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Abstract. Kayupovaite, with the idealized formula Na;Mnio[(Sij4Al>)O33(OH)g]-7H,0, is a new mineral
named in honor of Maria Mikhailovna Kayupova (1921-1980), the mineralogist of the Satpaev Institute of
Geological Sciences (Alma-Ata, USSR) who studied the Ushkatyn-III complex baryte-lead/iron—-manganese
deposit, Karagandy Province, Kazakhstan, the type of locality of the described mineral. Kayupovaite forms
coarse lamellar (typically bent and split), light-gray, greasy luster crystals up to 0.2 x 0.15 x 0.01 mm in size,
combined into radial, scaly, or lamellar aggregates up to 3 x 3 x 0.5cm and embedded in a calcite-rhodonite
matrix. Optically, in transmitted light, kayupovaite is colorless, with undulatory extinction due to the crys-
tal curvature. It is non-pleochroic and biaxial (=), with o of 1.551(4) and B = y1.586(2), 2Vipeas =3 £ 1°.
Kayupovaite is monoclinic and of space group C2/c, with a = 24.9149(9), b = 16.4343(5), ¢ = 22.3974(7) A,
B =94.408(3)°, V. =9143.7(5) A3, and Z = 8. The strongest lines of the powder X-ray diffraction pattern (d
in A (1) (hkl)) are as follows: 12.34(100)(200), 3.45(8)(71 — 1), 3.09(8)(800), 2.85(100)(121), 2.5946(12)(714),
2.642(11)(354), 2.614(7)(40 — 8), and 2.414(7)(554). The Raman spectrum of kayupovaite contains the follow-
ing bands (cm™'): 3635 and 3560 (O-H stretching vibrations of OH groups and HyO molecules); 1041, 768,
742, and 717 (Si—O and Al-O stretching modes); 657, 532, 499, 460, 405, 374, and 333 (Mn-O stretching
and Si—O-Si modes); and 304, 291, 224, 157, and 100 (lattice modes). The absorption bands of the infrared
spectrum are as follows (cm™!): 3629, 3511, and 3390 (O—H stretching vibrations of OH groups and H,O
molecules); 1640 (H>O bending vibrations); 1020 (Si—O stretching vibrations); 778 VAI-0 stretching vibra-
tions); 724 (Mn—O-H bending mode); 651 (O-Si-O bending mode); and 459 (Mn2+—O stretching vibrations).
The empirical formula of kayupovaite, calculated on the basis of (O + OH)=46 atoms per formula unit, is
(N30.91K0.46C30.14)21.51(MngnggO.wZUO.OZ)Z10.20[(3114.28A11.61)215.89038(OH)8]'7-23H20- The mineral be-
longs to the group of modulated manganese phyllosilicates and is structurally related to stilpnomelane. The
absence of iron in the mineral is a result of oxidative Mn—Fe fractionation during the formation of braunite-rich
Mn ores.
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1 Introduction

A sample consisting of Mn-rich calcite and rhodonite with a
layer (up to 3 cm thick) of an unidentified light-gray mineral
was found in 2018 on the bottom of the open pit operating
at the Ushkatyn-III complex baryte—lead/iron—-manganese
deposit in Karagandy Province, Kazakhstan (48°16'06” N;
70°10'43” E). Subsequent detail studies have shown that
this mineral is a new species belonging to the modulated
manganese phyllosilicates. The mineral, with the idealized
formula Na,Mno[(Sij4Al)O33(OH)g]-7H,0O, was named
kayupovaite in honor of Maria Mikhailovna Kayupova
(Cyrillic: Mapust Muxaiinosna Karonosa, Fig. S1 in the Sup-
plement) (1921-1980), the Soviet mineralogist who worked
at the Satpaev Institute of Geological Sciences, Almaty
(Alma-Ata), Kazakhstan, for her contributions to the min-
eralogy of Mn—Fe deposits in central Kazakhstan, including
Ushkatyn-III (Kayupova, 1964, 1972, 1974). The mineral,
its name, and its symbol (Kyp) have been approved by the
Commission on New Minerals, Nomenclature and Classifi-
cation of the International Mineralogical Association, IMA
no. 2022-045. The holotype specimen is deposited at the
Mineralogical Museum of the Department of Mineralogy,
Saint Petersburg State University, Saint Petersburg, Russia,
under catalogue no. ML OF 458.

Modulated manganese phyllosilicates (which are also
referred to as double-layer sheet silicate based on miscella-
neous nets; e.g., Hawthorne et al., 2019) are characterized
by two-dimensional silicate anions of unique topologies
induced by the incommensurate relationships between the
octahedral and tetrahedral sheets (Liebau, 1985; Guggen-
heim and Eggleton, 1987; Guggenheim and Eggleton, 1988;
Grice and Gault, 1995; Hughes et al., 2004; Krivovichev
et al.,, 2004; Yakovenchuk et al., 2007). Several groups
of modulated manganese phyllosilicates can be distin-
guished based on their chemical composition and powder
X-ray diffraction patterns. Among them, stilpnomelane-
related minerals are probably the most widespread and
geochemically important. Stilpnomelane-related miner-
als are layered (alumino)silicates rich in Mn and/or Fe
(main octahedral cation), containing Na and/or K (main
interlayer cation), significantly enriched in H-bearing
groups (OH, H;0), and characterized by quite similar
powder X-ray diffraction patterns (with intense peaks with
d~12A). Stilpnomelane-related minerals are armbrusterite
(NagKsMn**Mn?7 (Sig022)4(OH)19-4H,0),  bannisterite
((Ca,K,Na)(Mn** Fe*®)10(Si,AD)16033(OH)s-nH20),
franklinphilite ((K,Na)4(Mn2+,Mg,Zn)4g(Si,A1)72
(O,0H)716- 6H,0), lennilenapeite
(K7(Mg,Mn?* Fe?t,Zn)43(Si,Al)72(0,0H)216° 16H>0),
parsettensite ((K,Na,Ca)7.5(Mn,Mg)49Si720163(OH)50-nH,0),
and middendorfite (K3NayMnsSij2(0,0H)36-2H,0) (e.g.,
Pekov et al., 2007; Hawthorne et al., 2019). Kayupo-
vaite (NapMng[(Sij4Al»)O38(OH)g]-7H,O) is a new
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stilpnomelane-related mineral, an Na-dominant analogue of
bannisterite.

2 Occurrence

The Ushkatyn-III deposit is located 300 km southwest of
Karagandy and 15km northeast of Zhairem Town, Kara-
gandy Province, Kazakhstan. The Ushkatyn-III deposit was
discovered in 1962 and has been operating since 1982 (e.g.,
Kayupova, 1974; Buzmakov et al., 1975; Rozhnov, 1982;
Kalinin, 1985). The deposit is complex: both baryte—lead and
iron—manganese ores are present in various parts of it (e.g.,
Kayupova, 1974; Rozhnov, 1982; Brusnitsyn et al., 2021,
2025). The specimen with kayupovaite was found in the zone
of braunite-rich ores (see below). It is the second new mineral
discovered at the Ushkatyn-III deposit: gasparite-(La) was
recently found by us in hausmannite-rich ores (Vereshchagin
etal., 2019).

The deposit is located within the continental paleorift
and is composed of a sequence of terrigenous—siliceous—
carbonate rocks of the Upper Devonian—Lower Carbonif-
erous age. The eastern part of the deposit is composed of
reef limestones containing baryte—galena mineralization. In
the western part of the deposit, these rocks are replaced
first by detrital nodular-layered limestones containing lay-
ers of iron and manganese ores. The reef limestones con-
tain baryte—galena mineralization (baryte—Pb ores), while the
organogenic—detrital limestones contain Fe (hematite)-Mn
ores (braunite and hausmannite). The productive member has
a well-defined cyclic structure, with a rhythmic alternation of
limestone layers and ore layers, composed of Fe and/or Mn
ores (e.g., Brusnitsyn et al., 2021). Iron and manganese ores
are almost always separated either by section or by strike.
The thickness of individual layers of Mn ores within the de-
posits ranges from 0.3 to 8m (2m on average), while the
thickness of Fe ores does not exceed 1 m. The total thick-
ness of the ore-bearing member varies from 50 to 200 m; the
member can be traced over a distance of more than 2.5 km
and over a depth up to 1.2 km (Brusnitsyn et al., 2024).

Iron and manganese ores are fine-grained rocks with
lenticular-banded and layered textures. The main minerals in
iron ores are hematite; calcite; quartz; and small amounts of
albite, muscovite, baryte, hydroxylapatite, tilasite, pyrite, and
galena. The major minerals of the hausmannite ores are haus-
mannite, rhodochrosite, calcite, tephroite, manganese mem-
bers of the humite group (sonolite and alleghanyite), and
friedelite. Their accessory minerals are hematite, jacobsite,
caryopilite, clinochlore, and pennantite. The braunite ores
are composed predominantly of braunite and calcite, with
subordinate amounts of quartz and albite. Their typical mi-
nor minerals include hematite, kutnohorite, rhodochrosite,
friedelite, pennantite, rhodonite, axinite-(Mn), and potassic
feldspar (e.g., Kayupova, 1974; Vereshchagin et al., 2019;
Brusnitsyn et al., 2024, 2025).
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Based on available mineralogical, geochemical, and iso-
topic data, it was suggested that the deposit was formed
during low-grade metamorphism (~ 250 °C, ~ 200 MPa) of
metalliferous sediments composed of Fe3* and Mn3* /Mn**
oxides, carbonates, (alumino)silicates, and organic matter
(Brusnitsyn et al., 2024). It is assumed that iron and man-
ganese initially accumulated in the discharge area of hy-
drothermal solutions seeping into the sea basin along fault
zones (e.g., Kayupova, 1974; Rozhnov, 1982; Brusnitsyn et
al., 2021). The differentiation of metals occurred with the se-
quential precipitation of iron (first) and manganese (second)
as a result of fluctuations in the physicochemical parameters
(temperature, pressure, and oxygen fugacity) of the water
mass due to sea level change and/or changes in hydrother-
mal activity. This process was regularly interrupted, result-
ing in the formation of a cyclically constructed ore-bearing
sequence with alternating ore Fe—Mn layers and limestones
(separating them). Key differences in the mineral composi-
tions of two types of manganese ores (braunite vs. hausman-
nite) were due to the unequal content of reactive organic mat-
ter (OM) in the original sediments (Brusnitsyn et al., 2020,
2021, 2024). Braunite ores are formed under oxidizing con-
ditions, while hausmannite ores are formed in a relatively re-
ducing subanaerobic environment. Braunite and hausmannite
ore associations should be considered to be “oxidized” and
“reduced” facies of metamorphosed manganese deposits, re-
spectively (Brusnitsyn et al., 2020, 2021, 2024, 2025).

Weakly metamorphosed Mn-rich sediments are typical for
most of the stilpnomelane-related minerals (except armbrus-
terite and middendorfite). Stilpnomelane is known from sev-
eral hundred localities worldwide, among which the banded
iron formation (BIF) type is the most important, being
present as an indicator of low-grade metamorphic conditions
and possible rare Earth element careers (e.g., Haugaard et al.,
2017). It is worth noting that most of the stilpnomelane finds
have not been confirmed by X-ray diffraction, suggesting that
at least some of them may be other stilpnomelane-related
minerals. Both bannisterite and parsettensite are known from
about 20 localities (see mindat.org) and are typical for low-
grade Mn-rich sediments (e.g., Sustavov et al., 1997).

3 General appearance and optical properties

Kayupovaite forms coarse lamellar (typically bent and split)
crystals up to 0.1 x 0.05 x 0.02 mm in size, combined into
radial, scaly, or lamellar aggregates up to 3 x 3 x 0.5cm in
size and embedded in a calcite-rhodonite matrix (Fig. 1). The
mineral is light gray with white streaks and greasy luster. It is
non-fluorescent under either short- or long-wave ultraviolet
radiation. The Mohs’ hardness of kayupovaite is 4; the min-
eral is brittle with perfect cleavage. The calculated density is
2.76 gcm_3 based on the chemical data (Table 1) and unit
cell parameters obtained from single-crystal X-ray diffrac-
tion (SCXRD) data (Table 2).

https://doi.org/10.5194/ejm-37-829-2025

Optical properties of kayupovaite were studied by means
of a DLMP polarizing light microscope (Leica, Germany).
Kayupovaite is colorless in transmitted light, with undulatory
extinction due to crystal curvature. The mineral is biaxial (-
), with @ =1.551(4), B =y1.586(2), and 2Vipeas =3 £ 1°.
The Gladstone—Dale compatibility index 1 (K,/K.) is 0.042
(good).

4 Thermal analysis and chemical composition

The differential scanning calorimetry (DSC) and thermo-
gravimetry (TG) curves of kayupovaite (Fig. 2) were ob-
tained using an STA 449 F3 Jupiter instrument (Netzsch,
Germany). The analyzed sample (~2mg) was heated (in
an oxygen atmosphere) from 30 to 1200°C at a rate of
10°C min~!. Kayupovaite has an intense and wide endother-
mic peak at low temperatures, accompanied by a sharp loss of
sample weight. The parameters of this effect for kayupovaite
are fmax = 126 °C (—4.2 %). It is most likely that the rapid
weight loss at + = 100-200 °C is caused by the removal of
weakly bound water from kayupovaite. A sloping decrease
in the level of the DSC and TG curves of the studied mineral
is recorded in the region of # > 200 °C. A gradual decrease
in mass at higher temperatures is associated with the release
of zeolite water, and local inflections on the TG curve corre-
spond to the loss of constitutional water structurally bound in
the form of OH groups. Inflections on the TG curve due to a
decrease in mass were established at t = 420 °C (—2 %) and
t ~ 1000 °C (—2.5 %). The DSC curve of kayupovaite regis-
ters a narrow and intense exothermic effect without changing
the mass of the sample at r = 770 °C. The decrease in mass is
due to the processes of dehydration. The total weight loss for
kayupovaite is 10.7 %, of which 4.2 % is accounted for by
crystallization water, and 6.5 % is accounted for by zeolite
and constitutional water.

Elemental composition (Table 1, Fig. 3) and morphology
(Fig. 1) were studied by means of an S-3400 N (Hitachi,
Japan) scanning electron microscope (SEM) equipped with
an AzTec Energy X-Max 20 (Oxford Instruments, UK)
energy-dispersive X-ray (EDX) and WAVE 500 (Oxford
Instruments, UK) wavelength-dispersive X-ray (WDX)
spectrometers. The conditions of the analyses were 20kV
(accelerating voltage), 2nA (beam current), and 20s (data
collection time) for EDX and 20kV, 5nA, and 60s (30s
per element and 30s background acquisition times) for
WDX. The elemental composition of kayupovaite was
obtained by EDX during 5x 5 to 10 x 10 pum area scans
as higher acquisition time (needed for WDX) led to an
increase in K content due to e-beam-induced intra-lattice
cation migration typical for stilpnomelane-related minerals
(e.g., Plimer, 1977; Dunn et al., 1992). Additionally, Na,
K, and Li contents were measured by inductively coupled
plasma optical emission spectroscopy (ICP-OES) on an
OPTIMA-4300 spectrometer (Perkin-Elmer, USA). The
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Figure 1. Kayupovaite (Kyp) aggregate in calcite (Cal)-rhodonite (Rdn) rock: (a) hand specimen Ush318-106 — a veinlet made by a parallel-
lamellar aggregate of kayupovaite. The sample is oriented nearly parallel to the plane of the vein. (b) Scanning electron microscope—
backscatter electron image (SEM BSE) image — calcite veinlets inside kayupovaite aggregate. (¢) Parallel-polarized light and (d) cross-

polarized light — clusters of lamellar kayupovaite crystals.

Table 1. Chemical data (in wt %) for kayupovaite.

Constituent Mean Range SD (20) Reference material
SiO; 4536  42.30-47.91 3.78 Quartz
Al,O3 4.35 3.77-4.94 0.78  Corundum
MnO 3492 33.30-36.36 2.04 Mn metal
ZnO 0.07 0.00-0.22 0.18  Zn metal
MgO 1.88 1.51-2.36 0.68 MgO

CaO 0.42 0.27-0.70 0.26  Anhydrite
NapO 1.49 1.27-1.70 0.28 Halite
K>,O 1.14 0.78-1.36 0.46  Sylvite
H,O* 10.7

Total 100.33

* From thermal data.

obtained data (NaO — 1.64 %, K,O — 1.08 %, Li — 15 ppm)
are close to the corresponding chemical data (Table 1)
and indicate that the mineral is virtually Li-free with
Na > > K. The empirical formula of kayupovaite calcu-
lated on the basis of (O + OH) =46 atoms per formula unit is

(Nap.91Ko.46Cag.14)x1.51 (Mngnggo.wZno.oz)z 10.20[(Si14.28
Al 61)x15.800338(OH)s]-7.23H, 0. The simplified formula is

Eur. J. Mineral., 37, 829-840, 2025

(Na,K,Ca)z(Mn2+,Mg) 10[(Si,Al)16038)(OH)g]-7H, O, while
the ideal formula is NapMno[(Sij4Al;)O33(OH)g]-7H, 0,
which requires the following (wt %): SiO> — 43.96, Al,O3
—5.33, MnO - 37.07, NayO - 3.24, and H,O - 10.40 (total
100).

https://doi.org/10.5194/ejm-37-829-2025
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Table 2. Crystal parameters, data collection, and structure refinement details for kayupovaite.

Crystal data

Crystal size (mm) 0.20 x 0.15 x 0.01

Crystal system, space group Monoclinic, C2/c

a,b,c(A) 24.9149(9), 16.4343(5), 22.3974(7)
B () 94.408(3)

V(A3 9143.7(5)

VA 8

D, (gem™3) 2.570

Data collection and refinement

HKL file type HKLF5

Radiation MoKa (A =0.71073 A)
Temperature (K) 296

2®@max (°) Truncated at 50.00

No. of measured, independent, and observed (I > 20 ([)) reflections 45681, 45681, 33479
h,k,l range -29 — 29, —-19 — 19, —26 — 26
F(000) 6875

w (mm~1) 3.10

No. of refined parameters 698

R [F > 40(F)], wRy 0.162, 0.530

Goodness of fit (GoF) 2.35

Data completeness 0.956

Table 3. X-ray powder diffraction pattern of kayupovaite (d spacings in A). The most intense lines are marked in bold.

Imeas  dmeas  Icalc deale h k l ‘ Imeas  dmeas  lcalc deale  h k l
4 13.85 2 1371 1 1 0|8 3.09 3 311 8 0 0
100 12.34 100 1242 2 0 0| 12 2.85 1 2852 7 1 4
3 1191 1 1 -1 1 2827 1 5 —4
2 1147 1 1 1|4 2.800 32802 1 5 4
3 8.90 1 8842 1 1 =2 1 2798 3 5 3
1 8482 1 1 2|4 2.761 2 2769 2 0 -8
2 7.16 2 7168 3 1 —-1]1 2.710 1 2706 7 3 3
1 6.93 2 6880 3 1 1111 2.642 7 2649 3 5 4
1 6661 1 1 =317 2.614 4 2623 4 0 -8
1 5.55 <1 5583 0 0O 4 1 2503 5 5 —4
2 5.21 1 5222 1 3 —-113 2.487 1 2489 3 5 5
3 4.61 2 4618 0 2 4 |17 2414 3 2420 5 5 4
1 647 <1 6430 1 1 3|6 2.393 2 2402 6 0 -8
1 4.301 1 1 =511 2.323 <1 2318 8 4 —4
5 4.11 4 4140 6 O 0] 2 2.255 1 2257 7 5 —4
1 4109 0 4 0 1 2236 6 0 8
1 38 0 4 214 2.169 2 2173 7 5 4
4 3.81 2 3824 4 2 -4 1 2160 8 0 -8
3 366 <1 3655 2 4 213 2.010 1 2016 9 5 —4
2 3.59 1 3598 4 2 412 1.932 1 1939 9 5 4
1 3469 7 1 0 1 1643 0 10 0
8 3.45 2 3467 7 1 -1 1 1623 1 5 -12
1 3427 4 4 0 1 1.610 3 5 -12
5 3.37 2 3389 7 1 1

https://doi.org/10.5194/ejm-37-829-2025 Eur. J. Mineral., 37, 829—-840, 2025
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Figure 2. Differential scanning calorimetry (DSC) and thermo-
gravimetric (TG) curves of kayupovaite.

5 X-ray powder diffraction and single-crystal data

X-ray powder diffraction data were obtained using a R-AXIS
Rapid II diffractometer (Rigaku, Japan), a curved (cylindri-
cal) imaging plate detector (r = 127.4 mm), CoK « radiation
(A =1.79021 A), a rotating anode (40kV, 15 mA) with mi-
crofocus optics, Debye—Scherrer geometry, and an exposure
time 15 min (Table 3). Because of multiple indexing and the
weak intensities of lines, the attempts to refine unit cell pa-
rameters based on powder data did not give reliable results
(e.g., Dunn et al., 1992). Therefore, theoretical pattern (Ta-
ble 3) was calculated using CCDC Mercury 2020.3.0 based
on structure refinement results.

Single-crystal X-ray diffraction (SCXRD) analysis was
performed using an XtalLAB Synergy-S (Rigaku Oxford
Diffraction, Japan) diffractometer equipped with a HyPix-
6000HE detector with monochromated MoK« radiation
(A[MoKa]=0.71073 10\) at 50kV and 1 mA. More than a
hemisphere of three-dimensional data was collected, with a
frame width of 0.2°. The data were integrated and corrected
for background, Lorentz, and polarization effects. An empir-
ical absorption correction based on spherical harmonics im-
plemented in the SCALE3 ABSPACK algorithm was applied
in the CrysAlisPro program. The anisotropic displacement
parameters were refined for all atoms.

Kayupovaite crystals are of very poor quality (Fig. 1), and,
even with the best selected platelets and applying a narrow
frame width (0.2°), the diffraction patterns resemble oblique
layered textures rather than single-crystal frames (Fig. 4).
That is, altogether, large unit cell parameters and twinning
made data reduction, structure solution, and refinement of
kayupovaite a challenging task (Table 2). The crystal struc-
ture was solved and refined using the SHELX-2018 set of
programs (Sheldrick, 2008) and the Olex2 v.1.5 graphical
user interface (Dolomanov et al., 2009) based on the HKLF5
file obtained from the twinned platelet ([—100][0-10][001]).
The best achieved reliability index after anisotropic refine-
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ment was (.16, but the structure is clearly defined. Atomic
positions in [SiO4] tetrahedra, [MnOg] octahedra, and Na
atoms are the same as in the reported bannisterite struc-
ture (Heaney et al., 1992) (Crystallographic Information File;
Fig. 5). The bond lengths are of the same order as in bannis-
terite (Heaney et al., 1992), and, like the latter, the Si—O dis-
tances at the hydroxyl-bonded atoms Sil3, Sil4, and Sil5 are
substantially elongated (Crystallographic Information File;
Fig. 5). All Na sites were refined as Na and were found
to have incomplete occupancy. Magnesium partially substi-
tutes manganese in Mnl, Mn2, and Mn4 positions (Crystal-
lographic Information File). Because of poor data quality and
low overall Al contents, no attempts were made to refine the
Si—Al population; therefore, all tetrahedral units were treated
as [SiO4].

The interstitial complexes of kayupovaite, as well as of
other stilpnomelane-related minerals, are based on miscella-
neous nets that consist of sheets of octahedrally coordinated
Mn?* /Fe** /Mg?*, with additional alkali- and alkaline-
Earth cations (Na/K/Ca) and (H2O) groups in interlayer
(Eggleton, 1972; Guggenheim and Eggleton, 1987; Guggen-
heim and Eggleton, 1988; Heaney et al., 1992; Eggleton and
Guggenheim, 1994; Hawthorne et al., 2019). It should be
noted that the crystal structures of only kayupovaite, bannis-
terite, and armbrusterite were solved and refined on the ba-
sis of SCXRD data, while the crystal structures of all of the
other stilpnomelane-related minerals were studied using only
electron diffraction (via transmission electron microscopy)
of powder X-ray diffraction (or both; Table 4).

6 Spectroscopy

6.1 Raman spectroscopy

The Raman spectrum of kayupovaite (Fig. 6) was obtained
from an unpolished sample by means of a LabRam HR800
(Horiba, Japan) spectrometer equipped with an Ar™ laser
(A =514.5nm) with maximum power of 50mW and an
BX41 microscope (Olympus, Japan), using a 50x confo-
cal objective. The spectrum was acquired at room tempera-
ture in a range of 80-3800cm™! at a resolution of 2cm™!.
To improve the signal-to-noise ratio, the time of acquisi-
tion is 150-300s, and the spectra were repeated three times
for each of the three grains. The grains were randomly ori-
ented. The power at the sample was 5SmW. The spectrum
contains the following bands (cm™1): 3635 and 3560 (O-
H stretching vibrations of OH groups and H,O molecules);
1041, 768, 742, and 717 (Si—O and Al-O stretching modes);
657, 532, 499, 460, 405, 374, and 333 (Mn-O stretching
and Si—O-Si modes); and 304, 291, 224, 157, and 100 (lat-
tice modes). The band assignments were made by analogy
with the Raman spectra of stilpnomelane and other struc-
turally related phyllosilicates (Kuebler, 2013; Wang et al.,
2015). The kayupovaite spectrum is similar to the bannis-
terite spectrum (R060817) from the RRUFF database (https:

https://doi.org/10.5194/ejm-37-829-2025
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Figure 3. Ratios of interlayer (a) and octahedrally coordinated (b) cations in kayupovaite and bannisterite.

Table 4. Selected crystallographic data for kayupovaite and other stilpnomelane-related minerals.

Name Sp. gr. a, A b, A c, A a, ® B.° vy,° V, A3 Z  Reference

Kayupovaite C2/c 24915 16.434 22397 90 94.41 90 9144 8  This study

Bannisterite (Broken Hill)*  C2/c 24575 16.386 22.286 90 94.36 90 8948 8  Heaney et al. (1992)

Bannisterite  (Franklin)*  C2/c 24.668 16.368 22.265 90 94.29 90 8965 8

Stilpnomelane P1 21.724 =b 17740 121.14 95.86 120 5074 6  Eggleton (1972)

Lennilenapeite Plor Pl 21.9 - - - - - - 1 Dunn et al. (1984)

Franklinphilite Plor Pl 5.521 9.560 36.57 - - - 1930 3/8 Dunnetal. (1992)

Parsettensite C2/m 39.1 22.84 17.95 90 121.5 90 11216 2 Eggleton and Guggenheim (1994)
Armbrusterite C2/m 7.333  23.539 13.490 90 115.07 90 4985 2 Yakovenchuk et al. (2007)
Middendorfite P2y/m or P2 12.55 5.721 26.86 90 114.04 90 1761 2 Pekov et al. (2007)

* Authors’ parameters were permuted to conform to the standard C2/c setting; — denotes not given.

Figure 4. A typical narrow (0.2°) single-crystal frame of kayupo-
vaite.

https://doi.org/10.5194/ejm-37-829-2025

/frruff.info/bannisterite/, last access: 3 July 2025) and the
spectrum of co-type bannisterite from Broken Hill (NSW,
Australia) obtained in this work (Fig. 7).

6.2 Infrared spectroscopy

The infrared (IR) absorption spectrum of kayupovaite
(Fig. 8) was obtained for a powdered sample mixed with an-
hydrous KBr and pelletized. The pellet was analyzed using
the IR Fourier spectrometer Vertex 70 (Bruker, USA). The
spectrum was recorded to be in a range of 400—4000cm~!.
The IR spectrum of kayupovaite is similar to the spectrum
of bannisterite (Sustavov et al., 1997) and contains the fol-
lowing bands (cm_l): 3629, 3511, and 3390 (O-H stretch-
ing vibrations of OH groups and H>O molecules); 1640
(H,0 bending vibrations); 1020 (Si—O stretching vibrations);
778 (Y Al-O stretching vibrations); 724 (Mn—O-H bending
mode); 651 (O-Si-O bending mode); and 459 (Mn*t-O
stretching vibrations). The bands near 1400 and 860cm™!
correspond to stretching and bending vibrations, respec-
tively, of C—O in admixed Mn-rich calcite. The main differ-
ences between the IR spectra of bannisterite and kayupovaite
from the spectra of other stilpnomelane-related minerals are

Eur. J. Mineral., 37, 829-840, 2025


https://rruff.info/bannisterite/
https://rruff.info/bannisterite/
https://rruff.info/bannisterite/
https://rruff.info/bannisterite/

836

O. S. Vereshchagin et al.: Kayupovaite, a new stilpnomelane-related mineral from the Ushkatyn-11l deposit

Figure 5. Crystal structure of kayupovaite. (a) Layers composed of edge-sharing [MnOg] octahedra (yellow) interleaved with a complex
of layers of [SiO4] tetrahedra (blue). Sodium atoms (blue) and water molecules (oxygen atoms of red color) reside in the cavities of the
[SiO4]-based layer. (b) Arrangement of [SiO4]-based layer adjoined to the layer of [MnOg] octahedra.
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Figure 6. Raman spectrum of kayupovaite. (a) The “fingerprint” region. (b) O—H stretching region. Note: Cal refers to the band correspond-

ing to admixed calcite.

in the region of O—H stretching vibrations (3000—4000 cm™")
(Fig. 9).

7 Discussion and conclusions

Kayupovaite stands out among other stilpnomelane-related
minerals due to its chemical composition. It is the first min-
eral of this group that is, in fact, Fe-free: kayupovaite does
not contain EDX-detectable iron. In this regard, it is closer
to the minerals from peralkaline pegmatites, namely arm-
brusterite and middendorfite, which contain less than 1 wt %
FeOyo (Pekov et al., 2007; Yakovenchuk et al., 2007). The
similarity in terms of the ionic radii of Mn and Fe (Shan-
non, 1976) and the high concentrations of iron, in bannis-

Eur. J. Mineral., 37, 829-840, 2025

terite (> 5 wt %; e.g., Plimer, 1977; Heaney et al., 1992; Sus-
tavov et al., 1997) indicate that Fe may be incorporated into
the kayupovaite structure. Therefore, the formation of the
Fe-free kayupovaite can only be caused due to geochemi-
cal and/or mineralogenetic reasons, probably the fractiona-
tion of iron and manganese in the mineral-forming medium.
This fractionation could have occurred during the formation
of the host rock (general depletion of braunite strata in iron)
or directly in the process of kayupovaite formation (due to
the instability of iron complexes; e.g., Vereshchagin et al.,
2025). The absence of a large number of iron minerals and
its total low content in braunite-rich ores (e.g., Brusnitsyn et
al., 2025) indicate that the most likely version is the separa-
tion of manganese from iron during the formation of brau-
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Figure 7. Raman spectra of kayupovaite and bannisterite. Note: Cal
denotes calcite.
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Figure 8. Infrared spectrum of kayupovaite. Note: Cal denotes the
band corresponding to admixed calcite.

nite ores. We suggest that the change in oxidation-reduction
conditions led to the formation of the Mn-rich and Fe-poor
sediments from which kayupovaite was formed. The differ-
ent degree of oxidation—reduction conditions in hausmannite
and braunite ores is, in turn, associated with different con-
centrations of organic matter, which acted as the main re-
ducing agent. The color of the mineral (light gray), which is
not typical for manganese silicates, is also probably a conse-
quence of the absence of iron in the mineral (as, for example,
in davreuxite (Fransolet et al., 1984)).

The second striking distinctive chemical feature of
kayupovaite is the high sodium content (Na > K > Ca).
Such high Na contents are also not typical for stilpnomelane-
related minerals (with the same two exceptions — armbrus-
terite and middendorfite). Based on the mineralogy of the
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Figure 9. Infrared spectra of kayupovaite, bannisterite, armbrus-
terite, ganophyllite, middendorfite, parsettenite, and stilpnomelane.
Note: Cal denotes the band corresponding to admixed calcite.

deposit and the proposed geological models (e.g., Brusnit-
syn et al., 2021, 2024, 2025), we assume that kayupovaite
enrichment in sodium is associated with the role of seawa-
ter in the formation of manganese-rich sediments. It is most
likely that Na was initially present in the form of highly hy-
drated sodium oxides or silicates (e.g., birnessite, magadiite,
or nontronite). Bottom saline solutions, which are character-
ized by similar Na/K ratios, were the source of sodium for
the formation of kayupovaite.

Thermal studies of kayupovaite (TG-DSC) indicate that
the mineral is unstable at high temperatures and begins to
deteriorate at temperatures below 150 °C. Thus, the presence
of kayupovaite indicates a relatively low temperature of rock
formation and the absence of the secondary re-heating. It
has been shown previously that stilpnomelane is stable up
to ~ 400-500 °C and 5-6 kbar and will decompose to biotite
and almandine at high temperatures and to zussmanite and
chlorite at higher pressures (Miyano and Klein, 1989). Thus,
we suggest considering all stilpnomelane-related minerals to

Eur. J. Mineral., 37, 829-840, 2025
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be indicators of the low temperatures of formation of their
parent rocks. At the same time, individual features of the
chemical composition dictate the motive of the crystal struc-
ture (e.g., Zagalskaya and Litvinskaya, 1973; Liebau, 1985)
and indicate the primary composition of the sediments.
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