investigated the effect of iron incorporation on nitrogen solubility in 
periclase (MgO) and bridgmanite. High-pressure and high-temperature experiments were 
conducted using the multi-anvil apparatus installed at Geodynamics Research Center, Ehime 
University. The experimental pressure and temperatures were 28 GPa and 1400–1700 °C. Fe-
FeO buffer was used to control the redox state corresponding to the lower-mantle condition. The 
nitrogen abundance in recovered samples was analyzed using the NanoSIMS installed at 
Atmosphere and Ocean Research Institute, The University of Tokyo and the high-resolution 
secondary ion mass spectrometer (1280 HR2, CAMECA) installed at Centre de Recherches 
Pétrographiques et Géochimiques. Nitrogen-implanted standard samples for the NanoSIMS were 
prepared at National Institute for Materials Science. 

Our results show that the nitrogen solubility in periclase (MgO) and bridgmanite increased 
with increasing FeO content from 1.1 ppm to 132 ppm and from 5 ppm to 14 ppm, respectively. 
These results, assuming no pressure dependence on nitrogen solubility in minerals, indicate that 
bridgmanite ((Mg0.9, Fe0.1)SiO3; nitrogen solubility of 8.7 ppm) and ferropericlase ((Mg0.9, 
Fe0.1)O; nitrogen solubility of 132 ppm) can store 5.2 PAN and 15.7 PAN (PAN: Mass of 
Present Atmospheric Nitrogen, 3.92 × 1018 kg (e.g., Johnson and Goldblatt, 2015)) in the lower 



mantle, respectively. We suggest that the lower mantle can be the largest nitrogen reservoir in 
the bulk silicate Earth. Especially, the deep part of the lower mantle which is rich in iron (e.g., 
Nomura et al., 2011; Sinmyo and Hirose, 2013; Kaminsky and Lin, 2017) can store a larger 
amount of nitrogen. Kaminsky and Wirth (2017) reported iron nitrides as inclusions in lower-
mantle diamond and suggested that major reservoirs for Earth’s nitrogen should be expected in 
the core and the lowermost mantle. Although we cannot discuss nitrogen content in the Earth’s 
core in this research, our results are consistent with Kaminsky and Wirth (2017) for the nitrogen 
reservoir in the lower mantle. 
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Water is one of the major volatile components present in the Earth's surface, and is constantly 
supplied to the Earth's interior by slab subduction. Water has a significant effect on the physical 
properties and melting temperatures of minerals. The main constituent mineral of the mantle is 
olivine, and it has been experimentally shown that its high-pressure polymorphs, wadsleyite (Wd) 
and ringwoodite (Rw), can contain as much as 2-3 wt% water, suggesting that the mantle transition 
zone can be a reservoir of water (e.g. Inoue et al., 1995). With the recent discovery of hydrous Rw 
in diamond inclusions (Pearson et al., 2014), indicating that the mantle transition zone is at least 
locally hydrous, the discussion of water in the Earth's interior has become more active. On the 
other hand, Al, which is the abundant element after Mg, Fe, and Si, has an odd valence (Al3+), 
which may increase the water content in minerals by coupling substitution with H+. However, the 
effect of Al substitution is expected to depend on the crystal structures. Therefore, the experimental 
study was conducted to clarify the differences in the mode of Al substitution in various high-
pressure hydrous minerals.  

Multi-anvil high-pressure apparatuses installed in Ehime University and Hiroshima 
University were used for the high-temperature and high-pressure experiments. Mixtures of oxides 
and hydroxides were used as the starting material for the Mg2SiO4-Al2O3-H2O system, and four 
starting materials with different amounts of Al were prepared. The experimental conditions were 
15-20 GPa and 1400 °C to reproduce the mantle transition zone conditions. The recovered samples
were polished, and then the textures were observed by back scattered electron image and the
chemical compositions were measured by EPMA. The water contents were measured by SIMS 
installed in Hokkaido University. 

We succeeded to synthesize Wd, phase E, superhydrous phase B, and phase D under Al-
bearing conditions. In those phases, the coordination numbers of Si site are different, which in Wd, 
phase E, superhydrous phase B, and phase D are 4, 4, 4&6 and 6, respectively. Therefore, we can 
discuss about the differences in the mode of Al substitution by the Si coordination number. 

The results clearly show that Si4+  Al3+ + H+ substitution is more likely to occur in minerals 
with 6-coordinated Si sites, while it is not occurred in minerals with 4-coordinated Si sites. This 
result is in harmony with the geometric discussion of the ionic radius ratio. It was found that the 
coupling substitution between Al3+ and H+ tends to occur in the case of a six-coordinated Si site. 
The lower mantle minerals, which have six-coordinated Si sites, may tend to be hydrous due to 
Si4+ Al3+ + H+ substitution. 

 
This study was supported by the PRIUS program, GRC, Ehime University. 
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Stearic acid is one of the saturated fatty acids (higher fatty acids) abundant in animals and plants 
fats, and its composition is expressed as C18H36O2. The sodium and potassium salts of stearic 
acid are often used in industrial applications such as soaps, detergents, and food additives. It is 
known that stearic acid produces C-H-O fluids mainly composed of CH4 and H2O through 
thermal decomposition under high pressure as follows (Yamaoka et al., 2002),

C18H36O2 4 2O

Since stearic acid produces a reducing fluid by decomposition, it has been widely used in
experiments to investigate diamond formation in a HP-HT (high-pressure and high-temperature)
condition corresponding to the deep interior of the Earth (e.g., Yamaoka et al., 2002; Sokol et al.,
2009).

In this study, we estimated the 13C of the C-H-O fluid produced from stearic acid at HP-
HT conditions from the carbon isotope compositions of initial stearic acid and the solid carbon 
products (graphite/diamond) coexisting with the fluid.  

Experiments were conducted at pressures of 10 and 17 GPa and temperatures between 
P-T conditions of the middle of upper mantle and 

mantle transition zone, respectively, with heating durations of 30 minutes. To investigate the 
influence of the heating duration on the kinetic carbon isotope fractionation through the stearic 
acid decomposition, as pointed out by a previous study (Kueter et al., 2020), we conducted two 
runs with heating durations  The samples recovered after 
decompression were put into the aqua regia and heated at 70 °C for ~4 h to dissolve the Pt 
capsule. After the acid treatment, samples were first observed using a digital microscope (Leica, 
DVM6) for optical observation and then examined by micro-Raman spectroscopy (JASCO, 

NRS-4100TOR) equipped with a semiconductor laser ( = 532 nm, laser spot size: 1-
diameter, 20 mW) to identify the carbon phases produced. Carbon isotope analysis was carried 
out using a conventional gas source isotope ratio mass spectrometer (IRMS, ThermoFisher 
MAT-253) at Niigata University (Details of analytical methods were based on Satish-Kumar et 
al., 2021).  

The 13C of the source stearic acid and the recovered solid carbons (poorly crystalline 
graphite at 10 GPa and nanocrystalline diamond at 17 GPa) were -28.3 ‰ and -27.3 to -29.1 ‰, 
respectively. Then, the 13C of the coexisting C-H-O fluid was estimated to be -27.4 to -29.9 ‰, 
assuming the decomposition reaction follows the equation proposed by a previous study. This 
means the estimated difference in 13C between the solid carbon and the C-H-O fluid is as small 
as 2 ‰. 

Our result shows that there is no distinct isotope fractionation between the solid carbon and 
C-H-O fluid in the studied P-T conditions, suggesting that the carbon isotope composition of the 
bulk C-H-O fluid basically depends on the initial composition of the source stearic acid.
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The structures of cold-compressed basaltic glass were investigated at pressures of up to 18 
GPa using in situ X-ray and neutron diffraction techniques to understand the physicochemical 
properties of deep magmas. On compression, basaltic glass changes its compression behavior: 
the mean O-O coordination number (CNOO) starts to rise with maintaining the mean O-O 
distance (rOO) above about 2–4 GPa, and then CNOO stops increasing and rOO begins to shrink
along with the increase in the mean coordination number of Al (CNAlO) above approximately 9 
GPa. The change around 9 GPa is interpreted by the change in the contraction mechanism from 
bending tetrahedral networks of glass to increasing oxygen packing ratio via the increase in
CNAlO. The analysis of the oxygen packing fraction ( O) under high pressure revealed that O

exceeds the value for dense random packing, suggesting that the oxygen-packing hypothesis 
recently proposed cannot account for the pressure-induced structural transformations of silica 
and silicate glasses. The rise of the CNOO at 2–4 GPa reflects the elastic softening of fourfold-
coordinated silicate glass, which may be the origin of anomalies of elastic moduli in basaltic 
glass at ~2 GPa previously reported by Liu and Lin (2014).

The widths of both the first sharp diffraction peak and the principal peak show contrastive 
compression behaviors between modified silicate and silica glasses. This result suggests that 
modified silicate glasses represent different pressure evolutions in the ranges of the intermediate-
and the extended-range order structures from those of silica glass, likely due to the presence of 
modifier cations and the resultant formations of smaller rings and cavity volume. 

 
This study was supported by the JSPS KAKENHI of Grant Nos. JP15H05828, JP16K13901, 
JP19H01985, and JP19K21890 to A.S., and of Grant Nos. JP17H04860 and JP17K18797 to T.S. 
The X-ray diffraction experiments were conducted at AR-NE5C beamline with the approval of 
the KEK (Proposal No. 2017G580). The neutron diffraction experiments were performed at 
BL11 PLANET beamline at the MLF of the J-PARC under user programs (Proposal Nos. 
2017A0012 and 2017B0061). 
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Recent Progress in Laser Ablation-ICPMS Technique for Geochemistry and Geochronology 
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Mass spectrometers utilizing atmospheric 
pressure plasma (ICP) as an ion source (ICP-
MS) have been widely used for both element 
and isotopic analyses for geochemical 
samples such as rocks, minerals, aquatic 
solutions (marine, formation and river water), 
as well as gaseous samples.  Since the ICP is 
operating under atmospheric pressure, 
various sample introduction techniques can 
be applied for analysis.  Among these, the 
laser ablation sampling technique is likely to 
become a method of choice for many 
geochemists because it is a highly sensitive 
and versatile method of elemental and isotopic analyses (Fig. 1).  Laser ablation is the process of 
removing materials from the surface of solid materials by the irradiation of a laser beam.  Laser 
induced sample aerosols and vapors will be introduced to the ICP, and the ionized elements are 
extracted into a high-vacuum, and separated by mass.  With the LA-ICPMS technique, direct 
elemental and isotopic analyses can be made without chemical decomposition or dissolution 
procedures.  Moreover, analytical capability for in situ elemental and isotopic analyses can be 
achieved in various spatial resolution, ranging from 1 - 10,000 µm.  The LA-ICPMS technique has 
opened up new applications for geochemistry, such as in-situ stable isotope studies, in situ age 
determinations, and simultaneous mappings for major to trace-elements (imaging mass spectrometry). 

Rapid, Sensitive and User-friendly Technique for Elemental Analysis 
The LA-ICPMS technique has further analytical advantages as it is less sensitive to the matrix effect 
(non-spectroscopic effect) for the analytes.  The smaller contribution of the matrix effect is mainly 
related to two factors: (a) A long-residence time for the ionization process within the ICP with typical 
time duration for the sample particles exceeding 10 ms, which is significantly longer compared to 
most other ion sources adopted for the mass spectrometer, and (b) post-ionization system setup in the 
LA-ICPMS technique as the sampling (laser ablation) and ionization processes are separate steps.  
This implies that laser operational settings and ionization conditions can be optimized independently.  
In fact, qualitative or semi-quantitative analysis can be made with a non-matrix matched calibration 
standard.  Nevertheless, it should be noted that the matrix-matched calibration standard is highly 
desired for the elemental and isotopic analysis of solid geochemical materials. 

Recent progress in the LA-ICPMS technique is 
the improvement of the signal-to-noise ratio (SNR) of 
the analytes by the laser ablation with short time 
durations achieved by the multiple spot ablation 
protocol (Yokoyama et al., 2011; Makino et al., 2019). 
Multiple-spot ablation is achieved by the high-seed 
switching of ablation spots by the Galvanometric 
scanner (Fig. 2). With the Galvanometric scanner, 
simultaneous laser ablation can be made on two or 
more sample materials within 0.1 ms, and the laser 
induced sample particles released from different solid 
samples can be mixed within the sample cell. This 
suggests that dilution, mixing, spiking of second  

 
Figure 1 Schematic diagram of laser ablation-ICP-mass 

spectrometer (LA-ICPMS) Technique 

 
Fig. 2 Combination of high-speed lasers and 

multi-spot ablation protocol for elemental 
analysis of solid materials 



elements, just like a 
solution samples, can be 
made on solid materials. The 
Galvanometric optics can 
provide flexible calibration 
protocols for elemental 
analysis, where no proper 
(matrix-matched) 
calibration standard is 
available.
  Another important feature
of the multiple-spot ablation protocol is the improvement of the SNR of the analytes.  With the
technique developed here, simultaneous determinations of trace-elements covering from major to
trace-elements being <1 ppb (ng/g) can be made without any chemical digestion or dissolution
processes.

In situ Dating for Younger Zircons

We have been conducting U-Pb dating of 
zircon using the LA-ICPMS technique. 
The research community is still growing. 
In fact, more than 150 papers have been 
published in collaboration with domestic 
and international researchers. To extend 
the capability of the LA-ICPMS technique 
for geochronology, we are still working 
on the hardware developments, especially 
for dating of younger zircons (e.g. 
younger than 0.1 Ma) and dating of other 
various minerals.

In young samples, the number of 
206Pb atoms produced through the radioactive decay of 238U becomes lower, and therefore, the 
detection of ultra-trace amounts of Pb isotopes persists as a key issue to derive accurate age 
information. To do this, a new generation multiple collector-ICPMS instrument (MC-ICPMS: Nu 
Plasma II) was installed in 2015, which utilizes six high-gain ion detectors (Hattori et al., 2017; 
Obayashi et al., 2017). However, the sensitive ion detector used for this instrument, the electron 
multiplier (EMP), has a limited analysis range (dynamic range). Therefore, the system is incapable
of dating young zircons. For example, young zircons (e.g., 100,000 years old or younger) have Pb/238U 
ratios smaller than 0.00001 (e.g., Sakata et al., 2014). Two additional significant digits of isotope ratio 
data are necessary to obtain reliable age data.

By the U-Th-Pb dating method, Pb is not produced directly by the decay of U and Th. Various 
radionuclides are created and destroyed through the decay process, each with a specific half-life; lead 
(206Pb, 207Pb, 208Pb) is produced by successive radioactive decay (radioactive decay series). Because 
the intermediate nuclides have different chemical properties from U and Pb, the isotopic equilibrium 
is not maintained during crystallization of minerals. Particularly in the 238U radioactive decay series,
230Th, which has a long half-life, undergoes fractionation and becomes present at a level different from 
the radiogenic equilibrium. Correction of this isotopic disequilibrium is important to derive reliable 
age data from young zircons. Based on newly developed correction method and a mass spectrometry 
technique with a new ion detector (e.g., Sakata et al., 2017), it is now possible to date zircons to tens 
of thousands of years of age. This "multi-chronology" (Iwano et al., 2020; ibid. 2021)l, which
combines zircon U-Pb ages with FT and Ar-Ar ages, has led to a detailed age analysis of 
the Sangiran area and a breakthrough in the evolution of Homo erectus erectus (Java Protohuman) 
(Matsu'ura et al., 2020).

Fig. 3 Detection of trace-elements being <1 ppb using the LA-ICPMS
technique combined with multiple-spot ablation system developed in the
UTokyo.

Fig. 4 Combination of the uncertainties in the U-Pb ages
obtained by (a) single collector-ICPMS and (b) multiple
collector-ICP-MS equipped with the six high-gain ion
detectors.
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-FeOOH is a high- -FeOOH (goethite), and has been reported to 
be a crucial candidate of the water carriers into deep mantle via subduction (Nishi et al., 2019; 
Liu et al., 2019) -FeOOH for water transportation, its elastic 
property is still unclear. At pressure of ~45 GPa, the phase shows the electronic high-spin to low-
spin transition of iron which leads the density to higher along compression (Gleason et al., 2013). 
The elasticity is expected to be significantly affected by the spin transition.

-FeOOH under 
-FeOOH, which was synthesized in advance from a 

-FeOOH at a high-pressure and high-temperature condition. A pellet of the sample 
was enclosed in each sample chamber of a diamond anvil cell with either NaCl or glycerol as a 
pressure medium. The high-pressure experiments have been conducted at BL35XU in SPring-8 
(Baron et al., 2000), and the longitudinal wave velocity, VP, and density were measured up to a 
pressure 56 GPa at room temperature, combining non-resonant Inelastic X-ray scattering (IXS) 
spectroscopy and powder X-ray diffraction (XRD) method. Incident X-ray was 
monochr -ray was analyzed by 
12 analyzer crystals whose scattering angles correspond to the momentum transfer Q of 4.2–8.4 
nm-1, and the dispersion curve of the longitudinal acoustic phonon was determined. Diffracted X-
ray was captured by a flat panel detector and the unit-cell parameters of the sample were 

obtained. VP, which is the gradient of the dispersion curve at Q  0, was yielded by fitting the 

curve with a sine function. The pressure was calculated using the equations of state of the sample 
(Thompson et al., 2020).

In the pressure range below 20 GPa, VP -FeOOH in this study was consistent with that 
of a previous study using the ultrasonic method and multi-anvil apparatus (Ikeda et al., 2019). A 
~4% drop in VP was observed at pressures 40, 41, and 42 GPa, which is ~4 GPa below the spin 

-FeOOH. This drop is considered to be the results of a decrease of shear modulus, 
or of an unstable state of electrons at around the transition pressure. VP in the pressure range 45–
56 GPa (the low-spin state) overlapped with the extrapolated VP from the pressure below 40 GPa. 
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Volatiles play a fundamental role for the climate and genesis of life, while at depth they 
control the dynamics of planetary interiors. Here they trigger magmatism, drive mantle convection, 
plate tectonics and the dynamo of earth’s liquid core. Geochemical mass balance calculations 
suggested that a vast amount of volatiles, including noble gases, have not been outgasses from the 
deep Earth since its accretion. These volatiles could be stored in a deep reservoir, such as the core, 
the D'' layer or the Earth's mantle. However, due to the lack of information on the partitioning 
behavior of volatiles between solid and liquid phases at the relevant conditions the existence of 
the deep reservoir remained an open question and as consequence also the potential retention of a 
vast amount of volatiles in the deep Earth. In this presentation, I will show our recent results on 
the solubility of noble gases demonstrating that the solid lower Earth’s mantle has the capacity to 
store heavy noble gases (Ar-Kr-Xe) in the elemental proportions suggested from geochemical 
mass balance calculations (Rosa et al., 2020). I will present the consequences of these new results 
on Earth formation models and in particular for the volatile distribution processes occurring in the 
early Earth when the planet was completely molten and started to crystallize upon cooling. Finally, 
I will conclude with an outlook on future directions for this research as part of the collaboration 
between ESRF, Hiroshima University (Prof. T. Inoue, Dr. N. Ishimatsu) and Ehime University 
(Prof. T. Irifune). 
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In the 21st century, mathematical modeling has firmly taken its place as a method that 
complements or in some cases replaces physical experiment. The basis of such mathematical 
approaches in crystal chemistry is the principle of the crystal structure energy minimum. Energy 
minimum search is carried out both by quantum-chemical methods based on the so-called “first 
principles” (ab-initio calculations) and by using semi-empirical (or atomistic) structure modeling 
methods. Semi-empirical methods do not put intra-atomic interactions into consideration; inter-
atomic interactions are described by empirical functions of a relatively simple analytical form, 
which immediately simplifies greatly the computational procedure of the system minimum 
energy search.  

Therefore, atomistic methods are widely used for many crystal chemical problems studying 
including: isomorphic substitutions limits estimations, prediction of the properties of virtual 
compounds, creating a realistic picture of deep Earth geospheres and so on. 

With regard to the problems of the occurrence of impurity components in the main phases 
of the Earth's mantle, the modeling procedure can be constructed as follows: 

(1) Interatomic potentials parameters of are optimized by modeling of structure, elastic and 
thermodynamic properties of pure components. 

(2) The next step is the choice of proper supercell dimension. Usually it must be larger 
than 500 atoms, because such dimension allows the simulations of small impurity concentrations. 

(3) In the supercell all local symmetry relations are removed; thus all calculations are 
carried out in sp. gr. P1 for realistic solid solution structure relaxation. 

(4) Special procedure is applied to generate the most representative, or  «disordered» 
atomic distributions (Eremin et al, 2008). 

(5) Energy minimum is reached by variation of all atomic coordinates and supercell lattice 
constants using GULP code (Gale, Rohl, 2003). 

(6) After reaching a minimum of energy further calculations of mixing properties of 
disordered solid solutions (Ax1,Bx2)X (x1 and x2 – molar fractions of pure components) are 
possible at different pressures and temperatures with the help of following equations:

 

Mixing enthalpy Hmix = U(x) – x1U1 – x2U2,     (1)

Vibrational mixing entropy Svib = S(x) – x1S1 – x2S2,    (2)
Configurational entropy Sconf = kN[xlnx1 + x2lnx2],    (3)

Total entropy Smix = Sconf + Svib,      (4)

Gibbs free energy of mixing Gmix = Hmix – T Smix.    (5)
 
In this report the predictive ability of this approach was demonstrated for the following 

tasks solving:  



1) Al isomorphic capacity estimation in main Pv and Ca-Pv at different P-T mantle 
conditions (Marchenko et al, 2017), 

2) Cr isomorphic capacity estimation in main Pv and Ca-Pv at different P-T conditions,
3) The effect of octahedral positions ordering of iron and silicon cations in the skiagite - 

Fe-majorite solid solution (Eremin, Bobrov, 2022). 
All conducted studies have shown the effectiveness of the used method. 
 
FUNDING 

This study was supported by the Russian Science Foundation (project no. 21-17-00147) and was 
performed using the equipment of the Center for Collective Use of Ultra-High-Performance 
Computing Resources, Moscow State University 

 
References: 
Eremin, N.N., Deyanov R.Z., Urusov, V.S. (2008) Choice of the supercell with the optimum 
atomic configuration in simulation of disordered solid solutions. Glass Physics and Chemistry, 
Vol. 34, No. 1, pp. 9–18. 
Gale J. D., Rohl A. L. (2003) The General Utility Lattice Program (GULP). Molecular 
Simulation. V.29 (5). P. 291-341.  
Marchenko E. I., Eremin N. N., Bychkov A. Y. et al. (2017) Ca- and Mg-perovskite phases in the 
Earth’s mantle as a probable reservoir of Al: Computer-simulation evidence. Moscow Univ. 
Geol. Bull. 72, P. 299–304. https://doi.org/10.3103/S0145875217050076  
Marchenko  E.I., Bobrov A.V., Eremin  N.N. (2019) Estimation of Accumulation of Chromium 
Ion Impurities in the CaSiO3 and MgSiO3 Phases of the Earth’s Lower Mantle at Pressures of 
18–25 GPa. Dokl. Earth Sc., 488, P. 1203–1206.  https://doi.org/10.1134/S1028334X19100167
Marchenko E.I., Ismailova L.S., Eremin N.N., Bobrov A.V. (2018) Computer modeling of the 
influence of cation ordering effects on structural characteristics of skiagite-Fe-majorite solid 
solution. -86. 
Eremin N.N., Bobrov A.V. (2022) Evaluation of mechanisms of introduction of titanium 
impurity in MgSiO3 phase of perovskite structure Dokl. Earth Sc., in press.  



Geochemical heterogeneity of diamondiferous substrates of sublithospheric mantle
Zedgenizov D.A. 1, Kagi H.2

1Zavaritskii Institute of Geology and Geochemistry of UB RAS, Ekaterinburg, Russia, 
zedgenizov@igg.uran.ru

2Geochemical Research Center, Graduate School of Science, University of Tokyo, Japan

Natural diamonds provide the unique deepest geological material available for scientific 
research and have been used for many years to solve problems related to understanding the nature 
of the mantle and chemical processes in the deep zones of the Earth. One of the key indicators of 
the origin of diamonds is mineralogy and the composition of inclusions captured by them, most of 
which indicate the formation of diamonds mainly in ultramafic and mafic substrates in composition 
at the base of the lithospheric mantle of ancient cratons (Sobolev, 1974).  Small amount (<5%) of 
diamonds formed at much higher pressures at the depths of the transition zone of the upper mantle 
(> 410 km) or even in the lower mantle (> 660 km). Formation of diamonds in the sublithospheric 
upper mantle (incl. transition zone) is mainly associated with deeply subducted mafic rocks of the 
oceanic lithosphere, and not with ultramafic substrates of the primitive mantle, which are dominant 
for the formation of diamonds in the lower mantle (Harte, 2010). The relationship between 
diamonds from eclogites of the upper mantle and transition zone and diamonds from peridotites of 
the lower mantle allows a new assessment of the composition and structure of the mantle and the 
formation of diamonds. 

Of particular interest are diamonds from various sources (kimberlites and alluvial placers) 
located in the Juina province (Brazil), and some other deposits of the world (Guinea, Canada, 
western Australia), since many of them are characterized by inclusions of mineral associations of 
the sublithospheric mantle. Sublithospheric diamonds are characterized by a complex history of 
growth with alternating stages of growth and dissolution and superimposed processes of brittle and 
plastic deformation. A high proportion of nitrogen-free diamonds is a specific feature of the 
population of all sublithospheric diamonds. At the same time, crystals containing significant 
nitrogen concentrations are characterized by its maximum aggregation state, i.e. the presence of 
nitrogen in the IR spectra is recorded only in the form of B-defects in the complete absence of 
absorption associated with platelets. The extremely high  nitrogen aggregation state in such 
diamonds is a consequence of their formation at high temperatures or a long residence in the mantle. 

Carbon isotope composition in sublithospheric diamonds showed significant variations from 
2.6 to -25.3 ‰ 13C. It is assumed that the lightweight carbon isotope composition reflects isotopic 
fractionation as a result of biogenic or abiogenic organic carbon cycle on the Earth's surface and is 
evidence of the participation of the crustal component in the origin of diamonds. The existing data 
reveal wide variations in the oxygen isotope composition of inclusions of majoritic garnets and 
SiO2 phases in sublithospheric diamonds. High 18O values found for many inclusions indicate the 
crustal origin of the protoliths of the substrates in which the diamonds crystallized. The noted 
dependence of 18O in inclusions and 13C of superdeep diamonds containing them reflects an 
equilibration of carbonate melts of subduction origin with reduced mantle rocks at depths greater 
than 270 km. 

The presence of a SiO2 phase (coesite or stishovite) in deeply subducted crustal rocks is 
demonstrated by numerous natural and experimental data. At the same time, exceptionally wide 
variations in the composition of deep coesite-containing parageneses in the upper mantle were 
revealed, as well as geochemical evidence of their formation as a result of subduction of the ancient 
oceanic crust. With an increase in pressure (> 9 GPa), stishovite becomes a stable phase of SiO2, 



and the minimum depth of occurrence of stishovite in the mantle is estimated at 270 km. 
Experimental studies have shown that stishovite can contain a significant amount of Al and its 
concentration increases with increasing pressure. Based on this, it can be assumed that the 
inclusions of coesite with kyanite in superdeep diamonds were Al-stishovite, which underwent a 
phase transition during decompression. A significant entry of hydrogen into stishovite with 
increasing pressure has been shown experimentally (Litasov et al., 2007), which allows us to 
consider this mineral as a potential transporter of water in deeply subducted metabasic rocks of the 
oceanic crust into the lower mantle. 

Neither coesite nor stishovite is expected in ultramafic (metaperidotite) associations at 
different levels of the upper mantle and lower mantle. Nevertheless, the revealed association of 
SiO2 inclusions and a typical mineral of the metaperidotite paragenesis of the lower mantle 
ferropericlase in several superdeep diamonds may reflect the specific conditions of their formation. 
The formation of new associations containing ferropericlase and stishovite was shown 
experimentally at 24 and 26 GPa in both metaperidotite and metabasic systems during their 
interaction with carbonate melts (Litvin et al., 2017). Experimental studies, however, show that 
ferropericlase can form in reactions between carbonatite melt and reduced rocks in deep zones of 
the upper mantle (> 270 km) and does not necessarily have to be associated with the lower mantle 
(Brey et al., 2004). In this case, the inclusions of ferropericlase in associations with the SiO2 phase 
are significantly enriched in iron as compared to the ferropericlase expected in the metaperidotite 
association of the lower mantle. A series of compositions of ferropericlase in superdeep diamonds 
enriched in iron probably records a progressive reaction of carbonate melts with mantle rocks. Such 
interaction can lead to the formation of new mineral associations at pressures of 10-16 GPa, which 
should be intermediate between metaperidotites and metabasites. Subducted rocks of the oceanic 
lithosphere are considered as a source of carbonate melts in the mantle. 
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High-pressure phase equilibrium experiments have shown that ferropericlase, MgSiO3

(bridgmanite) and CaSiO3 (davemaoite) perovskites are main phases of the lower mantle. It is 
generally accepted that trace and rare-earth elements in the lower mantle are preferably
distributed into calcium perovskite in relation to bridgmanite and ferropericlase (Corgne et al., 
2003). Calcium perovskite is often enriched in LREEs, whereas bridgmanite is depleted in them 
(Kaminsky, 2012). Most of minor elements are incompatible for bridgmanite; only Si, Mg, Sc, 
Zr, Lu and Hf are consistently compatible. Partition coefficients of REEs in bridgmanite increase 
from La (DLa = 0.01) to Lu (DLu up to ~1.5) (Liebske et al., 2005). In our recent study (Tamarova 
et al., 2020) we demonstrated that REE in bridgmanite are clearly divided into two groups (from 
La to Gd and from Gd to Lu). However, the new experimental data on characterization of an 
interphase REE partitioning in the mantle systems at the transition zone/lower mantle boundary 
are required. 

Here we report the results of experiments at 1100-2400°C and 21-24 GPa performed using a 
2000 ton multi-anvil press installed at the Ehime University (Matsuyama, Japan). The starting 
compositions were represented by the model pyrolite (Ringwood, 1991). As agents of partial 
melting were used: (1) H2O in the composition of brucite Mg(OH)2 (2 wt % H2O), (2) mixture of 
carbonates (10 and 15 wt % of carbonate mixture). The carbonate composition was 
multicomponent: CaCO3, MgCO3, FeCO3, Na2CO3, and corresponded to the carbonatite end-
member of the carbonate–silicate matter of primary inclusions in natural diamonds (Schrauder, 
Navon, 1994). In each starting composition, a trace-element mixture was added in a weight ratio 
of 1/99.  

Several assemblages were obtained in experimental samples. Crystallization sequences in 
the carbonate-silicate system agree with the earlier experimental data: fPer+L; 
L+fPer+Brd+CaPrv; fPer+Brd+CaPrv+Carb. The samples produced in the hydrous system 
consisted of L+fPer; L+fPer+Brd+CaPrv; fPer+Brd+CaPrv. Ferropericlase always appears at
liquidus of all studied systems, which is consistent with predominance of ferropericlase as 
inclusions in diamonds and its wide compositional range. In the carbonate-silicate system, partial 

°C. In the hydrous system, partial melting °C. Our 
experiments substantiate the mechanisms of isomorphism in the bridgmanite: Mg2+

A + Si4+
B = 

Al3+
A + Al3+

B and 2Si4+
B + O2-

O = 2Al3+
B + VO prevalence of the second 

scheme.  
According to our results, bridgmanite and ferropericlase are depleted in LREEs. The 

LREE (from La to Gd) concentrations in bridgmanite are lower by an order of magnitude than 
those of HREEs (from Gd to Lu), which is supported by the results of atomistic modeling. In 
general, Sc, Lu, Ni, and Cr are compatible for bridgmanite. For calcium perovskite, on the 
contrary, we observe enrichment in LREEs and depletion in HREEs. The REE partition 



coefficients (CaPrv/L) in CaPrv decrease with temperature. The Onuma diagram, based on 
lattice strain model, shows that only Al, Cr are compatible for bridgmanite. The peak of the 
curve for trivalent elements is found at relatively low aluminum content, while larger REEs are 
on the wing of the parabola, demonstrating a monotonous decrease in the partitioning 
coefficients from HREEs to LREEs. Pyrolite with carbonate is characterized by an increase in 
the partition coefficients for LREEs. The results obtained indicate that under the conditions of 
the Earth’s lower mantle, trace and rare-earth elements may be accumulated not only in 
davemaoite (Ringwood et al., 1988), but in ferropericlase and bridgmanite as well. 
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Raman spectroscopy is widely used to study some chemical and physical characteristics of 

various mineral inclusions in natural diamonds; the popularity of Raman spectroscopy is because 
the method is nondestructive and noninvasive and does not require specific time-consuming 
preparations. Inclusions of the SiO2phase in natural diamonds of eclogite paragenesis are usually 
represented by its monoclinic high-pressure polymorph (coesite). According to factor group 
analysis, the irreducible representation of the optical vibrations for coesite can be expressed as

op = 16Ag + 17Bg + 18Au + 18Bu (1)
 
where the Ag and Bg vibrations are Raman-active and the Au and Bu vibrations are infrared-active 
(Fateley et al., 1972). The most intense band with a peak position of ~521 cm-1 has been assigned 

s(Si-O-Si) stretching mode (Sharma et al., 1981). The peak position of the s(Si-O-Si) in 
the spectra of coesite inclusions in diamonds is highly dependent on the residual pressure value. 
The dependence of the shift of the peak position of the s(Si-O-Si) on the residual pressure can be 
described by 
 

 = 520.6+2.9P (2) 
 
where  is the peak position of the s(Si-O-Si) in coesite Raman spectra (cm-1) and P is pressure 
(GPa) (Hemley, 1987). Israeli et al. (1998) proposed the estimation of the entrapment pressures of 
coesite inclusions by diamonds from the shift of the peak position of the band s(Si-O-Si) in coesite 
Raman spectra using the thermoelastic properties of diamond and coesite. Birefringence halos are 
often observed around inclusions in diamonds, indicating that diamonds are stressed by inclusions. 
This effect is the result of the different bulk modulus (K) and thermal expansion (a) coefficients 
for diamonds and trapped mineral inclusions. If the trapped coesite inclusion did not cause 
deformation and diamond was not deformed plastically, then during the transportation of diamond 
to the surface, both the inclusion and the diamond expanded with decreasing pressure and 
temperature. If the final volume of the inclusion is less than the volume of the cavity it occupies 
in the diamond, then the inclusion is not under pressure. If these conditions are not satisfied, then 
the diamond is elastically deformed, and the inclusion is under pressure. In the case of elastic 
deformation, the pressure on a small spherical isotropic single-phase inclusion exerted by the 
diamond (the diamond is at room temperature and pressure) can be estimated using the following 
equation: 
 

( , )
dP + a  (P = 1, T)dT

( , )
dP + a (P , T)dT =

(  )

µ
(3)

where subscripts ‘d’ and ‘i’ are diamond and inclusion, K is the isothermal bulk modulus and a is 
the thermal expansion coefficient, µd is the shear modulus of diamond at room temperature, and
T0 and P0 are the temperature (K) and pressure (bar) at the diamond source (Israeli et al, 1998).

We studied 100 coesite inclusions in natural diamonds from different occurrences of 
Yakutian diamondiferous province (Russia) and from Rio-Soriso (Juina area, Brazil). However, 
only 40 of the inclusions were not partially extracted or showed no fingerprints of nonplastic
deformation. Raman spectra of the inclusions were collected using a Horiba Jobin Yvon LabRAM 
HR800 Raman microspectrometer with a 532-nm Nd:YAG laser. The spectra were calibrated 
using known emission lines of the Ne-lamp; also, the Si band at 520.6 cm 1 was used for 



monitoring the frequencies of the Raman spectra. The observed coesite inclusion Raman spectra 
often have bands with peak position frequencies of ~204, 269, 326, 355, 427 cm-1 and always show 
the band assigned to the s

(Si-O-Si) ~521 cm-1. The coesite inclusions in diamonds show a wide 
range of residual pressures. In Raman spectra of the inclusions in situ show shifts for the peak 
position of the s(Si-O-Si) up to 532.9 cm-1. Such inclusions are affected by the residual pressure 
of 4.2 GPa according to equation (2). Based on equation (3), we constructed two curves to estimate 
pressures in the diamond sources for the coesite inclusions for 
coefficients were taken from (Zhi-Jian aet al., 2009; Kulik et al., 2018; Jacobson and Stoupin, 
2019; Wu et al., 2020)). For the s(Si-O-Si) with a peak position of 532.9 cm-1, the corrected 

for the coesite inclusions located near cracks in diamond are 526.1 cm-1, which corresponds to 1.9 
GPa residual pressure. However, since the lower pressure limit of the coesite stability region at 
0°C is ~1.8 GPa, the coesite inclusions with the corrected pressures below 1.8 GPa show stress 
relief. Thus, the data on such inclusions cannot be used to estimate the pressures at the diamond 
source. The observed negative corrected pressures at 1200°C appeared due to a discrepancy 
between the physical model and the geological situation.

Thus, coesite inclusions (with the exception of inclusions with nonplastic deformation) in 
diamonds are able to preserve sufficiently high residual intracrystalline pressures (4.2 GPa)
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Spinel is a widespread mineral found in various geological environments. However, the 
region of its stability is limited, and at greater depths there is a transformation into the so-called 
post-spinel phases (Akaogi et al., 1999). Phases with structures of calcium ferrite- (CF), calcium 
titanate- (CT) and marokite-type structures are considered as the main candidates for the role of 
post-spinel phases (Decker and Kasper, 1957, Rogge et al., 1998, Giesber et al., 2001).

Structures with a "marokite" channel can include various cations, for instance, Cr, Al, Mg, 
Fe, Ca, Ti, Fe, Na, forming of solid solutions. This is the main reason that natural post-spinel 
phases have a widely diverse composition (Kaminsky, 2017). To date, several end-members of 
the series of solid solutions are known, namely NaAlSiO4, MgAl2O4, CaCr2O4, FeCr2O4. Here, 
the conditions of the formation and structural patterns of high-pressure phases in the Ca-Al-
O(+Fe) and Mg-Al-Cr-O systems were studied.

The experiments were carried out using a 1200-t multi-anvil Sumitomo press at the 
Bayerisches Geoinstitut (Bayreuth, Germany). Experiments on the synthesis of phases in the Ca-
Al-O(+Fe) system with the addition of Fe were carried out at 24 GPa, T=1600°C, and in the Mg-
Al-Cr-O system at pressures of 18 and 24 GPa and a temperature of 1600°C with a duration from 
1 to 5 hours. The phase composition was determined using a scanning electron microscope 
CamScanM2300 (VEGA TS 5130MM) with the Link INCA spectral analyzer at the IEM RAS. 
The structure of newly formed phases was determined by single-crystal X-ray diffraction using a 
Bruker SMART APEX CCD diffractometer with Rigaku rotating anode (Rotor Flex FR-D, Mo-

-ray optics at the Bayerisches Geoinstitut, Germany, and 
Rigaku Oxford Diffraction “Gemini R” CCD diffractometer with graphite monochromated 
MoK radiation ( =0.71073 Å) at the Institute of Solid State Physics RAS.

In the Ca-Al-O(+Fe) system, the Ca(Fe,Al)2O4 phase was synthesized in experiments at a 
pressure of 24 GPa. It was determined by single-crystal X-ray diffraction that the studied phase 
has a calcium ferrite-type structure and a Pnma space group. The compressibility of the 
Ca(Fe,Al)2O4 phase was studied using a synchrotron radiation source at the ESRF (Grenoble) up 
to ~61 GPa. No phase transformations were detected in this pressure range, but a spin transition 
for iron was registered. In addition, it was possible to obtain the equation of state for the 
Ca(Fe,Al)2O4 phase.

The stability of different spin states of the iron(III) atom within distorted FeO6 octahedra at 
low and high pressure was analyzed by the quantum chemistry methods. In order to simplify 
calculations, the new aqua complexes [Fe(H2O)6]3+ were constructed based in FeO6 octahedra at 



2.3 GPa and 53.9 GPa pressures. The main difference between [Fe(H2O)6]3+ octahedra at low 
and high pressures consists in the relative change in energy ( ) for the different spin states: 
S=5/2 state of Fe(III) complex is the most favorable state at low pressures  while the lowest  
S=1/2 spin state is more stable  at high pressures. This confirms the change in the spin state of Fe 
(III) in the studied pressure range.

In experiments at pressures of 18 and 24 GPa, the Mg2(Al,Cr)2O5 and Mg(Cr,Al)2O4

phases were synthesized. They form
crystals were selected for further research. 

The Mg2(Al,Cr)2O5 phase has a modified ludwigite (mLd) structure (Pbam space group), 
which was observed for Mg2Al2O5 and Fe2Cr2O5 compounds as well. It is possible that this 
structure is "intermediate", excluding the probability of a direct transition from a calcium ferrite 
to a calcium titanate structure in a certain pressure range. However, this assumption requires 
further clarification. The Mg(Cr,Al)2O4 phase has a calcium titanate-type structure and 
crystallizes in the Cmcm space group. It was studied up to 30 GPa in a diamond anvil cell (DAC). 
As a result, it was found that at 12-16 GPa, the color of the crystal changes from green to red, 
which persists even with a further increase in pressure. This change is reversible, and when the 
pressure decreases, the crystal turns green again. This effect is associated with the contribution 
of the trigonal component to the octahedral coordination of (Cr,Al)O6, as a result of which the 
parameter -3/2K changes. Below 6 GPa, compression is mostly isotropic, but above this value, 
the trigonal distortion increases rapidly with pressure. 

Based on the results of this study, it can be concluded that, the Ca(Fe,Al)2O4 phase is 
stable in a wide range of pressures and temperatures up to the lower mantle in the Ca-Al-O 
system; and this is one of the end-members of a number of solid solutions of post-spinel phases 
crystallizing in the CF structural type; at the same time, in the Mg-Al-Cr-O system, the presence 
of a phase with the CT-type structure and a phase with the mLd-type structure is observed. The 
above-described phases are undoubtedly stable under the mantle conditions and can be 
considered as post-spinel phases accumulating aluminum and other elements in the deep areas of 
the Earth.

This study study carried out within the scientific plan of the Laboratory of deep geospheres 
of the Lomonosov Moscow state University and within the Research Program of the D.S. 
Korzhinskii Institute of Experimental Mineralogy Russian Academy of Sciences ( - 18-
118020590140-7) and was supported by the Russian Foundation for Basic Research, project nos. 
20-35-90095 and 21-55-50011.
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The influence of minor elements on structural peculiarities of high-pressure phases is 
poorly investigated, although incorporation of even small portions of them may have a certain 
impact on the PT-parameters of phase transformations. Titanium is characterized by low bulk 
concentrations in the Earth’s mantle (0.2 wt% TiO2; McDonough, Sun, 1995), however the TiO2

content increases to 0.8 wt % in peridotite; the TiO2 content in tholeiitic basalts is ~ 3.1 wt%. Ti-
rich lithologies may occur in the mantle as a result of oceanic crust subduction to different 
depths of the mantle. The formation of titanium-bearing minerals in Earth’s mantle can be 
indicators of the crust–mantle interaction during subduction. 

Our experiments were aimed on the study of phase relations, synthesis of Ti-bearing phases 
and their solid solutions in the MgSiO3 (En) – MgTiO3 (Gkl) and Mg2SiO4 (Fo)–Mg2TiO4 (Qnd) 
systems at 10–24 GPa and 1600°C, and on understanding of the conditions of the formation, 
structural peculiarities, and compositional changes of Ti-rich phases with pressure. The main 
goals of experiments in the En-Gkl and Fo–Qnd system are to establish the effect of Ti on the 
phase transitions in the Earth’s mantle and to estimate the limits of titanium incorporation into 
the major mantle phases, such as Wad/Rgw and bridgmanite.  

At 10–24 GPa and 1600°C, we studied the full range of the starting compositions in both 
systems in increments of 10–20 mol % Gkl/Qnd and 1–3 GPa, which allowed us to plot the 
phase PX diagram for the systems MgSiO3–MgTiO3 and Mg2SiO4 – Mg2TiO4 and synthesize 
titanium-bearing phases with a wide compositional range. The experiments were performed 
using a 2000-t Kawai-type multi-anvil high-pressure apparatus at the Geodynamics Research 
Center, Ehime University (Japan). The quenched samples were examined by single-crystal X-ray 
diffractometer, and the composition of phases was analysed using SEM-EDS.

The main phases obtained in MgSiO3 – MgTiO3 system were rutile, wadsleyite, MgSiO3-
enstatite, geikielite, MgTiSi2O7 with the weberite structure type (Web), Mg(Si,Ti)O3 and MgSiO3

with perovskite-type structure (Matrosova et al., 2020). An association of Ol+Rt is stable in the 
pressure range from 10 to 12 GPa. With increasing pressure, Ol is transformed into Wad. Further 
increase in pressure results in appearance of two weberite-bearing fields (Px+Wad+Web; 
Rt+Wad+Web) in the SiO2-rich part of the diagram. An association of wadsleyite and rutile is 
replaced with Mg(Si,Ti)O3 bridgmanite (MST-Brd) in a wide range of starting compositions 
(30–100 mol % Gkl) at ~17 GPa. MgSiO3-bridgmanite with a low Ti content (Brd) is formed 
from the Si-rich starting composition (0–10 mol % Gkl in the starting material) as a single phase 

3-rich bridgmanite. 
Thus, in our experiments at 24 GPa we have two different phases with perovskite-type structure 
such as Mg(Si,Ti)O3-bridgmanite with up to 60 mol% MgTiO3 and MgSiO3-bridgmanite with a 
relatively modest solubility of MgTiO3-component (~15 mol%). We observed an increase in 
MgTiO3 solubility with pressure in bridgmanite.



Addition of Al to the starting material allows us to simulate the composition of natural 
bridgmanites, since lower mantle bridgmanites are characterized by significant Al contents. In 
addition, this study shows that, in contrast to Al, the high contents of Ti can stabilize 
bridgmanite-like compounds at considerably lower pressure (18 GPa) in comparison with pure 
MgSiO3 bridgmanite.  

The main phases obtained in Mg2SiO4–Mg2TiO4 system were Ol/Wad/Rgw, geikielite, 
anhydrous phase B, Mg(Si,Ti)O3 and MgSiO3 with perovskite-type structure. An association of 
titanium-bearing olivine, geikielite and periclase (Ol+Gkl+Per) is stable at a pressure of 10 GPa 
over a wide range of the starting compositions. With increasing pressure, Mg2SiO4 olivine is 
transformed into wadsleyite. In a wide range of starting compositions at pressures from 12 to 17 
GPa is stable titanium-bearing anhydrous phase B in association with (Gkl+Wad)/(Gkl+Per). At 
a pressure of ~17 GPa, an association of (Wad+Gkl+anhB) is replaced by the paragenesis of 
Rgw, MST-Brd, and Per in the SiO2-rich part of the system. In the TiO2-rich part of the Mg2SiO4

– Mg2TiO4 system at pressures more than 17 GPa is stable association of MST-Brd and periclase. 
Titanium-bearing Brd and Per are accompanied by MST-bridgmanite for the starting 
composition with a titanium content from 15 to 45 mol % Qnd).

Small crystals of titanium-rich phases, including new Ti-bearing bridgmanite-like phase 
(Bindi et al., 2017a), Ti-bearing anhydrous phase B (Matrosova et al., 2019) and MgTiSi2O7 with 
the weberite structure type (Bindi et al., 2017b) were examined by single-crystal X-ray 
diffractometer, which allowed us to study the influence of Ti on crystallochemical peculiarities 
of the mantle phases and on the phase transformations. 
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An important role in the classification of diamonds into eclogitic and ultrabasic 
associations is played not only by the major elements, but by the minor components in mineral
inclusions. As was shown in [Sobolev et al., 1988; 1997; 2009; Erlank et al., 1987], the content 
of such elements, as titanium and chromium, in phlogopite, syngenetic to diamond may indicate 
the certain mineral assemblage. Incorporation of Ti4+ and Cr3+ ions into trioctahedral micas is 
controlled by the different mechanisms of substitution in the tetrahedral and octahedral sites. 
Due to the wide variability in the natural and experimental mineral associations, and, as a result, 
wide variations in the composition of phlogopite in terms of the content of the major and minor
components, the information on the dominant mechanism of titanium and chromium 
incorporation into phlogopite remains ambiguous. It is difficult to estimate the maximum 
concentrations of impurities in a mineral under the conditions of various temperatures and 
pressures. The insufficiency of experimental information leads to the need to use theoretical 
models for determination of the most preferable defect formation scheme. This is the major goal 
of this study.  

The interatomic incorporation of Ti4+ and Cr3+ ions in phlogopite crystal structure was 
simulated by using the GULP software [Gale and Rohl, 2003] in 4×2×2 (704 atoms) and 6×3×3 
(2376 atoms) supercells with removed nontranslational symmetry. To develop a force field 
model for phlogopite, a set of interatomic potentials [Pedone et al., 2006] was used as a starting 
point, for oxygen atoms included in hydroxyl groups, the OH potential of the Morse type [Saul et 
al., 1985] was used with the addition of the Buckingham potential [Steele et al., 2000]. Two 
different ways were applied to calculate defects in the structures under our study: by Mott-
Littleton method (two region strategy) [Mott and Littleton, 1938] and by direct modeling of local 
associate in the central regions of supercells. The studied schemes of Ti4+ and Cr3+ incorporation
into the phlogopite structure and model hypothetical end-members, which are isostructural to 
phlogopite, are shown in Table 1.  

 
Table 1. Substitutional mechanisms and respective hypothetical end-members.

Substitution mechanism End-member 
(Mg2+)VI + 2(Si4+)IV = (Ti4+)VI + 2(Al3+)IV K(Mg2Ti)(Al3Si)O10(OH)2 
2(Mg2+)VI = (Ti4+)VI VI K(Mg,Ti, )AlSi3O10(OH)2 
(Mg2+)VI + 2(Al3+)IV VI + 2(Ti4+)IV K2(Mg5, )Ti2Si6O20(OH)4 
(Si4+)IV = (Ti4+)IV KMg3AlTi3O10(OH)2

(Mg2+)VI + (Si4+)IV = (Cr3+)VI + (Al3+)IV K(Mg2,Cr)Al2Si2O10(OH)2 
3(Mg2+)VI = 2(Cr3+)VI VI K(Al,Cr, 3O10(OH)2

3(Mg2+)VI = (Al3+)VI + (Cr3+)VI VI KMg3CrSi3O10(OH)2

(Al3+)IV = (Cr3+)IV K(Cr2 3O10(OH)2 

It is shown that for both Cr3+ and Ti4+ the vacancy schemes are energetically more
favorable. The results obtained in the 4×2×2 supercell correlate both with the results of 



calculations in the 6×3×3 supercell and with the calculations using the Mott-Littleton method. 
This allows us to consider the results obtained in this study as reliable. 

The analysis of local structure of impurity regions was carried out for disordered 
configurations in solid solutions of Ti- and Cr- phlogopite, which correspond to the minimum of 
structural energy. The values of relaxation parameters for TiO4, TiO6, CrO4 and CrO6 polyhedra 
are close to 1 and very slightly depend on the composition of the solid solution, demonstrating an 
almost linear correlation. This fact is explained by the key effect of the size of the common 
structural unit of an isomorphic mixture, which obeys the isomorphism assistance rule [Urusov, 
1977]. 

These results allow us to carry out calculations aimed at analysis of the thermodynamic 
mixing properties within the range of mantle temperatures and pressures, at the quantitative 
characterization of titanium and chromium incorporation into the phlogopite structure, and may 
provide more accurate assignment of phlogopite inclusions to specific parageneses and refine the 
estimates of diamond formation temperatures. 

 
This study was supported by the Russian Foundation for Basic Research (project no. 21-55-
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Silicon carbide is one of the most significant and comprehensively studied technological 

materials. It is widely used as an abrasive, refractory, ceramics, and in microelectronics and 
-SiC or 3C) with 

-SiC (2H, 4H, 6H, etc.) with wurtzite structure and orthorhombic, 
-

moissanite. On the one hand, there are numerous finds, including in situ and inclusions in diamond 
and garnet. On the other hand, the remarkable similarity of most natural crystals with synthetic 
SiC and its thermodynamic stability under super-reduced conditions (with fO2 5-8 orders of 
magnitude lower than the iron-
crust or mantle conditions. Here we review available data and present progress reports of our 
project on the detailed study of moissanite collections found in various terrestrial environments 
trying to step forward in solving the fundamental problem of the possibility of the natural 
formation of moissanite. For these purposes, we plan to perform detailed (i) mineralogical, (ii) 
spectroscopic, (iii) X-ray diffraction, and (iv) high-precision mass spectrometric study of the trace 
element composition of moissanite from various rocks  kimberlites, carbonatites, trap basalts, 
impact rocks of the Popigai crater, etc., and compare them with several standard sample sets of 
synthetic SiC from different manufacturers. As a result of our studies, we intend to solve the 
problem of the natural origin of moissanite and develop criteria for distinguishing natural 
moissanite from synthetic silicon carbide. 

Lyakhovich (1980) reviewed the findings of moissanite in nature, usually as a part of a heavy 
concentrate separated from the bulk samples, and concluded that most moissanite crystals are 
anthropogenic contamination from abrasive tools. The main types of host rocks are kimberlites, 
alkaline and ultrabasic rocks, granitoids, effusive tuffs and breccias, basalts and andesites, 
metamorphic limestones and dolomites, shales and sandstones, loesses and alluvial deposits, 
bauxites and salt rocks. 

In kimberlites, moissanite is represented by the 6H polytype and, less commonly, 33R, 15R, 
and 3C (Marshintsev, 1990). The carbon isotopic composition 13  varies from -24 to -
(Mathez et al., 1995) and corresponds to organic carbon and synthetic crystals. The most important 
are the findings of moissanite inclusions in diamond (Moore, Gurney, 1989; Leung et al., 1990). 
In one of the octahedral diamonds from Fushian kimberlites (China), an inclusion represented by 
6H SiC coated by 3C SiC was discovered (Leung, 1990). A serious problem for inclusions in 
diamonds is the 6H polytype, since if kimberlite moissanite is of deep origin, it should be in the 
form of a 3C polytype (e.g., Togaya and Sugiyama, 1998). 

In recent years, moissanite (mostly 6H) was found in many ophiolitic chromitite and 
peridotite from Tibet, Polar Urals, Albania, Turkey, Myanmar, etc. (see Table 2 in Litasov et al., 
2019). The carbon isotopic composition of ophiolitic moissanite 13  varies from -18 to -
(Trumbull et al., 2009). In (Zhang et al. 2016), an image of moissanite as equilibrium inclusions 
in olivine (Fo96-98) from Luobusa chromitites (Tibet) is presented. However, olivine is also in 
equilibrium with chromite (Fe # = 24-30). Accordingly, we can conclude that moissanite is a 
foreign material in this rock. A big problem of papers on the findings of diamond, corundum, and 
moissanite in ophiolite peridotites and chromite is the almost complete absence of their correct 
description, which is accepted, for example, in the study of diamond inclusions in rocks of 
metamorphic complexes, microinclusions in diamonds from kimberlites, unique mineralogical 
associations in meteorites. 



Janak et al. (2015) provide conclusive evidence of the natural origin of moissanite in 
metamorphic rocks of ultrahigh-pressure - metapelite gneisses of the eastern Alps (Slovenia). 
Microscopic diamond and 6H-moissanite are found in inclusions in garnet together with a CO2-
CH4 fluid. The metapelite association is represented by garnet, phlogopite, and kyanite. 

Some unusual finding includes blue moissanite-bearing pebbles selected on a Turkish beach 
(Di Pierro et al., 2003; Di Pierro and Gnos, 2016) and moissanite in breccia from alluvial deposits 
of the Kishon River (Israel) (Dobrzhinetskaya et al., 2018). It is noted that moissanite is 
represented by grains of polytypes 6H, 4H, and 3C. 

The possible mechanisms for the formation of moissanite include (i) local disequilibrium 
with the formation of deep-seated CH4-H2-bearing fluid in the process resembling methanogenesis 
in serpentinite (Mathez et al., 1995; Shiryaev et al., 2011) and (ii) electrochemical reactions at low 
temperatures and low pressures involving a metal catalyst (Shiryaev et al., 2011). In general, 
however, despite the huge amount of material on moissanite in natural environments, there is no 
definite point of view or key evidence of the natural (terrestrial) origin of most moissanite from 
different environments. 

Raman spectroscopic study indicates the basic similarity of SiC polymorph proportions in 
natural and synthetic samples (Table 1). In both natural and synthetic SiC about 70% of crystals 
correspond to 6H polytype, 10-12% to 4H and 15R polytypes, and less than 6% to other polytypes. 
It is interesting that 3C polytype appears in kimberlite samples and this polytype is typical for high 
pressures in the experiments (e.g., Togaya and Sugiyama, 1998). Some crystals include up to 3 
polytypes, e.g., 4H, 6H, and 15R or 6H, 15R, and 21R.  
 
Table 1. Distribution of SiC polytypes in the studied synthetic sets and moissanite suits found in 
nature, in %.  
Sample suit N 3C 2H 4H 6H 15R 21R 
Popigai, impact 77   6.5 80.5 9.1 3.9 
Yakutia, kimberlite  109 6.4 1.0 6.4 75.2 7.3 3.7 
Kamchatka, basalts 25   8.0 84.0 8.0  
Azores, syenites (N-19) 37  5.4 10.8 75.7 8.1  
Turkey, pebbles (D-03) 73  5.5 21.9 57.5 11.0 4.1 
Japan, synthetic 111 2.7 1.8 14.4 57.7 18.9 4.5 
Russia, synthetic 161  1.2 5.6 74.5 16.8 1.9 
Italy, synthetic 51   17.6 68.6 13.7  
China, synthetic 115  1.7 9.6 79.1 8.7 0.9 

N  number of analyses. N-19  Nazzareni et al., 2019; D-03  Di Pierro et al., 2003. One crystal 
can contain several polytypes. 
 

Similar conclusions can be made about mineralogical inclusions in SiC crystals. Natural and 
synthetic crystals do not show principal differences. All mineralogical inclusions found in natural 
moissanite can be detected in the synthetic samples. The major microinclusions in SiC are 
represented by Si-metal. SiO2, Si2N2O, graphite, various carbides (TiC, TiSi3C), nitrides (TiN), 
and Ca-Al silicate are much less common. Si-Fe-Ti alloys predominate among metallic inclusions. 
The most common impurities in the Si-Fe-Ti system are Al, V, Mn, Ni. Less common are alloys 
containing REE, Th, U, Ca, and Ba. 

Trace element composition was measured using femtosecond laser ablation inductively-
coupled plasma mass-spectrometry iCAP Qc (Thermo Scientific). The amounts of elements were 
obtained by comparison with NIST-612 glass, which contains a comparable amount of Si with 
moissanite. Similar to the study of microinclusions, at present, there are no critical differences, 
which allow to prove the natural origin of moissanite crystals and distinguish them from synthetic 
analogs. The contents of most of the above-mentioned elements, which appear as constituents in 
microinclusions, including Fe- and Ti, in the optically pure SiC crystals rarely exceed 1 ppm. The 
maximum contents of Fe, Ti, and V can reach 30 ppm. Even these impurities are unlikely to be 



structura
impurities that are recorded in SiC crystals are Al (up to 300-500 ppm), B (<40 ppm), Na (<45 
ppm), and Zr (<18 ppm). The color of SiC crystals (dark blue, green, yellow, colorless) is 
practically independent of the content of impurities. SiC crystals synthesized by the Lely method 
are of high purity and contain <10 ppm Al and <4 ppm B. Al and B contents do not correlate with 
transition metal contents and most likely represent structural impurities in SiC. 
 
This study was supported by the Russian Science Foundation (project no. 21-55-50004). 
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Iron-Magnesium Silicates in Rocky Planetary Interiors: Have we really discovered it all?

Bindi L.
Dipartimento di Scienze della Terra, Università di Firenze, Firenze, Italy

According to current state-of-the-art knowledge, more than half of the Earth by volume is 
made of iron- and aluminum-bearing magnesium silicates. As the dominant constituent materials, 
the stability of these compounds is fundamental to understanding the structure and dynamics of 
Earth and rocky planets, such as Mercury, Venus, and Mars. The seismic discontinuities 
observed in Earth’s deep mantle can be explained by phase transitions and chemical 
transformations of the magnesium silicates to denser form. Changes in phase and chemical 
composition are expected to have a strong effect on mantle convection and the thermal history of 
Earth. The types of mantle convection are likely different between rocky planets, partly because 
of variations in their bulk chemistry and resultant constituent magnesium-rich silicates. For 
instance, the most abundant mineral in Earth, MgSiO3-rich bridgmanite, may not be stable in the 
Martian mantle because of the low internal pressure. It is suggested that the types of convection 
largely vary depending on the absence or presence of a bridgmanite layer inside Mars. This may 
lead to different thermal histories between Earth and Mars. Likewise, the chemical evolution of 
the rocky planets has been strongly controlled by the melting phase relationships of magnesium 
silicate. Freezing of Earth's magma ocean has possibly generated rocks enriched in bridgmanite, 
which can be a geochemical reservoir of different elements due to its high viscosity.

Although planetary interiors are mostly under high-pressure conditions, high-pressure 
polymorphs of magnesium silicates have been rarely found in natural rock samples due to 
retrograde reactions to low-pressure phases during their ascent to the surface. Instead, the 
stability of iron-bearing magnesium silicates has long been understood based on experiments, 
seismology, and observations of shocked meteorites. According to laboratory high-pressure 
experiments, (Mg,Fe)2SiO4 olivine undergoes a phase transition to wadsleyite and ringwoodite at 
~14 GPa and ~18 GPa, respectively. The crystal structure of ringwoodite is a spinel-type with 4-
and 6-fold coordinated cation sites for Si4+ and M2+ (M2+ = Mg2+ + Fe2+), respectively. 
Ringwoodite breaks down to (Mg,Fe)SiO3 bridgmanite and (Mg,Fe)O ferropericlase at ~ 24 GPa. 
Bridgmanite has 6- and 8-fold cation sites for SiO6 and MO8. It is known that bridgmanite 
further transforms into post-perovskite at ~120 GPa. Seismic discontinuities observed at 410 and 
660 km depth are commonly accepted to be related to phase transitions from olivine to 
wadsleyite and from ringwoodite to bridgmanite + ferropericlase, respectively. The high-
pressure polymorphs are consequently found in naturally occurring shock-induced melt veins of 
meteorites. Minerals trapped in diamonds are claimed to have been delivered from the deep 
mantle based on the bulk chemistry of their inclusions. However, recognizing them as high-
pressure phases is difficult as their original crystal structures are rarely preserved. Indeed, only 
four X-ray diffraction spots from a high-pressure magnesium silicate crystal (ringwoodite) have 
ever been observed from a diamond inclusion. Recently, many iron oxide phases have been 
discovered experimentally in the Fe-O system at high-pressure conditions above 5-10 GPa with 
novel crystal structures and stoichiometries. Iron oxides form a (FeO)m(Fe2O3)n homologous 
series that includes, for example, Fe4O5 (m = 2, n = 1), Fe5O6 (m = 3, n = 1), Fe5O7 (m = 1, n = 
2), and Fe7O9 (m = 3, n = 2). The homologous series is based on crystallographic building blocks 
of two types of FeO6 polyhedra: octahedra and prisms. Possible relics of these new high-pressure 
phases have been reported in diamond inclusions with various redox conditions. 



Here we report a new naturally occurring high-pressure iron-magnesium silicate in a 
shock-induced melt vein of the Suizhou meteorite with (Mg,Fe)5Si2O9 model stoichiometry
(Bindi et al., 2021). It has been accepted as a new mineral by the Commission on New Minerals 
and Nomenclature Classification of the International Mineralogical Association and named 
elgoresyite after Ahmed El Goresy, a highly regarded mineralogist working on planetary 
materials.  

Elgoresyite exhibits the same crystal structure as the high-pressure iron oxide Fe7O9 stable 
at 24-26 GPa and 1873-1973 K. This new iron-magnesium silicate may be a constituent mineral 
of iron-rich rocky planetary interiors that have relatively high MgO/(MgO + SiO2) ratios. 
Additionally, this finding strongly suggests that iron-bearing magnesium silicates could adopt 
crystal structures in a homologous series analogous to high-pressure iron oxides. Moreover, as a 
potential liquidus phase of deep magmas, new iron-magnesium silicates would control the 
chemical evolution of rocky planetary interiors. 

It will be also discussed the fact that a careful examination of all the phases composing 
either a shock vein or an experimental product should be carried out. Indeed, the recent finding 
of ringwoodite associated to tetragonal ringwoodite (Ma et al., 2019) and elgoresyite in a single 
shock vein (in few microns) of the Suizhou meteorite warns to be very cautious to report 
‘generalizations’ reshuffling deep-mantle theories. 
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