
American Mineralogist, Volume 82, pages 772-780, 1997

Monazite-xenotime thermobarometry: Experimental calibration of the miscibility gap in
the binary system CePOo-YPOo
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Ansrnacr

Solid solutions of (Ce,Y)POo were synthesized hydrothermally between 300'C and 1000
'C 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
withaP2,/n sffucture(REEO,polyhedron)andxenotimewithan l4,lamdstructure(REEO*
polyhedron). Variations of the unit-cell dimensions are directly correlated with variations
in composition. The boundaries of the asymmetric miscibility gap arc strongly dependent
on temperature. At2 kbar and from 300-1000 "C, maximum Y concenffations in monazite
coexisting with xenotime increase from 3-16 mol7o. With increasing pressure, this limb
is shifted to higher Y contents so that at 15 kbar it ranges from 6 to about 25 mol%o fot
the same temperature range. In contrast, Ce concentrations in xenotime do not exceed 3
molVo at 1000 "C over the entire pressure range. Our experimentally determined boundaries
fit surprisingly well with empirical calibrations of the (LREE-HREE,Y)POo-solvus bound-
aries derived from a suite of low pressure metapelites (3 to 5 kbar) that equilibrated at
peak temperatures ranging from 400-700 "C. The behavior of the natural (REE,Y)PO"
system is probably well described by the simple (Ce,Y)PO. 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 + 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 PZt paths.

INrnooucrroN

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 strucural
properties at 25" C and I bar of pure REE phosphates
along the entire REE series and YPO' have been pre-
sented by Ni et al. (1995, Fig. 1). Pure REEPO4 phases
of the larger LREE from LaPOo to GdPOo have a mono-
clinic monazite structure with the space group P2,ln and
a ninefold coordination for the REE. Phosphates that in-
corporate the smaller HREE from TbPO" to LuPOo and
YPO. are isosffuctural with zircon, with the space group
14,/amd and, with a regular REEO8 polyhedron. Both
sffuctures have isolated phosphate tetrahedra separated by
intervening REEO* 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 A, (LaPO4) to 279.1 Al
(GdPO.) as the ionic radii decrease from 1.216 (La) to
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1.107 A (Gd), while that of the xenotime suite decreases
from 29I.1 A3 (TbPO,) to 273.6 A. lLuPOn; as the radii
decrease from 1.04 for Tb to 0.985 A for Lu (Fig. l;
values from Ni et al. 1995). At conditions of 25 "C and
1 bar, the ffansition from the monazite to the xenotime
structure occurs between the GdPO" and TbPO* phases
(Fig. l).

In igneous and metamorphic rocks, the entire compo-
sitional range of REE + 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 "C at pressures
from 3 to 5 kbar (Heinrich et al. 1991). 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 (L4roor., Ceoo,_u.., N4,., ' ,8)PO4
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Frcunn 1. Unircell volumes of pure REEPO4 phases vs.
REE ionic radii, redrawn from Ni et al. (1995). The value of
r(REE3* ) is the effective radius in ninefold and eightfold coor-
dination in monazite and xenotime structure. resDectivelv (Shan-
non 1976).

with all other elements below 6 mol7io. Xenotime con-
sisted mainly of YPO. with some Dy and Gd solid so-
lutions (Yoru-o*o, Dyoor-oor, and Gdoc.6). Gd was prefer-
entially partitioned into xenotime by a factor of two to
four and was thus considered as an HREE, despite the
fact that pure GdPOo crystallizes in monazite structure
(Fie. l).

In conffast, the minor HREE concentrations in mona-
zite increased strongly with increasing metamorphic
grade. The sum Y+Dy+Gd increased from about 3-10
molTo from 400-700 'C. Similarly, Sm and Nd in xeno-
time increased by a factor of three to four with increasing
metamorphic grade, but their total amount did not exceed
I mol%o at high temperatures. The Xr*u., in monazite and
Xr*u in xenotime for seven metapelites defined two limbs
along a strongly asymmeffic miscibility gap with the
monazite limb, particularly, showing a significant tem-
perature dependence.

The aim of this study was to determine experimentally
the pressure and temperature dependence of the bound-
aries of the monazite-xenotime miscibility gap in the
range of 300-1000 'C and 2 to 15 kbar. We have chosen
the simple binary CePOo-YPOo as a model system and
propose to show that this simplified system describes the
immiscibility behavior of complex metapelite bulk phos-
phate compositions adequately. Finally, we emphasize the
usefulness of the monazite-xenotime geothermobarometer
along with some speculations on how P-Z data derived
from monazite-xenotime compositions could directly be
linked to U-Pb and Sm-Nd age determinations of the
same minerals, and stress the feasibility of the REE phos-
phates for determining PTt paths in metamorphic rocks.

monazite xenotime
REO9 polyhedron REOS polyhedron
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FrcunB 2. & vs. temperature plot of the experimental setup'
Numbers denote temperature, pressure, and bulk composition of
each experiment. Black squares yielded single-phase products
Open circles and black triangles at 2 and 15 kbar yielded two
solid phases. Experiments 66, 68, and 69 (open squares) show
experiments at 5 and 10 kbar. Also given are the tentative bound-
aries of the miscibility gap.

ExpnnrlrBNTAL AND ANALYTICAL METHoDS

Starting materials and synthesis of phosphates

Pure CeO, and Y,O. (99.99Vo purity, Fluka Chemicals)
were mixed in various ratios and homogenized by grind-
ing in an agate mortar. These mixtures were placed in
gold capsules along with solid orthophosphoric acid
(H.PO.,98Vo puity, Haereus Chemicals) and 5 to 10 pL
of distilled water. The amount of solid H.PO. exceeded
the stoichiometric value by about 307o. With the prepa-
ration technique described here it is impossible to add an
exact amount of solid H.PO. because the substance is ex-
tremely hygroscopic. For experiments in cold-seal ves-
sels, welded capsules were 20 mm long, 3 mm in diam-
eter, with walls 0.2 mm thick, and contained about 50 mg
of oxide mix. Welded capsules for piston-cylinder exper-
iments were 10 mm long and contained about 20 mg of
oxide mix. Capsules were checked for leaks by heating
them at 110 'C for 24 h. Bulk compositions in terms of
X" : YlCe + Y of each individual experiment are shown
in Figure 2 along with the respective temperature and
pressure experiment conditions (see also Table 1).

Experimental procedure

Experiments at 2 kbar were performed in standard
cold-seal vessels with water as pressure medium. The
temperature was recorded continuously and measured
with shielded chromel-alumel thermocouples inside the
pressure vessel next to the sample. The maximum tem-
perature gradient along the capsule was +2 'C and the
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Taele 1 . Experimental conditions, bulk compositions, and compositions of monazite and zenotime obtained by XRD and EMP

Composition of run products

Experi-
menl
No

Monazite Xenotime

Duration
Bulk composition

En (o)
xY

(EMP)
Cell

votume
xY XY

(XRD) (EMP)
Cell

volumeXY(h)
P

(kbar) r cc) X."
xY

Err (o) (XRD)

P 1 6  2
P17 2
P 1 3  2
P14  2
P 1 5  2
P 1  2
P 2 2
P 3 2
P 5 2
P 6 2
P 7 2
P 8 2
P 9 2
P 1 0  2
P12 2
P60 2
P61 2
P62 2
P63 2
P68 5
P69 5
P66 10
P21 15
P22 15
P23 15
P24 15
P25 15
P26 15
P27  15
P28 15
P30 15
P64 '15

700 408
700 408
950 30
950 30
950 30

1000  19
900 69
800 624
700 88
700 312
700 88
700 312
600 552
600 490
500 504
400 816
400 816
300 816
300 816
800 19
800 19
800 25
900 26
900 26
800 40
800 40
700 88
700 88
600 72
600 72
500 1 15
400 66

1  00  000
000  1  00
0.85 0.15
0  90  0 .10
0 95 0.05
0.40 0.60
0.40 0 60
0 .10  0  90
0.20 0 80
0.80 0 20
0.40 0 60
0 6 0  0 4 0
0 60 0.40
0 80 0.20
0.80 0.20
0 80 020
0.20 0 80
0.80 0 20
0.20 0 80
0.80 0 20
0.20 0 80
0 80 0.20
o 20 0.80
0 8 0  0 2 0
o 20 0.80
0 80 0.20
0.20 0.80
0 80 0.20
o 20 0.80
0.80 0 20
0.80 0.20
0.80 0.20

300 84 0.12 0.000

297 05 0.12 0.150
29821 0.10 0.100
299.57 0.10 0 050
296 53 025 0 167
297.62 024 0125
298 .08  026  0107
299.15 022 0.066
298.94 025 0074
298.99 020 0072
299 05 020 0.070
299 28 0.26 0.061
299.31 0.21 0.060
299 57 0.23 0.050
299 88 0 20 0 038

n o .
300 09 0 20 0.030

n o
297.62 021 0125

n o
297 .10  0 .19  0 .145

n o
2 9 5 7 0  0 1 9  0 1 9 9

n.o.
296.45 0.18 0.170

n.d.
297 12 0 15 0 144

n.d.
298.19 023 0.103
298.58 0.21 0.088
298.76 0.19 0.081

285 28 0.12

285.70 0.25
285.60 022
285.81 027
24637 0.20
28626 024
28623 020
286.23 0.19
286 56 0.28
286 60 0.30
285.53 0 27
285 63 0 19
285.49 0 20
285.53 0.20
285.53 0 19
285.53 0.21
285.53 0.18
285 83 024
285 88 0 23

285 56 022
285 83 0.24
286.02 0.19
285 56 0 15
285.35 025
285.56 023
285.81 0 20
285.53 0 20

1  000  nd .

0.988 n.d
0.991 0.975
0.985 0.993
0.968 0.970
o972 0 978
0.972 0.970
0.972 n d.
0 9 6 3  n d .
0 962 0.982
0.993 0.990
0.990 n d
0.994 n d
0.993 n d
0.993 n.d.
0.993 n.d
0.993 n.d
0 984 n.d.
0 9 8 3  n d .

0 9 9 2  n d .
0 9 8 4  n d
0 9 7 9  n d
0.992 n.d
0.998 n d
0.992 n.d
0.985 n.d.
0 993 n.d.

n d

n d -
n o .
n o .

0  155
0  139
0.137
0.080
0.080
n.o
n .o .
n d .

0 053
0 045
n o .
n o
n .d .
n.o
n.o
n.o.
n .o
n.o
n o
n d
n d .
n.d.
n o .
n.o.
n.o.
n.o
n.o.

Nofes. Y concentrations of all monazites of the two-phase experiments were determined by XRD using the volume calibration curve of the single
phase experiments P13 to P16 (see Fig- 5). Errors in \."".'t" determined by XRD are about :rO 01. For errors by EMP see Figure 6. Ce concentrations
of all xenotime of the two-phase experiments were determined by XRD using the cell volume of pure xenotime produced in experiment P17 along with
the estimated volume of the theoretical CePO4 end-member in the xenotime structure (Ni et al. 1995, and explanation in the text) Errors in ,y"*"",-"
are also about :t0 01

maximum error in temperature -f 3 'C. The pressure was
measured using a pressure transducer calibrated against a
Heise gauge manometer, and the quoted pressure is ac-
curate to -r50 bars. Experiment durations were between
19 and 816 h. Experiments at 5, 10, and 15 kbar were
performed in a non-endloaded piston-cylinder apparatus
with a 22 mm diameter pressure chamber and NaCl as
pressure medium under piston-in conditions. Pressure was
recorded continuously and controlled within 0.1 kbar
nominal. Pressure calibrations gave a maximum error in
pressure measurement of -1600 bars based on our cali-
bration of the reaction albite : jadeite + quartz between
12 and 22 kbar. For temperature control, sheathed Ni-
Cr-Ni thermocouples were used, uncorrected for pressure.
Temperatures were recorded automatically. Measure-
ments of the Z gradient along the capsule indicated that
the accuracy was -r5 at 700 "C, and +8 at 900 'C. Ex-
periment durations of piston cylinder experiments were
between 19 and 115 h. Cold-seal vessels were quenched
with compressed air to room temperature within about 3
min. Piston-cylinder experiments were quenched within a
few seconds by a water-cooledjacket. The weight ofeach

capsule was checked after quenching. Any capsules that
showed significant weight loss were discarded. After
opening the capsule, excess HiPOo was removed by
washing with distilled water, and the powder was dried.
Finally, the product powders were split up for optical mi-
croscopy, scanning electron microscopy, electron micro-
probe, and X-ray powder diffraction investigations.

Electron microprobe analysis and X-ray powder
dilTractometry

The product powders were embedded into epoxy resin
and polished. Analyses of the phosphates were obtained
with the use of an automated CAMECA SX50 electron
microprobe equipped with a wave-length dispersive sys-
tem. Operating conditions were 15 kV 10 nA on the Far-
ady cup, with a beam diameter of I pm and 20 sec of
integration time. The background was measured 10 sec
at each side of the peak. For Ce and Y we used the Ldl
line, for P the Kct, line, and as standards synthetic CePOo
and YPO4 using the PAP correction procedure. Of seven
experimental products, an extensive set of about 40 EMP
analyses of each phase was produced. Analyses were ac-



cepted if the oxide sum was 100 t 1.5 wtTo and if P and
lCe + Y were I -f 0.015 cfu, assuming four O atoms.

We were not, however, able to produce an EMP data
set of satisfactory quality. Apparent Ce and Y concentra-
tions were broadly scattered. We believe this to be an
analytical artifact because of the very small dimensions
(3 to l0 pm) of the phosphate grains rather than ffue
inhomogeneities in either set of minerals. This is strongly
supported by sharp individual X-ray reflections of mon-
azite and xenotime that show no asymmetry. There is thus
strong evidence for an absence of compositional zonation.
Monazite and xenotime compositions derived from X-ray
diffraction proved to be more reliable. A comparison be-
tween EMP- and X-ray data with associated errors is giv-
en below.

All product powders were investigated with a focusing
STOE X-ray powder-diffractometer Stadi P using CuKct,
radiation and a position-sensitive detector with a peak
resolution of 0.05'with respect to 20. Peak positions were
calibrated daily using the NBS SRM-640b external sili-
con standard. The unit-cell refinements were performed
using the Rietveld-refinement program of the GSAS soft-
ware package (Larson and Von Dreele 1988). The relative
proportions of monazite and xenotime were different for
each experiment, depending on the bulk composition cho-
sen (Fig. 2). Although both phases were refined simul-
taneously, the majority phase was preferentially used for
the unit-cell refinements. The relationships between lat-
tice constants and composition of REE-phosphate solid
solutions is outlined below.

Rnsur,rs
The product powders from all experiments consisted

exclusively of monazite and xenotime. No other solid
phases were present. Crystals are generally euhedral, <1
to 10 pm in size. Monazite and xenotime are easily dis-
tinguishable by their monoclinic and tetragonal morphol-
ogies (Fig. 3). The experimental conditions, bulk com-
positions, and compositions of monazite and xenotime
obtained by XRD and EMP of 32 experiments are given
in Table l.

Determination of monazite and xenotime composition

Experiment no. Pl6 andPl7 produced pure CePOn and
YPO., consistent with the end-member bulk composi-
tions. The unit-cell volume of pure CePOo is 300.84 (12)
A' in agreement with the value of 300.60 A' given by
Pepin et al. (1981; also from powder XRD data) but
somewhat different from the value of 299.49 A3 given by
Ni et al. (1995; from single crystal XRD data). Experi-
ments P15 ()p"* : 0.05), P14 (Xlv'k : 0.10), and Pl3
(XYu'k : 0.15), all synthesized at 950 "C and 2 kbar, yield-
ed only monazite without xenotime, thus representing a
one phase region in PTX space (see Fig. 2). Unit-cell
parameters of (Ce,Y)POo monazite correlate strongly with
composition. It is then reasonable to use the Xr-cell-vol-
ume relationship of these single phase experiments as a
calibration curve for the determination of monazite com-

't'75

Frcuns 3. Scanning electron microscope micrograph of ex-
periment no. 6 (700 "C, 2 kbar) Most crystals are euhedral. Mon-
azite (M) and xenotime (X) crystals are easily distinguishable by
their morphology. Monazite has a monoclinic and xenotime a
tetragonal external shape.

positions synthesized in the two-phase region. Figure 4
shows the variation in the unit-cell parameters (a, b, c,
V, ard F) with Y concentration of monazite synthesized
in the one-phase region. There is a strong linear decrease
in a, b, c, and V and increase in B with increasing incor-
poration of the smaller Y3* ion into the monazite shucture
(Table 2). The linear least-squares regression of the data
gives the following calibrations: a : 6.800 - 0.19+X',
b : 7.027 - 0.222 &, and c : 6.474 - 0.142 & (A), B
= 103.46 + 0.64 X,('), and V: 300.83 - 25.5 Xy(A').
For the X"-cell-volume curve, errors of + 0.10 A' (lo)
for monazites of P13 to P16 (Table 1) result in errors in
X, of about -l- 0.005 (Fig. ad).

The composition of monazite in each two-phase ex-
periment was determined using the above calibration of
iattice parameters. Lattice p*u-"t".t in terms of y"t (A)
and the corresponding composition of monazite for each
experiment are given in Table 1 and Figure 5. The error
in determining the cell volume of monazite in two phase
products is about t 0.2 ,A3 (1o), resulting in errors in X'
of about + 0.01. Table 1 also contains the results of EMP
analyses for monazites from seven selected two phase
experiments. The comparison of X" of monazite obtained
by XRD with X, determined by EMP analyses is shown
in Figure 6. The results of both methods show overall
agreement, however, the EMP data are broadly scattered
with an error 1o being about five times larger. We believe
that these inaccuracies in the EMP data are due to an
analytical artifact that arises from both the very small
grain sizes (3 to 10 pm) as well as analytical interferences
of closely packed monazite and xenotime grains in the
grain mount and do not result from monazite inhomoge-
neities. This is supported by the fact that X-ray reflections
of monazite solid solutions synthesized in the one- and
two-phase fields show identical half widths as reflections
of pure CePOo end-member (Fig. 7). That EMP inaccu-
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FrcunB 4. Variation in the a, b, c, V, and B unitcell param-
eters (a-e, respectively) vs. Y concentration of monazite synthe-
sized in the one phase region (experiment numbers 13, 14, 15, and
16). The lines are least square regressions and their equations are
also given. Error bars denote lo errors. Values are from TabIe 2.

racies are due to small grain sizes is further supported by
synthesis experiments in the (Ce,lGdXPO)" ternary sys-
tem (R. Gratz and W. Heinrich, in preparation). There,
grain sizes were in the range of 10 to 20 p.m, and the
EMP data were much less scattered, allowing accuracy
of +0.015 molvo of each REE in monazite solid solutions
of the (Ce,lGd)(PO). ternary. In rhe binary system, the
XRD data are more accurate, and we use these data for
inferring the compositional relationships between the two
phases in PZX space.

The cell volume of pure YPO. (xenotime) produced in

6.71

6.7

6.66

6.65
0 0.05 0.1 0.15 0.2 0.25

Y (mole fraction) in monazite

FIcunB 5. Plot of volume (lzd) vs. Y concentration of mon-
azites. Y concentrations of all monazites of the two phase ex-
periments were determined using the volume calibration curve
obtained by the single phase experiments (black dots with re-
gression line, see also Fig. 4). Error bars from X-ray diffraction
are lo errors resulting in errors of X, of about * 0.01. Volume
values are from Table 1.

experiment Pl7 is285.28 *0.12 A, (Table l). The deter-
mined cell volumes of xenotime from all two-phase ex-
periments range from 285.35 + 0.25 A, (experimentP2T)
to 286.60 + 0.30 A' (experiment Pl0), and most of them
are between 285.35 and 286.0 A.. The increase in volume
is very small and exceeds the 1o error in volume deter-
mination only by a factor of two to three. It is obvious
that only a very small amount of Ce is incorporated into
xenotime. The calibration of an X""-volume curve by
means of xenotime single-phase experiments is therefore
unreasonable. Instead, we used the linear extrapolation of
the r(REE3*)-volume curve for pure REEPO. in xeno-
time structure (see Fig. l) along with the ion radius of
1.143 A of Cer* in eightfold coordination (Shannon 1976)
and estimated the unit-cell volume of a hypothetical
CePOo end-member in xenotime structure as 321.35 4,.
Xenotime compositions in terms of Xrcrctime (Table 1) were
then determined with the assumption of a linear volume
increase between YPO" and hypothetical CePOo in xen-

a (A) = 6 800 - 0 194 Xy

0,05 0.1 0.15
Y (mole ftadloh)

c \ 4 1 = 6 a 7 4 - 9 1 4 2 r ,

0.05 0.1 0.15
Y (mole lraction)

b ( A ) = 7 . 0 2 2  - 0 2 2 2 x \

v1A31=sooes-zssx"

0.05 0,t
Y (moletEction)

7 0 3

7 0 2

e z.o1

$ o.os
F)

o

! o.oa
o

8 o.oz

0 0.05 0,.t 0.15
Y (mole fEctlon)

300

lk 299

298

297

296

103.55

a

103.5

TreLe 2. Variation in the a, b, c, V, and B unit-cell parameters of monazites from the single phase experiment products
(experiment numbers P13 to P16)

Experi-
menl
No Composition a (A) b (A) c (A) B f ) v (4")
P 1 3
P14
P 1 5
P 1 6

(Ceo 85Y0.15)PO4
(Ceo.90Y0.10)PO"
(Ce0.95Y0 05)PO4
CePO.

6 7 7 1 ( 1 )
6.780(1 )
6.790(1 )
6.800(1)

6.994(1)
7 004(1 )
7.016(1 )
7.O27(1\

6 4s3(1 )
6.4se(1 )
6.467(1 )
6.474(1\

1 03.s6(3)
103 52(3)
1 03.50(3)
1 03 46(2)

297 05(12)
298.21 (10)
299 57(1 0)
300 84(1 2)
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FrcunB 6. Y concentrations ofmonazite obtained by electron
microprobe vs. X-ray diffraction results from seven selected ex-
periments (numbers from Table 1) with error bars (lo). Although
there is reasonable agreement between both data sets, the XRD
results are more accurate.

otime structure. Resulting X, values of all experiments
range between 0.97 and 0.99, except experiments P9 and
P10 (& - 0.96), with an error of about -r0.015. X'values
of xenotime determined by EMP from seven selected ex-
periments fall into the same envelope (Table 1) with an-
alytical errors in the same range.

The CePOn-YPOn miscibility gap

The compositions of monazite coexisting with xeno-
time at various temperatures and pressures are shown in
an &nomzirc-temperature plot (Fig. 8). All data are from
Table 1. The experiments define two monazite limbs of
the miscibility gap of the CePOo-YPOo binary at 2 and
15 kbar, respectively, over a temperature range of 300-
1000 "C. At 2 kbar, Y concentrations in monazite increase
from 3 mol%o at 300 'C to 17 mol%o at 1000 "C. At 15
kbar, Y concentrations are 6 molVo at 300'C and increase
up to about 25 mol%o at 1000 "C. The results are consis-
tent within the analytical error limits of -+l mol%o Y. Fig-
ure 9 shows the pressure dependence of Y incorporation
into monazite coexisting with xenotime at 800 "C. Y con-
centrations increase from 10 mol%o at 2 kbar to 17 molvo
at 15 kbar. Within analytical error, the pressure depen-
dence at 800 "C can be approximated by a linear function
(straight line in Fig. 9). Combining all PTX. data, the
position of the monazite limb of the miscibility gap
boundary in PTX space for the relevant P-Tconditions is
fitted by

XY"-r' - (1.459 + 0.0852 P) sonzzt+t

Monazite (200)

Monazite

(020)

011)  +
Y ^ run P16

pure CePOo
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i i (2oo)

i i  {
i r  A

ia /i
{ivii i i :

: i  i l  r unP12 ,500 'C ,2kba r

27.527.0

2 theta (')

Frcuno 7. Portion of the X-ray patterns of experiment P16
(pure CePOo end-member) and Pl2 (coexisting monazite and
xenotime). The (1ll), (020), and (200) reflections of monazite
show identical half width. Peaks of Pl2 are shifted to higher 20
values because of incorporation of 5 * | mol%o Y into the mon-
azite sffucture. The pattern ofPl2 shows also the (200) reflection
of xenotime.

The corresponding Xy-"'Ltemperature plot of xeno-
time compositions coexisting with monazite is shown in
Figure 10. For the vast majority of experiments, Y con-
centrations of xenotime range between 98 and 99 mol%o.
Given our analytical error of * 1.5 molTo in Y (see inset
of Fig. 10), it is not possible to derive a temperature or
pressure dependence for the xenotime limb. The mean Xt
value of 0.98 -f 0.015 is covered by all experiments with
only two exceptions (experiments P9 and Pl0, both at
600 'C and 2 kbar, with relatively large errors in V, see
Table 1). Whichever number may be correct, it is obvious
that only a very small amount of Ce is incorporated in
xenotime and that the P-T dependence of this incorpo-
ration is, if present at all, very small.

The shape of the CePO.-YPO" miscibility gap is
strongly asymmetric, and our binary resembles the cal-
cite-dolomite solvus in many aspects (Goldsmith and
Newton 1969; Gottschalk and Metz 1992). Both the cal-
cite limb of the carbonate system and the monazite limb
of the phosphate system strongly depend on temperature
and are useful for geothermomeffy, whereas the dolomite
and xenotime limbs are not. The main difference between
the two systems is that the position of the monazite limb

100

where P is in kbar and T is in 'C.
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Frcunr 8. Xndazj*-temperature plot depicting the monazite
limb of the monazite-xenotime miscibility gap at2 kbar (black
triangles) and 15 kbar (black squares). All data points are from
reaction products that contained monazite plus xenotime. Values
are from Table I

also depends on pressure, whereas variation of the posi-
tion of the calcite limb with pressure is very small (Gott-
schalk and Metz 1992). Aside from that, the miscibility
gap in the calcite-dolomite binary is a true solvus because
both phases are isostructural. Monazite and xenotime are
not, and therefore we prefer here the term "miscibility
gap" (see Putnis 1992; Spear 1993 p. 87).

DrscussroN

The CePOn-YPOn binary-an appropriate model system
for monazite-xenotime pairs in metamorphic rocks?

The compositions of coexisting monazite and xenotime
from a suite of seven metapelites that crystallized be-
tween 400-700 'C at pressures from about 3 to 5 kbar
revealed that the major element concentrations of both
are independent of metamorphic grade and are only due
to bulk rock composition (Heinrich et al. 1997). A typical
pattem of REE + Y concentrations is shown for lower
granulite facies sample Tb I32 (Fig. 11). Major compo-
nents of monazite are La (Xr^ : O.ZO;), Ce (X"" : 0.41),
and Nd (X*. : 0.17). All other REE, Ca, and Th are <6
mol%o (data from Heinrich et al. 1997), and these are very
similar to monazite compositions reported from other me-
tapelites (Kingsbury etal.1993; Suzuki et al. 1994). Xen-
otime consists mainly of Y (X, : 0.80) plus some Dy,
Er, Yb, and Gd, all in the range of about 5 molVo (Fig.
1l). The LREE with large ionic radii (La to Sm) are pref-
erentially partitioned into monazite, and the HREE with
smaller radii (Gd to Yb) are partitioned into xenotime.
Of these,  only  I  Gd,  and Dy (X"+Gd+Dy :0.10 in  Tb
132) are prominent minor elements in monazite, and in

0 0.05 0.1 0.15 0.2 0.25

Y (mole fraction) in monazite

FIcunr 9. Xmdaz@-pressure plot depicting the pressure depen-
dence of the monazite limb of the miscibility gap at 800 'C. Data
points are from reaction products that contained monazite plus
xenotime. Values are from Table l.

xenotime only Sm and Nd are minor (Xr- * *u : 0.01 in
Tb 132; Fig. l1).

The essential point is that incorporation of the HREE
(Gd to Yb) into monazite and of LREE (La to Sm) into
xenotime for metapelitic bulk compositions turned out to
be temperature dependent (Heinrich et al. 1997). This is

0.9 0.95

Y (mole fraction) in xenotime

FrcunB 10. Xf-"'"-,"-O".ature plot depicting the xenotime
limb of the monazite-xenotime miscibility gap at 2 kbar (black
triangles) and 15 kbar (black squares). All data points are from
reaction products that contained moazite plus xenotime. Values
are from Table 1.
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Frcunn L1. REE + Y Ca, and Th contents of coexistirig
monazite and xenotime, given per formula unit. The sample Tb
132 is from a lower granulite facies metapelite that equilibrated
at peak metamorphic conditions of about 700 'C and 5 kbar.
Analyses from Heinrich et al. (1997, their Table l).

shown in Figures 12 and 13, along with the experimen-
tally determined miscibility gap boundaries of the CePOo-
YPO, binary. The Xilflitt"-temperature curve, empirically
calibrated at 400-700 'C and about 3 to 5 kbar, almost
coincides with the Xmomzib vs. temperature binary limbs at
2 and 5 kbar, calculated using Equation 1 (Fig. 12). Sim-
ilarly, the empirically determined xenotime limb coin-
cides with that of the binary, given that the error in
Xrerctime from our experiment is not better than -t- 0.015
(Fig. 13). Thus, the CePO.-YPO. binary represents an
adequate model system for natural monazite-xenotime
pairs, at least for metapelitic bulk compositions.

A simple explanation for the similarity of the experi-
mentally derived and the natural monazite limbs of the
miscibility gap is that the average effective ionic radii of
monazite solid solutions from metapelites are very similar
to that of synthetic monazite in the simple binary system.
Ce3* in ninefold coordination has an effective ionic radius
of 1.196 A lshannon 1976; see also Ni et al. 1995, and
Fig. l) and incorporation of l0 molVo Y (effective radius
in ninefold coordination : 1.015; Shannon 1976) would
result in an average radius of only 1.184 A and volume
reduction from 300.84 A to 299.57 A3 for CeonYo,PO.
solid solutions (Fig. 4 and Table 2). Taking the compo-
sitions of the monazites from the seven metapelites
(Heinrich et aL. 1997: their Table l) and assuming ionic
radii of ninefold coordination (Shannon 1976), their av-
erage effective radii values range from 1.178 A to 1.185
A. Thus, CePOo is a good representative for monazite of
complex composition as is YPO" for xenotime, the latter
being evident from Figure 11. However, a more detailed
understanding of the multivariate (LREE-HREE,Y)PO.
system must await thermodynamic data on pure
(REE,Y)PO" phases.
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Frcunn 12. Xmdaie-temperature plot showing the monazite
limb of the miscibility gap at various pressures, calculated using
Equation 1. Thick curve indicates the mole fraction of Y +
HREE (Gd-Lu) of natural monazites from a metapelite suite that
crystallized together with xenotime at about 400-700 "C and
about 3 to 5 kbar (Heinrich et aL. 1991). The monazite limb of
the (Ce-Y)PO. binary and that of the (LREE-HREE,Y)PO. sys-
tem in rocks almost coincide within error limits (see Fig. 7).

X. in xenotime determined experi-

mentally in the Ce-Y(POo) binary

XLRee in xenotime of
metapelites crystallized
a t 3 t o 5 k b a r s

0.85 0.9 0.95

Y (mole fraction) in xenotime

Frcunr 13. Xremtime-temperature plot showing the xenotime
limb derived from our experiments along with the mole fractions
of LREE (La-Sm) of monazite from a metapelite suite that crys-
tallized together with monazite at 400-700'C (thick curve) Note
that the experimentally determined limb has an error of + 0.015
in X". Within that error, both curves coincide.

GRATZ AND HEINRICH: MONAZITE-XENOTIME THERMOBAROMETRY

1 100

1000

900

O Boo
o

E zoo

p eoo

I 0.7
L

e
E
d 0.6
o-
U
H 0.s

E 0.4
q

E
I 0.3
o

1100

1000

900

6. 800

! zoo
a!

E ooo
E
oF soo

400

300

0.8
200 r-

o.75

X,--- in monazites of
N N E E

metapelites crystallized
at3 to5kbars



780

The monazite-xenotime geothermobarometer
It has been suggested that monazite is unstable in very

low- to low-grade metamorphic rocks relative to other
minerals such as bastnaesite, apatite, or REE-bearing ep-
idote (Smith and Barreiro 1990; Ohr et al. 1994; Schal-
tegger et al. 1994). There are apparently no simple re-
actions that might control monazite and xenotime stability
in low-grade rocks. Heinrich et al. (1997) found stable
monazite-xenotime pairs in metapelites that equilibrated
at about 400 "C and 3 kbar, and in our experiments co-
existing monazite and xenotime formed at 300 "C up to
1000 "C at both low and high pressures. It is most likely
that (REE + Y)PO4 phases are stable up to 1400'C at
low pressures (J.M. Montel, personal communication). In
conclusion, the monazite-xenotime geothermobarometer
can be applied, in principle, over the entire range of P-T
conditions where monazite and xenotime are stable in
metamorphic rocks.

The most useful application of the monazite-xenotime
miscibility gap to metamorphic rocks is thermometry us-
ing the compositions of monazite that coexist with xen-
otime for rocks of known pressure. Monazite in medium-
to high-grade rocks often shows prograde growth
zonation, and there is no indication ofretrograde resetting
with respect to REE concentrations (DeWolf et al. 1993,
Zht et al. 1994l' Heinrich et al. 1997; C.P DeWolf and
E. Essene, in preparation). Thus, monazite compositions
are indicative of temperatures at which monazite grew.
Furthermore, monazite is often used for U-Pb age deter-
minations because of its high U and Pb contents (Parrish
1990). Recent isotopic studies have shown that the effec-
tive closure temperature for the U-Pb system in monazite
is >700'C (Smith and Barreiro 1990; DeWolf et al. 1993;
Zht et al. 1994; Suzuki et al. 1994:) and that monazite
may preserve ages corresponding to peak temperatures
up to the granulite facies and may even record prograde
growth ages. If so, our thermometer has the potential of
determining peak metamorphic temperatures and corre-
sponding ages on one mineral, which was up to now only
possible for garnet. In the case of prograde zoning of
monazite, the dating of different domains of a zoning pro-
file along with application of the thermometer provides a
promising tool for determining prograde branches of PTt
paths. Moreover, the high Nd and Sm contents of mon-
azite and xenotime and the strong partitioning of Sm/Nd
in xenotime over monazite (Heinrich et al. 1997, their
Table l; see also Fig. 11) may provide two-mineral
Sm-Nd isochrons, and with our thermometer, the obtained
ages could be again linked directly to their growth tem-
peratures. Thus, the (REE,Y)PO4 phases have an enor-
mous potential in deriving metamorphic PTt paths.
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