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Experimental study of Th-bearing LaPO, (780 °C, 200 MPa): Implications for

monazite and actinide orthophosphate stability

ReNnauD Pobor ano MicHEL CUNEY

Center de Recherches sur la Geologic des Matiéres Premiéres Minerales et Energétiques, Groupement de Recherches between

CNRS and CREGU, no. 77, B. P 23, 54501 Vandcauvre-Les-Nancy Cedex, France

ABSTRACT

A complete solid solution has been hydrothermally synthesized between the two end-
members LaPO, and (Ca,sTh,s)PO, a 780 °C and 200 MPa, indicating that there is no
limitation in temperature and pressure conditions corresponding to those of granitic mag-
mas for Th insertion in natural monazites. The composition limits of the (A3~ , B2
C#)PO, compounds crystallized in the monazite structure-type are determined by both
leage = (1 = 2X) ©rpae + X Ogee + X Orge and Mg = (1 — X)Or e + XOrg./(1 — X)
Or e + XOre. parameters (where ©r, is the ionic radius of the A element in ninefold
coordmatlon) The upper and lower vaI ues of these parameters are 1.216 A= ¥ verege =
1.107 A and 1.238 = laic = 1. The incorporation of large amounts of trans-uranium ele-
ments in the monazite structure is deduced from this model. The limitations and geochro-

nological inferences of this model are discussed.

INTRODUCTION

Natural monazite is a mixed lanthanide orthophosphate
REEPO, with REE = La, Ce, Nd. . .. Monazite may con-
tain significant amounts of radioactive elements in its
structure (Gramaccioli and Segalstad 1978) and is the
principal Th ore and a mgjor REE ore. ThO, is generaly
present in monazite in concentrations from a few hundred
parts per million up to 31.5 wt% (Overstreet 1967; Boat-
ner and Sales 1988). The natural thorium orthophosphate
end-member (Ca,Th,s)PO,, brabantite, has been de-
scribed only once (Rose 1980). Natura monazite with
compositions intermediate between 31.5 wt% ThO, and
57 wt% ThO, (brabantite) has never been reported.

Natural substitution of Th in the structure of REEPO,
involves two types of substitutions: (1) replacement of
PO3- by SiO:-, which compensates the charge imbalance
created by the subgtitution of Th** for REE3*, and (2)
coupled substitution of Ca* + Th* for 2 REE3** (An-
thony 1965; McCarthy et a. 1978). The latter type of
substitution promotes a solid solution between (Ca,Th,:)
PO, and REEPO,. Hikichi et a. (1978) experimentaly
showed the existence of complete solid solutions in the
systems CePO,-ThSIO, and CePO,-(Ca,;Th,;)PO, at
1400 °C and 1 atm.

This study consists of the hydrothermal synthesis at
geologic conditions (780 °C, 200 MPa) and the charac-
terization by X-ray diffraction of the solid solution be-
tween LaPO, and (Cg,;Th,s)PO, end-members. The geo-
metrical conditions for the stability of the compounds
(A3 ,, B2+ C#)PO, in the monazite structure-type and
the stability of solid solutions between REEPO, (REE3*
= La* to Gd+), (Ca,sAnys)PO, (An* = The+ to Pu*+)
and other end-members are discussed. These results have
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direct implications for the use of monazite in U-Pb geo-
chronology and the use of monazite-type compounds as
a matrix for nuclear waste disposal.

MATERIALS AND METHODS

The method used for the preparation of Th- and Ca-rich
monazites is similar to that of Anthony (1957). Hydroxide
gels of La(OH),, Ca(OH),, and Th(OH), were coprecip-
ited by addition of NH,OH to an agueous solution con-
taining determined stoichiometric proportions of LaCl.-
7H,0, CaCl,, and Th(NO,),-3H,0. The precipitates were
dried and heated at 600 °C for 30 min.

Samples for high-temperature, high-pressure experi-
ments were prepared by loading 200 mg of 30 m ortho-
phosphoric acid and 150 mg of solids in a gold capsule.
Experiments were conducted in cold seal vessels at 780
+ 15 °C and 200 + 1 MPa according to the procedure
described by Podor et al. (1995).

ANALYTICAL METHODS

Monazite was analyzed on a CAMECA SX 50 electron
microprobe equipped with four wavelength-dispersive
spectrometers. The instrument operating conditions were
15 kV accelerating voltage, 10 nA probe current, and 1
wm probe diameter. The M lines were used in the Th
analyses with PET crystals, L lines were used in the La
analysis with PET crystals, and K lines were used in the
Ca and P analyses with PET crystals.

Powder X-ray diffractograms were obtained by using
a Guinier camera with CuKa (A = 1.54059 A) radiation.
Si powder was used as an interna standard for each sam-
ple. The 6 values were determined by scanning the dif-
fractogram using the SCANPI crystallographic computer
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766 PODOR AND CUNEY: Th-BEARING LaPO,
TaBLE 1. Experimental conditions and composition of initial mixtures and final products
P,Os Ca0 La,0, Tho,
Exp. Days Initial mixture (wt%) (Wt%) (Wt%) (Wt%)

P193 14 (Lag 55Ty 5,Cay 5,)-0Xide mixture 30.06 = 0.72 757 + 0.53 26.32 = 2.85 36.05 = 2.17
P194 14 (Lay»Th,4Ca, »)-oxide mixture 30.46 + 0.24 9.39 + 0.74 16.12 + 4.30 44,03 + 357
P204 14 (Lag»5Thy 56Ca, 56)-0xide mixture 30.04 + 0.39 5.14 = 0.35 39.21 + 1.49 25.61 * 1.04
P205 14 (Th, sCay 5)-oxide mixture 30.44 = 0.47 12.49 * 0.48 0.00 =+ 0.00 57.07 = 0.85
P221 14 (Lay,Th, ,Ca, 4)-oxide mixture 30.27 £ 0.46 10.17 = 0.35 12.01 = 2.03 4754 = 191
P230 14 (LagsTh,,Cay,)-oxide gels 30.83 + 0.43 2.09 = 0.11 55.86 + 0.51 11.22 + 0.47
P231 14 (LaysThy,Ca, ,)-oxide gels 31.00 = 0.47 4.64 * 0.22 41.46 + 1.00 22.89 + 0.64
p232 14 (La,,Th,sCa, )-oxide gels 30.92 + 0.31 7.03 = 0.33 27.48 + 1.42 34.56 + 1.22
P233 14 (La,,Th,,Ca, ,)-oxide gels 30.91 + 0.52 9.47 = 0.22 14.21 = 0.79 45.41 = 0.72
P234 14 (Th, sCay,5)-oxide gels 30.98 + 0.30 11.78 = 0.27 0.03 + 0.14 57.20 = 0.37
P259 14 (LA The0sCay 05)-0xide gels 30.88 = 1.14 19.23 + 3.02 61.19 + 1.18 6.662 * 0.61
P260 14 (L8g6s o 025C a0 025)-0Xide gels 30.70 + 0.42 19.28 + 2.27 65.20 + 0.59 3.42 = 0.37
P274 1 (LaysTh,,Ca, ,)-oxide gels 31.35 = 0.61 459 +0.21 41.40 + 1.10 22.67 = 0.91
P275 7 (La,¢Th,,Ca,,)-oxide gels 31.16 + 0.54 4.45 + 0.24 42.33 + 1.40 22.06 + 1.18
P276 12 (LagsTh,,Cay, ,)-oxide gels 31.27 + 0.53 482 = 0.19 40.65 * 1.11 23.26 + 0.88
P277 18 (LaysThy,Ca, ,)-oxide gels 31.03 = 0.63 4.65 * 0.20 41.17 + 0.95 23.15 = 0.78
p278 23 (Lay s Th, ,Ca, ,)-oxide gels 31.11 * 0.33 462 + 0.24 4112 + 1.34 23.14 + 1.07
P279 30 (LagsTh,,Cay, ,)-oxide gels 31.24 + 0.37 479 = 0.19 40.43 * 1.22 23.53 + 0.92

Note: All experiments were performed at 780 °C, 200 MPa, and 30 m (H,PQO,).

program (Werner 1990) and the unit-cell parameters were
refined with the U-FIT program (Evain 1992).

REsuLTS
Equilibrium conditions in the system

Eleven typical compositions of LaPO, containing Th
and Ca were synthesized for this study. Fina products
contained well-crystallized monazite crystals ranging in
size from 0.2 to 2 um in diameter. The electron micro-
probe data are summarized in Table 1. The mole fractions
of lanthanum, calcium, and thorium oxides in the synthe-
sized monazites corresponded to the mole fractions of
La(OH),, Ca0, and Th(OH), in the initial mixture. Elec-
tron microprobe and transmission electron microprobe
analyses showed that the compositions of synthesized
monazites are homogeneous. A kinetic study was con-
ducted to determine the minimum experiment duration to
reach equilibrium. The Th available in the initial gel was
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Ficure 1. Substitution of Th and Ca in (L&,Th,,Ca,,)PO,
vs. experiment duration.

completely incorporated in monazite after 24 h so that
the concentration of Th in monazite was independent of
experiment duration (Fig. 1). Increasing experiment du-
ration above 24 h led only to an increase of the crystal
size. The crystal shapes were very well defined even
when the crystals were small.

Mechanism of Th and Ca substitution in monazite

A linear correlation is shown between mole fraction of
La, X, and the sum of the mole fractions of Th and Ca,
(X + Xco) (Fig. 28). Kelly et a. (1981) have shown that
Th incorporated in monazite is tetravalent. Then, the Th#+
= La* substitution is charge-compensated by the Caz* =
Le*+ substitution (Fig. 2b). This type of charge compen-
sation mechanism was also proposed by Bowie & Horne
(1953) and Frondel (1948) to explain the Ca-Th substi-
tution in natural monazites.

Synthesis of the compound (Ca,Th,,)PO,

The (Ca,sTh,5)PO, end-member was synthesized for
the first time hydrothermally in [H,PO,] = 30 m, at T
= 780 °C and P = 200 MPa. This compound was ob-
tained by hydrothermal reaction between an homoge-
neous and stoichiometric mixture of Th(OH), and
Ca(OH), with a molar excess of phosphoric acid in
aqueous solution. The synthetic crystals were 20-100
wm in size. X-ray data show this compound to be iso-
structural with monazite. Calculated unit-cell parameters
are a, = 6.706(1), b, = 6.918(1), and ¢, = 6.417(1) A
and B, = 103.65(4) °. All the peaks observed were in-
dexed in the P2,/n space group. This compound was
synthesized for the first time at atmospheric pressure by
Pfoertsch and McCarthy (1978) at 1200 °C and Hikichi
et al. (1978) at 1400 °C. The unit-cell parameters deter-
mined by these authors for (Ca,sTh,s)PO, are consistent
with those determined in this study. The corresponding min-
era is named brabantite (Rose 1980). Its composition is

(Caﬂ..OOO M g0.065 M nO.OZlA I 0.068 FeO.OOS)E =1 157T h0.936 ( Pl.SSZSi 0. 177) OS
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TasLE 1. Continued
Total o} P La Th Ca
Exp (Wt%) (at%)  (at%) (at%) (at%) (at%)
P193 9422 £ 431 66.61 16.50 6.30 5.32 5.26
P194 98.49 + 2.15 66.64  16.60 3.83 6.45 6.48
P204 97.73 = 3.30 66.66  16.55 9.41 3.79 3.58
P205 99.40 + 4.37 66.56 16.53 0.00 8.33 8.58
P221 99.89 + 1.10 66.6 16.53 2.86 6.98 7.03
P230 97.10 = 1.34 66.78 16.84 13.29 1.65 1.45
P231 98.01 = 1.01 66.77  16.86 9.83 3.35 3.20
P232 99.17 = 1.61 66.77  16.82 6.51 5.05 4.84
P233 98.03 * 3.23 66.73 16.77 3.36 6.62 6.51
P234 100.25 *= 0.83 66.77 16.8 0.01 8.34 8.09
P259 96.57 = 3.44 66.76  16.84  13.99 0.98 0.87
P260 97.76 £ 1.76 66.73 16.79 15.53 0.50 0.45
P274 90.15 * 4.39 66.82  16.97 9.77 3.30 3.14
P275 94.92 = 1.83 66.80 16.91 10.01 3.22 3.05
P276 95.83 + 3.13 66.79 16.93 9.59 3.38 3.30
P277 97.22 = 1.36 66.79  16.87 9.75 3.38 3.20
P278 96.80 = 2.15 66.80 16.90 9.73 3.38 3.18
P279 95.82 + 1.38 66.80 16.93 9.55 3.43 3.29

and the unit-cel| parameters are a = 6.726, b = 6.933,
and ¢ = 6.447 A and g = 103.53 °.

The LaPO,-(Ca,;Th,s)PO, solid solution

X-ray powder data indicate that all compounds synthe-
sized have a monoclinic structure similar to the monazite
crystal structure (Pepin and Vance 1981; Ni et al. 1995).
Refined unit-cell parameters for (La, _ ,, Th,Ca)PO, have
been calculated for the different values of the mole frac-
tion x. The results are reported in Table 2 with other val-
ues obtained from the literature.

The unit-cell parameters a,, b,, ¢,, B,, and unit-cell vol-
umes V, are plotted vs. Th mole fraction in monazite (Fig.
3). The unit-cell constants a,, b,, and ¢, decrease linearly
with increasing Th content (Fig. 3a), whereas B, increases
with increasing x (Fig. 3b). The substitution of two atoms
of La by one atom of Th and one atom of Cainvolves a
regular contraction of the unit-cell volumes (Fig. 3c) from
LaPO, up to (Ca,sTh,s)PO,. No phase transition has been
observed between the two pure phases, consistent with
complete solid solution between the two end-members
LaPO, and (Ca,sTh,)PO, under these conditions. This
conclusion was confirmed by Raman spectroscopy where
variations of the vibrational-band frequencies with in-
creasing Th-Ca substitution in (La)-monazite are corre-
lated for many of the observed bands (Podor 1995). Hik-
ichi et al. (1978) obtained a complete solid solution
between CePO, and (Ca,;Th,s)PO,, but their experiments
were at atmospheric pressure and T = 1400 °C.

Discussion

Relations between the lattice parameters and the ionic
radius of the cation site

The decrease of the unit-cell parameters is correlated
with the decrease of the ionic radius of the cation site
(cat**) in monazite. The mean ionic radius of the cation
siteis:

Of or = (L — 2X) O e + X Or e + X O (D)
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Ficure 2. (@) Linear correlation between mole fractions of

Th and those of Cain (La, - ,Th,Ca)PO,. Rz = correlation co-
efficient. (b) Linear correlation between the sum of Th and Ca
mole fractions and those of La in synthetic (La, _, Th,Ca)PO,.

Using the ionic radii of Shannon (1976), linear corre-
lations between the mean ionic radius of the cation site
in(La _,ThCa)PO, and the unit-cell parameters can be
established (Figs. 3a and 3b):

a = 1.7280r . + 4.748 @
b, = 2.0499r .. + 4.595 ©)
Gy, = 1.2220r , + 5.032 @)
B, = —5.031¢r . + 109.377 (5)

These results are comparable with those obtained (Po-
dor et a. 1995) for the correlations between a,, b, C,, Bo,
and ©r .. for the U- and Ca-bearing monazite and with
those obtained by Ni et a. (1995) in the REEPO, family.
The c-parameter increase with increasing mean ionic ra-
dius is less in the REEPO, series than in the U-Ca— and
Th-Ca—bearing monazite series. Hugues et a. (1995)
have also observed that the contraction of the REE site
in cheralite occurs principally along interchain equatorial
bonds in (001) and explained this specific behavior by
enhanced Th*-Th*+ repulsion along [001].
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TABLE 2. Unit-cell constants of (La,_,,Th,Ca,)PO,

PODOR AND CUNEY: Th-BEARING LaPO,

EXp. Compound X a, (A) b, (A) Co (A) Bo Vv, (A?)
LaPO, 0.000 6.790 7.040 6.470 104.40 299.00
LaPO, 0.000 6.837 7.077 6.510 103.24 306.50
LaPO, 0.000 6.825 7.057 6.482 103.21 303.90
LaPO, 0.000 6.682 7.044 6.539 104.25 307.20

LaPO, 0.000 6.8313 7.0705 6.5034 103.27
P7 LaPO, 0.000 6.845 7.082 6.512 103.29 307.54
P260 (Lag 04Ty 5Ca0.05)PO, 0.028 6.838 7.076 6.510 103.31 306.53
P259 (Lag 3, Thy 66Ca0.05)PO, 0.055 6.839 7.075 6.510 103.31 306.56
P230 (Lag6: Ty 1,C80 064) PO, 0.094 6.818 7.047 6.497 103.34 303.77
P231 (L8606 Tho.20:CA0 166)PO, 0.200 6.792 7.019 6.478 103.40 300.46
P204 (LA 561 TNo 226C0.213) PO, 0.220 6.790 7.016 6.476 103.42 300.09
P232 (L8307 Tho506C0.264)PO, 0.301 6.769 6.991 6.461 103.50 297.35
P193 (L8575 Tho 515CA0.515)PO, 0.313 6.768 6.992 6.458 103.51 297.16
P194 (Lag 556 TNy 535C0.285) PO 0.385 6.738 6.953 6.439 103.60 293.19
P233 (L8204 Tho.20:C80.365)PO, 0.398 6.741 6.959 6.440 103.59 293.66
P234 (CaysTh,s)PO, 0.500 6.705 6.918 6.415 103.65 289.15
P205 (CaysTh,)PO, 0.500 6.706 6.916 6.417 103.72 289.03

(CaysThy)PO 0.500 6.726 6.933 6.447 103.53
(CaysThy5)PO,™ 0.500 6.681 6.926 6.421 103.54 288.42

(CaysThy5)PO, & 0.500 6.713 6.916 6.419 103.75

Determination of the compositional stability range of the
solid solution (A3+_ ,, B2+ C4+)PO,

All the results reported in this part correspond to com-
pounds that are stable in the temperature range 1000-
1400 °C in air. Some compounds that crystallize in the
monoclinic system (monazite group) in this temperature
range have polymorphic modifications at lower or higher
temperatures.

The (A3 ,, B2+ C#)PO, intermediate compounds are
defined between the two end-members A3+PO, and (B2:
Cé:)PO,. The compositional stability range of (A3 ,,
Bz+ C2+)PO, in the monaclinic system (monazite group)
depends on the relative stabilities of the A3+PO, and
(Bz; C&t)PO, compounds.

In the case of the A3*PO, compounds, the ionic radii
of the trivalent elements that phosphates crystallized with
the monazite structure range between ©r .. = 1.216 A
and ®rg,.. = 1.107 A. The first heavy REE to form a
REEPO, that does not crystallize in the monoclinic sys-
tem is Tb (Ivanov and Sin'Kova 1967; Milligan et al.
1983; Hikichi et a. 1989) which has an ionic radius is
1.095 A in the ninefold coordination (Shannon 1976).
The trans-plutonium (from Am to Es) phosphates crys-
tallize in the monazite group (Hobart et a. 1983; Haire
et a. 1983). The ionic radii of these elementsin the nine-
fold coordination can be estimated by linear extrapolation
from the values given by Shannon (1976) in the sixfold
and eightfold coordination. They are ranging from 1.135
A to 1.107 A.

The stability of the (B3t Ciz)PO, compounds in the
monoclinic system (mona2|te group) can be described by
comparing two parameters: (1) the mean ionic radii
(Org.. + ©r..)/2 of the atoms in the cation site and (2)
the ©rg../19r .. ratio, where €rg.. and ©¥r.. are the ionic
radii of the B2+ and C** ions in the ninefold coordination.

The limiting values of these parameters can be deter-

mined from results reported in the literature. Pepin et al.
(1981) showed that monazite-structured (Caz: Thi:)PO,
and (Cat U3t)PO, compounds are stable, while (Cagt
Cetr)PO, is not stable. The lower limit of the (9rg.. +
€r..)/2 parameter is inferred to be just larger than the
value of the average ionic radius of Ca¢* and Ce'* in the
ninefold coordination, ©r, limit > 1. 10A (The value for
the ionic radius of Ce*+ is calculated as an average of the
eightfald and tenfold coordination ionic radii, and rTH“ =
1.09 A.)) The upper limit of the parameter ([91r 2
r..)/2 is determined by the mean ionic radius in the
(Pbzs Thét)PO, compound and is equal to 1.215 A. Thus,
the limits of the mean ionic radii for the monazite struc-
ture to be stable range between:

1.215 A = (9r,,. + ©r..)/2 > 110 A (6)

The upper limit of the second parameter is given by
the ©r . /Or .. ratio (Or,.. = 1.35 A, Shannon 1976).
Monoclinic (Pb,sTh,s)PO, is stable (Quarton et a. 1984),
whereas (Sr,;U,5)PO, does not crystallize in the mono-
clinic form (Rose 1980; ©rg.. = 1.31 A, Shannon 1976).
Moreover, the stability of (Mg,sTh,s)PO, in the monazite
group has not been demonstrated ('r,, .. = 0.966 A, cal-
culated from the values given by Shannon 1976). Thus,
the lower limit of the second parameter is given by the
stability of (Cd,sTh,s)PO, (with @r .. = 1.135 A) The
limits of ©rg../¥r .. are:

1.238 = . [Or .. = 1.041 @

More generally, the stability of the intermediate com-
pounds A3+ ,, Bz+ C4*)PO, can be described by the two
parameters:

r = (1 — 209r 2 + Xg2 + X,

8

average

(1 — 29191 5 + XOF .

Fraio = (1 — 2X)19r o0 + X e ©)

The 1. Parameter corresponds to the ionic radius of
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Ficure 3. (a) Linear correlation between unit-cell parame-
ters (a,, b, C,) (A) of synthetic (La, -, Th,Ca)PO, with mole
fraction x of Th or Ca, and with the ionic radius of the cation
site (open circle: a,, open square: b,, open triangle: ¢,). (b) Linear
correlation between unit-cell g, angle of synthetic (La, _ , Th,
Ca)PO, with mole fraction x of Th or Ca and with the ionic
radius of the cation site. (c) Variations of unit-cell volume V, of
synthetic (La, -, Th,Ca)PO, vs. mole fraction x of Th or Ca, and
vs. the ionic radius of the cation site.

—

the cation site when 1 — 2x atoms of A3+ are substituted
by one atom of B2+ and one atom of C+-. Ther ., param-
eter describes the coupled substitution of one atom of B2+
in one site A3+, and of one atom of C4** in another A3+
site.

The upper limit of r,... is given by the ionic radius
of Lain LaPO, (9r . = 1.216 A) whereas the lower
limit of this parameter is given by the ionic radius of Gd
in GdPO, (¥rge- = 1.107 A). Consequently,

1.216A =r,... = 1.107A (10)

The limits of r,,, that have been obtained for x = 0 and
X = 0.5 are:

1238 =r,,=1 (11)

The stability range of the (A3, B2+ C:)PO, com-
pounds is plotted as a function of the three parameters x,
I verager AN T, (Fig. 4). The volume obtained is a prism
that describes the stability domain of monazites. Each
point included in this volume corresponds to the com-
position of a product that crystalizes with the monazite
structure. A line segment joining two points in this vol-

A)

T

average (

Tratio

Ficure 4. Stability domain of the compounds (A} ,, Bz
C:+)PO, in the monazite structure-type vs. mole fraction of B2+
OF C™, T ayersger AN T i
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ume represents a solid solution between the two
compositions.

The existence of partid solid solutions between (REE, _ ,,
CaPu)PO, and (REE, _ ,CaNP)PO, can be deduced
from this figure. The value of x is estimated to be equal
to 0.45 when REE is La or Ce, referring to equations (10)
and (11). Seaborg (1978) has shown that very small
amounts of Pu and Np are sometimes present in natural
monazite. Actinide-doped LaPO, single crystals contain-
ing 1.7 wt% 28UQ,, 5 wt% 22Pu0,, 2 wt% ="NpO,, 0.2
wit% 22Am,0,, and 0.2 wt% 2Cm,O, have been prepared
by the flux technique (Kelly et al. 1981).

The ionic radii of Y3+, In3*, and Sc3* in the ninefold
coordination can be calculated from the values given by
Shannon (1976) for the sixfold and eightfold coordina-
tions. They are 1.075, 0.98, and 0.932 A, respectively.
The end-members are not stable because they plot outside
the prism, but the (Ca,;Th,:)PO, or (Ca,;U,s)PO, com-
pounds can incorporate small amounts of A3*PO, (A3 =
|n3+, SC3+, Y3+)_

The decrease of the unit-cell parameters with increas-
ing (Th, Ca) and (U, Ca) substitutions will favor the in-
sertion of cations with low ionic radii. The use of both
Faverege AN T, PArameters shows that (Ca,sTh,s)PO, and
(Ca,sU,5)PO, end-members can incorporate significant
amounts of heavy rare-earth elements. Partial solid solu-
tions such as (Caz* U+ HREE3+ ,)PO, are stable for
values of x close to 0.5. Indeed, substitution of light rare-
earth elements by heavy rare-earth elements and Y in-
creases with increasing Th and U substitution in monazite
has been shown by Brouand and Cuney (1990).

Variations of the stability range of the solid solution
(A3+_ , B2*C4)PO, with temperature and pressure

The limits of the r,,... parameter vary with tempera-
ture at atmospheric pressure. X-ray diffraction studies on
(lanthanum-europium) orthophosphates have shown one
polymorphic modification between an hexagona form
(stable at low temperature) and a monoclinic form (stable
at high temperature). The modification temperatures are
T = 400 °C for LaPO,, T = 450 °C for NdPO, and T =
500 °C for EUPO, (Bondar et a. 1976; Hikichi et al. 1989;
Akers et a. 1993). Two polymorphic modifications have
been found for the transitional compounds GdPO,, TbPO,,
and DyPO,: from hexagona to monoclinic form and from
monoclinic to tetragonal form. The first modification tem-
peratures are T = 550 °C for GdPO, and T = 600 °C for
TbhPO, and DyPO, (Bondar et a., 1976). The second mod-
ification temperatures are T > 1200 °C for GdPO,, 1100
> T > 800 °C for TbPO, and T ~ 800 °C for DyPO,
(Ivanov and Sin’Kova 1967; Hikichi et a. 1989).

Moreover, the limits of the r ., parameter also vary
with temperature. Dusausoy et a. (1996) have shown that
the (Ca,sU,5)PO, synthetic compound has an irreversible
polymorphic modification from orthorhombic to mono-
clinic form a T > 1000 °C and atmospheric pressure.
The (Ca,sTh,5)PO, compound does not undergo this type
of phase transformation.
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Pressure also influence the limits of r 4., and r ., pa-
rameters. For example, monoclinic lanthanum phosphate
is stable in the temperature range 200-600 °C, 200 > P
> 50 MPa, under hydrothermal conditions (Akers et al.
1993). The polymorphic transformation of the
(Ca,5U,5)PO, compound from orthorhombic to monoclin-
ic form is lowered down to 700 °C, at P = 200 MPa and
in 30 m H,PO, (Dusausoy et al. 1996).

Limitations of the model

Other compounds of general formula ABO, such as
vanadates, LavO, (Rice and Robinson 1976), chromates,
PbCrO, (JC-PDS file no. 8-209) or silicates, ThSIO, (Hi-
kichi et al. 1978) crystalize in the P2,/n space group
(monazite type). Their stability domain is not represented
in Figure 4, and their stability limits cannot be determined
by Equations 10 and 11. A fourth parameter must be de-
fined to describe the stability of these compounds. The
€IF 4. /€r p o ratio must be taken into account. However,
presently available structural data are too limited to de-
termine the limits of this fourth parameter.

GEOLOGICAL IMPLICATIONS

The experimental data presented in this paper demon-
strate that Th substitution in monazite is unlimited in tem-
perature and pressure conditions corresponding to those
of granitic magmas, provided that charge compensation
is assured by a divalent cation of similar ionic radius
(generally Ce+). Therefore, the compositional gap be-
tween naturally occurring Th-rich monazite and braban-
tite may result only from the fact that the compositions
of the fluids or silicate melts required to crystallize these
intermediate compositions are not reached in nature.

Monazite Th-U-Pb isotopic systematics have great po-
tential for determining the absolute chronology of a de-
tailed sequences of geologic events (Copeland et al. 1988;
Parrish 1990; Kingsbury et al. 1993; Suzuki et al. 1994).
For an accurate age-dating of zones in a single monazite
grain, it is necessary that (1) Pb was not incorporated at
the time of monazite formation, and that (2) monazite
remain immune to radiogenic Pb loss (Pb diffusion in
monazite must be limited at low temperature).

The first point is not supported by the model proposed
in this work. From purely chemical-physical considera-
tions, Pb can be incorporated during the formation of
monazite at: (1) the valence state Il; The substitution
mechanism is 2 REE3+ = Pbz+ + [U, Th]*+ and (2) the
valence state |V; The substitution mechanism is 2 REE3*
= Caz* + Pb*+. Thistype of substitution mechanism can-
not be observed in natural monazites because Pb does not
occur in the tetravalent state in nature.

In fact, some analytical data do indicate incorporation
of noticeable amounts of “‘common lead” in monazite.
For example, the monazite from Steenkanpkraal (Tilton
and Nicolaysen 1957) presents 205Ph/2+Ph of 77 and the
monazite from Baltor granite in Pakistan shows 2¢Pb/
204Ph as low as 385 (Parrish 1990). The stability domain
determined from Equations 10 and 11 leads to the evi-
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dence that Pb can replace Ca in its origina site. In this
case, Pb can be substituted to rare-earth elements during
monazite formation. Then, charge compensation is as-
sumed by U+ or Th** incorporation.

The second point (2) is not supported by the model pro-
posed in this work. Indeed, the concentrations of Cae*,
Pbz+, U4+, and Th** in the cation site are always relatively
low in comparison with the REE3+ concentrations. The dif-
fusion of Pb corresponds to a displacement of divalent cat-
ion in a trivalent cation network. This displacement can
only occur with coupled Th*+ or U+ displacement to re-
spect charge balance in the REE3+ network. This type of
double diffusion mechanism is highly energetic and the
jumping probability is necessarily very weak. Thus, Pb
diffusion in monazite is naturaly limited. These results
confirm the hypothesis that radiogenic lead is stable in the
structure of natural monazites (Suzuki et a. 1994). Parrish
(1990) has estimated a closure temperature of 725 + 25
°C for monazite, a result confirmed by numerous other
studies (Copeland et a. 1988; Kingsbury et al. 1993).
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