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Abstract

Samarskite, synthesized in a reducing atmosphere using starting materials in the Ca-U-Y-
Nb-Fe-O system and analyzed by EPMA, has an empirical formula of:

(Cao.roU6.roYe.saFe 1. r6Nbr.onLr.rrO ru.

The ratios between the number of total metal atoms and oxygen atoms were found to be
close to | :2 for the several synthetic samarskites having various relative amounts of metal
atoms. Samarskite was also synthesized using starting materials in the ternary Y-FrNb-O
system. Analysis of this material gave a formula: YFerNbrOru, which was the same bulk
composition as that of the starting reagents. The synthesized and recrystallized natural sam-
arskites changed into mixtures of mostly three to four compounds when heated in air. They
changed into the high temperature structural form ofsamarskite when heated at 950-1200"C
in a reducing atmosphere. Refinement of cell parameters for the high temperature form of a
samarskite from Kawabe, Japan yielded: a:5.6a2.Q)A, b:9.914(8)L, c:5.229Q)4, and

F : 93.8(7)'.
On the basis of the experimental results obtained in the present and previous studies,

samarskite is proposed to be a mineral with a-PbO, structure, covering a wide range of
chemical compositions and occurring as either partially disordered A3B5016 or completely
disordered MrOru. A diagram showing the structural relation to related minerals columbite,
ixiolite, wolframite,,and others is presented.

Introduction

Since samarskite was first described by Ross (1847), it
has been known as one of the multiple Nb-Ta-Ti-REE
oxides containing iron, uranium and other elements (Pa-
lache et al.1944; Strunz, 1970). Samarskite has always been
found in the metamict state due to the presence of radioac-
tive uranium and thorium (Lima de Faria, 1964), and a
number of the studies on this mineral have been carried
out on samples heat-treated in order to restore the original
lattice structure (Berman, 1955; Komkov, 1965; Nilssen,
1970; Nudel'man and Sidorenko, 1963; Mitchell, 1970; Su-
gitani et al., 1980; Van Wambeke, 1960). However, the
chemical formula and crystal structure of samarskite have
not been fully elucidated in the same way as other related
metamict minerals such as euxenite, fergusonite, and
others. A variety of chemical formulas for samarskite have
been proposed:

(1) A8206 (Palache et al., 1944; Fleischer, 1983),
(2) (Y, Er)n[flb, Ta)rOr], (Strunz, 1957),
(3) AB2+,[O, (OH)r]r*r.r*' nHrO: altered samarskite
(Van Wambeke, 1960).
(4) ABO4 (Komkov, 1965),
(5) (Fe, REE, U)r(Nb,Ta,Ti)rO, (Vlasov, 1966),

0003-o04x/85/0708-0856$02.00

(6) Al r,B2+,Ou: 0 < x < 0.2 (Nilssen, l97O),
where A: Y, Er, Ce, La,U,Ca, Pb, Th, Fe,

B: Nb, Ta, Ti, Sn, W, Zr,Fe,
and REE: Rare earth elements.

Some samarskites have been reported to occur as euhedral
erystals, mostly found adjacent to columbite crystals. Or-
thorhombic symmetry, with the axial ratio, for example,
0.5456:1 :0.5173 has been determined from morphological
measurements (Palache et al., 1944), suggesting a close re-
lationship to columbite.

Nilssen (1970) showed from a precise chemical analysis
study of a variety of samarskite samples that the approxi-
mate metal to oxygen ratio (atomic) is I :2. He also report-
ed that the chemical formula should be somewhere be-
tween ABrOu and ABO*, where A represents metal atoms
with large ionic radii and B those with small radii. He
interpreted the X-ray powder diffraction pattern of a
sample heated to 1000'C in air as a superposed pattern of
three phases, one of which was orthorhombic with axial
ratios close to that of samarskite

Komkov (1965) reported, on the other hand, that a sam-
arskite sample, which was heated to 660'C in air and then
cooled immediately down to room temperature, w€ts sus-
pected to have the original, pre-metamict structure of the
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mineral, which was of the wolframite type, with p : 9gJ
having the probable formula ABO4.

Weitzel and Schrdcke (1980) pointed out the similarity
between the wolframite and the M'-fergusonite structure
and proposed that samarskite has the M'-fergusonite struc-
ture.

Graham and Thornber (1974) reported on an intensive
crystallochemical study of niobium and tantalum oxides
including samarskite. One of their important findings is
that the complex oxides of tantalum and niobium can be
classified according to the size of the A cation and the
linking of coordination polyhedra, despite complications
due to isomorphous substitution, polymorphism and meta-
mictization. On the basis of a-PbO2 packing structure they
presented a structural classification of MO, type phases.
Another important point that they correctly made is that it
is not certain whether heating in air restores the original
crystal structure, but that it may produce a new nonequili-
brium variety. They did not, however, indicate anything
about heating in a reducing atmosphere. According to To-
konami (1980), EPMA line analysis of a samarskite showed
fluctuations in element content over distances of several
pm in the specimen, suggesting that the mineral was inho-
mogeneous before heat treatment.

Samarksite is still considered to be an incompletely un-
derstood and characterized mineral because previous inves-
tigations, in most cases, have not involved primary and
non-metamict samarskite. This is due to the fact that no
definitive structure of samarskite (natural and synthetic)
has been presented, and because of the lack of knowledge
about how to restore the original structure.

Recently, Sugitani et al. (1984) have found that the orig-
inal pre-metamict samarskite structure can be restored by
heating metamict material at high temperature (1200'C) in
a reducing (Hr) gas flow. This suggests that some of the
iron and/or uranium in samarskite was present in lower
oxidation states e.9., Fe(II), U(IV) etc. at the time of its
formation. A new definition of samarskite is proposed on
the basis of the experiments on synthetic and recrystallized
natural samarskites, as well as on some related compounds.
The redefinition of samarskite in the present article has
been approved by the International Mineralogical Associ-
ation Commission on New Minerals and Mineral Names.

Experimental
Commercially available oxides of various metals: CaO, FerO.,

Y2O3, Nb2Os, and TiO" (reagant grade, Rare Metallic Co., Ltd.)
were used as starting materials for the synthesis of samarskite and
related compounds. Since the valence states of iron and uranium
in the starting materials were suspected to be of critical impor-
tance in the synthesis of samarskite, FerO, and U.O, were used
in experiments utilizing an oxidizing atmosphere, while FeO and
IJO, were used in those requiring a reducing atmosphere. UrO.
was prepared by heating UO2(NO3)2.6HrO at 700'C in air, while
UO, was prepared by heating U.O, at 1200"C in an Hrgas flow.

An oxidizing or reducing atmosphere was produced by the con-
trolled flow of air or hydrogen (plus nitrogen) gas, respectively.
Starting materials were mixed in the desired ratios, stirred and

finely ground in an agate mortar under acetone, and dried and
pressed into pellets for the sintering experiment.

In the sintering method, mixtures of the starting materials were
pressed into disk pellets at 2N kglcm2 and heated in an electric
furnace with SiC heater rods in the temp€rature range 700-1400'C
for l-30 hrs. The cooling rate was approximately 20'C/min. The
flow rate of hydrogen gas was 10-20 mfmin for synthesis in a
reducing atmosphere.

In the m€lt method, mixtures of the starting materials were
loaded into platinum tubes, sealed and heated in an electric fur-
nace with LaCrOo heater rods at I atm for 1-2 hrs at temper-
atures (1400-1600"C) above the melting point, and then cooled
down to room temperature at the approxim4te rate of loC/min.

In Table 1, the mixing ratio of the starting materials, the type of
atmosphere and the synthesis temperature are listed together with
the run products obtained. The six elements listed under the head-
ing of mixing ratios are representative component elements of
samarskite determined on the basis of chemical analysis data of
natural samarskites. Minor component elements such as divalent
Mn and trivalent Er are considered to be represented by Ca and
Y, respectively.

Analyses
The run products were examined by X-ray powder diffraction

or by Gandolfi camera methods. EPMA analyses of the products
were conducted only when precise chemical compositions were
needed. The EPMA apparatus used was a JEOL JXA 50A com-
bined with an Erionix ACPS XR controlling system. Since the
sintered materials were found mostly in the form of recrystallized
grains, only several pm in diameter (Fig. l), the electron beam was
focused to as small as 2 pm in diameter. Operating conditions
were: 15 kV accelerating voltage,0.015 pA on the Faraday cage, 2
pm beam diameter. Standards uscd were: Y:YrOr; U:
KUOTVO*; Ca:CaSiOr; Nb:NbrO5; Ti:TiOr; Fe:FerO.. The
procedure of the EPMA analysis was as follows: a mapping pho-
tograph was taken of the surfacc of the sample: several grains
which appeared to be single and uniform phases, were marked in
the mapping photograph; intensity measurerrents were conducted
for each of the marked grains; and corrections were made by the
Bence-Albee method (Benoe and Alb€e, 1968). Since this method
has been widely used only for silicate samples, its applicability to
oxide minerals was crosschecked by analyzing the same multi-
component oxides with the ICP emission spectroscopic method
and with the EPMA method utilizing Bence-Albee correction pro-
cedures. The results were found to be satisfactory. Results of a
total ICP analysis of a samarskite sample from Kawabe, Fuku-
shima pref., Japan, is given in Table 2 (Nagashima et al., 1981).
For the ICP analysis, several miligrams of the sample immersed in
HF + H2SO4 were heated on a sandbath until the HrSOn fumed.
After cooling, the dissolved material in solution was mixed in
diluted (5%) HrSOocontaining a small amount of HrOr.

Results and discussion

Samqrskite

Low temperature form of samarskite. Prior to samarskite
synthesis, details of the chemical composition of samarskite
were obtained to place limits on the mixing ratios of the
starting materials. Because the ideal chemical formula of
samarskite is not established, a starting mixing ratio was
tentatively chosen which took into account the chemical
data for natural samarskites. Due to the number of ele-
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Table L Mixing ratios of starting materials and products obtained

N o .
Mix inq  ra t ios

A + h ^ c h h 6 r a

C a  U  Y  N b  F e  T i  " ' " - ' - " ' - ' l , r " tnoa 
(#)  Temp. Products

1

2

3

5

6

7

I
q

1 0
' t 1

1 2

1 3

1 4

a f r

a l r

q

a l r

a t r

g
" 2

aar
H

a t r

H

a l r

A I I

a r r

q

1

1

2

2

1

2

1

i

1

1

2

5

5 2

1

4 ' , l

4 1

2 2

2 2

4 2

1

1

1

s  1 3 0 0

S  +  M  1 1 5 0  -

s + M  9 5 0 -

s  1 0 0 0  -

s  1 3 0 0

s  1 1 8 0  -

s + M  9 3 0 -

s  1 0 0 0  -

s  1 1 5 0  -

s  1 1 8 0

s  1  1 5 0

s  1 1 5 0

s  1  1 5 0

s  1 1 5 0

s  9 0 0 -

s  7 0 0 -

YNbO,

1  4 3 0 7  F e N b o 4  ( I x i o l i t e - I i k e )

1  5 O O r ,  F e N b 2 O 6  ( C o l u b i t e ,  T a p i o l i t e )

1 1 5 0 r  F e N b o 4  +  o *

CaNb^O-
, , 2 0

1 3 2 0 r  u r i r o a  +  s t l
1430# YNbo,  +  FeNbo,  +  s t f

' 1 2 0 0 "  S a m a r s k i t e  +  c *

1350# YT iNbo6(Euxen i te )  +  YNbo4 +  s t :

CaNb2O6 +  FeNbrOU

CaNb2OG + FeNbO4

Y N b O 4 + C a N b 2 O 6 + d *

Pyroch lo re  +  FeNbOn +  CaNb2O6 +  a*

. .  Ferguson i te ( * ) *  re t lbon +  Nb3uo10

12oo# Ferguson i te ( * ) *  py .o"h lo t .  i  r . r , lbon  t

N b - u o .  ^

1 2 o o #  s . i u r l l t . "  *  F e r g u s o n i t e ( * )

1

1

1

1

1

*  S t .  =  S t a r t i n g  m a t e r i a l s .  o  =  U n i d e n t i f i e d  p h a s e .  ( * )  M - f e r g u s o n i t e

#  A few to  severa l  runs  o f  syn thes ls  exper iments  were  conducted  in  the
tempera ture  range ind ica ted .

( # )  S = s i n t e r , M = m e l t '

ments found in natural samarskites, the elements were
grouped into five major groups for simplicity in the syn-
thesis experiments. Ca was chosen to represent most of the
divalent elements, Y to represent the rare-earth elements,
Ti to represent other minor elements such as Al and Zr
which can substitute for Ti. Nb was chosen to represent
Nb + Ta, and Fe with or without U to make an indepen-

dent group. These latter two elements are commonly found
in natural samarskites and their oxidation states are con-
sidered to play an important role at the time of mineral
formation.

With these in mind, a tentative mixing ratio

Fig. 1 Back scatter electron image (composition figure) of the material obtained by the sintering method from starting material of the

Ca-Y-Nb-Fe-O system.



Table 2. ICP analysis of samarskite from Kawabe, Fukushima
prefecture, Japan
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tentatively derived on the basis of the experimental results
of Table 4 by replacing Ca plus U by Y. Since the amount
of the unidentified phase a in the products is negligibly
small compared to that of the samarskite phase, the com-
position of the synthetic samarskite can be regarded as
being close to that of the starting mixture which may
be rewritten as YFerNbrOl5(:Y2O3'4FeO'5Nb2O5).
EPMA analysis of a synthesized crystal gave exactly the
same composition as the mixture. This result strongly sup-
ports the suggestion (Sugitani et al., 1984) that the chemical
formula of samarskite should not be restricted to a simple
formula but that it corresponds to a wide range of compo-
sition with a variation in the number of component ele-
ments and metal positions. Supposing that Ca and U
atoms are not essential for the samarskite structure, the
chemical formula of YFerNbrOru could be presented as a
possible ideal end-member of the samarskite group.

High temperature form of samarskite. It was reported
(Sugitani et al., 1984) that the inversion temperature from
the low to high temperature form of a natural samarskite
was about 650"C. Formation of the high temperature form
was characteristically indicated by the splitting of the main
peak (1 11) of the low temperature phase into a doublet, but
the cause of this splitting was not determined.

Table 3. X-ray powder diffraction data for low temperatur€
synthetic samarskite and recrystallized Kawabe samarskite

h k l
s V n t h e s  I  z e d  *

A- -----a . r7l:
c a l  o b s  u

r e c r v s t a l l i z e d * r-j-;;--.-/io

w t *  C . V .  E

u 3 o 8  2 9 . 6  1  . 2

Pbo 0 .  0

A I 2 O 3  0 . 3  1  6

w o 3  2 . 1  1  . 9

s b 2 o 3  o . 2  1 5

N b 2 o 5  3 8 . 3  1  . 6

T i o 2  o . 2  ' 1  , 0

T a 2 O 5  1 0 . 2  0 . 5

t o t a l  9 8 . 8

A O . g g B . t . O t O a ,  A n a l y s t s  :  M . H a m a d a  a n d  K . N a g a s h i m a .

C o e f f i . c i e n t  o f  V a r i a t i o n ( C . V . )  w e r e  c a l c u l a t e d  f r o n
f ive runs of measurement.

was chosen, suspecting that it represents one ofthe several
possible samarskite compositions. This ratio is given in
lines 15 and 16 of Table 1. Other mixing ratios shown in
Table I were all tentatively selected so as to conform to the
guideline that the number of the metal ions is approxi-
mately half of the oxygen ions. It should be noted that
some related compounds such as YTiNbO6 (euxenite),
YNbO4 (fergusonite), CaNbrO, (pyrochlore), CaNbrOu
(fersmite), and FeNbrOu (columbite) were formed (Table 1)
even though the ratios in Table 1 were selected to produce
samarskite. X-ray diffraction data for a synthesized sam-
arskite (No. 16 in Table 1) are shown in Table 3 together
with those for the natural Kawabe samarskite which was
recrystallized in a reducing atmosphere. In Table 3 only the
peaks corresponding to the samarskite phase are shown,
while those of an associated monoclinic fergusonite phase
are omitted. Data for the recrystallized, and synthesized
samarskites are in good agreement within experimental
error. The space group of the low temperature form of
orthorhombic samarskite is probably Pbcn. However, a
structure determination is needed to confirm this assign-
ment. Table 4 shows the EPMA analysis data for the syn-
thesized samarskites obtained by sintering at 1200'C for 30
hrs.

The synthesized samarskite was found to behave almost
the same way as the natural samarskite when heated in an
oxidizing atmosphere. If heated to 90G-1200'C in air, the
material obtained Eave a complicated X-ray powder pat-
tern which was very similar to that reported by Nilssen
(1970). As reported by Sugitani et al. (1984), the compli-
cated pattern was interpreted as the superposition ofpeaks
corresponding to fergusonite, pyrochlore, and ixiolite-like
FeNbOn. EPMA analysis of the products obtained here
showed that these three compounds were always present
together, along with the additional compound Nb3UO1o.
Figure 2 schematically shows the phase changes found in
the above heat treatment. Synthesis of samarskite starting
with a reduced number of component elements was also
conducted with successful results. The mixing ratio for this
case was Y :Fe :Nb :,1 :2:5 (No. 8 in Table 1) which was

*  ( c u o - z a u o . 2 o Y o . B 4 F u ' i . 5 6 N b s . o a ) r z . 8 8 o ' t o '

S y n t h e s i z e d  b y  h e a t l n g  i n  H 2  g a s  f l o w  a t  1 0 0 0 o C  f o r  1 5

h o u r s ( N o .  1 6  o f  T a b l e  1 ) .  D a t a  a r e  f o r  a n  o r t h o r h o m b i c

c e L t  w i t h :  a = 5 . ? 4 0 i ,  b = 4 . 1 1 4 i ,  a n d  c = 5 . 0 6 8 i .

* *  S a m a r s k i t e ;  K a w a b e ,  F u k u s h i m a  P r e f e c t u r e ,  J a p a n .  H e a t e d

i n  H ^  q a s  f l o w  a t  5 5 0 ' C  f o r ' 1 6  h o u r s ,  D a t a  f o r  a n

o r t h o r h o h b i c  c e 1 1  w i t h  a = 5 , 6 8 ? i ,  b = a . 9 2 5 i ,  a n d  c = 5 . 2 1 0 i .

K 2 O  0 .  I

N a 2 O  0 .  1

M g O  0 . 1

Tho2 'l . 3

Z r O 2  0 . 6

M n O  1 . 5

C a O  0 . 3

F e O  1 0 . 0

Y z O :  3 , 9

0 . 9

2 . 0

1 1 0

1 1 1

2 0 0

0 0 2

2 0 1

2 l o

0 2 0

0 1 2

2 1 1

1 1 2

3 0 0

2 0 2

2 2 0

3 1 0

0 2 2

2 2 1

0 3 1

1  1  3 ,  1  3  0

2 2 2

2  0  3 , 1  3 1

3 1 2

4 0 1

3  . 6 ' 1 1  3  . 6 8 1  2 4

2 . 9 1 3  2 . 9 7 6  1 0 0

2  . 8 7 0  2 , 8 1  4  I

2 . 5 3 4  2 . 5 3 4  1 2

2  . 4 9 8  2  , 4 9 9  1  0

2  .38 '7  2  .34 '7  6

2 . 2 3 8  2 . 2 4 0  4

2 . 2 t  3  2 . 2 1 6  4

2 . 0 8 5  2 . 0 8 4  6

1 . 9 1 3  r . 9 1 0  1 0

1 . 9 0 0  1 . 9 0 3  1 0

1 . 8 3 5  1 . 8 3 6  6
' t  .7 '16  1  .777 ' , l  0

1 . 7 3 8  1 . 7 3 6  ' , t 0

1 , 7 2 6  t . 7 2 5  1 4

1 . 5 3 3  1 . 5 3 4  ' , 1 0

' 1  . 4 8 6  r . 4 8 6  2
' 1  . 4 6 8  1 . 4 6 8  6

1  . 4 5 4  1  . 4 5 4  1  0

1 . 3 8 1  1 . 3 8 1  4

3 . 7 2 8  r  5

3 .  0 3 0  1  0 0

2 . 8 4 3  r  5

2 . 6 0 3  1  5

2 . 4 9 5  1 0

2  . 4 6 3  5

2  . 4 6 1  5

2  . 1 3 6  5
' t 0

1 . 9 2 0  1 0

1 . 8 6 3  1 0

1 . '16 '1  1  0

1 , 5 6 7  5

1 . 5 1 1  s

1  . 4 6 3  5
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1

2

3

5

Table 4. Empirical formulas of synthetic orthorhombic
samarskites

N o . E m p i r i c a l  f o r m u l a  ( O  =  1 6 ) *

Kawabe samarskite, 29.6o U3OB fiable 2). When the
amount of UO2 exceeded 30 wt.%o, the crystalline Products
obtained contained no samarskite but were only mixtures
of fergusonite, tapiolite and uranium oxide (UO2 or UnOe).
Discussion of the low and high temperature structure,
phases from a crystal chemical viewpoint will be given in
the next section.

Chemical anil structural relation of samarskite with
respect to its related oxiile compounds-what is
samarskite?

X-ray powder diffraction patterns of samarskite show
much resemblance to those of ixiolite, columbite, and wolf-
ramite which F : 9O". The structures of wolframite, colum-
bite, tapiolite, ixiolite, ashanite, wodginite, and others are
closely related to each other, all being derived from the
a-PbO2 structure (Laves et al., 1963; Gorzhevskaya et al.,
1974; Graham and Thornber, 1974; Nickel et al., 1963;
Foord, 1982). In the c-PbO2 structure, layers of oxygen
atoms occur in a hexagonal closest packed (hcp) array,
while metal atoms (Pb) occupy half of the octahedral sites
produced between the oxygen layers. The columbite struc-
ture is referred to as a "superstructure" of the c-PbO,
structure since it has an a cell dimension three times that of
a for a-PbOr.

A rough idea of the crystal structure of primary (nonme-
tamicQ samarskite has been proposed (Sugitani et al., 1984)
on the basis of various results from studies such as X-ray
powder diffraction of recrystallized samarskites, chemical
analyses of natural and synthesized samarskites, observa-
tions of modes of occurrence of samarskite and its structur-
ally related minerals, and others. One of the most impor-
tant aspect of samarskite structure is that it is fundamen-
tally composed of the a-PbO2 packing structure. Another,
almost equally important point is that the metal atoms in
samarskite do not necessarily have a fully ordered site oc-
cupancy, but instead have a partially or completely disor-

( c u o .  
2 4 u 0 .  z o Y o .  8 a F " t  .  s 6 N b s .  o e  ) r  l .  e e o t  e

{ c ^ 0 .  z o u o .  r  G Y o .  3 6 F " 2 .  2 4 N b 5 .  t  z ) l  B .  o S o t  e
{ c t o .  z 8 u o .  o  t  Y o .  e o F t l  . 8 B N b s .  t  o )  r  z .  g : o t  e
( c to .  4auo .  aoYr  .  t  zF t t  .  z8Nba .  z  z l  t : ' t  .  9eo ' t  6
( c - 0 .  

r  e u o .  o g Y o  . 3 6 F t 2 . 2 4 N b 5 . 3  z l  t l  . g s o ' t e

* :  analyses done by EPI4A

X-ray powder diffraction data for the samarskite, from
Kawabe, Japan, recrystallized in a reducing atmosphere at
950'C for 15 hrs, are shown in Table 5 together with those
for synthetic samarskite (No. 3 in Table 7). The similarities
in IlIs and d-spacings between the two should be noted.
Indexing was successfully accomplished by referring to the
basic structure ofixiolite (Pbcn), but with the a and b axes
exchanged and the b dimension of the low temperature
form being doubled. The deviation of the f(:94') angle
from 90" is considered as having nothing to do with the
intrinsic monoclinic P2lc wolframite structure, but having
something to do with the transition from the low (Pbcn?)
to high (P2/c) temperature phase. The cell parameters and
axial ratios for the natural, recrystallized samarskites at
high and low temperatures are shown in Table 6. In spite
of the high (up to about 1200'C) temperatures to which
synthetic samarskites were heated, the low temperature
structure form was obtained in all cases. Based on the
syntheses experiments with variable amounts of UO, in the
starting materials, the high temperature monoclinic form
was found to be stable when the content of UO2 was as
much as about 30 wt.%. which is verv close to that of

9 0 0 - 1 2 0 0 ' C  l n  a i r

Fig. 2. Synthesis products obtained by heating under reducing and oxidizing conditions, and products obtained by heating syn-
thesized samarskite in air.

7 0 0 - 1  2 0 0 ' cSTARTING MATERIAL

Ca-Y-U-Fe-Nb-  (T i )  -O sys tem

9 0 0 - 1  2 0 0 0 c

rn  a l r

fe rguson i te ,  Pyroch lo re

ix io l i te - I i ke  FeNbo4,

and Nb3UOlO

samarsk i te

( c . o . z a Y o . a e u o . 2 o F t 1  . s e N b s .  o + ) ,  z .  B g o t  e
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Table 5. X-ray powder diffraction data for high temperature
synthetic and natural samarskite

r e c r v s t a l l i z e d *  s v n t h e s i z e d * *
q  .  o  r t L ^  o  -  o  L / t ^

9 . 9 1 4  9 . 9 2 1  1 5

3 . 7 2 0  3 . 7 1 9  2 0

3 . 6 3 3  3 0

3 . 2 9 1  1  0

3 . 0 9 8  1 0 0

2 . 9 6 1  1  0 0

2 . 8 1 5  2 0

2 . ' t 1 5  5

2 . 6 1 1  2 5

2 - 4 7 4  2 0

2 . 4 4  ( B )  1 0

2 . 2 4 9  5

2 . 1 8 9  1  0

2 . 1 4 1  1  0

2 . 1 1 4  1 0

2 . 0 8 9  1 0

2 . 0 5 0  5

1  . 9 8  ( B )  5

1 . 9 1 4  2 0

1  . 8 5 3  2 5

1  . 7 8  ( B )  5

1 . 1 5 4  1 0

1 . ? 3 5  1 0

1 . 7 2 3  5

1 . 6 5 4  1 0

1 . 6 0 3  1 5

1 . 5 4 1  1 5

1 . 4 8 4  1 0

1 . 4 3 9  5

found in ixiolite where all of the metal ions are randomly
distributed (disordered arrangement) among the metal sites
(Nickel et al., 1963). This is also true for ashanite, the Nb-
dominant equivalent of ixiolite (Foord et al., 1984).

Table 8 shows the X-ray powder diffraction data for
synthetic samarskite (low temperature phase) compared
with those of columbite. ixiolite. and ixioliteJike FeNbOn.
Indexing of the peaks of samarskite has been based on
those of the related minerals, especially that of ixiolite
which belongs to the space gtoup Pbcn.lt should be noted
that the a and b axes of samarskite in Table 8 are inter-
changed compared to the data shown in Table 3 so as to
conform to the cell orientation of the other structurally
related minerals. Peak positions of samarskite are similar
to those of columbite (FeNbzOo), except for the absence of
200, 400 and some other reflections for lrkl with h # 3n.
The a cell dimension of samarskite is one-third that of
columbite, and equal to that of ixiolite, suggesting that
samarskite is closely structurally related to ixiolite or asha-
nite (Zang et al., 1980) which is the completely disordered
subcell form of columbite which also has the a-PbO, type
packing structure. Samarskite is also closely related to
wolframite which is, however, monoclinic, as previously
suggested by Komkov (1965). It is also structurally related
to wodginite which may exist in an ordered form, CLlc,
A4C4B8O32, or a disordered form, MruOrr. The high tem-
perature form of FeNbOo, having the ixiolite structure, has
the packing structure of a-PbOr, but it has smaller cell
dimensions compared to those of samarskite and this is
primarily a function of the chemical composition.

The structural relationship of samarskite to related
phases is schematically shown in Figure 3 which has been
constructed on the basis of all the available reports on
samarskite and the experimental results obtained in our
previous (Sugitani et al., 1980, 1984) and present study.
This can be regarded as a revised figure ofwhat was shown
in Figure 3 of Sugitani et al. (1980). The two horizontal
planes represent domains of orthorhombic (upper) and
monoclinic (lower) minerals composed of the c-PbO2 pack-

0 r 0

I 2 0

0 3 0

1 2 1

1 2 1

2 0 0

2 1 0

o o 2

2 0 1

0 4 0

2 2 0
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2 . 6 0 9
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2  - 2 4 4

2 . 1 8 2

2  . 1 4 3

2 . 0 9 3
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2 O 2 , 0 5 1  1 . 8 5 3

t a 1 , 3 1 ' 1  1 . 7 8 0

3  2  0  1 . 1 5 5

2  2  2 , 1  4  2  1 . 7 3 5

2  4  1  1 . ' 7 2 8

0  6  0  1 . 6 5 2

1  2  3  1 . 6 0 3

1  2  3  1 - 5 4 9

2  4  2  1 . 4 8 4

2  0  3  1 . 4 3 7

9  . 8 9 7  9  - 8 7 2  r  0

3 . ' t 1 5  3 . ' 1 1 2  1 5

3 . 2 9 9  3 - 2 8 8  2 0

3 . 0 9 2  3 . 0 9 2  1  0 0

2 . 9 6 5  2 . 9 6 6  1 0 0

2 . 8 1 1  2  . 8 0 8  2 5

2 . 7 0 4  2 . ' , 7 0 3  3 5

2 . 5 0 9  2 . 6 1 5  1  5

2 . 4 7 4  2 . 4 ' t 6  1 0

2 . 4 4 4  2 . 4 4 3  1 0

2 . O 9 2  2 . 0 9 3  1 5

1 . 8 5 1  1 . 8 5 3  3 0

1 . 7 1 5  1 . 1 7 5  1 5

1 . ' , 7 3 4  1 . 7 3 5  2 5

1 . 6 4 9  1 . 6 5 1  3 0

* Samarski te;  Kawabe, Fukushima Prefecture, Japan. Heated in

H .  g a s  f l o w  a t  9 5 0 " c  f o r  1 5  h o u r s .  D a t a  f o r  a  m o n o c f i n i c  c e 1 ]

w i t r r  a = 5 . 6 4 2 & ,  b = 9 . 9 1 4 i ,  c = 5 . 2 2 s 3 ,  a n d  B = 9 3 . 8 4 ' .

( Y 1 . 0 u t . 5 F " r . s N b e . o ) : 8 o t 6 '  N i x i n g  r a t l o

f o r  t h e  s y n t h e s l s  b y  h e a t i n g  i n  H 2  g a s  f l o w  a t  1 2 0 0 " C  f o r  1 2

h o u r s .  D a t a  f o r  a  m o n o c l i n i c  c e l l  w i t h  a = 5 . 6 3 8 A ,  b = 9 . 9 0 A ,

c = 5 , 2 3 0 i ,  a n d  B = 9 3 . 8 8 " .

dered distribution. In the completely disordered case, each
metal site in samarskite may be occupied by a complete
variety of metal atoms. A limiting case of such disorder is

Table 6. Lattice parameters for natural samarskitcs r€crystallized in H, gas flow at low (550-600'C) and high (950'C) temlHatures

Temp. u/  A B / "

Kawabe

Ish ikawa

9 0 . 0 2  ( 8 )

9 3 . 8 4  l 7  |

9 0 . 0  ( 2  )

9 3 . 7 7  ( 8 )

9 0 . 0 ( 4 )

9 3 . 5  ( 4 )

9 0 . 5 ( 3 )

9 5 0  5 . 5 s 4  ( 6 )

U tsum ine  600  5  . 64  (21

9 s 0  s . 6 8  ( 2 )

Samekawa  600  5 .71  (3 )

s s 0 ' c  s . 6 8 7  ( 4 )

9 5 0  5 - 6 4 2 ( 7 1

s 5 0  s . 6 6 4  ( 6 )

4 . 9 2 5 1 2 1  s . 2 1 0 ( 4 )

9 . 9 1 4 ( 8 )  5 . 2 2 9 ( 3 ' , '

4 . 9 4 0 ( 3 i  s . 1 7 3 ( 7 )

9 . 9 0 0 ( 4 )  5 . 2 2 2 ( 4 1

4 . 9 8 ( 4 )  5 . 1 8 ( 2 )

9 . 9 8 ( 4 )  s . 2 1 ( 1 )

9 . 8 0 ( 3 )  5 . 2 0 ( 1 )

1 . 1 5 5  :  1  :  1 . 0 5 8

0 . 5 6 9 : 1 2 Q . 5 2 7

1 . 1 4 7  : ' l  : 1 . O 4 7

0 . 5 7 1  : 1 t  Q . 5 2 ' 1

1 . 1 3 3 : 1  :  1 . 0 4 0

0 . 5 6 9 : 1 2 O . 5 2 2

0 . 5 8 3  :  1  :  0 . 5 3 1

(  1 . 1 6 5  :  1  :  1 . 0 5 1  )

low-temperature phase

h igh- tempera ture  phase

:  S p a c e  g r o u p  P b c n ( ? ) .

:  space qro \p  P2/c .
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Table 7. Synthetic run products obtained during synthesis ofthe
high temperature form of samarskite

N o .  c h e m i c a l  c o n p o s i t l o n l  1  0 0 ' c  ' 1  2 0 0 . c

Related mineruls

Fergusonite type. Fergusonite is known to have three
diflerent structural forms, identified as M, M', and T (Van
Wambake, 1960). The M' phase is considered as being
closely related to samarskite (Komkov, 1965). The M phase
fergusonite has the spac€ group C2 (or f2 according to
Wolten, 1967), and its chemical formula is generally ex-
pressed as ABO4, where the A atom is surrounded by 8
oxygens. Although the A and B atoms are ideally tri- and
penta-valent ions, respectively, substitution of atom(s) with
other valences may occur provided that a total charge bal-
ance of the atoms exists. [n the present study, only the M
phase fergusonite was obtained from the starting materials
of Nos. 14, 15, and 16 in Table L Products synthesized in a
reducing atmosphere with the starting materials of the Ca-
Y-U-Nb-Fe-O system (No. 16 of Table 1), showed that a
considerable number of Y sites, up to about 507o, were
replaced by Ca * U as seen in Table 9. Since the ionic radii
of Ca2*, Y3*, and, (Ja* are 1.124, 1.015A, and 1.00A,
respectively, the substitution of 2Y3 * ? Ca2* + Ua*
seems very likely to occur. It was also found that Fe atoms,
though added in the starting material, were not incorpor-

Table 8. X-ray powder diffraction data for the synthetic
low-temperature form of samarskite compared with columbitg

ixiolite, and orthorhombic FeNbOo

1 .

2 .

3 .

4 -

' s a n a r s k i t e  I  c o m p o s i t i o n

( Y : u o .  
s F t o . 5 N b + )  t S o t  6

F ,  U

s l ,  F

( Y t o t . s F " t . s N b s ) r 8 o t e  s h ,  F

( Y o . 5 u r . r s F " t . l s N b q ) r 8 o t e  T ,  u ,  F

*  c a l c u l a t e d  o n  t h e  b a s i s  o f  t h e  s t a r t i n g

c o m p o s i t i o n .

* *  ( c a o . 2 4 u 0 . 2 0 Y 0 .  
8 4 F u r  . s e N b 5 . o 4 )  t z . 8 8 o r e

* * *  S l :  s a m a r s k i t e  l o w  t e m p .  p h a s e ,

S h :  s a m a r s k i t e  h i g h  t e m p .  p h a s e .

F :  f e r g u s o n i t e ,  U r  U O 2  o r  U n O n ,

T :  t a p i o l i t e .

ing structure. Samarskite should be located somewhere be-
tween ixiolite (disordered MoO, structure) and columbite
(ordered A8206 structure) which has an a parameter three
times that of, ixiolite (or samarskite). Samarskite, which is
shown in the orthorhombic plane also projects to the lower
monoclinic plane, where it should be regarded structurally
as a mineral closely realted to wolframite, but having a p
angle of 90'. The space group of the monoclinic samarskite
may be considered to be P2lc, as given by Komkov (1965).
Wolframite, on the other hand, is relatbd to M'-fergusonite
and to M-fergusonite in the monoclinic plane. It might be
said that Komkov (196$ was fortunate to have worked on
a very fresh samatskite sample which was free from oxida-
tion or weathering and consequently contained mostly fer-
rous ions. Additionally, he was right in recrystallizing the
sample at a low (660'C) temperature with a very short
time. Otherwise, oxidation of ferrous to ferric iron would
have resulted in a decomposition of the sample into a mix-
ture including FeNbOn.

The high temperature form of samarskite is located at a
position displaced to the right with respect to the low tem-
perature form. It is monoclinic but its c axis slants not
towards the a axis as in wolframite but towards the b axis
so that the a and b axes of the high temperature phase are
interchanged as shown in the figure. In addition, the new b
cell dimension is 2 x a of the low temperature phase. The
high temperature samarskite phase can be regarded as an
ordered phase of the low temperature form of samarskite,
similar in the manner that columbite may be regarded as
another ordered superstructure of low temperature sam-
arskite. In the present study, all of the samarskite syn-
thesized was found to change into the high temperature
form of samarskite or into a phase with the trirutile struc-
ture upon heating, and none of the synthetic samarskite
changed into the columbite phase. We believe that some
samarskites, presumably those containing a limited number
of metal ions could be transformed into the columbite
structure.

d  h k 1  d  h k l  d o b s  h k t  d  h k l

c o l m b i t e i x r o l i t e samarski te
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P2tc

ated in synthetic fergusonites in either oxidizing or re-
ducing atmospheres.

F eNb rO 
"(columbite'1, 

F eNbO n(ixiolite-type structure) and
YTiNbOu@uxenite). According to the phase diagram for
the system FeNbrO.-FeNbOn given by Schr6cke (1967)
FeNbOo and FeNbrO6 show partial solution toward each
other, but there is a wide immiscibility gap where
FeNb2O6 and FeNbOo do not form any solid-solution
phase even though they are composed of the same a-PbO2
packing structure. The results of the present study, how-
ever, are somewhat contrary to those obtained by Schrticke
in the sense that FeNbrO6 and FeNbOo were never found
at the same time in the products of each run of the syn-
theses experiments (e.g., see Table 1). FeNbrOu was always
a synthesis product in a reducing atmosphere, while

( Y o .  
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Fig. 3. Diagram showing the structural relationships between samarskite and related minerals'
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FeNbOn was form€d in an oxidizing atmosphere. The
identifications of the phases wore made by X-ray powder
diffraction. There is a possibility that the synthesized
FeNb2O5, may contain a small amount of Fe3*, and simi-
larly that the FeNbOn may contain a small amount of

Table 9. Empirical formulas for synthetic fergusonites analyzed
by EPMA method
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Table 10. X-ray powder diffraction data and lattic€ parameters
for synthetic FeNbrOu with the tapiolite structure

h k l *obs t / r o

ture. The development of FeNbrOu in either the columbite
or tapiolite structure depends on the oxidation level (/Or)
of FeNbrO, at the time of crystallization. A phase with the
columbite-structure would appear if formed (and kept) in a
less reducing (moderate/Or) atmosphere, while a tapiolite-
type phase would appear if formed (and kept) in relatively
more reducing (low /Or) atmosphere. A small amount of
Fe3* in FeNbrO6 which was synthesized in a relatively
less reducing atmosphere, would make the average radius
of the divalent Fe-cation site somewhat smaller, thus favor-
ing formation of the columbite phase. However, if the effect
of a reducing atmosphere acts to reduce Nb(V) to Nb(I$,
the conditions would favor formation of tapiolite having
the rutile-type structure. It is not known whether the re-
ducing procedure in the present experiment works to make
the relative ratio Fe2*/Fe3+ (Fe2+ >> Fe.*) higher, or
Nbs+Alb4+ (Nbt* tt Nba+) lower, or results in the forma-
tion of oxygen vacancies in FeNbrO6. Further detailed
experiments under controlled atmospheric conditions will
be needed in order to fully solve the problem of the relative
stabilities of the columbite and tapiolite structures in terms
of physico-chemical factors such as ionic radii and redox
potentials of the metal atoms contained.

Euxenite has been considered as having a close structur-
al relationship to samarskite. In this study, however, it was
found only as a product of synthesis in an oxidizing atmo-
sphere (e.g. No. 9 in Table 1). This result is consistent with
the phase diagram of YTiNbOu-FeNb2O6 system
(Schrticke, 1967) where they do not form any continuous
solid-solution series. This is also consistent with the data of
Tokonami (1980) indicating no evidence for solid-solution
between samarskite and euxenite.

Plyochlore type. Pyrochlore is generally expressed as
A2--B2O5 (O, OH, F)t_"'pH2O, in which some vacancies
are found at the A metal sites and the oxygen sites (Ho-

A N b 2 O 6 ATa, O.
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P42.m (unpub l ished da ta)  .

Fe2*. In these cases FeNbrOu should be written as (Fe2*,
Fe3+)Nb2Od, and FeNbOn should be written as (Fe3*,
Fe2+)NbO4. It was found that FeNbrOu changed into
FeNbOn, when heated in air, in the same way that sam-
arskite decomposed into a mixture of oxides including
FeNbOa with the ixiolite-type structure. This shows that
samarskite is chemically and structurally closer to colum-
bite which contains dominant Fe2 +, than to FeNbOo with
the ixiolite-type structure which contains dominant Fe3+.

It is known that FeNbrOu also has an ordered high
temperature trirutile-type structure (Banas and Kucha,
1975; Dunn et a1., 1979), equivalent to that of ordered
tapiolite, which develops from the columbite type at about
t250"C (Schriicke, 1967). Our FeNbrOu which was syn-
thesized in H, gas flow was found to change into the or-
dered or disordered form of tapiolite type even below
1(n0"C when kept in the same H, gas flow for more than
10 hrs. When kept at an elevated temperature of 1020'C
only a columbite-type phase was obtained, while only a
tapiolite-type phase was obtained at 1080"C. When kept at
temperatures between 1020 and 1080'C, mixtures of both
phases resulted. On the other hand, when FeNbrOu was
synthesized under less reducing conditions, at 70G-800'C
for two hours in Hz gas flow, followed by keeping it in an
N, gas flow at 1000-1300"C for 10 hours, only columbite-
type phases were formed. The ionic radius of the A atom in
A(Nb, Ta)rOu is , one of several factors influencing the
structure-t5rpe developed. Figure 4 shows the structural
phases at room temperature for ANb2O6-ATarO. solid-
solution series obtained by the flux method (Kawajiri et al.,
1978; Yamasaki, 1980). According to the figure, FeNbrOu
could form with either the columbite or the tapiolite struc-

c o L U M E l T E  S t r u c t u r e

oooooooo

\
b%%%%q%*'tt't'+++i

T R I R U T I L E  s t r u c t u r e

o o o o o o o o o o o e(E
C O L U M E I T E  s t r u c t u r e

F"t*

zn2 '
co2+

Mn'*

O . 8  o

G

o . 7

o o . s 1

Tal ( Nb+Ta )

Fig. 4. Results showing the phase types which appeared in the
synthetic experiments on the ANbrOu-ATarO" system, where A
represents various divalent cations. O: columbite typ€, + : trirutile
type.
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Fig. 5. Synthesis of pyrochlore and associated phases in air and products obtained by heating of pyrochlore in reducing and
oxidizing atmospheres.
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garth, 1971). It was found that pyrochlore could be syn-
thesized from various combinations of the starting materi-
als (e.g. No. 13 and 15 in Table 1), but only in air. When
the pyrochlore, synthesized from Ca-Y-Fe-Nb-O system,
was heated again in an H, gas flow, it decomposed into a
mixture of phases, mostly YNbO4, CaNbrOu, and
FeNbrOu (Fig. 5). This shows that Fe3+ is stably incorpor-
ated into pyrochlore, while Fe2+ is not.

Pyrochlore synthesized from the Ca-U-Y-Nb-Yi-Fe-O
system was determined to have the chemical composition,

(Cao.ruUo.r tYo.orLr.nr(Nb,.nrTio..rFeo. tuLr.ooOt,

which can be expressed by taking O : 4,

(Cae.aeUe.2eYo.o5Nbo.r sTio.roFeo.on)"t.n tOn.

This latter formulation is very similar to that of samarskite
with a metal-to-oxygen ratio of approximately I :2. Syn-
thetic experiments, using the same starting materials as
above, showed that a single samarskite phase was obtained
in a reducing atmosphere, while a pure pyrochlore phase
was obtained in an oxidizing atmosphere. It should be
noted that the ionic radius of the A atom in ABrOr would
also influence the formation of structural variants of the
compound.

Conclusion

Samarskite has been synthesized by heating appropriate
mixtures of starting materials in the Ca-Y-U-Fe-Nb-{Til
O system, in a reducing atmosphere (e.9., in H2 gas flow).
The X-ray powder diffraction pattern of the synthetic ma-
terial agrees with that of natural samarskite recyrstallized
in a reducing atmosphere. Both the synthetic and the re-
crystallized samarskite decompose into a mixture of com-
pounds; mostly fergusonite, pyrochlore, ixiolite-like
FeNbOo, and Nb3UO1o, when heated in an oxidizing at-
mosphere (e.g., in air). Samarskite has also been synthesized

from a mixture of starting materials having a reduced
number of component elements such as those in the Y-Fe-
Nb-O system. The chemical formula of samarskite for the
system can be expressed as YFe(II)rNbsO16. It must be
noted, however, that samarskite cannot be uniquely formu-
lated, but should be expressed, for instance, as A.BrOtu or
MrOru which may include a wide range of chemical com-
positions, degree ofstructural order and crystal symmetry.

At high temperatures, about 950'C, the orthorhombic
low temperature form of samarskite changes into the high
temperature monoclinic structural modification having a
doubled b unit cell dimension, probably due to formation
of a superstructure of the low temperature orthorhombic
phase. The b-axis actually corresponds to the a-axis of the
low temperature phase because the a- and b-axes are inter-
changed in the low and high temperature phases.

Ferrous iron can be incorporated as a major component
into samarskite, tapiolite or columbite, while ferric ion
cannot be inco(porated but is only found in ixiolitelike
FeNbOn.

Euxenite and pyrochlore have been synthesized only in
an oxidizing atmosphere.
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