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Evidence for Deep Carbon Cycle: UHPM carbonates, microdiamonds, aqueous fluid an

mantle metasomatism
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In calculated P-T grids for dolomite-bearing carbonate system, CaO-MgO-SiO2-CO2-H20 (Ogasawara et al. 1995), a large
"no-reaction” P-T space (excepting phase transitions) exists at high-P and low-T side, and its extent is affected by fluid condition:
as XCOz2. This suggests that along P-T path of cold subduction the chance of "no reaction” in subducted carbonate rocks is hig
and carbonate rocks can survive up to great depths in the mantle. Deep carbonate subduction process can play as an import
carrier of CO2 as carbonates from Earth’s surface to the mantle. The potential of CO2 influx could be affected by aqueous fluic
infiltrated in subducted materials. Such speculation based on the thermodynamic results was a trigger of my study on Ultrahigt
Pressure (UHP) metamorphic carbonate rocks and microdiamonds.

UHPM carbonate rocks have preserved variable information about not only P-T conditions, but chemical systems and relate
reactions within deeply subducted continental materials, and are the direct evidence for deep carbon cycle from Earth’s surface
deep upper mantle. The occurrences of those precious materials including metamorphic diamonds are very rare in world UHPI
terranes; the representative example is a diamond-bearing dolomite marble in the Kokchetav Massif, northern Kazakhstan. Tt
Kokchetav microdiamonds are concentrated in a carbonate rock, impure dolomite marble; the highest diamond concentratio
domain in garnet showed about 2700 carat/ton. Microdiamonds in this marble formed at two different stages and the secon
stage diamond could formed from a multicomponent aqueous fluid (not from graphite). Garnet-biotite gneiss is the second high
est diamond concentration. Protolith of this diamond-bearing dolomite marble is late-Proterozoic platform sediments (impure
dolostone) on the basis of the local geology and the stable isotope data on the carbonates. This indicates that limestones &
dolostones can subduct into the great depths at least to the low-P limit of diamond stability field. A similar UHP carbonate
rock, Ti-clinohumite-bearing dolomitic marble whose assemblage aragonite-dolomite-Ti-clinohumite was stable at extremely
low XCQO2, occurs at the same area, but diamond was unstable in this marble. Such strong contrast between two dolomite
bearing UHP carbonate rocks can be explained by the H2O-rich fluid condition and its heterogeneity under UHP metamorphisir
Another important evidence is exsolved coesite from supersilicic titanite discovered in titanite-bearing calcite (after aragonite)
marble. Reintegrated precursor composition showed that excess Si in octahedral site, 0.145 gave corresponding minimum-P
6 GPa; this impure limestone subducted to the depths over 200 km. Exsolved coesite in titanite also discovered in "skarn-like
garnet-clinopyroxene rock that suggests strong metasomatism at UHP conditions. These two exsolved-coesite-bearing rocks la
diamond except for a thin diopside-rich layer in the calcite marble (only 61 grains and no second stage growth).

Such features of the Kokchetav UHPM carbonate rocks strongly suggest that entire decomposition of carbonates is difficul
during deep continental subduction and carbonate can survive at depths over 200 km although the metasomatism within sul
ducted materials by H20-rich fluid ("Intraslab UHP Metasomatism”) occurs at great depths. Abundant carbonate could be storet
in the mantle than we expected before. Deep carbonate subduction is the most important carbon carrier into the mantle and mak
strong compositional heterogeneity of the mantle. To clarify the fate of deeply subducted carbonates could be an important ne>
step for Deep Carbon Cycle project.
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Ultra-Deep Drilling to the Oceanic Mantle: towards understanding the deep carbon cycle
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The Integrated Ocean Drilling Program (IODP), an international scientific research program supported by 24 countries, ad
vances scientific understanding of the Earth by monitoring, drilling, sampling, and analyzing subseafloor environments. One
final goal of IODP is full penetration of oceanic crust and the first sample return from the Earth’s mantle in history, known as
MoHole project. We here emphasize that MoHole could contribute greatly to understanding the whole-mantle-scale carbon cycle
One reason for believing so is recent discovery of diamond and other ultra-high-pressure minerals from podiform chromitites in
ophiolites, i.e., fossil oceanic crust/mantle. A possible scenario of these diamond-bearing chromites is that they were originall
formed at the Moho transition zone via. melt/harzburgite reaction, transported to the lower mantle and recycled to the uppermos
mantle by convection. The recovery of diamond from the in situ oceanic mantle, together with characterization of carbon anc
other volatiles in high-pressure phases, should provide new insights into geochemical evolution of the solid Earth.
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The occurrence of a carbon in ureilite of Almahatta Sitta TC3
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Asteroid 2008 TG exploded in air in the Earth around northern Sudan on October 7, 2008. Its remnants were recovered imme-
diately and called Almahatta Sitta TCAlmahatta Sitta T€ is a first asteroid we could trace its passage during prior to falling
on the Earth after tracing its path in the space by astronomic observation. Almahatta gittanBi3ts mainly of coarse-grained
and fine-grained ureilite fragments, OC, EH and EL chondrites. Both ureilites studied by us contain several carbon species. Her
we report the occurrence and nature of the carbon material in them.

The major constituent mineral of the coarse-grained ureilite is oliving;(b@). Minor low-Ca pyroxene, troilite and metallic
Fe are also encountered. Raman spectroscopic analyses indicate that fine-grained diamond and graphite exists in the interstice
the olivine grains. The chemical compositions of olivineFsurrounding the diamond + graphite assemblages are depleted in
Fe compared with those of the olivine (gas;) in a host-rock. Many metallic Fe blebs are contained in the Fe-depleted olivine
around the diamond + graphite assemblages. The Fe-depleted olivine and metallic Fe bleb assemblage would be reduction prc
ucts of olivine by the carbon material.

The petrographic feature of the fine-grained ureilite is much more complicated than the coarse-grained ureilite. The fine-
grained ureilite contains olivine, low-pyroxene and metallic Fe but appears to be a conglumerate of different fragments including
carbon-bearing clasts. Graphite exists in clasts of metallic Fe. Fibrous graphite is observed on the surface of low-Ca pyroxen
or olivine grain adjacent to the metallic Fe. The fibrous graphite might have grown when the metallic iron was molten. Few
diamonds could be identified by Raman in few clats in the fine-grained ureilite.

gogob:bboooo,bbooog,bboooa
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Quantification of CO2 dissolved in silicate glasses and melts using Raman spectroscop
implications for geodynamics
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Understanding Earth degassing is fundamental in global studies of our planet history, as well as in studies of its recent climate
Degassing occurs mainly at Mean Ocean Ridges via exsolution of CO2 vesicles in ascending tholeiite magma, and probabl
begins at some 30 km under the ridge. Therefore, a precise knowledge of how carbon solubility varies during ascent from th
source region is mandatory, a process for which the effect of pressure remains poorly known. A pressure increase induces m
compression, known to diminish argon dissolution with respect to Henry s law at pressures above 10 kbar, but this effect is
poorly documented for carbon where things are complicated by the transformation of CO2 into carbonate ion, CO32- . Early
experimental investigations on carbon solubility in various silicate melts up to “20-30kbar have shown that Henry s law is not
followed at high pressures.

We have performed an experimental study of C dissolution in basaltic melts using high-pressure facility in Clermont-Ferrand
(France). Analysis of dissolved C was performed using a micro-Raman spectroscopy. Dissolved carbon appears as clear ban
due to carbonate ions (an intense peak at ~ 1100 cm-1 and a doublet in the 1350-1600 cm-1 region), molecular CO2 being n
detectable. Calibration of Raman spectroscopy for quantitative analysis was done by preparing standards at atmospheric press
and analyzing them using a stable isotope mass spectrometer.

The results show that carbon concentration increases steadily with increasing pressure, a behavior consistent with (rare) pr
vious studies on basaltic melts. We also have performed molecular dynamics simulations to investigate the dissolution of CO.
in a silicate melt. The calculated solubility is consistent with the data, which help understanding how pressure acts on fluid anc
melt, and yield insight into the details of how CO2 and CO32- interact with the melt network. However, the fact that the carbon
solubility in a MORB is continuously increasing with pressure is somewhat surprising, and will be discussed.

This work has shown that

(i) Raman spectroscopy can be used to quantify C content in natural samples

(i) The C solubility measured in basaltic melt exhibits a behavior with pressure different from that exhibited by rare gases.

(i) Our results have important implications concerning the history of the atmosphere degassing and structure of the mantle.

00 000: CO2, Raman spectroscopy, silicate glasses and melts
Keywords: CO2, Raman spectroscopy, silicate glasses and melts
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Role of alkali carbonates in the mantle magmatism, metasomatism, and diamond forme
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There are much direct and indirect evidences of carbonatitic and hydrous melt/fluid segregation in the deep mantle in the pa:
Earth’s history. One particular example is the source regions of carbonatites, kimberlites, and lamproites some of which originat
from more than 250 km depth. On the basis of experimental studies they appear to represent opposite ends of the volatile spe
trum; carbonatites and kimberlites clearly require abundant CO2 in the source, whereas lamproites require H20 rich sources.

Another example is the natural diamond forming medium. Experimental data suggest that water-bearing alkali carbonate
and CO2-H20 fluid are only species which are capable to initiate diamond crystallization at pressures and temperatures th:
correspond to those of natural diamond formation. Analysis of data on micro-inclusions in "fibrous” diamonds from different
localities indicates that the diamond-forming media at the stage of inclusion entrapment constituted of super-critical fluid or melt
with different ratios of carbonates and water. These integrated results strongly support the concept of diamond crystallizatio
from either hydrous fluid or alkali carbonate melt.

In accordance with the current geotherms for the upper surfaces of subducted slabs and the phase equilibria computed for
oceanic metabasalt and subducted marine sediments the local abundance of water and carbonates in the mantle can be attribi
to the subduction. However, for much of geological timé&Q0 m.y.) subduction geotherms have been too hot to allow carbonate
and water subduction. This means that water-bearing silicates and carbonates rather underwent decomposition and melting
shallow depth leading arc magmatism than were transported into the deep mantle. In accordance with this and since the avera
mantle concentrations of carbon and hydrogen do not exceed 100 and 120 wt ppm respectively, the volatile segregation in a bro:
mantle region should be involved to explain the local abundance of CO2 and/or H20. Enrichment of these fluids in incompatible
trace elements (specifically, K, Rb, Sr, Ba, light REE, Ti, Nb, Zr, P, U, and Th) also implies their long infiltration history through
the large volumes of mantle rocks. However, mechanisms and forces driving fluid transport and segregation in the deep mant
are poorly understood.

In this talk we would like to highlight following subjects.

1.PT conditions of carbonatite magma formation. Mantle solidus.

2.Mechanism of carbonate melts segregation.

3.Migration rate of carbonatite melt through solid no-porous silicate mantle.

4.Proto-kimberlite magma composition. Experimental constrain.

5.P-T conditions of natural diamond formation in presence of carbonatite melt.

6.Effect of carbonate-silicate ratio on kinetics of diamond formation.

0 00O 00O : carbonatite melt, kimberlite, metasomatism, diamond, mantle
Keywords: carbonatite melt, kimberlite, metasomatism, diamond, mantle
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Formation of hydrocarbons and graphite by polymerization of methane molecules unde

the Earth’s mantle conditions.
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High-pressure and high-temperature experiments of olivine-methane-water and olivine-methane systems were performed u
ing a laser-heated diamond anvil cell at a pressure range from 5.4 to 29.4 GPa and a temperature range from about 1600
2000 K corresponding to conditions of the upper mantle to the top of lower mantle. X-ray diffractometry, Raman spectroscopy,
and transmission electron microscopy revealed that methane molecules polymerized under existence of olivine to form heavit
hydrocarbon, graphite. A difference in the products was not observed between the present study and the previous studies of s
methane. The present result suggests there is no effect of olivine to polymerization of methane molecules. The present stu
demonstrates polymerization of methane occurs in the Earth’s mantle and that is consistent with previous studies on finding sor
hydrocarbons in mantle-derived minerals.

gooob:0bo,00bbb,00,bb0og, bbb bboboooood
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The solubility and solution mechanisms in melts and speciation in coexisting fluid of reduced and oxidized C-bearing volatiles
in the system C-O-H have been determined as a function of melt composition (from haplobasalt to haploandesite) and redo
conditions in the range from the MH to the IW buffer to upper mantle temperatures and pressures. Sample characterization we
conducted with samples quenched from high temperature and pressure and with melt+fluid samples in-situ in hydrothermal di
amond anvil cells. Raman, FTIR, and NMR spectroscopies were employed as structural tools for studies of glasses, melts, ar
fluids. Carbon solubility and carbon isotope fractionation between melt and fluid were determinated mass-spectrometrically an
interpreted with the aid of speciation of C-O-H in melt and in coexisting fluids (see also [1]).

Methane solubility increases from 0.2 wt percent to about 0.5 wt percent in the composition range between haploandesit
and haplobasalt and increases by 150 percent between the IW and MH oxygen buffers at constant temperature and presst
Carbon isotope fractionation between methane-saturated melts and (CH4+H2+H20)-?uid changes by 14 per mil with the me
compositions studied (haploandesite to haplobasalt). In the COH-silicate system at redox conditions of the NNO oxygen buffe
and more oxidizing, carbon exists in melts as carbonate complexes and in the fluid as CO2. Carbonate occurs in two forms, ¢
CO3-groups sharing one or more oxygen with the silicate melt network structure and as isolated CO3-groups bonded to met:
cations. Isolated CO3-groups become more abundant the less polymerized the melt (more mafic melts). Reduced (C+H)-bearil
species were detected in silicate melts at the redox conditions of the MW buffer and more reducing. From diamond cell (HDAC)
experiments conducted in-situ from ambient temperature and pressure to 800 C and 1435 MPa under redox conditions near thc
of the IW buffer, the dominant fluid species in the fluid are CH4, H2, and H20O. In coexisting melt, CH3 - groups linked to the
silicate melt structure via Si-CH3 bonding occur together with molecular CH4. There is no evidence of changes in hydrocarbor
species or polymerization with temperature and pressure.

The melt composition-dependent solubility and change in carbon isotope fractionation is because of silicate composition:
dependent changes of C-bearing species in the melt. The composition- and redox-dependent solution mechanisms of C-spec
in melts governs how melt properties can change with redox conditions Redox melting in the interior of the Earth has beer
explained with the aid of the solution mechanisms of oxidized and reduced carbon in silicate melts. Further, effects of oxidizec
and reduced carbon on melt viscosity and on element partitioning between melts and minerals have been estimated from relatio
ships between melt polymerization and dissolved carbon combined with existing experimental data that link melt properties an
melt polymerization. With total carbon contents in the melts on the order of several mol percent, mineral-melt element partition
coefficients and melt viscosity may change by several tens to several hundred percent as a function of redox conditions in th
range of the deep crust and upper mantle of the Earth.

[1] Mysen, B. O., Cody, G. D., and Morrill, P. L. (2009) Geochim. Cosmochim. Acta. 73, 1699.

0O 0000 : carbon speciation, COH fluid, silicate melt, solubility, solution mechanism, isotope fractionation
Keywords: carbon speciation, COH fluid, silicate melt, solubility, solution mechanism, isotope fractionation
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Carbon is one of the candidates for the light elements in the core. Phase relations of the Fe-C system have been studied
the lower mantle conditions. These studies revealed that Fe3C and Fe7C3 compounds can exist under the conditions. On t
other hand, there are few data on the solubility of carbon in molten iron, and the effect of carbon on physical properties such a
density and compressional wave velocity of molten iron at high pressure. Thus, we made experiments on partitioning of carbo
and silicon between metallic iron and silicate under various oxygen fugacity conditions at high pressure. We made two sets 0
experiments. First is the density measurement of Fe-C liquid at high pressure using the sink-float test of a composite marke
after quenching from high pressures and temperatures, and the in situ X-ray absorption imaging method. The second set of t
experiments was to measure the solubility of carbon and silicon in molten iron coexisting with silicates at high pressure anc
temperature. The first result revealed that carbon can reduce density of the molten iron at high pressure, whereas it increases
velocity of molten iron. Thus, it can be a candidate of the light elements of the outer core. The second set of the experiment
revealed that light elements dissolved into metallic iron change with the oxygen fugacity; i.e., under the extremely reducing con:
ditions of fO2, about -4.5 log units below the iron-wustite buffer, only a limited amount of carbon can be dissolved into molten
iron, whereas silicon is the major light elements dissolved into metallic iron. On the other hand, carbon can be dissolved intc
molten iron under relatively higher oxygen fugacity conditions. Thus, carbon can be a light element of the core only when the
oxygen fugacity during the core formation is relatively high.

Keywords: Carbon, Core, phase relation, density, velocity, Fe-C liquid
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Carbon, the fourth most abundant element in the solar system, is believed to be an important light element constituen
in the Earths core. The high carbon content of CI chondrites (3.2 wt.%) compared to bulk earth estimates, the presence ¢
graphite/diamond and metal carbides in iron meteorites, the high solubility of carbon into iron melts in the Fe-C system suggest
the plausible presence of carbon in the Earths core. However, the distribution of carbon isotopes in the core is not understoo
We present here new experimental data in the Fe-C system and results on the equilibrium carbon isotope fractionation betwe
graphite/diamond and iron carbide melt at 5 GPa and 10 GPa at a temperature range of 1200°®. Z1@0results suggest
that iron carbide melt will preferentially gath&*C than'2C, which is temperature dependent. It is intriguing that our results
are consistent with the carbon isotope distribution observed between graphite and cohg@ién(ifen meteorites. The tem-
perature dependent fractionation between iron carbide melt and graphite/diamond finds potential application in determining th
temperature of formation of meteorites and metallic core of planetary materials. Furthermore, we anticipate that the tempera
ture dependent fractionation of carbon isotopes between iron carbide melt and graphite/diamond is an effective mechanism th
created &2C enriched core with large scale differences in the distribution of the carbon isotopes in the metallic core and bulk
silicate Earth during the accretion and differentiation of early Earth. Our findings also have implications on the deep carbon cycle
of the Earth, where the light carbon from the core might have transported to the mantle and crust through deep mantle plumes.

OO 0O00: core, carbon isotope fractionation, iron carbide, graphite, diamond
Keywords: core, carbon isotope fractionation, iron carbide, graphite, diamond
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Carbon isotopic variation during CO2 fluxing in crustal magmatic systems
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The impact of Human intelligence on the global carbon cycle
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The human brain consumes about one fourth of the total energy spent by the human body or 25 W. For the present hume
population this leads to an average global energy consumption of “0.4 mW/m2 for the collective human brain activity. However,
Human thought has far greater consequences than the direct metabolic activity of the brain. The idea of thermodynamics he
allowed humans to spend more energy than we can obtain through our own metabolism. We have overcome the constraints
maximum appropriation of the primary photosynthetic productivity.

On a global scale, photosynthetic organisms capture solar energy equivalent to about 250 mW/m2 of Earth’s surface 1. Abot
1 per mil of this is deposited in sediments and either returned to the mantle via subduction on relatively short geologic timescale
or sequestered in the crust on long geologic timescales. The thermodynamic insights have allowed us to convert the stored ph
tosynthetic energy to wok and heat at a rate of "30 mW/m2 ref 2. This is equivalent to 1/3 of Earth total inner energy conversion
expressed in volcanism, plate tectonics and geothermal heat, and 20 times greater than the physiological energy conversion
humankind. By analyzing the impact of human thought relative to the energy requirement of our physiology we can evaluate the
impact of societal structure and culture on the global carbon cycle.

1. Field, C. B., Behrenfeld, M. J., Randerson, J. T. & Falkowski, P. Primary production of the biosphere: Integrating terrestrial
and oceanic components. Science 281, 237-240 (1998).

2. Doman, L. E. in DOE/EIA-0484(2010) (ed U.S. Energy Information Administration) 9-21 (U.S. Energy Information
Administration, Washington, DC, 2010).

O 0000 : Global Carbon, Human, photosynthesis, subduction, energy
Keywords: Global carbon, Human, photosynthesis, sunduction, energy
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Melting phase relations of peridotite and eclogite systems coexisting with reduced C-O-H fluid has been studied at 3-16 GP.
and 1200-1608C. In order to perform these experiments the double-capsule technique wittoffrol by outer Mo-Mo@ or
Fe-FeO buffer capsule was designed and developed for multianvil experiments at pressures above 3 GPa. This technique ¢
be successfully used up to pressures of 20-21 GPa using conventional multianvil devices. The inner capsule contained silica
starting material with an addition of 8-10 wt% stearic acid, which served as a fluid source, whereas outer capsule contained tals
which served as a hydrogen transmitting medium to maximizeritthe inner capsule.

Silicate phase assemblages resemble those in volatile-free lithologies, i.e. olivine/wadsleyite-orthopyroxene-clinopyroxene
garnet in peridotite and garnet-omphacite in eclogite. Melting was detected by appearance of quenched crystals of pyroxen
feldspar and glassy silica. Abundant voids indicate presence of fluid in all runs. The compositions of partial melt were estimatec
from mass-balance calculations. The partial melt from peridotite runs has CaO-poor (6-9 wt%) basaltic composition with 44-47
wt% SiO, and 1.1-1.6 wt% NgO (all oxides recalculated to 100% of dry residue). Eclogitic melts contain morg (8049
wt%) and are enriched in CaO (9-15 wt%),Xx(9-14 wt%), and KO (1.3-2.2 wt%). All runs contained graphite or diamond
crystals along with porous carbon aggregate with microinclusions of silicate phases. Analyses of carbon aggregates by defocus
electron microprobe beam reveal compositions similar with estimated partial melts.

The appearance of quench crystals was considered as an indication of melting and allows to estimate the solidus temperatui
in the studied systems. The solidi have relatively steep slope in the pressure range between 3 and 16 GPa. Estimated solic
temperatures for peridotite + C-O-H fluid with §@ontrol by Fe-FeO buffer are 1200 at 3 GPa and 170C at 16 GPa. The
solidus of the system with fpcontrol by Mo-MoG buffer was about 10@ lower. Estimated solidus temperatures for eclogite
+ C-O-H fluid with fO, control by Fe-FeO buffer are 1100 at 3 GPa and 160C at 16 GPa. The solidus of the system with
fO5 control by Mo-MoG buffer was 20-50C lower. These solidus temperatures are much higher (300c5d8en those for
peridotite/eclogite systems witho® and CQ. However, they are still 300-40C lower than solidi of volatile-free peridotite
and eclogite at studied pressures.

We did not measure fluid compositions in present experiments. The estimations of fluid compositions using known equation:
of state for real gases (e.g. Zhang and Duan, 2009) show that fluigQsridh (H,O>CH,) in case of Mo-MoQ buffer and
CHy-rich (CH;>H-0) in case of Fe-FeO buffer. The role of@ in the fluid increases with pressure. The high melting tem-
perature of silicate assemblages coexisting with essentialy-bearing fluid can be explained by the effect of methane and
hydrogen, which may inhibit dissolution of silicate components in reduced fluids even if their absolute amounts are subordinate

The present results have important implication for modeling of mantle melting. The oxygen fugacity decreases with pressure:
from about Fayalite-Magnetite-Quartz buffer at shallow mantle of 20-50 km to about Iron-Wustite at 250-300 km according to
fO, estimations from cratonic peridotite (Frost and McCammon, 2008). Subduction/upwelling processes would perturb mantle
oxygen fugacity regimes and cause its local increase or decrease. We show significant increase of solidus temperatures in pe
dotite and eclogite coexisting with reduced £H-O fluid relative to the systems with oxidized, &-CO, fluid. We argue that
redox melting by change of oxidation state across a mantle section, a phase transition, or lithosphere-asthenosphere bound
can be dominant melting process in the deep Earth’s interior.

O 0O 000 : upper mantle, peridotite, eclogite, oxidation state, C-O-H fluid
Keywords: upper mantle, peridotite, eclogite, oxidation state, C-O-H fluid
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