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Niobokupletskite, K2Na(Mn,Zn,Fe)7(Nb,
Zr,Ti)2 Si8O26(OH)4(O,F), was described for
the first time as a new mineral from ne -
pheline-syenite pegmatite of Mont Saint-
Hilaire (Quebec, Canada) in association with
aegirine, albite, analcite, calcioancylite-(Ce),
calcite, catapleite, epididymite, fluorite, gen-
thelvite, microcline, natrolite, pyrochlore,
rhodochrosite and wur tzite (Piilonen et al.,
2000). Later, niobokupletskite was discov-
ered in an external zones of Zn-containing
kupletskite from agpaite phonolites of the
Oktyabrskyi (Mariupolskyi) massif (Pri-
azovie, Ukraine) in association with ne -
pheline, K-feldspar, albite, sodalite, aegirine,
fluorite, catapleite, a cancrinite group mine -
ral, serandite, eudialyte, hendricksite, cryoli -
te, cerite-(Ce), fluorapatite, thorianite, thori -
te, pyro chlore and zircon (Sharygin, 2009;
Sha rygin et al., 2009). Niobokupletskite was
determined by ourselves during the investi-
gation of the alkaline rocks of Matchinskyi
massif (Kyrgyzstan). We have not found any
information in the literature of niobokuplet-
skite findings from other locations. In the
largest Museums of the world (A.E. Fersman
Mineralоgical museum, Mos cow, Russia;
Smithsonian Natural History Mu se um, Wa -
shington D.C., USA; Canadian Muse um of

Nature, Ottawa, Canada) there are only sam-
ples from the type location from Canada. 

Niobokupletskite is an alkaline hetero-
phyllosilicate from the astrophyllite group,
which includes 11 mineral species today
(Tab. 1) with a general formula A2B1�2C7D2

(T4O12)2O2(OH)4 X0�2, where [10]�[13]А = Na, K,
Li, Rb, Cs, H3O, H2O or o ; [10]B = Na, Са,
H2O; [6]C = Mn, Fe+2, Fe+3, Na, Mg, Zn; [6]D
= Ti, Nb, Zr, Sn, Ta, Hf; [4]T = Si, Al; X = F,
OH, O, H2O, o. They crystallize in the tri-
clinic or monoclinic systems (Cámara et al.,
2010; Khomyakov et al., 2011). The first
works on crystal structure determination of
this mineral’s group were comple ted by 
C.-Z. Peng and Z.-S. Ma (1963, 1964) and by
G. Woodrow (1967); further structures of
minerals of this group have been refined con-
tinually (Piilonen et al., 2003; Piilonen,
Lalonde, 2003; Sokolova, Cámara, 2008; Cá -
mara et al., 2010; etc.). The structures of the
astrophyllite group minerals are based on
three-layered packages, in which intermedi-
ate layer consists of СМО6 (М = Mn, Fe,
Mg), and, according to N.V. Belov’s vivid
expression (1964) “it is armoured from both
sides with a ring-mail of T4O12 tetrahedrons”
and DО6, octahedrons, or TiO5 tetragonal
pyramids, (as in magnesioastrophyllite); spa -

NIOBOKUPLETSKITE 
FROM THE MATCHINSKY MASSIF (KYRGYZSTAN)

Leonid A. Pautov, Vladimir Yu. Karpenko, Atali А. Agakhanov
Fersman Mineralоgical Museum, RAS, Moscow, pla58@mail.ru

Niobokupletskite K2Na(Mn,Fe2+)7(Nb,Zr,Ti)2Si8O26(OH)4(O,F) from the astrophyllite group was found in
the albitites of the Matchinsky alkaline massif (Kyrgyzstan). In association there are: Zr-bearing aegirine
(to 3.9 wt% ZrO2), K-feldspar, zircon, elpidite, dalyite, monazite-(Се), kupletskite, pyrochlore (often
zoned, to 13.9 wt. % UO2, Nb/Ta (at.%) = 12), a mineral from the eudialyte group (supposingly georg-
barsanovite, the Mn-analogue), bastnaesite-(Ce), and fergusonite-(Y). It forms platy crystals and inter-
growths of grains up to 1.5 mm in size. Colour is goldish-brown. Cleavage is perfect on (001). Crystals are
zoned, and many of them are twinned. Averaged refractive indices on several growth zones are as follows:
np=1.716(3), nm=1.736(5); 2V = �70(5)°. X-ray powder data are typical of that of the astrophyllite group.
Chemical composition (microprobe, average and limits of variations on 33 analyses; wt%): SiO2 32.54
(30.64–33.94), Al2O3 1.49 (0.68–1.79), TiO2 2.12 (1.34–3.73), ZrO2 3.89 (2.75–6.42), Nb2O5 9.45
(7.05–11.56), Ta2O5 2.35 (0.64–5.29), SnO2 0.22 (0.00–0.59), HfO2 0.00, MnO 21.02 (18.69–25.41),
FeO 13.67 (9.18–16.18), ZnO 0.04 (0.00–0.11), CaO 0.07 (0.02–0.33), MgO 0.37 (0.18–0.62), SrO 0.06
(0.00–0.53), Cs2O 0.14 (0.03–0.29), Rb2O 0.30 (0.13–0.61), K2O 5.93 (5.78–6.20), Na2O 2.26
(1.73–2.85), F 0.33 (0.18–0.52), H2O(calc.) 2.58, �O=F2 �0.14, total 98.69. Empirical formula, calculated on
(Si+Al) = 8 apfu, is: (K1.76Na0.04Rb0.04Cs0.01Sr0.01)1.86(Na0.98Ca0.02)1.00(Mn4.15Fe2.67Mg0.13Zn0.02)6.97(Nb1.00Zr0.44

Ti0.37Ta0.15Sn0.02)1.98 (Si7.59Al0.41)8.00O26(OH)4.00(O0.67F0.24)1.01. Zonality and sectoriality in crystals is caused by
variability in the amount of Ta, Nb, and Zr amounts, which isomorphically replace Ti. In certain zones a
maximal Ta amount was determined, which is the highest reported from the astrophyllite group (to 5.29
wt% Nb2O5). Average Nb/Ta = 7 (at.%). Together with a dominant replacement scheme
(Ti4+ + F– Ы Nb5+ + O2

–) another one Ti4+ + Si4+ Ы R5+ + Al3+ (where R5+ = Nb, Ta) has to occur. 
9 tables, 10 figures, 64 references.
Keywords: niobokupletskite, astrophyllite group, Matchinsky alkaline massif.
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ce between packages, in which one D, octa-
hedron apex is introduced from the external
surface of the “ring-mail”, includes the lay-
ers of A and B cations.

A large number of publications are devot-
ed to the specialities of chemical composi-
tion and isomorphic substitutions in astro-
phyllite (Bon shtedt, 1931; Perchuk, Zyrua -
nov, 1965; Ganzeev et al., 1969; Semyonov,
1972; Kapustin, 1972; Pyatenko et al., 1976;
Voronkov et al., 1978; Morgunova et al.,
2000; Byal’kina et al., 2002; Pekov, 2005;
Stepanov et al., 2008; Macdonald, Saunders,
1973; Birkett et al., 1996; Piilonen et al., 2003;
Macdonald et al., 2007; Cámara et al., 2010;
Khomyakov et al., 2011; etc.). Minerals of
this group have been divided into two sub-
groups by prevalence of iron or manganese
in the octahedral position C: those of astro-
phyllite (Fe-dominant minerals) and kuplet-
skite (Mn-dominant) (Semyonov, 1956;
1972); the last one includes niobokuplet-
skite. Properly, only astrophyllite and its
Mn-analogue, kupletskite, are usual mine -

rals of the alkaline rocks, while other mem-
bers of thise group are rare (Pekov, 2005). It
has been generally believed, that high-iron
astrophyllites have dominated in silica-satu-
rated rocks (alkaline granites, silexites),
while high-manganese members of the astro-
phyllite group are typical for rocks non-satu-
rated with silica (nepheline syenites) (Per -
chuk, Zyruanov, 1965; Macdonald, Saun ders,
1973). Investigations of the last years, how -
ever, show, that the real picture is more
comp lex. 

In both subgroups niobium-dominant
members are known: niobophyllite in the
astrophyllite subgroup (Nickel et al., 1964),
and niobokupletskite in that of kupletskite
(Piilonen et al., 2000). Both minerals are
quite rare – only single findings of them are
known. Niobium usually is met as an isomor-
phic admixture in the astrophyllite mineral
group, often with Zr, rarely – with Sn, Ta,
Hf, replacing titanium in the D octahedral
position. Usually a strong negative correla-
tion exists for (Nb + Zr) Ы Ti, while it is
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Table 1. Minerals of the astrophyllite group  

Mineral name Formula Type locality Reference

Astrophyllite sub-group

Astrophyllite K2Na(Fe,Mn)7Ti2(Si4O12)2O2(OH)4F Låven, Langesundsfjord,  Scheerer, 1854; 

Norway Brøgger, 1890

Niobophyllite K2Na(Fe,Mn)7(Nb,Ti)2(Si4O12)2O2(OH)4O Seal Lake, Labrador,  Nickel et al., 1964

Canada

Magnesiumastrophyllite K2Na2Mg2(Fe2+,Fe3+,Mn)5Ti2(Si4O12)2O2(OH)4 Kukisvumchorr, Khibiny,  Semyonov, 1959*

Russia

Zircophyllite K2Na(Fe,Mn)7 (Zr,Nb)2Si8O24(O,OH,F)7 Korgere-Daba massif, Kapustin, 1973

Tuva, Russia 

Hydroastrophyllite (H3O,K,Ca)3(Fe3+,Mn)5–6(Ti,Nb)2Ti2Si8(O,OH,F)31 alkaline pegmatites,   X�Ray laboratory, Hubei 

Sichuan Province, China Geological College, 1974

Nalivkinite Li2NaFe7Ti2(Si4O12)2O2(OH)4F Darai-Pioz massif, Agakhanov et al., 2008

Tadzhikistan

Sveinbergeite Ca(Fe2+
6 Fe3+)Ti2(Si4O12)2O2(OH)5(H2O)4 Buer, Sandefjord, Khomyakov et al., 2011

Norway

Tarbagataite (K, o)Ca(Fe,Mn)7Ti2(Si4O12)2O2(OH)5 Verkhnee (Upper) Espe Stepanov et al., 2012

deposition, Ak-Zhailyau 

mountains, Kazakhstan

Kupletskite sub-group

Kupletskite K2Na(Mn,Fe)7Ti2(Si4O12)2O2(OH)4F Lephe-Nel’m, Lovozero,  Semyonov, 1956

Russia

Cesium kupletskite Cs2Na(Mn,Fe)7Ti2(Si4O12)2O2(OH)4F Darai-Pioz massif,  Efimov et al., 1971

Tadzhikistan

Niobokupletskite K2Na(Mn,Fe)7(Nb,Zr,Ti)2Si8O26(OH)4(O,F) Mont Saint�Hilaire, Piilonen et al., 2000

Quebec, Canada

Note: * – first description of properties without name of mineral.



practically not observed for Zr Ы Nb
(Piilonen et al., 2003a). Up to date rich ana-
lytical material has collected on the niobium
contents in the astrophyllite mineral group
(Burova, 1936; Perchuk, 1964; Efimov et al.,
1971; Semyonov, 1972; Byal’kina et al., 2002;
Piilonen et al., 2003a, b; Pekov, 2005,
Stepanov et al., 2008; Cámara et al., 2010;
ets.).

In the case of preferential occupation of
the D-position with 5-valence cations (Nb5+,
Ta5+), in niobokupletskite, a problem of
charge balance is apparent. It was E.I. Se -
myonov (1972) among those who have sug-
gested firstly the isomorphical scheme Ti4+

+ F– Ы Nb5+ + O2–. Really, it is dominant,
according to data of many researchers
(Birkett et al., 1996; Piilo nen et al., 2000;
Piilonen, Lalonde, 2003; Piilo nen et al., 2003;
Mac donald et al., 2007; Cámara et al., 2010).
Yet, even a complete replacement by this
mechanism leads to an intermediate phase
with composition K2NaС7(NbTi)Si8O26(OH)4O
(C = Mn, Fe, Mg, Zn). If the Nb+Ta/Ti ratio
in the mineral is more, than 1, as in nioboku-
pletskite from Kyrgyzstan, it seems that
additional mechanisms for the excess posi-
tive charge compensation are demanded.
Some other ways of charge balancing, when
replacing titanium with 5-valence cations,
suggested by different researchers, are as fol-
lows: Nb5+ Ы Ti4+ + K+(?) (Semyonov,
1972); Nb5+ Ы Ti4+ + o (Ab del�Rah man,
1992); 2R4+ Ы Nb5+ + Fe3+; 3Ti4+ Ы 2Nb5+

+ (Fe2+, Mn2+); Nb5+ Ы Ti4+ + Na+ (Birkett
et al., 1996); Са2+ + (Ti4+, Zr5+) Ы NaВ

+ +
(Nb5+, Та5+) (Macdonald et al., 2007). There
is a weak correlation between the total sum
of 5-valence cations (Nb+Ta) and the alu-
minium content in Kyrgyzstan’s nioboku-
pletskite. Probably, a Ti4++ Si4+ Ы R5+ +
Al3+ (where R = Nb, Ta) replacement mech-
anism must place too, in order to reach elec-
troneutrality of the niobokupletskite formu-
la. Realization of all the indicated mecha-
nisms is quite possible, but nevertheless it
demands more detailed investigation. So the
problem of charge balance for the astrophyl-
lite group minerals with (Nb+Ta)/Ti > 1
ratio (including niobokupletskite) is unde-
cided.

Mode of occurrence

During field work in the eastern part of
the Turkestan ridge, in the upper part of the
Ak-Terek river basin (the left branch the
Sokh river) and its left feeder – the Matcha

river, albitized nepheline syenite-pegmatites
with niobokupletskite were encountered in
at certain levels of the Matchinsky (Mat -
chaisky) alkaline massif. The Matchinsky
intrusive pluton has been described repea -
tedly (Gavrilin, 1963; Perchuk, 1964; Shin -
karyov, 1966; Ilyinsky, 1970; Strati fied…,
1982; Nenakhov et al., 1987). It is located in
the core of the asymmetrical anticlinal fold,
which is composed of Silurian schists, meta-
morphized to amphibolite facies. Accor ding
to data of V.M. Nenakhov with colleagues
(1987) it relates to the Early-Late Permian
Matchaisky intrusive complex. The massif
has a form of an ellipse, elongated in the lat-
itudinal direction, of 30 km2 area with steeply
dipping contacts. It is a multi-phase intrusion
with concentric structure, which is accordant
to a frame of the surrounding structure. Most
early rocks are leucocratic tourmaline-bear-
ing granites (70%), wide-spread in the rim of
the massif (first intrusive phase); a second
intrusive phase is formed of alkaline and
nepheline syenites (20–30%), confined to
the central and western parts of the massif.
There are quartz- and quartz-bearing syen-
ites (3–5%) of the first intrusive phase
between granites and alkaline syenites. The
third intrusive phase is formed of leucocratic
biotite granites. There are dikes of syenite-
aplite and syenite-pegmatite in places, too
(Nenakhov et al., 1987).

A specific feature of the Matchinsky mas-
sif (Perchuk, 1964; Shinkaryov, 1966;
Ilyinsky, 1970; Nenakhov et al., 1987) is a
wide development of carbonatized rocks and
carbonatites, which are represented most
widely in the eastern exocontacts of the mas-
sif (on both sides of the lower reaches of the
Tutek river). Carbo natite bodies are ob -
served here, largest of which have a length of
1.5–2 km (Nenakhov et al., 1987). The Del -
bek and Tutek U-Th occurrences, which were
discovered in the late 1940s, are connected
with carbonatites and albitites (Fig. 1).
During re-investigation of those objects ele-
vated amounts of Ta and Nb, associated with
pyrochlore, were met here (Nikonorov, 2009;
V. Gursky, personal communication). As list-
ed below, among the Ta- and Nb-concentra-
tors in the Matchinsky massif there are the
astrophyllite mineral groups, as well.

Wide development of carbonatite rocks
has aligned the Matchaisky intrusive with
the Darai-Pioz alkaline massif (Dusmatov,
1971), which also is of Permian age. A num-
ber of works have been devoted to the inves-
tigation of the astrophyllite group minerals

7Niobokupletskite from the Matchinsky massif (Kyrgyzstan)
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Fig. 1. Scheme of the geographical location (a) and geological map (b) of the niobokupletskite finding (ploted with use of
“Geological map of Tadzhikskaya SSR and adjoining terraines” under editorship of N.G. Vlasov and Yu.A. D’yakov (1984),
“Geological map of Kirgizskaya SSR” under edition of S.A. Ingemberdiev (1980), as well as with use of field materials of
A.V. Berezansky and V.M. Nenakhov). 
Figures in curcles has designated massives: 1 – Utrensky; 2 – Matchinsky (Matchaisky); 3 – Verkhne(Upper)-Daraipiozsky
(Darai-Pioz); 4 – Sredne(Middle)-Daraipiozsky; 5 – Тuteksky. Black triangles are designated: Tutek deposition (I and II – Tutek
– I and Tutek – II correspondingly) and Del’bek deposition (III). White orthogon is niobokupletskite place of finding (the
Matchinsky massif).

Sediment formations: 

Lower – Middle Jurassic. Speckled sandstones, conglomerates, coals, clays.
Lower Permian, kumbel series. Red sandstones, conglomerates, rarely – schists.
Middle – Upper Carbonic, obizard series. Sandstones, silts, limestones, conglomerates.
Lower Carbonic, Tournai – Vise. Limestones, rarely – schists.
Lower – Middle Devonian, agbalyiskaya series. schists sericitic-clay schists.
Lower – Middle Devonian, shingak series. Limestones, flintstones, schists, sandstones.
Upper Silurian – Middle Devonian. Conglomerates, sandstones, schists, limestones.
Upper Silurian – Devonian. Schists, sandstones, limestones, flintstones, rarely – porphyrites, tuffs.
Lower-(Middle?) Silurian (Zeravshan series): sandstones, coal-silicious schists, chlorite schists.  
Lower-Middle Silurian poorly defined.
Lower Silurian, Upper Llandoveri.
Lower Silurian, Lower – Middle Llandoveri.
Middle Cambrian – Ordovician. Clay slates, limestones.
Lower Paleozoic. Jagnobe series. Upper part – mica-chlorite-albite schists, lower part – metasandstones, mica-chlorite-albite-
quatz schists, limestones.
Intrusive Permian formations. Matchaisky complex:

Phase 3. Granites.
Phase 2. Alkaline and nepheline syenites, syenites, their dikes and veins. 
Phase 1. Leucocratic tourmaline-bearing granites, quartz syenites.

Karakyzsky complex:

Phase 2. Granodiorites, quartz diorites.
Intrusive Carbonian – Permian formations. Karavshinsky complex:

Phase 2. Leucogranites and their pegmatites.
Phase 1. Coarse-grained adamellites and their pegmatites.
Stratigraphical and intrusive contacts.  
Faults: (1 – actual, 2 – supposed).
Rivers and their direction.
Glaciers.
State boundaries.

a b

Igla Peak



from the Darai-Pioz massif (Ganzeev et al.,
1969; Dusmatov, 1971; Efimov et al., 1971;
Morgunova et al., 2000; Agakhanov et al.,
2008).

The location of the alkaline massives of
the Turkestano-Alai area as well as nioboku-
pletskite localities are shown in fig. 1.

Methods of investigation

Optical investigation of the albitized
syenite pegmatite with niobokupletskite was
carried out in transparent-polished sections,
prepared with usage of Petropoxy 154 epoxy
glue. Refractive indices of minerals were
measured in a Na-lamp light (589 nm) by the
immersion method; refractive indices of the
immersion liquids were controlled by single-
circle goniometer (by the method of a lower
deviation angle in an empty prism). X-ray
investigation of minerals was carry out by
DRON-2.0 diffractometer with CuKa�radia -
tion and (if lack of the material) by pho-
tomethod by DSK-60A camera with FeKa�ra -
diation; corrections were made from separate
films with NaCl or Si standards. 

The chemical composition of nioboku-
pletskite and associated minerals were stud-
ied mainly by local electron-microprobe
analysis methods both with wavelength-dis-
persive (WDS) and energy-dispersive (EDS)
spectrometers. EDS analyses were completed
with CamScan-4D scanning microscope with
ISIS analyses system (an accelerating voltage
of 20 kV, a specimen current of 4 nА at metal-
lic Co), аnd with JCXA-733 Superprobe elec-
tron microanalyzer of JEOL with INCA
analysis system (an accelerating voltage of
20 kV, a probe current of 4 nА). WDS analy-
ses were completed with JCXA-733 Super -
probe, too, equipped with 5 spectrometers
and with Camebax-microbeam of Cameca
with four-wave spectrometers. Measuring
conditions on Camebax-microbeam are as
follows: an accelerating voltage of 15 kV, a
probe current of 20 nА, counting time at the
peak of 10 s for main elements, at the back-
ground of 5 sec, counting time of 40 sec at
peaks for RbLa, SrLa, TaMa, CsLa, FKa, and
20 sec at the background. The following stan-
dards were used: SiKa, CaKa – wollastonite
STD 097; TiKa, MnKa – MnTiO3; ZrLa –
ZrO2; TaMa – metallic Ta; SnLa – SnO2;
FeKa – ilmenite  USNM 96189; ZnKa –
ZnO; MgKa – pyrope  USNM 143968; SrLa
– SrSO4; CsLa – Cs2Nb4O11; RbLa – Rb2

Nb4O11; KKa – microcline USNM 143966;
NaKa – jadeite; FKa – MgF2. Concen -

trations were calculated by the PAP-correc-
tion software. Analyses conditions at WDS of
JCXA-733 Superprobe were as follows: an
accelerating voltage of 15 and 20 kV, a probe
current of 20 nА; for F analysis – 10 kV and
30 nA correspondingly with defocused probe
diameter to 20 µm; counting time of 20 s at
peaks for main elements, and 10 sec at the
background; counting time of 50 sec at peaks
for RbLa, SrLa, TaMa, CsLa, SnLa, HfMa
and 20 sec at the background; counting time
of 200 sec at peaks for FKa and 100 sec at the
background. The following standards were
used: SiKa, CaKa – Cr-augite NMNH
164905; TiKa, MnKa– MnTiO3; ZrLa – zir-
con USNM 117288�3; TaMa – MnTa2O6;
SnLa – SnO2; FeKa� Fe2O3; ZnKa – ZnO;
MgKa – pyrope USNM 143968; SrLa –
SrSO4; CsLa – Cs2Nb4O11; RbLa –
Rb2Nb4O11; KKa, AlKa – microcline STD
107; NaKa – jadeite; FKa – fluor-phlogo-
pite. During carrying out of WDS analysis,
special attention was paid to the following
noise interference corrections: SiKa – SrLa,
RbLa, TaMa; ZrLb – NbLa; MnKb – NbLa.
Concentrations were calculated by ZAF-cor-
rection software for main elements and by
PAP-correction software for F. 

Description of rock 
and associated minerals

Niobokupletskite was diagnosed in sam-
ples of albitized nepheline syenite-pegmatite
(Fig. 2a–d). The rock structure is medium-
coarse-grained inequigranular, texture is
massve, partly spotted. The main minerals
are albite and nepheline, secondary (minor )
ones are aegirine and eudialyte; accessory
minerals are as follows: potassium feldspar,
sodalite, analcime, annite, zircon, badde-
leyite, elpidite, dalyite, monazite-(Се), kup -
letskite, niobokupletskite, pyrochlore, bast-
naesite-(Ce), fergusonite-(Y). 

Nepheline is represented as isometric
grains to 2 cm, without any feature of crystal
faces. Nepheline’s colour is grayish-green of
variable intensity. A lamellar intergrowth of
annite K1.01Fe2+

1.87Mn0.24Mg0.04Ti0.04Al1.85 Si2.75

O10(OH)2.00 to 0.2 mm in maximum dimension
oriented in one direction is commonly found
in nepheline, while microcline is less com-
mon. Microcline is always separated from
nepheline with a rim of analcime, more rarely
with a rim of sodalite. Myrmekite-type segre-
gations of analcime are present in а selvage
of some nepheline grains. The composition
of nepheline is shown in table 2. 
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Albite occurs as two morphological vari-
eties in the rock: white aggregates of coarse-
tabular bladed grains (to 6 mm length) with a
weak bluish hue, which compose the main
framework of the rock, and rarer light-grey
medium-fine-grained aggregates, with indi-
vidual grain dimensions from 0.2 to 0.5 mm in
maximum dimension (Fig. 2с). Coarse-blad-
ed albite occurs as polysynthetic twins on the
albite law (6–10 individuals in a twin). The
boundary between lamellar grains of albite
has a “denticulated”, wavelike character.
The majority of albite grains have running
undulatory extinction. Coarse-bladed albite
often has primary individuals orientation,
perpendicular to the boundary with a fine-
grained aggregate. Albite grains in fine-
grained aggregate often have lenticular form
with wavy boundaries; the grains are disor-
dered and twinned on the albite law, often

with wavy extinction. There are no chemical
composition differences in these albite vari-
eties – both of them correspond to pure
albite (the Ca content is below of detection
limits of microprobe analyses). 

Potassium feldspar occurs as rare sepa-
rate irregular grains with dissected bound-
aries, included in the albite aggregates, in
nepheline grains, and rarely in clinopyrox-
ene individuals. A microcline grid is present
in some potassium feldspar grains, so at least
those grains can be referred to microcline.
Probably, such a form of potassium feldspar
originated, as the relicts of an earlier host
rock potassium feldspar, which was albitized.
The formula of the potassium feldspar is
(K0.97Na0.04Ba0.01)1.02Al1.00Si2.98O8.00.

Aegirine occurs in two morphological
types in the rock. In the medium-coarse-
grained aggregate of albite, aegirine forms
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Fig. 2 Niobokupletskite and associated mine rals: a) – tabular grains of a goldish-brown niobokupletskite in the albite; width of a view
field is 7 mm; b) – general view of the albitized nepheline syenite: 1 – albite, 2 – mineral of the eudialyte group, 3 – nepheline. Sample
size is 4.5×4.5 cm; c) – view of albitized syenite in a slide section (the crossed nicols). In the left bottom quarter of a picture there is fine-
grained albite aggregate with niobokupletskite and aegirine, the other field of a picture occupies the coarse-grained aggregate of a
lamellar albite grains with аn aggregation of scales of niobokupletskite and separate aegirine crystals; view field is 5 mm; d– a view of
albitized syenite in a slide section, nicols are parallel; in the right bottom quarter of a picture there is a rosy-violet grain of mineral from
the eudialyte group. Lamellar brown grains are that of niobokupletskite, dark-green  – aegirine; view field is 7 mm.

a b

c d



prismatic black crystals to 30 mm in length
and to 5 mm in width, often orientated sub-
parallel, coinciding with albite blade elonga-
tion. In the fine-grained grey albite aggre-
gate, aegirine forms anhedral grains; their
colour is dark-green, and size from 0.03 to
1 mm. One can observe in thin sections that
the grains of such pyroxenes are irregular,
often amoeboid with jagged wavy boundaries
(Fig. 3). Very often this variety has inter-
growths with niobokupletskite. Both aegirine
varieties have similar optical properties:
colour is brownish-green of medium intensi-
ty (in oblique light, with parallel nicols), neg-
ative elongation with a small extinction
angle (C:Np = 10–18°), well noticeable, but
not clear-cut pleochroism (grass-green on
Np, brownish-green on Nm, light greenish-
brown to yellow-brown on Ng, absorption
scheme is Np>Nm>Ng). When observing in
BSE mode on the electron scanning micro-
scope, a non-homogenity on Z-number in
fine aegirine aggregations is observed, which
is caused mainly by variable zirconium
amounts in different areas (Fig. 3–5; Tab -
le 3). In large prismatic aegirine crystals
there is a readily observed zoning in crossed
nicols, caused by variability of birefraction
values in different growth zones of crystals;
in BSE mode the same zoning is more strik-
ing (Fig. 4). In some aegirine growth zones
there are numerous inclusions of an undiag-
nosed alkaline zirconоsilicate. Aegirine por-
tions immediately in contact with this
zirconоsilicate aggregate are sharply poor in
zirconium. Probably, this is explained by
more effective extraction of zirconium from
the mineral-forming environment inside the
diffusion zones of the alkaline zirconоsilicate
individuals, which are growth synchronous
with aegirine. The chemical composition of
small and coarse clinopyroxene grains is
simi lar (Table 3, 4). A specific feature of
aegirine chemistry of the rock is variable, but
high zirconium content, which changes from
one zone to the other (Table 3, 4). Zirconium
as a minor component is often listed in
clinopyroxenes, but its presence at more
than 0.n wt% ZrO2, is infrequent and general-
ly is connected with aegirine from alkaline
rocks. Thus, according to А.А. Kukharenko
et al. (1960), zirconium was found in rock-
forming pyroxenes of the Kola peninsula
alkaline rocks in amounts of 0.01–0.25 wt%
Zr; I.P. Tikhonenkov shows that aegirine
from the Gremyaha-Vyrmes massif (Kola
peninsula) contains 1.02 wt% Zr, and aegirine
from the Chavych massif fenites (E. Sayan)
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Table 2. Chemical composition (wt. %) of nepheline
(1) and sodalite (2)

Component 1 2

SiO2 42.55 36.39

Al2O3 33.93 31.41

FeO – 0.03

MnO 0.03 0.04

CaO 0.04 0.06

MgO 0.03 –

Na2O 16.00 24.73

K2O 6.92 0.10

SO3 – 0.04

Cl – 7.13

�O=Cl2 – –1.64

Total 99.49 98.29

Note: 1 – nepheline,average on 3 analyses, (Na0.75K0.21)
Al0.97Si1.03O4 (calculated on the basis of O = 4 apfu);  
2 – sodalite, average on 2 analyses, (Na7.86K0.02)7.88Al6.07

Si5.96O24Cl1.98 (calculated on the basis of O = 25 apfu).

Table 3. Chemical composition (wt. %) of a small crys-
tals of aegirine (1-6) and annite (7)

Component 1 2 3 4 5 6

SiO2 51.51 51.81 50.80 51.19 50.63 52.20

TiO2 0.36 0.00 0.37 0.00 0.51 0.00

ZrO2 1.12 0.00 2.08 0.00 2.34 0.00

Al2O3 1.94 2.35 1.27 2.07 1.34 2.04

Fe2O3 30.12 30.39 29.54 31.14 29.69 30.81

MnO 0.76 0.47 1.00 0.41 1.17 0.57

CaO 0.49 0.42 0.76 0.33 0.93 0.53

MgO 0.00 0.00 0.00 0.00 0.00 0.00

Na2O 13.1 12.85 12.82 12.98 13.41 13.87

Total 99.72* 98.29 98.64 98.12 100.02 100.02

Calculated on the basis of 4 cations              Apfu

Si+4 1.98 2.01 1.99 1.99 1.95 1.97

Al+3 0.09 0.11 0.06 0.09 0.06 0.09

Ti+4 0.01 0.00 0.01 0.00 0.01 0.00

Zr+4 0.02 0.00 0.04 0.00 0.04 0.00

Fe+3 0.87 0.89 0.87 0.91 0.86 0.88

Mn+2 0.02 0.02 0.03 0.01 0.04 0.02

Ca+2 0.02 0.02 0.03 0.01 0.04 0.02

Mg+2 0.00 0.00 0.00 0.00 0.00 0.00

Na+1 0.98 0.97 0.97 0.98 1.00 1.02

O�2 6.01 6.02 6.02 6.01 5.97 5.95

Note: Analyses 1–6 corresponds to that points at fig. 2а; 
*  – analysis sum includes 0.32 wt. % Nb2O5 (corresponds to
0.01 apfu Nb);  
** –  calculated on the basis of O = 11 apfu; 
*** –  theoretical meaning.



12 New Data on Minerals. 2012. Vol. 47

Fig. 3 Two morphological
aegirine varieties in albi -
tized nepheline syenitе: 
а – ingrowth of fine an -
hedral grains; scale marker
is 70 µm, 1–6 – analyses
numbers (table 3); 
b – large crystal; scale mar -
ker is 800 µm. 
Black – albite. 
COMPO-mode image.

Fig. 4. Fragment of a zoned aegirine crystal: a – an oblique light image (the crossed nicols); b – the same fragment in the COMPO-
mode image; с – detalization of a zoned area of the same crystal, COMPO-mode image; figures corresponds to analyses numbers in
table 4; light areas – non-diagnosed alkaline zircono-silicates.

Fig. 5. A zoned
crystal of Zr-bea -
ring aegirine
among albite and
eudialyte mineral
group. COMPO-
mode image (the
upper left figure)
and X-Ray distrib-
ution maps of the
pointed elements.

a b

a b c



contains 0.53 wt% ZrO2 (Geoche mis try…,
1964). Increased values of zirconium have
been discovered in aegirine from nepheline
syenites and syenites of Greenland (wt%
ZrO2): 0.15–1.18 for sectorial-zoned aegirine
from Ilimaussaq (Shearer & Larsen, 1994);
0.39–6.96 for aegirine from Motzfeldt (Jones
& Peckett, 1980), to 2.93 for the Gardiner
complex aegirine (Nielsen, 1979). Enhanced
amounts of zirconium are determined, too
(wt% ZrO2): in aegi rines from the Los
Archipelago nepheline syenites (Guinea) to
1.73 (Moreau et al., 1996), in aegirines of the
Saint-Hilaire alkaline pegmatite massif
(Canada) – to 3.38 (Piilonen et al., 1998), in
teschenites and nepheline syenites of the
Cnoc Rhaonastil dolerite intrusion (Scot -
land) – to 5.3 (Preston et al., 2000), in
aegirine-augites of the Bukhovsky massif of
potassium monzonites and granosyenites
(Bulgaria) – to 0.83 (Dyulgerov, Platevoet,
2006). The most zirconium-rich pyroxenes
(aegi rines, to 14.30 wt% ZrO2) were found in
subalkaline trachytes and comendites War -
rum bungle Volcano, Central New South Wa -

les, Australia (Duggan, 1988). Among the
reasons that result in pyroxene enrichment
with zirconium, there are a combination of
several factors, among which the main is the
increased concentration of alkaline ele-
ments. By experimental results, in a strongly
alkaline environment [6]�coordination of Zr
is preferable, which leads to crystallization of
numerous zirconоsilicates, as well as other
Zr-bearing phases, in which zirconium occu-
pies an octahedral position (for example,
pyroxene and amphibole groups) (Jones &
Peckett, 1980, Linthout, 1984; Duggan, 1988,
Farges et al., 1994; Piilonen et al., 1998);
while phases with higher zirconium coordi-
nation (for example, [7]Zr in baddeleyite and
[8]Zr in zircon), are less stable under those
conditions. The other important factor is low
oxygen fugacity, which is expressed in an
increased  Fe+2/Fe+3 ratio in the mineral-
forming environment. This permits the sub-
stitution mechanism (Fe+2, Mg+2) + Zr+4 Ы
2Fe+3,  and finally for Zr+4 to enter into the
octahedral positions of pyroxenes or amphi-
boles (Duggan, 1988, Farges et al., 1994).
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Table 4. Chemical composition (wt. %) of a large zoned aegirine crystals

Compo- Analyses corresponds to points at figure 4b Analyses corresponds to  
nents points at figure 4c

1 2 3 4 5 6 7 8 9 10 12 13 2 3 4 5 6

SiO2 51.61 52.58 51.91 51.21 51.10 51.45 51.88 52.05 51.64 52.28 51.82 51.94 52.25 51.07 51.92 52.25 51.19

TiO2 0.57 0.75 0.55 0.33 0.54 0.44 0.38 0.35 0.32 0.23 0.49 1.45 0.34 0.55 0.37 0.38 0.59

ZrO2 1.90 1.01 2.38 2.07 2.59 2.31 0.87 0.97 1.63 0.00 0.00 1.34 0.00 3.91 1.23 0.44 1.98

Al2O3 1.43 2.20 1.33 1.47 1.22 1.51 2.34 1.78 1.07 1.39 0.93 2.45 1.18 1.27 1.68 3.23 1.26

Fe2O3 29.71 29.68 28.89 29.93 28.49 29.48 30.03 30.60 29.91 31.44 31.42 27.56 31.05 27.68 29.95 28.93 29.19

MnO 1.20 0.68 1.35 1.12 1.29 1.23 0.77 0.96 1.13 0.69 0.82 1.30 1.01 1.65 0.81 0.80 1.32

CaO 1.13 0.61 0.99 0.96 1.06 0.95 0.61 0.76 1.21 0.89 1.05 1.00 1.23 1.61 0.64 0.53 0.88

MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Na2O 12.80 13.01 12.51 11.89 12.90 12.99 12.77 12.75 12.91 12.98 12.81 12.87 12.26 12.28 13.23 13.01 12.73

Total 100.35 100.52 99.91 98.98 99.19 100.36 99.65 100.22 99.82 99.90 99.34 99.91 99.32 100.02 99.83 99.57 99.14

Calculated on the basis of 4 cations

Si+4 1.98 2.00 2.01 2.01 1.99 1.98 2.00 2.00 1.99 2.00 2.00 1.99 2.03 1.99 1.99 1.99 1.99

Al+3 0.06 0.10 0.06 0.07 0.06 0.07 0.11 0.08 0.05 0.06 0.04 0.11 0.05 0.06 0.08 0.15 0.06

Ti+4 0.02 0.02 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.04 0.01 0.02 0.01 0.01 0.02

Zr+4 0.04 0.02 0.04 0.04 0.05 0.04 0.02 0.02 0.03 0.00 0.00 0.03 0.00 0.07 0.02 0.01 0.04

Fe+3 0.86 0.85 0.84 0.89 0.83 0.85 0.87 0.88 0.87 0.91 0.91 0.79 0.91 0.81 0.86 0.83 0.85

Mn+2 0.04 0.02 0.04 0.04 0.04 0.04 0.03 0.03 0.04 0.02 0.03 0.04 0.03 0.05 0.03 0.03 0.04

Ca+2 0.05 0.02 0.04 0.04 0.04 0.04 0.03 0.03 0.05 0.04 0.04 0.04 0.05 0.07 0.03 0.02 0.04

Mg+2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Na+ 0.95 0.96 0.94 0.91 0.97 0.97 0.95 0.95 0.97 0.96 0.96 0.96 0.92 0.93 0.98 0.96 0.96

O�2 6.02 6.04 6.06 6.09 6.01 6.01 6.04 6.04 6.01 6.01 6.02 6.03 6.06 6.05 6.00 6.02 6.03

Notes – there and lower “0.00” – amounts less then detection limits.



Zircon mainly occurs as anhedral grains
from 2 to 500 µm (Fig. 6a). There are zircon gra -
ins confined to boundaries between niobo kup -
letskite grains (Fig. 6b). In some zircon grains
there are more dark fields, observed in BSE
mode with low analyses totals (93–96 wt%),
but they are calculated quite satisfactorily as
zircon; this may be connected, possibly with
incomplete metamictization and hydration of
the mineral. A zircon-aegirine graphic inter-
growth rarely has been encountered, too
(Fig. 6c). The chemical composition of zircon is
given in Table 5 and is calculated as the formu-
la (Zr0.99Y0.01Fe0.01)Si0.99O4 (O = 4 apfu).

A mineral from the eudialyte group occurs
as separate anhedral grains from 0.5 mm to
12 mm in size (Fig. 2d, 7h). The eudialyte
colour is variable from light-yellow to deep
red-violet even within a single grain. Mac -
roscopically yellow fields are colorless in
thin section, while violet ones have a clear-
cut pleochroism from light-yellow on Ng to
violet-rosy on Np. The chemical composition
of the mineral is given in Table 6. The mine -
ral may formally be the Mn-analogue of
georgbar sanovite (with Mn > Fe in Fe-posi-
tion) with the ideal formula Na11(Mn,REE)3

Ca6Mn3Zr3NbSi25O76(OH,Cl)2 [possibly xH2O].
on the basis of chemical composition аnd IR-
spectra interpretation (interpretation was

kindly carried out by I.V. Pekov on our
request). Grains of this mine ral are often
filled with a rich intergrowths of aegirine, zir-
con, elpidite and dalyite (Fig. 7g).

Baddeleyite forms separate, often skeletal
crystals, and twinned growths (Fig. 6e). Over -
growth of baddeleyite with zircon is sometimes
observed (Fig. 6f). The baddeleyite composi-
tion is given in table 5; it is calculated at the for-
mula (Zr0.96Nb0.02Fe0.01)0.99O2 (O = 2 apfu).

Pyrochlore is a characteristic accessory
mineral of the described rock, where it
occurs in several forms. The first one – well
formed tiny (to 20 µm) octahedral crystals,
which form cloudy clustered aggregates in
the rock (Fig. 7a). It is interesting, that such
clusters have no connection with boundaries
of the rock-forming minerals and can cut
across several albite and aegirine grains.
Probably, such clusters are pseudomorph-
phantoms of an unidentified niobium mine ral
that disappeared as a result of the albitiza-
tion process. Another morphological variety
of pyrochlore is tiny (0.5–5 µm) anhedral
grains, which often form as fine inclusions in
aegirine and elpiditе on boundaries with the
eudialyte mineral. The next variety of
pyrochlore is zoned imperfect crystals and
growths, often within niobokupletskite and
aegirine aggregates (Fig. 7c–e, Table 6).
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Fig. 6. Zircon and baddeleyite in association with niobokupletskite (COMPO- images mode): a – grain zircon (light-grey) among
eudialyte mineral (grey) and aegirine (dark-grey), small white grains in zircon is pyrochlore; b – zircon (white) in the interstitions
between zoned niobokupletskite crystals; black – albite; c – graphical ingrowths of zircon (light) with aegirine (dark); d – nioboku-
pletskite (Nbk) in association with: Alb – albite, Prx clinopyroxene (aegirine), Zrc – zircon, Fr – fergusonite-(Y), Bs – bastnaesite.
Scale bar is 200 µm; e – twin ingrowth of baddeleyite (light) with annite (grey) and albite (black); f – baddeleyite (light-grey) with a
zircon rim with annite (dark-grey) in albitе (black).

a b c
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Besides, there are cases of niobokupletskite
replacement with pyrochlore (Fig. 7b).

Elpidite occurs in intergrowth with eudi-
alite. The type of intergrowth testifies,
probab ly, to the simultaneous crystallization
of elpidite and eudialite. The elpidite chemi-
cal composition is given in table 5 and is cal-
culated to be (Na1.95K0.01)1.96(Zr1.00Hf0.02 Ti0.01)1.03

Si5.99O15 ·3H2O (O = 15 apfu).
Dalyite occurs as grains to 20–150 µm,

often inside elpidite grains within eudialitе
(Fig. 7g). Dalyite has an intense bluish lumi-
nescence under the electron beam, which is
make its diagnostics easy. The chemical com-
position of the mineral is given in tablе 5; its
formula is (K1.92Na0.02)1.94(Zr0.99Hf0.01Ti0.01)1.01

Si6.01O15 (O = 15 apfu).
Bastnaesite-(Ce) forms xenomorphic ag -

gregates relative to niobokupletskite and
aegirine, in sizes to 150 µm (Fig. 7f). The
composition of the mineral is calculated to
the formula (Ce0.54La0.30Nd0.11Pr0.04)0.99 (СO3)F1.00.

Fergusonite-(Y) (Y0.56Nd0.10Dy0.06Ce0.05Gd0.04

Er0.04Sm0.03Pr0.02Yb0.02Mn0.01Fe0.01Sc0.01Ho0.01Pb0.01

Th0.01)0.98(Nb0.98Si0.02W0.01)1.01O4 and mona zi -
te-(Ce) (Ce0.58La0.18Nd0.18Pr0.06Sm0.02)1.02(P0.97

Si0.03)1.00O4 were met as single grains less than
100 µm (Fig. 6d).

Niobokupletskite description

Niobokupletskite occurs in the rock as la -
mel lar crystals and grain ingrowths to
1.5 mm in size. The color of the mineral is
goldish-brown. Cleavage is micaceous, per-
fect in one direction on (001) in P.G. Wo -
odrow orientation (Woodrow, 1967), but
cleavage flakes are brittle. The luster is vitre-
ous, and is especially strong on a cleavage
plane. Elongation is negative in contrast to
astrophyllite and kupletskite (Yakov lev -
skaya, 1969), extinction angle is variable rela-
tive to the cleavage plane (001) even within a
grain, from 5° to 30°. The optical axes plane is
practically perpendicular to the plane of per-
fect cleavage (001). Pleochroism is distinct,
reddish brown on Ng, light brown on Nm, Np.
The absoption scheme is Ng> Nm> Np. 2V
angle measured by Fyodorov stage (at
589 nm) is -70(5)°. In the crystals of nioboku-
pletskite there is a clearly exposed complex
zoning (Fig. 8–9), well observed thanks to
different interference colours of variable
zones, and distinct extinction angles; the dif-
ference in refractive indices of variable zones
is readily observed in parallel nicols. It is nec-
essary to mention, that optical investigation of
the mine ral is complicated by a strong disper-
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Table 5. Chemical composition (wt. %) of a zoned crys-
tals of uranium-bearing pyrochlore (1, 2) and
eudialite group mineral (3, 4)

Component 1 2 3 4 5

SiO2 62.86 59.25 31.76 32.42 –

Nb2O5 – – – – 2.53

TiO2 0.08 0.07 0.00 0.09 –

ZrO2 21.14 20.29 64.53 66.83 96.09

HfO2 0.46 0.54 0.24 0.38 0.33

ThO2 – – 0.28 0.05 0.66

UO2 – – 0.24 0.00 –

Y2O3 – – 0.77 0.00 –

CaO 0.02 0.00 – – –

FeO – – 0.33 0.10 0.34

K2O 15.72 0.06 – – –

Na2O 0.08 9.91 – – –

H2O – 8.91* – – –

Total 100.36 99.03 98.17 99.87 99.96

Notes: More light (3) and dark (4)  areas in the COMPO mode.

Table 6. Chemical composition (wt. %) of dalyite (1),
elpidite (2), zircon (3-4) and baddelyite (5)

Component 1 2 3 4

Nb2O5 48.64 50.15 2.73 2.19

Ta2O5 6.67 8.79 – –

UO2 12.18 3.43 – –

TiO2 3.09 3.25 – –

ZrO2 1.29 2.45 10.64 10.60

SiO2 2.79 1.14 44.65 44.48

Y2O3 0.39 0.55 1.03 1.16

La2O3 1.10 1.91 1.59 1.17

Ce2O3 2.20 4.05 3.12 2.57

Pr2O3 0.00 0.00 0.00 0.54

Nd2O3 0.43 1.23 0.51 0.77

Sm2O3 0.10 0.24 0.12 0.00

FeO 0.39 0.35 0.83 0.48

MnO 0.30 0.46 10.30 9.07

CaO 9.27 10.21 8.98 9.28

SrO 1.48 1.43 – –

Na2O 6.10 6.38 9.49 10.04

K2O – – 0.45 0.50

Cl – – 0.50 0.30

�O=Cl2 �0.12 �0.07

Total 96.42 96.02 94.82 93.08

1 – dalyite, average on 7 analyses; 2 – elpidite from albitite with
niobokupletskite (grains to 100 µm in eudialite); 3, 4 – zircon: 
3– small grains; 4 – that from fig. 6a; 5 – baddelyite; “–” –
Component not analysed; * – H2O calculated from stechiometry.



sion (r > n), in many growth zones of the mi -
neral the extinction position is not clearly
observed even in Na-lamp light, it is poorly
discerned with an interference light filter (589
nm) and can not be fixed with good accuracy
in white light. Many of the niobokupletskite
crystals indeed are hardly recognizable twins.
Ref ractive indices of the mineral were estimat-
ed with a large uncertainity, since the thick-
ness of separate growth zones in nio bo kup -
letskite individuals, which differ in their
refractive indices, are too small for investiga-

tion. Averaged on several growth zones,
refractive indices are as follows: np =
1.716(3), nm = 1.736(5). These are somewhat
higher than those for the Lovozero massif
kupletskite (np = 1.656, nm = 1.699 (Semy o -
nov, 1956) and are similar to those from Mont
Saint-Hilaire (Quebec, Canada) niobokuplet-
skite (np = 1.718(1), nm = 1.733(1)) (Piilonen
et al., 2000). Nio bokupletskite from Kyrgyz -
stan gives X-ray powder diffraction typical to
that of the astrophyllite mineral group
(Table 7).
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Fig. 7. Accessory minerals in associa-
tion with niobokupletskite: 
a – congestions of octahedron crystals
of pyrochlore in albite; view field is
300µm; transmitted light, nicols are
crossed; 
b – grain of pyrochlore (light), devel-
oped on the niobokupletskite; 
c – grains of the uranium-bearing
pyrochlore in niobokupletskite; 
d – grain оf pyrochlore with zonality,
caused by variations in U; core is more
enriched with uranium (fragment of the
previous figure); 
e – monazite-(Ce) (white grain) with
pyrochlore (grey zoned crystals) in
albite (black); 
f – bastnaesite-(Ce) (white) in associa-
tion with niobokupletskite (grey); dark-
grey – aegirine, black – albite; 
g – dayleite (grey) grains, engaged
into elpidite (dark-grey) in the eudia-
lyte group minerals (light-grey); 
h – eudialyte group mineral (light-
grey) with elpidite (dark-grey aggre-
gates in eudialyte mineral), aegirine
(large dark-grey crystals), albite
(black); 
view field is 1.1 mm; 
b –h – COMPO-mode images.

a b

c d

e f

g h



Results of chemical composition analyses
(Table 8, 9) and X-ray maps of the element
distribution (Fig. 9) reveal the compositional
variations in the niobokupletskite. Accor -
ding to the data, non-essential variations in
Fe/Mn ratio are observed, while variability in
Ta, Nb, Zr is strong without any trend from
lower crystal growth zones to the subse-
quent. The most contrast is in the areas
enriched with tantalum (they appear bright-
est in BSE mode). As a rule, a zone has jagged
boundaries on the crystal’s core side, while
straight and rectilinear on the external rim
side (Fig. 9). Probably, crystallization of
high-tantalum niobokupletskite has preced-
ed a crystal’s partial dissolution, which was
exposed on different crystal faces in varying
degrees. A zone of niobokupletskite with a
high tantalum content, has changed sharply
to tantalum-poor niobokupletskite, after
which the component amounts in later
growth zones can increase once again.
Besides variable niobokupletskite composi-
tion in growth zones, there is a well exposed
sectoriality, caused by differences in compo-
sition of different pyramidal growth faces,
sometimes complicated by twinning.

The main influence on image contrast is
caused by the variable amount of tantalum
аnd niobium (Fig. 9). Despite a fine complex
zonality and variability of the niobium
amount from zone to zone, niobium remains
a dominant element in the D position in the
majority of the analysed parts of the mineral.

Only a single rare irregular area, darker in
the BSE mode, in the central cores of individ-
ual crystals with Ti>Nb (apfu) was encoun-
tered; its composition corresponds to that of
kupletskite.

The average composition of niobokuplet-
skite from the Matchinsky massif in compar-
ison to that of niobokupletskite from other
deposits is given in table 8.

Before looking at the mineral’s chemical
composition variations and the occupation of
positions in the mineral’s structure (accord-
ing to calculated crystal-chemical formula),
it is necessary to note, that the mineral’s for-
mula can be calculated by several ways, on
which the result of the calculations depends.
Here we have calculated the niobokuplet-
skite formula at Si+Al = 8 apfu, taking into
account, that aluminum and silicon occupy
only the tetrahedral position, while calcula-
tion on a fixed anion number is less succesful
in our case, since the Fe2+/Fe3+ ratio, as well
as the amount of Li in the mineral, are
unknown.

The sum of A site cations in the average
analysis 1.86 apfu; in local analyses it is
varies from 1.77 to 2.02. More than 80% of the
site is occupied by K, the remainder – by Rb,
Cs, and Na. Rubidium is easy detectable and
measurable with an interference correction
from silicon in all analysed points when
using of WDS, but it can be masked or incor-
rectly measured when using EDS analysis.
So, rubidium is absent in the results table of
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Fig. 8. Zoned niobokuplet-
skite crystals: 
a, b, d – COMPO-mode
images; 
с– transmitted light image,
crossed nicols. 
Scale bar at Fig. d is 300µm. 

a b

c d



niobokupletskite analyses that were carried
out with the EDS technique. The deficiency
of cations in this position can be attributed to
several reasons: analytical errors, presence of
vacancies and, possibly, occupation by Li, as
in nalivkinite (Agakhanov et al., 2008) or pos-
sibly by H+ (Morgunova et al.,2000).

The B site is occupied from 0.89 to 1.14
apfu (in averaged analysis – 1.00 apfu). This
position is almost fully occupied with Na,
with about a 2% share to Ca. Lets note, that in
the astrophyllite group minerals of the Darai-
Pioz massif there are compositions with
Ca>Na (apfu) (Morgunova et al., 2000; Pe -
kov, 2005). The octahedral C site in nioboku-
pletskite from the Matchinsky massif is occu-
pied mainly by Mn; this allows that mineral
to be assinged to the kupletskite sub-group.
In fig. 10 there is a correlation between the
amount (apfu) of Mn and (Fe+Mg), which
demonstrates two compositional fields, dif-
fering in Mn content. In the studied nioboku-
pletskite samples there are separate crystals
with distinctly different manganese contents,
but within individual crystals the Mn/Fe-
ratio is not variable enough in different
growth zones to show any consistent increase
of Mn from the early growth zones of the
mineral to the later.

Zinc is a typical trace element in nioboku-
pletskite from Kyrgyzstan, but its amount is
lower than that in niobokupletskite from
Mont Saint-Hilaire and the Oktyabrsky mas-
sif (Table 8). High Zn contents (4.00 wt%
ZnO) were found in cesium-kupletskite from
Darai-Pioz (Pekov, 2005). Possibly, there is a
wide isomorphism between (Mn, Fe) and Zn
in the astrophyllite mineral group, and the
discovery of Zn-dominant representatives of
this group may be possible. Magnesium has
consistent amounts (0.11–0.15 apfu) in the
Matchinsky niobokupletskite. 

There is wide isomorphism in the octahe-
dral D site between Ti, Nb, Zr, Ta and Sn in
the astrophyllite mineral group (Semyonov,
1956; 1972; Pekov, 2005; Stepanov et al.,
2008; Nickel et al., 1964; Piilonen, Lalonde,
2000; Camara et al., 2010, etc.). Niobokup -
letskite from the Matchin sky massif is low-
grade with respect to Nb than the mineral
from Mont Saint-Hilaire, but has a greater
Nb content than niobokupletskite from the
Oktyabr’sky massif (Table 8). Niobium varia-
tions are observed not only in growth zones;
there is also sectoriality in Nb distribution
(Fig. 9). There is an inverse correlation
between Ti and (Nb+Zr+Ta+Sn) (Fig. 10f),
which confirms their occupancies of a single
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Table 7. X-ray powder-diffraction data of niobokuplet-
skite

Matchinsky  Mont Saint�Hilaire (Piilonen et al., 2000)

massif

I d, Å I d, Å hkl

10 10.35 100 10.707 001

010

1 9.83 <5 9.883 0�11, 0�12

2 5.81 5 5.840 0�21

1 5.29

4 4.39 20 4.405 �1�11, 1�20, 101, 1�21

1 4.07

1 3.78 5 3.816 �121, 1�12, 0�23

1 3.61

10 3.53 50 3.536 003,111

2 3.31 20 3.294 �1�13, 0�33

1 3.12 <5 3.147 022

<5 3.108 �122, �1�23

1 3.05 <5 3.047 1�23, 013, �131

1 2.97 <5 2.988 031

1 2.90 5 2.887 1�33, 0�14, 112

1 2.81 <5 2.824 1�41, �1�32

8 2.79 40 2.793 �1�31, 1�42

1 2.69 30 2.677 �211, �1�14, 004

1 2.64

1 2.58 40 2.587 130, 1�43

1 2.51 20 2.503 �212

1 2.41 10 2.409 �141, �1�34

10 2.322 2�12

1 2.308 10 2.308 131, 1�44

1 2.258 <5 2.254 0��51, �213

1 2.190 <5 2.222 2�41, �2�22, �2�21

3 2.136 5 2.130 �142, 005

5 2.118 140, �1�35

1 2.080 <5 2.056 2�13

1 2.040 <5 2.023 132,1�45

1 1.983 <5 1.995 �151, �214, �2�32

1 1.932 <5 1.933 015, 0�63, 133

3 1.767 5 1.769 1�46, 2�62, 3�30

1 1.750 <5 1.751 �215

2 1.657 5 1.660 0�73

2 1.628 <5 1.633 �144, �1�27, 240, �1�37, �2�45

2 1.597 5 1.589 3��51, �3�22

<5 1.575 �2��53, 2�72, 3��50, �3�23

Note: * – photo-method; analyst L.A. Pautov. 
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Table 8 . Chemical composition (wt%) of niobokupletskite

Component Matchinsky massif Mont Saint�Hilaire (Piilonen et al., 2000) Oktyabrsky
Type 1 Type 2 Type 3 massif, 

Average on Average on (Sharygin, 
33 analyses min max 3 analyses min max 2009)***

SiO2 32.54 30.64 33.94 31.85 31.80 31.93 32.06 31.86 34.14
Al2O3 1.49 0.68 1.79 1.14 1.02 1.21 1.18 1.69 1.60
TiO2 2.12 1.34 3.73 1.34 1.12 1.65 1.63 1.67 3.42
ZrO2 3.89 2.75 6.42 3.43 2.84 4.23 4.80 3.56 4.63
Nb2O5 9.45 7.05 11.56 12.13 11.54 12.84 10.64 11.40 7.65
Ta2O5 2.35 0.64 5.29 0.63 0.44 0.74 0.48 0.25 0.14
SnO2 0.22 0.00 0.59 – – – – – –
HfO2 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 –
MnO 21.02 18.59 25.41 26.37 26.11 26.61 26.60 30.13 27.90
FeO 13.67 9.18 16.65 2.64 2.55 2.73 7.44 3.71 0.35
ZnO 0.04 0.00 0.11 4.08 3.65 4.31 0.25 0.00 6.14
CaO 0.07 0.02 0.33 0.00 0.00 0.00 0.10 0.03 0.19
MgO 0.37 0.18 0.62 0.15 0.13 0.18 0.18 0.43 0.60
SrO 0.06 0.00 0.53 0.00 0.00 0.00 0.04 0.00 0.01
Cs2O 0.14 0.03 0.29 0.12 0.10 0.13 0.00 0.00 0.06
Rb2O 0.30 0.13 0.61 0.82 0.81 0.84 0.66 0.91 1.89
K2O 5.93 5.71 6.29 5.97 5.92 6.03 6.04 5.76 5.27
Na2O 2.26 1.73 2.98 2.62 2.49 2.69 2.34 2.66 2.96
F 0.33 0.18 0.52 0.14 0.00 0.43 0.34 0.29 1.11
H2O* 2.58 2.49 2.51 2.54 2.71
�O=F2 �0.14 �0.06 �0.14 �0.12 �0.47
Total 98.69 95.86 97.19 96.77 100.30

Calculated on the basis of (Si + Al) = 8 apfu
Si 7.59 7.68 7.67 7.53 7.58
Al 0.41 0.32 0.33 0.47 0.42
е T 8.00 8.00 8.00 8.00 8.00

Ti 0.37 0.24 0.29 0.30 0.57
Zr 0.44 0.40 0.56 0.41 0.50
Nb 1.00 1.32 1.15 1.22 0.77
Ta 0.15 0.04 0.03 0.02 0.01
Sn 0.02
е D 1.98 2.00 2.03 1.95 1.85

Na – 0.22 0.0 0.0 –
Mn+2 4.15 5.38 5.39 6.03 5.25
Fe+2 2.67 0.53 1.49 0.73 0.06
Zn 0.02 0.73 0.04 0.00 1.01
Mg 0.13 0.05 0.06 0.15 0.20
е C 6.97 6.91 6.99 7.00 6.52

Na 0.98 1.00 1.09 1.22 0.95
Ca 0.02 0.00 0.03 0.01 0.05
е B 1.00 1.00 1.07 1.18 1.00

Na 0.04 0.00 0.00 0.00 0.32
Sr 0.01 0.00 0.01 0.00
Cs 0.01 0.01 0.00 0.00 0.01
Rb 0.04 0.13 0.10 0.14 0.27
K 1.76 1.84 1.84 1.74 1.49
е A 1.86 1.98 2.01 2.08 2.09

F 0.24 0.11 0.26 0.22 0.78
O** 26.67 26.76 26.88 26.66 25.65
OH 4.00 4.00 4.00 4.00 4.00 4.00 4.00
е cations 19.81 19.89 20.10 20.21 19.48

е anions 30.82 30.86 31.16 30.85 30.36

Matchinsky massif – our data; analyst L.A. Pautov; notes: * H2O – calculation on stechiometry; ** О – calculation on charge balance; ***
– analysis sum includes (wt%): Ce2O3 – 0.19 (corresponds to Се+3 = 0.02 apfu in the formula); BaO – 0.01; Li2O – 0.01; 0.00 – amounts
lower then detection limits,  “–” – component not analysed. 
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Table 9. Chemical composition of niobokupletskite (wt%) in points, shown on figure 9b

Component 1 2 3 4 5 6 7 8 9 10 11 12 13

SiO2 33.35 32.88 33.83 31.34 32.55 32.84 33.01 32.63 32.22 32.34 32.75 32.17 32.5

Al2O3 1.03 1.00 0.96 1.43 1.40 1.02 1.23 1.71 1.62 1.66 1.59 1.61 1.15

Nb2O5 7.92 7.97 8.17 9.60 8.74 7.99 7.51 9.93 9.32 9.78 9.77 9.41 7.81

Ta2O5 1.23 1.79 1.16 3.48 5.29 1.55 1.03 2.80 2.43 2.29 2.19 2.33 2.46

TiO2 3.24 2.66 3.56 2.01 1.98 2.68 2.92 1.87 1.83 1.86 1.87 1.66 2.67

ZrO2 4.25 4.43 3.85 3.16 2.78 4.28 5.00 4.16 3.84 3.72 4.10 3.53 4.25

FeO 16.26 15.89 16.49 15.97 15.53 16.26 16.65 16.34 16.21 16.21 16.47 16.28 16.38

MnO 18.92 19.06 18.86 18.72 19.05 18.90 18.59 19.14 18.67 19.29 19.35 18.87 19.22

ZnO 0.06 0.00 0.06 0.08 0.00 0.00 0.07 0.03 0.07 0.07 0.03 0.04 0.00

CaO 0.10 0.00 0.09 0.04 0.00 0.00 0.13 0.06 0.04 0.03 0.05 0.02 0.00

MgO 0.38 0.42 0.38 0.35 0.44 0.41 0.4 0.33 0.36 0.32 0.32 0.37 0.00

K2O 5.96 6.12 6.16 6.23 5.82 5.92 6.14 6.15 6.29 5.71 6.09 6.14 5.88

Na2O 2.51 2.48 2.98 2.45 2.52 2.13 2.68 2.74 2.47 2.69 2.52 2.34 2.25

Cs2O 0.15 0.00 0.10 0.12 0.35 0.00 0.13 0.13 0.14 0.13 0.10 0.13 0.00

Rb2O 0.48 0.00 0.47 0.51 0.00 0.00 0.49 0.56 0.55 0.56 0.55 0.56 0.00

F 0.44 0.52 0.47 0.33 0.33 0.47 0.44 0.50 0.46 0.47 0.38 0.38 0.40

H2O* 2.60 2.56 2.63 2.48 2.57 2.56 2.59 2.60 2.56 2.58 2.60 2.56 2.54

�O=F2 �0.18 �0.22 �0.20 �0.14 �0.14 �0.20 �0.18 �0.21 �0.19 �0.20 �0.16 �0.16 �0.17

Total 98.70 97.56 100.02 98.16 99.21 96.81 98.83 101.47 98.89 99.51 100.57 98.24 97.34

Calculated on the basis of (Si + Al) = 8 apfu

Si 7.72 7.72 7.74 7.59 7.61 7.72 7.66 7.53 7.55 7.54 7.57 7.55 7.68

Al 0.28 0.28 0.26 0.41 0.39 0.28 0.34 0.47 0.45 0.46 0.43 0.45 0.32

е T 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00

K 1.76 1.83 1.80 1.93 1.74 1.77 1.82 1.81 1.88 1.7 1.8 1.84 1.77

Rb 0.07 0.00 0.07 0.08 0.00 0.00 0.07 0.08 0.08 0.08 0.08 0.08 0.00

Cs 0.01 0.00 0.01 0.01 0.03 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00

Na 0.15 0.13 0.12 0.00 0.10 0.00 0.1 0.1 0.03 0.21 0.11 0.07 0.03

е A 1.99 1.96 2.00 2.02 1.87 1.77 2.00 2.00 2.00 2.00 2.00 2.00 1.80

Na 0.98 1.00 1.16 1.15 1.00 0.97 1.11 1.13 1.09 1.01 1.02 1.00 1.00

Ca 0.02 0.00 0.02 0.01 0.00 0.00 0.03 0.01 0.01 0.01 0.01 0.01 0.00

е B 1.00 1.00 1.18 1.16 1.00 0.97 1.14 1.14 1.10 1.02 1.03 1.01 1.00

Mn+2 3.71 3.79 3.66 3.84 3.77 3.76 3.66 3.74 3.71 3.81 3.79 3.75 3.85

#Fe+2 3.15 3.12 3.16 3.24 3.04 3.20 3.23 3.16 3.18 3.16 3.18 3.20 3.24

Mg 0.13 0.15 0.13 0.13 0.15 0.14 0.14 0.11 0.13 0.11 0.11 0.13 0.00

Zn 0.01 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00

Na 0.00 0.00 0.04 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

е C 7.00 7.06 7.00 7.22 7.00 7.10 7.04 7.02 7.03 7.09 7.09 7.09 7.09

Ta 0.08 0.11 0.07 0.23 0.34 0.10 0.07 0.18 0.15 0.15 0.14 0.15 0.16

Nb 0.83 0.85 0.85 1.05 0.92 0.85 0.79 1.04 0.99 1.03 1.02 1.00 0.83

Zr 0.48 0.51 0.43 0.37 0.32 0.49 0.57 0.47 0.44 0.42 0.46 0.40 0.49

Ti 0.56 0.47 0.61 0.37 0.35 0.47 0.51 0.32 0.32 0.33 0.32 0.29 0.47

е D 1.95 1.94 1.96 2.02 1.93 1.91 1.94 2.01 1.90 1.93 1.94 1.84 1.95

F� 0.32 0.39 0.34 0.25 0.24 0.35 0.32 0.37 0.34 0.35 0.28 0.28 0.30

O** 26.56 26.57 26.65 27.17 26.60 26.46 26.59 26.80 26.57 26.65 26.72 26.50 26.59

OH 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00

еcations 19.94 19.96 20.13 20.42 19.81 19.76 20.11 20.17 20.04 20.04 20.06 19.94 19.84

е anions 30.88 30.96 30.99 31.42 30.84 30.81 30.91 31.17 30.91 31.00 31.00 30.78 30.89

Notes: * – H2O  –  calculation on stechiometry; ** О  –  calculation on charge balance; ”– “ – amounts lower then detection limits.



site of the structure. Niobokupletskite from
Kyrgyzstan differs from other astrophyllite
group minerals in having the greatest tanta-
lum contents (ave rage – 2.35 wt%, maximal
– 5.29 wt% Ta2O5), with clear-cut zonality in

its distribution (Fig. 9). It is remarkable, that
in pyrochlore in association with niobokuplet-
skite, the Nb/Ta ra tio is 12 (at.%), which is
higher than that in niobokupletskite (average
Nb/Ta = 7, extre me value of Nb/Ta = 3). So
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Fig. 9. A zoned
niobokupletskite
crystal: 
а – transmitted
light image, crossed
nicols; 
b –  COMPO-mode
image; 
figures designate
numbers of analy-
ses (table  9); 
с – d – the detailed
image of a zone site
of a crystal: 
с – COMPO-mode
image; 
d – distribution
maps in characte -
ristic x-ray radia-
tion of the specified
elements.

a b c

Fig. 10. Correlation graphs of the niobokupletskite compositions (apfu): а – Al versus (Nb+Ta); b – Mn versus (Fe+Mg); c – Nb ver-
sus Mn; d – Ta versus Nb; e – Zr versus Nb; f – Ti versus (Nb+Zr+Ta+Sn).

a b

d e

c

f



in our case tantalum is preferentially concen-
trated in hetero-phyllosilicates rather than in
oxide phases. The accident is unique, since
hetero-phyllosilicates usually are sharply
impoverished with tantalum relative to niobi-
um, while the py rochlore mineral group, in
contrast, shows an expressed affinity for Ta
because of equidistant (Ta,Nb)-octahedrons:
in the hetero-phyllosilicates structures those
octahedrons are distorted with generation of
D-O linkages of unequal length, which
assists the entry of Nb and Ti, but not Ta
(Pyatenko et al., 1999). For examp le, in the
high-agpaite pegmatites of the Khibiny and
Lovozero massives (Kola peninsula), the
higest Ta amounts (>1 wt% Ta2O5) were
found in pyrochlore, while the concentration
of this element in silicates (even those
enriched with niobium) and in other oxides,
including not only aeschynite, but loparite (a
Nb and Ta economic mineral of the Lovozero
rare-metal ores) as well, is one order less
(Pekov, 2005). It is possible that niobokuplet-
skite from the Matchinsky massif is endowed
with distinctive structural characteristics (D-
polyhedra geometry?), which promote the
accumulation of tantalum.

Variation diagrams show, (Fig. 10a–f)
that there is no any clear relationship
between Nb and Ta, Nb and Zr in nioboku-
pletskitе from Kyrgyzstan; as well, a correla-
tion between Mn and Nb, which has been
repeatedly described in literature, is absent
here. 

Anomalously elevated tantalum contents
in niobokupletskite are of practical impor-
tance, so this quite rare mineral, together
with pyrochlore, can be considered as one of
the non-traditional concentrators not only of
niobium, but of tantalum at the Tutek and
Delbek deposits. 

Conclusions

(1) Niobokupletskite was discovered in
the Matchinsky alkaline massif; it is the third
find of this mineral in the world. Nio bo -
kupletskite is enriched with tantalum; dis-
tinct growth zones contain up to 5 wt% Ta2O5,
and moreover, the Ta/Nb ratio is higher than
in co-existing pyrochlore. Such tantalum
contents in the astrophyllite mineral group is
observed for the first time. 

(2) Investigation of the chemical composi-
tion of niobokupletskite shows a correlation
between (Nb+Ta) and Al (apfu), that allows
us to suggest together with the replacement
me cha nism Ti4+ + F– Ы Nb5+ + O2–, an

additio nal mechanism on a sche me Ti4+ +
Si4+ Ы Nb5+ + Al3+.

(3) In the investigated albitized nepheline
syenite-pegmatites a diverse zirconium mi -
ne ralization was encountered, which repre-
sented with baddeleyite, zircon, dalyite,
elpidite, eudialyte, Zr-bearing aegirine, and
niobokupletskite. The appearance of such a
variety of zirconium phases with different
Zr/Si ratios is connected, probably, with a
multi-staged rock-forming process against
the background of an increasing role of alka-
lies and probably, of silica in the mineral-
forming environment. 

(4) In the albitized nepheline syenite-peg-
matites of the Matchinsky massif, nioboku-
pletskite together with pyrochlore is the con-
centrator of niobium and tantalum.
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Zoned crystals of diamond are interesting
subject of study in terms of genesis and applied
science. These crystals carry information about
the composition of formation environment and
thermodynamic conditions of deep seated zones
of continental lithosphere (Deines, 1980; Ga -
limov, 1991; Harris, 1992).

A representative collection of zoned cubic
and close in shape crystals of diamond from the
Arkhangelsk pipe, Lomonosov deposit, Arkhan -
gelsk diamond province, has been studied with
color cathode luminescence (CCL) and Fourier
transformed infrared (FTIR) spectroscopy.

The diamonds of the Zolotitsky field of the
Arkhangelsk pipe were studied. Crystals from
large-bulk samples were examined. The coated
crystals and zoned crystals were selected. Most
crystals in the described collection are classic
coated diamonds of the IV variety of the classifi-
cation of Yu.L. Orlov (1984). The careful study of
these crystals allowed distinguishing a few types
of diamond.

The first type is fragments with a frequently
dissolved sugar-like surface. The transparent
core of these fragments demonstrates tangential
mechanism of growth (Fig. 1). The core could be
both oriented relative to coat and irregular geo-
metric fragment.

Photoluminescence of this type diamond
indicates N3 defect in the tangential zone. The
CCL color is light blue. As a result of FTIR spec-
troscopy study, moderate and high content of A,
B1, and B2 nitrogen defects was established
(total concentration of nitrogen (Ntot = NA +
NB1) is 574–1212 at. ppm, average 770 at. ppm).
Crystal coatings are inert or display specific red-
green luminescence in cathode rays.

The second type crystals have homoge-
neous fibrous coating with predominant green
luminescence (Fig. 2). The bands intersected at
right angle are typical feature. This is probably
resulted from plastic deformation (Vins et al.,
2008) that is occasionally observed in cubic
crystals.

FTIR spectroscopy of the diamond margins
revealed two major trends (Fig. 3). The first is a
decreasing content of nitrogen defects outward
with decreasing their aggregation as B1. The sec-
ond (less exhibited) is an increasing aggregation
of nitrogen with drop of total concentration of
nitrogen defects.

The third type is complexly zoned diamond
crystals. The zoned crystals are opaque cubo -
ids, brown, and yellow-gray. The CCL study
revealed tangential growth mechanism of cores
in these crystals. The EPR study of one crystal
indicates that the sugar-like coating overgrow-
ing the core is nearly polycrystalline (Makeev
et al., 2011). Diamond showing normal mode of
growth overgrows this coating (Fig. 4). The
development of polycrystalline coating could
be stronger beca use diamond with complex
core overgrown by polycrystalline aggregate
visible in binocular was identified. These dia-
monds are the most complex in structure.
Defects A, B1, and B2 were not found in them,
whereas the content of C defects is very high
(270 at. ppm). Carbon isotopic composition of
these diamonds is – 4.9‰.

The fourth type is diamonds with graphi-
tized surface. These are pseudocubic and
pseudor hombododecahedral crystals, and ir -
regular-shaped fragments. Black color, dull
luster of the surface, and longitudinal colum-
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Fig. 1. Diamond No. A202 with sugar-like weakly luminescent coating. Octahedral core is light=blue luminescent: 
a – photomicrograph in reflected light, b – combined SE and CCL image, c – CCL image.

Fig. 2. Diamond No. A2106 with green luminescent fibrous coating and light-blue luminescent core with layer-by-layer growth: 
a – photomicrograph in reflected light, b – combined SE and CCL image, c – CCL image of surface fragment with bands transect-
ed at right angle.

Fig. 3. A proportion of
nitrogen as B1 versus
total concentration of
nitrogen plot.

Core Margin



nar relief are the typical features. The coating
of these diamonds is thin; it causes the charac-
teristic dotted blue-black luminescence. Dark
inclusions on and near the surface of these
crystals are parallel to it.

The plate parallel to (110) was prepared from
one crystal (No. A183) and the distribution of
nitrogen defects was obtained (Fig. 6; Table 1). In
this crystal, the content of defects decreases
toward the rim from ~1750 to 1200 at. ppm. Low
concentration of defects of ~100 at. ppm was
measured in coating. The degree of aggregation
of nitrogen defects as B1 decreases outward from
65 to 18%. The growth of these individuals (their
coatings) is probably resulted from the highest
oversaturation of diamond forming medium and
dynamic processes (Kriulina, 2012). Kaminsky et
al. (1985) suggested impact origin of similar dia-
monds.

The fifth type is diamonds with black inclu-
sions in margins. These crystals are more like the
V variety in the classification of Yu.L. Orlov
(Fig. 7). They are transparent and opaque, with
strong adamantine luster. The secondary elec-
tron images show that the near-surface zone
resembling coating is not real coating. It is dark
because of numerous dark inclusions. CCL testi-
fies to the blocky character of these diamonds

resulting in strong imperfection and trap of
inclusions (Ragozin, 2002).

The plate was prepared from one crystal (No.
1794) and the concentration profile of nitrogen
defects was measured (Fig. 8, Table 2). High con-
tent of total nitrogen was recorded; the concen-
tration of impurity centres increases toward rim
from 110 to 1300 at. ppm. The degree of nitrogen
aggregation decreases outward from 30 to 20%.
The d1 3 C va l u e is – 2 2 .2 ‰ .

The many types of coated diamond crystals
are resulted from different growth mechanism of
crystal zones. Sunagawa (2005) reported that
change in growth mechanism is caused by the
oversaturation of diamond-forming medium
(Fig. 9).

The zoned diamonds studied here as areas
with different growth modes and physical prop-
erties (see above) suggest relation between them
and different saturation conditions of the dia-
mond-forming medium.

Unzoned diamonds are the simplest in struc-
ture (Fig. 10). These are classic cubes (1) with
fibrous structure, in which core was not identi-
fied, and the most abundant octahedral dia-
monds (3) with the tangential growth mechanism
described in detail by Kriulina (2012). Diamonds
containing the black inclusions in rims (5), which
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Fig. 4. Complexly zoned
crystal No. A186. Core
has tangential mecha-
nism of growth; inter-
mediate part is poly-
crystalline matter; and
coating has normal
mechanism of growth: a
– photomicrograph in
reflected light; b – CCL
image.

Fig. 5. Black pseudocube with dull luster and specific luminescence of the faces: a – photomicrograph in reflected light, b – back-
scattered electron image of the surface, c – CCL image of the surface fragment.
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Table 1. FTIR spectroscopy data. Distribution of nitro-
gen defects along profile in crystal No. 183

Point  Ntot., A, B1, B1, B2, 

analysis at.ppm at.ppm at.ppm % cm�1

0 144 100 44 30 0.79

1 96 78 17 18 0.53

2 200 115 84 42 4.05

3 1745 597 1148 65 37.81

4 1470 490 979 66 31.91

5 1259 443 815 64 32.64

6 155 95 60 38 1.66

7 1189 438 751 63 32

8 123 79 43 35 1.49

9 124 79 45 36 1.57
Fig. 6. Plate of "carbon" diamond No. 183. Points correspond to
the FTIR spectroscopic analyses.

Fig. 7. Highly defect diamond crystal no A195. The color cathode luminescence image demonstrates its complex structure. Porous
coating is shown in secondary electron image: a – SE image, b – photomicrograph in reflected light, c – combined SE and color CCL
of the surface fragment, d – SE and e – CCL images of the surface fragment.

Table 2. FTIR spectroscopy data. Distribution of 
nitrogen defects along profile in crystal 
No. 1794

Point Ntot., A, B1, B1, B2, 

analysis at.ppm at.ppm at.ppm % cm�1

0 1187 835 351 29 7.91

1 1296 974 322 24 5.92

2 1310 1000 311 23 4.92

3 1147 833 314 27 5.49

4 1332 985 346 26 6.42

5 1144 912 231 20 3.66

Fig. 8. Plate of diamond No. 1794 with inclusions in margin.



could be considered as coated diamonds due to
numerous inclusions, are also referred to
unzoned diamonds.

Semitransparent diamonds (2) exhibiting
coated core with tangential growth mode are
referred to coated diamonds. However, Zed -
genizov (2012) reported the core with normal
mechanism of growth and coating with tangen-
tial growth mode (4). In addition, the diamonds
with the sugar-like surface (6) are also referred
to the coated variety. Their core is layer-by-
layer growing diamond, while coating is
strongly dissolved fibrous matter, which is
transparent because of numerous microinclu-
sions, or polycrystalline diamond as it was
established in samples nos. A186 and 1787-3-
17. Black diamonds as pseudocubes and frag-
ments with dull luster have a specific coating as
thin layer overgrowing the layer-be-layer
growing diamond.

All crystals with repeatedly change of growth
mechanism are referred to the complexly zoned
diamonds (8). Various zones are observed in
these crystals. The evolution of these diamonds
is more varied. Crystal No. A186 is drastic exam-
ple of complex structure.

Figure 11 illustrates the evolution of different
type diamonds from the simplest to multi-zoned.
The coated crystals studied are formed under
conditions in the field to the left of the Dm/kT*
line on the diagram, i.e., they are characterized
by the stable dislocation growth of faces in weak-
ly oversaturated medium that corresponds to the
mantle conditions. Their growth finishes under
strong oversaturation (field to the right of the
Dm/kT** line) that leads to the formation of
rough faces and under the stronger oversatura-
tion, to the polycrystalline growth. Also, impuri-
ties nitrogen are less aggregated in margins. This

indicates either growth of crystal in cooling
mant le or short annealing of the crystal at higher
temperature, or combination of these factors.
The latter is more likely taking into account evi-
dences from Burgess et al. (2002), and Boyd et al.
(1994), which indicate the coat-forming event
occurring close to the time of kimberlite magma
intrusion.

The formation of new zones in complexly
zoned crystals is caused by the aforementioned
factors, but in this case, the oversaturation of the
medium changes repeatedly being accompanied
with change of growth mechanism.

Conclusions

Thus, on the basis of study of zoned crystals,
a few types of diamond coating different in mode
of formation are identified and scheme of evolu-
tion and relation between different zones in dia-
mond crystal are suggested. The identified
groups illustrate varied combinations of different
growth zones, which are specific in the formation
conditions and properties. Zoned diamonds with
different characteristic properties in the same
pipe (Arkhangelsk pipe) testify to different histo-
ry of their formation. The zones of crystal are
formed at different growth stages. Core is formed
under mantle conditions, whereas coating starts
to form as transported to the colder layers of
lithosphere. The graphitized surface of some
crystals studied here (fifth group) is probably
caused not only by maximum oversaturation of
the diamond-forming medium but dynamic
processes.
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Introduction
The Eifel volcanic area situated in Germany

is a unique mineralogical object. Young and
almost unaltered alkaline effusive and metaso-
matic rocks are outcropped there by multiple
operating quarries. However the mineralogy of
late parageneses related to the Eifel volcanism
remains insufficiently investigated. This paper
contains the description of a new mineral species

christofschäferite�(Ce) discovered in the Laacher
See area, Eifel mountains. Christofschä feri -
te�(Ce) belongs to the chevkinite mineral group.
Its distinctive feature is the predominance of
Mn2+ in the octahedral site M1.

The root name is given in honour of Christof
Schäfer (b. 1961), a prominent German mineral
collector. Christof Schäfer is a specialist in the
mining and cement industry. His well�docu -
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A new chevkinite-group mineral christofschäferite-(Ce) has been discovered in a Mn-rich volcanic ejected
block at Wingertsberg, near Mendig, Laacher See area, Eifel Mountains, Rhineland-Palatinate (Rheinland-
Pfalz), Germany, in association with orthoclase, rhodonite, bustamite, tephroite, zircon, fluorapatite, pyro-
phanite and jacobsite. The new mineral forms coarse crystals up to 3 mm in size. Christofschäferite-(Ce) is
black, with resinous lustre and brown streak. It is brown in thin translucent fragments; brittle, cleavage is not
observed. Mohs’ hardness is 6, fracture is conchoidal. Dmeas = 4.8(1) g/cm3, Dcalc = 4.853 g/cm3.
Christofschäferite-(Ce) is optically biaxial (–), a = 1 .9 4 5 (1 0 ),  b = 2 .0 1 5 (1 0 ), g = 2.050(10), 2Vmeas =
70(10)°, 2Vcalc = 68°. Dispersion of optical axes was not observed. Pleochroism is strong, Z > Y > X (light
brown to very dark brown). IR spectrum shows the absence of CO3 

2� and hydrogen-bearing groups.
Chemical composition (electron microprobe, valency of Mn by XANES spectroscopic data, the ratio
Fe2+/Fe3+ from structural data, wt%): CaO 2.61, La2O3 19.60, Ce2O3 22.95, Pr2O3 0.56, Nd2O3 2.28, MgO 0.08,
MnO 4.39, FeO 4.18, Fe2O3 3.11, Al2O3 0.08, TiO2 19.02, Nb2O5 0.96, SiO2 19.38; total 99.20. The empirical for-
mula is (Ce1.72La1.48Nd0.17Pr0.04Ca0.57)S3.98Mn2+ 

0.76Fe2+ 
0.72Mg0.02Fe3+ 

0.48Al0.02Ti2.935Nb0.09Si3.98O22. The ideali zed
formula is Ce3CaMn2+Ti3Fe3+(Si2O7)2O8. The crystal structure is solved on a single crystal, R = 0.055.
Christofschäferite-(Ce) is monoclinic, space group: P21/m; a = 13.3722(4), b = 5.7434(1), c = 11.0862(2)Å,
b  = 1 0 0 .5 8 0 (2 )°, V = 836.97(4)Å3, Z = 2. It is a representative of chevkinite structural type with Mn2+

predominant in the octahedral site M1. Strong lines of X-ray powder-diffraction pattern [d, Å (I; hkl)] are:
4.90 (39; -111), 4.64(65; -202), 3.480 (78; 310), 3.169 (81; 311, -312), 3.095 (43; -113), 2.730 (100; 004), 2.169 (46; 
-421, -513), 1.737 (46) (603, 504, 315, 025, -622). The mineral is named in honour of a prominent German mi -
neral collector Christof Schäfer. Type material is deposited in the Fersman Mineralogical Museum of the
Russian Academy of Sciences, Moscow, Russia, registration number 4227/1.
8 tables, 8 figures, 17 references.
Keywords: christofschäferite-(Ce), chevkinite group, new mineral, crystal structure, Eifel.
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1 – Christofschäferite�(Ce) is approved by the IMA Commission on New Minerals, Nomenclature and Classification on March 1,
2012, IMA no. 2011�107.



mented collection of minerals from the Eifel and
from other volcanic areas repeatedly served as a
source of information and specimens for scientif-
ic investigations. Christof Schäfer is the author or
co�author of numerous publications (mainly
popular ones) on minerals of volcanic rocks. One
of these publications (Blass, Schäfer, 1993) is
devoted to the description of an association with
pyrophanite from the Laacher See area. Christof
Schäfer provided the specimen of the new mine -
ral for investigations. The Levinson modifi-
er�(Ce) in the mineral name reflects the predom-
inance of Ce among rare earth elements.

Type material is deposited in the collec-
tions of the Fersman Mineralogical Museum of
the Russian Academy of Sciences, Moscow,
Russia, registration number 4227/1. Another
part of this holotype specimen is present in the
joint collection of Christof Schäfer and his
father Helmut Schäfer.

Occurrence, general appearance 
and physical properties

Christofschäferite�(Ce) was discovered in a
volcanic ejected block collected in 1982 at the
famous outcrop of the Laacher See volcano
Wingertsbergwand (Wingertsberg Mt.) located
near Mendig, Eifel Mountains, Rhine land�Pa -
latinate (Rheinland�Pfalz), Germany. This de -
posit was formed as a result of a powerful erup-
tion about 13000 years ago. This specimen is the
only find of christofschäferite�(Ce). The block
consists mainly of orthoclase with subordinate
amounts of manganese silicates (rhodonite, bus-
tamite, tephroite). Other (accessory) minerals,
zircon, fluorapatite, pyrophanite and jacobsite,
form isolated grains and their intergrowths in
grained aggregate of orthoclase. Occasionally
euhedral crystals of these minerals are observed
in cavities (Fig. 1).

The new mineral forms coarse crystals and
isolated anhedral grains up to 3 mm in size in an
aggregate of associated minerals. Idiomorphic
crystals are rare (Fig. 2).

Christofschäferite�(Ce) has a metasomatic
origin. It is an accessory mineral of a metaso-
matite formed at the contact of differentiated
phonolitic magma and a Mn�rich rock. The
material containing christofschäferite�(Ce) has
signs of relict layering. Note that metamor-
phosed Mn�rich sediments of Silurian and
Cambrian age, containing carpholite, braunite,
spessartine, ardennite and accessory rutile and
monazite, are known from 70 km to the west of
Wingertsberg.

Christofschäferite�(Ce) is black, translucent
in thin fragments, with resinous lustre and brown
streak. It is brittle, with conchoidal fracture.
Mohs' hardness is 6. Cleavage is not observed.
Density measured by the microvolumetric
method is Dmeas = 4.8(1) g/cm3, calculated den-
sity is Dcalc = 4.85 g/cm3.

The new mineral is optically biaxial (–), a =
1.945(10), b = 2.015(10), g = 2.050(10), 2V =
70(10)°, 2Vcalc = 68°. Dispersion is none obser -
ved. Pleochroism is strong, Z > Y > X (light
brown to very dark brown).

In order to obtain IR spectra, mineral samples
have been mixed with anhydrous KBr, pel-
letized, and analysed using ALPHA FTIR spec-
trometer (for christofschäferite�(Ce)) and
Specord 75 IR spectrophotometer (for other mi -
ne rals). IR spectrum of pure KBr�disk was sub-
tracted from the overall spectrum. Polystyrene
and gaseous NH3 were used as frequency stan-
dards; the precision of frequency measurement
is ±1 cm�1; the mean resolution for the region
400–1600 cm�1 is 0.8 cm�1.

The IR spectrum of christofschäferite�(Ce)
(Fig. 3a) is similar to those of other chevkinite
group minerals (Fig. 3b, c). Absorption bands in
the IR spectrum and their assignments are (cm�1;
s – strong band, sh – shoulder): 1119, 1035s,
1010sh, 904s, 849s (Si�O stretching vibrations),
671, 609, 562 (Ti�O stretching vibrations and
mixed vibrations of Si2O7 groups), 511s, 469s,
410sh, 390sh, 374s (combination of Si�O�Si bend-
ing vibrations and stretching vibrations of the
MnO6 and FeO6 octahedra). Bands of H�, B� or
C�bearing groups are absent in the spectrum.
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Fig. 1. Christo fschäfe ri -
te�(Ce) (black) with ortho-
clase/ Field width: 1 cm. 

Fig. 2. Tephroite (oran ge� -
brown) and pyrophanite
(black) in aggregate of
orthoclase, from the associ-
ation with christof schä -
ferite�(Ce). Field width:
3 mm.



Chemical composition

Five chemical analyses of christofschäfe -
rite�(Ce) were carried out using an Oxford INCA
Wave 700 electron microprobe (wave length dis-
persive = WDS mode, 20 kV, 20 nA, 300 nm
beam diameter, analyst A.A. Virus). H2O and
CO2 were not analysed because of the absence of
absorption bands corresponding to vibrations of
O�H and C�O bonds in the IR spectrum. F, Na, P,
S, Cl, K, Cr, Zr, REE heavier than Nd, Th and U
contents are below detection limits. Analytical
data are given in Table 1. Individuals of christof-
schäferite�(Ce) are uniform in composition and
do not show any remarkable zoning.

The empirical formula calculated on 22 oxy-
gen atoms, taking into account the valence states
of Fe (based on structural data) and Mn (by
structural and XANES data, see below) is: 
(Ce1.72La1.48Nd0.17Pr0.04Ca0.57)3.98Mn2+

0.76Fe2+
0.72Mg0.02

Fe3+
0.48Al0.02Ti2.935 Nb0.09Si3.98O22.
The simplified formula is (Ce,La,Ca)4Mn

(Ti,Fe)3(Fe,Ti)(Si2O7)2O8.
The idealized end�member formula, Ce3Ca

MnFe3+Ti3(Si2O7)2O8, requires CaO 4.76, Ce2O3

41.74, MnO 6.02, Fe2O3 6.77, TiO2 20.33, SiO2

20.38, total 100.00 wt%.
Gladstone�Dale compatibility is 1�(Kp/Kc) =

0.043 (good) with Dcalc; 0.032 (excellent) with
Dmeas.

XANES data. The valency of Mn

Fine structure of the X�ray absorption spec-
trum near edge structure (XANES) is very sensi-
tive to the electronic state of an absorbing atom,
as well as to its local environment. In particular,
this method has been repeatedly applied to the
determination of the Mn valence states in mine -
rals and inorganic compounds. Details of the
method are described by Manceau et al. (2012). 

In order to determine the state of Mn in
christofschäferite�(Ce), its spectrum was com-
pared with X�ray spectra of standard samples.
XANES Spectra were recorded at the X�ray
beamline of the Synchrotron Radiation Labo -
ratory for Environmental Studies (SUL�X) of the
synchrotron radiation source ANKA (Karlsruhe
Institute of Technology, KIT). The storage ring
operated at electron energy of 2.5 GeV. The radi-
ation source of the SUL�X beamline is a 27 pole
Wiggler. An Si(111) crystal pair was used in the
double crystal monochromator with fixed beam
height. 

The following reference substances were used:
– for Mn(II) – MnSiO3, MnCO3, MnSO4

·nH2O and MnO;
– for Mn(III) – Mn2O3, MnPO4 and hen-

ritermierite (Ca3Mn3+
1.9 Al0.1(SiO4)2(OH)4;

– for Mn(IV) – MnO2;
– for Mn(VII) – K2MnO4. 
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Fig. 3. IR spectra of christofschäferite�(Ce) (a), chevkinite�(Ce)
from the Ilmeny Mountains, Urals, Russia (b) and perrierite�(La)
from Mendig, Laacher See area, Eifel Mountains (c).

Table 1. Analytical data for christofschäferite�(Ce)

Constituent wt% Range Probe Standard

CaO 2.61 2.24–2.98 Wollastonite

La2O3 19.60 19.20–19.83 LaPO4

Ce2O3 22.95 22.84–23.06 CePO4

Pr2O3 0.56 0.43–0.68 PrPO4

Nd2O3 2.28 2.01–2.50 NdPO4

MgO 0.08 0–0.20 Diopside

MnO* 4.39 4.27–4.51 MnTiO3

FeO** 4.18 6.74–7.26*** Fe2O3

Fe2O3** 3.11

Al2O3 0.08 0–0.19 Al2O3

TiO2 19.02 18.64–19.39 MnTiO3

Nb2O5 0.96 0.83–1.11 Nb

SiO2 19.38 19.16–19.52 SiO2

Total 99.20

*All Mn is bivalent within the error of the XANES method.
**Total iron content (corresponding to 6.98 wt% FeO) was
apportioned between FeO and Fe2O3 in the proportions
Fe2+:Fe3+ = 3:2, taking into account structural data
(cation�ligand distances and bond valence calculations for
cationic sites; see Authors' remarks). ***For total iron consid-
ered as FeO. Analyst Alla A. Virus.



All reference substances were prepared as
pellets intermixed with cellulose for measure-
ments in transmission mode using ionization
chambers as detectors. XANES spectra were
recorded in energy steps of 5 eV from �150 to
�50 eV and of 2 eV from �50 to �20 eV prior to the
edge, steps of 0.3 eV from �20 to +20 eV across
the edge, and with a k step of 0.05 from k 2.29 to
at least k 12 (+20 to about + 550 eV) above the
edge. At each spot, up to three scans were per-
formed to improve measurement statistics.

Two grains of christofschäferite�(Ce) were
mounted on Kapton tape. A series of measure-
ments with different angles of the sample to the
incoming beam were performed for both grains
and a strong angular dependence of the XANES
spectra was detected (Fig. 4). To obtain a spec-
trum that represents random orientation, a grain
of christofschäferite�(Ce) was crushed and mea-
sured. Its spectrum is compared to the average
spectrum of the 18 scans at different orientations
in Figure 5c. The energy position of the flanks of
the absorption edge in the spectra of the two
sample grains matches best with the flanks of
the divalent Mn�reference compounds (Fig. 5).
The absorption edges of higher valency
Mn�compounds are shifted to higher energies. In
addition, the position of the first strong peaks in
the derivatives matches best with those of the
divalent reference compounds (Fig. 6).

To conclude, the most part of Mn in christof-
schäferite�(Ce) is bivalent. Because there is vari-
ability of edge position within a certain valence
for different compounds, one cannot unequivo-
cally say for an unknown sample whether a small
shift is due to the variability for divalent com-
pounds or admixture of Mn species of other
valencies. Hence, small contributions of other
valencies are possible, but at maximum would be
in the range of about 10 to 15%.

X�ray diffraction data 
and crystal structure

Powder X�ray diffraction data for chris tof -
schäferite�(Ce) (Table 2) were collected using a
Stoe IPDS II single�crystal diffractometer equ -
ipped with an image plate detector using the
Gandolfi method, at the following conditions:
MoKa�radiation, voltage of 45 kV, current of
30 mA, exposure time of 60 minutes; the distance
between sample and detector was 200 mm. The
standard software Stoe X�Area 1.42; Stoe Win -
XPOW 2.08 was used for the data processing.

The crystal structure of christofschäfe -
rite�(Ce) (Fig. 7–8, Tables 3–6) is similar to that
of other chevkinite�group minerals. Sheets of
small and distorted Ti�centred octahedra (with
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Fig. 4. Mn K�edge XANES spectra of grain 1 (a) and grain 2
(b) of christofschäferite�(Ce) with different orientations of
the grains to the incoming beam (10 – 80° in 10° steps, and
45°); (c) shows the average spectrum for the 18 scans over the
two grains in different orientations (solid line) and the Mn
K�edge XANES spectrum of a powdered part of grain 2 which
represent random orientation. The deviation between the
averaged spectrum and the spectrum of randomly orientated
crystallites might be due to the limited number of orienta-
tions in the 18 scans. The noise in the spectra of (a) and (b)
is due to the short scanning time that was chosen.

Fig. 5. Mn K�edge XANES spectra of christofschäferite�(Ce)
(powdered; solid line) compared to spectra of (a) di�, (b) tri�, (c)
tetra� and (d) heptavalent Mn compounds. With increasing Mn
valency the flanks of the absorption edges shift to higher ener-
gy. The flanks of the sample spectra are within the range of the
flanks for the divalent reference compounds. Spectra of refer-
ence compounds are (a) MnCO3 (dashed), MnSO4

·nH2O
(dash�dotted), MnSiO3 (dash�double�dotted), MnO (dotted);
(b) MnPO4 (dashed), Mn2O3 (dash�dotted), Ca3Mn3+

1.9Al0.1(SiO4)2

(OH)4 ( henritermierite) (dotted); (c) MnO2 (dashed); (d)
K2MnO4 (dashed).
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Fig. 6. Derivatives of Mn K�edge XANES spectra of christof-
schäferite�(Ce) (powdered; solid line) compared to spectra of
(a) di�, (b) tri�, (c) tetra� and (d) heptavalent Mn compounds.
With increasing Mn valency the flanks of the absorption edges
shift to higher energy. The first strong peaks of the derivatives
matches best with the peaks for the divalent reference com-
pounds (a). The derivatives of the higher valent Mn compounds
are shifted to higher energies. Spectra of reference compounds
are (a) MnCO3 (dashed), MnSO4

·nH2O (dash�dotted), MnSiO3

(dash�double�dotted), MnO (dotted); (b) MnPO4 (dashed),
Mn2O3 (dash�dotted), henritermierite, Ca3Mn3+

1.9Al0.1(SiO4)2

(OH)4 (dotted); (c) MnO2 (dashed); (d) K2MnO4 (dashed).

Table 2. X�ray powder diffraction data for christof -
schä ferite�(Ce)

Irel dobs dcalc* hkl

24 10.96 10.90 001

4 9.31 9.27 �101

7 6.55 6.57 200

21 5.47 5.45 002

39 4.90 4.88 �111

65 4.64 4.63 �202

5 3.90 3.93, 3.86, 3.86 �112, 211, 202

8 3.772 3.769 �302

19 3.633 3.633 003

78 3.480 3.484 310

81 3.169 3.186, 3.151 311, �312

43 3.095 3.098 �113

15 2.999 2.998 401

37 2.883 2.892, 2.874 113, �411

100 2.730 2.724 004

27 2.609 2.610 402

34 2.530 2.535, 2.531 �122, �304

5 2.356 2.350 114

10 2.322 2.317 �404

19 2.247 2.253, 2.241 023, 403

46 2.169 2.172, 2.170 �421, �513

10 2.102 2.103, 2.099 �323, �422

20 2.072 2.074, 2.068 421, �115

21 1.973 1.976, 1.967, 024, �514, �224, �423

1.966, 1.965

8 1.863 1.866, 1.859, 521, 513, 215, 131

1.858, 1.858

13 1.828 1.830, 1.828, 414, �231, 224, 305

1.827, 1.823

21 1.789 1.791, 1.791, 1.785 �721, �614, 710

46 1.737 1.740, 1.739, 1.737, 603, 504, 315, 025, �622

1.736, 1.734

35 1.711 1.715, 1.714, 1.712, 232, 711, 331, �605, �332

1.710, 1.707

28 1.672 1.675, 1.674, �233, 206, �801, �623

1.671, 1.668

28 1.631 1.635, 1.629, 1.627 332, �714, �333

6 1.553 1.556, 1.556, �531, 703, �126, �813

1.553, 1.552

14 1.523 1.526, 1.525, 1.524, 811, �217, �326, 

1.524, 1.523, 1.522 �117, 721, 316

*Calculated from single�crystal data. 

Fig. 7. Polyhedral representation of the crystal structure of
christofschäferite�(Ce).

Fig. 8. The octahedral layer in the structure of christof-
schäferite�(Ce).
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Table 3. Fractional site coordinates, equivalent dis-
placement factors (Ueq) and site multiplici-
ties (W) in the crystal structure of christof-
schäferite�(Ce)

Site x/a y/b z/c Ueq (Å2) W

A1 0.39299(2) �0.25 0.26638(2) 0.00593(5) 2e

A2 0.81886(2) �0.25 0.73890(2) 0.00448(4) 2e

A3 0.10733(3) �0.25 0.73407(3) 0.0193(1) 2e

A4 0.68134(4) �0.25 0.26116(3) 0.0364(2) 2e

M1 0.24991(5) �0.25 0.49998(4) 0.0075(1) 2e

M2 0 0 0 0.0072(1) 2a

M2` 0.5 0 0 0.0102(2) 2c

M3 0.24994(5) �0.25 0.00033(5) 0.0094(2) 2e

M4 0.74998(5) �0.25 0.00015(5) 0.0102(2) 2e

Si1 0.0504(1) �0.25 0.2672(1) 0.0046(2) 2e

Si2 0.4494(1) �0.25 0.7326(1) 0.0058(2) 2e

Si3 0.8949(1) �0.25 0.4537(1) 0.0055(2) 2e

Si4 0.6050(1) �0.25 0.5465(1) 0.0059(2) 2e

O1 0.8968(2) �0.25 0.9770(3) 0.0073(6) 2e

O2 0.7725(2) �0.0035(6) 0.1255(2) 0.0133(6) 4f

O3 0.5129(5) �0.25 0.6231(5) 0.0262(4) 2e

O4 0.9368(2) �0.25 0.5974(2) 0.0062(5) 2e

O5 0.6052(3) �0.25 0.0233(3) 0.016(1) 2e

O6 0.6757(3) �0.0250(5) 0.5952(2) 0.0136(5) 4f

O7 0.9848(3) �0.25 0.3749(4) 0.0137(4) 2e

O8 0.5211(3) 0.0126(6) 0.1852(2) 0.0189(7) 4f

O9 0.4023(2) �0.25 1.0100(3) 0.0066(5) 2e

O10 0.0200(2) �0.0152(5) 0.1850(2) 0.0119(5) 4f

O11 0.7273(2) �0.0047(5) 0.8741(2) 0.0104(5) 4f

O12 0.5632(3) �0.25 0.4023(3) 0.0152(9) 2e

O13 0.3327(2) �0.25 0.6778(2) 0.0046(6) 2e

O14 0.0989(3) �0.25 �0.0099(3) 0.0093(6) 2e

O15 0.1689(3) �0.25 0.3205(3) 0.0096(7) 2e

O16 0.1739(3) 0.0261(9) 0.5960(3) 0.0284(6) 4f

Table 4. Anisotropic displacement parameters (Å2) for
christofschäferite�(Ce)

Site U11 U22 U22 U12 U13 U23

A1 0.0075(1) 0.0031(1) 0.0072(1) 0 0.0013(1) 0

A2 0.0046(1) 0.0039(1) 0.0051(1) 0 0.0012(1) 0

A3 0.0096(1) 0.0404(3) 0.0079(1) 0 0.0014(1) 0

A4 0.0042(2) 0.1008(7) 0.0045(1) 0 0.0014(1) 0

M1 0.0090(2) 0.0081(3) 0.0048(1) 0 0.0002(2) 0

M2 0.0058(2) 0.0124(3) 0.0032(1) �0.0066(2) 0.0002(2) 0.0005(2)

M2` 0.0068(3) 0.0198(4) 0.0037(1) �0.0095(2) 0.0005(2) �0.0009(2)

M3 0.0077(2) 0.0115(3) 0.0082(2) 0 0.0001(2) 0

M4 0.0086(3) 0.0160(4) 0.0062(2) 0 0.0020(2) 0

Si1 0.0033(4) 0.0062(4) 0.0038(3) 0 �0.0001(2) 0

Si2 0.0052(4) 0.0077(5) 0.0042(3) 0 �0.0002(3) 0

Si3 0.0066(4) 0.0070(4) 0.0031(3) 0 0.0013(3) 0

Si4 0.0072(4) 0.0070(5) 0.0033(3) 0 0.0006(3) 0

O1 0.006(1) 0.009(1) 0.008(1) 0 0.004(1) 0

O2 0.008(1) 0.024(1) 0.009(1) 0.001(1) 0.001(1) �0.004(1)

O3 0.031(1) 0.034(1) 0.020(1) 0 0.022(7) 0

O4 0.006(1) 0.008(1) 0.003(1) 0 �0.001(2) 0

O5 0.005(1) 0.034(2) 0.009(1) 0 0.002(1) 0

O6 0.025(1) 0.008(1) 0.007(1) 0.008(1) 0.001(1) �0.002(1)

O7 0.017(1) 0.013(1) 0.016(1) 0 0.015(1) 0

O8 0.021(1) 0.030(2) 0.005(1) �0.022(1) 0.001(1) �0.001(1)

O9 0.004(1) 0.003(1) 0.012(1) 0 �0.001(1) 0

O10 0.017(1) 0.013(1) 0.005(1) �0.011(1) 0.002(1) 0.001(1)

O11 0.007(1) 0.017(1) 0.007(1) 0.004(1) 0.001(1) 0.002(1)

O12 0.013(1) 0.025(2) 0.007(1) 0 0.001(1) 0

O13 0.003(1) 0.003(1) 0.007(1) 0 �0.003(1) 0

O14 0.007(1) 0.007(1) 0.014(1) 0 0.002(1) 0

O15 0.012(1) 0.009(1) 0.006(1) 0 �0.003(1) 0

O16 0.029(1) 0.045(1) 0.010(1) 0.028(1) �0.001(1) 0.003(1)



minor admixtures of Fe3+, Al and Nb) lie parallel
to the (100) plane. These sheets are interleaved
with a layer consisting of Si2O7 groups and larger
M1O6 octahedra with a mean cation�anion dis-
tance of 2.188 Å. REE and subordinate Ca occu-
py the sites A1–A4 with coordination numbers
from 8 to 10. The rare earth ions fill the channels,
which are formed through the linkage of het-
eropolyhedral and octahedral layers.

Based on the interatomic distances (Table 5)
and bond valence calculations (Table 6), we con-
sider the following occupancy of octahedral sites:

M1 – Mn2+ with subordinate Fe2+; 
M2, M2’ and M3 – Ti with subordinate Fe3+,

Fe2+ and minor Nb; 
M4 – Fe3+, Fe2+ and Ti with mean charge

about +3.
The site M1 with the mean cation�anion dis-

tance of 2.188 Å and the mean charge close to 2
is the only site that can contain Mn2+. The crys-
tal�chemical formula of christofschäferite�(Ce),
taking into account chemical data, is X(Ce,REE,
Ca)2

VIII(Ce,REE,Ca)2
VI(Mn,Fe2+)VI(Ti,Fe,Al)4

(Si2O7)2O8.

Discussion

The chevkinite group unites monoclinic
oxosilicates with the general formula
A2B2M5(Si2O7)2O8 where A and B are large
cations like REE3+, Sr or Ca with coordination
numbers from 8 to 10 and M are octahedral
cations (Ti, Fe2+, Fe3+, Zr, Cr3+, Mg, Nb, Mn2+,
Al). In the crystal structures of these minerals,
alternating octahedral and heteropolyhedral
layers are coplanar with the plane (001). The A
and B cations are situated in channels between
the layers.

All chevkinite�group minerals are monocli -
nic. Among them, representatives of two struc-
tural types are distinguished (Table 7) which are
different in unit�cell parameters, number of M
sites, mutual orientation of coordination polyhe-
dra, cation ordering, as well as in X�ray pow-
der�diffraction patterns.

Chevkinite enriched in Mn is known from a
number of localities including Stokkøya,
Norway (2.65 wt% MnO; Segalstad, Larsen,
1978), the pit number 17, Ilmeny Mountains,
South Urals (1.34 wt% MnO; Makarochkin et al.,
1959) and exocontact zone of western part of
Khibiny alkaline pluton (2.71 wt% MnO;
Shlyukova, Burova, 1959). However these values
correspond to Mn contents less than 0.5 Mn
atoms per formula unit.

In most cases, titanium chevkinite�group
minerals are metamict due to the presence of
admixed thorium. In spite of this, representatives
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Table 5. Bond lengths (Å) in coordination polyhedra
of christofschäferite�(Ce)

A1�O12 2.488(4) M2'�O9 1.958(2) x2

A1�O6 2.492(3) x2 M2'�O5 1.993(3) x2

A1�O11 2.497(2) x2 M2'�O8 2.022(2) x2

A1�O8 2.566(4) x2 M2'�O9 1.958(2) x2

A1�O9 2.868(3) Mean 1.991

Mean 2.558

M3�O2 2.001(3) x2

A2�O4 2.420(3) M3�O14 2.002(4)

A2�O11 2.531(3) x2 M3�O11 2.004(3) x2

A2�O6 2.599(3) x2 M3�O9 2.020(3)

A2�O10 2.647(3) x2 Mean 2.005

A2�O1 2.654(3)

A2�O15 2.958(1) x2 M4�O2 1.968(3) x2

Mean 2.654 M4�O11 1.968(3) x2

M4�O5 1.999(4)

A3�O16 2.480(4) x2 M4�O1 2.026(3)

A3�O2 2.491(3) x2 Mean 1.982

A3�O4 2.495(2)

A3�O10 2.566(3) x2 Si1�O15 1.586(4)

A3�O14 2.861(3) Si1�O7 1.606(5)

Mean 2.554 Si1�O10 1.637(3) x2

Mean 1.617

A4�O12 2.419

A4�O2 2.535(3) x2 Si2�O13 1.567(3)

A4�O16 2.604 (4) x2 Si2�O3 1.604(7)

A4�O8 2.629(4) Si2�O8 1.647(3) x2

A4�O5 2.647(3) x2 Mean 1.633

A4�O13 2.964(1) x2

Mean 2.655 Si3�O4 1.589(2)

Si3�O7 1.611(5)

M1�O13 2.076(2) Si3�O16 1.618(5) x2

M1�O15 2.084(3) Mean 1.609

M1�O6 2.232(3) x2

M1�O16 2.253(5) x2 Si4�O12 1.594(3)

Mean 2.188 Si4�O3 1.619(7)

Si4�O6 1.633(3) x2

M2�O14 1.969(3) x2 Mean 1.620

M2�O1 1.975(2) x2

M2�O10 2.021(2) x2

Mean 1.988
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Table 6. Bond valence calculations for christofschäferite�(Ce)

Site A1 A2 A3 A4 M1 M2 M2' M3 M4 Si1 Si2 Si3 Si4 Vi

O1 0.26Ї® 0.65(x2)Ї® 0.45Ї® 2.01

O2 0.40(x2)Ї 0.36(x2)Ї 0.60(x2)Ї 0.53(x2)Ї 1.89

0.40® 0.36® 0.60® 0.53®

O3 1.06Ї® 1.01Ї® 2.07

O4 0.49Ї® 0.40Ї® 1.10Ї® 1.99

O5 0.26(x2)Ї 0.62(x2)Ї® 0.49Ї® 1.99

0.26®

O6 0.40(x2)Ї 0.30(x2)Ї 0.29(x2)Ї 0.98(x2)Ї 1.97

0.40® 0.30® 0.29® 0.98®

O7 1.05Ї® 1.04Ї® 2.09

O8 0.33(x2)Ї 0.28Ї® 0.57(x2)Ї 0.94(x2)Ї 2.12

0.33® 0.57® 0.94®

O9 0.15Ї® 0.68(x2)Ї®0.57Ї® 2.08

O10 0.26(x2)Ї 0.33(x2)Ї 0.57(x2)Ї 0.97(x2)Ї 2.13

0.26® 0.33® 0.57® 0.97®

O11 0.40(x2)Ї 0.36(x2)Ї 0.60(x2)Ї 0.53(x2)Ї 1.89

0.40® 0.36® 0.60® 0.53®

O12 0.41Ї® 0.49Ї® 1.08Ї® 1.98

O13 0.11(x2)Ї®0.46Ї® 1.17Ї® 1.85

O14 0.15Ї® 0.66(x2)Ї® 0.60Ї® 2.07

O15 0.11(x2)Ї® 0.45Ї® 1.11Ї® 1.78

O16 0.41(x2)Ї 0.30(x2)Ї 0.30(x2)Ї 1.02(x2)Ї 2.03

0.41® 0.30® 0.30® 1.02®

Vi 2.82 2.81 2.83 2.83 2.09 3.76 3.74 3.57 3.06 4.10 4.11 4.18 4.05

Table 7. Predominant components in cationic sites of chevkinite�group minerals

Minerals with chevkinite�type unit cell (b = 100.3–100.7 )

A1/A3 A2/A4 M1 M2/M2` M3 M4 Space group b,° References

Christofschäferite�(Ce) Ce/Ce Ce/Ce Mn Ti/Ti Ti (Fe,Ti)3+ P21/a 100.58 This work

Chevkinite�Ce Ce Ce Fe2+ Ti Ti Ti C2/m 100.54 Sokolova et al., 2004

Maonipiungite�(Ce) Ce Ce Fe3+ Ti Ti Ti C2/m 100.60 Yang et al., 2002

Dingdaohengite�Ce Ce Ce Ti Ti Ti Fe2+ P21/a 100.64 Li et al., 2005

Polyakovite�Ce Ce Ce Mg Ti Cr Cr C2/m 100.54 Popov et al., 2001

Strontiochevkinite Sr Sr Fe2+ Ti Ti Ti P21/a 100.32 Haggerty, Mariano, 1983

Minerals with perrierite�type unit cell (b = 113.5–114.2 )

A1 A2 M1 M2 M3 Space group b,° References

Perrierite�Ce Ce Ce Fe2+ Ti Ti C2/m 113.5 Gottardi, 1960

Perrierite�La La La Fe2+ Ti Ti P21/a 113.64 Chukanov et al., 2011

Matsubaraite Sr Sr Ti Ti Ti C2/m 114.14 Miyajima et al., 2002

Hezuolinite Sr Sr Zr Ti Ti C2/m 114.10 Yang et al., 2012

Rengeite Sr Sr Zr Ti Ti P21/a 114.22 Miyawaki et al., 2002



of this group originating from young rocks of the
Eifel volcanic area and depleted in Th have per-
fect crystal structures (see Chukanov et al.,
2011). 

Comparative data for christofschäferite�(Ce)
and some related minerals are given in Table 8.
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Madagascar is so rich with natural resources,
that even the gold mined here from a XIX centu-
ry, is not often mentioned among other resources
of the "Treasure Island". Nevertheless, gold here
is exists, and dozens of deposits in various
regions are prospected and developed. Geo -
logical studying of island is substantially bound-
ed with activity of the French researchers, but for
the clear reasons this work has strongly raised
after terminating of colonial history of island in
1960. 

The main primary gold deposits, as it was
shown by previous investigations (Premoli,
1996), are connected here to Pre-Cambrian
green-schist belts and are presented with
mesothermal quartz-vein stockworks. Mining
here is substantially bounded with placer
deposits of various age. Mainly, it is artisanal
mining (Fig. 1, 2) in which the whole settlements
near gold-fields are involved. For local residents
gold mining, as a rule, is a subsidiary field along
with animal industries, cultivation of rice, vege -
tables.

In 2011 primary concentrates have been
washed from the sites located in a valley of the
river of Fisakany. This region is located in the
north of a province of Fianarantsua, near to the
city of Marinavaratra. In the literature this terri-
tory is described as Ambositra gold-field area
(Premoli, 1996). It is connected with archean age
metamorphic rocks which related to "Graphite"
system. Graphite, however, is not visible in rocks
cropping out in valleys of the rivers and streams,
since they are strongly lateritized (mainly, it is
micaceous shales). Productive alluvial (alluvial-
delluvial bed) is located in floodplain of the
rivers and streams and in the bottom of two-three
terraces above floodplains.

Here there are traces of works of productive
horizons excavating of the alluvial depositions of
gold – from the old pit-holes which have re -
mained after the French geologists, to the up-to-

date pit-holes and water-delivering systems of
ditches.

Washing of primary concentrates was made
by means of wooden trays. Taking into account
an abundance of a clay material in alluvium,
there is a probability that fine fractions, includ-
ing pulverous gold could be lost at washing.
Gold grains, typical for investigated placer
deposits, are shown at Fig. 3. The majority of
them are semiangular, their size, as a rule, is
0.1–0.7 mm, sometimes grains to 2 mm were
found. In several samples an absolute angular
grains were discovered – intersticial shapes
with mirror-smooth faces of the octahedral crys-
tals.  

For examination of composition, anatomy
and microinclusions in gold grains, a polished
sections of gold grains from different points of
placer deposits, pressed into the epoxy glue,
have been made. They have been studied by
means of an optical microscope and electron
microprobe analyzer.

Preliminary investigation under the optical
microscope has shown that most grains (more
than 80%) are homogeneous; they has orange-
yellow shade, corresponds to a highkarat gold.
Electron microprobe analysis has not revealed
traces of any other elements (a threshold of dis-
covery 0.1–0.2 wt%). Thus, the most part of gold
from the investigated placer deposits is extreme-
ly pure (fineness is above 990). This is explained,
probably, by oxidation processes of ("burn-off”)
of such impurities typical for gold, as Ag, Hg, Cu
in process of laterization. A finding of the
resorbed relicts of a gold-copper intermetallide
– tetraauricupride (Fig. 4) in a gold grain has
demonstrates a reality of such a processess. Its
composition is only Au (75.96–74.24 wt%) and
Cu (24.48–25.14 wt%). It is surrounded practi-
cally with pure gold. The cellular structure of the
grain, apparently, is caused with copper leach-
ing. Presence of a such intermetallide allows to

NEW LOCATION OF PORPETZITE AND SPECIFIC FEATURES 
OF PRIMARY GOLD MINERALOGY FROM GOLD-BEARING AREA

AMBOSITRA, MADAGASCAR
Mikhail E. Generalov, Leonid A. Pautov 

Fersman Mineralogical Museum, Russian Academy of Sciences, Moscow, mgeneralov@mail.ru

In gold washings, selected when studying of the gold-bearing placer deposits of Ambositra region (Madagascar),
Au-Pd, Au-Cu intermetallides were discovered here for the first time. These testifies on existence of primary gold
sources in the region not similar to that, yet found on island.
1 table, 7 figures, 5 references.
Keywords: native gold, palladic gold, porpetzite, Au-Pd-REE mineralization, placer deposits, Madagascar.
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guess presence of rodingites among primary
gold sources. Externally homogeneous high
karat gold grains with a small impurity of copper
(1.6–2.6 wt%) have been found, too.

However, not all the grains are free from a sil-
ver admixture. In one of the analyzed grains
(with average content of Ag 2 wt%) there was
inclusion with the silver amount up to 25% in
centre (dark-grey in back-scattered electrons
image, Fig. 5). Some of the analyzed grains has
low, but stable silver amounts, detected by
means of a microprobe (to 5 wt%). Here it is pos-
sible to guess if not a separate primary gold
source, but a distinct time of grains staying in lat-
erization band.

When investigation under optical micro-
scope, grains of the extremely unusual for gold-
silver intermetallides shades (bronze, cream,
greyish-white) has been revealed. Microprobe
analysis has shown those are palladium and cop-
per containing intermetallides (some composi-

tions are given in the Table 1). Such variety of a
native gold has the proper name – porpetzite,
from the name of the forgotten nowadays Brazil
deposit, where palladian gold was mined from a
XVII century. Alloys with similar composition,
are often used under the name «white gold» in
jewellery.

Some of palladium-bearing grains have cel-
lular structure (for example, grain 29, Fig. 6).
This structure can be related to substance
transformation in oxidizing conditions, as it is
possible to guess for the majority of grains from
the placer deposit. However, irregular porosity
of a grain with composition near to the palladi-
an gold (grain 30 with a stable amount of Pd =
7–8 wt%, Fig. 7) allows to connect porosity with
intermetallides origin in dispersed substrate, for
example, in micaceous, chlorite aggregates.

For an estimation of genetical sources of gold
mineral’s microinclusions in polished grains has
been analysed by electron microprobe method.
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Fig. 1. Family of inhabi-
tants at the gold-bearing
alluvial mining.

Fig. 2. Washing of pri-
mary concentrates by
means of wooden tray.

Fig. 3. Native gold
grains from Abmositra,
Madagaskar. Field of
view – 5 mm.

Photo: M.E. Generalov,

2011.



As a rule, they are too small for quantitative
analysis, and it is necessary to consider also, that
part of them can be epigenetical.

Nevertheless, in several grains groups of
inclusions with repeated composition have been
found – titanium phases (possibly, leucoxen),
silicon-aluminium phase (probably, those are
clay minerals) and what is unusual, the inclu-
sions, containing simultaneously Ca, P and REE.
In one of a high karat gold grain an inclusion of a
Ba-containing potassium feldspar was identified,
it is apparently syngenetical, as it is difficult to
imagine its continuous finding in an unchanged
state in laterization zone (in optical microscope
the grain is transparent).

Herein there are absent usual for quartz-vein
gold inserts of quartz and iron hydrooxides relat-
ed to oxidation of ferrous carbonates. There are
no sulphides and their analogues that, however,
can be related to the long-term transformation of
grains in oxidizing conditions. 

Mineralogical data on placer gold from the
studied locations gives the grounds to guess that
the basic primary gold sources hardly could be
quartz-vein bodies, typical here and described
earlier. If presence of high karat grains still can
be related to the imposed processes, presence of
palladian and copper intermetallides indicates in
specific types of primary gold mineralization.

For the first time bedrocks with palladian
gold («oro preto») – itabirites and similar meta-
morphites – have been described in Brazil
(Cabral et al., 2003). Similar associations in which
the extremely high karat gold adjoins with palla-

dian gold, were scored also in Australia, Great
Britain, Poland (Chapman et al., 2009). They are
considered as result of deposition of ore con-
stituent from chloride hydrotherms, possessing a
high oxidation potential. In www.mindat.org
base there are data on locations of palladian gold
also in Belgium, Guinea, Morocco, the USA and
Russia. However, palladian gold (porpetzite) is
possible to consider as a rare variety of native
gold. In the collection of Fersman Mineralogical
Museum there are only 3 samples featured as
porpetzite, and two of them – from Brazil and
one more – from Transcaucasia.

Probably, most close analogue of a primary
gold source of the investigated placer deposits
are Chudnoye and Nesterovskoye occurrences
on Near-Polar Urals. Those are recently re -
vealed new type of Au-Pd-REE mineralization
(Tarbaev et al., 1996), localized in terrigene
rocks of a green-schist metamorphism facies.
Noble metals mineralization is accompanied
here with different REE minerals (Moralev et
al., 2005). Abun dance of rare-earth phases
inclusions in grains of the investigated gold
gives the grounds to carry their primary gold
source to Au-Pd-REE-type. 

Presence of gold-copper intermetallides in
the investigated placer deposits allows to guess
also rodingite source, hence, the presence of
basite intrusions in the yielded region. In turn,
these intrusive massifs could be one of plati-
noides sources to green-schist formations.

It is not excluded that sources of ore material
in the investigated placer deposits has polygenic
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Fig. 4. Tetraauricupride
relicts (dark-grey areas)
in the high karat gold.
Here and elsewhere –
BSE images. Scale bar –
100 µm.

Fig. 5. Grain with  irregu-
lar silver distribution.
Scale bar – 100 µm.

Fig. 6.  Porpetzite grain
(№ 29) with a cellular
structure. Scale bar –
200 µm.

Fig. 7. Porpetzite grain
(№ 30) with a cellular
structure in central area.
Scale bar – 200 µm.



character, but hardly they are similar on typical
quartz stockworks, described on the island,
which presence one can observe even in lateri-
tized rim.

Searching for of a such primary gold sources
is possible and has a perspective, all the more so
presence of angular grains indicate the proximi-
ty of some of them, but this work can appear
more laborious will talce more efforts, than sur-
vey and evaluation of the ore material distribu-
tion in placer deposits. 
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Table 1. Composition of the palladian gold grains, wt%

No an. 1 2 3 4 5 6 7 8

No grain 1 5 9 29 30a 30b 33a 33b

Au 99.25 99.91 96.54 97.79 92.02 91.67 91.17 92.02

Pd 2.60 2.31 3.65 1.13 7.02 7.91 5.33 5.13

Cu 1.99 0.64 1.97 1.02 1.26 * 2.76 2.33

Ag * * * * * * * *

Notes: * – content of the component is below detection limit.



In Russia, fergusonite YNbO4 was first
identified by G.P. Chernik (1921), who found
this mineral in samples collected by the
Radium Expedition of the Russian Academy of
Sciences in 1913–1914 in amazonite peg-
matite of the Blyumovskaya Opencast Mine in
the Southern Urals. This was almost one centu-
ry after the discovery of this mineral in peg-
matite in Greenland. The most widely spread
variety of this mineral is fergusonite-(Y), which
was found in granite pegmatites, alaskites, and
albitites worldwide, usually in the form of
small (commonly less than 2–3 cm across)
grains and aggregates that are usually variably
altered on the surface. The alteration products
of the mineral are still inadequately poorly
examined (Minerals, 1967).

Large fergusonite-(Y) crystals, which were
significantly altered in the margins, were found
in the Beregovaya granite pegmatite vein in the
northeastern shore of the Beloyarskiy water
reservoir 8 km northeast of the town of Zare ch -
niy and 5 km northwest of the Beloyarskiy
Nuclear Power Plant (BNPP) (Fig. 1). Before the
construction of BNPP was launched, teams of
the Ural Geological Survey had explored the
territory for minerals usable in whiteware pro-
duction. Some of the pegmatite veins were then
exposed in prospecting trenches and pits, but
the mineralogy of the rocks was examined very
cursorily. In 1972 geologist A.S. Talantsev rec-
ommended V.A. Gu bin to visit the vein. Later
fergusonite-(Y), samarskite-(Y), columbite,
mo nazite-(Ce), and zircon-xenotime aggre-
gates were found when debris from the bottom
of the mine was washed in 1973–1975. The
vein was closely examined by V.I. Popova in
1983–1984 and by V.I. Popova together with
V.A. Gubin in 2008. The very first result of
these studies were published in (Popova et al.,

1988; Popova, Gubin, 2008). The fergusonite-
(Y) crystals found at the site and their exten-
sive alterations and accompanying minerals
were then studied in much detail, and the
results of these studies are presented below.

Localization of Accessory 
Mineralization in the Beregovaya Vein

The Beregovaya Vein trends 330° NNW
and is hosted in gray fine-grained alaskite
granite of the small (5–7 km across) Late
Paleozoic Zenkovskiy Massif. The massif is
known to be accompanied by rare-metal mine -
ralization and is adjacent to the Adui Massif in
the south. The Zenkovskiy Massif is thought to
be younger than the Adui Massif, and accesso-
ry mineralization in the granite of the former is
similar to that in the younger leucocratic gra -
nite of the latter massif (Chashchukhina, 1975;
Morozova, 2006; and others).

The quartz-feldspathic pegmatite with
muscovite is exposed in two opencast dig-
gings: the larger Southern Mine (25 m long,
4 m wide, and 4 m deep) and smaller Northern
Mine 5 m away from it. The vein is intersected
by prospecting trenches and was proved to
have a total length of close to 30 m and dip
60°ENE at an angle of 70–80°. Two access
trenches were dug from the Southern Mine
toward the shoreline, and dumps up to 1 m
high were stored along them. The mine was
originally at a distance of 30 m from the shore,
but when the water-supply channel to Blok 4
of BNPP was constructed, freshly stored rock
dumps separated the Beregovaya Vein from
the shoreline at a distance of 50 m over a
length of 100–120 m along the shore. The vein
shows classic zoning, except only for the
absence of an aplite outermost zone, so that

FERGUSONITE-(Y) AND ITS ALTERATION PRODUCTS IN THE BEREGOVAYA
GRANITE PEGMATITE VEIN, ZENKOVSKIY MASSIF, URALS, RUSSIA

Valentina I. Popova, Eugeny I. Churin, Ivan A. Blinov, Victor A. Gubin
Institute of Mineralogy, Ural Branch, Russian Academy of Sciences, Miass, Russia, popov@mineralogy.ru

Large (up to 2–5 cm) crystals and anhedral grains of fergusonite-(Y) have the composition (Y0.65REE0.23U0.07Th0.04

Ca0.01)0.98(Nb0.91Ti0.05Ta0.03)0.99O4, and are variably hydrated and replaced by an aggregate of yttropyrochlore-(Y)
(Y0.54REE0.23U0.11Th0.05Ca0.08)1.01(Nb1.76Ti0.20Ta0.05)2.01O6(OH)·3.8H2O, in grain margins and by brockite and cheralite
along cracks. The fergusonite-(Y) occurs in association with ingrowths and aggregates of accessory REE – rare
metal minerals: ferro- and manganocolumbite, ilmenorutile, samarskite-(Y), polycrase-(Y), zircon, xenotime-(Y),
mo nazite-(Ce), uranpyrochlore, betafite, uraninite, and thorite.
3 tables, 8 figures, 14 references.
Keywords: fergusonite-(Y), alteration products, yttropyrochlore-(Y), brockite, cheralite, uranpyrochlore,
Zenkovskiy Massif, Urals. 
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the quartz-two feldspar graphic rock occurs in
immediate contact with the host rocks. The
graphic granite shows a pronounced zone of
competitive selection of mineral crystals grow-
ing inward. This zone gives way first to a zone
of coarse-block pegmatite and then to the
quartz core of the vein. The block rock was
mined for feldspar, whereas the quartz core up
to 1 m thick was left almost undisturbed and
can be now seen at the bottom of the mine.

The accessory minerals are hosted partly in
the graphic pegmatite (where it grades into the
block zone) and, mostly, in the block zone
itself. The most ubiquitous accessory mineral
is magnetite, which occurs as small grains vari-
ably replaced by hematite and limonite, and
large crystals of reddish brown spessartine,
which contains up to 27.6 wt% MnO and devel-
ops in symplectitic intergrowths with albite-
oligoclase and muscovite feathers and as sub-
hedral crystals up to 4 cm across with {211}
faces or, more often, surfaces of coupled
growth with adjacent minerals. They are
accompanied by small grains of gahnite, fluo-
rapatite, and allanite-(Ce). The REE – rare
metal minerals are fergusonite-(Y), samars ki -
te-(Y), uranpyrochlore, betafite, uraninite,

thorite, rhabdophane-(Ce), and brockite,
which were identified mostly in samples from
dumps and in material obtained by washing
debris and rock chips from the block zone of
the vein.

Another vein in this area, the Beloyarskaya
Vein, 2 km north-northwest of the Beregovaya
Vein, bears accessory minerals similar to those
in the Beregovaya Vein. Regretfully, the
Beloyarskaya Vein was found only in the form
of separated rock blocks at the surface, its mi -
ne ralization is still poorly studied, and no fer-
gusonite has been so far found in it.

Methods

Our studies were conducted at the Institute
of Mineralogy, Ural Branch, Russian Academy
of Sciences, in Miass, Russia. Mineral crystals
with fragments of their faces were examined
on a SF-4 Fedorov stage used as a goniometer.
The idealized shapes of the crystals were
drawn with the SHAPE-7.1 and CorelDraw 11
computer programs. The powder diffraction
patterns of minerals were obtained using a
DRON-2.0 diffractometer and identified
according to the ASTM database. Polished
sections of minerals were examined under an
Olympus BX51 optical microscope. The mine -
rals were analyzed on a Jeol JXA-733 micro-
probe equipped with one INCA200 energy-dis-
persive and one wave-dispersive spectrometer
with three analyzing crystals and SEM TES-
CAN Vega 3 with INCA250, REMMA-202M,
and EDS LZ-5; and the distribution of various
elements in the crystals was examined in char-
acteristic X-ray radiation. The standards were
ilmenite, columbite, orthoclase, chlorapatite,
almandine, ThO2, UO2, (REE)P5O14, (REE)2О3, Y2O3. 

Fergusonite-(Y) 
and its Epigenetic Alteration

Fergusonite-(Y) was found in the Bere -
govaya Vein as grains of complicated mor-
phology 2-5 mm across, with faces of tetrago-
nal pyramids z{231}, x{131}, s{111} and of
pinacoid c{0001} (Fig. 2). The unaltered fergu-
sonite-(Y) is transparent, dark brown (up to
black-brown), brown and transparent in im -
mersion liquids, weakly optically anisotro pic,
Mohs hardness 5.5. The mineral is X-ray amor-
phous if not ignited and becomes turbid when
heated above 800°С and acquires a pale brown
color. The strongest lines in the X-ray powder
diffraction patterns (d, Å; I): 3.049 (100), 2.944
(30), 2.750 (25), 2.590 (36), 1.882 (22), 1.794 (5),
1.636 (2), 1.571 (11), which are more typical of
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Fig. 1. Location map of the Beregovaya and Beloyarskaya veins.
Key: 1. Beloyarskaya Vein; 2. Beregovaya Vein; 3. Beloyarskiy
Water Reservoir; 4. BNPP.
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the tetragonal modification (except only for
the line 1.571). Longitudinal and cross sections
of the crystals show readily seen relics of unal-
tered fergusonite-(Y), its altered and variably
replaced domains, and inclusions of other min-
erals that crystallized simultaneously with it
(Fig. 3). The primary fergusonite-(Y) contains
14–16 wt% REE (which are dominated by
yttric REE), 7.2–7.4 wt% UO2, and 3.5–3.7
wt% ThO2 (Table 1, analyses 1, 2; Fig. 4). The
most ubiquitous and common alterations of
the fergusonite-(Y) are its hydration; these
domains are darker in the BSE images and
likely contain H2O (close to 0.5 molecules per
formula unit) and, in lesser amounts, REE
(Table 1, analysis 3). More in tense hydration
(two to five water molecules per formula unit)
results in a paler color of the mineral (up to
yellowish brown and brownish yellow) and a

decrease in the Y and REE concentrations
(Table 1, analyses 4, 5). The hardness of these
domains is close to 5; the mineral grains are
pale yellow in immersion liquids and are opti-
cally isotropic.

The alteration of the fergusonite-(Y) most
commonly results in its selective replacement
by aggregates of greenish yellow subhedral
grains of a mineral whose Mohs hardness is
close to 4.5, which are transparent in immer-
sion liquids, and pale yellow, optically isotro -
pic, and have n = 1.80–1.81. Microprobe
analyses of the mineral can be realistically
enough recast to the formula of yttropy-
rochlore-(Y) (Table 1, analysis 6), whose ener-
gy-dispersive spectra are dominated by peaks
of Y, Nb, and U; the Ca concentration in the
mineral is higher than in the fergusonite-(Y)
(Fig. 4b). Upon its ignition at 630°С, the mine -
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in the Beregovaya Granite Pegmatite Vein, Zenkovskiy Massif, Urals, Russia

Fig. 2. Morphology of (a,
b) fergusonite-(Y) crys-
tals and (c) its aggregate
with a zircon-xenotime
"walnut".

Fig. 3. Altered domains
in the fergusonite-(Y) in
(a, c) longitudinal and
(b, d) cross sections as
seen in oblique light and
in back-scattered elec-
tron (BSE) images.
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Table 1. Chemical composition (wt%) of (1, 2) primary fergusonite-(Y), (3-5) altered yttropyrochlore-(Y), and (6)
yttropyrochlore-(Y) and (7) brockite replacing primary fergusonite-(Y)

No an. 1 2 3 4 5 6 7

Y2O3 25.65 26.07 25.97 22.18 18.32 12.65 –

UO2 7.20 7.42 7.31 6.42 7.58 5.94 –

ThO2 3.54 3.72 4.41 1.66 2.44 2.73 42.44

CaO 0.24 0.13 0.26 0.69 0.39 0.89 9.45

La2O3 0.16 – – – – 0.17 0.10

Ce2O3 0.43 – – – – 0.42 1.20

Nd2O3 1.37 1.23 – 1.31 0.80 0.80 1.04

Sm2O3 1.55 1.39 1.51 1.47 0.60 0.52 0.40

Gd2O3 2.82 2.48 2.13 1.80 1.28 1.05 0.34

Dy2O3 3.83 3.55 3.40 3.19 2.47 2.20 0.48

Tb2O3 0.66 – – – – 0.40 –

Er2O3 2.19 1.86 1.47 2.03 1.65 1.38 –

Yb2O3 2.85 3.32 3.36 2.52 2.30 1.89 0.42

Nb2O5 43.67 43.55 42.55 37.95 31.29 48.41 –

Ta2O5 2.54 3.31 3.01 3.02 2.33 2.32 –

TiO2 1.45 1.75 2.09 1.70 1.60 3.35 –

SiO2 – 0.20 – 1.97 1.21 n.a. 1.20

P2O5 – – – – – – 23.86

LOI n.a. n.a. 1.60 n.a. n.a. n.a. n.a.

Total 99.90 99.98 99.07 87.91 74.26 84.92 81.16

REE total 16.04 13.83 11.87 12.32 9.10 7.66 3.88

Empirical formulas normalized to O = 6 and O = 6.5 in analysis 6

1 – (Y0.65REE0.23U0.07Th0.04Ca0.01)0.98(Nb0.91Ti0.05Ta0.03)0.99O4;

2 – (Y0.63REE0.22U0.08Th0.04Ca0.01)0.97(Nb0.90Ti0.06Ta0.04Si0. 01)1.01O4;

3 – (Y0.66REE0.17U0.08Th0.05Ca0.01)0.97(Nb0.91Ti0.07Ta0.04)1.02O4
·0.5H2O;

4 – (Y0.60REE0.18U0.07Th0.02Ca0.04)0.91(Nb0.88Ti0.09Ta0.04Si0.10)1.09O4
·2.4H2O;

5 – (Y0.59REE0.18U0.10Th0.03Ca0.03)0.93(Nb0.86Ti0.07Ta0.04Si0.07)1.04O4
·5H2O; 

6 – (Y0.54REE0.23U0.11Th0.05Ca0.08)1.01(Nb1.76Ti0.20Ta0.05)2.01O6(OH)·3.8H2O;

7 – (Ca0.48Th0.46REE0.07Fe0.01)1.02(P0.95Si0.06)1.01O4
·2.8H2O.

Note: all analyses were made on a JXA-733 microprobe equipped with an INCA200 EDS analytical setup (for analyses 1 and 3–5)
and with WDS (analyses 2, 6, and 7), analyst E.I. Churin. The totals include (wt%) Eu2O3 0.18 (analysis 1), FeO 0.32 (analysis 7). The
LOI in analysis 3 is assumed as the H2O content; the H2O content for other analyses was assumed to be the difference between the
total and 100.00 wt%; n.a. means not analyzed, dashes mean not detected. 

Fig. 4. Energy-dispersive spectra of (a) the fergusonite-(Y) and (b–d) minerals replacing it: (b) yttropyrochlore-(Y), (c) brockite, and
(d) cheralite.



ral became whitish orange, turbid, with
translucent domains. Its Debye-Scherrer dif-
fraction patterns exhibit only three weak lines
(d, Å): 2.97, 2.79, 2.57, which are close to those
of yttropyrochlore-(Y) (so-called obruchevite).

The younger alterations are "lacy" brockite
and cheralite pseudomorphs (Fig. 4c, d, 5)
replacing the fergusonite-(Y) along cracks.
The brockite contains, along with predomi-
nant Th, Ca, and P, also minor amounts of REE
(3.88 wt%), Si, and Fe (Table 1, analysis 7). The
peripheral zone of these pseudomorphs in
contact with fergusonite-(Y) are richer in REE
and are seen in BSE images in being paler than
brockite; these seem to be cheralite. Thin cher-
alite veinlets were also detected in cracks cut-
ting across brockite and yttropyrochlore-(Y)
aggregates, which provides grounds to believe
that these are the youngest replacement prod-
ucts of the fergusonite-(Y). The LOI values (at
temperatures up to 300°С) of all the alteration
products, including fergusonite-(Y) relics, are
6.5 wt%. 

The REE composition of the fergusonite-
(Y) has a so-called Dy maximum (close to type
VI according to Ginzburg et al., 1960). The
most strongly hydrated variety is slightly rich-
er in HREE and is thus closer to the prseudo-
morphous yttropyrochlore-(Y), and the youn -
ger brockite is strongly dominated by LREE
(Table 2). 

Accessory Minerals 
in Association with the Fergusonite-(Y)

The fergusonite-(Y) was found in aggre-
gates with and containing inclusions of rock-
forming (feldspars, quartz, and muscovite) and
various rare-metal minerals, most commonly,
columbite, samarskite-(Y), polycrase-(Y), and
monazite-(Ce), which is similar to that found in
Beloyarskaya Vein (Fig. 6).

In the Beregovaya Vein (as in the Beloyar -
skaya vein), the accessory minerals are domi-
nated by Mn-rich ferrocolumbite (Table 3,
analysis 1), whose peripheral zones often con-
sist of Fe-rich manganocolumbite with some-
what elevated concentrations of Ta2O5 (Table 2,
analysis 2). The minute columbite inclusions
are restricted to the inner portions of fergu-
sonite-(Y) crystals, whereas mangano colum -
bite ingrowths are contained in the peripheral
parts of these crystals. The columbite some-
times contains ilmenorutile ingrowths.

The samarskite-(Y) both in individual crys-
tals and in inclusions in the fergusonite-(Y) is
rich in Fe and U (Table 3, analysis 3) and was
often found in aggregates with ferrocolumbite
and polycrase-(Y) and contains tiny inclusions
of ilmenite and magnetite. The samarskite-(Y)
is variably altered along cracks. Most often
these alterations are pronounced as variable
hydration and associated depletion in Y, Fe,
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Fig. 5. BSE image of aggregates of brockite (Br) and cheralite (Cher) replacing the fergusonite-(Y).
Fig. 6. (a) Ferrocolumbite, (b) samarskite-(Y), and (c) monazite-(Ce) from the Beloyarskaya Vein.
Fig. 7. Altered domains in samarskite-(Y): (a, c) BSE images, (d) image in Si Ka1

r a diat io n .
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Table 2. REE composition (percentage of REE total = 100%) in (1) the fergusonite-(Y), (2) its most strongly hydrated
variety, and pseudomorphic (3) yttropyrochlore-(Y) and (4) brockite 

Oxides La Ce Nd Sm Eu Gd Dy Tb Er Yb REE total

1 1.00 2.68 8.54 9.56 1.12 17.58 23.88 4.12 13.66 17.77 16.04

2 – – 8.79 6.59 – 14.07 27.14 – 18.13 25.28 9.10

3 2.22 5.48 10.49 6.79 – 13.71 28.72 1.22 18.02 24.67 7.66

4 2.58 30.93 26.89 10.31 – 8.76 12.37 – – 10.82 3.88

Table 3. Chemical composition (wt%) of rare-metal minerals in association with the fergusonite-(Y) 

No an. 1 2 3 4 5 6 7 8 9

Y2O3 – – 14.62 22.36 0.12 – 42.59 – –

UO2 – – 14.66 7.35 0.46 – 2.25 7.22 28.38

ThO2 – – 3.67 0.60 6.22 2.96 2.60 70.74 n.a.

PbO – – n.a. n.a. – – – 1.43 n.a.

FeO 12.35 8.82 7.18 – – 0.22 – 0.35 1.54

MnO 8.14 11.13 – – – – – – –

CaO – – – 0.37 0.25 2.35 – – 3.15

La2O3 – – – – 10.16 10.30 – – n.a.

Ce2O3 – – – – 23.43 22.12 – – n.a.

Pr2O3 – – – – 3.56 3.06 – – n.a.

Nd2O3 – – – – 18.12 10.21 – – n.a.

Sm2O3 – – 1.05 – 6.31 2.78 1.12 – n.a.

Gd2O3 – – 1.86 1.37 1.64 1.53 2.71 – n.a.

Dy2O3 – – 2.59 2.76 0.25 0.90 4.28 – n.a.

Er2O3 – – 1.79 2.07 – – 2.07 – n.a.

Yb2O3 – – 1.94 2.10 – – 4.07 – n.a.

Nb2O5 63.90 61.97 41.60 27.97 – – – – 11.60

Ta2O5 11.60 14.73 4.02 6.77 – – – – 29.80

TiO2 3.30 2.30 3.25 24.24 – – – – 13.04

P2O5 – – – – 28.10 24.93 33.87 1.15 –

SiO2 – – – – 1.26 0.94 1.11 17.60 –

Total 99.29 98.95 98.23 98.97 99.88 82.30 96.67 98.49 87.51

Empirical formulas: analyses 1, 2, and 4 are normalized to O = 6; analyses 3 and 5-8 are normalized to O = 4, analysis 9
is normalized to (Ti + Ta + Nb) = 2

1 – (Fe0.61Mn0.40)1.01(Nb1.69Ta0.19Ti0.15)1.03O6

2 – (Mn0.56Fe0.44)1.0(Nb1.68Ta0.24Ti0.10)1.02O6

3 – (Y0.37REE0.15U0.15Th0.04Fe0.28)0.99(Nb0.89Ti0.12Ta0.05)1.06O4

4 – (Y0.72REE0.18U0.10Th0.01Ca0.02)1.03(Ti1.10Nb0.76Ta0.11)1.97O6

5 – (Ce0.34Nd0.26La0.15Sm0.09Pr0.05Gd0.02Th0.06)0.97(P0.95Si0.05)1.0O4

6 – (Ce0.38La0.18Nd0.17Pr0.05Sm0.04Gd0.02Dy0.01Ca0.12Th0.03Fe0.01)1.01(P0.98Si0.04)1.02O4
·3.6H2O

7 – (Y0.78REE0.15U0.02Th0.02)0.97(P0.98Si0.04)1.02O4
·0.2H2O

8 – (Th0.87U0.09Pb0.02Fe0.02)1.02(Si0.95P0.05)O4

9 – (U0.55Ca0.29Fe0.11)0.94(Ti0.85Ta0.70Nb0.45)2O6.07

Note: 1 – ferrocolumbite, 2 – manganocolumbite, 3 – samarskite-(Y), 4 – polycrase-(Y), 5 – monazite-(Ce), 6 – rhabdophane-(Ce),
7 – xenotime-(Y), 8 – thorite, 9 – betafite. JXA microprobe equipped with INCA200 EDS (analyses 1, 2, 8, 9) and WDS (analyses 3–7),
analyst E.I. Churin. Analysis 4 contains 0.91 wt% Ho. H2O was calculated (as the difference between 10.00 wt% and the analytical
total; n.a. means not analyzed, dashes mean not detected.



and U and enrichment in Si. In BSE images,
domains of weakly altered samarskite-(Y) are
darker, and the strongly altered domains con-
tain up to 6–8 wt% SiO2 (Fig. 7a, 7b) and
8–10 wt% Ta2O5 and are almost completely
devoid of Y and U. Another type of alterations
in the samarskite-(Y) involves zonal metaso-
matic veinlets filling cracks (Fig. 7c, d), whose
central portions contain SiO2 and the interme-
diate zones are almost twofold depleted in
Nb2O5 but are enriched in Ta2O5 (approximate-
ly 20 wt%) and P2O5 (close to 6.7 wt%) com-
pared with the samarskite-(Y). The outermost
zones in contact with samarskite-(Y) (these
zones are paler in BSE images) are likely
enriched in REE. We have not yet identified
these alteration products of the samarskite-(Y).

Inclusions of polycrase-(Y), ilmenorutile,
and monazite-(Ce) were found in the peripher-
al zones of fergusonite-(Y) grains. The grains
of polycrase-(Y) usually have a complicated
morphology and reach 5 mm across. They are
compositionally zonal and altered in the mar-
gins and along cracks, where their color is
modified from primary black and brownish
black to yellowish and greenish brown. These
altered domains sometimes contain ingrowths
of ilmenite, manganocolumbite, and samar -
skite-(Y). An analysis of one of the least altered
inner domains of the polycrase-(Y) of black
color is presented in Table 3 (analysis 4).
Alteration products of the polycrase-(Y) were
studied earlier. These alterations involve hydra-
tion (the LOI values increase to 10–20 wt%) and
depletion in Y, Ti, and REE (Popova, 2009). The
composition (wt%) of the ilmenorutile is as fol-
lows: TiO2 53.10; Nb2O5 19.14; Ta2O5 15.55; FeO
1.8; Fe2O3 10.34 (Mössbauer spectroscopic
data); the calculated formula (normalized to
O = 2) is (Ti0.63Fe0.15Nb0.14 Ta0.07)0.99 O2. 

Inclusions of monazite-(Ce) up to 0.7 mm
contain much Th and little Ca (Table 3, analy-
sis 5). Some grains are partly replaced by ag -
gre gates of hydrated rhabdophane-(Ce), which

contain almost half as much ThO2, Nd2O3, and
Sm2O3 as the monazite-(Ce) does but almost
one order of magnitude more CaO (Table 3,
analysis 6).

The most spectacular specimens are aggre-
gates of fergusonite-(Y) with ellipsoidal zir-
con-xenotime crystals resembling walnuts
(Fig. 2c) with a common fourfold symmetry
axis (Fig. 8). Xenotime-(Y) occurs in them as
"bifoliate" spherocrystals whose color varies
from yellowish brown in the core to brownish
green in the peripheral zones. The mineral
contains approximately 2.2 wt% UO2 and
2.6 wt% ThO2 (Table 3, analysis 7). In the
autoradiographic images of a cross section of
such a "walnut", xenotime-(Y) is noted for
higher radioactivity than that of the zircon.
Certain domains in the xenotime-(Y) are
altered, contain less Y, P, REE, and U oxides
but are enriched in Ca, Fe, and Th, and their
analytical totals are 75.92 wt% (Popova et al.,
2010). Given a water content of approximately
22 wt%, the formula of the modified xenotime-
(Y) can be written as (Y0.57Ca0.15Fe0.10Th0.05Yb0.04

Dy0.03Er0.03Gd0.02U0.02)1.01(P0.92Si0.08)1.00O4
·3H2O

when normalized to O = 4 and is close to the
formula of natural and synthetic "hydroxeno-
time" (Semenov, 2001). The zircon (cyrtolite)
in these "walnuts" contains (wt%): ZrO2 57.18;
HfO2 6.53; UO2 0.8; ThO2 1.40; Y2O3 0.20; SiO2

29.55; analytical total 95.66 wt%; and its formu-
la normalized to O = 4 is (Zr0.93Hf0.06

Th0.01U0.01)1.01Si0.99O4
·0.5H2O. Some of the "wal-

nuts" contain brownish white powdery grains
that sometimes retain their original tabular
morphologies. Their average composition
(wt%) is SiO2 38.42; TiO2 0.46; Al2O3; 27.16;
FeO 6.91; MnO 9.32; MgO 1.20; CaO 0.91; and
Ce2O3 0.35; analytical total 84.73 wt%; the for-
mula normalized to 11 cations is(Mn0.99Fe0.73

Mg0.23Ca0.12)2(Al2.91Fe0.09)3(Si4.84 Al1.12Ti0.04)6O17.91,
and resembles that of a modified cordierite
with an unusually high MnO concentration
(this is likely a mixture of secondary minerals). 

53
Fergusonite-(Y) and Its Alteration Products 

in the Beregovaya Granite Pegmatite Vein, Zenkovskiy Massif, Urals, Russia

Fig. 8. (a) Zircon-
xenotime aggregate
and its (b, c) sec-
tions: (b) in oblique
light, (c) autoradi-
ographic image.



Tiny (1–10 µm) uraninite inclusions were
encountered in domains of almost unaltered
fergusonite-(Y) when examining them under a
microprobe. The uraninite was determine to
contain (wt%): UO2 74.70; ThO2 18.62; PbO
2.27; and has a total of 95.59 wt%, which sug-
gests that U in it is partly oxidized. Thorite
ingrowths in the fergusonite-(Y) contain minor
amounts of U, Pb, Fe, and P (Table 3, analy-
sis 8). Some of the thorite grains are strongly
hydrated (up to the origin to thorogummite),
they are poorer in Th, Si, and U oxides, have
lower totals (75–80 wt%) than the unaltered
grains, and contain minor amounts of FeO (up
to 2–4 wt%) and CaO (1–2 wt%).

Polycrase-(Y) in the aggregates with fergu-
sonite-(Y) contains tiny optically isotropic
mineral grains noted for high Ta2O5 concentra-
tions (up to 29.8 wt%), containing no Y, and
having a composition close to that of betafite
slightly deficient in cations on site A (Table 3,
analysis 9). The mineral was not analyzed for
REE. 

Results and Conclusions

The alterations of fergusonite-(Y) in peg-
matite from the Beregovaya Vein involve its
metamictization, hydration, and pseudomor-
phic replacement by aggregates of yttropy-
rochlore-(Y) and phosphates (brockite and
cheralite). Some of these alterations were
described earlier. For example, A.V. Voloshin
(1993) generalized then available data on fer-
gusonite-(Y) in pegmatites in the Kola Pe -
ninsula: the application of various techniques
made it possible to find out that the composi-
tion of fergusonite-(Y) is only insignificantly
modified during its initial hydration, and its
more advanced hydration results in depletion
in Y and REE and enrichment in Ca. In samples
from the Kola Peninsula, fergusonite-(Y) so -
me times replaced by pyrochlore (Lunts, 1972)
and aggregates of plumbopyrochlore, man-
gancolumbite, and xenotime (Voloshin, 1993).
In contrast to them, ferrocolumbite, xenotime-
(Y) and other accessory minerals, such as
samarskite-(Y), polycrase-(Y), monazite-(Ce),
zircon, thorite, and betafite, in the Beregovaya
Vein crystallized simultaneously with fergu-
sonite-(Y) and did not replace it.

A.V. Voloshin (1993) mentioned that alte -
red domains of fergusonite-(Y) from the Kola
Peninsula are enriched in Ti and Ca, as is also
the case with our samples from the Beregovaya
Vein.

It is interesting that minute (less than
0.1 mm) grains of fergusonite-(Y) in albitite

from the Aryskan deposit in Tuva, southern
central Siberia, is replaced by samarskite-(Y)
containing appreciable concentrations of Si
and Zr (Grigor'ev, Sergeeva, 1993). This can be
likely explained by minute inclusions of zircon
and gadolinite, which are typical of the ores of
this deposit. In attempt to get rid of the zircon
and gadolinite admixture in the analysis, we
recalculated the analyses to the formula
(Y0.32REE0.19Fe0.21Ca0.17Th0.05U0.02Pb0.02)0.98(Nb1.68

Ti0.26Ta0.06)2O6.21, (normalized to Nb + Ta + Ti
= 2), which is close to the formula of ferrous
yttropyrochlore-(Y). The alteration products
(adelpholite, arrenite, and kochelite) of fergu-
sonite-(Y) that were documented by several
researchers are likely a mixture of minerals
(Krivovichev, 2008). Uranyl-carbonate (ruther-
fordine) was detected as a secondary mineral
in fergusonite-(Y) (Ginzburg et al., 1960) but
has still not been identified in our samples. In
general, it can be concluded that alterations
other than hydration that are typical of fergu-
sonite-(Y) involve replacement by minerals of
the pyrochlore group and REE phosphates. 
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Introduction

Rocks of the melteigite-urtite series are
widespread in alkaline (Khibiny and Lo -
vozero massif in the Kola Peninsula) and al -
kaline-ultramafic (Kovdor, Afrikanda, Ozer -
naya Varaka, Vuorijarvi, and other massifs in
Karelia; the Arbarastakh Massif in the Aldan
Shield, and massifs on Tury Cape) in Russia
and elsewhere. The rock-forming minerals of
melteigites and urtites are nepheline, diop-
side, aegirine and diopside, and the typical
accessory minerals are apatite, titanite, eudi-
alyte, lamprophyllite, and occasionally,
schor lomite, ilmenite, pyrrhotite; other mi -
nerals are more rare.

In the Khibiny Massif, alkaline ultramafic
rocks of the melteigite-urtite series are spa-
tially restricted to the so-called Central Arch,
which occurs between zones of nepheline
syenites of various composition: khibinite (in
the peripheral portions of the massif) and
ljavochorrite with foyaite (in the core of the
massif). The melteigite-ijolite-urtite compose
two rock complexes: their massive varieties
compose the urtite-rischorrite-juvite com-
plex, and the trachytic rocks compose a dif-
ferentiated complex of cyclically alternating
melteigite, urtite, and ijolite (Arzamastsev et
al., 1987). As in other alkaline and ultramafic
alkaline massifs, the rock-forming minerals of
the melteigite-urtite series of the Khibiny
Massif are nepheline and aegirine-diopside,
and the typical accessory minerals are tita -
nite, eudialyte, lamprophyllite, and apatite.

The members of the rock series from meltei -
gite to urtite differ from one another in sys-
tematically varying proportions of nepheline
and pyroxene.

We have examined ijolite-urtite samples
from the Khibiny Massif that were collected
by Z.V. Shlyukova from the core material
recovered by Borehole 545, which was drilled
through the bottom part of the southern face
of Mount Poachvumchorr, not far from the
eastern tip of Lake Little Vudjavr (Shlyukova,
1986). According to Fig. 1, the site is likely
made up of ijolite of the differentiated com-
plex and feldspathic ijolite. According to the
proportions of their rock-forming minerals
(nepheline and pyroxene), these rocks can be
classed with ijolites-urtites. The pyroxene is
aegirine-hedenbergite (whose average com-
position is, in wt%: SiO2 50.49; Na2O 12.28;
FeO 25.24; MgO 3.22; CaO 6.23; TiO2 1.84;
Al2O3 0.23), aegirine-diopside (SiO2 51.47;
Na2O 7.03; FeO 14.84; MgO 15.79; CaO 8.19;
MnO 1.07; TiO2 0.08; Al2O3 0.03), or more rare
aegirine. The average composition of the
nepheline is SiO2 42.44; Al2O3 31.66; Na2O
16.31; К2О 6.39; CaO 0.47; FeO 1.34; TiO2

0.07. The accessory minerals are titanite, lam-
prophyllite, apatite, ilmenite, and pyrrhotite;
other minerals occur much more rarely.
Practically no feldspar was identified in our
samples. The ijolite-urtite contains several
Ba-bearing minerals, including those never
before documented in these rocks. These are
arctite, khanneshite, a phase of composition
close to bussenite, and bussenite itself. We

LATE Ba MINERALIZATION AND ITS GENESIS 
IN IJOLITE-URTITE AT MOUNT POACHVUMCHORR, 

KHIBINY MASSIF, KOLA PENINSULA 
Yulya V. Azarova and Dmitriy I. Krinov

JSC “Leding Scientific-research Institute of Chemical Technologies”, Moscow 
azarova_yu@mail.ru, krinov67@mail.ru

Ijolite-urtites occurring at a depth of approximately 250–280 m in the Khibiny Massif were found out to
contain an assemblage of Ba-rich minerals, including such rare minerals as arctite Na5BaCa7(PO4)6F3, khan-
neshite (Na,Ca)3(Ba,Sr,REE,Ca)3(CO3)5, bussenite Na2Ba2FeTi[Si2O7]CO3(OH)3F, and a phase of composi-
tion close to bussenite. Our further studies led us to conclude that the latter phase likely contains no C (i.e.,
the CO3 group) but is richer in F. Perhaps, this is a F-rich C-free analogue of bussenite. The analysis of the
composition of the phases, their modes of occurrence, morphologies, and relations with older phases of the
rocks suggest that the phases were produced by younger mineral-forming processes.
1 table, 5 figures, 21 references.
Keywords: ijolite-urtite, Ba mineralization, hydrothermal low-temperature processes, Khibiny Massif, arc-
tite, khanneshite, bussenite.
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have also found Ba-rich lamprophyllite,
which develops as small tabular grains among
rock-forming minerals.

Arctite has been found only twice in the
Khibiny Massif: once in a pegmatoid veinlet
cutting melteigite-urtite and rischorrite in the
valley of the Vuonnemijok River (Khomyakov
et al., 1981) and once in a nepheline-sodalite-
microcline-aegirine veinlet in urtite at Mount
Koashva (Yakovenchuk et al., 2005).

Khanneshite (Na,Ca)3(Ba,Sr,REE,Ca)3(CO3)5,
belongs to the burbankite group and was
found four times, always in carbonatites. This
mineral was first identified in fine-grained
carbonatite from the Khanneshin Massif in
Afghanistan (Eremenko and Bel’ko, 1982)
and three times in the Kola Peninsula: (i) in a
calcite veinlet recovered in borehole core
material from the shore of Tulilukht Bay in
the vicinity of the carbonatite stock of the
Khibiny Massif (Pekov et al., 1998), (ii) in
voids in carbonatite from Kovdor (Ivanyuk et
al., 2002), and (iii) as inclusions in apatite
from calcite-amphibole-clinopyroxene rock
from the Afrikanda Massif (Zaitsev and
Chakhmouradian, 2002).

Burbankite from rocks from the Khibiny
Massif was previously described in several
publications, mostly as contained in metaso-

matites and hydrothermal veinlets, and was
usually poorer in Ba (Mineralogy of the
Khibiny Massif, 1978; Yakovenchuk et al.,
2005). Ba-rich minerals of the burbankite-
khanneshite series were also identified in
some other massifs in the Kola Peninsula,
mostly in relation with carbonatites (Vuor -
ijarvi and Afrikanda massifs), and in carbon-
atite rocks of the Khanneshin Massif (Belo -
vitskaya and Pekov, 2004; Pekov et al., 1998;
Zaitsev and Chakhmouradian, 2002)

Bussenite Na2Ba2FeTiSi2O7(CO3)(OH)3F is
a very rare titanosilicate and closely resem-
bles lamprophyllite. Until recently it was
thought to be endemic in the Kukisvumchorr
deposit in the Khibiny Massif and was docu-
mented only once in the central zone of a
sodalite-natrolite-calcite veinlet cutting ac -
ross urtite near its contact with an apatite
rock (Khomyakov et al., 2001). Its sheet struc-
ture resembling that of bafertisite, with a
(NaBaCO3F) intersheet layer incorporating
an unusual component CO3, which has been
never identified before in any other phyllosil-
icate. This component occurs at the boundary
between the central (NaF) and peripheral
(Ba) parts of the intersheet layer.

We identified the bussenite-like mineral
found in the ijolite-urtite as bussenite (Azaro -
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Fig. 1. Schematic vertical section through rocks including a remnant of the host rocks of the Khibiny Massif in the area of Mount
Poachvumchorr (modified after Shlyukova, 1986). (1) Quaternary rocks; (2) monchiquite; (3) trachytoid sphene-apatite urtite; 
(4) apatite mineralization; (5) massive urtite; (6) trachytoid malignite; (7) (a) trachytoid feldspathic ijolite, (b) trachytoid ijolite;
(8) (a) trachytoid feldspathic urtite, (b) trachytoid urtite; (9) massive rischorrite; (10) trachytoid khibinite; (11) hornfels.



va and Krinov, 2009) because of the scarcity
of information in earlier publications. Ho w -
ever, further detailed studies show that this is
likely another mineral, whose composition is
very close to bussenite but which does not
seem to contain carbon (CO3 groups) and is
somewhat richer in F than bussenite itself
(Khomyakov et al., 2001). The composition of
this mineral roughly corresponds to the for-
mula Na2(Ba,Sr)2FeTi[Si2O7](OH)4F2. The mi -
neral assemblage in which this phases was
found also includes a phase identical to this
one but dominated by Sr. 

Ba-Rich Minerals in Ijolite-Urtite at
Mount Poachvumchorr, Khibiny Massif

Arctite was found in the ijolite-urtite as
aggregates of platy crystals in cracks in

nepheline grains. The aggregates are no lar -
ger than 100–120 µm across (Fig. 2). The
mineral occurs in association with barytolam-
prophyllite, Sr-rich apatite, khanneshite, cat-
apleiite, and wadeite. When the mineral was
first found in a pegmatoid veinlet cutting
across ijolite-urtite and rischorrite, it was
accompanied by a similar mineral association
(Khomyakov et al., 1981). Our arctite was
identified at boundaries of nepheline grains.
It is sometimes constrained to small cracks in
nepheline grains and occasionally also deve -
lops on the surface, never showing any traces
of reactions with nepheline.

The chemical composition of the arctite
and all other minerals identified in the ijolite-
urtite from Mount Poachvumchorr was ana-
lyzed on a CamScan scanning electron micro-
scope equipped with a Link energy-disper-
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Table 1. Chemical composition (wt%) of arctite, khanneshite, burbankite, bussenite, and a high-F carbon-free ana-
logue of bussenite in ijolite-urtite from Mount Poachvumchorr, Khibiny Massif: EDS microprobe analyses
(our data) and literature data

Phase Khanneshite Burbankite Arctite Arctite Bussenite Bussenite(?) F-rich analogue Sr analogue of 

(Khomyakov (Khomya- from of bussenite bussenite-

et al., 1981) kov  et ijolite-urtite like phase

al., 2001)

Average1 Range Average2 Range Average Average3 Range Average Average4 Range Average5 Range Average5 Range

Na2O 10.32 9.14�11.36 11.04 10.80�11.28 13.73 13.71 12.52�14.25 8.98 12.32 11.05�13.27 11.60 10.60�12.59 11.05 10.21�12.16

K2O 0.66 0.41�1.03 0.92 0.89�0.95 – – – 0.65 0.15 0.00�0.32 0.20 0.01�0.03 0.10 0.00�0.22

CaO 5.36 4.28�6.24 5.48 5.11�5.84 32.98 31.99 30.05�33.91 1.56 2.51 2.08�2.64 2.82 2.81�2.83 2.18 2.03�2.26

SrO 5.57 4.03�7.38 23.65 21.45�21.84 0.62 – – 6.78 11.96 10.10�12.93 13.43 13.23�13.62 14.53 13.58�15.66

BaO 31.61 29.17�33.2313.74 13.41�14.07 13.33 12.87 12.25�13.44 28.79 19.47 16.52�21.78 20.07 19.64�20.50 16.63 16.01�17.63

MgO – – – – – – – – 0.22 0.00�0.83 0.64 0.00�1.28 0.04 0.00�0.12

FeO* – – 0.54 0.64–0.43 – – – 6.77 11.50 10.73�12.51 10.82 10.63�11.00 10.68 10.26�10.72

MnO – – – – – – – 4.68 2.30 1.91�3.00 1.71 1.55�1.86 2.27 1.95�2.64

Ce2O3 7.86 7.32�8.53 6.32 6.20�6.43 – – – – – – – – – –

La2O3 4.56 4.00�5.30 3.44 3.67�3.21 – – – – – – – – – –

Nd2O3 1.11 0.79�1.56 1.87 1.79�1.94 – – – – – – – – – –

Al2O3 – – – – – – – – 0.13 0.00�0.29 – – – –

SiO2 – – – – – – – 18.01 19.54 18.27�22.27 20.03 19.90�20.16 18.64 17.79�18.99

TiO2 – – – – – – – 11.57 11.72 10.83�12.26 12.76 12.19�13.33 12.22 11.52�13.00

Nb2O5 – – – – – – – 1.04 – – 0.40 0.39�0.40 – –

P2O5 – – – – 36.48 35.46 34.22�36.59 – – – – – – –

F – – – – 5.27 – – 2.79 n.a. n.a. 5.51 4.70�6.31 n.a. n.a.

е** 67.06 – 64.98 – 102.41 94.03 – 89.28 91.82 – 99.96 – 88.36 –

Note: * – all Fe was determined as FeO; ** – the H2O and CO2 concentrations were not determined directly and are not included
in the analytical totals; the CO2 concentrations of the khanneshite and burbankite are 28.61 and 30.68%, respectively, and were cal-
culated from stoichiometric considerations and charge balance (per ten charges); according to Khomyakov et al. (2001), bussenite
contains 5.76% CO2 and 3.90% H2O; dashes mean concentrations below the detection limits of the analytical techniques; n.a. means
not analyzed. 1 – average of six analyses, 2 – average of five analyses, 3 – average of seven analyses, 4 – average of thirteen analy-
ses, 5 – average of five analyses.



sive spectrometer and an AN 10 000, HV ana-
lyzer; the analyses were carried out at an
accelerating voltage of 25 kV and 2 nA beam
current. The composition of the mineral is
reported in the table and corresponds (on
average) to the empirical formula Na5.16(Ca6.85

Na0.15)7.00Ba1.01(PO4)6F3.03 (the formula was cal-
culated by normalizing to P = 6, with F calcu-
lated from charge balance and crystal chemi-
cal considerations). The formula of holotypic
arctite calculated using an analogous routine
is very close to the formula of our mineral
Na5.17(Ca6.87Sr0.07)6.94Ba1.01(PO4)6F2.94. Thus, the
average composition of our arctite (Table 1) is
practically exactly identical to the composi-
tion of holotypical arctite (based on data of
conventional chemical analysis; Khomyakov
et al., 1981).

Khanneshite is contained in the urtite as
minute (8–10 µm across) interstitial aggre-
gates between grains of accessory catapleiite
with rare wadeite ingrowths (Fig. 3). We did
not detect any traces of reaction interactions
between this and other minerals. The high-Ba
burbankite accompanying the khanneshite
forms larger grains (30–50 µm). It occurs in
association with other younger REE-bearing
carbonates of the ancylite-(Ce) – calcioan-

cylite-(Ce) series, carbocernait, and a mineral
close to remondite-(Ce), which overgrows
acicular crystals of a rinkite-like mineral
found in interstices between aegirine-heden-
bergite and nepheline grains (Fig. 4).

The khanneshite found and identified in
ijolite-urtite from Mount Poachvumchorr con-
tains a BaO concentration (29–33 wt% on
average, Table) that is closer to that in khan-
neshite documented in carbonatite from the
Khanneshin Massif (Eremenko and Bel'ko,
1982) and Kovdor Massif (Ivanyuk et al., 2002),
which contain 30–26 wt% BaO, respectively,
than the BaO concentration in this mineral
from carbonatites in Afrikanda (24 wt% BaO)
and Khibiny (23 wt% BaO) (Zaitsev and
Chakhmouradian, 2002; Pekov and 1998).
However, our khanneshite differs from that
from Kovdor in containing lower Sr con -
centrations (Table 1). The average compo si tion
of khanneshite from the urtite corresponds to
the empirical formula (Na2.55Ca0.35 K0.11)3.01

(Ba1.58Sr0.41Сa0.38Сe0.37La0.21Nd0.05)3.00(CO3)5.00

(the formula is normalized to ten charges).
Similar khanneshite compositions were
described in (Belovistkaya and Pekov, 2004),
and the formulas calculated in similar manner
are similar.
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Fig. 2. Arctite in ijolite-
urtite from Mount Poach -
vumchorr, Khibiny Massif.
Mineral symbols: Arct –
arctite, Aeg – aegirine,
Neph – nepheline. Back-
scattered electron image.
Fig. 3. Khanneshite in ijo-
lite-urtite (same place).
Mineral symbols: Khan –
khanneshite, Vad –
wadeite, Katp – cataplei-
ite, Aeg – aegirine. Back-
scattered electron image.

Fig. 4. Burbankite in ijolite-
urtite. Mineral symbols: Rin
– rinkite, Burb – burban -
kite, Aeg-Hd – aegirine-
hedenbergite. Back-scat te -
red elec tron image.
Fig. 5. F-rich carbonate-
free analogue of bussenite
in ijolite-urtite among aegi -
rine, titanite, and aenig-
matite grains, Mount Po -
ach vumchorr, Khibiny Mas -
sif. OH-F-Bus-rich car bo-
 nate-free analogue of bus -
senite, Ann – annite, Aeng
– aenigmatite, Tit – tita -
nite, Aeg – aegirine. Back-
scattered electron image.



The burbankite found in the same samples
as the khanneshite contains 13–14 wt% BaO,
21–22 wt% SrO (Sr/Ba = 2–3), and its com-
position corresponds to the formula
(Na2.55Ca0.30К0.14Fe0.05)3.05(Sr1.50Ba0.64Сe0.28La0.15

Nd0.08Ca0.40)3.05(CO3)5.00 (the formula is calcu-
lated by normalizing on ten charges, similar
to the formula of khanneshite). Such compo-
sitions of burbankite were described in
(Belovitskaya and Pekov, 2004). It can be
seen that the burbankite from ijolite-urtite is
relatively rich in Ba, whereas most burbankite
samples earlier found in metasomatites and
hydrothermal rocks in the Khibiny Massif
contain as little as 2–8 wt% BaO (Mine ralogy
of the Khibiny Massif, 1989; Yakoven chuk et
al., 2005). Ba-rich varieties similar to ours
were documented in carbonatite from the
Vuorijarvi Massif. The mineral contains
12–16 wt% BaO (Belovitskaya and Pekov,
2004; Borodin and Kapustin, 1962; Subbotin
et al., 1999).

The bussenite-like F-rich mineral was
found in the form of acicular crystals from
60–70 to 100–200 µm long, which exhibit
perfect cleavage easily seen under a scanning
electron microscope at high magnifications.
The mineral occurs in the interstitial space
between annite grains, together with titanite,
aenigmatite, aegirine, and aegirine-heden-
bergite, and at contacts between titanite and
aenigmatite grains and those of aegirine-
hedenbergite and annite (Fig. 5). Relations
with minerals of the ijolite-urtite suggest that
the mineral is younger than the pyroxene,
nepheline, and titanosilicates.

The bussenite was identified provisional-
ly. The morphology of its grains and its com-
position (see below) are close to those
described for bussenite (Khomyakov et al.,
2001). Further more, based on the composi-
tional variability of the mineral, we suggest
that our samples can likely contain the
bussenite-like phase described above and
bussenite itself.

The composition of the bussenite-like
mineral was determined on a CamScan scan-
ning electron microscope equipped with a
Link EDS and AN 10 000 analyzer, and on a
JSM-5610LV scanning microscope equipped
with an INCA-450 analyzer; the operating
conditions were 25 kV and 0.1 nA beam cur-
rent. The standard reference samples for the
latter were nacaphite for Na, MgO for Mg,
Si2Ca3O7 for Si, KCl for K, nacaphite for Ca,
TiO2 for Ti, metallic Nb for Nb, and BaSO4 for
Ba. Because the analyzed phase occurs most-
ly as minute and always thin platelets, which

look closely similar to lamprophyllite, we
failed to obtain a pure monomineralic frac-
tion of the mineral to examine it by IR spec-
troscopy. The absence of CO3 groups was
determined indirectly, using a JSM-5610LV
scanning electron microscope. Our data sug-
gest that the sample either contains no car-
bon at all, or its concentration is very low.
This issue cannot, however, be fully elucida -
ted until IR spectroscopic data on the mineral
are obtained.

The F concentration was also analyzed on
the JSM-5610 LV with an INCA-450 analyzer
at the same parameters, with a detector ha -
ving an ultrathin window, and with BaF2 uti-
lized as the standard.

The mineral is noted for its somewhat
higher F concentration: 5–6 but not 2–3% as
in bussenite itself (note that the exact CO3

concentration was not determined). It was
mostly this compositional feature of the mi -
neral that led us to believe that it is a F-rich
and, perhaps, carbonate-free analogue of
bussenite.

The carbonate-free analogue of bussenite
(and bussenite itself in association with it) are
distinguished for a higher Na2O concentra-
tion in the bussenite described in (Kho -
myakov, 2001): 11–12 and 12.34 wt%, res -
pectively, as compared to 8–9 wt% (Table 1).
The possible reason for this could be certain
local crystallization circumstances of these
minerals: the ijolite-urtite is generally a high-
ly sodic rock, and both the bussenite and its
analogue occur in association with Na-rich
minerals (aenigmatite, aegirine-hedenber-
gite, and sometimes nepheline). Considering
closely similar Na concentrations obtained
independently for the bussenite and busse -
nite-like minerals on two analyzers, it is rea-
sonable to suggest that the Na concentrations
in the minerals are high indeed and cannot be
accounted for by analytical errors. The F-rich
analogue was also determined to contain
more SrO than in the bussenite described by
A.P. Khomyakov (13–14 and 6–7 wt%, res -
pectively) but less BaO (19–20 and 28 wt%,
respectively) (Table 1).

When recalculated to a formula per 8
cations, the analysis of the F-rich bussenite-
like mineral yielded an average empirical for-
mula (Na1.98K0.02)2.00(Ba0.76Sr0.75Ca0.29Na0.20)2.00

(Fe0.83Mn0.14Mg0.09)1.06(Ti0.92Fe0.06Nb0.02)1.00

[Si1.94O7] (OH)3.94F1.69 with Sr/Ba ~ 1.
We placed Ca in the structural site of Ba

and Sr but not Na, a cation whose ionic radius
is closer to that of Ca (as is typical of several
titanosilicates), because the Na site is "over-
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flowed" with this cation, so that we even had
to assign some Na to the Ba and Sr site, and
hence, the occupation of the Na site with any
other elements seems to be hardly possible. It
should be mentioned that this assignment of
the cation is, of course, provisional until the
structure of the mineral is refined.

It is reasonable to suggest that the F-rich
carbonate-free bussenite analogue can be
formed by substituting CO3 groups in the
bussenite structure for OH and F according to
the scheme CO3 

2– ® OH– + F–. 
As can be seen under a scanning electron

microscope, the largest grains of this phase
are heterogeneous in terms of Sr and Ba con-
centrations. Moreover, we detected grains of
this mineral of practically the same composi-
tion except that Sr dominates in them over Ba
(in atom numbers): Sr/Ba = 1.3–1.5. Con -
ceivably, this is a Sr analogue of the bussen-
ite-like phase, which contains F in place of
CO3 groups, or bussenite per se do mi nated by
Sr. The F concentration of the bussenite-like
mineral varies from one analytical spot to
another. Analogous variations in the Ba, Sr,
and F concentrations suggest isomorphism
according to the following two schemes:
Ba ® Sr and CO3

2– ® OH– + F–. Cor res -
pon dingly, it can be hypothesized that iso-
morphic series can exist in bussenite and
bussenite-like minerals, in their Sr analogues,
and between Sr and Ba bussenite minerals.

Discussion

According to extensive literature data, Ba
and Ba-bearing minerals are typical of all
rock complexes in the Khibiny Massif: Ba-
bearing rock-forming feldspar and accessory
lamprophyllite, barytolamprophyllite, and
younger donnayite, mckelveyite, lemmlei-
nite-Ba, nabaphite, and some rarer minerals
(Borutzky, 1988; Mineralogy of the Khibiny
Massif, 1978; Pekov and Podlesnyi, 2004;
Yakovenchuk et al., 2005; and others). Also,
elevated Ba concentrations were detected in
certain younger minerals in the Khibiny
Massif. As of now, such elevated Ba concen-
trations were found in minerals from ne -
pheline syenites, metasomatized rocks of the
complex (rischorrites), pegmatites, and hyd -
rothermal rocks. It was several times docu-
mented that Ba concentrations in minerals
concentrating this element (feldspar, lampro-

phyllite, and others) are prone to increase
from early magmatic derivatives (khibinites,
which are spatially restricted to the periph-
eries of the massif) to later ones (foyaites in
the central portion of the massif), particularly
to the youngest varieties localized at the so-
called Central Arch: ljavochorrites and, per-
haps, also lujavrites (Azarova, 2004; Mine -
ralogy of the Khibiny Massif, 1978; Yako -
venchuk et al., 2005). In the lujavrites, which
were supposedly produced by youn gest por-
tions of nepheline syenite melt, at relatively
low temperatures (Azarova, 2004), elevated
Ba concentrations were detected in rock-
forming and accessory minerals. The BaO
concentrations of feldspars in the older deriv-
atives (khibinites) are no higher than a few
tenths of a percent, the lamprophyllite com-
monly contains 2–6 wt% BaO (Mine ralogy of
the Khibiny Massif, 1978; Yako venchuk et al.,
2005), potassic feldspar from the lujavrite
contains (on average) 2.5–3 wt% BaO
(Azarova, 2004), and the lamprophyllite and
barytolamprophyllite (both are typical acces-
sories of the lujavrite) contain as much as
10–15 and 20–22 wt% BaO, respectively.
BaO most likely enriched the evolving
nepheline syenite magma with time.

The mineral assemblages of the peg-
matites of rocks that were formed by younger
portions of the nepheline syenite melt, for
example, the ljavochorrite, typically contain
large accumulations of Ba-rich lamprophyl-
lite and barytolamprophyllite, whereas the
pegmatite of the early derivatives (khibinites)
do not contain as much of these minerals,
which were reportedly (Mineralogy of the
Khibiny Massif, 1978) produced by autometa-
somatic processes.

With regard for these facts, it seems to be
reasonable to suggest that Ba-enriched fluids
were related to younger derivatives of the
nepheline syenite melt. Some researchers
(Ageeva, 2002; Zotov, 1989; Titov and Kuz -
netsov, 1985; and others) maintain that the
action of these exactly fluids brought about
K-Si metasomatism. These fluid could induce
the crystallization of Ba-rich and Ba-bearing
minerals in the young nepheline syenite
derivatives and alkaline ultramafic rocks
recycled by K, Si metasomatism: rischorrite,
juvite, feldspathic urtites, and malignites (see
the footnote). The highest Ba concentrations
in the unaltered ijolite-urtite were detected in
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1 – The genesis of several rocks of the Khibiny Massif (rischorrite, lujavrite, massive urtite, melanocratic-urtite, juvite, feldspathic
ijolite-urtite, and others) remains largely uncertain (Borutzky, 1988; Serebritskiy et al., 1992; Titov and Kuznetsov, 1995; and ot -
hers), but this issue extends beyond the scope of problems discussed herein and thus is not touched upon for the sake of brevity.
All genetic characteristics of the rocks described herein are reported as hypothetical and seeming most probable, in our opinion,
as of now. These issues are to be discussed in detail elsewhere.



accessory lamprophyllite. However, highly
diverse Ba minerals (whose contents are occa-
sionally fairly high) are typical of several ijo-
lite-urtite pegmatites, first of all, of their
younger mineral associations: burbankite,
barytolamprophyllite, donnayite, mckelve -
yite, lemmleinite-Ba, nabaphite, and some
rarer minerals. According to literature data,
all of these minerals are hydrothermal (Pekov
and Podlesnyi, 2004; and others). Our data
testify that accessory Ba minerals can be
formed, at least in certain instances, in the
ijolite-urtite, as this takes place in the rocks
at Mount Poavumchorr. The low crystalliza-
tion temperatures of these minerals follow
from the facts that the minerals occur in frac-
tures and do not interact with adjacent older
minerals. The accessory Ba minerals seem to
be of hydrothermal-metasomatic nature and
could likely crystallize in these rocks because
of their proximity to metasomatically modi-
fied rocks (rischorrites). It can also be hypo -
thesized that thee minerals were produced
under the effect of residual low-temperature
alkaline fluids generated by the rischorrite.

It should also be stressed that Ba minerals
often form significant accumulations in these
rocks: some of our samples abound in bussen-
ite-like minerals.

The discovered local occurrences of Ba
mineralization suggest that the mineralogy of
the ijolite-urtite can be more diverse than it
was thought before. Several minerals, includ-
ing rare ones, can occur as minute (up to
micrometer-sized) grains and aggregates that
could be easily overlooked in the course of
earlier studies in the absence of modern high-
precision techniques. 
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Introduction

Volcanogenic gold deposits of gold-sul-
fide formation type (Chelopech, Radka, El -
shitsa) were formed in similar geological con-
ditions and thus, have alike mineralogical and
geological features. Plutonogenic Le bedinoe
gold deposit has comparable formation condi-
tions and has similar mineralogical-geological
features. All these deposits are complex ore-
magmatic system, which can be seen as a con-
current formation of sub-volcanic copper mas-
sive sulfide, copper porphyry and vein poly-
metallic deposits. Upper Jurassic-Cretaceous
magmatic activity was the cause of those
depositsformation. Ore bearing fluids came
from the deeper zones of crystalline basement
and penetrated into highly porous, permeable
subsurface volcanic (Radka, Chelopech, El -
shi tsa) and sedimentary (Lebe dinoe) sequen -
ces. These processes resulted in the formation
of prolific ore bodies. Non-metalliferrous mi ne -
rals in these deposits included the following:
quartz, hematite, sulfates: barite, anhydrite;
carbonates: dolomite, calcite, azurite, mala-
chite; arsenates: bayldonite, strashimirite,
clinotyrolite, cornwallite, duftite, clinoclase,
olivenite and legrandite. The most common
mineral paragenetic mineral associations in
ores were the following: pyrite+hematite,
pyri te+bornite, native tellurium+tellu ri -
des+fa ma tinite. High concentration of Se
were common in chalcogenic minerals. Rare
metals: Ag, Bi, Sn, V, Mo, Ge, W. In, were rep-
resented with simple and complex sulphides
(molybdenite, mawsonite, stannite, briartite)
and sulfosalts (luzonite, co lusite, germanite,
hemu site, Bi- and Sb-sulfo salts). Fahlore mi -
nerals were common: argentotetrahedrite,

gol fiel dite, tennantite, tetrahed rite; and tellu -
rides: nagiagite, kostovite, telluroantymonite,
coloradoite, altaite, sylvanite, petzite, hessite;
native tellurium.

Methods and Results of the Study 

Polished sections were studied with an
OPTON optical microscope. Chemical compo-
sition of minerals was studied with scanning
electron microscope (SEM) CamScan-4D with
energy–dispersive spectrometer Link-ISIS.
Beam accelerating voltage was 20kV and the
beam current 4 nA measured on the metallic Co. 

Bibliographic and authors’ data (Ko va len -
ker et al., 1986; Nenasheva, 20092; Nena she va,
Kar penko, 2010; Nenasheva et al., 2010) were
used to compose the table of minerals identi-
fied in the deposit (Table 1). V.A. Kova lenker
with co-authors (1986) distinguished four
depth zones in Bulgaria de posits. They were
assigned to typical mineral associations in
their sequence with increase of depth as fol-
lows: chalcopyrite-tennantite-pyrite, luzo ni -
te-enargite-pyrite, chalcopyrite-tennantite
and bornite-pyrite. 

The uppermost level was eroded in Radka
deposit. The following two deeper zones were
mined out and only the deepest one was avail-
able for the study at the deposit. Rare metal mi -
ne ralization trend in that zone, according to Ko -
valenker (1986), was reflected in identified rare
minerals that included the following: tennan-
tite-tetrahedrite fahlore, germanium mi nerals
(briartite, renierite and unnamed mine rals
with calculated compositions Cu+

10 Fe3+
4 As5+

2 S16

and Cu+
11Fe3+

4 Ge4+As5+S16), ro qu e site, gallite,
arse nosulvanite, kolusite and other minerals
(Table 1). 

COMPARATIVE MINERALOGY OF VOLCANOGENIC DEPOSITS 
RADKA, CHELOPECH AND ELSHITSA (BULGARIA) AND LEBEDINOE

DEPOSIT (CENTRAL ALDAN, RUSSIA)
Svetlana N. Nenasheva

Fersman Mineralogical Museum, Russian Academy of Sciences, Moscow, nenashevasn@mail.ru 

Ore formation in volcanogenic deposits Radka, Chelopech, Elshitsa (Burgaria) and plutonogenic deposit
Lebedinoe took place in similar geological conditions. Rare metal mineralization was typical for Radka deposit; tel-
lurium minerals were most common in Elshitsa; Chelopech and Lebedinoe had both types of mineralization: rare
metals (V, Ga, Ge, In) and tellurium. Erosion level of Radka was deeper then in Chelopech and Lebedinoe. Only
near surface level of Elshitsa deposit was mined and thus studied. We can conclude that minerals of Ge, Ga, In
known at Radka can be found on deeper levels of Lebedinoe and Elshitsa deposits. 
2 tables, 1 figure, 12 references. 
Keywords: fahlore, tellurium minerals, Lebedinoe, Radka, Chelopech, Elshitsa (gold) deposits.
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Table 1. Ore minerals found in Radka (1), Elshitsa (2), Chelopech (3) deposits according to the data of
V.A. Kovalenker et al. (1986) and Lebedinoe (4) deposit as reported by S.N. Nenasheva, Karpenko,
(2010);  S.N. Nenasheva et al. (2010; 2011)

No Mineral Chemical Formula Deposit
1 2 3 4

1 Azurite Cu3(OH)2[CO3]2 +
2 Aikinite CuPbBiS3 +
3 Altaite PbTe + + +
4 Anglesite Pb[SO4] +
5 Anilite Cu+

6Cu2+S4 +
6 Arsenosulvanite Cu24V2As6S32 + + +
7 Beegerite Anisotropic Bi-containing galena +
8 Betekhtinite Cu10PbS6 + + +
9 Bornite Cu5�xFe3+S4+x + + + +
10 Briartite Cu+

8Fe2+
4Ge4+

4S16 +
11 Bournonite CuPbSbS3 +
12 Vinciennite Cu+

7 Cu2+
3 Fe3+

4    Sn4+AsS16 +
13 Bismuthinite Bi2S3 +
14 Wittichenite Cu3BiS3 + +
15 Galena PbS + + + +
16 Galenobismutite PbBi2S4 +
17 Gallite CuGaS2 + +
18 Hematite Fe2O3 +
19 Germanite Cu+

8 Cu2+
5 Fe3+

2 Ge4+
2 S16 +

20 Hessite Ag2Te +
21 Goldfieldite Cu+

12�xSb3+
2�xTe4+

2+xS13, (0<x<2) + + +
22 Geerite Cu+

2 Cu2+S2 +
23 Digenite Cu+

8 Cu2+S5 + + +
24 Native gold Au + + + +
25 Idaite Cu+Cu2+

2Fe3+S4 + +
26 Cassiterite SnO2 +
27 Clausthalite PbSe +
28 Cobaltite Co[AsS] +
29 Covellite 3CuS ® Cu+

2 S·Cu2+S2 + + + +
30 Coloradoite HgS +
31 Colusite Cu+

26V
5+
2  As5+

6  S32 + +
32 Kostovite AuCuTe4 +
33 Cubanite Cu+Fe2+Fe3+S3 +
34 Luzonite Cu+Cu2+

2  AsS4 +
35 Malachite Cu2(OH)2[CO3] +
36 Marcasite FeS2 + + + +
37 Molybdenite MoS2 +
38 Mawsonite Cu+

6  Fe3+
2   Sn4+S8 +

39 Nagiagite Au2.5Pb25+y(Sb,Te)8(S,Te)35.25+0.5x+y +
40 Nekrasovite Cu+

18 Cu2+
8     V

3+
2    Sn4+

6    S32 +
41 Petzite AuAg3Te2 +
42 Pyrite FeS2 + + + +
43 Pyrrhotite Fe1�xS, where x up 0 to 0.1 +
44 Renierite Cu+

10(Cu2+,Zn)Fe3+
4    Ge4+

2      S16 + +
45 Cu+

10 Fe3+
4   As5+

2   S16 Cu+
10Fe3+

4   As5+
2    S16 +

46 Cu+
11Fe3+

4   Ge4+As5+S16 Cu+
11Fe3+

4   Ge4+As5+S16 +
47 Rutile TiO2 +
48 Roquesite CuInS2 +
49 Sylvanite Au1+xAg1�xTe4 (0 Ј x Ј 0.25) + +
50 Spionkopite Cu+

22Cu2+
17  S28 +

51 Stannite Cu2FeSnS4 + +
52 Sulvanite Cu+

8 Сu2+
16  V8S32 +

53 Sphalerite ZnS + + + +
54 Native tellurium Te + + +
55 Tellurobismuthite Bi2Te3 + +
56 Tennantite Cu10Cu2As4S13 + + + +
57 Tetradymite BiTe2S + + +
58 Tetrahedrite Cu10Cu2Sb4S13 + + +
59 Famatinite Cu+Cu2+

2    SbS4 + +
60 Chalcocite Cu2S + + + +
61 Chalcopyrite CuFeS2 + + + +
62 Hemusite Cu+

4 Cu2+
2    MO4+

4    Sn4+S8 +
63 Eucairite AgCuSe +
64 Enargite Cu+Cu2+

2    AsS4 + + +
65 Yarrowite Cu+

2 Cu2+
7   S8 +



Only subsurface levels of Elshitsa deposit
were mined and thus studied. They displayed
fahlore (tennantite, goldfildite), enargite and
telluride mineralization, that was lacking in
Radka. 

All the four mentioned zones were
described in Chelopech deposit. Many mine -
rals of rare metal trend known in Radka
deposit were identified in Chelopech: gallium
and indium sulfides, sulfosalts of enargite
group (enargite, luzonite, arsenosulvanite,
colusite), renierite, Bi sulfosalts, fahlore. Rare
tellurium minerals were not found in Radka,
but were identified in Chelopech: goldfield-
ite, altaite, sylvanite, tellurobismuthite, tetra -
dymite (tellurium trend) and native tellurium.
Therefore, mineralogy of Chelopech repre-
sented the complete variety of mineralization
of the described Bulgaria deposits. 

Lebedinoe deposit had not being studied
well yet. Presence of both rare metals and tel-
lurium trend mineralization showed more sim-
ilarity of the mineralization at this deposit to
one in Chelopech than to the mineralization
in Radka and Elshitsa. Nevertheless, there
were some differences. Rare metal mineraliza-
tion was much more variable in Chelopech
and poorer at Lebedinoe lacking minerals of
Ge, Ga, Mo, Sn. Arsenic sulfosalts, bismuth
sulfosalts of copper, bismuth sulfosalts of cop-
per and lead as well as bismuth sulfides were
typical in Chelopech. Galenobismuthite, the
only bismuth sulfosalt of lead was very rare in
Lebedinoe. Enargite mineral group: enargite
and luzonite were more common; arsenosul-
vanite and colusite were rare and sulvanite
was not observed in Chelopech. Lebedinoe
deposit was lacking enargite, luzonite and
colucite, sulvanite was rare but arsenosulvan-
itein the same time was widely present.
Polysomatic series of chalcocite group: digen-
ite, anilite, geerite, spionkopite, yar rowite,
covellite (Nenasheva et al., 2011) were identi-
fied at Lebedinoe. Only digenite and covellite
were found in Bulgarian de posits. These min-
erals were most likely misidentified as they
are very much similar to digenite and covellite
(Table 1). 

Presence of minerals of As, Hg, S, Se in
volcanogenic deposits was believed to associ-
ate with volcanic gases, while V, Sn, Ge, In,
Mo were to be leached out of enclosing rocks
(Spiridonov, 2009). It was possible that the dif-
ference in rare metal mineralization between
the deposits: bismuth at Radka and Chelo -
pech and antimony sulfosalts at Lebedinoe
was controlled by the enclosing rocks che -
mistry. Bulgarian deposits were connected to

upper Cretaceous magmatism. Ore bodies in
shape of stockworks, stocks and lenses were
hosted by andesite-dacitic volcanic-tuffa-
ceous and dike rocks that suffered hydrother-
mal alteration: silicification, sericitization,
pyritization (Kovalenker et al., 1986). Main
rock forming minerals were plagioclases,
potassium feldspars, biotite, muscovite, epi-
dote, chlorite, carbonates and quartz. Host
environment was different in Lebedinoe:
upper Jurassic – lower Cretaceous stocks,
laccolites and dikes of intermediate composi-
tion and higher alkalinity rocks intersected
granites and overlaying them sequence of
slightly metamorphosed sedimentary rocks
composed mainly by Cambric dolomites.
Metasomatic deposits of sulfide-carbonate
composition sometimes as vein offshoots
formed in dolomite composed of ankerite,
quartz, calcite, pyrite, chalcopyrite, galena,
tetrahedrite, sphalerite and rarely flaky
hematite (Fastalovich, Petrovskaya, 1940). 

Telluride trend was well displayed in ores
of Lebedinoe (Table 1), Chelopech and El -
shitsa. Assemblage of tellurium minerals at
Chelopech: altaite, nagiagite, goldfildite, kos-
tovite, sylvanite, tellurobismuthite, tetra dy -
mite, native tellurium was much more diverse
than in Lebedinoe (altaite, petzite, hessite,
gorldfildite, native tellurium) and in Elshitsa
(altaite, goldfildite, sylvanite, tellurobismu -
thite, tertradymite, native tellurium). In the
same time, there was no hessite, silver tel-
luride, neither petzite, gold-silver telluride, in
which silver dominates over gold in Che -
lopech and Elshitsa. It could be explained by
lack of silver during ore formation in Che -
lopech and Elshitsa. Only two silver minerals
were found in Chelopech: sylvanite – gold
and silver telluride with Au dominating over
Ag and eucairite – Ag and Cu selenide. This
also explained lack of silver in composition of
fahlore and other sulfosalts in other Bulgarian
deposits. Chelopech carries bismuth minera -
lization as tellurobismuthite, a Bi telluride and
tetradymite, a bismuth telluride-sulfide,
which were absent in Lebedinoe, because bis-
muth mineralization is not typical in Le be -
dinoe. Fahlore containing Te were observed
in all these deposits. 

Various fahlores of different generations
were typical for volcanogenic deposits of Au-
sulfide formation. Later generation of fahlores
had higher tellurium content. 

The first upper zone was eroded and the
two following ore zones were mined out at
Radka. Consequently only arsenic-antimony
fahlores were observed and analyzed from
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bornite-pyrite association in the deepest zone
of the deposit. Tellurium content was lower
than 0.07 formula unit (Nenasheva, 20091). 

Fahlore from deepest zone in bornite-
pyrite association in Chelopech deposit had
antimony-arsenic composition with Sb con-
tent up to 0.3 formula units (apfu). Next upper
zones, luzonite-enargite-pyrite and chalcopy-
rite-tennantite association also had fahlore of
antimony-arsenic composition, but with high-
er Sb content up to 1.5 apfu. Fahlore from the
upper chalcopyrite-tennantite-pyrite zone
had Te content of 0.21–2.32 apfu. Sb ranging
0.24–1.0 apfu and As – 0.61–3.51. These
compositions fall into goldfieldite-tennantite-
tetrahedrites, goldfieldite-tetrahedrite-ten-
nantites and tellurium containing tennantite-
tetrahedrites according to the nomenclature
proposed by N.N. Mozgova and A.I. Tsepin
(1983). Tetrahedrite-tennantite free of Te was
analyzed from upper zone of Chelopech
deposit (Kovalenker et al., 1986; Nenasheva,
20091). 

Only the upper zone of Elshitsa deposit
was studied. As-Te fahlore found there con-
tained Te of 0.16–3.07 apfu, As in range of
0.91–3.90 apfu and up to 0.06 apfu of Sb
(Kovalenker et al., 1986; Nenasheva, 20091). 

Our study of ores from Chelopech did not
reveal any fahlore containing tellurium
(Table 2). Nevertheless the calculated formu-
la showed interesting peculiarites. There were
minerals that had the same optical properties
and same elemental composition as fahlore
but the formula were different in copper
valence. The charge balanced formulae could
be calculated from analyses 1–9 (Table 2,
Fig. 1a, b, c) only if part of copper content
that completed the total of bivalent cations to
2 in formula was Cu2+.The formulae from
four analyses out of thirteen calculated to 29
total atoms in unite cell did not turned out to
be charge balanced according to fahlore for-
mula – Cu+

10 (Сu,Fe,Zn)2+
2 (As,Sb)3+

4 S13 (Table 2, 
an. 10–13, first line of formulae, Fig. 1d).
Analyses calculated on the formula Cu+

8 Cu2+
4

(Fe,Zn)2+
2 (As,Sb)3+

4 S13, given for fahlore in the
Fleischer's Glossary of Mineral Species (Back,
Mandarino, 2008) had even bigger valence
charge misbalance (D >> 3%). Calculation of
the formula on total 29 atoms in the unit cell
and regarding all the copper to be Cu+ gave a
charge balanced formula. The amount of Cu+

in the formula exceeds conventional amount.
Such a high amount was reported for fahlore
with high tellurium (>7 wt%) and was ex -
plained that substitution of Me3+ with Te4+

led to excessive charge which was balanced

by Cu3+ to Cu+ reducing (Mozgova, Tsepin,
1983). Tellurium was absent from analyses
10–13, but copper still had to be monovalent
for charge compensation. Calculation of the
formula to greater sum of total atoms in the
unit cell (32, 33, 34) gave charge balance
(Table 2, an. 10–13). 

Formula calculations from fahlore analy-
ses from Chelopech, Radka and Elshitsa from
V.A. Kovalenker et al. (1986) also were pub-
lished in earlier work (Nenasheva, 20091). 14
analyses (8 – from Chelopech, 4 – from
Radka and 2 – from Elshitsa) out of 49 also
were not charge balanced if calculated on 29
atoms. Only calculated based on more atoms
in the unit sell (32, 33, 34) formulae become
balanced. It was then proposed existence of
new mineral species chemically and optically
similar to fahlore, but with more atoms in the
unit cell equaled to 32, 33 and 34. This way the
additional 4 analyses of fahlore from Che -
lopech (Table 2, an. 10–13) supported this
idea. 

Composition of fahlore in Lebedinoe de -
posit were more variable comparatively to
ones in Chelopech, Radka and Elshitsa. The
variability was reflected in: 1) monovalent
metal composition variance as silver-copper
minerals were encountered along with pure
copper varieties; 2) bivalent metals had also
more variation from zinc ones to zinc-iron,
iron-zinc, copper-iron and copper-zinc; 3) se -
mi-metals composition varied from mostly Sb,
Sb-As, As-Sb and Sb-As-Te. The associations
were also more variable but all the associa-
tions included galena, chalcopyrite, pyrite
and copper arsenates. Antimony fahlore was
more common. Sandbergerite, an optical
isotropic tetrahedrite with high Zn content,
was found in association with famatinite,
arsenosulvanite, anglesite and cupper arse -
nates. It contained 5.14–8.07 wt% of Zn
(1.32–2.04 apfu), 0.65–4.37 wt% of Ag
(0.1–0.68 apfu), Sb 23.53–28.16 wt%, which
exceeded 3 apfu (3.25–3.85 apfu). High in Zn
optical anisotropic tennantite-tetrahedrite –
sandbergerite, had higher reflection index
near to reflection one of galena (Nenasheva et
al., 2010). Difference of the anisotropic sand-
bergerite from the isotropic sanbergerite was
in the lack of Ag, Cd, Pb and Te admixtures.
Those admixtures make Te-containing fahlore
show slight anisotropy (Nenasheva et al.,
2011). The anisotropy of the sanbergerite also
could be explained with stress happened after
crystallization, which also shown in numerous
tortuous cracks and fractures in the fahlore
segregations. 
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Table 2. Microprobe analyses of fahlore from Chelopech ores (author’s data)

No an. Cu Fe Zn Pb As Sb S Total

1 43.96 5.32 n.i. n.i. 20.11 1.32 27.93 98.64

2 44.22 5.55 0.52 1.82 19.16 1.65 27.38 100.30

3 43.96 5.47 0.51 1.60 18.53 1.61 28.12 99.81

4 43.97 5.70 0.70 1.89 18.60 1.81 28.23 100.89

5 45.13 5.50 0.75 0.00 19.69 1.57 27.59 99.23

6 45.46 4.37 0.68 1.15 18.87 1.81 27.18 99.52

7 45.54 5.45 0.65 1.52 19.02 1.36 27.70 101.24

8 44.48 4.93 0.51 1.75 19.64 1.21 27.68 100.22

9 45.15 4.81 0.65 1.49 19.30 1.49 27.54 100.43

10 47.13 3.65 0.57 1.34 19.40 1.67 27.27 101.03

11 48.08 3.25 0.50 2.12 19.97 1.68 27.81 103.41

12 45.79 3.62 0.68 1.82 20.26 0.90 27.34 100.42

13 47.79 3.64 0.66 1.99 20.03 1.03 27.31 102.46

No an.     Formulae (calculated to the sum of atoms per unit cell) Total atoms per formula Charge balance

1 Cu+
9.79(Cu2+

0.57 Fe2+
1.43)2.00(As4.02Sb0.16)

3+
4.18S13.04 29 0.9

2 Cu+
10.17(Cu2+

0.26 Fe2+
1.49Zn0.12Pb0.13)2.00(As3.83Sb0.20)

3+
4.03S12.80 29 2.5

3 Cu+
10.03(Cu2+

0.30 Fe2+
1.46Zn0.12Pb0.12)2.00(As3.69Sb0.20)

3+
3.89S13.09 29 1.8

4 Cu+
10.06(Cu2+

0.19 Fe2+
1.51Zn0.16Pb0.14)2.00(As3.68Sb0.22)

3+
3.88S13.04 29 1.4

5 Cu+
9.99(Cu2+

0.63 Fe2+
1.20Zn0.17)2.00(As3.93Sb0.19)

3+
4.12S12.87 29 2.3

6 Cu+
10.20(Cu2+

0.58 Fe2+
1.18Zn0.16Pb0.08)2.00(As3.80Sb0.22)

3+
4.02S12.78 29 2.6

7 Cu+
10.30(Cu2+

0.30Fe2+
1.44Zn0.15Pb0.11)2.00(As3.76Sb0.16)

3+
3.92S12.78 29 1.9

8 Cu+
10.03(Cu2+

0.43Fe2+
1.32Zn0.12Pb0.13)2.00(As3.92Sb0.15)

3+
4.07S12.90 29 1.7

9 Cu+
10.14(Cu2+

0.48Fe2+
1.29Zn0.15Pb0.08)2.00(As3.85Sb0.18)

3+
4.03S12.83 29 2.2

10 Cu+
10.26(Cu2+

0.80Fe2+
0.97Zn0.13Pb0.10)2.00(As3.86Sb0.20)

3+
4.06S12.68 29 4.1

Cu+
11.06(Fe2+

0.97Zn0.13Pb0.10)1.20(As3.86Sb0.20)
3+
4.06S12.68 29 1.1

Cu+
12.20(Fe2+

1.07Zn0.14Pb0.11)1.32(As4.26Sb0.22)
3+
4.48S13.99 32 1.1

Cu+
12.58(Fe2+

1.10Zn0.14Pb0.11)1.35(As4.39Sb0.23)
3+
4.62S14.43 33 1.0

Cu+
12.96(Fe2+

1.13Zn0.14Pb0.11)1.38(As4.52Sb0.24)
3+
4.76S14.86 34 0.9

11 Cu+
10.19(Cu2+

0.89Fe2+
0.85Zn0.11Pb0.15)2.00(As3.90Sb0.20)

3+
4.10S12.70 29 4.1

Cu+
11.08(Fe2+

0.85Zn0.11Pb0.15)1.11(As3.90Sb0.20)
3+
4.10S12.70 29 0.8

Cu+
12.22(Fe2+

0.94Zn0.12Pb0.16)1.22(As4.30Sb0.22)
3+
4.52S14.01 32 0.7

Cu+
12.60(Fe2+

0.97Zn0.12Pb0.16)1.25(As4.43Sb0.23)
3+
4.66S14.45 33 0.6

Cu+
12.98(Fe2+

1.00Zn0.12Pb0.16)1.28(As4.56Sb0.24)
3+
4.80S14.89 34 0.5

12 Cu+
10.08(Cu2+

0.72Fe2+
0.97Zn0.16Pb0.13)2.00(As4.05Sb0.11)

3+
4.16S12.78 29 3.8 

Cu+
10.80(Fe2+

0.97Zn0.16Pb0.13)1.26(As4.05Sb0.11)
3+
4.16S12.78 29 0.9 

Cu+
11.92(Fe2+

1.07Zn0.18Pb0.14)1.39(As4.47Sb0.12)
3+
4.59S14.10 32 0.9 

Cu+
12.29(Fe2+

1.10Zn0.18Pb0.14)1.42(As4.60Sb0.12)
3+
4.72S14.54 33 0.7

Cu+
12.66(Fe2+

1.13Zn0.18Pb0.14)1.45(As4.74Sb0.12)
3+
4.86S14.98 34 0.6

13 Cu+
10.35(Cu2+

0.75Fe2+
0.96Zn0.15Pb0.14)2.00(As3.95Sb0.12)

3+
4.07S12.57 29 5.0

Cu+
11.10(Fe2+

0.96Zn0.15Pb0.14)1.25(As3.95Sb0.12)
3+
4.07S12.57 29 2.6

Cu+
12.25(Fe2+

1.06Zn0.16Pb0.15)1.37(As4.36Sb0.13)
3+
4.49S13.87 32 2.5

Cu+
12.63(Fe2+

1.09Zn0.16Pb0.15)1.40(As4.50Sb0.13)
3+
4.63S14.30 33 2.4

Cu+
13.01(Fe2+

1.12Zn0.16Pb0.15)1.43(As4.63Sb0.13)
3+
4.76S14.73 34 2.3

Note: n.i. – not identified, analyst L.A. Pautov.



Tellurium fahlore had Te content of
0.17–13.52 wt% corresponding to 0.02–1.71
atoms per formula. They are mineral phases
corresponding to goldfieldite-tennantite-tet -
rahedrite, goldfieldite-tetrahedrite-tennan-
tite, tellurium tetrahedrite-tennantite and tel-
lurium tennantite-tetrahedrite. They were the
latest generation of fahlore and were found in
association with secondary copper sulfides of
chalcocite polysomatic series mCu2S·nCuS.
Some of them (anilite and geerite) formed at
temperatures lower than 100°C. Copper con-
tent exceeded 11 atoms per formula and
reached up to 11.94 apfu in cases when Te
content was higher than 7 wt%. The same re -
gu la rity was observed in the ores of Che -
lopech and Elshitsa (Nenasheva, 20091). 

Conclusions

The results of the study described above
allowed to suggest existence of richer rare
metal mineralization on the deeper horizons of
the Lebedinoe deposit. This idea was support-
ed by the discovery of vanadium minerals (sul-
vanite and arsenosulvanite) and presence of Ge
(0.15 wt%) in one analysis of sandbergite (Zn-
tennantite) (Nenasheva, Karpenko, 2010). Mi -
nerals containing rare metals were recently
found in various deposits in Yaku tiya. G.S. Ani -
si mo va found a mineral close in composition to
nekrasovite in ores from Shirokinskyore and

places area that is a part of Allakh-Un’sky met-
allogenic belt. She with coauthors also found
germanium mineral cupper bearing argyrodite
(Ag5.9Cu2.1)GeS6 in the same area. 

Deeper levels of Elshitsa deposit had not
been studied yet. It is possible that rare metal
mineralization similar to the one in Radka and
Chelopech can be found on those levels. 

Author is grateful for microprobe analysis
made by L.A. Pautov. 

The study was supported by grand of
Minobrnauka No 16.518.11.7101.
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Uranium is known to be able to form both sim-
ple and complex oxides. The former were dis-
cussed, along with uranyl hydroxides, in our earli-
er publication (Chernikov, 2011). The complex
oxides comprise U titanates, titanate-niobates,
and molybdates. Uranium ores most commonly
contain U titanates, first of all, brannerite.
However, certain other U complex oxides, for
example, betafite and, more rarely, uranpy-
rochlore and uranmicrolite can produce complex
U-Ta-Tb or U-Nb-Ta ores, from which U, Zr, REE,
Sr, P, and some other elements can be recovered
as byproducts. Uranium molybdates (sedovite,
mourite, and moluranite) were identified in ores at
some deposits. Moreover, U ores contain wide-
spread complex U-bearing Ti oxides and complex
Ti compounds with both tetravalent and hexava-
lent, or only hexavalent Ti, which are very difficult
to identify. In our research, we analyzed literature
and our own newly obtained original data in order
to outline the probable occurrences of the mine -
rals and their physical, chemical, and optical
properties, and the role played by complex U(IV)
and U(VI) oxides and poorly identifiable titanates
in U ores1. 

U-Ti minerals and aggregates

These minerals and oxidized mineral phases
are classified into those bearing tetravalent U and
those with hexavalent U alone. The latter are
sometimes referred to in the literature as oxidized
brannerite. As was proved by detailed studies of
ores from deposits of the Streltsovskoe ore field in
southeastern Transbaikalia, Dornot group in the
northern Choibalsan U ore province in eastern

Mongolia, and in the Aldan Shield in central
southern Siberia, U-Ti minerals of tetravalent U
consist of X-ray amorphous brannerite, Fe-rich of
U titanate, their U-bearing alteration products,
anatase, and perhaps, also ilmenite. Ores from the
Druzhnoe deposit in the Elkon Horst, Aldan
Shield, (Gotman et al., 1971; Chernikov et al.,
1997) were found out to contain U-bearing
anatase Ti(U)O2+UO3. An unnamed U-bearing
mineral (U,Ca,Pb,Ce)2(Ti,Fe)3O10 was examined
in ores from the Michurinskoe group of deposits
in Ukraine (Kopchenova et al., 1970; Chernikov et
al., 1997). This mineral is referred to in Table 1 as
an unnamed Fe-Ti mineral, a possible variety of
davidite-(Ce).

Brannerite (U,Ca,Th,Y,Ce)(Ti,Fe3+)2O6. Syno -
nyms: cordobaite (George, 1949), absite, and
lodochnikite (Povilaitis, 1963). The mineral
belongs to the monoclinic system, space groups
C2/m, C2, Cm or I2/m. Unit cell parameters: ао =
8.87(1), bо = 3.703(2), со = 6.797(4)Å, b =
104.07°, V = 217Å3, Z = 2 (Graeser, Gug genheim,
1990). Synthetic brannerite: aо = 9.87, bо = 3.76,
cо = 6.95Å, b = 119.5°, V = 224Å3, Z = 2. Density
D = 6.35 (measured) and 6.36 (calculated) g/cm3

(Patchett and Nuffield, 1960). Upon its ignition,
naturally occurring X-ray amorphous brannerite
assumes the unit cell parameters of its synthetic
analogue (Patchett and Nuffield, 1960). The para-
meters of X-ray amorphous brannerite (Bianconi
and Simonetti, 1967; Sidorenko, 1978) are con-
trolled mostly by the Th concentration.

The strongest lines of the X-ray powder dif-
fraction pattern of the naturally occurring mine ral
are (I2/m) 3.402 (100); 2.446 (80); 1.860 (70); 1.615
(60); the strongest lines upon ignition are  4.70 (5);

COMPLEX URANIUM OXIDES IN URANIUM ORES
Andrey A. Chernikov

Fersman Mineralogical Museum, Russian Academy of Sciences, Moscow, cher@fmm.ru

Physical, chemical, and optical properties of naturally occurring of U4+ and U6+ or only of U6+ titanates are pre-
sented, and the role of these minerals in U ores is discussed. Brannerite is the most widely spread of these mine -
rals, and can be classified into Th-bearing (containing up to 30% Th) and Th-free (containing less than a few hun-
dredths of a weight percent of Th) varieties. Most of the twelve mineralogical types of the ores found in Russia and
neighboring countries and conglomerates in Canada and Brazil contain brannerite and other titanates as ore-form-
ing minerals. Nanometer-sized orthobrannerite grains were identified in U ores from the Druzhnoe deposit in the
Aldan Shield in central southern Siberia. U4+ molybdates can only insignificantly affect the origin, composition,
and grade of the U ores. Betafite, U-bearing microlite, and pyrochlore occur in carbonate ores, from which U can
be recovered as an associated element. Large complex carbonate ores in Russia are considered promising for their
economic mining.
3 tables, 4 figures, 50 references.
Keywords: Brannerite, orthobrannerite, davidite (Ce), davidite (La), davidite (Y), U-bearing anatase, U-bearing
titanate, U-bearing ilmenite, betafite, U-bearing microlite, U-bearing pyrochlore.
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3.42 (10); 3.32 (6); 2.91 (5); 2.45 (7); 2.276 (7); 1.903
(8); 1.623 (6); 1.569 (5).

Crystalline and X-ray amorphous brannerite is
translucent, devoid of cleavage, and shows con-
coidal fracture and resinous luster, its hardness
H = 4.5–5 (520–720 kg/mm2) for crystals and
decreases to 4–3.5 (387 kg/mm2) for X-ray amor-
phous aggregates. The density D increases from
4.32 for X-ray amorphous brannerite to 6.35 for
crystals. The refraction index of X-ray amorphous
brannerite from Aldan is 2.06 < n < 2.11 (Gotman
et al., 1968) and increases to 2.2–2.4 for the crys-
talline mineral.

The color of brannerite in transmitted light
varies from dark reddish brown to dark red-brown

and almost black. The reflection depends of the
intensity of U oxidation: 18–19% for the mineral
with tetravalent U alone and 17–18% for partly
altered brannerite containing both tetravalent,
hexavalent U, and 16–15% for oxidized branne -
rite. Both the crystalline and the X-ray amorphous
varieties of the mineral are optically isotropic,
with reddish brown inner reflections.

Brannerite is subdivided into two composi-
tional types: (i) with less than 30% Th and (ii) prac-
tically Th-free minerals. Th-bearing brannerite,
which also commonly contains elevated REE con-
centrations, occurs as single crystals in associa-
tion with uraninite, thorianite, and tantalite –
neonates in granitoid fields hosted in various
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Table 1. U titanates and other minerals containing U and Ti

Mineral and   System, habit and aggregates Color and other features 

its formula unit cell parameters (Å)

Brannerite Monoclinic. Prismatic crystals, equant  Brown to black. Density: 

(U,Ca,Th,Y,Ce)(Ti,Fe3+)2O6 aggregates. Unignited mineral: 6.35 (meas.), 6.36 (calc.) 

ao = 8.87, bo = 3.70, co = 6.797, 

Z = 2; ignited mineral: ao = 9.76–9.78,  

bo =3.75–3.82, co = 6.89–6.99

Orthbrannerite Orthorhombic. Prismatic crystals, equant  Black. 

(U4+
0.5 U6+

0.5 )Ti2O6(OH) aggregates. Ignited: Density: 5.46 (meas.), 5.46 (calc.) 

ao = 7.37, bo = 11.67, co = 6.33, Z = 2

U-bearing anatase Tetragonal. Yellow to dark brown and almost 

Ti(U)O2+UO3 – TiO2(UO3,UO2) ao = 3.78, co = 9.5 black. Density: 3.85–3.95 (meas.)

Unnamed Fe-Ti mineral Acicular crystals Pale yellow to dark brown and 

(U,Ca,Pb,Ce)2(Ti,Fe)3O10 almost black. Density: 4.2

Davidite-(Ce) Trigonal. Cryptocrystalline masses and tabular Black and grayish black, 

(Сe,La)(Y,U,Fe2+)(Ti,Fe3+)20(O,OH)38 crystals. ao =10.35–10.36, co = 20.84–20.85 weakly altered 

Dark brown mineral

Davidite�(La) Trigonal. Cryptocrystalline masses and tabular �//�

(La,Ce)(Y,U,Fe2+)(Ti,Fe3+)20(O,OH)38 crystals. ao = 10.35–10.36, co = 20.84–20.85

Davidite�(Y) Trigonal. Cryptocrystalline masses and tabular �//�

(Y,U,Fe2+)2(Ti,Fe3+)20(O,OH)38 crystals. ao = 10.37, co = 20.87

Betafite Cubic. ao = 10.27–10.39 Yellow, brown to black. 

(U4+,Ca)2(Nb,Ti)2O6(OH,F) Density: 3.7–5.2; n = 1.91–2.2.

U-bearing microlite-pyrochlore – Cubic. ao = 10.40 Brownish black to pale brown. 

(U,Ca,Ce)2(Nb,Ta,Тi)2O6(OH,F) Cubic. ao = 10.44 Density: 4.2–6.4.

Uranmicrolite Cubic. ao intermediate between those of microlite  

(U0.5Ca0.5)(Ta,Ti)2O6(OH,F) and betafite

Uranpyrochlore Cubic. ao intermediate between those of pyrochlore  

(U0.5Ca0.5)(Nb,Ti)2O6(OH,F) and betafite

Oxidized U titanates: residual X-ray amorphous or poorly recrystallized  Yellow, pale brown, and dark brown.  

oxidation products of brannerite, loose and glassy masses Density: 3.95–3.29

anatase, and perhaps, ilmenite 

and their intermediate varieties 

Note: density (meas.) and (calc.) refers to measured and calculated density, respectively; n is the refraction index.



types of metamorphic rocks. Brannerite was
found at numerous occurrences of U-Th and U-
REE mineralization in pegmatites, greisens, and
various metasomatites and in quartz, quartz-
feldspar, and quartz-molybdenite-wolframite
veins.

Th-free brannerite (containing less than a few
hundreds of a percent of this element) and that
bearing low concentrations of trivalent REE (1.5%
and lower) were documented in U ores of various
types. Strelkin et al. (1967) analyzed the condi-
tions under which brannerite can be synthesized
in hydrothermal, sedimentary, and metamorphic
ore deposits. As was mentioned in our earlier pub-
lications (Cher nikov et al., 1997; Chernikov,
2006/2007), most of the twelve type of U ores dis-
tinguished in Russia and neighboring countries
were determined to contain brannerite and U-rich
titanates that are difficult to identify.

The first type comprises brannerite ores con-
taining native gold and sometimes also molyb-
denite, which are hosted in potassic feldspar
metasomatites in long-lived zones in the Elkon
Horst in Aldan. These are the Druzhnoe, Elkon
Plateau, Kurung, and some other deposits. Their
ores, first of all, those from deep levels of the zone
of hypergene alterations, contain (along with
brannerite) also nanometer-sized mineral prod-
ucts that contain U, Ti, Ca, Zr, Si, and some other
elements and are very difficult to identify.
Pitchblende, coffinite, and uranyl minerals are
rare in this type of ores.

The second (brannerite-uraninite) type occurs
in beresite and carbonate-albite zones in the
North Kazakhstan Province. Pitchblende and
coffinite were identified in minor amounts. The
Kamyshovoe, Shokpak, and Molodezhnoe in the
Chistopol ore fields are the largest deposits of this
type of the ores.

The third (uraninite-coffinite-pitchblende-
brannerite) type in hosted in albitites filling
ancient fractures in the Kirovograd folded block
in the Ukrainian Shield. The Michu rin skoe,
Severinskoe, and Vatutinskoe deposits typify
those producing ores of the type in question. The
ores contain U-bearing apatite, coffinite, pitch-
blende, malacon (hydrated zircon), and hyper-
gene U-bearing products, such as nenadkevite (a
mixture of U minerals, boltwoodite, kasolite, or
coffinite).

The fourth (coffinite-brannerite) type was
found in chlorite-carbonate-albite metasomatites
from the Volodarskiy Deep Fault in the Kokche tav
Median mass in northern Kazakh stan. The typical
deposits are Kosochinskoe and Kutuzov skoe. The
ores contain subordinate amounts of pitchblende.

Coffinite-apatite ores (fifth type) in carbonate-
chlorite-albite-apatite metasomatites in the

Volodarskiy Deep Fault, northern Kazakstan,
contained variable concentrations of brannerite,
pitchblende, U-bearing zircon (cyrtolite, arshi-
novite, according to Korolev et al., 1983), and Fe-
bearing thorite and are dominated by coffinite
and U-bearing apatite.

Phosphorite ores (sixth type) at the Tas tykol-
Korsor ore field in northern Kazakhstan do not
contain any appreciable amounts of U titanates.

The coffinite-uraninite-brannerite-pitchblen -
de (seventh) type of the ores in magnetite-albite-
carbonate metasomatites in the Krivoi Rog Basin
in Ukrain (Zheltorechenskoe and Pervomaiskoe
deposits) contain subordinate amounts of Ti mi -
nerals.

The coffinite-pitchblende (eighth) type of
complex (V, Pd, Au, and U) ores in Karelia, Russia,
only occasionally contain brannerite.

The ninth (pitchblende) type, which compris-
es numerous subtypes (according to mineral their
assemblages) contains widespread brannerite and
other U titanates only at U-Mo deposits in the
Streltsovskoe ore field in eastern Transbaikalia
and at the Dornot group of deposits (Dornot,
Gurvan Bulak, and other deposits) in eastern
Mongolia, first of all, in deep-sitting hypergenesis
zones. Neither U titanates nor brannerite have
ever been found at any other U-Mo deposits in the
territory of the former Soviet Union (in the Katasai
Alatanginskoe ore field, Tashkent area in
Uzbekistan; Kyzylsai ore field and the Botta-
Burum deposit in the Chu-Ili Range in Kirgizia;
Dzhideli in central Kazakhstan; Manybai, Vostok,
Shatskoe, and other deposits in northern
Kazakhstan). Neither were they identified at
numerous U deposits, such as Byk and Beshtau in
the Kavkazskie Mineralnye Vody area in the
Caucasus; Severnoe deposit in the Turkmen
Republic; and at deposits in Bulgaria and northern
Kazakhstan.

I am not aware of any reliable data on bran-
nerite in the tenth (with U-bearing apatite) and
twelfth (with uranyl minerals) mineralogical types
of the ores.

Strongly oxidized brannerite (with UO3:UO2

= 15:1) was found by Burianova and Baranova
(1963) in sandstone (eleventh type) in a Middle to
Late Devonian terrigenous sequence at the com-
plex (as is currently proved) Ust-Uyuk U-Se
deposit in Tuva, Russia. The U ores contain, along
with brannerite, pitchblende and coffinite, where-
as the Se ores bear clausthalite and cadmoselite.

Coffinite is one of the ore minerals in the
ancient Blaine River – Eliot Lake quartz-shingle
conglomerate in Ontario, Canada; in Jacobina
and Belo Horizonte conglomerate in Brazil, and in
the Witwatersrand conglomerate in South Africa.
Minor amounts of brannerite and betafite were
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found at the Rossing deposit in Namibia, at which
betafite-brannerite ores account for as much as 3%
of the reserves of this large U deposit (Laverov et
al., 1983).

Mineralized strata in the Copperbelt in
Northern Rhodesia, South Africa, were proved to
also contain brannerite, along with pitchblende
and uraninite (Copper Belt…, 1963). Brannerite in
these ores is the youngest at regional U deposits,
500±15 Ma (at the Kansanshi deposit), and vein
uraninite from the Nkana U deposit has an older
age of 520 Ma, while uraninite at the Shinkolobwe
Au-U deposit in nearby Congo is much older: 620
Ma (Danley, 1960; Copper Belt…, 1963). The age
of pitchblende at the Mindola deposit is also close
to 520 Ma (Bowie. 1960). It is thus reasonable to
hypothesize that brannerite crystallized after the
hypergene and hypogene recycling of the ore
mineralization with uraninite and pitchblende.

Brannerite usually occurs in U ores in the
cement of the sandstone or tectonic breccia as
fine-grained masses or aggregates of elongate
(usually nanometer-sized) crystals, which are
occasionally as long as 0.25 mm. The mineral in
the ores of the Dornot group of deposits (Dornot,
Gurvan Bulak, Mardaion Gol, and Nemer) occurs
as equant grains, acicular crystals, and lenticular
masses (Chernikov and Kostikov, 2006). The crys-
tals are sometimes disintegrated and cemented by
pitchblende, as can be seen under an electron
microscope. Also, it can be seen under an electron
microscope that brannerite sometimes forms clus-
ters of barrel-shaped or prismatic crystals (Fig. 1).
Some micrometer- and nanometer-sized crystals
(Fig. 1, 2) look like larger (1 and 0.6 cm, Fig. 3 and
4, respectively) crystals from Switzerland (Bi -
onconi, Simonetti, 1967; Graeser, Guggen heim,
1990) with pronounced {10�2}, {101}, {001},
{410}, {111} и {023}, {211}, {�211}, {110}, {40�1},
{41�1}, {�110},{21�1}, {10�1}, {02�3} faces.

According to extensive literature data
(Burianova and Baranova, 1963; Gotman et al.,
1968, 1971; Strelkina et al., 1977; Korolev et al.,
1979; Miguta, 1989; Chernikov and Kostikov,
2006; Chernikov et al., 2008; and others) and my
own recently obtained and still unpublished data,
brannerite at U deposits persistently contains
H2O, SiO2, CaO, almost always ZrO2, and some-
times also Fe and W oxides in concentrations
from a few fractions of a percent to a few percent.
W and, more rarely, Nb are typical only of bran-
nerite at deposits of the Aldan Au-U region,
whereas Zr was detected in brannerite from all
other U deposits. The mineral occurs in associa-
tion with finely divided U titanates, aqueous U sil-
icate-titanates, U simple oxides, and coffinite,
which are (similar to brannerite) primary minerals
at deep levels of the deposits.

Brannerite is widespread in U ores at various
deposits worldwide, including Russia. Its pres-
ence negatively affects technological characteris-
tics of the ores, and if brannerite strongly domi-
nates over simple oxides and silicates of U(VI),
particularly in low-grade and run-of-mine ores, it
significantly complicates U recovery. Because of
this, Au-U ores in the Elkon Horst in the Aldan
Shield are currently regarded only as potential U
sources, as also are the ores of the Streltsovskoe
ore field in Transbaikalia and at Dornot deposits
in Mongolia. 

Orthobrannerite (U6+
0.5U

4+
0.5)Ti2O6(OH). The

mineral belongs to the orthorhombic system,
space group P2122. Unit cell parameters of bran-
nerite from China (Peking…, 1978) are aо = 7.37,
bо = 11.67, cо = 6.33Å, Z = 2. The X-phase in
(Krivokoneva, 1972) has aо = 7.415±0.003, bо =
11.77±0.01, cо = 6.38±0.002Å. The crystals are
prismatic, with {001}, {120}, {021}, {110}, {140}
faces, some crystals additionally show {201} and
{180}. Orthobrannerite was found and described
(Peking…, 1978) in weathered biotite-pyroxene
syenite in Yunnan Province and in alkaline lam-
prophyre in Sichuan Pro vince, China. It was also
detected in U ores at Aldan deposits in Russia as
small (8 × 12 mm and smaller) prismatic crystals
and equant accumulations, which are X-ray amor-
phous at room temperature. According to
Chinese scientists and Smith (1988), orthobran-
nerite is identical to the X-phase in (Krivokoneva,
1972). The latter researcher studied brannerite (its
origin was not specified) from the collection
housed at the Fersman Mineralogical Museum in
Moscow (samples 61558, 64935, 64865, and 67310)
and a sample provided by V.M. Polyakova (pris-
matic crystals and equant accumulations). It is
now clear that the first sample identified as bran-
nerite in the Museum's collection originates from
the Dzhida Mo-W deposit in Buryatia, southern
central Siberia, and the sample made available by
courtesy of V.M. Polyakova is from the Druzh noe
deposit in the Elkon Horst at the Aldan Shield in
southern Yakutia. Also, I proved that Strelkina et
al. (1977) later examined unignited U titanate
from the same Druzhnoe deposit, and the X-ray
powder diffraction data on this mine ral (Table 2)
pertain to poorly recrystallized nanometer-sized
orthobrannerite. Hence, samples from the Druz -
hnoe deposit contain X-ray amorphous (at room
temperature) orthobrannerite and its poorly
recrystallized nanometer-sized analogue. 

Davidite�(Ce) (Ce,La)(Y,U,Fe2+)(Ti,Fe3+)20(O,

OH)38; davidite�(La) (La,Ce)(Y,U,Fe2+)(Ti,Fe3+)20

(O,OH)38; davidite�(Y) (Y,U,Fe2+)2(Ti,Fe3+)20(O,

OH)38. Synonyms of davidite: radioactive mineral
from Mozambique, ufertite (uferite), and ma -
wudzite (mawuzite) (Minerals, 1967).
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The mineral was discovered by Mawson
(1906) at the turn of the 20th century and named
after T. David. As a individual mineral species, it
has long been disputed. The crystal lattice of the
mineral was resolved by Gatehouse et al. (1979),
and the mineral was subdivided into three species:
davidite-(Ce), davidite-(La), and davidite-(Y)
(Krivovishev, 2008). The crystal structure of the
mineral was refined after the ignition of natural
metamict davidite from Arizona in air at 920°С for
2 h. The three minerals belong to the trigonal sys-
tem and the group of crichtonite. Space group R�3;
aо = 10.35–10.36, cо = 20.84–20.85Å for
davidite-(Ce) and davidite-(La) and aо = 10.37,
cо = 20.87Å for davidite-(Y) (Strunz, 1966;
Minerals, 1967). Density D 4.72 (calculated), 4.4
(measured; Pabst, 1961). According to other data
(Korolev et al., 1979), the measured density varies
from 4.49 to 4.89 due to compositional variations.
The microhardness is 669–1100 g/cm2, or 6–7
on the Mohs scale. The reflectance percentage is
15–21%. The refraction index is 2.11–2.37. The
main interplanar spacings of ignited davidite are
3.41 (6), 3.25 (9), 3.06 (6), 2.898 (9), 2.854 (6), 2.496
(6), 2.257,(6), 1.808 (6), 1.605 (10), 1.513 (6), and
1.443 (10) (Minerals, 1967).

Davidite-(Y) was found in pegmatites in the
Urals, Russia; Arizona, United States; in Ireland,
and Norway. It can also occur in rocks as an acces-
sory mineral. Along with Y, it always contains Ce
and La. Davidite-(Ce) occurs in the Radium Hill
pegmatite, southern Australia, and in U ores,

which also contain davidite-(La). Davidite has
never been identified in U ores either in Russia or
its neighboring countries. The unnamed Fe-Ti
mineral (U,Ca,Pb,Ce)2 (Ti,Fe)3O10, found in ores of
the Michurinckoe ore field in Ukraine (Kop -
chenova et al., 1970) is most closely similar to
davidite-(Ce) but differs from it in both composi-
tion and physical pro perties. The color of the mi -
neral varies from pale yellow to sealing wax-red
and dark brown, which also makes this mineral
different from davidite-(Ce).

Betafite (U4+,Ca)2(Ti,Nb,Ta)2O6(OH,F) belon -
ging to the group of microlite (Na,Ca)2Ta2O6 (O,F)

– pyrochlore (Na,Ca)2Nb2O6(O,F), uranmicrolite

(U0.5Ca0.5)(Ta,Ti)2O6(OH,F), and uranpyrochlore

(U0.5Ca0.5)(Nb,Ti)2O6(OH,F). All of these minerals
contain U and Ti, even if these elements are not
listed in their formulas. Betafite differs from the
aforementioned minerals in containing more U
(up to 30 wt% U3O8). Synonyms: blomstrandite,
ellsworthite, wiikite, and men deleyevite (also
spelled mendeleevite) (Mine rals, 1967). The mi -
neral belongs to the cubic system, aо =
10.27–10.39Å, it is often metamict, space group
Fd3m (Smith, 1988). The crystals are octahedral,
more rarely dodecahedral, with {100}, {110},
{111}, {311}; and more rare {332} and {320}
faces. Density D 3.7–5.2, hardness H 4–5.5, opti-
cally isotropic, the refraction index is 1.91–2.2
depending on the composition of the mineral and
the extent of its hydration and metamictness. The
color is yellow, brown, and grayish brown to
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Fig. 1. Barrel-shaped bran-
nerite crystals in ore from
the Dornot group of de -
posits in Mongolia. Elec -
tron microscopic ima ge.
Key: 1 µm.

Fig. 2. Acicular (pale gray)
brannerite in ore from
deposits in the Elkon Horst,
Aldan Shield. Incident-
light micrograph, magnifi-
cation ×160.

Fig. 3. Idealized elongate
brannerite crystal (Bianco -
ni and Simonetti, 1967) in
pegmatite, Switzerland.

Fig. 4. Idealized elongate
brannerite crystal (Graeser,
Guggenheim, 1990).

3 мкм



black. The fracture is concoidal. Dark crystals are
translucent or opaque. Some crystals are zonal,
with discrete zones of different color. The mineral
is gray in reflected light. The main interplanar
spacings of betafite from Madagascar are 3.99 (3),
2.98 (10), 2.49 (3), 1.82 (8), 1.55 (6), and 1.154 (3)
(Frondel, 1958).

Uranmicrolite (synonyms: djalmaite, tanta-
lhatchettolite) differs from microlite in containing
more U (0.6–2.17% UO2

+ 6.8–14.6% UO3) and Ti
(>1% TiO2). The mineral is metamict and hydrat-
ed. Its physical and optical properties are interme-
diate between those of microlite and betafite. The
unit cell parameter aо = 10.397Å, and can
increase to 10.40Å (Fd3m) (Smith, 1988).

Uranpyrochlore (synonym: hatchettolite)
compositionally differs from pyrochlore in con-
taining more U (from 15 to almost 20% UO3 or
17–19% U3O8) and, often, Ti (6.5–10.5% TiO2).
The chemical and optical properties of this mine -
ral are intermediate between the properties of
pyrochlore and betafite. The unit cell parameter
aо = 10.44Å the space group is Fd3m. The refrac-
tion index is 1.98–2.03.

The mineral was found in carbonatites, in
which it is contained in complex ores with elevat-
ed U contents, from which U is sometimes recov-

ered as an associated component, for example, at
Palaborwa in South Africa (Geology…, 1976;
Laverov et al., 1983).

Betafite is the predominant ore mineral in car-
bonatite ores at the Newman deposit in the
Monitou Islands in Lake Nipissing, Ontario,
Canada (Geology, 1976; Chernikov, 2010). In
addition to U, Ta, and Nb, the mineral contains
Th, and the ores contain P (Rowe, 1954; Heinrich,
1962). Worldwide exploration for complex Ta-Nb
ores alone resulted in the discovery of more than
fifty U-bearing carbonatite occurrences, with one-
third of them located in Russia. Some of these
complex (Ta, Nb, REE, and P) deposits in carbon-
atites contain 0.05% (and occasionally up to
0.12%) U3O8, but most commonly its contents
range from 0.01 to 0.03%, so that the only of their
medium-sized and large reserves are those of U
(Belov et al., 2008; Chernikov, 2010). In view of
these facts and considerations, it seems to be
promising to mine complex carbonatite ores in
Russia, particularly with regard for the import of
Nb and Ta and P and U deficit in the country. 

Titanium oxides like anatase containing

U(IV+VI): Ti(U)O2+UO3. Complex Ti oxides con-
taining tetra- and hexavalent U were found and
described at a number of deposits. Pabst (1954),
who studied brannerite in Idaho and California,
mentions that the mineral can be altered into
loose brownish yellow masses giving merely weak
anatase lines in the X-ray powder diffraction pat-
terns and rutile lines upon ignition. Povilaitis
(1961), who studied (as is now proved) brannerite
from the Dzhida Mo-W deposits in Buryatia, doc-
umented secondary products that replace bran-
nerite whose average refraction index is
2.24±0.03, and whose interplanar spacings are
analogous to those of anatase.

U-bearing anatase was most reliably identified
in ores from deposits in Aldan, Russia (Gotman et
al., 1971) and Dornot in Mongolia (Filonenko et
al., 1993; Chernikov and Kostikov, 2006). The
mineral was also found in deep hypergenesis
zones at medium-depth and deep levels of the
Streltsovskoe-Antei deposit and at some others.
Gotman et al. (1971) distinguished yellow
"anatase" ocher that contained only hexavalent U
and black, dark brown, brown, and yellow bran-
nerite, in which the concentrations of Ti and
tetravalent U systematically decreased from the
black to yellow material. No X-ray diffraction
study of these brannerite varieties has been then
conducted, but later investigations have proved
that a mineral like anatase is contained in the
dark-brown and brow of "so-called brannerite".

Detailed studies of such Ti oxides with tetrava-
lent U from the Dornot deposits (Filonenko et al.,
1993; Chernikov and Kostikov, 2006) have proved

76 New Data on Minerals. 2012. Vol. 47

Table 2. X-ray powder diffraction data on brannerite, 
X phase (orthobrannerite) in the sample of
G.K. Krivokoneva and unignited sample of
E.M. Strelkina et al.

X phase ignited  Unignited sample Brannerite  

at 900oC; (Strelkina et al.,   ignited at 1200оС

(Krivokoneva, 1977) (Krivokoneva, 

1972) 1972) 

I d(Å) hkl I d(Å) I d(Å) hkl

54 4.93 110 – – – – –

11 4.60 012 – – – – –

81 3.92 030 – – – – –

13 3.42 – 1 3.45 100 3.41 110

27 3.34 013 8 3.35 54 3.32 202�

22 3.24 – – –

100 3.19 200 4 3.23 – – –

15 3.10 121 3 3.00 24 3.00 002

19 2.84 211 1 2.91 57 2.89 201

– – – 1 2.78 54 2.75 111

77w 2.47 030,203,123 2 2.43 54 2.50 112�

50 2.45 311�

15 2.42 031,220 – – 10 2.42 401�

45 2.30 130,024 – – – – –

6 2.26 131 – – 64 2.27 310

6 2.22 105 – – – – –

13 2.13 115,132 1 2.16 29 2.145 400

~ ~ ~ ~ ~ ~ ~ ~

36 1.595 400 1 1.57 21 1.571 221



that the mineral is a U-bearing variety of anatase.
The mineral belongs to the tetragonal system,
space group I41/amd); aо = 3.78 (3.74)Å; cо = 9.5
(9.39)Å, Numerals in parentheses pertain to U-free
anatase (Strunz, 1966). The main X-ray diffraction
lines are 3.508(10); 1.887(9); 1.696(7); 1.662(7);
1.447(7); 1.261(7); 0.952(7); 0.917(7); 0.911(7)
(Minerals. 1965).

The color of the mineral varies from yellow-
ish brown to dark brown and almost black. The
mineral is translucent in thin chips. The fracture
is concoidal. The {001} cleavage is perfect. In
polished thin sections, the mineral is gray, a lit-
tle bit paler than sphalerite. Its pleochroism is
perceptible and is stronger in darker crystals No
– pale brown; Ne – brown. The refraction
index n > 2.5. A fairly large group of similar
mineral varieties was discovered, which occur as
lumpy masses of crystals like anatase. The mi -
neral was also found in the form of single tabular
and platy crystals.

U-bearing anatase contains variable and ge ne -
rally relatively low tetravalent U concentrations:
from 0.85 to 8.12% UO2. The concentrations of Ti
dioxide is 69.68–82.07% at roughly equal con-
centrations of Zr dioxide of close to 1%
(1.06–1.34%) and Ca oxide (0.23–0.68%). The
low analytical totals (much lower than 100%) seem
to result from the hydration of the mineral, and the
absence of Pb oxide in the mineral suggests that
the mineral is geologically young.

U-bearing anatase and similar mineral mater
are the most widely spread U-bearing material in
the ores of the subeconomic resources at the
Dornot deposit. The mineral occurs in association
with coffinite as minute veinlets and inclusions in
the vitreous groundmass of the basalt (Filonenko
et al., 1993). The radioactivity of U-bearing ana -
tase in the lean ores is higher, and these ores are
richer in coffinite. These ores are referred to as the
coffinite-anatase type. The high-grade ores con-
tain an anatase variety that is the richest in U. It
occurs in association with brannerite and simple U
oxides: pitchblende and uraninite. U-bearing
anatase accounts for 70% of the U-bearing mine -
rals of ores in the basalt sheets. U-bearing anatase
and its alteration products (and also, perhaps,
alteration products of ilmenite) were identified in
the ores of the Streltsovskoe-Antei deposits in
southeastern Transbaikalia and at certain promis-
ing exploration targets in the Vitim, Southern
Vitim, and Eravnenskii districts in the western
Baikal area (Chernikov, 2011). These minerals
negatively affect the recovery of U by means of its
in-place leaching.

U-Ti minerals with U6+ were studied in sam-
ples from the Elkon Horst at the Aldan Shield
(Gotman et al., 1971) and Dornot deposits in eas -

tern Mongolia (Chernikov and Kostikov, 2006).
Hexavalent U titanates from Aldan have ever been
analyzed only for UO3 and TiO2. The yellow varie -
ty of this titanate contains 21.36% TiO2 and 36.24%
UO3, its microhardness is 342 kg/mm2, and the
Mohs hardness is 4.9; the density D is 3.29, the
refraction index is 1.834 < n < 1.841. The minerals
were found not only in the oxidation zone of
deposits but also in deep hypergenesis zones at
deposits in the Elkon Horst.

Pale brown, grading to vitreous material that
was X-ray amorphous or yielded barely dis-
cernible X-ray powder diffraction lines that could
not be interpreted was studied in samples form the
Dornot deposits. Its density is 3.95–3.28, and the
refraction index is 1.840–1.836. Table 3 (analyses
1 and 2) reports X-ray microprobe analyses of this
material. It can be seen that it is profoundly oxi-
dized, because Fe in both samples occurs exclu-
sively in the form of Fe oxide, and the samples
contain relatively much SiO2. The samples are
also rich in UO3 (31.87 and 46.52 wt%) and TiO2

(28.33 and 31.56 wt%). The samples contain other
oxides that were present in the precursor titanates
(Table 3, analyses 4–10), i.e., analyses were also
obtained for the oxidation products of the pristine
titanates of tetravalent U. The analyses have very
low analytical totals, likely because of the hydra-
tion of the material. The chemical composition of
the mineral, considered together with its the den-
sity and refraction index variations, suggests that
the analyzed material contained oxidized and
hydrated brannerite, anatase, and varieties transi-
tional between the mineral and ilmenite.

The third analysis (Table 3) represents unpub-
lished data obtained by K.V. Skvorstova of the All-
Russia Research Institute of Mineral Resources.
She provisionally interpreted this mineral as
davidite. However, the data indicated that the
material is very strongly oxidized and contains the
highest Fe2O3 concentrations among all of our
titanate samples (7.8 wt%), in the absence of FeO.
The sample is rich in Ti (63.4 wt% TiO2), which
also makes it different from davidite, and contains
a moderate concentration of U (15.6 wt% UO3) and
CaO, PbO, SiO2, Al2O3, and ZrO2 as in typical U
titanates from the Dornot deposits. This testifies
that the material was produced at the sacrifice of a
certain precursor phase, such as ilmenite or a tran-
sitional phase between anatase and ilmenite. The
brown mine ral material is reddish brown in trans-
mitted light and gray in incident light.

The ores from the Dornot deposits were thus
proved to contain X-ray amorphous (or hard to
identify by X-ray diffraction) oxidation products
of U titanates. These replaced some precursors
that contained tetravalent U. The material inclu -
des a phase whose composition can be interpre ted
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as oxidized ilmenite or a transitional phase
between oxidized ilmenite and hydrated ana tase.
This phase can hardly be identified more accu-
rately because of its poorly pronounced crystal
properties. Analogous material in ores from Aldan
was only partly analyzed (except for Fe-rich vari-
eties), but its reported physical and optical prop-
erties correspond to those of oxidized U titanates
from the Dornot deposits, and these minerals are
spread relatively widely. They improve the pro-
cessing properties of the U ores.

Uranium molybdates

The U molybdate UO2·UO3·2MoO4 in a
Rammelsberg's sample from Calabria, Italy, that
was first described by Shubnikova (1945) is so far
not examined in detail, and no data other than the
formula of this mineral are reported. The three
U(IV) molybdates reliably identified in U ores are
sedovite, mourite, and moluranite, which are
described below.

Sedovite U4+(MоO4)2 (?). Orthorhombic, aо =
6.36±0.06, bо = 11.08±0.03, cо = 6.42±0.05Å.
The mineral was first described by Skvortsova and
Sidorenko (1965) at the Kyzylsai deposit in the
Chu-Ili Mountain Range in Kirgizia (see also
Chernikov et al., 1997). The mineral was named to
honor the famous explorer of the Arctic
G.I. Sedov. It occurs as loose or acicular loose,
sometimes radiating aggregates of reddish brown
crystals a few hundredths to a few tenths of a mil-
limeter long. The cleavage is parallel to the elon-
gation and poorly pronounced. The density D is
close to 4.2, the hardness H is 105 kg/mm2, or 3.3
on the Mohs scale. As seen in thin sections in
transmitted light, the color of the mineral varies
from reddish brown to black (the mineral is

opaque). The mineral is biaxial, shows a positive
elongation, the extinction angle between Ng and
elongation is 38°. The pleochroism is weak: Ng
reddish brown and Nm and Np. dark red-brown.
The refraction index is 1.789. The mineral crystal-
lized within the narrow cementation zone, at the
boundary with the oxidation zone, in which it was
formed before mourite where cryptocrystalline
Fe-bearing molybdenite (?) (femolite), jordisite
(amorphous Mo disulfide), and fine-grained
pyrite occur at Prospect 4 of the Kyzyl-Sai deposit.
The other minerals found at the locality are pitch-
blende, U and U-Mo pitch ore, sphalerite, and
galena. The gangue minerals are minor amounts
of quartz, sericite, and carbonate. Inasmuch as the
mineral crystallized at the boundary of the oxida-
tion zone, the sedovite occurs in association with
numerous minerals of this zone: wulfenite, pow-
ellite, iriginite, autunite, sodic uranospinite, phos-
phuranylite, tyuyamunite, and other minerals that
replaced sedovite. No chemical analyses of pure
sedovite are available. The only available data are
a microchemical analysis (made by N.N. Kuz -
netsova at the All-Russia Research Institute of
Mineral Resources) of what seemed to be a mix-
ture of CaSO4·2H2O, UO2·2MoO3 and MoS2

(wt%):  UO2 4.16; MoO3 5.50; CaO 27.89; SO3

41.51; H2O±19.72; Fe2O3 0.17; SiO2 0.60; neither
Al2O3 nor UO3 were detected. An incomplete
microchemical analysis (also conducted by
N.N. Kuznetsova) of a mixture of sedovite, illite,
Mo and Fe sulfides is as follows (wt%): UO2 31.05;
MoO3 40.83; H2O±1.81; Fe2O3 1.16; neither CaO
nor S and UO3 were detected. Although these
analyses do not provide exact information on the
composition of the mineral, they show that this
molybdate contains only tetravalent U. Powdery
and acicular sedovite yield similar powder diffrac-
tion patterns, with the strongest diffractions lines
11.04 (9), 5.53 (8), 3.702 (8), 3.37 (9), 3.193 (10),
3.064 (9), 2.775 (6), 2.559 (6), 1.926 (5 w), 1.900
(5 w.), and 1.677 (5). The mineral was found in the
central portions of mourite-sedovite accumula-
tions.

Mourite U4+MO6+
5  O12(OH)10 (?). Monoclinic.

The mineral was first described by Kopchenova et
al. (1962) at the Kyzylsai deposit in the Chu-Ili
Range, Kirgizia (Chernikov et al., 1997), at the
same locality where the sedovite described above
was sampled. The mourite forms oval nodules
3–4 cm across or crusts and thin fine-flaked
aggregates. The streak is lilac-blue. The density D
(determined in heavy liquids) is >4.2. The mine ral
is weakly soluble in concentrated HCl, H2SO4,
and 10% NaOH at heating.

The microchemical analyses carried out by
N.N. Kuznetsova yielded (wt%): MoO3 63.67; UO2

19.38; UO3 2.40; SiO2 1.72; Al2O3 1.36; Fe2O3 0.57;
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Table 3. X-ray microprobe analyses (wt%) of titanates
containing only U6+ and primary titanates
replaced by this mineral

№ an. 1 2 3 4–10

UO2 – – – 16.92–54.75

UO3 46.52 31.87 15.60 –

TiO2 28.33 31.56 63.40 31.38–59.23

SiO2 5.15 4.82 4.30 2.50–8.08

ZrO2 3.05 5.15 1.40 0.98–2.75

Al2O3 n.d. 0.70 0.80 n.d.–0.72

F2O3 2.89 6.82 7.80 n.d.–2.17

FeO n.d. n.d. – 1.05–2.10

CaO 2.30 1.24 0.70 0.79–2.10

MgO n.d. n.d. – n.d.–0.12

PbO 0.52 0.52 0.40 n.d.–0.46

SO3 0.82 0.78 – n.d.–0.13

Total 89.58 83.46 94.40 91.18–100.86

Note: n.d. means not detected, dashes mean not analyzed.



CaO 2.09; MgO 0.49; K2O 0.58; Na2O 0.54; +H2O
(t = 850°) 6.07; H2O (t = 110°) 1.67, and total
100.52. The approximate proportions of oxides in
the mineral described in (Kopchenova et al., 1992)
are (UO2+UO3)· 5.5MoO3·5.3H2O, with the
assumption that the mineral also contains CaO.

Under a microscope, the mineral is seen to
form fan-shaped, radiating or elongate, bent, or
vermicular aggregates a few micrometers across
and as flakes split along their cleavage planes.
The refraction index is 1.780, the elongation is
positive. The extinction angle relative to the
cleavage is 10°. Pleochroism: Ng – dark blue to
violet, Nm and Np – pale violet to blue with a
greenish tint. 

The bireflectance of the mineral in incident
light is very strong: Ng – blue, Nm – green, Np
– pink. The anisotropy is very significant: from
red, orange, and yellow to green and blue. The
reflectance percentage (determined on a
PMTKO) is 10.2%, the hardness H is 75 kg/mm2,
i.e., 3 on the Mohs scale, and the density D is >4.2.
The strongest X-ray powder diffraction lines are
12.77 (9), 5.897 (10), 3.285 (7), 3.193 (7), 3.148 (7),
2.871 (8), 2.464 (6), 2.024 (6), 1.788 (6), 1.728 (8),
1.716 (6), 1.675 (6), 1.639 (7), 1.565 (6), 1.553 (6),
and 1.165 (6). The mineral replaces sedovite and
was found only within a narrow stripe in the
cementation zone, at its boundary with the oxida-
tion zone of the orebody at Prospect 4 of the
Kyzylsai deposit.

Moluranite H4U(UO2)3(MoO4)7
·18H2O (?). is

X-ray amorphous and was named according to its
composition. The mineral was discovered by
G.Yu. Epshtein and was also studied by
Yu.V. Kazitsyn and V.A. Iskyul (of the Karpinskiy
All-Russia Research Institute of Geology in
St. Petersburg) at an occurrence of U-Mo ore mi -
ne ralization in the course of studying albitite with
brannerite, pitchblende, and molybdenite at
Mount Aleksandrovskiy in the upper reaches of
the Chetkanda River in the Udokan Range, north-
ern Transbaikalia (Gegetseva and Save l'eva, 1956;
Soboleva and Pudovkina, 1957; Epshtein, 1959;
Chernikov et al., 1997). The mineral occurs as thin
crusts and colloform aggregates in cracks in
albitite. The aggregates are black and
0.1–0.2 mm thick. The mineral is sometimes
transparent (in brown color) in thin chips. The
streak is brownish black, the fracture is concoidal,
the Mohs hardness H is 3–4, the density D is 4,
and the refraction index is 1.97–1.98. The mine -
ral is pale gray in incidental light and resembles
pitchblende in reflectance coefficient. The chem-
ical analyses shows the presence of 4.56% SiO2;
38.50% MoO3; 10.30% UO2; 32.35% UO3 and
14.03% LOI, and a total of 99.74%. After subtract-
ing SiO2 and normalizing to 100.00 wt%, we

arrived at the empirical formula: UO2·3UO3·

7MoO3·20H2O. The reported data indicate that
this molybdate contains much more strongly oxi-
dized U and is more strongly hydrated than the U
molybdate described above. Upon calcinating at a
temperature of 800°С, the moluranite yields the
following strongest diffraction lines: 4.17 (10), 3.44
(5), 2.58 (5), 2.12 (5), 2.03 (5), 1.971 (5 t), 1.926 (5 t),
1.797 (5), 1.314 (6 t), and 1.305 (6 t). The mi neral is
replaced by iriginite, which develops as rims
around the moluranite.

It follows that three U(IV) molybdates are reli-
ably identified but were found in very small quan-
tities and only at two ore prospects. The reby
moluranite was found at Mount Alek sandrovskiy
in the Udokan Range in an exploring trench, and
hence, its setting and mineral associations remain
obscure. It is more easy to constrain the conditions
under which sedovite and mourite could crystal-
lize. The minerals were found only in a single ore-
body at the Kyzyl-Say deposit, within a narrow
stripe of the cementation zone, near its boundary
with the oxidation zone, at a site with abundant
cryptocrystalline Fe-bearing molybdenite (per-
haps, femolite), amorphous Mo disulfide, jor-
disite, and fine-grained pyrite, i.e., minerals could
hardly be stable under oxidizing conditions and
crystallized in strongly reduced environments, in
which no minerals with hexavalent U could be
formed. In other orebodies of this Mo-U deposit
(the deposit comprises 13 orebodies) and at the
neighboring Botta-Burum deposit (at which femo-
lite and jordisite were not found or occur in limit-
ed quantities but normal molybdenite is present),
no U(IV) molybdates crystallize, although the oxi-
dation zones at all orebodies at the Kyzylsai and
Botta-Burum deposits contain widespread
uranyle molybdates, U-bearing wulfenite, and
powellite.

Conclusion

U-Ti phases are widespread in U ores. They
can be classified into two types: (1) containing
tetravalent U and (2) containing hexavalent U
alone. Among U titanates containing tetravalent
U, the mineral most widely spread in U ores is
branne rite, which can be, in turn, classified into
two types according to its composition, mineral
associations, and morphology: (i) Th-bearing and
(ii) Th-free brannerite. Th-bearing brannerite,
which contains up to 30% Th and elevated con-
centrations of REE, occurs as single crystals in
association with uraninite, thorianite, and tanta-
lates-niobates in fields of granitoids and various
metamorphic rocks, was found at occurrences of
U mineralization in pegmatites, greisens, and in
quartz, quartz-feldspathic, and quartz-molybden-
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ite-wolframite veins. Branneri te containing practi-
cally no Th (bearing less than a few hundredths of
a weight percent of ThO2) was found in U ores of
various type as anhedral X-ray amorphous masses
and tiny (a few micrometers) crystals. The mineral
can occur in U ores of various types: hydrother-
mal, sedimentary, and metamorphic. Most mine -
ralogical types of ores distinguished in Russia and
neighboring countries were determined to con-
tain brannerite and hardly identifiable titanates
with high U concentrations. In addition, branner-
ite is one of the predominant ore minerals in the
Blind River-Elliot Lake conglomerate in Canada
and in the Jacobina and Belo Horizonte conglo -
merate in Brazil. Our studies pioneered in proving
that poorly crystalline (likely nanometer-sized)
or tho brannerite is contained in U ores from the
Druzhnoe deposit at Aldan, Russia.

Davidite-(Ce) and davidite-(La) were iden-
tified only in U ores from South Australia, from
the Radium Hill deposit. Each of the reliably
identified U(IV) molybdates (sedovite, mou -
rite, and moluranite) were found only at a sin-
gle locality and in very small quantities. Al -
though data obtained on them are sufficient to
identify these minerals, their composition is to
be refined, and their formulas will likely be
revised. In view of their rareness, the influence
of these minerals on the genesis, composition,
and quality of the ores is very insignificant.

Betafite, uranmicrolite, and uranpyrochlore
were found in carbonatites in Russia and else-
where. In addition, betafite-brannerite ores
account for 5% of the reserves of the large Rossing
deposit in Namibia, Southwest Africa. A number
of complex (Ta, Nb, REE, and P) carbonatite-host-
ed deposits in Russia contain elevated U concen-
trations, and the reserves of these deposits are
sometimes fairly large. It seems to be promising
and expedient to mine carbonatite ores in Russia
in view of the Nb and Ta import and P and U
deficit.

Uranium ores quite often contain U-bearing
anatase and its alteration products (particularly at
deep levels in the hypergenesis zone), as well as,
possibly, alteration products of ilmenite. The
occurrence of anatase and unoxidized brannerite
deteriorates the processing characteristics of the
ores, whereas the presence of the alteration prod-
ucts of anatase and, perhaps, ilmenite (which con-
tain hexavalent U alone) conversely improve
these characteristics of the ores.
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Introduction

The phases stable in the central part of the
Cu-Fe-S system are chalcopyrite CuFeS2,
cubanite CuFe2S3, talnakhite Cu9Fe8S16, mooi-
hoekite Cu9Fe9S16 and haycockite Cu4Fe5S8. All
of them are phases of variable composition, but
the possible ranges of their compositions have
not been constrained as of yet, and this makes it
difficult to identify these minerals and determine
the crystallization conditions of corresponding
mineral associations in sulfide ores. This publica-
tion continues a series of our earlier papers
devoted to the central portion of the Cu-Fe-S
system (Kravchenko, 2011), the composition of
the phases (analogues of naturally occurring
minerals) stable in it, and the parameters of their
equilibrium crystallization during the cooling of
the melt. We have additionally examined and
generalized extensive preexisting experimental
results on the synthesis of phase associations in
the central part of the Cu-Fe-S system. Some of
these results were published in earlier papers on
the behavior of Au, Ag, and PGE in the crystal-
lization course of melts of under study composi-
tion (Kravchenko, 2009; Kravchenko and
Nigma tulina, 2009). This allowed us to define
more exactly the composition fields of the syn-
thesized phases and to supplement the scheme
of phase relations stable at room temperature in
the central part of the Cu-Fe-S system with the
talnakhite-mooihoekite and mooihoekite-hay-

cockite equilibria (Fig. 1). In addition, we have
examined the composition of chalcopyrite and
cubanite in samples from the collection of
Fersman Mineralogical Museum.

Methods

The starting components for the synthesis
of our experimental samples were carbonyl
iron A-2, copper B3, and ultrapure sulfur (addi-
tionally dehydrated by vacuum melting). The
synthesis was conducted in evacuated quartz
ampoules by means of melt cooling. The
regimes of melt cooling were examined exper-
imentally and selected in such a way that
phase equilibria stable at room temperature
could be obtained and the phase composition
of the system at various temperatures could be
estimated. In all of the synthesis regimes, the
material was heated to 1100–1200°C, and
then held at these temperatures for up to 12 h,
then cooled to 1000, 900, 850, or 800°C, and
held up to 10 days at this temperature, after
which it was rapidly (50°C/h) or slowly
(60°C/day) cooled to 400, 350, or 300°C and
held at this temperature during a time span
ranging from a few days to six months, and
then cooled to room temperature in air at a
switched off furnace. Upon its synthesis, the
representative part of the synthesized samples
was annealed at 600°C (during a time of up to
two months) or 800°C (up to one month).
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In order to elucidate peculiarities of formation phase equilibria with chalcopyrite CuFeS2, isocubanite (cubic
cubanite fcc) CuFe2S3, talnakhite Cu9Fe8S16, mooihoekite Cu9Fe9S16, and haycockite Cu4Fe5S8 , during of mag-
matic crystallization phase compositions were studied in the central part of the Cu-Fe-S system with
45–50 at.% S and Cu/Fe = 1.44–0.25. All of the synthesized phases have variable compositions, and their
ranges of the Cu/Fe ratio were determined to be 1.03–0.67 for tetragonal chalcopyrite, 0.61–0.39 for
isocubanite, and 0.92–0.68 for cubic pc haycockite. The ranges of the ratio appreciable differ from those spec-
ified in the formulas of the respective minerals. The composition of mooihoekite with Cu/Fe = 1.04–0.93 dis-
poses on the bornite-mooihoekite-cubanite equilibrium line, which is the boundary line between fields chal-
copyrite and haycockite phases associations. The crystallization field of Fe-rich chalcopyrite (Cu/Fe =
0.99–0.67) shrinks with increasing crystallization rate of the melt. The chalcopyrite solid solution (Cu/Fe =
1.03–0.67) crystallizes in a cubic pc system if the melt contains <48 at.% S.
3 tables, 1 figure, 17 references.
Keywords: Cu-Fe-S system, chalcopyrite solid solution, isocubanite CuFe2S3, talnakhite Cu9Fe8S16, mooihoekite
Cu9Fe9S16, haycockite Cu4Fe5S8, melt crystallization.
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The samples thus synthesized were exam-
ined under an optical microscope and by
means of X-ray powder diffraction. The com-
position of the phases was analyzed on a
Camebax-Micro microprobe at an accelerat-
ing voltage of 20 kV, 40 nA absorbed electron
current, 40° spectrum registration angle,
counting time of 10 seconds at each analytical
lines, and a beam diameter of 2–3 µm, chal-
copyrite CuFeS2 as the standard. The analyti-
cal errors for all of the analyzed elements were
within relative 2%. The elements detection
limit Cmin is calculated according to 2d-cr it e-

rion a t  sign if ica n ce l ev el  o f  9 9 % . Cmin

(wt%): were 0.04–0.05 for Cu, 0.03 for Fe, and
0.01–0.02 for S. The X-ray powder diffraction
experiments were conducted on a DRON-3
diffractometer.

Results and discussion

For the phases synthesized in presented
work are used names of their natural analogues
of corresponding composition with indication
the structure of synthesized phase if it differ from
the structure of natural analogue. For example,
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Fig. 1. Phase relations of the synthesized phases (solid lines show our data) in the diagram for the central part of the Cu-Fe-S system
at 600°C (dashed lines are according to Cabri, 1973). (a) Study region of the Cu-Fe-S system. (b) Enlarged fragment of the central
part. · – solid circles show starting compositions (shown as Cu/Fe ratios) of the synthesized samples: 50 at.% S, Cu/Fe 1.22–0.25;
47 at.% S, Cu/Fe 1.12–0.63; 45 ат.% S, Cu/Fe 1.44–0.69. The fields of the chalcopyrite (iss), bornite (bnss), and pyrrhotite (po) solid
solutions. o – open squares correspond to the stoichiometric compositions of chalcopyrite CuFeS2 (cp), bornite Cu5FeS4 (bn), pyrite
FeS2 (py), troilite FeS, talnakhite Cu9Fe8S16 (tal), cubanite CuFe2S3 (cb), mooihoekite Cu9Fe9S16 (mh,) and haycockite Cu4Fe5S8 (hc).
(c) Fragment of the diagram in the composition field of chalcopyrite, cubanite, talnakhite, mooihoekite, and haycockite.



the structure of natural haycockite is orthorhom-
bic, and that of the synthetic phase of haycockite
composition is cubic pc.

The results of our synthesis and studies of the
phases composition of the central part of the Cu-
Fe-S system at 45–50 at.% S and Cu/Fe =
1.44–0.25 are summarized in Fig. 1 and Table 1.
The associations of chalcopyrite + bornite +
pyrite (cp + bn + py), with chalcopyrite of the
same composition as in the association tal-
nakhite + bornite + chalcopyrite; isocubanite
+ pyrrhotite Fe1-xS (cb + po) with isocubanite of
the same composition as in the association of
isocubanite + haycockite + pyrrhotite (cb + hc
+ po) but with S richer pyrrhotite; and chal-
copyrite + isocubanite + pyrrhotite (cp + cb +
po) with isocubanite and chalcopyrite of stoi-
chiometric composition and S-enriched pyr -
rhotite are not presented in Table 1. As can be
seen in Table 1, all synthesized phases are of vari-
able composition, and their sulfur concentra-
tions are close to the stoichiometric formulae:
CuFe2S3 for isocubanite – 50 at.% S and Cu/Fe

= 0.5; CuFeS2 for chalcopyrite –  50 at.% S and
Cu/Fe = 1; Cu9Fe8S16 for talnakhite  –  49 at.%
S and Cu/Fe = 1.06; Cu9Fe9S16 for mooihoekite
 –  47 at.% S and Cu/Fe = 1; and Cu4Fe5S8 for
haycockite  – 47 at.% S and Cu/Fe = 0.8.
Significant deviations were detected in the con-
centration of the metals, and hence, we elected
the Cu/Fe ratio as an compositional parameter
of the phases. As was established in our earlier
studies (Kravchenko, 2011), synthesized phase
associations can be unitied into chalcopyrite
and haycockite groups according to their com-
position. The boundary line between the crys-
tallization fields of these groups of phase asso-
ciations is bornite-mooihoekite-cubanite equi-
librium (Fig. 1). The phase associations with
chalcopyrite typically show exsolution textures
of chalcopyrite + talnakhite and chalcopyrite
+ cubanite, and their composition is controlled
by the cooling regime of the melt.

Phase associations with chalcopyrite. The
most challenging problems related to the
peculiarities of formation of phase equilibria
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Table 1. Composition of the synthesized phases 

Starting composition:

S, Cu, and Fe in at.% Phase  Phases Composition ranges of synthesized phases 

Cu/Fe* association (upper line – wt%, lower line – at.%) 

Cu Fe S Cu/Fe*

50; 25–17.5; 25–32.5 cb + cp cb 17.34–19.32 31.75–33.13 48.93–49.53 0.61–0.52

1–0.54 23.92–26.78 38.70–40.17 34.22–34.46

cp 20.31–25.54 25.81–30.47 48.65–49.81 0.99–0.67

28.03–34.97 31.07–36.96 34.37–34.48

50; 27.5–25; 22.5–25 cb + сp сp 24.22–25.43 24.71–26.42 49.36–49.86 1.03–0.92

1.22–1 +tal 33.40–34.86 29.76–32.02 34.34–34.48

cp + tal tal 26.92–27.92 24.12–24.60 47.75–48.84 1.16–1.09

+ bn 36.64–37.68 28.75–29.13 32.74–33.42

47; 28–25.5; 25–27.5 mh + bn mh 25.64–27.38 26.37–27.52 46.25–47.15 1.04–0.93

1.12–0.93 34.74–37.18 31.46–32.83 31.68–32.25

45; 32.5; 22.5

1.44

50; 15–10; 35–40 cb + po cb 14.04–16.80 34.06–35.90 49.13–50.06 0.49–0.39

0.43–0.25 + hc 19.59–23.34 41.57–44.03 34.42–35.25

hc 21.01–25.35 28.17–31.05 45.97–47.94 0.90–0.68

30.65–34.34 33.74–36.17 31.43–32.91

47; 25.5–20.5; 27.5–32.5 po + hc hc 21.61–25.75 27.91–31.98 46.41–47.25 0.92–0.68

0.93–0.63 + bn 29.46–34.71 33.06–38.32 31.93–32.74

45; 30–22.5; 25–32.5

1.20–0.69

Note: * – the Cu/Fe ratio is calculated from at.%; cb – isocubanite CuFe2S3: 50 at.% S, Cu/Fe = 0.5; cp – chalcopyrite CuFeS2:
50 at.% S, Cu/Fe = 1; tal – talnakhite Cu9Fe8S16: 49 at.% S, Cu/Fe = 1.12; mh – mooihoekite Сu9Fe9S16: 47 at.% S, Cu/Fe = 1; hc –
haycockite Cu4Fe5S8: 47 at.% S, Cu/Fe = 0.8. Chalcopyrite in association with cubanite (cp + cb) was synthesized with holding at
850°C–800°C in the course of cooling, chalcopyrite in association with cubanite and talnakhite (cp + cb + tal) was synthesized with-
out holding at 850°C–800°C in the course of cooling.



during melt crystallization in the examined
portion of the Cu-Fe-S system pertain to the
crystallization field of chalcopyrite-bearing
associations because of the difficulties in the
synthesis of equilibrium sulfide associations in
the narrow range of sulfur concentrations and
difficulties in analyzing the phases in the chal-
copyrite + isocubanite exsolution textures, in
which significant discrepancies were detected
between the compositions of the synthesized
phases and the stoichiometric proportions of
the corresponding minerals (Table 1). Ho mo -
geneous chalcopyrite crystallizes at a sulfur
concentration of 50 at.% 1 і Cu/Fe > 0.67 and
chalcopyrite + isocubanite exsolution tex-
tures are formed at 0.67 і Cu/Fe > 0.5 (Fig. 1).
Chalcopyrite contains rare minute isocubanite
grains enriched in Cu (Cu/Fe = 0.62) in the
form of exsolution textures only in samples
whose starting material contained 50 at.% S,
had Cu/Fe = 1–0.82, and whose melt was
rapidly (at a rate of 50°C/h) cooled to room
temperature or to 300°C and then to room tem-
perature when the furnace was switched off. In
the same samples quenched after annealing at
600°C, homogeneous chalcopyrite was synthe-
sized. The compositions of the phases and
phase relations in individual samples, and
descriptions of the X-ray powder diffraction
patterns of mixtures of chalcopyrite with
isocubanite and talnakhite can be found in our
earlier papers (Kravchenko and Nig matulina,
2009; Kravchenko, 2011).

The most principal differences detected
between the chalcopyrite and cubanite compo-
sitions depend on the cooling regime within the
temperature range of 1000–800°C and on hol -
ding the material at a temperature close to that
of melt crystallization in the examined portion
of the system (close to 850°C). In samples cooled
and held at 850–800°С, Cu-en riched isocuban-
ite (Cu/Fe = 0.61–0.52) crystallizes together
with Fe-enriched (Cu/Fe = 0.99–0.67) chal-
copyrite in the course of melt cooling (Fig. 1,
Table 1). Thereby chalcopyrite with Cu/Fe
within the ranges of 1–0.67, 1–0.78, or 1–0.93
crystallizes in samples rapidly cooled to 1000,
900–850, and 800°C, respectively. It follows
that an increase in the cooling rate within the
range of 1000–800°C diminishes the crystal-
lization field of Fe-enriched chalcopyrite. In
samples that were cooled without holding at
850°C–800°C (Fig. 1), Cu-enriched isocuban-
ite (Cu/Fe = 0.61–0.52) crystallizes together
with talnakhite (Cu/Fe = 1.16–1.09) and chal-
copyrite (Cu/Fe = 1.03–0.92).

There by the Cu/Fe ratio of the tetragonal
chalcopyrite ranges between 1.03 and 0.67,

and that ratio of the Cu-enriched isocubanite
is 0.61–0.52. 

Our results corroborate the experimental
data (Yund and Kullerud, 1966; Sugaki et al.,
1975; and others) on the variable composition
of chalcopyrite. The composition of synthe-
sized in our experiments Fe-enriched chal-
copyrite with Cu/Fe = 0.67, i.e., 20 at.% Cu
and 30 at.% Fe corresponds to the composition
of the maximum ferrous iss at 800°C in the join
at 50 at.% S in the Cu-Fe-S system (Tsujmura
and Kitakaze, 2004).

Composition of naturally occurring chal-

copyrite and cubanite. The naturally occur-
ring minerals were studied with the aim of
searching for analogues of the phases synthe-
sized in our experiments. The composition of
the examined natural chalcopyrite (Cu/Fe =
0.99–1.03) and cubanite (Cu/Fe = 0.50) are
close to their stoichiometric compositions
(Table 2). Some samples from the Norilsk
deposits contain S-rich (up to 53.6 at.% S)
pyrrhotite (Table 2, analyses 6, 8). This testi-
fies that the pyrrhotite crystallized at a high S
concentration in the melt. Sample 8 addition-
ally contains chalcopyrite and cubanite (both
of nearly stoichiometric compositions). It cor-
responds to the association cp + cb + po
(Fig. 1) that is formed at S concentrations
higher than 50 at.%.

Phase relations with mooihoekite. The com-
position of mooihoekite with Cu/Fe =
1.04–0.93 lies on the equilibrium line for bornite
(bn) – mooihoekite (mh) – cubanite (cb) that
separates the fields of associations with chal-
copyrite and with haycockite.

Phase relations with cubic pc haycockite. A
cubic pc structure was determined in our syn-
thetic phases of the composition 46–48 at.% S
and Cu/Fe = 1–0.68. This is consistent with
experimental data on the crystallization of cubic
pc phases within the examined field of the sys-
tem at 600°C (Cabri, 1973) and the crystallization
of cubic phases stable at room temperature and
sulfur concentrations 2–2.5 at.% lower than
50 at.% (Likhachev, 1973). Pyrrhotite and Fe-
enriched isocubanite (Cu/Fe = 0.49–0.39)
crystallize in association with cubic pc haycock-
ite with Cu/Fe = 0.90–0.68, and pyrrhotite and
bornite crystallize in association with haycockite
with Cu/Fe = 0.92–0.68 (Table 1). If the com-
position field of mooihoekite and haycockite is
regarded as a single region, the Cu/Fe ratio of
mooihoekite and haycockite vary within
1.04–0.68 at a sulfur concentration of
46–48 at.%. This is close to the Cu/Fe ratio of
chalcopyrite (1.03–0.67) with 49–50 at.% S
(Fig. 1, Table 1). It follows that chalcopyrite solid
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solution crystallizes in a cubic pc form at a sulfur
concentration <48 at.%. 

Our results are consistent with literature data
on the composition of the corresponding natural
mine rals (Table 3). Isochalcopyrite in Table 3 as
in the paper of Fardust F., et al., 2005, refers to
chalcopyrite whose cubic pc structure is proved
(Filimonova et al., 1974) or whose cubic fcc struc-
ture is inferred (Missack et al., 1989; Fardust et
al., 2005). As can be seen in Table 3, the compo-
sitions of all of the isochalcopyrite samples lie
within the Fe-enriched compositional field of the
chalcopyrite solid solution. Cubic pc chalcopy-
rite from Cu-Ni ores at the Norilsk deposits
occurs in aggregates with talnakhite and mooi-
hoekite (Filimonova et al., 1974). Its composition
(Table 3) differs from the composition of the
chalcopyrite solid solution synthesized in our
experiments in association with talnakhite and
isocubanite (Cu/Fe = 1.03–0.92) in containing
less sulfur (close to 2 at.%) and corresponds to
the association talnakhite-cubanite-mooihoe -
kite. This is consistent with our aforementioned
results on the crystallization of chalcopyrite in its
cubic pc form at sulfur concentrations lower than
48 at.%. The composition of isochalcopyrite from
the Rainbow hydrothermal field corresponds to
the composition of the Fe-enriched tetragonal
chalcopyrite with 1 і Cu/Fe > 0.67 synthesized
in our experiments at various cooling rates (to
800°C in water and to 600°C at a rate of 50°C/h

from 850°С; Table 3). As can be seen from
Table 3, the central parts of the lamellas in the
chalcopyrite and isochalcopyrite exsolution tex-
tures are richer in Fe than their margins (Missak
et al., 1989; Fardust et al., 2005). This is consis-
tent with the crystallization sequence of the chal-
copyrite solid solution from Fe-enriched one to
Cu-enriched varieties.

Conclusions

1. The Cu/Fe ratios of tetragonal chalcopy-
rite (1.03–0.67), isocubanite (0.61–0.39), and
cubic pc haycockite (0.92–0.68) significantly
differ from the analogous ratios in the formulas
of the corresponding minerals. The crystalliza-
tion field of Fe-enriched chalcopyrite (Cu/Fe
= 0.99–0.67) shrinks at increasing cooling
rate of the melt. Chalcopyrite solid solution
(Cu/Fe = 1.03–0.67) crystallizes in a cubic pc
form from melts containing <48 at.% sulfur.
The composition of the mooihoekite (Cu/Fe =
1.04–0.93) lies on the bornite-mooihoekite-
isocubanite equilibrium line that separates the
fields of chalcopyrite and haycockite phase
associations.

2. Phase equilibria in the central part of
the Cu-Fe-S system at 45–50 at.% S and
Cu/Fe = 1.44–0.25 are controlled by the
starting composition of the experimental sam-
ples and the cooling rate of the melt. From the

87New Data on Phase Compositions in the Central Part of the Cu-Fe-S System

Table 2. Compositions of chalcopyrite CuFeS2, cubanite CuFe2S3, and pyrrhotite Fe1-xS in samples from the 
collection of the Fersman Mineralogical Museum

№ an. № sample wt% Total*, wt% at.% Mineral Cu/Fe**

Cu Fe S Cu Fe S

1 59501 34.16 30.35 35.36 99.90 24.61 24.88 50.49 cp 0.99

2 68992 33.62 30.51 35.14 99.40 24.84 25.14 50.42 cp 0.99

3 69010 34.58 30.10 34.95 99.55 25.07 24.91 49.99 cp 1.01

4 69024 34.33 30.35 35.03 99.79 24.81 24.95 50.18 cp 1.00

5 59021 34.49 30.44 34.89 99.83 24.94 25.04 50.00 cp 1.00

6 76412 34.58 30.24 35.15 99.99 24.94 24.81 50.24 cp 1.00

0.04 59.68 39.90 100.03 0.03 46.04 53.63 po

7 unN�1 34.50 30.50 34.51 99.65 25.04 25.20 49.65 cp 0.99

23.44 40.77 34.93 99.16 16.86 33.35 49.78 cb 0.50

8 unN�2 34.29 30.38 35.05 99.72 24.79 24.99 50.22 cp 0.99

23.15 40.87 35.91 99.95 16.44 33.02 50.53 cb 0.50

0.02 61.23 38.89 100.22 0.01 47.44 52.49 po

9 55252 34.41 29.73 34.91 99.06 25.04 24.61 50.34 cp 1.01

10 50417 34.48 29.46 34.71 98.67 25.20 24.50 50.28 cp 1.03

11 27897 34.66 29.92 35.10 99.69 25.06 24.62 50.31 cp 1.02

12 58653 34.44 29.74 34.97 99.15 25.03 24.59 50.38 cp 1.02

Note:* –  minerals contain minor Co and Ni amounts: chalcopyrite (сp) – Co 0.00–0.02 wt%, 0.00–0.02 at.%; Ni 0.14 wt%,
0.17 at.%; cubanite (сb) – Ni 0.02–0.28 wt%, 0.01–0.22 at.%; pyrrhotite (po) – Co 0.01–0.02 wt%, 0.00–0.02 at.%; Ni
0.07–0.39 wt%, 0.06–0.29 at.%; ** – the Cu/Fe ratio was calculated from at.%. The samples were collected at: 1–8 – Norilsk
deposits, Russia; 9 – Badzhiraevka deposit, Chita oblast, Russia; 10 – Khetta deposit, Magadan oblast, Russia; 11 – Cornwall,
United Kingdom; 12  – Guanxi, Shu-Mu, China.



melts containing 50 at.% S crystallize the fol-
lowing associations: pyrrhotite Fe1-xS + Fe-
enriched isocubanite (Cu/Fe = 0.49–0.39)
and Cu-enriched isocubanite (Cu/Fe =
0.61–0.52) + Fe-enriched chalcopyrite
(Cu/Fe = 0.99–0.67). As the sulfur concen-
tration decreases, the phase relations are
changed (Fig. 1) as follows: the association of
Fe-enri ched isocubanite with pyrrhotite gives
way to the association of haycockite (Cu/Fe =
0.92–0.68) with pyrrhotite and bornite, and
the association of Cu-enriched isocubanite
with chalcopyrite gives way to the associations

of mooihoekite (Cu/Fe = 1.04–0.93) with
bornite and talnakhite (Cu/Fe = 1.16–1.09)
with chalcopyrite (Cu/Fe = 1.03–0.92) and
bornite. 
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Mineralogical Museums
and Collections



This article is a preliminary publication of
a small, yet fascinating, collection of Tuvan
stone carvings from the Fersman Minera -
logical Museum of the Russian Academy of
Sciences. Until now, the collection has recei -
ved no attention from researchers. 

Given the deep prehistory of the earliest
stone tools, stone working goes as far back as
human history itself. Many people and cul-
tures have achieved an impressive level of
excellence in artistic stone working. There is,
however, a certain rule in this domain of
human creativity, seen in the correlation of
highly developed stone working with seden-
tary lifestyle. Indeed, there are hardly any
stone carvings in the material culture of
nomadic people, which could be confidently
considered as artistically valuable. 

The Tuvan stone carving however is a rare
exception to this rule (Budegechi, 1995;
Vainshtein, 1974; Korenyako, 1984; Myag -
kov, 1931; Ozhivshiy kamen’, 1969; Chervon -
naya, 1995). 

The Tuvans are Turkic-speaking peoples,
inhabiting the Upper Yenisei river basin, in
the south of the Sayan Mountains. The small
groups of the Tuvans also inhabit the
Krasnoyarsk region of Russia, parts of Mon -
golia and China. They constitute the majority
of the population in the Republic of Tuva,
which has been a part of Russia since 1944
(the overall Tuvan population is at least
250.000). The stone carving distinguishes the
Tuvans from their Turkic neighbours such as
Mongols, Buryats, Altay and Khakass people,
whose traditional art has never had such pro-
fusion of highly artistic and attractive stone
carvings. All of these are small and portable.
They are typical for the Tuvans and are virtu-
ally absent amongst the majority of nomadic
peoples of Eurasia.

This situation can be considered unique
and is in many ways facilitated by the nature

of Tuva. It is in the Tuvan Bai-Taiga kozhuun
(region) in the vicinity of Kyzyl-Dag settle-
ment that the largest Russian agalmatolite
deposit was found. The deposit is relatively
accessible and easy to mine. The agalmatolite
debris are spread across the mountain slopes
and bases, which is accessible by car with a
spacious back. 

Agalmatolite is a dense variety of pyro-
phyllite. Its name is derived from the Greek
words “agalma” (effigy, statue) and “lithos”
(stone), while other Russian names for this
mineral all refer either to its softness or the
beautiful carvings it is capable of producing.
In Tuvan, agalmatolite is called “chonar-
dash”, meaning “a stone, which can be car -
ved” or “carvable stone”. Its hardness is 1–3
according to the Mohs scale, which makes it
possible to cut with a mere knife. Such mal-
leability and availability of stone in Tuva have
become essential to the emergence and flour-
ishing of the Tuvan stone carving.

Tuvan agalmatolite is light and homoge-
nously coloured. The most widespread ones
are the white, light grey and yellowish grey
varieties. Somewhat rarer one is the dark and
pronouncedly coloured agalmatolite, espe-
cially in red and yellow.

So when did the agalmatolite carving
appear in Tuva? The emergence of this phe-
nomenon is often assigned to deep prehisto-
ry, associated with the widely known zoomor-
phic art, otherwise known as Scytho-Siberian
animal style (which was widespread amongst
the nomadic people and their neighbours
from the first millennium BC to the early cen-
turies of AD). There is, however, no founda-
tion for such early dating as early nomadic
cultures show virtual absence of carved agal-
matolite depictions. 

Researchers, who studied the Tuvans dur-
ing the second half of the 19th century to the
beginning of the 20th century, have referred to

ARTWORKS OF TUVAN STONE CARVERS 
IN THE FERSMAN MINERALOGICAL MUSEUM 

Vladimir A. Korenyako
State Museum of Oriental Art, Moscow, Korenyako@gmail.com

Marianna B. Chistyakova
Fersman Mineralogical Museum, Russian Academy of Sciences, Moscow, mineral@fmm.ru

The article provides the earliest data on portable artworks from the 1920s and the 1980s, made by Tuvan stone
carvers using a variety of stone materials. 
16 figures*, 8 references.
Keywords: Fersman Mineralogical Museum, stone carving artworks, Tuvan stone carvers.
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stone carving crafts as recently emerged. This
is consistent with the dating of the oldest
Tuvan carvings in the Mineralogical Museum
collection. The Tuvan carved stones, which
have reached the St.-Petersburg and Siberian
museums in Minusinsk, Tomsk, Krasnoyarsk
and Irkutsk are dated back to no earlier than
the 1870–1880s. These dates are considered
as the time of emergence of Tuvan stone car -
ving. 

The first period of development in this
type of Tuvan art is associated with the last
quarter of the 19th to the first third of the 20th

century. Objects from this period already
share a particular stylistic unity. Yet, it is also
a time of stylistic findings, as the wealth of
animalistic and frequently fantastical iconog-
raphy becomes exploited, with formulation of
means of stylisation and decoration and
appropriation of new techniques. The emer-
gence of characteristic stylistic features such
as small size, expressivity, exaggeration of
distinct features, thorough decorative design,
employing specific parallel grooves and fas-
cia takes place already at this time. 

Four agalmatolite sculptures from the
Mineralogical Museum are associated with
the end of this period (i.e., 1920 to be precise).
This dating is determined by the acquisition
of the items by the museum (in 1929) from
Kazimir Leonardovich Ostrovetskiy, the head
of the geochemical crew of the Mongol Com -
mission Expedition of the USSR Academy of
Sciences in 1927. 

The objects, which received from Ost -
rovetskiy, are the figurines of a horse, a tiger,
a bear and a fantastical lion. All of these are
carved from light grey stone with a slight yel-

lowish tint. The names of craftsmen are
unknown, as the tradition of surname ins -
cription on the object’s base appears much
later on. 

The horse figurine is typical for Tuvan ani-
malistic sculptures. The animal is depicted as
standing quietly, with a expressive profile sil-
houette. It gives a laconic and distinct depic-
tion of all key features of a favourite animal of
nomads. Its mane is groomed according to
the Mongolian and Tuvan style, with long
hairs left on the horse’s withers, and short
hairs continuing onwards across the neck up
to the ears. Overall, we get the most typical
and characteristic Central Asian horse
iconography.   

The tiger sculpture with opened jaws is
just as filled with realism. The predator can be
easily recognised from its stripy coat and tail
pattern.

Somewhat less realilistic is the bear sculp-
ture, depicted in a seated position with front
paws stretched out (Fig. 1). Almost the entire
surface of the item is covered with grooved
lines, which, however, do not resemble bear
fur. They form transverse lines on the body
and paws of the predator and are not at all
evocative of a gapless fur coat. A convention-
al artistic interpretation of the animal is
apparent.

The fourth sculpture from this group bears
a completely unreal representative of the
fauna: a conventional and fantastical image of
a grotesque lion (Fig. 2), known in China as
“Shitsa” and “Shi Fo”.

The genesis of the Shitsa image itself is
linked with the territory of China, where
lions, as male predators with a grand mane,
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Fig. 1. Bear figurine.
Agalmatolite. 6.5×2.75
×4.6 cm. 1920s. Recei -
ved from K.L. Ost rovet -
skiy, the director of a
geochemical team of
the Mongol Commis -
sion Expedi tion, the
USSR Academy of
Scien ces (1927), in
1929. FMM PDK-1978.

Fig. 2. Arzylan-Lion.
Agalmatolite. 5.9×5.85×
2.5 cm. 1920s. Received
from K.L. Ostrovetskiy,
the director of a geo-
chemical team of the
Mongol Commission
Ex pedition, the USSR
Academy of Sciences
(1927), in 1929. FMM
PDK-1979.



have not existed in historic times. This is why
China, as opposed to India (where the true
representative of the feline genus lives to this
day), has developed a fantastical image of
“Shitsa” during the Middle Ages. It is known
amongst the Turkic and Mongolian people as
“arslan”, “arsalan” and “arzylan”. Sharing a
stylistic affinity with China, the grotesque
lion is an important emblematic image of the
northern Buddhist art, where it is found as a
venerated miraculous animal and companion,
as well as a personification of Buddha him-
self. 

The grotesque lion is unlike a real lion.
Short-legged and stocky, it has a grand deco-
rative mane, which the artist has made up of
large separate locks and strands taking the
shape of spirals, swirls and round protrusions.
The tail of the animal is not that of a lion at
all. It takes the form of a “sultan” or “plu -
mage”, protruding upwards. Like the mane, it
is made up of small decorative elements. The
muzzle of the “Shitsa” resembles a grimacing
pug with snarling jaws, large bulging eyes
and bushy eyebrows. Large, elongated and
hanging ears are essential. Overall “Shitsa” is
not a lion, but a creature which bears most
semblance with a Pekingese decorative dog
and to similar decorative breeds to a lesser
extent.

Peculiar qualities of the early Tuvan stone
carving period can be seen in the small selec-
tion of decorative sculptures, most probably
dating back to the 1920s. As already men-
tioned, it is the period of stylistic and techni-
cal findings. Some of these findings have
been successful, as seen from the complete
and expressive depictions of the horse and
the fantastical lion. The other findings have
not been as convincing (i.e., the tiger fig-
urine) and at times completely unconvincing
(i.e., the unusual interpretation of the fur in
the bear depiction).

The artistic development of the Tuvan
stone carving is indubitable. However, the
available tangible materials are insufficient to
enable a study of this evolution convincingly
and in details. The agalmatolite sculptures,
created in the 1930s–60s, are very sparse and
are sometimes simply not presented in muse-
um collections.

During the 1960s, a significant number of
agalmatolite sculptures appear in the muse-
um collections. This period can be said to
have commenced a new historical stage in the
art of Tuvan stone carving, continuing to this
day. The key features of this period have been
determined by the 1940–60s events in Tuva.

The Tuvan People’s Republic, which had
been independent since 1921, becomes part
of the USSR in 1944. As a result of the socio-
economic and cultural progress, agalmatolite
stone carving has elevated beyond the
domain of household crafts or handicrafts,
which are inseparable from other types of tra-
ditional art. From this time onwards the
Tuvan agalmatolite carving has gained a rep-
utation of a distinct, vividly expressive and
intrinsically professional applied art. 

In the later period, the original stylistic
features of Tuvan stone carving have become
enriched rather than lost. There was a stark
increase in the variety of images, with appear-
ance of multiple figurine compositions. The
artistic style has become more free, while the
decorative development of the sculptures has
become more enriched and confident. 

From 1962 onwards, the RSFSR (Russian
Soviet Federative Socialist Republic) and
USSR Union of Artists become active in Tuva.
A Tuvan branch of the Krasnoyarsk depart-
ment of the Union of Artists of RSFSR is
established here in 1962, replaced in 1965 by
the Tuvan department of the Union of Artists,
and renamed in 1968 to the Union of Artists of
the Tuvan ASSR (Autonomous Soviet Socia -
list Republic). The Union of Artists has
become promptly filled with the most accom-
plished and known stone carvers: Cherzi
Mongush in 1962, Khertek Toybukhaa and
Khuna Khertek in 1964. In the 1960s alone,
eleven Tuvan stone carvers have become
members of the Union of Artists. To this day,
the majority of Tuvan stone carvers are mem-
bers of the Union of Artists of Russia. An
interesting outcome of this process is the loss
of anonymity in stone carving. Beginning
with the 1960s, the agalmatolite sculpture
bases begin to show a distinctly inscribed
name and surname of an artist, the year of its
making and sometimes other data too.

Nine items from the Mineralogical
Museum can be dated to this period (i.e., the
1980s). The majority of them have an ins -
cribed date of “1990”. The only exception is
the sculpture of Uriy Oorzhak, inscribed with
“1986”. Two sculptures, carved out by Artysh
Delger, lack formal dating, but have been
appropriated by the museum in 1990. All
signed artworks belong to six artists.

First of all, special attention ought to be
paid to the artist of two of these items – the
first Tuvan woman to turn to stone carving,
Raisa Azhievna Arakchaa (these artworks are
signed by the author as “Arakhchaa”, which
is different from the conventional spelling of
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her surname in all documents and publica-
tions). 

Statements of the termination of stone
carving as a purely male activity can be found
throughout the relevant literature. In fact,
there are only three known Tuvan women
who have turned to stone carving, achieving
notable success. Having died in 1990,
Arakchaa was the first one. The career of
Elizaveta Baiyrovna Baiyndy, the daughter of
a famous stone carver Baiyr Baiyndy, has
flourished during the 1980s and 1990s, with
termination of active artistic career in the
recent years. Marina Matpakovna Norbu has
been working since the 1990s and is the only
female carver up till now, creating expressive
agalmatolite sculptures. She is an innovative
artist, with a frequent exploration of anthro-
pomorphic sculptures, depicting historical
(such as Genghis Khan’s General Subutai)
and contemporary figures in stone. The tradi-
tional Tuvan animalistic style is much less
appealing to this artist.

Raisa Arakchaa (1925–1990) has carved
out her first stone figurine at the age of forty
as a result of her late apprenticeship with a
known stone carver Khertek Toybukhaa. Fate
has given Arakchaa a mere quarter of a cen-
tury for her artistic career. Along with three
other Tuvan stone carvers, she receives a
Repin State award of the RSFSR in 1972, and
is later declared an honorary artist of the
Tuvan ASSR.

The artistic world of Arakchaa is filled
with animals, typical for Tuvan stone carving.
The calmly standing mounted horse (Fig. 3) is
distinguished by its long mane and wonder-
fully grand tail. The saddle and the bridle are
depicted thoroughly and in detail, including
the saddle ornamentation and the embossed
net on the leather saddlecloth. The other
sculpture is a three-figure composition, de -
pic ting a mountain goat with two goatlings
(Fig. 4). The Siberian mountain goat (either
male or female) is standing proudly, equi p -
ped with mighty horns. The fine parallel lines
are imitating the long fluffy wool. The small
goatlings are peacefully basking, protected
by its confident parent.

The data concerning the other stone car -
vers, whose art is represented in the Mine -
ralogical Museum, are altogether spar se. 

Biche-ool Salchakovich Mainy was born
in 1949. Having lived in the Kyzyl-Mazhalyk
settlement in the Barun-Khemchik region in
1990, he has carved a light-brown agalmato-
lite sculpture “Capricorn” (Fig. 5). Naturally,
it is a depiction of a real animal known as
Siberian goat, but the artistic interpretation is
in many ways conventional. The dispropor-
tion of the long and thick neck covered with
fantastical layers of long fur is immediately
stri king. 

The horns bear an entirely unusual deco-
ration, with rows of semi-discs on the sides
and a strip of oblique groove incisions. 
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Fig. 3. Mounted horse. Agalmatolite. Kyzyl-Dag deposit, Bai-Taiga kozhuun (region), Tuva. Carved by R.A. Arakchaa, an
honoured artist of Tuva. 10×11×3.9 cm. 1990. Acquired from the Tuva Art Production studio in 1990. FMM PDK-7624.

Fig. 4. Mountain goat with goatlings. Agalmatolite. Kyzyl-Dag deposit, Bai-Taiga kozhuun (region), Tuva. Carved by
R.A. Arakchaa, an honoured artist of Tuva. 10.4×10.8×4.3 cm. 1990. Acquired from the Tuva Art Production studio in 1990.
FMM PDK-7625.



Khuler-ool Kogelovich Saaya was born in
1956. In 1990, he was living in the town of Ak-
Dovurak of the Barun-Khemchik area. The
walking camel artwork was created by him.
Barring the conventional representation of
the humps as double rows or layers of festoon
elements, it is almost filled with realism. 

The art of Yuriy Dazhyiovich Oorzhak,
born in 1959, is represented by the expressive
“Sarlyk and wolf” dual sculptural composi-
tion (Fig. 6). The mighty sarlyk yak is storm-
ing down the hill towards the wolf, who is
grasping the yak by its left horn, with the
right horn already piercing the wolf’s side. It
is a very confident, expressive and energetic
carving. The long fur of the yak and the wolf
is represented with the large incised layers
made up of wide parallel facets. The mortal
combat of the predator and the ungulate ani-
mal is expressed in stone with indubitable
dynamism and expressivity.

Kara-ool Kimovich Kuzhuget, born in
1967, has created two agalmatolite sculp-
tures. One of them gives a realistic depiction
of two camels walking one after another
(Fig. 7). The second one is a figurine of a
walking, or running, wolf carved out of an

even intense-grey agalmatolite. The head is
very thoroughly made with its leaf-shaped
ears, comma-shaped nostrils and a curvy con-
tour of the bared jaws, showing detailed indi-
cations of canines and other teeth. The long
rough fur of the neck, nape and shoulders is
represented by the five ribbed layers, covered
in parallel grooves. The large extended tail is
represented in the same way. The predator
nature of the animal is highlighted by the
large claws on its strong paws. 

Unfortunately, we have no data concern-
ing Artysh Ilyich Delger, the sixth agalmato-
lite carver. He is a creator of two small sculp-
tures made of light grey agalmatolite. Both
images characterized by their compactness,
stockiness and stumpiness. One of the sculp-
tures is a goat whose large horns are decorat-
ed with rows of disc-shaped elements on its
sides and top. The other is a dog with an
extended fluffy tail, large leaf-shaped ears, a
framed mouth with the canines and other
teeth, and curvy incised nostrils. The long fur
of both animals is divided by long parallel
grooves. Along with other attributes of
zoomorphic imagery, these are very typical of
Tuvan agalmatolite stone carving. 
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Fig. 5. Capricorn. Agal -
matolite. Kyzyl-Dag
deposit, Bai-Taiga ko -
zhu un (region), Tuva. By
B.S. Mainy (Kyzyl-Ma -
zha lyk village).
14.7×12.6×4.6 cm. 1990.
Acquired from the Tuva
Art Production studio in
1990. FMM PDK-7629.

Fig. 6. Sarlyk and wolf.
Agalmatolite. Ky zyl- Dag
deposit, Bai-Tai ga ko -
zhu un (region), Tuva. By
U.D. Oorzhak. 
10.4×17.2×4.25 cm. 1986.
Acquired from the Tuva
Art Production studio in
1990. FMM PDK-7628.

Fig. 7. Camels. Agal -
matolite. Kyzyl-Dag de -
posit, Bai-Taiga kozhu-
un (region), Tuva. By
K.K. Kuzhuget. 
7.5×18.1×4.1 cm. 1990.
Acquired from the Tuva
Art Production studio in
1990. FMM PDK-7626.



The Fersman Mineralogical Museum col-
lection sheds light on a fascinating episode in
the history of Tuvan stone carving, taken in
1979 to the first half of the 1980s, when a tran-
sition from agalmatolite to other materials
(such as the soft malachite and lazurite and
the hard nephrite and quartz, with the use of
the latter’s variety chalcedony and tiger’s
eye) was attempted by the Tuvan artists. The
data regarding this episode was kindly pro-
vided by Chernavtsev.

This episode is associated with the Tuvan
party (headed by Viktor Mihaylovich Zaikin),
which was part of the Moscow Specialised
Geological Exploration Expedition “Export -
Sa motsvety” (MSGE “Eksportsamotsvety”,
headed by Anatoliy Ivanovich Kuvarzin). It
was supervised by the All-Union Industrial
Consortium “SoyuzKvartsSamotsvety” of the
USSR Ministry of Geology. These changes
should be considered in light of the econom-
ic accounting and complete vertical integra-
tion principles introduced in the Soviet Union
at the time. In accordance with these princi-
ples, the All-Union industrial consortiums,
expeditions and parties were to deal with
everything, from geological surveying to
product manufacturing. The raw materials
used were not only the local establishment of
through the stone import MSGE “Export -
samotsvety” began to receive the imported
materials.

The Tuvan expedition was based in the
Sukpak village near Kyzyl, the capital of
Tuva. The stone carving workshop, where the
Tuvan artisans have used agalmatolite, was
also situated here. It is at this time, in 1979 or

in 1980, that the idea of stone carvers’ transi-
tion to using new stones occurred to Zaikin
and Kuvarzin. The workshop has received
new spectacular materials, which were, how-
ever, more difficult to work with. Coming
from the Soviet deposits were the Baikal lazu-
rite, light greenish Vitim nephrite, while the
Afghan lazurite, Zairian malachite and South
African tiger’s eye quartz are amongst the
imported ones. The idea to accept the new
materials was materialised. However, the
experience proved to be unsuccessful. 

The Tuvan artisans have successfully
worked with soft agalmatolite. The new
stones have turned out to be much harder
(3.5–4 for malachite, 5.5–6 for lazurite and
nephrite, and 7 for quartz, based on the Mohs
scale). Difficulties in following the traditions
and developing new style have ensued. Other
problems have followed as well. The hopes to
successfully materialise new production have
not been met. Following a unification of the
MSGE “ExportSamotsvety” with the Central
Geological Expedition “TsentrKvarts Samo ts -
vety” in 1984, stone carving works using new
materials, carried out in Sukpak, have been
rendered unpromising. 

The fate of the stone carving workshop,
which was part of the Tuva party working
with hard stones in 1979-1984, is unknown to
us. Part of the Sukpak workshop’s production
output (i.e., 30 items) using non-traditional
materials has been purchased from MSGE by
the Mineralogical Museum (via “Tsentr -
Kvarts Samotsvety”) in 1985. Later, in 1990,
the museum purchased nine agalmatolite
only items from the Tuvan Art Production
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Fig. 8. Goat. Malachite. Zaire, Africa. 5.4×6.7×2.4 cm. First half of the 1980s. Acquired from “TsentrKvartsSamotsvety” in 1985. FMM
PDK-7289.
Fig. 9. Feline or canine predator. Malachite. Zaire, Africa. 4.3×5.9×2.4 cm. First half of the 1980s. Acquired from
“TsentrKvartsSamotsvety” in 1985. FMM PDK-7276.



workshop. It is these items, of which almost
all have been signed by artists.

The museum holds an overall number of
43 Tuvan items in its collection. Of these, 13
are made of agalmatolite, with the rest manu-
factured from new stones, which are not typi-
cal for the Tuvan traditional stone art: 10 are
made from tiger’s eye, 8 – from chalcedony,
5 – from malachite, 4 – from lazurite and
3 from nephrite.

All new material items are anonymous,
without any trace of inscriptions. This can be
partly explained by the lack of bases amongst
these sculptures, which would have provided
convenient surface area for inscriptions.

The carvers’ transition from soft agalma-
tolite to harder stones does not always end
well. Mongolia is one such example, where
stone carving is not a typical traditional art.
In the first half of the 1950s, Choinzon, the
Ulan-Bator-based artisan, was trying to estab-
lish an industry of miniature stone artworks,
including those made from hard stone. He has
managed to do it to a certain extent. How -
ever, stone carving art never became wide-
spread in Mongolia.

Amongst the new materials, the relatively
softer malachite appeared easiest to handle.
The large lying horned goat (Fig. 8) and the
indeterminable canine or feline predator
(Fig. 9) are largely carved in keeping with the
Tuvan animalistic tradition. It is possible that
the carver even intended to use the decora-
tive effect of the stripy malachite pattern.
There is also some innovative work, the rather
large lizard sculpture, without traditional
associations.

The stone carvers who have turned to sig-
nificantly harder stones have in many cases
attempted to follow the Tuvan traditions.
Amongst the consequences of their work are
the lazurite yak (Fig. 10), goat, lion (Fig. 11)
and hare figurines. The figurine of a yak, run-
ning amidst the waves, is successfully inte-
grated with the motley pattern of the
Transbaikalian lazurite, while the still ani-
mals are carved in monochrome Afghan
stone.

Even the artisans working with nephrite,
one of the toughest materials, have not aban-
doned their national traditions. The sculptu -
ral composition “Rider, saddling a horse”
(Fig. 12), the sculpture of a recum bent deer
(Fig. 13) and ram are made from nephrite in a
typical Mongolian manner. Among the quartz
variety carvings, the chalcedony (carnelian)
sculpture of one of the Buddhist pantheon
protagonists, the so called White Old Man
(Fig. 14), is quite traditional. The protagonist
if depicted in Mongol-Tuvan clothes and
boots, with a heavy magic staff. His bold head
with a large forehead is an invariable symp-
tom of this deity, a patron of nature and wis-
dom. The other chalcedony figurines (figu -
rines of beavers, birds, fox with fox cubs, etc.)
indicate the tradition break.

Similarly indicative are the items made of
another quartz variety – the tiger’s eye
quartz (i.e., a quartz with parallel needle-like
inclusions of ferrum hydroxide, which have
developed on the asbestos-type riebeckite;
when rotated the polished bulging surfaces of
such material give off a bright wandering
flare). Amongst these items are some of the
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Fig. 10. Yak. Lazurite. Malobystrinskoe deposit, Irkutsk region, Transbaikalia. 4.8×10.1×4.4 cm. First half of the 1980s. Acquired from
“TsentrKvartsSamotsvety” in 1985. FMM PDK-7277.
Fig. 11. Lion. Lazurite. Sary-Sang deposit, Badakhshan, Afghanistan. 4.35×3.6×2.6 cm. First half of the 1980s. Acquired from
“TsentrKvartsSamotsvety” in 1985. FMM PDK-7279.



sculptures made in accordance with the
Tuvan stone carving tradition, such as the
lion, the dragon, the man riding a goat, the
shaman with a tambourine (Fig. 15), the ram
(Fig. 16), the “Arzylan”-lion etc., as well as
the smooth, ornament-deprived figurines of
the panther and the bear, bearing no traits of
national Tuvan stone carving art.  

Having turned to new, hard, stones, Tuvan
stone carvers have not met indubitably signif-
icant success. First of all, they have failed to
employ the idiosyncratic traits of the Tuvan

stone carving tradition. With many of these
sculptures, the attempts to depict detail or
imitate parts of the long animal fur appear
unsuccessful. The details of such carving are
very difficult to read, being only visible in
specific lighting conditions.

Despite its small size, the Fersman
Mineralogical Museum collection of Tuvan
stone carvings enables assumptions of
numerous processes, which have occurred
within the Tuvan stone carving art in the 20th

century, with the little known attempt to mas-
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Fig. 12. Horseman is saddling up. Nephrite. Buromskoye deposit, Vitim River, East Siberia. 6.6×6.7×4.5 cm. First half of the 1980s.
Acquired from “TsentrKvartsSamotsvety” in 1985. FMM PDK-7291.
Fig. 13. Lying Deer. Nephrite. Buromskoye deposit, Vitim River, East Siberia. 4.25×4.5×4.2 cm. First half of the 1980s. Acquired from
“TsentrKvartsSamotsvety” in 1985. FMM PDK-7290.

Fig. 14. The White Old Man. Carnelian. River Tuldun, Transbaikalia, Buryatia. 7.5×3.9×2.95 cm. First half of the 1980s. Acquired from
“TsentrKvartsSamotsvety” in 1985. FMM PDK-7292.
Fig. 15. Shaman. Tiger’s eye. Prisca deposite, Orange River, Republic of South Africa. 6.9×5.6×3.9 cm. First half of the 1980s. Acquired
from “TsentrKvartsSamotsvety” in 1985. FMM PDK-7293.
Fig. 16. Ram. Tiger’s eye. Prisca deposit, Orange River, Republic of South Africa. 6.75×6.85×3.7 cm. First half of the 1980s. Acquired
from “TsentrKvartsSamotsvety” in 1985. FMM PDK-7472.



ter hard and tough stone carving in particu-
lar.
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The wonderful diversity and beauty of
the mineral world are concentrated in
the museum exhibitions, which, as
opposed to mineral deposits, are avail-
able to the widest audience.

N.P. Yushkin (2000)

The Geological museum, bearing the
name of Vadim Viktorovich Ershov, has exist-
ed in the Moscow State Mining University
(MSMU) since 1989. Today, the MSMU is
counting its final days as an independent
institution and, following a minister’s decree,
will merge with the Technical university of
“Moscow Institute of Steel and Alloys”
(abbreviated as “MISiS” in Russian). It is not
the first turning point in the museum MSMU
history, which began in 1918. 

Moscow Mining Academy (MMA, now
MSMU) was formed in 1918 and was almost
immediately followed by foundation of the
mineralogical museum. Several large private
collections, acquired during 1918–1926, lay
at its core. The following collections should be
mentioned first of all:

1. The collection of Count Vladimir
Petrovich Orlov-Davydov (1809–1882), taken
from his Otrada Estate in the Serpukhov
Uyezd, Moscow region in 1918. The majority
of specimens were represented by ore materi-
al from foreign deposits. The collection was
originally located in a special annex of the
Otrada Palace, where it was placed in oak dis-
plays. Each of these had a description with a
list of minerals and no indication of deposits.
It has not been possible to reconstruct the
provenance and period of formation of these
collections (Moscow Mining Academy…,
1929).

2. The collection of Count Alexander Fe -
do rovich Keller (1883–1946), counting 1000
specimens, which have been thoroughly
labelled. The MMA received it in 1919 from
the looted Sennitsy Estate of the Zaraysky

Uyezd, Ryazan’ region. Keller had created a
true museum in his estate. His collection was
formed around a collection of A.L. So ko lov -
skiy, a well-known State Councillor and a
member of the Physicochemical and Mine -
ralogical Societies. The exhibition presented
the brightest and rarest specimens from the
Urals, Siberia, Europe and Brazil. There were
many rare exhibits amongst these, such as
gold and silver telluride, native iron, uranium-
bearing minerals and meteorites (Moscow
Mining Academy…, 1929; www.sgm.ru/53/).

3. The collection of Nikolay Petrovich
Vishnyakov (1844–1927?), full member of the
St.-Petersburg Mineralogical Society. This
collection was originally a famous collection
of Rudolf Hermann (1805–1879). The birth of
the collection is dated back to 1829 and is
associated with Johann von Goethe. Hermann
and his friend, Professor Loder, have decided
to present a collection of Russian minerals to
Goethe for his 80th jubilee, which was done
accordingly. The minerals, which were
excluded from this collection, have formed
the basis of the future collection of Hermann,
a famous Moscow chemist and mineralogist.
The value of the collections lies in its speci-
mens from classic deposits of the 19th century
in Saxony, Bohemia, America, etc. Hermann’s
collection was bought by N.P. Vishnyakov in
1876. His income-expense book stated:
“Hermann’s collection was bought and paid in
the Credit Society bonds totalling 1 thousand
and 35 hundreds. Altogether 4500 roubles
were paid for it in nominal value”. Using his
own funds, Vishnyakov published a catalogue
of the collection in German in 1900. Its mak-
ing took a lot of scrupulous work. 

The collection came to the MMA in 1918. It
comprised about 3 thousand specimens, in -
cluding 900 mineral species and varieties from
the European, Russian and American and other
deposits (Moscow Mining Academy…, 1929;
liga-ivanovo.narod.ru/ istalm05-04.htm).

A HISTORY OF THE ERSHOV GEOLOGICAL MUSEUM 
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4. The collection of Grigoriy Grigorievich
Gagarin, which was transferred to MMA in
1921 from the Rumyantsev Museum. It mostly
comprised specimens, which were collected
from foreign deposits via various companies
during 1909–1914. In the beginning of the
19th century, the collection was catalogued by
Georgiy Grigorievich Gagarin, the grandson
of Grigoriy Grigorievich, transforming it into
a systematic collection of minerals and
reflecting the level of mineralogical knowl-
edge at the turning point from the 19th to the
20th centuries (Moscow Mining Academy…,
1929; www.sgm.ru/53/).

5. The collection of Lidia Petrovna Pro -
khorova (1882–?). It arrived from the Sta te
Precious Metals and Gemstone Repository
(Gokhran) in 1926 and comprised more than
2500 Russian and foreign specimens. It con-
tained minerals from Russia (Urals, Altai,
Transbaikalia) and many other countries of
the world. The collection was formed in the
end of the 19th and beginning of the 20th cen-
turies. It accumulated representatives of all
mineralogical classes from a wide range of
deposits. The majority of mineral specimens
was bought by Prokhorova from I.N. Kry -
zhanovskiy’s mineralogical company in
Yeka terinburg and from a Berlin firm of
F. Krantz. About 70 mineral species from 80
Japanese deposits was bought from Japanese
companies. Prokhorova, maiden name Ush -
kova, was the daughter of manufacturer
P.K. Ushkov, a pioneer of chemical industry
and owner of several mines in the Urals,
which possibly supplied some specimens
(kochu beite, vesuvian) (Moscow Mining
Academy…, 1929; www.sgm.ru /53/). 

6. A collection of gold nuggets, acquired
from private collectors (details unknown), and
several smaller or specific thematic collec-
tions (Moscow Mining Aca demy…, 1929).

A big part in the foundation of the museum
was played by Nikolai Mikhailovich Fedo -
rovskiy. N.A. Smol’yaninov writes: “A second
mineralogical museum in Moscow is created in
the Moscow Mining Academy alongside the
University museum in 1919, which soon be -
comes equal to the University museum, thanks
to the efforts of Professor Fedorovskiy”
(Smol’yaninov, 1937). 

Six new institutions have been formed out
of the Moscow Mining Academy in 1930, with
the academy itself renamed as the Moscow
Mining Institute (MMI). The museum funds
have been divided, with many collections
passed on to the Moscow Geological Explo -
ration Institute. Unfortunately, we have no

information as to which collections and speci-
mens have stayed in the MMI, where the
museum remained up to the 1960s. 

Specimens from the Keller, Gagarins,
Prokhorova, and Hermann collections are cur-
rently exhibited in the Vernadsky Geological
Museum of the Russian Academy of Sciences
in the halls of “Historical collections of the
end of the 18th to the beginning of the 20th cen-
turies”. 

In the 1960s, firmer ties between the acad-
emic institutions and mining enterprises have
been established. So, the Mining Institute was
under a threat of exile from Moscow. It was
partly conversed and renamed as MIRMEM (a
Russian acronym for Moscow Institute of
Radio Electronics and Mining Electric Machi -
nery). The museum had practically ceased to
exist. The institute was once again reorga-
nized in 1967 into a MMI. In the 1970s, it was
decided to restore the geological museum.

A new page in the MMI geological muse-
um history has began. Vadim Viktorovich
Ershov, the head of the geology department,
was assigned as a museum curator. Collec -
tions were being gradually bought and accu-
mulated. He managed to acquire material
from famous classic deposits of the former
USSR, such as Murzinka, Evenki region,
Dal’negorsk, Kara-Oba, Akchatau and other
deposits. The displays were made according
to the Sokolov and Kistanova design, with the
artistic design of Vyshinskiy and Ustinova.

Given the lack of curation experience,
Ershov asked the Fersman Mineralogical
Museum staff for help, who resolved his prob-
lem. Many Moscow collectors, mineral ama-
teurs and geologists have also actively partic-
ipated, contributing their samples and collec-
tions. V.Ya. Gerasimenko was one of such
enthusiastic supporters. He soon left his work
at the Moscow Geological Exploration Ins -
titute and continued here for 20 years, first as
a senior research fellow and then as a leading
fellow. A wonderful collection of worked
Moscow decorative flints, agates and collec-
tion-quality quartz and chalcedony were pre-
sented to the new museum by G.P. Vo -
larovich. It has maintained its importance to
this day, with its dual purpose in the semi-
precious stones sector and regional exhibits.
Apart from the systematic collections, tradi-
tional for the institution, the new museum
tried a novel regional principle of exhibiting.
Here, following Alexander Evseev’s proposi-
tion, the samples were laid out according to
their provenance in the former USSR, now
Russia and abroad (Evseev, 2004). It was a suc-
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cessful method of small scale modelling of
distribution of mineral resources across the
regions. The tectonic scheme is the basis for
this regional modelling (Gerasimenko, 2003).
The regions are represented by the main mi -
nerals, reflecting significant mineralogical
finds where possible, with some paleontologi-
cal samples too. Overall, the exhibition is fas-
cinating for any visitor, ranging from school
children to geological specialists. 

The MMI museum serves first of all as a
supplementary means of education for its stu-
dents. The possibilities are wide and diverse.
Our museum has a traditional selection of
materials according to a systematic principle:
collections on geometric crystallography,
mineralogy and petrography. Their size is
appropriate for the curriculum. 

Several displays are occupied by semi-
precious stones and the objects, made from
them, gemstones and Moscow semiprecious
stone exhibition. 

The date of official opening of the museum
is considered to be the 1st of February 1989
(Fig. 1). With the museum’s opening the insti-
tute’s cultural enlightenment tradition has
been restored. The museum is open to the
public, including schools, students of other
institutions and colleges ever since its open-
ing.

Ershov’s name was given to the Geological
Museum in 1990 to commemorate his achieve-
ments. There is a display and a permanent
exhibit, dedicated to his memory, which
shows specimens from his collection of de -
posits he had worked at, as well as a sample of

the mineral ershovite, discovered in 1991 in
the Khibiny Massif by Khomyakov and co-
authors (Khomyakov, 1993). 

During those years, the museum experi-
enced a rapid development in many ways,
thanks to Vitaliy Yakovlevich Gerasimenko.
His work is commemorated by a special exhi -
bit too. It contains a map with the field sites he
had worked at (Fig. 2) in various regions of
Russia, Ukraine, Moldova and Belarus, where
Vitaliy Yakovlevich collected geological, geo-
chemical, mineralogical and ecological mate-
rials for scientific purposes; his samples,
including a rare earth apophyllite crystal
(Fig. 3) from Ukrainian granite; his field
books. Overall, Gerasimenko has worked for
over 50 years in the geological organisations.
Many of his collection-quality specimens are
in displays and storages, representing mostly
common standard material in educational col-
lections, such as rocks and ores. 

The famous mineralogist V.G. Feklichev
has worked at the museum too, but, unfortu-
nately, not for long. In 2000, he published a
large article “A review of the museums and col-
lections in the Russian Empire (18th to early 20th

century)” (Feklichev, Dubrovskaya, 2000). In
the same year, a new mineral from Kovdor
(Kola peninsula, Russia), named feklichevite,
was handed over to the museum by its discov-
erer Igor Pekov (Pekov, 2001). This mineral
belongs to the eudyalite group, which has
been studied in its time by Feklichev.

A catalogue of the Ershov Geological
Museum (EGM) was published by the muse-
um in 2002 (Gerasimenko et al., 2002). A sec-

102 New Data on Minerals. 2012. Vol. 47

Fig. 1. V.V. Ershov. Ope -
ning of the museum on
the 1st of February 1989.
Photo from the museum
archive.



ond exhibit hall was opened due to the numer-
ous changes in the regional exhibition during
the upcoming period. As it has already been
mentioned, it was arranged according to the
regions of the USSR, now re-arranged around
the regions of Russia and the world. Materials
for the second edition of the catalogue are
currently being prepared.

The museum funds were replenished
through the fieldworks, handing over of par-
tial archives following the dissolution of geo-
logical organizations (Aerogeologiya, Zaru -
bezh geologiya, museum of the State Research
Institute for Chemical Raw Mate rials (‘SRI-
CRM’)), visitors’ donations and acqui sitions
made by the museum at the expense of the
Mining Institute. The last two sources remain
important today.

Let us go through the Russian part of the
exhibition, pointing out the most fascinating
exhibits or specimens from classic mineral
localities. Overall, it comprises about 1400
specimens. 

The Kola Peninsula is naturally represented
by the Khibiny apatite, astrophyllite “stars” up
to ten cm in diameter, Lovozero loparite twins
and collections of rare and new minerals from
the Khibiny and Lovozero. Many of these were
presented by famous mineralogists and discov-
erers such as A.P. Kho myakov, I.V. Pekov and
D.V. Lisitsyn. There are lumps of ore with large,
up to 7 cm, forsterite crystals and crystal druse
of pink kovdorskite (12×10 cm) from the Kov -
dor deposit.

Karelia is represented by muscovite, large
crystal of oligoclase (50×30×30 cm) from Let -
nyaya Varaka (donated by E.N. Belikova and
I.N. Yashnikova), iridescent plagioclase and
glendonite.

Volga region is represented by sulfur crys-
tals, gypsum and celestine from the Vodin -

skoye deposit. For the North Caucasus, it is
barite and dolomite (from V.I. Stepanov’s col-
lection). From Timan, there are agates, prhen-
ite, rare minerals from the margin of agate-
mordenite amygdaloids in basalt.

Amongst the Urals specimens (from north
to south), the druse of smoky quartz from
Dodo, citrine from River Bobrovka, and topaz
crystals (singular and ore pieces in association
with quartz, lepidolite, and feldspar) from
Murzinka can be highlighted. There are also
beryl, chrysoberyl, phenakite from the
Izumrudnaya Mine, large pyrite crystal (15 cm
on edge) from the Berezovskoe deposit,
uvarovite crystal druse (up to 5 mm) from the
Saranovskoye deposit, Medvedevka per-
ovskite in pseudo-cubic crystal druse with a
peculiar edge structure, and colourless to
smoky quartz from the Astafievskoye deposit.
In addition, there are unsurpassed polished
jasper specimens from various deposits and
occurrences in the South Urals, varying in
colour and pattern, including landscape and
patterned jasper.

Noril’sk region is represented by copper-
nickel ores, cubanite, sperrylite and non-
metallic minerals of gypsum, anhydrite, apo -
phyllite and iowaite. A large pseudo-crystal of
basalt from Lake Lama (collected by V.Ya. Ge -
rasimenko) and native iron from the Khun -
gtukun intrusion (donated by M.A. Bo go -
molov) come from this region too. 

The Evenki display introduces mineralisa-
tion of the basalt cavities from the River
Nizhnyaya Tunguska. It is one of the very
large (17×14×13 cm) analcime crystals, zeolite
druses, quartz pseudomorphs on analcime,
and iceland spar.

The regional collection of Anabar ante-
clise (including adjacent territories) was
replenished following dissolution of the SRI-
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Fig. 2. Working sites of
V.Ya. Gerasimenko.  



CRM museum. We have received samples
from such deposits and occurrences as Guli,
Odikhincha and Yraas. There is one sample –
harmotome – from the world’s largest niobi-
um deposit of Tomtor. 

Some of the new acquisitions from the
Rubtsovskoye deposit in the Altai-Sayan
region demonstrate large cuprite crystals,
cuprite with silver, native copper, azurite con-
cretions, iodide (marshite, mayersite). There
are clinochlore spherolite intergrowth and
hematite crystals from the Korshunovskoye
deposit in Irkutsk region and oolite-shaped
magnetite from the Rudnogorskoye deposit.

The Baikal area is represented by samples
from Slyudyanka, Sherl Mountain, large
corundum crystals from the Olkhon Penin -
sula, bertrandite-phenakite-fluorite ore from
the Ermakovskoye deposit and a tourmaline
collection from the Malkhan Ridge.  

The territory of Yakutia includes a variety
of geological structures. The Aldan shield
contains a profusion of quartz and phlogopite
deposits. The largest quartz crystal in our
museum, which is in fact an intergrowth of two
crystals, is 80 cm long, coming from the
Perekatnoye deposit. There is a sample of
chromdiopside from Inagli, the only deposit of
this semiprecious stone, as well as large crys-
tals of apatite with well-developed tips from
the Timpton Mine, diopside and pleonast
from the Gonovskoye deposit and charoite
samples from the Sirenevyi Kamen’ deposit.
There are splendid samples of viluite crystals,
achtarandite and grossular from River Vilyui
as well as a remarkable agate lumps from
Mustakh (Fig. 4). 

The museum possesses a good collection
of samples from the famous Dal’negorsk de -
posit in Primorye. The druses of calcite, dato-
lite, quartz, galenite and sphalerite, axinite,
and apophyllite amongst others continue to
impress by their unusual beauty. Samples
from the world’s famous Borosilikatnoye
skarn deposit are polished landscape skarns,
including items made of it available at the
gemstone exhibition. 

Chukotka is represented by large cassi-
terite crystals from the Iul’tinskoye deposit,
crystals of scheelite and cassiterite on rock
crystal from Tenkergin (Fig. 5) and, of course,
the remarkable and diverse agates. 

The Kamchatka display demonstrates
crystals of molybdenite in a quartz-pyrite
matrix (Fig. 6) and a crystal of quartz with a
pyrite “hat” from the Lastochka occurrence.
Rhodonite from the Krutaya Padushka occur-
rence and agate are amongst the gemstones.
Basalt in a heat resistant pot, taken by volca-
nologists from the Tolbachik volcano, can be
seen nearby. 

A rare rheniite mineral from the Kudryavyi
volcano (Iturup Island), donated by its discov-
erer G.S. Shteinberg, is available in the muse-
um from the Kurile Islands. 

Twenty years after the opening of the first
exhibition hall, a second hall was opened to
commemorate the 90th anniversary of MSMU.
It hosted several exhibitions at once. Such
were the “Countries and continents” (world
mineralogy), “Minerals”, and “History of min-
ing in Russia”. Moreover, thematic exhibits
are arranged in small displays, which intro-
duce significant mineralogical discoveries of
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Fig. 3. Apophyllite on smoky quartz. 8×7×5 cm. Prudyansk Quarry, Ukraine. Specimen No 4432. Collected by V.Ya. Gerasimenko.
Photo: M.B. Leybov. 
Fig. 4. Agate, quartz. 30×25×15 cm. Mustakh, River Sededema, Yakutia. Specimen No 721. Photo: B.N. Zuya.



the 18th to 20th centuries in Russia, reflecting
the geographical distribution of mineral
species and varieties in nature, as well as the
geography of mineral names.

The mineralogy of the CIS (Common -
wealth of Independent States) countries is
most fully represented. The collections have
long been gathered from these territories and
used to be exhibited in the first exhibition
hall. The Khazakhstan exhibition begins with
a quote by Konstantin Paustovsky, “Khazakh -
stan is as great as a sea, and is inexhaustibly
rich…” The following can be highlighted here:
inyoite druse from the Inderskoye deposit,
40×30×30 cm in size; large wolframite crystal
and a quartz druse with hubnerite (Fig. 7)
from the Kara-Oba deposit; apatite-(CaF)
crystal with an alexandrite effect from Ak -
zhay lyau (Fig. 8); and a bright rhodochrosite
crust from the Ushkatyn-III deposit (Fig. 9).

The Dzheskazgan deposit is well represented
here. Amongst gemstones are the spectacular
moss agates, prasopal, and chrysoprase. Wit -
hin the Turkmenian displays, the intergrowths
of transparent gypsum crystals (up to 25 cm)
with sulphur inclusions from the Gaurdak
deposit attract attention. A bright mineral
getchellite from Khaidarkan stands out for
Kyrgyzstan. Tajikistan is represented by mi -
neral collections from Tro and Darai-Piyos,
with many rare and new minerals. 

Amongst the Pamirs gemstones, the fol-
lowing can be highlighted: lazurite, pink spi -
nel, clinohumite, purple scapolite and ruby.
Remarkable druses from the Dashkesan depo -
sit represent Azerbaijan. Ukraine is represent-
ed by minerals from the Crimea, the Carpa -
thians, Volyn’ and Azov areas.

A new Antarctica exhibition, which used to
be situated in the first exhibition hall, has now
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Fig. 5. Scheelite and cassiterite on quartz. 14×9×7 cm. Tenkergin, Chukotka. Specimen No 3430. Photo: M.B. Leybov.
Fig. 6. Molybdenite, pyrite, quartz. 9×7×5 cm. Lastochka, Koryak highlands, Kamchatka region. Specimen No 4885. Donated by
N.A. Molodovoi. Photo: M.B. Leybov.
Fig. 7. Hubnerite on a quartz druse. 12×9×5 cm. Kara-Oba, Kazakhstan. Specimen No 123. Photo:  M.B. Leybov.
Fig. 8. Apatite-(CaF) with an alexandrite effect, quartz, albite. 14×14×8 cm. Akzhaylyau, Tarbagatay Ridge, Kazakhstan. Specimen
No 4919. Photo: M.B. Leybov.



fitted into the new hall. The geological mater-
ial was handed over to the museum by Lidia
Valentinovna Bardina, the mother of the polar
researcher Vladimir Igorevich Bardin. The
collection has granitoid lumps with character-
istic traces of honeycomb weathering.  The
exhibition includes historical material regard-
ing research in the ice continent. 

Collections, covering the so-called distant
foreign countries, are still in their primary
stages of development. The displays have
photographs of minerals, which would have
been desirable to obtain in the future. Some of
the ones already acquired should be specially
highlighted. Such is the good crystal collec-
tion of cylindrite, stannite, bismuthinite and
bismuthinite pseudomorph, transparent vivia -
nite crystal, cassiterite, sodalite with daw-
sonite and analcite from Bolivia (Potosi).
There is a gypsum crystal (Fig. 10) from the
Cave of Crystals, Naica Mine, Mexico. Pune
of India is represented by wonderfully shaped
crystals and their intergrowths. The Mongo -
lian display has a large polished turquoise
specimen from the Erdenet deposit (Fig. 11);
in the Afghan display are the lazurite crystals
in marble and kunzite; in the Ethiopian one is
the unusual amazonite crystal with graphic
structure in its central part. The most fascinat-
ing acquisitions of the recent times are listed
in Table 1.

A detailed exhibition regarding central
regions of Russia is also situated in this hall. It
includes a display, dedicated to geology and
mineralogy of Moscow, with the material pre-
pared by A.A. Pekin (Pekin, 2010). It demon-
strates examples from famous quarries and
locations of collection-quality specimens in
Moscow and nearby areas, tectonically, part

of the Moscow syneclise. The flint lumps from
Moscow, Vladimir, and Tver’ Oblasts are dis-
played here, donated to the museum by Mi -
khail Yurievich Bakhin. A temporary exhibi-
tion of collection-quality quartz, chalcedony
and agate specimens from Staraya Sitnya and
Golutvin are displayed nearby from a private
collection of the Bratashovs family. 

Apart from permanent exhibits, the muse-
um also holds other exhibitory events. First of
all, it includes regular displays of new acquisi-
tions. The museum also holds temporary the-
matic displays. Recently, there was an exhibi-
tion of pictures made from gemstones using
Florentine mosaic technique. The works were
by craftsmen from Ufa, Sibai, Saint-Petersburg
and Moscow. The museum also displays pri-
vate collections, some of which have already
been mentioned. A collection of Madagascar
gemstones is currently exhibited, substantial-
ly enhancing our own collection for this
region. It was granted by V.P. Kuznetsov, an
old graduate of Mining Institute. The collec-
tion is mostly comprised by splendidly
worked gemstone lumps and quartz crystals,
containing inclusions. Lump specimens from
Moscow, Urals, Altai and large polished deco-
rative Dal’negorsk skarn have been exhibited
by V.N. Dubodelov. 

One of the displays shows the most popular
minerals of Russia, selected based on a survey
with amateur mineralogists and professionals.
The exhibition “Russia through crystals” dis-
played a map of the Russian Fede ra tion with
attached small scale samples (crystals) from
outstanding mineral locations (Evseev, 2000). 

Picturesque artworks and photography
exhibitions are organised as well as mine -
ralogical and geological ones. There are cur-
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Fig. 9. Rhodochrosite. 15×9×7 cm. Ushkatyn-III, Khazakhstan. Specimen No 4915. Photo: M.B. Leybov.
Fig. 10. Gypsum. 9×4×1.5 cm. Naica, Chihuahua mine, Mexico. Specimen No 5382. Photo: M.B. Leybov.
Fig. 11. Turquoise. 25×20×10 cm. Erdenet, Mongolia. Specimen No 5307. Photo: M.B. Leybov.



rently two such exhibitions running. Mikhail
Bogomolov’s works are photos of wonderful
samples from many museums and private col-
lections. A travelling photo report on different
countries and continents was given by
A.A. Rappe. 

Today the Ershov Geological museum is
once again a respectable geologic collection,
with more than 11 000 specimens, almost
6 000 of which are a part of the main fund and
more than 5 000 are a part of a working one.
A total of 581 mineral species have been
recorded in the collections at the end of 2011.

We would like to conclude with a quote by
Boris Kantor (Kantor, 1982) on the unsur-
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Table 1. Specimens from the recent acquisitions by
the museum (from Beyond of Russia)

Locality of  Name of mineral and  Size of  

specimens its satellites sample, 

cm

Broken Hill,  Rhodonite crystal druse (Fig. 12) 6×4×4

Australia

Hunan  Arsenopyrite druse with a  19×7×5

Province,  fluorite crust

China Bismuthinite – fine inclusions 12×8×7

in fluorite crystals (up to 2 cm)

Poone, Ocenite – spherolite in geode. 13×11×8

India Intergrowth of transparent  7.5×4×4

apophyllite crystal (4 cm) with 

sheaf like stilbite

Panasqueira,  Blocky wolframite crystal 11×11×7

Portugal (Fig. 13)

Cavnic,  Pyrite spherolite on milk  20×15×6

Romania quartz druse

Mont Blanc, Smoky quartz – twisted crystals 7×4.5×3

France 

Trepca,  Boulangerite – fibre tangled 13×11×8

Serbia aggregate with sulphides and  

quartz

Florida,  Chalcedony – pseudomorph  18×12×5

USA on coral

Santa Rosalia,  Boleite crystal on a matrix   12×7×6

Mexico (about 1 cm)

Greater Atlas,  Goethite on a quartz druse 16.5×5×5

Morocco

Usakos,  Rutile – crank twins (Fig. 14) 5×3×3

Namibia

Erongo, Schorl crystals on quartz 14×11×10

Namibia

Fig. 12. Rhodonite. 6×4×4 cm. Northern mine, Broken Hill, New
South Wales, Australia. Specimen No 5703. Photo: M.B. Leybov.

Fig. 13. Wolframite-hubnerite. 11×11×7 cm. Panasqueira,
Portugal. Specimen No 5701. Photo: M.B. Leybov.

Fig. 14. Rutile, crank twins. Specimen No 5491. 5×3×1 cm.
Usakos, Namibia. Photo: M.B. Leybov.



passed nature of mineralogical specimens:
“The eternal mineral is more defenceless than
fauna and flora, it cannot be multiplied. To
protect mineral nature there is no other way,
but to keep valuable specimens in our muse-
ums and collections“.  
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The 150 anniversary of Vladimir Ivanovich
Vernadsky (1863–1945), a prominent Russian
scientist of the 20th century, the founder of
geochemistry, radiogeology and a whole sci-
entific school is celebrated in 2013. Ver -
nadsky was an academician of Emperor Saint-
Petersburg Academy of Sciences, conse-
quently, Academy of Sciences of the USSR.
He was also one of the founders and the first
president of the Ukrainian Academy of
Sciences, philosopher, thinker and a public
person. Yet, Vladimir Ivanovich was in the
first place a mineralogist and an explorer of
processes of mineral deposition in the light of
new ideas of the chemistry of the Earth crust.

Vernadsky family had its roots in Ukraine.
His paternal family line was traced to mid 17th

century when Lithuanian nobleman Verna
fought Poland on the side of Bogdan
Khmelnitsky.

Vladimir Vernadsky was born in Saint
Petersburg on February 28, (March 12 by the
new style, Gregorian calendar) of 1863. His
father Ivan Vasilyevich, the descendant of
Ukraine Kazaks, was a professor of economy
at Kiev University. His mother Anna Petrovna
was a daughter of the Ukrainian nobleman.

V.I. Vernadsky graduated from physico-
mathematical department of the Petersburg
University in 1885 and was kept to do research
work after his graduation. V.V. Dokuchaev,
the outstanding natural explorer and world
recognized soil scientist, advised him to study
mineralogy and crystallography and even
offered him a position of a curator of the
Mineralogical cabinet. There by V.I. Vernad -
sky showed interest to the work with collec-
tions of minerals and mineralogy. 

In 1889 Vladimir Ivanovich went to study
methods of examination of crystals in Italy,
Germany and France. He met A.P. Pavlov, a
well-known geologist, professor of Moscow
University on his commission abroad. Pavlov
invited the talented scientist to Moscow to

teach at the Chair of Mineralogy at the Na -
tural Science division of the department of
Physico-Mathematical Faculty of the Moscow
University. Vernadsky became a docent in
1891, defended his doctoral thesis in 1897 and
became a full professor of Moscow University
in 1898, heading the Chair of Mineralogy and
Crystallography. Vladimir Ivanovich taught
and carried out the research that made him
famous at that very department (Vladimir
Vernadsky..., 1993). 

He attracted attention to himself as ener-
getic and talented young scientist and
Academy of Sciences appointed him to the
head of the Mineralogy department of Peter
the Great Geological Museum in Saint Pe -
tersburg in 1906. Feodosiy Nikolayevich
Chernyshev (1856–1914) was the director of
the museum then. It should be noted that the
museum was reorganized in 1904, and two
practically separate museums called depart-
ments were created: Mineralogical and com-
bined Geological and Paleontological. They
had independent research but had the same
administration. Converged unity of the de -
partments was named Peter the Great Geo -
logical Museum of the Emperor Academy of
Sciences. 

Vernadsky resigned from his position and
left Moscow University in protest at the police
arbitrary behavior during the student’s unrest
in Moscow in the beginning of 1911 (Bar sanov,
19591). Two decades long period of teaching at
Moscow University had finished and Vladimir
Ivanovich moved with the family to Saint
Petersburg to work at the museum, which got
the name Peter the Great Geological and
Mineralogical Museum in 1912. 

V.I Vernadsky lead a big work on ordering
the mineral collections gathered in 18–19
centuries. New forms of cataloguing and re -
cords were implemented: inventory books,
mineral and deposit cards, indexing by aut -
hors who handed the specimens to the muse-
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um. Vladimir I. Kryzhanovsky who was invited
to the museum in 1907 was involved in this
work (Godovikov, 1989).

Starting from 1908 V.I. Vernadsky was
involved in organizing expeditions and creat-
ing well-equipped analytical laboratories to
mineralogical research in the museum. The
Radium Expe dition of the Academy of
Sciences was organized upon his initiative in
1911. Result of the expedition provided
groundwork to set up uranium and radium
mining in Russia for applied and scientific
purposes.

The Mineralogical Museum was “the only
organization in the Academy of Sciences in the
first two decades of 20th century that carried
out huge work that required a new level of mi -
neralogical investigations. Therefore, V.I. Ver -
nad sky as a scientist who represented the most
progressive genetic and geochemical direc-
tions in mineralogical studies, started to equip
the museum with new laboratories. Specific
chemical-mineralogical laboratory was crea -
ted...; laboratory of spectral analysis and ot -
hers. Many disciples of Vernadsky were gat -
hered to carry out systematical study on mi -
neralogy of rare elements (cesium, thallium
and others) and radioactive elements, for
which Vernadsky predicted wide applications
in future, back then. Those laboratories deep-
ened the studies, grew and gave origin to all
mineralogical and later geochemical organiza-
tions of the Academy of science” (Barsanov,
Kornetova, 1989).

It needs to be mentioned, that geochemical
work in Ilmeny Mountains in Urals was a spe-
cial studies in that period of time. Those inves-
tigations were lead by V.I. Vernadsky and his
students: A.E. Fersman, K.A. Nenad kevich,
E.D. Revutskaya and others. The new geochem-
ical discipline was formed back in 1897, when
Vernadsky started to study thorium and urani-
um minerals and their radioactive properties.

The Radium expedition worked till 1918
and studied regions of Caucasus, Middle Asia,
Siberia and Transbaikalia region. Participants
of the expedition gathered extensive collec-
tions of minerals, which replenished the funds
and exhibitions of the Mineralogical Museum
of the Academy of Sciences (then Peter the
Great Geological and Mineralogical Muse -
um). The Radium institute of the Academy of
Sciences was established in 1922 on the basis
of the mineralogical laboratory that was
formed in the museum in 1912 on V.I. Ver -
nadsky’s initiative.

The museums’ collection was divided into
separate groups corresponding to various as -

pects of mineralogy. The following collections
were arranged: systematical; collections of
mineral deposits, which reflected mineralogi-
cal variability in different types of deposits;
natural crystals comprised of selected speci-
mens with well notable faces; collection of
pseudomorphs and shapes of mineral aggre-
gates, named collection of mineral forming
amd transformation.

Replenishing the collections was one of the
most important tasks of work in the mineral
museum and was performed by several means.
Vernadsky and his immediate assistant Vla -
dimir I. Kryzhanovsky made a great effort to
purchase collections from private people.
Collections of mineral collector K.A. Shi sh -
kovsky and mining engineer I.N. Kri zha -
novsky were acquired.

Activities of Vladimir I. Vernadsky and his
student Alexander E. Fersman, who was
appointed as a senior scientific curator of the
Mineralogical Museum lead to purchasing of
the unique mineral gathering of the prince
Petr Arkadievich Kochubey (1825–1892) in
Vena in 1912.

The collection contained more than 2700
specimens of exceptional quality from Rus -
sian and worldwide deposits (Moisseeva,
2003). It had alexandrite cluster more than
5 kg in weight comprised of 20 single crystals,
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Fig. 1. Vladimir I. Vernadsky with his daughter Nina in Poltava,
1910s.



the only specimen of this king in the world
that was mined from Urals Emerald Mines in
1840s. The image of the specimen was depic -
ted on the medal commemorating 250 an -
niversary of the museum, which was celebrat-
ed in 1966.

Presidium of the Academy of Sciences
appointed academician Vladimir I. Vernadsky
to a director of the Peter the Great Geological
and Mineralogical Museum in 1914.

Vernadsky came with the initiative to
assign a special committee to resolve the
problem of discovering new mineral resources
in Russia. Commission on the study of Natural
Industrial Resources of Russia at the Academy
of Sciences (KEPS in Russian abbriation) was
formed in 1915 and A.E. Fersman was assig -
ned to be the scientific secretary of the com-
mission. Large-scale work started on gathe -
ring and evaluation of information on mineral
deposits, studying of the mineral and chemi-
cal composition of ores to gain chemical-me -
tallurgical parameters of extraction (Pavlova,
2003). This scientific agency united talented
scientist, coordinated research, published
monographs and reference books, organized
complex expeditions. The museum staff took
an active part in the field trips and significant-
ly replenished the museums funds doing pro-
gram work of the KEPS. Laboratories of the
museum carried out mineralogical studies
making a great contribution to research of the
mineral resources of Russia.

Vernadsky’s scientific interests included
study of extraterrestrial matter as an instru-
ment to understand Earth material in general.
He decided to open a separate meteorite
department that would search for meteorites
for the museums collection in 1922. This
department became a part of the Committee
on meteorites of the Academy of Sciences of
the USSR formed in 1939 and after numerous
reorganizations was named Laboratory of
meteorite science at Vernadsky Institute of
Geochemistry and Analytical Chemistry
(GEOKHI) RAS as it is now.

New divisions of the scientific work of the
museum in that period were determined by
the State necessity for new discoveries of mi -
ne ral deposits to increase the mineral
resources of the country, for discoveries and
study of deposits of radioactive minerals for
military industry. Those directions were out-
lined by Vernadsky and implemented under
his lea dership.

Academician Vernadsky received world’s
recognition by his works that turned out to be
the basis for many branches of geochemistry,

biochemistry and radiology. He laid a founda-
tion for the contemporary ecology. He was the
author of works on philosophy of natural sci-
ences and science studies. He created a doc-
trine on biosphere, its evolution and transfor-
mation into noosphere – the sphere of cogni-
tion, knowledge and human intelligence.

Total of 416 works by Vernadsky were
published during his life. One hundred of
them were dedicated to mineralogy, seventy
– to biochemistry, fifty – to geochemistry,
29 – to crystallography and the rest to the
problems of science, history, philosophy and
administration issues. Bibliography of acade-
mician Vernadsky accounted more than 700
titles.

The most significant works included: The
Experience of Descriptive Mineralogy
(1909–1914), The History of Minerals of the
Earth Crust (1923–1936), Mineralogy (1910),
Biosphere (1926), Issues of Biogeochemistry
(1934), Sketches on Geochemistry (1934,
1939, 1940) and other.

People who study the scientific heritage of
V.I. Vernadsky noted immense contribution
to geology and particularly mineralogy that
he made. “Vernadsky’s mineralogical works
published at the turn of the century made a
breakthrough in mineralogy, transforming it
from only descriptive discipline that was
detached from the development mainstream of
geosciences to the science describing regular-
ities of formation and change of mineral bo -
dies within whole range of geological proces -
ses” (Barsanov, 19592).

Many works of the scientist were pub-
lished after his decease. V.I. Vernadsky died
in Moscow on January 6, 1945 on his 82 year of
life and was buried on Novodevichii Monastry
cemetery.

His name was tightly connected to the
Mineralogical Museum of the Russian Aca -
demy of Sciences that he headed in the period
of its formation, growth and development as a
new type of research institute (1906–1918)
and then he supervised its research activities
for the rest of his life.
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Mineralogical Notes



A granite pegmatite vein was discovered in
a roadside quarry in 2005 by a mineral amateur
Sergei Il’kov. Ditches and pits, which came to
be known as Aquamarine mine of the Sumin
Kordon, have appeared as a result of diligent
amateur work. The Sumin Kordon area is situ-
ated on the left bank of the River Sanarka, 5 km
east from the Verkhnyaya Sanarka village by
the motorway leading to Kamennaya Sanarka
of the Plast district, Chelyabinsk region
(Fig. 1). Gemstone mineralisation, with crystals
of aquamarine, noble beryl, morion and ame -
thyst, has been found in the alluvium. 

Beryl and its varieties (emerald, rosterite,
aquamarine, heliodor) have been numerously
noted by researchers in the River Sanarka gold
placers. The source of some minerals from
these placers has eluded discovery for a long
time due to abundance of the soil-grass cover
and lack of systematic exploration works out-
side the placers. The source of green beryl of
no jewellery value is first mentioned by
M.P. Mel’ nikov (1889). It is a large pegmatite
vein, discovered on the slope of the 2nd

Borisovskaya Sopka (Mel’nikovskaya mine).
Yellow beryl with schorl has been recorded in
the miarole pegmatite, 1 km north of the
Verkhnyaya Sanarka village, at the same time. 

The Sumin Kordon area is situated at the
north-eastern exocontact of the Sanarskiy
granite massif. The local host rocks are repre-
sented by the weathered, highly epidotized
amphibolites and gneisses, penetrated by peg-
matite and quartz veins of various sizes. The
quarry has revealed medium-grained light-yel-
low stock granites (Sanarskiy type), which
appear to be isometrically shaped. Judging by
the geological map of the region, their size is
tenths to hundreds meters. Given the granite
characteristics, it can be assumed that these
bodies are a part of the Sanarskiy massif. A
large dyke of later dark-grey medium-grained

porphyritic granodiorite, with large (3–5 cm)
phenocrysts of plagioclase, is noted in the
granites. About ten small pegmatite veins have
been recorded in the quarry, with one of them
containing tourmaline (schorl). 

The authors studied in the field the peg-
matite veins of the Sumin Kordon area, using
the fragmentary mineralogical mapping. The
shape and composition of the minerals have
been researched in the Institute of Mineralogy
of the Ural Branch, Russian Academy of Sci -
ences, using optical microscopy, standard
bulk-rock analysis, electron microprobe (mic -
roprobe JXA-733) and atomic absorption spec-
troscope (Perkin-Elmer 3110).

Structure of the pegmatite body 

Following the reclamation of the quarry,
debris of the above-mentioned large granite
pegmatite vein have been revealed underneath
the soil on its southern side. The stratiform-
shaped, but branching body is subhorizontal
and gently dips to the north (355N, 20° dip).
The thickness of the vein is up to 1.5–2.5 m,
being 0.5–0.7 m on average. Along strike, the
visible part of the vein was traced over an area
of 5×7 m, but its real size can be 2 to 3 times
larger. At the western termination, the vein
splits into several strata-like apophyses, occur-
ring above each other in the deep pit. The vein
completely occurs within the yellow-pink mas-
sive medium-grained granite.

The structure of the vein is asymmetrically
zonal (fragments of the zone are shown on
Fig. 2). It reveals presence of alternating aggre-
gates and diverse size of constituent minerals
(from the selvage upwards):

–  A zone of geometric selection (3–5 cm)
in two-feldspar pegmatoid with biotite;

–  Spheroloid aplite-like aggregate (a 10 cm
zone) in the footwall of the vein; spher-

NEW FINDS OF MORION, AQUAMARINE AND AMETHYST 
IN THE SANARSKIY GRANITE MASSIF (SOUTH URALS)

Sergey V. Kolisnichenko, Vladimir A. Popov
Institute of Mineralogy, Ural Branch, Russian Academy of Sciences, Miass, popov@mineralogy.ru

A genetically fascinating druse cavity, containing semiprecious gemstones, has been discovered in the gran-
ite pegmatite vein at the north-eastern endocontact of the Sanarskiy granite massif in the Kochkar anticlinori-
um, South Urals. The aquamarine, morion and amethyst found in the pegmatite cavity can be classified as
gemstones in their quality. 
6 figures, 4 references.
Keywords: granite pegmatites, beryl, aquamarine, quartz, morion, amethyst, Sanarskiy granite massif,
South Urals.
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oloidal texture of the rock is em pha sized
by numerous fine crystals of garnet and
muscovite;

–  Coarse-grained pegmatite (up to 10 cm
thick);

–  Giant-grained pegmatite, consisting of
lar ge blocks of black quartz (up to
15–30 cm), yellow and pink micro-
cline, white albite and crystals of up to
10 cm split muscovite. This 1–2 m thick
zone has common crystals of cloudy yel-
low and greenish prismatic beryl, up to

5–15 cm long; here are miaroles with
crystals of morion, beryl, and amethyst;

–  A zone of coarse-grained aggregate of
pegmatite of varying thickness.

Presence of the aplite-like spheroloid zones
in this vein is responsible for a special textural
pattern of the pegmatite body. Similar aplite-
like zones with spheroloid texture with garnet
were described at the Taiga Graphite Quarry
(Geliodorovaya Vein), in the Polyakov Topaz
Mine in the Ilmeny Mountains (Kolisnichenko,
2004), and in some other locations.
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Fig. 1. Position of the peg-
matite vein at the Sumin
Kordon (red spot). 

Fig. 2. Fragments of the peg-
matite vein in the widest (a)
and narrowest (b) parts. 
1 – fractured medium-grai -
ned granite; 
2 – aggregate of blocky al -
bite; 
3 – sword-li ke biotite; 
4 – K-feldspar with quartz
ichtyoglypts; 
5 – zonal spheroloidal agg -
re gate with fine grains of
gar net, muscovite, quartz
and feldspar; 
6 – segregations of coarse-
grained garnet; 
7 – quartz (in grey) and K-
feldspar in the blocky zone;
8 – ingrowths of large grains
of quartz in the peripheral
zone of K-feldspar individuals. 

Verkhnyaya Sanarka Leninskiy cordon

Kalinovka river Sanarka river

Kamenaya Sanarka

Kokorin cordon

Teplaya river



Position of the miarole within the pegmatite
vein, which contains gemstone material, is not
clear, because the vein is destroyed in this
place. Judging from the quantity and size
(62 cm long and 15 cm thick) of morion crys-
tals, this was a quite large chamber covering
more than 1 m2 and up to 0.7 m high.

Mineral characteristics

Beryl frequently occurs in the central zones
of the vein, forming occasional accumulations
in the form of hexahedral prisms with an over-
all weight of up to 1 kg. Some crystals are up to
15 cm in length and 2.5–3 cm in width. The
transparent aquamarine-tinted cavity crystals
reach up to 6 cm in size and 20 g in weight
(Fig. 3). Beryl from the pegmatite blocky zone
is pale green in colour, while that from the cav-
ity is light green with a blue hue, which permits
its identification as aquamarine. The crystals,
diverse in colour, show little difference in terms
of trace elements, with the following average
contents of six elements (wt%): 0.26 Fe, 0.22
Na, 0.15 K, 0.04 Cs, 0.018 Li, 0.0016 Rb. 

Quartz is present in the aggregates of all
zones as well as in the cavities of the pegmatite
body. Occasionally, it forms small ichtyoglypts
(a graphic aligned texture) within coarse indi-
vidual crystals of feldspar. The quartz colour
ranges from pale smoky to black, for cavity
crystals, with occasional amethyst. 

Morion, represented by separate crystals
and its intergrowths, is found in a destroyed
cavity. The size of individual crystals is up to
62 cm (Fig. 4). The crystals are long orthor hom -
bic and are frequently double-headed. The
prism facets are covered with crude transverse

cross-hatching, occasionally interrupted by
twin stitches. The crystals are predominantly
pure, only transparent when placed against a
very powerful beam of light, with the condition-
al blocks reaching 3000 cm2. This type of raw
material corresponds to Grade I gemstones,
used in stone carving manufacturing miniature
sculpture, stamps and collective faceting.

Amethyst, represented by separate short
orthorhombic crystals (up to 4×6 cm) comes in
purple of varying intensity (Fig. 5) and is found
in the destroyed pegmatite cavity, where it fre-
quently overgrows the morion. Such amethyst
overgrowths upon morion crystal facets have
been recorded earlier in this region at the
Eryominskaya Mine and the Second granite-
aplite body of the Svetlinskiy sector (Kolisni -
chenko, 2004). 

Microcline is found in all pegmatite zones,
but is dominant in the central blocky part.
Individual pink crystals, up to 10 cm in size, are
visible in earlier zones, occasionally occurring
along grey quartz ichtyoglypts. As a potassium
feldspar, it has a multitude of perthitic syntaxi-
al ingrowths of albite in the form of tiny dis-
persing veins and isometric bodies. 

According to a single microprobe measure-
ment, the yellow microcline from the syntaxial
albite overgrowth has the following formula –
(K0.94Na0.06) AlSi3O8, including 0.07 wt% FeO.

Plagioclase is a constituent of all pegmatite
zones. It has crystallised along with potassium
feldspar, quartz and muscovite, forming up to
5 cm individual crystals. A single microprobe
analysis of syntaxial overgrowth with potassium
feldspar is calculated as albite (for 5 ca ti ons):
(Na0.98Ca0.01K0.01)(Al1.01Si2.99)O8. Small quan tities
of muscovite showed up alongside biotite in
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Fig. 3. Aquamarine crystal.
6 cm in length. 
Photo: S.V. Kolisnichenko.

Fig. 4. Morion crystal. 
62 cm in length. 
Photo: S.V. Kolisnichenko,
2007.



the early selvage zone of the pegmatite body,
forming syntaxial overgrowth. Muscovite is al -
so present in fine-grained zones alongside
granite, quartz, albite and microcline. Large
individual crystals of muscovite have appeared
as a result of co-crystallisation with quartz and
two feldspars in the blocky zone. Analysis of the
early muscovite from the syntaxic intergrowth
with biotite reveals the following formu-
la:(K0.94Na0.06)(Al1.67Fe0.19Mg0.11Ti0.03)2AlSi3O10

(OH)2 (for 7 cations). Coarsely-laminated split
muscovite (K0.89 Na0.11)1(Al1.61Fe0.29Mg0.08Mn0.01

Ti0.01)2 AlSi3O10(OH)2  from the blocky zone has a
similar composition. Based on a single ato mic
absorption assay, it contains small amount of
rare alkali (Rb2O 0.28, Li2O 0.1, Cs2O 0.01, wt%). 

Annite (biotite) from the early pegmatite
zone is developed in the form of rare sword-
shaped individuals of up to 10 cm. It crys-
tallised together with quartz, feldspar and mus-
covite. Occasional syntaxic intergrowth of bio -
tite and muscovite occurs entirely along the
cleavage planes on {001}. The microprobe ana -
lysis of annite, calculated for a crystal chemical
formula (for 8 cations), is (K0.94Ca0.06)1(Fe1.55

Mg0.82Al0.41Ti0.15Mn0.07)3(Al1.4Si2.6)O10(OH1.82F0.18).
Almandine-spessartine series of garnet is

found in several fine-grained aplite-like zones,
as well as in the blocky pegmatite zone. It is
yellow-red in colour. The crystal shape is
tetragonal {211}, with fragments of induction
surfaces with other minerals. Based on micro-
probe analysis, late garnet is more manganic
(for 8 cations): (Mn1.47Fe1.41Mg0.09Ca0.03)3(Al1.99

Ti0.01)2Si3O12 – early fine-grained spheroloid
spessartine; (Mn1.60Fe1.35Mg0.04Ca0.01)3Al2Si3O12

– late coarse-grained spessartine in the blocky
zone. 

The majority of columbite crystals was
found in late muscovite veinlet, truncating a
part of the pegmatite body. The crystals reach
up to 1 cm in size. The central crystal zones are
represented by columbite-(Fe) (for 3 cations):
(Fe0.53Mn0.47)1(Nb1.38Ta0.57Ti0.05)2O6. The peri p -
heral crystal zo nes host columbite-(Mn)

(Mn0.81Fe0.19)(Nb1.35 Ta0.57Ti0.05)O6. Occasional
small intergrowths of light brown cyrtolite and
bismuthinite, replaced by bismutite, occur on
the columbite crystal facets. Induction surfaces
of simultaneous growth are visible in the
columbite and muscovite veins.

A brown, extremely lusterous, 0.3 mm in -
growth was found in one of the columbite crys-
tals. A microprobe analysis of this ingrowth
revealed the following contents (wt%): TiO2 3.9;
FeO 1.7; CaO 2.92; PbO 4.69; UO2 3.96; Nb2O5

11.61; Ta2O5 63.35; total 92.13 (metamictic min-
eral). The calculated formula for this mineral is
most similar to calciotantite: (Ca0.5Fe0.2Pb0.19

U0.11)1(Ta2.71Nb0.83Ti0.46)4O11 (calculated for Ta+
Nb+Ti = 4).

Discussion of results and conclusions

Overall, the studied vein is fascinating in its
structure and mineralisation. The asymmetry
of the described structure of the subhorizontal
vein is associated with gravitation, while the
appearance of fine-grained zones within the
pegmatite body was possibly facilitated by the
pressure drop during the fissuring period in the
chamber. 

Beryl and its varieties are of special interest
as mineralogical raw material, considering
3–5 kg of these gemstone-quality crystals
(nob le beryl and aquamarine) recorded in the
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Fig. 5. Amethyst on morion with a zone of smoky quartz. 4 cm. Photo: S.V. Kolisnichenko.
Fig. 6. Experimental faceting of aquamarine. 2 cm in diameter. Photo: S.V. Kolisnichenko.



vein. The size of jewellery-quality crystals is up
to 1×6 cm, with a weight of up to 20 g. The out-
put of material is at least 50% out of the overall
mass of extracted stone. Following the experi-
mental faceting test (Fig. 6), the output has
comprised more than 56% (1.6 g of raw materi-
al – 0.9 g of faceted material). 

Based on its industrial-genetic type, the
vein from the Sumin Kordon sector is associat-
ed with the deposits of miarole albite-micro-
cline pegmatites, which can be mined for gem-
stone-quality beryl and quartz varieties
(Kievlenko et al., 1982). The field and laborato-
ry studies of the vein allowed targeting the
wonderful mineralogical finds during the con-
tinuing exploration of the vein, while the
region itself is prospective for high quality
gemstone material. The actual size of the peg-
matite vein should be explored during the
future studies. Zonal structural changes can be
expected, with a possibility to discover the
quartz core and miarole cavities with beryl,
morion and amethyst. 

The described granite pegmatite vein with a
large druse cavity is the first evidence of high-
quality semiprecious mineralisation in this part
of the Kochkar anticlinorium, pointing to a pos-
sible role of pegmatite veins in the formation of
semiprecious placer mineralisation of the
Kochkar goldfields. In turn, it confirms the rich-
ness of the unsurpassed and unique “mine -
ralogical paradise”, called “Russian Brazil” by

the Academician N.I. Koksharov (Kolisni -
chenko, Popov, 2008). 

The authors would like to thank M.N. Ma -
lyaryonok and E.I. Churin, for their analytical
work, O.L. Byslovskaya, for her technical help,
and V.I. Popova, for her useful advice. 

The work has been carried out as part of the
№ 12-I-5-2068 integration project of the Ural
Branch, Russian Academy of Sciences.
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As was mentioned in the book “Minerals of
the Ilmeny Reserve” by multiple authors (Ras -
klatova, 1949), tourmaline was found in many
amazonite-bearing and a few non-amazonite
mines, but it was mainly present in the form of
fine grains or crystals in moderate amounts. This
fact was probably responsible for the lack of
research done on the Ilmeny schorl at that time.
Later on, during the exploration of the peg-
matites in the Ilmeny Mountains, relatively large
tourmaline crystals of various composition were
found in a number of mines (Belogub et al., 1998;
Popov and Popova, 2006). In many other deposits
all over the world, the most attention was typical-
ly attracted to the sector zoned polychromatic
tourmaline, while schorl was much less studied.
Findings of sector zoned crystals of schorl in
some granite pegmatite mines of the Ilmeny
Mountains (Fig. 1) provided an opportunity to
investigate their chemical composition.

Methods of study

This work was performed at the laboratories
of the Institute of Mineralogy of the Ural Branch
of the Russian Academy of Sciences (Miass,
Russia). The crystal habit of the studied schorl
crystals from Mine 232 was examined using a 
CF-4 Fedorov table as a goniometer; crystals from
other mines were examined visually. The ideal-
ized shape of the crystals was drawn using the
SHAPE-7 and CorelDRAW 11 software packages.
The composition of different zones in the growth
pyramids was investigated by microprobe X-ray
analysis using JEOL JXA-733 with three wave
dispersion spectrometers. The energy dispersion
spectra of elements in different zones of schorl
crystals were obtained by SEM TES CAN Vega 3
with INCA 250. The oxidation state of iron was
determined by nuclear gamma resonance spec-
troscopy (Mössbauer spectroscopy) using a

SM2201 spectrometer with Co-57 in transmitting
mode and Univem 2.0 software. 

Morphology and color of zones 
in schorl crystals from Ilmeny pegmatites

The schorl crystals from granite pegmatites
are quite different in size and shape, but have rel-
atively similar habit. For example Mine 232,
which is located in the southern bank of Lake
Tatkul in a rare-metal non-amazonite pegmatite
(with beryl up to 10–60 cm), contains short-pris-
matic early schorl crystals and long-prismatic late
schorl crystals in druse cavities. The latter are up
to 10–13 cm in size along the ternary axis
(Popova, Levanov, 1980). The beryl-topaz Mine
196 (located at the eastern foothill of the Ilmeny
Ridge) contains prismatic schorl crystals up to
5–7 cm. In amazonite pegmatites, schorl crystals
are usually of long-prismatic to acicular shape,
typically less than 1 cm in length (Raskatova,
1949). Among those, one may notice some rela-
tively large crystals (up to 12 cm in length and
2 cm in diameter, based on this study), which
were found in Mine 112. 

In the pegmatite of Mine 232, the schorl crys-
tals are shaped by the combination of ditrigonal
and trigonal prisms with the most developed
faces a{11�20} and m{10�10}, and their heads are
formed by pyramids r{10�11} and o{02�21}
(Fig. 2). Monohedra are very rare. The schorl
crystals from Mines 196 and 112 have similar
habit. Macroscopically, the color of schorl from
Mine 232 is brown-black (unlike the grayish-
green dravite from an early pegmatite veinlet in
altered peridotite). Schorl from Mine 196 is
bluish-black, while crystals from Mines 62, 112,
and 270 appear pure black. 

In 0.3–0.5 mm thin sections, diverse colored
sectoral zoning is clearly seen and is most pro-
nounced in schorl specimens from Mine 232. In

ZONED AND SECTORAL PATTERNS IN SCHORL CRYSTALS 
FROM THE ILMENY PEGMATITES (URALS) 

Valentina I. Popova, Vladimir A. Popov, Eugeny I. Churin, Ivan A. Blinov
Institute of Mineralogy, Ural Branch of the Russian Academy of Sciences, Miass, popov@mineralogy.ru

Studies were performed to investigate habit, color, and composition of the sector zoned tourmaline crystals of the
dravite-olenite-schorl and olenite-schorl series found in the pegmatites of the Ilmeny Mountains. The schorl crystals
from different veins differ in iron content f = Fetotal/(Fetotal + Mg). In the non-amazonite pegmatites of Mine 232, the
central and intermediate growth zones in schorl have f = 0.67–0.74, while the peripheral zones have f = 0.83–0.85.
The schorl from the non-amazonite topaz-beryl Mine 196 and from the amazonite pegmatites of Mine 112 and 270
does not contain Mg, but is relatively enriched in Mn. The different color of the synchronous zones of the different
growth pyramids in schorl is caused by variations in both ferruginocity and contents of Al, Mg, and Mn. 
1 table, 5 figures, 6 references.
Keywords: granite pegmatite, schorl, crystal zonality, Ilmeny Mountains, South Urals.
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coaxial sections along (10�10), the zoned structure
of the antilogous end (Fig. 3a) and analogous end
(Fig. 3b, c) is expressed in varying intensity of the
yellow-brown color. In sections perpendicular to
the ternary axis of crystals and in diagonal sec-
tions, the color is darker and more diverse: the
bluish-green core zone gives way to sectoral green
zone in growth pyramids <r> or to orange-yellow
in pyramids <o> (Fig. 4). In the next zone of the
same sections, the growth sectors <m> are dark
brown, and sectors <a> are light yellow- or red-
dish-brown. The peripheral zone of both types of
prisms has almost the same reddish-brown color.

The schorl from the beryl-topaz pegmatite of
Mine 196, when seen in triangular cross section

by (0001), has a dark blue central zone (which
takes up to a half of the total section of the grain),
a blue-black intermediate zone, and finally gray-
ish-blue peripheral zone. In the amazonite topaz-
beryl pegmatite of Mine 112, schorl has a dark
gray-blue central zone and blue-black peripheral
zone, the latter taking almost a half of the entire
cross section.

Variations of the zone composition 
in various growth pyramids in schorl

The chemical composition of the successive
zones in growth pyramids of different simple
forms was determined by X-ray microspec-
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Fig. 1. Location of the studied pegmatites:
1 – metamorphic rocks (gneiss with layers
of amphibolite, quartzite, and schists); 
2 – miaskite; 
3 – granite; 
4, 5 – pegmatite mines with numbers: 
4 – non-amazonite, 5 – amazonite; 
6 – lakes.

Fig. 2. Crystal shape of the schorl from Mine
232. The size of the large crystal is 13 cm.

Fig. 3. Sector zoned coloring of schorl in the
cross section parallel to c-axis. Plates up to
2.4 cm. Mine 232 (crystal numbers: a –
no. 4, b – no. 8, c – no. 2).

a b c

2 km

Miass

N

112

196

1

232

64

270
5 6

43

2



122 New Data on Minerals. 2012. Vol. 47

Fig. 4. Contrast sectoral color zoning in schorl in the cross section perpendicular to c-axis. The diameter of the sections is up to 1.5 cm.
Mine 232 (crystal numbers: a – no. 12, b – no. 7, c – no. 13).

a b c

Fig. 5. Compositional
variations (formula coef-
ficient) of different zones
in the growth pyramid of
schorl from Mine 232:
a–b – crystal no. 4 (a –
perpendicular to c-axis,
b – parallel to c-axis; see
also Fig. 3a), 

c–d – crystal no. 12 ori-
ented perpendicular to 
c-axis (c – sector
<o>–<m>; d – sector
<r>–<a>). Also see
Fig. 4a. 

e–f – crystal no. 7 per-
pendicular to c-axis (e –
sector <o>–<m>, f –
sector <r> – <a>) See
also Fig. 4b.

a b

c d

e f
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troscopy (50 analyses); only the most contrast
results for different zones are shown. The com-
parison of all analyses was made by the stoichio-
metric coefficient in calculated mineral formulae.
From the silicate analysis, the fraction of the triva-
lent iron in an averaged sampling of schorl from
Mine 232 is 0.38 relative to total iron (Popova,
Levanov, 1980). That fraction is equal to 0.56 for
the schorl from Mine 196 based on chemical
analysis (Raskatova, 1959) and only 0.048 based
on nuclear gamma-resonance spectroscopy
analysis performed in this study. In the schorl
from the amazonite pegmatite of Mine 112, the
fraction of Fe3+ is 0.088 in the central part of the
crystal and 0.081 on the periphery according to
nuclear gamma resonance data. The annealing
weight loss of the schorl crystals from Mines 196
and 112 is determined at 0.73 and 0.80 wt%
respectively after treatment at  750°С. These per-

centages are much lower than the calculated val-
ues and may be a result of the combined effect of
water loss and weight gain due to almost com-
plete oxidation of Fe2+ (Minerals, 1981). 

The schorl from the beryl-bearing pegmatites
of Mine 232, which is located in the gneiss forma-
tion with interlayers of amphibolte and quartzite,
belongs to the dravite-olenite-schorl series.
Thanks to the abundance of these crystals, their
cross sections were investigated in different ori-
entations (Fig. 5a, b; also see Fig. 3 and 4). In the
c-axis section of one of the crystals (No. 232-4),
the peripheral zones of the prisms are more iron-
rich, while the core zone of the pyramid is alu-
minum-rich (Fig. 5a). The composition of the suc-
cessive zones in the r pyramid varies insignifi-
cantly, but the peripheral zones are also more
ferruginous (Fig. 5b). In the cross section perpen-
dicular to the c-axis of another crystal (No. 232-
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Table 1. Chemical composition of the zones in tourmaline crystals from the late granite pegmatites of the Ilmeny
Mountains (microprobe analyses, wt%)

No. Sample 232-12, section  ^ c (see Fig. 4a, 5c, and 5d) 232�d 196 112 270

Zone Central Intermediate Rim Central Central Central Rim Central

No. An. 1 2 3 4 5 6 7 8 9 10 11

Form r o a m a m r r m

SiO2 34.01 34.08 34.10 33.74 34.13 34.08 34.75 34.15 34.04 34.07 33.24

TiO2 0.51 0.20 0.58 0.32 0.47 0.43 0.29 – 0.32 0.19 0.61

Al2O3 32.40 34.10 32.10 31.95 32.48 32.38 31.60 33.55 29.42 30.06 26.18

Fe2O3* 4.49 4.65 4.58 4.64 5.64 5.51 no data 0.71 1.58 1.47 Не опр.

FeO 6.60 6.80 6.73 6.81 8.29 8.09 5.68 14.10 16.23 16.64 21.83

MnO 0.23 0.19 0.21 0.22 0.73 0.72 0.20 1.10 1.50 1.12 1.00

MgO 2.91 2.16 3.05 3.07 1.31 1.41 6.64 – – – –

CaO 0.18 0.05 0.17 0.12 0.16 0.16 0.44 0.03 – – –

Na2O 2.31 1.94 2.22 2.23 2.31 2.30 2.46 1.95 2.97 2.60 2.64

B2O3* 9.86 9.87 9.88 9.79 9.89 9.87 10.06 9.89 9.86 9.89 9.63

F 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 1.00

H2O* 5.00 5.00 5.00 5.50 3.70 4.00 5.00 3.50 3.10 3.00 3.50

Total 99.30 99.84 99.42 99.19 99.91 99.75 97.92 99.78 99.82 99.84 99.63

f = Fe/(Fe+Mg) 0.67 0.74 0.67 0.67 0.85 0.83 0.32 1.0 1.0 1.0 1.0

Chemical formulae (calc. per Si = 6)

1 (Na0.79Mg0.15Mn0.03Ca0.03)(Fe1.57Al0.74Mg0.62Ti0.07)Al6(BO3)3(Si6O18)(OH)2.94F0.45

2 (Na0.66Mg0.30Mn0.03Ca0.01)(Fe1.62Al1.08Mg0.27Ti0.03)Al6(BO3)3(Si6O18)(OH)2.94F0.45

3 (Na0.76Mg0.18Mn0.03Ca0.03)(Fe1.60Al0.66Mg0.62Ti0.08)Al6(BO3)3(Si6O18)(OH)2.93F0.45

4 (Na0.77Mg0.18Mn0.03Ca0.02)(Fe1.63Al0.70Mg0.63Ti0.04)Al6(BO3)3(Si6O18)(OH)3.26F0.45

5 (Na0.79Mg0.07Mn0.11Ca0.03)(Fe1.97Al0.73Mg0.27Ti0.06)Al6(BO3)3(Si6O18)(OH)2.17F0.45

6 (Na0.79Mg0.07Mn0.11Ca0.03)(Fe1.92Al0.72Mg0.30Ti0.06)Al6(BO3)3(Si6O18)(OH)2.35F0.45

7 (Na0.82Ca0.08Mn0.03)(Mg1.71Fe0.82Al0.43Ti0.04)Al6(BO3)3(Si6O18)(OH)2.89F0.44

8 (Na0.66Mn0.16Ca0.01)(Fe2.05Al0.95)Al6(BO3)3(Si6O18)(OH)2.05F0.44

9 Na1.01(Fe2.64Mn0.22Al0.11Ti0.03)Al6(BO3)3(Si6O18)(OH)1.82F0.45

10 (Na0.89Mn0.11)(Fe2.67Al0.24Mn0.06Ti0.03)Al6(BO3)3(Si6O18)(OH)1.76F0.45

11 (Na0.92Mn0.08)(Fe2.85Mn0.07Ti0.08)(Al5.57Fe0.45)(BO3)3(Si6O18)(OH)2.11F0.57

Note: "No. sample" indicates the mine number (232-12 – schorl from beryl-bearing pegmatite, 232-d – dravite from an earlier vein-
let without beryl; 196 – schorl from beryl-topaz pegmatite; 112 and 270 – schorl from amazonite pegmatites). The forms of the growth
zones in tourmaline crystals: a, m – prisms, o, r – pyramids. Fe2O3*, B2O3*, H2O* – calculated values; f is ferruginocity. "No data" is
marked for components not analyzed in this study; dash denotes "not detected". Microprobe JXA-733 JEOL with wave spectrome-
ters; accelerating voltage 20 kV; probe current 20 nA; probe diameter 5 micrometer; analyst E.I. Churin.



12), the central bluish-green zone of the r pyra-
mid is characterized by slightly increased magne-
sium content compared to the orange-yellow
zone of the o{02�21} pyramid, which is of the same
age but contains more aluminum (Table 1; analy-
ses 1 and 2; Fig. 5c and 5d). The zones of prisms a
and m (intermediate in this section of the crystal
and corresponding to the central zones of pyra-
mids) are also characterized by increased MgO
content (analyses 3 and 4), unlike the peripheral
zones of the same prisms (analyses 5 and 6). Only
ferruginous dravite (analysis 7) was found in the
small earlier vein (with dumortierite but without
beryl) that occurs in altered peridotites 40 m
southwest of the main pit of the mine. 

In the beryl-topaz non-amazonite pegmatite
of Mine 196, which is located away from ultra-
mafites, schorl contains almost no Mg or Ti. In the
section parallel to the c-axis, the central zone is
depleted of sodium (analysis 8), and the periphe -
ral zones contain 1.3–1.7 wt% of MnO. Schorl of
more "pure" composition is typical for amazonite
pegmatites of Mines 112, 64, and 270. This variety
contains 16–22 wt% of FeO and 2.6–2.97 wt% of
Na2O; Mg and Ca are not detected. The central
zone of the schorl from Mile 112 contains more
Mn, but less Al than the peripheral zone of the
crystal (analyses 9 and 10). The small schorl crys-
tals from Mines 64 and 270 are most ferruginous
of all examined specimens and are very similar in
composition (analysis 11).

Discussion and conclusions

The color zoning in schorl is quite common
(Mineral, 1981; Baksheyev, 2008; etc.), but the
composition of the zones and the cause of the
coloration are not consistently studied. The sec-
toral color texture is often addressed as “spot-
ting” (see for example Baksheyev, 2008). Par -
ticular studies on the composition of the zones
in the growth pyramids in schorl crystals were
not found. 

The studied schorl specimens from the late
rare-metal granite pegmatites of the Ilmeny
Mountains clearly differ in iron content, i.e. fer-
ruginocity f = Fetotal/(Fetotal + Mg). The varying
f values are determined for the successive growth
zones in crystals (Table 1). In the schorl from the
non-amazonite pegmatites of the Beryl Mine 232,
the central and intermediate growth zones have
f = 0.67–0.74, while the peripheral zones have
f = 0.83–0.85. The schorl speciments from the
topaz-beryl Mine 196 and those from the ama-
zonite Mines 112 and 270 do not contain Mg, but
are relatively enriched in Mn.

In the sector zoned schorl crystals from Mine
232, in both coaxial and cross sections, the zones

of prism m have a darker coloration than those of
prism a; zones of pyramid r are darker than the
zones of pyramid o (Fig. 3–5).

For previously studied crystals from the peg-
matites of the Ilmeny Mountains, it was found
that the unit cell parameters of more iron-rich
schorl are slightly greater than those of magne-
sium-iron or more alumina-rich schorls (Belogub
et al., 1998).

Variations in composition and color of the
analyzed zones in the schorl crystals from the
rare-metal pegmatites of the Ilmeny Mountains
are due to different iron content, iron valence,
and variations in Al, Mg, and Mn, which will be
subjects of future studies.
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Discussions



In our previous papers of the sketch
(Borutzky, 2005; 2006) when criticizing the
modern way of definition of mineral species,
we begged to remind that mineralogy is a geo-
logical, i.e. natural-historical science. This
means the species-forming criteria of its
objects should be based, first of all, on genetic
features, not only on chemical and structural
ones; and determined species should corre-
spond to real natural minerals to the maxi-
mum, not to their formal simplified types. And
we should realize that the mineral-forming
process is controlled by many factors: external
– physical-chemical (temperature, pressure,
concentration and activity of components,
acidity-basicity, redox potential etc.) and
kinetic (which define equilibrium or metasta-
bility of formation), and also internal factors,
that explains the potential of a certain crystal
structure to bind one or another components
together at a certain parameters. Also we
should understand that crystallized mineral
does not remain constant, but may alter its
chemical composition and features after it was
crystallized, under change of its mineral-pre-
serving surroundings’ parameters. Exactly
these unique features of natural chemical
compounds – minerals as witnesses of geolog-
ical-geochemical processes on Earth enable us
to use the detailed data on their chemical com-
position and structure as genetic indicators.

Unfortunately, sometimes mineralogical
data quoted by petrologists and geochemists
(if they were obtained at all) are poor and

sometimes are wrong. In this article we will try
to demonstrate use of detailed mineralogical
investigation (surely, in combination with
high-quality geological and petrological data)
that contributed to elimination a number of
long-term officially accepted mistakes, which
were replicated in many papers. This investi-
gation enabled to create a new concept of the
nature, formation conditions and sequence of
rock formation at the Khibiny alkaline massif
and its unique apatite-nepheline deposits, i.e.
on the Khibiny geological history reconstruc-
tion. We hope that this will attract scientists to
this problem. 

What everyone knows 
about Khibiny massif

The first study of the Khibiny is related
with the name of the foreign corresponding
member of the Russian academy of science,
Finnish-Russian scientist Wilhelm Ramsay,
the first who investigated Khibiny foothills
over Imandra lake and made several trips
toward the center of the massif, together with
Victor Hackman and Alfred Petrelius in June
1891 (Shpachenko, 2005). They described sev-
eral unknown minerals, which, unfortunately,
remained unexplored due to absence of ana-
lytical methods (Ramsay, Hackman, 1894).

In 1920–30s the Khibiny and the adjacent
Lovozero1 were systematically investigated by
a large team of mineralogists (Kostyleva,
Bohnstedt, 1921; Khibiny massif, 1923; Fers -
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RESEARCHES FOR SOLUTION THE PETROGENETIC AND ORE DEPOSITION
PROBLEMS ON EXAMPLE OF THE KHIBINY MASSIF

Boris Ye. Borutzky
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The paper is devoted to the use of detailed mineralogical investigations as petro-genetic and ore-genetic indica-
tors for the solution of the fundamental problems of petrology and geology of the Khibiny alkaline massif and its
unique apatite-nepheline deposits. Author takes the significant differences in conclusions obtained by traditional
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1 – As well as Ramsay, the scientists from expeditions of A.E. Fersman considered the Khibiny and Lovozero massifs as a single
pluton. Despite the following success in geological and petrological study of these massifs, this mistake is still used by scientists
(Khomyakov, 1990) as a fundamental idea.



man, 1924; Khibinskie…, 1925; 1928; Labun -
tsov, 1930; Minerals of Khibiny…, 1937), petro -
logists (Kupletskiy, Polkanov, 1922; Kuplet -
skiy, 19241; 19242; 1925; 1926; 19301; 19302;
19321; 19322; 19361), chemists, and later geolo-
gists, miners and dressers, under leadership of
academician Alexander E. Fersman. In reality,
this was the first detailed acquaintance with
Khibiny mountains, that transformed later into
systematic fundamental investigation of the
unique mineralization – mineralogical “lost
world”, which was formed under extremely-
high alkalinity conditions. The latter explains
the unique combination of alkaline, acidic and
amphoteric components within the minerals,
their surprisingly wide species range and
unusual, “reversal to the well-known”, ag -
paitic sequence of crystallization. The scien-
tists with their own eyes saw the analogues of
rare alkaline minerals from Norway, Sweden
and Greenland. Their chemical composition
was such unusual that one required new meth-
ods of chemical analysis: separation Zr and Nb
from Ti, Ta from Nb, Sr from Ca, separation of
REE, determination of U, Th, Ra etc. This task
was accomplished by the team of chemists
under leadership of Irina D. Bor neman-
Starynkevich, the follower of Vladimir I.
Vernadsky. As a result, some errors from the
foreign literature were corrected; in particular
they indicated overstating ZrO2 content due to
TiO2 in mosandrite, rinkite, johnstrupite and
lorenzenite. However, the Khibiny investiga-
tors could not even think about possible mis-
takes in the data obtained by impeccable
German, Swedish and Norwegian scientists;
and therefore they considered high contents of
Ti as a typical feature of Khibiny material and
described the number of “new” minerals –
rinkolite (i.e. similar to rinkite) and lovchorrite
(Borneman-Staryn kevich, 1935), ramsayite,
named after the first investigator of the
Khibiny, Wilhelm Ramsay (Kostyleva, 1925)
etc.

For us it is hard to imagine that there was
no microprobe, and analyses were made of
1–2 gram sample. Therefore neither zonation
in mineral grains could be possibly studied,
nor accessory minerals in rocks and much
more. There was no X-ray analysis and more-
over electronic microscopy, hence crystal
structure was impossible to study. For this rea-
son, mostly pegmatites were studied, and
genetic conclusions were reduced to defini-
tion of two morphological their varieties in

rocks of both massifs – “schlieren” and “vein”
ones. Amongst them in the Khibiny there were
defined three groups of deposits: 1) aegirine-
microcline, occurring within coarse-grained
and trachytoidal khibinites and pyroxene-
bearing medium-grained nepheline syenites
(9 types: aegirine-microcline, eudialyte-aenig-
matite, eudialyte-lamprophyllite, eudialyte-
rinkolite, eudialyte-loparite, aegirine-ramsay -
ite, neptunite, albite-ore and quartz-feldspar),
2) hornblende-microcline – within recrystal-
lized hornblende nepheline syenites and foy-
aites (5 types: hornblende-microcline, eucol-
ite-astrophyllite, eucolite-albite, eucolite-
apatite-titanite and aegirine astrophyllite) and
3) aegirine-(hornblende)-anorthoclase2 –
within ristschorrites and lujavrites (5 types:
nepheline-feldspar, aegirine-astrophyllite,
lov chorrite-rinkolite, pectolite-yuksporite and
zircon-ilmenite). In the Lovozero there were
defined two types of deposits: 1) aegirine-
microcline – within all the petrographic types
of the rocks (6 types: aegirine-microcline,
eudialyte-ramsayite, neptunite, lamprophyl-
lite-murmanite, albite and sodalite-ussingite)
and 2) ilmenite-orthoclase – in poikilitic ne -
pheline syenites (1 type: ilmenite-orthoclase)
(Minerals of Khibiny…, 1937). The alkaline
pegmatites were sorted after Brögger’s classifi-
cation (Brögger, 1890) that was developed for
Christiania region (Oslo), but reworked and
applied by Alexander E. Fersman (1923) for
Khibiny and Lovozero massifs.

Even though the mineralogy of pegmatites
corresponded with various “petrographic”
zones of the Khibiny massif, the processes of
pegmatite-forming were mostly generalized.
They assumed that the sequence of mineral
associations resulted from cooling conditions
of the system only: the main rock-forming and
accessory minerals – nepheline, anorthocla -
se, microcline, aegirine I (first generation),
arfvedsonite, lepidomelane, titanite, ilmenite,
eudialyte and eucolite, aenigmatite, rinkolite
and lovchorrite, lamprophyllite, fersmanite
and loparite were formed during epi-magma tic
phase A (1000–900°С), pegmatitic phase B
(800–700°) and pneumatolytic phase C
(600–500°), Aegirine II (“aegirine sprays”,
second generation) and astrophyllite appeared
during the following phase D, insignificant
albitization of microcline and forming of sul-
phides – molybdenite, sphalerite and galena,
cancrinitization of nepheline, replacement of
aenigmatite by “coronites” of astrophyllite
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2 – The term “anorthoclase” (more correct “potassic anorthoclase”) after D.S. Belyankin (1937) in the Khibiny literature of that
time meant significally potassic feldspars, with optical orientation, intermediate between sanidine (orthoclase) and microcline. The
direct transitions between “anorthoclase” into microcline were determined by B.M. Kupletskiy (1931) in pegmatites of that group.



and aegirine, replacement of lamprophyllite
by ramsayite and eudialyte by catapleite and
zircon took place during hydrothermal phases
E and F (400°), and analcime and natrolite
forming – during later, more low-temperature
phases (300–100°). Alexander E. Fersman
wrote that “due to this agpaitic sequence there
accumulated diverse and beautiful minerals of
Zr and Ti in the middle of a long-term post-
magmatic process [emphasized by Fersman],
and after they are crystallized the normal
pneumatolytic and hydrothermal is restored,
with typical phases F – G – H – I – K of miask-
ite and granite pegmatites” (Minerals of
Khibiny…, 1937, p.125).

The tendency of considering the Khibiny
massif as a “single formation”, occurred as a
result of successive crystallization of evolving
from a single magmatic chamber with a single
original melt (or, even worse, combining of the
Khibiny and the Lovozero, which differs fun-
damentally by their rocks, internal construc-
tion and structure, into the “single Khibiny-
Lovozero complex”) existed and still does in
the literature. They determined: an average
original composition of Khibiny magma
(Kupletskiy, 19361; 19362; 1937; Galakhov,
1975), an average statistical composition of the
main and accessory petrocomponents (clarks)
in the original chamber (Kukharenko et al.,
1968), an average age of the massifs (Komlev
et al., 1961; Kogarko et al., 1981). There were
created various “data banks” with one of sev-
eral chemical analyses of a mineral represent-
ed the whole massif (“the mineral from
Khibiny”, “the mineral from Lovozero”), with-
out the information about the host rocks. They
revealed the average patterns like “change of
sodium alkalinity for potassium one at the late
stages of agpaitic complexes evolution”
(Pekov, 2001) or “waves of increasing and later
decreasing alkalinity, by cooling conditions in
rocks and pegmatites of agpaitic complexes”
(Khomyakov, 1990), and, finally, all the vari-
eties of nepheline syenites were mixed togeth-
er under the average name “foyaites” (Yako -
venchuk et al., 2005). In our opinion, such a
formal generalization is allowable only for
global comparisons, for instance, the Khibiny
complex with other alkaline complexes, but
inacceptable for regional-genetic investiga-
tions of the certain geological objects.

On the other hand, the detailed analysis of
minerals from the different “petrographic”
zones gave birth to their typomorphism inves-
tigations and resulted in the well-known con-
ception on the “Fersman geochemical arches”
(1931, in the Selected proceedings, 1959). In

fact, this paper represents the scientific pro-
gramme of investigation of the Khibiny for
many years, with all the major patterns of the
massif structure and its mineralization genesis
revealed. First of all, the circular structure,
that “should be analyzed geologically, petro-
graphically and geochemically in detail to
reveal its features and genesis” (same source,
p. 756), and that appeared as a sequence
umptektites – coarse-grained and lath khib-
inites – ijolites – urtites – apatite-nepheline
and apatite-titanite-nepheline rocks – por-
phyry syenites with peculiar mica bands
(which “have a great geochemical signifi-
cance”, by Fersman) – “huge area of un -
known foyaite rock” (same source, p. 757),
from the periphery towards the center. But
“geochemically the massif consists of signifi-
cant number of arches extended for various
number of kilometers, much more plentiful
and complex by their morphology, composi-
tion, type of chemical compounds and, finally,
by their genesis, rather than petrographic belts
described above (same source, p. 757). In the
middle part of the massif, between the belts of
geochemically “empty” coarse-grained khibi-
nite and eudialyte-aenigmatite lath khibinite
rocks, on the one hand, and eucolite-titanite
foyaite, on the other, from west to east there is
a sequence of zones: 1) albite with sulfides of
Mo, Zn and Fe and zeolite with zircon,
2) apatite-nepheline arch, 3) zeolite with fluo-
rite and zircon, 4) zeolite-yuksporite, 5) fers-
manite, 6) rinkolite-lovchorrite, 7) pyrrhotite,
with indication of a contact process, and 8) Pb
and Zn sulfides zone. According to Alexander
E. Fersman, the changeover in rocks of “petro-
graphic belts”, its pegmatites and accessory
minerals features correspond to the stages of
concessive cooling of crystallized magma from
the periphery towards the center of the massif.
But “geochemical arches” most likely are
related to the later fractures within the crystal-
lized rocks; this also regards to the main fault,
filled with the residual magma, “which deter-
mines the main ore complex of the Khibiny
tundra, and which was filled by intruded from
down below apatite-nepheline rock” (same
source, p. 762).

Investigation of the unique mineralogical
rarities, at some extent, prevented from study-
ing the apatite mineralization, especially its
assumed relationship with alkaline rocks was
taken as “nonsense”. Owing to Alexander N.
Labuntsov’s (1930) intuition, persistence and
courage, who “at his own risk” lead prelimi-
nary prospecting and exploration of apatite
beds, the approximate reserves were evaluat-
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ed, “claim poles” were placed and the discov-
ery was recognized and appreciated by col-
leagues and, most important, officials. How -
ever, this is a special story, brilliant, self-sacri-
ficing and dramatip. When it became obvious
that the Khibiny Mountains hold unique,
largest in the world, deposits of apatite, there
arose a need for detailed geological investiga-
tions.

The initial “hand-written” (1930) map by
Boris M. Kupletskiy, Vladimir I. Vlodavets and
Olga A. Vorob’eva was refined after geological
mapping that took place in 1931–1936s by a
team of scientists from Academy of science,
“Apatite” trust, Leningrad geological trust,
Scientific-research institute of fertilizers,
Sevzapsoyuzredmetrazvedka, TSNIGRI insti-
tute, “Arctica” institute etc. (A.S. Amelandov,
E.N. Volodin, N.A. Volotovskaya, O.A. Vo -
rob’ eva, E.I. Denisov, E.N. Egorova, N.P. Lu -
panova, P.M. Murzaev, V.I. Namoyu shko,
V.N. Numerov, I.S. Ozhinskiy, K.K. Sudislav -
lev et al.) at a scale 1:25000 and later was
reduced by N.A. Eliseev, I.S. Ozhinskiy and
E.N. Volodin to the sketch 1:75000 map (Eli -
seev et al., 1939; Eliseev, 1953). This was the
first “conditioned” geological map of the
Khibiny with all circular complexes marked
and drawn out. As a conceptual model of for-
mation of the Khibiny massif N.A. Eliseev
applied the concept of the “intrusions of the
central type” by English geologist E.M. An -
der son, based on investigation of the Tertiary
subvolcanic complexes in Scotland (Richey,
1961); and also method of structure analysis of
plutonic bodies by G. Kloos – A.A. Polkanov
(Eliseev, 1953), that explains directions of
magma flows by trachytoidal structures, pri-
mary banding and orientation of primary fis-
sures in plutonic bodies: bedded (L), length-
wise (radial) (S) and cross-cut (Q). According
to this dynamic model, the Khibiny pluton was
formed as a result of magmatic intrusion along
the system of alternate circular and conic
faults subsequently from the periphery
towards its central core (i.e. from west to east)
as a number of concentric sub-intrusions,
which center gradually migrated to the east.
Along with the narrow (100–200 m) bands of
alkaline syenites occurred alongside the con-
tact with gneisses on the north and fine- to
medium-grained nepheline syenites and
nepheline syenite-porphyres alongside the
contact with basic effisives and tuffs on the
west, there were defined the following sub-
intrusions: 1) massive khibinites – circular
(cylindrical, with abrupt external contact),
2) trachytoidal khibinites – conic (with flat-

tening of trachytoidal structure from the con-
tact towards the center of massif), with vein
facies of alkaline syenite-porphyres and
aegirine-augite syenites, 3) poikilitic nephe -
line syenites – cylindrical, 4) bedded intru-
sion of stratified ijolite-urtites, malignites and
luja vrites – conic, 5) medium- and fine-grai -
ned nepheline syenites (equivalent to lyavo-
chorrites) – conic, and 6) foyaites – conic.
With all that the authors were not confused by
a weird evolution process of a melt in magmat-
ic chamber, when the magma was depleted in
silica and enriched in calcium and magnesium
at the midst of a process resulted in formation
of melteigite-urtites, with return to the normal
nepheline-syenite composition afterwards.

It is significant that comparison of the
Khibiny plutonic body and Scottish sub-vol-
canic complexes is highly tense. For example,
the massif on the Isle of Mull, formed in the
deep (700–900 m) subsidence caldera of
basaltic volcanic rocks – plateau basalts l a -
vas, the circular intrusions are mostly repre-
sented by thin beds granophyres and necks of
rhyolites, and the conic ones – by thin dykes
of basic and acidic composition (Richey, 1961).
They poorly resemble the giant sub-intrusions
in the Khibiny Mountains. Calculations by
E.M. Anderson indicated, that the conic faults
occur at the mostly stressed areas by increas-
ing pressure in magmatic chamber below the
roof rocks, whereas the circular (cylindrical)
– conversely, by decreasing pressure while
sinking of a rock block into the cavity vacated
by the melt. These are correct for small intru-
sions, but for such an enormous plutonic body
as the Khibiny, calculations never took place.
Not everyone agreed the concept by N.A. Eli -
seev. In particular, V.I. Vlodavets (1930) sug-
gested the reverse sequence of rock formation:
foyaite and khibinite-like foyaite   hornblende
nepheline syenite (presumably, lyavochorrite)
® poikilitic nepheline syenite ®  mica ne phe -
line syenite ®  ijolite-urtite series of rocks
with apaneite (apatite rock) ®  khibinite.
B.M. Kupletskiy initially followed Eliseev’s
concept, but later changed his opinion and
insisted on the early crystallization of all the
nepheline syenites – khibinites with the edge
facies umptectites, trachytoidal khibinites and
foyaites with albitites, after which the hetero-
geneous group rocks was formed – aegirine,
hornblende, mica etc. nepheline syenites
(ristschorrites) (probably also lyavochorrites)
and later were formed ijolite-urtites, lujavrites
and apatite-nepheline rocks (Kupletskiy,
19361, 1937). Nevertheless, the concept by
N.A. Eliseev is the “official” one for more than
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70 years and accepted by the utmost of petrol-
ogists with minor refinements (Galakhov,
1959; 1975; Ivanova et al., 1963; Ivanova et al.,
1970; Ivanova & Arzamastsev, 1985; Arzamas -
tsev & Ivanova, 1985; Arzamastsev et al., 1987
etc.).

The ideas by N.A. Eliseev were shared by
S.I. Zak, N.M. Abramov, V.N. Bolysheva,
M.M. Ka linkin, E.A. Kamenev, F.V. Minakov
and other employees of Sevzapgeolupravlenie
[NW Geological Department, transl.], that con-
ducted new geological mapping of the massif
in 1957–60s at a scale 1:50000 and in
1959–1963s – mapping of the productive ijo-
lite-urtite intrusion at a scale 1:10000 with
detailed prospecting for apatite (F.V. Mina -
kov, A.I. Aleksandrov, E.A. Kamenev, A.I. Ko -
novalova, I.I. Perekrest et al.). As a result they
discovered new large deposits – Koashvin -
skoye and Partomchorrskoye (Zak & Kame -
nev, 1964; Zak et al., 1972).

These projects resulted in the following:
1) in the history of the Khibiny magmatism

there were separated three periods with two
intrusive phases in each – early, non-stratified
and late, clearly differentiated, which are rep-
resented by similar rocks, by their mineral
composition, age and bedding conditions (i.e.
the same 6 sub-phases by N.A. Eliseev).
However, there are more sub-units. Massive
(non-stratified) khibinites are divided into two
facies – massive and coarse-grainedal khib-
inites; poikilitic nepheline syenites (non-strat-
ified) – into three facies: pyroxene, mica and
greiss-porphyrous ristschorrites; ijolite-urtites
– into three intrusive sub-phases: pre-ore
(jacupirangites-melteigites-ijolites-urtites),
ore (feldspar analogues of melteigite-urtites,
in association with ore apatite-nepheline
deposits) and post-ore (juvites-lujavrites-
malignites); foyaites (stratified) – into three
facies: trachytoidal arfvedsonite, trachytoidal
mica and massive pyroxene foyaites. Medium-
grained aegirine nepheline syenites (lyavo-
chorrites) were finally excluded from foyaites
compound and described as an independent
(non-stratifies) intrusive phase. Thus, the divi-
sion to circular and conic intrusions lost
“Eliseev” orderliness.

2) As opposed to conclusions by N.A. Eli -
seev, alkaline and fine-grained nepheline
syenites from the edge zone (umptectites,
imandrites, lestivarites, after W. Ramsay –
Ramsay, Hackman, 1894) were considered not
as independent early intrusion, but as endo-
contact facies of khibinites and foyaites.

3) Alkaline syenite-porphires, considered
by N.A. Eliseev as a vein facies of trachytoidal

khibinites – rhomb-porphyry, analogues of
laurvikites from the Oslo massif in Norway,
were attributed to the Lovozero series of Upper
Devon.

4) The thick zone of tectonites after rists -
chorrites and foyaites – Eveslogchorr crum-
pling zone – was determined.

5) Post-magmatic alterations of nepheline
syenites – albitites and aegirine-albite veins
were attributed to the final period of the massif
formation.

6) The independent dyke complex, pre-
sumably resulted from a regional platform
magmatism, was determined.

Amongst refinements to the concept it is
important to indicate data obtained by
T.N. Iva nova (1963), who explained an unusu-
al way of the Khibiny magma differentiation
(nepheline syenites ® melteigite-urtites ®
nepheline syenites), that was previously speci-
fied in the N.A. Eliseev scheme by the second
sub-volcano formation. In her opinion, within
the compounds of the Western sub-volcano
there formed: early alkaline syenites and
nepheline porphyres  ® granitoid and trachy-
toidal khibinites  ® granitoid and trachytoidal
ristschorrites ®  part of ijolite-urtites (trachy-
toid ijolites Lyavojok, Ristschorr and Kuelporr,
massive fine-grained ijolites, massive medium-
grained ijolite-urtites) ®  apatite-nepheline
rocks ®  lujavrites; within the compounds of
the Eastern sub-volcano: granitoid and trachy-
toidal ijolites and medium-grained aegirine
nepheline syenites (the edge facies of foyaites)
®  the rest of ijolites (trachytoidal ijolites of
Njorkpakhk and Suoluajv, massive medium-
grained feldspar urtites and juvites of
Koashva)  ® late vein rocks. As opposed to
S.I. Zak et al. (1972), T.N. Ivanova divided ijo-
lite-urtites into 5 sub-phases (three pre-ore
within the Western sub-volcano and two post-
ore – feldspar urtites and juvites – within the
Eastern sub-volcano), and formation of
apatite-nepheline rocks referred to indepen-
dent intrusion of agile “apatite” magma which
penetrated into thin cracks, rich in volatiles,
aggressive, able to re-crystallize surrounding
rocks and genetically unrelated to ijolite-
urtites.

It is important to remember geological map
by A.V. Galakhov (1975), which is, actually,
the mineralogical-petrological one and reveals
surprising and yet unexplained heterogeneity
in composition of the rock-forming minerals
within nepheline syenites from the Khibiny
massif.

For the further statement we consider
utterly important the following: 1) the finds of
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xenolitic, slighly metamorphed Paleozoic
quartzites, sandstones and clay schists, within
the roof of the neighboring Lovozero massif;
clay schists were metamorphed to mica or
biotite-andalusite hornfels (in these rocks from
the Flora Mountain, A.P. Krishtofovich (1937)
discovered imprints of Upper Devon plants);
2) tuff schists which consist of sharp-cornered
fragments of pyroxene and plagioclase (also
with plants imprints) and 3) effusive rocks –
pikrite-porphirites (metacrysts up to 2–3 cm
of olivine and monoclinic pyroxene in plagio-
clase matrix with glass) and augite porphirites
(metacrysts of monoclinic pyroxene and ande-
sine № 47 in the same matrix), and also
4) agglomerate lavas, lava breccias and tuffs,
that consist of sharp-cornered fragments the
forenamed effusive rocks, often metamorphed
to K,Na-feldspar-biotite, feldspar-arfvedso -
nite, biotite-hornblende (fulvous hornblende)
and diopside-hornblende hornfels. All these
rocks confidently differ from Proterozoic crys-
talline schists of Imandra-Varzuga series,
which were regionally metamorphed within
green schists facies (Eliseev et al., 1937). Later,
they were accomplished with rhomben-por-
phyres and fonolite-porphires (Eliseev, 1946).
These finds indicate that nepheline syenites
could possibly capture large xenoliths of the
host rocks near the roof zone of the massif. The
finds of xenoliths of alkaline-ultrabasic rocks
near the contact of the Khibiny massif also seem
fundamentally important, as they normally
associate with carbonatites (Galakhov, 1966).

In this paper, it is obviously impossible to
present all the results obtained during investi-
gation of the Khibiny massif for 120 years long.
Some of them are represented in the review by
E.A. Kamenev (Poiski, razvedka…, 1987) and in
our previous paper (Borutzky, 2010). Here we
mentioned so-called “classic” ideas, published
in textbooks and penetrated into “flesh and
blood” of many modern scientists

What does not everyone 
know about Khibiny massif

There are two tendencies predominate in
the modern Khibiny literatue: either “classic”
ideas from the distant past, which should be
supplemented by new data or entirely recon-
sidered, are replicated from paper to paper, or
for the global geological ideas sake there
appear papers based on the “trendy” methods
or research (isotope analysis, coefficient of co-
crystallization analysis, mathematic statistics,
fractal mathematic analysis etc.) with “primi-
tive” geological characteristics, simplified to

the maximum, where the Khibiny massif is
unrecognizable. The examples of the latter
could be papers (Yakovenchuk et al., 2005;
Konopleva et al., 2005; Korchak et al., 2008
etc.) where all Khibiny nepheline syenites are
generalized under the name foyaites (and
therefore it is impossible to determine which
“petrographic zone” is considered). All the
xenoliths within nepheline syenites, from leu-
cocratic to melanocratic, from metamorphic to
volcanic or intrusive, in whole are referred to
the Lovozero Paleozoic series. Geological
background on the maps and plans of Koashva
deposit is removed for sake of unfounded idea
that nepheline-apatite ore bodies are in fact
apatite “stockworks” intruding something (not
defined what) from the depth, because this was
resulted from some parameters of fractal math-
ematic analysis. All the Khibiny feldspars,
each and all, without taking into account their
mineralogical features – chemical composi-
tion, morphology and structural condition –
are generalized for statistical analysis, etc.,
etc. In our reviews of papers and theses with
such methodology we opposed against the
competence of conclusions made, however
this was not taken into account. Therefore
once again we declare the necessity of a fight
against primitivism in science, in particular,
certain regional-genetic geology.

What is necessary to know and consider
when studying the Khibiny massif?

1. First of all, it is important to indicate that
the Khibiny and the Lovozero massifs are proved
to be separate, not connected at depth, at least
down to 12.5 km deep (Arzamastsev et al., 1998;
Arzamastsev & Glaznev, 2004). The 3D density
model (Fig. 1) indicates that they are separated
by Archean granitic gneisses of Belomorskaya
series with density 2.69–2.76 kg/m3 (pink and
red).

The data by G.N. Shablinsky (1963; 1965)
on the internal composition of the Khibiny
massif are significantly refined. According to
A.A. Arzamastsev et al., the northern contact of
the massif with granitic gneisses can be
tracked only down to 3 km, and deeper, judg-
ing by density (2.76–2.84) there is a zone of
alkaline-ultrabasic rocks. The eastern contact
is sub-vertical down to 4–5 km and deeper is
flattened below the massif. The western con-
tact with Proterozoic rocks of Imandra-
Varzuga series is bent towards the center of
the massif at the angle 70–80° down to 3 km
and deeper (3–7 km) is flattened below the
massif at the angle 40–50°. The southern con-
tact is steeply-falling towards the massif center
down to 3.5 km, and deeper also steep-grade
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below the host rocks. As shown on the Fig. 1,
khibinites form a circular body with maximum
thickness of 8 km at the west of the massif,
whereas at the northern and southern sectors
their thickness does not exceed 2–3 km.
Maximum thickness of foyaites is 5–6 km at
the south-eastern part of the massif. Mel -
teigite-urtites of the “Central arch” disappear
already at a depth 2–3 km, however, in the
northern sector at a depth 5 km there occurs a
circular body of high-density (2.76–2.84)
rocks, mentioned above, apparently, alkaline
ultramafites, which is tracked down to the
depth over 12.5 km (these rocks – are xeno-
liths of alkaline peridotites, pyroxenites and
melilites – were partially uncovered with the
boreholes 1009, 1010 and 636).

In other words, the well-known circular
structure of the massif disappears at a depth
1–2 km, deeper – there is “Terra incognita”.

2. In 1979–1983s the team of geologists
and geophysics from the Central Kola expedi-
tion PGO “Sevzatpgeologia” (O.L. Snyatkova,
N.I. Pronyagin, T.M. Markitakhina et al.) con-
ducted geological study of the massif at a scale
1:50000 with addition of geological-geophysi-
cal data obtained at that time (gravimetric,
seismic and magnetometric surveys), photoin-
terpretation and control trips by a helicopter
airdrop. This resulted in the new geological
map (Snyatkova et al., 1986) with the newest
data on the Khibiny massif structure, includ-
ing to the depth: faults and carbonatites dis-
covered in the Khibiny (Minakov et al., 1986;
Dudkin et al., 1984; Snyatkova et al., 1984)
dykes and explosive pipes (diatremes) (Kozy -
reva, 1986; Arzamstsev et al., 1988). Calculated
geological-geophysical cross-sections were
modeled for the depth 5 km. This map demon-
strates much more complex structure of the
Khibiny massif, than was known before.

However, according to O.L. Snyatkova et
al. (1986) interpretation, all the diversity of the
Khibiny geology is reduced to three intrusive
phases: 1) weakly stratified agpaitic nepheline
syenites – khibinites, lyavochorrites and foy-
aites (as a single intrusion), 2) clearly stratified
ristschorrite-ijolite-melteigites, apatite-nephe -
line ores and accessory hybrid rocks, 3) car-
bonatites and lamprophyres. The major atten-
tion is obviously devoted to the 2nd intrusive
phase (as the main task of the geological study
was discovery of the new “hidden” apatite
bodies), where there were defined 5 bodies:
1–2) the Main intrusion with the industrial
apatite deposits (two bodies), 3) Putelichorr
intrusion, cross-cutting trachytoidal khib-
inites, the apophysis of the Main one, joint
with it at the depth near Partomchorr, Apatite
Circus and Kukisvum chorr deposits in the
north of the Khibiny, 4) Golstovskaya intrusion
– also the apophysis, joint with Putelichorr
intrusion on the surface near Putelichorr
Mountain and at the depth near Yudichvum -
chorr Mountain, 5) Imandra intrusion – inde-
pendent one, probably joint with Putelichorr
intrusion only at the south-east (Fig. 2).

Within the Putelichorr intrusion the aut -
hors discovered ijolite and melteigites with
apatite-titanite mineralization, jacupirangites,
shonkinites, melanocratic rocks with pseu -
doleucite (fasinite), fonolites, rhomben-por-
phyres, malignites, juvites. According to the
authors’ opinion, it occurred as a result of
magma differentiation, its young age was
proved by abrupt contacts regarding trachy-
toidal structure of khibinite. The most of it is
not exposed on a surface, and according to

132 New Data on Minerals. 2012. Vol. 47

2.542

2.579

2.616

2.654

2.691

2.728

2.765

2.803

2.840

2.877

2.915

>2.952

5 km

7 km

3 km

1 km

20 kmPR

AR

AR

AR

Khibiny massif

Lovozero 

massif

Kurga

Fig. 1. Distribution of the rock density (kg/m3) for the Khibiny
and Lovozero massifs regions at the depths 1, 3, 5 and 7 km.
Position of the main series of the massif rocks on the surface is
contoured. After A.A. Arzamastsev & V.N. Glaznev (2004). 



geophysical data its maximum thickness
(1000–1500 m) is fixed on the south of the
massif, below Ajkuajventchorr Mountain.
Within the Goltsovskaya intrusion 15 km long,
there was discovered breccia of peridotites,
olivinites, ijolites and melteigites with apatite-
titanite mineralization, shonkinites and rhom -
ben-porphyres, cemented with urtites, juvites
and nepheline syenites. Within the Imandra
intrusion there were discovered micro-gabbro-
norites, ijolites, melteigites, olivine shonk-
inites and medium-grained nepheline syen-
ites. The authors assumed, that ristschorrites

are the upper part of the stratified differentiat-
ed complex, which was crystallized from
upside down, that is supposedly proven their
gradual conversion to urtites via juvites.

Unfortunately, the fact that geological-geo-
physical operation by airdrop method, com-
pletely ignored previous geological data and
were not combined with mineralogical-petro-
logical investigations, makes the interpretation
of the result obtained doubtful. Drilled geo-
physical anomalies not always could be identi-
fied with productive ijolite-melteigites, partial-
ly they happened to be xenoliths of fenitized
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Fig. 2. Geological sketch of the Khibiny massif, compiled on the data of geological study by O.L. Snyatkova et al. (1986). 
3-phase – carbonatites complex: 1 – cataclasites and breccia; 2 – explosive breccia with picrite porphyry cement (diatreme); 
3 – picrite porphyry, monchikites, alneites etc. (dykes); 4 – ultrabasic rocks (small bodies and dykes); 5 – carbonatites and albitites;
6 – presumed carbonate and carbonate rocks with soda mineralization and sodalite-bearing nepheline syenites. 
2-phase – complex of nepheline syenites-urtites-ijolites-melteigites: 7 – veins and dykes (a – apatite-nepheline and apatite-titanite
ores, b – gabbro-essexites, lujavrites, urtites, ijolites, melteigites, c – melanocratic metasomatites, and also syenite-metasomatites). 
The Main productive intrusion: 8 – second sub-phase (a – ristschorrites, b – urtite-ijolite-melteigites, c  – apatite-nepheline ores);
9 – first sub-phase (a – ristschorrites, b – urtite-ijolites, c – apatite-titanite ores); 10 – gneiss-like ristschorrites; 11 – rocks of the
contact zone of the Main intrusion, that crystallized from palingenetic and hybrid melts. 
Satellite bodies and apophyses of the Main intrusion: 12 – Putelichorr intrusion: ijolites, melteigites with apatite-titanite mineral-
ization etc.; 13 – Golstovskaya intrusion (a – ijolites, melteigites with apatite-titanite mineralization, b – large-boulder breccia, con-
taining fragments of meso-melanocratic rocks and juvites cement); 14 – local positive gravimetric anomalies, fixed at the depth (a –
rocks of Putelichorr intrusion, b – rocks of Golstovskaya intrusion); 15 – Imandra (periphery) intrusion (a – micro-gabbro-norites,
ijolites, melteigites, olivine shonkinites, b – medium-grained nepheline syenites).
1-phase – complex of poorly stratified nepheline syenites: 16 – pyroxene, sodalite-cancrinite foyaites, “ristschorrites-like”; 
17 – massive foyaites with grey feldspar; 18 – trachytoidal foyaites with white feldspar; 19 – lyavochorrites (a – “foyaites-like”,
albitized; b – “khibinites-like” – altered, partially re-melted); 20 – khibinites (a – trachytoidal, b – massive).
Frame rocks: 21 – sedimentary-volcanic rocks of Imandra-Varzuga zone with intrusions of altered gabbroids; 22 – gneisses of Kola
series with intrusions of plagiogranites-diorites; 23 – contacts between different-aged rocks (a – determined, b – presumed). Faults:
24 – longitudinal, diagonal and latitudinal, related with the 3rd and 2nd phases rock formation; 25 – abyssal faults, in the rocks of fun-
dament and the massif (a – with a tilted fissure, b – with a vertical one).



basic hornfels (for instance, “Malovudyavrsky
block”) or rhom ben-porphyres, fonolites and
dense fine-grai ned nepheline syenites. Con -
solidation of five intrusions, containing such a
different rocks, into one intrusive phase does
not withstand any scrutiny. However, the later
geophysical survey did not verify conclusions
by O.L. Snyat kova (Arzamastsev, Glaznev,
2004). All with that, the map published sum-
marizes many new obtained geological data
and is widely used by a number of scientists as
the latest, the “modern” version. That is the
reason we give so much attention to it.

3. The detailed work on prospecting and
exploration of the new apatite deposits, which
involved exploration and structural deep dril -
ling conducted by geologists of the Khi -
binogorsk party of the Murmansk expedition,
PGO Sevzapgeologia (V.P. Pavlov, I.I. Pe -
rekrest, V.V. Smirnov et al.) resulted in discov-
ery of many xenoliths of various rocks within
nepheline syenites. At the depth between tra-
chytoid khibinites and ristschorrites there was
determined giant “Malovudya v rsky block” of
basic hornfels, probably of Proterozoic Iman -
dra-Varzuga series. The radical part of rhom -
ben-porphyres and fine-grained nephe line
syenites of the “Western arch” (referred by
S.I. Zak to the “Lovozero series”) xenolith was
hit in the valley of Lutnemanijok river. These
xenoliths proven to contain alkaline-ultrabasic
rocks discovers within the Khibiny massif ear-
lier by A.V. Galakhov (1966; 1975); the same
rocks were found during drilling on the north
of the “Western arch” near Putelichorr. Rhom -
ben-porphyry xenoliths were also found within
lyavochorrites near the Eastern pass of Rists -
chorr (Borutzky, 1988). Finally, A.I. Sereb -
ritsky and the others (1990) determined wide
distribution of paleovolcanic and sedimentary
rocks in the central part of the Khibiny massif
depression filled with foyaites; on this basis he
concluded the formation of nepheline syenites
and other rocks of the Khibiny massif is palin-
genetip. All this indicates the intensive entrap-
ment of various ancient rocks (which were
rated previously as intrusions cross-cutting
nepheline syenites) as xenoliths within ne -
pheline syenites in the roof part of the pluton.

4. The interpretation of trachytoidal and
banding structures, by N.A. Eliseev (1953) as a
result of a melt intrusion alongside circular
faults, became doubtful. Thus, G.M. Virov -
lyanskiy (1996) on the basis of trachytoidal and
banding structures observations, demonstrat-
ed that it is directed not from below upwards
(as it should be when magma flows from a

depth), but from above downwards (that indi-
cates sinking of the central block of the rocks
down, while still flexible). His calculations
demonstrated that the rocks of the Khibiny
pluton, in general, sunk into subsidence
caldera for 1.5–2 km alongside a number of
cylindrical faults, the most thick of which are
localized between the host rocks and massive
khibinites (now they are referred to coarse-
grained trachytoidal khibinites), and also
between massive and trachytoidal khibinites,
which explains entrapment of various ancient
roof rocks as xenoliths.

5. The new principal data were obtained on
the nature, composition and structure of rocks
of the “Central arch”. Their stratification was
determined by N.A. Eliseev (Eliseev et al.,
1939), but this fact was not taken into account.
The detailed drilling determined the supra-ore
and below-ore strata of melteigites-urtites are
represented by the unite rhythmically strati-
fied differentiated complex of fine-medium-
grained trachytoidal (likely, gneiss-type – B3.)
melteigites-ijolie-urtites (Titov et al., 1970). In
mysterious ways, this conclusion coincided
with the translation of the book by L. Wager
and G. Brown (1970) on stratified intrusive
massifs, and attracted attention of the number
of scientists, who tried to explain this.

S.M. Kravchenko et al. (1976; 19791; 19792;
1980; 1981; 1985) concluded that the differen-
tiation of a melt into melteigites, ijolites and
urtites took place after intrusion of alkaline-
ultrabasic rocks into surrounding nepheline
syenites “in situ”, by crystallized or gravita-
tively-crystallized differentiation. By distribu-
tion of Sr and REE within accessory and ore
apatite, titanite and pyroxene, and V within
titano-magnetite, they determined hidden
stra tification of the rocks, which appeared in
the successive enrichment of the minerals with
microelements, from the lying to the hanging
side of the stratum. This, by the author’s opin-
ion (obviously, if the system is closed), should
demonstrate the successive crystallization of
melteigite-urtite intrusion from below up -
wards (and not downwards, as normally – B.).
The scientists were not confused by the fact,
that stratification of the rocks strikes not hori-
zontally, as usual does in stratified rocks, but
drops towards the center of the massif under
the angle of 15–30° to 40–50°. This was as -
sumed as an abnormality that occurred due to
sinking along the circular fault. In their con-
cluding paper (Kravchenko et al., 1985) the
authors presented additional data on titanite
successive enrichment from below with Nb
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and Zr, on nepheline – with Ga, on titano-
magnetite – enrichment with Fe and deple-
tion with Ti and V (unlike the previous data).
Also, the authors present the new data on
depletion of pyroxene with vanadium; this
resulted in conclusion of unification of all
rocks of I to III sub-phase into the “united pet-
rogenetic system”. Using the model of direc -
ted crystallization, the authors calculated
“com bined coefficients of distribution” (ac -
cording to the authors) with “trends of evolu-
tion of agpaitic melts” and change in their
activity according to the D.S. Korzhinskiy
principle (1960) on acidic-basic interaction of
compounds in melts, for these elements.
However massive urtites of the II sub-phase
did not fit the trend. The authors explained
that by a sudden change in physical-chemical
conditions during crystallization of phos-
phate-silicate melt, which formed apatite-
nepheline ore bodies, due to relative enrich-
ment it with strontium and rare-earth ele-
ments, that resulted in part-time depletion
with these elements of the minerals formed
after crystallization of the urtites melt.

Unfortunately, these scientists correlated
the data obtained with the “conditional” gen-
eralized cross-section of melteigites-urtite
stratum, that comprehends both differentiated
fine-medium-grained “trachytoidal” melteig-
ites-urtites and coarse-grained urtites formed
within; they did not consider absence of a
number of varieties of these rocks in some cer-
tain cross-sections, and their regularities
devalued at some point.

V.I. Nozdrya (1978), who worked in the
NW sector of the ijolite-urtite arch, discovered
that the summary thickness of the stratified
rocks is approximately 1000 m. He determined
five horizons in the upper zone, 2nd and 4th of
them – less thick (~35 and 35–45 correspon -
dingly), but more differentiated, with three
rhythms. In every rhythm leucocratic trachy-
toidal urtites are changed upwards by ijolites
and then melanocratic melteigites (which is
unusual for the rocks, formed by gravitation
separation – B.). He showed that besides py -
ro xene strata there amphibole and lepidome-
lane ones are widely abundant; besides titanite
strata – there are titano-magnetite ones. In
the lower zone (~600 m) he determined 3 hori-
zons: fine-grained trachytoidal ijolites, chan -
ged by trachytoidal-porphyric and then again
by trachytoidal ijolite-urtites. The middle zone
is generally composed in this region by coarse-
grained urtites and apatite-nepheline rocks;
however within the massive coarse-grained
urtites there were interstrata of fine-grained

melteigites-urtites observed, both leucocratic
and melanocratic (in the lower part of the
zone, ~50–200 m). Under clathrate and lens-
banded apatite ores there are not coarse-
grained urtites (as it is considered), but lens-
banded ijolite-urtites (with small lenses of
fine-grained ijolite within medium-grained
urtites), enriched with apatite established,
which can prove the transformation of fine-
grained: trachytoidal” ijolite-urtites into
coarse-grained massive urtites.

The detailed mineralogical-petrological
study of melteigites-urtites of the “Central
arch” conducted by T.N. Ivanova and A.A. Ar -
zamastsev et al. (Arzamastsev, Kondra to vich,
1978; Arzamastsev, Ivanova, 1985; Arzamas -
tsev et al., 1987) discovered that the rocks from
melteigites-urtite series can be divided into
two complexes by the chemical composition of
the rock-forming minerals and structural-tex-
tural features. They are: early, differentiated
fine-medium-grained trachytoidal melteigites-
urtites and late coarse-grained massive urtites,
and the latter may be united into one complex
with feldspar-urtites, juvites and ristschorrites,
similar by chemical composition, structure
and typomorphic features of the minerals con-
tained. The first complex is close to the com-
mon alkaline-ultrabasic rocks, enriched by
sodium and iron (i.e. with high agpaitic coeffi-
cients); the second – are specific feldspar-
bearing coarse-grained rocks with unusual
poikilitic structure, en riched with potassium
and silicon. The authors consider them as a
consequently intruded rocks, which were
formed within an independent magmatic
chamber during the directed crystallized dif-
ferentiation trend: coarse-grained urtites ®
feldspar urtites ® juvites ® ristschorrites,
according to experimental data obtained by
L.N. Kogarko et al. (1984), where melteigites-
urtite melt evolves towards enrichment of the
residual liquid by a feldspar component
(albite, as this system is sodium – B.) during
its crystallization. It is doubtful, however, that
this could have resulted in such an enormous
volume of a melt, the source of ristschorrites,
which consists mainly of feldspar, and not
albite or K-Na feldspar, but almost purely
potassic.

According to A.A. Arzamastsev et al. (1987)
within the generalized cross-section of strati-
fied melteigites-urtites there are three zones.
The upper zone – medium-grained trachytoi -
dal-porphyric (with impregnation of nephe -
line) mesocratic (feldspar-bearing) ijolites
(bench IA) (~150 m) and fine-grained trachy-
toidal mesocratic titanite ijolites (bench IB)
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(~40–80 m). The medium zone (~150–180 m)
– four benches (II A–D), two of them (IIA and
IID) are most differentiated with rhythms
(upwards) of lens-banded (with lenses of ijo-
lites) and taxitic (intergrowth of nepheline and
pyroxene) melteigites, changed by heteroge-
neous-grained melteigites, then – by meso-
cratic ijolite and then – by trachytoidal-por-
phyric urtite. Two other benches (IIB and IIC)
– are less differentiated and consist of medi-
um-grained trachytoidal-porphyric and fine-
grained trachytoidal mesocratic ijolites. The
lower zone (~200–250 m) – consists of medi-
um-grained (bench IIIA) and fine-grained
mesocratic (feldspar-bearing) ijolites (bench
IIIB).

Mineralogical mapping, conducted by us
across melteigites-urtite strata in one of the
cross-sections (“7a”), away from apatite-
nepheline deposits, indicated that trends in
contents of Ca, Mg and Na in rock-forming
pyroxene and K and Na in nepheline within
the middle zone (most enriched by urtites) dif-
fers from those in the upper and lower zones,
which were not explained yet (Borutzky, 1997;
2004).

Ideas of crystallized differentiation, that
explains heterogeneity of the Khibiny rocks,
inspired many scientists at that time. A.V. Ga -
lakhov (1985) observing gently sloping band-
ing (trachytoidal) of the rocks comparing to
the steep contacts of sub-intrusions, conclud-
ed that they were formed as a result of multi-
stage magmatic and crystallized differentia-
tion. On the basis of this idea, some authors
tried to explain both weak fenitization of the
surrounding rocks within exocontacts of the
massive (and not by the “dryness” of the
melt – B.), and sharpness of the contacts bet -
ween their varieties, for example, between
ristschorrites, ijolite-urtites and apatite-ne -
phe line rocks, which were earlier considered
as “intrusive” between uneven-aged intrusi -
ons. M.M. Kalinkin (1969) indicated the prob-
able syngenesis of the stratified rocks. It was
also assumed, that at the deep horizons of
stratified melteigites-urtite intrusion there
could be found blind apatite deposits, in asso-
ciation with corresponding differtiates of these
rocks.

6. It is fundamentally important that accor -
ding to the drilling data, conducted by geolo-
gists from the Khibinogorsk party, it was
determined that stratified rocks of melteigites-
urtite strata of the “Central arch” disappear
with the depth, as in all places they are under-
lied by trachytoidal khibinites, and on the east
are cut abruptly by lyavochorrites. I.e. this

stratum obviously, is not an intrusion, but was
entrapped by nepheline syenites as a giant
bow-shaped xenolith (or relic), similar by its
geological position to xenolith of paleovol-
canic and alkaline ultrabasic rocks of the
“Western arch”, that is placed on coarse-
grained khibinites and is cut medium-grained
trachytoidal khibinites. Flattening of the
melteigites-urtites stratum with depth was also
proved by geophysical data by A.A. Arza -
mastsev and V.N. Glaznev (2004). These data
eliminate the contradiction that in the Khibiny
massif, unlike all other alkaline massifs in the
world, melteigites-urtites were formed later
than nepheline syenites.

7. Concerning the coarse-grained forma-
tions of the “Central arch” – coarse-grained
and pegmatoid massive urtites, feldspar
urtites, juvites and ristschorrites, enriched in
potassium, with all respect to a number of
petrologists studied them in detail (Galakhov,
1959; Ivanova, Arzamastsev, 1985; Arzamas -
tsev et al., 1987; Korobeynikov, 1990; Kozyre -
va et al., 1990), we find it is impossible to agree
with their interpretation of these rocks as the
intrusives. In the 1940s, S.M. Kurbatov (1948)
investigating the Kukisvumchorr apatite de -
po sit, determined that apatite has metasomat-
ic origin resulted from selective replacement
of pyroxene from ijolites (enriched in calcium
phase – B.). T.N. Ivanova (1968) actually ag -
re ed with this, even though “replaced” the
“metasomatizing” liquid for a specific very
volatile liquid “apatite” magma, which pene-
trates easily through a hard rock. Investi -
gations by L.L. Solodovnokova (1959) at the
same deposits indicated that poikilitic “ne -
pheline syenites” (ristschorrites) were also
formed metasomatically as a result of succes-
sive K-feldspatization of the massive urtites
with the trend: feldspar urtites ®  juvites ®
ristschorrites. The “district” mine geologists
agreed with it (Rudenko, Kuznetsov, 1984;
Titov, Kuznetsov, 1985). It also became clear,
that the replaced massive urtites are also post-
magmatic, as are formed as a result of re-crys-
tallization of fine-medium-grained “trachy-
toidal” urtites of differentiated melteigites-
urtite series (Rudenko, 1964; 165; Titov et al.,
1971; Rudenko, Kuznetsov, 1984).

I P. Tikhonenkov (1963) also had metaso-
matic ideas, but more global (however, contra-
dictory to the above mentioned hypothesis).
According to it, along both sides of an abyssal
circular fault in the area of the “Central arch”,
khibinites and foyaites were transformed into
khibinites-like and foyaites-like lyavochor-
rites due to the orthoclasization overlayed, and

136 New Data on Minerals. 2012. Vol. 47



later – into ristschorrites; subtracted sodium
was “re-deposited” as zones of albitization and
natrolitization. During the following progres-
sive development of the process in the area of
the central part of the fault there occurred ijo-
lite-urtites and apatite-nepheline deposits.
Ristschorritization of nepheline syenites does
occur, we also observed it, however it is poorly
expressed (Borutzky et al., 1975; Kostyleva-
Labuntsova et al., 1978; Borutzky, 1988).

Considering occurrence of fenitiztion with-
in the exocontacts of the massif, granitic
gneisses xenolyths and metamorphic schists
(Gorstka, 1963; 1969; 1971; Tikhonenkova,
1967), on the basis of drilling in the “Central
arch” of the massif (Perekrest, Smirnov, 1985),
I. A. Zotov (1989) presented a hypothesis on
fenitization of xenolith of differentiated
melteigites-urtites under effect of high-tem-
perature fluids, separated from nepheline-
syenite magma (metasomatites of magmatic
stage). It is known, the direction of the rock
transformation of alkaline-basic composition
towards nepheline syenites in this process cor-
responds to the one, described as fenitization
(Bardina, Popov, 1991).

The cross-section of a xenolith of stratified
melteigites-urtites with superposed coarse-

grained metasomatites, is presented on Fig. 3.
It was made as a result of drilling by
Khibinogorsk geological party (cross-section
“7a”). One can see that melteigites-urtites of
the stratified stratum both underplayed by tra-
chytoidal khibinites and intruded by its
apophysis; from the east the stratum is crossed
by lyavochorrites. Melteigite-urtites are sepa-
rated from nepheline syenites and ristschor-
rites by a band or lujavrite-malignites, which
are traced within the series of melanocratic ijo-
lites and melteigites, along the strata. In the
drill-hole 541 there are discovered apophyses
of melanocratic lyavochorrite and veins of
aegirine-feldspar pegmatites with eudialyte,
crossing the stratum. It is also interesting that
ristschorrites of the sunk outlier, are changed
by juvites, then – specific “urtites-khibinites”
with K,Na-feldspar, separated from nepheline
syenites by fenitized khibinite (and not by
lujavrite – B.), both bodies contain lenses of
fine-grained kalsilite-orthoclase symplektites.
The similar composition is typical for another
cross-sections across the productive series.

These observations indicate the complex
character of an ancient rocks of melteigites-
urtite series with the surrounding nepheline
syenites, in correlation with their chemical
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Fig. 3. Profile (“7a”) through the layered series of melteigite-ijolite-urtite-juvite-ristschorrites near the Ijolite spur of Rasvumchorr (on
a flank of apatite deposit), compiled on a basis of the data of Khibinogorskaya GRP of Murmansk GRE PGO “Sevzapgeologia”. It
indicates that the rocks of the “Central arch” are underlying and crossed with nepheline syenites, i.e. they are not intrusive, but sim-
ilar to xenolith of paleovolcanites of the “Western arch” by their geological position. After B.Ye. Borutzky (1997; 2010).
1 – underlying trachytoidal khibinites; 2 – lyavochorrites, crossing melteigite-urtite series; 3 – malignites and lujavrites, occurred
on the contact of melteigite-urtite series; 4 – ristschorrites; 5 – juvites; 6 – feldspar “urtites-khibinites”; 7 – coarse-grained massive
urtites, underlying ore stratum; 8-10 – fine-medium-grained gneiss-like-trachytoidal melteigite-ijolite-urtites from differentiated
series: 8 – “trachytoidal” melteigites, 9 – “trachytoidal” ijolites, 10 – “trachytoidal” fine-grained porphyry-like urtites; 11 – sub-
contact fine-grained fenitized nepheline syenites; 12 – fenitized khibinites; 13 – lens-like segregations of orthoclase-kalsilite sym-
plektites; 14 – apatite-nepheline ore body; 15 – drilling holes, sinking through these strata. 



composition, structural-textural features, dis-
tance from the contact, tectonic conditions,
which determines intensity and number of
stages of fenitization process, and the type of
fenites formed.

8. The hypothesis alternative to fenitization
is expressed. The discovery of carbonatites in
the area of Tuliylukht (Minakov et al., 1981;
Dudkin et al., 1984; Snyatkova et al., 1984)
along with alkaline-ultrabasic xenoliths within
nepheline syenites identified by A.V. Gala -
khov (1966) at the southern endo-contacts of
the massif within the “Western arch” com-
posed by rhomben-porphyres, and also on its
continuation towards north in the area of
Putelichorr, indicates that the Khibiny massif
includes rock corresponding to alkaline-ultra-
basic formation, accompanied by carbonatites,
diatremes, lamprophyres dykes, tinguaites
and alkaline trachyte-porphyry. On this basis,
O.B. Dudkin et al. (1986) offered an original
hypothesis of the formation of the Khibiny
apatite deposits during the process of assimila-
tion, partial melting, re-crystallization and re -
placement of ijolite-urtites by the previously
existing hypothetic alkaline-ultrabasic massif
within the area of Khibiny, under effect of
nepheline-syenite magma. Phosphorus could
migrate to tectonically prepared areas within
the rocks. These authors indicate, that the ear-

liest apatite ores are their lens-banded vari-
eties, and massive urtites, juvites and rists -
chorrites were formed later, as the latter brec-
ciate the former and contain them as angular
xenoliths.

However, later O.B. Dudkin et al. (1988)
concluded on the earlier age of the Khibiny
melteigites-urtites regarding nepheline-syen-
ites, and their probable genesis as a result of
transformation of alkaline-ultrabasic relic
rocks under an effect of nepheline-syenite
magma. The identity of geological position of
rocks of the “Central” and “Western” arches,
was also presented. The authors concluded on
evolution of magmatism in the Khibiny
Mountains from ultrabasic towards phonolitic,
then – towards nepheline-syenites and then,
on the final stages, – to alkaline-ultrabasic
again (formation of carbonatites, dykes, dia-
tremes). As an argument of transformation of
alkaline-ultrabasic rocks into melteigites-
urtites of the Khibiny type, the authors present
similarity of chemical compositions of nephe -
line, pyroxene and apatite between ijolite-
urtites and apatite-nepheline rocks of the
Khibiny Mountains on the one hand and alka-
line-ultrabasic rocks on the other; and also
presence of accessory perovskite in the Khi -
biny apatite-nepheline ores, which is typical
for skarn and re-crystallized rocks within the
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Fig. 4. Geological sketch of the Khi -
biny massif, composed on a base of a
map MGRE PGO “Sevzap geo logia”.
After A.A. Arzamastsev & V.N. Glaz -
nev (2004). 
1 – diatremes; 2 – carbonatites; 
3 – pu laskites; 4 – massive foyaites;
5 – trachytoidal foyaites; 6 – nephe -
line syenites variously-grained (lya -
vo chorrites); 7 – apatite-nephe line
ores; 8 – massive urtites; 9 – mas-
sive juvites; 10 – К-nepheline syen-
ites (ristschorrites); 11 – melteigites,
ijolites; 12 – trachytoidal nepheline
syenites (khibinites); 13 – massive
nepheline syenites (khibinites); 
14 – peridotites, pyroxenites, meli -
litho lites; 15 – fenites from the con-
tact zone; 16 – pre-Cambrian funda-
ment; 17 – faults.
The major apatite deposits are
marked with digits: 1 – Kukisvum -
chorr (S.M. Kirov mine); 2 – Yuk -
spor; 3 – Rasvumchorr (including
same-named plateau); 4 – Koashva;
5 – Njorkpakhk; 6 – Oleniy Ruchey
(Deer Spring); 7 – Partomchorr. 
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ultrabasic massifs. The calculations (Dud kin,
1977) reveal that the elemental phosphorus
with the content of 0.57 wt% within the hypo-
thetic alkaline-ultrabasic complex could be re-
distributed within the present volume of the
Khibiny ijolite-urtite-juvites resulted in apa -
tite deposits with P content of approximately
8 wt% (14% of P2O5). We will remind, that the
similar hypothesis of a genesis of melanocratic
melteigites-urtites due to transformation of
the ancient alkaline ultramafic rocks by
nepheline-syenite magma – their re-crystal-
lization or fenitization (ijolitization, nephelin-
ization), was earlier presented by L.S. Borodin
(1971). 

Thus, at present the fact on the Khibiny
massif collected and the conclusions made,
which cannot be ignored any longer. 

Concluding this part, we must admit, that
we disagree with the recently outlined inter-
pretation of the facts mentioned above, given
by A.A. Arzamastsev and V.N. Glaznev (2004),
and their concept of the formation of the
Khibiny massif. On the Fig. 4 there is a “mod-
ern” sketch of the Khibiny massif4 construc-
tion, offered by them, and on Fig. 5 – the
hypothetic model of its formation. While the
volcanic activity at the contact of the Archean
shield with paleoriftogenetic formations of the
belt Imandra-Varzuga has no contradictions,
even though it is unclear why it is resulted in
the subsidence caldera formation (Fig. 5a),
the intrusion of alkaline-ultrabasic melts by
its periphery (5b), cut by agpaitic melts of
khibinites (5c) is unreasonable. Abrupt subsi-
dence of the caldera (unclear, what under –
B.) and filling of all the space by ijolites and
melteigites (5d) seems to be fantastic and
does not correlate with geophysical data pre-
sented by the authors (Fig. 1). The following
intrusion by the conical faults in the melteig-
ites-urtites, kalsilite-nepheline syenites, juvi -
tes and apatite rocks (5e) contradicts with all
petrological-geological and mineralogical
data presented, and the following hacking of
the central zone resulting in new conical
faults, not shown on the map (Fig. 4), replace-
ment of the early formed rocks by the foyaites
melt intruded (5f) and later intrusion of car-
bonatites and pulaskites (5g) also need to be
proved, especially pulaskites, which origin is
still unclear.

We still continue to follow the forenamed
ideas (Borutzky, 1988; 1997) on the Khibiny
massif as on the volcanic-plutonic complex,
with sunk in the roof area into the subsidence

caldera multiple xenoliths of various rocks,
both the host frame and the rocks of the early
volcanic stages, that were fenitized due to flu-
ids separated from nepheline-syenite magma
and evolved by cooling. Exactly this combina-
tion of the factors and huge size of the massif
resulted in the formation of the unique Khi -
biny apatite-nepheline mineralization, un -
known elsewhere in the world. This concept
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4 – In the original, due to the publisher’s mistake, the signs for massive and trachytoidal foyaites were confused: 5 must correspond
to the trachytoidal varieties, and 4 – to the massive (it is corrected in our paper).
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Fig. 5. Hypothetic model of the Khibiny massif formation, after
A.A. Arzamastsev & V.N. Glaznev (2004). 
1 – carbonatites; 2 – pulaskites; 3 –nepheline syenites of the
central part of the massif (foyaites); 4 – kalsilite-nepheline
syenites, juvites, apatite rocks; 5 – ijolites, melteigites; 
6 – nepheline syenites of the periphery part of the massif (khib-
inites); 7 – olivine pyroxenites, melilitholites; 8 – alkaline
vocanites; 9 – pre-Cambrian fundament; 10 – faults (the suc-
cession of reconstructions, marked with letters a – g is dis-
cussed in a paper). 



eligibility is mostly proved by the mineral-
genetic indicators, presented below.

The experience of using 
morphology, chemical composition,
crystal structure and features of the
rock-forming minerals as mineral-
genetic indicators of the formation
conditions and further alterations 
of the rocks of the Khibiny massif

We apologize for the detailed analysis of
the geological-petrological data, in the mine -
ralogical paper, but from the information
above it is clear that the ideas about the origin
of rocks of the Khibiny massif and its geologi-
cal history are contradictory and ambiguous;
therefore this analysis is absolutely necessary
for better understanding of an application of
the mineral-genetic indicators. By our opinion,
this can be done only by the combined ap -
proach and joint analysis of geological, petro-
logical and mineralogical investigations.

We will present only the brightest exam-
ples of using mineralogical indicators for solv-
ing genetic problems, which help reconstruct-
ing real geological history of the Khibiny mas-
sif. The universal mineralogical indicator is
alkaline feldspar, that helps to reconstruct
both conditions of the rock crystallization and
their post-crystallization history. Feldspa -
thoids and accessory minerals with complex
chemical composition are also sensitive indi-
cators.

1. Feldspars as indicators of paleovolcan-

ism in the Khibiny massif. It is well-known,
that rhomben-porphyres of the “Western
arch” were first considered as the late intru-
sion crossing khibinites, and were compared
with augite monzonites from the Oslo region
– larvikites (Eliseev et al., 1939). However,
sodium-rich alkaline feldspar in larvikites
overgrowths grains of plagioclase (Oftedahl,
1948), and there is no plagioclase in the
Khibiny rocks. They cannot be equate with
nordmarkites, where rectangular phenocrysts
of sodium-rich crypto- or microperthite associ-
ate with sodium-rich amphibole and aegirine,
which are absent in this proposed “intrusion”.
It is not an intrusion, as within the outcrops
near the mountains Yumjechorr, Yudichvum -
chorr and Chasnachorr, united into so-called
“Western arch” of the Khibiny massif, rhom -
ben-porphyres are observed as xenoliths, ce -
mented by fine-grained nepheline syenites
within the hanging wall of the series, and
along with xenoliths of tuffs, phonolitic tuff-
breccia and augitite-porphyres wthin its flat

wall (Borutzky, 1988). Feldspar phenocrysts in
rhomben-porphyres, determined as Lovozer -
skaya series in the Lovozero massif (Eliseev et
al., 1937; Eliseev, 1946) are also plagioclases.
In other words, the Khibiny “rhomben-por-
phyres” are likely to be the lava flow of hypa -
bys sal intrusion within the stratum of an an -
cient effusives, composing the roof of the Khi -
biny subvolcano, and remaining as a giant
relic submerged into nepheline syenites.

Mineralogical data confirm this hypothe-
sis (Borutzky, 1988; 1997). Feldspar from the
phenocrysts of rhomben-porphyry is the
most sodium in the Khibiny massif rocks:
Ab58�62Or40�36An2 (nucleus) and Ab56.6Or42.5�43.5An1

(periphery), with significant content of iron
(0.38–0.44 and 0.41–0.66 wt% Fe2O3 corre-
spondingly) and associates with titanium-rich
(Ti 0.34–0.41 аpfu) phlogopite 2M1 with Mg-
coefficient mg = 0.74–0.80. By the structural
state they are sanidine- or orthoclase-cryptop-
erthites (2t1 K-phase = 0.48; 0.65; 0.68–0.71
with Na-compound content 11–12%, rarely
up to 23.5%; t10 Na-phase = 0.951 – pure low
albite).

K,Na-feldspar of a matrix – Ab63Or36An1

(0.59 wt% Fe2O3) – associates with pyroxene
Di65Hd30Ac5 (mg = 0.68). The electron-micro-
scopic study using JEM-100C (Trubkin,
Borutzky, 1993) reveals it is also to be a cryp-
toperthite (Fig. 6). When the crystal [010] ori-
ented along the beam (on the plane a*c* of the
inverse lattice), we observed lamellae of ortho-
clase and albite, up to 300–1000Å thick, co-
growing by (�601) or (�801), This indicates their
complete coherence and formation either ac -
cording spinodal mechanism, or by homoge-
neous nucleation, and therefore it shows
absence of collective re-crystallization of dis-
solution products. In this cross-section it is
possible to observe only polysynthetic peri-
cline twins within the Na-phase (the size of
albite twins 100–500Å, 2–3 times less than
lamellae thickness). When the crystal [001]
oriented along the beam (on the plane a*b* of
the inverse lattice), we observed polysynthetic
twins of the Na-phase by albite law. In some
cases in this cross-section there finer lamellae
of orthoclase and Na-phase (~260Å) are
observed, they slightly exceed period of twin-
ning (~200Å), with splitting of reflexes of Na-
phase on the pictures of micro-diffraction to
2.6°, which corresponds to the angle g* = 88.7°
and indicates presence of high-temperature
disordered modification of albite – analbite
(high albite) within these cryptoperthites. This
is almost impossible, as the age of these paleo-
volcanic rocks ~350–400 million years. How -
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ever, the presence of high albite (t10 = 0.355,
t1m = t20 = t2m = 0.215) in our sample of the
Khibiny rhomben-porphyry is confirmed by 
X-ray study by professor R.F. Martin (McGill
University, Canada).

Thus, the investigation of these feldspars
definitely indicates for the rapid hardening of
a disordered structural state, which is typical
for the volcanic conditions. We studied the
closest analogues of the Khibiny rhomben-
porphyres are the similar formations of phono-
lites from Kilimanjaro volcano in Kenya and
Erebus volcano in Antarctica (Organova et al.,
1992).

The standard summary composition of
phonolitic breccia in association with rhom -
ben-porphyres: 55–65% Fsp, 25–30% Neph,
2.5–3.0% Px, 1.5–3.0 Ol, which corresponds
to nepheline melaphonolite. Within melano-
cratic cement: 60% Fsp, 20% Neph, 6.5% Px, 5%
Ol. Leucocratic fragments consist of K,Na-
feldspar Ab56�58Or35�39An0�5Cn1Sr�Fsp2�4, nephe -
line  Ne71�76Ks15�18Q7�9An4�5, aegirine-diopside
Di60Hd10Ac30 and rarely hortonolite Fo26�33

Fa67�60Mn�Oll6�7. Within melanocratic cement:
Ab46�56Or38�51An5Cn1Sr�Fsp2�3, Ne73�75Ks16�17Q7An2,
Di62Hd14�12Ac24�26, correspondingly; besides:
has tingsite with mg = 0.51–0.57 and biotite
(mg = 0.61) or phlogopite (mg = 0.77–0.78).
Ca-Mg-composition of the dark-colored mi -
nerals attracts one’s attention, and moreover,
hastingsite could be a result from a thermal
metamorphism of paleovolcanites, as it forms
large hopper metacrystals in the rock. How -
ever, in contradiction to R.P. Tikhonen kova
(1967) opinion, paleovolcanites are not pheni-
tized, excluding most fine-grained tuffites,
containing highly-potassic feldspar Ab25Or72

Cn3An0, aegirine Di11�13Hd12�14Ac75, ultra-alka-
line arfvedsonite (Na+K+Ca = 3.5 аpfu,
mg = 0.40) and typical agpaitic minerals –

lamprophyllite and rinkite. Thus we can agree
with L.N. Kogarko (1977), who concluded that
nepheline-syenite melt, which consumed
xenoliths of paleovolcanites, was relatively
“dry”, and hardened near the contact with an
alien body, therefore did not heat up the rock
consumed. Agpaitic mineralization, which was
the reason for a partial phenitization, was
formed due to the later, probably auto-metaso-
matic process.

Within the partially phenitized hornfelled
paleovolcanites there sometimes occur peg-
matite-like segregations containing high-
sodium anorthoclase, which X-ray patterns
reveal non-hardening transformation from
monoclinig symmetry into triclinic (Fig. 7).
Anor tho clase associates with a high-sodium
nepheline and ultra-alkaline edenite (contain-
ing Ca+Na+K over 3 аpfu – B.). All these
indicates the significantly high-sodium char-
acter of the Khibiny paleovolcanites.

It is interesting that in the drill-hole 541,
within the stratified series of melteigites-
urtites of the “Central arch” there also was
found anorthoclase. It was discovered in the
inclusion of alkaline biotite-anorthoclase
(22.7%–76.7% correspondingly) trachyte with
unusual polytypism of mica 3Тc (Boru tzky et
al., 1987; Borutzky, 1988), detected before only
in titan-oxybiotite from rhyodacite lava flow
from Ruiz Peak in Mexico (Takeda, Ross, 1975).
The anorthoclase studied (Fig. 8) is optically
homogeneous, has vastly sodium composition
Ab74.5�56.2Or17�35An9�8 (average Ab65Or26An9) with
significant content of Sr-minal (0.5–0.6 аpfu),
but almost without barium and iron. The com-
position of Na-phase Ab72Or14An15 (60% of the
sample), a* = 86.14(18)°, g* = 90.22(21)° cor-
responds to low albite; the composition of K-
phase Ab55Or45 (40%), t1 = 0.50 – to sanidine.
Thickness of la mellae is 1500–2000Å, with co-
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a Fig. 6. Orthoclase-cryptoperthites
from a matrix of rhomben-porphyry of
the “Western arch” of the Khibiny
massif, Yudichvumchorr Mountain.
Dark-field picture – by the beam ori-
entation g = 200. SEM JEM-100P.
Analyst N.V. Trubkin. After N.V.
Trubkin & B.Ye. Borutzky (1993): 
a – lamellae of K-phase (pale) and
twinned by pericline law Na-phase
(grey), related by ( 601); crystal orien-
tation [010] along the beam; 
b – lamellae of K-phase (pale) and
twinned by albite law Na-phase
(grey); crystal orientation [001] along
the beam. 

b



growth along (�201) and (�301); thickness of al -
bite twins in Na-phase is 160–200Å (Or ga -
nova et al., 1992).

Still, there was discovered only mostly
potassic feldspar within melteigites-urtites of
the “Central arch”, sometimes enriched in bari-
um and iron. Unusually high content of sodium,
calcium and strontium, disordered structure of
potassic phase, nuclear structures of a phase dis-
solution, and also association with unusual mo -
dification of biotite indicate the relic character
of that anorthoclase, and might be an argument
towards the idea about the ancient age of diffe -
rentiated melteigites-urtites – volcanic or asso-
ciated with paleovolcanoes, formations.

2. K,Na�feldspars as indicators of forming

conditions of agpaitic mineralization. More
than 94% of the Khibiny massif consists of
nepheline syenites. According to L.N. Kogar -
ko (1977), agpaitic nepheline-syenite melt is
formed as a residual, resulting from crystal-
lized differentiation of a mantle alkaline-basic
or alkaline-ultrabasic magma. It is “dry” and
reductive, and typically Khibiny agpaitic mi -
neralization occurred by direct crystallization
from such a melt, as volatile compounds dis-
solved in it and do not separate into pneuma-
tolytic phase.

However, investigation of the Khibiny
K,Na-feldspars (Kupletskiy, 1931; Borutzky,
1969; 19711; 19712; 1988; 1997; Kostyleva-La -
bun tsova et al., 1978) revealed, that in nephe -
line syenites there are two types present:
orthoclase-cryptoperthites and microcline-
microperthites, up to microcline-macro per -
thites.

Structurally, K-phase of orthoclase-cryp-
toperthites is presented in general by low sani-
dine – high orthoclase with t10 (= t1m) =
0.35–0.44 in khibinites, 0.37–0.47 in lyavo-
chorrites, 0.40–0.45 in foyaites, 0.31–0.42 in
lujavrites (i.e. with 2t1=0.62–0.94). Angles of
optical axes 2V give two maximums 55–65°
(60° in average), and 68–73°, corresponding
to “intermediate” orthoclase (~19% of mea-
surements) (Borutzky, 1997). Content of Na-
compound in K-phase, calculated by various
methods, in average: 6.5–8.5 – 8.9–11.8 – 
9.5–11.1 – 10.3–13.2%, correspondingly.
Na-pha se is represented by pure albite. Sum -
mary composition of albite phase in perthites
varies within 20–55 wt% (Borutzky et al.,
1975). Such feldspars were probably crystal-
lized directly from alkaline melt, which is indi-
cated by high content of Na-phase, morpholo-
gy of grains (laths, determined trachytoidal
rocks) and relatively weak alterations by the
later processes (cryptoperthite structure, pre-
serving of the monoclinic phase of disordered
“sanidine-orthoclase”, significant impurity of
Na-compound in it). Investigations by me tho -
dic of J.V. Smith and W.S. MacKenzie (Smith,
MacKenzie, 1955) reveal that X-ray patterns of
such orthoclase-microperthites reflections of
monoclinic phase (single spot) co-exists with
reflections of albite, split into 4 reflexes at the
position of albite-periclinic twins, imitating
original monoclinic symmetry, which indi-
cates crystallization of K,Na-feldspar in mono-
clinic form (Fig. 9a). 

Microcline-micro(macro)perthite is most
widely abundant within coarse-grained and
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Fig. 7. Anorthoclase from pegmatoid segregation in a hornfelled paleovolcanites from Yudichvumchorr Mountain (“Western arch”).
Oscillation X-ray pattern along b* axis (Cu-emission). X-ray data, etalon and obtained, with split reflexes 442 and 242 of Na-phase,
twinned by albite law (two spots A – A, on the left) and K-phase (three spots T – M – T, on the right). They indicate the non-hard-
ening transition from monoclinic symmetry into triclinic P2m ® C�1. which already took place. Blurriness of spots on the first picture
indicates gradual and duration of this phase transition. After B.Ye. Borutzky (19711; 19712; 1988). 
Fig. 8. Anorthocase from an inclusion of alkaline trachyte in the middle part of differentiated melteigite-urtite series of the “Central
arch”. Drilling hole 541, from the depth 1104 m. SEM JEOL + Hitachi. Cross-section across (001). Mag nification ×120000.  
Analyst N.D. Zakha rov (ICAN).  After N.I. Organova et al. (1992).



medium-grained trachytoidal khibinites, lyav-
ochorrites and trachytoidal amphibole foy-
aites, but is absent within massive pyroxene
foyaites and lujavrites. K-phase structurally
corresponds to the most ordered microcline
(t10 = 0.87–1.00), 2V = 78–83°, and content
of Na-compound in it 2.9–8.0%. Reflections of
K- and Na-phases are always split by albite
law, on the X-ray oscillation patterns (Fig. 9b).
the similar microcline-perthites are most typi-
cal for pegmatites of nepheline syenites (t10 =
0.93–1.00, 1.9–6.0% of Na-phase). Microc li -
ne-perthites contain not only more “pure” K-
pha se, but also contain less micro-impurities,
rather than orthoclase-cryptoperthites, in ave -
rage: ~0.17 and 0.22% Ba, 0.06 and 0.12% Sr, 0.07
and 0.13% Ca correspondingly by the similar
content of Fe – 0.23 wt% (Kostyleva-La bun -
tsova et al., 1978). It is known, that the field of
stability of microcline exists under 450–500°C,
i.e. it cannot be crystallized directly from a
high-temperature nepheline-syenite melt; and

either microcline-perthites were crystallized at
the lower temperatures, or this structural state
was “inverted” due to Si/Al ordering in sani-
dine in post-crystallized (postmagmatic) con-
ditions. Homogeneous low-temperature mic -
rocline within nepheline syenites – is a rarity
and occurs normally only in pegmatites, for -
ming lattice-like or “chess” twins, which corre-
sponds to their low-temperature formation.

Microcline-perthites are abundant in rocks,
both monoclinic and triclinic K-phases often
occurs within one monocrystal of K,Na-feld -
spar by X-ray and optic (by various extinction
and 2V variations) methods. It is also known,
that Si/Al ordering and collective re-crystal-
lization of products of dissolution involve
water, acting both as a catalyst and a medium
for transferring alkali, recrystallization and
ion-changing substitutions.

Na-phase in microcline-perthites is segre-
gated in small cracks, crossing block-crystals
(it is polysynthetically twinned by albite law),
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Fig. 9. Orthoclase-cryptoperthites and
microcline-microperthites in nepheline
syenites of the Khibiny massif. Micro -
structures and oscillation X-ray pattern
along b* axis (non-filtered Cu-emission).
After B.Ye. Borutzky (19711; 19712; 1988):
a – orthoclase-cryptoperthite from xeno-
lith in shonkinites dyke from Yumjechorr
Mountain (sample 1064); magnification
×30; on the X-Ray pattern: Na-phase –
low albite, twinned according to albite-
pericline law (cross-like splitting into
4 spots, on the left), K-phase – orthoclase
(one spot, partially overlaying the cross,
on the right);
b – microcline-microperthite in trachy-
toidal khibinites from Yumjechorr
Mountain (sample 1066); magnification
×30; on the X-Ray pattern: both Na- and
K-phases are twinned according albite
law.

Fig. 10. Evidence of sodium mobility dur-
ing the collective re-crystallization in
microcline-microperthites.
After B.Ye. Borutzky (1986; 1988): 
a – epitaxial overgrowth of newly poly-
synthetic twinned albite on the Na-phase
of microperthite in the same orientation,
as the products of a phase dissolution in
a feldspar, with replacement (ingrowth)
of segregations of K-phase in the oppo-
site individual of Baveno growth twin
(“jigsaw structure”); sample 560 from
Takhtarvumchorr Mountain; magnifica-
tion ×30; 
b – partial growth of newly formed albite
and corrosion of a lath of an early albite-
oligoclase, included in a feldspar block-
crystal, during collective re-crystalliza-
tion of the products of its phase dissolu-
tion; the same location; magnification
×46.

a b

a b



or partially moved out between the grains.
There observed etching of laths of early albite,
included into block-crystal, ingrowth of segre-
gations of Na-phase into the neighboring indi-
vidual through the plane of growth twins
(Fig. 10), that indicates the intense transition
of Na, more significant, than possible in a
“dry” system. The further development of this
process results in subtraction of sodium into
surrounding rocks, which is often interpreted
by petrologists as superposed albitization
(even though it is not an addition but loss of
sodium – B.).

Paragenetic analysis shows that in early
arfvedsonite-feldspar pegmatites with titanite,
ilmenite and apatite orthoclase-cryptoperthi -
tes and microcline-microperthites are devel-
oped almost equally (50 vs 44%), and in late
aegirine-feldspar bodies with typical for ne -
phe line syenites agpaitic minerals – eudia-
lyte, lamprophyllite and rinkite – there pre-
vail microcline-microperthites (38 vs 56%).
The same situation is observed in the rocks:
orthoclase cryptoperthites sometimes associ-
ate with Ca,Mg-minerals (aegirine-salite, cata -
pho rite, richterite), whereas microcline-micro -
perthites – with sodium-ferriferrous (aegiri -
ne, arfvedsonite); and Na,Fe-minerals corrode
and replace the Ca,Mg-minerals. Thus, we can
conclude on the formation of microcline and
agpaitic mineralization typical for the Khibiny
massif, during the late, low-temperature, most
probably, auto-metasoma tic, stage of forma-
tion of nepheline syenites, when the “dry”
regime changes by an increased role of water.
I.e. the rock-formation process does not finish
with crystallization of a melt, but continues
during post-crystallization conditions.

3. The rock-forming minerals as indicators

of forming conditions of metasomatic rocks of

the “Central arch” of the Khibiny massif.

Metasomatic rocks are considered coarse-
grained rocks that occur in the “Central arch”
of the Khibiny massif, and more or less
enriched in K-feldspar: malignites, massive
urtites (including the feldspar ones), juvites
and ristschorrites. The knowledge on the ori-
gin of these rocks is very important, as it is
assumed that massive coarse-grained urtites
genetically related with apatite-nepheline ore
bodies, and are crystallized-gravitation diffe -
rentiates of the unite melteigites-urtite intru-
sion (Kogarko, 1977). Anticipating conclusions
by L.N. Kogarko, the problem was described by
A.E. Fersman in 1931 (Selected works, 1959):
“Floatation repeats the geochemical process,
which took place in the nature. It raises the
concentrate upwards, i.e. apatite and partly

sphene, immerses nepheline to the bottom, and
further floatation of nepheline tails results in
purified nepheline concentrate, which sinks to
the bottom as a sediment, which corresponds to
the best and most pure sorts of urtites rock”
(p. 758). This is the reason the massive urtites
are that significant for genesis and prospec -
ting. But they are related with the feldspar
urtites, juvites and ristschorrites by progressive
transitions, are enriched in potassium and are
characterized by the common mineralogical
features, which was the reason for some inves-
tigators to unite them into single magmatic
com p les, intruded from the intermediate mag-
matic chamber (Kalinkin, 1969; Ivanova, Arza -
mas tsev, 1985; Galakhov, 1985; Arzamastsev et
al., 1987; Arza mastsev & Glaznev, 2004). Even
though their formation could be logically
explained by formation “in situ” and not in a
separate chamber with successive intrusion of
the similar melt fractions. Also, the space,
occupied by rists chor rites is much greater than
by massive urtites, i.e. the residual melt
exceeds the original one.

What are the mineral features uniting these
rocks? First of all, this is significally potassic adu-
laria-like orthoclase, which was mentioned by
S.M. Kurbatov (1948), L.L. Solodovnokova (1959)
and I.P. Tikhonenkov (1963). It is still difficult to
explain why melteigites-urtite melt was the
source for significally potassic, and not K,Na-
feldspar (moreover, greatly abundant – B.), this
magma is more sodic, than the nepheline-sye -
nite one – the source of K,Na-feldspars only.
The alternative hypothesis of the giant-grai -
ned rocks of the “Central arch” formation, sha -
red by us, is based on the metasomatic origin
of the rock-forming K-feldspar, replacing
nepheline inside the xenolith of melteigites-
urtites, by effect of alkaline fluid solutions,
split from nepheline-syenite magma (Kosty -
leva-Labuntsova et al., 1978; Zotov, 1989; Bo -
rutzky, 1988; 1997; 2010). In general, this
process was reviewed by I.A. Zotov (1989) re -
garding the concept by D.S. Korzhinskiy on
through-magmatic solutions.

Alkaline feldspar of these rocks was stud-
ied by us in detail (Borutzky et al., 1975; Kos -
tyleva-Labuntsova et al., 1978; Borutzky, 1988;
1997). For its three structural modifications –
adularia, maximum microcline (Boru tz ky et
al., 1984; Borutsky et al., 1985; Boru tzky, 1988)
and adularia-like orthoclase (Boru tzky et al.,
1986; Borutzky, 1988) – the crystal structure
was fully refined. The typical feature of K-
feldspar presented is its almost pure potassic
composition, with insignificant content of
micro-impurities, total absence of perthites,
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skeletal (hopper) growth of its individuals,
starting with interstitions between nepheline
grains within malignites, urtites and juvites
and ending with formation of the feldspar-
nepheline poikiloblasts (up to 10–20 cm long)
in ristschorrites. Such a feldspar occurs in all
melteigites-urtites, sometimes in the stratified
fine-grained ijolites and urtites, but only
inside the “Central arch” of the massif; it was
not described outside it.

The most studies K-feldspar is from
ristschorrites. By the structural state there are
several groups: 1) “low sanidine” (~23% mea-
surements) with content of Al in T1 0.72–0.75
(t10 = t1m = 0.36–0.38) and 2V = 33–44°,
composing water-clear areas of poikiloblasts,
and veinlets in the rock. The similar greenish
or yellowish adularia is typical for pegmatites
within the massive urtites (for example, struc-
turally studied sample 1481/D, Borutzky et al.,

1984); 2) “high orthoclase” with t10 = t1m =
0.39–0.41 and 2V = 45–50°,corresponding
to the structurally studied sample 848/M
(Borutzky et al., 1986), gradually transiting
into “intermedium orthoclase” with t10 = t1m
= 0.42–0.43 and 2V = 54–65° – the “rock-
forming” K-feldspars of ristschorrites (~53%
measurements) and 3) “maximum-ordered
microclines” (~13.5%) with t10 = 0.78–0.98
and 2V = 75–83° (for example, structurally
stu died sample 1667, Borutzky et al., 1984),
mostly abundant in pegmatites and co-exist-
ing with adularia-like orthoclase and sanidine
in the same poikiloblasts (Fig. 11).

Metasomatic nature of this feldspar is con-
firmed by the corrosion relationship with
nepheline replaced, however the following re-
crystallization of the rock with formation of
nepheline-feldspar poikiloblasts cannot be
excluded. Similarity to adularia (low-tempera-
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Fig. 11. Microcline and adularia in the rocks of the Khibiny massif. After B.Ye. Borutzky (1988): 
a – homogeneous microcline, twinned by albite law, in trachytoidal khibinites from Takhtarvumchorr Mountain (sample 1190) and
oscillation X-ray pattern along b* axis with typical split reflexes of K-feldspar by albite law (non-filtered Cu-emission);
b – “chess” homogeneous microcline in massive urtites from apatite-nepheline deposit Rasvumchorr (albite-pericline twins);
c – relics of microcline-perthite in adularia-like sanidine-orthoclase in ristschorrite, formed after trachytoidal khibinites in the con-
tact zone on Takhtarvumchorr Mountain, sample 909; magnification ×30; 
d – adularia-like sanidine-orthoclase with relic banded albite in ristschorrite from the contact zone with trachytoidal khibinites on
Petrelius Mountain, sample 592; magnification ×30.



ture formation – B.) is highlighted by its tran -
sparency, almost pure potassic composition
with minor amount of micro-impurities. Co-
existing of an adularia-like sanidine-ortho-
clase with maximum ordered homogeneous
microcline in one rock, even within one mono -

crystal indicates the temperature of formation
did not exceed 500–550°С (the upper border
of the stability field of microcline – B.). It is
ob vious, that in this case, the structurally-dis-
ordered sanidine-orthoclase, co-existing with
microcline, was formed outside its field of sta-
bility, i.e. was meta-stably crystallized.

Metasomatic genesis of ristschorrites is
also confirmed by observations at their con-
tacts with trachytoidal khibinites, where ortho-
clase-cryptoperthite and microcline-microp-
erthite of nepheline syenite is replaced by adu-
laria-like orthoclase of ristschorrites (Borutzky
et al., 1975; Borutzky, 1988). Newly-formed
orthoclase is sedimented, normally, in the
pockets remained from dissolved and sub-
tracted albite phase, own orthoclase of cryp-
toperthite is slightly disordered, and micro-
cline remains with no alterations. Later the
total re-crystallization of block-crystals takes
place, resulting in re-sedimentation or com-
plete subtraction of albite, however some-
times there are relics of microcline-microp-
erthite remains, which can be easily diagnosed
(Fig. 11c, d).

Thus, the specific structural-chemical fea-
tures of potassic feldspars, typomorphic of
massive coarse-grained new formations within
the rocks of the “Central arch”, can indicate
the superposed process of potassic-feldspati-
zation – the final stage of these metasomatic
rocks formation.

Discovery of the potassic analogue of ne -
phe line – kalsilite (Borutzky et al., 1973;
1976) in the Khibiny massif was very impor-
tant, as its existence is anomalous for sodium
rocks of the massif. First of all, it explained
abnormally high content of kalsilite mole-
cule, which was earlier included into the com-
position of nepheline from the number of
coarse-grained rocks of the “Central arch”,
and secondly, once again, attracted attention
to the “problem” of anomaly high potassium
content. While formation of kalsilite within
ristschorrites can be explained from the mag-
matic point of view, by magma differentiation
in a certain, anomaly enriched by potassium,
intermediate chamber, it is impossible to ex -
plain its occurrence in juvites, feldspar urtites
and even apatite-nepheline rocks (signifi-
cantly sodium rocks). Initial idea was about
potassic volcanic rocks with epileucite, with-
in the rocks of the “Central arch” (Borutzky,
1988). The weighty argument was rounded
shape of kalsilite-K-feldspar symplektite co-
growths and analyses of their summary com-
position often equal to the ideal chemical for-
mula of leucite. However, later investigations
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Fig. 12. Replacement of nepheline phenocrysts by kalsilite in
adularia-like orthoclase within ristschorrites from the Ras -
vumchorr Mountain. SEM JSM-5300, Link ISIS (2004). Analyst
N.V. Trubkin. After O.A. Ageeva & B.Ye. Borutzky:
a – replacement of nepheline grain by kalsilite along cracks;
b – more intensive replacement of nepheline grain by kalsilite
by veinlets and as periphery overgrowths;
c –“hoper” relics of kalsilite within adularia-like sanidine,
occurred as a result of complete replacement of nepheline by
feldspar during kalsilitization with remaining the grain shape
of the former nepheline.



using SEM (Ageeva, 2002; Ageeva & Bo rutzky,
2004) revealed replacement of the ori ginal
nephe li ne by kalsilite in almost all varieties of
juvites, ristschorrites and even apa tite-nephe -
line rocks, with remaining kal si litized phe-
nocrysts of nepheline within adularia-
orthoclase, for med later (Fig. 12). This con-
cluded in existing of an early stage of
fenitization, where potassic metasomatism
was not accompanied by ad ding of silicon,
which is consistent with ideas on the evolu-
tion of acidic-basic interaction during forma-
tion of metasomatic rocks or on kalsilite for-
mation directly on the “front of ristschorriti-
zation”. There were several rock groups
determined within the metasomatites; they
differ by intensity of kalsilitization of nephe -
line and can be characterized by differences
in paragenetic associations of accessory mi -
nerals (Ageeva & Borutzky, 2004).

Along with that, the fact that kalsilite can
be formed in some anomaly rich in potassium
rocks due to the phase dissolution of an origi-
nal leucite (epileucite) cannot be excluded;
the differentiated melteigite-urtite series
there are lenses (for example, drilling hole 541
– Fig. 3) with high concentration of kalsilite
symplektites (Borutzky, 1988). However, we
do not assume such rocks to be more melano-
cratic areas within ristschorrites, described by
P.Yu. Plechov and N.S. Serebryakov (2004),
and think that their genetic interpretation
given is not proved. Thus, kalsilite is the sec-
ond mineral-indicator, which confirmed and
refined metasomatic nature of ristschorrites
and other potassium-rich coarse-grained
rocks from the “Central arch” formation.

The formation of pure potassic feldspar by
fluids, split from nepheline-syenite magma –
most likely, potassic-sodic, and not “sterile”
potassic – is unexplainable without D.S. Kor -
zhinskiy concept (1955) on acidic-basic inter-
action of the components. These metasomati -
tes were mainly formed after the early ijolite-
urtites, i.e., after the rocks with the highest
alkalinity-basicity, which resulted in increas-
ing of potassium activity and in prevailing
over sodium activity; this explains mostly
potassic composition of a feldspar, kalsilite
and number of other accessory newly-formed
minerals. In those cases when fenitization was
laid over onto the contact nepheline syenites,
the pro cess took place similarly – K,Na-
feldspar was replaced by K-feldspar, and Na-
phase was “thrown” into micro-cracks, inter -
stitions bet ween the grains or was segregated
as albite veins with specific Ca,Na-mineraliza-
tion.

Accessory minerals, such as eudialyte, lam-
prophyllite and others, which composition
gradually changes from sodic to sodic-potassic
and to potassic, can also be used as mineral-
indicators. Their detailed study using SEM
and electron microprobe (Ageeva, 2002)
revealed that the ion-changing substitutions
between minerals during corrosion interac-
tions change for re-crystallization into the new
phases. The combination of macro-zonation
(rock varieties level) and micro-zonation
(within the separate grains of the minerals
replaced and new phases), easily observed in
these metasomatic rocks, can be explained by
difference in velocity of chemical reactions
and in speed of the flow of metasomatic fluids
(Gramenitskiy et al., 2000, p. 65-82) and indi-
cates their metastability.

Conclusions

Thus, the paper demonstrates that without
mineralogical investigation it is impossible to
make convincing petrogenetic and ore-genet-
ic conclusions due to both rocks and ores are
formed by mineral aggregates, which chemical
composition and structural features in general,
are defined by the certain mineral-forming
processes. These cannot be understood and
explained without the corres ponding mine -
ralogical knowledge. The more detailed mi -
neralogical study – the more proved our
genetic conclusions and concepts.
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The monograph Ural Emerald Mines was
published in series Famous Mineralogical
Localities in Russia in the Mineralogical Al -
manac volume 14, issue 2. Emerald Mines are
indeed one of the most famous localities due
to mines and occurrences of gem emerald and
alexandrite. The subtitle of the book stated:
“Notes on Mineralogy”. 192 mineral species
are known in this area of Central Urals for the
moment. All of the minerals were mentioned
in the text and most of them were shown in the
photos and figures.

Vladimir Ivanovich Zhernakov participat-
ed in the studies of the area for a long time
and he knew well the history of the discovery,
development and operation of the mines and
was fortunate to collaborate with many col-
leaques interesting this unique mineralogical
object.

World famous scientists such as N.I. Kok -
sharov, N.G. Nordensheld and A.E. Fersman
worked there together with less famous, but
not the last geologists such as K.K. Matveyev,
F.I. Rukavishnikov, K.A. Vlasov, E.I. Ku tu -
kova, A.A. Beus, A.I. Sherstyuk, G.N. Ver tush -
kov, A.I. Ginsburg, L.I. Kravtsova, I.I. Kup -
riyanova, M.P. Popov and others.

The geological overview was brief and
clear. Ore bodies/veins and metasomatic
complexes were described with details suffi-
cient for both scientists and amateurs. Various
points of view on their origin were presented.
Wait a moment! Wasn't it already clear how
these magnificent well-known gemstones
were formed? The author was inclined to con-
sider metasomatic origin of the emerald crys-
tals that grew replacing host hard micaseous
and other mineral aggregates. Growing emer-
ald crystals supposedly had pushed away
phlo gopite crystals because the phlogopite
rock was more porous around emerald aggre-
gates. Nevertheless, the author did not give
facts supporting that the rock was as porous
on the moment of emerald formation as it is
now. This hypothesis seemed to have a sub-
stantial basis: the micaceous rock were uni-
versally agreed to be altered ultramaphic
rocks, emeralds do have sometimes phlogo-

pite inclusions that were suggested to be
relicts of replaced mica. Wasn't it all clear?
Was it the end of the story? No, it was just the
beginning! First few contradictions to this
hypothesis were the facts that phlogopite
inclusions in various growth zones of beryl
crystals had different composition and crys-
tallized sequentially; individual mica crystals
had induction surface striation caused by
simultaneous growth with emerald.

Description of micaseous and metasomatic
rocks with talc, amphibole and chlorite were
given in a simple and clear manner and
seemed to be assuring. Ontogeny or their life
history was missing from the description.
There was a deficiency in documentary draw-
ing, which do not show the regularities of
metasomatic zoning. Pseudomorphs and
metamorphosed crystals from transitional
metasomatic zones were not described. Origin
and ontogeny of the aggregates might not be
the objective of the book, but there was a
chapter named Genesis of the Gem Stones in
the end of the book. Origin of the stones was
very interesting subject for specialists, ama-
teurs and pleasure readers. How it could not
include a genetic model? Everybody is curi-
ous where and in which association to find
emeralds.

The photographs and description of mi -
nerals were the main treasure of the book.
M.B. Leybov carried out huge amount of
expert work photographing the samples and
his name could be the second on the book's
title. The photographs depicted the beauty of
the samples, their ontogeny and rich morphol-
ogy appending author's description.

The famous intergrowth of alexandrite
crystals from Kochubey's collection was pho-
tographed at particularly fortunate angle and
was compared to two-century-old drawing by
N.I. Koksharov. Very lively photo of the
Munich emerald druse in micaceous rock was
placed next to the drawing by N. Kol -
pashnikov made in 19th century. The history,
prominent figures of the state, science and
culture came to the reader's imagination. Bon
ton promenades could be vividly imagined

OH! THOSE EMERALDS! 
ON THE BOOK BY VLADIMIR I. ZHERNAKOV “URAL EMERALD MINES”

Vladimir A. Popov
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with fine ladies with lustrous green gemstones
that become flaring red in the light of ball-
room candles.

The book was packed with pictures of
stones from various collections and epochs.
Taking the book made one feel present in the
very Emerald mines as the author of this review
felt had being there on tours for four times. The
observed color of emeralds varies from cold
bluish green to warm yellowish tints. The crys-
tals were included in brownish and grey mica-
ceous rocks. One can notice that majority of
the crystals had asymmetrical shape having
free surface on one side and the other side
imbedded in the host mineral aggregate. Such
asymmetry was typical for crystals grown in
cavities. Striation on crystal surfaces of beryl,
plagioclase and mica (Fig. l) witnessed simulta-
neous growth of the crystals.

Growth zonation of the crystals was well
observed in the color and inclusions. Fragility
of the crystals reflected in fracturing and part-
ing of the crystals during elastic deformation
of the micaceous rock. The fractures were
cured with beryl and had inclusions showing
that the deformation took place during
growth of the beryl crystals. 

Zhernakov focused on mineral and multi-
phase inclusions in crystals, described single
crystals anatomy, shape and location of the
crystals in the bodies of micaceous rocks. That
was important and predominantly new data
for retrospective modeling of the mineral for-
mation. Some researchers (Bazarov et al.,
1974) reported melt inclusions in beryl from
micaceous rocks that were believed to have
metasomatic origin.

Many rare minerals were discovered in
Emerald mines in recent years. Volume of
mineralogical information increased like a
growing crystal. Mineralogical almanac with
"reports on mineralogy" of Emerald mines was
a wonderful publication on the Urals stone
land of plenty. Besides pleasure from reading
the book, bibliophiles might be inspired to
visit the mines and discover new mineral
species.

Urals Emerald mines introduced a
researcher into ontogeny of minerals and
complex mineral formations. It would worth
reconsidering genesis of the micaceous, chlo-
rite and amphibole rocks. Some of these for-
mations may appear to be magmatic as some
minerals including beryl have melt inclusions.
Alkaline-ultramafic melts with high fluorine
and water content (solution-melt) if crystal-
lized within confined volume could generate
rock bodies with numerous small miarolithic
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Fig. 1. Cross section of 6 cm long sectorial beryl crystal along 6th

order crystal axel was cut and polished to resolve a scientific
discussion on, its internal structure of the crystal and presented
by E.M. Spiridonov to V.I. Popova. 
1  – early green zones; 2 – greyish green zones of the hexago-
nal prism; 3 – interlaying of green and colorless growth zones
of pinacoid; 4 – emerald zone on the top of the crystal; 
5 – oligoclase with growth striation on the surface with beryl
and phlogopite; 6  – phlogopite.

Fig. 2. Schistose magmatic micaceous rock with chrysoberyl
phenochrists.

1 cm
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cavities and with the end of crystallization
from hydrothermal solution. Strong deforma-
tions of all the rock formations obscured fea-
tures reflecting genetic information. Chlorite-
phlogopite dikes with alexandrite phenoc -
rysts were metamorphosed into schist (Fig. 2).
Nevertheless, rocks in some places suffered
only little deformation and left some features
intact. Certain features of crystallization in
cavities were obtained from those places such
as geometric crystal selection towards the
center of the mineral body. Emerald mines are
a suitable object to study for mineralogists
fond of modeling of crystallization of rare
ultramafic silicate melts of unusual composi-
tion rich in water, fluorine, phosphorus and
beryllium.

Further exploitation of the mines needs
such work arrangements that would include
constant scientific mineralogical monitoring
and documentation in the mines workings.

Lack of such scientific support and observa-
tions would leave mankind ignorant of the ori-
gin and formation of such beautiful rocks and
where to find them.

The book of V.I. Zhernakov directes to a
wide audience for adoring and admiration of
stone beauty, improving of the spirits, discov-
ering ontogeny of the stone and for those who
like studying stones from the pictures. It was a
wonderful publication!
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