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INTRODUCTION

The production of fissile materials for military pur-
poses and reprocessing of spent nuclear fuel (SNF) of
civilian nuclear power plants has resulted in the accu-
mulation of great amounts of radioactive wastes. For
example, the recovery of U and Pu from 1 t of SNF
from a VVER-440 reactor yields 13, 78, and 1875 m

 

3

 

 of
liquid high-, intermediate-, and low-level radioactive
wastes (HLW, ILW, and LLW), respectively (Kopyrin
et al., 2006). HLW, which contain more than 90% of the
total radioactivity of wastes, are the most environmen-
tally hazardous. HLW include actinides, products of their
fission, corrosion elements, etc. More than 30000 m
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liquid HLW with activity above 350 MCi have been
accumulated in Russia as a result of reprocessing of
SNF on the territory of the Mayak Production Associa-
tion (PO Mayak) in the southern Urals (

 

End Points

 

…,
2003). The long-lived actinides with half-lives from
hundreds of years (americium) to tens of thousands or
millions of years (plutonium, neptunium) are the most
hazardous elements. Therefore, the safety of under-
ground storage facilities is, to a great extent, deter-
mined by their ability to isolate actinides for a long time
span. The confinement matrix is most important in
ensuring this condition.

In compliance with IAEA requirements, liquid
HLW must be solidified by means of their incorpora-
tion into stable confinement matrices. The matrix

 

Murataite As a Universal Matrix for Immobilization of Actinides

 

N. P. Laverov

 

a

 

, S. V. Yudintsev

 

a

 

, S. V. Stefanovsky

 

b

 

, B. I. Omel’yanenko

 

a

 

, and B. S. Nikonov

 

a

 

a

 

Institute of Geology of Ore Deposits, Petrography, Mineralogy, and Geochemistry, Russian Academy of Sciences, 
Staromonetnyi per. 35, Moscow, 119017 Russia

 

b

 

State Unitary Enterprise Joint Ecological–Technological and Research Center for Neutralization of Radioactive Wastes 
and Environmental Protection (MosNPO Radon), Sed’moi Rostovskii per. 2/14, Moscow, 119121 Russia

 

Received June 16, 2006

 

Abstract

 

—A new variety of matrices based on synthetic phases whose structure is close to that of murataite
(a natural mineral) is proposed for immobilization of nuclear wastes. Murataite is Na, Ca, REE, Zn, and Nb
titanate with a structure derived from the fluorite lattice. This very rare mineral was found in alkali pegmatites
from Colorado in the United States and the Baikal region in Russia. The synthetic murataite-like phases contain
manganese instead of zinc, as well as actinides and zirconium instead of sodium, calcium, and niobium. Vari-
eties with threefold, as in the mineral, and five-, seven-, and eightfold repetition of the lattice relative to the flu-
orite cell have been established. Correspondingly, the structural varieties M3, M5, M7, and M8 are recognized
among the synthetic murataites. A decrease in the contents of actinides, rare earth elements, and zirconium
occurs in the series M7–M5–M8–M3, along with enrichment in Ti, Al, Fe, and Ga. Murataite-based ceramics
are characterized by high chemical and radiation stability. The rate of U, Th, and Pu leaching with water at 90

 

°

 

C
in static and dynamic tests is 

 

10

 

–6

 

–10

 

–5

 

 g/m

 

2

 

 per day. These values are lower than the leaching rate of other
actinide confinement matrices, for example, zirconolite- or pyrochlore-based. Murataite is close to other titan-
ates in its radiation resistance. At 25

 

°

 

C, amorphization of its lattice is provided by a radiation dose of 

 

2 

 

×

 

10

 

18

 

 

 

α

 

 decays/g, or 0.2 displacements/atom. Murataite-based matrices are synthesized within a few hours by
cold compacting combined with sintering at 1300

 

°

 

C or by melting at 1500–1600

 

°

 

C and subsequent crystalli-
zation. The melting technology, including induction smelters with a cold crucible, makes it possible to produce
samples with zonal murataite grains. The inner zone of such grains is composed of structural variety M5 or M7;
the intermediate zone, of M8; and the outer zone, of M3. The contents of actinides, zirconium, and rare earth
elements reach a maximum in the inner zone and drop to a minimum in the outer zone, while the amounts of
nonradioactive elements—Ti, Al, Fe, and Ga—vary conversely. The U, Th, and Pu contents in the inner and
outer zones differ by three to five times. Such a distribution precludes removal of actinides by interaction of the
matrix with solution after its underground disposal. Individual actinides (Np, Pu, Am); the actinide–zirconium–
rare earth fraction of high-level radioactive wastes (HLW); Am–Ga residues of weapons plutonium reprocess-
ing with its conversion into U–Pu mixed oxide (MOX) fuel; and other sorts of HLW enriched in actinides, REE,
and products of corrosion (Mn, Fe, Al, Zr) can be incorporated into a murataite-based matrix. As much as 350 kg
of HLW components can be included in 1 t of such a ceramic. An actinide matrix that is composed of titanates
with a pyrochlore structure is its nearest analogue. The advantage of murataite in comparison with pyrochlore
consists in its universal character; i.e., a murataite-based matrix can be used for utilization of a wider range of
actinide-bearing highly radioactive wastes.
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serves as one of the main elements in the multibarrier
system of protection of the biosphere from radionu-
clides. High strength, homogeneity, thermal conduc-
tance, capacity, and radiation and chemical stability, as
well as an economically efficient technology of produc-
tion, are the key requirements for such materials (

 

GOST

 

(State Standard) 

 

R 50926-96

 

, 1996). The search for
optimal HLW matrices has been continuing for about
50 years, largely in regard to immobilization of liquid
waste left behind SNF reprocessing. The industrial
immobilization of HLW in Na–Al–P and Na–B–Si
glass matrices has been carried out for decades. These
glasses are not able to ensure the long-term isolation of
radionuclides. Therefore, the elaboration of new types
of durable HLW matrices is an important problem.

We participated in obtaining and studying polyphase
Synroc-type matrices (Stefanovsky et al., 1996) and
zirconolite-, pyrochlore-, and ferrigarnet-based ceram-
ics (Laverov et al., 1996; Stefanovsky et al., 1997;
Laverov et al., 2001; Yudintsev, 2003), as well as in
elaboration of general problems of mineralogy and
geochemistry of HLW-confining matrices (Laverov
et al., 1997, 1998b, 2002). It was shown that most of the
known titanate (pyrochlore, perovskite)-, phosphate
(monazite)-, and silicate (zircon)-based matrices are
intended for immobilization of a relatively narrow
range of components (actinides, occasionally in combi-
nation with REE). We have attempted to work out a uni-
versal matrix for actinide HLW that would include
other constituents of wastes, products of corrosion
above all else. Matrices that contain 80–95% synthetic
murataite are proposed as promising materials
(Laverov et al., 1998c, 1999; Stefanovsky et al., 2001;
Yudintsev et al., 2001). A large amount of new data on
the properties of murataite-based matrices has been
obtained recently, and this paper is the most compre-
hensive summary of the research carried out.

GENERAL INFORMATION ABOUT MURATAITE

Natural murataite is a very rare mineral that has
been found in alkali pegmatite from El Paso County,
Colorado, in the United States (Adams et al., 1974) and
later from the Baikal region in Russia (Portnov et al.,
1981). This mineral is an HREE, Zn, Na, and Fe titan-
ate (Table 1). Murataite from Colorado is distinguished
by high Nb and F contents, while that from the Baikal
region is devoid of these elements but contains calcium.

Some differences have been established in REE. While
total REE contents are similar (21–22 wt %), murataite
from Colorado contains Y and HREE in equal amounts,
whereas Y is sharply prevalent in the mineral from the
Baikal region. The structural study of the sample from
Colorado (Ercit and Hawthorne, 1995) confirmed the

cubic lattice of the mineral (space group 
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 =
14.89 

 

Å

 

, 

 

Z

 

 = 4) and allowed an idealized formula
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 to be proposed. Four cation sites are distin-
guished: (

 

Ä

 

) distorted cube, (

 

Ç

 

) octahedron, (

 

ë

 

) pen-
tatope, and (

 

í

 

) tetrahedron. No radioactive elements
are contained in natural murataite, and, therefore, in
contrast to zirconolite, pyrochlore, monazite, and other
U- and Th-bearing minerals, synthetic analogues of
murataite were not considered a matrix for actinides
previously.

A synthetic murataite-like phase was found for the
first time in a titanate ceramic with HLW imitators pro-
duced at the Savannah River Plant in the United States
(Morgan and Ryerson, 1982). A similarity to natural
murataite was suggested from XRD data. It was pointed
out that the structure of this phase may be expressed via
an oxide motif of fluorite type with a threefold unit cell.
According to microprobe results, the formula was writ-
ten as [

 

(

 

Ca

 

,

 

Mn

 

)

 

2

 

Zr

 

(

 

Fe

 

,

 

Al

 

)

 

4

 

Ti

 

3

 

O

 

16

 

]. In contrast to the
natural mineral, the synthetic phase is devoid of Zn but
contains Mn, Zr, Al, and U (Table 1). The U content
turned out to be four times lower than in zirconolite
from the same sample. Therefore, at that time,
murataite did not attract interest as a possible actinide
matrix.

The study of murataite was stimulated by the dis-
covery of this mineral in Synroc matrix with imitators
of wastes from PO Mayak (Laverov et al., 1997). Five
volume percent of this mineral accumulated about 40%
of the total uranium regardless of the occurrence in the
sample of such high-capacity with respect to actinides
phases as zirconolite and perovskite (Fig. 1). These data
initiated the purposeful investigation of synthetic HLW
matrices with murataite as the dominant phase
(Laverov et al., 1998b, 1998c, 1999; Stefanovsky et al.,
2001).

Murataite varieties with three- (as in natural M3
murataite), five-, eight-, and very rare sevenfold repeti-
tion of the lattice with respect to the fluorite-type cell
have been detected, and, correspondingly, the varieties

4

 

Table 1.  

 

Compositions of natural (1, 2) and synthetic (3) murataite, wt %

No. Na

 

2

 

O Al

 

2

 

O

 

3

 

CaO TiO

 

2

 

MnO FeO ZnO Y

 

2

 

O

 

3

 

Ln

 

2

 

O

 

3

 

ZrO

 

2

 

Nb

 

2

 

O

 

5

 

UO

 

2

 

F

1 5.8 n.d. 0.9 37.9 0.6 4.4 12.5 12.1 9.7 n.d. 10.0 n.a. 6.5

2 5.9

 

″

 

6.7 48.2 n.d. 2.3 16.2 20.5 0.7

 

″

 

n.d.

 

″

 

n.d.

3 0.7 9.3 7.8 32.1 7.8 23.4 n.d. n.d. 1.0 13.2

 

″

 

3.3

 

″

 

Note: Ln

 

2

 

O

 

3

 

 is the REE, mainly HREE, sum. (1) After Adams et al. (1974); (2) after Portnov et al. (1981); (3) after Morgan and Ryerson
(1982). Here and hereafter: n.d. denotes not detected; n.a. denotes not analyzed.



 

GEOLOGY OF ORE DEPOSITS

 

      

 

Vol. 48

 

      

 

No. 5

 

      

 

2006

 

MURATAITE AS A UNIVERSAL MATRIX FOR IMMOBILIZATION OF ACTINIDES 337

 

M3, M5, M8 (Fig. 2), and M7 of synthetic murataite are
recognized. It has been shown that Mn is necessary for
their formation along with Ti and large actinide and
REE cations (Laverov et al., 1997). Attempts to pro-
duce Zn-murataite from a charge close in composition
to this mineral failed, most likely, because of a differ-
ence between the run parameters and the formation
conditions of murataite in nature. It was established that
actinide murataite-based ceramics are highly resistant
to water and are not inferior to matrices based on pyro-
chlore-type titanate in radiation resistance (Laverov
et al., 2003).

These specific features stimulated further detailed
investigations of murataite as an actinide matrix. The
studies were aimed at examining the actinide and REE
isomorphism in murataite in order to find the optimal
matrix composition, estimate the stability of phases
under irradiation, and unravel their behavior in solu-
tions. To choose efficient methods of murataite synthe-
sis, ceramic samples produced with different methods
from a similar charge were compared. The most impor-
tant results are discussed below.

RESEARCH METHODS

The samples were obtained by cold compaction
combined with sintering at 

 

1100–1300°

 

C, by melting at

 

1500°

 

C in an electric furnace, or by induction melting
in a cold crucible (IMCC) at 

 

1600°

 

C. The synthesis was
carried out at the Mendeleev University of Chemical
Technology of Russia and MosNPO Radon. Samples
with transuranic actinides (Np, Pu, Am) were prepared
at the Institute of Geochemistry and Analytical Chem-
istry (GEOKhI) of the Russian Academy of Sciences
and at the Research Institute of Atomic Reactors
(RIAR) (Cm). An oxide charge was powdered and
homogenized in an LIV-0.5E linear induction rotator or
in an AGO-2U planetary mill, then pressed into pellets
8–10 mm in diameter and 2–4 mm high at room tem-
perature and afterward heated to 

 

1100–1500°

 

C. The
runs were performed in alundum crucibles at 

 

1100–
1300°

 

C and in platinum or glass-carbon ampoules at a
higher temperature. After the runs, the samples were
studied with XRD, SEM/EDS, and TEM, high-resolu-
tion TEM (HRTEM) included. To determine the radia-
tion stability, the samples were irradiated with a 1 MeV
Kr

 

2+

 

 ion beam or by doping with 2 wt % 
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Fig. 1.

 

 The Synroc matrix with 20% HLW imitators from PO Mayak, SEM image. (M) Zonal murataite grain, (Z) zirconolite,
(H) hollandite, (R) rutile, (P) perovskite, (G) glass.

 

2 nm(‡) (b) (c)

 

Fig. 2.

 

 HRTEM images of murataite phases: (a) M3, (b) M5, and (c) M8. Lines denote repetition of layer position in the structure.
The insets show electron diffraction patterns from plane (110)* in murataites M3, M5, and M8.
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study was carried out in cooperation with specialists
from the University of Michigan (United States) and
RIAR. The matrix stability in water was tested in the
static and dynamic regimes at 

 

95°

 

C at the Laboratory of
Radiochemistry of GEOKhI RAS and at MosNPO
Radon.

ACTINIDE AND REE ISOMORPHISM 
IN MURATAITE PHASES

To study the incorporation of chemical elements
into murataite, a series of samples was synthesized.
Most investigations were performed with a basic charge
composition (wt %) 

 

55 

 

TiO

 

2

 

, 10

 

 MnO, 10 CaO,

 

5

 

 Al

 

2

 

O3, 5 Fe2O3, 5 ZrO2, and 10 HLW components.
Actinide oxides (UO2, ThO2, NpO2, PuO2) and REE
oxides (La2O3, CeO2, Pr6O11, Nd2O3, Sm2O3, Eu2O3,
Gd2O3, Tb2O3, Dy2O3, Y2O3) or mixtures of them cor-
responding to the compositions of actinide or actinide–
REE fractions served as imitators of wastes. The afore-
mentioned proportion of components allows a maxi-
mum amount of murataite to be obtained (Laverov
et al., 1999). In addition to murataite, the samples con-
tained other titanate phases: structural analogues of
minerals from the rutile group (space group P42/mnm,
formula [Ti,Zr]O2), crichtonite (R3, [Ca,REE,An][Ti,
Zr,Fe,Al]21é38), perovskite (Pnma, [Ca,REE,An]Tié3),
ilmenite–pyrophanite (R-3, [Mn,Fe]TiO3), and pyro-
chlore (Fd3m, [Ca,REE,An]2[Ti,Zr]2é7). For simplic-
ity, these synthetic phases are further referred to in the
same way as their natural analogues.

The maximum amount of murataite is contained in
two-phase ceramics where rutile or crichtonite occurs
along with murataite. Attempts to synthesize single-
phase murataite samples, including runs with a charge
containing the same percentage of titanium as in
murataite, failed. In this case, a mineral assemblage
composed of phases either with a lower Ti content than in
murataite, e.g., pyrochlore and perovskite, or with a higher
Ti content (crichtonite and rutile) was formed. In general,
it was established that a charge of optimal composition
must contain an excess of titanium, which is fixed in rutile
or crichtonite after murataite crystallization.

Several murataite varieties, commonly M3, M5, and
M8, were revealed in most samples. The phase with
sevenfold repetition of the lattice relative to the fluorite
cell (M7) is extremely rare. The general term murataite
is applied to all these varieties; the specific murataite
variety is indicated when necessary and when TEM or
HRTEM data are available.

REE-Bearing Matrices

As follows from the XRD data, murataite is predom-
inant in all REE-bearing samples except La-bearing
ones, where perovskite and murataite occur in com-
mensurable amounts (Fig. 3). Titanates with crichto-
nite, pyrophanite, rutile, and less frequently pyrochlore
structures are detected in almost all samples. The

d spacings for the main reflections of murataite are
within the ranges 2.86–2.79, 2.47–2.43, 1.75–1.72, and
1.50–1.42 Å; several closely located or partially over-
lapped reflections are detected in each of these ranges.
This is apparently caused by occurrence of several
murataite modifications, as is corroborated in some
cases by TEM and HRTEM observations. Murataite
and perovskite are the main REE concentrators in the
ceramics (Table 2); in the samples containing LREE
(from La to Sm), some elements are incorporated into
crichtonite. Perovskite is a typical phase in LREE-bear-
ing ceramics; the greatest amounts of this mineral were
detected in the sample that contained La (Figs. 3, 4).
Perovskite contains largely LREE and MREE, whereas
HREE fractionate into murataite phases. This is espe-
cially characteristic of the elements from Tb to Yb and
of Y. While the Y partition coefficient between
murataite M5 and perovskite is ~7, the partition coeffi-
cient decreases to 0.3 for Nd and 0.1 for still larger La
(Table 2). A prevalence of HREE and Y is also typical
of natural murataite. It is noteworthy that the Y-bearing
sample is represented by the greatest number (four) of
murataite varieties, including the very rare variety M7
(Table 2, Fig. 4).

The greatest amount of analytical data were
obtained for the Gd-bearing sample, where several
murataite phases, crichtonite, and pyrophanite were
identified; the varieties M3, M5, and M8 occur in this
sample. SEM images demonstrate the zonal structure of
murataite grains, with phase M5 in the core and phase
M8 at the margins. These grains are incorporated into a
matrix composed of phase M3. Phase M8 is predomi-
nant, while murataites M5 and M3 occur in approxi-
mately equal quantities (Fig. 4). The Gd content is three
times higher in M5 than in M3; the difference in Zr con-
tent is still higher. The Al and Fe contents decrease by
three to five times on passing from M5 to M3, while the
Ti content drops by 10%.

Murataite-Based Matrices with Actinides

In the samples with actinides, murataite prevails
over crichtonite, rutile, perovskite, and pyrophanite
(Figs. 5–7). The overwhelming majority of actinides
occur in murataite. Their concentration in crichtonite
and pyrophanite is extremely low, often below the
detection limit (Table 3). The octahedral murataite
crystals reveal a distinct zoning (Fig. 6). The inner zone
is composed of variety M5; the intermediate zone, of
M8; and the outer zone, of M3 (Figs. 7, 8), as was
observed in the REE-bearing ceramics. As can be seen
from the data obtained with SEM/EDS (Table 3,
Fig. 9), the compositional variation of grains is similar
to the systematic pattern revealed in the REE-bearing
ceramics. As variety M5 gives way to variety M3 in the
outward direction, the contents of actinides and Zr
decrease, whereas the Ti, Fe, and Al contents increase.
This trend is pointed out with respect to all actinides
(U, Th, Pu, Np), but with a different intensity.
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Fig. 3. X-ray patterns of REE-bearing ceramics. M, murataite (all varieties, unspecified); C, crichtonite; P, perovskite.
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Murataite Ceramics with Imitators 
of Actinide–REE Fractions of HLW

Three samples were studied (Table 4). U and Ce
were introduced into the first sample (A). The other two
ceramics were produced from a mixture that mimics the
actinide–REE fraction of HLW. Sample B fits this frac-
tion to the greatest extent. The conclusions on the
behavior Am2O3 and Cm2O3 are based on the distribu-
tion of REE (Nd and Sm, above all else), which are
regarded as imitators of trivalent actinides.

According to the XRD and SEM/EDS results
(Figs. 10, 11), sample A is composed of 90% murataite
phases; crichtonite and perovskite were detected as
admixtures. The SEM images demonstrate the zoning
of murataite grains typical of this kind of ceramics. The
inner zone is enriched in U and Zr. The contents of
these elements diminish toward the grain margins,
while the Ti, Al, and Fe contents decrease in the same
direction. By analogy with the samples bearing lan-
thanides and actinides, the zones distinct in color and
composition may be referred to M5 (the core), M8 (the
intermediate zones), and M3 (the marginal zones).

Murataite is the main concentrator of uranium,
whereas the U contents in crichtonite and perovskite
are below the detection limit. The LREE and MREE
from La to Nd fractionate into perovskite, and the con-
trast in REE distribution between different phases
diminishes as the atomic weight of an element
increases (Table 5). The inverse pattern is typical of Sm
(sample B): this element is mainly incorporated into
murataite. A small amount of REE, largely LREE and
MREE, is contained in crichtonite. Thus, while the
LREE and MREE, with large ionic radii, are accumu-
lated in perovskite and crichtonite, the HREE, with
small ionic radii, are distributed in favor of murataite.
This indicates that the compositions of synthetic and
natural murataites are close to each other: both are
enriched in HREE. This feature emphasizes a certain
similarity of these minerals with synthetic titanates that
correspond to (REE2Ti2O7) in composition. Only the
phases of MREE and HREE have the cubic structure of
pyrochlore, whereas LREE titanates (from La to Sm)
have monoclinic symmetry of the crystalline lattice.
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Fig. 4. SEM images of (a) La-, (b) Gd-, and (c) Y-bearing ceramics. (a, b) (1) M5, (2) M8, (3) M3; (c) (1) M7, (2) M5, (3) M8,
(4) M3; C is crichtonite; P, perovskite; and T, pyrophanite.
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Ga-Bearing Murataite Ceramics

Taking into account the similar properties of several
elements, one may suggest that synthesis of murataite
ceramics of other compositions is also possible. For
example, the similar dimensions of Al3+ and Fe3+, on
the one hand, and Ga3+, on the other hand, allowed us

to expect the possible formation of Ga ceramics.
Hf may be incorporated into murataite instead of Zr,
while Sn may replace Ti. Hafnium serves as a neutron
absorber and prevents a fission chain reaction in
actinide matrices. In this regard, the occurrence of Hf
makes it possible to incorporate higher plutonium con-
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Fig. 5. X-ray patterns of actinide-bearing ceramics. M is murataite; P, perovskite; C, crichtonite; and R, rutile.
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centrations into the murataite matrix. The incorporation
of Ga into murataite is also a positive property of the
matrix because Ga is a component of wastes that are
formed by conversion of weapons plutonium into U−Pu
mixed oxide (MOX) fuel.

In order to substantiate the possibility of Ga-murataite
formation, a ceramic was synthesized from a charge
into which gallium was introduced instead of the equiv-
alent amount of aluminum. The composition of this
ceramic was as follows (wt %): 55 TiO2, 10 MnO,

200 µm 100 µm

1

2

3

3

1

2

(‡) (b)

Fig. 6. SEM images of murataite-based ceramic containing 10 wt % ThO2. (a) Intergrowth of murataite crystals; (b) structure of the
same crystals in cross section. 1 is murataite M5; 2, murataite M8; and 3, murataite M3. See Table 4 for phase compositions.
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Fig. 7. SEM images of murataite-based ceramic containing (a) 10 wt % U and (b) 10 wt % Pu. 1 is murataite M5; 2, murataite M8;
3, murataite M3; C, crichtonite; and T, pyrophanite.

Table 3.  Phase compositions of ceramics with 10 wt % ThO2 or 10 wt % UO2

Oxide, wt %
Th-bearing sample U-bearing sample

M5 M8 M3 P C M5 M8 M3 C T

Al2O3 2.7 4.3 7.9 0.6 3.7 1.2 4.1 7.0 3.7 0.5

CaO 11.2 10.9 9.5 21.9 4.2 10.7 11.2 10.9 0.4 0.9

TiO2 52.2 54.8 55.6 48.6 71.2 45.4 53.7 57.4 68.1 51.9

MnO 8.5 9.2 10.9 1.0 7.4 7.1 8.8 10.6 13.3 26.3

Fe2O3 3.0 3.6 7.2 0.6 8.4 2.1 3.5 5.7 16.1 19.7

ZrO2 9.7 6.5 2.1 n.d. 1.3 12.2 7.0 3.1 n.d. n.d.

(Th/U)O2 12.6 10.9 5.1 24.1 2.7 21.5 11.3 4.6 ″ ″
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M5 M8 M3

(111)* (111)*

Fig. 8. Electron diffraction patterns of murataite (M5, M8, and M3) in a ceramic that contains 10 wt % Pué2.
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keV

10 CaO, 5 Ga2O3, 5 Fe2O3, 5 ZrO2, and 10 UO2. The
sample was obtained by compaction of the oxide mix-
ture at 200 MPa and subsequent sintering at 1200°C for

5 h. According to the XRD data, the sample consisted
of two murataite modifications, probably, M5 and M8,
and crichtonite, rutile, and zirconolite admixtures. The



GEOLOGY OF ORE DEPOSITS      Vol. 48      No. 5      2006

MURATAITE AS A UNIVERSAL MATRIX FOR IMMOBILIZATION OF ACTINIDES 345

compositions of these phases are given in Table 6. This
sample differs from other ceramics in its high porosity
and occurrence of rutile and zirconolite instead of
pyrophanite.

VALENCE OF ELEMENTS IN MURATAITE

Some elements contained in murataite ceramics
may occur with different degrees of oxidation depend-
ing on synthesis conditions. This is typical, first of all,
of Fe and Mn and, to a lesser extent, of Ti. Furthermore,
some samples contain REE, e.g., Ce or actinides
(U, Np, Pu), which also have several degrees of oxida-
tion. As was established in samples studied with Möss-
bauer spectroscopy (Urusov et al., 2002) and X-ray
photoelectron spectroscopy (Maslakov et al., 2006), Fe

and Mn occur in murataite as Fe3+ and Mn2+, which is
in agreement with results of X-ray absorption spectros-
copy (Stefanovsky et al., 2006) testifying that more
than 90% of Fe occurs in the trivalent state. Although
Mn2+ is predominant (60–70%), a considerable per-
centage of Mn is in the form of Mn3+. According to the
data of X-ray photoelectron spectroscopy, actinides
(U, Pu, Np) occur in murataite as tetravalent cations,
while Ce is represented largely by Ce3+.

EFFECT OF SYNTHESIS CONDITIONS 
ON SPECIFIC FEATURES 

OF MURATAITE-BASED CERAMICS

One of the requirements on actinide ceramics is the
possibility of their economically efficient production.

Table 4.  Compositions of matrices with imitators of the actinide–REE fraction, wt %

Sample Al2O3 CaO TiO2 MnO Fe2O3 ZrO2 La2O3 CeO2 Pr6O11 Nd2O3 Sm2O3 UO2

A 5.0 10.0 55.0 10.0 5.0 5.0 – 5.0 – – – 5.0

B 5.0 10.0 55.0 10.0 5.0 10.0 – 1.5 – 3.0 – 0.5

C 5.0 10.0 55.0 10.0 5.0 7.8 0.9 1.9 0.8 2.7 0.5 0.4

Note: The dash indicates that an element was not introduced into a charge.
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murataite reflections. M is murataite phases; and P, perovskite.
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The main methods of their manufacturing are solid-
phase synthesis (hot or cold compaction + sintering)
and melting–crystallization. Hot compaction is used in
Australia for synthesis of Synroc (synthetic rock) mate-
rials (Ringwood, 1985) and zirconolite-based matrices
(Vance et al., 1995). Under laboratory conditions, cold
compaction and subsequent sintering at 1300–1400°C
is commonly used for obtaining matrices for radioac-
tive wastes (Laverov et al., 2001, 2002). Pyrochlore-
based actinide matrices, including ones containing up
to 12 wt % Pu, have been obtained by the same method
in the United States (Strachan et al., 2005).

The high melting temperature (often above 1500°C)
typical of crystalline matrices complicates their synthe-
sis in common electric furnaces. The method of IMCC
has been proposed for synthesis of refractory materials.
Synroc ceramics (Stefanovsky et al., 1996), as well as
zirconolite- and pyrochlore-based matrices (Stefanovsky
et al., 1997, 2001), were previously obtained using this
technology.

The specific features of ceramics produced with var-
ious methods are compared below. All of them were
obtained from the same charge (wt %): 55 TiO2,
10 MnO, 10 CaO, 5 Al2O3, 5 Fe2O3, 5 ZrO2, and

10 UO2. As was shown by the results of the preceding
investigations, such a charge allows ceramics with the
highest murataite content to be obtained. The mixtures
were compacted and sintered for 4 h at 1100, 1300, and
1400°C or melted in an electric furnace at 1500°C or in
an induction smelter with a cold crucible. The run
parameters and phase compositions are summarized in
Table 7. The study of these samples showed that temper-
ature exerts substantial effects on their specific features.

The ceramic obtained as a result of cold compaction
and sintering at 1100°C is characterized by incom-
pleteness of phase formation reactions, as indicated by
the following features:

(1) the occurrence of many other phases in addition
to murataite; XRD study allowed identification of pyro-
chlore, perovskite, cubic U and Zr oxides, and rutile as
well (Fig. 12);

(2) the retention of unreacted charge remains (ZrO2,
TiO2, UO2) in ceramics; and

(3) a significant volume of ceramic composed of
aggregates of mineral grains with diffuse contours and
less than 1 µm in size, which prevents their exact iden-
tification (Fig. 13).

100 µmA B

C

40 µm

100 µm

ë ê

3
2

1

1

2

3
ë

ê

1

2

3

ë
ê

Fig. 11. SEM images of murataite-based ceramics with imitators of the actinide–REE fraction of HLW (samples A, B, and C).
1 is murataite M5; 2, murataite M8; 3, murataite M3; C, crichtonite; and P, perovskite.
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The specific features mentioned above indicate that
the applied temperature and duration of sintering were
not sufficient for obtaining a murataite-based ceramic
with optimal properties.

The ceramic obtained as a result of cold compaction
and sintering at 1300°C is characterized by complete-
ness of phase formation reactions and the achievement
of equilibrium in the system, as supported by several
lines of evidence:

(1) the number of phases is limited, and murataite
M8 dominates, followed by rutile and murataite M5
(Figs. 12, 13);

(2) relatively large mineral grains (5–20 µm),
mainly composed of murataite M8, are prevalent;

(3) the grains of murataite M8 often contain tiny
(from fractions of a micrometer to a few micrometers in
size) inclusions of murataite M5 and rutile with clearly
discernible contours;

(4) no unreacted charge remains are observable;

(5) structural relationships indicate that murataites
M5 and M8 crystallize at the initial stage of synthesis
and rutile is formed at the last stage.

In U, Al, and Fe contents, murataites M5 and M8
differ by 1.5–2.2 times; the differences in concentra-
tions of other elements are much less (Table 8).

The ceramic obtained by melting in an electric fur-
nace at 1500°C in a platinum crucible consists of three
murataite varieties (M5, M8, and M3) and rutile
(Figs. 12, 13). The murataite grains show zoning with a
prevalence of M5 in the inner zone, M8 in the interme-
diate zone, and M3 in the outer zone (Fig. 13). The Ca,
U, and Zr contents decrease from the crystal core out-
ward, while the Mn, Ti, Fe, and Al contents increase in
the same direction (Table 8). The boundaries between
M8 and M3 are always rather distinct, while gradual
transitions are established between M8 and M5. This
indicates that equilibrium relationships between M8
and M3 are reached to a higher degree than between M8
and M5. The main body of the ceramic is composed of

Table 6.  Phase compositions of murataite-based ceramic
containing 5 wt % Ga2O3

Oxide, wt % M5 M8 C R Z

CaO 12.1 11.1 5.5 n.d. 12.0

TiO2 38.8 47.0 62.9 94.4 38.7

MnO 4.7 10.2 12.8 0.7 4.4

Fe2O3 2.0 3.4 8.5 n.d. 1.8

Ga2O3 2.7 5.0 6.4 ″ 2.7

ZrO2 22.9 11.0 1.4 1.7 30.5

UO2 14.9 11.2 2.2 2.3 8.7

Total 98.1 98.9 99.7 99.1 98.8

Note: R, rutile and Z, zirconolite.

Table 7.  Run parameters and phase compositions of the samples obtained

Temperature of synthesis, 
°C/crucible type Detected phases (listed in decreasing amounts) Notes

1100/alundum crucible Py or Z, M, O, R No melting

1300/alundum crucible M8, M5, R

1400/alundum crucible Corrosion of the alundum crucible caused by melting of the charge

1500/platinum crucible M5, M8, M3, R Complete melting of the initial charge

~1600/IMCC M5, M8, M3, R, C, G

Note: Py is pyrochlore; Z, zirconolite; O, cubic oxide; R, rutile; C, crichtonite; and G, glass. IMCC, induction melting in a cold crucible.

Table 8.  Phase compositions in samples (recalculated to 100%), wt %

Oxide
Electric furnace, 1300°C Electric furnace, 1500°C IMCC, ~1600°C

M5 M8 R M5 M8 M3 R M5 + M8 M3 R C

Al2O3 1.3 2.9 0.2 2.1 4.5 7.1 0.5 3.8 9.5 0.5 6.7

CaO 13.2 11.8 0.3 13.8 12.6 11.4 0.2 11.2 9.4 0.4 4.5

TiO2 50.7 51.1 92.6 48.6 52.7 52.5 90.3 51.6 53.0 92.5 66.5

MnO 7.3 9.2 0.6 7.3 9.6 10.8 0.5 8.8 11.2 0.3 9.9

Fe2O3 1.8 3.7 0.8 3.6 4.6 6.5 0.8 4.9 8.8 0.6 9.7

ZrO2 7.2 9.1 2.9 10.4 6.0 3.3 5.0 7.0 2.4 4.4 0.7

UO2 18.5 12.2 2.6 14.1 10.1 8.4 2.7 12.7 5.7 1.3 2.0
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M8 and M3 in a proportion of about 1.5 : 1.0; rutile
occurs in a subordinate amount (~10%), as does
murataite M5 (~5%).

The structural relationships testify to the following
crystallization sequence: M5, M8, M3, and rutile. The
specific distribution of rutile grains as parallel linear
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Fig. 12. X-ray patterns of samples produced from a charge of the same composition under different synthesis conditions. The inset
demonstrates the structure of the main reflection of murataite in the ceramic produced with IMCC.
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bands crosscutting all murataite varieties is notable and
indicates that diffusion redistribution of Ti in the melt
occurs rather rapidly and crystallization of rutile is con-
trolled by energetically favorable conditions of crystal
growth.

The ceramic obtained by IMCC is composed largely
of murataite (75%, all varieties) and much smaller
amounts of rutile (15%), crichtonite (5%), and glass
(5%). According to the TEM and HRTEM data,
murataite is represented by the M5, M8, and M3 struc-
tural varieties, which occur in the inner, intermediate,
and outer zones of crystals, respectively (Figs. 12, 13).
As in the ceramic obtained at 1500°C, the M5/M8
boundaries are diffuse, while the M8/M3 boundaries
are more distinct. Rutile occurs as grains irregular in
shape that fill interstices between murataite crystals.
Tiny crichtonite grains replace rutile and make up
oblong crystallites up to 5 µm in size incorporated into
glass (Fig. 13). The compositions of crystalline phases
are characterized by the same trends of element frac-
tionation as in the ceramics produced with other meth-
ods (Table 8).

The observed phase relations show that the melt
crystallization begins with formation of murataite M5,
which further gives way to murataites M8 and M3.
Rutile and crichtonite crystallize from the residual
melt, and the process is completed with solidification of
glass. The appearance of glass consisting of (wt %)
3.7 Na2O, 16.1 Al2O3, 32.0 SiO2, 18.4 CaO, 11.9 TiO2,
10.6 MnO, and 2.1 Fe2O3 was caused by contamination
of melt with material of the refractory coating of the
crucible.

It should be emphasized that the difference in the
structure of the ceramics produced by melting is related
not so much to the temperature as to the specific fea-
tures of synthesis in an electric furnace and by IMCC.
In the latter case, the volume of the charge is much
greater, the melt is formed under a temperature gradi-
ent, and crystallization proceeds under fast cooling.
Furthermore, components of the coating enter the melt.
The specific features of ceramics produced with the
cold crucible technology indicate that a degree of frac-
tionation of elements such as that taking place during
melting in an electric furnace is not reached.
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fraction patterns of murataite phases. (a) 1100°C: 1 is aggregate of murataite grains; 2, ZrO2-based solid solution; and 3, rutile;
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In conclusion, it must be admitted that both the
ceramics produced by cold compaction in combination
with sintering at 1300°C and the melted ceramics pos-
sess the properties necessary for their use as a waste
matrix. The choice of the industrial method of actinide
immobilization in murataite ceramics will be determined
primarily by its technological and economic efficiency.

THE RADIATION STABILITY OF MURATAITE

The estimation of radiation damage on the basis of
mineral analogues cannot be used because radioactive
elements are absent in natural murataite. Therefore, the
radiation stability of synthetic murataites was studied
after irradiation by an ion beam or by incorporation of
the isotope 244Cm (half-life 18 yr) into the crystal lattice.

Irradiation with Heavy Ions

Two samples of similar composition that consisted
of several murataite varieties were chosen for irradia-
tion with ions. The first sample was synthesized by
melting in a platinum ampoule at 1500°C, and the sec-
ond sample was produced by IMCC. The specific fea-
tures of these samples were considered in the preceding
section. Murataites M5 and M8 were studied in the first
sample, and M3 and M5, in the second sample (Table 8).

The samples were irradiated with 1 MeV Kr2+ ions;
the beam density was ~1012 ions/(cm2 s). The encounter
of heavy ions with target atoms well mimics the pro-
cesses that occur on decay of actinides (Weber and
Ewing, 2002). The experiments were performed on an ion
accelerator at Argonne National Laboratory in the United

States, and afterward the samples were studied with TEM
at the University of Michigan (Lian et al., 2005).

The intensity of reflections in an electron diffraction
pattern decreases with increasing irradiation dose, and
the diffuse ring typical of an amorphous substance
eventually appears instead of point diffraction. The
consecutive steps of murataite lattice destruction with
increasing irradiation dose are shown in Fig. 14. At
25°C, all murataite varieties are characterized by a dose
of amorphization equal to 0.2 displacements/atom. This
value is close to the dose of amorphization for most
known HLW matrices, including pyrochlore- and zir-
conolite-based ones. According to calculations, a
matrix that contains 10 wt % weapons 239Pu, with a
half-life of 24 ka, will accumulate a dose of irradiation
equal to 0.2 displacements/atom over 500–700 yr. At an
elevated temperature, amorphization requires higher
doses of irradiation because heating promotes the
return of atoms to their initial sites and recovery of the
primary structure.

Ionic irradiation makes it possible to study the radi-
ation damage to samples at both normal and elevated
temperatures. The range from 100 to 250°C is the most
important because these conditions are most probable
for deep geological waste storage facilities. An expo-
nential relationship between the amorphization dose
and the temperature was established (Lian et al., 2005).
The dose only slightly increases while the temperature
rises to 400–500°C; then its growth becomes more
appreciable. This is caused by recovery of radiation
defects and return of atoms to their initial sites; heating
promotes these processes. At an elevated temperature,
in particular, at 600°C, the character of diffraction

3 nm

(‡) (b) (c) (d)

Fig. 14. Variation of the character of electron diffraction under ion beam irradiation of murataite M5 and the corresponding HRTEM
images. (a) Before irradiation, (b) 4.38 × 1013 Kr2+/cm2 (0.04 displacements/atom), (c) 9.39 × 1013 Kr2+/cm2 (0.08 displace-
ments/atom), (d) 15.6 × 1013 Kr2+/cm2 (0.13 displacements/atom).
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(Fig. 15) changes in the same way as at 25°C; however,
the dose of irradiation that gives rise to amorphization
is much higher in this case. Above a certain critical tem-
perature, the rate of annealing of defects exceeds the
rate of their appearance and the structure is retained
unchanged at any dose of irradiation. In the studied
samples, the critical temperature ranges from 650 to
750°C.

Radiation Effect of the Isotope 244Cm on Murataite-
Based Ceramics

Samples that contained curium isotopes were syn-
thesized to study their radiation damage. This investi-
gation was carried out together with specialists from
RIAR. A charge of the composition (wt %) 11.7 CaO,
11.9 MnO, 60.5 TiO2, 5.1 ZrO2, 6.6 Fe2O3, and 4.2 Al2O3
was doped with ThO2 and percolated with a nitrate
Cm solution with an isotopic composition of 76%
244Cm (í1/2 = 18 yr) + 15% 245Cm (8500 yr) + 9%
246Cm (4730 yr). The bulk of the radiation dose is
related to the decay of short-lived 244Cm. The amount
of curium provided a 244Cm content equal to 1.8 wt %.
As a result, a mixture of the composition (wt %)
10.5 CaO, 10.6 MnO, 8.1 ThO2, 54.0 TiO2, 4.6 ZrO2,
6.0 Fe2O3, 3.8 Al2O3, and 2.4 Cm2O3 was obtained,
with a specific radioactivity of 5.5 × 1010 Bq/g. This
charge was pressed into pellets at room temperature
and then sintered for 4 h at 1350°ë in a platinum cruci-
ble. As a result, the pellets were melted with formation
of a ceramic layer at the crucible bottom. According to
the XRD data, the sample was murataite-based and
contained traces of perovskite. Judging by the location
of the main reflections in X-ray patterns, variety M5
prevailed over M8, which occurred in a lesser amount.
The high radioactivity precluded microprobe analysis
and the study of Cm distribution between the phases.

The dose of murataite irradiation was calculated on
the basis of curium concentrations in the sample and the
time of its exposure. The initial stage of murataite lat-
tice destruction was recorded at a radiation dose of
1.3 × 1017 α decays/g. The damage is expressed in the dis-
placement of reflections toward smaller angles, although
the initial X-ray pattern as a whole is retained. After the
accumulation of a dose of 1.2 × 1018 α decays/g, the weak
murataite reflections disappear and the intensity of the
main reflection (d = 2.84 Å) decreases and its width
increases, indicating a significant degree of amorphiza-
tion. The maximum dose of irradiation accumulated to
date is 1.7 × 1018 α decays/g, but this dose did not give
rise to amorphization. The perovskite reflections are
retained unchanged, probably, owing to the lower Cm
concentration in perovskite in comparison with that in
murataite. It may be expected that the murataite lattice will
be destroyed at a radiation dose above 2 × 1018 α decays/g.
This value is comparable with the stability of pyro-
chlore and zirconolite doped with 238Pu or 244Cm
(Weber et al., 1986; Matzke and van Geel, 1996; Volkov
et al., 2004; Strachan et al., 2005). Their lattices
become amorphous after (2.5–4.8) × 1018 α decays/g,
which corresponds to 0.2–0.4 displacements/atom.

Chemical Stability of Murataite in Aqueous Solutions

Stability with respect to aqueous solutions is one of
the requirements on actinide matrices. Experiments on
the leaching of actinides from a murataite ceramic of
basic composition containing 10 wt % 239Pu and 0.1 wt %
241Am were performed. The murataite varieties domi-
nated in the ceramic, and crichtonite occurred as an
admixture (Fig. 7). Plutonium concentrates in
murataite, while its content in crichtonite is below the
detection limit (tenths of weight percent). The experi-
ments on leaching were carried out in accordance with
the standard procedure of the MCC-1 (Materials Char-

(‡) (b) (c) (d) (e)

(f) (g) (h) (i) (j)[011]

[011]

Fig. 15. Variation of diffraction of (a–e) murataite M5 and (f–j) M8 in the course of ion beam irradiation of sample 1 at 600°C.
(a) Before irradiation, (b) 3.125 × 1014 Kr2+/cm2 (0.25 displacements/atom), (c) 5.625 × 1014 Kr2+/cm2 (0.45 displacements/atom),
(d) 7.5 × 1014 Kr2+/cm2 (0.60 displacements/atom), (e) 13.75 × 1014 Kr2+/cm2 (1.1 displacements/atom), (f) before irradiation,
(g) 1.875 × 1014 Kr2+/cm2 (0.15 displacements/atom), (h) 3.75 × 1014 Kr2+/cm2 (0.29 displacements/atom), (i) 7.5 × 1014 Kr2+/cm2

(0.58 displacements/atom), (j) 11.25 × 1014 Kr2+/cm2 (0.88 displacements/atom).
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acterization Center) test. Samples and distilled water
were loaded into Teflon containers, which were placed
into a thermostat at í = 90°C. After standing for a given
time, the containers were taken out to refresh the solu-
tion and then placed into the thermostat again. The first
change of solution was performed after three days; the
second, after four days; and further changes, weekly.
The actinide contents in units of radioactivity were
measured with an Alpha Analyst device and afterward
recalculated into concentrations for clearness. Further,
the rates of Pu and Am leaching from a sample were
calculated from the equation

Ri = ai/(AiStn),

where ai is the radioactivity (Bq) of the radionuclide or
its mass (g) that passed into solution over a given span
of time; Ai is the specific activity of the radionuclide
(Bq/g) or its concentration (g/g) in the sample; S is the
area of the sample surface (m2); and tn is the duration of
the nth period of leaching, measured in days (GOST
(State Standard) R 52126-2003, 2003). The rate
decreases from 10–3 g/m2 per day in the first days of the
experiment to 10–4–10–5 g/m2 per day after 63 days of
interaction (Table 9). The rate of americium leaching is
several times higher than that of plutonium.

A similarly low rate of actinide leaching was estab-
lished by a single-pass flow-through test of the pow-
dered matrix. Two samples of the composition (wt %)
5 Al2O3, 10 CaO, 55 TiO2, 10 MnO, 5 Fe2O3, 5 ZrO2,
and 10 AnO2 (An = Th, U) were used for this purpose.
The samples consisted of 90 vol % murataites M5, M8,
and M3 and admixtures of crichtonite, pyrophanite, and
perovskite (Figs. 6, 7; Table 3). The experiment was
conducted at 90°C and a water flow rate of 1–3 ml/h; the
total duration of the run was 33 days. The solution col-
lected over a day was analyzed with ICP MS. The rates of
U and Th leaching were calculated from the formula

Ri = (Ciq)/(fiS),

where Ci is the concentration of the element (g/m3) in the
solution, q is the velocity of the water flow (m3/day), fi is
the weight fraction of the element in the sample, and
S is the area of the solid-phase surface (m2). The rate
of leaching over the whole time of interaction was
~10–6 g/(m2 day).

Because several (commonly two or three) murataite
varieties occur in a sample, it is impossible to estimate
their stability separately. While the sample is interact-
ing with water, the large alkali and alkali earth cations
pass into solution most readily, whereas poorly soluble
Ti, Zr, and Al accumulate at the sample surface. Hence,
the stability of the matrix should increase with decreas-
ing proportion of low- to high-charge cations in its
composition. In murataite phases, the former are repre-
sented by Ca2+ and Mn2+ and the latter, by Ti4+, Zr4+,
Al3+, and Fe3+. Thus, the phase stability in solutions
will rise in the succession M5–M8–M3. Because
murataite M3, which is depleted in radionuclides, com-
monly occurs in the outer zones of the zonal murataite
grains in ceramics, this variety will hamper the removal
of actinides from the matrix into solution and thus
increase the corrosion stability of the matrix.

STRUCTURE OF SYNTHETIC MURATAITES: 
A MODERN CONCEPT

The interpretation of the structure of synthetic
murataite and the confirmation of its crystallochemical
formula are unsolved problems that are of key impor-
tance for understanding isomorphic replacements in the
matrices, actinides and REE included. The data on nat-
ural murataite cannot be used in full measure because
of a substantial difference in chemical composition.
Furthermore, as was mentioned above, natural
murataite is characterized by a structure with a three-
fold parameter of the fluorite-type unit cell. Among the
synthetic phases are not only such a variety but also

Table 9.  Leaching of actinides from murataite-based ceramic with water

Time from onset 
of run, days

Activity of solution, pulses/s Concentration of element
in solution, g/l Rate of leaching, g/(m2 day)

Pu Am Pu Am Pu Am

3 1.830 0.154 2.22 × 10–5 3.39 × 10–8 8.37 × 10–3 5.48 × 10–3

7 0.345 0.147 4.25 × 10–6 3.23 × 10–8 6.88 × 10–4 5.23 × 10–3

14 0.584 0.142 7.19 × 10–6 3.12 × 10–8 5.82 × 10–4 2.39 × 10–3

21 0.198 0.131 2.40 × 10–6 2.88 × 10–8 1.30 × 10–4 1.55 × 10–3

28 0.039 0.0193 4.73 × 10–7 4.25 × 10–9 1.91 × 10–5 2.34 × 10–4

35 0.0537 0.0297 6.51 × 10–7 6.53 × 10–9 2.11 × 10–5 2.88 × 10–4

42 0.0499 0.0331 6.05 × 10–7 7.28 × 10–9 1.63 × 10–5 2.68 × 10–4

49 0.0640 0.0298 7.76 × 10–7 6.60 × 10–9 1.79 × 10–5 2.08 × 10–4

56 0.0411 0.0428 4.99 × 10–7 9.42 × 10–9 1.01 × 10–5 1.90 × 10–4

63 0.0547 0.0542 6.64 × 10–7 1.19 × 10–8 1.19 × 10–5 2.14 × 10–4
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murataites with other repetition factors of the structure,
and the phases with five- and eightfold repetition are
prevalent in actinide matrices.

The occurrence of perovskite and crichtonite in the
sample was confirmed by the XRD study of a murataite
ceramic with the Rietveld method using the interna-
tional XRD data set. Despite the fact that the X-ray
attributes of natural murataite are presented in this data
set under number 86-0888, the reflections of synthetic
murataites are referred to oxide [(Fe0.88Ti1.11Zr0.94)O5]
with fluorite structure (space group Fm3m, Z = 1), a =
4.9274 Å. As can be seen, this result conflicts with the
data on the real phase composition of the sample, where
murataite phases with 5- and 8-fold unit cells are pre-
dominant (Fig. 3). The cause of this discrepancy is dif-
ferent position of reflections from planes with the same
indices in X-ray patterns of natural and synthetic
murataites. In particular, the d spacing of the main
reflection (hkl = 333) for the mineral equals 2.86 Å,
whereas the d values of the main reflections for syn-
thetic varieties (333 for M3, 555 for M5, and 888
for M8) range from 2.79 to 2.86 Å.

The study of murataites with TEM and HRTEM
allowed internal periodicity of the structure, with com-
bination of atomic rows into groups consisting of two
and three layers (M5) or three and five layers (M8), to
be revealed (Karimova et al., 2002). Proceeding from
this periodicity, it was suggested that synthetic
murataites are made up of blocks or modules that rep-
resent two cognate structures: pyrochlore with a double
fluorite cell and murataite with a triple cell (Urusov
et al., 2005). In terms of this hypothesis, the structure of
murataite M5 has one pyrochlore-type and one
murataite M3 layer, while murataite M8 has one pyro-
chlore-type and two murataite M3 layers. At the same
time, murataite M7 has one murataite and two pyro-
chlore-type modules. Taking into account these rela-
tionships, the generalized formulas of synthetic
murataites have been calculated. For pyrochlore and
murataite M3, these formulas are [R2M2é7] and
[R3M(1)6M(2)2é20], respectively, where R sites are
occupied by Ca, Mn, REE, and actinide; M(1) sites,
with Ti and Zr; and M(2) sites, with Fe, Al, and Ga. In
this case, formula M5 appears as [R5M(1)8M(2)2é27];
formula M8, as [R8M(1)14M(2)4é47]; and formula M7,
as [R7M(1)10M(2)2é34] in accordance with the differ-
ences detected in their compositions. As follows from
this model, the contents of actinides, Zr, and REE dimin-
ish in the series pyrochlore > M7 > M5 > M8 > M3,
while the Ti, Al, and Fe contents increase in the same
direction.

This model also accounts for the difference in
d spacings for murataite varieties, which is the most
obvious when all the varieties occur in the same sam-
ple. Depending on the composition, the d value of the
main reflection increases from 2.79–2.82 Å for
murataite M3 to 2.82–2.85 Å for M8 and 2.84–2.86 Å
for M5. A maximum d value of 2.86–2.87 Å is typical

of M7. A still higher value d = 2.89–2.95 Å is estab-
lished for the main reflection (222) of the REE–actinide
titanates, which should be regarded in terms of this
hypothesis as an end member of the murataite–pyro-
chlore series. It is noteworthy that murataite M7 occurs
in multicomponent ceramics very rarely but is common
in the HREE–Mn–Ti–O system, where HREE are heavy
REE from Gd to Lu or Y (Kir’yanova et al., 2002).

CONCLUSIONS

We have worked out a new crystalline matrix for
actinide wastes based on artificial murataite, which is
close in structure to the rare natural mineral of the same
name that is a Na, Ca, HREE, Zn, and Nb titanate with
a structure derived from the fluorite lattice. However,
synthetic murataite contains actinides, Mn, and Zr
instead of Na, Zn, and Nb. To study the properties of
synthetic murataite, we synthesized samples of REE-,
actinide-, REE–actinide-, and Ga-bearing murataite-
based matrices.

Murataite-based ceramics characterized by com-
plete phase formation can be synthesized by cold com-
paction combined with subsequent sintering at 1300°C
for 4 h or by melting at 1500–1600°ë with the subse-
quent crystallization of the melt.

In contrast to the natural murataite, with a triple
motif of fluorite type, among the synthetic phases, vari-
eties with three- (M3), five- (M5), seven- (M7), and
eightfold (M8) repetition of the basic fluorite cell were
established.

The compositional and structural variations of syn-
thetic murataites with a lattice repetition factor of >3
are explained by participation of murataite M3 and
pyrochlore blocks in their structure.

The highest murataite content in the samples
reaches 95 vol %. Despite the variation of charge com-
positions and synthesis conditions, we failed to produce
a purely murataite matrix. Other titanate phases—
crichtonite, rutile, Fe–Mn-titanate with ilmenite–
pyrophanite structure, perovskite, and pyrochlore—
always occur in addition to murataite.

The murataite grains in melted ceramics are com-
monly zonal, with cores composed of M5 (occasion-
ally M7), intermediate zones with a prevalence of M8,
and outer zones that consist of M3. The actinide, Zr,
and REE contents in the series M5 (M7)–M8–M3 drop
by several times, while the Ti, Al, and Fe contents
increase in the same direction. The zoning creates an
additional protective barrier because the core enriched
in actinides is surrounded by a shell with lower concen-
trations that prevents the actinides and related elements
from passing into solution.

In chemical and radiation stability, murataite is
comparable with other titanate ceramics or surpasses
the latter. Yet it is a more universal matrix that includes
not only actinides, Zr, and REE, but also other elements
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of HLW, especially products of corrosion (Mn, Fe, Al,
Ga, etc.).

Various types of wastes can be incorporated into a
murataite-based matrix: the actinide–Zr–REE fraction
of liquid HLW, Am–Ga remains of plutonium conver-
sion into MOX fuel, particular actinides, and other
actinide-bearing HLW that contain REE and corrosion
products. Up to 350 kg of elements derived from HLW
can be incorporated into 1 t of such a ceramic.
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