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ABSTRACT
The relative solubilities of monazite (Mnz), xenotime (Xno), and apatite (Ap: REE- and
Sr-rich, and REE- and Sr-poor) have been studied in peraluminous granitic liquids in
month-long experiments at 750 °C and 200 MPa (PH20).In contrast with the high solubility
of the apatite (0.7 wtOjoP 205) in strongly peraluminous liquids, monazite and xenotime
have much lower solubilities «0.05 wt°jo P205). In mildly to strongly peraluminous compositions, P205 in the liquid is 0.03-0.04 wt°jo at xenotime saturation and 0.02-0.05 wt°jo
at monazite saturation; in keeping with the low P in the glasses, RE203 contents are below
EMP detection thresholds (:50.08 wt°jo) for all conditions of experiments (saturation of
liquid at equilibrium and local saturation around apatite). Apatite dissolves incongruently,
crystallizing REE-rich monazite on its surface (1-4 ~m-Iong grains), resulting in similar
low REE contents in liquids. Monazite precipitation occurs along the margins of dissolving
apatite crystals, even though the bulk liquid is not monazite-saturated.
The abundance of
monazite microcrystals increases with the REE content of the apatite and the degree of
apatite dissolution. The reaction relationship (Ap + LiqI -+ Mnz + Liq2), stemming from
differences in relative solubilities (greater than an order of magnitude) between apatite and
monazite, results in the dissolution of much smaller amounts of REE into peraluminous
liquids than expected by simple evaluation of apatite REE contents. The amount of REE
contributed from apatite directly to peraluminous granitic liquid is related to the amount
of apatite dissolved by simple mass balance only if the total REE content of the apatite is
sufficiently low that monazite saturation in liquid (50-100 ppm RE203 at 750 °C) is
avoided. During dissolution of Sr-rich apatite, the Sr partitions into the liquid, and, at
750 °C and 200 MPa (PH20),the diffusion coefficient of Sr in liquid is ---2 x 10-10 cm2js
(R2 = 0.659).
The reaction relationships described above may have application to some textural features observed in natural igneous rocks. For example, clusters of monazite microcrystals
might be indicators of dissolved apatite; monazite morphology can be used to distinguish
the source of its REE and the general petrological process (rock anatexis or magma crystallization) under which the monazite formed. In addition, monazite microcrystals could
serve as nucleation sites for other minerals, which might explain their common inclusion
in biotite and amphibole within granitoids.

INTRODUCTION

Although found only as accessory minerals in most igneous rocks, the phosphates apatite (Ap), monazite (Mnz),
and xenotime (Xno) play an important role in determining the rare-earth element (REE) contents of these rocks,
especially those that are high in silica (e.g., Nagasawa,
1970; Henderson, 1980; Fourcade and Allegre, 1981;
Miller and Mittlefehldt, 1982; Mittlefehldt and Miller,
1983; Weber et aI., 1985; Michael, 1988; Reid, 1990;
Yurimoto et aI., 1990; Suzuki et aI., 1992; Watt and Harley, 1993; Wark and Miller, 1993; Zhao and Cooper,
1993). The intracrystalline diffusivity of certain RE and
other elements in apatite has been found to be very slow
(Watson and Green, 1981; Watson et aI., 1985; Chemiak
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and Ryerson, 1993), and thus the amount of these elements added to the silicate liquid during anatexis typically is considered to depend only on the solubility of
apatite. Solubilities have been determined experimentally
for apatite (e.g., Watson, 1979; Watson and Capobianco,
1981; Green and Watson, 1982; Harrison and Watson,
1984; Pichavant et aI., 1992; Wolf and London, 1993,
1994b) and for monazite (e.g., Rapp and Watson, 1986;
Montel, 1986, 1993; Rapp et aI., 1987; Ellison and Hess,
1988), and so the important data needed for trace element modeling involving these accessory minerals appear
to be available. However, the complex dissolution of apatite, especially in peraluminous granitic magmas, may
alter the final amount of trace elements actually added to
the liquid. We present evidence here that apatite dis765
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TABLE1.

WOLF AND LONDON:
Compositions of minerals and rock powders
Apatite.
Apatite
(REE-poor;
Durango, Mexico)

Si02
AI203
CaO
SrO
Na20
K20
P20S
Y203
La203
Ce203
Nd203
Sm203
Gd203
Dy 203
Er203
Yb203
F
Total

DISSOLUTION

0.40
0.00
54.02
0.00
0.03
0.01
41.20
0.04
0.46
0.53
0.13
0.02
0.00
0.00
0.00
0.02
n.a.**
96.86

Sr Apatite

0.04
54.05
0.06
0.10
40.90
0.07
0.41
0.50
0.15
0.02
0.04
0.02
0.00
0.01
3.53
99.76

(Sr- and

REE-rich)

Monazite
HVD
103880

Xenotime
AMNH
C68860

0.21
0.01
43.67
8.83
0.45
0.01
38.84
0.00
1.77
2.24
0.42
0.10
0.00
0.01
0.00
0.00
n.a.
96.57

2.64
0.06
0.21
0'.00
0.00
0.01
23.62
0.18
8.92
25.88
14.36
6.74
5.36
0.28
0.00
0.01
n.a.
88.24

1.89
0.00
0.04
0.00
0.00
0.01
31.78
39.23
0.00
0.05
0.15
0.31
1.06
4.58
4.23
4.31
n.a.
87.64

Initial rock powder compositionst
HG
GASI.1
GASI.4
KNPX
Si02
AI203
CaO
Na20
K20
P20S
Total
ASI

76.41
14.08
b.d.t.
5.42
4.09
n.a.
91.65
1.05

75.81
14.60
b.d.t.
5.45
4.14
n.a.
89.39
1.09

74.85
15.80
b.d.t.
5.33
4.03
n.a.
91.80
1.20

73.27
13.59
b.d.t.
5.22
4.30
3.44
90.30
1.02

·

Electron and proton microprobe analyses (from Roeder et aI., 1987);
all other data by EMP, this study.
** F not analyzed by EMP because of F migration problems (see Stormer
et aI., 1993).
on anhydrous

basis, except

for totals.

solves incongruently to produce monazite (strongly enriched in REE relative to the apatite) plus REE-poor,
P-enriched liquid; the importance of this mechanism increases with greater initial concentrations of REE in the
apatite and with peraluminosity of the liquid. This mechanism is caused by differences in relative solubilities between apatite and monazite and results in less REE being
dissolved into the liquid than expected by a simple evaluation of the apatite REE content

~

olf and London,

APATITE

(Wolfand London, 1993, 1994b). Having determined that
the solubility of apatite in liquid (as measured by the
concentration ofP20s in glass) increases by over an order
of magnitude from mildly peraluminous (0.05 wt°jo at 1.13
AS I) to strongly peraluminous compositions (0.60 wt°jo
at 1.29 ASI; muscovite-, mullite-, or corundum-saturated), a logical question was what effect does this enhanced
'solubility in peraluminous liquids have on the ability of
apatite to deliver REE to melt? Are the solubilities of the
REE-phosphates,
monazite and xenotime, modified in
the same way and to the same extent? Previous studies
showed that monazite solubility increases with increasing
peralkalinity (Montel, 1986, 1993) and decreases with increasing peraluminosity (Rapp et aI., 1987). Wolf and
London (1994b) noticed that monazite precipitated at the

surface of dissolving apatite, and that the number of
monazite microcrystals increased with increasing dissolution of the relatively REE-poor Durango apatite. This
paper investigates the relationship between REE, apatite,
monazite, and silicate liquid from previous experiments
in addition to new dissolution experiments using REEand Sr-rich apatite, monazite, and xenotime in peraluminous granitic liquids.
EXPERIMENTAL METHODS

Note: HG and GASI.4 powders are mixtures of natural minerals (fired
gibbsite added to GASI.4); KNPX is a synthetic gel made from TEOS,
nitrates, and phosphoric acid; n.a. = not analyzed; b.d.t = below detection
threshold. Additional rock compositions
listed in Wolf and London (1994b).
The apatites are relatively homogeneous,
with 1 sd < 0.3 wtO/o for CaO,
SrO, and P20S and < 0.1 wt% for other oxides. One standard deviation
for monazite is 1.5 wt% for P20S and <0.5 for other oxides; for xenotime
it is 0.8 wtO/o for Y203, 0.5 for P20S' and <0.1 for other oxides.

t Renormalized

OF REE-RICH

1994a).

Our conclusion could have been deduced by a comparison of the previously published sets of data on apatite
and monazite solubility, but a direct connection between
the differential solubilities of these phosphates and the
resultant REE content of the coexisting liquid is made
here for the first time. In fact, apatite breakdown with
concomitant monazite precipitation during low-temperature alteration has been documented (Boudreau and
McCallum, 1990). Our results stem from a previous series of apatite dissolution experiments that were presented in terms of apatite solubilities and dissolution kinetics

Table 1 lists the compositions of the apatite, monazite,
xenotime, and rock powders used in the experiments described in this paper. Natural apatite from Durango,
Mexico, with a homogeneous
composition
close to
Cas(P04)3F (with'" 1.4 wtOjoRE203), was mixed with different P- and Ca-free haplogranitic powders made from
nearly eutectic proportions of finely ground natural quartz
(Brazil), albite (Brazil), and orthoclase (Switzerland), and
varying amounts of activated amorphous Al203 (obtained
by decomposing gibbsite at 400 °C). Initial compositions
project slightly to the feldspar side of the 200 MPa, H20saturated, Qz-Ab-Or minimum (Ab4s0r26.sQz28.s) (Tuttle
and Bowen, 1958); measured values of initial Alumina
Saturation Index (ASI) [mole ratio AI203/(CaO + Na20
+ K20)] range from 1.05 to 1.20. These experiments are
described in detail by Wolf and London (1994b). A Srand REE-rich apatite obtained from the U.S. National
Museum (USNM no. 136827) was added to the strongly
peraluminous granitic powder (GASI.4) to study the effect of apatite REE concentration on monazite crystallization. To constrain better the solubility of monazite (and
xenotime) under these conditions, natural samples of these
minerals were separately added to both the mildly (HG)
and strongly (GASI.4) peraluminous haplogranitic powders in a set of dissolution experiments. An additional
set of monazite and xenotime dissolution experiments
was conducted with a mildly peraluminous, initially P-rich
powder (KNPX) to assess the solubility of these minerals
as a function of P content.
In all of these experiments, coarse-grained (0.1-0.4
mm3) blocky phosphate mineral fragments were used.
Wolf and London (1994b) showed that as the weight ratio
of granitic rock powder (liquid) to apatite decreases, the

.

WOLF AND LONDON:
TABLE2.
Distance
(/-Lm)

Si02
AI203
CaO
SrO
Na20
K20
P20S
La203
Ce203
Sm203
Nd203
Gd203
Total
Distance
(/-Lm)

Si02
AI203
CaO
SrO
Na20
K20
P20S
La203
Ce203
Sm203
Nd203
Gd203
Total

Compositional

profiles

in glasses

DISSOLUTION

away from dissolving

OF REE-RICH

Sr- and REE-rich apatite
HG-40 (8-weeks, GASI.4 powder)

HG-36 (4-weeks, GASI.4 powder)
10
65.33
16.49
0.50
0.10
3.39
3.36
2.38
0.02
0.02
0.00
0.00
0.00
91.59
10

64.76
16.26
0.46
0.10
3.22
3.44
2.68
0.00
0.01
0.00
0.01
0.00
90.94

30

49

Traverse 1
66.51
67.78
15.60
16.01
0.38
0.42
0.07
0.08
3.47
3.50
3.48
3.50
1.71
1.17
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
91.70
91.99
30

51

Traverse 2
65.91
65.63
16.01
15.96
0.44
0.39
0.08
0.09
3.97
3.69
3.57
3.62
2.38
2.03
0.02
0.00
0.00
0.01
0.00
0.00
0.02
0.00
0.00
0.00
92.13
91.71
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10

27

68.84
15.31
0.34
0.08
3.80
3.54
0.64
0.01
0.01
0.00
0.04
0.00
92.60

65.93
15.92
0.44
0.09
3.95
3.41
1.79
0.00
0.02
0.00
0.03
0.00
91.59

66.67
16.16
0.46
0.10
4.02
3.52
1.75
0.00
0.00
0.00
0.01
0.00
92.69

71

10

28

66.80
15.75
0.36
0.08
3.86
3.44
1.56
0.00
0.00
0.00
0.01
0.00
91.86

67.08
16.15
0.50
0.11
4.00
3.47
1.70
0.00
0.03
0.00
0.00
0.00
93.03

67.81
15.96
0.43
0.08
3.87
3.31
1.39
0.01
0.00
0.00
0.00
0.00
92.87

43

60

Traverse 1
66.65
66.67
15.94
15.76
0.41
0.47
0.08
0.12
3.79
3.77
3.46
3.44
1.64
1.47
0.01
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
92.03
91.66
46

64

Traverse 2
68.58
68.49
15.79
15.60
0.37
0.36
0.11
0.10
4.15
3.90
3.45
3.43
1.06
0.76
0.03
0.03
0.00
0.02
0.00
0.00
0.00
0.03
0.00
0.00
92.71
93.54

77

93

67.03
15.55
0.42
0.10
3.83
3.32
1.33
0.00
0.04
0.00
0.01
0.00
91.61

67.36
15.60
0.43
0.09
3.74
3.57
1.12
0.00
0.03
0.00
0.00
0.00
91.93

82

100

69.09
15.36
0.38
0.10
3.96
3.54
0.50
0.00
0.03
0.00
0.00
0.00
92.95

69.41
15.14
0.38
0.10
4.02
3.41
0.29
0.01
0.00
0.00
0.00
0.00
92.75

Note: see Table 1 for HG starting compositions. All experiments performed at 750 °C, 200 MPa.

time to approach equilibrium also decreases (for a given
apatite grain size and liquid volume). The powder to mineral ratio in the apatite dissolution experiments was kept
relatively high ( --10: 1) to study the kinetics of monazite
crystallization during rapid apatite dissolution. The powder to mineral ratio in the monazite and xenotime dissolution experiments was kept relatively low (-- 2: 1) to
ensure that elemental concentrations of dissolved mineral
components in the glass are equilibrium values (which
are measures of the mineral solubilities).
In all experiments, phosphates, rock powder, and H20
(in excess of that needed for saturation of liquid) were
sealed in 20 x 3 mm Au capsules (with powder mix
confined to a 5 x 3 mm portion of the capsule). Durations of the experiments ranged from 2 to 15 weeks. Capsules were held subhorizontally in H20-pressurized R-41
cold-seal vessels at 200 MPa. Pressure was measured with
a factory-calibrated Heise bourdon tube gauge; fluctuations measured over the course of experiments were ~ 5
MPa. For all experiments, the experiment temperature of
750 °C was measured by internal Chromel-Alumel thermocouples, with an estimated total error :t 10 °C. Oxygen
fugacity was not controlled, but the intrinsic 102 of the
R-41 vessels is between the NNO and FMQ buffers (e.g.,
Huebner, 1971). Experiments were quenched isobarically in a jet of compressed air (5-10 °C/s). Capsules were
reweighed after the experiment to ensure that they did
not leak.

Chemical analyses were obtained by wavelength-dispersive spectrometry on a Cameca SX-50 electron microprobe (EMP). A low beam current (2 nA) and a large
diameter spot (13 ~m) were used for major elements to
minimize volatilization (especially Na); tests using 1, 5,
and 10 s repetitive analyses showed no Na loss for total
analysis times up to 2 min, so correction factors have not
been applied to the Na20 values. Analytical conditions
for major elements were similar to those used by Wolf
and London (1994b). The REE were analyzed with a 20
kV, 20 nA, 10 ~m diameter beam (for 60 or 120 s on
peaks) and calibrated against the REE-bearing glass standards of Drake and Weill (1972). The PAP correction
procedure was used (Pouchou and Pichoir, 1985). Calculated detection thresholds (3u above mean background,
in weight percent) are as follows: ~0.02 for major elements; 0.02 for P 20S, SrO, and Y 203; 0.05 for La203,
Nd203, DY203, Er203, and Yb203; 0.06 for Ce203 and
Sm203; and 0.08 for Gd203.
RESULTS
REE- and Sr-rich apatite dissolution experiments
Table 2 lists two sets of glass analyses from EMP traverses from each of the 4- and 8-week, REE- and Sr-rich
apatite dissolution experiments (no. HG-36 and 40). As
Wolf and London demonstrated (1993, 1994b), the Si02,
A1203, P20S, and CaO data show the strong concentration
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TABLE 3.

WOLF AND LONDON:
EMP analyses

of glasses from dissolution

DISSOLUTION

OF REE-RICH

APATITE

experiments

Monazite dissolution
Sample
Powder

SOL-28 (14)
HG

SOL-29 (14)
GASI.4

Si02
AI203
CaO
SrO
Na20
K20
P20S
Y203
La203
Ce203
Nd203
Sm203
Gd203
Dy203
Er203
Yb203
Total
ASI

69.03 (0.12)
13.14 (0.06)
0.09 (0.00)
0.00 (0.00)
4.67 (0.03)
3.67 (0.03)
0.02 (0.00)
n.d. (-)
0.01 (0.00)
0.03 (0.01)
0.02 (0.01)
0.00 (0.00)
0.00 (0.00)
n.d. (-)
n.d. (-)
n.d. (-)
90.69 (0.06)
1.11 (0.00)

68.19
14.75
0.09
0.00
4.28
3.39

(0.11)
(0.06)
(0.00)
(0.00)
(0.03)
(0.02)

0.50 (0.01 )

n.d. (-)
0.02 (0.00)
0.04 (0.01)
0.03 (0.01)
0.00 (0.00)
0.00 (0.00)
n.d. (-)
n.d. (-)
n.d. (-)
90.83 (0.11)

1 .36 (0.01 )

Xenotime dissolution
SOL-30 (13)
KNPX

SOL-31 (8)
HG

SOL-32 (8)
GASI.4

SOL-33 (8)
KNPX

67.20 (0.08)
12.71 (0.04)
0.01 (0.00)
0.00 (0.00)
4.44 (0.07)
3.17 (0.02)
2.69 (0.02)
n.d. (-)
0.03 (0.01)
0.05 (0.02)

69.88 (0.26)
13.28 (0.14)
0.03 (0.01)
n.d. (-)
4.90 (0.07)
3.50 (0.02)
0.03 (0.00)
0.00 (0.00)
n.d. (-)
n.d. (-)
n.d. (-)
0.00 (0.00)
0.00 (0.00)
0.02 (0.01)
0.01 (0.00)
0.03 (0.01)
91.69 (0.09)

68.93 (0.07)
14.54 (0.08)
0.03 (0.00)
n.d. (-)
4.55 (0.04)
3.35 (0.04)
0.04 (0.00)
0.00 (0.00)
n.d. (-)
n.d. (-)
n.d. (-)
0.00 (0.00)
0.00 (0.00)
0.02 (0.01)
0.03 (0.01)
0.04 (0.01)
91.54 (0.08)
1.30 (0.01)

67.03 (0.17)
12.73 (0.03)
0.01 (0.00)
n.d. (-)
4.77 (0.06)
3.68 (0.03)
3.27 (0.08)
0.00 (0.00)
n.d. (-)
n.d. (-)
n.d. (-)
0.00 (0.00)
0.00 (0.00)
0.01 (0.00)
0.02 (0.00)
0.03 (0.01)
91.55 (0.14)
1.07 (0.01)

0.05 (0.01 )

0.00 (0.00)
0.00 (0.00)
n.d. (-)
n.d. (-)
n.d. (-)
90.89 (0.12)
1.12(0.01)

1.12 (0.01 )

Note: n.d. = not determined; number of analyses listed in parentheses following sample name; standard deviation of the mean listed in parentheses
following weight percent.

gradients that develop during melting of semi-isolated
apatite grains into peraluminous granitic liquids; within
the dissolution aureole, P and Ca are added from the
apatite to the liquid, an aluminophosphate complex forms,
driving the uphill diffusion of AI, which raises the Al
content, and an AIPSi_1 exchange reaction occurs, which
lowers the Si content. There are no concentration gradients in either Na20 or K20. REE concentrations in the
glasses are at or below the detection threshold (b.d.t.)
throughout the glasses. There also are no large gradients
in SrO (SrO is ::;0.12 wt°jo), although SrO concentrations
in the glasses immediately adjacent to the apatite are
slightly elevated relative to the other analyses within the
profiles; this small gradient was used to determine an
approximate diffusion coefficient for Sr at 750 °C (see
below). These SrO concentrations, though small, are 46 x the 30"detection threshold (0.02 wt°jo); analyses ofSrabsent starting compositions consistently yield SrO contents <0.02 wt°jo (e.g., Table 3).
In all the apatite dissolution experiments, the abundance of monazite crystals at the apatite-glass interface
varies with the degree of apatite dissolution (Fig. 1), which
is dependent on the ASI of the liquid and the duration of
the experiment. Because of the very small grain size (14 ~m long), reliable analyses of the monazite microcrystals (i.e., uncontaminated by inclusion of glass within the
excitation volume) were not obtainable. However, EMP
analyses of monazite plus glass regions are qualitatively
useful in assessing the relative concentrations of Sr and
REE within the apatite, monazite, and glasses (e.g., 0.000.05 wt°jo srO; 2.7-12.8 wt°jo La203; 3.2-17.7 wt°jo Ce203;
0.2-1.2 wt°jo Sm203; 0.6-2.0 wt°jo Nd203; 0.1-2.0 wt°jo
Gd203). There is clearly a strong concentration of the
REE, but not Sr, in the crystallizing monazite relative to
the dissolving apatite (compare with RE203 and SrO contents of the apatites in Table 1 and the glasses in Table
2). Concentration profiles from the REE- and Sr-rich ap-

atite, through monazite (one analysis), and into the glass
from experiment no. HG-36 illustrate these trends (Fig.
2): high P205 contents in apatite and monazite, high CaO
contents in apatite but not monazite, and strong concentration gradients in these elements within the glass (Fig.
2a); high levels of SrO, La203, and Ce203 in apatite, very
high levels of La203 and Ce203 in monazite, but almost
no REE (b.d.t.) within the glass (Fig. 2b); and a small
amount of SrO within the glass but none in the monazite
(Fig. 2c).
Concentration profiles of P 205' CaO, and SrO in glass
(Fig. 3) show that, under the experimental conditions of
750°C and 200 MPa, P diffuses only --- 200 ~m in 4 weeks,
whereas both Ca and Sr diffuse> 700 ~m. Concentrations
ofP205 drop to below detection threshold >200 ~m from
the apatite, but significant, nonzero CaO and SrO contents persist to the edge of the capsule (initial rock powders are Ca and Sr absent; also note the zero values of
SrO in the Table 3 analyses from the Sr-absent glasses
produced during monazite dissolution). As noted by Wolf
and London (1994b), the flat concentration profile of CaO
beyond the P diffusion aureole probably results from a
Ca diffusivity an order of magnitude greater than that of
P and small capsule dimensions relative to the Ca diffusion length; the CaO gradient flattens after Ca diffuses to
the edge of the capsule [lOx 200 ~m (length of P diffusion aureole) = 2 mm; the distance to the capsule edge is
only ---0.7 mm in this direction]. Diffusion coefficients
have beep. calculated for P, Ca, and Sr from the profiles
in Figure 3 by plotting the inverse error function (erf-l)
of the concentration ratio vs. a distance-time parameter
and then measuring the slope of the resulting line. Diffusion coefficients (D, in squared centimeters per second)
were obtained by squaring the slope of the lines:

~

2vt

=

Vfj

erf-I

(1

_ CX'(

Co)
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where x = distance from apatite (cm), t = time (s), Cx.t =
concentration along profile, and Co = concentration in
glass nearest apatite (after Harrison and Watson, 1983;
also see Wolf and London, 1994b). Lines fitted to these
data are sho\\rn in Figure 4; the calculated diffusion coefficients are Dp = 9.3 X 10-12 cm2/s (R2 = 0.994), DCa =
1.1 X 10-10 cm2/s (R2 = 0.978), and Dsr = 2.0 X 10-10
cm2/s (R2 = 0.659). The P and Ca data agree with those
determined in the previous dissolution study using REEand Sr-poor ])urango apatite (Wolf and London, 1994b).
Results from monazite and xenotime dissolution
experiments
The dissolution of REE-bearing apatite produced an
abundance of monazite because of an apparent difference
in the solubilities of these two minerals. To compare
better the solubility of monazite with the previously obtained apatite data, monazite and xenotime were dissolved to determine solubilities as a function of the ASI
of the haplogranite liquid. Figure 5 shows the P20S values
in glass vs. f\.SI both for monazite and xenotime dissolution. Also shown for comparison is a line fit to 106 data
points from equilibrated experiments of apatite dissolution from Wolf and London (1994b). The P20S values are
a measure of the solubility of the phosphate minerals in
the silicate liquid (Harrison and Watson, 1984) only if
there are no large compositional changes in the liquid
resulting frorn the dissolution process (Wolf and London,
1994b); both the equilibrated apatite data and the monazite and xenotime data satisfy this requirement. It is
clear from Figure 5 that monazite and xenotime solubilities are much lower than that of apatite and do not appear to be influenced by the ASI of peraluminous liquids.
In mildly to strongly peraluminous liquids, P 20S is 0.030.04 wt°jo at xenotime saturation and 0.02-0.05 wt°jo at
monazite saturation.
Table 3 lists averaged glass analyses from each set of
monazite and xenotime dissolution experiments. In keeping with the low P20S contents of the initially P-free glasses (i.e., low phosphate-mineral
solubilities; Fig. 5), Tablt3 reveals that the RE203 contents of the glasses are at or
below detection thresholds (d.t. of 0.02-0.08 wt°jo), indicating that both monazite and xenotime have very low
solubilities in peraluminous liquids under these conditions [750 0(:, 200 MPa (PH20)].
DISCUSSION
Apatite-monazite

relationships

The main point of this paper is to stress the incongruent breakdown ofREE-bearing apatite. We have analyzed
the peraluminous glasses for REE contents associated with
(1) the reaction of apatite to form monazite and (2) the
dissolution of monazite and xenotime. Monazite dissolution is discussed before apatite dissolution and monazite formation because it lays the groundwork for the subsequent discussion.
The results from our monazite dissolution experiments
(Table 3 and Fig. 5) support the previous work of Montel

Fig. 1. Back-scattered electron (BSE) images of three Durango apatite dissolution experiments showing the increase in
abundance of monazite microcrystals along the apatite-liquid
interface as a function of apatite solubility, which increases with
increasing Alumina Saturation Index of the liquid [ASI: mole
ratio AI203/(CaO + Na20 + K20)]. Ap = apatite; Mnz = monazite; GI = glass (quenched liquid). Scale bar in micrometers
(lower left). All experiments at 750 °C and 200 MPaH20. (top)
No. HG-12, ASI -1.1, 336 h, GASI.l powder; (middle) no. HG15, ASI -1.2, 336 h, GASI.4 powder; (bottom) no. HG-38, ASI
-1.3, 694 h, GASI.4 powder plus additional Al203 (see Table 1
for initial rock powder compositions).
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(1986, 1993) and Rapp and Watson (1986). Figure 6 is a
compilation of the monazite solubility data of Montel
(1986, 1993), Rapp and Watson (1986), Rapp et al. (1987),
and the present study, as determined by total LREE contents in peralkaline to peraluminous granitic liquids. Although there is some discrepancy in the absolute concen-

0

trations among data sets, it is clear that increasing the
AS I decreases monazite solubility. The compositions used
by Rapp et al. (1987) are calcic (0.5-3.0 wt°jo CaO), which
increases monazite solubility (Montel, 1993) and may explain the discrepancies. However, monazite solubility in
our experiments is low even with 0.5 wt°jo CaO in the
liquid because of the dissolution of apatite [the starting
composition in Rapp and Watson's (1986) work also contains 0.5 wt°jo CaO]. In addition, the range in Si02 for all
points is 62-75 wt°jo, on a hydrous basis, which may explain some of the differences if monazite solubility also
depends upon the silica content of the liquid, as does that
of apatite (Harrison and Watson, 1984; Wolf and London, 1994b). Ellison and Hess (1988) found that the solubility of LaP04 (isostructural with monazite) increased
not only in peralkaline liquids but also in peraluminous
liquids relative to metaluminous ones (K/ Al = 1).
Watson and Capobianco (1981) modeled the effect of
residual apatite on the REE contents of felsic liquids by
choosing to ignore the effects of other accessory minerals.
This simplification may still be warranted when applied
to metaluminous liquid compositions, in which apatite
solubility is low. Such a simplification clearly does not
work with peraluminous compositions because of the direct link between apatite dissolution and monazite crystallization (if the apatite contained abundant Y, Dy, Er,
and Yb instead of La, Ce, Nd, and Sm, presumably xenotime would crystallize during apatite dissolution instead of monazite). Most of the REE contained within
apatite are not contributed directly to the liquid, so models of anatexis of systems in which peraluminous liquids
are produced must account for these differences in phos-
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phate mineral solubilities; in other words, monazite and
xenotime, not apatite, saturation values must be used to
model the contribution of REE from dissolving apatite
to peraluminous liquid during anatexis. Apatite contributes only 50-100 ppm RE203 directly to the liquid; total
REE in excess of 50-100 ppm precipitates as monazite

or xenotime (on the basis of monazite saturation values
of50-100 ppm RE203 at 750 °C: Miller and Mittlefehldt,
1982; Rapp and Watson, 1986; Montel, 1993). The total
abundance, not the actual composition, ofREE dissolved
in liquid determines monazite solubility, although the activity of REP04 is lowered significantly by incorporation
of Th and U into the monazite structure (Montel, 1993).
It should be noted that liquid compositions derived from
metagraywacke, metapelite, and even amphibolite anatexis can be peraluminous and often strongly so (e.g.,
Vielzeuf and Holloway, 1988; Patino Douce and Johnston, 1991; Icenhower and London, 1993; Wolf and Wyllie, 1994; Patino Douce and Beard, 1995), so this mechanism is pertinent to models of partial melting of a wide
range of rock types.
The generation of natural, strongly peraluminous granitic liquids can occur at temperatures near that of our
experiments (750 °C) (e.g., Bea et aI., 1994). It may be
possible to discern the source of P and REE in these anatectic liquids by comparing their relative abundances. In
apatite-bearing source rocks of peraluminous liquids, apatite dissolution will add P to the liquid. Because of the
very low solubility of monazite and xenotime under these
conditions, most of the REE present in the dissolving
apatite will form REE-rich phosphates and will not be
added to the liquid (only ~0.05 wtOjoRE203 added to the
liquid through the incongruent dissolution of apatite; Table 2); however, most of the P will be added to the liquid
(not retained in the precipitating monazite), so that the
concentration ofP20s will be greater than that ofRE203.
At 750 °C, the low REE contents of the liquids are buffered by P20S values >0.05 wt°jo (P20S in excess of 0.05
wt°jo, e.g., derived from apatite, will complex with available REE in liquid to form monazite). Figure 5 and Table
3 show that the 750 °C equilibrium saturation value of
P20S derived from the congruent dissolution of monazite
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and xenotime is ~0.05 wt°jo P20S; total REE concentrations in monazite- or xenotime-saturated
peraluminous
liquids also are close to this value (P and REE are approximately stoichiometrically balanced). At higher temperatures, more REE can be dissolved into liquid as the
solubility of monazite increases (Rapp and Watson, 1986;
Montel, 1993). Rare earth element concentrations equal
to that ofP imply that monazite or xenotime, not apatite,
was the source of REE and P, or that subsequent fractional crystallization of a REE-poor phosphate occurred
(however, note that at 750 °C, the mean D~~€iq is 100,
extrapolated from data of Watson and Green, 1981, so
that even in monazite-saturated
liquids with 100 ppm
~

REE, if apatite were to crystallize,it could contain
wt°jo total REE).
P, AI, and REE affinities in peraluminous

'"

1

liquids

We have determined that under certain circumstances
during rapid breakdown of apatite into peraluminous liquids, the P from the apatite complexes with excess Al
from the liquid in a 1:1 cation ratio, possibly as AIP04
species (Wolf and London, 1994b). Thus, P has an apparent affinity for Al (see also Mysen et aI., 1981; Gan
and Hess, 1992), which enhances the dissolution of apatite in more aluminous liquids (Pichavant et aI., 1987;
Montel et aI., 1989; London et aI., 1990; London, 1992).
The data from the current REE- and Sr-rich apatite dissolution experiments substantiate this effect. In contrast,
the breakdown of monazite or xenotime is not enhanced
by increasing peraluminosity (Fig. 5). Therefore, it appears that the P derived from monazite does not form
alumino phosphate species in liquid but remains associated with (i.e., has a stronger affinity for) the REE derived
from the dissolving monazite or xenotime. However, Ellison and Hess (1988) found that LaP04 solubility was
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greater in peraluminous liquids than in metaluminous
ones, which implies that aluminophosphate
complexes
formed in the liquid; they also noted, though, that P- La
interactions appeared to be energetically favorable, especially in calcic liquid compositions. Ryerson and Hess
(1978) proposed a P-REE association to explain REE partitioning into the P-rich liquid of a coexisting immiscible
pair. The process might be described by a reaction similar
to those proposed by Gan and Hess (1992) and Gwinn
and Hess (1993): M-O-M + 2(AI-O-P) = 2 M-O-P + AIO-Al, in which M = metal cation; when M = Ca, this
reaction is displaced (in liquid) to the left, and when M
= REE, this reaction is displaced to the right. The experimental data are consistent with Rapp and Watson's
(1986) proposal that P provides charge compensation for
REE during diffusion. Montel (1993) suggested a dissolution mechanism such as REPO~nz -+ REPO~iq, in which
(1) the REE and P remain associated with each other in
the liquid following dissolution, and (2) the solubility of
monazite is independent of P activity. Our one result
from an experiment in which monazite solubility increased only marginally in a P-rich liquid supports this
suggestion (Fig. 6; Table 3, note the similar result from
the xenotime dissolution data).
Monazite microtextures after anatexis
Figure 1 shows the texture that develops during the
incongruent breakdown of apatite in peraluminous liquids. Microcrystals of monazite precipitate along the apatite-liquid interface, with the density of nucleation increasing with increasing peraluminosity (ASI > 1) and
extent of reaction. The microcrystals do not appear to
grow much larger subsequent to nucleation, although significant growth could occur in the crystals without detection because of their small size. It is possible that with
continued monazite microcrystal growth on the apatite
crystal surface, the apatite (especially a REE-rich one)
may become encrusted or armored with monazite, which
may inhibit further dissolution. However, complete dissolution of an apatite with> 100 ppm total REE would
leave behind a cluster of monazite or xenotime microcrystals or both. This cluster could define the former presence of the original apatite crystal; monazite clusters in
Figure 7 appear to mark the former presence of thin fragments of apatite. If surface tension forces were great
enough, the microcrystals could be drawn inward with
the retreating apatite-liquid interface, as the apatite dissolves, and could coalesce into a single composite crystal;
such a crystal would record any REE heterogeneities in
the initial apatite (or the previous liquid from which the
apatite crystallized) as a complex, asymmetric zoning
pattern within the composite monazite or xenotime (e.g.,
Jolliff et aI., 1989; Wark and Miller, 1993).
Whether or not the monazite microcrystal clusters
contract with apatite dissolution, the clusters or even
individual microcrystals may serve as excellent sites for
subsequent nucleation and growth of other minerals
during crystallization and could lead to the formation
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Fig. 7. A back-scattered electron image of the Sr- and REErich apatite dissolution experiment (no. HG-36) illustrating that
the clustering of monazite microcrystals in a magma may record
the former presence of a dissolved apatite crystal (in this case, a
thin spine of the partially dissolved apatite fragment). Ap = apatite; Mnz = monazite; GI = glass (quenched liquid). Scale bar
in micrometers.

Fig. 8. Compositionally heterogeneous monazite from granulite-grade metapelite, Blue Ridge, North Carolina, with domains that may be indicative of the incongruent breakdown of
apatite and concomitant formation of clusters of monazite microcrystals during anatexis. Texture may have been modified
during metamorphism. Scale bar is 100 ~m. BSE photomicrograph supplied by Calvin F. Miller.

of inclusion-rich minerals (e.g., Harrison and Watson,
1984; Michael, 1988; Bacon, 1989; Montel, 1993; cf.
Watson et aI., 1989). Homogeneous dispersion of these
closely associated microcrystals throughout a magma
could be quite difficult in the absence of vigorous convection, turbulent flow, or supersolidus deformation.
Heterogeneous
distribution
of accessory mineral-rich
glomerocrysts within a rock (e.g., Hogan et aI., 1993)
may reflect the uneven distribution of these restitic clusters of microcrystals within the magma and as inherited
from the source region.
Monazite crystallized in our experiments because it was
locally saturated along the interface between the liquid
and dissolving apatite. Though this mechanism results in
precipitation of an accessory mineral, it is quite different
from mechanisms proposed for accessory mineral crystallization during phenocryst growth, referred to as the
snow plow effect (e.g., Green and Watson, 1982; Harrison
and Watson, 1984; Bacon, 1989), in that the REE are
derived from the dissolving apatite (not the liquid), and
the newly formed monazite does not necessarily become
included within a growing phenocryst. Note that monazite initially crystallizes because the liquid along the apatite-liquid interface is oversaturated in REE and P, but
the bulk liquid is not saturated. Thus, the monazite microcrystals may dissolve if dispersed throughout the
monazite-undersaturated
bulk liquid and not incorporated as inclusions within other growing phenocryst minerals. The monazite dissolution rate depends on the temperature, composition, and H20 content of the magma
(Rapp and Watson, 1986). Rapp and Watson (1986) have
calculated that, at 750 °C, a small monazite crystal (5 ~m
radius) would dissolve in a wet (6 wt°jo H20) felsic liquid
in --- 4000 yr but could persist for 109yr in drier liquids

(1 wt°jo H20). However, note that these calculations are
based on experimental results that yield a slightly higher
monazite solubility limit than those found by Montel
(1986, 1993) and by us (Fig. 6).
After taking all the above uncertainties into account, it
still might be possible to use the presence of monazite or
xenotime microcrystal clusters to indicate the former
presence of apatite in crustal xenoliths or any other granulite that is suspected to have melted. We have examined
two suites of felsic, lower crustal xenoliths from California that appear to have been melted and subsequently
rapidly cooled, quenching the liquid to glass (not devitrified). The electron microprobe analyses of devitrified
glasses indicate that the melt was nearly metaluminous,
and hence we find apatite but little monazite or xenotime,
because apatite is relatively insoluble in metaluminous
liquids (Fig. 5). In the absence of partial melts trapped as
glass, monazite and xenotime microcrystal clusters as we
have described here can be reasonably interpreted to indicate that peraluminous melts were generated from residual source rocks that presently contain these phosphates and once contained apatite with over 100 ppm
total REE. We anticipate the detection of this textural
and mineralogical association in compositionally
more
appropriate lithologies such as peraluminous granites and
migmatitic metasediments and granulites. In fact, a monazite from a migmatitic granulite-grade metapelite, Blue
Ridge, North Carolina (C. F. Miller, 1994 personal communication), shows the compositionally
heterogeneous
domains that may be indicative of the apatite-to-monazite reaction (Fig. 8). Detection of these textures in other
rocks that clearly have been melted would further
strengthen the connection between observation and process and may allow extension of the model to rocks with
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questionable histories. However, even if these textures
are indicative of a previous episode of anatexis and apatite dissolution in some rocks, this finding would not
necessarily mean that the process occurred in all rocks
containing these mineralogical relationships. If the process occurs in nature, then the compositional heterogeneity within the monazite crystals even may record compositional heterogeneities that developed as the apatite
crystal grew (e.g., Rakovan and Reeder, 1994), although
some recrystallization probably would occur during hightemperature retrograde metamorphism.
Furthermore, in some cases, it may be possible to distinguish the provenance of monazite crystals on the basis
of their morphology. The presence of relatively large crystals of monazite (> 100 JLm?)may record the precipitation
of monazite from locally or bulk monazite-saturated
liquid during crystallization of the magma. These crystals
are relatively easy to detect using petrographic microscopes. The presence of microcrystals of monazite may
record the precipitation of monazite from apatite dissolution during anatexis of the source rock in the absence
of conglomeration of the microcrystal clusters. These microcrystals would be very difficult to detect using petrographic microscopes but could be discernible through
careful back-scattered electron or X-ray imaging (e.g.,
Michael, 1988; Wark and Miller, 1993; Montel, 1993).
Careful geochemical studies in which all REE could not
be accounted for in the mechanically separated accessory
mineral fractions (e.g., Suzuki et aI., 1990) could indicate
a mixed-size population of these minerals, possibly stemming from differences in sources, processes of formation,
or both. Further studies incorporating geochemical and
experimental data on accessory mineral solubilities (e.g.,
Reid, 1990) are warranted and even could benefit from
intensive petrographic work (e.g., by EMP, SEM, or other
microanalytical methods).
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