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Abstract. The results of the track investigations in olivine

olivine of pallasites of different pratmospheric
sizes. In these calculations, iag/taken into account
that the rate of formation of tracks in pyroxene is
higher than in olivine. The excess ratio was found to

be 1.8 N 0.5; 2.4 N 0.
(Aaloe et al., 1979; Pereligin et al, 1975), etc).

In the present study thmean significance of
these values, 2.3 N 0.

calculations. In the calculations it was taken into
account that the path length of VH nuclei in pallasite
matter is 1.4 times less than in the matter of
chondrites (Aaloe et al., 1979). Acding to these

amendments, after digitizing the depth distribution

5;

crystals from pallasites conducted for the purpose of
detecting and studying the nuclei tracks of transuranium
elements in the composition of galactic cosmic rays (GCR)
are presented. Distributions of the formation rates of
tracks of VH cosmic ray nuclei in olivine crystals versus
depth in pallasites with the different pre -atmospheric sizes
are calculated. The obtained dependences were used to
analyze the data on the track density in olivine crystals
from pallasite Marjalahti. In three crystals, the high
gradient of tracks density was first found. This gradient,
most likely, is due to the exposure onto this crystal by the
VH-nuclei of cosmic rays at a shielding layer thickness less
than ~n100 T mSuch a scenario assumes a complex
exposure history of the meteorite.

curves in the dependencies (Bhattachrja et al., 1973),
the coordinates of the selected points decreased: the
ordinates (valueg }J in 2.3 times, and abscissas
(valuesd) in 1.4 times. Theet of coordinate

values thus obtained for each new value of the
radius R of the preatmospheric pallasite body
was approximated by a dependence of the form:

lg(3 /t)=A + Bd )

It was earlier shown (Alexeev, 2004) that the
curves characterizing thehange in Ig( ) on the
depth in the calculations (Bhattachrja et al., 1973)

Introduction . When investigating the prevalenceCan be described with high accuracy (up to several

. 99) by the equation of the form (1). The coefficients
of heavy and super heavy chemical elements (wi .
the charge of the nucleus Z>26), the most promisi B, and C were calculated according fo the

for the composition of galactic cosmic rays (GCR) i ogram develo_p(_ed_for this gose, which makes it
the attraction of natural detectors, irsione possible to minimize the sum of the squared

meteorites of the plasite class (Bagulya et al.’deviations of the values of Ij_g() d:alculgted from

2013). One of the undeniable advantages of the mula (1) from corresponding data in the work

natural detectors is the duration of exposure attacharya et al., 1973).

meteorites are in outer space for tens and hundreds ~f

millions of years. During this time, they are expose 10;"" S G e R
10‘%& 1 i
1055 R_=5¢

Keywords : superheavy nuclei, tracks, galactic cosmic
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to cosmic rays, idading heavy and super heavy
nuclei. Irradiation is accompanied by the formatio

in olivine crystals of track$ of radiationstimulated E "

changes in the microstructure of these crystals, whi z . -

make it possible to identify the charge of the nucle s

that formel these tracks. S %15\ ]
Calculation results. In the study of track = - \2"

distributions in pallasite olivine crystals, the '3 5

\50

1000

calculated rates of track formatign ( wtherey is the

track density, cfi and t is the exposure age of the E
meteorite, million years) are usuallysed for the 10° 4 ;
pyroxene of the chondrites, depending on the def @

of the sam_pleq, cm) in meteor_ites of different pre. ig. 1. The track formation rate of cosmiay VH-nuclei
atmospheric sizes (Bhattachrja et al., 1973) W”E' ) as a function of depttd) in olivine of pallasites of a
subsequent correction to olivine of pallasites. Tpre-atmospheric radiuB.

unify procedures for analyzing distutions, based

on the results (Bhattachrja et al., 1973), calculations The dependences of the A, B, and C parameters
were made of the depth distribution of the rate aiff the approximating curves on the fanospheric
formation of tracks of ratilsefthe pallasiteBeallomdd us(t®calCuAte thes )
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depth distributions of the of track formation rates inuclei during solar flares. Cases of such irradiation
pallasites for the chosen valuesPE 5, 10, 15, 20, are observed, in particular, in pyroxene crystals of
25, 50 and 1000 cm. The dependences obtained stony meteorites in the early stages of the formation
shown inFig. 1 and can be used to estimate thof parent bodies (Goswami et al., 1984). Irstbase
interval of values ofl in pallasites of differenpre- the gradient is manifested only for a small thickness
atmospheric sizes. A similar recalculation proceduiof the shielding layerl e s s t han ~500
was performed for the depth dependencg diftthe gradients calculated in the same way for the depth
intervald = 0.00:1 cm forR= 5cm (Fig. 2). dependences of the track formation rates in the
T T e olivine of pallasites of different sizes shownFiy. 1
were less than 100% ¢Enfor values ofd > 1 cm.
Analysis of olivine samples of Marjalahti
pallasites. In the process of searching for tracks of
super heavy nuclei, we have studied in this work
] about 300 olivine crystals of Marjalahti pallasite eTh
§ distribution of track densities in these crystals
\ ] accounts on a wide range of valugss 1 .°@L 10
1 6 . 3%LchiD At the same time, thenost of the
L E crystals (about 90%havethe track densigsin the
] : smaller rangey = 6 .°3 L 160.° Trawith a
S A Ap ! maxi mum in the ilatf emiv al
According to the previous studies, the -pre

10° 4

p/, cm? I\/"h,r‘1
=

d, cm
Fia. 2.5Thesame(see Figure 1) for valuesiafl cm. atmospheric size of Marjalahti is ~ 20 cm

* \ (Kolesnikov et al., 1977, Perelygin et al., 1975), and
its exposure agewas found to be about 200 million

o \\._\‘ years. Insubsequent calculations, the vatue 1 8 5 R
g, <] 17 Ma is used (Herzog et al., 2015). Taking these

values into account, the depth of location of most of

the olivine crystals studied in this work, according to

Fig.1,isd= 9 N 2 c¢cm. Thig va

values ofd obtained by other researchers (Perelygin

et al., 1975) fot [ [

-o(p), % cm’

0.001 0.01 0.1 1
d, cm

Fig. 3. Gradient of the rate of tradkrmation in olivine

crystals from pallasites as a function of deghffior d < 1

cm). The points correspond to the gradient values for the
individual sections of the curve in Fig. 2. The solid curve

is an approximation by the equatién (=y1pt - 97 kexp
0-33tlerhe dashed line is N 2a.

On the basis of the obtained data, the changes in
track density,( ( ja3 a function of depth were
calculated ford = 0.00:1 cm. The results of the Fig. 4. Fragment of a micrograph of the surface of an
calculations are shown irFig. 3. The points olivine crystal (pallasite Marjalahti) with a high gradient
correspond to differergections of the curve in Fig. track density. The image
2. The value of the gradient was calculated by the
formula characterizing the relative changes in th&u
track density in the intervall 6 d, corresponding to

In the overwhelming majority of the crystals
died, a practically uniform distribution of tracks is

i I f track d , di observed, without any not
eva uegz(_npl)rac ensify andj - 20% of the density). In this connection, a sample
o(p) = (Zz;f;)lxz % 100, % cm ! ) \I/_wtlhlai (\)/er_y high gr_adlent_of track density (crystéd
-11-10) is of particular interest. The small surface

It canbe seen from the presented estimates thile of this crystal with a high track density is shown
the gradient of the VH nucleus track formation rates, Fig. 4.On the surface of the crystal two adjacent
variesfrom~110%cm’1atadepthofaboutlcmupareas (1 and 2) o f 25007 ¢
to ~10° % cm" for d ~0.001 cm. Such a high gradientyjocated the track density on distance 8f0 0 & m
of tracks for small values af can be formed when \, o v i e s b y two ordepst dfaly
the rradiating the crystal surface by cosmay VH-
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cmi®. For each region over the entire length with eollision. As a result the surface of olivine matter
step of 20 em the tr acwith MeX-40, ML-208 avdeML21-1cceydtatsu | at e d
The results are shown Fig. 5. became open and was further irradiated in the space

Both received distributions are characterized blyefore the entering across the Earthiracsphere. A
the presace of a lingoartin the interval of valueb=  stabilized flight through the earth's atmosphere of a
0.01760. 05 1 is ¢he distanck &romethe coneshaped fragment (Kolesnikov et ,all1977)
edge of the @a with a high track densitpata in and/or the specificity of the preatmospheric
this interval were approximated by regression lineseteoritic surface (with caverns and cavities) helped
of the formy =a+ bl.

On the basis of this linear dependence, the *
gradients for both distributions were obtained by the
formula (2). The average track density gradient, |
calculated with the use of all data approximated by
the linear dependence pfon |, was amounted to ~ & |, !
5110°% cmi* for both areas. PN

To verify the data obtained, in the same sample <
M-L-11-10 after removing the surface layer of the
crystal with located on it the etched tracks and ']
subsequent etching, the track densities wert
repeatedly measured (see the insert iu B). The
resulting average value of the track density gradien  "'———— —— T T s
practically did not change and was K& % cni’. /,cm
From the obtained dependence of the tracks
formation rate versus the depth of the crystal (Fig. 3) Fig. 5. The track densityy on the surface of the
we can assume that this crystal was iatetl not  crystal ML-11-10 in depending on the distariciom
only by highenergy GCR (this contribution to the the edge of the higtensity region for two adjacent

Y L . ) areas of ?Zc0des éhd ianges). 1 and 2
gradient is negligible) but also by cosmic rays with a are the regression lines for linear parts. Insert is t

high fraction of lowenergy nuclei (particles of solar  same relatiortsip after the surface of the crystal witt
cosmic rays, nuclei of solar flares) at the thickness of etched tracks was crumbled anektehed.

the shielding layer no moréhan a few hundred
microns. to preserve the exposed olivine surface amde it

In addition to the ML-11-10 crystal, two more possible to detect Mi11-10, ML-20-8 and ML-21-1
olivine crystals (ML-20-8 and ML-21-1) were crystals with a high gradient of track density.
found with a clearly expressed density gradient of the The following fact proves the truth of the
cosmic ray VHnuclei tracks. The average values oproposed hypothesis. As was noted above, the
the track density gradient fehhese two crystals were overwhelming majority of Marjalahti olivine crystals
found to be ~ BLO* and ~ %10 % cni’, respectively. has therack density corresponding to the degth 9
These values are comparable with those for tid 2 ¢ m. H o w éowokthe crystalb lavetthe 1 0
crystal ML-11-10 that indicates on the irradiation oftrack density comparable to the minimum valug of
the surface of these crystals also under the conditior&0* cm® in the ML-11-10, ML-20-8 and ML-21-1
of low shielding. crystals. These crystals (with the low values) bf

It should be noted that the crystals with a trackere dose to the center of the patmosgheric body
density gradient that are often found in stonpefore it destroyeihto fragments and these crystals
meteorites (achondrites, carbonaceous meteoritesuld be near the newly formed surface with an
ordinary chondrites of low petrological types) carrghieldinglayer thickness of less than5 0 0 . S
in them the tracks of praccretionary irradiation and result the high density gradient of the tracks coad b
preserved at low temperatures both during thiermed.
formation of the parent bodies of these meteorites, The value of information obtained with the ML
and also during the subsequent space history. A#10, ML-20-8 and ML-21-1 crystals, among other
pallasites such scenario is unacceptable becausethifigs, is that all tracks were obtained in the etching
the high temperatures. The substance of meteoritesppbcess under identical conditions, which excludes
this class was at the very high temperatures duritige influence of uncertainties onto the dhéal
the formation of a mixture of olivine and liquid metakesults.
in the parent bodies. Conclusion. The track formation rates of the

In the case of the Marjalahti pallasite thecosmic ray VHnuclei in olivine crystals versus depth
following scenario of its space history can bén the pallasites of the different pa¢mospheric sizes
proposed. Shortly before falling to tierth (~n10° are calculated. The obtained dependences were used
years) the meteorite was destroyed in space aftetoaanalyze the data on the trackndigy in olivine

Ry
as “22023,40%0
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crystals from the Marjalahti pallasite. In threeof shock metamorphism like identification of its
crystals the distribution of tracks with a high densitgiagnostic criteria, studying of changes in physical
gradient was found, which suggests a complicateshd physiechemical characteristics of matters (so

exposure history of the meteorite.

The work was partially supported by the Prograrpressure phases,

No. 28 of the Presidium of the RAS.
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Abstract . A sphere made from the iron meteorite Chinga
was shocked by a shock wave converging to its center.
Calculated peak pressures at the edge and at the center of
the sphere were 40 and > 200 GPa, respectively. Three
zones of progressive shock metamorphism are
distinguished that are characterized by the degrees of
shock effect development. The main observed shock
features are shear bands and associated with them metal
shock melt veins. We suggest that the metal veins were
formed by melting due to intense plastic deformation.

Keywords: iron meteorites, shock metamorphism, shock
experiments, Chinga, melting, shear bands, shock veins

Introduction . Shock recovery experiments on
rocks and minerals are used for laboratory simulatignreduced radius of the meteorite sphere.

Shock experiment and methods The
experiment was performed using Chinga sample #
10815435 from the Meteorite collection of RAS
(V.I. Vernadsky Institute). The sample was covered
by regmaglypts that indicate the sampklongs to
individual fragments decelerated in the atmosphere
but not to meteorite shrapnel fragments formed by an
impact on the ground. The sphere with the radius of
56 mm and the density of 7.92 gftwas made from
the sample. This meteorite specimersvpaitted into
a spherical stainless steel container The last was
enveloped by a spherical high explosive layer that
was detonated simultaneously on its outer surface.
Initiated by this way a converging shock wave
propagated inward the sample to its cengsiter
focusing of the shock wave in the center a second

200 T T I L} 1600
160
| - 1200
g 120 «
© F
o go-
| - 800
40
0 400
0 0.2 0.4 0.6 0.8 1
R/Rg
Fig. 1. Profiles of peak pressure (solid line) anc
temperature (dashed line) distributions along th
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compression wave came outward accompanied kgmacite (Fig. 2), the areas are delineated by taenite.
material flow from the focusing area. Details wavé&mall sizes of kamacite and taenite grains prevent
propagation patterns can be found in (Kozlofrom accurate measuring of their chemical
Zhukov, 1994) and (Kozlov, Petrovtsev, 2015). composition. Average Ni and Co contents in the
The profile of pressuré temperature distribution plessite and are 15.7 wt% and 0.9 wt%, respectively.
along the sphere radius (Fifj) was produced using Rare spindldike inclusions of kamacite (6.5 7.0
calculations of Kozlov and Zhukov (1994) for purewnt. % Ni) of 407 100mm in length and 10 20 nm
iron by the assumption of a minor difference betwedn width arebordered by taenite with 1620 wt. %
shock compressibility of iron and the Chinga metabf Ni. There are very rare separate large euhedral
The profile is characterized by the sharp rise of P areystals of schreibersite 0-:8.5 mm in size. Besides
T at an ~ 8 mm distae from the sphere center. Peakhese phases daubreelitdroilite intergrowths and
pressure can reach 200 GPa or, may be, higher in tistural Cu have been observed in other Chinga
focusing area that was a few mm in sizke sphere samples to. (Tertichnaya, Semenenko, 1995).
was retrieved from an outer steel container and Shock effects.After the experiment the sphere
sectioned through its center. A slab along amad ~ 57 mm in diameter. The central part of the
equatorial section witthtckness of 4 mm was made.sample contained a 20 mm in size central cavity of a
A part of the slab was polished and etched in 3%ughly spherical shape. The cavity has the ragged
nital (HNO; solution in ethanol) for optical and SEMsurface due to forntian of numerous metal bulges of
studies. For the study we used an opticédregular shapes. One can suggest that the cavity
petrographic microscope Leica and scanning electrégrmed due to spallation of the metal in a spherical
microscopes coupled with antdy energy dispersive rarefaction wave diverging outward from a point of a
spectrometer used for determination of minerahock wave focus (a center of a sample) (Kozlov and
compositions. Bulk ampositions of areas of interestPetrovtsev. 208).
(usually 2007 3 0 0 ?) asvare produced by their Three zones of shock deformation can be

scanning. The accuracy of concentration

measurements of Fe and Ni is 4 rel.%. ‘_J
SEEBRRREE R
i

Fig. 3. Polished and etched section of the shocke
Chinga meteorite sphere. Three zones of differe
stages of shock deformations are marked accordi
to intensities of the deformations (see text). Zone
contains one taeta vein that is a curved thin line at

M'llll_ WD 10.

Fig 2. BSE image of Chinga duplex plessite matri
in the unshocked material. Taenite rods (light gre

marked by white arrows) is present as strips
wormtlike precipitaés in kamacite (dark grey).
Areas (marked by black arrows) possible richer i
Ni relative to kamacite are bordered by taenit
precipitates. Black dots are defects of polishing.

a bottom of the image. The black rectangle at th
bottom on the right side is a shreibersite crystg
Streak and diffuse bands at the right side of zone
and dots at the image center are defects

sectioning and pathing. Division value of the ruler

is 1 mm.

Original material. The ungrouped Niich
Chinga iron meteorite belongs to ataxites. In theistinguished: 1i zone of cracks, intense plastic
polishedslide prepared from the sample we observegeformation, textureless taenite veins , and cracks; 2
rare inclusions of kamacite and schreibersite in jazone of intense development of shear bands; 3
plessite matrix. The duplex plessite matrix consists @bne of the separate shear bands and one metal vein
fine-grained intergrowth of kamacite and taenit¢Fig. 1 and Fig. 3). The zone boundaries are not
(Fig. 2). Taenite rods form worfike or stripped tiny sharp and their positions were determined with the
precipitates in kamacite (Fig. 2). The taenitaccur acy of N min wigderzoneT se
precipitates have some preferred orientation. Alsadjacent to the central cavity and its outer border is
there are areas seem to be richer in Ni relative 18 mm from the sphere edge. It is characterized by
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inteng plastic deformations, veins of taenite, and Discussion The kamacite has the body ceetkr
open cracks. The plastic deformation are present astijucture or the structure afiron and is transformed

TR

U of MN

Fig. 4. Microphotography of of an area of zone 1
reflected light. Shear band accommodates a taen ) ) )
vein (from down right to upper left), the last ig | Fig. 5. SE image of shear band, zone 2. Slide surfa
thinning and wedging out. Etched in nital. Field o] | etched in nital
view is 0.22 mm.
narrow curved shear bands ~ 10~100 mm in diffusionless to the more dense hexagonal elose
thickness and ii) relative large areas of disturbance pfa ¢ k @léise @t shock pressures >13 GPa. The
the intact duplex plessite texture contacting wittransition is reversible and in a rarefaction wave the
sher bands. Some of the large plastic deformatiddphase is transformed back to tlephase. The
areas have a vortex structure. Regions between tegulting structure is distorted and appears hatched in
shear bands seem to retain their intact texture. Shésage kamacite crystals or recrystallized in steels
bands often accommodate the taenite veins locatedBtichwald, 1975). According to the pressure
their axial lines. These veins are texturallyeveloped in the sample (Fig. 1) all kamacite grains
honogeneous and have sharp boundaries with thed to experience the reversible transition. Havev
kamacite i taenite host matrix (Fig. 4). Theirwe did not observe any traces of taghase- U
thickness varies from I1gnhdse-taphade t@arftion tOotHe kantadite §raire
along their spreading are thinning and degrade {ging optical microscopy and SEM. We suppose that
shear bands (Fig. 4) whereas other are interruptedit@é |ack of visible traces is due to small sizes of the
open spees and voids. The open cracks alR amaci te gr ai ns (< 3 .gd)
developed mostly along the shear bands angEm) can show the distortion.
associated with them the textureless taenite veins, Sharp boundaries of the taenite veins with the
that are bordered edges of the cracks. Metal of thgst kamacité taenite matrix, homogeneity of their
tanite veins is slightly heterogeneous and its Nexture and structure as well as the compositions
content is 13.2 17.5 w% what roughly correspondsclose to a bulk compositions of Chinga meteorite
to an average Ni content in the plessite matrix. metal are evidences dieir formation due to melting
The 6 mm wide second zone (from ~18 mm t@nd following quenching of the melt. The observed
~11 mm from the sphere edge) is characterized B¥sence of melting traces on a surface of the inner
shear bands (Fig. 5) sometimes with thin taeniteavi t y denotes that fdequi
veins. The bands are slightly curvettiadissect main high postshock temperatures did not occur. Further,
mass of the sample on regions of a few mm in sizge calculated itk temperatures (Fig. 1) that are
The regions have an undisturbed duplex plessifiyvays higher posthock temperatures are not
texture. enough for metal melting even at normal pressure.
The 11 mm wide third area contains only veryrhys, the taenite veins con not be formed by
rare separate shear bands accommodate sometim@gpr egnati on of the fdAequ
thin taenite melt veins <3 in thickness. The cracks. Taking into account lations of the taenite
thickest (~ 30mm) melt vein starts to develop fromveins along central axe lines of the shear bands we
the same edge of the sample and is thinnetiggest that high rate plastic flow in the shear bands
approximate toward the sample center. The structukesulted in very high local temperature and melting
of the main mass is the same as the one of tbe central parts of the shear bands. Very fast
precursor matter. qguenching with formation ahe homogeneous metal
was due to heat exchange with the relatively cold
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host matrix. For this case we can estimate the initiams. The constructed model of Galaxy proved its
temperature of the mel tadeqgagyinsavinga mingpe afjkey problgmgofopqlady. i on o f
shock melt veins containing higiressure phases inMeteoritics and astronomy.

chondrites and martian merites occurs by this Keywords : Dynamic model of Galaxy spirality, Geological
mechanism (Sharp, DeCarli, 2006). It is possible th&f'¢ scale of Phanerozoic and Precambrian.

formation of shock melt zones in the iron meteorite Introduction. The studv of the structure of siral
Elga is connected with local high rate plastic oduction. The study of the structure of spira

deformatiors (Khisina et al., 2017). galaxies is a very difficult task (Vorontsov

Velyaminov, 1978). First of all, it is caused by a
Acknowledgments.D. Badyukov was supported . . .
partly by project 28 of Presidium RAS. large variety of galaxies, a lack onderstanding of

their physical nature, as well as low accuracy and
resolving power of astronomical methods. Especially
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Modeling, Simulation, and Scientific Computing, Vol. 6, varying within the range oR, = 6.5 10.5 kpc. In

No. 1 (2015), 1550001( 13 pages) 1985, the General Assembly of IAU officially

Sharp TG., DeCarli P. (2006) Shock effects in meteoritesfecommends R = 8.4 kpc. However, later R

In: Meteorites and the Early Solar System I, Lauretta D. returned to value of 7.1 kpand nowis adopted 8.5

S. and McSween Jr. H. Y. Eds., University of Arizona  kpc. The situation with remoteness of Sun from

Press, Tucson, Arizona, , P. 6637 Galaxy center is complicated so much that a number
Tertichnaya B. V.; Semenenko V. @99 The of authors, whié exploring different objectsin

Mineralogyof the Ancient Ataxite Chinga (IVEnom) paralleluse two different sékae s of di stances
Meteoritics & Planetary Science, vol. 31, page Al141 with R, = 7.5 kpc andflongd with R, = 8.5 kpc

(Zabolotskikh et al., 2002 ).

" the solution of problems of astronomy and geology
astronomy, geology and meteoritics ~ at has been developing by the author for the last 25

development ofthe adequate spiral model of years after the discovery of an astrophysical

Galaxy. phenomenorni the jet flow of gaslust matter from
the spiral galaxies center (Barenbaum, 200%s
Oil and Gas Research Institute RAS, Moscow result of the discovery of this phenomenon, it turned
(azary@mail.ru) out that spiral galaxies along with the usual
Abstract . It is shown that adequate spiral Galaxy model logarithmic arms have a system of jet streams twisted
can be constructed only based of astronomical in the Archimedes spiral. In particular our Galaxy
observations in combination with geology and meteoritics has four identical arms and two jet streamsthis
data. This model is dynamic ones. According to this model ~ the presence of jet streams has been established
the Galaxy spiral structure are simultaneously formed by thanks to the author's development of a dynamic
two interacting systems of branches, one with a model that revealed a close connection of the
logarithmic one, and other with an Archimedean type of phenomena othe Earth and irthe Solar system with
spirals. At that if four logarithmic arms can be identified cosmic processes in the Ga|a)6¢ccording to this
based on astronomy data, then two Archimedean jet mocel, when the Sun is moving along its galactic

streams are established exclusively based on geology data. orbit, it quasiperiodically intersects the jet streams
To solve this task, the theoretical model of Sun's motion in and spiral arms of the Galaxy, and at such times the
Galaxy is used, uniquely linking main events in geological Earth and other planets are subjected to powerful
history of Earth and Solar System with Galaxy influence at cosmic influencesThis fact allows us to study the
moments then Sun intersected jet streams and galactic spiral structure an'd physical processes in the Galaxy
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from geological data, as well as solve the urgemastronomical observations (Barenbaum, 2010).

problems of geology, using the results

of

0A

Figure 1. The current Sun position in the galacti
orbit (ellipse) with respect to the four logarithmi
arms of Galaxy (Roman numerals) and to the tv
Archimedean jet streams (Arabic numerals
circles) in the projection onto galactic plafide
solar orbitis shown for the last Sun turnove
around the Galaxy center (G.c.Jhe dashed
circle in center denotes nuclear ghsst disk,
from which two jet streams expiry radially intg
diametrically opposite sides. Circle of radius R
= 3.9 kpc, where galactic arrbggin, determines
size of Gal axyds isot
ring characterizes the Galaxy's corotation radit
Arrow indicates direction of the Sun's motio
along the orbit, which coincides with Galaxy
rotation and rotation of line of the apside
(straight line) of solar orbit.

Dynamic model In Figure 1 shows the spiral eccentricity of 0.36 and a major semi axis of 10.17
design of the Galaxy proposed by author and tic, which slowly rotates in the galactic plane in the
which besflirection of the Sun's motion with an angular velocity
3 °yedrsA'1The Sun rotation period around
Galaxy enter in this orbit is 250 million years.
the same time the Sun performs vertical
- .. oscillations with respect to galactic plane with a
In this model, the @axy has four logarithmic period of ~ 50 million years and amplitude of 10 pc
(Barenbaum, 2002).

orbit of Sun's motion in the Galaxy,
satisfy astronomical observations and geological d

as of beginning of 1990s, when this model wag,

actively developed.

arms, which described by to the formiRili) = R,

a
e

{J+(2k-1)n/4]}, where: k = 1i 4 is arm number;

R, = 3.9 kpc is radius of the Galaxy's isothermai

cor e; U Lis parar@e@e2charaatetizing the
angle swiringofarmsof 8e. System o0
uniformly around the Galaxy center with periog=
222.23million years

There are also 2 jet streams described b
eguation of Archimedean spiral(Ri )V AE+ G/¥y)
= VA + | (i where \{ = 300 km/s is expiration
velocity of gasdust matter from nuclear diskis the
time; ¥4 is angular velocity of disk rotation
corresponding to itsotation period § = 50 million
years } = Vd¥y 2.5 kpctad is a parameter
characterizing the degree of twist of jet streades.
streams expy from two diametrically opposite
points of nuclear diskNucleardisk is inclined to the
plane of logrithmic arms at an angle of RSpace
Physics 1976) and probably precesses with a perio
close to the rotation period.

The val u/lej Rdex ed sucalleds
corotation radius of the Galaxy, at which, according
to our dynamic model, the radii of curvature of
logarithmic arms and jet streams are the saifigs
parameter can be independently establishe
according to astronomy and geology dats
(Barentaum, 2010), which allows using it to verify
the adequacy of the constructed spiral model of th
Galaxy.
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Table 1: The age of Phanerozoic scale boundaries

N

Figure 1 also shows the calculated Sun orbit i

the Galaxy. Theorbit is an ellipse with an

Experiment in  Geosciences 201 8 Volume 24 N 1

13




Due to the different rotation speeds of nucledsombardments by galactic comets (Barenbaum,
disk and galactic arms, as well as the Sun's moti@®10). These events in the Earth's geological history
along galactic orbit, their mutual position changeare marked as epochs of global natural catastrophes:
with time. At that the Sun quapkriodically biotic, climaic and tectonomagmatic. At present,
intersects the spiral arms and jet streams of thieeir times are reliably fixed by geologists as the
Galaxy, and at thiperiods of duration2 & 5 nbbundaiie® nof stratons of the Phanerozoic
years the Earth and other planets, according to tigeochronological scale.

geological data are subjected to powerful

19 \V4
S 17 Figure 2. The Sun removal of galactic
5 1 i center and four Galaxy arms for the las
e 500 317 0.6 3 600 million years. Roman numerals ar
° 13166 A3 g arm number; sinusoidal curve is the Sun
g 1l >3 212 I orbit; circles and squares on the orbit a
E 50 223 147 3 the moments of Sun intersection of jg
e 9 484 234 ! streams and star formation regions i
v 7 1 galactic arms,respectively. The dashed
£ 4Q 21 line shows magnitude of Galaxy's
.‘Dé 5 corotation radius. Below are thg

el oTsoTe eIT T ew  lobides of pereds of Pranerozo

600 500 400 300 200 100 c '

Time, min years

In Figure 2, the calculated times of galactic From Table 1 it can be clearly seen that the
impacts are compared with the empirically absolute age of same borders of both scales does not
established boundaries of periods and depamts of always coincide. This discrepancy of times is a major
the Phanerozoic scale unsolved problem of stratigraphy. Its consideration is

The model allows us to calculate the times dieyond the scope of this article. We only notat th
these boundaries, as well as to reveal the physieacording to our model, the main reason for the
principle of constructing the Phanerozoic scalelfits discrepancies is that many events caused by Sun hits
(Barenbaum et al., 2002). It is shown that thmmto jet streams are fixed in tH@eSS as the Sections
boundaries of scale departments are explained to theundaries, whereas in the ISC this is not.
times of Sun finding in jet streams, the boundaries of The table also discovered a significant deviation
periodsi in the regions of staforming of galactic of the calculation results from geology data for
arms, and boundaries of theeras (Paleozoic, Devonian (D) and Carbon (C). It is significant that in
Mesozoic and Cenozoit)in the same zones, but at ahis time interval the Sun was on the corotation
distance of the corotation radius from Galaxy centeradius and moved along arm |V (see .Fig).
where processes of star formation in galactic arnRifference between calculation resultand actual
are most intense (Marochnik, Suchkov, 1984). data can be xplained as by an inaccurate

Discussion of dynamic model We note a specificationof parameters of the arnmend/or the
number of cosequences of our model that aré&un's orbit, or due to changes in trajectory of the Sun
important for solving, at least, two problems of the&vhen moving along galactic armS$pgacePhysics,
Earth's geological history. The first consequencE76). The second assumption seems to us more
relates to the Phanerozoi&nd the second to the correct.
earlier period of Earth and Solar System In this regard, it should be noted that in
development development of the dynamic model the author has

In Table 1 thecalculated times obordersof been assumed that due to the Galaxy evolution the
stratons in the Phanerozoltme Scale(Barenbaum parameters of galactic branches and the Sun orbits
et al. 2002) are compared with the agéofdersof vary with time. Moreover these changes can be
Systems andSeriesin latest version of th&eneral notice from geology data (Barenau1991, 2004).
Stratigraphic Scale GSS adopted in Russia However, later at the analysis of meteoritic data, a
(Zzhamoyda, 2015) as wedls with bordersof Ages conclusion was drawn (Barenbaum, 2015) that
(Stages) in the International Chronogratigraphic during the time of the Solar system existence neither
Shart(1ISC) (www.stratigraphy.orj the Galaxy nor the Sun's orbit in it practically

The thick lines denote boundaries of the Periodanged.

(Systems), and the dashed lines indicate bounders of In this regard, it should be tem that in

the Ages (Stages). In Column 1, the calculation afevelopment of the dynamic model the author has
boundaries of the Epochs is marked separately witeen assumed that due to the Galaxy evolution the
dashed lines, and the possible range of errors in qaarameters of galactic branches and the Sun orbits
calculation is shown by hatching. vary with time. Moreover these changes can be

14 Institute of Experimental Mineralogy


http://www.stratigraphy.org/

Problems of Planetology, Cosmochemistry and Meteoritica

notice from geology data (Barenbaum, 1991, 2004Ralaxy nor Sun's orbit in it practically changed. This
However, later at the analysis of meteoritic data, @nclusion was made on the grounds that the times of
conclusion was drawn (Barenbaum, 2015) thabain events in the Earth and Solar system history of
during time of the Solar system existence neitheliscover a peculiar regularity (Fig. 3).

Figure 3: a) Megaevents in Earth history that defi
boundaries of Precambrian Geochronological S
(Plumb, 1991):

0.567 billionyears agd beginning of Phanerozoic;

1.1 billion years agd boundary of Neoproterozoic ;

1.6 billion years agd boundary of Mesoproterozoic;
2.6 hillion years agd boundary of Proterozoic;

3.1 hillion years agd boundary of Mesoarchean;

3.6 hillion years agd boundary of Archean.
Megaevents under numbers 5 and 7 refer to both E
and Solar system as a whole.

b) Evidence supporting Fig. 3a: Curve is the intensit
the processes of magmatism and ore formation (sh
in Earth history (Pushkarev,990); triangle is general
accepted time of Solar system formation (Wikipeg
parallelepiped is age of iron meteorites Fell, which
0.9-2 billion years older than meteorites of all other ty
0 1 2 3 4 5 6 7 (Sobotovich, 1974)

Age of formations, bil. yers ago

Ordinal notation of megaevents

Frequency of occurrence, %

This pattern is that the four most significantof the Galay itself. Therefore, all these megaents
historical events: the boundaries of Phanerozoic andnsistently happeim different galactic arms, but at
Proterozoic and the two main cycles of the Soladentical distance from Galaxy center. This distance
sysem formation (Barenbaum, 2003)e following corresponds to the corotation radius of Galaxy (Fig.
each other with an interval of 2 billion years. Thand2).
same periods observed for two paired events of In Figure 4 the locations of galactic anare
flesser geological significance. Thi s ar eompdreel irb our dnedelsand in the model of
of Mes@roterozoic and Archean, as well as of Neaastronomers (Valle, 2016). The distance of the Sun
proterozoic and Msarchean. from the Galaxy center in astronomical model is

The fact is that in our dynamic model the cycléaken to be equal to RO = 10 kpc, as in our
lasting 2.0 billion years exactly corresponds to 8 futalculation. The oblique line in the center of Fig. 4
revolutions of the Sun in orbit and 9 full revolutionsshows the psition of the galactic bar. The bar in our
model is the line of intersection of nuclear disk plane
and galactic plane, whicmiour Galaxy form an
angl d.alnd0the disk plane
the Sun, well known as trepiral branch of Oriori
Cygnus also is located. The presence of QOiion
Cygnusbranch the model (Valle, 2016) does not take
into account.

We see that the spiral design of galactic arms is
almost identical in both models. In our model, the
arms system rotas uniformly around the center with
a period [ = 222.23 million years. The Sun also
rotates and after 8 full revolutions along galactic
orbit the Sun hits to the same point on the corotation
radius in each arm where it was 2 billion years ago.

The placein arm 1V, where Solar system has
been formed is shown by an asterisk. The cross in a
coterie in Fig. 4 denotes the projection of this point
onto galactic plane at the time of this event.

15

10

-10

-15

Kpc . . .
Figure 4. Spiral construct of the Galaxy. Thelgo Despite a formal similarity the different Galaxy
shows the different logarithmic arms established in tf arms are not quit¢he same. The most significant
Galaxy by J. Valle (2016) events associated with the two epochs of Solar

system formation, as well as at borders of
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phase (G-O-H-S system) was controlled by three

Barenbaum A.A. Megacyclicity of geological processes and ~ Independent parameters: mole fraction of hydrogen, the
evolution of the GalaxyTskly prirodnykh protsessov, opasnykh Presence of atomic carbon (crucible with the initial

References:

yavleniy i ekologicheskogo prognozirovanijéoscow. sample), and the fugacity of su lfur in equilibrium of the
Publishing House of Russian Academy of Natural Sciences. ~ sulphide melt with iron. The composition of the fluid phase
1991. Issue. 1. P.247. at 1250 50AMMPa wan ahlculated using a special

Barenbaum A.AGalaxy, Solar system, Earth. Subordinated program. The presence of hydrogen in the melts leads to
Processes and EvolutioMoscow. Publishing House: GEOS. the rupture of Si-O-Si bridging bonds in the silicon-oxygen

2002. 393 p. anions, with a part of silicon in fluid -saturated melts
Barenbaum A.A., Gladenkov Yu.B., Yasamanov N.A. become a state of modifiers which cause the formation of
Geochronological scales and astronomical tigteatigrafiya. glassesas the forsterite composition chondrules during
Geologicheskaya korrelyatsiya 2002 . V:14.0. ~ 2quendhing. 3

Barenbaum A. A. The reason for the fAbiotic revolutionod in

VendianCambrian from the standpoint of cometayalactic Keywords : Experiment, meteorites, cosmic abundance,
hypothesisDoklady Akademiinauk 2 004 . T. 39 g chondjitic stgcturegrgd-px conditions.

515.

Barenbaum A.AGalactocentric Paradigm in Geology and Introduction. The chondrites form a compact
Astronomy Moscow. Pubishing House: LIBROKOM. 2010. 546 group of meteorés in which MgO, Si@ and Fe

p- o . .
Barenbaum A.A. Position of Sun in Galaxy in the epoch of ("FeO) play an equally important role, while the

Phaethon's destruction. Conference Proceedings remaining elements belong to secondary or
iShestnadtsataya mezhdun-ar odHpyrdiesc oAdcerdiag tte i tha compasitiory of
khimicheskiye i petrofizicheskiye issledovaniya v naukakh o petrogenic elements, they approach the composition
Zem® . Moscow: | GEMARAS, 2015.ofRhe &t ie. to cosmic abundance. With the

VorontsovVelyaminov B.A.Extragalactic AstronomyMoscow. ti f b hondrit th
Publishing House: Nauka, 1978. 480 p. exception of carbonaceowhondrites, there are no

Zabolotskikh M.V., Rastorguev A.S., Dombis A.K. Kinematic ~ fluid components in them, the presence of which
parameters of the young subsystems and the rotation duive o during their formation is fixed in minerals in the
Galaxy.Pis'ma v Astronomicheskiy zhurnal 200 2. V. Z@m of §as ificlusions. Structurally, the chondrites

516-528. . . .
Yefremov Yu.N. Zvezdnyye ostrova. Fryazino. Publishing consist of glfassy chondru]gzs p!aced m. . a. fmely
House:2é&.Vek005. 272 p. granular matrix.They are diviled into equilibrium
Marochnik L.S., Suchkov A.AGalaktika Moscow. Publishing ~ and nonequilibrium chondritelsy the ratio of glass
House: Nauka, 1984. 392 p. and crystals. Chondles aredepleta in iron, nicke|

16 Institute of Experimental Mineralogy


https://arxiv.org/ftp/arxiv/papers/1711/1711.05228.pdf
mailto:bezmen@iem.ac.ru

Problems of Planetology, Cosmochemistry and Meteoritica

carbon and differ from the total composition of thermocouples wereatibrated for the melting point

chondrites and correspond to

chondrites of various types is shown on the figure:

the achondrited pure gold the accuracy of the teengture
chemistry A fragment of the diagm Mg- (Si + Al) -
(Fe + Ni) with a comparison of the compositions ofvi t h

det er mi n a tCi Thepressars wablmeasired
an accur abya RofrdonN
manometer. The experiments were quenched by
switching off the power supply.
The conterg of gases in the 48-O-S
system were controlled by carbon and Fe
FeS associationyhich always present in
meteoritesWe used the coupling reactions
between gases of different compositions,
it calculated on the assumption of an ideal
2 mixture of real gasesh¢ LewisRendall
a3 rule): Xpz = 0.6, X420 = 0.005, X0, = 0.0,

; :’; Xco = 0.011, Xeps = 0.391, Xips = 0.003,
‘:? / e Iogfoz =-15.32, bgf52: -5.6.
,I%L + .7 The starting samplecorresponding to
ool .8 the cosmic abundances of the elements
0 #": f 5,’ +9 was prepared from oxides of petrogenic
‘3,«:‘ ’t\ ’L,é elements metallic Fe and Ni, sulfur, the
- v amount of carbon was introduced in the
: ?\*«in‘r”t ! form of oxalic acid. The water content
X ‘t‘.ffa:.{ ': corresponded to the calculated oxygen
gl % content obtained after weakening its
. ¥ !I'l*- ot cosmic abundance in the charged oxides.
¥ o igs The experiments were held f&68 hours.
‘,f After the experiment the sample was a

H

3 column of glass without a noticeable
reaction with the graphite crucible, from

1-4 - carbonaceous:-C1, 2C2, 3C3 (0), orans type,-4 Which polished section as prepared for subsequent

C3 (V), vigarana type; 5 F (forsterite); 6- E (enstatite);
7-9 - ordinary, 7-H, 8- L, 9-LL.

analysis on the microprobe.
Results of the experiments.

Physicechemical peameters of formation of
Experimental method. A hydrogen cell for a chondrites.

high-pressure gas vessel was developadbasisof

Temperature regime of formation of chondrites.

thei Shaw me mbr anus"lt canssts lofn Chonaides contain glass owould be crystallized
W or Re reactor in the high temperature zone and é@mpletely. Crystallization temperatures ofthe

the cold zone from the equalizegarator which

separates the internal volume of the cell (126)cm
from the external pressure of the argon medium. W
and Re do not react with hydrogen and are not
permeable to hydrogen. The cell was placed in a
vessel of high gas pressure (diameter 50 notyme
1.5 1) with internal heating. The mole fraction of
hydrogen in the fluid phase was controlled byHr
mixtures of purityspecific gases in the hydrogen
cell. The experimental procedure is based on the
permeability of H through the welded Ptapsule,
which was used as a container for the sample.
Argon-hydrogen mixtures, p = 0.6, were
prepared in a special device, and thesreppumped
into the reactor at a total pressure of 10.1 MPa. The
hydrogen cell was inserted into the heater into a
gradentless temperature zone. The temperature
gradient wagontrolledby two independent windings
of the heater and determined by two thermocouples
placed in a reactor near the reacticapsué. The
gradient did not exceed @@ / cm. The

8 0 e 0y
..000.‘

<5
Fetetetetetemarazaane e te%s

chondrules vary
considerably. They can
be higher than the
temperature of
incongruent miing of

enstatite (130 4 00). A

=l There isa reason to
believe that the
chondrules crystallized
3 before the matrix. The
§ matrix is enriched in
% iron and sulfur.On the
= badc of an experimental
Andumpellet  study of the distribution
—Ar of Ni between Femetal
- lid pnes ard troilite depending
Pt-capsule
/Carbon Y on the temperat_ure
| with charge (Bezmen et al., 19§ it
| -Re-reactor was found that the

minimum temperatures
of this associatiofor all
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chondrites areCd{®@@Aled crystaliaation Bf0 ¢hdndrites took placat low
results reflect a complex temperature history giressure®elow500 MPa.

differentiation, crystalliation and subsequent Chondritic structure of meteorites. In previous
cooling of the chonrites, during dissipation of fluidworks (Bezmen et al., 2005; 2011), which based on

components occurred. the analysis of photoelectron spectra of hydregen
700 900 1100 1300ec  containing aluminosilicate glasses, it was shown that
6 the presence of hydgen in the melts leads to the
rupture of SIiO-Si bridging bonds in the silicon
-8 oxygen anions and the replacement of some oxygen
atoms by hydrogen ions the following scheme:
<10 - Si-O-Si + H = SO + SiH,
12 with a part of silicon in fluidsaturated melts
N beconed a state of modifiers which cause the
neeilA formation of glassesas the forsterite composition
2 chondrules during quenching. Clear interphase
1B boundaries between the chondrules and the matrix
-18 indicate the liquid immisibility nature of their
relationship.
-20 A fragment of the sample obtained as a result of
modeling the chondrite structure at a pressurBQof
e MPa and 125&C inX-r ay r adi #igi, orKUof K
Si , -FeKaokV, 20nA is shown on thefigure. The
10 08 08 07 06 mapping was performed over an area of 200x200
1000/TK ¢ rhwith an accunalation time of 100 s.
Oxidation-reduction  conditions  for  the The physicochemical conditions for the

formation of chondrites. The diagram shows the formation of a chondritic structureould arise as a
oxidationreduction conditions for the formation ofresult of the ordinary accretion of cosmic matter in
chondrites of variousypes: * ordinary chondrites, 2 the form of segregations of melts enriched with
- carbonaceous chondrites and achondrites, Betrogenic and fluid componentshich placed in a
forsterite and enstatite chondrites. predominantly hydrogemethangas medium in the
Pressure Petrological data based on the absen&arly stages of protosun formation, as well as

of formed at high pressures mineralsow that the accretion in the planedimals and in the planets of
the protosolar system.

.ga!_ SiKal :
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DOI: 10.1134/S0869591111020044 Abstract. Rare grains of P-bearing fayalite (< 0.4 wt %
P,Os) has been recently found in late -stage mesostasis of
olivine basaltic fragment in Dhofar 287 lunar meteorite, in
Fe-rich rock fragment of Luna-16 soil sample and in two
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fragments of Luna-24 olivine basalts. Fayalite is a common Samples and methods. Standard optical
late-stage product of mare basalt crystallization. microscopy methodswere used for detat
Equilibrium and fractional melt crystallization modeling of observation of polishedhin and thick sections of

Dhofar 287A and Luna16 low-Ti (LT) basalts and Luna-24 .
very low-Ti (VLT) basalts were performed using the Dhofar 287 lunar mare meteorite and some fragments

modified version of METEOMOD program (Ariskin et al., of Lunal6é and Lun&4 regolith The demical
1997). It was established that equilibrium crystallization of composition of mineral phases was determined using
LT and VLT basaltsmay not produce late-stage fayalites g a me ¢ al00 SMernadsky Institute Moscow,
while residual melt can contain up to 2 -3 wt.% P;0s. University of Vienna) and S¥IVE (Universty of
Meanwhile fayalite may be produced under fractional Vienna) and JEOL JXAB8530F (Natural History

crystallization of low-Ti and very low-Ti basalts at 985- . ; ;
104 0 U C a it containing up to 1 -2 wt % of P ,05. museum, Vienna) microprobe at an accelerating

Model calculations suggest that fayalite quantity in LT and ~ VOltage of 15 kV and a beam current of 10 nA.
VLT basalts should not be significant in this case. Computer ~ simulation of equilibrium and
fractional crystallizatiorof bulk compositions obho
287A olivine basaland some mare basalts of Luna
16 and Lun&4 was carried out through the modified
Rare grains of Mearing olivine (< 0.5 wk Version of METEOMOD program (Ariskiret al,
P,0:) have been recently fod in a list of lunar 1997). This program was speciallycalibrated
samples and meteorites. It is presentedMgsrich relativey to the experimental data on crystallization
and Ferich varieties- fayalites. The recent is a Of marebasalt meltgseee.g Demidova et al., 2003).
common latestage product of mare basalCrystallization modeling was carried out at an
crystallization (seee.g. Papike et al., 1991). OXygen fugacity (fO2) buffer equivalent to iren
Modelling of crystallization processes fdunar W¢stite (IW) and latm pressure.
basaltic magma will enable us to estimate the . Results.P-bearing fayalite (Fo,) was revealed
conditions of fayalite formation and set somd] the latestage mesostasis of Dhofar 28iar mare

Keywords : lunar rocks, lunar meteorites, phosphorus-
bearing olivine.

restrictionsfor the parentmeltcomposition meteorite and in the fragment of Lubé Ferich
rock andin two fragments of Lun&4 olivine basalts
(Fig. 1).
0.5 0,5 0,5
<041 Dho287A H o049 #5002 = 04 #6 and #10
§ 0,34 3 § 0.3 Luna-16 } § s Luna-24
802 £ 021 & 0,21
§ 0,11 i g 0,11 * g 0,14 i
0 R e 0 et hd 4
100 80 60 40 20 0 100 80 60 40 20 0 100 80 50 40 20 0

Fo, at.% Fo, at.% Fo, at.%

Fig. 1. Diagrams of variations of ;@5 content vs MG# number in lunar olivines of Dho 287A basaltri¢te rock
fragment #5002 of Luna6 sample and fragments #6 and #10 of LRaAalivine dolerites.

Dhofar 287 meteorite consists of two parts: main Two fragmentsof Luna24 rocks (#6 and #10)
meteorite mass @ﬁ,) is represented b)a lowTi have a VLT basaltic compositio(the size from
(LT) basalt (Dho 287A)with the attached small 400900 to 450<950 mkm). They arepresentecby
portion ofa regolith breccia (Dho 287B). Dho 287Ag||';"g?§dagglerig$2pf‘enscéntgdavebyOpg'r:ﬁteStRJ:wre'
IS a_coar_se_gramed olivinellmenite  basalt, that Pyroxene significantly varies in compositi%?:;_
contains olivine (£ mm) (FQ.7;) and pyroxene (Up , inqo,,. Single olivire phenocrysts areonedand
to 0.5 mm) (ERseWor42) phenocrysts in a fireé yary in compositia from Fos to Fo, fayalite
grained plagioclaspyroxene matrix with amphitic  contains 0.130.18 wt.% P,Os, whereasMg-rich
structure This fragment is significantly enrichedareasdo not contain phosphas in the detectable
with latestage mesostasis (>3%), that mostlyquantities.Silica, troilite and armalcolite present as
corsists of fayalite (Fg.4), Si,K-rich glass with rare accessoryninerals o
fluorapatite and merfite grains The accessory _ Discussion Olivine is a common liquids phase
phases are ilmenite, spinel groopnerals troilite, of mare basaltsFerich olivine along with Ca-Fe-

. pyroxene and silica isa product of late stage
Fe-Ni metal (Anand et al., 2003). crystallization of mare basaltse(g., Papike et al.,

The fragment #5002 of 1639 Luié sample has 1991) Recent experimental work suggests that the
a coarse subophitic structure and aFefich (distribution coefficient of P in olivine can
composition.FayaliteFo,s (<0.31wt.% ROs), silica significantly increase while the melt is being
phase and daFe pyroxene Em,Wogs fill the fractionatedthatleads to a compatible behavior of P
intersticesbetween the largiath-shapedplagioclase in olivine (Grant Kohn 2013). This, apparently,
crystalsAngzss. Roundinclusionsof inhomogeneous €xplains the presence &tbearingfayalites on the
KSigl ass (from 5 to 20 €dggsofgliine pgqngc@%tst,agﬁedgl%n&?:@md i n

fayalite. Fe-Ni metal, troilite, iimeniteapatiteand k- N the latestagemesostasis'ddho 28'A marebasalt
Si glassoceurin accessory quantities. A Ferich mineral asociation similar to that

observed in fragmen#5002 of Lunal6 is a late
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stage product of mar basaltcrystallization It is basalts i90.130.15wt.%, and in Luna24 basalts is
important to note thaMg-rich olivines of mare (.020.04wt.%.

basalts do not contain phosphorus above detection The order of mineral appearance at the
limits (Fig. 1). equilibrium crystallization of D h t287A olivine
Only the composition oDho 287A meteorite pasalt is the following: olivine Y olivine +
fragment is known among the studied basaltplagioclaseY olivine + plagioclase + pigeonit¥
fragments Anandetal., 2003).As shownearlier, the  olivine + plagioclase 4pigeonite + augite- ilmenite
meteorite may represent the composition of the(Fig. 2a) Similarly, olivine crystallizes first in some
primary melt Demidovaet al., 2003). Dho 287A melts of Luna24 VLT basalts, meonite and
meteoriteis enrichedwith incompatible element Plagioclase crystallize later almost simultaneously
P,O; content is 0.21 wt%. The studied rock With olivine, followed by augite, and ilmenite
fragments wittP-bearingfayalite of Lunal6 and-24 appears at the later stages of crystallization, which is

havei . I 4 thei . comparable to the previously obtained model
aveinequigranular structurand their COmposition ca|cyjations forthe Mare Crisium lunar samples

cannot be reliably determined, therefore the knowiskin et al., 1990)On the contary, if equilibrium
compositions of typical basalts of this region are useglystallization of more Al and Tirich basalts of
in the modeling of eqlibrium and fractional Lunal6 takes placeplagioclasecrystallizes first,
crystallization Table 1. P,Os contentin Lunal6 followed by either olivine or ilmenite armlgeonite

Table 1.Bulk composition of Dho 287A and Luft and24 mare basalts

Dho 287A Luna16 basalts Luna24 basalts

1 6 8 10 13 15 6 10 11 12 18 21
Sio, 432 43.8 43.0 46.3 46.3 43.2 45.6 45.0 439 45.3 46.6 44.3 442
TiO, 2.76 4.90 5.50 1.02 2.16 4.80 3.50 1.44 074 1.16 0.86 0.09 062
Al,Os 8.35 13.7 13.9 20.2 19.3 14.3 14.2 6.2 190 124 129 116 17
Cr,0; 0.65 0.28 0.26 dz. C dz. € dz. C dz. O] 056 d. © d. © dz. O dz. © dz O
FeO 221 19.4 20.2 11.1 12.9 16.4 17.3 19.0 16.6 203 174 205 216
MnO 0.29 0.20 0.20 0.17 0.20 0.27 0.25 0.25 0.19 027 0.20 0.30 043
MgO 132 7.05 6.05 2.32 3.80 4,90 5.20 169 5.20 7.50 6.3 7.6 18.2
CaO 8.74 10.4 10.8 14.8 15.0 13.4 13.3 79 14.0 12.2 13.3 12.7 7.0
Na,O 0.53 033 023 0.83 052 047 034 0.02 0.50 0.37 0.31 0.36 0.15
K,0 0.19 0.15 0.16 0.44 0.19 021 024 0.07 0.06 0.03 0.04 0.04 0.05
P.Os 021 0.15 0.14 023 0.05 0.06 0.11 0.02 0.11 0.02 0.04 0.05 0.03

Dho 28% (Anand et al., 2003); Lur&6: 1,67 (Vinogradov et all., 1974); 8,10,13,15(Kurat et al., 1976); Lund4: 10, 11i
(Barsukov et all., 1980); 6, 12, 18(Ryder et al., 1978); 2i (Taylor, 198)

1400

(a) Equillibrium (b) Fractional
1350 A ol crystallization T+ Ol crystallization
Fo76 Fo76
1300 4 +
- - 1 | Fig. 2. Results of equilibrium
g . (@) and fractional (b)
= 4 Pl + E . . .
g o9 . Aug P Aug crystallization modeling of Dho
g 1150 1 Ens0 N T Pig wozs  Him 287A bulk composition (Table
= 4100 | i I 1 1 1 il 1), using the modified
1050 { Fote  Weta  an7s  wods 1 I METEOMOD  program  of
1000 1 .5 Ariskin et al. (1997)
S Dho-287A Fa1 Ené ANS5 "E‘;‘?Q
1450 a)
ol Luna-24 ¢
) L24-10 . .
e Lt Pl L24.21 Fig. 3. Results of fractional
s 1250] |, Eeadil L24-12 L24-18 : crystallization modeling of
3 9 Pl Pl ; some Lun&24 (a) and Luna
Pig A Aug Pig 1
RCI I [ A R 111 D [ s | m 16 (b) basalts bulk
£ - I ml I ug | compositions  (Table 1),
@ 1050 ! i CA 1S using  the  modified
- ' 1 METEOMOD program of
=0 Ariskin et al. (1997)
1450 B)
1 L16-8 L1e10  Luna-16
O 1350 Pl . .
S L16-1 L16-6 2 L16-13 L16-15 Computer  simulation  of
£ 1250 B P 7 p 1 crystallzation of Dho 287A
[ ol E
R - PR 0% S T basalt and some Lurigb and-24
g u I ug Pig I m Ol I ™ | basalteenables us to find out that
= os| I | I iy ¢ | 1 i I 1 the equilibrium crystallization
- ] does not leadb the formation of
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fayalite, at least until 95%of the melt has equilibrium crystallization does notlead to the
crystallizd However, earlier modeling of theformation of fayalite, althougbn the late stagE,Os
equilibrium crystallization of mare basalts showed content in the melt can reach-2 wt.%, while
that in some cases, for example, during thieactional crystallizatioron the late stag&uly leads
crystallization of 15065 Apolld5 sample and single to the formation of fayaliteCorresponuhg residual
samples ofLuna24 alumina basalts (Ariskin et al.,melt may contain up to £ wt% BOs. The
1990), late olivinanayappear onidjuidus repeatedly crystallization temperature of fayalite is from 985 to
(after reactive substitution byigeonitd at the 1040 Uw . However , demondtate c
temperatures- 1 100 AC and ~ 1 1 4 GhAtGhe fayalgescpneent ithie LTeadndVLT basalts
However, the aboveentioned authors point out thatshould not exceed 1%, and likedignificantlyless.

real relationsbetweenphases in the lowtemperature The work was supported bRFBR grant™ 1 6
equilibrium of the melt with the liwvine-pigeonite  05-00695.

augite association are not sufficiently studied

experimentally and are difficult to model (Ariskin et References
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Dorofeeva V.A., Devina O.A. Evaluation of
the massfraction of water ice in the rock-ice
planetesimals for cosmochemical dataUDC
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Vernadsky Institute of Geochemistry and Analytical
Chemistry, Moscow dorofeeva&geokhiru

Abstract . The ratio of the mass of the refractory
component and water ice (MgusMice H,O) in the rock-ice
planetesimals formed in the early Solar system is an
important parameter in the construction of models of the
internal structure of satellites of external planets, trans -
Neptunian objects, comet nuclei and etc. It is also
necessary when calculating the time of accumulation of
cores of the giant planets and in the construction of
models for the formation of their atmospheres. However,
until now there is no certainty in the value of this
parameter. This paper presents a numerical evaluation of
possible intervals of values of Mdust/Mice primary rock-ice
bodies as a function of the ratio of the molecules CO and
CO2, as well as the percentage of carbon contained in the
refractory organic compounds in the primary disc material
(Nebula). The calculations are based on modern
observational data and model estimates, the results are
compared with the available literature data.

Keywords: ice-rock planetesimals; comets; dust-to-ice
mass ratio; comet nucleus; comet ices

processesvhich could significantly change theiiotal
composition from the moment of formation.

Several attempts have beemadeto determine
the values of Mys/Mice aNd Myus/Mice H20 IN COMet
nuclei based on theoretical models well ason
experimental data on the composition of cometary
gas and dust (gatust) conas duringwhich were
used as grounbased observations, and observations
with spacecraft§SC) were usedlt should be noted
thathe observations ofthe intensity of gas
sublimdion from cometary nuclei can be correctly
carried out both by devices installed spacecrafts
and under favorable conditions from the Earth, but
the determination of the total mass of the dust
component flow from the Earth is difficult due to the
problens at obsenation ofarge (> 1 cm) particles.

One of the first models of the composition of
cometary nuclei has been proposed (Whipple, 1950),
so-called Dirty snowballmode| according to which
the comet nucleus is homogeneous in composition
and has a nss ratio of ice and dust component is
Maus{Mice = 1. This estimabnis widespreadnd was
further used in the construction of models of
cometary nuclei (Tancredi et al., 1994; Kossacki et
al., 1999; Cohen et al., 2003; de Sanctis et al., 2005;
Lasue et al 2008; Prialnik et al., 2008; Marboeuf,

The ratio of the mass of thefractory component gchmitt, 2014, etc.). In addition, it did not contradict

and water ice (Ms{Mice H20) In the primaryrock-

the tables of cosmic (solar) abundance, starting with

iceplanetesimalsthat formed in the early Solar the taples Camiron (1968), and up to the tables
system and was the building material for all objectsygders (2003), according to which, the mass of the
of the external Solar system is an important.component (i.e., the mass of all elements except H
parameter in the construction of masledf the angHe) was ~ 2mass% of the total mass of the
internal structure of satellites of external planet$yeplanetary gadust disk (nebula). Besides
TRANS - Neptunian objects, comet nuclei, elhe \;, /M. = 1 coincided withresults of radar
value of this parameter is also importadit the gphservations of comets 2P/Encke and 26P/Grigg
calculation of the accumulation time of the giangjellerup, and later with the results of the space
planets nuclei andat the modelng of their missions of VEGA and Giotto, vith investigated
atmospheres. However, until now it was not possiblga|ley's comet (McDonnell et al.(1987). It should be
to determinedefinitely the numerical value of this noted that, for example, thieactionof water vapr in
parameter. Note also that it is necessary {Qalley's comet was ~ 80% (Eberhardt et al., 1986;
distinguish between the M{Mic. rzoratio, which is \jeier et al., 1994; Eberhardt et al., 1994 ) Miice
discussed in this paper, and thewdMie ratio, . value > 1~ 1.25. The composition of the dust
which in the English literature corresponds to thgomponent in thesievestigatiorwas not discussed.
concept of "dusto-ice mass ratio”. Water ice is not  However furthercorredions of the posdile mass
the onlykind of ice in the composition of primary of large dust particles led to a revision of this
rock-ice bodies, although its share can reach ~ 80éstimate and to the conclusion that in the coma of
of the total ice mass (Krankowsky et al., 198§), Halley's comet Ms{Mice =2 (Green et al., 2004), and
Mausfmice Hzo Will always be morethan Mgs/Miee. t h€e upper |l imit has a

Although My,/M c. is Oft derstood M; al.(1991). Moreover, in the paper (Fulleadt 2015)
(i);r?ori'r\:g 'iée CSrlessgnig lé? S?Jrcshoi?:e 6;8;%10 CeCOthe authors believe that due to the inability to obtain

HCZIC—’i’ NH,, etc (Lorek et al.. 2016etc) '2~~a correct distribution of dust particle sizes from 1 g
4y 3y . .

. and above, it cannot be excluded that thg ¥ ..
_The total and componentcomposition of the yajye for Halley's comet is even higher. This
primary rockice planetesimals similar to the conclusion is consistent with thesults of the work
compositionof comet nuclei. Comet nuclei haghe (Sykes, Walker, 1992), in which by combining data
maximum water ice content (Ewine et al., 20d4) on the rate of loss of the dust component by the
compaison withother bodies in the Solar system nuclei of eight shorperiod comets (Sykes, Walker,

addition they do not bear traces ohya secondary 1991) with data on their gas mass loss (Kresak,
Kresak, 1987) it was possible to olotan estimate of

Maus{Mice in the range of 1 to 4.6, with an average

val ue
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value of MysfMice @ 2. 9. |t was cshowndy thedserdesultshobtained, theecomposition
water ice content in cometary nuclei was close twf comets, which are judged on the compositdf
50% by volume and to ~ 25% by mass, i.e. by thbe volatile components of comet nuclei, in particular
composition of the comet nuclei it a lump of for comets 8P/Tuttle, 9P/Tempel 1, 103P/Hartly and
dirty snow (o0dirty snowWBPCIGlI fcdmet auclei ase hetenogeneau$s inf r
mu d (6frozen mu d b al | scobmposition Tah eharacterssticusezes of e f100 m
MaustMicewhich are significantly greater than 1 werg(Bonev et al., 2008; Feaga et al. 2007; A'hearn, 2011,
also obtained in the analysis of the composition @ombi et al., 2012; Fougere et al., 2014; Marboeuf,
the plume, caused by a blow to the nucleusashet Schmitt, 2014; Hassing et al., 2015; Lusirayti et
9P/Tempel 1during the Deep Impact experimental., 2015; Hoang et al., 2017, etc.). It follows that it is
(K¢ppers et al ., 2005) . hardly possible to obtain an unambiguous estimate of
The results of the study of thecomet 67Rhe value of Mus{Mice and Mys{Micerzo @s a result of
composition of the comausing of MIRO and direct measurements. Therefore, we considered it
ROSINA instruments installed onboard the aPPropriateé to obtain it bawg on the experimental

spacecrafRoseta showed that he rao o the dudle on, e, composton o e el and gas
and gas components in itusstableand depends on the data of the tables of cosmic abun@ahodders,

the heliocentric distance of the comet, so then10 in which, unlike all previous tables, the mass
resulting value of Mis/Micc had a large rangefrom  of z.components is estimated at1%. It should be
2 to 6 with an average value ofMMie = 4 Nndted that the decrease in the mass of the Z
(Rotundi et al.,, 2015). In the paper (Fulle et alcomponent was mainly due to a decrease in the
2017) authors madesven more radical assumptionrelative abundance of C and O, while maintainimg t
that for all TRANS-Neptunian objects, including thevalues of the relative abundance of the main +ock
nuclei of comets, the relationship of the dust mass i'ming eélements almost ‘unchanged. In our
the mass of the ice is Ggcuatons we prgcleedqzldvféow the, gggga”yt
chondrites, where it is up to 20ass % (Wiik accepted position that comet nuclei formed
: ' in the TRANSNeptunian region of the gakust

1956). _ , nearsolar protofanetary disk, the elemental

It was also obtained some estimatéshe value composition of which corresponds to the tables
of Maus{Mice in the nuclei of comets by indireatay, (Lodders, 2010).

on the basis of their physical characteristics. For The water content in the solar composition
example, (Lamy et gl2015) the proportions of ice system is determined by the distribution of oxygen
and dust in cometary nuclei weneadeestimatons between its individual components: a refractory
based on the magnitude of their dielectricomponent that inades both mineral and organic
permittivity which weredetermined by ground radarsfractions, water ice and ice more volatile compounds
in the study of the properties of the nuclei of eig'duch as CO, CQ CH;OH, etcConsider these
comets at the depth of the first few meters. Theomponents in more detail.

probability interval of permeability vags (23.1) The mineral componentorresponds to the
according to the model laboratory experimentsomposition of interstellar dust and, according to
carried out by the authors, the mass fraction of igaost resemhers, the abundance of reikming
from 0.1 to 0.2, dust from 0.2 to 0.5 and the porosiylements in it is close to the gross composition ef Cl
interval from 35 to 75% is the best. In the papethondrites, and the main forms of their presence are
(Lorek et al, 2016) My,s(Mice values wee obtained iron sulfide, MgFe-olivine and pyroxenes (Fulle et
by using theoretical and experimental modeling otl., 2016).

the formation of cometary nuclei by the gravitational Refractory organic componefCHON) and its
collapse of a cloud of roeke particles (pebble mass fraction in comet dust. The composition of
clouds) of characteristic size ~ 1 cm of differenEHON in 1P/Halley was described by the formula
composition. It was found that in a ae range of Ciod1so020NsS; (Fulle et al., 2016). The ratio of O/C

changes in the values of the initial parameters of tfg 1©=0-2, which is close to that in the insoluble
organic matter (IOM- Insoluble organic matter) of

model (cloud mass, porosity of the initial partideﬁglurchison O/C © 0.2 meteorite, although  its
etc.), cometary nuclei with the actually observegiomental composition is given in different works

yalue of the average 'denS|ty (~.O.'5' g?):arg formed ifferent: GodH7O1sN:S; (Gardinier et al., 2000

if the Muus{Mice value in boththe initial particles and Alexander et al., 2007); 6H15:0.0NsS: (Quirico-

in the formed comet nucleus is not less than 3, but). Since for us the most important value is the ratio
higher values are possible, up to 9. Models of higin CHON OLC, we take its elemental composition
M aus/Mice cOmetary nuclei have also been considereprresponding to the formulay§gHgcO20N4S,.

in a number of other papers, for example (Fulle et al., The mass fraction of CHONnithe refractory
2016; Hu et al.2017). component (Mi/Mog can only be measured situ

Such a large spread of estimates of, M M. and, to date, only two comets 1P/Halley and 67P/C
values in the comet nuclei could explained by G. For 1P/Halleythe ratioof elemens$ (C/Si)ys=4.4
many factors, not leadty their heterogeneity. As N 1. 3 ( J e s $98% hag leen determinad
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and the mass fraction of CHON ithe dust perihelion, giving high values of M{Mic n20in the
component was estimat@din 36 mas %, and for comet coma. High relative value of the masses of co
67P/GG (C/Sijus = 5.5™% 1, and the mass fraction and CQ observed after perihelion, resulting in low
of CHON in the dust component is estimated® 4%  Maus¢/Miceq 2; . Perhaps this explains the observed the

mas %. comet 67P such a high scatter of the values of
Another source of informaton on theMasiMie= 4N2 (Rotundi et al ., 2
significance of (C/Sis in comets is dust,
presumably of comet origin, and Arctic Maust/Mice H20 dust
micrometeorites (UCAMMSs), in which the carbon 4 (GopeEClons, ity
content is much higher than the usual content even in 5, | ’
primitive meteorites, and its form is close to that in
comets. In them, the carbon content canfioen L s
26 N6 t anas®@(lrimbre details see Wooden 2.5+
et al., 2018). | 025 S8
Given the uncertainty of the values of the ratios | | ——=
of the masses of mineral and organic component in | 05 80:20
comet dustf( m/f org), USE @ valuet(s /& Haust 3S @ I -’—{""T/ 0.7 55:45
model parameter by varyingin the range from 0 to 1.5 Va7
0.7. 0.1 02 03 04
The ice component of comet nucleiis judged Nena/Ncp in the gas phase of the
by the composition of comet c@s) data on the protoplanetary circumsolar disk

content of maternal molecules for 15 comets Qfig 1. Estimation of the mass ratio of refractory
different dynamic types with respect to the mass @bmponents and ice of water in reicle bodies formed in
water were generalized in (Dde@va, 2016). Its bulk the outer zone of the solar protoplanetary-gast disk.

is water ice, butCO and CQ ice also have high The square is the most probable intervals for changing
abundance commensurate with the abundance tb¢ parameters

H,O. The abundance of most other oxygen The work was partially suppd by the Program

containing compounds does not exceethdss %. - 28 of the .RAS Presidium
Exceptions are methyl alcohol and formic aldehyde,
the average relative content of which is ~ 1 mass. % References

and molecular oxygen Oin comas of two comets
(Halley and 67P) its content was 3.7 and B\@ss | stetsW j jo O 1. ¢. tetsBdzj 3% ddalsj teff to
%, respectively (Rubin et al., 2015; Bieler et aly ¢ j tod &3] dels Oz’ dg' 7 HOdzde 7 5 Msf
2015). Given these data, due to the large spreadCots d3juiste iz W ¥ & ¢ [ 016.ISBN 9785-88918
values of the relative contents of €@nd CO in 041-8f ., 20161 4. 86-87.
comet comas, and the fact that the atomic ratio giHearn M. F. EPOXI at Comet Hartley/M. F.AdHearn
these moleculesn{ p/MNco)ner iIN the gas phase of [et al.J/ Sciencel 20111 Vol. 332,Issue 60361 P. 1396
nebula is unknown, we take it as a model parametes00.
varying it from 0.1 to 0.5. Bonev, B. PThe peculiar volatile composition of Comet
The calculation resultsr@ shown in Fig.1, where 8P/Tuttle: A contact binary of chemically distinct
the model estimate M/{Mie. ,2rin the nuclei of cometesimaléB. P.BoneVet al.]// Astrophys.J. 12008,
comets and other TRANEeptunian objects that TVol. 6801 L61. o o
have not experienced significant evolution of groggeada, L. MAsymmetries in the distribution of® and

m ition retion hown ndin g{.}zinthe inner coma of Comet 9P/Tempel 1 as observed
composition postaccretion stage shown depending T Deep ImpadiL. M.Feagdet al.]//

(Nu /Ncolnenvalues & J Hauss Icarusi 20071 Vol.190.i P.345356.
The rgsults presgnted in Fig. 1, allow us to draWoang,M.The heterogeneous coma of comet
the following conclusions. _ 67P/ChuryumosGerasimenko as seen by ROSINACH
1. Both parameters ncodncoand tsW/BEC T CO, and CO from September 2014 to February
significantly affect the value of MyMice 120 2016M.Hoang][et al.]/ Astronomy & Astrophysics
2. The smalleis the C share in CHON, the more1 2017.1 Vol. 600, id. A77 13p.
is Moo andthelessis Mgus{Mice H2o Lodders, K. Solar system abundances of the elements. In:

3. The available experimental data (are markedptrophysics and $je Science Proceedinggerlin:
by a square in Fig. 1) best meet the foIIowinﬁp“”gefzom' P.379°417.

composition of the solids formed in the outer regiofoiundi. A Dust measurements in the coma of comet
fthp bula: M, © 157 2] = 0 29 67P/ChuryumoxGerasimenko inbound to the Sun
of the nebula: Mis(Mice n20® 1.51 21NNy p/Nco= 0. /A.Rotundi[et al.]// Science 2015,1 Vol. 347,Issue

i 0.3, the ratio of the mass of mineral am@janic g>o07 aaa39051i 39056
components antlyin:f o= 60:40 to 90:10 SykesM.V. Cometary dust trails. I. Survey
With regard to the composition of cometarym.v.Sykes,R.G.Walker // Icarug 1992.7 Vol. 95,7 P.
nuclei, the following can be said. Low relative value$80-210.
of the masses o£O and CQ observed, as a rule, to
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Problems of Planetology, Cosmochemistry and Meteoritica

Dorofeeva V.A.l, Makalkin A .B.2 Possible years the atmosphere of Saturn and the system of its
mechanism of depletiob of vater atmospheres rings was studied by the spacecr@fissinj which

of Jupiter and Saturn. UDC 523.64 made 23 overflights betwe the rings, and 6
overflights around of the planet itself.At the final
1. Vernadsky Institute of Geochemistry and Analytical stage of the experiment (the-salled "grand final"),
Chemistry, Moscow, dorofeev&@geokhiru Cassini entered the deep layers of the atmosphere,
2. Moscow,Schmidt Institute of Physics of the Earth, continuing to transmit information, which,
Moscow, an.makalkin@yandex.ru unfortunately, has not yet beenhtished. Since July
Abstract .We set forth our ideas about the possible 2016, theJuno spacecraft has went on the elliptical
mechanisms of the observed water depletion in the orbit around Jupiter. It is planned that it will make 37

atmospheres of Jupiter and Saturn at their enrichment with revolutions, approaching for a few hours to the upper
volatile elements heavier than neon (Ar, Kr, Xe, C, N, S, P), layer of the clouds of the planet for a distance of ~ 20

that was experimentally established during the space .. .
missions Pioner-10, -11, Voyager-1, -2 and Galilea The thousand km. In addition to researChmg the

proposed scenario consistently takes into account the gravitational and magnetic fields of the planet, it is
current data on the gas removal from the protoplanetary planned to study the composition of Jupiter
disks around young solar-type stars, the evolution of the atmosphere, in particular, the content of water and
thermodynamic conditions in the disks, and the model of ammonia in it. By now, 46 articles on the preliminary

the glanF plapets formation. The cons@ered mechanism of results of the Juno miion have already been
water origin in the atmospheres of Jupiter and Saturn

makes it possible to explain the significant deficit of water published in the journalsStience and "Geophysical
in comparison with the abundances of other volatiles. Research LG_'tt_e'rS _
Keywords:  Jupiter; Saturn; atmosphere; ice-rock By now, it is known t_hat the microcomponents of
planetesimals; volatiles, nebula; gas phase dissipation the atmospheres of Jupiter and Saturn are, Kot
H,S, KO, etc. The composition of atmospheres of
The features of the Jupiter and Saturhoth planes and their structure is characterized by a
atmospheres largely reflect theonditions in the number of important features. At the upper levels,
circumsolar gaslust protoplanetary disk (Nebula) insome compounds (ammonia, hydrogen ammonium
the first millions of years of its evolution, andsulfate, etc.) form cloud layers, tHieT conditions
therefore the study of these features providder their condensation are shown in Fig. 1a The basic
important information about the early stages of theompounds Dall elements are the reduced forms
evolution of the solar system as &ale. Jupiter and NHs;, CH,, PH;, GeH, H.S, although in the gas phase
Saturn, the largest planets in the solar system; thefr the Nebula, by accretion of which atmospheres
masses are about 300 and 100 times greater thanwesge formed, they were in the oxidized fornCO,
mass of the Earth, respectively, and the total massG&,, N,, etc.
about 92.5% of the total mass of the planets. Both The reason for the reduced state of the
planets have powerful atmpheres, the mass ofatmospheresithat, the excess,tat deep levels with
which many times exceeds the mass of their nucléigh T and P restores all oxidized forms, and then
According to modern models, the ioeck nuclei of convection takes them upward. This mechanism is
Jupiter and Saturn formed in the first millions ofilso considered inAtreya et al.,1999), while the
years since the beginning of the evolution of theoefficient of convective diffusion is determined
Nebula from the outside of thé&snow line". from the verical distribution of some carbon
Atmospheres of the planets were formed mainly byompounds: @, from Voyagerdata, CH from the
accretion of the gas phase of the disk by the nuclei @#ta of the satellite ISO (infrared space observatory),
planets. That is why the main components of tr&s well as NH on Jupiter and PHon Saturn
atmospheres of Jupiter and Saturn are molecukgcording to theHubble Space Telescopiata. The
hydrogen and helium. data of theJunospacecraft indicate that ammonia is
The first data on thetructure and composition of taken out from th&? 100 bar levels.
the atmospheres of Jupiter and Saturn were obtained Another characteristic feature of the atmospheres
by spacecraft®ioneer10.11 (19731974), and then Of both planets is that they are enriched by all the
with the help of spacecrafifoyagerl,2 (1979). But chemically active and inert volatile elements heavier
the main data were obtained with the help of tHf'@" Ne in comparisomith solar proportions. For

Galileo orbiting spaecraft rotating around Ju itert e Jovian atmosphere, this enrichment averages
g sp 9 P rom 2 to 4 (Figure 1b), and for the atmosphere of

(19952003), from which the special explorer (1995541rn it is even higheAfreya et al 1999). The only

was sent into the atmosphere of the planet. It ha@gception is oxygen. For the Jovian atmosphere, the
reached to the level with P = 22 bar deep into thgobal value of O/ H= 0. 033 N 0. 01G¢E

atmosphere, determining its structurg ,( ny,, value, and at the levé = 19 bar near the red spot
chemical compositiongcloud structure, etc. Some0.35. Preliminary dat&rom the Juno spacecraft also
data with respect to the atmosphere of Saturn wdpglicate that the atmosphere of Jupiter is dyt¢n
obtained by the spacecraft Galileo. In 22187 etal.,2017).
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abundance of condensible volatiles

Fig. 1. The structure of the cloud layer (a) and elemental composition (hecitmosphere of Jupiter (according to
Atreya et al, 1999 and Taylor et al., 2007)

The main hypothesis, explaining the enrichmenhe giant gas phets occurs against the background
of the atmospheres of Jupiter and Saturn with volatitd dissipation of gas from the disk. The mechanism
elements, is based on the assumptiia, at the final of dissipation could be various. One of the most
stage of atmosphere formation, giant planets accretédly processes leading to gas loss is the scattering
a large mass of ice bodies that contained volatiles raftthe disk as a result of pheéwaporation of the gas
in the form of ice, as we suppose for primary-iceby the utraviolet radiation of the young Su@¢rti et
rock bodies, for example, comets, and in the form afl, 2015). Another effective mechanism for gas loss
cl at hr at e 5S7yHDr- fot @Hg CO, Xe, Aand disk scattering is the magnetohydrodynamic
H,S and X0 Afor Bl, K& &nHl Ar(Kouchi et wind (Bai et al 2016). Both of these mechanisms
al.,, 1994; Mousis et al.,, 20000 et al.,, 2003 ensure the outflow of gas from the disk in the
Gautier et al.,2 0 0 Hedsant et al.2004;Alibert et  hydrodynamic egime, those without the separation
al., 2005 and etk. As for the depletion of the Jovianof heavy and light elements and their compounds.
atmosphere witlvater, no mechanism was proposeddowever, there are scenarios describing the local
We would like to note, however, that the enrichmer@nrichment of the volatile gas phase of the nebula.
mechanism involving clathrate hydrates has ©@ne of them was proposed in the wor®ulot,
significant drawbacks. First, the formation ofHuesq 2006) to explai the enrichment of the
clathrate hydrates of CO and Nthe main C and N atmosphere of Jupiter and Saturn with the noble
containing components ofdlgas phase of the disk gases Ar, Kr and Xe, and then developed for
occurs in the interval T = 500 K, and the chemical active volatiles in workGprti et al
condensation of D atT® 140 K. So we can assume2015)Following the scenario proposed in these
that during the cooling of the disk to 100 K®t. Wworks, one can imagine the following scheme for the
accumulates in the bodies. In this case the reactitormation of atmospheres of giant planets. In the first
surface sharply decreases arftk theterogeneous million years from the beginning of the formation of
reactions of formation of clathrate hydrates in ththe Solar system, the gdsst substance continued to
system containing of gases and solids will be largetyrop out onto the surrounding solar disk from the
kinetically inhibited. And, secondly, if their role wassurrounding shell- the remaining part of the
so great, then the atmosphere should be enrichei@tosolar nebula, with a significant part of the
with water, at least not leghan other volatiles, and substance falling onto the end of the disk, where the
probably 45 times higherHelled, Luning 2014. temperatures, especially on its surface, were

We suggest a mechanism for depletion of thextremelylow, T<~ 20-30K (Dorofeeva, Makalkin
atmosphere of Jupiter, and probably Saturn, by wat@Q04). The dust particles of the protosolar nebula
which is based on the assumption that theontained all the volatiles except H and He, in the
atmospheres of these planets werenfeat as a result form of ices, but, getting into the disk, it was possible
of the accretion of the gas phase of the nebul® lose the most volatile of them, for example, neon.
enriched by all volatiles, heavier than neon, buthe particles descended to the middle plane of the
practically free of water. disk, some of them formed aggregates that had a

According to the standard model (Pollack et alfluffy structure, and moved to the Sun during the
1996), accumulation more than 60% of the mass tfdial drift. Getting to the warmer zones of the disk,
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the ices of the most volatile compounds evaporated[+1 ;=4 14+ 2f (2)
andpassed into the gas phase. Further transport ang.+ 233 41 2 2)
diffusion of gas in a viscous accretion disk lead to ad, + 3 , = 2NH; etal 3)
increase in their content in the formation zone ah the conditions of excess;idass efficiently already
Jupiter and Saturn. at the levelP ~ 200 bar and ~ 500 K. The mass of

It is assumed that there is no thermal convectidhe water which formed by the reactions (1) and (2)
in the disk; otherwise, the gdand fine dust) would will be determined by the ratio CO/G@ the gas
mix in the vertical direction along the entirephase of the disk and ounics / SC in the dust
thickness of the disc, which would preventomponent of the diskDprofeeva, Devina2018).
enrichment of the volatile in this zone. The onhGo, if we assume that the moleioa€O / CQ = 2
volatile compound that could not evaporate &br and Gganics/ SC = 0.5 the relative content of water in
AU was ice HO, since the beginning of ¢h the atmosphere will be ga/H,) 3 times lower than
accumulation of the rockice core of Jupiter is the according the solar proportions. This conclusion is
attainment in the equatorial plane of the diskay= supported by data from the Galileo probe. They
SAU.U=0Uc0na?2 50581 « 01 bar). And this indicated a slight increase in® / H, at levels below
gas, enriched with heavy elements, but practicallyd bar, where were recorded &ofd depletion of
free of HOys (in the gas phase, the paf pressure H,O / H, (Niemann et al.1998.
of water corresponded t@uo, T in the gadce The proposed scenario does not contradict the
system) was accreted by growing Jupiter and Satufiew models of the internal structure of Jupiter,
Water was accreted by protoplanets only in the fo:@bta'ned from the Juno spacecraft data.
of H,0 e together with the refractory component, i obetgisnuergmgmj fgghemg:jagnt?ttlongés?gllg Ct)(]; Jgg,'[fia
the form of rockice planetesimals rodust, which yJu P

: i unprecedentedly accurate data on even (zonal)
could also include the highetgmperature Condensedgravitational moments of low orded,iJs. New

phases of the volatileNHs A ,®dois and CQ ice It models of the internal structure of Jupit&ahl et
should be noted, however, that the share of carban, 2018) better satisfy theggravitational data than
and nitrogen concluded in these compounds was rather models. According this model, Jupiter contains
more than first percents of theitotal content a very large nucleus (with a radius of ©.3 Ry,
(Dorofeeva 2016). Thus, the atmosphere formed byeighing 1624 masses of the Earth. But in this
the accretion of the gas phase of the sedar disk nucleus the most of the weight falls on hydrogen
will contain all the components, but in proportion?e“lgm. m(|j>_<tur(|e ”ll which eheavy substance (ice +
above the solar one. rocks) 'i 1SS0 vle ) Id be f d b di
Thus, the atmosphere formed by the accretion of. Such a nucleus cou o€ formed by eroding a
the gas phasef the neassolar disk will contain all Primary dense core consisting only of ice and
the components, but in proportions above the solegfractory components (ice and rocks). In order to
ones. As for water, although it was almost absent $atisfy the gravitational data, these preliminary
the accreted gas, but as a result of evolution it gotodels require a lowecontent of heavy elements Z
into the atmosphere and its total content will consigand helium Y) in the outer (molecular) shell than
of several sources. -Ithis is water, which was in the optained according to spacecraft Galileo data. The

form of ice in the core of the planet; dvater, which  est models satisfy the gravitational data, having in
came in the form of ice with rodke bodies of he outer shell Z O 0.01.

various sizes and dust, accreted by Jupiter duri
growth; 3- water formed due to the reactionsA)L e solar kodders 2010) or even lower water

Oxygen in the gas phase is present only in tgontent, even if it is assumed that all heavier an(_JI
form of CO, CQ, CHOH, etc. According to the more refractory substances are S|tuateql lower, and in
latest results of thdunomission (Orton et al., 2017) the outer shell the. value O.f Z1is determlne(_ll by water
the vertical distribution of NKlindicating that there only. Th's IS coq5|stent with some scenarlos for the
is vertical mixing in the Jovian atmospherdormation of Jupiter, for exampleMousis, Luning
(convection). Due to this convection, atmospherigmz)' _ _
gases from the inner hotter zones with R00 bar The work is partially supported by the grant
enter the upper levels, where some macrocomponeﬁi’éBR 1702-00507
condense forming a dense cloud layer.

The main carbon and nitrogen compounds of the
gas phase of the protepetary disk were CO, GO [ stcsW jjo O 1. ¢., [ OCOdSdds
CHOH and N. In the same forms they weremtsdzdzj ydzs?2 fMmdMmilsj d&3r / / s BMdhts
accreted and due to intense convection, reachifgnt j £IsfHdIststed QzRO @ . 728 8
|0wer, hotter levels are reduced by an excesszcbﬁH DorofeevaV.A:. Genesis of Volatile Components at
CH, and NH, condensation which are observed i@t Urndés Regular Satell/ltes.
the upper atmosphere. Calculatiosisow that the Geochemistry Internations201f Volg54, No. 1 . #;2B.
reduction reactions
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According to the contemporary theoriet)e
formation of the regulasatellitesof gas giant planets
has continuedn gas dust circumplanetary accretion
iscs during the final stage of central planets
formation, i.e. 48 Myr after meteoritic Calcium
inclusions  (CAl) occurrence
(Maké'ikin, Dorofeeva, 2014). Simuladl results of
accretion process in gaseous subnebulae (Kronrod,
Makalkin 2015) revealed thaatellites likeTitan and
Callisto were accumulated from the small (less than
1015 m) rockice particles (planetesimals)

| s s u e cohsistirgy 'ofi,f licé arnddockiron components

Models of the internal structud Jupiter and Saturn
large satellites (Kronrod, Kuskov, 2001, 2005;
gastiIIoRogez, Lunine, 2010) impose the restrictions

onhe ‘sdtellites rock composition in accordance with

Jupi t e thg subgtancefeordinary (L/LL) or carbonaceous

(Cl) chondrites.In this case feondritic substance is
generally representedby ferromagnesian silicates
(olivine and pyroxene) or hydrous minerals
(serpentines, smectites) with an admixtutg (o
(i ron
sulfates, carbonates, feldspars, spinels, phosphates).
An insignificant amount (up to 5%) of orgasiand
up to 2022% of waterpeinga part of watebearing
minerals is also present inarbonaceous chondrites.
The satellite§ iron-silicate substance can be
partially or completely hydrated.
Hydration/serpentinization  reactions  relatively
quickly occur both on the scale of geological time

Wabhl, S.M.Comparing Jupiter interior structure models toand in comparison with the rate of satellites
Juno gravity measurements and the role of a dilute/core gccretion (CastilllRogez, Lunine, 2010).Thes

S.M. Wahl[et al.y 2018Geophysical Research Lettersg,
2 0 1W®l. 44, Issue 10P. 46494659

Dunaeva A.N., Kronrod V.A., Kuskov O.L.
Main  constraints on the chondritic
component  composition in partially
differentiated Titan.

V.l. Vernadsky Institute of Geochemistry and Analytical
Chemistry RAS, Moscow (dunaeva.an@gmail.com)

Abstract. In this paper, the models of partially
differentiated Titan consisting of the ordinary (L/LL) or
carbonaceous (CI/CM) chondrites have been considered.
The models were made in the range of the satellite's
moment of inertia 0.32<I/MR 2<0.35 and with different
degree of the chondritic substance hydration. It has been
shown that the region of the hydrous phases existence in
the Titan core does not exceed ~30 vol.% of the core at a
satellite core radius of about 1000 km and reaches up to
~70 vol.% at the small radii (~500 km). At the moment of
inertia IMR 2=0.35, it is impossible to build Titan with
CI/CM chondrites. In this, the L/LL -chondritic models lead
to the satellite core radius less than 700 km, which
appears to be unrealistic for the large ice satellites. Thus,
the high moment of inertia in the partially differentiated
Titan seems to be unlikely.

Keywords : Titan core, CI/CM chondrites, L/LL chondrites,
hydrous silicates, moment of inertia.

reactions can occur at different stages of evolution
the rockyice objects, leading to formation of lew
density hydrated phases (hydrous silicatéiven
the fact that botlsmall particlesindlarge volumes of
planetary boiks can be involved in théwydration
reaction, hydrous silicates become a significant
component in their composition. The presence of
hydrated minerals affects the density of the
chondritic substance, and also imposes certain
limitations on the satellites thermal history, which
shoud be taken into accounduring constructing
modelsof their composition and internal structure.
The formation of Titan occurred within the
protosatellite Saturnian discaccording tothe main
pattern formation of the regular satellites of gas giant
planets. The Titamaccretion from small rockice
particles occurred foa continuous period ofime
a 16Q/ears (Makalkin and Dorofeeva, 2014), which
has madeit possible to form Titan, inglly
consisting of a homogeneous ice and rock mixture
(Barr et al., 2010).During the last stages of
accretion, as a result ofimpactors action, the
temperature of the neauarface Titan's regions
increased sufficiently to initiate the ice melting. This
leads to the separation of the raakn component
and its migration to the satellite censacompanied
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by formation of inner rockron core. Surface water chondritic substance were chosen for modeling
and ice formed an outer waiee shell. Between the (Tablel).
waterice shell and the inner core a homogeseou The density of a chondritic substance is
rock-ice mixture (the rockice mantle) remains. This determined in proportion to the amd of hydrated
model of Titan partial differentiation (incompleteand anhydrous (purely silicate) phases in it
substanceseparation into ice and rock) is similar tacomposition. This proportion depends on the type of
the model (Barr et al., 2010), where the ice meliing chondrites and degree of chondritic substance
causedby late heavy bombardment, whidecurred hydration (variable parameter of the model). The
4.1-3.8 Gyr ago. The energy of the satellitalensity of the chondrite component is calculated
gravitational differentiatioris partially used forthe using the silicates and hydrssilicates equations of
rock-ice mantle heating, but igenerallyspent on states. The average density of minor minerals,
increasing the temperature and the phase transitiaigtained in thispaper on the basis of published
in the rockiron core.Hereafterthe coreis heated by experimental data, is estimatedtlat values o3.9
energy of radioactive sources, such as dived 4.6 g/cm3. The density of water ice Ih, Ill, V, W]
isotopes, 2%4Th, % , and liquid water in the watéce shell and in the

Radiogenic heating of the Titan silicate rockJitan's icerock mantle was calculatedsing the
maylead to the temperature increasing toltheelat individualHO phaseds equations
which the reverse reactions of hydrous silicates thereferencedata, the value of the surface heat
dehydration ocurs. Such reactions are irreversiblélux of Titan was assumed to be 5 mW/nThe
(i,e. no repeated transition of silicates tacalculations weremade at the moments of inertia
hydrosilicatesoccurd as it is assumed that water 0.324/MR?<0.35.
released from dehydration is rapidly removed. The The model of the Titan roeice mantle was
temperature linef stability of the hydrous silicates constructedon the assumption ofxistence of the
(the boundary othe hydrous silicates/silicates phasglobal convection in the mantle reservoifhe
transition) under Titan conditions &qual toabout ice/rock ratio in the rockce mixtureis one of the
900K and is achieved at the depths of the inner camain constrains ofsuch model. Apparently, he
of the satellite. content of rock in mantleshould not exceed the

The main task of the papaimsto determine the certain limit valuesasthis mayrestrict the substance
region of hydrated phases stability in thetafi convection, leading to the ice melting and, as a
structure. Degree of the satellite silicate core consequence, to the complete differentiatioffitdn
hydrationis assessedlepending on the satellite coreinto rock and iceTaking this constrain into account
size, moment of inertia, and type of chondrit leads to excluding some results from the
substance. The most appropriate compositions of timéerpretation. In this study, however, the results
Titan's chondrite substance are discussduich obtained are shown in fulsfor the purpose of this
correspond tdhe model of a partially differentiated paper such restriction is no¢ssentialand dos not
satellite. affect thegenerakonclusions.

The temperature distribution in Titan was

Tabl. 1. Model compositions of chondritic substance in Titan, astimated using the following models: within the

wide. — Fydrous outer ice crustomposedy ice Ih and in the inner
Type of SII!IC_atei silicates Minor satellite core- by conductive heat transfer mogd
chondrite é)?/:g?eene) (serpentines, minerals 12 the internal ocearin high pressure 0 ices and in
T 5 Smegt'tes) 0 5 ice-rock mantle- according to convective model.
M 15 75 10 15 The thermal model. .of the Tltan core was
Ci 0 85 15 22 developed for the conditionsf stationary thermal

regime, assuming spherical symmetry and uniform
The model of the partially differentiated Titandistribution of radioisotope heabwrces in the core.

(Barr et al., 2010; Dunaeva et al., 2016) assumes tie this case, the thermal balance of the core is
following structural layers in the satellite: 1) outef*Pressed by the equation:

waterice shell compasd by the ices Ih, Ill, v, VI + 4/3pRTH=-4pRidT/dRk, where

aqueous or watesalt ocean, 2) roeikce mantle H T heat production rates of radioactive sources in
(rockiron component + high pressure water ice ViTitan's corew m?,

VIl), 3) central silicate coreComposition of the KT the thermal conductivitk = 2.95Wim™s ™ k =
silicate component of the mantle atioe core is 4.2 Wlm“s™ for hydrated and anhydrous silicates,
modeled by L/LL or CI/CM chndrites substance. respectively (Neveu, Rhoden, 2017; Abramov,
Based on the mineral composition data of differeMojzsis, 2011).

types of chondrites, the average compositions of the By integrating equation (1) with respect to R and
substituting the boundary conditions for the

temperature at the upper boundary of tioee (T)
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and the lower (i boundary of eachlayer inside the by 5.66 ti mes:™ -22583"%Wky 0

radii Ry and R, respectively, a general equation fo(Mueller, McKinnon, 1988).

the stepwise calculation of the temperature in inner The summarized results on the calculations of

Titan core is derivedr; =Ty +1/6 H/k (Roz— R 2). extent of Titan core hydration are shown in Fig. 1.
To estimate the currertemperature distribution The datashown indicate that size of the hydrous

in Titan, the heat production rate of radioactive;; o . Rc—Rsil

sources (H) is assumed to Be. 2 43 \W/kgGand Silicates stability regio in the core Re , WhereR,

4.54 . 7'#\W/kg for watercontaining (CI/CM) and is the core radiuRy; is the radius of the silicate part
ordinary (L/LL) chondrites, respectively (Mueller,Of the core) are almost independent on the chondrites

McKinnon, 1988; Spohn, Schatt, 2003). It is type, but inversely depend on the core radliaking
assumed that the phase transitions of hysirointo assumptiorthat in the givenmodel thesize of
silicates/silicates in the core occurred and werHt@n coreis equal to-1000- 1100 km (Barr et al.,

basically completed in the period of ~ 1Gyr after CA?Ol_O; Dunaeva et al., 2016), 'i.e. small sized cores are
formation at which pointthe heat of radioactive unlikely, then the expected sizes of the hydrated part

sources was significantly higher thahe present of the core will not exceed 10% Rc or ~30% of the

values. Therefore, the determination of the region re VO“:(me' In tgis hce(ljse, sdmallhsizedre_s (Rc =f
hydrous silicates existence (the depth of the 90gR00600 km)may be hydratedor the maximum o

isotherm location in the core during maximum coréP 1© 7%% ofits vo]I(u_me ig/?rzt_he experimentally
warming) was performed with allowancefor the measured moment of ineridMR"=0.342).
earlier H valuesthatexceeded the preseHtvalues

0.4 —
0.4 — .
. I/IMR2=0.342 4 + 1IMR2=0.35
°:: 0.3 ';:‘
03—
% g 1 =
g 1N = e 8 LLL
= “~ 2 0.2 .
7 0.2 - ~ ~ NN
-4 N UL K ~
g _ . = 1N u}
[ ] L4 -
~ O IMR2=0.325
0.1 . : .
cucm "H-:‘:-"-.. ] LLL
'""’H"ﬂi-ﬂmup e,
a % b CIICI ~+-4wiimming
0 T T T T T T T ] 0 T T T T T ]
400 600 800 1000 1200 400 800 1200 1600
Re, km Re, km

Fig. 1. The region of Titan's core hydration, depending on core size and the type of chondritic sultstidations
are shown for the experimentally measured moment of inertia fMR. 342 ( O) and for t he
I/MR?=0.325, I/MR=0.35 (b). Points and crossesalculations for L/LL and CM/CI chondrites, respectively.

The size of Titan inner core substantially Conclusions
determine the satellite moment of inertia value. In 1. A study of the possie compositions of roek
general, the regularity is such that, with the momeiron substance in partially differentiated Titan was
of inertia increasing, the maximum permissible valugonducted. Composition of the satellite silicate
of the core radius decreases (Dunaeva et al., 201égmponent was modeled by the substance of
Calculationsshowed (Figure 1) that for the heat fluxordinary (L/LL) and carbonaceous (CI/CM)
of 5 mw/nf and the moment of inertia 0.342, thechondrites at different degrees of chondritic
maximum radius of the Titan core composed byubstance hydration. Calculations weeformedin
L/LL -chondritic substance is 1050 km, and in case ¢fe interval of satellite moments of inerfidVIR? =
carbonaceous CI/CM chondritest100 km. For the 0.320.35. Based on the proposed stationary thermal
moment of inertia (325, the maximum core sizes ar@nodel of the Titan core, estimates of the temperature
respectivelyequal t01430 and 1490 km. For highdistribution in the satellite core wexbtained and
moment of inertia values (I/MR= 0.35), it could not regions of the hydrated phases existence in the core
be possible to build a Titairmodel usingthe were determined.
substance of CI/CM chondrites, and for a satellite 2. |t is shown that the region of the hydrous

composed of L/LL chondes, the maximum core sjjicates stability in the Titan core does not exceed
radius does not exceed 720 km, which is much Ie§§0% of the core volume at a core radius Rc ~1000

than the expected core size in Titdmereforethe
high values of the moment of inertia in the partiall)km and reaches up to %Dof the volume forthe
small cores (Rc ~500 km).

differentiated Titan seem to be unlikely
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3. At high values of the Titan moment of inertia  Comprehensive scientific research shows that
(IMR? = 0.35) it is impossible to build a satellitechemical basis of life was originally present at early
from the carbonaceous CI/CM chondrites substancg@ges of formation of thigarth, not only in the form

For a satellite composed of L/LL chondrites, onl f required chemical elements, but also in the form of
: w molecular organic compounds that regularly

modéds W'th small sized cores are _possﬂ:_)Ie, Wh'.Ch ac,gome in with cosmic dust and other extraterrestrial
not typical for the model of partially differentiatedshstance. In conditions of early Earth, thanks to the

Titan. rapid geological eents, as well as Uvadiation from

This research was supported by the RFBR gratfite Sun, atmospheric electric discharges, meteor
( ~18-05-00685. impact, natural decay of radioactive elements and
many other sources of energy, synthesis of organic
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Abstract. Method for producing

microspheres during pneumatic impact in

agueous-protein solution, imitating the

similar natural processes on abrasive

shores along the World Ocean line and modeling a possible
mechanism for the formation of the cell membran es of the
first probionts has been developed.

Keywords:  pneumatic impact; microspheres; Figure of a separately selected cell of the abrasive shbeebasis for
abrasive shore; organic broth; probionts. the drawing was an image of an abrasive bank taken from the Int
section http://monateka.com/images/1698545.jpg
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— — (Oparin, 1957, Galimov, 2001). Following

4 A 2 these scientific arguments, it can be
Water AE... _Muq " Yfin _ concluded that the readiness of the Earth for
. s 2 the spontaneous generation life took

_ _ place about 4 billion years ago. However, it
=g 9 H=T72]  \as still far away before the appearance of
the first living organisms. Something
should have happened that later would lead
Y 6m AEwi, = AU to conversion from chaotic and accidental
n .
events to a regular and sustaileaprocess
of organizing the order in prebiological
5 Mgy structures and forms. Such a turning point
: *R-AT  could mean the true beginning of the
s prebiological stage, which lasted until the
= appearance of the first elementary and
minimal-sufficient unit of lifecells! Thus,
A AR AT ~ 200°C howsoever and in what conditions life on
SRR the Earth or in the Universe would have
arisen, it must begin with a cell, since only
Calculationand scheme of the model experiment. the cellular structure is capable of providing

beginning of structural formation of the first living _, .. & homeostasis that predetermines functional
organisms from the prebiotic substance” remaingaPility of metabolism and the gelarity of

controversial, requiresadditional research and ereditary information transfer. But how was the first
finding new approaches to the solution of thge!l formed? There is no such complexity in the
problem. In this paper, we consider an unaccountdighimate nature, in comparison with even the most

source of energy of tidal waves and surf waves thgiimitive living organism! After all, even a primitive,
cause pneumatic impact in cavities of abrasi ut fully viable cell contains nlibns of components

shores. This source of energy, actog to available required for independent existence. This is the most

geological data, appeared 4 bilion years ad’gnportant_ and difficult matter of the origin of life! A’
simultaneously with the formation of the primarycOTECt Vision of the order of events of abiogenic
ocean of the Earth. Together with other sources B Fassembly of the first living organism, as well as
energy, it also contributed to the development arj!dérstanding how thibecame possible, is a key to

transformation of organic broth. Orgaritoth, in the success of the solution of the problem. It is logical to
conventional sense is a firstborn basis, which 2SSume that sedssembly of the cell began with a
: ell that organized a space for inner interactions of

served as abiogenic spontaneous generation of lifeS : .
was formed og the garly Earth ign the process 3,} of its future componentsithout that shell- a
rY\/all that serve as a protection from an aggressive

formation of the first water basins. In fact, it is a " I ) nt th i " b
aqueous solution of simple and neplex organic EX'€rnal environmert the cetl 1s not a cell because
f lack of joint isolation of all its components.

compounds. Longerm exposure to various energy> . )
sources has altered the molecular structure of thesgParation —from the external  environment,

compounds. Afterwards, it was assumed that not on% sequently organizes close interactions of all the
I

6m

L “BSA - Bovine Serum Albumin [

the composition and concentration changed, but aldgcessary corisient components of the cell.
erefore, the cellular structure seems to be the very

the complex combination of these disgar irst organizing structure in the prebiological stage of
compounds into separate high molecular formatlorﬁe abiogenic selfjeneration of life. The shell of the

which proba.bl‘y had‘ Prf b!OIO%ICiIV f-rlofr tavg(z first cell must be permeable to the structural
' ' : : 2 »“ % elementshat build the internal compartment. In the
subsequent stages, formation of the cell wall, on the
inner part of it opened the possibility of forming a
phospholipid membrane. Such shell organization is
found in the most ancient representatives of dife
thearchaea, the cell membrane of which consists of
proteins, which contain both D anddmino acids.
Assuming that cell appeared from the shatid
the phenomenon of the transformation of inanimate
substance into living things occurred in the cell, one
shoud also accept that the formation of a cell
membrane is the key event in the beginning of the
structural formation of living matter, without which
~ | everything would remain simply some substance.
Wi RO IS However, the shell, being the organizing beginning
Protein microspheres, in the size from 1 to 10 micr¢ of the firg cell, could not have a biological nature
obtained in the model experiment. in the original cause of its formation. This probably

&d
3
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imposes separate demands not only on structuvhich occurs when air impact cavities of abrasive
components, conditions and circumstances, but al8@ores. Such a powerful and regular source of energy
on the place of origin for its formation in theWas able to provide in the entire coastline of the

primordial ewironment. But, is it possible to find out E&rth the gnthesis and destruction required for the
’ ebiological stage, and organic compounds and

.. . [

what 9OUId _be such a place? This is a very import 'icrospheres. And so, under the pressure of waves,
question, since to understand_the true nature of t 8§ and night all year round, myriads of cells of
mechanism of structural formation of cell membranesyrasive shores, subject to cyclic action of pressure
means to take the right path to understand thagd temperaire, could play the role dhermocyclers
principles of the formation of the first probionts.able to effectively produce organic compounds and
Probionts are intermediate isolated structures capabfentinuously produce a myriad of microspheres.
of displaying the first individual signs of the living Thus, each isolated cell of abrasive shores could be a
due to external influence. Obviously, thef@use of the formation of the first probionts, which,

identification of a universal source of energy causalgf all, would be protected there from the harmful

o . . -~ effect of ultraviolet radiation of the Sun, which is
linking the production of organic compounds W|t_ xcessive in the oxygenee atmosphere of the

the production of cell membranc_es will help to avoi oung Earth. Based on these considerations, we
the false path of research. This predetermines apgkried out a number of experiments on the synthesis
will bring about a further action the compulsory of microsphers in waterprotein solutions with air

initiation of intracellular metabolism of the firstimpact, and also carried out the polycondensation of
probionts. But, such a natural source of energymino acids and the synthesis of monosaccharides

meeting all these requirements, should initially b&om formaldehyde. The idea afbtaining protein

present on the early Earth. Such a source, in dgcrospheres is as followt a closed volume of a
y]essel simuling a separate cavity of the abrasive

opinion, can be the; energy Of surf waves, whic hore and partially filled with an aqueepiotein
causes a pneumatic impact in the CI.Osed.Wa%&ution, during air blast the air from the sharp
stopper cavitie of abrasive banks, partially filled compression is heated and the hot bubbles gasses the
with coastal water containing organic broth. The@ojution. In this case, under the influence of pressure
resulting pressure and temperature jump during t@d tenperature, a protein film coagulating at the hot
pneumatic strike set in motion the contents of thed®undary of the bubbles, forming a microsphere. In
cells, making structural transformations of théhe first model experiments, small gas cylinders were
substance and tHermation of shells in the form of used, from 0.1 to 1.5 liters, 2/3 by volume filled with
polypeptide microspheresThus, the nature of & 5% agueouprotein solution and 1/3 air. Baw

structural transformation of matter mechanism SSrum albumin (BSA) was used in this experiment.
assumed to be as follows. he balloon was dropped into eneterhigh pipe, so

. ; . that the solution was on top of the air portion. With a
Continuously rolling waves on the rocks, in thejgiy hajigon impact on the Earth, the wapeotein
course of time form a rocky abrasive shore. limag !

. . . olution, falling inertially, worked likea piston,
that the waves hit the abrasive ledge. With ea‘é’bueezing the air. As a result, protein microspheres

brasive shore. previously formed iom the. samigere formed in this piural solution

waves, heats up under pressure of water. An " Th_e michanlsm 0;;. rt1h_e|r_ foI:matlon IS thi
depending on the strength of the shock wave!lowing. The water, which is in the upper part o
instanineous temperature that occurs with such te balloon,unde severe brakingcompressed the
pneumatic shock, according to mathematicalir, gasifyingunder pressure a waiprotein mixture.
calculations, can reach hundreds of degrees! TBenall air bubbles at high speed under pressure
waves retreat, and the air in the cavities of the celisenetrate into the liquid and form microspheres,
being diluted, cools down. Each Ce.” with the.ne)ﬁoagmaﬁng the protein at their hot verge.

cycle —of compessiordecompression, heating  Conclusion Microspheres obtained by this

cooling, works like a natural thermal cycler. As IS,y neriment are stable for monthEhe model of
known, the thermocyclic regime can initiate the

course of a number of molecular biological processgé(pe”mem : covincingly demon;trates that
(Mills et al, 1991; Varfolomeev et al., 2008). With Fneumatic strike, as a regular and u_nlversal source of
frequency of sevat times per minute, the rhythm ofénergy, could effectively cope with the task of
the pulsation of the heating and cooling cycleQroducing microspheres, which perform a role of the
manifested itself immediately with the formation ofcell membranes of the first probionts in the
the first large reservoirs and abrasive shores. FIFrebiological stage of abiogenic seféneration of

if

billions of years, this pulse of the Earth is felt allife, where metabolism was initiated by pressure

is about 504,000 km. About 4 billion years ago, Whep o etical studies, we came to the conclusion that
the radius of the moon's rotation was much smaller

and day and night at times shorter, the young Earl.’r@biogenic spontaneous generation of life, with a high
Moon system was a powerful source of energorolability, occurred precisely in the shoreline of the

generation for tal waves. Tidal waves also caused abrasive ridges of the primary ocean of the Earth.
wide rangean instantaneous burst of thermal energy,
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Abstract. We have obtained bulk silicate Moon (crust +
mantle, BSM) composition from gravity and seismic data
inversion. It was shown that abundance of refractory
oxides in the mantle depends on thermal state and can be
divided into tw o groups. For cold BSM models AJO; ~ 3.0 -
4.6 wt.% is similar to the Al ,O5; content in the Bulk Silicate
Earth (BSE), whereas hot models are enriched in AbO3 ( ~
5.1-7.3 wt.%) compared to BSE (Al203 ~ 1.2 7 1.7 3 BSE).
In contrast, both types of models pos sess almost constant
concentrations of FeO ~ 12-13 wt.% and MG# 80 -81.5,
completely different from those of BSE (FeO ~ 8 wt.% and
MG# 89). It can be concluded that for geophysically
possible temperature distribution silicate part of the Moon
is enriched in FeO and depleted in MgO compared to BSE.

Keywords : Moon, internal structure, chemical composition,
temperature, thermodynamic properties.

One of the most

important tasks of theovers the

petrological data by the Monte Carlo method in
combination with the Gibbs free gy minimization
method in the NaO-TiO,-CaOFeOMgO-Al,Os-
SiO, (NaTICFMAS) system.

Approach We consider the model of
differentiated Moon as a result of partial melting of
the originally homogeneous Moonthe magmatic
ocean model (lunar magma ocean, LMO) (Dauphas

Sci encet al(, R&L4). Based on the inversion of selenodetic

data (Wlliams et al., 2014) and seismic data

H . @rganitcorappund J Ydaynepa®Bedreix e€¢ al., 2016), setfonsistent
( NrfoWelsY & 'ckemicd -cdmpbsition, mineralogy, and

velocities of the Pand Swaves of the threkayers
mantle of the Moon have been constructed.

The chemical compositiband physical properties of
each mantle zone (i = 1, 2, 3) are determined by
solving the inverse problem within the system
NaTiCFMAS with solid solutions (Kronrod et al.,
2011, Kuskov et al.,, 2014)Sharp change of
composition is allowed only on geophysit
boundaries. In each zone, the composition is
considered to be constant and equal to the valties
some points in the middle of the mantle zone,
combined with the natural requirement of no density
inversion.

Modeling of the composition and physical
properties of thdunar mantle was carried out in the
range of oxide concentrations within the wide range
of probable Ilunar compositions (Taylor, 1982,
Snyder et al.,, 1992, Longhi, 2006, Kronrod et al.,
2011, etc.) (wt%) : 28 MgO ¢ 45%, 40¢ SiO, ¢
55%, 5¢ FeO¢ 15%, 0.1¢ CaO, ALO; ¢ 7%, (1),
with the chondritic relation between concentrations
of Al,O; and CaO (CaO ~ 0.84Ds); Na,O = 0.05%
and TiQ = 0.2% (Dauphas et al., 2014).

The solution to the problem of determining the
bulk composition of the Moonthe density, the
velocities of the Pand Swaves (M, Vs) in each
mantle zone, as well as the core dimensions, is
performed by the Mont€arlo method (Kronrod et
al.,, 2011) (uniform distribution). To calculate the
equilibrium composition of mineral assations and
their physical properties, the method of minimizing
the Gibbs free energy, taking into account the
equations of state of minerals in the NG ¢ nei s
Debye approximation, is used based on the
THERMOSEISM software package.

Temperature in the lunar mantle The
temperature range in the mantle 4505y}, <700°C,
750<T500km <1200)C, 1000 <Toookm <1400 (1)
range of temperatures (Gagnepain

geochemistry of the Moon is the determination of itBeyneix et al., 2006; Khan et al., 2007; Kuskov et al.,
bulk composition- the concentrations of the main 2014a) (Fig. 1) with a further temperatuincrease at
oxides of SiQ, Al,0;, FeO andMG#, affecting the core boundary. In calculations of the chemical

mineralogy, physical properties of the mantigBRROEITR I CREEST B BRI g
thermod_ynamlcs and . dynam|cs of magmatlﬁ]e constraints on the derivatives. Each selenoterm
processing and crystallization of the lunar magmgygitionally ~satisfies the condition thathe
ocean, LMO). The purpose of this paper is tgmperature gradiemtecreases with depth (dT / dH)
evaluate these geochemical parameters on the basig (dT / dH). The maximum value of dT / dH for a
of a combined inversion of gravitational, seismic angero density gradient decreases monotonically from ~
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1.17 deg / km in the upper mantle to ~ 0.5 deg / karustal pwer of 39 km, is in the range of 2880

at H = 1000 km (Kuskov et al., 2014a). km, which is in a good agreement with Williams et
As an integral characteristic of the thermal statg (2014). Since in our model the temperature in

of the Moon, the mean bulk mantle temperatufg.l each zone of the mantle is considered equal to the

was Use.d, which for our model is calculated from th@mperature at some average depth for a given zone,

expression: then takinginto account the volumes of the three

Tmean= (TuVu+ TV + TV)/(Mu+ Vi + V), (2),  zones of the mantle ,T..can be represented: as

whereT,, T, T, T mean mantle temperatureCj in

three mantle layers/,, Vi, Vi i the volumes of the T,.4n= 0.33M150+ 0.478 500+ 0.19F 1000 (3)

upper, middle and lower mantle, taking into account

the fact that the radius of the core, obtained as a

result of solving the inverse problem with an average

T,°C
Fig. 1. The distribution of temperatures in the
g,oo 600 800 1000 1200 1400 lunar mantle from geophysical models (Hood
Jones, 1987; Kuskov,
et al., 2003; GagnepaBBeyneix et al., 2006;
200 Khan et al., 2006a, b; Kuskov et al., 2014). Th
® profiles of all selenoterms caspond to the
o400 condition_of increasing temperature with deptr
Tii1 OT; OTip. The solid line is the temperature
) profile by the equatiod( A C) = 351
- 600 expl[i 0.0008M ( S dsXrorjrod, Kuskov, 2011).
The crosses are the solidus of peridotit
800 (Hirshmann, 2000). The dashed lines show tF
prOf”eS for the "COId"(Tlso :60(}% , 50035900% ,
1000 Ti00 =1100%) and "hot" (Tiso =700 , 50T
=1100% , 1000=13004) models.
14 T T T T T 8
. . Fig. 2. The contents of
18 ; Sl FeO, ALO; SiO, and
12} . \o MG# in the silicate
S < portion of the Moon
3 1r - (mantle + crust)
Q ol Q calculated from the
* < given geodetic and
or seismic data (Table 1)
S as a function of mantle
. . . . , 5 \ \ \ \ \ temperature (fean. The
700 800 900 1000 1100 700 800 900 1000 1100 dots represent the mean
Tmean Tinean values of the frequency
distributions  of the
92 . . . . . oxide concentrations
S ' ' ' ' and MG# under the
or 1 assumption of a normal
88 - 4 distribution. The dashed
° 86 | line shows the
?g' 3t parameters for BSE
N Q 8af 1 (Ringwood, 1977;
2 82t « . 1 McDonough, 1990,
80 L —eeet—e—2g . | Dauphas et al., 2014).
78 |
1 1 1 1 1 76 1 1 1 1 1
700 800 900 1000 1100 700 800 900 1000 1100
Tmean Tmean

Results According to (13), Tmean Valuesare in  conditionally divided into "cold" ones with Lan ~
the range of 6900754 a cad be used as an690-860°C and "hot" ones with Jean~ 9251075C.
informative parameter for estimating thé&eet of The abundace of refractory oxides in lunar
temperature variations on the concentrations of thecks,depending on the thermal state can be divided
main rockforming oxides FeO, AD; SiO, and into two different groups. AD; of the cold (earth
MG# in the silicate Mon (mantle + crusiin Fig. 2. like) BSM models(3.0-4.6 wt.% is consistenivith
In terms of Tean all thermal modls can be the previous estimates of 366% ALO; for the

Moon (Khan et al., 2007, Kronrod, Kuskov, 2011,
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etc.) and are close to-#5 wt% ALO; for BSE Williams J.G., Konopliv A.S., Boggs D.H., Park R.S.,
(Dauphas ®al., 2014;McDonough WF, 1990)The Yuan D-N., Lemoine F.G., Goossen S., Mazarico E.,
hot (nonterrestrial) BSM models are substantiallyNimmo F., Weber R.C., Asmar S.W., Melosh H.J.,
enriched with AJO; ~ 5.1:7.3% by weight (AIO; ~ Neumann G.A., Phillip R.J., Smith D.E., Solomon S.C.,

atkins M.M., Wieczorek M.A., Andrewbslanna J.C.,
1.2-1.73 BSE) compared to BSE and close to th ead J.W., Kiefer W.S, Matsuyama |., McGovern P.J.,

lunar valuesof ~ 6% ALO; from geochemical and Tavior 6.3, Zuber M.T// J. Geophys. Res.: Planets. 2014
geophysical data (Taylor, 1982, Kuskov et al., 201 oi):/ 10.1002/2013JE004559 Phys. Fes.: ' '

Longhi, 2006).
On the other hand, regardless of the temperature
distribution of C (FeO), CMgO), and MG # in the Kuyunko N.S., Skripnik A.Ya., Alexeev V.A.
silicate Moon are inthe narrow range of 1223.2 Thermoluminescent research of samples
wt% FeO, MG # 861, 5 (Figure 2) and 29:30.5% finding uncertainty genesis.
by weight MgD andare weaklydependent orthe
thermal stateThe valuebtainedis consistentvith ~ Vernadsky Institute of Geochemistry and Analytical
other estimates of 123% FeO (Khan et al., 2007, Chemistry RAS, Moscow (AVAL37@mail.ru,
Kronrod, Kuskov, 2011, Taylor, 1982), which are 1.Bbstract. Information on the thermoluminescent
times higher for BSE (FeO ~ 8%) (Dauphas et alproperties of the finds (the intensity of the glow, the

2014; McDonough, 1990)MG # estimate(Figure 2) position of the maximum and the characteristic features of
. . o : ._the glow curve) in comparison with the analogous
is consistent with most petrological and geol:)hySICé[l]'naracteristics of meteorites of different chemical classes

estimates (Khan e1.a2007, Kronrod, Kuskov, 2011} ere ysed by us to determine the possibility (or
McDonough, 1990and otherg but less MG # 85 impossibility) of the extraterrestrial origin of the found
McDonough, 1990), and significantly ledsan MG  object. The natural and induced in laboratory

g g y
# 89 for BSE (Dauphas et al., 2014; McDonougHhhermoluminescence measurements of seven samples of
1990, Ringwood, 1977). This means that for al¥nknown origin were performed to determine the
possible temperature ~ distributions, the silicatB2SSIPHty of their extraterrestrial origin.
fraction of the Moon is enriched in FeO and depleteggeywords: — meteorites, thermoluminescence method,
in MgO relative to BSE. identification of extraterrestrial substance.

Thus, for the entire temperature region
considered (Fig. 1), the silicate fractiontbé Moon
is enriched in FeO and depleted in MgO relative
BSE (Fig. 2). Most geochemical and geophysic
assessments on these criteria indicate a fundame ; :
difference in the chemical composition of the silicat er space, and induced #J, induced from an
part of the Moon and the Earth, whicheegs the cXt€rnal source of iorilzg radiation in the

. : . ’ A la arafory. Taat measure ent[s Are us%i e tllmiat(%1
possibility of Moonods fh D {ﬂl | Oﬁgh I of
the primitive mantle of the Earth. the orbits of Tneteorites (Alexeev et al.,"2012], their
terrestrial ages, shock metamorphism analysis, and

Introduction. Thermoluminescence (TL) is one
t8f the most common methods for studying the
ubstance of meteorites (Sears, 1988). There are two
s of TL: natural (The), Stored by meteorite in
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characteristics of meteorites of different chemical From these data it follows that both the value of
classes were used by usdetermine the possibility natural TL (TLw) and the sensitivity to the
(or impossibility) of the extraterrestrial origin of theaccymulation of thenoluminescence (Tik) vary
found object. over a wide range of valuésup to three orders of

In ~ this t |n\f/e:[f]t|gatl?n, I thgr:nglumlnescegcqnagnitude_ At the same time, for most samples of
measurements of the natural and laboraledyiced i eterminate origin, the characteristics of TL curves

by X-ray radiation of seven finds from the GEOCH'(position of the peak maximum, width, shape of TL

me_teorites ckction of the Rus_sian Acader_ny_ Ofc rve) differ signifiantly from the corresponding
Sciences were made to determine the possibility eﬁaracteristics of Dhajala chondrite and other

their extraterrestrial origin. meteorites. It should be noted that in the interval 50
Measurement procedure For the study, 359 AC the spectra of nat

samples of 0-2.0 g were crushed in a jasper mortag|| the samples studied do not have a clearly
under a layer of ethyl alcohol. The magne'tic ﬂia_u: Tpronounced maximurthe irtensity of Tl

was separated by a hand magnet after air drying {9hission increases with increasing temperature (see
24 hours. Three samples of 2 mg each were prepaggg 1).

from the noAamagnetic fraction of each sample by the Earlier, we (Kuyunko et al., 2016a, 2016b, 2017)
quartering method. Each sample was placed in & estigated thermoluminescence properties of 47
mm diameter beryllium foil dish and evenlymneteorites of various chemical classes, and a region

distributed on the bottom with an acetone drop undgjith positive correlationdependence was identified
the binocular. The solvent was removed bydajing by the ratio of Thy and Tl Most meteorites hit

for 24 hours. this area. The exception was meteorites with a small

Thermoluminescence ~was recorded 0N Garihelion of the orbit, which caused the loss ofaTL
modified GEOCHI unit. The interface made on th%ue to heating by the Sun, as well as chondrites

basis of the L154 board made it possible to registgfynd in deserts #t lost Tl due to partial

the photomultiplier current (FEY3) on the 5nnealing due to their contact with heated sand. The
computer and the sample heating temperaturytios of Tl and TL. values for meteorites and
Discreteness of registrahied f uMédin dehetis, infeQialt® Both!i ¢
installation to the computer increased the sensitivityis work and earlier (Kuyunko et al., 2016a) shows
of measurements and the accuracy of reproductioninFig_Z. Five of be seven samples are outside the
the lumnescence curves. The performed Tlyeieorite zone, along with the previously measured
measurements showed that the peak temperature Q@ ,dometeorites, and uniquely have a terrestrial
the luminescence curve is reproduced with an errgfigin.

of not more than 1AC. TgS&mpIé‘sV B15 2afd® P28 @l YiscateB fon thB T
measurements was used to calculate the HYoundary of meteorites and pseudometeorites (Fig.
parameters. _ , 2). They are characterideby higher values of the

~ Results. The intersity of natural and Xay jntensity of Tl and TL.. However, the shape of
induced thermoluminescence in the laboratory Wage spectrum of natural thermoluminescence (Fig. 1)
determined from the area under the peak of the glgy¥es not_allow them to be attributed to objects of
curve in the temperature range-36 0 At . Abgshic ofidin. Higher values of Tk can be due to

values were determined in relative units byhe technogenic originf these samples, and high
normal!zatlon 'to the correspondlng _T\kalues for yalues of Tl a significant content of feldspar.
chondrite Dhajala H3.8. Characteristics and data of

TL-studies of finds used in this work are shown in
Fig. 1 and in the table.

Table. Normalized to chondrite Dhajala H3.8 values of natural.{J'land induced (Tkq)
thermoluminescence in the finds of indeterminate origin.

Sample Characteristic of sample TL pat TLing
P15 Weathered granite (Leningrad region, Lomonosov district, 2017) 1.935  3.064
P23 Vitreous silicate slag (Moldavia, 2016) 0.004 0.015
P25 Type of gabbrediabase (Yamaldlenets AO, found at a depth of 2 0.035 0.065

m in permafrost, 2016)
P31 Type ofdiabase. Oxidized. (Moscow Region, 2016) 0.005 0.001
P94 Type of diabase. Oxidized. (Moscow Region, 2016) 0.003 0.044
P97 Gabbroide type with oxidized crust (Podmoskovye, 2017) 0.010 0.008
PS Aluminosilicate slag (Samara neighborhood, 2003) 0.009 0.004
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Fig. 1. TL glow curves for chondrite Dhajala H3.8 and samples of indeterminate genesis. The designations of the

samples correspond to those in the table.
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Conclusions. The thermoluminescence metho
was used to establish the possibility of extraterrestrial
origin of the found objects. Thermoluminescence
measurements of the natural and laboratedyced
by X-ray emission of seven specimen finds suggest
that they are all terrestrial rocks. Technogemiigin
is supposed for two samples.
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Abstract. Based on the study of the features of lithophile
Y P [Kolesov, 2001]

and siderophile trace element distributions in the accessory

minerals from Adhi Kot EH4 enstatite chondrite a Results and discussiontUnder consideratio are
conclusion has been made that these peculiarities probably ~ peculiarities of trace elementtomposition of
result from mixing effects of nebular fractionation, thermal accessory mineral®extracted fromunequilibrated
metamorphism and shock. Adhi Kot EH4 enstatite chondrite. The analysis of
Keywords: mineral fractions; trace element distributions; the chemical composition of the tained data
enstatite chondrites. showed that:

Enstatite chondrites (EC) are thought to hav~
formed in highly reducing environment. This 10000
inference is supported by the high Mg/(Mg + Fe) ¢ 1000 A
olivine and pyroxene, presence of Si in Fe,Ni mete 100
and occurrence of typically lithophile elements, suc 10 -
as Ca, Mg, Mn and K, in sulfide minerals in enstatit .
chondrites [Weisberg et al., 2009] The oxygen
fugacity (O,), inferred typical EC mineral
assemblages (pure En, -l&aring metal, Mg
sulfides) are several orders of magnitude below tho %! o % Lo LB e N b A
of a system Dsolar composition [Grossman et al.,

2008]. ECareproposed to have formed in the inneFig.1. Cl chondrité normalized of trace element

regions of the disk, in an environment that wasbundance patterns in cristobalite from Adhi Kot EH4
i~ enstatite  chondrite: 17 fr act i ofine -A (

highly - reducing (|e low oXygen fugaci_ty), Norainedd cri stobal ft art i omoarseB (
contrast to the oxidizing conditions seen in mangraineob cristobalite).
other meteorite grouppMcSween 1988; Brearley,

1998] EC classified into the higlsiderophile group

B

0.1 1
0.01 A

Experiment in Geosciences 201 8 Volume 24 N 1 39


mailto:lavza@mail.ru

In cristobalites A and B (Fig 1) are large[(Ir/Auag/ (Ir/Au)c ] ratio in cristobalites A, B varies
varidions in compositions of lithophile andfrom 1.1 to 16.6. This fact supports the opinion that,

siderophile elements. the main processes controlling of composition

Cri st obafind 1 grainetd  (ffir a c t diQdbdlites Was nebular fractionation. Cristobalite A
enriched in REE with the prominent predominance ?ffl"ne ~grained fraction [IIN)s/ t he r

HREE [(Lu/La)A /(Lu/La)c] = 1.5 and _negati\_/e Eu (IFNi) ] / [(AU/Ni) & 1 [(Au/Ni)c] = 16.6, more than

anomalie [(Eu/SmY (Eu/Smy,] = 0.8.Cristobalite B cosmic (cosmic is 3.44). The superabundant in Ir to

( doarsegrained ) IS enrichedy witndfEEas fino- gfainedmat i on
[(La/Lu)s/(La/Lu)c] = 2.9 and have positive Eucristobalite by agglomeration of components

anomaly [(Ew/Smy (Eu/Smy] = 1.5. Lanthanum epriched in refractory metal (Ir) with compeants
show fractionation to samarium with enrichment L&nriched in no refractory metal (Au).

in cristobalite B- [(La/Sm)]/[(La/Sm),] = 5.4. The

10000

—A—
1000 A
100 A - Fig.2. CI chondrité normalized of trace
element abundance patterns in olivine fror
10 - Adhi Kot EH4 enstatite chondrite: I

fraction C (lightgreen olivine); 2" fraction
D (darkgreen olivine).
0.1 A

0.01 T T T T T T T T T T T T T T T
Na Ca Sc Cr La Sm Eu Yb Lu Ba Zn Fe Co Ni Ir Au

10000
—&—F

1000 - Fig.3. CI chondrité normalized of trace
it element abundance patterns in miner:
100 - - fractions from Adhi Kot EH4 enstatite
—p chondrite: 1 7 fraction E (yellow
10 - pyroxene); Zi fraction F (sphalerite); 3
fraction G (osbornite); 4i fraction H
14 (schreibersite).

0.01 -

0.001 T T T T T T T T T T T T T T T
Na Ca S¢c Cr La Sm Eu Yb Lu Ba Zn Fe Co Ni Ir Au

The Ca content in thelight-green olivine comparison with their content in other accessory
(fraction C) is an order of magnitude highlean that minerals. Pyroxends enriched in REE with the
in the dark-greenolivine (fraction D) (Fig 2.). The prominent predominance of HREE
siderophile element contents in laa&lcium olivine [(Lu/La)g/(Lu/La)c] = 2.0 and lowest negative Eu
higher than in higitalcium olivine. Perhaps, thateh anomalie [(Eu/Sng) (Eu/Smy] = 0.3. One of the
Ca content is indicator of the thermal history ofeature of yellow pyroxene is characterized by CI
olivines. The fractions C and D are enriched in REEhondrite ratio of siderophile elements withfeient
with the prominent predominance of heavy REIEondensation temperature [(Fe, Co, Ir, Au / Hi)
[(Lu/La)c o/( Lu/La)y] = 1.4 and 3.3, respectively, [(Fe, Co, Ir, Au / Ni)c] = 1.0, which indicates the
with negative and positive Eu anomalies [(Eu/ggm) even distribution Fe, Co, Ir, Au, Ni in this fraction.
/ (Eu/Sm}] = 0.8 and 1.6, respectively. The light  Sphalerite(fraction F) (Fig. 3) are enriched in
green olivine are characterized more high ration oéfractory lithophile Ca, Sc, REE, Band non
lanthanium to samarium [(La/Sma)/ (La/Sm)c] = refractory Na. One of the feature of sphalerite is
1.4, than darkgreen olivinei 0.9. The lightigreen characterized the high contents Cr, JuREE in
olivine and darlgreen olivine D are characterizegy comparison with their content in other accessory
LREE depletion in with regard to HREE [(La/lay minerals. Sphalerite is enriched in REE with the
/(La/Lu)c] = 0.7; 0.3 respectively. prominent predominance of HREE

Yellow pyroxendfraction E) (Fig. 3) is the high [(Lu/La)/(Lu/La)c] = 2.0 and negative Eu anomalie
abundances of scandium relative the calcium Eu/Sm) (Eu/Sm}] = 0.95. Other feature of
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element distribution in the sphalerite is the higin enstatite from unequilibrated enstatite chondrites
abundances Co, Ir and Au relative to Ni [Hsu, 1998]. Perhaps, the fraction H has enstatite
[(Co,Ir,Au/Ni)¢/(Co,Ir,Au /Ni)] = 2.5; 5.0; 12, grains. One of the feat of schreibersite is the fact
respectively. that the ytterbium to europium ratio corresponds to
One of the featuse of element distribution in that in Cl chondrites [(Yb/EY) / (Yb/Ew,)] = 1.0.

osbornite(fraction G)(Fig. 3.) is the low contents of ~ The enrichment factors sfderophileFe, Ni, Co,

Cr, Fe , Ni, Co and Au relative to those in othdf and Au in all fractions are less than 1, with
accessory minerals. The osbornite have the high€¥ception of sphaige (Fig. 4). All accessory

refractory siderophile Ir abundance relative to nojninerals are enriched in moderately volatile As, Sb

: . . and Cu, the enrichment indicate that impact melting
refractory sideophile Ni, Cod Au. Other feature of events are in the present case the most likely cause of

element distribution in osbornite is the highpe redistribution of this elementEristobalites A
abundance Ca relative to S@(Ca/Scy/(Ca/Scy] = and B, yellow pyroxene(E) and osbornite (G) are
15.5; Ni relative to Co [(Ni/Co)s/(Ni/Co)c] = 4.5; enriched in refractory Ir relative to more volatile Au
Ir relative Au- [(If/Au)g / (Ir/Au)c] = 3.7 and the - (If/Au)aged(IrfAu)c = 1.0 - 16.6. This fact
low abundince Na relative K [(Na/K)c/(Na/K)c] = supports the opinion that, the main processes
0.06; Fe relative Ni [(Fe/Ni)/(Fe/Ni)] = 0.09. controlling of composition these accessory minerals
Schreibersitdfraction H) (Fig. 3) are enriched in Was nebular fctionation. The distribution of these

siderophile Fe, Ni, Co, Au and depleted in Ir. | lements (0.17 0.66) in olivines(C, D), sphalerite

: : . F) and schreibersite (H)indicate that was
schre|_ber5|te from Adhi KOt.E.H4 havg obserye actionation in situ probably result from thermal
negative Sm awmaly where it is associated W'thmetamorphism.
negative Eu and Yb anomalies. The similar

distributions of Sm, Eu and Yb have been observed

10000

Fig.4. Cl chondrité normalized of
trace element abundance patterns i
mineral fractions from Adhi Kot EH4
enstatite chondrite: I fraction A
(fihe - grainedd cr i st obial
fraction ddarse
grained cr i st ob faktiont @ )
(light-green olivine); 41 fraction D
(darkgreen olivine); 5i fraction E
(yellow pyroxene); 67 fraction F

1000 A

100 7

10

1 -

0.1 7

(sphalerite); 7 i fraction G
0.01 1 (osbornite); 8 1  fraction H
‘ (schreibersite).
0.001 . . : : : : .
As Sh Cu Fe Co Ni Ir Au
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in enstatite chondritesLAinar Planet. SciConf. XL. -
2009.- # 1886.

Lyul A.Yu., Lavrentjeva Z.A. Lithophile
element fractionations in the finegrained
fractions of enstatite chondrites UDC 542.42

Vernadsky Institute of Geochemistry and Analytical
Chemistry RAS, Moscow (ajull@mail.ru)

Abstract. Obtained by the INAA data on the lithophile
element contents of the different volatility in a fine -grained
fraction of enstatite chondrites EH4 (Abee, Adhi Kot) and
EL6 (Atlanta, Pilistfer) groups are discussed. Significant
differences in the lithophile element contents in this
fraction and in bulk chondrites are revealed. It was found
that the fine -grained fractions of enstatite chondrites are
enriched in Na, Ca and REE relative to their bulk contents.
Simultaneous enrichment in these elements is due to their
entry into rare accessory silicate minerals such as
plagioclase and tridymite (Na, partially Ca and REES) and
oldhamite (REES). In despite on the distinction in shock
and thermal histories of the EH and EL chondrites, the
similarity in the trends of the abundance patterns of
lithophile elements in their fine -grained fractions indicates

chondrites, data on the lithophile element contents of
different volatility in tre finegrained fraction of the
enstatite chondrite EH4 (Abee, Adhi Kot) and EL6
(Atlanta, Pilistfer) groups were obtained. The hon
magnetic finegrained fraction was separated dayt
repeatedly crushing the matter of chondrite, settling
and periodic scatting on sieves of different sizes
with the subsequent sedimentation of the fraction
<45 &m. The data on the
in theisolated factions obtained by INAA method
are given in the table

Results and discussion

It is possible to na the some features in
composition of this component from the enstatite
chondries of different chemical groups) lack of
noticeable differences in the Ga content in fihe-
grained fraction oEH and EL chondrite due to its
preferential entry into #h FeNi phase b) lack of
differences in the content of Cr in figgained

t

that the lithophile element contents in this chondritic
fractions are mainly depend on their mineralogical
composition.

fractions of chondrites of each group and a
significant enrichment ahe EL6 chondrite fractios
with this element In the contrary, there are
significant differences in the contsnof refractory
La, Sm. Yb, Ca and moderately volatile Na in this
Introduction. The finegrained, the least chondritic fractionslt alsocan be noted that there is
thermally altered fraction is both a source oé correlation between th€a, Na, and Laontentsn
information about the processes of meteoritdese fractions, possibly duetteeir partial entrynto
formation and also a sensitive indica of the the same minerals, such as plagioclase and tridymite
secondary processes occurring in their parent#eil, 1968].
bodies (Scott, 2007). Consequently, the data on the For more complete characterization of fiee-
chemical composition of this fraction characterize thgrained fraction composition, the data on the content
processes of primary fractionation of elements in @ lithophile elements in this chondritic component
protoplanetary disc and their secondegdistribution and in the bulk chondrite®f the corresponding
between the individual components of chondrites ichemical groups are compared (Fig. 1).
their parent bodies. As was showrj earller_[LyuI et al"Table. Content of the lithi
2017], from the data on the siderophile elementsg in finegrained fractions of EH and EL chondrites.
contents in the fingrained fraction of the enstatite
chondrites follows that sendary processes in the

Keywords: enstatite chondrites, fine-grained fraction,
lithophile elements, fractionation

Abee  Adhi Kot Atlanta EL6 Pilistfer

chondritic parent bodies lead to redistribution of EH4 EH4 EL6
elements between metal and silicate and to a partjabc 7.4 5.5 8.7 10

melting of the metal. A peculiarity of the enstatite La 0.34 061 0.33 0.71
chondrite compositions is the presence in them ofsm 019 0.22 0.19 0.31
numerous sulfides formeddy lithophile elements. | vp 018 0.29 0.16 0.42
Consequently, the observed trends of lithophilg,, o, 1.7 24 1.4 28
element fractionations in fingrained fractions can | o

be a result of their redistribution between the mainFe, 144 7.6 10.2 9.5

components of chondrites under shock and (of)”

metamorphic processes as wadl a peculiarity of Cr 4350 3470 6570 6440
the mineral composition of the enstatite chondritesN@ ~ 5240 10880 6520 12600
To estimate the influence of secondary processes oh¢ 30 22 26 44
the chemical composition of this component of Ga 6.9 6.8 5.1 4.9
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As follow from data presented in Fig. 1, there arminerals in the isolated fractions. The signifiant
the renarkable differences in the lithophile contentgnrichmentn Ca, La and Sm indicates the existence
in fine-grained fractions and bulk chondrit&o, the of the smallest grains of oldhamitiat is also
depletion in Fe and Ga points to a low metal contenbnfirmed by the higheBm and Ybcontens in these
in this component of the chondrites, whereas theactions It can also be noted that there is no
enrichment in Se eglenced of the presence in tham difference in the relative abundance of Sc, Fe, Cr
significant amount of sulphides. The observednd Ga in the fingrained fractions of the
uniform enrichmenin Sc, despite the difference incorresponding group of chondrites. These elements
their conterg in fine-grained fractions of EH and EL are concentrated in the main silicate minerals and
chondrites (Table), is due to the presencsilifate metal phase of chondrites.

EH4; . = 1-Adhi Kot EL6: /\ 1-Ppilistfer 7"
e

30 2:Abse 30 2- Atlanta

Fig. 1. The lithophile
elements, Fe and Se
abundance patterns of the
fine-fraction normalized to
the respective bulk
enstatite chondrite
compositions [Kong et al.,
1997]. Elements are
arranged in order of
increasing volatility.

———————————————————————————————

Normalized to bulk

) S A A NN I T S SO T B

ScCala SmYbFeCr NaGa Se @ ScCa LaSm YbFe O Na Ga Se

More detailed picture of the interelemendistribution of rareearth elements are observed in
fractionation of lithophile elements in the fine oldhamite of the enstatite chondrites, varyingnir
grained fractions of chondrites that differ in botkenrichmentin light REE up to their depletion. In
volatility and geochemical properties is shown in Figaddition, oldhamite contains the significant amounts
2. As follows from the data in Fig. 2a,b, these f Se (up to 50 €9/ 4g) [ C
chondritefractions are depleted in Na relatively toGa/Se ratio (fig.2c, d) in the firgrained fraction of
refractory La, Sm, Ca and Sc (only in the EHchondritesis due to the high content d&a in the
chondrites). Also, there are the sdgnificant metalupto70e g/ g [ Lavr uk kdonfrma et
differences in the Na/Se ratios in fingrained also the presence of selenium. The value of the
fractions of EL and EH chondrites due to theFe/Ga=1 (Fig.2d) in the fingrained fractions of
geochemical properties tiiese element®\s Na and EL6 chondrites indicates to the presence of the
Seare concentrated in different mineratgncethe smallest metal grains in them whereas in the EH4
variations in this ratio reflect the relative content ofractions Ga partly is ncluded in other minerals
silicate minerals and sulphides in these chondrit{Ee/Ga> 1, Fig 2c).
fractions From the data presented in Fig. 2e,f follows that

Variations of the La/Sm and La/Ca ratios (Fig.the interelement fractionation by volatility in the
2c, d) characterizethe distribution features of thesefine-grained fraction of the EH4 chondrites is greater
elements in oldhamite [Larimer et al., 1987; Chen #tan in the same fractioof more metamorphosed
al, 1992]. According to their studies, several types &L6 chondrites

2.0

T 2.0— : : : : ‘ 2.0— : : : :
| EH4 | 1-Abee.  a) ¥y | | EL6. 1- Pilistfer. b)) | T S o c)
! ' 2-Adhi Kot ! * ! ‘ ! ‘ ‘ ! !
16— — ‘ / ‘ 1.6 1.6
277/ 1.2 1.2

0.8 0.8

\bulk

0.4
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0.0
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Fig. 2 Variations in the ratios of elements of different geochemical properties in thgréimeed fraction of the EH and
EL chondrites normalized tihe corresponding values of the bulk chondrites [Kong et al., 1997].

As also follows from Fig. 2d, the Sc/La, Sc/Sm ordinary and enstatite chondritésseokiimiya.”  1982.
i i fi ; i - 5 .P.645663.(In Russiai.
;nd ?hC/Ca ratios '3. flngralune? fr;ctlct))n”fl reh IO\S’?{ Lodders K., Fegley B/ Lanthanide and actinide
an the corresponding value for the bulk chondrit€gyygensation into oldhamite under reducing conditions //

which is an additional evidence of the occurrence @iinar Planet. Sci. Conf. XXIII. 1995." P. 796797
refractory elements in different minerals. The modtyul A.Yu., Lavrentjeva Z.A. On thsiderophileelements
important feature of the chondritic firgrained and seleniunfractionationsn a fine-grained fraction of

. . . PR . . enstatite chondrite/é Proceedingf the XVIII
fractions is their depletion in vo_Iatlle \_(b relatively 10| ternational conference "Physicochemical and
other REEs There are two diametrically opg®d petrgphysicalResearch in the Eartfe@nces October 27.
hypotheses for the oldhamite formation, according to Moscow, 2017. P.168171 (In Russiah
which oldhamite is formed as nebular condensafgott E.R.D. Chondrites ad Protoplanetary Disk Ann.
(Lodders et al., 1995) or it has an igneous origiﬁev. Earth Planet. Sci 2007.V.35." P.577620.
(Hsu, 1998) .The positivanomaly in theSc/Yb
ratios (Fig. 2e,f) confirms the condensation model opgchersky D M.}, Kazansky A.Y..2, Markov
the oldhamite formation in enstatite chondrites G P!  Distribution of metallic iron particles

__Conclusion Analysis of the data on the;,qiqe pasaltic lavaflow UDC 523.436
lithophile element contents in the figeained

fraction of enstatite chpndrltes ShOWS t_hat thESchmidtInstitute of Physics of the Earth RAS, Moscow,
secondary processes their parent bodies did not g ssia (diamarmp@agmail.com)

lead to a noticazle redistribution of elements 2 omonosov Moscow state university, Moscow, Russia
between the major components of meteorites. Tlkazansky alex mail.ru)

observed enrloment of these fractions in RE&hd Abstract . The results of native iron particles distribution

Ca is due to the presence in them a significapkide lava flow and at various distances from its eruption

amount of the tiny oldhamite grains. center are discussed on the base of basaltic rivers of
Eastern Sayan and Tuva. The deposition rate of iron
References particles inside lava flow was calculated according the
Stokes law. The estimations of iron concentration were
Chen Y., Wang D. Pernichka REE and other trace carried out using thermomagnetic analysis. The results

element chemistry of CaS in @zhen (EH3) chondrite  gbtained show that the concentration of iron in the lower
and thEIOI‘IgIn Imp|lca'[I0nS // Ch'ne \] Space SC|1992 part of the lava flows is appreciab|y h|gher than in the

Vol.12," 2. P-_129138- . . upper one. The common picture of changes in iron
Hsu W. Geochemical and petrographic studies of concentration with depth inside lava flows can be

oldhamite, diopside, and roedderite in enstatieteorites significantly complicated by processes of secondary

I Met. P'?”EtSCi-. ' \/bl9_ 98 33".291'3.01' oxidation and turbulent character of lava flow.

Keil K Mineralogical and chemical relationships among

enstatite chondrites J/ Geophys. Res. 1968.Vol.73. Keywords: lava flows; native iron; thermomagnetic

" P.69456976. analysis; Stokes law; particle deposition

Kong P., Mori P., Ebihara TCompositional continuity of

erstatite chondrites and implications for heterogeneous Metal iron in sedimentary rocks igenerally
accretion of the enstatite chondrite parent body // represented by interplanetary cosmic dust, i.e. has an
fgelo:hlm. Cosmochim. Acta. 1997.V.61." P. 4895 extraterrestrial originOn the contrary,in igneous

, . rocksthe origin of iron is undoubtedHgrrestriali.e.
Larimer J.W. Ganapathy R.The trace element chemistry : P
of CaS in enstatite chondrites andreoimplications has a magmatic origintWe have foundfte presence

regarding its origin / Earth Planet. Sci. Létt.1987. of native iron in mantle xenoliths from basalts of
Vol. 84.° P.123134. various regions, in Siberian traps; oceanic basalts and
Lavrukhina A.K., LyulA.Yu., Baryshnikova G.\.On the ~ basalts of lava riverSom Siberia (Pechersky, 2015,
distribution of siderophile elements in the Fe;ptiase of ~Pechersky and others, 2017). Although the fine
particles of metalliciron are widespread in the
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basaltic lavas, the study of such particles i$984). For calculation, we use: g = 10 n"t,/cg =1,
considerably hampered by conventiona{0 and 10G&m, o= 7. 3&d / 1) the density of
mineralogical methods because of their extremelye |ava isjp= 2 . &g /1) the viscosity of the
low concentrationBut such studys easier with the a v ay =180 P&s. Substituting those values into

ggll%géhe{gn otmhggnt%téc;r;r;?ﬁlggairgg nTg'jdv)\;orléf'S th rmula (1), we obtain the precipitation rates of iron

distribution native iron particles inside the lava flowparticles of different sizes in basaltic lava. It is
versus depth and at various distances from tk@own that the most common size (mode) of iron
eruption center using basaltic valley eruptions in thearticles in both sediments and magmatic rocksds 10
eastern Sayan and Tuva as an exanfaeestimate 20 em, and the upper limit of size is 106m

of the concentration and composition of native iro(Pechersky et al., 2018). Let us take for a rough
in basalts was carried out in the Laboratory of thestimate the limiting particle precipitation rate of 1
Main Geomagnetic Field and Petromagnetism at thgy, / h (Table 1).

IEP RAS (Moscow)on the basis of thermomagnetic
analysis (TMA) using a thermovilbmagnetometer

- A Table 1.Precipitati t fi ticl f diff
designed by N.M.Anosov and Yu.K. Vinogradov. an’e ~. FTeCIpLanon rates ot iron particies of diierer

sizes in basaltic lava

The methodology of these studies is described (dy m Y —mm/h
detail in previous works (Pechersky, 2015, Pechersi— = ~800001
et al.,2017 and others). !
. . . 10 ~0,01
Let us consider the behavior of metallic iron— oo )

particles in a basaltic melt. Accordirig modern
concepts, metallic iron in the form of small rare
particles appears in the basalt melt at a hi%
temperature even beforé@ isruptiononto the surface
as alavaflow. This can be seen, for example, in th
relatively high contents of metallic inoin volcanic
bombs up to ~ 0.5x18%, reflecting the state of the
melt at the time of the eruption.

In liquid basalt lava, heavy metal iron particle
should be sinking. Let us estimate tepositionrate
of iron particles for a simple case of settling
spherical iron particle in a laminar flow of liquid

For iron particles with such precipitation rate it
eds 21 days to sink from the flow surface to a
depth of 0.5 m. How far will the lava flow away from
the eruption center during three weeks? For example,
lava from the volcanoes of Biliukai (eruption of
1938) and Kilauea (eruption of 1954) moved near the
center of the eruption at a speed €@ & / min; lava
f the Great Tolbachik eruption (191976)- 2 m /
min (Fedotov, 1984). Far from the center, the speed
?f the lava is likely to be less than 1m / min, for
. . ] example, the flow from the Bilyukai volcano moved
basaltic |E?.VGB.E:C,O rding tcStokeslaw: more than 1 km from the center of the eruption at a
\ = g p-mU KMy K W speed of 0.6 m / min. In the latter case, the iron
where: i g5 is precipitation rate of the particle-85  particles will descend to 0.5 m approximately 18 km
the gravitational acceleration,, d is the particle fomthe center of the eruption.

diameter, §,, 1, - are the particle and liquid density, | er's compare the results of our calculations with

respectiyeisthe visasidof e liquid nayral data on the example of two objects. The first
medium. At the temperature of 1280(Yarmolyuk gpject is the Zhombolok lava river in the Eastern
et al., 2003), the viscosity of lava without water ISayan (Fig. 1).

220 Pa s, with water 16560 Pa s (Balkhanov,
Bashkuev, 2015; Lebedev, Khitarov, 1979; Persikov,

Figure 1
Sketch map of
Zombolok lava
river in East
Sayan
(Yarmoluk et
al., 2003)

Legend: 1 7
series of lava
flows; 2 1
volcanic
cones; 3 1
moraine; 41
relief contours;
5 i sampling
sites and their
numbers.
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e an7 evident that the lower parts of the lava flows are
S e enriched by the iron particles in more than 10 times
e e e on average being compared with the upper parts.

S SSfese Figure 3 shows the general distribution of iron
concentration along the vertical section of the
Zhombolok lava river: despite the scatter, the trend
SSSSEESSSESSEEI==a of increasing iron content from the top down is quite
0 ilns'_";(;-' e e - clearly visible.

distance from eruption center, km According to the thermomagnetic dyss in the

Figure 2. Generalized iron distribution in Zhombolok basaltic lavas of ZhotBolok, the main magnetic
lava river. Triangles represent the lowearts of the  minerals are primary magmatic titanomagnetites

flows (TM) with Curie temperatures of 0 A C.
presence of such types of TM, along with the absence
Table 2 The distribution of iron concentration in the of magnetite (which is a product of secondary
different parts of Zhombolok lava flows oxidation of TM) indicates an insignificant degree of
Minimal Maximal Average oxidation of the initial ferromagnetics in basalt.
Upper part 0 0.05%1 0.309 07 Thus, the iron concentration in the_ Zhomb_ol_ok
Basal part 0.0221 0. 2%1( 0. 1 Pr basalts seems to be close to the primary original
magmatic one.

Iron concentration, %

As it follows from the calculated estimations the o 000N G0bbR D00

iron concentration in basalt from Zhombolok lava 0 4@

river, collected at a small distance from the eruption joit

center, will be higher in the neaurface layer, on the i - hd
contrary in basalt collected at a considegabl & 1 :
distance, the maximum concentration of iron should s ol |

be at the base of the flow, whereas near the flow 8 44 > !
surface the iron particles should be absent. Indeed, | 5 o
our direct estimates of the iron concentration show a ' :
that it has the highest values in the lower paftthe ; :

S 1 <> .

lava flows farthest from the eruption center of the
Zhombolok lava river (triangles in Fig. 2). Single ¢ B B39

samples with a high co_ncentr_atlon Qf iron n th%igure 3. Generalized iron distributioninside the
upper parts of the flows in the immediate vicinity oznombolok lava river with depth

the eruption center belong only to vola@atombs.

At the end of the Zhombolok lava river (80 km

from the center of the eruption), an appreciable part The second object is another lava river in the
of the iron particles should be at the bottom of thgyjiey of the Maly Yenisei river. It starts from the
flows. This can be seen in sampling site8dnd 35 ¢t ypt i on cent er E)@rdktretdhes3 4 *

(Fig. 1), where thick succession @va flows is for several tens of kilometers down the river valley.
exposed at confluence of the Zhombolok and Ok3ere we tested six lava flows (MBMIE6) at a

rivers. Here the iron concentration in the basal parfsiance of 37 and 49 km from the eruption center.
of the flows reaches 00.2710°%%.

The summarized results from Zombolok lava
flows are presented in table 2, from which it is

ME-1 e o ME-3  ME-4 , _ME-5 M6
- By F = T e Figure 4. The iron distribution
(=== i i 15 e ©f = versus depth in lava flows of the
g 2 01— 0 L , ®HETe Maly Yenisei river (oxidized
| . HH o B . . :
E 5 T s EF 10 e L BEE intervals where the primary TM is
z = s TP === s JHHEHH o EEE absent and consequently the nativ
E ! * - EEe 1 M Y GEERE BRRs| iron is also destroyed have
o FEESH o et 0 0+ o iy o et removed from the graphs).
] 0,0002 0 0,0002 [¢] 0,0002 ) 0,0002 o 0,0002 0 0,00010,0002

Fe concentration, %o

Figure 4 shows the general tendency of aihows. This tendency is partly disturbed in the flows
increase in the iron concentration of iron from the toME-4 and ME6, and is absent in the flow ME

downwards along the flow section, which is Conclusions.The main conclusion of the paper
distinctly pronounced in ME, ME-3, and ME5 is the evidence of an increase in the concentration of
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native iron in the lava flow from the top down, whicHinstitute of Geology and Geochemistry of UrO RAN,
was obtained in the sections of lava rivers éfnstitute of Physical Chemistry and Electrochemistry of
different ages in twodifferent regions. This fact RAN
confirms the assumption of the settling of heavy iroAbstract. Shock melted regions in meteorite Elga are
particles in a relatively lighter lava in accordancawvestigated with EMPA and Raman spectroscopy.
with the Stokes law. However, this primarySQCQndary shockproduced minerals of extraterrestrial
maagmatic nature of iron distribution is complicate@'igin are identified as schreibersite (Fe,Ni)sP, troilite FesS,
by secondary chemical mzesses, in particular hm'"e“tt.f NF'S’Omemg'ts.NaMgcf.*t’(Po“)“ siderite FeCQ,
oxidation. The absence of primary TM in basalt and o c2-s 4N Rrmagnette. .
the presence of secondary magnetite in it, appearstgywords : lIE irons, meteorite Elga, shock effects in
be the sians of oxidation processes and under SL[Bﬁteorltes, melt pockets, extraterrestrial siderite, Raman
conditions the iron particles are not conserved. spectroscopy

Additional complications ofthis picture are . .
apparently related to the fact that lava flow process Introduction. Melt pockets and melt veins
differs significantly from laminar flow, as a result,/épresent localized regions of shegmoduced
we do not observe a uniform, clear increase in tieelting in meteorites. Shock mechanisms of
iron concentration with depth in the flow. Thesdocalized melted areas formation include (1) injection
complications of the picture miest themselves up of exterrally generated melts into the target rock
to the absence of iron in the expected horizons gfong cracks and fractures and (2) in situ melting of a

flows. target rock by collapse of void space (Bogard et al,

Acknowledgements. We are grateful to 1986, 1989; Wiens and Pepin, 1988). Local regions
A.A.Shchetnikov and A.M. Kozlovsky for the of shockinduced melting often associate with pre
samples from basaltic rivers Zhombolok and Malgxising vugs in meteoritic rocks (Walton and Show,
Yenisey and geological description. 2009; Beck et al., 2007; Kuchka et al., 2017). In turn,
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Fig. 1. Mineral assemblage at the contact between FeNi metal and silicate inclusion (Sil)trcilite; Schi
schreibersite; oxide rifh Fe,Nioxides (lightgrey) and siderite (dar§rey blots); Meii merrillite.
Fig. 2. Melt pocket microtexture in the in the silicate inclusion.

Table 1.EMPA analyses data for oxygdrearing phases in shookeltedzones. Chemical analyses of

Oxides, wt.% Merrillite Siderite Fe,Nioxides av(5) mineral phases in the sample
FeO 438 116 215 5985 82.49* were performed at the
FeO; 91.67* Vernadsky Institute  of
NiO 010 008 015 214 7.25 7.25 gﬁochemlstry ﬁ”d Agalytl_cal
P05 43.46 4565  43.37 0.34 034 emistry — of ussian
Academy of Sciences and in
a0 4414 47.53 4869 the Laboratory of High Spatial
MgO 353 347 364 Resolution Analytical
SiQ 196 0.15 0.69 0.23 0.17 0.17 Techniques, Department of
N&O 220 261 2.29 Petrology, Geological Faculty,
ALO; 0.19 Moscow State  University.
cq” 38.25 Phosphides, sulphidesand
S 99.95 100.65 101.01 10047  90.25 99.43 FeNi metal were analyzed
sd 0.85 0.90 using SX 100 Cameca with

acceleration voltage 15 kv and

*calculated as FeO; **calculated as,Bg ***CO, is calculated by stoichiometry. beam current 10 nA: standard

60- employed were synthetic FeS
55 “ and Ni, and meteoritic (FeNB.
. 2 Quantitative chemical analyses of

20
40 4 18

277

siderite, merrillite and Fe,Ndxides
were caried out in  wavelength
dispersion mode, using a Superprobe
JEOL JXA8230 operated under the
following conditions: 20 kv
acceleration voltage and 2*f0 A
— ., SN beam current. A focused beam was
H manshem . used to analyze minerals and a
def ocused beam (di amet
theanalysis of glass. Both samples and
standards were analyzed at the same
conditions. The standards employed
1 were: apatite ( 840P), 1) ., S
3 dolomite (Mg, Ca), siderite (Fe, Mn).
2] The counting time of the signal at the
Ny peak for each element was 30s, and
\ that for the background from each side

e w0 wme | s s o mo e e a0 Was 15s. A ZAF matrix correction was

Raman shift, com” Raman shif, e applied. The mean analytical results are

Fig. 3. Raman spectra of minerals occurred in the rim at the cont reported in Table. 1.
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between silicate and FeNi metal (Fig. 1): {agiderite; (b)i hematite; Results.
(c) T merrillite: (d)T- magnetite Troilite and schreibersite.
Schreibersite forms rims at the
boundaries between silicate

inclusions and FeNihost. Also, the schreibersite
occurs among the products of shgukduced
transformation of the rims. Schreibersite clasts are
observed in breccias and melt pockets; schreibersite
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composes a matrics of phosphilderite melt pocket spectra (Fig. 3c) dematrate intensive bands at 958
(Fig. 2).Chemical comition of schreibersite in the and 973 ci of merrillite (Litasov and Podgornykh,
2017). Representative chemical
v,(co,) | analyses of merrillite are given in
Table 1. It should be mentioned that
only some analyses (analysis 1) can be
calculated for merrillte with a
stoichiometry close to ideal crystal
chemical formula of merrillite as
NaMgCa(PQ,);. From the Table 1 we

; can observe that chemical
ALY W 3 St U\ gAY " I compositions vary from point to point
Fig. 4. Element mapping of Fe, Ni, P, C, O dist

—1082.6

Intensity (a.u.)

ribution and Ram: DYy a content of trace elements Si and
spectra of siderite in melt pocket. Fe. Calculated atomic Ca/P ratio varies
as 126 7 1. 36 i n El ga
i i i o . deviating from stoichiometric Ca/P
rim is  (F&7Nio29sP. Troilite together with atin equal to 1/29 in ideal merriliite. As it is known,
schreibersite occur in the rims around silicatgomorphous substitutions in merrillite allow the
inclusions (Khisina et al.,2017; Litasov and entry of Ca in the position of Na (with the
Podgornykh, 2017). Troilite inclusions that occur ijmitaneous formation of vacancies); thengnf Fe
the schreibersitexide rim (Fig. 1) exhibit often a jhto the position of Mg and the entry of Si into
ba_lll-like _shape and consist_ of ggg_regateo_l Fe§0 sition P (Jolliff et al
micrograins rimmed Dby NiS millerite. Mixed o Fe in Ca position was suggested for merrillite
analyzes of cores and rims for individual sulghidgong in other parts of the meteorite Elga (Litasov
grains show stoichiometric ratio as (Fe + Ni)/S = 1:15nq podgormnykh, 2017). Taking intocaunt possible
Siderite.Siderite occurs in the reaction rim at thsomorphic substitutions, analyzes of merrillite in the
boundary between silicate inclusiamd FeNi host; s hock mel ted zone gi ven
in brecciated region at the contact of silicateyicylated for pure merrillite. The variations of
inclusion and the crack extended through the FeRemical composition observed from point to point
metal; in melt pocket inside silicate inclusionin merillite indicate rather the pse inhomogeneity
Siderite in stratified schreibersitide rim has been ¢5,seqd by the capture of the silicate melt portions in
preliminary estimated by Khisina et £2017). Here o process of impact recrystallization of merrillite.
we report new data supported siderite occurrence In Fe,Nioxides. EMPA chemical analyzes data of
the schreibersitexide rim. Siderite is observed atEe Nioxides in the oxide sublayer of the rim and in
BSE images of schreibersitxide rim as paichy {he oxide clast of breccia wh calculated for FeO
contrasts in oxide(s) matrix (Fig 1). Siderite iSye characterized by a low amount of oxides (Table
identified from the chemical analysdata (Table 1) 1y The same analyzes when calculated fojOke
and Raman spectroscopy data (Fig. 3a). Sideritehas'a s y 1 t s i n a good amount
chemical composition as E€NiooCO; (Table 1). gyre that all iron is trivalent. Raman spectroscopy
Raman spectrum of siderite (Fig. 3a) exhibits thgas ysed to identify the oxigihases. In carrying out
bands at 1083, 738, 480 and 213 cattributed 10 he Raman experiment, certain difficulties arose. The
siderite. , ~low quality of Raman spectra due to the probable
The siderite in the meftocket (Fig. 2) occurs in microporosity of the object with the formation of
the form of rounded irregular precipitates ofd € Myicroaggregates of grains made it necessary to use
in  size 'unlformly dlstrlbuted in the shrelbersnepowerfm laser regimes andrg signal accumulation
matrix (Fig. 4). The microstructure of the melt pockefmes. However, Fexides are easily oxidized under
and the rounded shape of precipitates evidencey action of a laser in micfRaman experiments:
liquid-liquid phase separation in two immiscible magnetite passes into hematite at> 20mW
melts. Thus we have deal with unmixing due t@shenhanova and Lazor, 2003). We carried out a series
phosphidecarbonate liquid immiscibility in the ot measurements at different laseergies and found
shockproduced higftemperature melt. The Ramanga¢ in our samples the transition of magnetite to
spectrum from the individual siderite grain in theﬁematite occurs at> 5mW. Therefore, we used the
melt pocket is shown in Fig. 4. ghintense band at ,5des 2.0 mW and 5 mW in Raman experiments to
1082.6 crit corresponds to siderite (Buzgar an@ptain  Raman spectra of the oxide(s) in the
Apopei, 2009). _ .. schreibersitexide rim around silicate inclusicand
Merrillite . Merrillite occurs together with troilite, j, the fragments of breccia. The obtained spectra
schreibersite, ~ siderite, and ~Fekide(s) In gemonstrate the presence of hematite and Ni
destroyed region of schreibersdgide rim. Raman magnetite in the objects of investigation (Fig. 3b,
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Fig. 3d). The bands at 1337, 647, 388, 277, and 2k@fer S. W., Phakey P. P., and Christie J. M. (1975)

1 ; i ontrib. Mineral. Petrol, 59, 4193.
cm - (Fig. 3b) are attributed to hematite (ShebanO\I%tasov K. and Podgornykh. (2013) Raman Spectrosc

and Lazor, 2003). In gddition to_ -herr_latite, c)Xidfbanta P.C. and Bergmann C.P. (2015ylaterial Sci.
phase of nearly magnetite composition is found fromng, 5:2017.

Raman spectra (Fig. 3d). Raman spectrum (Fig. 38ana G. and Johri U.C. (2013)of alloys and compounds
exhibits the band at 678 €mPosition of the main 3/7 376381.

. . . Shebanova O.N. and P. Lazor (200350lid State
band of pure magnetite &, in Raman spectra 'S.Chemistry 174, 424 430.

654 an* (Shebanova and Lazor, 2003), the maifyaiton E. L. and Show C. S. J. (200@teoritics and
band of FgNiO, trevorite is at 700 cth(Rana and Planetary Sci 44, 5576.

Johri, 2013). As compared to magnetite and trevorite

spectra, the band at 678 ¢im the Raman spectrum .

of Elga (Fig. 3d) corresponds to -Niagnetite of ShornikovS.l., — YakovlevO.l.  Study of
approximately equimo|ar E@4'FQN|O4 dOUbIe inversion Of MgO/S|Q I’ela'[lve

composition. fugacity atthe CAlsme |l t 6s evaporati on

ConcIL_Jsion _ The secondary minerals OfVernadskylnstitute of Geochemistry & Analytical
_eXtrate”eSt“al orngin, formed as a result of the&nemistry RAS, Moscow (sergey.shornikov@gmail.com)
Impact, were identified by EMPA and . RaalmanAbstract The composition variation of Cai Ali inclusions
spectrospopy In theShOCk.prOdgced Zones !'Elga_ (CAls) in chondrite at evaporation was studied at
meteorite: (Fe,NgP schreibersite, FeS troilite, NiStemperature of 2173 K in the framework of the
millerite, NaMgCa(POy,); merrillite, FeCQ siderite, thermodynamic model. The semiempirical model was
Fe,0; hematite, Ni magnetitaVe conclude thaFe, based on the ideal associated solution theory and .
Ni, P, S, C and oxygen have been involved in shogkperimental data on the CaOi MgGi FeQ ALOsi TiO,i SI0,
transformation process, wherein each of the§'éelts obtained by Knudsen effusion mass-spectrometric

. : . + _method in the temperature range of 1600 7 2500 K. It was
elements OCcurs In different valence Stateg’ Fé observed the typical inversion of MgO / SiG; relative

+, 2+, +, +
and Fes Ni and NF; _ and P, and_ c. volatility due to the predominant evaporation of MgO from
Shockinduced redox reactions proceed obviously @te melt at the most of the CAls compositions. However,

the contacts of silicate inclusion and FeNi host. THer the composition (mol. % : CaOi 14.43, MgO'i 25.60,
scheibersite forming rims at the boundaries betweetOs i 23.88, SiO, i 36.14) there was a double inversion
silicate inclusions and FeNi host evidences that ti T:‘; 'I\ggdoslt OS;% gté%:(fg?n‘;rsééago%%5C@g{-e:ﬁ:‘i'n iﬁg)‘
syStem. might approximate a phosph_mmsphat_e melt, and the second (about 60 mol. % Al ,03) which leads
buffer, i.e., parway through the reduction reactiony the predominance of SiO, contents in the melt. It is

at high temperatures. Bulk equilibrium was noghown that small deviations of CaO contents from the

reachd in the system, however, because of a vergnsidered composition could lead to either the MgO

short duration of impact. The results indicat%f_gfomi][lanci i? the meltt_(CO][n|061rter?I to SlitOz) cti#e tsc: Ct)zre
heterogeneity of pressure, temperature &y > Preierential évaporation irom the met orine
distribution in shocked material in a case of sho ggogg}g?ecriig g‘fagoigtﬁgﬁr?r%ﬁiﬂéom“gﬁg) due to the
wave propagation through heterogeneous rock. _ _
high-temperature sitk-induced melting in meteorite Keywords : CAls, evaporation, thermodynamics.

Elga might be caused by a presence of vugs (open )

spaces) in the target rockhe temperature increase ~ Within the developed thermodynamic model of
at open fissures can be especially high becaugeaporation of multicomponent oxide melts
impedance contrasts of empty space and rock g&hornikov, 2009) we investigated the composition
extreme (Heider and Kenlann, 2003).Our data changes of theCaAl-Inclusion melts (CAls) at
demonstrate the first finding of siderite in shock173K. The semiempirical model is based on the
melted zones in IIE !r?n hmeteorltes. The reSf“Itt%eory of ideal associated solutions and calibrated on
prove an extraterrestrial shopkoduced origin o experimental data on the oxide activities in the CaO

siderite in Elga. MgOi FeQ Al,Osi TIOJ 3 ,@nelts. These activities

‘Acknowledgment. Authors are thankful to A.AA. were defined by Knubn effusion mass
Shiryaev and A. Buristrov for their help in spectrometric method within a temperature range of

conducting research and interpretation of analyticasoq 2500K. The accuracy of these approach was
?e"’lstgggﬂ Awgbdsrslgggﬂ% f%;tiﬁgn'g?ésgrgog'f Tth nfirmed earlier by coincidence of calculations and
Development and the Program 7 of ONZ RAN. experimental data on two compositions (Shornikov,

2016). The first of them was a lunalumina basalt
References (mol. %: CaOi 19.44, MgOi 7.26, FeOi 3.98,

] . Al,O; 1 18.72, TiIQ T 0.25, SiQ i 50.35). A lunar
gfctoa'égg”o'”” GilleP. (2007)Geophys. Res. Lett  pagalt  evaporation was studied by the mass

Buzgar N. and Apopei A.I. (2009)nanele Stiintifice Ale  SPectrometric  method using Knudsen effusion
Univ., Al. I.Cuza Lasi Geologi&5, 97i 112. tungsten cells in the temperature range of 1577
Jolliff B.L. et al. (2006)Amer. Mineral, 91, 15831595. 2502K (Markova et al., 1986). The second

(2017)Geochemistry Internationab5, 4, 317329. P y
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elemental composition corresponding to the solaefractory components in the residual melts during

(mol. %: CaOi 2.08, MgOi 35.15, FeGi 29.18,

evaporationi CaO and AJOs;. This change is

Al,O; T 1.38, TiGQ 1 0.08, SiQ 7 32.13). Their accompanied by an inversion of the MgSIO,
evaporation was studied uogi graphite vacuum relative volatility typical for most compositions,

furnaces in the temperature range of 1I@2¥3K

consisting in a predominance of MgO evaporation

(Wang et al., 2001). As can be seen from Fig. 1 titeompared to Si¢) from themelt (Fig.2). However,
model satisfactorily describes the evaporation dhe evaporation of thBaN-3 composition occurs on
CAls other samples: CAlI B (Mendybaev et althe contrary i these ratio increases and then
2018), CAl4 (Kamibayashi et al., 2018)aMN3 decreases (Fi@).

(lvanova et al., 2018), the composition of which is To explain this phenomenon, we studied the
shown in Table 1.

Table 1 The CAls initial composition (mo%).

Sample CaO MgO Al O3 SiO, MgO /SiO,
5aNL  11.17 25.00 23.83 40.00 0.63
5aN3 1443 2560 23.83 36.14 0.71
5aNH  17.03 2798 2323 31.76 0.88
CAl4 2410 2432 1552 36.06 0.67
CAIB 2676 17.05 1141 4478 0.38

evaporation of two compositions with the slightly
low and slightly highof the CaO content in the melt
(5aN-L and 5aNH). As can be seen from the
comparison of calculated evaporation trends (Fig.
3a), small deviations in the CaO content from the
compositionsaN-3 led in the case of the composition
5aN-L to the MgO predominagc in the melt
(compared to Si¢) and to the Si® predominant
evaporation of from the melt, and in the caséaift

H 1 to the SiQ predominance in the melt (compared
to MgO) and, respectively, the MgO preferential

~As shown in Figl, despite the differences in thegyaporation from the melt. Moreover, the ®lg
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Fig. 2. The experimental {13) and calculated
(4i6) MgO/SiO, molar ratio changes in
residual melts obaN-3 (1, 4), CAl4 (2, 5) and
CAIB (3, 6) at evaporation at 2173 K.

Fig. 1. The experimental (points) and calculated (lines) changes in residual mgdtist8f(a), CAl4 (b) andCAI B
(c) at evaporation at 2173 K:i11CaO. 2i MaO. 37 Al>0-. 41 SiO..
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Fig. 3b. The experimentall) and calculated (&) MgO/ SiO, molar ratio changes in residual meltsSafN-3 (1, 2),
5aN-L (3) and5aN-H (4) at evaporation at 2173 K.

We can see the double inversion of th&orzhinskiiD. S. (1959) Acidbase interaction of
MgO/SiO, ratio in the case of the5aN-3 components in silicate melts and the direction of cotectic
composition The first inversion (about 35 mol. %lines.DAN SSSRvol. 128, no. 2, pp. 38386.

Al,Q;) is lead to the MgO predominance in the meltMarkova O. M., Yakovlev O. |., Semenov G. A., Belov A.
The second inversion (about 60 mol. %,@y) is N. (1986)Somegeneral experimeat results on the
lead to the Si@predominance in the mefEig. 3). evaporation of natural melts in a Knudseti.cGeochem.

Thus, there is an inversion of the MgO &, Int., vol. 24, no. 11, ppl559 1569
volatility at the highi temperature evaporation of Mendybaev R. A., Teng Z., Kamibayashi M., Georg R.
CAls. It consists in the fact that silicon oxide, bein@., Davis A. M., Tachibana S., Richter F. [2018)
more volatile than magnesium oxide, becomes lesmgnesium isotopic fractionation during evaporation of
volatile at theevaporatiorconditionsof melts rich in  CAl-like melts in lowpressure hydrogen gascaim
refractory oxides (CaO and AJO;). The obsergd vacuum: similarities and differencdsPSa XLIX, Abs.
volatility inversion is well explained within the #2580.
framework of Korzhinsk§s theory on ackbase Shornikov S. I. (2009) Thermodynamic study of the evaporation
interaction of components in silicate meltskinetics of theCaQ MgOi Al,O5i FeQ Si0, melts.Vestn. Otd.
(Korzhinsky, 1959)in the case of evaporation ofnauk Zemle RANol. 27, no. 1, pp.i}.

CAls compositions. Shornikov S. 1. (2016y hermodynamics ofvaporation of

According to the theory, the CaO contentmulticomponent oxide systemSeramics and composite
increase in the melt leads to an increase in itgaterials Syktyvkar: Komi scientific centesf RAS Ural
basicity, which, in turn, increases the activity andyranch pp.446i 449(in Russian).
accordingly, the volatility of MgQand reduces the Wang J., Davis A. M., Clayton R. N., Mayeda T. K.,
activity and, accordingly, the volatility of S{p The Hashimoto A(2001)Chemicaland isotopic fractionation
MgO / SiO; ratio decreases with increasirige CaO  during the evaporation of the FeRgOi SiO,i CaQ
content, which is a direct consequence of the-aciéll,Osi TiO, rare earth element melt systeGeochim.
base factorin the real compositions of AIs of Cosmochim. Actaol. 65 no. 3 pp. 479 494.
chondrites.
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extracted with a Nd magnet from loose sediments of 3 15 km in size, called "Carolina Bays" (Fig.1) (named
craters, located 10 km north of Myrtle Beach, South : P

Carolina, were studied at the Geophysical Observatory aﬂe.r the bay_ laurel trees growing inside them), the
"Borok" IPE RAS with SEM "Tesan Vega II". Micro- and origin of which causes a controversy. The main
nanoparticles and films of pure Ni were found on the features of these natural formations are the
surface of the rounded ilmenite, magnetine and quartz following: they have an elliptical shapd)] af them
grains, as well as microparticles of native metals and . . . )
alloys. For the first time in the material of these craters, we are_ Str_etCheq in the same d"‘e(?t'on t(_) the romht;
found the traces of the process of thermal interaction of their dimensions along the major axis vary from 50
terrestrial and cosmic materials that occurred in situ. It is meters to 15 kilometers; they are small depressions
assumed that the craters were formed by numerous : : -
fragments of an aerodynamically destroyed cosmic body (a below the surrounding topographic surface with a
comet or an asteroid), approaching the Earth on a very maximum depth of about 15 meters; theften
oblique trajectory. overlap each other without disturbing morphology;

Keywords : Carolina Bays; oval craters; impact process; the stratigraphy of the rocks under them is not
nanoparticles and films of pure Ni; native metals; thermal  broken; in recent years, exotic black glass have been
interaction; oblique impact. found in some of them in the form of sponges,

. . fullerenes, hollow carbon spheres containing
Introduction. On the Atlantic coast of the USA, nanodamonds (Firestone at al, 2010).

spanning more than 1000 km from Florida to
NewdJersey, there are over 500,000 avaters, up to

area of location
of the Carolina bays craters.

sampling site

Fig. 1. Carolina
Bays Craters on
the Google maps
and sampling sites
(yellow dots).

50 pm

100 pm
o—

100 pm

Fig. 2. BSE images, nanoparticles and films of pure Ni (white) on the surface of the rounded ilmenite (a,b), magnetite
(c,d)and garnet (e,f) grains, quartz (g,h) grains.
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Methods & Results. Samples extracted with aonly at 6-10 cm from the surface of the chondrites. They
Nl magnet rom oose sedments of 3 raters (Fig, £g2°74 7 e evel f e s ey, sl on e
located 10 km north of Myrtle Beach, Southon the depth distributions of the samples inside the
Carolina, were studied at the Geophysicalhondrites.
Observatory "Borok" IPE RAS with a Scanningceywords : chondrites, cosmogenic radionuclides, cosmic
Electron Microscope (SEM) "Téan Vega II". Each rays, solar activity, solar protons.
sample was extracted from approximately 1kg of
sand Introduction. During orbital revolution,
Micro- and nanoparticles and films of pure Nichondritesare irradiated with the galactic cosmic
were found on the surface of the rounded ilmenitéays (GCR) of E > 100 MeV, entering the Solar
magnetite, garnet and quartz grains (Fig. Zhey System isotropically from the surrounding cosmic
vary widely in size from individual nanceter space, as well as with SCRs (mainly, proton& of
particles to areas that occupy a significant part of t#&-500MeV), which, in accordance with the d/&ar
surface of the minerals. In this case, these formatiowgriations of the solar activity, are emitted
are observed only on one side of the grains @griodically by the suto meet GCRsDueto thesun
terrestrial minerals, which indicates the preferretptation the initially radial motion of SCRs is
direction of the shock process. Veinequently, on graduallytwistedas anArchimedean spiralso that at
the rolled mineral grains observed are plaquébout ~ 5 AU their motion becomes the practically
consisting of a carbon substance of an unknowazimuthalone(Parker1969).Thesimilar changes are
composition. In addition, the samples containedndergonedy all the solarirradiationsi in particular,
microparticles of native metals and alloys: Fe, Zd)y the solar wind, theérozen magnetic &lds of
Cuzn, FeCrNi, FeNd. which, when being twistedcreatehardly insuperable
Conclusions.For the first time in the material of barriers to GCR penetration into the heliosphere, i.e.
these craters, we found not only the minerals &veep themout practically. Thus the solar
impact origin but also the traces of the process gfodulationof GCRsarises i.e. at the higher solar

thermal interaction of terrestrial and cosmic materiaRctivity (e.g. SCR intensity) the GChitensty is
that occurred in situ. lower near the Earth.

It is assumed that the craters wepenfed by Since 1957 monthly measurementsf the GCR
numerous fragments of an aerodynamicalliptensity (E > 100 MeV) in the stratosphere
destroyed cosmic body (a comet or an asteroidStozhkov et al, 2009) allow us to analyze

approaching the Earth on a very oblique trajectory. cosmogenic radionuclides of different hialfes T; in
the meteoritesfalling to the Earthand to derive the

Acknowledgments: The work was carried out on Unique information on the character of the GCR
the budget -tampgual structir§ pfare Medplation at different heliocentric distances in
magnetic minerals as indicators of geological aridavrukhing Ustinova, 1990; Alexeey Ustinova,
geophysical processes o 2006)sHowaves such @ny analysispavides the  No |
AAAA -A17-11704061018%. Microprobe studies necessity to estimate and exclude contributions of the
were carried out with the support of the RussiaRCRS in production of the radionuclides, which
Foundation for Basic Researcproject No. 15 Might be essential in the meteorites that fell during

00703a. the years of the high solar activity.
Dependence on the solar activity:
Reference Unfortunately, any cottinuous data on the SCR

_ intensity are absent. Theig a value of 330 proton
Firestone R.B., West A., Revay Z., Hagstrum J.T., Belgyg 25! (>20 MeV) measured for the maximum solar
T., Que Hee S.S. and Smith A.R. Analysis of the Youngeﬁctivity in 1956, 1959%and 1960 Ebeogly Wainio
Dryas Impact Layef/ Journal of Siberian Federal 1966 Whereaéthe average SCR intensit§>26
University. Engineering & Technologies, 1 (2010 3) 30 ’

62 MeV) for the solar cycle, as wels for the last
million years, is31 protoncmi’s* (2.46 protoncms
sr'), which follows from the ®Na and Al

Ustinova G.K. The solar proton effects inthe radioactivity data of the lunar sample 10017

chondrites of low level ablation.UDC 523.165 delivered by Apollo 11 (Lavrukhing Ustinova
1971). The anticorrelated interdependency of

V.I. Vernadsky Institute of Geochemistry and Analytical dedine andrise of the GCR intensity neathe Earth
Chemistry RAS, Moscow ?usnnova@dumazna"ru) with the periodical increase and decrease of the SCR
Abstract. The solar cosmic ray (SCR) contributions to intensity allows us to approximate such a process
production of the cosmogenic radionuclides in the near- with the Gauss error curve i namely,

surface layers of the chondrites of low ablation are ) s )
estimated. It is shown that the solar proton effects develop y = 330g 1051 15} which links the maximum (330
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proton cm’s?) and the averag¢31 proton cm”s  prolonged minimum of the solar activity of the'23
Hintensities of the solar protons wjtaccordingly, cycle, and theStubenberghondrite fell on March 3
the minimal(1.5nucleoncm?s® (0.12 nucleoncm®s 2016 during the phase of decreasing solar activity o
'sr) and the averagé3 nucleon cm?s® (0.24 the 24" cycle, so that the solar proton fluxes near the
nucleon cm'zs'lsr‘l) GCR intensities near the EarthEarth were far from the maximum ones. Hence, their
(Fig. 1). Using the stratosphericdata of the GCR contribution into the production of the shtived
intensity for a time period of the solar activipne radionuclides (and eved®Na) at 1 AU in the
may estimate the corresponding average intensity $fubenberghondrite was small (see Table 2 below
the solar protons for that tim&ig. 1 demonstrates Besides, as it follows from Fig.2, the average
clearly that the solar protonintensity canexceedthe heliocentric distances. of the ?Na accumulation in
GCR intensity by two orders of magnitude, whichhe Jesenic&hondrite and of the”’Mn accumulation
would firstly affect the production of some shortin the StubenbergndJesenicehondrites equal.65
lived radionuclides (e.g. *3V, °Cr, é)in the AU, 1.98AU, and?2.14 AU, respectively. Itmeans
meteorites falling in the years of high solar activity. that the solar proton fluxes, which initiated the
production of the radionuclides, were already
reduced by(r?) times in comparison with their
intensities afl. AU.

f, , nucl.em?s™

r, AU

100 ¢

T T T ¥ T T Candl

0 M 500 2204 t, days

4 Isor , nucl.cmi®g!

Fig.2. Dependence of the heliocentric distan@am timet
Fig.1. A function y:33()e'1-051(>< L5} of the solar Of orbits of the Stubenberg (St) and Jesenice (Je)

cycle approximation. Real interrelated decreases of thghondrites before their fall to the Earth #r0. Some
GCR intensitylaer (from 4 down to 1.5 nucl.cits %) are moments 0.7%5 of the average effective accumulation of

- . 4
marked on thex axis at the corresponding increases of 1€ radionuclidesMn and *Na are marked on the
the solar proton intensitp (from O up to 330 nucl.cm &XiS; and the corresponding average heliocentric
2s1) "as wellas further: the subsequent increases of the!iStancesc are shown by arrows on tlyeaxis.
GCR intensity at the corresponding decreases of the solar ) ]
proton intensity. As it was already mentionedabove the long-

lived radionuclides beingimilar to *°Al are produced

Dependenceon heliocentric distances In the in lunar samples at the average intensity of the solar
case of production of thedionuclides offj 2 1y, it protons of31 proton cm?s®, which is lowerby an
should be taken into account thhe force of source orderof magnitudethan the one registered near the
(e.g., the Sun) is diminished proportionally to th&arth during the periods of the maximum solar
distance squared. Indeag to 80% of the measured activity. Meanwhile, in meteorites the %Al is
contents of radionuclides (at the moment of meteoriggcumulated at the average heliocentric distanges
fall) are accumulated during- 1.5 T; of the of their orbits, which correspond toP of the orbital
radionuclides i.e. at the average heliocentric period P of the meteorites, and, therefore, it is
distances of meteorites corresponding~@75T;  suitably accumulated with the solar proton fluxes
(Lavrukhing Ustinova, 1990; Alexeev et al., 2015). which were () times lower. Thelarger is theorbit
The known orbits of theStubenberg(LL6) and of meteorite the smaller contribution of the solar
Jesenice (L6) chondrites (Meier, 201§ are protons to the production of lofliyed radionuclides
demonstrated inr(t) coordinates in Fig.2. The (in particular,°Al) should be expected
Jesenicechondrite fell on April 4, 2009 in the
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Dependenceon the radionuclide production

cross sections Considering different radionuclides,par t i cl es i n t he sur@Gd@ce

In Fig. 3, depth distributions of nucleactive

it should be taken into account that their contentggolith if it is irradiated by the GCRs of the energy
depend on the cross sections of their production lspectrum of 1962 and the solar protons of the
nuclearactive paticles of different energies on theaverage intensity of 31 proton cm’s’, are
target elements of the meteorite composition. Sontkemonstrated.

difference of the production cross sections of Curvesl and2 clearly demonstrathow strongly
radionuclides irL.-chondrites with primary SCRs andthe deep profile of the lownergy solar protons
GCRs, which are averaged in accordance with thaliffers from that of the GCR primary component.
energy spectra, as el as with the chondrite The solarprotonsare practicallydepletel at the first
compositions (Lavrukhing Ustinova, 1990) are
presented in Table. 1

Table 1. Weighted mean values of cross sections (in mbarn) of
the cosmogenic radionuclides with the solar protons (>O.OZGe\/§urfaCe (curve 3)
and with the primary GCRs (>0@eV) in L- chondrites.

By 13cr | **sc | *Mn | 2Na | *°Fe | %°Al
Psoar | 0.27 5.36 0.11 5.06 7.22 65.62 8.24
Pocr | 1.55 6.96 1.26 3.99 499 10.07 3.99

Dependence on screening depth in cosmic

bodies One of the main factors defining effects of

the solar protons is sharp dropof their intensity in
the nearest surface layers of cosmic bodies.

I nuclem™s

20

o
Fi

18 d. cm

Fig.3. Depth distributions of the primary and secondary
nuclearactive particles of the cosmic radiation tihe
surface layer of the lunar regolith (1solar protons; 2
primary component of the GCRs;i3total flux of the
primary and secondary GCRsj 4otal flux of the GCRs
and solar protons; b deep drop of the solar protons in
L/LL -chondrites.

~10 cm from the surface, whereas the primary GCR
comporent and initiated cascade of the secondary
particles prevail at the depths 2 cm from the

The similar regularity for all the nucleactive
particles is demonstrated by curve 4. Indetiw
solar proton effects are dominantat the first 2 cm
from the lunar surface, meanwhile, they are
practically absent at the depths10 cm from the
surface, i.e. which is the zone of operation of just the
primary and secondary GCRs only.

The curve 5 that is also presented ifig.3
demonstrates theolar proton profile in the matter of
the L/LL-chondrites It is sharperthan that in the
lunar regolith, being already depletedat the 6 cm
rom the surface. Iis mainly conditioned by the
strongerionization losss of the energy of particles in
the moe dense matter of thgLL -chondriteg~3.59g
cni®), as compared with that of the lunar rego(ith7
gcmd).

The solar proton effects in the Stubenbergnd
Jesenice chondrites: There is a certain probability
that the Stubenberg and Jesenice chondrites,
consideredhere further, have been undergone only
weak ablation, so that they might conses@me
effectsof thesolarprotons

Indeed in Fig. 4 the depth distributions of
®Ca/®Al ratios in the Stubenbergand Jesenice
chondrites are prestsd, which differ from each
other mainly in the **Co content(0.056 and 0.088
weight %, respectively, from which %co is
produced Rangesof the measuredvalues of these
ratios in the investigatedsamplesof the chondrites
(Bischoffetal., 2011; 2017point out to their sizeR
and to the screening deptthef the samples from the
surface: namely,R ~ 1020 cm, d ~ 28 cm
(Stubenberg and R ~ 2030 cm, d ~ 26 cm
(Jesenicg The solar proton effects at such depths
would be conserved because, inaccordance with
Fig.3, their range of operation is just the nearest to
the surface layer 08 cm. Perhapsone may expect
that, in the bodiesof R > 10 cm, the solar proton
distributions near the surfacéd ¢ 6 cm) are
practically similar to those in largeosmic bodies,
irradiated in2" -geometry

56

Institute of Experimental Mineralogy



Problems of Planetology, Cosmochemistry and Meteoritica

produced by the solar protons in the chondrites
PCoAl having fallen to the E#r in various years of the solar
R=50 activity, some definite regularities would be
recorded, e.g., the high content°dfe and the low
one of **Sc which is conditioned by the strong
difference of their production cross sections with
protons of low energyses Table 1). Further the
shortlived radionuclidesbeing similarto %, *Cr,
and *°Sc, are practically produced just prior to the
chondrite fall at- 1 AU, so that their contents depend
on the level of the solar activity (namely, intensity of
) the solamprotons) for the date of falln particular at
----- —— the Jesenicechondrite fall during the prolonged
minimum of the 23¢ solar cycle the GCR intensity
near the Earth was- 5 proton cmi’s?, which,
according to the data of Fig. 1, testifies to the
practical aence of the solar protons near the Earth,
and, respectively, to their zero contribution to
production of the shottved radionuclides in the
e Beiaciin T chondrite(Table 2). Rare singularites are ?Na and
10 20 30 T 10 20 30 >Fe in the Stubenbergchondrite in which their
d cm average habcentric distance is also~ 1 AU (see
Fig.4. ®°CoF°Al depth profiles in the Stubenberg and Fig. 2). Therefore despite thentensity of the solar
Jesenice chondrites at their different -ptmospheric  protons near the Earth being by an order of

radii R (d 1 depth from the surface). The measured magnitudesmallerin comparisorwith their intensity
ranges of the ratio in the samples of the chondrites

(Bischoff et al.,201; 2017) are marked by dashed lines at the Brudgrheim ghondrit% the solqr Pmton
contributions into thé*Na and**Fe production in the

Taking into accountall the factors (described Stubenberghondrite are much higher, because in the
above), which affect the contents of the different Bruderheim chondrite they are produced at the
radionucldes produced by the solar protons in th@verage heliocentric distance of- 3.29 AU, i.e., at
nearsurface layers of the chondrites of differenthe solar proton intensity thais smaller
orbits, which fell onto the Earth at the different levelgroportionally to that distance squared. Theite
of the solar activity, one may determine thdlifferent situationis in the caseof *°Al and other
contributions of the solar protons into the measurd@ng-lived radionuclides which are produced at the
contens of cosmogenic radionuclides of variolis average intensity of the solar protons tbe last
in the StubenbergndJesenicehondrites million years of abouB1 protoncm?s*, and which,

The results are presented in Table 2 ithus, do not depend anyway on the level of the solar
comparison with the obtained earlier data for th@ctivity over meteorite falls. Iparticulay the solar
Bruderheim (L6) chondrite (Lavrukhing Ustinova proton contributionsin the ?°Al production in the
1980; 1990).That L6-chondritehas fallen just after chondrites, considered in Table 2, are defined only
maximum of the 19 solar cycle at the intensity of they relations of the averagheliocentric distances of
solar protongE > 20 MeV) of 330 proton cmi“s®.  their orbits. Inthe case of the radionuclides of
The aphelionof its most optimal orbit isg6 = 4.06 Vvariouslife-times somejoint action of all the factors
AU; its average heliocentric distanceris 3.29AU; that affected the magnitude of the solar proton
pre-atmospheric radiusf the chondrite i)k ~ 3050 contribution to their production should be taken into
cm; screening depth of the sampleslis 2210 cm. account.

Despitethe fact that numeroufactors, pointed
out above,affected the contents of the radionuclides,

0.01

0.001 4

Table 2. Contributions of the solar protong $ 20 MeV) into production of the measured contents of the radionuclides (in
dpm kg") in the Bruderheim, Jesenice and Stubenberg chondrites, which fell to the Earth, respectiMsych 4, 1960

(in the phase of maximum of the" 8olar cycle), on April 4, 2009 (on the growing branch of tHe @&&le) and on

March 3, 2016 (at the drop of the"2dycle).

Y [*Cr [™Sc [ *Mn [PNa___ | “Fe (Al
Buderheim 6.1 122.0 15 18.1 15.2 138.5 0.8
Jesenice 0 0 0 0 0.32 2.92 2.1
Stubenberg 0.09 1.85 0.02 5.4 44.4 404.8 2.8

Experiment in Geosciences 201 8 Volume 24 N 1 57



The work i s

partly su

thess @ S04 '@i@acidib/-yasicip f@c@r@ap agstpng - 28

of Fundamental Researches of the Presidium RAS € fect on the rate of magnesium and silicon evaporation

References:

Alexeev V.A, Ustinova G.K.Solar modulation of galactic
cosmic rays in the thredgimensional heliosphere
according to meteorite dateGeochemistry International
i 20067 V. 44.1 P.423438.

Lavrukhina A.K., Ustinova G.KMeteorites as probes of
cosmic ray variationsg. M: Nauka, 199071 262p.(in
Russian).

Alexeev V.A., Laubenstein MRovinecP. P., Ustinova
G.K. Variations of cosmogenic radionuclide production
rates along the meteorite orbitsAdv. Space Res. 2015
i V.56.71 P. 766771.

Bischoff A., Barrat JA., Bauer K, et al.,The Stubenberg
meteoritei An LL6 chondrite fragmental breccia

recovered soon after precise prediction of the strewn fieldninerals

/I Met. Planet. Scii 20177 doi:10.1111/maps.12883.
Bischoff A., Jersec M., Grau T., et al., Jeseiiidenew
meteoritefall from Slovenia /Met. Planet. Scii 2011.7
V. 46. N 6.1 P.793804;

Ebeoglu D.B., Wainio K.MSolar proton activation of the
lunar surface J. Geophys. Re$.1966.7 Vol.71. N. 24.
P. 58635872.

Lavrukhina A. K. and Ustinova G. KSolar protm
medium flux constancy over a million yedf&Nature .i
1971.7 V. 232.7 P. 462463.

Meier, M.M.M. Meteorites with photographic orbits
2016.(http://www.meteoriteorbits.infh

Parker E.NCosmic magnetifields.// Space Sci. ReV.
1969.7 Vol.9, N 3.7 P. 325360.

that in turn has a strong effect on isotope frac tionation
which as the melt evaporates increases the efficiency of
isotopic fractionation in magnesium compared to silicon
isotopes.

Keywords : vaporization, condensation, Ca-Al-Inclusions,
isotope fractionation, acidity-basicity factor.

High-temperature eporation processes in
silicate melts are of great interest to researchers in
connection with the study of the unique substance of
the Solar systenii Cai Aliinclusions of chondrites.
This substance is referred to as CAls (abbreviation
for "Cai AlT Inclusions). CAls represent the oldest
objects in the Solar system with an age of 4.567
billion years. They consist mainly of refractory
hibonite, spinel, melilite, fassaite,
anorthite, perovskite, and in the chemical relation of
refractory oxides (AlO;, CaO, TiQ) and moderately
volatile oxides (MgO and Sip There are amazing
isotope characteristics: high content 850D and
daughter products of a number of sHored isotopes
in the CAls composition. There are clear signs of
massdependent isotope fthonation Mg, Si, O. At
the same time, for some elements there are signs of
nonlinear isotopic anomalies of unknown nature.
Most researchers are of the opinion that CAls formed
by condensation of gas of Solar composition at the
earliest stage of evolutiorof the Sun. Some
researchers develop an alternative hypothesis

Stozhkov, Yu.l., Svirzhevsky, N.S., Bazilevskaya, G.A., eaccording to CAls are objects formed outside the

al. Long-term (50 years) measurements of cosmic ray
fluxes in the atmospher#.Adv.Space Res. 2009.1 V.
44.7 P. 1124 1137.

Yakovlev O. I., ShornikovS.I. Mg and Si
isotope fractionation in dependence on
acidity-basicity of CAls melts

Vernadsky Institute of Geochemistry and Analytical
Chemistry RAS, Moscow (yakovlev@geokhi.ru)

Abstract. High-temperature vaporization process of the
chondrite Cai Ali Inclusions (CAIs) is interesting for
researchers as CAls present the most ancient matter of
Solar system. The CAls consist of refractory mineralsi
hibonite, spinel, melilite, fassaite, anorthite, perovscite
which consist of low fugacity oxides 1 ALO;, CaO, TiO, and
moderate fugacity oxides i MgO and SiQ. The CAls have
clear features of mass-dependent isotopic fractionation Mg
and Si, which, according to experimental data, are formed
at high mass losses of evaporating melt. When CAls melts
evaporate at high temperatures, the SiO, and MgO
volatilities are inverted: SiO,, which is more volatile than
MgO, becomes less volatile when meltsare enriched in
refractory CaO. This volatility inversion can be explained
within the framework of the theory of acid i base interaction
between components in silicate melts. According to this
theory an increase in CaO concentration in the melt
increases its basicity, and this, in turn, increases the
activity (and hence, also volatility) of MgO and decreases

Solar system. According to modern concepts, after
the emergence of primary (condensate) products,
processes of fractional higemperature evapation
played a significant role in the formation of CAls
compositions. When evaporating, CAls lost up to
50% of magnesium and up to 2 of silicon
(Richter et al., 2002). The individual CAls lost in
evaporation of 80% of silicon and 85% of
magneaim (Williams et al., 2017). Evaporative
losses of magnesium, silicon led to deep mass
dependent
S i to 17 a (Williams
evidences of the differentiation during CAIs
evaporation gave the isqtic analysis of Mg, Si, and
O in the residual melts which were obtained in the
vacuum experiments with corresponding initial
compositions (Mendybaev et al., 2013).

To date, the CAls origin and the particularities of
their isotopic characteristics with resyp to Mg and
Si are clear and do not give rise to disputes.
However, there are questions, and there are a lot of
them, to the physicohemical conditions of the
evaporation process, namely, temperature, melt
cooling rate, pressure and composition of the
surrounding gas, the composition of the CAls initial
condensate. Here we will focus on an important, in
our opinion, evaporation factor, which is usually not
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considered in the list of primary evaporatio) in the ternary CaMgOi SiO, melt vs CaO
conditions. It is the acibdase melt factor, which, cort e n't at a temperature
among other factors, determines the evaporationole ratio ofMgO/ SiO,=2: 3. The dependences
sequence of MgO and Sj@xides from CAls melt, presented in the Fig. 1 clearly illustrate the strong
as well as the isotopic composition of magnesiu@nd opposite effect of CaO concentration on the
and silicon in the residual melt. MgO and SiQ activity. It is in full compliance with

In our paper (Yakovlev et al., 2017) we showethe Korzhinskii's theory of acidase interaction of
that D.S.Korzhinskii's theory on acidbase the melt components.
interaction of components in silicate melts The general principle of acidase interaction is
(Korzhinskii, 1959) explains well the behavior ofdirectly related to the evaporation phenomena in
moderately volatile and different adihse properties vacuum and is the determining factor in a
of MgO and SiQ oxides at evaporation from CAIls multicomponent melt evaporation. Indeed, the
melts. It was shown that with the increas¢hia melt activity of the component in the melt determines the
basicity, the parameter of which is the activity ofolatility or the partial pressure value of the
oxygen ions, the activity of MgO, which has the bassomponent in the vapor. The dependence of the
properties in the melt, should increase, and thmrtial pressure of the component on its activity in
activity of SiQ, which has the acid properties in thehe melt isexpressed in the generalizRdoultHenry
melt, decrease. CAls compositions dan described law:
within the framework of the quadric oxide system
CaQ MgOi Al,O4i Si0,. According to the acithase P=RPa =P xgq, (1)
properties of oxides of these system are divided into
acid (SiQ), amphoteric (AlO;) and basic (CaO and whereP; is the pressure of théh component over the

MgO). melt; is the pressure of thigh pure component;

a, is the activity of théth component in the melg; is
the molar fraction ofthe h component i
is the activity coefficient of th&h component in the
melt.

The expression of the Raotdenry law shows

3% that the volatility or, more correctly, the pressure of
B the ith oxide over the melt depends on three
5 " parameters:
1) the vapor pressure of the pure oxide, that is, its
0.24 individual properties;
2) the oxide concentration in the multicomponent
0.04 . ¥ melt;

0 ° 10Ca0 ;OL %20 25 3 3) the interaction nature of oxide in the melt.
’ As shown above, the Mgénd SiQ activities in

Fig. 1. Dependencies of SiO(1, 2) and MgO (3, 4) melts _depends on the CaO co_ncentration, W_hi_ch plays

activities in theCaQi MgOi SiO, meltvs CaO contentat @ major role in the formation melt basicity. In

temperature of 1600 AC araccordance cwithh ghisa retationship, ein the t GAts

MgO/Si0,=2:3, calculated by:1l, 37 (Rein and evaporating melt at the CaO content increasing, the

Chipman, 1965) and 2,14(Shornikov, 2016). magnesium oxide activity will inease (and

h . _ accordingly the MgO volatility will increase too)
Moreover, CaO has more basproperties and, o4 o the contrary, the silicon oxide activity will

accordingly, greater dissociation degree than M9Qecrease (and the Si@ill become less volatile).

and therefore CaO produces more oxygen 0B studies also show that the abise interaction

dhurlng o_hssouatlon.f For this reason, carl]cmm (I)X'de Ector is also related to the phenoraeof isotope
the main donor of oxygen ions in the melt, anga fionation of magnesium and silicon during their
vaporation in vacuum. The MgO and Si&xtivity

therefore its concentration plays a majale in
determining the melt basicity parameter. It is logical,q \jatility changes during evaporation determine
evaporation rates from the melt. The

to assume then that the MgO and Siéxtivity qi,

depend and mainly determined by the CaQanoration rate of the component in vacuum is
concentration in the melt, and thus, if the higher CaQalcuIated by the Her&nudsen equation:
content in the melt, than the higher the MgO atstivi '

values and lower the Sj@ctivity values. Theoretical
calculations confirm this regularity (Rein and
Chipman, 1965; Shornikov, 2016). Fig. 1 shows the
dependencies of activities of SiC, 2) and MgO (3,

: (2)
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