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ABSTRACT

Solid solutions of (Ce,Y)PO4 were synthesized hydrothermally between 300 8C and 1000
8C at pressures of 2, 5, 10, and 15 kbar. Experiment products were analyzed by electron
microprobe, and their lattice parameters were refined by Rietveld analysis of XRD powder
patterns. Over a wide range of bulk compositions, two immiscible phases formed: monazite
with a P21/n structure (REEO9 polyhedron) and xenotime with an I41/amd structure (REEO8

polyhedron). Variations of the unit-cell dimensions are directly correlated with variations
in composition. The boundaries of the asymmetric miscibility gap are strongly dependent
on temperature. At 2 kbar and from 300–1000 8C, maximum Y concentrations in monazite
coexisting with xenotime increase from 3–16 mol%. With increasing pressure, this limb
is shifted to higher Y contents so that at 15 kbar it ranges from 6 to about 25 mol% for
the same temperature range. In contrast, Ce concentrations in xenotime do not exceed 3
mol% at 1000 8C over the entire pressure range. Our experimentally determined boundaries
fit surprisingly well with empirical calibrations of the (LREE-HREE,Y)PO4-solvus bound-
aries derived from a suite of low pressure metapelites (3 to 5 kbar) that equilibrated at
peak temperatures ranging from 400–700 8C. The behavior of the natural (REE,Y)PO4

system is probably well described by the simple (Ce,Y)PO4 binary, at least for metapelitic
compositions. Many natural samples of monazite coexisting with xenotime show prograde
growth zonation with respect to the incorporation of HREE 1 Y. The combination of our
thermometer along with U-Pb and Sm-Nd age determinations of high spatial resolution
may thus provide information about prograde branches of metamorphic PTt paths.

INTRODUCTION

The REE-orthophosphate minerals monazite and xen-
otime occur together in many metamorphic rocks on thin
section scale, and they are common accessory minerals
in metapelites that formed from greenschist to granulite
facies conditions. Monazite preferentially incorporates
the light rare earth elements (LREE), and xenotime, in-
corporates the heavy rare earth elements (HREE) and Y
(Franz et al. 1996; Heinrich et al. 1997). The structural
properties at 258 C and 1 bar of pure REE phosphates
along the entire REE series and YPO4 have been pre-
sented by Ni et al. (1995, Fig. 1). Pure REEPO4 phases
of the larger LREE from LaPO4 to GdPO4 have a mono-
clinic monazite structure with the space group P21/n and
a ninefold coordination for the REE. Phosphates that in-
corporate the smaller HREE from TbPO4 to LuPO4 and
YPO4 are isostructural with zircon, with the space group
I41/amd and, with a regular REEO8 polyhedron. Both
structures have isolated phosphate tetrahedra separated by
intervening REEOx polyhedra. Both series also show a
linear correlation between cell volume and ionic radius
of their respective REE. The cell volume of the monazite
suite decreases from 305.7 Å3 (LaPO4) to 279.1 Å3

(GdPO4) as the ionic radii decrease from 1.216 (La) to

1.107 Å (Gd), while that of the xenotime suite decreases
from 291.1 Å3 (TbPO4) to 273.6 Å3 (LuPO4) as the radii
decrease from 1.04 for Tb to 0.985 Å for Lu (Fig. 1;
values from Ni et al. 1995). At conditions of 25 8C and
1 bar, the transition from the monazite to the xenotime
structure occurs between the GdPO4 and TbPO4 phases
(Fig. 1).

In igneous and metamorphic rocks, the entire compo-
sitional range of REE 1 Y is present and coexisting mon-
azite and xenotime form, to some extent, solid solutions.
Because of their different structures a miscibility gap in
the LREE (HREE,Y) system must exist. The composi-
tions of the two coexisting phosphate phases depend both
on bulk composition and on the distribution coefficients
of each REE and Y between the two, both of which are
also pressure and temperature dependent. Such REE dis-
tribution coefficients between monazite and xenotime
were determined empirically from a suite of metapelites
that equilibrated between about 400–700 8C at pressures
from 3 to 5 kbar (Heinrich et al. 1997). The major ele-
ment concentrations of both phases in all the samples
were very similar and typical for metapelites and did not
depend on metamorphic grade. Monazite consisted main-
ly of La, Ce, and Nd (La0.20-0.23, Ce0.41-0.45, Nd0.15-0.18)PO4


