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Abstract
Samarskite-(Y), the mineral known for almost 180 years only in metamict (X-ray amorphous) state, was found as non-meta-
mict crystals in sanidinites of the Laach Lake (Laacher See), Eifel volcanic region, Germany. The crystal structure has been 
solved for the first time and refined to R1 = 1.1% based on 838 observed [I > 2σ(I)] independent reflections. Samarskite-(Y) 
is monoclinic, P2/c, a 9.8020(8), b 5.6248(3), c 5.2073(4) Å, β 93.406(4)°, V 286.59(4) Å3, Z = 2. The empirical formula 
(calculated on 8 O apfu) is 
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Samarskite-(Y) from the type locality, the Blyumovskaya Pit, Ilmeny Mountains, South Urals, Russia, was stud-
ied for comparison; electron microprobe data showed the same species-defining constituents and stoichiometry: 
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cation-ordered niobate structurally related to layered double tungstates AMW2O8, the compounds used as luminophors and 
active media in solid-state lasers. The pseudo-layered framework of the mineral can be derived from that of wolframite via 
substitution of W for Nb, whereas each second  [FeO6] layer is replaced by  [YO8] one. The resulting sequence of layers can 
be expressed as -[AO8]-[BO6]-[MO6]-[BO6]- leading to the formula AMB2O8 in which A = Y, Ln, Th,  U4+, Ca; M = Fe3+, 
 Mn2+; and B = Nb, Ta, Ti. The end-member formula of samarskte-(Y) is  YFe3+Nb2O8 (approved by the Commission on New 
Minerals, Nomenclature and Classification, International Mineralogical Association, memorandum 90-FH/18).

Keywords Samarskite · Niobate · Tantalate · Double tungstates · Crystal structure · Rare earths · Pegmatite · Metamict 
state · Phase transitions

Introduction

Samarskite-(Y) is one of the legendary, earliest known rare-
earth minerals. Three new elements, samarium (Lecoq de 
Boisbaudran 1879), gadolinium (Marignac 1880; Lecoq de 
Boisbaudran 1886) and europium (Demarçay 1901) have 
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been discovered in this mineral. Samarskite has been first 
described by Rose (1839) under the name “Uranotantal” 
from the open pit #50 (also known as the Blyumovskaya 
Pit) at the Ilmeny Mountains, South Urals, Russia. Later on 
(Rose 1847), the mineral was named Samarskite, in honor 
for V.E. Samarsky-Bykhovets, a chief of Russian Corps 
of Mining Engineers who had supplied the specimens for 
the study. The history of discovery and early studies of 
samarskite-(Y) were reviewed by Pekov (1998) and Polya-
kov (2000). Samarskite-(Y) is a typical accessory mineral 
in NYF (niobium–yttrium–fluorine) pegmatites and their 
parent granites (Černý et al. 2012; Dill 2015); therefore, 
variations of its chemical composition were thoroughly 
studied (e.g., Cassedanne et al. 1985; Hanson et al. 1998; 
Ercit 2005; Uher et al. 2009; Papoutsa and Pe-Piper 2013; 
Pieczka et al. 2014). However, the crystal structure of the 
mineral remained unsolved because samarskite-(Y) occurs 
in metamict state, i.e., X-ray amorphous due to structural 
damage caused by α-decay-self-irradiation (Ewing 1975). 
Other minerals considered as members of the samarskite 
group were found to be metamict as well: yttrotantalite-
(Y), (Y,U,Fe)(Ta,Nb)O4 (Brøgger 1906; Palache et  al. 
1944); ishikawaite, (U,Fe,Y)NbO4 (Kimura 1922); calci-
osamarskite, (Ca,Fe,Y)(Nb,Ta,Ti)O4 (Ellsworth 1928); and 
samarskite-(Yb),  YbNbO4 (Simmons et al. 2006). The first 
experiment aimed at restoring crystalline state of samarskite 
via annealing (Komkov 1965) showed that unit-cell metrics 
of the annealed mineral closely relate to those of  ScNbO4 
(Keller 1962), the compound isostructural to wolframite 
(Fe,Mn)WO4. Further studies (Sugitani et al. 1984, 1985; 
Hanson et al. 1999; Simmons et al. 2006; Tomašić et al. 
2010) revealed the consecutive formation of orthorhombic 
(low-temperature) and monoclinic (high-temperature) oxide 
phases upon annealing of metamict samarskite. However, 
the crystal structures of obtained oxides could not be deter-
mined. Because of persistent uncertainties, the chemical 
formula of samarskite-(Y) is currently accepted by Interna-
tional Mineralogical Association in the form of ABO4 where 
A = (Y,Ln,Ca,Fe,U) and B = (Nb,Ti,Ta) (Hanson et al. 1999).

In the course of mineralogical research of the Eifel vol-
canic region, Rhineland-Palatinate, Germany, the co-authors 
of the present paper (W.S. and B.T.) have found well-formed 
samarskite-(Y) crystals in the voids of sanidinite rocks of the 
Laach Lake (Laacher See in German) paleovolcano. This 
occurrence was briefly described by Engelhaupt and Schül-
ler (2015). Since our previous studies showed that com-
monly metamict U- and Th-bearing minerals occur in the 
Eifel volcanic rocks in the non-metamict state (Chukanov 
et al. 2013, 2014), a single crystal of samarskite-(Y) has 
been selected for the aims of the present study. It was found 
that the mineral is non-metamict and possesses crystal struc-
ture derived from that of wolframite (Fe,Mn)WO4. Namely, 
samarskite-(Y) is the first example of cation-ordered niobate 

related to a structural family of layered double tungstates 
(double wolframites) AMW2O8. These compounds, as well 
as their molybdate counterparts, are used as luminophors 
and active media in solid-state lasers (Pollnau et al. 2007; 
Zharikov et al. 2009; Lagatsky et al. 2010), whereas iso-
structural fluorovanadates are considered as attractive mate-
rials for Na-ion batteries (Donakowski et al. 2013).

It is noteworthy that although studies of samarskite-
(Y) cover numerous localities worldwide, the reliable data 
on the mineral from the type locality, the Blyumovskaya 
Pit, are rather limited. It is obvious that the lack of proven 
information on the chemical composition of the type mate-
rial resulted in the emergence of conclusions which doubt 
samarskite-(Y) as a distinct mineral species (Capitani et al. 
2016). To ascertain the questions raised in the work by Capi-
tani et al. (2016), we undertook a revision of samarskite-
(Y) from the type locality, including electron microprobe, 
thermal and powder X-ray diffraction (XRD) studies. Like 
the non-metamict crystal from the Laacher See, the fully 
metamict mineral from the type locality demonstrates the 
same species-defining constituents and perfectly fulfils the 
stoichiometry of cation-ordered samarskite corresponding 
to  YFe3+Nb2O8 end-member. We herein provide the results 
of comparative study of samarskite-(Y) from both localities 
and discuss its relationships with synthetic double tungstates 
and closely related structures of wolframite and wodginite 
group minerals. The results of the present work have been 
approved by the Commission on New Minerals, Nomencla-
ture and Classification, International Mineralogical Asso-
ciation (voting proposal 18-J; Memorandum 90-FH/18 of 
05 December 2018) leading to the end-member formula of 
samarskite-(Y)  YFe3+Nb2O8.

Origin of the specimens

Laacher See

The Laacher See is one of about hundred Quaternary erup-
tive sites exposed at the East Eifel volcanic field in Central 
Rhineland (Bräuer et al. 2013). The effusive rocks of the 
Laacher See are outcropped in the old known In den Dellen 
(Zieglowski) quarry (50°23′35″N, 7°17′12″E) where they are 
represented by phonolites and a variety of pyroclastic tuffs 
enriched in xenoliths of carbonatites, syenites, glasses and 
sanidinites (Engelhaupt and Schüller 2015). The onset of 
the Laacher See eruptive event has been determined with a 
high precision (12916-year BP, Baales et al. 2002) indica-
tive that it is the youngest volcano in the East Eifel area. 
One of remarkable mineralogical features of the Laacher 
See sanidinites is a variety of accessory minerals contain-
ing uranium and thorium. Because of youthful age of their 
formation, many of commonly metamict U- and Th-bearing 
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phases occur therein in crystalline state (Della Ventura et al. 
2000; Kolitsch et al. 2012; Chukanov et al. 2012a, b, 2013, 
2014). Samarskite-(Y) occurs inside millimeter-sized cavi-
ties of sanidinite where it forms sword-like crystals up to 
0.3 mm in size flattened on {100}, with subordinate devel-
opment of other faces (Fig. 1a). The crystal habit is well 
consistent with that of samarskite-(Y) from the type local-
ity (Grigor’ev 1945; Polyakov et al. 1980; Polyakov 2000; 
Popov et al. 2007). The mineral is associated with sanidine, 
hematite, haüyne and phlogopite. Samarskite-(Y) possesses 
black color with brownish tint and strong resinous luster 
on broken surface. In the very thin grains (< 20 μm), the 
mineral is transparent and possesses reddish-brown color. 
Samarskite-(Y) is a rare mineral at the Laacher See. A single 
crystal, with the dimensions 0.25 × 0.15 × 0.05 mm, has been 
selected for the present study.

The Blyumovskaya Pit

The type locality for samarskite-(Y) is an open Pit #50 also 
known as the Blyumovskaya Pit. It was named after the 
mining engineer F.F. Blyum who founded the mine in 1835 
(Pekov 1998). It is located at the southern part of the Ilmeny 
Mountains, South Urals, Russia (55°1′1″N, 60°11′35″E) 
and nowadays belongs to the Ilmen Nature Reserve. The 
pit exposes large differentiated albite–amazonite pegmatite 
vein (~ 150 m long, ~ 5 m wide) cross-cutting amphibo-
lites and gneisses of 290–240 Ma age (Popov and Popova 
2006). It was operated for gem-quality topaz and aquama-
rine since 1835 till 1843. The albitized zone of a pegmatite 
is enriched in accessory minerals including zircon, mon-
azite-(Ce), columbite-(Fe), aeschynite-(Ce), allanite-(Ce), 

fergusonite-(Y), etc. Samarskite-(Y) is a common mineral 
in this zone where it occurs as prismatic to flattened crystals 
reaching up a few centimeters in size (Polyakov 2000; Popov 
et al. 2007). The mineral was a subject of special mining as a 
potential source of radium in 1911–1917 with a total recov-
ered amount of ~ 15 kg (Popov and Popova 2006). A few 
millimeter-sized black grains of typical, visually unaltered 
samarskite-(Y) from this locality were picked up from the 
specimen #ST6333 (Fig. 1b) kindly provided for the present 
study by the Fersman Mineralogical Museum of Russian 
Academy of Sciences, Moscow.

Samples and methods

Sample labeling

The following labels are hereinafter used for the studied 
samples. LS: as-collected crystal of samarskite-(Y) from the 
Laacher See. BP: grains of untreated metamict samarskite-
(Y) from the type locality, the Blyumovskaya Pit. LS-1100: 
crystal fragment of LS annealed at 1100 °C (see the thermal 
experiment T1 in the “Thermal analysis” below). BP-700: 
grains of BP heated to 700 °C (the thermal experiment T3). 
BP-1100: grains of BP annealed at 1100 °C (the thermal 
experiment T4).

Electron microprobe study

A ~ 100 μm crystal fragment of LS and ~ 1 mm grain of BP 
were embedded into epoxy resin, polished and coated with 
carbon film. Electron microprobe data were obtained by 

Fig. 1  Samarskite-(Y). a 
Crystal of samarskite-(Y) in the 
cavity of sanidinite, the Laacher 
See. Horizontal field of view: 
0.5 mm. Photo: Willi Schül-
ler. The top-right inset shows 
principal forms of the crystal 
labelled according to Polyakov 
et al. (1980), in monoclinic 
setting: a, {100}; b, {010}; 
c, {101}; m, {110}; and p, 
{111}. b Samarskite-(Y) from 
the Blyumovskaya Pit used in 
this study. Fragment of a single 
crystal intergrown with quartz 
and albite. Specimen height 
7 cm. Courtesy of Fersman 
Mineralogical Museum, Russian 
Academy of Sciences (speci-
men #ST6333, photo: M.M. 
Moiseev)
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means of a JEOL Superprobe JCXA-733 instrument. The 
grains were first examined in BSE mode and checked for 
elemental composition using energy-dispersive spectrom-
eter. Quantitative analyses were performed in wavelength-
dispersive mode under accelerating voltage of 15 kV, beam 
current 20 nA and beam diameter 3 μm. The following 
standards were used (analytical lines are given in parenthe-
ses): phosphates MPO4 for Ln and Y (Lα for Y, La, Ce, Gd, 
Tb, Tm and Yb; Lβ for Pr, Nd, Sm, Eu, Dy, Ho, Er and Lu); 
wollastonite (CaKα); magnetite (FeKα); ilmenite (TiKα); 
 MnWO4 (MnKα, WMα);  NaNbO3 (NbLα); zircon (ZrLα); 
Ta (TaMα);  UO2 (UMβ) and  ThO2 (ThMα). Other elements 
were found below detection limits. The data obtained were 
recalculated using conventional ZAF correction.

Thermal analysis

These studies were aimed at (1) checking for thermal sta-
bility of crystalline samarskite-(Y) and (2) investigation of 
phase transformations of the metamict mineral. The stud-
ies were carried out using a Netzsch STA449F3 differen-
tial scanning calorimeter. Pt crucibles and dynamic argon 
atmosphere (99.9998% Ar, 50  mL/min flow rate) were 
used in all experiments. The program of the first thermal 
experiment (T1) involved annealing of 50 × 100 μm crystal 
fragment of LS and included three stages: (1) heating up to 
1100 °C at the ramp rate of 10 °C/min; (2) annealing the 
crystal at 1100 °C for 36 h; (3) cooling down to 30 °C at 
the rate of 10 °C/min; the resulting sample is LS-1100. The 
second experiment (T2) was aimed at obtaining standard 
DSC and TG curves from ~ 4 mg of powdered sample of BP 
(heating rate of 10 °C/min to 1100 °C). The program of the 
third experiment (T3) included heating of ~ 5 mg of coarse-
grained BP to 700 °C (10 °C/min) and cooling it down to 
30 °C (20 °C/min); the resulting sample is BP-700. The 
fourth experiment (T4) involved annealing of separate batch 
of ~ 5 mg of coarse-grained BP and included three stages: 
(1) heating up to 1100 °C at the ramp rate of 10 °C/min; (2) 
annealing the sample at 1100 °C for 20 h; (3) cooling down 
to 30 °C at the rate of 10 °C/min; the resulting sample is 
BP-1100.

Single‑crystal X‑ray diffraction

The studies of LS and LS-1100 were carried out using 
Bruker Kappa APEX DUO and Bruker Smart APEX II CCD 
diffractometers at the room temperature. Data collection and 
reduction procedures (integration, absorption correction, 
scaling and setting up initial SHELX files) were performed 
using APEXII and SAINT software (Bruker 2003). The 
crystal structure of both LS and LS-1100 has been solved 
and refined using SHELXT and SHELXL suite of programs 
(Scheldrick 2015) and Olex2 software (Dolomanov et al. 

2009). Data collection and structure refinement details are 
summarized and discussed in the X-ray crystallography and 
crystal structure section. The extended structural data for LS 
and LS-1100 are provided in the attached CIF file.

Powder X‑ray powder diffraction

The crystal fragments of LS and LS-1100 used for structure 
solution were subsequently ground for the powder diffraction 
studies. The latter were carried out using Rigaku RAXIS 
Rapid II diffractometer (curved image plate, Debye–Scherrer 
geometry, r = 127.4 mm, CoKα, rotating anode with micro-
focus optics, 40 kV, 15 mA, exposure 15 min). Data conver-
sion from the images to XY profiles was performed by means 
of osc2xrd program (Britvin et al. 2017). Pattern indexing 
and cell parameters refinement was performed by full-profile 
Rietveld fitting using Bruker Topas v.5.0 software (Bruker 
2014). Full sets of powder XRD data for LS and LS-1100 are 
given in Supplementary materials (Table S1). XRD patterns 
of BP-700 and BP-1100 were obtained using Rigaku Ultima 
IV diffractometer (CuKα, 40 kV, 30 mA, Bragg–Brentano 
geometry, r = 285 mm, linear PSD detector, divergence slit 
DS = 0.5 mm, 2Θ range 5°–100° at the scan step of 0.02°, 
exposure 18 h). Structure refinement and quantitative phase 
analysis of annealing products of metamict samarskite-(Y) 
(samples BP-700 and BP-1100) were performed by full-
profile Rietveld fitting. The obtained results were processed 
with Bruker TOPAS V.5.0 software (Bruker 2014) employ-
ing 12-parameter Chebyshev polynomial for background 
simulation and Pearson VII profile-shape function.

Results and discussion

Chemical composition

Examination of polished sections of samarskite-(Y) from 
both the Laacher See and the Blyumovskaya Pit in BSE-
EDX mode revealed compositional homogeneity of studied 
samples. Besides, thermogravimetric analysis of BP showed 
weight loss below 0.1 wt% upon annealing to 1100  °C 
indicating that BP does not contain chemically significant 
amount of water (experiment T2; Fig. S1 in Supplemen-
tary material). The electron microprobe data are given in 
Table 1. It can be seen that the chemical composition of 
samarskite-(Y) from both localities perfectly fulfils the stoi-
chiometry AMB2O8 where A = Y, Ln, Th and U; M = Fe and 
Mn, B = Nb, Ta, W, Zr and Ti. In both samples Y, Fe and Nb 
are dominant, i.e., species-defining constituents in the A, M 
and B sites, respectively. The trivalent state of iron in LS is 
validated by bond-valence calculations (see the next section) 
and consistent with strongly oxidizing conditions of forma-
tion (Chukanov et al. 2014): the mineral is closely associated 
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with hematite. The valence of Fe in BP could not be proven 
using bond-valence approach because of metamict state of 
the mineral. However, cation bond-valence sums of recrys-
tallized samarskite-(Y) from annealed sample BP-1100 are 
consistent with  Fe3+ (see below). Since annealing was per-
formed in inert atmosphere, this proves the presence of ferric 
iron in natural BP. It is to be noted that previously reported 
results of XAFS (Nakai et al. 1987) and Mössbauer spec-
troscopy (Malczewski and Grabias 2008) show that metam-
ict samarskite-(Y) from different localities exhibits highly 
varying  Fe3+/Fe2+ ratios. According to the results of Malc-
zewski et al. (2010), at least a part of divalent iron in meta-
mict samarskite-(Y) can be attributed to reduction of  Fe3+ 
to  Fe2+ in the course of metamictization process (reduction 

by β-rays, i.e., free electrons). Samarskite-(Y) from the 
Laacher See is strongly enriched in thorium and chemically 
close to a hypothetic Th-dominant (Th > ΣREE) member 
of the samarskite group. However, because the atomic sum 
of (Y + Ln) = 0.43 prevails over that of Th (0.37 apfu), the 
mineral should be named samarskite-(Y), according to the 
current nomenclature for rare-earth minerals (Bayliss and 
Levinson 1988). The previously reported  ThO2 content in 
samarskite group minerals does not exceed 8 wt% (Bonsht-
edt-Kupletskaya 1969; Makarochkin 1982; Polyakov 2000) 
except for Th-rich samarskite from Ishikawa, Japan, contain-
ing 21.88 wt%  ThO2 (Shibata and Kimura 1922). Another 
unusual feature of samarskite-(Y) from the Laacher See is 
unusually low Ta content (1.12 wt%  Ta2O5).

Table 1  Chemical composition 
of samarskite-(Y) from the 
Laacher See (LS) and the 
Blyumovskaya Pit (BP) studied 
in this work

bdl below detection limit
a Average of six analyses
b Average of five analyses
c Calculated on the basis of eight oxygen atoms per formula unit

Constituent LSa BPb Cation Formula  amountc

Wt% Range Wt% Range LS BP

CaO 0.36 0.26–0.47 bdl Ca 0.03
Y2O3 5.30 5.02–5.75 6.42 5.88–6.80 Y 0.25 0.34
La2O3 0.18 0.00–0.37 0.07 0.00–0.36 La 0.01 < 0.01
Ce2O3 0.88 0.74–0.98 0.22 0.00–0.49 Ce 0.03 0.01
Pr2O3 0.12 0.00–0.72 0.09 0.00–0.16 Pr < 0.01 < 0.01
Nd2O3 0.66 0.42–1.18 0.29 0.18–0.43 Nd 0.02 0.01
Sm2O3 0.34 0.00–0.61 0.49 0.14–0.98 Sm 0.01 0.02
Eu2O3 0.15 0.00–0.54 0.12 0.00–0.24 Eu < 0.01 < 0.01
Gd2O3 0.48 0.00–0.87 0.48 0.17–0.77 Gd 0.01 0.02
Tb2O3 bdl 0.10 0.08–0.40 Tb < 0.01 < 0.01
Dy2O3 1.35 0.72–1.97 1.59 1.29–1.92 Dy 0.04 0.05
Ho2O3 0.29 0.00–0.62 0.79 0.61–1.02 Ho 0.01 0.02
Er2O3 0.84 0.29–1.28 0.90 0.79–0.99 Er 0.02 0.03
Tm2O3 bdl 0.29 0.20–0.58 Tm < 0.01 0.01
Yb2O3 1.25 0.90–1.58 1.14 0.60–1.38 Yb 0.03 0.03
Lu2O3 0.11 0.00–0.35 bdl Lu < 0.01
(ΣLn2O3) 6.64 6.57 (ΣLn) 0.18 0.20
ThO2 18.11 16.69–19.85 1.39 1.09–1.96 Th 0.37 0.03
UO2 6.65 5.76–7.67 19.22 18.20–19.93 U4+ 0.13 0.42

Σ(A) 0.96 0.99
MnO 2.34 2.07–2.65 0.97 0.83–1.17 Mn 0.18 0.08
Fe2O3 10.79 10.24–11.29 11.59 11.42–11.98 Fe3+ 0.73 0.86

Σ(M) 0.91 0.94
TiO2 0.90 0.80–0.99 1.95 1.58–2.43 Ti 0.06 0.15
ZrO2 1.48 0.92–1.76 bdl Zr 0.06
Nb2O5 45.75 45.45–46.18 25.52 24.22–26.25 Nb 1.85 1.14
Ta2O5 1.12 0.83–1.31 25.82 24.42–27.22 Ta 0.03 0.70
WO3 1.02 0.73–1.10 bdl W 0.02
Total 100.47 99.45 Σ(B) 2.02 1.99
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Unlike samarskite-(Y) from the Laacher See, the stud-
ied mineral from the Blyumovskaya Pit is highly enriched 
in Ta and U (Table 1). Taking into account that the Blyu-
movskaya Pit is the type locality for samarskite-(Y), one 
could expect the availability of extended chemical data in 
the literature covering the period of almost 180 years. How-
ever, to our surprise, the number of reported analyses is less 
than a dozen; all of them being wet chemical determinations 
of bulk samples (Rose 1847; Hermann (1856); Bonshtedt-
Kupletskaya 1969; Makarochkin 1982; Polyakov 2000). 
Moreover, we could not retrieve any reliable information 
on the rare-earth composition of samarskite-(Y) from the 
Blyumovskaya Pit. The comparison of reported data shows 
that they are rather heterogeneous, with wide variations in 
contents of essential constituents. This observation is not 
unexpected in view of the fact that the vein exposed by Blu-
movskaya Pit is a large and highly differentiated pegmatite 
body (Popov and Popova 2006). It is noteworthy that the 
highest contents of uranium and tantalum reported by Rose 
(1847) make his “Uranotantal” remarkably close to samar-
skite-(Y) studied in this work.

X‑ray crystallography and crystal structure

Single-crystal XRD study of our sample from the Laacher 
See resulted in the first determination of the crystal struc-
ture of samarskite-(Y): indeed, it could not be performed 
before because only metamict material was available. Crys-
tallographic data and atomic coordinates for the untreated 
Eifel mineral (sample LS) are presented in Tables 2 and 3, 
respectively. The structure of samarskite-(Y) (Fig. 2), albeit 
relatively simple, exhibits a specific type of cation ordering 
previously unreported among niobates and tantalates. It can 
be derived from the crystal structure of wolframite (ferber-
ite)  Fe2+W6+O4 (Fig. 2) by imposing the following changes: 
(1) flat layers composed of corner-sharing zigzag chains of 
 [WO6] octahedra in wolframite are replaced by topologically 
identical layers of  [NbO6] octahedra (Fig. 3a); (2) each sec-
ond  [NbO6] layer is mirrored on (001) relative to the preced-
ing one; (3) each second layer composed of zigzag chains 
of  [FeO6] octahedra (Fig. 3b) is replaced by the infinite 
perforated layer of corner-sharing  [YO8] square antiprisms 
(Fig. 3c). The appeared layer sequence can be expressed as 
-[AO8]-[BO6]-[MO6]-[BO6]- leading to the general formula 
AMB2O8 in which A = Y, Ln, Th,  U4+, Ca; M = Fe3+,  Mn2+; 

Table 2  Crystal parameters, data collection and structure refinement details for samarskite-(Y)

a Formula according to electron microprobe data (8 O apfu): [
(

Y
0.25

Ln
0.18

)

�0.43
Th

0.37
U

4+

0.13
Ca

0.03
]
�0.96

(

Fe
3+

0.73
Mn

2+

0.18

)

�0.91

(

Nb
1.85

Ti
0.06

Zr
0.06

Ta
0.03

W
0.02

)

�2.02
O

8

b Formula calculated on the basis of site-scattering factors, taking into account electron microprobe data (8 O apfu): [
(

Y
0.61

Ln
0.36

)

�0.47

Th
0.06

]
�1.03

(

Fe
3+

0.88
Mn

2+

0.08

)

�0.96

(

Nb
1.64

Ta
0.24

Ti
0.16

)

�2.04
O

8

Sample LSa LS-1100a BP-1100b

Primary state Crystalline Crystalline Metamict
Thermal treatment Untreated (natural) Annealed at 1100 °C Annealed at 1100 °C
Structure refinement Single crystal Single crystal Rietveld method
Crystal size (mm) 0.07 × 0.05 × 0.05 0.15 × 0.10 × 0.05 Powder sample
Crystal system; space group Monoclinic; P2/c Monoclinic; P2/c Monoclinic; P2/c
a (Å) 9.8020 (8) 9.8006 (3) 9.7035 (4)
b (Å) 5.6248 (3) 5.6254 (2) 5.6008 (2)
c (Å) 5.2073 (4) 5.2154 (2) 5.1637 (2)
β (°) 93.406 (4) 93.481 (2) 93.285 (2)
V (Å3) 286.59 (4) 287.01 (2) 280.17 (2)
Z 2 2 2
Dx (g cm−3) 6.21 6.20 6.07
Instrument Bruker Kappa APEX II DUO Bruker Smart APEX II Rigaku Ultima IV
Radiation MoKα (0.71073 Å) MoKα (0.71073 Å) CuKα (1.54178 Å)
2Θmax (°); Rint (%) 60.00; 2.14 62.00; 2.76 100.00; Rp 2.68; Rwp 

4.28; Rexp 1.81
Total collected, unique and observed 

[I > 2σ(I)] reflections
5597; 838; 834 2982; 564; 563

h; k; l max 13; 7; 7 12; 6; 6 9; 5; 5
R1 [F2 > 2σ(F2)]; wR2(F2) (%) 1.09; 2.76 1.59; 3.79 RB 1.19
GooF 1.16 1.18 2.37
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B = Nb, Ta, Ti, W, Zr; (the species-defining constituents are 
highlighted in bold). We herein propose AMB2O8 lettering 
for the general formula of samarskite-group minerals, to 
keep consistency with site designations accepted for other 
groups of tantalo-niobates (Ercit 2005).   

As a result of the layer alternation, the unit cell of samar-
skite-(Y) becomes doubled along the a-axis compared to 
that of wolframite structure archetype (Fig. 2). Among natu-
ral niobates and tantalates, heftetjernite  ScTaO4 (Kolitsch 
et al. 2010) and rossovskyite  Fe3+NbO4 (Konovalenko et al. 
2015) possess wolframite-type structure. The observed cat-
ion ordering in samarskite-(Y) is explainable on the basis 
of the crystal chemical criteria: the [AO8] layer accommo-
dates large-radius cations favoring eightfold coordination, 
whereas the octahedral [MO6] layer accumulates smaller Fe 
and Mn (Tables 4, 5). The major substitution schemes in 
samarskite-(Y) can be represented as BNb5+ ↔ BTa5+; AY3+ 
↔ AHREE3+; ACa2+ + AU4+ ↔  2A(Y,Ln)3+; AU4+ + BTi4+ ↔ 
A(Y,Ln)3+ + BNb5+; and probably, AU4+ + M(Fe,Mn)2+ ↔ 
A(Y,Ln)3+ + MFe3+. The topology of the [AO8] layer in samar-
skite-(Y) (Fig. 3c) is identical to that of the  [YO8] layer in 

synthetic tellurite  Na2Y3Cl3[TeO3]4 (Zitzer et al. 2014) and 
largely resembles the topology of rather distorted  [SnO8] 
layer in foordite  Sn2+Nb2O6–thoreaulite  Sn2+Ta2O6 series 
(Ercit and Černý 1988). Bond-valence calculations (Table 5) 
unambiguously evidence for trivalent iron and divalent man-
ganese in samarskite-(Y). Site occupancies derived from 
the structural data (Table 4) are in excellent agreement with 
the results of microprobe analyses (Table 1). It should be 
mentioned that the sum of Fe and Mn in the M group is 
slightly less than 1.0 apfu, according to both structural and 
microprobe data. The latter might indicate the possibility of 
incomplete occupancy (vacancies) in the M site. The ideal 
end-member formula of samarskite-(Y) can be expressed as 
 YFe3+Nb2O8. For the four other minerals related to samar-
skite group (Brøgger 1906; Kimura 1922; Ellsworth 1928; 
Palache et al. 1944; Hanson et al. 1999; Simmons et al. 
2006), the simplified formulae could be derived by analogy 
and thus assumed as follows:  YFe3+Ta2O8 for yttrotantalite-
(Y),  U4+Fe2+Nb2O8 for ishikawaite, (Ca,U4+)Fe3+Nb2O8 for 
calciosamarskite and  YbFe3+Nb2O8 for samarskite-(Yb). 
The alternation of layers appeared in samarskite-(Y) was not 

Table 3  Fractional atomic coordinates and isotropic displacement parameters of samarskite-(Y)

a Site multiplicities and Wyckoff symbols are given in parentheses

Sitea x y z Uiso (Å2)

Sample LS
 A (2f) 0 0.26303 (3) 3/4 0.00623 (6)
 M (2e) 1/2 0.33655 (8) 3/4 0.0065 (2)
 B (4g) 0.73465 (2) 0.18404 (4) 0.28544 (4) 0.00585 (7)
 O1 (4g) 0.13815 (15) 0.0643 (3) 0.4764 (3) 0.0101 (4)
 O2 (4g) 0.13102 (15) 0.4059 (3) 0.0999 (3) 0.0106 (4)
 O3 (4g) 0.63878 (15) 0.1207 (3) 0.5987 (3) 0.0106 (4)
 O4 (4g) 0.61212 (16) 0.3772 (3) 0.0988 (3) 0.0120 (4)

Sample LS-1100
 A (2f) 0 0.26284 (5) 3/4 0.0045 (1)
 M (2e) 1/2 0.33682 (16) 3/4 0.0052 (3)
 B (4g) 0.73420 (3) 0.18354 (7) 0.28542 (6) 0.0039 (2)
 O1 (4g) 0.1377 (2) 0.0641 (5) 0.4760 (5) 0.0082 (7)
 O2 (4g) 0.1312 (3) 0.4051 (5) 0.1001 (5) 0.0093 (7)
 O3 (4g) 0.6394 (3) 0.1208 (5) 0.5991 (5) 0.0091 (7)
 O4 (4g) 0.6126 (3) 0.3764 (5) 0.0990 (5) 0.0104 (7)

Sitea x y z Biso (Å2)

Sample BP-1100
 A (2f) 0 0.2686 (9) 3/4 0.3
 M (2e) 1/2 0.3311 (19) 3/4 0.8
 B (4g) 0.7342 (1) 0.1841 (6) 0.2853 (8) 0.3
 O1 (4g) 0.138 (3) 0.071 (3) 0.468 (6) 0.3
 O2 (4g) 0.143 (2) 0.426 (4) 0.094 (5) 0.3
 O3 (4g) 0.647 (2) 0.119 (4) 0.607 (4) 0.3
 O4 (4g) 0.610 (2) 0.392 (4) 0.097 (4) 0.3
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reported among niobates and tantalates but well represented 
in structurally related layered tungstates and molybdates.

The latter family is known as “double tungstates” or 
“double wolframites” (Le Flem et al. 1969; Maier et al. 
1973). It includes numerous synthetic compounds used as 
phosphorescent materials and active media in solid-state 
lasers (Pollnau et al. 2007; Zharikov et al. 2009; Lagatsky 
et al. 2010). Their generalized formula can be written as 

AM(W,Mo)2O8. Depending on the radius of A and M cations, 
one can observe broad variability in their coordination envi-
ronment and intralayer structures of the alternating layers 
(Le Flem et al. 1969; Maier et al. 1973). It should be noted, 
however, that in spite of overall structural similarity among 
compounds within the family of layered double tungstates, 
only one phase, the low-temperature LiY(WO4)2 (Kim et al. 

Fig. 2  Relationships between wolframite structure and its derivatives—samarskite-(Y) and  LiFeW2O8 (wodginite-type structure, Albino et al. 
2012). The unit cells are scaled by ½ in size and coincident with the depicted structural fragments

Fig. 3  Fragments of the layers in the crystal structure of samarskite-(Y). a Layer composed of wolframite-like zigzag chains of  [NbO6] octahe-
dra; b the similar layer composed of  [FeO6] octahedra; c infinite perforated layer composed of edge-sharing  [YO8] square antiprisms
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Table 4  Cation site occupancies 
and scattering factors for 
samarskite-(Y)

a SC, atomic scattering curves used for site occupancy refinement
b SOF, refined site occupancy factor
c SSF, refined site-scattering factor (number of electrons per site)
d Ln = (Dy0.04Ce0.03Yb0.03Nd0.02Er0.02La0.01Sm0.01Gd0.01Ho0.01)Σ0.18 based on electron microprobe data
e Z, mean site atomic number calculated from electron microprobe data
f Samples LS and LS-1100 originate from the same crystal and, therefore, have the same assumed site occu-
pancies
g Ln = (Dy0.09Yb0.06Er0.05Ho0.04Sm0.03Gd0.03Nd0.02Tm0.02Ce0.01)Σ0.35

Site SCa SOFb SSFc Assigned site  occupancyd Ze

Sample  LSf

 A Y, Th Th0.55Y0.45 67.05 (

Y
0.25

Ln
0.18

Th
0.37

U
4+

0.13
Ca

0.03

)

�0.96
67.15

 M Fe Fe0.935 24.31 (Fe
3+

0.73
Mn

2+

0.18
)
�0.91

23.48
 B Nb Nb0.969 39.73 (Nb0.91Ti0.03Zr0.03Ta0.02W0.01)Σ1.00 41.21

Sample LS-1100f

 A Y, Th Th0.58Y0.42 68.58 (

Y
0.25

Ln
0.18

Th
0.37

U
4+

0.13
Ca

0.03

)

�0.96
67.15

 M Fe Fe0.940 24.44 (Fe
3+

0.73
Mn

2+

0.18
)
�0.91

23.48
 B Nb Nb0.974 39.93 (Nb0.91Ti0.03Zr0.03Ta0.02W0.01)Σ1.00 41.21

Sample BP-1100g

 A Y, U Y0.75U0.25 51.75 (Y0.59Ln0.35U0.06)Σ1.00 51.57
 M Fe Fe0.93 24.18 (Fe

3+

0.86
Mn

2+

0.08
)
�0.94

24.36
 B Nb, Ta Nb0.93Ta0.07 43.24 (Nb0.80Ta0.12Ti0.08)Σ1.00 43.32

Table 5  Selected bond lengths 
(Å) and their multiplicities, 
bond-valence sums (BVS, v.u.) 
and cation site charges for 
samarskite-(Y)

a Total charge of cation site based on the assumed site occupancy (Table 4). Bond valence sums were calcu-
lated based on parameters reported by Brese and O’Keefe (1991)

Bond LS LS-1100 BP-1100

Length × mult. BVS Length × mult. BVS Length × mult. BVS

A—O1 2.3116 (15) × 2 1.11 2.313 (3) × 2 1.11 2.31 (3) × 2 0.94
A—O1 2.5343 (15) × 2 0.61 2.530 (3) × 2 0.62 2.55 (2) × 2 0.49
A—O2 2.3101 (15) × 2 1.12 2.311 (3) × 2 1.12 2.36 (3) × 2 0.82
A—O2 2.4181 (16) × 2 0.84 2.424 (3) × 2 0.82 2.37 (2) × 2 0.80
Total BVS charge 3.68 3.67 3.05
Site  chargea 3.35 3.35 3.06
M–O3 2.0181 (16) × 2 1.01 2.023 (3) × 2 1.00 2.03 (2) × 2 0.97
M–O4 2.0791 (16) × 2 0.86 2.083 (3) × 2 0.85 2.06 (2) × 2 0.89
M–O4 2.1268 (17) × 2 0.75 2.132 (3) × 2 0.74 2.06 (2) × 2 0.89
Total BVS charge 2.62 2.59 2.75
Site  chargea 2.55 2.55 2.74
B—O1 2.0172 (15) × 1 0.75 2.023 (3) × 1 0.73 1.96 (3) × 1 0.86
B—O1 2.2045 (15) × 1 0.45 2.208 (3) × 1 0.45 2.24 (3) × 1 0.40
B—O2 1.8854 (15) × 1 1.07 1.885 (3) × 1 1.07 1.89 (2) × 1 1.04
B—O3 2.1583 (16) × 1 0.51 2.152 (3) × 1 0.52 2.09 (2) × 1 0.91
B—O3 1.9630 (16) × 1 0.86 1.962 (3) × 1 0.87 1.94 (2) × 1 0.60
B—O4 1.8515 (16) × 1 1.17 1.844 (3) × 1 1.19 1.90 (2) × 1 1.01
Total BVS charge 4.80 4.82 4.82
Site  chargea 4.95 4.95 4.92
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2006), possesses structural motif which almost exactly rep-
licates the samarskite one.

Samarskite-(Y) has the same general formula as wodg-
inite-group minerals, AM(Ta,Nb,Ti)2O8 (Ferguson et al. 
1976; Ercit et al. 1992; Galliski et al. 2016); however, they 
are principally different in terms of crystal chemistry. Wodg-
inite-type compounds do not contain large cations, such as 
REE, Ca, Th or U, and both A and M sites in their structures 
are octahedrally coordinated. The appearance of 2a × 2b 
superlattice in wodginites is achieved via intralayer octahe-
dral cation ordering (Fig. 2).

Thermal transformations

State of the art

A review of early references related to thermal treatment 
of metamict samarskite was given by Nilssen (1970). 
Komkov (1965) was the first who assigned XRD pattern 
of the phase formed upon heating of samarskite in air to 
660 °C to wolframite-type structure. Sugitani et al. (1984, 
1985) showed that annealing of metamict samarskite in 
reducing atmosphere (5%  H2/95% Ar) leads to consecutive 
formation of two phases: first, a low-temperature phase 
appeared at 550–700 °C which gradually transforms to 
the high-temperature modification above 950 °C (Table 6). 
The low-temperature form is either monoclinic (β ~ 90°) 

or orthorhombic and thus related to wolframite (Fe, Mn)
WO4 or ixiolite (Ta, Mn, Nb, Fe, Sn)O2 (= α-PbO2) struc-
ture type, respectively. Structural nature of the high-tem-
perature form (with doubled unit-cell volume) was not 
resolved, although Warner and Ewing (1993) suggested its 
relationship to  NaFeW2O8 which belongs to double tung-
states (Klevtsov and Klevtsova 1970). Note that Warner 
and Ewing (1993) have exchanged the positions of a and 
b axes in samarskite unit cell reported by Sugitani et al. 
(1985). It should be pointed out, however, that such a ↔ 
b interchange is a crystallographically forbidden opera-
tion in monoclinic system (with unique axis b), as the b 
axis is interlocked with the position of monoclinicity plane 
and β angle. A comparison of published data (Table 6) 
revealed that Komkov (1965) applied correct (wolframite-
type) unit-cell setting for low-temperature form, whereas 
Sugitani et al. (1985) and succeeding authors interchanged 
a ↔ b axes in the unit cells of both forms. The latter 
raised some questions about the quality of published XRD 
data. That is, along with the lack of reliable thermal data 
on samarskite-(Y) from the type locality, inspired us to 
perform TG-DSC study followed by XRD examination 
of the mineral from both the Laacher See (LS) and the 
Blyumovskaya Pit (BP). Contrary to Sugtani et al. (1984, 
1985), high-purity argon atmosphere was used for the 
preservation of original oxidation state of Fe and U.

Table 6  Unit-cell settings and 
parameters of samarskite-(Y) 
reported by different authors

a Phase BP-700-1 as refined in monoclinic setting (wolframite structure type) for comparison with the data 
by Komkov (1965) Orthorhombic (ixiolite) setting accepted in this work is given in Table 7
b Synthetic product
c Space group was not reported
d Samarskite-(Yb). Incorrectly defined (interchanged a ↔ b) parameters are highlighted in bold. Estimated 
standard deviations are given in parentheses

Space group a (Å) b (Å) c (Å) β (°) References

Low-temperature form
 P2/c 4.82 (1) 5.63 (1) 5.15 (1) ~ 90 Komkov (1965)
 P2/c 4.830 (3) 5.645 (3) 5.162 (3) 90.42 (1) This work, BP-700-1a

 Pbcn (?) 5.687 (4) 4.925 (2) 5.210 (4) 90.02 (8) Sugitani et al. (1984)
 Pbcn (?) 4.774 5.740 5.068 Sugitani et al. (1985)b

 Pbcn 5.68 (1) 4.94 (1) 5.24 (2) Tomašić et al. (2010)
 n.r.c 5.66 (1) 4.910 (6) 5.19 (1) 90.4 (2) Akimoto et al. (1986)

High-temperature form
 P2/c 9.8020 (8) 5.6248 (3) 5.2073 (4) 93.406 (4) This work, natural LS
 P2/c 9.8006 (3) 5.6254 (2) 5.2154 (2) 93.481 (2) This work, LS-1100
 P2/c 9.7035 (4) 5.6008 (2) 5.1637 (2) 93.285 (2) This work, BP-1100
 P2/c 5.642 (7) 9.914 (8) 5.229 (3) 93.84 (7) Sugitani et al. (1985)
 n.r.c 5.638 9.90 5.230 93.88 Sugitani et al. (1985)b

 n.r.c 5.714 (11) 9.931 (13) 5.217 (19) 93.47 (20) Hanson et al. (1999)
 n.r.c 5.688 (9) 9.915 (2) 5.199 (9) 93.16 (10) Simmons et al. (2006)d

 P2/c 5.626 (1) 9.918 (2) 5.249 (1) 93.92 (1) Tomašić et al. (2010)
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Samarskite‑(Y) from the Laacher See

Annealing of crystal fragment of samarskite-(Y) for 40 h at 
1100 °C did not affect its crystal structure: samples LS and 
LS-1100 possess almost identical unit-cell parameters and 
structural characteristics (Tables 2, 3, 4, 5). The results of 
Rietveld refinement of finely ground crystals (Table S1 in 
Supplementary material) confirm that both LS and LS-1100 

are single-phase samples with the unit-cell metrics identical 
to those determined by single-crystal XRD study.

Samarskite‑(Y) from the type locality

Heating of metamict sample BP from the Blyumovskaya 
Pit to 1100 °C (experiment T2 in “Samples and methods” 
section) resulted in flat TG line (weight change < 0.1 wt%) 
and a single exothermic event at 645 °C (Fig. S1 in Supple-
mentary material). The latter is attributed to recrystalliza-
tion of metamict material; the peak position is consistent 
with the data reported by Komkov (1965) (660 °C) and later 
authors (550–750 °C, references are listed in Table 6). The 
negligible value of weight change evidences for (1) lack of 
chemically significant water content and (2) the absence of 
thermal events related to oxidation of either Fe or U. The 
latter allows assuming that oxidation states of iron and ura-
nium determined by bond-valence calculations for the heat-
treated samples BP-700 and BP-1100 are the same as in the 
original metamict samarskite-(Y). The results of full-profile 
Rietveld refinement of sample BP-700 (metamict samarskite 
heated to 700 °C) are presented in Fig. 4 and summarized in 
Table 7. The sample consists of two phases. The dominant 
one, BP-700-1 (84 wt%), corresponds to the “low-tempera-
ture form” of samarskite first recognized by Komkov (1965). 
Because of poor crystallinity of the sample and hence broad 
XRD peaks, refinement in either monoclinic (wolframite-
type, P2/c, Z = 2, Table 6) or orthorhombic setting (α-PbO2-
type, Pbcn, Z = 4, Table 8) gives virtually indistinguishable 
fit results. We herein accept the low-symmetry, orthorhom-
bic setting. Refined site occupancies, bond-valence sums 
and charge balance (Table 8) are in agreement with the for-
mula 

[

Nb
0.30

Fe
3+

0.30
(Y,Ln)0.15Ta0.15U

4+

0.10

]

�1.00
O

2
 . This phase 

exhibits disordered distribution of cations within the single 

Fig. 4  Rietveld refinement plot for the sample BP-700. Experi-
mental profile is traced by blue circles; calculated pattern is shown 
as red line; difference curve as gray line. Two rows of vertical bars 
denote the positions of Bragg reflections corresponding to the phases 
BP-700-1 and PB-700-2, respectively (see Table 7)

Table 7  Rietveld refinement 
details and phase composition 
of sample BP-700

Thermal experiment T3 in “Samples and methods” section. Rp 2.21; Rwp 3.19; Rexp 1.94%; GooF 1.65
a (Y,Ln) = (Y0.64Dy0.10Yb0.06Er0.05Ho0.04Sm0.03Gd0.03Nd0.02Tm0.02Ce0.01)Σ1.00 according to electron micro-
probe analysis of untreated BP sample (Table 1)

Phase name BP-700-1 BP-700-2

Formulaa [

Nb
0.30

Fe
3+

0.30
(Y,Ln)0.15Ta0.15U

4+

0.10

]

�1.00
O

2
U1.00(Nb0.76Ta0.24)Σ1.00Ta2.00O10

Structure type α-PbO2 UNb3O10

Crystal system Orthorhombic Orthorhombic
Space group Pbcn Fddd
a (Å) 4.829 (3) 7.39 (3)
b (Å) 5.642 (3) 12.80 (5)
c (Å) 5.161 (3) 15.980 (9)
V (Å3) 140.6 (1) 1511 (9)
Z 4 8
Dx (g cm−3) 6.83 6.80
Phase content (wt%) 84 (2) 16 (2)
RB (%) 1.31 1.83
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octahedral M site and can be regarded as “ashanite”, or a Nb-
dominant analogue of ixiolite (Ta,Mn,Nb,Fe,Sn)O2 (Grice 
et  al. 1976). The second, subordinate phase, BP-700-2 
(Table 7), is a Ta-dominant counterpart of synthetic com-
pound  UNb3O10 (Miyake et al. 1987). It is important that this 
compound contains pentavalent but not hexavalent uranium 
(Miyake et al. 1987) meaning, in due course, that oxidation 
state of uranium in metamict samarskite did not exceed  U5+. 
The occurrence of  U5+ in primordial samarskite from the 
Blyumovskaya Pit cannot be ruled out (see, for instance, 
Skomurski et al. 2011), provided that a part of ferric iron 
(Table 1) should then be inverted to ferrous one. However, 
comparison with crystalline samarskite from the Laacher 
See (Table 1) suggests that the latter scenario is unlikely to 
occur. It cannot be excluded that partial  U4+Fe3+ → U5+Fe2+ 
charge redistribution could take place during the anneal-
ing process. The emergence of  UNb3O10-like phase can be 
explained by inability of octahedral M site of ixiolite struc-
ture to accommodate 15 wt% of uranium contained in the 
metamict samarskite. The excess of U is thus damped out 
into U(Ta,Nb)3O10. However, for the majority of metamict 
samarskites which contain 5–8 wt% of U, demetamictiza-
tion at 700 °C can really yield single ixiolite-like phase 
(Komkov 1965; Sugitani et al. 1984, 1985 and others). That 
does not mean, however, the structure of this compound 
corresponds to the original, pre-metamict samarskite state. 
Instead, according to the Ostwald’s rule of stages (Ostwald 
1897; Van Santen 1984), such first appearing phase typically 
represents a transitional, quickly crystallizing polymorph.  

Long-time annealing of ixiolite-like phase at 1100 °C 
(experiment T4 in “Samples and methods” section) leads 
to its partial decomposition and transformation into the 
final, stable samarskite-(Y) structure. For the purposes 
of comparison, crystallographic and structural data for 
this newly formed samarskite-(Y) (sample BP-1100) are 
grouped together with the data on the mineral from the 
Laacher See (Tables 2, 3, 4, 5). Site occupancies in the 
structure of this re-appeared samarskite-(Y) could be 
recalculated with good accuracy assuming that it does 
not contain uranium (Table 4), resulting in the structural 
 formula 

(

Y
0.59

Ln
0.35

Th
0.06

)

�1.00

(

Fe
3+

0.86
Mn

2+

0.08

)

�0.94

(

Nb
1.60

Ta
0.24

Ti
0.16

)

�2.00
O

8.00
 . High-temperature form of samarskite 

constitutes the main part of BP-1100 sample (Fig. 5). The 
remaining 35 wt% are divided between U(Ta,Nb)3O10 and 
rutile-type  FeTaO4. It should be emphasized, however, that 
neither one of the phases formed upon recrystallization of 
metamict samarskite-(Y) from the type locality represents 
its original, pre-metamict structural state.

Summarizing the results of studies of samarskite-(Y) 
from the Laacher See and the type locality (the Blyumovs-
kaya Pit), one can state that so-called “high-temperature” 
form of the mineral represents the only stable modification 
of this niobate. The appearance of a metastable ixiolite(or 
wolframite)-type phase upon heating of a metamict mineral 
obeys Ostwald’s rule of stages (Ostwald 1897; Van Santen 

Table 8  M site properties and interatomic bond distances for phase 
BP-700-1

Fractional atomic coordinates and isotropic displacement param-
eters: site M (4c) x = 0; y = 0.1943(3); z = ¼; Biso = 3.6 Å2. Site O (8d) 
x = 0.2711(16); y = 0.4145(16); z = 0.3912(13); Biso = 3.6 Å2

SC atomic scattering curves used for site occupancy refinement, SOF 
refined site occupancy factor, SSF refined site-scattering factor (num-
ber of electrons per site), Z mean site atomic number calculated on 
the basis of assigned site occupancy. Bond-valence sums were cal-
culated taking parameters reported by Brese and O’Keefe (Brese and 
O’Keefe 1991)

Property Value

SC Fe, Ta
SOF Fe0.53Ta0.47

SSF 48.09
Assigned site occupancy Nb

0.30
Fe

3+

0.30
(Y,Ln)0.15Ta0.15U

4+

0.10

Z 47.49
d(M—O)i (Å) 1.946 (8) × 2
d(M—O)ii (Å) 2.060 (8) × 2
d(M—O)iii (Å) 2.242 (7) × 2
Bond-valence charge 3.89
Formula charge 4.00

Fig. 5  Rietveld refinement plot for the sample BP-1100. Rp 2.68; Rwp 
4.28; Rexp 1.81%; GooF 2.37. Experimental profile is traced by blue 
circles; calculated pattern is shown as red line; difference curve as 
gray line. Three rows of vertical bars denote the positions of Bragg 
reflections corresponding to (1) Samarskite-(Y), 65 wt%, RB 1.19% 
(Tables  2, 3, 4, 5); (2)  FeTaO4 (rutile structure type, P42/mnm), 12 
wt%, RB 1.26%; (3) U(Ta,Nb)3O10, 23 wt%; RB 1.23%
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1984) indicating that this “low-temperature” form is a transi-
tional but most quickly crystallizing intermediate. The exact 
pathways of thermal behavior of metamict samarskite-group 
minerals are largely dependent on their chemical composition 
and degree of secondary alteration (hydration and selective 
leaching of chemical constituents) and never result in com-
plete restoring of original, pre-metamict crystalline phase.

Conclusions

The results of present work offer samarskite-(Y) as a first 
member of a new family of layered niobates and tantalates. 
It is important that samarskite-(Y) can be synthesized 
using simple sintering approach (Sugitani et al. 1984); 
therefore, one can expect that the new cation-substituted 
samarskites can be synthesized as well. Following mul-
tiple fields of applications realized in synthetic Nb- and 
Ta-based oxides, samarskite structure can be used as a 
novel oxide template in materials science. The obtained 
results could provide new insights on the mineralogy and 
petrology of the samarskite group in general. The crys-
tal chemical criteria unambiguously explain well-known 
trends in preferable accumulation of Th, U and REE in 
samarskite but not in chemically similar wolframite and 
wodginite group minerals. Like other metamict phases, 
samarskite-(Y) resisted the attempts to reveal its primor-
dial, pre-metamict structural state for a long time. It looks 
obvious that many reported occurrences of samarskite-
like niobates may in fact represent either heavily altered 
(hydrothermal or weathered) mineral or just other metam-
ict minerals resembling samarskite by the set of principal 
chemical constituents (Ercit 2005; Capitani et al. 2016). 
In either case, these metamict phases (or any associated 
inclusions embedded in these phases) cannot be unam-
biguously ascribed to the primary mineral. Therefore, a 
great care should be taken prior making any conclusions 
regarding original structural state of metamict minerals. 
The results of present work could be considered crystal 
chemical base which substantiates recently reported sta-
tistical data on the chemistry of samarskite-group minerals 
(Kjellman 2017). The latter study shows that the majority 
of chemical analyses of samarskite correspond to a stoi-
chiometry AMB2O8. Therefore, our results, along with the 
statistical data by Kjellman (2017), provide the basement 
for the new nomenclature of samarskite group, based on 
the ordered formula AMB2O8.
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