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Experimental determination of stability relations between monazite, fluorapatite, allanite,
and REE-epidote as a function of pressure, temperature, and fluid composition
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ABSTRACT

The experimental alteration of monazite to allanite, REE-epidote, fluorapatite, and/or fluorapatite-
britholite was investigated at 450 to 610 MPa and 450 to 500 °C. Experiments involved monazite +
albite £ K-feldspar + muscovite * biotite + SiO, + CaF, and variety of fluids including H,O, (KCl1 +
H,0), (NaCl + H,0), (CaCl, + H,0), (Na,Si,0s + H,0), 1 M HCI, 2 M NaOH, 2 M KOH, 1 M Ca(OH),,
2 M Ca(OH),, and (CaCO; + H,0). The reaction products, or lack thereof, clearly show that the stabil-
ity relations between monazite, fluorapatite, and allanite or REE-epidote are more dependent on the
fluid composition and the ratio of silicate minerals than on the P-T conditions. A high Ca content in
the fluid promotes monazite dissolution and the formation of fluorapatite and allanite or REE-epidote.
Lowering the Ca content and raising the Na content in the fluid decreases the solubility of monazite
but promotes the formation of allanite. Replacing Na with K in the same fluid causes fluorapatite,
with a britholite component, to form from the monazite. However, allanite and REE-epidote are not
formed. Monazite is stable in the presence of NaCl brines. In KCl brine, monazite shows a very limited
reaction to fluorapatite. When the fluid is (Na,Si,05 + H,0), strong dissolution of monazite occurs
resulting in the mobilization of REEs, and actinides to form fluorapatite-britholite and turkestanite.
These experimental results are consistent with natural observations of the partial to total replacement
of monazite by fluorapatite, REE-epidote, and allanite in fluid-aided reactions involving the anorthite
component in plagioclase at mid- to high-grade metamorphic conditions. In contrast, an alkali-bearing
environment with excess Na prevents the growth of allanite and eventually promotes the precipitation
of secondary monazite. The results from this study provide implications for geochronology and for
deducing fluid compositions in metamorphic rocks.
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INTRODUCTION

Monazite [(REE,Th,U)PO,], allanite [(CaREE)(Al,Fe*)
Si;0,,(OH)], and fluorapatite [Cas(PO,);F] are relatively com-
mon accessory minerals in igneous and metamorphic rocks.
They are also three of the principal hosts for the rare earth
elements (Y+REE) in the Earth’s crust and lithospheric mantle.
The geochemical behavior of these minerals depends on pres-
sure, temperature, fluid composition, and bulk rock composition
(Spear and Pyle 2002; Gieré and Sorensen 2004; Harlov 2011).
Monazite can be replaced by allanite during progressive low-
grade metamorphism, followed by a reversed transition to form
monazite at higher P-T (Gieré and Sorensen 2004). Mineral-
fluid interactions leading to the replacement of monazite by
fluorapatite, allanite, and/or epidote [Ca,(Al,Fe**)Si;0,,(OH)]
have been recognized in a number of igneous and metamorphic
rocks (e.g., Broska and Siman 1998; Finger et al. 1998; Claeson
2002; Wing et al. 2003; Broska et al. 2005; Janots et al. 2006,
2008, 2011; Majka and Budzyn 2006; Krenn and Finger 2007;
Broska and Majka 2008; Harlov 2011). Recently, the formation
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of secondary monazite and secondary fluorapatite with thorianite
inclusions, at the expense of primary monazite in clasts of meta-
morphosed granites from the Carpathian flysch, was proposed
to have occurred during retrograde metamorphism at 400 to
550 °C (Budzyn et al. 2010). In general, allanite did not form,
although rare secondary textures of fluorapatite intergrown with
allanite were observed. Under mid-greenschist facies conditions
(ca. 350400 °C), monazite breakdown also does not lead to the
formation of allanite/epidote but rather to the secondary low-Th
monazite growth (Rasmussen and Muhling 2007, 2009).
Previous experimental studies on monazite have been fo-
cused on monazite-fluid interactions (e.g., Teufel and Heinrich
1997; Ayers et al. 1999; Seydoux-Guillaume et al. 2002a,
2002b; Harlov et al. 2007, 2011; Harlov and Hetherington
2010; Hetherington et al. 2010) or the fluid-induced altera-
tion of fluorapatite to form monazite inclusions (e.g., Harlov
and Forster 2002; Harlov et al. 2002, 2003, 2005). In contrast,
experimental studies involving allanite are limited to a series of
allanite-zoisite [Ca,Al;Si;0,,(OH)] experiments at 700 °C and
2000 MPa (Hermann 2002) and there are no experimental studies
investigating monazite reacting to form fluorapatite. None of the
previous experimental investigations has considered the stability
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of monazite in the complex mineral and fluid environment rep-
resentative of natural granitoid rocks under low to moderate P-T
conditions, except for work using experimental products from
this study to constrain ages of experimentally altered monazite
(Williams et al. 2011).

The goal of this study is to experimentally explore the
geochemical relationship between monazite, fluorapatite, and
allanite in the presence of silicate minerals typical of metapelites
or quartzo-feldspathic rocks as a function of pressure and
temperature at lower to middle amphibolite facies conditions
using various metamorphic fluids. The P-7-X conditions for the
experiments in this study were selected on the basis of the P-T'
conditions of the monazite-allanite transition reported in previ-
ous studies of Broska and Siman (1998), Finger et al. (1998),
and Broska et al. (2005), monazite-to-secondary monazite
transition (Budzyn 2009; Budzyn et al. 2010), as well as the P-T
stability diagram for monazite and dissakisite [(CaLa)(Al,Mg)
Si;0,,(OH)]-clinozoisite [Ca,Al;Si;0,,(OH)] solid-solution as
compiled by Janots et al. (2007). The results from this study,
coupled with the application of in situ geochronology to mona-
zite (e.g., Williams and Jercinovic 2002; Pyle and Spear 2003;
Mabhan et al. 2006; Williams et al. 2007; Dumond et al. 2008),
allanite (Catlos et al. 2000; Gregory et al. 2007, 2009; Janots et
al. 2009), and fluorapatite (Willigers et al. 2002), will further aid
in helping to reconstruct the P-7-X- evolution of greenschist- and
lower-grade amphibolite-facies rocks.

EXPERIMENTAL AND ANALYTICAL METHODS

Experiments

Experiments involving alteration of monazite to allanite, REE-epidote and
fluorapatite were conducted at the Deutsche GeoForschungsZentrum (Potsdam,
Germany) utilizing cold-seal autoclaves on a hydrothermal line. Pressures and
temperatures ranged from 450 to 610 MPa and 450 to 500 °C (Table 1). Three
sets of experiments were performed. The first set (E1-E10) utilized monazite and
albite + muscovite + amorphous quartz + CaF, (Table 1). Use of amorphous SiO,
instead of quartz allowed for increased reaction rates. In experiments E11 through
E23, biotite and K-feldspar were added to the assemblage.

The monazite used in the experiments was taken from a heavy mineral sand
deposit located in Cleveland County, North Carolina (UCLA, Department of Geol-
ogy mineral collection catalog number MS-1762) and is the same monazite used in
the experimental monazite-fluid studies of Harlov and Hetherington (2010), Harlov
et al. (2011), and Williams et al. (2011). The grains are 200 to 1000 um in size,
optically clear, light brown, euhedral to semi-euhedral crystals. In cross section,
they show some faint zonation and patchiness under high-contrast back-scattered
electron (BSE) imaging. The silicate minerals used in the experiments include
a hydrothermal albite (Roznava, Slovakia), gem quality sanidine (Eifel region,
Germany), pegmatitic muscovite (Siedlimowice, Sudetes Mountains, Poland), and
biotite (mica schist, Maine, U.S.A.).

The minerals were crushed and sieved to obtain a 50 to 100 um fraction.
Foreign and cloudy mineral grains were hand picked using a binocular microscope
and removed. Fluids included doubly distilled H,O, (KCI + H,0), (NaCl + H,0),
(CaCl, + H,0), (Na,Si,05 + H,0), 1 M HCI, 2 M NaOH, 2 M KOH, 1 M Ca(OH),,
2 M Ca(OH),, and (CaCO; + H,0) (Table 1). The exact amounts of monazite-
(Ce), albite, sanidine, muscovite, biotite, SiO,, CaF,, Na,Si,0s, and CaCO; used
to prepare the solid mixture used in each experiment are listed in Table 1. Solid
mixtures were prepared by mixing the individual minerals together in a dry state.
The mixture was then slightly ground together in an agate mortar using ethanol
and then dried at 105 °C. The mineral mixture plus fluid were loaded into 3 mm
wide, 15 mm long Au capsules that were arc-welded shut using an argon plasma
torch while the Au capsule was partially immersed in an ice-water bath. Capsules
were checked for leaks by first weighing, then placing in a 105 °C oven for several
hours, and then weighing again.

Experiments were performed in standard cold-seal, 6 mm bore, René metal
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autoclaves with H,O as the pressure medium. Three to four gently flattened Au
capsules were placed in each autoclave. Temperatures, believed to be accurate to
within +5 °C, were measured externally with the thermocouple tip inserted into
the end of the autoclave. Pressures were stable during the experiments except for
one run with four capsules in the autoclave (E20-E23), where the pressure slowly
decreased from 610 to 580 MPa over 16 days. The autoclaves were quenched
after the run using compressed air. Temperatures of ca. 100 °C were reached
within 1 min. Capsules were cleaned, weighed, opened, and dried at 105 °C and
then re-weighed to determine the exact fluid content. The dry contents were then
extracted from the Au capsule. Reacted mineral mixtures containing chlorides were
washed several times in doubly distilled water to remove the salt. A portion of the
experimental product was mounted in epoxy and polished. A second portion of the
reacted mineral mixture was sprinkled on an adhesive carbon mount and carbon
coated for backscattered electron (BSE) imaging.

Evaluation

Experimental products and the original mineral mixtures were evaluated using
a series of scanning electron microscopes (SEM) equipped with energy-dispersive
spectrometers (EDS) at the Deutsche GeoForschungsZentrum, Institute of Geo-
logical Sciences, Jagiellonian University (Krakow, Poland), and the Department
of Mineralogy, Petrography, and Geochemistry, AGH-University of Science and
Technology (Krakéw, Poland).

Electron microprobe (EMP) analyses of the experimental products were
performed utilizing a Cameca SX50 electron microprobe equipped with five
wavelength spectrometers at the Department of Geosciences, University of Mas-
sachusetts in Amherst. Spot analyses were collected using a 15 kV accelerating
voltage, 40 nA beam current, and ca. -5 pm beam size. The peak and background
analytical times were 20 and 10 s, respectively, for all elements expect Th and U,
for which 30 and 15 s were used. Standards, spectral lines, WDS crystals, and
detection limits are described in Budzyn et al. (2010). Additional analyses of mona-
zite, turkestanite, REE-epidote, and fluorapatite were performed using the JEOL
JXA-8500F Hyperprobe electron microprobe equipped with field emission gun
and five wavelength spectrometers at the Deutsche GeoForschungsZentrum. The
Hyperprobe was operated with a 15 kV accelerating voltage and 10 nA beam cur-
rent. Analytical errors for each of the elements depend on the absolute abundances
of each element in the mineral. Relative 1-G errors are estimated to be <0.5% at
the >10 wt% level, 5 to 10% at the >1 wt% level, 10 to 20% at the 0.2 to 1 wt%
level, and 20 to 40% at the <0.1 wt% level. For concentrations below 0.1 wt%, the
analytical precision for the actinides is approximately 10% higher. Results of the
EMP analyses of starting material and reaction products are contained in Tables 2
through 9 and shown in Figure 1.

EXPERIMENTAL RESULTS

Experiments with H,O

Monazite from experiments with H,O (E1, 450 °C, 450 MPa;
Mnz+Ab+Ms+SiO,+CaF,+H,0; and E11, 500 °C, 450 MPa;
Mnz+Ab+Kfs+Ms+Bt+Si0,+CaF,+H,0) (see Appendix for
mineral abbreviations) are homogeneous under high-contrast
BSE imaging and the composition is unchanged compared to
the starting monazite (Table 2; Fig. 2). Monazite grains do not
reveal any signs of dissolution on the surface and have sharp
edges. Feldspar and mica grains do not show any alteration and
are similar in composition to the starting grains (Tables 3 and
5). REE-epidote occurs as a new phase present on the surface of
a few monazite grains (Figs. 1 and 2). In experiment E1 only a
few REE-epidote grains (up to several micrometers in size) were
observed, whereas in experiment E11 higher amounts of euhedral
single REE-epidote grains (up to ca. 100 um long) are present.

Experiment with 1 M HCI

Monazite grains in experiment E6 (450 °C, 450 MPa;
Mnz+Ab+Ms+Si0,+CaF,+1 M HCI) show evidence of partial
dissolution, which takes the form of pits on the monazite grains
surface (Table 2; Figs. 1 and 3a). However, neither the monazite
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TaBLE 1. Experimental conditions and starting materials (mg) over 16 days
Exptt. T Mnz Ab Kfs Ms Bt SiO, CaF, Na,Si,Os CaCO; Total H,0 2M 2M Ca(OH), 1M NaCl KCl CaCl, Total Mineral Remarks
(°C) solids KOHt NaOHt HCIt charge* products
P =450 MPa
E1 450 5 7 - 4 - 4 5 - - 25 497 25.95 REE-Ep 1
E2 450 5 7 - 4 - 4 5 - - 25 5.26 28.28 FAp,FAp-Brt,Thn 2
E3 450 5 7 - 4 - 4 5 - - 25 5.38 28.35 FAp-Brt,Mnz2,Thn 3
E4 450 5 7 - 4 - 4 5 - - 25 517 0.38 28.86 FAp-Brt, REE-Ep 4
E5 450 5 7 - 4 - 4 5 5 - 30 517 33.70 FAp-Brt, Trk 5
E6 450 5 7 - 4 - 4 5 - - 25 5.08 27.95 - 6
E7 450 5 7 - 4 - 4 5 - - 25 5.08 0.30 29.56 - 6
E8 450 5 7 - 4 - 4 5 - 25 5.06 0.37 2791 - 7
E9 450 5 7 - 4 - 4 5 - - 25 5.01 0.20 27.93 - 8
E10 450 5 7 - 4 - 4 5 - 5 30 5.08 32.53 FAp, REE-Ep 9
E11 500 5 3 4 2 2 4 5 - - 25 5.04 27.98 REE-Ep 10
E12 500 5 3 4 2 2 4 5 - - 25 6.19 27.18  FAp, FAp-Brt 1
E13 500 5 3 4 2 2 4 5 - - 25 5.62 28.08 FAp 12
E14 500 5 3 4 2 2 4 5 - - 25 5.1 0.71 26.65 FAp, FAp-Brt, REE-Ep 13
E15 500 5 3 4 2 2 4 5 5 - 30 5.03 32.05 FAp-Brt, Trk 14
E16 500 5 3 4 2 2 4 5 - - 25  5.09 0.28 27.64 - 6
E17 500 5 3 4 2 2 4 5 - 25  5.07 0.39 27.39 FAp 15
E18 500 5 3 4 2 2 4 5 - - 25 5.5 0.52 28,57 FAp, Aln 16
E19 500 5 3 4 2 2 4 5 - 5 30 5.12 33.44 Aln, Thn 17
P=610-580 MPa
E20 450 5 3 1 3 5 3 5 - - 25 5.45 28.32 FAp 18
E21 450 5 3 1 3 5 3 5 - - 25 5.42 28.96 FAp, Aln 19
E22 450 5 3 1 3 5 3 5 - - 25 5.07 0.67 28.90 FAp, Aln 20
E23 450 5 3 1 3 5 3 5 5 - 30 5.03 34.26 Trk 21

Notes: Remarks =

1

Starting minerals do not show any signs of alteration, except occasional grains of REE-epidote formed at the monazite surface.

2 Monazite shows partial dissolution with delicate britholite-fluorapatite grains on the surface. High amounts of fluorapatite are present. Also rare thorianite is
observed. Albite achieved K-feldspar overgrowths with inclusions of britholite-fluorapatite.

3 Monazite shows partial dissolution with delicate britholite-fluorapatite grains on the surface. Albite achieved K-feldspar overgrowths with inclusions of second-
ary monazite. Thorianite is also formed.

4 Monazite is partially dissolved. Up to ca. 20 um REE-epidote grains are present on the monazite surface. Britholite-fluorapatite also occurs.

5 Monazite shows strong dissolution on the surface and patchy internal zoning. The altered zones are depleted in Th, U, Ca, Y, and HREE. Large grains of
britholite-fluorapatite and turkestanite are present. Also small amounts of K-feldspar has been formed. Delicate needle-like crystals with composition close
to "glaucophane" are present. Muscovite is absent.

6 Monazite shows dissolution pits on the surface.

7 Monazite shows dissolution pits on the surface. Albite shows skeletal rims of K-feldspar

8 No alterations are observed.

9 Monazite shows delicate dissolution pits and is overgrown by REE-epidote. Rare <3 pm fluorapatite grains are present.

10 Monazite shows partial dissolution. Large REE-epidote grains up to ca. 100 pm are found.

11 Monazite shows dissolution pits on the surface and is overgrown by britholite-fluorapatite. Fluorapatite is present as minute inclusions in the K-feldspar
overgrowths on albite. Muscovite has not been found within products. Delicate needle-like crystals with composition close to "glaucophane” are present.

12 Small amounts of delicate apatite grains are found. Muscovite is gone.

13 Monazite is partially dissolved, and portion of monazite grain has changed composition aproaching composition of apatite. Up to ca. 20 um REE-epidote grains
are present on the monazite surface. Fluorapatite and britholite-fluorapatite are also found.

14 Monazite shows strong dissolution on the surface and patchy internal zoning. The altered zones are depleted in Th, U, Ca, Y and HREE. Large grains of britholite-
fluorapatite and turkestanite are present. Muscovite and biotite are absent. Delicate needle-like crystals with composition close to "glaucophane” are present.

15 Monazite shows dissolution pits on the surface. Rare fluorapatite forms single grains.

16 Monazite surface is strongly dissolved. Large amounts of up to ca. 40 um allanite grains are present. Fluorapatite is formed. Albite shows etch pits on the surface.

17 Monazite shows strong dissolution on the surface and patchy internal zoning. Monazite is overgrown by REE-Ep. Thorianite is formed. Muscovite is gone.

18 Monazite is strongly dissolved on the surface. Fluorapatite is present within products.

19 Monazite is overgrown by the allanite grains up to ca 40 um. Fluorapatite grains (up to ca. 20 um) are also found in the products.

20 Monazite is partially dissolved. Up to ca. 20 pm REE-epidote grains are present on the monazite surface. Fluorapatite and britholite-fluorapatite are also found.

21 Monazite shows strong dissolution. Rarely turkestanite is found. Muscovite and biotite are absent in the products. Delicate needle-like crystals with composi-

tion close to "glaucophane" are present.

*Weight loss is due to transportation of mixed solids (Mnz+Ab=Kfs+Ms+Bt+SiO,+CaF,+Na,Si,0s+CaCOs) from the agate mortar to the capsule. See text for further
explanation.

t Component in a liquid phase.

nor the other minerals show any signs of chemical alteration (Fig.
3b; Tables 2, 3, and 5).

Experiments with NaCl + H,O

Experiments E7 (450 °C, 450 MPa; Mnz+Ab+Ms+SiO,+CaF,+
NaCl+H,0) and E16 (500 °C, 450 MPa; Mnz+Ab+Kfs+Ms+Bt+
Si0,+CaF,+NaCl+H,0) showed no alteration in mineral com-
position (Tables 2, 3, 5, and 6). Dissolution pits formed on the
monazite grain surface with the degree of dissolution increasing
with temperature (Figs. 4a and 4b).

Experiments with KCI1 + H,0

The only reaction textures observed in runs E8 (450 °C,
450 MPa; Mnz+Ab+Ms+SiO,+CaF,+KCI+H,0) and E17 (500
°C, 450 MPa; Mnz+Ab+Kfs+Ms+Bt+SiO,+CaF,+KCI+H,0)
(Tables 2—6; Fig. 1) were rare dissolution pits on the monazite
grain surface (Fig. 4¢). Rare fluorapatite takes the form of a single
grain (Fig. 4d). Albite in run E8 has skeletal rims of K-feldspar
(Fig. 4e). No other alterations or changes in mineral composi-
tion were observed.
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The starting minerals were not altered in experiment E9
(450 °C, 450 MPa; Mnz+Ab+Ms+SiO,+CaF,+CaCl,+H,0) as
opposed to run E18 (500 °C, 450 MPa; Mnz+Ab+Ms+SiO,+
CaF,+CaCl,+H,0) (Tables 2—-7; Fig. 1). Monazite in run E18
shows evidence of strong dissolution on the surface, but there
is no alteration in the grain interiors such that the composition is
unchanged. Large amounts of allanite (up to ca. 40 um in size)
are present (Table 7). Allanite is present both as grain aggregates
as well as overgrowths on monazite (Fig. 4f). Etch pits formed
on the crystal faces of the albite. The micas remained unchanged.

Experiments with CaCO,; + H,O

Alteration of monazite in experiments E10 (450 °C, 450 MPa;
Mnz+Ab+Ms+SiO,+CaF,+CaCO;+H,0) and E19 (500 °C, 450
MPa; Mnz+Ab+Kfs+Ms+Bt+Si0,+CaF,+CaCO;+H,0) ranged
from delicate dissolution pits to strong etching to complete dis-
solution of the grain surface (Tables 2—8; Figs. 1 and 5). The
composition of the monazite, however, remains unchanged
compared to the starting monazite (Table 2). Tabular crystals of
REE-epidote and allanite overgrow the monazite (Fig. 5). EDS
analyses indicate that the REE,O; content of the REE-epidote
increases from ca. 6.8 to 12.5 wt% (E10) to 13.7 to 18.3 wt% in
allanite (E19) as a function of increasing temperature and grain
size. The other minerals show no signs of alteration.

Monazite shows partial to strong dissolution in runs witha 2 M
KOH solution (Tables 2—8; Figs. 1 and 6a). However the monazite
grains are homogeneous and their composition is similar to the
starting monazite. Muscovite is not present in the products from
run E12 (500 °C, 450 MPa; Mnz+Ab+K fs+Ms+Bt+SiO,+CaF,+2
M KOH). Albite acquired overgrowths of K-feldspar (Fig. 6b).
New phases include minerals whose grains are too small (ca. 0.5
x 3 um; Fig. 6a) for EMP analysis. EDS analyses indicate that
their composition reflects that of fluorapatite with a britholite
component. Some of the fluorapatite-britholite needle-like grains
are present directly on the monazite grain surface as individual
grains (Fig. 6a) or as inclusions in the K-feldspar rims on albite
(Fig. 6b). Another new phase is fluorapatite, which was observed
only inruns E2 and E12 (Fig. 6b). It forms aggregates of euhedral
grains up to several micrometers long in run E2, whereas in run
E12 it formed inclusions in the K-feldspar rims on albite. Fluor-
apatite from run E2 contains ca. 5.29 wt% of SiO,, 2.16 wt% of
ThO,, and 7.84 wt% of (Y+REE),0; (Table 8). Also, thorianite
was observed as a single 3 um size grain (Fig. 6b). In run E12,
delicate needles of a mineral too fine grained for EMP analysis
are present. Results from EDS analysis (52.93 wt% SiO,, 0.73
wt% ALO;, 18.93 wt% FeO, 7.72 wt% MgO, 0.95 wt% MnO,
2.01 wt% CaO, 6.47 wt% TiO,, 2.71 wt% K,0, 7.55 wt% Na,0)
suggest that these needles most likely are sodic clino-amphibole.
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TABLE 2. Representative monazite compositions (wt%)

Experiment P(MPa) T(°C) Description n P,0; SiO, ThO, UO, Y,0; La,0; Ce,0; Pr,0; Nd,0; Sm,0; Gd,0; Tb,0; Dy,0; Tm,0; CaO PbO Total

Starting Mnz StartingMnz 23 2947 064 842 050 0.78 1238 27.80 3.02 11.58 141 147 030 031 133 0.3 9954
Cameca SX50 072 048 147 024 028 041 083 0.15 037 0.15 025 0.08 005 024 002

E1 450 450 unalteredMnz 7 2926 065 796 045 090 1263 2786 3.02 1145 1.18 1.50 0.27 121 0.11 9844
Cameca SX50 041 021 067 016 046 042 050 0.12 030 0.14 022 0.16 024 003

E2 450 450 unalteredMnz 9 2934 055 760 043 0.53 13.08 2836 3.08 11.90 1.00 0.88 0.18 023 123 0.12 9850
Cameca SX50 076 008 087 007 008 057 060 0.17 018 0.13 037 007 0.10 0.14 0.02

E3 450 450 unalteredMnz 3 2768 0.70 822 039 039 12.83 2850 294 1196 126 1.20 134 0.10 97.50
Cameca SX50 1.17 008 028 004 0.12 039 039 005 019 015 053 029 002

E4 450 450 unalteredMnz 8 29.15 0.57 8.14 036 064 1235 2770 3.12 1193 1.18 133 133 0.14 9794
Cameca SX50 031 007 026 0.12 0.14 041 055 007 023 014 032 0.12 003

E5 450 450 alteredMnz 4 2887 068 141 0.03 003 16.80 33.85 334 1214 066 0.89 0.17 98.86
Cameca SX50 085 019 034 006 006 175 035 0.13 162 045 042 0.10

E5 450 450 unalteredMnz 5 29.16 052 799 052 050 1294 2820 287 1157 1.12 146 027 025 139 0.12 98.88
Cameca SX50 0.79 009 050 005 006 066 049 021 035 021 029 0.07 005 0.03 002

E6 450 450 unalteredMnz 5 2981 042 800 053 060 1239 2751 301 1190 148 154 032 024 145 0.1 9930
Cameca SX50 036 006 040 005 016 066 0.17 0.16 038 023 030 0.07 003 0.06 003

E7 450 450 unalteredMnz 5 2972 048 792 036 0.78 11.87 2759 3.03 1191 149 152 030 028 133 0.13 9871
Cameca SX50 046 016 046 0.0 014 020 o011 009 013 0.15 019 0.18 007 0.12 003

E8 450 450 unalteredMnz 3 3002 039 752 053 055 1268 2830 288 1152 130 143 025 135 0.09 9883
Cameca SX50 020 004 060 005 002 026 055 009 017 008 0.14 0.04 006 002

E9 450 450 unalteredMnz 4 2989 045 7.6 057 047 13.78 2887 295 1131 129 094 0.17 022 024 127 0.12 99.66
Cameca SX50 019 001 027 005 007 033 028 006 022 012 0.11 001 003 004 006 0.04

E10 450 450 unalteredMnz 6 2962 051 838 047 067 1239 2763 292 1165 128 1.20 031 030 143 0.11 98386
Cameca SX50 0.18 006 0.17 013 002 021 035 0716 029 012 0.14 004 005 0.15 0.02

E11 450 500 unalteredMnz 4 29.62 047 808 0.54 0.73 1293 2795 296 1151 125 145 023 022 136 0.13 9942
Cameca SX50 035 013 076 020 0.13 027 062 0.10 016 0.11 0.08 0.07 004 031 002

E12 450 500 unalteredMnz 3 2967 050 806 0.51 093 1213 27.70 298 1164 123 134 032 028 135 0.10 9876
Cameca SX50 0.55 031 034 019 010 058 060 0.18 0.15 030 029 0.06 002 038 003

E13 450 500 unalteredMnz 6 29.71 052 7.83 049 050 1323 2829 291 11.13 107 1.14 0.28 134 0.08 98.51
Cameca SX50 018 014 09 024 013 112 1.14 010 039 024 057 0.09 027 002

E14 450 500 unalteredMnz 14 29.57 057 749 040 083 1264 2840 3.06 11.78 125 1.21 035 023 128 0.11 99.15
Cameca SX50 037 012 066 011 025 041 041 020 038 030 033 0.08 006 0.16 003

E15 450 500 alteredMnz 6 29.83 090 134 16.20 3337 374 1148 157 064 na. 0.10 99.17
JEOL JXA-8500F 0.13 008 037 036 052 0.17 024 009 0.10 0.03

E15 450 500 unalteredMnz 12 29.77 061 738 0.50 0.3 13.05 2838 331 1097 200 1.15 na. 145 0.11 99.20
JEOL JXA-8500F 061 011 050 0.04 011 039 057 007 026 0.17 0.14 0.08 002

E16 450 500 unalteredMnz 3 2943 035 7.72 051 056 1245 2774 295 1157 137 1.15 0.23 150 0.13 97.66
Cameca SX50 026 008 051 005 008 023 022 008 013 005 032 0.03 002 002

E17 450 500 unalteredMnz 5 29.07 067 696 043 155 1254 2826 3.15 1162 123 136 051 024 094 0.10 9862
Cameca SX50 037 011 029 0710 039 030 045 0.16 011 0.12 023 0.13 003 0.02 003

E18 450 500 unalteredMnz 4 2962 057 728 029 120 1268 2771 322 1180 133 162 0.36 1.15 0.12 98.92
Cameca SX50 116 0.12 070 0.11 038 056 049 012 0.18 024 021 0.08 031 002

E19 450 500 wunalteredMnz 5 29.16 0.73 7.83 045 064 1282 2852 3.11 1186 132 124 030 026 1.11 0.11 9947
Cameca SX50 095 042 062 016 016 035 064 0.10 029 005 025 0.12 006 046 003

E20 610-580 450 unalteredMnz 6 2996 046 852 069 0.63 1248 2765 3.03 1158 120 147 031 021 157 0.14 99.89
Cameca SX50 028 008 065 007 006 034 039 004 031 008 0.21 004 o011 009 0.03

E21 610-580 450 unalteredMnz 3 2886 0.82 7.82 027 031 1275 2897 3.05 1189 125 156 020 1.02 0.12 98.90
Cameca SX50 042 012 0.12 006 003 030 020 0.19 021 003 0.17 0.04 014 002

E22 610-580 450 unalteredMnz 6 29.85 043 759 047 066 1285 2821 296 1145 124 151 033 142 0.09 99.06
Cameca SX50 045 008 065 0.10 0.19 054 062 0.11 032 013 033 0.05 0.10 0.02

E23 610-580 450 unalteredMnz 8 2990 041 7.70 0.54 0.53 1282 2807 293 1154 1.16 144 0.23 140 0.11 98.78
Cameca SX50 031 005 038 007 005 050 026 0.12 024 0.08 020 0.03 0.05 0.02

Notes: Blank = below EMP detection limit. n = mean of n spots on a random selection of Mnz grain fragments. Standard deviations are given in italics. All analyses
of Eu, Ho, Er, Tm, and Yb are below detection limit and therefore not included in the table.

Experiments with 2 M NaOH

In experiments using 2 M NaOH (Tables 2-6, 8; Fig. 1)
monazite was altered and new phases were formed (Figs. 6¢c—6h).
Depending on the P-T conditions and starting materials, differ-
ent mineral products were observed. In run E3 (450 °C, 450
MPa; Mnz+Ab+Ms+SiO,+CaF,+2 M NaOH), the monazite
is overgrown by fluorapatite-britholite (Fig. 6¢). Albite grains
commonly have newly grown K-feldspar rims. Also, secondary
monazite inclusions were observed in the outermost parts of
the albite and their K-feldspar rims (Figs. 6d—6f). The orienta-
tion of the monazite inclusions is consistent with the cleavage
orientation in the feldspar. Secondary monazite has a composi-
tion similar to the original monazite (Table 2). Rare grains of
thorianite occur on the monazite grain surfaces. In experiment
E13 (500 °C, 450 MPa; Mnz+Ab+Kfs+Ms+Bt+SiO,+CaF,+2

M NaOH) monazite rarely has dissolution pits on the surface
and shows no internal alteration. No new minerals were found
in run E13 except for tiny fluorapatite grains. In addition, the
muscovite has disappeared. Experiment E21 (450 °C, 610-580
MPa; Mnz+Ab+Kfs+Ms+Bt+SiO,+CaF,+2 M NaOH) resulted
in the formation of allanite and fluorapatite (Figs. 6g—6h; Table
8). Allanite grains up to ca. 40 um long grew directly on the
monazite grain surfaces. Fluorapatite forms grains up to ca. 20
pm long. The composition of the newly formed monazite is not
changed compared to the starting monazite (Table 2). Feldspars
and micas are not altered.

Experiments with 1 and 2 M Ca(OH),

Experiments utilizing 1 M Ca(OH), at 450 °C, 450 MPa [E4;
Mnz+Ab+Ms+SiO,+CaF,+1 M Ca(OH),] and 2 M Ca(OH),
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E11 run - 450 MPa / 500°C
Mnz, Ab, Kfs, Ms, Bt, Si0,, CaF;, H0

E1 run — 450 MPa / 450°C
Mnz, Ab, Ms, Si0, CaF,, H0

FIGURE 2. Experimental products from runs including only H,O as the fluid. (a) REE-epidote overgrowing monazite; (b) newly formed REE-

epidote grains.

E6 run — 450 MPa / 450°C
Mnz, Ab, Ms, Si0, CaFy, HCI

Ms

E6 run — 450 MPa / 450°C
Mnz, Ab, Ms, Si0y, CaFy, HCI

FIGURE 3. Experimental products from the run with 1 M HCI showing (a) etch pits on the monazite grain surface and (b) unaltered albite,

muscovite, and quartz grains.

at 500 °C, 450 MPa [E14; Mnz+Ab+Kfs+Ms+Bt+SiO,+
CaF,+2 M Ca(OH),] and 450 °C, 610-580 MPa [E22;
Mnz+Ab+Kfs+Ms+Bt+SiO,+CaF,+2 M Ca(OH),] (Tables
2-8; Fig. 1) resulted in the growth of several new mineral
phases. Monazite from all three runs is partially dissolved, but
the overall composition is unchanged compared to the starting
monazite (Table 2). REE-epidote or allanite are present on the
monazite grain surface (Figs. 6k—61). The REE,O; content of
the REE-epidote ranges from ca. 8.64 to 8.78 wt% in E4, to
ca. 13.28 wt% in E14, and 14.27 wt% in E22 (Fig. 7; Table
7). Also, the grain size of the epidote group minerals increases
with the increasing P-T from grains up to ca. 20 um long in E4
to grains up to ca. 50 um long in E14 and E22 (Fig. 6k). Elon-
gated grains of a mineral with a chemical composition similar
to that of fluorapatite-britholite occur in the products from run
E4 (Table 8). Aggregates of fluorapatite grains, up to ca. 20 pm
long, are present in experiments E14 (Fig. 6j) and E22 (Table 8).
Moreover, portions of the monazite grain in E4 and E14 (Figs.
61 and 61) appear to be partially replaced and/or overgrown by

fluorapatite. The other minerals were not altered, except in run
E14 where muscovite was not present in the product mineral
assemblage after the run.

Experiments with Na,Si,Os + H,O

Experiments involving (Na,Si,0s + H,0) had the highest
degree of monazite alteration of all the experiments (Tables
2-8; Figs. 1 and 8). New minerals include fluorapatite-britholite
(Table 8) and turkestanite [Th(Ca,Na),(K,_,,[,)SisO,,-nH,0] (Fig.
8; Table 9). Monazite in experiments E5 (450 °C, 450 MPa;
Mnz+Ab+Ms+Si0,+CaF,+Na,Si,05+H,0) and E15 (500 °C,
450 MPa; Mnz+Ab+Kfs+Ms+Bt+SiO,+CaF,+Na,Si,05+H,0)
show indications of strong dissolution on the grain surfaces.
Monazite crystal faces are rounded with multiple etches, and
elongated depressions related to the growth of new minerals
on the monazite grain surface (Fig. 8g). These include delicate,
needle-like crystals whose composition most closely matches that
of sodic clino-amphibole. BSE imaging of the monazite grains
from both runs show a patchy texture (Figs. 8a and 8¢). The bright
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TaBLE 3. Mean plagioclase compositions (wt%)
Sample P (MPa) T(°Q) No. pts SiO, Al,O, Ca0 FeO Na,O K,O Total Xan Xap s
Starting albite 6 70.27 19.80 0.06 9.82 0.04 99.99 0.000 0.998 0.002
1.36 0.23 0.03 0.88 0.02 0.000 0.001 0.001
E1 450 450 2 72.24 20.35 0.03 0.01 8.28 0.05 100.96 0.001 0.994 0.004
2.60 0.44 0.01 0.01 1.80 0.01 0.000 0.001 0.001
E2 450 450 5 71.49 20.22 0.06 0.01 9.86 0.11 101.76 0.003 0.989 0.008
2.30 0.31 0.03 0.01 0.56 0.06 0.002 0.004 0.003
E3 450 450 2 68.69 19.79 0.06 0.03 10.77 0.05 99.38 0.003 0.994 0.003
0.59 0.25 0.01 0.01 0.35 0.01 0.000 0.001 0.001
E6 450 450 2 72.17 20.33 0.01 835 0.03 100.88 0.000 0.997 0.003
0.23 0.13 0.01 1.33 0.01 0.000 0.000 0.000
E7 450 450 4 72.72 20.20 0.04 0.02 9.04 0.05 102.07 0.002 0.994 0.004
0.81 0.25 0.02 0.01 1.08 0.01 0.001 0.002 0.001
E8 450 450 2 70.12 19.85 0.03 10.08 0.06 100.15 0.000 0.996 0.004
1.77 0.92 0.02 0.86 0.01 0.000 0.000 0.000
E9 450 450 3 71.44 19.22 0.01 0.01 10.62 0.05 101.35 0.001 0.996 0.003
1.10 0.75 0.01 0.01 1.13 0.01 0.001 0.001 0.000
E10 450 450 3 54.51 27.45 10.53 0.08 5.36 0.37 98.30 0.510 0.469 0.021
feld 1 0.29 0.42 0.06 0.02 0.04 0.01 0.001 0.001 0.001
E10 450 450 1 70.96 20.23 0.07 0.02 9.31 0.07 100.66 0.004 0.991 0.005
feld 2 0.09 0.04 0.01 0.01 0.06 0.01
ET1 450 500 2 71.04 20.16 0.01 0.01 8.28 0.08 99.56 0.002 0.992 0.006
1.98 0.39 0.01 0.01 2.88 0.01 0.001 0.003 0.002
E12 450 500 3 70.72 20.26 0.04 0.02 10.46 0.08 101.58 0.002 0.993 0.005
0.28 0.07 0.01 0.01 0.05 0.01 0.001 0.000 0.001
E13 450 500 4 70.83 19.76 0.06 0.07 8.84 0.26 99.82 0.004 0.975 0.021
2.38 0.51 0.02 0.04 1.16 0.36 0.001 0.031 0.031
E14 450 500 4 72.52 20.39 0.03 7.68 0.05 100.67 0.000 0.996 0.004
0.80 0.27 0.02 1.67 0.01 0.000 0.001 0.001
E15 450 500 3 72.47 20.29 0.24 5.89 0.29 99.17 0.000 0.956 0.044
0.82 0.07 0.18 3.18 0.21 0.000 0.039 0.039
E16 450 500 2 69.21 19.42 0.02 10.70 0.06 99.41 0.000 0.996 0.004
0.28 0.24 0.01 0.06 0.01 0.000 0.001 0.001
E17 450 500 2 70.48 20.11 0.02 8.34 0.06 99.00 0.000 0.996 0.004
0.66 0.01 0.02 0.05 0.01 0.000 0.000 0.000
E18 450 500 2 62.94 23.59 453 0.01 8.64 0.18 99.87 0.223 0.767 0.010
0.35 0.08 0.19 0.01 0.50 0.01 0.017 0.018 0.001
E20 610-580 450 5 72.27 2031 0.06 0.06 9.58 0.07 102.36 0.003 0.992 0.005
2.16 0.39 0.01 0.02 0.33 0.01 0.001 0.001 0.001
E21 610-580 450 2 71.57 20.02 0.05 7.95 0.27 99.85 0.000 0.976 0.024
0.13 0.27 0.06 1.03 0.31 0.000 0.027 0.027
E22 610-580 450 3 72.58 20.59 0.02 9.12 0.04 102.35 0.000 0.997 0.003
0.28 0.02 0.02 0.62 0.01 0.000 0.000 0.000
E23 610-580 450 2 75.26 19.98 0.08 0.27 5.99 0.41 101.97 0.007 0.951 0.042
0.92 0.12 0.04 0.01 0.21 0.05 0.004 0.010 0.006

Notes: Standard deviations are given in italics. Blank = below detection limit.

compositional domains in the monazite are unchanged compared
to the starting monazite, whereas the dark compositional domains
reveal significant differences (Fig. 9; Table 2). The average ThO,
content is 1.41 wt% for the dark domains vs. 7.99 wt% for the
bright domains in run ES and 1.34 wt% in dark domains vs. 7.38
wt% in bright domains in run E15. Similar differences are seen
for CaO, which average content varies from 0.17 wt% in the dark
domains to 1.39 wt% in the bright domains in run ES and from
0.10 wt% in the dark domains to 1.45 wt% in the bright domains
in run E15. Uranium in the dark domains in both E5 and E15
is strongly depleted (<0.03 wt% UO,) compared to the starting
monazite. Furthermore, the Pb content in the dark domains areas
in either experiment is below the detection limit, whereas the
bright domains contain ca. 0.11 to 0.12 wt% PbO reflecting the
Pb content for the original starting monazite.

At higher pressures, monazite in experiment E23 (450
°C, 610-580 MPa; Mnz+Ab+Kfs+Ms+Bt+SiO,+CaF,+
Na,Si,05+H,0) shows evidence of strong partial dissolution.
Numerous delicate, needle-like crystals approximating a sodic
clino-amphibole composition are present on grain surfaces. The
monazite is not altered internally and the composition overall is
not changed compared to the starting monazite (Table 2).

Experimental products from runs E5 and E15 include turke-
stanite (Table 9), which forms prismatic to anhedral grains with
apparent sharply delineated zones of different compositions
(Figs. 8b and 8f). These are commonly intergrown with monazite,
CaF,, or feldspars. The average ThO, content in turkestanite is
17.73 wt% in run E5, 20.70 wt% in run E15, and 19.30 wt% in
run E23 (Table 9). The average REE,O; content of turkestanite
is 5.97 wt% in run E5, 4.00 wt% in run E15, and 2.96 wt% in
run E23. Anhedral grains of turkestanite are also present in
products from run E23.

Muscovite and biotite are not present in the product minerals
from either run. Product minerals from run ES include K-feldspar
grains a few micrometers in size. K-feldspar grains in experiment
E23 exhibit rim overgrowths of and/or partial replacement by
albite (Fig. 8h).

DISCUSSION

Interpretation of experimental results

The rate of monazite dissolution has been observed to be rela-
tively high in acidic fluids compared to neutral fluids (Ayers and
Watson 1991; Oelkers and Poitrasson 2002; Schmidt et al. 2007;
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TABLE4. Mean K-feldspar compositions (wt%)
Sample P (MPa) T(°Q) No. pts SiO, Al,O, Ca0 FeO Na,O K,O Total An Ab Kfs
Starting K-feldspar 2 66.51 18.53 0.21 1.49 13.43 100.16 0.000 0.144 0.856
2.87 0.60 0.02 0.01 0.01 0.000 0.001 0.001
E2 450 450 4 67.76 18.05 0.12 0.14 0.72 13.63 100.43 0.007 0.078 0.915
2.07 0.35 0.05 0.06 0.68 2.09 0.003 0.081 0.082
E3 450 450 3 64.76 17.60 0.08 0.25 141 13.66 97.76 0.005 0.135 0.861
0.28 0.07 0.01 0.04 0.09 0.11 0.001 0.006 0.006
E11 450 500 1 66.20 18.91 0.14 1.43 13.26 99.94 0.000 0.141 0.859
0.09 0.04 0.01 0.06 0.01
E12 450 500 2 66.75 17.83 0.22 0.81 14.11 99.71 0.000 0.081 0.919
1.76 0.28 0.16 0.13 0.45 0.000 0.014 0.014
E13 450 500 1 66.55 18.65 0.16 1.51 13.29 100.16 0.000 0.147 0.853
0.09 0.04 0.01 0.06 0.01
E14 450 500 5 65.87 18.55 0.15 1.45 13.22 99.25 0.000 0.143 0.857
0.92 0.13 0.03 0.02 0.12 0.000 0.002 0.002
E15 450 500 1 64.23 18.29 0.17 1.52 13.25 97.46 0.000 0.149 0.851
0.09 0.04 0.01 0.06 0.01
E17 450 500 1 65.87 18.91 0.13 1.46 13.22 99.59 0.000 0.143 0.857
0.09 0.04 0.01 0.06 0.01
E18 450 500 1 64.13 18.26 0.13 1.45 13.36 97.33 0.000 0.142 0.858
0.09 0.04 0.01 0.06 0.01
E19 450 500 2 64.83 18.45 0.15 1.45 13.30 98.17 0.000 0.142 0.858
0.11 0.07 0.01 0.04 0.17 0.000 0.001 0.001
E20 610-580 450 3 67.98 17.24 0.02 1.09 0.11 13.88 100.33 0.001 0.012 0.987
1.39 0.19 0.02 022 0.02 0.10 0.001 0.002 0.003
E21 610-580 450 2 64.66 18.48 0.18 1.49 13.58 98.38 0.000 0.143 0.857
0.08 0.06 0.01 0.03 0.01 0.000 0.003 0.003
E22 610-580 450 2 65.42 18.62 0.22 1.49 13.38 99.13 0.000 0.145 0.855
0.29 0.04 0.01 0.04 0.01 0.000 0.003 0.003
E23 610-580 450 2 62.49 18.26 0.16 1.46 13.29 95.65 0.000 0.143 0.857
0.28 0.01 0.03 0.04 0.02 0.000 0.004 0.004
Notes: Standard deviations are given in italics. Blank = below detection limit.
TABLE5. Mean muscovite compositions (wt%)
Experiment P (MPa) T(°C) No.pts SiO, TiO, ALO0; FeO  MnO  MgO K0 Na,0O  H,0 F sum O=F  Total
Starting muscovite 8 4873 0.6 3350 262 0.06 0.93 9.42 0.56 441 0.15 10054 0.06 100.48
1.12 0.04 0.68 0.61 0.02 0.43 0.13 0.05 0.07
E1 450 450 4 4861 026 3378  1.99 0.03 0.66 9.38 0.60 439 016 99.85 0.07 99.78
0.63 0.14 1.29 0.72 0.01 0.51 0.12 0.05 0.01
E2 450 450 5 49.02 011 3284 266 0.07 0.99 9.39 0.50 441 0.14 100.13 0.06 100.08
0.80 0.03 0.39 0.14 0.02 0.08 0.10 0.06 0.08
E3 450 450 1 48.00 0.15 33.22 2.78 1.21 9.56 0.56 4.42 0.10  100.00 0.04 99.96
0.06 0.01 0.04 0.04 0.01 0.05 0.01 0.05
E4 450 450 3 48.44 0.14 33.42 2.66 0.03 1.16 9.12 0.62 4.35 0.20 100.14 0.08 100.05
0.99 0.01 0.26 0.03 0.01 0.02 0.39 0.06 0.05
E6 450 450 5 4825 0.8 3255 265 0.07 117 9.30 0.60 438 012 9928 0.05 99.23
0.15 0.03 0.31 0.03 0.03 0.03 0.20 0.11 0.03
E7 450 450 2 4848 0.14 3293 281 0.09 1.12 9.44 0.59 438 0.15 100.11 0.06 100.04
0.09 0.02 0.01 0.01 0.01 0.05 0.13 0.04 0.04
E8 450 450 3 4789 016 3349 249 0.05 0.97 9.38 0.47 438 013 9941 005 9935
0.58 0.01 0.62 0.48 0.01 0.36 0.12 0.08 0.06
E9 450 450 3 4821 012 3307 258 0.06 1.05 9.48 0.57 3.01 149 9964 063  99.01
0.73 0.01 0.45 0.06 0.01 0.02 0.03 0.04 2.39
E10 450 450 3 47.48 0.16 33.23 2.64 0.05 1.10 945 0.59 4.36 0.12 99.16 0.05 99.11
1.95 0.01 0.42 0.03 0.01 0.03 0.28 0.06 0.06
E11 450 500 4 48.82 0.14 33.92 1.99 0.67 9.05 0.58 4.47 0.08 99.70 0.03 99.67
0.60 0.04 1.76 0.74 0.54 0.23 0.05 0.02
E16 450 500 2 48.69 0.12 31.08 2.58 117 9.37 0.66 435 0.10 98.09 0.04 98.05
0.21 0.01 0.33 0.01 0.01 0.11 0.02 0.04
E17 450 500 6 4889 0.6 3230 279 0.05 1.04 9.37 0.52 438 0.14 9964 0.06 99.58
0.69 0.03 0.49 0.25 0.02 0.18 0.15 0.04 0.05
E18 450 500 5 4779 014 3301 283 0.08 1.20 9.53 0.55 4.28 022 9963 0.09 9953
0.71 0.05 0.68 0.29 0.03 0.10 0.08 0.14
E21 610-580 450 3 4885 0.09 3287 273 0.04 1.20 9.57 0.60 441 0.13 10049 0.06 10043
0.84 0.01 0.07 0.05 0.01 0.02 0.07 0.03
E22 610-580 450 2 48.70 0.11 32.89 2.72 1.21 9.57 0.61 447 0.07 10032 0.03 100.29
0.70 0.01 0.61 0.04 0.01 0.01 0.04 0.02

Notes: Standard deviations are given in italics. Blank = below detection limit. All analyses of Ca and Cl are below detection limit and therefore not included.
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E7 run — 450 MPa / 450° — | E16 run - 450 MPa
Mnz, Ab, Ms, 2, N 100 pm Mnz, Ab, Kfs,

(d)

J F,
E17 run - 450 MPa | 500°C E17 run - 450 MPa / 500°C
Mnz, Ab, Kfs, Ms, Bt, 5i0;, CaF,, KCI, H;0 Mnz, Ab, Kis, Ms, Bt, 5i0;,

(e) (f)

EB run - 450 MPa ] L ——

Mnz, Ab, Ms, Si 21, Ha0 20 pm Mnz, Ab, K

FIGURE 4. Products from experiments involving brines. (a—c) Etch pits on the monazite surface. (d) Newly formed fluorapatite grain. (e) Skeletal
overgrowths of K-feldspar on albite. (f) Newly formed allanite grains overgrowing monazite.

Cal:\2 "
b

E18 run - 450 MPa | 500°C E19 run - 450 MPa / 500
Mnz, Ab, Kfs, Ms, Bt, 5i0;, CaF;, CaCO,, Hy0 Mnz, Ab, Kfs, Ms, Bt, Si aF3, CaCOy, HyO

FIGURE 5. Experimental products from the run with (CaCO;+H,0). Monazite grains are strongly dissolved on the surface and overgrown by allanite.
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TABLE6. Mean biotite compositions (wt%)
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Experiment P(MPa) T(°C) No.pts SiO, TiO, ALO; FeO MnO MgO KO Na,0 H,0 F Cl sum O=F 0O=Cl Total

Starting biotite 7 3764 375 1807 2040 0.18 6.83 8.82 0.16 3.68 0.28 004 9986 0.12 0.01 99.73
076 015 042 051 002 059 009 002 006 001

E12 450 500 5 3828 352 1756 2012 022 696 872 019 366 030 005 9958 0.13 001 9944
078 023 023 018 002 021 0716 004 006 001

E13 450 500 10 3890 336 1719 2050 023 700 838 021 364 034 004 9980 014 001 99.64
0.81 .04 084 122 007 061 066 0.09 022 001

E14 450 500 6 3765 381 1795 1983 025 691 874 015 363 031 005 9926 013 001 99.12
058 006 036 073 002 079 024 001 0.08 001

E16 450 500 3 3730 385 1784 2053 020 6.92 8.75 0.17 353 041 005 9955 017 0.01 9936
037 0.10 0.26 027 0.01 0.01 0.05 0.02 0.08 0.01

E17 450 500 4 3736 366 1833 20.13 0.23 6.93 8.68 0.15 3.60 0.35 005 9947 0.15 0.01 9931
043 0.04 0.08 0.09 0.01 0.07 0.03 0.01 0.02 0.01

E19 450 500 4 3771 373 1807 2037 0.21 6.95 8.68 0.17 375 0.22 005 9989 0.09 001 99.79
037 005 024 017 001 038 011 001 003 001

E20 610-580 450 3 3624 420 1800 2083 021 688 875 015 367 024 005 9922 0.10 001 99.11
077 005 005 024 001 006 009 002 003 001

E21 610-580 450 3 3666 396 1786 2099 024 706 875 017 365 028 005 9967 012 001 9954
010 005 018 011 001 006 070 001 007 001

E22 610-580 450 4 3650 376 1768 2052 022 683 859 018 365 022 005 9819 009 001 9808
112 010 035 046 002 022 030 001 002 001

Notes: Standard deviations are given in italics. Blank = below detection limit. All analyses of Ca are below the detection limit and therefore not included.

TABLE 7. Mean and representative allanite and REE-epidote compositions (wt%)

Experiment T(°C) No.pts P,0; SiO, TiO, ThO, AlL,O; La,0; Ce,0; Pr,0; Nd,0; Sm,0; MgO CaO MnO FeO SrO KO F  Total REEO,

P =450 MPa

E4 450 3 123 3483 010 055 2176 208 441 046 1.69 1.08 1970 0.02 440 9232 864

Cameca SX50 129 315 005 045 220 094 201 029 086 057 095 003 058

E4 450 2 064 3473 na. 038 2428 196 434 063 150 035 1874 0.12 381 0.08 91.53 878

JEOL JXA-8500F 0.07 083 003 070 040 067 010 006 001 0.19 003 021 005

E14 500 6 0.52 3252 042 129 1992 318 6.79 071 261 1.11 1648 0.06 8.26 007 9391 13.28

Cameca SX50 082 153 0.16 070 .18 082 1.28 022 045 032 088 004 087 0.11

E18 500 6 0.10 3025 064 040 2145 365 7.86 095 323 035 1439 008 861 0.08 0.10 92.12 15.69

Cameca SX50 002 098 026 018 051 013 031 013 022 007 031 001 028 0.04 0.08

E19 500 3 005 3201 032 068 2260 3.70 8.16 087 3.21 1.82 14.75 5.17 023 9357 1594

Cameca SX50 001 1.02 013 009 180 049 064 017 0.14 024 1.10 0.36 0.09

E19 450 3 012 3524 042 2193 279 519 086 1.87 11.17 0.14 632 0.09 0.05 86.18 10.72

Cameca SX50 005 0571 008 042 025 051 019 030 037 002 048 005 007

P=610-580 MPa
E22 450 6 031 3194 075 089 1879 336 730 084 277 092 1630 0.10 942 043 9411 1427
Cameca SX50 025 145 018 014 056 028 044 0.11 025 0.18 067 0.02 0.90 0.22

Notes: Standard deviations are given in italics. Blank = below detection limit. All analyses of U, As, Y, Eu, Gd, Er, Tb, Dy, Ho, Tm, Yb, Lu, Na, and Cl are below the

detection limit and therefore not included.

Hetherington et al. 2010). Previous results from simple monazite-
fluid experiments showed that the 1 M HC] may cause partial
dissolution and rounding of monazite with reprecipitation of very
small monazite grains with the same composition at 500 MPa and
600 °C and 1000 MPa and 900 °C (Hetherington et al. 2010). In
our study, monazite, accompanied by muscovite, albite, and SiO,,
behaves in a similar way in the presence of 1 M HCI exhibiting
some partial dissolution and no formation of new phases. Similarly,
while there was some dissolution of monazite in most of the brine
experiments (NaCl + H,0O, KCl + H,O, CaCl, + H,0), no reaction
to other minerals occurred. Although monazite dissolution tends to
increase with increasing P-T conditions (cf. Ayers and Watson 1991,
Hetherington et al. 2010), the presence of NaCl + H,O seems to be
effective in stabilizing monazite. The KC1+ H,O experiment at 450
MPa and 450 °C (run E8; Mnz+Ab+Ms+SiO,+CaF,+KCI+H,0)
gave a similar result, whereas at 500 °C and the same pressure
(run E17; Mnz+Ab+Kfs+Ms+Bt+SiO,+CaF,+KCI+H,0) a small
amount of fluorapatite formed (Fig. 4d). Because no other new
phases are present, REE released from partially dissolved monazite
presumably went into solution.

Experiments involving CaCl, + H,O gave several results. In run
E9 (450 MPa, 450 °C; Mnz+Ab+Ms+Si0,+CaF,+CaCl,+H,0),
monazite showed no alteration compared to run E1 (450

MPa, 450 °C; Mnz+Ab+Ms+Si0,+CaF,+H,0) where REE-
epidote did form (Fig. 2). Increasing the temperature to
500 °C for the same pressure and CaCl, + H,O fluid (E18;
Mnz+Ab+Ms+SiO,+CaF,+CaCl,+H,0) promoted the forma-
tion of fluorapatite and allanite probably due to reactions such
as (Broska and Siman 1998):

3 (REEThU)PO, + KFe;AlSi;0,,(OH,F), +
monazite annite

3Si0, + 8Ca* + F-+ H'= Cay(PO,);F +
fluid-I fluorapatite

3(CaREE)(ALFe*)Si;0,,(OH) + fluid-11
allanite

The experimental products from the CaCOj; runs at 450
MPa, E10 at 450 °C (Mnz+Ab+Ms+SiO,+CaF,+CaCO;+H,0)
and E19 at 500 °C (Mnz+Ab+Kfs+Ms+Bt+Si0,+CaF,+CaCO;
+H,0), i.e., fluorapatite and REE-epidote or allanite (Fig. 5)
are interpreted to also have formed according to reaction 1. In
general, these results indicate that (in the presence of F) high Ca
activity in the system destabilizes monazite and promotes the
formation of fluorapatite and REE-epidote or allanite.

(M
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FIGURE 6. Experimental products from runs with hydroxides. (a) The newly formed fluorapatite-britholite present on the strongly dissolved
monazite surface. (b) Fluorapatite-britholite inclusions in a newly formed K-feldspar overgrowth on albite, and thorianite and apatite grains. (c)
Newly formed fluorapatite-britholite grains on monazite. (d—f) Albite with a K-feldspar rim overgrowth and secondary monazite inclusions. (g)
Allanite grains overgrowing monazite. (h) Newly formed fluorapatite grains. continued on next page
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FIGURE 6.—CONTINUED (i, ) Monazite grain partially replaced and or overgrown by fluorapatite. (j) Newly formed fluorapatite within biotite
cleavage plains. (k) Strongly dissolved monazite grain overgrown by REE-epidote.
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FIGURE 7. Al vs. REE+Y diagram after Petrik et al. (1995) reflecting compositional distribution of the epidote group minerals formed during

the experiments.

Experiments involving alkali-bearing fluids were highly
reactive, which is consistent with previous experimental work
involving monazite and alkali-bearing fluids (e.g., Oelkers and
Poitrasson 2002; Hetherington et al. 2010; Harlov and Hethering-
ton 2010; Harlov et al. 2011). In the majority of the experiments,
monazite dissolution occurred accompanied by the formation of
new minerals (Fig. 1). For example, REE-enriched fluorapatite
formed in the presence of 2 M KOH at 450 °C and 450 and 610
MPa (Fig. 6b; E2 Mnz+Ab+Ms+SiO,+CaF,+2 M KOH; E20
Mnz+Ab+Kfs+Ms+Bt+Si0,+CaF,+2 M KOH) or 500 °C and
450 MPa (Figs. 8c—8d, 8f; E15; Mnz+Ab+Kfs+Ms+Bt+SiO,+

CaF,+Na,Si,05+H,0) indicating that REE released from the
monazite were incorporated into the fluorapatite structure accord-
ing to the coupled substitution reactions (Pan and Fleet 2002):

REE™ + Si* = Ca®" + P5*
REE* + Na* = 2Ca*",

@
3)

Fluorapatite-britholite primarily grew directly on the surface
of the monazite grains (Fig. 6a; E2, E12, and E20 runs; Table
8) most likely via the reaction proposed by Gieré and Sorensen
(2004):
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FIGURE 8. Experimental products from runs with (Na,Si,05 + H,0). (a, e) High-contrast images of reacted monazite showing internal
inhomogeneity related to coupled dissolution-reprecipitation. Bright areas represent the original monazite compositions (bright compositional
domains = BCD). Dark regions are depleted in Th (dark compositional domains = DCD). (b) The newly formed turkestanite reflecting sharply
delineated zones. (c—d) The zoned fluorapatite-britholite formed during experiments. (f) The prismatic turkestanite and fluorapatite-britholite grains.
(g) The monazite grain surface with indentations related to the growth of new minerals, which are present as aggregates of needle-like crystals in
the products. (h) Partial albitization of K-feldspar.



1560

BUDZYN ET AL.: EXPERIMENTS ON STABILITY OF Mnz, FAp, Aln, AND REE-Ep

TABLE 8. Representative fluorapatite and fluorapatite-britholite compositions (wt%)

Experiment P(MPa) T(°|C) P,0, SO, ThO, UO, ALO; Y,0, La,0;, Ce,0; Pr,0; Nd,0;, Sm,0; Gd,0; Dy,0; FeO CaO SO Na,0
E2 450 450 31.01 529 216 027 037 131 349 049 173 045 45.06 428
E5 450 450 2868 4.07 028 031 664 1510 209 680 071 1.07 29.53 149
E5 450 450 2766 3.79 032 027 565 1510 216 765 104 1.88 28.29 251

E5 450 450 2378 642 050 031 743 1745 227 805 127 163 043 2341 3.02
ES 450 450 2363 636 037 024 787 1823 234 795 107 135 034 2394 289
E14 450 500 2573 047 6.90 037 270 1850 101 397 056 35.11 1.1

E14 450 500 2449 043 748 048 022 362 1852 094 470 050 3335 1.09
E14 450 500 26.10 055 7.68 041 024 312 1955 097 429 067 32.22 0.51

E14 450 500 3562 3.16 015 082 171 0.48 52.50 1.99
E14 450 500 3532 288 016 064 131 0.19 53.00 249
E14 450 500 3361 3.69 018 1.03 230 0.67 52.05 252
E15 450 500 2858 531 025 117 513 1436 189 840 166 185 054 054 2439 020 201

E15 450 500 2649 535 0.19 134 457 1496 206 924 185 206 063 020 2484 298
E15 450 500 2394 734 017 022 061 635 1737 227 915 197 128 029 22.70 275
E19 450 500 3154 332 024 024 142 313 028 1.14 0.10 5277 2.02
Standard deviation 0.10 0.02 0.05 0.04 0.03 0.07 0.10 0.08 007 0.08 020 0.04 0.01 009 0.02 0.04

Notes: Blank = below detection limit; n.a. = not analyzed. Results for Eu, Tb, Ho, Tm, Er, Yb, Lu, Mn, S, and Cl are below the detection limit and are not included.

TABLE9. Mean and representative turkestanite compositions (wt%)
Experiment T(C) No.pts SO, TiO, ThO, UO, ALO; Y,0; La0; Ce,0; Nd,0; Sm0; Gd,0; Dy,0; CaO FeO SrO Na,0 KO Total
P =450 MPa

E5 450 1 53.90 1773 102 004 100 047 174 189 068 086 032 843 289 435 9534
Cameca SX50 1.32 235 018 001 026 026 092 063 013 032 0711 067 041 027

E15 500 6 5388 008 2070 148 005 068 042 147 1.09 032 051 020 748 042 326 390 9591
Cameca SX50 066 013 254 026 002 0710 032 0% 050 007 022 009 062 082 026 0.15

P=610-580 MPa

E23 450 2 5291 na. 1930 247 056 029 033 122 0.71 030 039 735 044 0.7 428 461 95.90
JEOL JXA-8500F 145 233 004 037 0710 021 0.55 049 002 005 0.10 022 001 023 006

Notes: Standard deviations are given in italics. Blank = below detection limit. n.a. = not analyzed. Results for P, As, Pr, Eu, Tb, Ho, Er, Tm, Yb, Mg, Mn, S, F, and Cl are

below the detection limit and are not included.

3 LREEPO, + 3 SiO, + 7 CaO + (F,, H,0) =
monazite
Cas(PO,);(F,OH) + Ca,LREE;(SiO,);(F,OH).
fluorapatite in fluorapatite

“4)

In addition, fluorapatite-britholite also occurred as inclusions
within overgrowths of K-feldspar on albite from run E2 (450
°C, 450 MPa; Fig. 6b).

The very thin monazite inclusion in the K-feldspar over-
growth on albite (Figs. 6d and 6e) from run E3 at 450 °C and
450 MPa with 2 M NaOH fluid (Mnz+Ab+Ms+SiO,+CaF,+2 M
NaOH) indicates that the monazite precipitated from the
fluid during growth of the K-feldspar. The textural position
of the monazite inclusions located at the K-feldspar-albite
interface in Figures 6d and 6f and oriented parallel to the albite
cleavage suggest simultaneous growth with, or shortly before,
K-feldspar and consequently a secondary origin. Overgrowth
of albite by K-feldspar indicates the breakdown of the mus-
covite, which was the only source of K. At a higher pressure
of 610-580 MPa and 450 °C, allanite growth (Fig. 6g; E21
Mnz+Ab+Kfs+Ms+Bt+SiO,+CaF,+2 M NaOH) was presum-
ably at the expense of monazite, muscovite, and/or biotite. The
fluorapatite and allanite are interpreted to have formed accord-
ing to reaction 1. Some of the released monazite components,
including Th, U, and REE, appear to have been mobilized in the
fluid and not incorporated into any mineral.

The presence of 1 and 2 M Ca(OH), also promoted the strong
dissolution of monazite and subsequent growth of fluorapatite
and REE-epidote or allanite (Figs. 6i—61). Compared to run
E4 at 450 MPa and 450 °C [Mnz+Ab+Ms+SiO,+CaF,+1 M
Ca(OH),], an increase either in pressure to 610-580 MPa

at 450 °C [E22 Mnz+Ab+Kfs+Ms+Bt+SiO,+CaF,+2 M
Ca(OH),] or in temperature to 500 °C at 450 MPa [E14
Mnz+Ab+Kfs+Ms+Bt+Si0,+CaF,+2 M Ca(OH),] increased
the substitution of REE in the epidote (Table 7) probably via
the coupled substitution reactions (Gieré and Sorensen 2004):

REE?* + Fe?* = Ca* + Fe** %)
and
REE* + Fe?" = Ca* + A" (6)

Run E22 contained the highest amount of biotite (5 mg)
compared to 2 mg in E14 and no biotite in E4. The presence of
biotite as the principal source of Fe promoted coupled substitu-
tion reactions 5 and 6, which could explain the fact that REE-
epidote/allanite in E22 contains the highest amount of REE.

The greatest extent of monazite alteration was achieved
when the fluid consisted of (Na,Si,05 + H,0). This altera-
tion consisted of Th-, U-, and Pb-depleted patches with sharp
compositional boundaries in the monazite (Figs. 8a and 8e).
Internal textures such as these are interpreted to be the result
of compositional alteration driven by fluid-mediated coupled
dissolution-reprecipitation (cf. Putnis 2002, 2009; Harlov et al.
2003,2005,2007,2011; Hetherington and Harlov 2008; Harlov
and Hetherington 2010). Coupled dissolution-reprecipitation is
characterized by a pervasive fluid-filled porosity in the altered
regions coupled with a sharp compositional boundary between
the altered and original mineral (Putnis 2002, 2009). The forma-
tion of these patches, and their specific composition, depends
on the fluid chemistry and surrounding mineral chemistry and
is related to the redistribution of the cheralite [CaTh(PO,),] and
huttonite (ThSiO,) components. These textures, either enriched
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TABLE 8.—EXTENDED

Experiment F H,O sum O=(F+Cl) total (Y+REE),O,
E2 4.98 1.20 102.09 2.10 99.99 7.84
E5 413 1.21 102.11 1.74 10037  32.72
E5 3.93 124 10149 1.65 99.84  33.75
E5 3.91 113 101.01 1.65 99.36  38.84
E5 4.01 1.09 101.68 1.69 99.99  39.39
E14 5.18 056 102.17  2.18 99.99  27.11
E14 6.63 000 10245 2.79 99.66  28.50
E14 2,67 1.63 100.61 112 99.49 28.84
E14 6.34 0.79 103.56 2.67 100.89 3.16
E14 6.42 0.74 103.15 2.70 100.45 2.30
E14 6.37 0.71 103.13 2.68 100.45 4.18
E15 3.71 1.37 101.36 1.56 99.80 35.00
E15 3.91 1.23 101.90 1.65 100.25 36.71
E15 343 136 10120 145 99.75  39.28
E19 4.82 130 10232 203 10029 6.21

Standard deviation 0.18

or depleted in Th+U+Si+Ca, have been reported extensively in
various metamorphic and igneous rocks (e.g., Watt and Harley
1993; Watt 1995; Bingen and van Breemen 1998; Forster and
Harlov 1999; Hawkins and Bowring 1999; Terry et al. 2000;
Harlov and Forster 2002; Spear and Pyle 2002; Goncalves et al.
2005; Kelly et al. 2006; Kohn et al. 2005; Mahan et al. 2006;
Finger and Krenn 2007; Hansen and Harlov 2007) as well as
in monazite that has experienced late- to post-magmatic hydro-
thermal alteration (e.g., Poitrasson et al. 1996; Townsend et al.
2000; Petrik et al. 2006; Petrik and Konecny 2009).

In experiments E5 and E15, the altered patches in the
monazite are depleted in Th, Y, and Ca and enriched in Ce
and La compared to the unaltered areas in the monazite (Table
2; Fig. 9) via the coupled substitution reaction (Forster 1998;
Linthout 2007):

2 REE* = Ca® + Th*. (7)

The remaining Th in the altered monazite areas takes the form
of the huttonite component (Fig. 9). Simultaneously, U has
been also mobilized and removed from the altered areas. The
presence of Ni metal spacing rods in the autoclave buffered
the experiments to Ni-NiO oxidizing conditions and may have
been responsible for the mobilization of U as U (VI) (cf. Shock
et al. 1997). Furthermore, the presence of CaF, probably also
helped to promote the mobilization of both U and Th (cf. Kep-
pler and Wyllie 1990).

The monazite-fluid experiments with (Na,Si,05 + H,0) at
900 °C and 1000 MPa, from the study of Harlov et al. (2011)
showed that monazite incorporates Th in preference to the
(Y+REE), which remain in the fluid. The altered areas also re-
tain the original USiO, component. In contrast, the monazite in
experiments in this study releases Th in preference to the REEs
(Fig. 9). This implies that in addition to the P-T conditions and
oxidation state, mobilization of actinides and (Y+REE) depends
on the local mineral and/or fluid chemistry. In experiments ES,
E15, and E23, the mobilized Th was incorporated mostly by
turkestanite (Table 9), a rare Th-bearing mineral known only
from several alkali-rich localities (Kabalov et al. 1998; Petersen
et al. 1999; Pautov et al. 1997, 2004). The (Y+REE) released
from monazite were incorporated into the fluorapatite-britholite
via reactions such as:

1561
3(REE,Th)PO, + NaAlSi;O; + 8SiO, + 3Ca** + H,0 =
monazite albite quartz fluid-1
Ca,REE;(PO,,Si0,);(F,OH) +
fluorapatite-britholite
Th(Ca,Na),(K,_,[,)Siz0,-nH,0 + fluid-II. ®)

turkestanite

The formation of turkestanite corresponds to natural obser-
vations, where the high-Th minerals crystallize under extremely
alkali-rich hydrothermal conditions and temperatures not lower
than 350 to 400 °C (Ermolaeva et al. 2007). Furthermore, a
decrease in the alkali-activity may result in a decrease in the
Th activity (Ermolaeva et al. 2007). This is consistent with
observations from other experiments in this study. Thorium-rich
phases did not form nor was the monazite composition altered
in the experiments except when the fluid was Na,Si,05 + H,0
(experiments E5, E15, and E23).

Implications for geochronology

During the last two decades, Th-U-Pb dating of monazite
by EMP has gained wide acceptance (Suzuki and Adachi 1991,
1994; Montel et al. 1996; Konecny et al. 2004; Jercinovic and
Williams 2005; Pyle et al. 2005; Suzuki and Kato 2008; Jerci-
novic et al. 2008; Spear et al. 2009). This dating technique is
based on the assumption that the newly formed monazite contains
negligible amounts of common Pb relative to radiogenic Pb such
that all of the measured Pb is assumed to be the result of radio-
genic decay from Th and U (Parrish 1990; Williams et al. 2007).
The extremely slow volume diffusion rate of Th and Pb at 800 to
900 °C implies that the monazite Th-U-Pb system is closed over
geologic time scales even at high-grade conditions (Cherniak et
al. 2004; Gardes et al. 2006; Cherniak and Pyle 2008).

However, in nature, diagenesis (e.g., Cuney and Mathieu
2000), hydrothermal alteration (e.g., Poitrasson et al. 1996,
2000; Hecht and Cuney 2000), and weathering processes (Read
et al. 2002; Berger et al. 2008) can cause remobilization of U,
Th, Pb, and REE in monazite. In particular, fluid driven coupled
dissolution-reprecipitation has been demonstrated as a process
that can dramatically alter the Th-U-Pb system in monazite
during metamorphism (e.g., Teufel and Heinrich 1997; Seydoux-
Guillaume 2002a; Harlov et al. 2007, 2011; Catlos et al. 2010;
Harlov and Hetherington 2010; Hetherington et al. 2010; Wil-
liams et al. 2011). In addition, isotopic analysis has shown that
the interaction of monazite with fluids can lead to a significant
disturbance in the U-Pb system resulting in age discordance
(Bosch et al. 2002; Corfu and Evins 2002; Seydoux-Guillaume
et al. 2003; Yi and Cho 2009).

In experiments E5 and E15, the altered areas are depleted
in Th and depleted in Pb to below the EMP detection limit
(Table 2). These areas represent a complete resetting of the
monazite geochronometer due to the action of fluids via coupled
dissolution-reprecipitation (cf. Williams et al. 2011). This has
far-reaching implications with respect to dating. Presuming that
Th-depleted textures in natural monazite are due to fluid-induced
alteration, the total removal of Pb during alteration would reset
the Th-U-Pb clock so that these textures could be used to date
metasomatic events over the geologic history of the monazite
grain and potentially the host rock itself.
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FIGURE 9. Plots of formula proportions (REE +Y + P) vs. (Th + U + Si) calculated on the basis of four O atoms for the original starting monazite
and product monazite. Dashed lines represent the huttonitic substitution (Th,U)SiREE P, and cheralitic substitution Ca(Th,U)REE , (Forster 1998;
Linthout 2007). The plots show significant compositional modifications resulting from the dissolution-reprecipitation driven alteration of monazite
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Implications for the natural occurrence of the monazite-
fluorapatite-allanite-REE-epidote assemblage

The results from these experiments support the premise
that, at mid-crustal P-T conditions, alkali- and alkaline-bearing
fluids were responsible for the alteration of monazite in gneiss
clasts from the Western Outer Carpathian flysch (Budzyn 2009;
Budzyn et al. 2010) to (texture 1) fluorapatite with thorianite
inclusions + secondary monazite and (texture 2) fluorapatite
with thorianite inclusions + REE epidote or allanite. Because
monazite is present both as a reactant and a product in texture 1,
the reaction had to be controlled by changing the chemical con-
ditions after the fluorapatite formed, i.e., dissolution of primary
monazite followed by reprecipitation of secondary monazite. The
experiments from this study have demonstrated that conversion
of monazite to fluorapatite occurs in the presence of alkali- and
alkaline-bearing fluids, such as Na,Si,O; + H,0, NaOH, KOH,
and Ca(OH),. In the gneiss clasts, the predominant source of P,
Ca, and F for fluorapatite formation comes from the monazite, the
anorthite component in plagioclase, and the biotite, respectively
(cf. Broska and Siman 1998; Finger et al. 1998; Broska et al.
2005). The undersaturation of the fluid in Ca*" ions, due to the
crystallization of the fluorapatite, and possible oversaturation in
Na, released from plagioclase, resulted in changing the original
chemical conditions to those that promoted precipitation of sec-
ondary monazite from a fluid oversaturated in REE** and PO}~
Such a scenario is supported by the experiment with NaOH (E3,
Mnz+Ab+Ms+Si0,+CaF,+2 M NaOH) where secondary mona-
zite formed at 450 MPa and 450 °C, similar to the estimated 400 to
550 °C for secondary monazite formation in the gneiss clasts. The
alkali-bearing fluid and oxidizing conditions due to the Ni-NiO
buffer also promoted thorianite formation in experiment E3, sug-
gesting that the precipitated secondary thorianite in the gneisses
was stabilized under relatively oxidizing conditions. Texture 1,
with secondary monazite, is the most common in these gneisses,
whereas texture 2, with secondary epidote or allanite, is relatively
rare. This suggests that a localized increase in the Ca content (on
the scale of several 100 to 1000 um), probably promoted local
epidote or allanite formation. The increased Ca concentration had
a source either in the fluid or possibly from the anorthite compo-
nent in the plagioclase (cf. Broska and Siman 1998).

Another example of monazite alteration in mid-crustal rocks
involves coronas of secondary fluorapatite, allanite, and epidote
formed during monazite-fluid interactions, e.g., in the amphib-
olite-facies granite gneiss from the Tauern Window (500-600
°C and 400-700 MPa; Finger et al. 1998) or migmatite and me-
tagranite from the Tatra Mountains (500—600 °C and 800—1000
MPa; Broska and Siman 1998). The elements necessary for
monazite breakdown and subsequent formation of allanite are
released mainly from biotite and the anorthite component in
plagioclase (Broska and Siman 1998; Finger et al. 1998). In this
study, the approximated granitoid mineral assemblage used in the
experiments confirms that high Ca activity can promote allanite
and/or fluorapatite formation at pressure conditions as low as
450 MPa and temperatures of 450 °C (E1, E4, E10) or 500 °C
(E11, E14, E19). Furthermore, the fluorapatite is characterized
by a high REE content, which increases with increasing pressure
from 450 to 500 MPa.
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The significance of Ca activity for the relative stability of
monazite, allanite, and fluorapatite documented in this study has
been previously described in granitic rocks (Lee and Dodge 1964;
Lee and Bastron 1967; Bea 1996; Broska et al. 2000; Claeson
2002) as well as in metapelites where the CaO/Na,O ratio is
one of the factors controlling the stability of monazite relative
to allanite (Janots et al. 2008, 2009). In Alpine metasediments,
monazite has been observed to break down to allanite or epidote
at the chloritoid isograd (440—450 °C) followed by the replace-
ment of allanite by monazite above 556 °C for bulk rock CaO/
Na,0 <0.54, although allanite can be preserved up to 610 °C for
CaO/Na,0 > 0.93 (Janots et al. 2008). Similarly in Barrovian-
type sediments from central Korea, allanite has been reported
in the garnet and staurolite zones, whereas monazite occurs in
the kyanite zone (Kim et al. 2009). Monazite breakdown and
allanite formation during progressive metamorphism has been
documented at the biotite isograd (500-525 °C) in metapelites
with average or above average Ca contents (Smith and Barreiro
1990; Wing et al. 2003). In contrast, monazite replaces allanite
in the presence of either andalusite or kyanite, or in rocks
containing staurolite or cordierite (Wing et al. 2003). Recent
thermodynamic evaluation of the MnNCKFMASHPCe system,
utilizing end-member mineral thermochemical data, imply that
the allanite to monazite transition occurs at 400 to 550 °C at 200
to 1000 MPa in metapelites with 2.17 wt% of CaO (Spear 2010).
However, doubling the Ca content to 4.34 wt% CaO increases
the stability field of allanite relative to monazite such that the
allanite to monazite transition now ranges from 500 to 750 °C
at 200 to 1000 MPa (Spear 2010).

Monazite growth during amphibolite facies metamorphism
has been assigned to the simultaneous breakdown of garnet and
subsequent formation of staurolite (Kohn and Malloy 2004;
Fitzsimons et al. 2005). In contrast, allanite replacement by
monazite in pelites from the Nelson contact aureole (southern
British Columbia) occurs close to, but below, the cordierite-in,
andalusite-in, and staurolite-in isograds. Here the reactions
involving andalusite, cordierite, staurolite, and/or garnet ap-
parently did not directly promote the formation of monazite
(Tomkins and Pattison 2007). Although some studies have
indicated that both Ca and Al affect monazite and allanite stabil-
ity in metapelites (Foster and Parrish 2003; Wing et al. 2003;
Krenn and Finger 2007), preservation of monazite under upper
greenschist to lower amphibolite facies conditions seems to be
not simply a matter of the Ca/Al ratio (Janots et al. 2008). For
example, sandstones metamorphosed under greenschist facies
conditions (ca. 350 °C) contain different products from monazite
alteration depending on the Ca bulk content (Rasmussen and
Muhling 2009). In sandstones with moderate to high Ca bulk
compositions, detrital allanite is preserved, whereas detrital
monazite is replaced by secondary allanite, fluorapatite, and
ThSiO, (Rasmussen and Muhling 2009). Moreover, low- to
medium-grade metamorphism can induce the formation of
rhabdophane (Nagy et al. 2002) or allanite (Krenn and Finger
2007) replacing monazite though the extent of the rhabdophane
stability field remains a matter of a discussion.

The experimental results from this study support natural
observations that the relationship between monazite and alla-
nite/epidote depends on both the Ca and Na content. All of the
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experiments are characterized by a relatively high Ca activity
due to the presence of CaF,. In experiments with 1 and 2 M
Ca(OH), (E4, 450 MPa, 450 °C; E14, 450 MPa, 500 °C; E22,
610-580 MPa, 450 °C), CaCl, + H,0 (E18, 450 MPa, 500 °C),
and CaCO; + H,0 (E10, 450 MPa, 450 °C; E19, 450 MPa, 500
°C) an increase in the Ca content resulted in the formation of
allanite/REE-epidote as well as fluorapatite. Diluting the Ca
content from CaF, with Na from 2 M NaOH stabilized the newly
formed fluorapatite-britholite, and secondary monazite at 450
MPa and 450 °C (E3 run) and retarded the growth of allanite. The
presence of CaF, + 2 M NaOH does not promote REE-epidote
or allanite growth under these P-T conditions. Although at 450
MPa and 500 °C only fluorapatite formed in run E13, both
secondary fluorapatite and allanite (from monazite) are stable
in run E21 (610-580 MPa, 450 °C). In addition to pressure
and temperature, the Ca/Na ratio in the alkali- and alkaline-
bearing fluid and the mineral ratio are interpreted to have been
the controlling factors. These observations are consistent with
conclusions from previous works concerning the importance of
the Ca bulk content (Janots et al. 2007, 2008; Spear 2010) and
the Ca/Na ratio in the monazite-allanite stability relationship
(Janots et al. 2008) mentioned above. Furthermore, increasing
the ratio of mica to feldspar in run E21 would have resulted in
an increased Al bulk content that could have affected the relative
stabilities of monazite and allanite (cf. Foster and Parrish 2003;
Wing et al. 2003; Krenn and Finger 2007). However, because
pressure also increased, it is difficult to say whether pressure or
the Al content is more crucial with regard to promoting allanite
formation. The experimental results also reveal the significance
of K on monazite stability in alkali-bearing fluids. Experiments
with 2 M KOH suggest that the presence of excess Ca and K
in the fluid maintain the stability of primary monazite such that
allanite does not form.

The partitioning of LREEs between monazite and fluorapatite
become more efficient in experiments where neither allanite nor
REE-epidote formed. Natural observations reveal that fluorapa-
tite may incorporate LREEs from monazite during progressive
high-grade metamorphism (Spear and Pyle 2002; Finger and
Krenn 2007; Krenn et al. 2009). For example, Finger and Krenn
(2007) have documented the preferential partitioning of LREE
from monazite into fluorapatite at 2600 MPa and 830 °C. The
enrichment of fluorapatite in LREEs and Th related to the break-
down of monazite or allanite has also been documented in high-
grade terranes at the Opx-in isograd, e.g., the amphibolite- to
granulite-facies transition from the Rogaland-Vest-Agder sector
of the Sveconorwegian province, southwest Norway (Bingen et
al. 1996). Our experimental results demonstrate that fluorapatite
can incorporate REEs in relatively large amounts even at low-
to middle-grade metamorphic conditions. Although there is
some evidence that the substitution of the britholite component
increases with pressure, the REE content in fluorapatite also ap-
pears to be dependent on the fluid composition. High Ca, Na, and
Si activities in experiments ES and E15 resulted in fluorapatite
with the highest britholite component via coupled substitution
reactions 2 and 3. In contrast to previous studies on high-grade
rocks (e.g., Krenn et al. 2009), the results from this study indicate
that the fluid composition plays a greater role in the incorporation
of (Y+REE) into fluorapatite than the P-T conditions.

BUDZYN ET AL.: EXPERIMENTS ON STABILITY OF Mnz, FAp, Aln, AND REE-Ep

Future experimental work on the monazite-fluorapatite-
allanite-REE-epidote system involving alkali- and alkaline-
bearing fluids should expand on the P-T range considered
here. Such an expansion would help to better define both the
allanite-monazite stability field, as outlined by Janots et al.
(2007) and Spear (2010), as well as the monazite-fluorapatite
stability field as described, in part, by Finger and Krenn (2007)
and Krenn et al. (2009) as well as Bingen et al. (1996). Such
experiments would help to define the degree to which (Y+REE)
incorporation into fluorapatite is a function of fluid composition
or P-T conditions or both. The experiments would need a start-
ing mineral assemblage similar to that used in this study. Once
the monazite-allanite and monazite-fluorapatite stability fields
have been defined in P-T space for a specific fluid composition,
varying the fluid compositions, per speculations based on natural
monazite-allanite-fluorapatite assemblages, presumably would
have an effect on the stability fields of these minerals overall
and thus lead to greater insights into the fluids responsible for
monazite-allanite-fluorapatite textures for specific rock composi-
tions under various metamorphic P-7 conditions
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APPENDIX

Mineral abbreviations (cf. Whitney and Evans 2010). Ab =
albite, Aln = allanite, Brt = britholite, Bt = biotite, Ep = epidote,
FAp = fluorapatite, Kfs = K-feldspar, Mnz = monazite, Ms =
muscovite, Qtz = quartz, P1 = plagioclase, Thn = thorianite, Trk
= turkestanite. The term allanite is used for newly grown epidote-
group minerals with REE > 0.5 apfu, and the “REE-epidote”
name is used if REE < 0.5 apfu (cf. Gieré and Sorensen 2004).
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