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SYNTHETIC CO-EXISTING WADSLEYITE p-(Mg, Fe),SiO,
AND RINGWOODITE y-(Mg, Fe),5i0,: AN OPTICAL
ABSORPTION SPECTROSCOPY STUDY

The synthetic high-pressure o- and B-modification of (Mg,_, Fe ),Si0,, wadsleyite and ringwoodite, respectively, were studied by
optical absorption spectroscopy at ambient and hydrostatic high-pressure conditions. In addition, the effects of thermal annealing
on the crystals were investigated. Under hydrostatic compression up to ~13 GPa and then consequent released to atmospheric
pressure there were changes in the spectra and related changes in the crystal color. This is a clear indication that some Fe’* was
oxidized to Fe>*. The spectra of both ringwoodite and wadsleyite change after annealing in air at temperatures up to 300°C. The
intensities of electronic spin-allowed bands of Fe?" decrease and the intensity of the charge-transfer electronic transition 0>~ —
Fe’*, as given by the low-energy absorption edge in the UV region, increases. These crystal-chemical changes are shown by a
weakening of the blue (ringwoodite) and green (wadsleyite) colors and a concomitant increase in yellowish tints. The effects of
Fe?* oxidation to Fe>*, upon decompression from high pressures as well as through annealing at relatively low temperatures, can
cause the disintegration of both phases. Thus, both minerals have not yet been reliably identified at near surface Earth conditions

after originating from deep-seated volcanism or deep subduction zone processes.
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Introduction. Iron, mostly as Fe?" and, at lesser
extent, as Fe3", is believed to be the most abundant
transition metal component of all three (Mg,
Fe),Si0, polymorphs, olivine (a), wadsleyite ()
and ringwoodite (y), both substituting Mg in the
octahedral sites of the structure. In nearly all man-
tle olivines found in deep-seated xenoliths [e.g., 3]
or as micro-inclusions in diamonds [e.g., 18], the
total Fe-content calculated to fayalite component
is close to Fal0, while the contents of other transi-
tion metals are orders of magnitude lower. Wads-
leyite and ringwoodite, abundant, as believed, in
the transition zone of the Earth, are also assumed
to have a bulk chemical composition similar to the
upper mantle olivine, i.e. (Mg, Fe ),SiO, with
x =~ (.1 [12]. Note that iron admixture may appre-
ciably influence the sound velocities, single-crystal
elastic properties of wadsleyite and ringwoodite

[13], as well as their radioactive thermal conduc-
tivity [8, 25].

Up to now, ringwoodite of terrestrial origin was
found as remnants of extremely small dimension
in lithospheric mantle materials that, as assumed,
was initially subducted into the transition zone and
later re-exhumed to the seafloor [7]. As micros-
copic inclusion, it was found in a diamond from
Juina, Brazil [13]. Ringwoodite of impact genesis
was identified as microscopic particles of a few
micrometers long in pumice of the El Gasco Area,
Western Spain [6].

By now only synthetic ringwoodite and wads-
leyite and, in lesser extent, those of meteoritic ori-
gin are applicable for spectroscopic studies. Optical
absorption spectroscopy is an important part of
such investigations [8, 21, 20, 25, 11]. Still, very
little is known about pressure (P) and temperature
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Fig. 1. Optical absorption spectra of two ringwoodite grains
studied, #1 and #2, measured at ambient conditions (a);
result of the curve fitting analysis of the sample #1 (b). The
high-energy absorption edge, approximated by a sum of
the Gauss and Lorentz functions, and three broad absorp-
tion bands a, b and ¢, approximated by the Gauss func-
tions, are main spectroscopic features of the spectrum

(7) effects on optical absorption spectra of these
phases. In this work the co-existing synthetic Fe-
bearing wadsleyite and ringwoodite are investigated
by optical absorption spectroscopy at different
pressures. The effects of compression-decompres-
sion and thermal annealing on the spectra were
studied as well.

Experimental section. Co-existing wadsleyite
and ringwoodite (run MA-305) were synthesized
at 16.7 GPa and 1200 °C in a multi-anvil appara-
tus for 24 h. A stoichiometric mixture of FeO, MgO
and SiO, oxides were used as starting material
[20]. Microprobe analysis gave averaged composi-
tion (Mg, o,Fe 5),510, for wadsleyite and (Mg, ¢
Fe, ,5),510, for ringwoodite thus showing an ap-
preciable preference of iron for ringwoodite.

By very distinct difference in colors, green of
wadsleyite and blue of ringwoodite, as well as by
contrast behavior between crossed polarizers, seve-
ral transparent grains of each phase around 100 um
in diameter were picked up from the grained run
product at visual observation in scattered transmit-
tance illumination in a binocular microscope.
From two grains of differently saturated blue color,
a darker ringwoodite #1 and a lighter ringwoodite
#2, two polished on both sides platelets around
50 um thick were prepared for optical absorption
spectroscopy study. As the ringwoodite structure is
of cubic symmetry, the orientation of the platelets
was of no importance. In case of wadsleyite, which
structure belongs to the orthorhombic system, two
oriented sections of thickness ~50 pum, allowing
measuring spectra in E[X-, E|[Y- and E||Z-polari-
zation, were prepared from two similarly colored
dark-green grains. The orientation of the platelets
was controlled by conoscopic observation in polar-
izing microscope.

Optical absorption spectra in the range 330—
1800 nm (ca. 30303—5560 cm~!) at ambient and
high-pressure conditions were measured on a home-
made single-beam microspectrophotometer des-
cribed elsewhere [24]. Optical absorption spectra
were fitted by Gaussian components using Peakfit
4.11 software. The high-energy absorption edge was
taken as a sum of Gaussian and Lorentzian curves.

Results and discussion. Ringwoodite. Optical ab-
sorption spectra of two ringwoodite samples, #1
and #2, measured at ambient condition, together
with the result of the curve-fitting analysis of the
former, are shown in Fig. 1, a and b, respectively.

Results of curve fitting in the energy range 30,000—5,555 cm~! of the spectrum of synthetic ringwoodite MA-305
at ambient conditions (cf. Fig. 1, ). FWHM (or half-width) is full band width at half maximum height

Band Energly, Linear intensity, Linear absorption coefficient FWHM,
cm™ log(I,/T) 1/d -log(1, /1), cm™! cm™!
a 8,900 0.16 32 2,483
b 12,110 0.72 144 4,433
c 17,140 0.63 126 6,833
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As seen, the main components, visually discern-
able and derived by the curve fitting procedure, are
a high-energy absorption edge and three broad
bands, a, b and c¢. Spectroscopic parameters of a-,
b- and c-band are compiled in Table.

The spectra closely remind those of the blue syn-
thetic ringwoodite of similar iron contents, studied
in [8, 11]. The parameter of a-, b- and c-band at
ambient P and T, i.e. energies of the peaks, inten-
sity ratio and half-widths (Table 1), are fairly con-
sistent with the same name bands in Table 3 of [§],
where bands a and b are assigned to the split spin-
allowed electronic T, — °E, transition of VIFe?*
and band ¢ to Fe3"/Fe2" IVCT transition between
the ions in neighboring edge-sharing octahedral
sites of the ringwoodite structure. On the other hand,
as seen from Tab. 1, by energy these bands appreci-
ably differ from the a-, b- and c-bands in spectra of
high-iron (X, = 0.50) bluish-green ringwoodite
MA-68 (Table 3 in [21]), also assigned as the spin-
allowed dd-bands of Y'Fe?" and Fe3*/Fe*" IVCT
band, respectively. These differences are most pro-
bably caused by different iron content. At least the
difference in energies of the spin-allowed dd-bands of
VIFe2", g and b, may be caused by the concentration
shift, typical for many Mg-Fe-bearing silicates [1].

The distinct difference in the intensity ratio of
bands a- and b- vs. c-band in ringwoodites #1 and
#2 (Fig. 1, a), undoubtedly evidences that band ¢
belongs to an absorption center different from that
of a and b: the deduction, which is consistent with
the above-cited attributions. As the absorption edge
is most likely the tail of extremely intense UV
band(s), caused by electronic oxygen-metal charge
transfer transitions mainly of 0>~ — Fe3* type [21,
11], this implies that iron in ringwoodites #1, 2,
studied here, is less oxidized than in MA-68, stu-
died in [21]. Then, the series of relatively weak and
narrow bands d, e and f at ~19140, ~19850 and
~21740 cm~!, observed in the latter work, should
also be caused by Fe?*. As to the most prominent
band at 21740 cm~! this assumption is in a good
consistency with the results of thermally induced
oxidation of synthetic low-iron (X, = 0.10) ring-
woodite MA313 [11], where its appearance and in-
tensification together with enhancement of the
absorption edge and color change from blue to or-
ange at annealing in air up to 600 °C is very promi-
nent. Note that a weak band at ~21740 cm™~! ap-
peared also in spectrum of ringwoodite #1, under-
gone to annealing in air in processes of consequent
measuring of spectra at temperatures 100, 200 and
300 °C (see below).
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Fig. 2. High-pressure absorption spectra of two ring-
woodites: a — ringwoodite #1; b — ringwoodite #2

High-pressure spectra of ringwoodite #1 in the
range 10~* — 5.39 GPa are shown in Fig. 2, a and
three representative spectra of the ringwoodite #2,
measured at ambient pressure (10-* GPa), 6.04 GPa
and 12.83 GPa, are shown in Figure 2, 5.

Energies of b- and c-bands, derived by the curve-
fitting procedure, vs. pressure are shown in Fig. 3.
As seen, at increasing pressure both bands, b and ¢,
linearly shift to higher energies, but with nearly two
times different rates: Av/AP =~ ~123 cm~! GPa™!
and ~217 cm~! GPa~!, respectively. Besides, in the
pressure range from atmospheric (10~* GPa) to ca.
3.5 GPathe band b somewhat increases in intensity
(Fig. 2, a), while that of the c-band remains practi-
callyunchanged up to the highest pressure achieved.
The position of a-band is not so certain because of
its strong overlapping with much more intense and
broader band b (cf. Fig. 1, b). Nevertheless, it looks
like as under the pressure a-band shifts to higher
energies either.

Therefore, one may reasonably conclude that
the pressure-induced behaviours of bands @ and b
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Fig. 3. Energy of the absorption bands b and c vs. pressure in
ringwoodite evaluated by the curve fitting procedure. The
solid lines are linear approximation of the experimental
data described by equations v = 12220 + 123-P (band b)
and v = 17176 + 217-P (band c). The correlation coeffi-
cient R equals 0.98164 and 0.98610, respectively. It should
be noted that a polynomial fit of v = A + B,-P + B,- P2
type gives better values of R for band 4, 0.99519, but worse
for band ¢, 0.97283
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Fig. 4. Optical absorption spectra of ringwoodite #1 be-
fore and after stepwise measuring of high-temperature
spectra at 100, 200 and 300 °C (see text). The weak band at
~21740 cm~ indicates increased amount of Fe3* in the an-
nealed sample comparing with the initial one. The colored
labels display the HTML colors (HTML colors are colors
which can be reproduced by modern computer monitors.
They are commonly used in websites and other software
applications. There are a variety of formats, including Hex
color codes and HTML color names. Particularly, the Hex
colors codes can be calculated from color coordinates of
the CIE colorimetric system XYZ, which, in turn, are
calculated from optical spectra of materials), calculated
from the spectra measured at the actual thickness of the
sample for illumination by transmitting polarized light of
the standard CIE illuminant C
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are rather typical for the spin-allowed dd-bands of
Fe?* partly undergone by an exchange-coupled in-
teraction with neighboring Fe3* [cf. 23].

The band ¢, which energy and half-width at am-
bient pressure (Table 1) are consistent with its as-
signment to Fe3*/Fe?* IVCT band [e.g. 10, 1, 19],
shows much stronger P-induced shift to higher en-
ergy than in spectra of other Fe?", Fe3*-bearing
minerals studied so far. Evidently, the main effect
of hydrostatic compression is shortening of intera-
tomic distances of structure, including the distance
between neighboring Fe?" and Fe3* involved into
the IVCT process. At first sight this should lead
rather to decrease of energy of IVCT transition,
than to increase of it. This circumstance was duly
remarked by Keppler and Smyth [8], who also de-
tected an unusually strong pressure-induced blue-
shift of the band (Av/AP = 126 cm~' GPa™!, as
could be calculated from Tab. 2 of the referred pa-
per). They assumed that an important circumstance
may be the fact that O-O distances in shared and
unshared edges of the adjacent octahedral sites of
the ringwoodite structure are somewhat different.
This difference may increase with pressure, in-
creasing the energy barrier for electronic charge-
transfer transition between Fe?™ and Fe?* ions and,
thus, the energy of it. Such explanation reminds
the deduction of Khomenko and Platonov [9], who
on a set of natural amphiboles showed that com-
mon O-O distance in octahedral Fe*"- and Fe3*-
centered edge-sharing sites significantly contrib-
utes to strength of charge-transfer potential barrier
and, thus, to energy of Fe?*/Fe3* IVCT band. It
can hardly be added anything more to such argu-
mentations. Note, however, that none of the theo-
retical considerations [26, 2, 5, 14] derived any
dependence of energy of IVCT transition on do-
nor-acceptor distance or any other dimensional
factor.

Also, I cannot find any plausible explanation of
the fact that in the high-iron ringwoodite MA-62 of
(Mg, 5oFe ¢),510, composition, studied in [21],
the rate of pressure-induced shift of c-band is sig-
nificantly lower, almost none, compared with that
in ringwoodite of (Mg, ¢sFe; 5),Si0, composi-
tion, studied here, ~217 cm~! GPa~!. Still, in
ringwoodite of appreciably lower iron content,
(Mg, oFe 1),510,, studied in work [8], the rate is
much weaker, ~126 cm~! GPa~!, than that found
in the present work.

Having in mind that from the transition metals
only iron is present in appreciable amount in
ringwoodites studied here, one has to admit the
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Fe?*/Fe3* IVCT nature of the c-band despite the
strong dependence of its energy on pressure,
strongly differing from other Fe2t, Fe3'-bearing
minerals, studied so far [e.g. 19]. By this characte-
ristic, it profoundly differs from the c-band in MA-
62 ringwoodite of (Mg ;4Fe,,),Si0, composi-
tion, also assigned to electronic Fe?*/Fe3" IVCT
transition [21].

To clarify the nature of the c-band we tried to
measure optical absorption spectra of the sample
#1 at elevated temperatures to reveal a response of
band’s intensity to temperature, which in spectra
of other Fe?", Fe3*-bearing minerals is very strong
and characteristic [e.g. 16, 15, 22, 19]. However, all
attempts gave an uncertain result that very likely is
due to a continual concurrent change of spectro-
scopic characteristics of the sample during the
measurements at elevated temperatures applied,
100, 200 and 300 °C. Indeed, the visual effect after
the stepwise heating at the high-temperature spec-
troscopic measurements was a clearly perceivable
fading of the blue color of the sample and appear-
ance of greenish component in it. We compared the
spectra of the sample before and after the conse-
quent heating at 100, 200 and 300 °C in the high-
temperature spectroscopy experiments (Fig. 4).
Following the results [11] on synthetic ringwoodite
MA3I13, [Mgo.gﬁ(1)Fez+o.10(1)Fe3+o.01(1)]2510.95_(1)
H0.31(4)O4, such thermal treatment caused a dis-
tinct decrease of intensity of all three a-, b- and c-
absorption bands and the increase (shift) of the
absorption edge. The c-band decreased stronger
than the bands @ and b, again indicating the diffe-
rent nature of the former vs. the latter.

The decrease of a- and b-bands, attributed to
spin-allowed dd-transition of V'Fe?*, evidences of
a considerable oxidation of Fe?" to Fe3*. A weak
band at ~21740 cm~!, marked in the Fig. 4 by ar-
row, which appeared in spectrum at annealing in
air in processes of consequent measuring of spectra
at temperatures 100, 200 and 300 °C, also evidenc-
es of Fe?* to Fe’*oxidation. The concomitant in-
crease (shift) of the absorption edge to lower energy
and appearance of band at ~21740 cm™!, is consist-
ent with such interpretation and is in a good agree-
ment with the results by Mrosko et al. [11].

Another observation, which looks very strange
and unexpected, is that the influence of pressure on
spectrum of both ringwoodite samples, #1 and #2,
is not entirely reversible, since the intensities of a-,
b- and c-bands in spectra of both samples, #1 and
#2, released from hydrostatic compression, are ap-
preciably weaker than in the initial ones. On the
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Fig. 5. Optical absorption spectra of ringwoodite #2, the
initial and after step by step compressing to 12.83 GPa
and decompressed to ambient pressure. The colored labels
are the same as in Fig. 4

contrary, the high-energy edge evidently increases
(shifts to lower energies). These are well seen in
Fig. 5, where the spectra of ringwoodite #2, initial and
released after stepwise compressing to 12.83 GPa
(cf. Fig. 2, b) to atmospheric pressure, are shown.

Note that the strength of such effect depends on
the highest pressure achieved at compression: in
ringwoodite #1, compressed to only 5.39 GPa, it is
much weaker, than in #2, compressed to 12.83 GPa.
In fact, the influence of pressure (or pressure re-
lease, or both compression and pressure release) on
optical absorption spectrum reminds the effect of
thermal annealing (cf. Figs. 4 and 5) and evidences
that both actions cause significant iron oxidation in
ringwoodite. To the best of our knowledge, such
compression-decompression effect was never de-
scribed before (at least in minerals). On the con-
trary, Frank and Drickamer [4], for instance, de-
scribed the effect of pressure-induced reduction of
iron in some chemical compounds. On this ac-
count they assumed that in Earth depths iron in
minerals exists predominantly in form of Fe2*.

It is also worth mentioning that under release of
pressure microscopic cracks appeared in the sam-
ples, their amount and intensity definitely depend-
ing on maximal pressure applied: in ringwoodite
#1, compressed to only 5.39 GPa, there were much
less amount of them and they were weaker and less
discernible than in #2, compressed to 12.8 GPa). It
is not yet clear whether these two effects caused by
hydrostatic pressure, oxidation of Fe?* and fracture
damage to specimens by cracks, are related to each
other. However, why we cannot surmise that very
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Fig. 6. Polarized optical absorption spectra of synthetic
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poor, almost none, representation of ringwoodites
of terrestrial origin, is related to such extraordinary
behavior of ringwoodite at pressure release? In-
deed, if oxidized Fe3*-rich ringwoodite is less sta-
ble than Fe2*-rich one, the easy oxidation Fe?" to
Fe3* at annealing and, especially, at decompres-
sion, which, in addition, is accompanied by crack-
ing of ringwoodite grains, may be the cause of
disintegration of this phase at elevating from the
depth by mechanisms of kimberlitic volcanism
[13] or plate tectonics [7]. Obviously, temperatu-
re- and pressure-induced oxidation of Fe?* to Fe3*
in the ringwoodite structure needs some charge
compensating mechanism. Taking into conside-
ration that in synthetic samples there is always
some amount of hydroxyl groups, the charge
compensation is most probably provided over lost
of protons by the scheme Fe?* + OH™ — Fe3* +
+0* + % H,[11, 12].

Wadsleyite. The polarized spectrum of wadsley-
ite is shown in Fig. 6. In near infrared range it is
rather similar to that of synthetic hydrous wadsley-
ite II with 0.18 apfu Fe, studied by [17]. The spec-
trum consists of a high-energy absorption edge and
two broad intense bands at ~9700 cm~! (band 1)
and ~14000 cm~! (band II), both strong in E|X-
and E||Z-polarizations.

From comparison with the results of [17] one
may conclude that in wadsleyite, which in diffe-
rence to cubic ringwoodite belongs to orthorhom-
bic system, the orientation is X|a, Yl|c and Z|jb. By
energy, ~9700 cm~!, and half-width, ~3500 cm~!,
the band I is typical spin-allowed dd transition of
octahedrally coordinated Fe?". In this respect the
band II is similar to electronic Fe?*/Fe3* IVCT
transition between iron ions in the adjacent octa-
hedral sites. On the other hand, its half-width,
~4200 cm™~!, is too low comparing with other mi-
nerals showing electronic Fe?*/Fe3* IVCT transi-
tions, e.g. [1]. That can evidence in favor of its
electronic spin-allowed dd-transition nature. As
there is no indication of narrow band at 470 nm
(21280 cm~') which appears in all three polariza-
tion of the spectrum reported by [17] and which is,
very probably, caused by Fe?" (spin-forbidden tran-
sition A, . A, g,“Eg), one may conclude that our
sample is comparatively weakly oxidized.

As seen from unpolarized spectra measured at
different pressures (Fig. 7), hydrostatic compres-
sion causes shifts of the both bands, I and II,
to higher energies (Av/AP = 70 cm~!/GPa and
110 cm~!/GPa, respectively) that again indicates,
as stated above, that both are most likely caused by
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electronic spin-allowed dd-transitions in octahe-
dral Fe2*. Similar to a- and b-bands in ringwoodite
(see above), the lower energy band I strongly in-
creases in intensity that evidence of its intensifica-
tion over exchange interaction with neighboring
Fe3* [23]. Contrary to ringwoodite no indication of
cracking at decompression was observed in case of
wadsleyite.

As can be seen from the comparison of unpola-
rized spectra measured before and after annealing
in air at 300 °C during ca. one hour (Fig. 8), the
absorption bands I and II are thermally unstable,
both showing a noticeable decrease in intensity.

That is accompanied by intensification or a "red-
shift" of the high-energy absorption edge. Visually
the sample changes its color from bluish-green to
green, as it is displayed in the Figure 8 by the HTML
colors, calculated from the spectra measured be-
fore and after the treatment. In this respect the
thermal behaviour of wadsleyite closely resembles
that of ringwoodite. That is caused by a significant
oxidation of Fe2* to Fe3* in the octahedral posi-
tions of the structure.

Conclusions. Optical absorption spectroscopy
evidences that in synthetic ringwoodite and wads-
leyite Fe?* partly oxidizes to Fe3* at relatively low
temperatures ~300 °C. In ringwoodite, Fe2"-oxi-
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LITYYHI CITIBICHYIOYI BAACJTEIT 8-(Mg, Fe),SiO, I PAHIBYINUT
v-(Mg, Fe),Si0,: OIITUKO-CITEKTPOCKOTITYHE JOCIIIZKEHHA

Bupueno mityuno BupomuieHi BucokobapuuHi a- i B-momudixauii onisiny cknany (Mg, _ Fe ),SiO,, Baxcneir i punrsyamt,
BiIMIOBiAHO, 3a JOTIOMOTOI0 METOLY ONTUYHOI CIIEKTPOCKOTIil 32 3BUMaliHUX YMOB i 32 BUCOKUX TiIPOCTATUYHUX TUCKIB.
TakoX BUBYEHO BIUIMB Ha KPUCTAJIA TEPMIYHOTO TIPOXKAPIOBAHHS. Y pa3i pUHTBYAUTY BCTAHOBJIEHO, 1110 TiAPOCTATUIHE
ctucHeHHs 1o ~13 I'Tla i HacTymmHaA AeKOMIIpecist CIPUYMHIOITH 3MiHU B ONITUYHMX CIIEKTpax i, BHACIOK, Y XapaKTepi
3a6apBJICHHS, 110 € IBHOIO 03HAKOIO TOTO, 10 YacTHHA ioHiB Fe?™ okucHioeThes no Fe3*. CriekTpu K pUHIBYINTY, TaK i
BaJIC/ICiTy 3MiHIOIOTBCS i BHACTIIOK TTPOKapIOBaHHs 000X MiHepaJtiB Ha IMoBiTpi 3a TeMrnepatypu a0 300 °C. IHTeHCUBHICTD
JO3BOJIEHMX 3a CIiHOM cMyT Fe?™ 3MeHIIyeThcA, a iHTEHCUBHICT CMYT IlepeHocy 3apany O2~ — Fe3*, mpencrasinena B
CIIeKTpax y BUIIAI Kparo Y®-mornmHaHHS, 3pocTae. Lli KpucranoxiMmiuHi 3MiHM BHIHO SIK OCJIA0JIECHHS CHHBOTO
(pUHTBYIMT) i 3eeHOTO (BaaciieiT) 3abapBiIeHHS i CYITyTHHOTO TiICHIICHHS BOIHOYAC XKOBTYBaTHX BilTiHKiB. Edextn
okucHeHHs Fe?t no Fe3* y xoni qekoMmpecii, a Takox ITiJ yac MpoKaploBaHHs 33 BiTHOCHO HU3BbKHX TEMIIEPATYP MOXYTb
OyTU TIPUYMHOIO PYITHYBaHHS yKa3aHMX (a3 B mpoiiecax iXHbOTO BUHOCY i3 MepeXimHoi 30HU B IMpoliecax IMOMHHOTO
KiMOEpJTITOBOTO ByJIKaHi3My a00 BHACITIIOK TiAiioMy (€KCrymallii) puHTBYIUT- i BaACICITBMICHMX ITOPIiLI i3 30H CYOMyKIIii.
YHacninok 1i MiHepaau 3eMHOTO TeHEe3UCYy HalliliHO 111e He BCTAaHOBJIEHO.

Karouoei crosa: puHIrBYIUT, BaJC/EIT, ONTUYHI CIIEKTPU, BIUIUB TEMIEpaTypH i TUCKY.
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