Mineral equilibria at high PT -parameters

Mineral equilibria at high PT -parameters

Bataleva Y.V.}, Borzdov Y. M.}, Palyanov rocks with the oxidized matei of the subducting
Y .N.' Experimental modeling of the influence plate.

of reduced sulfur fluids UDC: 549.057; Experimental studies aimed at determining the
549.322: 549.02 role of reduced sulfuenriched fluids in diamond
formation processes under subduction conditions
'IGM SB RAS, Novosibirsk (bataleva@igm.nsc.ru, were carried out ni the carbidearbonatesulfur
borzdov@igm.nsc.ru, palyanov@igm.nsc.ru) system (F¢C-(Mg,Ca)CQ-S) at a pressure of 6.3
Abstract. Experimental studies aimed at the evaluation GPa, in the temperature range of 906 0 0 A4 ¢
the effect of reduced sulfur fluids on the processes of durations of 180 hours. The results of interaction in
formation of diamond in assemblage with Fe®*"-bearing simpler carbonatenetal and carbonatsarbide
magnesiowustite and pyrrhotite (or sulfide melt) were systems are detailed ingijanov et al., 2013). It has

carried out in carbide-carbonate-sulfur system using the . .
BARS apparatus (6.3 GPa, range 0f 9061 6 0 0 A6D h). 1 Qeen experimentally established that at the lowest

It was found that at 900 andt F(m)rbef&@,tL&%lebson(igsogxtarré@&ejd()(

from cohenite due to interaction with reduced sulfur fluid, 0.995), graphite, magnesiowustite (k&.79Vgo.2s

and carbon-producing redox reactions of carbide with 0310) and aragonite, as well as recrystallized single
carbonate takeplac e . At 01100 A C, t hgysfasromehénitahcaide and Mg,Gaarbonates
assemblage of F€'*-magnesiowustite and graphite is are formed in the carbidearbonatesulfur system. At

accompanied by t hyecongastmelisat i o of . .
metal - sulfide with dissolved carbon (Fe-S-C) and sulfide {he Contgc(l) of the single crystals of cohenite,

with dissolved oxygen (Fe-S-O). It was found that the magne_sne, and do_Iom|te W'th_ newly _forrr_led
redox interaction of these melts, as well as the Fe-S-C melt ~ Pyrrhotite, the formation of reaction graphite rims

and magnesiowustite, are carbon-producing processes (Fig.1a), similar to thse described by us earlier
accompanied by disproportionation of Fe and leading to (Bataleva et al., 2017) for the carbigi@fur and
the formation of an association of Fe*'-magnesiowustite,  carbidesulfide systems, was established. It should be

diamond and graphite. It has be en experimentally
demonstrated that the participation of sulfur fluids in
diamond formation processes under subduction settings

noted that magnesiowustite formed in this
temperature range is homogeneous in composition

leads to an increase in the diamond crystallization within each sample and is alwaysassemblage with
temperature, a decrease in the diamond growth rate, and graphite, in the form of regular intergrowths,

a sharp decrease inthe partial melting temperature (~ 300 microcrystalline aggregates or inclusions. It was

A C). established by the M°sst
Keyword s: diamond formation; sulfidation; sulfur-rich fluid; magnesiowustite contains ferric iron, with valuds
magnesiowustite; high-pressure experiment; lithospheric  E&®/ x F e -~ 0.07. Alt 1 0a0 tAeGnm pi el

mantle; mantle metasomatism; carbidecarbonatesulfur system, the formation of a

As an element sensitive to redox conditionéond'phase association pyrrhotite + magnesiowustite

sulfur in theEarth's mantle can be found both in a 9raphite was established, as well as the formation

- - : f the first portions of F&-C and FES-O melts. In
reduced form (S or  in sulfides, sulfide melts, or ° v )
reduced fluil), and in an oxidized form {Sin the range 12060 6 0 0 ACtl,-te.IS[B:bser’lt ih the
sulfates, oxidized fluids, rodissolved in silicate samples, and the phase association is represented by

- i owustite, gr apd it e
melts) (Evans, 2012). Subduction processes playn}:la gnes| , !
key role in he transport of sulfur to the deep zones id FeSO melts (Fig. 1b). These melts in_the
the Earth; they are closely related to the globgfamIOIeS are represented by quenching aggregates

geochemical cycle of sulfur, the genesis of island aPé/”hOt!te * Iron (with d'SS.OIV.ed caon) and_ ,
sulfide ore deposits, and the evolution of the red rrhotite + wustite. The graphite in the samples is in

ergrowths with magnesiowustite, and also forms
state of t hDasgupi@,?014)eln recén@ﬁ 59,, : : ) ' .
years, the behavior of sulfur in the processes d lict" reaction rims, denoting the boundaries of the

mantle metasomatism has been actively studied (f%itgj dcirri;hetr:gltelzil :r?rt:]i?llttss’imvghtlﬁgsecorpapIﬁ?‘?e:y
relation to the genesis of sulfides in eclogites a § 9 P grap

peridotitesof the subcontinental mantle (Alard et al.ms there are quenching aggregates of two melts

L . {Fig. 1b). Depending on the temperature, the melts
2011). Taking into account the potential enetlg ) L
relatic))nship gbetween diamondp and sgulfide re characterized by the compositions ofe%6C,

(Bulanova, 1995; Palyanov et al., 2007; Bataleva t1 100FeAs0:( 1600 AEH0,4000 Fe

. : ) C)- FeuS:Os (1600 A C pfter, theer e
al., 2016), special attention should be paid to t .
assessm()ant pof the influence of sum?miched compositions of the F&C and Fes-O melts are

. : , . 0
metasomatic agents on the processes of diamofyen " weight proportions (wt. %6).
formation duriry the interaction of reduced mantle
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Fig. 1. SEM micrographs opolishedfragments (&) and the cleavag surface ofrgdes (c) obtained in the E?&Mg,éaﬁ@-s
system at mantle P, T @aneters: a polycrystalline aggregate of magnesigstite, graphite and pyrrhotjtén place of the original

carbide crystals, aonal aggregate is formedohenite (in the center)pyrrhotite + highferrouscarbonategr aphi t e bor der

b - polycrystalline aggregate of magnesiowustite and graphite, in which there are segregations of queSeDedefs in reaction
rims of gr ap hdrystas of diadrl @nd &réphite in@ quenched nfelt 5 0 0 A -QmagnesMwustite, {- FeS-O
melt, L, - Fe'S-C melt, Gr- graphite, Dm spontaneously formed diamond, Pgyrrhotite, Coh cohenite;

The composition of magnesiastite in the range Palyaov et al., 2013), it is possible to evaluate the

11001 5 0 OC isA practically independent of effect of reduced sulfur fluid on these interactions.
temperature and cesponds to ~ BeMJo.3dCa 00, It was found _;hat at relatively low temperatures
and the valuesf F€'/x Fe i n it ar e(90&al 0 OtOh the glqie, precksses 6f the formation

0.060. 08. At a t e n( the obthined ef elenfental Gdn (ghaphite) during the interaction

magnesiowustite is represented by large roundedl carbidecarbonatesulfur can be described by the
crystals with a zonal structurea highMg center (~ following reactions:

Fe4MgosCaoO, FE/x Fe ~ 0. 0 7ijon and a hi gh
periphery (~ FgeMgooO, FE/x Fe  ~ 0. 1 2BeC + 3Sner= 3FeS + Cyapnie (1)
The spontaneous formation of diamond as 3Mg,Ca)CQ + FeC = 3(Fe,Mg)O + Z&grapnm#
result of the interaction of carbidmrbonatesulfur, 2CaCQ (2)
as well as the formation of an overgrown layer oMgCO; + F&C + Sper = 3F@ sdVIgo30 + zc?g,aphite
diamond seed cryds are established in the rangfe + FeS (3)
14001 600 AC. The resul ti @aygCG,e RelCa B,.geCaCQ€i amond
crystals are predominantly octahedra8(® ¢ m) 3Fe ¢Mgo:0 + Z@Q,aphite+ FeS (4)
wel | as their intergrowths (up to 120 &m). They

characterized by the presence of inclusions of The interaction of cohenite with sulfur mélid
magnesiowustite, andingle inclusions of sulfide (1) is accompanied by the extraction of carkand

melt. Diamond crystals are located in dron from carbide and leads to the formation of the

magnesiowustite ~ +  graphite  polycrystallingpyrrhotite + graphite assnblage as well as to the

aggregate, directly in contact with quenchedSH@ formation of graphite rims around the crystals of the
and FeS-O melts (Fig. 1c). The distribution ofinitial Fe;C. The features of this process are

nucleation centers over the sample volume iescribed in detail in (Bataleva et #017). Redox

uniform, and their number ranges from ~ 10/mnmreactions (2) (4) describe the processes of carbon

(1400 A@i?’(t106 00 1A5C) . T h eedwgtiomolhagnesite dndidmitefupon interaction
spontaneous diamond crystals without taking intwith cotenite, leading to the crystallization of

account the indumn period is about % graphite in association with magnesiowustite,

micronshour. pyrrhotite, and aragonite. It should beteob that

It has been experimentally demonstrated that tiygaphite formed by reactions (2) (4) is always
processes of interaction in the system in the entigpatially confined to magnesiustite and is
temperature range of 9406 0 0 Uw  oleec intergrown tith ittor is present in the form of
participation of sulfur meftiuid (Brazhkin et al., inclusions, in contrast to graphite formed by reactio
199). The behavior of this méiidid in the first (1). In a simpler system (Mg,Gap; - FeC at 7.5
approximation can be considered as a model for tlB#Pa and 1000 1 00 Uwsa ( Pal y aedox v
behavior of a natural sulfurich reduced fluid- a reactions of carbonateohenite take place with the
powerful mantle metasomatic agent. Considering tifermation of graphite, magnesiowustite and high
previous results on the formation of diamond andalcium carbon&, according to the reactior)(

graphite during redox interactions of iron carbiddhus, as a result of the reconstruction of the

with Mg, Cacarbonate (65.5 GPa, 1000 6 5 0 pJagesss of interaction of carbidearbonatesulfur

under subsolidus conditions, it was found that the
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main graphiteproducing processes atiee extraction Fe** concentrator phase, and during the interaction of
of iron from colenite uponnteraction with the sulfur the FeS-C melt with magnesiowustite directly,
meltfluid, as well as the reduction of carbonat@ccording to the following schemes:

carbon during the interaction with f&& It is most

likely that at relatively low temperatures sulfur doe§e-C, meny + F&On mey = (FE*,FE")Osgiia + Cgraphite,

not have a decisive effect on the crystallization Qf,mong (5)
graphite by reactions (3) and (4), and its participatioRe-Cy, mery + (F€,Mg)Quia= (FE€",F€*,Mg)Osojg + C’

in them is limited to the crystallizatoof pyrrhotite, gpnite, diamond (6)
with a corresponding decrease in the iron content of
magnesiowustite. This process of the formation of graphite and

It was found that at tempetmes above the diamond, which occurs during the oxidation of the
sol i dus C) thd dedl9 forded pyrrhotite FeS-C melt with the FeS-O melt andsr
melts, and the interaction of cehite with the first magnesiowustite, can be considered as the basis for
portions of the sulfidenelt occurs. As a result, thethe reconstruction of the redox mechanism of
sulfide melt is enriched in iron and carbon, whiclliamond formation, whit is realized as a result of
leads to the formation of a FC melt. In parallel the carbidecarbonatesulfur interaction. It was found
with this process, the interaction of the sulfide methat under supersolidus conditions, diamond
with carbonate or carbonate melt also occurs, witbrmation occurs in the F&C melt. Oxidation of
the formation bthe FeS-O melt and the soliphase the FeS-C melt by the F&-O melt anddr
association magnesiowustite + graphite. Thmagnesiowustite is accompanied bgexrease in the
possibility of crystallization of graphite (or diamond)concentration of Fein the FeS-C melt and the
upon reduction of carbonate with-Beand FES-O  formation of magnesiowustite enriched in ¥eand
melts was previously demonstrated in (Gunn, Lutike®. This process leads to supersaturation of the Fe
2006; Palyanov et la 2007). Thus, the S-C melt with carbon, which promotes the nucleation
implementation of these processes under conditioaad growth of diamond. We assumetthathe final
of complete melting of sulfide leads to the formatiostage of this process, when the-Geomponent of
of a single supesolidus phase associationthe FeS-C melt is completely consumed, the phase
represented byhe melts F&S-C and FeS-O, FE€*- composition of the samples will be represehby
beaing magnesiowustite and 0C(gra|ch|te and diamond, graphite, Bemagnesiowustite, and sulfide
diamond). melt.

Analysis of quenching aggregates of melts (using Based on the comparison of thesults obtained
energy dispersive spectroscopy, scanning electrom the carbidecarbonatesulfur systems with the
mi croscopy, M° ssbauer respltedf the carbidearbonate interacidngPalyanbvt
possible to consider the 2O melt as a et al, 2013), the main factors of the influence of the
predominantly sulfide melt with dissolved FeO, thgulfur-enriched reduced fluid were revealed. In
concentration of which in the melt, depending on thgarticular, this is a sharp dease in the temperatures
temperaturei ncr eases f r o@updo wf partiabomeftidglafdoa decrease in the diamond
28 wt . %) [h1e FE-C Aelt, on the forming ability of the metatarbon melt. In
contrary, the sulfide component is in a subordinatxperiments with a redox gradient (Palyanov et al.,
amount; it has been established that this melt 2013), aimed at studying the interaction of carbide
erriched in iron and carbon. The #C melt carbonate at 7.5 GPa and in tlmgeof 10001400
obtained in the -carbidearbonatesulfur system A C, t he f o r nlid-phase nassooidtion a
contains from 38 to 46 wt. % Fand up to 3 wt. % cohenite + magnesiowustite + graphite was
of dissolved carbon. In other words, the interaction @fstablished in the reduced part of the samples. This
carbidecarbonatesulfur results in the generation ofwork revealed and emphasized a direct relationship
twome |l t s ¢ o n tyroaesof whitlycortams b&tWeen the absence of spontaneous crysthdiz of
Fe&* (FeO), and the other contains metallic irondiamond and the absence of theGenelt. In the
Despite the fact that in the samples obtained in thigesent study, it was fodrthat the addition of 10.7
study, there are no reaction rims at the contaat. % sulfur to the carbidearbonate system leads to
between the F&-O and FeSC melts, direct evidencea decrease in the temperature of the beginning of
of their redox interaction is the crystallization ofpartial meltingof the system by at leas 3 © &nd A
diamond and graphite directly in the-B€C melt aml  the formation of the first portions of F&C and Fe
the formation of enriched Feand F&" rims of SO mel t s atC (63 GPa). IChrBiderind
magnesiowustite in contact with the-65€0 melt. It that the obtained F&C melt is a crystallization
should be noted that the crystallization of graphiteedium for graphite (116@ 6 0 Q) andl diamond
and diamond is most likely carried out both as @4001 6 0 0, tha @ata obtained can be considered
result of the redox interaction between melts with th@hen constructing natural models of diamond
participation of magnesiowustite, which acts as a
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formation in the presence of reduced sulfuexperimental products: iimenite, olivine and pyroxene. A

metasomatic agents under subduction conditions. phase reaction between the system components resulting
in the formation of pyroxene was observed in the systems

- - lImyg i Ol;»-H,O and limsg T Ols4-H,O. The obtained
Work is done on state assignment of IGM SByperimental data can be used to construct models of
RAS. crystallization, growth and capture of H ,O-containing
inclusions by diamond under conditions of high pressures
References and temperatures.

Keywords : ilmenite, olivine, ice-VII, upper mantle, phase

Alard O., Lorand JP., Reisberg L., Bodinier L., Dautria r%lations, high-pressure experiment

J-M., OO0 Rei | -lich m&asomstishiat i |

Montferrier xenoliths (Southern France): Implications . . . -
for the abundances of chalcophile and highly Theoretical and experiméal studies indicate

siderophile elemds in the subcontinental mantle/  that, under the conditions of the upper mantle,

Petrol 2011 Vol. 52.P.2009 2045. incorporation of water into rocks with a

Bataleva Y.V., Palyanov Y.N., Borzdov Y.M., Bayukov, pr edomi nanc e of olivine i s [
O.A., Zdrokov, E.V. Iron carbide as a source of horizons of t he transition
carbon for graphite and diamond formationunder . o s e r v oi r s 0 (Pear soncent et al

lithospheric mantle H parameter# Lithos. 2017.

Vol 286.287.P 151161, findings of iceVIl in inclusions in diamonds
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1050. The experiments were carried out on a high
Palyanov Y.N., Bataleva Y.V., Sokol A.G., Borzdov pressure toroidal apparatus

I\\(/I'M't'l KUFT)V?QOV '{\‘ Re‘éts"i’j V-N-'hSO_bO'erN-V- RAS, Chernogolovka. The pressure was generated by
ante siab interaction and recarechanism o uniaxial compression of anvil with 13 mm holes on

diamond formation /Proc Natl. Acad Sci. USA. . .
2013. Vol.110. I. 51. P.2040820413, the working surfaces. The higbressure cell was

Palyanov Y.N., Borzdov Y.M., Bataleva Y.V., Sokol filled with gold "lenticular" ampoules, piiéled with
A.G., Palyanova G.A., Kupriyanov I.N. Reducing rolestarting mixtures and soldered around the perimeter.
of sulfides and di amond Thegamgldsiwers subjectet to @ pressurd df 6 GPa at
mantle// Earth PlanetSci. Lett. 2007. Vol.260. I. 1- temperatures of 12602 5 0 A C and kept
2. P.242.256. minutes. The experiments were carried out with
natural and model compositions of ilmenite.
Burova A.l.}?  Chertkova N.V.2, Spivak Picroilmenite powder from a kimberlite pipe named
A.V.2 Bobrov A.V.123 Zakharchenko E.S2 after V.I. Griba was used for experiments in a natural
system, a synthetic mixture of M8jO, composition
was used ashe olivine component. In the model
systems, the mixtures consisting of the components
FeO and TiQ were applied. The starting mixtures
were of a variable composition M§O,=90-x,

The phase relations in the ilmeni-olivine-
H,O system at a pressure of 6GPa UDC
549.02

1Geological Faculty, Moscow State University, Moscow,

Russia, °D.S. Korzhinskii Institute of Experimental FeTiO=x,HHO=10 mo | %, where =72,
Mineralogy RAS,*Vernadsky institute of Geochemistry The experimental samplesvere studied by

and Analitycal Chemistry RAS, Moscow, Russia electron microprobe analysis and Raman

Abstract. The phase relations in the SiO,-TiO,-FeO-MgO- spectroscopy. Experimental conditions and results

H,O system have been studied experimentally at 6 GPa are shown in Tables 1 and 2.

and1200-1250AC. The following phases were found in the
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Table1.Ch e mi c al and phase compositions of e-waeesystematbt a |
GPa.
sampl e 3250 3252 3253
U, Ud 1200 1250 1250
Structure Pilmgg 1 (H>0)14 Pilmgg i (H,0)1, (Pilm;50l1g) T (H,0)19
Phase Pilm rim' Pilm rim' lIm ol
SiO, 0,10 51,06 0,35 0,21 39,01
TiO, 56,35 3,39 56,17 4,28 58,32 2,24
Al,O4 0,47 3,50 0,75 8,37 0,82 0,31
Cr,03 2,06 0,98 2,01 1,36 2,34 0,07
V,05 0,70 0,13 0,80 0,26 - -
FeO 29,27 9,01 28,28 11,38 26,69 12,69
MgO 10,55 23,27 11,12 7,16 11,30 45,34
MnO 0,32 0,25 0,22 22,96 0,14 0,09
CaO 0,06 7,26 0,15 7,16 0,08 0,09
Na,O 0,08 1,08 0,13 0,08 0,09 0,10
K50 0,02 0,06 0,03 43,24 0,02 0,08
Sum 100,00 100,00 100,00 100,00 100,00 100,00
Coefficients (f.u.)
(e} 3 3 3 4
Si 0,00 0,01 0,00 0,97
Ti 0,98 0,97 1,00 0,04
Al 0,01 0,02 0,02 0,01
Cr 0,04 0,04 0,04 0,00
\% 0,01 0,01 - -
Fe 0,56 0,54 0,51 0,27
Mg 0,36 0,38 0,38 1,68
Mn 0,01 0,00 0,00 0,00
Ca 0,00 0,00 0,00 0,00
Na 0,00 0,01 0,00 0,01
K 0,00 0,00 0,00 0,00
Sum of cations 1,98 1,98 1,97 2,99

rim' T intergranular substance.

Table 2.Chemical and phase compositions of experimental samples of the ilinefiitene 1 water system at 6 GPa

samp 3260 3259 3262
U, Uw 1250 1250 1250
Structure 1M 150,-(H,0)10 1M 360ls-(Ho0)10 lIm7;Olg-
(H2O)10
Phase Ilm ol pXx lIm ol px lIm
Sio, 0,00 39,16 56,69 0,00 39,94 54,77 0,00
TiO, 55,19 2,27 0,89 54,57 0,00 2,36 52,65
FeO 29,85 45,80 7,48 35,81 18,55 11,31 43,53
MgO 14,97 12,77 34,94 9,62 41,50 31,56 3,82
Sum 100,00 100,00 100,00 100,00 100,00 100,00 100,00
Coefficients (f.u.)
(@] 3 4 6 3 4 6 3
Si 0,00 0,97 1,97 0,00 1,02 1,94 0,00
Ti 0,96 0,04 0,02 0,97 0,00 0,06 0,98
Fe 0,57 0,27 0,22 0,71 0,39 0,33 0,90
Mg 0,51 1,70 1,81 0,34 1,57 1,66 0,14
Sum of cations 2,04 2,98 4,01 2,03 2,98 4,00 2,02
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Figure 1. SEM images of the
products of experiments obtained
the study of phase relations
systems: a Pilmgg-H,0; b- Pilm;»-
OlgH,0;

10 um

20 um

Figure 2. SEM images of the products of experiments obtained in the study of phase relations in €&tdmg-Ols,-H,0; b,ci
IIm1g-Ol7-H,0; di [Im4,-Ol1g-H,0.
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@ Figure 3. Raman spectra of pyroxene, ilmenite and oliv
o crystals obtained in the I§gOls,-H,O system
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The following phases were found in the product§project No. 2677-00079) and partially within the
of experiments: ilmenite, olivine, and pyroxenestate task of the D.S. Korzhinskii Institute of
Their amount and composition depends on tHexperimental Mineralogy of Russian Academy of
composition of the starting mixtures (Tables 1 an8ciences ¢ ¢ 4p 18-1180209014G7).

2). In the natural PilAH,O system (fi g. 10), t he

starting material underwent recrystallization. The References

mtgrg(anular_ Substanpg (.”ml) has a non Pearson, D., Brenker, F., Nestola, F. et al. Hydrous mantle
stoichiometric composition, .It acts as a concentrator ansition zone indicated by ringwoodite included

of elements (Na, Mg, Al, Si, K) (Table 1), that are  within diamond. Nature 507, 22224 (2014).

not incorporated into ilmenite structure. No reactions https://doi.org/10.1038/nature13080

between picroilmenite and water were detected. Wiffschauner O., Huang S., Greenberg E., Prakape/. B.,

the addition of 18 mol% MgSiO,, two phases  MaC. Rossman G.R., Shen A. H., Zhang D.,
crystallize in the natural and model systems: olivine Newville M., Lanzirotti, A., Tait K. (2018). le&/ll
and ilmenite (Fig. 1b glusiopsndamongs Evidengeofagueous fiyiqin, g

. . . ) ar s dSeienpe. 1B6HT3SD..
continuous aggregate masses. Olivine is present in 10.1126/science.aao03030.
the form of small irregular grains, filling the space
between the ilmenite csyals. An increased ) 5
concentration of ferrous iron (FeO 12.69 mol%) iButvina V.G.*, Kosova S.Al, Safonov O.G
observed in the composition of olivine, and d&xperimental study of the chromiterutile /
titanium component is present as an impurity ¢TiGlmenite-K,CO3-H,0-CO, system at2 GPa:
up to 2.24 mol%) (Table 1). an application to the mantle metasomatism

With an increase in the content of the olivingJDC 550.4.02
component (MgSiQ,) in the system, three phases are
found among the products: ilmenite, olivine, and!EM RAS, Chernogolovka (butvina@iem.ac.ru) * Geol.
pyroxene (Fig. 2#). In the llmg-Ols,-H,O system faculty MSU, Moscow
(Fig. 2@ Table 2), olivine together with ilmenite Abstract. Formation of K-Na phases, where alkalis are
form the groundmass of the sample, composed fksfund to Cr, Ti, F.e3+., as a result of metasomatism in the
crystals up to 2m. However, some ilmenite cry~stals§|f’%er "{‘)?m':tgsc:'doi'itef;ﬁ:f«’g:y Cft{rrﬁsgor;ds tOhlattZr e
a. r.e llarger up to 15 Om vﬁioﬁ:slK—Qd—B&Sgﬁ&nétitanatZE\ythra iéﬁc%%?m‘i%m grait|
distinct from the groundmass because of theé'()ntent, such as minerals of the mathiasite-lindsleyite and

elongated appearance. hawthorneite-yimengite groups and priderite. Experimental
According to the results of microprobe analysigjata on the stability of K -Ba-titanates are presented by a
olivine and pyroxene have significant contents ef thfew works on their synthesis from mixtures of simple
iron component FeO (up to 18.55 mol% and 11 .xides and only limit the range of P-T conditions for their
mol%, respectively) (Table 2). Titanium is present SSiPle formation (Foley etal,, 1994; Konzettetal.,
. itv in th h h 5). Our experiments showed a fundamental possibility
an impurity 'n_t ese phases. The Rgmah spectra {ihe formation of these titanates as a result of the
the three obtained phases are shown in Figure 3.  reactions of chromite with aqueous- potassium carbonate
In the samples with the maximum content of théuids at 3.5 and 5 GPa and confirmed a wide range of
olivine component (MgSiO,=72 mol%), pyroxene existence of various titanates with respect to the fluid
(Fig. 2b) forms elongated grains up to& in size. composition. Experiments at 2 GPa and1000-1200°C
Olivine is in the form of large crystals up to 1080 showed that K-Cr priderite can crystallize in a wide range

of temperatures and pressures (1.8-5 GPa) together with

microns, with irregular Shape' These silicate phasﬁllsotthiasite, however, in a system rich in Fe (chromite -

are more ferrous compareql to the products @enite-K,CO-H,0-COy), at pressures above 3.5 GPa,
experimens in the systems with a lower content otrystallization of yimengite and mathiasite is preferable.

IV|923i04- Keywords : priderite, yimengite, rutile, chromite, ilmenite,

As a result of the experimental study, it wasaqueous carbonate fluid, potassium-carbonate, titanate,
shown that reaction between water and ilmenite fdgh pressure experiment, modal mantle metasomatism
not detected in the system without MO, ] ) ]
component. However, with an increase in the content Modal metasomatism is the most important
of the olivine component, a phase reaction occur@focess n the upper mantle, which determines not
with the formation of pyroxene. The obtained®nly the variety of ass_emblages of the mantlg_roc_ks,
experimental data can be used to construct modelssft @lso the formation of magmas specific in

containing inclusions by diamond at high pressurd$83, etc.). Increased metasomatism, which is
and temperatures. usually manifested byan increase of activity of

t alkaline components, leads to pyroxene reactions
jthout the participation of Atich phases, leading,
or example, to the formation of potassium richterite:
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8En + Di + [1/2K0 + 1/2NaO + H,O] = KRich + Experimental data on the stability ofBa-titanates
2Fo. The formation of o#r K-Na phases, where (Fig. 1) are presented by a few works on their
alkalis are bound to such components as Cr, T, Fesynthesis from mixtes of simple oxides and only
in upper mantle peridotites usually correspond timit the range of PI' conditions for their possible
even more advanced metasomatic transformatioftsmation (Foley et al., 1994; Konzett et al., 2005).
(Safonov, Butvina, 2016). These are a variety of KThey do not reproduce the actual reactions of the
Na-Ba-bearing titanates with a igh chromium formation of these minerals in mantle assemblages
content, such as minerals of the mathialsitdsleite caused by the actioof alkaltrich fluids/melts on Cr
and hawthornitémengite groups and priderite. and Tibearing peridotite minerals. Our experiments

They are found mainly in metasomatizedButvina et al., 2019, 2020) showed the fundamental
chromiumenriched peridotites in associations wittpossibility of the formation of these titanates as a
phlogopite, potassium richterite, le  result of reactions of chromite with aqueous
clinopyroxene, where garnet is absent (see Table 1 potassium carbonatfluids at 5 GPa and confirmed
Butvina et al., 2021), and spinel is characterized liie wide range of the existence of various titanates
high  magnesium and chromium contentswith respect to the composition of the fluid.

This work

Legend: 4
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o]
O 5 | I
Ba;’ri S 6 I
Our experiments B l] -
4L (Foley et al., 1994)
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Fig. 1. Available data on theynthess of K-titanates from oxides under variouBT conditions

Thus, phlogopite and titanates are minerals thaglected from a garnet Iherzolite xenolith from the
are indicative of extreme manifestations of mantlPionerskaya kimberlite pipe, Arkhangelsk province.
metasomatism at its initial and most advanced stagémenite of the composition
The purpose of this article is to summarize thEe ogdVigo.0iMNo.0eTi0.93Al 0.01NDg 0105, iS @ xenocrystal
previously obtained andew experimental data onfrom kimberlite of the dachnaya Tube, Yakutia. A
the study of metasomatic reactions of the formatiamixture of K,CO; (+-KCl) and oxalic acid in the
of chromiumcontaining potassium titanates of theatios of 9:1 by weight was used as the fluid
crichtonite, magnetoplumbite and hollandite groupsomponent. The chromite + TiOmixtures were
with the participation of ED-(CO,)-KCI and HO- mixed with a "fluid" mixture in a ratio of 9:1 by
(CO,)-K,CO; fluids at 1.82.0 GPa and 960200C. weight. See Table 1 for the experimentahditions
The experiments were carried out using a pistoand results.
cylinder apparatus at the IEM RAEhernogolovka, Discussion The presence of priderite and
Moscow regioh mathiasite was confirmed by Raman spectroscopy.

Starting materials. In experiments on the The Raman spectra are indistinguishable from those
reactions of the formation of potassium titanatesbtained earlier (see Butvina et al., 2019, 2020,
natural clhomite was used as a starting compone2021). The conducted experiments shdvat the
(Butvina et al., 2021), which was mixed with aassociations of potassium titanates can be indicators
powder of synthetic Ti@Qor natural ilmenite in the not only of potassium activity in the processes of
ratios of 1:1 or 2:1:1 by weight. Chromite of themantle metasomatism, but also indicators of Fe, as
composition (M@.4905F @ 5005MNo 01002200z Well as pressure during this process.-b@aring
0.02(Al017.0.20Cr1 551.61F€.100.22T10.020.07) O4 was priderite was not detected in the chroniiteenite-
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K,COs-H,0O-CO, system at 3.5 GPa, but it activelyFoley et al. (1994), where priderite crystallized at
crystallizes in the chromitautile -K,COs-H,O-CO, both 5 GPa and 3.5 GPa (Fig.1).
system at 5 GPa, together with mathiasite. At a However, the crystallization of Gree Fé" and
pressure of 1-2.0 GPa, priderite is intensively Fe&*-priderite, characteristi of lamproites, was
formed in all systems, its synthesis togetherhwitstudied in experiments. The chromigtaminant
mathiasite occurs only in an fieh system in the variety of priderite is formed exclusively in
presence of ilmenite metasomatized peridotite xenoliths (Haggerty 1991;
Yimengite does not form at such pressures, théonzett et al., 2014; Giuliani et al., 2012). Jaques et
formation of priderite and mathiasite is preferable. A&l., (1989) specifically note thatr&€ich (up to 8 wt.
It is shown that the synthesis of yimengite was n@ Cr,Os) priderite was detected only in the heavy
carried out below 5.0 GP&owever, in our earlier fraction of lamproites, reflecting the mineral
works it was shown that at 3.5 GPa yimengite isomposition of disintegrated xenoliths. We first
intensively formed in the chromiémenite K,COs- crystallized KCr priderite (Butvina et al., 2019),
H,0O-CO, system, accounting for more than 25% ofurther work, as well as this articlshows that KCr
the obtained sample (Butvina et al., 2021). It ipriderite can crystallize in a wide range of
known that priderite (in contrasb the minerals of temperatures and pressures {3.86Pa) together with
the crichtonite and magnetoplumbite groups) is bothathiasite, however, in a system rich in iron
a typical matrix mineral of leucite lamproites (Prider(chromiteilmenite-K,COs-H,O-CGO,), at a pressure
1939; Jaques et al., 1989; Jaques, 2016), and is foave 3.5 GPa, the crystallization ywmengite and
as inclusions in diamonds (Jaques et al., 1989). Tmmathiasite is preferable (Butvina et al., 2021; Butvina
indicates a wide presre interval of crystallization of et al., 2020).
priderite. This is also indicated by the experiments of

Table 1.Conditions and results of experiments on the synthesis©f #tanates at 1:2.0 GPa

T Mineral Fluid, (mas%) Fluid content | Tim U, o€ Synthesis of priderite,
composition in the system,| e, h. t GPa yimengite, mathiasite,
(mass%) % phlogopite
etc.

[ ®1 | Spinel: K,COs:0.a* (9:1) 10 48 1200; -

rutile (1:1) 2.0 availability of the source
material

[ G2 | Spinel: K,COs:0.a (9:1) 10 48 1200; +,--t
ilmenite (1:1) 2.0

[ @3 | Spinel: K,COs:0.a. (9:1) 10 48 1000; ampoule ejection
rutile (1:1) 2.0

[ &4 | Spinel: K,COs:0.a (9:1) 10 48 1000; +,-,+ -
ilmenite (1:1) 2.0

{ G5 | Spinel: sCl:K,CO;s:0.a (4.5:4.5:1) 10 96 1000; e
rutile (1:1) 2.0

[ G6 | Spinel: s Cl:K,COs:0.a. (4.5:4.5:1) 10 96 1000; +,-,+,-
iimenite(1:1) 2.0

Ma-7 | Spinel K,COs:0.a (9:1) 10 96 900; +-F-
iimenite 1.8
rutile (2:1:1)

*oxalic acid.

Conclusions.The experimentalesults presented system at 1.8, 2.0, 3.5 and 5 GPa proved the
in this article are simulations of reactiondundamental possibility of the formation of these
representing  various stages of potassiuminerals during the reactions of chromitéthwthe
metasomasm of peridotites in the conditions of theaqueougpotassium carbonate fluid. The formation of
subcontinental lithospheric mantle. The initial stagabese minerals follows the formation of phlogopite,
of this process are expressed in the madliiic of and also requires an additional source of titanium, i.e.
the mineral compositions of the original peridotitesutile and ilmenite, which themselves are usually
during the reactions of the formation of phlogopiteproducts of modal metasomatism ofigetites.

The progress of further transformations leads to the The assemblages of titanates with phlogopite
formation of other potassium minerals. These are, @haracterizea higher activity of the potassium
particular, potassium titanates. g&iments on the component in the fluid/melt than the formation of
formation of yimengite, mathiasite and igerite in phlogopite alone. Such conditions canitmposedat
the chromitei rutile/iimenite - K,CO; T H,O-CO, the most progressive stages of the mantle
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metasomatism. So, the experiments confirm that the M.J.) In: ContinentaBasalts and Mantle Xenoliths,
formation of titanates is associated with repeated Shiva: Cheshire, UK, 4®1. _
stages of metasomatism in mantle peridotites with dAdues A.L., Hall A.E., Sheraton J.W., Smith C.B., Sun

increasing effect. Relations between titanates is also g.osrﬁp?)rsei:t\?(l)rl? 'ol\;l'c’rggtl;?l?nué'?nga sﬁgps?;ﬁgigétgpﬁgg)

a function of the activity of the potassiurmeponent com-. position of Argyle and Ellendakiamonds. In:
in  metasomatizing fluids/melts and, possibly, Kimberlites and related rocks 2: their crust/mantle

pressure. Examples from natural assemblages of setting, diamonds, and diamond exploration. (Eds.
metasomatized peridotites well illustrate the JaquesA.L., F'erguson J., Green D.H.) Blackwells,

conclusions from the experiments. They asggest Melbourne, 96€989. g I o
new task for the experiments, which consists inJaques A.L. (2016) Major and trace element variations in

duti f ohvsicechemical diti d oxide anditanate minerals in the West Kimberley
reprodu@ion of —physicechemical conditions an lamproites, Western Australidineral Petrol,110,

reactions in a single series of experiments simulating 159 197.
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titanates. experimental study to 15GPa with implications for
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Petrol. 46 (4), 749781.
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sulfur metasomatism, even at minimal concentrations, are the effect of various sulfur concenimts on olivine
able to dissolve and transport mantle silicates and sulfides,  gylfidation.
as well as play one of the key roles in ore-forming Experiments were carried out at a pressure of 6.3
processes involving mantle sulfur fluids. GP a temperatures of 1050
Keywords: mantle metasomatism; mantle fluid; olivine 40 ana 60 hours, on mukinvil high-pressure
sulfidation; reduced sulfur fluid; high-pressure experiments apparatus of a Spiit sphere type (BARS). Sulfur

Introduction. The study of the processes ofconcentrations in the systemseny 01 2, and 6

I mol%. Forsterite from xenolith of spinel lherzolite

mantle metasomatism isne of the most actua]c the Udach : d el tal chemicall
directions of mantle petrology at present. sulffom the tdachnaya pipe and elemental chemicaly
ure sulfur were used as starting materials. The

fluids, sulfide melts, and reduced components of ® . S s .
O-H fluid, for example, Ch are considered as composition of the initial  olivine IS
potential agents of reducing mantle metasomatis
(O'Reilly and Griffin, 2013). At thesame time, the 4 0
main sources of sulftlvearing melts and fluids in the 0.87 wts. .

mantle are crustal material immersed in the Results — of relatively lowtemperature
subduction zone, fluid flows from the cemantle experiments Usiny 0z dmpleCof .

boundary, and mantle plume material (Evans Zoﬁnalytical methodst was established that at sulfur
Tomkins ’Evans 2015). When these sulﬂuiols’or concentration 060.1 mol%, a polycrystalline olivine

melts act on iron and nickelbeaing silicates of aggregate is formgd, with single crystals_of newly
mantle rocks, the scalled sulfidation reactions formed n'Ck?! sulf|de_ ._';md orthppyroxer(Elg.la):
occur. Most of the currently available experimentg] "€ cOmposition of olivine practically does not differ
studies related to the sulfidation of olivine weré M the initial one(Fig.2, Table 1) At 2 mol%

carried out at atmospheric pressure, ad aelwith sulfur, anassemblagef recrystallized olivine witra
the use of ferrous olivinefayalite: ’ zonal structure and sulfide inclusions was obtained,

while numerous small crystals of sulfides and

; -- rthopyroxene were found in the intersti¢Efgy.1b).
iFtel\r/IngSQér 0 03 S A CY] 2( FKeu;SI+ IS%Er[]NS'ggS r% %rcgilgsrof zorie% cgivaing crystals demonstrate a
MgZSiCS4 4055+ u Y Mighgs® CO [1’ decrease in the FeO concentration in the rim$ t

atm, 1200 AC] (Fleet, M}’&‘%’ ﬁ%ig-@-fm t'leé“%h?t. S“'I“r Conieﬂ.”agonf’.the
FQS|O4 + & % 2Fe S , S|® [LOdran ormation of an association ot recrystallized olivine,

achondrite study] (Papike et al., 1995) newly formed orthopyroxene and pyrite, coexisting
(Mg,Fe,Ni,SiO, + Sq ¥ Mé $ i+ MSIO, + with predominantly sulfur melt, was established
1 ’ (o]

(Fe,Ni)S + (SFeNi-0-Si-Mg)iq (Fig.1c, Table 1).

Q As result of the, r tion of olivine
.3 GPa, 1054 4 A B | e, [t of the, 9‘?%9? .
[6.3GPa, 10 50 €l (Batale VSl?]fldaetlgn pr%cesses, it W§S ound that at a relatively

(2016) studied the! ow temper at ufdll@ving(ptotesses U
occur: (1) recrystallization of olivine in a sulfur melt;
agZ) partial extraction of Fe and Ni from olivine into a
Ssulfur melt; (3) fomation of sulfide inclusions in
livine; (4) crystallization of newly formed sulfides;
) formation of newly formed orthopyroxene; (6)
crease in thieon content of olivine.

Mgl_gFa),lgNio,mSiOLL MgO content of initial oliine
IS 49.34 wt%, Fe® 9.28 wt%, NiO- 0.51 wt%, SiQ

Yu.V. Bataleva et al.
interaction processes in the Fe-bdiaing olivine -
sulfur system, while the sulfur concentration w.
constant and relatively high (10 mol%). Thi
experimental study is a logical continuation of th
work (Bataleva et al., 2016), and is aimed at studyi
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Fig.1. SEM micrographs of polished samples surfaces:

a-polycrystalline olivine aggr epobdrystalifeTaggregate 0fFe@rystdllized olkige, rewlhy0 . 1  mo
formed sulfides and ort hopyr o polyeystalife aggregate 6f ®I¥ine &, orthdpyroxene \Bith mo | %) ;
guenched sul fur melt (-Polyerystalhéaygredaie;of okvme and newlyrosnedorthopydoxene (T = 1450

UC, Xs = 0polycrystadlihedygregate of recrystallized olivinighasulfide inclusions and quenched sulfide melt (T = 1450

UC, Xs = -polyerysthll#td aggrefate of olivine and orthopyroxene with quenched-suiiut f i de mel t (T = 145¢
mol%). Ol- olivine, Opx- orthopyroxene, Py pyrite, L - sulfur melt, L, - sulfide melt, L - sulfur-sulfide melt.

Table 1.Compositions of silicates

Composition, wi%

Run N T,d4 L Xs, moko Phase SiOZ FeO MgO NIO Total
9307-AL 1050 0.1 Ol 40.7 9.2 49.5 0.5 99.9
. Opx 58'3(6) 6'3(2) 34'8(4) . 99.4
9307-A2 1050 5 Ol 41.2 6.7 51.7 0.2 99.9
Opx 58'6(8) 3(2) 37(2) B 99.5
9307-A3 1050 6 Ol 432 42 521 0.4 99.9
Opx 58'4(3) 5 2 36(1) - 99.7
929/7A1 1450 01 Ol 407 8.6 50.1 0.5 99.9
' Opx 57.8 o 6.0 0 35.0(3) - 98.8

920/7A2 1450 5 Ol 424 29 54.7 - 1000
Opx 58.8(5) 2.0(3) 38.2(3) - 99.0
929/7A3 1450 6 Ol 43.0 0.4 56.5 - 99.1
Opx 5934 03, 394, - 990

The standard deviation of the last digit is shown in parentheses. For olivine, the compositions are given
that differ asmuch as possible from the initial one.

Results of relatively hightemperature mol%, a polycrystalline olivine aggregate is formed,
experi ment slthgslded 6xpetin@tally with single crystals of newly formed #iyrrhotite
established that at a sulfur concentration of 0dnd a sufficiently large amount of newly formed
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orthopyroxene, as shown iRig.1d. At 2 mol% sulfur melt; (3) the formation of sulfide or sulfur
sulfur, the formation of an association ofsulfide melts; (4) formation of sulfide melt inclusions
recrystallized tivine with inclusions of sulfides, in olivine; (5) crystallization of newly formed
orthopyroxene and sulfide melt was establisheatithopyroxene; (6) a decrease in the Fe and Ni
(Fig.1e) In contrast to relatively lowemperature contents in olivine to O.
experiments, olivine crystals are not characterized by Conclusiors. It was experimentally established
a zonal structure; however, they demonstrate a shargh a t at a temperature of
decrease inhe FeO concentration to 3 wtleig.2, sulfur concentration in the system leads to the
Table 1). At the highest sulfur concentrations, thédormation of zonal olivine crystals with an iron
formation of an association of recrystallized olivine center and a magnesian periphery, a natural decrease
practically ironfree, nickelfree, as well as newly in the iron content ofolivine (in rims), and an
formed orthopyroxene and sulfsulfide melt- was increase in the amount and size of newly formed
estabished(Fig.1f, Table 1) sul fides. At a relativel
As a result of the reconstruction of olivinean increase in the sulfur concentration in the system
sulfidation processes, it was found that at a relativelgads to a sharp decrease in the FeO and NiO
hi gh temperatur e ( 1 4 Bdhtents Uhao)ivine, ancicerse in the (arhount of
recrystallization of olivine in a sulfur melt; (2) newly formed sulfide melt, while the formation of
complete extraction of Fe and Ni fromiahe into zonal crystals is not observed.

y

10 [~ T initial olivine __| 10 I — _ 1 _nitalolvine _ _] 10 [ T __intalolvine |
.
R 8 l 8} / / [ \ T 8 [
s 6 g! 6 ol \ 6 |
- 5 s
% 4 0 4 “ 4 I
(T | P=6.3 GPa | P =6.3 GPa | P=6.3 GPa
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Fig.2. Profiles of compositions of olivine after experiments, depending on the concentration of sulfur
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Fig.3. Graphs 6 the dependence of the compositions of the mineral phases obtained in the -ofivifigr system on the sulfur
concentration in the system (Xs). The compositions of olivines obtained in experiments with a sulfur concentration of 4@ mol%
taken from Béaleva et al. (2016).

The established basic regularities are showincrease in the sulfur concentration and the
graphically in the diagrams irFig.3. Both the temperature of the experiments significantly increase
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the intensity 6 olivine sulfidation. Summarizing the understanding the problems associated with the
data obtained concerning the processes of sulfidatiprocesses of early differentiation of cosmic bodies at
of ultrabasic rocks in nature, we can say thdhe stage of the magmatic ocean (MO). The
reducing agents of sulfur metasomatism, even Bgaration of the Silicate melt Faetal melt (Fm) is
minimal concentrations, are capable of dissolvingssociated with thdifferentiation of the MO, which
and transporting antle silicates and sulfides, andserved as the beginning of the early differentiation of
play one of the key roles in oferming processes cosmic bodies to form theefNi nucleus and silicate

with the participation of mantle sulfur fluids. mantle. However, it turned out that during the

Work is doneon stateassignment of the IGN$B ~ separation of the metal component, for example, in
RAS. the formation ofthe Earth'score, the content of
strong #&erophilic elements(HSE) in the earth's
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Institute of Experimental Mineralogy RAS (gor@iem.ac.ru, upper mantle A a't 4 GPa, 1400AC ar

nastya@iem.ac.ru) below

Abstract. The phase relationships and distribution of The method of the experimenfThe experiments

siderophilic elements (SE) in the F& Si C system with an . . o

excess of carbon at P=4.0 GPa, T=140 Oox\were studied. were carried out at the IEM RA8N the "anvil with

The silicate melt contains inclusions of Fe-metal-sulfide hole" NL-40 installation using a mulampoule

melt with signs of immiscibility between Fei C (Fm) and : o :
Fei S (Fs) melts. Fm melt content Fe-Ni inclusions enriched quenching methodThe initial sample consisted of

with SE in the Pti Osi Re sequence. Fractionation of Pt fine powders of silicate (Gr peridotite, amphibolite)

Os-Re during the formation of inclusions in the Fe -S-C i i i i
system can change the 9Pt ¥ 1%0s and **/Re ¥ #0s and Febear!ng (a mixture of pyrrhotite, metallic Fe
isotopic systems. andcarbon in the form of soot reagent) components,
Keywords: melt, silicate,  experiment,  sulfide, Wthh were loaded into _a graphltg ampOUI? m_layers’
differenciation, mantle. in the sequence peridotisanphiboliteperidotite

FeSFe-C mixture. To clarify the behavior of HSE
Intruduction Equilibria of simple or binary Fe elements, Re, Os, Pt were added to the suspension
containing melts vth silicate melts are important for the most important metals of the metllfide
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components of chondrites, Fe meteorites ammllfide globules Ms with a diameter of up to 100
magmatic sulfide ores. The graphite ampoule wamicrons. According to the structure of the-fiRretal
placed in a Pt ampoule, which was hermeticallphase (m), two types of sulfide globules are
brewed. The temperature is measured by distinguished: dwith a Fesulfide matrix with
PtoRh/Rg/Rh thermocouple. At bh temperature, inclusions enriched with Fe phase ml of isometric
pressure is calibrated using a curvetloé quartz form; 2with a Fesulfide matrix with inclusions of
coesite equilibrium Uncertainti e sFemetal@hasés in fhdfferéntfofmoml - isometric
temperature and N 0.1 Gférm, gfienchingpypee+snsiPutheegornma glabulas e me
(Litvin, 1991). Duration of experimentsag6 hours. without inclusions + mgjlobules with refractory
Productsof experiments were studieby scanning inclusions m4 FéNi-Re-Os-Pt composition (Figl).
electron microscope TescaMEGA TS 5130MM The criterion for the immiscibility of melts was the
with detector of secondary and backscattered electrsinucture of quenching sampléssulfide globules in
on the YAGcrystals and energy dispersivery the glass of silicate matrices immiscibility of
microanalyzer with semgonductor Si(Li) detector sulfide and silicate melts, teardrshaped separation
INCA Energy350. of the Femetal phase in an ovalshaped Fasulfide
Resuts The matrix of thequendied sample matriximmiscibility of Femetal and Fesulfide
consists of a silicate glass Gl of picrliasalt melts.
composition with inclusions of restite Opx and
: &

SEM HV: 20.00 kV Date(m/diy): 060915 | 1+ | 1 1 1 1] VEGA! TESCAN
SEM MAG: 1.00 kx View field: 3816 pm 100 um Tl
Nekrasov AN Det: BSE Detector RSMA Group IEM RAS u Nekrasov AN Det: BSE Detector RSMA Group [EM RAS"

SEM HV: 20.00 kV Date(m/d/y): L 1 VEGA! TESCAN
SEM MAG: 110 x View field: 3.47 mm 1 mm ;

b)

Fig.1. Micrographs of the quenched sample: a) silicate glass Gl picrit
basalt composition with inclusions of restite Opx, sulfide globules Ms
sulfide globule ms with inclusions of metal phases of the type of quenc
decay structures m1; c) sulfide gioe with inclusions of metal phases rr
type; m2 - metal globule without inclusions, m3 metal globule with
refractory inclusions F&li-Re-Os-Pt composition m4.

VEGA! TESCAN
-

RSMA Group [EM qun

Representative compositions, in terra§ 100 a metal melt, a globule in a sulfide matrix without
at.% of ceexisting phases: Fe is a sulfide melinclusion of Fe = 84.5, Ni = 15.0, S = 0.5. Fe is a
[matrix] Fe = 46.0 Ni = 3.5, Cu = 0.8, S = 49.7; Fe imetal melt with inclusions of Fe = 85Nj = 14.0, S
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= 0.5; inclusion of the composition: Fe = 76.0, Ni Gorbachev N.S. Early differentiation of meteorites and
planets. Lunar and Planetary Science, Houston,

11.1, Re = 10.9, Pt = 0.6, Os = 1.4 (Fig. 2).
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Fig. 2. Distribution of siderophilic elements in coexisting metaly;4 5k

and sulfide phases. Lines show concentrations Rg, RD in

inclusions.

Discussion. The formation of

inclusions during saturation of the metal melt was

refractory

Texas. 1980 XI. P. 181

GorbacheW.S. Fluidmagma interaction in sulfide
silicate systems. Internat. Geology Rev., 0.98.32.

N.8.P. 749831

Gorbachev N.S., Osadchy E.G. It is not necessary in
silicate melts as a factor in the early differentiation of
meteorites and planets. Dan USSR. 1980. V. 255,

" 3B pp697.693

Hain V.E. The main problems of modern geology
(geology on tk threshold of the XXI century). M.

Science. 1995. S. 190.
Hayden L.A., James A. Van Ormawilliam F.

McDonough, Richard D. Ash , Cyrena A. Goodrich.
Trace element partitioning in theiF® C system and
its implications for planetary differentiation andth
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differentiation at high pressureMature,1996.V.

accompanied by the fractionation of HSE elementsi, J., Agee, C.B. Element partitioning constraints on the

with the enrichment of Re inclusions relative to Os

and Pt, and Pt relative to Os with theseparation . ( _ _

the inclusion of Fe ~2, Ni ~ 3 and the ratios in thﬁ/lc
inclusions of Re/Os~7.8, Pt/Os~0.43. These relations

Geophys. Res. Lett. 2001. 28,i84.
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deep substance of the Earth. M.: Science.
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light element compositioaf the Earth's core //
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implications for accretion and core formatiof He
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Germany, 'Bavarian Research Institute of Experimental The obtained data confirm the possibility of the existence
Geochemistry and Geophysics (BGI) Bayreuth, Germany studied phases at high pressures and suggest their active
(iskrina@iem.ac.ru) role as the concentrator phases of elements at deep shells.
Abstract. Phases with the structures of calcium ferrite, Keywords: phase relations; postspinel phases; transition
calcium titanate, and marokite are considered as post- zone; lower mantle; HP-HT experiment; spin transition;
spinel phases and can concentrate various elements (for equation of state

example, Al, Fe, Mg, Na, Cr, etc.) at the conditions of the

transition zone and the lower mantle of the Earth. In the Spinel is a widespread mineral found in various

CaAl KB system, the compressibility of the Ca(Fe,AlLO;  geological environments. However, the region of its
phase was studied up to 61 GPa, and the equation of state stability is limited, and at great depths there is a
was obtained. No phase transition was detected, but a spin . ! .

transition was registered. The Mg,(Al.C),0s and transformatlon into the scalled p)s_tsplnel phases
Mg(Cr,Al%LO, phases were formed in the Mg-Al-Cr-O (Akaogl et al., 1999) Phases with structures of
system. The Mg(Al,Cr),0, phase was studied using in situ calcium ferrite (CF), calcium titanate (CT) and
Raman spectroscopy up to 30 GPa. At 1216 GPathe color ~ marokite are considered as the main candidates for
of the sample changed from green to red. A gradual the role of postspinel phaséPecker and Kasper,

evolution in the Raman spectra was observed at high .
pressure. According to the data of Raman spectroscopy, it 1957 Rogge et al., 199&iesber et al., 2001)

was revealed that the structure of Mg(Al,Cr) ,O, phase does
not undergo serious changes up to 30 GPa.
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Fig. 1. Structures imageédi calcium ferrite Pnmg b i calcium titanat8bmm(by Eremin et al., (2016)).

The structure of the postspinel phases is formestructural features of highmpact phases in the €a
by edge and corner octahedra with channels paralld-O and MgAl-Cr-O systems were studied.
to the b axis (CF structure) and tha axis (CT The experiments were carried out using a 3200
structure), respectively. These two structurestain  multi-anvil Sumitomo press at the Bayerisches
dodecahedral and octahedral positions. Within thSeoinstitut (Bayreuth, Germany). The starting
family of topologyrelated structures with a powders were homogenized the agate mortar and
"marokite” channel formed by six octahedrathen annealed in platinum crucibles for 24 hours at
structures with centere€mcm (Bbmm and with 10 00AC. The ready startin
primitive Pnma (Pmcr), Pbcm (Pmal) cells are capsule made of a 0.25 mm platinum foil.
distinguished. Inthe first structure with a centeredExperiments on mukanvil press were carried out
cell, the position of the & cation in the tunnel is using standard 7/3 assemblages. Expents on the
strictly straight (Fig. 1b), while in the secondsynthesis of phases in the - 880 system with the
structure, the position A is slightly "rotated" (to addition of Fe were carried out at 24 GPa,
nearby tunnels) (Fig. 1dEremin et al., 2016) T=1600AC, a n dAl-Ci-On systeim eat Mg

Structures with a "marokite” channel can includeressures of 18 and 24 GPa and a temperature of
various cations, for instance, Cr, Al, Mg, Fe, Ca, Ti1600C with an exposure time from 1 to 5 hours. The
Fe, Na, forming of solid solutions. This is the maiphase omposition was determined using a scanning
reason that natural postspinel phases arealectron microscope CamScanM2300 (VEGA TS
homogeneous in composition (Kaminsky, 2017). T6130MM) with the Link INCA spectral analyzer in
date, several end members of the series of sotlte IEM RAS. The accelerating voltage was 20 kV.
solutions are knowiNaAISiO,, MgAl,O,, CaCsO4, The beam current was ~10nA. The average of
FeCrO, (Liu, 1977; Irifune et al., 1991; Chen et al.compositions of the studied @es was determined
2008). In this work, the conditions of formation andby 8 analyses.
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The structure of newly formed phases was Electronic structure calculations ob = 1/2, 3/2
determined by singlerystal Xray diffraction using and5/2 spin states of the Fe(lll) agua clusters was
a Bruker SMART APEX CCD diffractometer with performed at DFT level theory employing the spin
Rigaku rotating anode (Rotor Flex AR Mo-K U unrestricted B3LYP (Becke, 1988) hybrid functional
radiation) and Osmic focusing-bay ogics at the and ORCA software (Neese, 2012).

Bayerisches Geoinstitut, Germany and Rigaku In the CaAl-O(+Fe) system, the Ca(Fe,/D,

Oxford Diar act i on @ Ge nmiractomet& ophaGeGias syhthesized in expenseat a pressure of

with  graphite monochromated Mg@kKadiation 24 GPa. By singkerystal Xray diffraction was
(&=0.712073 j) at the | ndstérmited that the fstudd phask h&st aacaleiumP hy s
RAS. ferrite structure and Bnmaspace group.

Raman spectra of experimental samples were The compressibility of the Ca(Fe,XD, phase
obtained using an Acton SpectraRg500i was studied using a synchrotron radiation source at
spectrograph with a CCD Pixis2K cooling detectoESRF (Grenoble) up to ~61 GPa. No phase
up to-70C and an Olympus microscope with a 53g&ansformations were detected in this pressure range,
nm monomeric laser at Institute of Experimentddut a spin transition for iron was registered. It was
Mineralogy RAS. also possible to obtain the equation of state for the

Ca(Fe,AlyO, phase (Fig. 2).
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Fig. 2. Equation of state for Ca(Fe, 0, phase.

The stability of different spin states of theffrom 30 to 60 & m. Single crys
iron(lll) atom within distorted Fe@octahedra at low further research.
and high pressure was analyzed by the quantum The Mg(Al,Cr),Os phase has a modified
chemistry methods. In order to simplify calculationdudwigite (mLd) structure Fbam space group),
the new aqua complexes [Fe(®)s** were which was also observed for My ,0s and FeCr,0s
constructed based in FgOctahedra at 2.3 GPa andcompounds (Enomoto et al., 2009). It is possiblé tha
53.9 GPa pressures. The mairaatience betwae this structure is ‘“intermediate”, excluding the
[Fe(H,O)s)*" octahedra at low and high pressurepossibility of a direct transition from a calcium ferrite
consists in the relative change in energpffor the to a calcium titanate structure in a certain pressure
different spin statess=5/2 state of Fe(lll) complex is range. However, this assumption requires further
the most favorable state at low pressures while tletarification.
lowest S=1/2 spin state is more stabl at high The Mg(Cr,AlxO, phase has aafcium titanate
pressures. This confirms the change in the spin stateucture and crystallizes in tii@ncmspace group. It
of Fe (lll) in the studied pressure range. was studied up to 30 GPa in a diamond anvil cell
In experiments at pressures of 18 and 24 GPa, tfi2AC). As a result, it was found that when the
Mg2(Al,Cr),0s and Mg(Cr,Al}O, phases were crystal reaches 126 GPa, the color of the crystal
synthesized. They are green crystals ranging in sigbanges from green to red, which p&sseven with a

46 Institute of Experimental Mineralogy



Mineral equilibria at high PT -parameters

further increase in pressure. This change is not stablgyne, T., Fujino, K., & Ohtani, E. A new higpressure

and when the pressure decreases, the crystal turnsz)ﬂn of MgAl,O,// Nature. 1991. 349 (6308), P. 409
green again. This effect is associated with t = .
contribution of _the_ trigonal component to thg?aa'zé Sr]trjc:(u%a// SI;r'ing/e'r Geglohg;. 2057‘?1';. ;48_0 s Lo
octahedral coordination of (Cr,Al}Oas a result of |, | High pressure NaAISiQ The yrst sili
which the parameter-3/2K changes. Below a ferrite isotype// Geophysical Reseach Letters. 1977.
pressure of 6 GPa, compression is mostly isotropic, 4(5). P. 188186.

but above this value, the trigonal distortion increasé¥ese F. The ORCA program system // Wiley Interdiscip
rapidly with pressure (Sugano et al., 1958). Rev Comput Mol Sci.i72012.

: : Rogge M. P., Caldwell J. H., Ingram R., Green C. E.,
Based on the results of this study, it cae Geselbracht M. J. and Siegrist T. (1998) A New

concluded that in_ the G@\I_-O Sy_Stem’ the Synthetic Route to Pseudirookite Type CaTiO,. J.
Ca(Fe,Al}O, phase is stable in a wide range of gplid State Chend41 338 342.

pressures and temperatures up to lower mantle; angigano S., Tanabe Y., Tsujikawa I. (1958) Absorption
one of the end members of a number of solid spectra of CY in Al,Os. J. Phys. Soc. Japah3, 880
solutions of posspinel phases crystallizing in the  899.

structural type CF; at the same time, in the-Mg

Cr-O system, the nesence of a phase with theKostyuk AV Gorbachev N.S. Nekrasov
structure CT and a phase with the structure mLd EN Soult.ar.{o v D.M Meltin. .(’)f et
observed. The abowdescribed phases are = VL g g

undoubtedly stable under mantle conditions, can lp@aring Carbonatitf at the parameters of the
considered as postspinel phases and as UBPermantle( v = 91540 0 Aw, a)UBG  Gi

concentrators of aluminum and other elemémtthe ©950.4.02

deep layers of the Earth. IEM RAS, Chernogolovka, Moscow district

(nastya@iem.ac.ru, gor@iem.ac.ru)

This  study . was  supported by the. Russia bstract. Melting of garnet-bearing carbonatite fram th
Foundation for Basi @5 RESaar Wi p pradhiafemametaly stk
9009320. This study carried out within the scientificacdry¢ and,, $)4cont ai ning system at
plan of the Laboratory of deep geospheres of the@ooAC, + = &he@xp@iments were carried out on
Lomonosov Moscow state Univetsiand within the an anvil-with-hole apparatus using a multi-ampoule
Research Program of the D.S. Korzhinskii Institut@uenching technique at the IEM RAS. The melting of the
of Experimental Mineralogy Russian Academy Orarbonatlte at 7=95071 4 0 0 R<A4,0 GPa showed that

. he oidsroyl i dus temperature is 11
Sci ence s 1@pH2P0LAT). temperature is >1300ACHO+n the

CG; fluid, the solidus and liquidus temperatures are
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Redetermination of CaM@,. Acta Crystallogr. Sect. course of the Caledonian orogenyl a n § k et a
C Cryst. $ruct. Commun57, 329 330. 2012; Ravna and Roux, 2006)o0 determine the
physicoclemical conditions under which the gamet

Akaogi M., Hamada Y., Suzuki T., Kobayashi M. and
Okada M. (1999) High pressure transitionshia
system MgA$O,-CaAl,O,4: A new hexagonal
aluminous phase with implication for the lower
mantle.Phys. Earth Planet. Inted.15 67 77.
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bearing carbonatite was produced, we studied isattered electrons and with an energy dispersive X

anhydrous melting af = 9501 4 0 0 A ® = 4.0 dray microprobe with an INCA Energy 350 Si(Li)

GPa and its melting in the presence gfOH+ CQ  detector.

fluid at the sam®i T parameters. Results Anhydrous carbonatite melting. The
Experimental and analytical methods The experiments on anhydrous carbonatite mgltivere

experiments were carried out at the IEM RAS on aronducted at 95 300 AC and 4 GPa. The
anvil-with-hole apparatus (NMO) using a multi s ol i dus temperatur e was cl «
ampoule technique with Au, A®d, and Pt capsuless ubs ol i dus assembl age at 950

(Gorbachev, 1990). The starting materials weref carbonate, garnet, clinopyroxene, biotite, and

finely powdered garndiearing carbonatite from accessory apatite, ilmenite, and titanite. The

T r o mendithe source of 4@ + CQ (15 wt %) was carbongée was calcite with approximatelyi & wt %

oxalic aci d.Cfdith3gr at & ke + MgO and with low concentrations of SO

temperature was measured with agf/PH/Rh  Al;O; TiO, N&O, and KO. The garnet was found

thermocouple, and the pressure at high temperatugsslarge (501 00 Om) anhedr al (part|

was calibrated on the quairtoesite equilibrium of the composition pyro grosg almg. The

curve. The temperature éupressure were measuredlinopyroxene developed as tabular grains of

accurate to N1OAC and Nibpsidéthedenbergitee s pect i wampogitiof, Li t v i

1991). The experimental runs lasted farl8 h. (Ca0.7Mg0.5Fe0.3)(Al0.1Na0.1)Si206 The

Polished samples of the experimental products wetel i nopyr oxene grains ranged

studied and analyzed on\EGA TS 5130MMPG 100 Om (at IadHOAC) (Figs.

controlled scanning electron micompe equipped

with YAG-based detectors of secondary and back
% Loy~ ko

L1 100 i10] : TRV T A
00 pm d 100 um

Fig. 1. BSE images of quenched samples after anhydrous carbonatite melting aé’()(®5005@C, (c) 115@C, (d) 1306C.
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Thesupersolidus s soci at i on at compoSithipd: s grass ansss and marginal parts
of quenched carbonatite melt, calcite, garnefGGrt-2) of reation garnet, which are enriched in
clinopyroxene, biotite, and accessory apatitdlgO and CaO and have the compositipyrasi
ilmenite, and rutile (Figlc). The large (up to 100 grosyl almys. When quenched, the carbonatite melt
Om) grains of proddced n @ pnixture xo& merolites of variable
(Ca0.8Mg0.5Fe0.3)(Al0.1Na0.1)Si20énd equally composition, from carbonditsilicate to silicaté
large garnet grains were hosted in a carbonate matciarbonate.
(Lep) with numerous small grains of accessory Melting of Carbonatite in the Presence of HO
minerals and silicate phasedt,(Cpx Ap, andlim). + CO, Fluid. When garnebearing carbonatite was
The fact that the carbonate matrix contains notahheelted in the presence of,® + CQ fluid, the
concentrations of major oxides (more than 7 wt %olidus temperature was¢ 9 50 AC. The ca
FeO+ MgO and up to 5% SiO+ Al,O; + TiO, +  melt coexisted with calcite, garnet, clinopyroxene,
Na,O + K;O) provides evidence of carbonatite meltapatite, and biotite. The sample was poorly
The garnet was zoned: the core had a compositione me nt e d . Some | arge (up
identical to that of the subsolidus garnelyrsl of the composition pyrig grosg almsy were
grosyi almso, and the margins were richer in 5O surrounded by aggregates of small needles, crystals,
CaO, and MgO rd had the compositiopyr, and poorly preserved grains 6px, Bt, Cal, andAp
grosyol almyo. ) (Fig. 2a).

At 1300AC, the zoned garnet coexisted with th
carbonatite matrix. Figuréd displays a clearly seen
garnet core (Grt-1), FeQenriched parts of the

B B

GO ) 0 O e ol O |

B | [ [ ||
100 um

Fig. 2. BSE images of quenched samples after carbonatite melting in the presef®-ofCO, fluid at (a) 95@C, (b) 105@C, (c)
11504C, (d) 1406@C.
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A temperature increase to 108Dwas associated liquids (L, andL,) with the crystallization of graphite
with an increase in the proportion of carbonatitat 1400%C (Fig.2d). The chemical compositions bf
melt, and the products contained calcite, garnet, aadd L, recalculated to 100 wt % are only
biotite but no clinopyroxene (Fig@b). The quenched insignificantly different. The differences in the
carbonatite melt (mixture of carbonate microlitesgoncentrations of major oxides do not exceed Wt
filled the space between fragnte of garnet grains %.

(pyrisi grossi almgs) and  long columnar  biotite Comparative  analysis of the chemical
crystals. composition of the garnet before and after the

At temperatures of 11502504C, the carbonatite experiments shows that the cores of the experimental
melt (Lcpsi) coexisted with zoned garnet, whosearnet(Grt-1) correspond to the relictagnet Grty)
reaction rims Grt-2) are poorer than the garnet cores f t he Tr omgabl).cTae @aO,nFa@,i t e (
(Grt-1) in FeO andvnO and richer in MgO, CaO, MgO, and TiQ concentrations are identical, in
and TiQ (Fig. 2¢). The liquidus temperature wascontrast to the marginal reaction zo@@aOand FeO
1250C. concentrations in the reaction rims of the

A temperature increase led to the dissolution @xperimental garnet Grt-2) and the second
the silicate phases, which saturate the carbonatijeneration garnetGt,) are similar, and théMgO
melt. In the underliquidus (atT © 1 A&) Ghe andTiO, concentrations are one order of magnitude
sample consists of a ¢amaté silicate matrix, which lower in the experimental samples.
exsolved into immiscible carbonate and silicate

Tabl. 1. Chemical composition of garnet in carbonatite Tromce and in experiments| e ( IGP&0 Ay , 4

[Sio, [TiO, [AL,O; [FEO [ MnO [MgO [CaO [NaO [K,O [P,Os | CrO; [ u Iz d3ck
Garnet in carbonatite

Grt; | 37.77 | 0.13 | 21.00 | 23.00 0.32 | 5.92 10.67 | 0.22 g/ 14/ 4/ &g 99.03
Grt, | 36.30 | 0.18 | 23.09 | 9.31 0.07 ]0.82 18.78 | 0.11 "§/10.09 | 0.07 89.45
Experi ment al arnet in Adryo syst

Grt-1 | 36.88 | 0.19 20.08 | 2453 0.89 | 4.15 10.76 | 0.08 0.01 | 0.07 | 0.00 97.63
Grt-2 | 37.91 | 1.00 21.03 | 14.80 0.42 | 6.50 16.09 | 0.04 0.02 | 0.03 | 0.16 97.98
Experimental garnet in system withO+CO,fluid

Grt-1 | 37.16 | 1.52 | 19.49 | 20.41 0.76 | 4.92 13.50 | 0.09 0.05 | 0.16 | 0.06 97.91
Grt-2 | 37.16 | 3.27 | 19.49 | 12.43 0.49 |6.80 18.46 | 0.16 0.08 | 0.75 | 0.09 97.46

Note: Grt;- relicts garnetGrt, i second generation of garnet in carbonati®@s$:1 7 core,Grt-21 rim of experimental
garnet.

Conclusions The melting of the garndtearing marginal parts are characterized by highlgyO and
carbonatite has demonstrated that the anhydrcTiO, concentrations than in the naturally occurring
solidus temperature is 118D, and the liquidus seconegeneration reaction garneGit,). No such
temperature is >13@C. The subsolidus mineral efficient LREE enrichment in garnet was detected in
assemblage at 9601504C consists o€alcite, garnet, the experiment.
clinopyroxene, biotite, and accessory minerals. The
zoning of the garnet indicates that it interacted with References

the carbonatite melt. In the anhydrous system, trI]_ﬁvin Yu.A. (1991) Physicochemical studies of the

association carbonatite miediarnet, which is typical melting of deefseated matter of the EarM. .:
of the naturally occurringarbonatite, was formed Science312 s.

within the temperature range of 113@00C. In the Broska, I., Ravna, E. J. K., Vojtko, P., Janak, M.,

experiments withH,O + CO, fluid, the solidus Konecny, P.Pentrak, M., Bacik, P., Luptakova, J. &
temperat ur eA, vaads the O By6idus Kullerud, K. (2014) Oriented inclusions in apatite in a
temperatur eﬁ’(:, \WThes ass€ribtds of postUHP fluid-mediae d r egi me ( Troms B Nap

. . o : Norway) //Europ J. Mineralogy. 26, 62834.
carbonatite melt with garnet, which is typicdltbe 5, chev N s. (1990) Fluichagma. interaan in

TromsfB carbonatite, wa's gylfifleskilitatt Yy&hsHinterMGedl Reviel. 32 (8)N €
temperature range of 956D250C. 749831.
Our results show that the zoned garnet of thhkang§8k M., Ravna E.J. K., Kulleru

experimental samples is similar in composition to the Ppeak PT conditions in UHP eclogites: Calculated

garnet of first through third generations in the natural phlaset eq“'“b“?‘ In Ty?}”'t@”‘%pheng'tgega””% N

carbonatite. Thecores of the experimental garnet eclogt € 0 © rom appe., or
. . . Metamorphic Geb 30, 377 396.

grains are relics of the natural gar(@tt,), and their
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Ravna E.J.K., Kulle_rud K., Ellingsen E. (2006) _Prograde physicochemical expenental data allow to
gametbearing ultramafi c r orgdesrchérs ®oMcohababolf Md &distence of a
Nappe, nathern Scandinavian Caledonidesithos. certain mechanism of eclogite genesis, when

92, 336 356. . o :
Ravna E.J.K.. Roux M.R.M. (2006) Metamorphic minerals of peridotite and eclogite parageneses were

evolution afethegiTRasvT Kemedesequgniiglly as a result of ultrabasasic

Evidence for a new UHPM provinde the evolution of parental melts with aansition from
Scandinavian Caledonidediitern Geol Review48, peridotite to eclogite rocks. Generalization of
8611 881. analytical data on the chemical and phase

compositions of rocforming minerals of the upper

Kuzyura A.V., Litvin Y.A. Peritectic reaction mhantlr(]a ant()j Iparagemp 'TCIUS'CI’.nS in diamonds shows
f olivine in the system olivingjadeite- that they belong fo aingle multicomponent system

ot o < complex olivine- garnet- clinopyroxene- corundum

d|0pS|de_~garnet Nlé-_i 1) as a clue _pesite (Litvin, 1991)

mechanismof ultrabasic to basic evolution of

the upper mantle magmatism (experiment at

6.0GPa). UDC 552.11

FeO+Fe,0,+TiO,

Korzhinskii Institute of Experimental Mineralogy RAS
(shushkanova@iem.ac.ru, litvin@iem.ac.ru)

Abstract. Experimental researches at 6.0 GPa and 1200
1 6 50 & phase relations at melting of systems Oli Jdi Di-
Grt and OIi Jdi Di-Grti () -] -y ) were carried out with using
of polythermal sections Ol-Omph and Olgs(C-O-H)si
Omphgs(C-O-H)s. A peritectic reaction of olivine and a melt

enriched in Jd-component with a format ion of garnet was MgO 20 40 it 04,60 80 ALO,

found out. Fractional magmatic evolution occurs at

ultrabasic to basic compositions, it is controlled by a set: Fig. 1. Petrochemical diagram faritrabasic and basimcks of
cotectic L+Ol+Cpx+Grt Y peritectic Ol+Jd-L with a the upper mantle xenoliths in kimberlites according to the data of
formation of a garnet Grt Y cotectic L+Omph+Grt. Marakushev (1984). M@l rocks (white symbd): circles -
Peritectic L+Ol+Cpx/Omph+Grt i s | i k ehefieal p WNEY qunjtes and peridotites; trianglegarnet pyroxenites;

bridgeod providing a transf or 435 PHnIngral &glogitgs and Kgplggites. . Feli, boekgy 4 s
to basic ones, from peridotite/pyroxenite rocks to eclogite (t,’laCk symbols): _C|_rcles-_ phlogoplt_ellmenlte perldotl_es;
ones.GO-H-f | ui ds dondét change ph (Iin%ng_lesr- ghiogopiteilipgnite pyrpxenites; squares aratile
ultrabasic-basic system OFJd-Di-Grt-(j -|, -y ), lowering eclogites.

sqli(_jus and quuid_u_s temperatur_e on_120 an_d ~60-8 Q) _/Sand Cpx(Omph)

raising a composition of the peritectic reaction concerning
Mg- Y Fe-components on ~10 wt. %.

Keywords: eclogite; peridotite; fractional crystallization;
ultrabasic to basic evolution; peritectic reaction; olivine
garnetization; C-O-H-fluid.

Mineralogical and petrological studies of
xenoliths in kimberlites indicate physicochemically Coe
unified processes of formation of peridotite
pyroxeniteeclogite series of magmatic rocks of the
garnetperidotite facies of the upper mantl€hus,
petrochemical trends of increag concentrations of
Ca and Fe components in garnets, Fe and Na in
cllnopyrqxenes _and omphacites (SQbOIeV’ 1974), . 2. Generalizing diagrarnomplex of compositions. It
and Al- in coexiding garnets and clinopyroxenes Ofconsists of ultrabasic simplexes: (A) peridofigoxenitic O
both olvine-normative garnet peridotites and garnetSpxCpx (Omph)Grt; (B) OkCrn-eclogitic OFCpx (Omph)Grt-
and omphacites of silicanormative eclogites Crn and basic simplixes: (C) GKy-eclogitic Crn-Cpx(Omphj
(MacGregor, Carter, 1970)1 as well as Al and- e Grt-Ky, (D_) _Ky-CoeecIogltlc Ky-Cpx(Omph)Grt-Coe, (E) Coe

. . . Opx-eclogitic CoeCpx(Omph)Grt-Opx
peridotte and eclogite rocks (fig. lylemonstrate

Continuous, (W|th0ut jump$ transitions between The diagrarmomplex of Compositions of the
peridotitepyroxenite and eclogite rockdAoreovet ypper mantle garngteridotite facies (Fig. 2, Litvin
the compositions of minerals in diamef@ming et al., 2016) makes it possible to study W#sicto-
rocks show an increamy content 6 Cr in peridotite  pasic petrological and mineralogical objects of the

garnets and jadeite component in eclogite ypper mantle within a single physicochemical
clinopyroxenes. A large volume of mineralogical andystem.
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Analysis ofequilibrium structure of the liqguidus magmatic system QGI(Di / Cpx) - (Jd / Omph) Grt
of Ol - Cpx i Crni Coe system (Litvin et al., 2019) in its polythermal section GI Omph (= DizgJds,)
reveals the existence of temperaturexima in the (Litvin et al., 2019).Secondary metastable phases,
Opx 1 Cpx(Omph)i Grt systemcorrespondinghe which were formed during the quenching
nfecl ogite t her mal bthat rsolidification ¢f QheHsameamelts ALY e hquidus
separates ltrabasic and basic compositionsphases, werestimdedcritically.
Therefore, ultrbasc-to-basic evolution is impossible  The reaction of components of olivine and
at  equilibrium  conditions But factional jadeitecontaining melis detectedwith a formation
crystalization of garnet lherzolite material of theof garnet and its liquidus field Grt + Lat
upper mantlegives aphysicochemical possibility of t e mper at ures not | ower than
such a paragenetic peridotiéelogite transitionit is contentsof Ol from ~ 40 to ~ 50 wt%, (Fig. 3).
effective in the interior of the Earth As liquidus There is a quasnvariant peritectic point Ol + (Cpx /
silicate phases crystallize, residual melts an@mph) + Grt + Lat tempeature increasingl1380 -
continuous solid s ckcotes dd20(Bp&zOMPhH content of Ol
enriched in the jadeite component, and the overall At the point, after complete reactionary
composition of the system changes from olivinedi sappear ance of ganketizatidnne con
saturated rocks to siliesaturated ones. ofolivined), a regressive mon
The study of the mechanisms of ultrabdsisic + Grt + L appears.
evolution of mantle sysins is carried out in a Experimental studes of phase equilibria with
physicochemical experiment using methods ofolatile components is necessary to solve problems
physical chemistry of multicomponent multiphaseelated to processes of melting and distribution of
systems (Rhines, 1956; Palatnik and Landau, 1961)substancén the Earth's mantle. Thallows studying
Experimental studies at high pressure of phaseeir influence on the phase relationships in mantle
equilibria of the multicomponent peridatt rocks at high pressure. lIthis regard, the phase
pyroxenite system olivine Ol orthopyroxene Opx relations during melting of the system olivine
clinopyroxene Cpx- garnet Grt showed that Opxjadeite- diopside- garnet- volatile (¢-{ - ) wer e
di sappears in peritect istadied émaa fphysicache@ipak experiment ¥t aCp x
(Litvin, 1991). As a result, it was found that thepressure of 6 GPa (conditions of the upper mantle)
invariant peritectic association Ol + Opx + Cpx + Grand temperatures of 12006 5C0 Fhestudies were
+ L of the ultrabasic system is transformed into earried outwithin polythermal section @(C-O-H)s-
monovariant cotectic association Ol + Cpx + Grt + LOmphys(C-O-H)s.
Experimental studies at pressures above 4.5 GPa SEM photos of the samples (Fig. 4) indicate the
revealed the reaction of olivine and jadeite with thefficiency of the peritectic reactionwith Ol
formation of garnet (Gasparik and Litvin, 1997). disapparingi n t he system (point Al
Theaim of this workis determination ophysice the boundary ternary sygsn Ol- Jd - Cpx- (C-O-H)
chemical mechanisms of fractional uliesic-to- (Fig. 5)) as a result ofthe reaction Thus,
basic magmatic evolution of materialf garnet monovariant cotectic L + Ol + Cpx / Omph + Grt of
peridotite facies with a transition from olivine ultrabasc-basic systersimplex Ol- Jd- Cpx - Grt -
containing peridotitgoyroxenite  compositions to (C-O-H) in the liquidus structurérig. 6) serves as a
silica-saturatedeclogitegrospidite compositions in kind of "physicochemical bridge" providing
both,a dry system andtfluid presence. evolutionary transition from ultizasc to basc
Experimental studies of phase relations wenmmagmas in the upper mantle.
carried out at 6 GPa during mel ting of Adryo

r°C
6.0 GPa
Ol+L
1700} L _ i _ _ _
Fig. 3. Diagram of phase relations during melting
- o318 ultrabasiebasic system Q@Di-Jd in its polythermal sectior
OHFGIEL s Ol-Omph
3175.31.67 3185 '313&:673
1500k » 7 3180
.3166 #3165
Ol+Cpx+Grt+L F Omph+L]
1400 3iBe k. -
1Omph+Grt+L
1300t Ol+Cpx+Grt e g
, Omph+Grt
0O 20 40 60 80 100
Ol (=Fo,Fa,,) wt.%  Omph(= Di,Jd,,)

52 Institute of Experimental Mineralogy



Mineral equilibria at high PT -parameters

! . i1 - RN
SEM MAG: T16x% View field: 444.18 um L iew field: 190.77 um
HV: 200KV DET: BSE Detector 200 um Vaga ETescan HV: 200 kY DET: BSE Detector 50 um Vaga ETescan

Varlamoy DATE: 1112719 REMA Group IEM RAS Varlamoy DATE: 0B14/M9 REMA Group [EM RAS
Fig.4.Experi ment al sampl es p aulttabasid dsspciatior L + ©ld- Cpxt/ Oneph 6Grawith quening
phases of melt L* (s amp-lbasicBie@lassocatioraP+aOmphl+3cat @ith gyenching mait)L* (sample
3223, 6 GPa, 1290Awu) .
T.°C
6.0 GP4
1700}
L+0OlI ‘.\“*-‘5235 Orgﬁ(.-o-H)S
1600} E
34 L
1500]
L+OI+Grt
1400 |
[t e orre T e e
*N““[“-r-o. 3230
Mok +, ;
12001 35;‘-53&‘\5: TS
Ol +(Cpx-Omph)+Grt+ ™\ gmph+Grt+ %
1100} Carb*+H,O % Carb*+H,0 "
N e L-,I'-?bpx»Omph) +L
1000p 1 1 1 L L 1 i 1 ; ci 45
0 20 40 60 80 100 -0O-H oWt i (C-O-
. Jd,(C-O-H), Omph,(C-0-H), Di,,(C-O-H),
OIl,(C-O-H), wt % Omph,(C-O-H},

Fig. 5. Phase relations at meltingthin polythermal section @(C-O-H)s - Omphys(C-O-H)so f t h e -hasictsysterh @lsdi fi)
Dii Grt- (C-O-H) at 6.0 GPa.

Fig. 6. Liquidus structure of the ultrabagbasic system Ol Jd- Di - Grt - (C-O-H) with reactional GrtA participation of fuids in
composition ofthe Ol 7 Jd - Di - Grt - (COH) systemleads to quantitative topological chang#sthe parameters of its liquidus
structure- a decrease in the temperatures of the solidus and liquidus boundagestivety, by 120 and ~ 68 0CAas well as a shift
of the composition of the peritectic reactions of olivine vifttreasingconcentrations of olivine Mgand Fecomponents by ~ 10 wt
%.

Phase reactionatpr es en¢gq o/fo b atheiultrabagsi-basic system olivine jadeitediopside
are characterized by me t a s o ma ti igarnet- velatile (C-O-H) at 6 GPa, the peritectic
carbonatization of sfi |iireaatior®foliviaeremainsdf gasmoduniniportance o f
formed completely miscible silicatearbonate melts. It is the main element of the liquidus structure of
At the same tirg, the influence of ©-H-fluid (atits magmatic siliatefluid and diamoneorming
content of 5 wt% with equimolecular amounts osilicatecarbonatecarbonfluid systems. Thealue of
H,0 and CQ) on compositio and temperature of thethis reactionis in its control of final stages of
quastinvariant peritectic reaction of olivine andultrabasieto-basic evolution of magmatic and
jadeitecontaining melt with formation of garnet wasdiamondforming melts of the upper mantle.
found.

Since theused concentrationof (C-O-H)-fluid The work was carried ouat financial supporbf
components do not introduce radical qualitativehemeof research planf the IEM RAS AAAA-A18-
changes in the phase abns during the melting of 11802059014¢
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Abstract. The reaction 8En + Di + [1/2K ,0 + 1/2Na,O +
H,O] = K-Rct + 2Fo was studied experimentally the
presence of a K,;CO;-Na,C;-CO,-H,0 fluid a temperature
of 1000AC and a pressure of
formation was possible at a weight ratio (K,CO; + Na,CQ)
/ (CO, + H,0) = 3/7, at Na ,CG;/K,CO; = 50/50 and 70/30.
In a situation where potassium dominates over sodium,
amphibole is formed only at (K,CO; + Na,CG;) / (CO»-H,0)
=10/90. Amphibole becomes unstable with an increase in
the content of alkaline components in the fluid, a large
amount of alkaline melt is present in the system. The
regularities obtained in the work reproduce well the
features of mineral associations and variations in
component compositions in the upper mantle peridotites.

such as garnet and spinel. A further increase in the
activity of alkaline components in the fluid leads to
the decomposition of pyroxenes and the formation of
K-richterite (Aoki, 1975; Erlank et al., 1986), a
specific lowalumina alkaline amphibole ah is
stable over a wide range of temperatures and
pressures (TrBnnes, 2002) .
during the reaction

8En + Di + [1/2K0 +1/2Na0 + H,0] =
= K-Rct + 2Fo (2)

with the participation of aqueotarbonic fluids
containing salt components. We carried out an
experimental study in the enstatd®pside system in
the presence of the ,RO;-Na,CO;-CO,-H,0O fluid,

at a temperature of 1000 A C

3 series of experiments were carried out, differing in
the ratio of NaCO; and K,CO; by weight: |- 50:50;

Il - 70:30, Ill- 30:70 and the total content of alkaline
components to the #-CO, fluid. The work was
carried out at the Institute of Experimental
Mineralogy, IEM RAS, using a highbressure anvil
with a hole NL:-40.

In the first series of experiments, the formation of
amphibole was found to be possible when the ratio
(K,COs + NaCOs) / (H,O + CQ) = 30/70 by weight.
Along with the newly formed amphibole, ailhe, a
by-product of reaction (1), is present among the
experimental products. An increase in the activity of
alkalis in the fluid leads to a decrease in the tremolite
gompenent inramPhikglg, Whighyis @ccompanied by a
change in the calcium content of boplyroxenes
(Fig. 1 a). The amphibole composition shifts towards
K-richterite. The high activity of alkaline
components in the fluid leads to the retention of
clinopyroxene mainly in the form of inclusions in
olivine.

In the second, sodium series of expenms
(Na,CO; / K,CO; = 70/30), amphibole is also formed
at the ratio (KCO; + NaCGQ;) / (H,O + CQ) =
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30/70 by weight (Fig. 2 a). Its appearance, similar to At K,CO; / NaCO; = 70/30, the formation of
the first series, is accompanied by a change in thenphibole turned out to be possible only when the
calcium content of both pyroxenes, as well hs t ratio (K,CO; + N&CGQ;) / (CO,-H,0) = 10/90. With
formation of olivine. The composition of amphibolean increase in the alkalinity of the fluid, amphibole
shifts towards richterite, which is accompanied by amccurs exclusively in the form of needles up to 2
increase in its calcium content and a decrease in tmécronin size, vhich characterizes it as a quenching
amount of potassium (Fig. 1b) with an increase iphase (Fig. 2b). The instability of-Kchterite can be
alkaline components in the fluid. At highrdents of caused by the complicated entry of a large potassium
alkaline components, @g€0O; + NaCQO;) = 60/40, ion into the amphibole structure. Among the
amphibole is unstable, its place is taken &y experimental products, the association of pyroxenes
alkaline melt. The composition of the only largewith olivine is stable.

guenched grain of amphibole found under these

conditions is shown in the graph (Fig. 2b).

a) 140 ) Ca b) 140 i N 7
£ :
1.20 l é i i 1.20 i i i %
"'E..LOO Na g ° EI.OO Na Ca
; 0.80 Amp 8 8 E ; 0.80 Amp
< 0.60 is not formed < 0.60 is not formed 8
z § K < 8 g
= <
O 0.40 S 0.40 .
0.20 0.20
0.00 0.00
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Na,CO; + K,CO, in wt.% Na,CO, + K,CO; in wt.%

Fig. 1. Amphibole composition depending on the content of0® + K,CO; in the fluid: a) in the first series of experimentsQ;
/ N&CO; = 50/50); b) in the second series IL,E0;/ NaCO; = 30/70).

N

Fig. 2.Images of experimental samples in reflected electrons with the ra@Dg Na,COs) / (H,O + CGy) = 40/60 in the fluid: a) a
sample from the |l series of experiments, b) a sample from the Ill series. Dark prismatic inclusions in amphibole arexertaopy
light inclusions in olivine and amphibole are clinopyroxene.

Extreme contents of 0 and NaO in the fluid richterite in the experiment, indirectly determines its
lead to the generation of an alkaline melt rather thaiare occurrence in natural xenoliths. The obtained
amphibole. The most favorable environment for theegularites reproduce well the features of mineral
formation of K-richterite was the situation in whichassociations and variations in the component
K,O coexists in the fluid with N® in equal compositions in the upper mantle peridotites. The
proportions. The complexity of the formation of K study of such changes is important for assessing the
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activity of alkaline components in the fluid andTomilenko etal., 2018) hydrocarbonserefound in

pressure during adal mantle metasomatism.
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w. This mrédea swnmarizes the data of our
experiments performed in the mudtnvil apparatus
BARS at pressures of 558 GR and temperatures

"0 1DOCA 4%M0IA € € CQMPOSh BT N rod ¢
we used natural graphite (99.99% , Cyvhich
contained 53 ppm Fe, 9 ppm Mo, and trace quantities
of other elements according to IQFS data(Sokol
etal.,2019 . The graphi tadorava s
least 30 days.An amorphous carbort*C (99%,

Sokol I.A.} Formation of organic molecules at Cambridge Isotope Laboratorjdac.) used irseveral

high pressures and
experimental constraintsUDC 552.112

1IGM SB RAS, Russian Federation, Novosibirsk, 2NIOCH
SB RAS, Russian Federation, Novosibirsk, °BIC SB RAS ,
Russian Federation, Novosibirsk, (sokola@igm.nsc.ru,
ihatealc@gmail.com, omironenko@catalysis.ru,

temperatures: experiments was annealed at 1@0@r 10 hours in

the flow of helium. Synthetic diamond (AGRD/14,
14-20 microns) was annealed in air for 1 hour at
700AC. The
diametercapsules made of Pt or Au

In the secod series of experiments, mixtures of

zaikin@nioch.nsc.ru) Corresponding author: sokola@igm.nsc.r@raphite with Fe, Ni, or € were used (all reagents

Abstract. Experiments at high pressures and
temperatures make it possible to reproduce the processes
that determine the formation of organic molecules under
the conditions of the Earth's mantle. In a first
approximation, we reconstructed the chemical processes
associated with the formation of hydrocarbons at P-T-/O,
parameters close to the conditions in the mantles of
terrestrial planets. The available data unambiguously
confirm the formation of hydrocarbons by hydrogenation of
various carbon sources under conditions with low oxygen
fugacity. Carbonates, carbon dioxide, elemental carbon in
the form of diamond, graphite or amorphous carbon, and
finally metal carbides can act as sources for the formation
of hydrocarbons. Under low 7O, and high M, conditions,
the formation of light linear alkanes predominates. With an
increase in fO,, the condensation of light alkanes into
heavier ones begins. The presence d metal oxides
stimulates isomerization and dehydrocyclization, leading to
the formation of branched alkanes and arenes. In nitrogen -
bearing systems, methanimine is formed, an aza-analog of
formaldehyde, which can participate in the formation of
amino acids, alternatively to the formaldehyde pathway.

Keywords: mantle; subduction; fluid; hydrocarbons; water;
carbon dioxides

Recently, there has been a significant increase

reconstructiorof the role of
in mantle mineral foing

interest in the
hydrocarbon fluid

processesThis is because in a number of work
including in the works of N.V. Sobolev with €o

authors (Sobolev et al., 2018, 2019a2019b;

S

of >99.99% purity). Iron and nickel powders {30
microns) were preleaned by annealing in hydrogen
flow for 1
6.3 GPa and 40 0 AC. -p@a sammes were
placed in A}O; containers, and carbaith samples

in graphite containers. The containers then were
placed in Pt or Au capsules with a diameter of 2 mm.
All capsules were hermetically sealed with high
frequency pulse arc Wwding using PUK4U
apparatus (Lampert Werktechnik GmbH, Germany).
It is important to note that organic substances were
not used in our experiments.

Two-capsules technique was used to control
hydrogen fugacityf,) in the samples. In the outer
thick-walled capsules made of Fe or Mo talc was
placed as a water source. A reaction of water with Fe
or Mo provided hydrogen generation at the level of
IW+H,O (iron i iron (II) oxide) or MMO+HO
(molybdenuni molybdenum (1V) oxide) buffers.

The analysis of quenchetlids was performed
by gas chromatography/masgectrometry method
using Thermo Scientific Focus GS/DSQ Il Series
ingle quadrupole MS instrument (IGM SB RAS).
For special tasks (determining the molecular formula
of fluid components) a higlesolution mass
spectroscopy Thermo Fisher Scientific Double
Focusing System (DFS), (NIOC SB RAS) was used.

56

Institute of Experimental Mineralogy

h 4£ was synthesifed at A C .

starting2mmuateri al

F


mailto:ihatealc@gmail.com
mailto:zaikin@nioch.nsc.ru

Mineral equilibria at high PT -parameters

6E+08 - E';cga:e Propane 10 h
fl i “C,H, Butane
Meth “CH
?: AE+08 g ane 4t ho
£ CH,
c il Isobutane I
pu 5C H sopentane Parifane
= | My Hexane
= 2E+08 ‘3C5H12 ﬁcsHu ﬂcaH“

0 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15
Retention time, min

Figure 1. Fragment ofotal ionchromatogram (TIC) of quenched fluid obtained in ehd0r experiment.
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Figure 2. The compositions of quenched fluids from experiments with graphitedmpules at 140@ )
Figure 3. The nitrogen conterdf quenched fluids from experiments with graphite in Pt ampules at@400

In the first serieswe performedthe experiments dominate in fluids generated in Pt capsulei220
to investigate the interaction ofC amorphous 1400(L. The methane to ethane rai@H,/C,Hgs>1
carbon with fluid at 6.3 GPa and 12D and was observed in all experiments carried outAin
controlledfH,. For the first time anisotopicallypure capsules al 2 GCOWik propose that Pt can catalyze
alkanes were obtained in the experiments. Théhe methane dimerization on the heatadsule walls
presence of C-alkanes (Fig. 1) proves the at high methane partial pressure in the sample. The
possibility of direct synthesisof hydrocarbons from kineticsof hydrocarbongormationby the graphiteor
inorganic starting materials and excludes even locdlamond hydrogenation was investigated by the
contamination of the samples by organtéC method of dilution of atmospheric nitrogen trapped
substancesAfter the first experimentperformedat during the capsule assembly.the hydrogenationof
2GPaand room temperatureonly small amounts of graphite at 1200 and 1 4 0 @ anlavalanchdike
adsorbed gases were extracted from angpubdter increase of quantities of light alkanes with an
the secondexperimentof 1 min duration conducted increase in the duration of the experiment was
at 6.3 GPaand 1200 we detected a desorption ofobserved. A increase in pressure was found to lead
CO, and HO and start of synthesis of hydrocarbonsoth to an increase in the absolute yield of H@d
After thethird experimenbf 10 hoursduration at the to chain elongation of HC productat the same
same PT parameters large quantities ‘9€-alkanes time, the rate of hydrocarbonsproduction in the
and isealkanes were formed along with significanhydrogenation of diamonds was much slower than in
amount of water generated possibly by the,C@@xperiments with the hydrogenation of graphite.
reduction (Fig. 1). Experimentswith addedH,O or H,'*0O demonstrated

Figure 2 demonstratethe compositionsof fluids that water does not participate in the generation of
obtained by graphite hydrogenation at 6.3 GPa ahgdrocarbons at the experimental P-T-fH,
12001 4 0 OC. Light alkanes (C,>C,>C;>C,) parameters.
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oxidized nitrogerrich fluids, while NH; is stable in

Oxidized lithosphere - 2 strictly reducedfluids, at redox conditions of IW
100 1 _ W45 buffer. At the same time, methanimine (N, an
Metasomatic - 4
vein network 125, aza analog of formaldehyde, was detected for the
. « 2 L 6 first time using GEMS and highresolution mass
Y Lbvel of HCs oxidation g spectoscopy in a nitrogepoor GO-H-N fluid
B B Sy 8 obtained at 6.3 GPa and 160200 and highfH,
| * ¢-C.alkanes>H,0 - . (Sokol et al., 2019b). The experimentatigtected
300 { . ‘ . 8 10 . :
AFe%+2H.0+CO —-4Fe0+c:|-|.(/° mass of a molecular ion (M + m/ z: 29.0250) is close
'/\/\D\/;m’—/ S 12 to the calculated one (M + m/ z: 29.0260).
400 { 10" %vear CO; 1 g ; , The paper summaes the experimental data
: _ A important for the reconstruction of hydrocarbon
| : ° formation processes in the mantle (Fig. 4). The
Depth, km P, GPa

react ip-containing subduction fluids with a
Figure 4. The model of the formation of hydrocarbondy metal'sfaturated mantle provides §uﬁICI§fUt2 for the
the interaction of subductedfluids with metaicontaining formation of hydrocarbonsGraphite, diamond and
mantle iron carbide, which are required for the synthesis of
hydrocarbons, can be generated by the interaction of
The formation of hydrocarborisy the interaction native iron with carbonates or GHydrogenation of
of fluid with iron and iro_.n carbidevas investigated at graphite’ diamond and iron carbide can provide the
6.3 GRaand 10061400LL. In the experiments ohé  synthesis of hydrocarips at mantle A parameters.
second series, it is established that the reactionsoh e r ati o of .t he ,sffdoctetht s of
iron or iron carbide with water fluid providéH, into the mantle, as well as metallic Fe in the slab
necessary and sufficient for the synthesis @hantle interaction zones, could determine the scale
hydrocarbons at mantle-T parametersAt 6.3 GPa and duration of the generation of hydrocarbons by
and 1200l the CH4/C;Hs ratio in quenchedluids  this mechanismApparenty, it could function for a
decreases witlthe increasein carbon concentration relatively short time, immediately after the beginning
andthe decrease in iron content in the systéihithe  of the subduction of the oceanic crust to the mantle
same time, the total amount of fluidimereasng. depths. The data obtained allowed us to formulate the
Currently the processes of hydrocarborfollowing conclusionsReactions of fluid with phases
formation are also being actively studied usingimulating tfe composition of native iron and carbon
diamond anvils including the works of V. sources (graphite, amorphous carbon, diamond, etc.)
Kucherov's grouggKucherov et al., 2020, Serovaiskiiunder PT-fH, conditions of the reduced mantle can
and Kucherov,2021) Comparison of the methodsprovide the generation of complex hydrocarbon
used in various higpressureapparatuseshows that systems, mainly consisting of light alkanes. The
each of the approaches has its own strengths agshcentration of arbon and metallic iron in model
weaknesses.In particular, the experimesitin systems significantly affects the composition of the
diamond anvils allowin situ analysis of the fluid resulting alkanes. Conditions favorable for the
composition, but theresino possibility to buffefH,.  formation of hydrocarbons exist in zones in which
The formation of a small amount of fluid makes iH,0-, CO,-beaing subduction fluids interact with
difficult to analyze its composition by traditionalthe metaisaturatedmantle. Methane imine (GN)

analytical methods, suchas chromatographic may be an important component of nitrogesor
methods. The main drawback of the experiments fantle fluids.

cells of multranvil apparats is the necessity to

quench the fluid before its analystdeneralization of Work is done on state assignment of IGM SB
the datecollectedin our experiments shows that highgas The authors are grateful to A.A. Tomilenko

fH, promotes the synthesis of light linearr o Bylpak and A.A. Nefedov for cooperation.
hydrocarbons €Cs at mantle PT parameters. In

diamond anvils, due to the diffiem of hydrogen References

outside the sample, with an increase fi, a . _

condensation of light alkanes into heavier ones &Mith E.M., Shiey S.B., Nestola F,, Bullock E.S., Wang
observed. The presence of metal oxides stimulates J- Richardson S.H. and Wang W. Large gem

) S o . di amonds from metallic |1 ui d
isomerization and dehydrocyclization, leading to the ;; gciencei 20167 Vol. 354 7 P.1403 1405 q

formation of branched alkanes and asene Sobolev N.V., Logvinova A.M., Tomilenko A.A., Wirth R

In connection with the development of a deep et al Mineral andluid inclusions in diamonds from
nitrogen cycle, it becomesnportantto study the the Urals placers, Russia: Evidence for solid
stability of nitrogerbearingcomponents of mantle ~ molecular N and hydrocarbons in fluid inclusiois
fluids. As shown earlier in our work (Sokol et al., (13;79‘;“1';“' Cosmochim. Acta 2019ai Vol. 266.7 P.
2017h), at mantle ¥ parameters, Nis stable in 1es.
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Sobolev N.V., Tomil enko A bmnogeieBte | dbsa kred&finéd. ,as L’B@O,n o v a
A.M. Composition of hydrocarbons in diamonds, (Cemp?2r ek013) @m tha basis of bond
garnet, and olivine from diamondiferous peridotites \5jence calculations carried out using a structural

from the Udachnaya pipe in Yakutia, Ruséia e . ) .
Engineeringi 2019b7 Vol. 5.1 P.471 478 model of brunogeierite obtained with singleystal

Sokol A.G., Tomilenko A. AXjaygiffracgiongata (elghetal@0ly yanov a
G.A. et al.Carbon ad Nitrogen Speciation in {poor The geochemical similarity of S”'Con with
C-O-H-N Fluids at 6.3 GPa and 11004 0 0/Ad germanium makes it possible to use germanium
Rep.i 2017ai Vol. 7.7 P.1-19. analogs of silicate minerals as highessure models

> 0'Il'(Ao IPal Qn.o (;G A Cngoln gng rrll'trcc’)gen s;éc'l;lt'lo for §—ttﬁ7dmr'lg pﬁeﬂsé Rlatns? ChemiBet defofitfons
A., Palyanova G.A. i iati

in nitrogenrich G-O-H-N fluids at 55-7.8 GPal nthr?t canI occur én the structures of silicate Iphases
Earth Planet. Sci. Letti 2017bi Vol. 460.iP.234 Wnen a larger Ge cation enters are equivalent to
243. changes in structures under high pressmsofaras

Sokol, A. G., Tomilenko, A. A., Bul'bak, T. A., Sokol, . the spinel MgGe(Q, is analogue of higipressure
A. et al.Hydrogenation of carbon at 368 GPaand r i n g w o-Mgh$iQ,. €The drunogeierite FE&eQ,
1100 1400 C: Implications to formation of is also anal oEeSi®, aod canabb r e |

hydrocarbons in reducedantles of terrestrial planets used to model higpressure behavior of the latter.
/l Phys. Earth Planet. Irit.2019 7 Vol. 2911 P.12- The goal of this work isin situ Raman

SokglgA.G., Tomilenko AA.. Sokol IA., Zaikin PA., spectroscopic study of synthetic brunogeierite at
B u | 6 bAaFormation of hydrocarbons in the pressures up to 30 GPa, determination of possible
presence of native iron under upper mantle conditionghase transitions using experimental data, factor
Experimenthconstraintd/ Minerals i 202Q i Vol. group analysis of vibrations, and lattice dynamics
10(2).7 P.88. calculation based on the structural data of

Sokol 1A., Sokol AG., B ul A bNefkodoV,A.A. et
al. C-and Nbearing species in reduced fluids in the
simplified Q Oi Hi N system and in natural pelite at

brunogeierite.
Synthetic crystals of brunogeiertep t o 500

upper mantle PT conditions// Minerds. i 2019 i in sizewere obtained in an autoclave as a result of

Vol. 9(11).7 P.712. the interaction of a boric acid solution ofiran wire
Tomilenko A.A., Bulbak T.A., Logvinova A.M., Sonin in the presence of germanium oxide (Ge@t a

V.M., Sobolev N.V.The composition features of temperature of 600 A C an

volatlle components in diamonds from the placers in the |IEM RAS.

the northeastern part of the Siberian Platform by gas The chemical compositions of experimental

fhzrg;ngo%&l‘_pmﬁi?DF??;??S;?DOH‘ Earth S samples were determined by electron microprobe

analysis (EMPA) with using TescanVegallXMU
electron microscopy with INCA Energy 450 energy
dispersive spectrometer (EDS), equipped with an

SpivakA_V_l, Borovikova E.Yu.?, Setkova INCA x-sight semiconductor Si(Li) detector and an
T.V.. Zakharchenko E Sl Raman INCA Wave 700 wavelengttispersive spectrometer

spectroscopy of synthetic brunogeierite (WDS) (Oxford Instruments) at [EM RAS.

(Fe,GeO,) at pressure up to 30 GPaUDC Raman spectra of ¢hexperimental samples at
543.42 high-pressure were measured using the apparatus

consisting of spectrograph Acton SpectraPB00i
'|EM RAS(Chernogolovka), > Lomonosov MSU (Moscow) with detector cooling up te70 °C CCD Pixis2K and

spivak@iem.ac.ru the microscope Olympus with a continuous solid
Abstract.  For synthetic brunogeierite, Raman state monomeric laser with rad@ti wavelength 532
spectroscopic study was carried out at pressures up to 30 nm and diode pumping at IEM RAS. The laser beam
GPa using a diamond anvil cell. The Raman spectra of diameter wasi® Om. Raman data w

Fe,GeQ, crystal consist of an intense main band at 756 cm” repeated exposures of 540 5T(3 180 s)
! and three less intense bands at ~ 644, 302, and ~ 205 pressure Ramaspectroscopy experiments were
cm* at normal conditions. All five bands inherent in t he . . : -

spectrum of cubic spinel could be traced in high pressure Camed. out in a diamond anvil cell (DAC) up t0 3
spectra. A gradual change in the Raman spectra is GPa' with 12 GPa step. NaQI was used as a pressure
observed at high pressure. This allows us to conclude that medium. The software Fytik 1.3.1. was used for
there is no sharp rearrangement of the structural type proyle ytting for the Ram
under pressure up to 30 GPa. The FeGe(Q, phase crystallizes with a space
Keywords:  spinel, germanium, germinate, Raman group Fd3m with spinel structure. Factgroup
spectroscopy, high pressure, lattice dynamic calculations, analysissuggests five Ramaaictive vibration modes
phase transition are allowable for oxide spinels, with the following
symmetries Ay + Eg + 3ks The Raman spectra of

Brunogeieriteés a rarely occurringnineralwith : - ) :
g y o synthetic brunogeierite crystal (Fig. 1) consist of a

spinel structure. Thedeal enemember formula of
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major intensiv band at 756 ¢mOther minor bands band is assignedotsymmetric vibrations @ of

are sem near ~644, 302 and ~205 '¢nBands ~756 GeQ.

cm'? (A and ~644 it (F2g correspond to Figure 1 shows the Raman spectra for natural and
symmet )i cands as yynstetching csynthete brunogeierite in comparison with ahrensite
motions of the tetrahedral GeO4 units by analogy #ind Geringwoodite at normal conditions.
SiOsgroups i n -MgSi0g Whe80@crit e o

Ahrensite | Fy
Fe,SiO, ° A

natural

Brunogeierite
synthetic

Fe,GeO,

Raman intensity, a.u.

Ge-ringwoodite
Mg,GeO,

Brunogeierite A,

! . ! " Loty
200 400 600 800

1000

Raman shift, cm”
Fig. 1. Raman spectra Beand/or G& A*,B*0O, s pi nel . -A Fig. 2. Image of experimental volume in a rheniu

FeSiO, (https://rruff.info/X05010%; nature brunogeierite BEBeQ, gasket with a brunogeirite samplBgf) and pressure
(https://rruff.info/%20R090012 synthetic brunogeierite E®eQ, (this sensor (ruby) at 4.2 GPa.
work); Ger i n g w o-WgiGeQ, EThomaset al., 2008).

Previously the cubic spinel ff&eQ, has not been structure [mmaspace group) was identified at about
investigated under the higiressure conditions. 34 GPa, characteing by the changing of
Possible structural distortion of f&&eQ, has been coordination number of silicon atoms from 4 to 6

i nvestigated bel ow

t he (VdBemdkettle20iber at ur e . Structur a

transitions were not detected down to T ~88arton The Raman spectroscopy could be powerful tool

et al., 2014)

for structural distortion investigations. The Raman

Other cubic germanium spinels demonstratspectra of synthetibrunogeierite single crystal under
different behavior under high pressure conditionshe pressures up to 30 GPa are shown on the figure 3.

which was summarized at&manaka et al.

, 2008) At the low pressures {2 GPa) the band of

Co,GeQ, and NpGeQ, spinels decompose intheir asymmetrical bending vibrations of Ggtetrahedron
isochemical oxide mixtures at about 250 kbar arliecomes apparent at ~475 “tmAll five bands
14001 8 0 0 A GGeO, Mtg atmospheric pressureinherent in the spectrum of cubic spinel could be

occurs in two polymorphic modifications:

olivine traced inhigh pressure spectra. Four of them shift to

type and cubic spinel type. The pgasginel higher wavenumbers reflecting the decreasing of
transformations of MgseQ, are expected (llmenite interatomic distances. The band at ~220"isnvery

MgGeQ; + MgO or/and perovskite + MgO).

stable in frequency. The gradually changing of

The crystal o-Fe,SiO, is the most similar by Raman spectra is observed, so we can conclude the
chemical compoundto brunogeierite. The phaseabsence of ahbpt rebuild of structural type. Ge
transition at about 30 GPa supposed to thebviously stay tetrahedrally coordinated till GPa.

rhombohedral distortion of cubic

structureBut we observed some extra bands at the spectra

(Greenberg et al., 20}, Ibut the orthorhombic crystal obtained at high pressuréd. 3).
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Fig. 3. Raman spectra dyntheticbrunogeierite F&eQ, at high pressurand ambient temperatumlue linesi trends of shifting of
the main five bands for Raman spectrum of cubic spinel, red-linesds of shifting of additional bands.

High pressure Ramaspectroscopy studies of  M.P. Pasternak, Presstireluced structural phase
various spinels have shown that during the transition trarsition of the iron endne mber of r-i ngwc
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