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Abstract: The article provides an overview of experimental studies of charoite and charoite-containing rock for-
mation hypotheses. The authors conducted experiments to clarify charoite and host rocks interaction and study cha-
roite transformation processes at high temperatures. A series of experiments was aimed at improving the substan-
dard charoite samples. The experiments show the formation of polymineral reaction zones due to the contact interac-
tion between charoite and microcline-arfvedsonite lamprophyre. By studying the newly formed phases, the authors
reveal the distribution of elements by phases and establish their compositions. It is shown that thermal decomposi-
tion of charoite leads to the formation of wollastonite, which amount increases with the temperature increase from
800 to 1000 °C, and heating above 1200 °C leads to the formation of pseudowollastonite. The physicochemical simula-
tion of charoite decomposition under the specified temperatures and pressure shows the following paragenesis:
quartz, wollastonite, alkaline pyroxene (aegerine), microcline, rhodonite, and sphene.

The experiments prove the formation of charoite at low temperatures and the lack of silicate melt in the systems
studied. The calculated values are consistent with the results of experiments conducted to study the charoite and host
rocks interaction, which allows identifying phases potentially co-existing with wollastonite.

Special studies using by the coloring technique were conducted to improve the decorative properties of charoite.
The color close to natural high-grade charoite coloration was achieved by keeping the rock samples in the active
bright purple dye 4KT solution for 72 hours at a temperature of 70 to 90 °C.
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AHHOTaI.lP[ﬂ: HpI/IBeAeH 0630p IKCIIepHUMEeHTAaJIbHbIX HCCJIe,E[OBaHPIfI YapouTa B Poccuu u B MHpe. PaCCMOTpeHbI ru-
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BMEIAUNMU IOPOJaMHU U UCCIeAOBAaHUA NIPOLECCOB Hp906p330BaHI/lﬂ YapouTa NPH MOBBIIIEHHbIX TeMIIepaTypax
npoBeJieH pAj 3KCIIEpUMEHTOB. Kpome TOro, U3y4YeHbl BO3MOXHOCTHU MNOBbILIEHUA COPTHOCTHU HEKOHJWLIMOHHBIX
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4apoUTUTOB. [IpH 3KCIlepUMeHTalbHOM HCCJeJ0BAaHUM KOHTAKTOBOI'O B3aUMO/IeMCTBUSl YapOUTOBOro cybcTpaTta ¢
JIaMIpo$UpOM MUKPOKJINH-ap$BeJCOHUTOBOIO COCTaBa yCTAaHOBJIEHO 06pa3oBaHKe peaKL{MOHHBIX NOJMMUHEpaJIb-
HBIX 30H. McciiefoBaHHe HOBOOGpa30BaHHbIX $a3 MO3BOJIMJIO U3YUUTh paclipe/ie/ieHre 3/1eMeHTOB o ¢pa3aM U NnoJy-
YUTb UX COCTaBbl. [l0Kka3aHO, YTO NpU TEPMUYECKOM pa3/I0XKeHHWH YapoUTa NIPOUCXOAUT ero npeobpasoBaHUe B BOJI-
JIAaCTOHMT, KOJIMYECTBO KOTOPOTO YBeJMYUBaeTcsd ¢ pocToM TeMnepaTypbl oT 800 go 1000 °C, npu HarpeBaHKU Bbllle
1200 °C o6pasyeTcs nceBA0BOIACTOHUT. COryIacHO NpoBeJeHHOMY GU3UKO-XHUMHUUECKOMY MOJIeJTMPOBaHUIO pasJio-
>)KeHMS YapOMTa, U3 Pa3/JIMYHBbIX COCTAaBOB MHUHepaJsa NpH 33JaHHbIX TeMIepaTypax U AaBJIeHUU o0O6pasyeTcs Cleny-
I0IIMH MapareHe3uc: KBapll, BOJJIACTOHUT, 1{eJIOUHON MUPOKCEH (3STUPUH), MUKPOKJIMH, POJOHUT U cdeH.

[IpoBefieHHble 3KCIIEPUMEHTHI NOJYePKHUBAOT HU3KOTEMIepaTypHbIA XapaKTep 4apoUTOOOpa30BaHUA U MOKa-
3bIBAlOT OTCYTCTBHME CUJIMKATHOTO paclljlaBa B UCCJeJOBAaHHBIX CHUCTeMaX. Pe3y/bTaTbl pacyeTOB COIJIACylOTCS C
NpoBeJileHHbIMHU 3KCIIepYMeHTaMU 110 B3aUMO/eCTBUIO YapOUTa C BMEILAILMMU NOPOJAaMH U ero OTXKHUTY U N03BO-
JIAIOT ONpeJie/IMTh BO3MOXHbIE COCYLIeCTBYIOLME C BOJLJIACTOHUTOM $asbl.

HccnenoBanus no yJaydllleHHIO JeKOpPaTHUBHO-XY/0KeCTBEHHBIX CBOMCTB 4YapOUTUTOB MeTOAOM OKpallWBaHHUS
MOKa3a/y, 4YTO JJisl NOoJy4eHUs] OKPACKU YapOUTHUTOB, GJIM3KON K OKpacke BbICOKOCOPTHBIX NPUPOAHBIX 00pasLoB,
TpebyeTcs BbIIEPIKKA 00pa3I0B B paCTBOpPE aKTUBHOTO APKO-puosieToBoro Kpacuress 4KT npu anurenbHoOCTH 72 4
u temneparype 70-90 °C.

KiioueBble cioBa: yapouT; MypyHCKHUH 11eJI0YHOM MacCUB; 3KCIIEpPUMEHT; QJIIOH/IHbIE CHCTEeMBI; GU3HUKO-
XUMHYECKOoe MO/leJIMpOBaHUe; 06J1aropaXKuBaHue

1. INTRODUCTION

Charoite is a unique mineral called “the lilac miracle
of Siberia” [Rogova et al, 2013]. It is considered “the
main mineralogical discovery of the second half of the
20th century” [Solyanik et al, 2008]. This rare gem-
stone has become widely known and recognized in the
global market of ornamental stones due to its aesthetic
and processing properties, such as unique lilac to purp-
le coloration, structural features and high strength. The
only currently known charoite deposit is Sirenevyi Ka-
men’ (Lilac Stone) located in the Murun alkaline mas-
sifs in the northwestern part of the Aldan Shield at the
border of the Irkutsk region and Yakutia (Russian Fe-
deration) (Fig. 1). Reportedly, charoite has been re-
cently discovered in the marine sediment of Kalpak-
kam, the southeast coast of India [Deepthi et al., 2015].

The Sirenevyi Kamen’ deposit includes both cha-
roite and charoite-containing rocks, as well as eluvial
boulders of charoite [Bondarenko, 2009]. The charoite
composition is (K, Sr, Ba, Mn)1s-16(Ca, Na)32[(Si7(O,
OH)180)](OH, F)4-nH:0, and its structure is highly com-
plex [Rozhdestvenskaya et al., 2010]. The main charoite
chemical components are K, Na, Ca, Si, and H»0; the
secondary components are Ba, Sr and Mn; the presence
of traceable amounts of Fe, Mg, Al, Ti, Zr and Th is no-
ted. Charoite is an alkaline calcium silicate with tubular
Si-O-radicals. Its crystalline structure is quite specific,
like that of other minerals of this group (kanasite,
tinaksite, frankamenite, mizerite etc.) discovered in the
Murun charoite mineralization field. Over 50 minerals
are closely associated with charoite, and the latter does
not occur in nature in its “pure” form [Konev et al,
1996; Solyanik, 2004; Vorobjev, 2008].

The geological structure of the Murun massif and a
wide variety of rare and unique formations are factors
contributing to the inconsistency of scientific views on
the charoite mineralization origin. Today opinions dif-
fer on the conditions and mechanisms of the formation
of charoite rocks [Bulakh, 1984; Biryukov, Berdnikov,
1993; Evdokimov, 1995; Konev et al, 1996; Mitchell,
1996; Vladykin, 2000, 2009; Reguir, 2002; Vorobjev,
2008]. It is assumed that the Murun massif was formed
in the unstable tectonic conditions [Konev et al., 1996],
as evidenced by numerous dykes of varied composition
and strong foliation of igneous rocks. At the same time,
there was a lack of tectonic control during the for-
mation of the charoite field, and the charoite bodies
intruded and dissected other rocks. However, con-
formable bedding of charoite veins and veinlets is also
common. Probably, the intrusion of fluidized melt may
be accompanied by shock decompression of the melt
[Medvedev et al., 2014] and the formation of structures
typical for torgolite disintergration. Some researchers
support the hypothesis of the metasomatic origin of
charoite in the exocontact halo of the Malomurun alka-
line massif under the influence of fluids enriched with
Sr, Ba, Mn, F, CO;, and alkalis [Biryukov, Berdnikov,
1993; Vorobjev, 2008; Bondarenko, 2009]. The metaso-
matic origin is viewed as a result of the interaction be-
tween the fluidized melt and the host rocks of different
compositions, or the interaction between hydrothermal
solutions and the host rocks, or the interaction be-
tween alkaline intrusions and carbonate host rocks.
There is a hypothesis about the initial fluidized melts
[Konev et al., 1996], which assumes that charoite is si-
milar to pegmatites in the morphology of the veins,
mineralogical diversity, large- and giant-grain struc-
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Fig. 1. The Sirenevyi Kamen’ deposit location map
(marked by the lilac circle).

Puc. 1. CxeMa pailoHa pacnoJioXKeHUsI MeCTOPOXKJeHHUs
«CHpeHeBbIN KaMeHb» (OTMEYEHO CUPEHEBBIM KPYKKOM).

ture, and relationships with the host rocks. According
to [Vladykin, 2000] charoite is formed by the fractiona-
tion of the alkali melt. In [Vorobjev, 2008], the genesis
of charoite is also considered as a combination of
magmatic and metasomatic processes. Some research-
ers propose charoite and its paragenetic minerals can
be classified as late-stage hydrothermal minerals. It is
assumed that charoite, being formed in potassium-rich
environments, is an equivalent of high-sodium silicates
of late-stage mineral associations [Bulakh, 1984, Bori-
sov, 1985; Evdokimov et al.,, 1985].

So, the challenge of the charoite formation involves
a number of genetic problems, such as initial magma
composition determining, magma crystallization and
differentiation mechanisms, features of certain rocks
types genesis in Murun alkaline complex and others.
The wide complex of geochemical, mineralogical and
other methods is employed in studies aimed at solving
these problems, and an important component of such
studies is thermodynamic simulation using experi-
mental methods.

2. EXPERIMENTAL STUDIES REVIEW

Systematic experimental studies of charoite have
been limited recently both in Russia and abroad due to
a number of reasons, including the fact that the genesis
of charoite mineralization remains unclear, and the
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charoite rocks chemical composition and structure
are unique. The concretion and intergrowth of pheno-
cryst minerals (including quartz, microcline, aegerine,
tinaksite, frankamenite, arfvedsonite, apophyllite etc.)
are common in charoite, and experiments with a pure
charoite material are thus challenging.

Termobarogeochemical studies conducted in the
1980s suggested the charoite rock crystallization from
the residual melt fluid at temperatures ranging from
400 to 750 °C [Lazebnik et al., 1977]. The study of in-
clusions in charoite rocks was conducted by A.A. Bo-
rovikov at the Institute of Geology and Mineralogy, SB
RAS, and revealed the charoite crystallization from the
melt fluid at a temperature of about 800 °C. However,
these results require confirmation by studies engaging
the most typical charoitite morphological varieties in
the system.

The temperature of the dehydration reaction of
charoite was established by the thermogravimetric
analyses reported in [Lazebnik et al, 1977; Matesanz et
al, 2008; Féldvdri, 2011] - thermograms clearly show
two endothermal effects in the temperature ranges
from 210 to 480 °C and 940 to 960 °C, when charoite
loses water (the water content may amount to 5 wt. %)
[Foldvdri, 2011]. The first temperature range is typical
of the samples with high water contents, the second is
the same for all the samples. According to [Lazebnik et
al., 1977], these effects are due to the fact that the cha-
roite samples contain water of three types: molecular
water with strong intermolecular bonds, molecular wa-
ter with weak intermolecular bonds, and loosely bound
hydroxyl groups. Molecular water with weak intermo-
lecular bonds is removed from charoite when it is
heated to 300 °C, and the remaining water is removed
in the temperature range from 900 to 1000 °C during
the structural destruction of the mineral [Konev et al.,
1996].

According to [Janeczek, 1991], the charoite structure
was destroyed at a temperature of 970 °C, and only a
crystalline phase - wollastonite - was diagnosed by the
high-temperature X-ray method at 1000 °C. The for-
mation of charoite was simulated in the experiments
described in [Zaraisky, 2007] - the rock samples from
the Malomurun massif (quartzite sandstone, dolomite,
quartzite-richterite, and aegerine-K-feldspar fenite)
were treated by alkaline solutions of potassium at
T=550 °C and P=1 kbar. The experiments show that
charoite does not form in dolomites, quartzite-rich-
terite rocks and fenites. A mineral similar to charoite
was obtained in the paragenesis with aegirine and po-
tassium feldspar due to the experiment with the host
quartzite sandstone in the alkaline solution containing
K, Na, Ca, Ba, Sr, Fe, Al, Fe, Mn, F, and CO;.

Charoite stability conditions depending on the che-
mical composition of the mineral-forming environment
were studied by D.S. Glyuck [Vorobjev, 2008] in expe-
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Fig. 2. The charoite melt and lamprophyre interaction contact zone. The sample was mined from the Staryi site.

Thin section; parallel nicols; the viewing field size is 7.2x4.8 mm. 1 - lamprophyre (arfvedsonite + microcline); 2 - aegerine; 3 - micro-

cline; 4 - charoite interbedded with apophyllite; 5 - charoite.

Puc. 2. KoHTakTOBasi 30Ha B3aUMO/eHCTBHSA YapOUTOBOTO paciJjaBa ¢ JaMnpodupoM B obpa3sije ¢ yuacTka «CTapbli».

lllnnd, HUKOIM MapasiesbHBbl, oje 3peHus 7.2x4.8 MM. 1 - jamnpodup (apdpBeCOHUT + MUKPOKJIMH); 2 — 3TUPHUH; 3 — MUKPOKJINH;

4 - 4yapoUT C POCJIOSIMU aNOQU/IJINTA; 5 — YAPOUT.

riments conducted in specific isothermal-isobaric con-
ditions (T=550 °C; P=1 kbar). In all the experiments,
silicate melt was formed. However, neither the alkali
concentration nor the composition of the mixture used
in the experiments were published, and a description
of the silicate melt composition was not provided.

A number of studies [Konev et al., 1996; Vorobiev,
2008] considered the successive transformation of host
rocks xenoliths in charoitites. It was assumed this in-
teraction has an effect on charoite rocks. It was noted
at a temperature of 500 °C and a pressure of 1 kbar, a
reaction rim was formed only in high alkalinity condi-
tions. Such a transformation is evidenced by a sample
from the Staryi (Old) site of the Sirenevyi Kamen’
deposit. The sample shows charoite and lamprophyre
contact and the reaction zone of the rocks. The contact
zone looks as follows: lamprophyre (arfvedsonite +
microcline) - aegerine - microcline - charoite interbed-
ded with apophyllite - charoite (Fig. 2).

Such interactions raise a number of questions: what
was the range of temperatures and pressures when the
process was carried out, what was the fluid regime, and
whether there was a charoite melt or melts of other
compositions in this case.

3. EXPERIMENTAL STUDY OF THE CHAROITE STABILITY IN
VARIOUS T-P CONDITIONS AND THE CHAROITE AND
HOST ROCKS INTERACTION

Our study is focused on the high temperature cha-
roite transformation, and the charoite and host rocks
interaction. Our experiments are conducted using
samples of charoite (with microcline and quartz impu-
rities) and potassium K-feldspar-amphibole lampro-
phyre from the Staryi site of the Sirenevyi Kamen’ de-
posit. Average chemical compositions of the initial
samples are specified in Table 1.

Charoite transformation at high temperatures is stu-
died in the experiments by heating the samples to tem-
peratures from 800 to 1200 °C (at intervals of 50 °C) at
the atmospheric pressure. The charoite samples (length
up to 15 mm, and thickness from 2 to 5 mm) are put
into microcrucibles made of aluminum oxide (or zirco-
nium oxide in high-temperature experiments above
1200 °C), placed in the high-temperature furnace to be
heated to the specified temperature, and kept for one
hour in the specified conditions. Afterwards, the samp-
les are tempered in air, for three minutes from 1200 to
400 °C, and for seven minutes from 400 to 100 °C.



Table 1.Average compositions of original samples

Ta6anuma 1.CpeaHHit cocTaB UCXOAHBIX 06Pa3I0B

Geodynamics & Tectonophysics 2016 Volume 7 Issue 1 Pages 105-118

Charoite substance Lamprophyre Charoite substance Lamprophyre

wt. % wt. % ppm ppm
Si02 73.22 60.51 \% 40 506.7
TiO2 0.02 0.52 Cr 7 219
Al203 0.54 6.32 Ni 7 158.8
Fetotal 0.17 4.78 Cu 160 690.6
MnO 0.13 0.18 Zn 53 94.3
MgO 1.84 11.22 As 21 105.5
Ca0 16.10 3.88 Y 60 15.7
SrO 0.47 0.13 Zr 55 6.9
BaO 2.02 0.04 La 231 34.7
Naz0 3.90 191 Ce 394 411
K20 8.14 8.57 Nd 307 6.6
P20s 0.02 1.25 w 8 2.2
F 1.10 0.67 Pb 110 574.3
S 0.05 0.05
Cl 0.004 0.008

On exposure at the samples for one hour at 800 °C, a
charoite with reduced interplanar spacings is identi-
fied. When the sample is heated to 850-900 °C, two
phases - charoite and wollastonite - are observed, and
the charoite content is gradually decreasing from 90 to
80 %. At a temperature of 950 °C, the content of cha-
roite drops abruptly to trace values. This experiment
confirms the destruction of the charoite structure at
temperatures above 900 °C and supports the research
results published in [Janeczek, 1991]. Above 1000 °C,
both the triclinic and monoclinic modifications of wol-
lastonite are observed. When the samples are heated to
1100 °C, wollastonite and its high-temperature modifi-
cation called pseudo-wollastonite are formed. When
the charoite sample is subject to heating above 1200 °C
for one hour, charoite is completely transformed into
pseudo-wollastonite (Fig. 3). The charoite structure is
similar to tinaksite or kanasite, while its silicon-oxygen
framework corresponds to calcium silicates, and the
charoite structure transformation into the lattice of
triclinic wollastonite can be thus explained [Janeczek,
1991]. In our experiments, no charoite melt was
formed.

Charoite and host rocks interaction. We studied the
charoite and microcline-arfvedsonite lamprophyre in-
teraction as a model of the natural transformation of
host rock xenoliths in the charoite substance [Vorobjev,
2008].

In the experiments, a three-gram charoite sample
(with microcline and quartz impurities) is crushed
down to powder. The powder is put into a platinum
capsule (9-10 mm in diameter; volume of 7-9 cm3). A
lamprophyre sample (0.3-0.5 g) is added into the same
capsule. The fluid composition in the capsule changes
from pure H20 to 85 % (NaHCOs + KOH) or (NaOH +

KOH) solution. The K/Na ratio in the system is 1.375 as
calculated from the average ratio of these elements in
charoite from the Staryi site. In the experiments at
temperatures in the range from 500 to 800 °C and
pressures from 0.5 to 1 kbar, the alkali content varies
from 0 to 5 % in the (KOH + NaOH, KOH + NaHCOs3) so-
lution. The initial charoite substance is bleached, and a
recrystallized charoite (with traces of calcite) is ob-
served on the lamprophyre surface. When the solution
concentration reaches 10 %, no interaction takes place
at the charoite powder and lamprophyre contact at
500 °C; however, charoite is partially transformed into
wollastonite. When the solution alkalinity is raised to
50 % (KOH + NaOH), lamprophyre is transformed, and

CHAROITE CONVERSION AT HIGH TEMPERATURES
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Fig. 3. The sample composition changing as a function of
temperature.

Puc. 3. U3MmeHeHue cocTaBa obpasua B 3aBUCHUMOCTH OT
TeMIepaTyphbl.
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sodium-containing phlogopite is formed, while charoite
remains stable, even though its recrystallization takes
place at the contact with lamprophyre. Increasing the
(NaOH + KOH) alkalinity to 85 % results in the partial
assimilation of lamprophyre to form fluorphlogopite,
while charoite remains stable. This series of high-
alkalinity experiments show a dense opaque (translu-
cent in some cases) reaction zone formed at the lam-
prophyre and charoite substance contact. The zone
contains microcline, calcite, and dolomite with traces of
amphibole, and its widths amounts to 1.6 mm.

With the temperature increase up to 800 °C, the
pressure of 1 kbar, and 10 % (KOH + NaHCO3) solution,
charoite is transformed in areas located at a distance
from the contact with lamprophyre, and the recrystalli-
zation zone composed of wollastonite, mica phase and
microcline is formed. At the charoite and lamprophyre
contact, we observed the reaction zone containing wol-
lastonite in the form of transparent columnar crystals
(0.40-1.20 mm x 0.15 mm), microcline and recrystal-
lized charoite with calcite traces, amphibole and afvil-
lite, Ca3(Si03:0OH)2:2H20. The reaction metasomatic
column (Fig. 4, a, b) is quite similar to the natural one
(see Fig. 2). We identified compositions of the newly
formed phases and analyzed the distribution of ele-
ments. Various barium- and strontium-containing pha-
ses occur in some areas (Table 2).

4. THERMODYNAMIC SIMULATION

Analyses of the experiment results failed to deter-
mine the phase composition of the fine-grained reac-
tion rim, and we attempt to employ the physicochemi-
cal simulation in order to establish a possible mineral
association formed during the high-temperature de-
composition of charoite. In order to identify the miner-
al phases formed under charoite annealing and coexist-
ing with wollastonite, we use the Selector software
[Chudnenko, 2010]. A model of charoite decomposition
reaction is constructed for the temperature range from
700 to 900 °C at the pressure of 1 kbar. The 18-
component model system (K, Na, Ca, Fe, Mg, Al, Si, Ti,
Mn, Sr, Ba, P, F, Cl, S, C, O, and H) corresponding to the
charoite chemical composition is used as a basis for
calculations covering 116 potentially possible phases,
including solids (minerals), gas and an aqueous solu-
tion. We used the thermodynamics databases from
[Holland, Powell, 2011] and [Yokokawa, 1998] in calcu-
lations for minerals and simple substances. The gas
phase data are from [Reid et al, 1977]. The aqueous
phase data are from SUPCRT98 electronic database.
The published chemical analysis data for charoite
(Table 3) are used to construct the model. In the si-
mulation, an excessive amount of H,0 (55.51 mol) is
added to the charoite composition, which ensures the

Fig. 4. The reaction rim resulting from the charoite sub-
stance and lamprophyre interaction in experimental
conditions (T=500°C; P=1 Kkbar; 10 % concentration
(NaHCO3+KOH)).

a - the viewing field size is 7.5x5.1 mm; b - the image is taken in
the backscattered electrons (zoom 40x). 1 - lamprophyre
(arfvedsonite + microcline); 2 - wollastonite; 3 - wollastonite
with microcline and charoite; 4 - charoite.

Puc. 4. PeakijuoHHas kaiMa, 06pa3oBaBLIasics NPU B3au-
MOJIECTBMH 4YapOUTOBOro cyb6cTpaTta M Jamnpodupa B
3kcnepuMeHTax npu T=500 °C, P=1 k6ap, 10%-KoHIleH-
Tpanuu (NaHCO3+KOH).

a - noJie 3peHus 7.5x5.1 MM; b - CHUMOK cJieJlaH B 0OpaTHO
paccesiHHbIX 3JIEKTpOHaX, yBesndeHue x40. 1 - smamnpodup
(apdBeCOHUT + MUKPOKJMH); 2 - BOJUIACTOHUT; 3 — BOJLJIAC-
TOHHUT C MUKPOKJINHOM M YapOUTOM; 4 — YapOuT.

permanent presence of the liquid phase, and a small
amount of CO; (0.01 mol) is added to provide the con-
ditions for potential formation of carbonates.

Our calculations show (Table 4) that at the given
temperature and pressure, the following paragenesis is



Table 2.Composition of newly-formed phases (wt. %)

Ta6auma 2.CocrtaB HOBooGpa3zoBaHHBIX ¢pa3 (Bec. %)
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Wallastonite Microcline Amphibole Apatite
Si02 52.719 Na20 0.952 Na20 5.703 F 7.769
Ca0 47.281 MgO 1.335 MgO 18.074 Ca0 42.591
Al203 14.421 Al203 0.000 SrO 11.243
Si02 61.754 Si02 57.408 P20s  38.397
K20 13.026 K20 4914
Ca0 1.073 Ca0 3.261
TiO2 0.064 TiO2 0.334
MnO 0.681 MnO 0.079
FeO 5.292 FeO 10.227

formed from charoite of various compositions: quartz,
wollastonite, alkaline pyroxene (aegerine), microcline,
rhodonite, and sphene. Besides, manganese oxide, ba-
rium carbonate and hydroxide, BaTiO3;, as well as
BaSiO3 and SrSiO3; may be present in small amounts.
According to the simulation results, in the entire
temperature range from 700 to 900 °C, the main stabile
products of the charoite decomposition reaction are
quartz and wollastonite. In case of the charoite decom-
position at 900 °C, the content of wollastonite can
reach 40 mol. % (Fig. 5, a). Quantities of other mineral
phases are insignificant and variable depending on the
initial composition of charoite: pyroxene - up to 4.5
mol. %; microcline - up to 1 mol. %; rhodonite - up to
0.17 mol. %; sphene - up to 0.02 mol. %; and manga-
nese oxide, barium carbonate and hydroxide, BaTiOs3,
BaSiO3 and SrSiOs - 3.5 mol. % in total. Figure 5, b,

Table 3.Chemical composition of charoite (wt. %)

Ta6nanuna 3.Xumuueckuil coctaB yapoura (Bec. %)

shows the ratio of minerals (mol. %) formed from the
charoite substance used in the experiments aimed to
studying the charoite and host rock xenoliths interac-
tion [Marchuk et al., 2014]. It should be noted that the
presence of the diopside component in pyroxene is ty-
pical of the given composition (column 4 in Table 3) as
the content of MgO is higher than that in the composi-
tion of pure charoite (columns 1 to 3 in Table 3).
Sphene and BaSiO; are also stable phases under the
simulation conditions for this composition.

In the study of the charoite substance and lampro-
phyre xenoliths interaction, the experiments show that,
in addition to wollastonite, traces of microcline and
alkali phases of different compositions are contained in
the reaction zone. Thus, the calculation results are con-
sistent with the results obtained in the experiments
aimed at studying the charoite and host rocks interac-

Component 1 2 3 4
Si02 58.50 57.31 58.94 73.22
TiO2 0.02 0.02 0.14 0.02
Alz03 0.03 0.01 - 0.54
Fe203 0.14 - - -
FeO - 0.02 0.01 0.17
MgO - - - 1.84
MnO 0.10 0.35 0.23 0.13
Ca0 21.90 21.01 21.12 16.10
SrO - 1.43 0.64 0.47
BaO 2.53 0.65 3.22 2.02
Naz0 2.26 2.29 2.62 3.90
K20 10.01 8.35 9.48 8.00
P20s 0.03 - - 0.02
F 0.33 0.53 0.49 0.11
Clz 0.02 - - -

N o t e. 1 - composition of charoite according to [Matesanz et al., 2008]; 2 - composition of charoite according to [Rozhdestvenskaya et al.,
2010]; 3 - average composition of charoite according to five analyses in [Wang et al.,, 2014]; 4 - composition of the charoite substance in

Table 1.

[IpuMeyaHue. 1,2 - cocraB yapouTa u3 pabot [Matesanz et al,, 2008] u [Rozhdestvenskaya et al, 2010] cooTBeTCTBeHHO, 3 - CpeHUHN
COCTaB YapouTa 0 NSITH aHa/Iu3aM U3 paboTel [Wang et al, 2014], 4 - cocTaB 4apoUTOBOTO Cy6GCcTpaTa U3 Ta6. 1.
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Table 4.Products of high-temperature decomposition of charoite (mol. quantity)

Ta6auima 4. I[IpoAyKTHI BLICOKOTEMIEPATYPHOTO Pa3/IoKeHUs YapouTa (MoJI. KOJI-BO)

Mineral phases = Temperature, °C

700 800 900 700 800 900 700 800 900 700 800 900

1 2 3 4
Quartz 0.4942 0.5476 0.5550 0.4837 0.5343 0.5408 0.5122 0.564 0.5715 0.6517 0.7072 0.7224
(Si02)
Wollastonite 0.3905 0.3905 0.3905 0.3746 03746 0.3746 03766 03766 0.3766 0.2267 0.2267 0.2267
(CaSi03)
Aegirine 0.0017 0.0017 0.0017 0.0003 0.0003 0.0003 0.0001 0.0001 0.0001 0.0022 0.0022 0.0022
(NaFeSiz06)
Diopside - - - - - - - - - 0.0428 0.0428 0.0428
(CaMgSi206)
Microcline 0.0006 0.0006 0.0006 0.0002 0.0002 0.0002 - - - 0.0096 0.0096 0.0095
(KAISiz08)
Rhodonite - 0.0014 0.0014 - 0.0049 0.0049 - 0.0032 0.0032 0.0017 0.0017 0.0017
(MnSiO3)
Sphene - - - - - - - - - 0.0002 0.0002 0.0002
(CaTiSiOs)
Bixbite 0.0007 - - 0.0025 - - 0.0016 - - - - -
(Mn203)
BaCOs3 0.0008 - - 0.0040 - - 0.0008 - - - - -
Ba(OH): 0.0154 0.0162 0.0162 - 0.0040 0.0040 0.0184 0.0193 0.0193 - - -
BaTiO3 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0017 0.0017 0.0017 - - -
BaSiOs - - - - - - - - - 0.0123 0.0123 0.0123
SrSiOs - - - 0.0138 0.0138 0.0138 0.0062 0.0062 0.0062 0.0042 0.0042 0.0042

N o t e. Columns 1, 2, 3, and 4 according to Table 3.

[IpuwmedaHu e KosoHku 1, 2, 3,4 - aHanoruunsl Ta6u. 3.

tion and charoite annealing, which suggests that there
are phases coexisting with wollastonite in the reaction
rim during the charoite decomposition.

5. CHAROITE TREATMENT

The specific natural lilac to purple charoite colora-
tion is due to impurity ions Mn?* u Mn3* in the mineral
structure [Nikolskaya et al., 1976]. In this respect, Mn3+
has the main role. Besides, low concentrations of elec-
tron-hole centers put a slight effect on the color. The
mineral is fluorescent in ultra-violet and green spectra
in the photographic and X-ray excitation [Yarovoy,
1983]. According to [Nikolskaya et al., 1976], the char-
oite sample can be completely discolored by annealing
in the reducing conditions at a temperature of 700 °C
for three hours. The coloration can be restored by
gamma irradiation, but become less intensive. After
annealing in oxidizing conditions, coloration does not
change. Subsequent gamma irradiation does not lead to
any significant change in coloration. The methods of
artificial mineral color changing in different redox en-
vironments [Medvedev, 1983] have provided a unique
opportunity to track changes in the charoite chromo-
phore and fluorescent characteristics [Yarovoy et al,
1987] in a variety redox conditions.

Charoite with high contents of impurity minerals
looks less colourful, while its monomineral samples are
recognized as highly decorative in terms of colors and
patterns. Color shades depend on impurity minerals:
honeylike (tinaksite), yellow (tokkoite), brown (titan-
ite), black (aegirine), greenish (pectolite and micro-
cline), and whitish (calcite and apofillite). Colouring
with chemical agents is one of the techniques proposed
to improve the colour-related characteristics of char-
oite [Ivicheva et al., 1998; Aleksandrova, Ivanova, 2015].
In this technique, charoite is impregnated with a se-
lected colorant, and this process is accompanied by
chemical reactions in the pore space of the rock samp-
le. Options of using inorganic chromophores and syn-
thetic dyes have been also studied. The technique en-
sures the color stability that is confirmed by corrosion
tests and sufficient depths of the coloured matter, from
the surface staining (for massive variations) to com-
plete penetration of the dye (in samples with fiber and
puckered structures).

Methods aimed at strengthening of charoitites are
based on the use of high- and low-concentration dis-
persions and inorganic adhesives [Ivicheva et al., 1998].
Two types of inorganic adhesives can be used - soluble
‘liquid’ glass and silica sol obtained by the hydrolysis of
tetraethoxysilane. Strengthening of porous samples is
ensured by gradual (and, in some cases, repeated)
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Fig. 5. Charoite high-temperature decomposition products (mol. %). The figure shows results of the phisicochemical simula-
tion by the Selector software. The simulation conditions are given in the figure. Chemical compositions of charoite 1 (a) and

4 (b) are given in Table 1.

Puc. 5. [IpoAyKTbl BLICOKOTEMIIEPATYPHOTO pa3JiodkeHUs YapouTa (MoJi. %) npu GU3HKO-XMMHUYECKOM MOJeJUPOBAHUM C
nomouipio [1K «CesiekTop». Yc10BUSI MOJle/IMPOBaHUs NIPUBeJleHbl HAa pUCYHKe. XMMUYecKUi cocTaB yapouTa 1 (a) u 4 (b)

npuBeseH B Ta6ur. 1.

soaking of the sample rock with organosilicon, which is
followed by heating, and modifying and hardening
agents may also be used.

6. IMPROVING DECORATIVE PROPERTIES OF SUBSTANDARD
CHAROITE SAMPLES

Coloring of charoitites samples is a complex multi-
stage process, including sample preparation for color-
ing, coloring itself, fixing the result and testing the color
stability against effects of water, alkaline solutions,
sunlight and mechanical processing. The process cycle
is 480-960 hours. The experiments are carried out in a
temperature range from 20 to 100 °C. Charoitite samp-
les preparation includes cleaning and surface degreas-
ing by a soap-alcohol solution or acetone to provide for
deeper penetration of the dye into the sample and to
ensure the coloration uniformity.

Charoitites with different tones, structures, textures
and mineral composition have been studied. Charoite
contents in the samples varies from 20 to 70 %. Results
of our experiments shows an optimal dye for charoite-
containing rocks is synthetic - active bright purple dye
4KT, C20H14N3015S4Na3zCu. By the type of the chromo-
phore system, this dye is classified in the group of azo-
dyes characterized by the presence in the molecule of
-N=N- azogroup, connecting aromatic and heterocyclic
compounds residues with each other and with the resi-
dues of compounds having active CH2-group. Prelimi-
nary experimental studies have shown unacceptability
of acetic acid as a reaction accelerator, as the coloring
becomes unstable to any impact. In the experiments

with the sample treatment in the dye solution for
12-24 hours, only the near-surface layer (maximum
10 mm thick) is colored. To achieve optimal coloration
(Fig. 6), the samples are kept in the dye solution for
72 hours, the temperature is raised to 70-90 °C, and
NaCl is added to the 3-7 % aqueous solution of active
bright purple dye 4KT as electrolyte in order to acce-
lerate the diffusion.

7. RESULTS AND CONCLUSIONS

The charoite system experimental study overview
emphasizes the need to develop more comprehensive
and detailed experimental techniques for studying the
conditions of the fluid-melt formation associated with
the formation of charoite rocks.

It is established that in case of thermal decomposi-
tion, charoite is transformed into wollastonite which
amount gradually increases with the temperature in-
crease to 900 °C and, once the temperature is raised to
950 °C, grows dramatically to 95 % of the original
sample weight. From the temperature of 1000 °C, both
triclinic and monoclinic wollastonite modifications are
observed. Further temperature increasing leads to the
pseudo-wollastonite formation. Polymineral reaction
zones of complex compositions are formed in case of
the interaction between charoite and K-feldspar-am-
phibole lamprophyre, as revealed in the experiments
using the samples from the Murun massif. Possibly, the
difference in compositions of the natural and experi-
mental interaction zones is due to discrepancy between
the temperature parameters in the experimental and



Charoite. Experimental Studies

M.V. Marchuk et al.:

‘(rBd uMHXUH) BUHedaumeds0 arool goficedgo Yrd UUIMQO

«

(¥Bd nuHxdsg) gorninoden gofieedgo XI9HOXOU THE UATQQ *

‘(moa woyoq) Suriojoo 1ayje sajdues aures ayy {(moa dol) mala [enul :sajdures ajnioley)

9ud |

9314 |




natural conditions and differences in the fluid composi-
tion, wherein the K/Na ratio may change at lower tem-
peratures (about 500 °C). According to [Bondarenko,
2009], variations in the charoite compositions are fully
similar to features of the alkaline trend of the Murun
alkaline complex. For the early-stage charoite (meta-
somatic stage, high temperatures), K-component of the
mineral-forming environment is considerable. The
chemical activity of Na is enhanced with the decreasing
charoite formation temperature. In nature, wollaston-
ite is commonly associated with pectolite and charoite.
Therefore, we can consider wollastonite is a typical
rock associated with charoite, which crystallization
conditions are similar. There is an opinion about the
charoite formation by substituting wollastonite [Lazeb-
nik et al, 1977]. The mineralogical and petrographic
studies of charoitites show the possibility for the as-
similation of lamprophyre xenoliths in the charoite
substance with a specific distribution of pyroxene and
K-feldspar [Vorobjev, 2008]. Based on the analysis of
the charoitites and host rocks interaction in the natural
and experimental conditions, it becomes possible to
clarify the T-P conditions for the charoite formation. In
particular, the experiments emphasize the low-tempe-
rature character of charoite formation and show a lack
of silicate melt in the systems studied. The results ob-
tained by the physicochemical simulation of the char-
oite decomposition reaction give grounds for the fol-
lowing conclusions: wollastonite and quartz together
make up more than 97 mol. % of the total mass of
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charoite; alkali mainly occur in the solution and, in
small amounts, are present in aegirine and microcline;
after the charoite decomposition is complete, manga-
nese, strontium and barium form their own phases,
which quantities are insignificant and would be even
less if the model would take into account more complex
schemes of isomorphism in minerals.

Charoite coloring by an active dye can be applied as
a modern treatment method for the off-grade samples
coloration and improving the colorimetry parameters
of the material being processed, and can enhance the
operational capabilities of the deposit. In our experi-
ments, most of the samples acquired richer and attrac-
tive lilac and purple coloring, close to the natural cha-
roite raw material.
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