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Abstract

The crystal structure of caysichite-(Y) from the Ploskaya Mt (Kola Peninsula, Russia) has
been refined to R1 = 0.051 for 4472 unique observed reflections. The mineral is orthorhom-
bic, Ccm21, a = 13.2693(3), b = 13.9455(4), c = 9.7384(2) Å, V = 1802.06(8) Å3, Z = 4. There are
two M sites predominantly occupied by Y, but also including Ca and other rare earth ele-
ments (REEs). Both M sites are coordinated by eight O atoms to form distorted bicapped trig-
onal prisms. The crystal structure is based upon a three-dimensional framework formed by
columns of MO8 polyhedra and (CO3) groups and double-crankshaft chains of SiO4 tetrahe-
dra running parallel to the c-axis. The topology of linkage of MO8 polyhedra understood in
terms of the M–M links shorter than 5 Å corresponds to the M network with the paracelsian
(pcl) topology. The channels in the network are occupied by double-crankshaft Si chains
and H2O groups. The new general chemical formula of a caysichite-(Y)-type mineral can
be written as [Y2+2x−y′Ca2−3x−y′′□x+y′+y′′ ][Si4O10](HCO3)3y′+2y′′ (CO3)3−3y′−2y′′ ·(4−z)H2O,
where z ~ 0.2; x ≤ 2/3; y′ ≤ 2/3; y′′ ≤ 1; 3y′+2y′′ ≤ 2. This general formula
allows for several end-member formulas according to different x, y′ and y′′ values:
(Y2Ca2)[Si4O10](CO3)3·4H2O (x = y′ = y′′ = z = 0), (Y2Ca□)[Si4O10](HCO3)2(CO3)·4H2O
(x = y′ = z = 0; y′′ = 1), (Y10/3□2/3)[Si4O10](CO3)3·4H2O (y′ = y′′ = z = 0; x = 2/3),
Ca2Y4/3□2/3)[Si4O10](HCO3)2(CO3)·4H2O (x = y′′ = z = 0; y′ = 2/3). The samples studied in
this work have the compositions (REE2.05Ca1.87□0.18)[Si4O10](HCO3)0.11(CO3)2.89·3.8H2O
(x = 0.025, y′ = 0, y′′ = 0.055) and (REE2.25Ca1.52□0.23)[Si4O10](HCO3)0.21(CO3)2.79·3.8H2O
(x = 0.125, y′ = 0, y′′ = 0.115). The end-member formula most close to these compositions
is (Y2Ca2)[Si4O10](CO3)3·4H2O, which is different from the formula (Ca,Yb,Er)4Y4(Si8O20)
(CO3)6(OH)·7H2O currently adopted by the International Mineralogical Association but is
generally identical to the formula (Y,Ca)4Si4O10(CO3)3·4H2O proposed in the original study
of the mineral. In order to resolve the problem of the caysichite-(Y) formula, additional
studies of materials from different localities (and, especially, one from the holotype locality)
are needed.

Keywords: rare earth minerals; crystal structure; caysichite-(Y); Kola Peninsula; silicate;
carbonate; chemical formula
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1. Introduction
Minerals containing rare earth elements (REEs) possess remarkable chemical and

structural diversity with over 290 mineral species known today, which comprises about
4.8% of all known minerals. Recent discoveries [1–24] indicate that the research in REE
descriptive mineralogy is very intense, owing to the importance of REEs in modern tech-
nology. Though the number of industrially interesting REE minerals is rather limited,
investigations of the occurrence and crystal chemistry of rare species are essential, due to
the relevant information on the speciation of REEs in natural systems and mechanisms of
their incorporation into crystal structures of minerals. Last but not least in importance are
the studies of REE minerals as prototypes of novel materials for various kinds of applica-
tions, especially those connected with green technologies. It is worth noting that not all
REE minerals have synthetic analogs, so mineralogical discoveries may provide inspiration
for the synthesis of new compounds with important properties [25].

Of special interest are REE minerals that contain heavy rare earths (HREEs), such
as Dy, Er, Yb, etc. One of the mineral world localities where HREE minerals have been
found is Ploskaya Mountain, located in the Keivy Massif, Kola Peninsula, Russia. In this
locality, HREEs are incorporated into Y minerals of amazonitic pegmatites, sometimes
forming their own mineral species such as xenotime-(Yb), YbPO4 [26], hingganite-(Yb),
YbBe(SiO4)(OH) [27], and keiviite-(Yb), Yb2Si2O7 [28]. Mineralogy and geochemistry of the
Ploskaya minerals have been studied by Voloshin and Pakhomovsky [29], who described
some interesting REE minerals and, in particular, caysichite-(Y), which is a subject of the
current study.

Caysichite-(Y) was reported as a new mineral species by Hogarth et al. [30] from
granite pegmatites at the abandoned Enas-Lou feldspar mine, 22 miles north of Ottawa
(Canada). The mineral was assigned the formula (Y,Ca)4Si4O10(CO3)3·4H2O and was
described as orthorhombic, Ccm21 or Ccmm, a = 13.282, b = 13.925, c = 9.729 Å. It should
be noted immediately that the charge-balance conditions require the amounts of Y and
Ca atoms per formula unit (apfu) to be equal, which results in the electroneutral formula
Y2Ca2Si4O10(CO3)3·4H2O. However, the Ca amount in Canadian caysichite-(Y) was essen-
tially smaller than 2 (1.47 apfu), which raised the question of a possible charge-balance
mechanism in its crystal structure. The latter was solved in 1978 on the Canadian ma-
terial by Mellini and Merlino [31], who outlined basic structural features of the mineral,
based upon double-crankshaft silicate chains, [Si4O10], linked into a three-dimensional
framework by MO8 polyhedra (M = REEs, Ca) with carbonate groups, (CO3), located
in between the chains. The mineral was defined as orthorhombic, Ccm21 (a = 13.27(1),
b = 13.91(1), c = 9.73(1) Å); the crystal structure was refined to R = 0.06 on the basis of
959 independent reflections. Mellini and Merlino [31] determined that the crystal struc-
ture contains two M sites, one fully occupied by Y, and the second occupied by Ca and
unspecified ‘rare-earth cation’ with the ratio Ca:REE equal to 3:1. The total charge of
the (Ca+REE) sum for 8 apfu was, therefore, defined as 21+, whereas the total negative
charge of the anionic part (2[Si4O10] + 6(CO3)) equals 20–. In order to compensate for
the charge imbalance, it was assumed that one of the H2O sites in the structure accom-
modates hydroxyl anions, (OH)–. The formula of caysichite-(Y) proposed by Mellini and
Merlino [31] was as follows: Y4(Ca3REE1)(OH)(H2O)5[Si8O20]·2H2O. The chemical formula
of the mineral currently accepted by the International Mineralogical Association (IMA) is
(Ca,Yb,Er)4Y4(Si8O20)(CO3)6(OH)·7H2O [32].

After the first description of caysichite-(Y) [30] and its structural determination [31]
(the remark is in order that the first name of the mineral was ‘caysichite’, and it was later re-
named as ‘caysichite-(Y)’, following the formal procedure of renaming all REE minerals [33]
in accord with the Levinson nomenclature [34]); the mineral was reported from several
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world localities, including Lindvikskollen Quarry, Telemark, Norway [35]; Suishoyama
mine, Fukushima Prefecture, Japan [36]; Rio Stogia, Liguria, Italy [37]; Paratoo mine, South
Australia [38]; Chudnoe Gold Deposit, Subpolar Ural, Russia [39]; Steinerleinbach Quarry,
Bavaria, Germany [40]; and Malossa Mount, Malawi [41]. Voloshin et al. [42] described
caysichite-(Y) from amazonitic pegmatites of the Ploskaya Mountain (Kola Peninsula,
Russia), and this is the locality of origin of the sample studied herein.

The purpose of the current work is the crystal–chemical study of caysichite-(Y) from
the Kola Peninsula in order to refine its structural parameters and to shed new light onto its
chemical formula, which, in our opinion, has to be reconsidered after the study of material
from different geological localities.

2. Materials and Methods
2.1. Materials

The sample of caysichite-(Y) used in this study originates from the Western Keivy
Massif (Kola Peninsula, Russia) that contains peralkaline granite- and pegmatite-hosted
REE deposits of different sizes and REE contents (Figure 1). The pegmatite with the samples
of caysichite-(Y) and other REE minerals belongs to the Vyuntspakhk field that hosts
23 separate pegmatite veins [43]. The amazonite pegmatite vein at Mt. Ploskaya is located
in biotite gneiss near its contact with peralkaline granite. The vein is ~210 m in length,
and has an average thickness of 25 m. The vein is zoned, with an outer part composed of
medium-grained quartz and albite, an intermediate zone of very coarse-grained amazonite,
and a core of quartz and albite, including large monomineralic blocks of smoky quartz [43].
The Ploskaya locality was the source of an ornamental amazonite and was exploited in
the 1970s and 1980s. The Ploskaya pegmatite contains an abundance of REE minerals,
including Y-rich fluorite, vyuntspakhkite-(Y), hingganite-(Y), hingganite-(Yb), keiviite-(Y),
keiviite-(Yb), kuliokite-(Y), fluorthalénite-( Y), monazite-(Ce), bastnäsite-(Ce), xenotime-(Y),
churchite-(Y), zircon, pyrochlore, fergusonite-(Y), euxenite-(Y), and aeschynite-(Ce).

 

Figure 1. Geological map of the Kola Peninsula (modified after [43]) (a) and the scheme of the Mt.
Ploskaya pegmatite (b); modified after [29]; legend: 1—Archaean biotite gneiss; 2—quartz–albite
zone; 3—amazonite zone; 4—the zone of blocky quartz; 5 (*) —the place of the sample selection).
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The crystals of caysichite-(Y) studied in this work were found in association with
fluorite forming nests within albite and amazonite. Other associated minerals are thalénite,
keivyite-(Y), xenotime-(Y), and kainosite-(Y). Caysichite-(Y) forms white spherolites of
transparent needle-like crystals elongated along [001].

2.2. Chemical Composition

The elemental analysis of caysichite-(Y) was carried out using a scanning electron
microscope LEO-1450 (Carl Zeiss Microscopy, Munich, Germany) equipped with an energy-
dispersive spectrometer ULTIM MAX 100 (Oxford Instruments, Oxfordshire, UK), at an
accelerating voltage of 20 kV and a probe current of 2 nA. The results are given in Table 1
in comparison with the analytical data for caysichite-(Y) from the previous studies. The
energy-dispersive spectra were processed automatically using the AzTec Energy software
package. The chemical formula was calculated based on Si + Al = 4; the data from the pre-
vious studies were recalculated on the same basis. The standards used for the microprobe
work were synthetic Y3Al5O12 (Y and Al), synthetic LiREE(MoO4)2 (REE = Yb, Er, Lu, Tm,
Gd), LiREE’(WO4)2 (REE’ = Dy and Ho), diopside (Ca and Si), and fluorite (F).

Table 1. Chemical composition (in apfu) of caysichite-(Y) * and calculated average site-scattering
factor (<SSF>, e−) of the M sites in its crystal structure.

1 ** 2 ** 3 4 5

Al n.d. *** n.d. n.d. n.d. 0.09
Si 4.00 4.00 4.00 4.00 3.91
Ca 1.87 1.52 1.43 1.28 1.46
Ba 0.01 n.d. n.d. n.d. n.d.
Y 1.63 1.84 2.04 1.16 2.03
Tb n.d. n.d. n.d. n.d. 0.01
Ce n.d. n.d. n.d. n.d. 0.01
La 0.01 n.d. n.d. n.d. n.d.
Pr 0.01 n.d. n.d. n.d. n.d.
Nd 0.02 0.01 n.d. n.d. 0.01
Sm 0.01 n.d. n.d. n.d. 0.01
Gd 0.02 0.01 0.01 n.d. 0.02
Dy 0.06 0.06 0.03 0.08 0.05
Ho 0.02 0.02 0.01 0.03 0.03
Er 0.09 0.10 0.06 0.22 0.08
Tm 0.02 0.03 0.01 0.07 0.01
Yb 0.13 0.16 0.12 0.80 0.09
Lu 0.02 0.02 0.02 0.10 0.02

(Ca+REE) 3.92 3.77 3.73 3.74 3.83
CO3 2.95 2.89 2.89 2.99 2.99
H2O 3.85 **** 3.85 **** n.d. n.d. 3.93

<SSF> 32.42 32.44 31.63 40.49 32.93
* 1, 2 (used for the crystal-structure analysis)—this work; 3, 4—Voloshin et al. [42]; 5—Hogarth et al. [30].
** each analysis is the average of 5–10 measurement spots. *** n.d. = none detected; the detection limit is 0.1 wt.%.
**** calculated on the basis of crystal-structure data.

2.3. Single-Crystal X-Ray Diffraction Analysis

The crystal-structure study of caysichite-(Y) was carried out by means of the Synergy
S single-crystal diffractometer equipped with the Hypix detector at room temperature. The
monochromatic MoKα radiation (λ = 0.71069 Å) was used. More than half of the diffraction
sphere was collected with a scanning step of 1◦ and an exposure time of 90 s. The data
integration and correction was performed using the CrysAlis program package. The
same package was used for the empirical absorption correction using spherical harmonics,
implemented in the SCALE3 ABSPACK scaling algorithm [44]. The structure was refined
using the SHELXTL 5.1 software package [45] in the Ccm21 space group (non-standard
setting of the Cmc21 group used by Mellini and Merlino [31,46]), using the initial atom
coordinates determined in [31]. The positions of H atoms could not be located. Crystal data,
data collection information, and structure refinement details are given in Table 2; atom



Crystals 2025, 15, 799 5 of 16

coordinates and displacement parameters are in Table 3, and selected interatomic distances
are in Table 4. Table 5 provides refined site-scattering factors for the two M sites occupied by
REEs and Ca with proposed occupancies. It should be noted that the occupancies given in
Table 5 should be considered as plausible hypotheses, since the exact assignment of different
elements to the particular site cannot be performed at the current state of experimental
technique and knowledge. Table 6 contains the results of bond–valence analysis performed
using bond–valence parameters taken from [47].

Table 2. Crystal data and structure refinement for caysichite-(Y).

Crystal Data

Chemical formula (Y1.84Ca1.52Yb0.16Er0.10Dy0.06Tm0.03Ho0.02
Lu0.02Nd0.01Gd0.01)3.77[Si4O10](CO3)3(H2O)3.85

Mr 407.62
Crystal system, space group Orthorhombic, Ccm21 (no. 36)

Temperature (K) 296(2)
a, b, c (Å) 13.2693(3), 13.9455(4), 9.7384(2)

V (Å3) 1802.06(8)
Z 4

µ (mm−1) 8.654
ρ (g/cm3) 3.005

Crystal size (mm3) 0.10 × 0.04 × 0.02

Data collection parameters

Diffractometer Rigaku XtaLAB Synergy-S
Radiation type MoKα

Absorption correction Gaussian
2Θmin, 2Θmax 3.716, 37.135

No. of measured, independent and
observed [I > 2σ(I)] reflections 26,875, 4472, 3906

Rint 0.045

Refinement parameters

R1 [F2 > 2σ(F2)], wR(F2), S 0.051, 0.107, 1.140
No. of reflections 4472
No. of parameters 167

∆ρmax, ∆ρmin (e Å−3) 2.030, −1.652

Table 3. Atomic coordinates and displacement parameters (Å2) for caysichite-(Y).

Atom Occupancy x y z Ueq

M1 see Table 5 0.14208(5) 0.16978(7) 0.04285(6) 0.0118(2)
M2 see Table 5 0.14500(6) 0.16844(9) 0.45700(7) 0.0157(2)
Si1 Si1.00 0.40096(16) −0.1111(2) 0.0902(3) 0.0088(4)
Si2 Si1.00 0.40437(16) 0.1107(2) 0.4063(3) 0.0071(4)
O1 O1.00 0.3721(8) 0 0.0620(12) 0.022(2)
O2 O1.00 0.3702(7) 0 0.4340(10) 0.017(2)
O3 O1.00 0.4394(3) 0.1225(3) 0.2430(8) 0.0153(7)
O4 O1.00 0.3113(4) 0.1827(4) 0.0495(10) 0.015(1)
O5 O1.00 0.3160(4) 0.1804(5) 0.4499(9) 0.016(1)
O6 O1.00 0.4980(7) 0.1374(3) −0.0026(9) 0.0216(8)
O7 O1.00 0.1634(4) 0.1365(4) 0.752(2) 0.070(3)
O8 O1.00 0.0235(6) 0.1599(5) 0.6384(8) 0.023(2)
O9 O1.00 0.0212(6) 0.1642(6) 0.8677(9) 0.025(2)

O10 O1.00 0.1432(6) 0 0.0572(9) 0.024(1)
O11 O1.00 0.1717(3) 0.0810(3) 0.2504(9) 0.0178(7)
O12 H2O1.00 0.1507(3) 0.2776(3) 0.2471(11) 0.0207(7)
O13 H2O0.85 0.3456(13) 0 0.752(3) 0.079(5)
O14 H2O1.00 0.1706(9) 0 0.5276(13) 0.045(3)
C1 C1.00 0.0690(4) 0.1526(4) 0.7611(10) 0.015(1)
C2 C1.00 0.1629(6) 0 0.1852(9) 0.014(1)
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Table 3. Cont.

Atom U11 U22 U33 U23 U13 U12

M1 0.0078(3) 0.0134(3) 0.0142(4) 0.0023(4) −0.0059(3) −0.0017(3)
M2 0.0091(4) 0.0211(5) 0.0168(5) −0.0049(5) −0.0004(3) −0.0020(3)
Si1 0.0098(8) 0.0093(10) 0.0071(8) −0.0006(7) 0.0002(7) −0.0001(7)
Si2 0.0052(7) 0.0065(9) 0.0097(9) −0.0006(6) −0.0010(6) 0.0020(6)
O1 0.028(4) 0.007(3) 0.031(6) 0 0.012(4) 0
O2 0.024(3) 0.007(3) 0.019(4) 0 0.020(3) 0
O3 0.0205(16) 0.0200(16) 0.0055(16) −0.003(2) −0.001(2) −0.0029(12)
O4 0.0131(19) 0.010(2) 0.022(3) 0.010(3) 0.003(3) 0.0049(18)
O5 0.009(2) 0.019(3) 0.019(3) 0.001(3) 0.008(2) 0.005(2)
O6 0.0160(16) 0.0282(19) 0.0207(16) 0.006(3) 0.0109(13) −0.001(4)
O7 0.012(2) 0.030(3) 0.167(9) −0.014(10) 0.012(8) 0.0008(19)
O8 0.032(4) 0.023(3) 0.014(3) −0.005(2) 0.011(3) −0.005(3)
O9 0.023(3) 0.039(4) 0.013(3) −0.001(3) 0.003(2) −0.011(3)

O10 0.027(4) 0.023(3) 0.023(4) 0 −0.002(3) 0
O11 0.0252(17) 0.0124(14) 0.0157(15) −0.003(3) −0.006(3) 0.0015(13)
O12 0.0234(17) 0.0193(17) 0.0194(17) 0.009(3) −0.001(3) −0.0028(14)
O13 0.082(11) 0.081(10) 0.074(10) 0 −0.059(11) 0
O14 0.054(6) 0.021(4) 0.060(7) 0 0.035(6) 0
C1 0.0159(19) 0.017(2) 0.011(3) 0.000(2) −0.001(2) 0.0002(15)
C2 0.012(3) 0.014(3) 0.015(3) 0 0.003(3) 0

Table 4. Selected interatomic distances (Å) for the crystal structure of caysichite-(Y).

M1–O4 2.254(6) Si1–O3 1.582(8)
M1–O9 2.343(9) Si1–O4 1.603(6)
M1–O5 2.344(8) Si1–O6 1.615(9)
M1–O10 2.372(1) Si1–O1 1.620(4)
M1–O8 2.390(9) <Si1–O> 1.605
M1–O11 2.402(8)
M1–O12 2.496(9) Si2–O5 1.582(6)
M1–O7 2.89(2) Si2–O6 1.614(9)

<M1–O> 2.436 Si2–O2 1.631(3)
Si2–O3 1.665(8)

M2–O5 2.276(6) <Si2–O> 1.623
M2–O4 2.336(6)
M2–O9 2.371(8) C1–O7 1.276(7)
M2–O11 2.379(8) C1–O8 1.343(13)
M2–O8 2.394(8) C1–O9 1.227(12)
M2–O14 2.471(5) <C1–O> 1.282
M2–O12 2.550(8)
M2–O7 2.91(2) C2–O10 1.273(12)

<M2–O> 2.461 C2–O11 1.301(7) 2×
<C2–O> 1.292

Table 5. Site-scattering factors and site occupancies for the M sites in the crystal structure of caysichite-(Y).

Site SSFexp [e−] Occupancy SSFcalc [e−]

Analysis 1

M1 33.54 Y0.41Ca0.46Er0.12□ 0.01 33.35
M2 31.98 Y0.41Ca0.46Er0.10□0.03 31.99

Analysis 2

M1 33.54 Y0.47Ca0.35Er0.12□0.06 33.49
M2 31.98 Y0.47Ca0.41Er0.08□0.04 31.97
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Table 6. Bond–valence analysis (valence units = v.u.) for the crystal structure of caysichite-(Y).

Site O1 O2 O3 O4 O5 O6 O7 O8 O9 O10 O11 O12 O14 Σ

M = Y

M1 0.51 0.41 0.11 0.36 0.41 0.38 0.35 0.28 2.81
M2 0.41 0.48 0.10 0.36 0.38 0.37 0.25 0.302×↓ 2.65
Si1 1.012×↓ 1.11 1.06 1.02 4.20
Si2 0.982×↓ 0.90 1.11 1.03 4.02
C1 1.36 1.15 1.54 4.05
C2 1.37 1.282×→ 3.93

Σ 2.02 1.96 2.01 1.98 2.00 2.05 1.57 1.87 2.33 1.75 2.00 0.53 0.60

M = Ca

M1 0.43 0.34 0.09 0.31 0.34 0.32 0.30 0.24 2.37
M2 0.35 0.41 0.09 0.3 0.32 0.32 0.21 0.252×↓ 2.25
Si1 1.012×↓ 1.11 1.06 1.02 4.20
Si2 0.982×↓ 0.90 1.11 1.03 4.02
C1 1.36 1.15 1.54 4.05
C2 1.37 1.282×→ 3.93

Σ 2.02 1.96 2.01 1.84 1.86 2.05 1.54 1.76 2.20 1.69 1.90 0.45 0.50

3. Results
3.1. Cation Coordination and Site Occupancies

The crystal structure of caysichite-(Y) contains two sites occupied by REEs and Ca
(Figure 2). The coordination of both sites is eightfold and can be described as bicapped
trigonal prismatic. The central prisms for the M1O8 and M2O8 polyhedra are formed
by the O4, O5, O8, O9, O10, and O12 atoms, whereas additional M–O bonds are to the
O7 and O11 atoms. The M1–O7 and M2–O7 bonds are the longest M–O bonds (2.89 and
2.91 Å, respectively).

 

Figure 2. Coordination environments of the M1 (a,b) and M2 (c,d) sites shown in ball-and-stick and
polyhedral representations, in comparison with an idealized version of a bicapped trigonal prism (e).
Legend: M atoms and polyhedra are shown in green; O atoms are shown as red spheres; in (e), red
lines outline contour of the central trigonal prism; in (a) and (c), the M–O bonds longer than 2.8 Å are
shown as dashed lines.

The refinement of the M1 and M2 site occupancies indicated that their site-scattering
factors (SSFs) are very similar (Table 5), differing by ca. 1.5 e− only. The average <SSF> for
the M sites obtained from the crystal-structure analysis (32.76 e−) is in good agreement with
the <SSF> value calculated using the empirical chemical formula (32.44 e−; see Table 1). The
proposed occupancies of the M sites are given in Table 5 (for the analyses 1 and 2 given in
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Table 1), where Er is taken as the average representative of lanthanides. As can be seen, for
both sites, REEs predominate over Ca. Therefore, according to the IMA dominant-valency
rule [48,49], our caysichite-(Y) should be considered as REE3+-dominant species, that is, as
a Y-dominant mineral. The M2 site contains more Ca, which agrees well with the average
<M2-O> distance of 2.461 Å, which is somewhat longer than that for the M1 site (2.436 Å).
The Ca2+, Y3+, and Er3+ cation radii for the [8]-coordination are 1.132, 1.024, and 0.998 Å [50],
which supports the proposed site occupancies (Table 5). The proposed site occupancies
are also supported by the results of bond–valence analysis (Table 6). The bond–valence
sums of the M1 and M2 sites calculated using the Y–O bond–valence parameters are 2.81
and 2.65 v.u., whereas the same values calculated using the Ca-O parameters are 2.37 and
2.25 v.u., which supports the conclusion that the M2 site incorporates more Ca2+ cations
than the M1 site.

In their crystal-structure refinement of caysichite-(Y), Mellini and Merlino [31] stated
that the M1 site (the ‘Y’ site in their nomenclature) is fully occupied by Y, whereas the M2
site (or the ‘CaRE’ site) ‘is occupied by calcium and rare-earth cations with an estimated
ratio Ca:RE = 3:1’ [31]. Taking into account the average <SSF> value of 32.93 e− for the
M sites calculated for the Canadian material from the data of Hogarth et al. [30] (Table 1),
the SSF values for the M1 and M2 sites determined by Mellini and Merlino [31] are 39 and
26.86 e−, respectively. These values are essentially different from those observed in our
study and indicate the predominance of Ca in the M2 site. The average <M1-O> and
<M2-O> distances for the Canadian caysichite-(Y) are 2.403 and 2.492 Å, respectively, which
also differ from those for the Kola material. It should be noted that Mellini and Merlino [31]
assumed full occupancies of the M1 and M2 sites, despite the fact that the chemical analyses
indicate the average (REE+Ca) sum equal to 3.83. As will be shown below, the discrepancy
from the ideal value of 4.00 may be essential for maintaining the electroneutrality of the
crystal structure.

The inspection of the chemical analyses of caysichite-(Y) given in Table 1 shows that
the amount of HREEs (in particular, ytterbium) in the mineral may be quite high (analysis
4) and, in fact, may lead to the predominance of Yb over Y in one of the M sites (most
probably, in the M1 site). Thus, analysis 4 may actually belong to a separate mineral species,
‘caysichite-(Yb)’, which requires detailed characterization of its composition, structure,
and properties.

In agreement with the results reported in [31], there are two Si and two C sites in
the crystal structure of caysichite-(Y), which demonstrate typical bond–length and bond–
valence variations for silicates and carbonates (Tables 4 and 6). It is important to note that
the Si sites in the Canadian material contain 0.09 apfu of Al (for Si+Al = 4), whereas the
studied Kola samples have no Al in their composition.

3.2. Structure Description

The main features of the structural organization of caysichite-(Y) have been estab-
lished in [31]. The crystal structure of the mineral is based upon a three-dimensional
framework formed by chains of MO8 polyhedra and SiO4 tetrahedra (Figure 3a). The
silicate units are double-crankshaft chains (Figure 3b,d) that serve as basic building units
for a number of tetrahedral structures, including aluminosilicates of the feldspar group and
zeolites [51–53]. As another basic building unit for caysichite-(Y), Mellini and Merlino [31]
suggested considering double chains of MO8 polyhedra running along [001] with their
planes oriented parallel to (110) and (110). Herein, we adopt another approach to the
description of the structure based upon the columns of MO8 polyhedra and (CO3) groups
shown in Figure 3b,e and centered at the [00z]-axis. The mode of linkage of these chains
to the crankshaft silicate chains is demonstrated in Figure 3f. In order to provide a clearer
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view of the structural topology of caysichite-(Y), we use a nodal representation widely
exploited in modern structural mineralogy and crystal chemistry [54].

Figure 3. The crystal structure of caysichite-(Y) projected along the c-axis (a); projections of the
crankshaft silicate chain (b) and the column of MO8 polyhedra and (CO3) groups (c) along the c-axis;
the crankshaft silicate chains (d) and the columns (e) in peripheral view; the linkage mode between
the chains and columns (f). Legend: MO8, SiO4, and CO3 polyhedra are shown in dark green, yellow,
and black, respectively.

Figure 4a,b shows the silicate crankshaft chain in caysichite-(Y) in polyhedral and
ball-and-stick representations, respectively. In the nodal representation, Si nodes are linked
by single lines (Figure 4c) if corresponding silicate tetrahedra share common corners.
All atoms and bonds except Si atoms and Si–Si links are eliminated; the resulting graph
characterizes the topology of linkage of SiO4 tetrahedra within the chain (Figure 4d).
The same procedure applied to the MO8-CO3 columns (Figure 4e–g) with M–M links
shorter than 5 Å results in the graph describing the topology of linkage of MO8 polyhedra
(Figure 4h). It is remarkable that the M chain graph has the same topology as the Si chain,
i.e., the topology of a double-crankshaft silicate chain. Figure 5a shows the crystal structure
of caysichite-(Y) as composed from M and Si graphs with the M–M and Si–Si links shorter
than 5 and 3.5 Å, respectively. The double M chains are linked by additional M–M edges
into a three-dimensional framework with the pcl topology observed in paracelsian and
structurally related phases [52]. The ideal symmetry for the pcl topology is Cmcm (no. 63),
which is a minimal non-isomorphic supergroup for the space group Ccm21 (no. 36) found
for caysichite-(Y).
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Figure 4. The double-crankshaft silicate chain in caysichite-(Y): polyhedral view (a), ball-and-stick
view (b), ball-and-stick view with Si–Si links (c), and Si graph (d). The column of MO8 polyhedra
and (CO3) groups: polyhedral view (e), ball-and-stick view (f), ball-and-stick view with M–M links
(g), and M graph (h). Legend: MO8, SiO4, and CO3 polyhedra are shown in dark green, yellow,
and black, respectively; C, O, Si, and M atoms are shown as black, red, yellow, and dark-green
spheres, respectively.

Figure 5. The crystal structure of caysichite-(Y) consists of M and Si graphs (a) and the relations
between double-crankshaft M and Si chains (b).

The pcl-type M network in caysichite-(Y) contains large channels that accommodate
double-crankshaft Si chains. The relations between the M and Si chains are shown in
Figure 5b. The fourfold rings of both chains oriented along the c-axis are parallel and are in
correspondence to each other, though the dimensions of the M4 ring (~4.0 × 4.7 Å2) are
larger than those of the Si4 rings (~3.1 × 3.1 Å2).
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3.3. Anion Sites and Hydrogen Bonding

As mentioned above, the efforts to localize and refine the positions of the H atoms
have met no success. Therefore, the hydrogen bonding scheme can be described based on
the anion–anion distances only.

In agreement with the general proposal by Mellini and Merlino [31], the O12, O13,
and O14 sites have been assigned to H2O molecules. The O12 and O14 sites are bonded to
two M sites each, with the bond–valence sums equal to 0.45–0.60 v.u. (Table 6), depending
upon the bond–valence parameters used. These bond–valence sums agree well with the
occupation of these sites by H2O molecules. The bond–valence sums calculated for the
O12 and O14 sites in [31] are 0.56 and 0.62 v.u., respectively. Mellini and Merlino [31]
suggested that the O14 site is occupied by a hydroxyl ion and an H2O molecule in the ratio
OH:H2O = 1:1. However, this scheme seems unlikely, since the bond–valence sum is rather
low for this site to incorporate (OH)– ions. This proposal is also not supported from the
viewpoint of chemical composition, as will be discussed below.

The inspection of the bond–valence sums for anions given in Table 5 shows that
the bond–valence sum for the O7 site is relatively low (1.54 or 1.57 v.u.), which was also
observed for the Canadian material (1.58 v.u.) [31]. The local environment of the O7 site
in the crystal structure of caysichite-(Y) studied in this work is shown in Figure 6a. It
forms two contacts to adjacent O12 and O14 sites occupied by H2O molecules; the O. . .O
distances and configuration of O atoms indicate that these contacts correspond to hydrogen
bonds donated by H2O molecules. Since the average bond valence of the H2O. . .O bonds is
0.20 v.u., the total bond–valence sum for the O7 site is about 1.94 or 1.97 v.u., which is in
good agreement with its assignment to an O2− ion.

 

Figure 6. Local environments of the O7 (a), O12 (b), and O14 (c) sites in the crystal structure
of caysichite-(Y).

Figure 6b,c shows local environments of the O12 and O14 sites occupied by
H2O molecules with the O. . .O distances that may be responsible for the formation of
hydrogen bonds.

The O13 atom has no neighbors within the 3 Å sphere that would be indicative of
any bonding, including hydrogen bonds. Thus, it is held in the structure rather loosely,
which is also manifested in its relatively large displacement parameters compared to other
anions (Table 3). The refined occupancy factor for this site is 0.85. It should be noted
that the occupancy of the O13 site was not refined (or reported to be refined) by Mellini
and Merlino [31], despite the large displacement parameters. Taking into account that the
H2O amount measured by Hogarth et al. [30] for the Canadian sample is 3.93, it seems
reasonable to suggest that the O13 site in Canadian caysichite-(Y) may be under-populated
as well.
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4. Discussion
It has been mentioned above that the results of this study, in general, agree with

the results of the crystal-structure solution and refinement of caysichite-(Y) undertaken
by Mellini and Merlino [31]. However, there are some discrepancies that are of critical
importance for the correct determination of crystal–chemical and ideal chemical formulas
for this mineral.

1. Let us consider the anionic part of the crystal structure composed of the [Si4O10]4−

double-crankshaft chains and (CO3)2− carbonate groups. The total negative charge of the
{[Si4O10](CO3)3} part is 10– that has to be compensated by cations. The chemical study
of our sample indicates that the cation content is {[REE3+

2.24Ca2+
1.52] 3.76}9.77+, where Y3+

predominates over other rare earth cations. Thus, the total charge of the cationic part is
9.77+, which is less than required to compensate for the negative charge of the anionic part.
The population analysis given in Table 5 shows that the M sites contain some vacancies
(0.04–0.06 apfu). If both M1 and M2 sites are empty, the bond–valence sum incident upon
the O7 site is 1.36 v.u., which is more typical for an (OH)− group than for an O2− anion.
Therefore, the minor protonation of the O7 atom belonging to the C1O3 group may be
considered as a possible mechanism of charge compensation in caysichite-(Y). Within this
approach, the incorporation of hydroxyl ions into the H2O sites (O12 or O14) as suggested
in [31] is not needed;

2. The inspection of the chemical analyses of caysichite-(Y) given in Table 1 shows that
the (REE+Ca) sum is always smaller than 4.00, required by the full occupancies of both
M1 and M2 sites. This may indicate the importance of vacancies in the M sites in order to
keep the crystal structure electroneutral. Both full occupancies and electroneutrality are
observed only if the REE3+ and Ca2+ amounts are equal, that is, if the cation content is
{[REE3+

2Ca2+
2]4}10+. This would correspond to the ideal formula of caysichite-(Y) written

as Y2Ca2[Si4O10](CO3)3·4H2O. Under the condition of full occupancies of the M sites, the
prevalence of REE over Ca would correspond to the total positive charge exceeding 10+
and the need for additional anionic species. This situation forced Mellini and Merlino [31]
to assume incorporation of (OH)− groups into H2O sites, which is rather unlikely, taking
into account the results of the bond–valence analysis. However, the chemical formula of
caysichite-(Y) reported by Hogarth et al. [30] has the total (REE+Ca) sum equal to 3.83,
i.e., smaller than 4.00. The total positive charge of the (REE3++Ca2+) sum in the Cana-
dian sample is 10.07+, that is, higher than 10+ required for the structure electroneutrality.
However, the Canadian caysichite-(Y) has 0.09 apfu of Al that lowers the negative charge
of the anionic part from 10– to 9.91–. Again, in this case, there is also no need for the
incorporation of hydroxyl into the H2O sites. In order to account for the charge of the
whole content of the M sites to be 10+ and taking into account the presence of vacancies,
the M site content can be expressed as [REE2+2xCa2-3x□x]10+. For the Canadian sample,
x = 0.17, and the cationic part should have the formula [REE2.34Ca1.49□0.17]10+, which
agrees well with the experimental content [REE2.37Ca1.46□0.17]10.07+ (it should be noted
that Canadian caysichite-(Y) contains some Ce4+). For our sample (analysis 2 in Table 1),
x = 0.23, theoretical M content is [REE2.46Ca1.31□0.23]10+, whereas the experimental content
is [REE2.26Ca1.52□0.23]9.77+, which requires protonation of carbonate groups to maintain the
electroneutrality;

3. The nature of predominant cations in the M sites is critical for the correct chemical
formula of caysichite-(Y). In our case, Y predominates in both M sites, whereas Mellini
and Merlino [31] indicated that, in the Canadian sample, the predominant elements in the
M1 and M2 sites are Y and Ca, respectively. If this is the case, the mineral studied by us
and caysichite-(Y) found in Canada and studied in [30,31] are different mineral species.
However, we believe that there is a need for the additional investigation of the Canadian
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material, since the excellent study by Mellini and Merlino [31] was performed slightly
less than fifty years ago, and the quality of structure refinement may be improved (for
instance, the refinement performed in [31] was based upon 959 reflections, whereas ours
is based upon 4472 independent reflections). The high-precision refinement of Canadian
caysichite-(Y) may provide additional data on the site-scattering factors of the M sites,
which would shed new light upon the critical problem of the crystal–chemical identity of
caysichite-(Y).

5. Conclusions
The crystal–chemical study of caysichite-(Y) from the Ploskaya Mt (Kola Peninsula,

Russia) and its comparison with the previous data on the Canadian sample allows us to
propose a new very general chemical formula of the potential caysichite-type mineral that
may be written as [REE2+2x−y′Ca2−3x−y′′□x+y′+y′′ ][Si4O10](HCO3)3y′+2y′′ (CO3)3−3y′−2y′′ ·(4-
z)H2O, where z ~ 0.2; x ≤ 2/3; y′ ≤ 2/3; y′′ ≤ 1; 3y′+2y′′ ≤ 2. This general formula
allows for several end-member formulas according to different x, y′, and y′′ values and
M-dominant REE (dREE):

(1) x = y′ = y′′ = z = 0; dREE = Y. The end-member formula is (Y2Ca2)[Si4O10](CO3)3·4H2O;
(2) x = y′ = z = 0; y′′ = 1; dREE = Y. The end-member formula is (Y2Ca□)[Si4O10](HCO3)

2(CO3)·4H2O;
(3) y′ = y′′ = z = 0; x = 2/3; dREE = Y. The end-member formula is (Y10/3□2/3)[Si4O10]

(CO3)3·4H2O;
(4) x = y′′ = z = 0; y′ = 2/3; dREE = Y. The end-member formula is (Ca2Y4/3□2/3)[Si4O10]

(HCO3)2(CO3)·4H2O.
For the two analyses (1 and 2 in Table 1) reported in this work, the general

formulae can be written as (REE2.05Ca1.87□0.18)[Si4O10](HCO3)0.11(CO3)2.89·3.8H2O and
(REE2.25Ca1.52□0.23)[Si4O10](HCO3)0.21(CO3)2.79·3.8H2O, respectively. The formulae can
be obtained using the (x, y′, y′′) sets of values equal to (0.025, 0, 0.055) and (0.125,
0, 0.115), respectively. The end-member formula most close to these compositions is
(Y2Ca2)[Si4O10](CO3)3·4H2O. The same formula is valid for other analyses given in Table 1,
but it is different from the formula (Ca,Yb,Er)4Y4(Si8O20)(CO3)6(OH)·7H2O adopted by the
IMA and proposed by Mellini and Merlino [31], but more close (or generally identical) to
the formula (Y,Ca)4Si4O10(CO3)3·4H2O proposed in the original study of Hogarth et al. [30].
In order to resolve the problem of the caysichite-(Y) formula, additional studies of materials
from different localities (and, especially, one from the holotype locality) are needed.
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