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Textural development of monazite during high-grade metamorphism: Hydrothermal
growth kinetics, with implications for U,Th-Pb geochronology
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ABSTRACT

Monazite has become an important tool for geochronology, but it commonly exhibits complex
internal zoning of composition and age. Experiments were conducted to characterize the textural
development and the rate and mechanism of growth of finely powdergan(<3atural monazite in
quartzitet H,O at 1.0 GPa and 100C. Coarsely crushed quartz crystals <1 to >5®dn diameter
grew rapidly and progressively engulfed monazite crystals to form arrays of monazite inclusions.
The mean diameter of all monazite crystals decreased in the first 24 h, then increased at a constant
rate consistent with growth by grain boundary diffusion-controlled Ostwald ripening with a mini-
mum rate constant = 4.41x 102 um/s*. Using small quartz crystals of uniform diameter (~0.5
pm) in the starting material reduced quartz grain boundary mobility and limited the development of
inclusions. Monazite grew by matrix volume diffusion-controlled Ostwald ripening wijlrK.02
x 102 um/s. In all run products, matrix coarsening produced linear crystal-size distributions that
reflect continuous recrystallization and nucleation. Textural evidence suggests that matrix coarsen-
ing-induced coalescence was also an important growth mechanism.

During annealing of fluid-filled rock, growing host crystals may occlude small monazite crystals,
preserving their isotopic composition. Large monazite crystals may pin grain boundaries, while smaller
crystals may move with grain boundaries by recrystallizing, a process that resets isotopic systems.
Monazite crystals on grain boundaries may grow by Ostwald ripening to form rims and by coales-
cence. Accurate interpretations of monazite ages therefore require knowledge of the texture/growth
history of the rock and its dated grains.

INTRODUCTION (metastable?) detrital monazite in high-grade metapelites

Monazite grains commonly contain multiple growth zoned>arrish 1990; Suzuki et al. 1994). .
of different age. To interpret correctly the significance of mea- During prograde metamorphism, monazite may grow at
sured zone ages, we need to know what causes monazite to gigrolite grade conditions (~500) through heterogeneous
In this paper, we examine monazite paragenesis, identify z&Baction involving apatite and LREE oxides (Kingsbury et al.
ing types in natural monazite grains, and propose growth mech@93; Akers et al. 1993) or by breakdown of allanite (Smith
nisms that account for their geometry. We then attempt 3d Barreiro 1990). Bingen and van Breeman (1998) docu-
characterize the simplest growth mechanism, coarsening if"gNt Prograde growth of monazite by breakdown of hydrous
hydrostatic closed system, by presenting results of monaﬂ@era}ls including allanite, bloyte, and hornblende. The re-
growth experiments in quartziteH,O at 1.0 GPa and 100¢.  connaissance of textures by Kingsbury et al. (1993) suggest
We use crystal-size distribution (CSD) values measured as a fli@t monazite mean crystal size increases with increasing meta-
tion of time to estimate the rate of growth and identify the growfROTPhic grade, and the distribution of crystal size shows a
mechanism. We also investigate the effect of matrix coarsenﬁ‘;@bﬂe shift from lognormal to normal distributions. This is con-

on monazite growth rate and mechanism, and in the procégent with the observations and predictions of Cashman and
obtain insights into inclusion/host relations. Ferry (1988) that initial nucleation produces a lognormal dis-

tribution (as observed in contact metamorphic rocks) and that
Monazite paragenesis subsequent coarsening removes the small grains and changes
Monazite commonly occurs as an accessory phaself distribution to n(?rmal (as observgd in rocks that experi-
peraluminous granites and amphibolite- and granulite-graBiBced prolonged regional metamorphism). Coarsening reduces
metapelites. It is, however, uncommon during diagenesis df§ surface area/volume ratio by growing large, spherical grains
low-grade metamorphism of shales, an observation that sofidhe expense of smaller grains, and spherical shape is often
attribute to instability at these conditions (Overstreet 19645€d as evidence of metamorphic growth (e.g., Heaman and

Sawka et al. 1986), although U, Th-Pb studies have identifiE@Tish 1991). Kingsbury et al. (1993) also observed an in-
crease in the fraction of monazite grains present as inclusions

with increasing metamorphic grade. This is consistent with the
*E-mail: john.c.ayers@vanderbilt.edu field-based observation of Bea (1996) that >70% of the mass
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fraction of monazite (and zircon) in granitoids and granulite®mposition; veining (Fig. 1b); irregular rims (Fig. 1d); and
is present as inclusions. exsolution lamellae (rare, see Fig. 1b of Parrish 1990). Some
Recent studies have shown that monazite may grow or tgpes of zones appear to represent in-situ hydrothermal alter-
crystallize not only during prograde and peak metamorphisation that changes the composition of the monazite and resets
but also during retrograde metamorphism. Lanzirotti artde U,Th-Pb system. For example, we and others have observed
Hanson (1996) describe a sheared sample in which monazéaestyle of zoning that we call “patchy zoning,” characterized
yielded concordant ages that they interpreted to representilyeirregularly shaped, subequant zones with distinct
time of retrograde growth. Shear strain and fluid probably botlackscattered intensity (composition) associated with
contributed to the recrystallization of monazite in these rocksmbayments, fractures, and inclusions (Fig. 1c). The patchy
Fitzsimmons et al. (1997) described monazites from an anateeztimes texturally appear to overprint preexisting zoning. We have
leucogneiss that have low-Th magmatic cores with oscillatoopserved patchy zoning in monazite from peraluminous gran-
zoning and high-Th rims that appear distinctly brighter iite (the Ireteba pluton, Fig. 1c, Miller et al. 1997) and from
backscattered electron images. Both yield concordant U-Pb agemnulite-grade metamorphic rocks (Winding Stair Gap in the
with mean values of 528 4 Ma for cores and 5183 Ma for Appalachian Blue Ridge, Miller et al. 1996). Hawkins and
rims. They attribute the late monazite growth to retrograde hgewring (1997) and Poitrasson et al. (1996) also observed
drous fluids exsolved from late-stage crystallizing silicate melfgatchy zoning in monazite from granitoids. By dating single
The same processes may be responsible for a 26 Ma spreattysftal fragments using thermal-ionization mass spectrometry
concordant U-Pb monazite ages following crystallization of @IMS), Hawkins and Bowring (1997) found that patchy zones
granite dike observed by Hawkins and Bowring (1997). yield concordant ages younger than unaltered monazite. Like-
Little is known about heterogeneous peak and retrogradése, our ion microprobe (IMP) studies of the Ireteba granite
reactions that produce monazite. Pan (1997), however, idestiow that patchy alteration zones yield younger ages than the
fied monazite- and zircon-forming reactions involving otheunaltered zones (Fig. 1d; Miller et al. 1997; Townsend et al.
accessory minerals (rutile and titanite) that participate in othE998). Poitrasson et al. (1996) suggested that alteration
well-calibrated heterogeneous reactions, allowing him to cqrogresses from margin to core and along fractures, and results
relate monazite and zircon U-Pb ages with thermobarometiricdepletion of the rare-earth elements (REE, especially light
estimates. Because multiple generations of monazite and REE) and enrichment of Th. They surmised that changes in
con formed at different times, he could identify a seridd®ft composition resulted from selective leaching rather than addi-
points and thus characterize the shape and position of the pak Takenin toto, this evidence suggests that patchy zoning
and retrograd®-T-t path. results from recrystallization during in-situ hydrothermal al-
The study by Pan (1997) illustrates the power of datirtgration of preexisting monazite (Poitrasson et al. 1996;
multiple growth zones in monazite, given an understanding ldawkins and Bowring 1997).
monazite growth mechanisms. Monazite may grow in a variety In-situ monazite recrystallization may also result from coars-
of ways, including homogeneous reaction caused by (1) recrgsing of matrix minerals during prolonged annealing at fiigh
tallization and coarsening, possibly in presence of fluid or meBenerally, grain boundaries of matrix minerals migrate toward
or (2) intersection of a solvus during cooling (e.g., the montheir center of curvature, resulting in the shrinkage and disap-
zite-huttonite solvus; see Gratz and Heinrich 1997); or hetepearance of small crystals and coarsening of larger crystals.
geneous reaction during (3) prograde, (4) peak, or (5) retrogrdde most energetically favorable textural position of accessory
metamorphism. Evidence presented above suggests that megtiaerals is on grain boundaries (Watson et al. 1989), so when
nism (1) occurs commonly during peak and retrograde methese grain boundaries move, accessory mineral crystals will
morphism to form recrystallized monazite with distinctltend to move with them by recrystallizing through a dissolu-
different composition from preexisting monazite. Recrystalltion-reprecipitation process. In keeping with this prediction,
zation also causes total or partial resetting of the U,Th-Pb s@&etty and Gromet (1992) attributed partial resetting of the
tem and overprinting of preexisting zoning with new zoninonazite U-Pb system in the Willimantic dome to monazite
features (Fig. 1). This paper attempts to characterize mecheerystallization during deformation and matrix coarsening of
nism (1), growth of monazite by coarsening, i.e., recrystallizpelitic gneisses.
tion in closed systems by homogeneous reaction in the absencén closed systems, monazite may recrystallize by Ostwald
of shear strain. ripening, a process in which large crystals of a dispersed phase
] ] ) o ] (an accessory mineral) grow young, chemically homogeneous
Monazite zoning: Clues to identifying growth mechanisms  ims at the expense of more soluble smaller crystals through
Monazite exhibits several complex types of zoning evideaimultaneous dissolution and precipitation. The driving force
in backscattered electron (BSE) images (Fig. 1). Growth zorfes ripening, minimization of the surface free energy by reduc-
are distinguished by variations in Th concentration primarilyon of total surface area/volume, results in the production of
resulting from substitution of huttonite (ThS)@nd brabantite rounded crystals because the sphere has the lowest surface area
[CaTh(PQ),] for monazite REE(PE) (Fitsimmons et al. 1997). per unit volume of any shape. The process of dissolution of
Zoning types in monazite include fine-scale oscillatory zonirgmall monazite crystals, transport, and precipitation of young
resulting from igneous growth (Fig. 1a); concentric or quaginonazite rims on older cores results in a partial recrystalliza-
concentric zoning in which locally thick, homogeneous corion of monazite in a rock, changing the crystal-size distribu-
centric zones alternate or show discrete, directional changediom and partially resetting the monazite U, Th-Pb system.
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FIGURE 1. BSE images of monazite crystals illustrating zoning typ&sF{om White Rock Wash granite in southern Nevada, showing
concentric zoning.) From Ireteba granite in southern Nevada, showing veinihg.rOém Ireteba granite in southern Nevada, showing patchy
zoning. @) From Ireteba granite in southern Nevada, showing irregular overgrown rim and veining. lon microprobe analysis spotsradd measu
ages in millions of years (Ma) shown.

Crystal-size distributions: Clues to identifying growth tion on the duration and mechanism of crystal growth. Crystal-
mechanism and rate size frequency histograms, the shapes of which depend on the

During Ostwald ripening, crystals with radii less than a critfelative rates of nucleation and coarsening and the duration of
cal radiusr* (generally equal to the mean radius, see Joes@nealing, summarize the distribution of measured values of crys-
1991) will shrink, while crystals with>r* will grow. The value tal length (diametet) (e.g., Figs. 2—4). If annealing time is short
of r* increases with time, so that some crystals may grow eaﬂg}d nucleation rate is high, the distribution is lognormal. Con-
but then shrink wherf exceeds their radii €r*). Once a popu- Versely, long annealing times result in the dissolution of crystals
lation of crystals reaches textural equilibrium, the crystal-sielow the critical radius* and growth of crystals larger thefn
frequency vsi/r* curve assumes a characteristic shape descrif@gulting in a normal distribution (Cashman and Ferry 1988).
by Lefshitz, Slyozov, and Wagner (LSW) theory (Joesten 1991; Crystal-size distribution (CSD) plots, first applied to meta-
Rahaman 1995, Lefshitz and Slyozov 1961; Wagner 1961).morphic rocks by Cashman and Ferry (1988), are based on the

The distribution of crystal sizes in a rock provides informabservation that distributions of crystal sizes measured in three
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dimensions are usually lognormal (details below). CSD plots

can be used to estimate nucleation density and the duration cif;fzz 1 izzt
annealing, given the value of the linear growth rate. « 1.0E+05 1 FOMZ SM,0 hi jos = 050  0.04 um | SO%O
Piston cylinder experiments have been performed at 1.0 GBa o= -0+ | n=31images, 365 measurements | ¢oo
and 1000°C to monitor the temporal evolution of histogramsg °°""*" | 1 405
and CSD values of monazite in quartzitel,O. Giventhe du-  , c.04 | "I 1 20m
ration of annealing, we use CSD values to estimate the value.oe+oo Dlatans 0%
of the linear growth rate. O oM o® AV A0 Y W'“L ”f‘:’m?'” 2® Nk e®
EXPERIMENTAL PROCEDURES b 1.4E+06 120%
1.2E+06 + 100%
Starting materials ‘“% 2185182 1 FQMZ#7, 8 h: plos = 0.32 + 0.05 um | 80%
In FQMZ (fine quartz and monazite) experiments, we ats 60105 | = 13images, 294 measuements 1 2%

tempted to produce a powder containing optically clear quartz; og+os
crystals with a uniform size of 4&m. We ground quartz to a  0-0E+00

20%
A+ 0%

P e 0% (~5.15 vs. 2.65 g/ctnsee Deer et al. 1966), the volume frac-
8 10 12 14 16 18 20 22 24

Diameter L (um)

fine powder, collected crystals <fidn by passing the powder RENARN VI RN g IR Y (MRS
through a sieve, and placed these crystals in a settling colugnn L (um)
for 79 minutes. According to Stokes Lawy crystals should ~ 2-°E+0® izgz’
settle 10 cm in this time, so we pipetted the suspension fromt SE+05 1 s0%
10 cm below the water surface, dried, and collected the cry$4 oe+os | FOMZ#S, 371 ies = 051 2 010 UM 4 g0,
tals. A sample of powdered starting material was mounted fs g4 1 | | | N = 30Images, 166 measurements i 405
epoxy and polished for measurement of crystal size (a descripg ..., I ||| [T U | [2)0//
tion of the measurement procedures to come). As shown in Fig. O X @ AV R® VX a® b o® x> D
2a, the mean quartz size in FQMZ starting material is actually L)
0.45+ 0.02pm (95% confidence limits), with a maximum di-d 5 OE+05 1205
ameter of 3.um and a variance of 0.28n?. For MG (mona- 100%
zite growth) series experiments we produced a quartz powder °=*°° | FQMZ#6, 72 h j1gs = 0.66 + 0.08 pum 1 B0%
with a wide range of crystal size to investigate the effect gf 1°5+*°5 | n=32images, 245 measurements | jgj
S 5.0E+04 1 Zon
0.0E+00 t 0%
a SIS L TN PN PP T N N
9.0E+06 120% L oum)
8.0E+06
7.0E+06 100% FIGURE 3.Crystal-size frequency histograms of number of crystals
~ 6.0E+06 Quartz, FQMZ SM: pgs = 0.45 £ 0.02 ym +80%  perunit areaN,, vertical bars) and cumulative number of crystals per
£ 5.0E+06 ) unit areakl,*, solid line)vs. diametet of monazite in FQMZ starting
S 4.0E+06 n=2images, 1513 measurements 1% material and run products.
3.0E+06 + 40%
. +
i.g;gg T29%  matrix coarsening. Quartz coarsely crushed in a mortar and
0.0E+00 0% pestle had a mean diameter of 2.3.3um with a variance of
0 2 4 6 8 10 12 14 16 18 20 22 24 10.1um?. Quartz crystals in MG and FQMZ starting materials
Diameter L (um) are sharply angular and many contain multiple fractures.
b Monazite from Raade, Norway (composition in Rapp and
2.5E+06 120% Watson 1986) was ground under ethanol in a mortar and pestle
5 OE+06 1 1009, for >10 h and then settled in a water column. Crystals still in
MGHO QUArTZ 1os =27 £031m | goo suspension a.fter.20 h were colltlac.ted and found t.o be predoml-
& L5E+06 f - nantly <2um in diameter. Combining 2 wt% of this monazite
g n =509 measurements +60%  powder with 98 wt% quartz produced the final starting materi-
€ LOE+06 | 400,  als. Monazite has a mean crystal diameter of 8 8@4um in
5.0E+05 - 1 20% FQMZ (Fig. 3a) and 0.89 _ 0.Q7um in MG_starting material
I (Fig. 4a). Because monazite is roughly twice as dense as quartz
0og+00 L ARIR NN
4 6

tion of monazite in anhydrous experiments is 1.04%, and in
experiments with 2 wt% } added, 0.99%.

FIGURE 2. Crystal-size frequency histograni¥,(vs.L) of quartz . . .
in starting materials:a) FQMZ and b) MG. Both plots use the same Piston cylinder experiments
scale forL, illustrating that quartz in FQMZ SM is smaller and has a Cold-sealing capsules of the type described by Ayers et al.
much narrower distribution of sizes than quartz in MG no. {1992) were used to encapsulate samples. We fired a Ni cap-
Cumulative frequenciN*, also plotted in percent (right-hand scale).sule (4.4 mm 1.D., 6.35 mm O.D., 9-10 mm length) in air for
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a 9.0E+04 120%  calibration described by Ayers et al. (1992). A W/RERe;

8.0E+04 + 100% i ithi

. 7-0E+04 thermocouple and temperature controller maintainaithin +
6.0E+04 80%

E g I MG#0,0 hrs: tgs = 0.89 + 0.07 um | o ° . . R . .

SSOEe T n=5images, 408 measurements 60% 2 C Of the setpoint, while we manua_lly malntal_rfednthln *

S 30E+04 | T40% 500 bars. The thermocouple was calibrated by its manufacturer

.OE+ T 9 H i i
T.0E+04 1 |||| | T 20%  (Engelhardt) and is accuratettd.5°C. Table 1 lists all experi-
0.0E+00 +++ 1aln. foit - 09 i dit

O o® o A % Vb g2 o) o0 X XD ment con IIOI']S.. . .
Upon completion of each experiment, we sectioned the cap-
L . .
b 1eeros wm Lou sule lengthwise to maximize observable surface area, mounted
1.4E+05 | L0 he sections in and impregnated their surfaces with epoxy, and
© iiiigz T MG#8,24 hiuee = 074003 um | s0s  POlished each to 0.Qém. Energy dispersive analysis and iden-

S goe+oa | n=1timages 1314 measurements L oo, tification in optical grain mount of selected samples showed

o . . .

< 6.0Bw04 T 1+ 40%  that monazite and quartz were the only minerals present in our
4.0E+04 +
2.0E+04 1 T20%  starting materials and run products.
0.0E+00 PP 0%

N LI T PR U X 4D L,V ,0 ™ > D -
OF 0T AT VAT ey Il Image analysis methods
L (um)
We coated sample mounts with a carbon film and then im-
6.0E+04 120%

C L oeros | | 1009 @gedin BSE mode with a scanning electron microscope (SEM).
L 4.0E+04 T m sow  For the MG series run products, we used an ETEC SEM with
< 3.0E+04 T 1,1, = 10 images, 845 measurements T 60%  @n accelerating potential of 20 keV, and converted Polaroid
o
= igi*g;‘ T "I T ‘Z‘Ej photos taken at 108Qo digital format using a scanner. FQMZ

OE+ T T o . . .
0.0E+00 i it N PR R run products were imaged on a Hitachi S-4200 SEM at 2000—

IPS PN I N T S P S P S N N 4000« with an aC(_:eIe_rating voltage of 10 key. We collected 5-
L (um) 10 non-overlapping images for MG experiments and 20-35

d s.0ev0s 120%  jmages for FQMZ experiments.

W o T aon Crystal size was measured from 300 dpi, 256 gray-scale

5 . oero0s | G#6,168 h:pes =1.20x006um)  |evel, 3.5 inx 4 in. digital BSE images using computer-auto-

s n=11images, 864 measurements . . . .

S 2.0E+04 | | 40 mated image analysis. The spatial resolution was 0l At
1.0E+04 - r20% 1000 and 0.028um at 400&. We applied a median filter to
0.0E+00 - - 0% H H H H H

O b P AL a8 U b g b o b ob o0 reduce elect_ronlc noise WIthOUt aﬁecthg the size of f_eature_s,
L wm and then calibrated the spatial scale using a scalebar in the im-
pm . .
@ 35E+05 10w age. To measure monazite crystal size, we thresholded (seg-

3.0E+05 1 100% Mented) the image by classifying each pixel with grayscale level
2.58+05 T MG#13,24 hipes = 0482002 um L 504, greater than a specified threshold value as monazite to produce
n=5Iimages, 679 measurements . . -
+eow  abinary image. In cases where monazite crystals were touch-
T40%  ing, we either “separated” them by drawing a line between them
r20%  pefore making measurements, or we removed the measurement
0% of the composite grain from our list of measurements. For ev-
V> 4R ¥ o X 2 ) )
Lm) ery crystal, we measured area, perimeter, Feret diameter, and

. . [naximum and minimum diameters. For FQMZ series experi-
FIGURE 4. Crystal-size frequency histograms of number of crystasents we made measurements using the Imade Processin
per unit areaN,, vertical bars) and cumulative number of crystals p ’ 9 9 9

unit area K,*, solid line)vs. diametet. of monazite in MG starting Toolkit (plug-in tools, which are published by Reindeer.Soft-
material and run products. ware, for Adobe’s Photoshop program), and for MG series ex-

periments SPSS Sigmascan Pro with replicate measurements
made using the Image Processing Toolkit.
12 h at 1000C to form a surface layer of NiO that prevented )
Ni-Pt interdiffusion, and then tapped in a Pt insert (4.4 mfystal-size measurements
0O.D., tri-crimped and welded shut on one end). Investigators have employed different measures of crystal
After weighing the capsule, we added ~100 mg of powgize in CSD studies: Cashman (1990) advocated measurement
dered starting material to the capsule, weighed the filled cag-the crystal width or shortest dimension, Higgins (1998) the
sule to find the weight of starting material, and then added lir2ermediate dimension, and Peterson (1996) the length or long-
wt% H,O with a microsyringe. We estimate that each sampést dimension. Monazite crystals in our run products are roughly
placed in a capsule contained more than 1 billion monazite crgg<cular in section, and therefore are usually close to spherical
tals. Sampling statistics suggest that samples taken from oushape. For example, monazite in the run products of FQMZ
starting material should be unbiased and therefore representa-6 has a mean aspect ratio ( = length/width) of 1.5 and a
tive. A Pt lid topped by a Ni lid was placed on top and coldnean shape factor ( = 1 for a circle, 0 for a line) of 0.81. The
sealed to the capsule by pressurizing in a 1.91 cm pistaifference in long and short dimensions is small {average %
cylinder apparatus (Ayers et al. 1992). We conducted all edifference = 100 * [(length — width)/length] = 34%}, so it makes
periments using the assembly and corresponding presslittke difference which dimension we employ.

2.0E+05 T
1.5E+05 +

no./cm?

1.0E+05
5.0E+04

0.0E+00

||||...
QP KV NP
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TaBLE 1. Experimental conditions and measured crystal-size parameters

Expt. Composition t= duration N Mag.* Area N, A=V, Shape <D>t L3 (global) <L>t 95%
(h) (Hm?) (Hm2) factor  (um) (Hm) (um) C.L.¥
MG no. 0 M+ Q8§ 0 408 1000 4.80E+04 8.50E-03 0.79 0.89 0.07
MG no. 8 M+ Q + H,O 24 1314 1000 1.06E+05 1.24E-02 0.88 0.66 0.74 0.03
MG no. 4 M+ Q + H,O 72 845 1000 9.61E+04 8.79E-03 0.90 0.91 1.04 0.06
MG no. 6 M+Q+HO 168 864 1000 1.06E+05 8.15E-03 0.90 1.05 1.2 0.06
MG no. 13 M+Q 24 679 1000 4.63E+04 1.47E-02 0.38 0.91 0.40 0.24 (0.03) 0.48 0.02
MG no. 9 M+Q 72 830 1000 1.06E+05 7.83E-03 0.85 0.97 0.04
MG no.15 M+ Q +H,0 24 1650 1000 1.89E+05 8.73E-03 1.2 0.84 0.83 0.58 (0.10) 0.90 0.03
MG no. 8-2 M+ Q +H,0O 24 1837 1000 1.89E+05 9.72E-03 1.4 0.80 0.84 0.58 (0.12) 0.87 0.03
FQMZ SM M+Q 0 365 2000 7.17E+04 5.09E-03 0.81 0.48 0.32 (0.08) 0.50 0.04
FQMZ no.7 M+ Q + H,0 8 294 4000 4.93E+03 5.96E-02 1.16 0.83 0.30 0.29 (0.09) 0.32 0.05
FQMZno.5 M+Q+H,0 37.1 166 4000 1.14E+04 1.46E-02 0.99 0.76 0.50 0.47 (0.14) 0.51 0.1
FOMZno.6 M+ Q +H,O 72 245 4000 1.21E+04 2.02E-02 1.48 0.81 0.63 0.51 (0.22) 0.66 0.08

* Magnification of all images of sample taken in back-scattered mode on SEM. Spatial resolution = 0.11 pm/pixel at 1000%, 0.028 mm/pixel at 4000x.
T L represents the diameter of a sphere with the same intercept length as the measured object; D is the Feret diameter, the diameter of

a circle with the same area as the two-dimensional object. Because measured values of L and D are log-normally distributed except in the upper and
lower tails, we calculated 95% trimmed means of the log,, transformed values and took the antilog to obtain the geometric means of <L>and <D>,
our best estimates of the corresponding population means.

F 95% confidence limit on estimate of mean value of L, e.g., for MG no.0 there is a 95% probability that the population mean of L falls within the range
0.89 £ 0.07 mm.

§ M = monazite, Q = quartz. Quartz in MG series experiments coarsely crushed and unsieved. Hydrous experiments contained 1-2 wt% H,0.

We estimated crystal diameters using two methods thats require normally distributed data, the antilog of the mean
yielded similar results. The Feret diamdeis the diameter of value of log [ ) (the geometric mean) provides the best esti-
a circle having the same area as the object measured, effeate of the population meai.>. However, the loglL() distri-
tively an average diameter. We measubeaf every monazite bution deviates significantly from a normal distribution in the
crystal contained in the BSE images of the planar sectionsupiper and lower tails of the distribution, where we made the
our run products. A stereological measurement technique memaallest number of measurements and errors are greatest. Thus,
commonly employed in CSD studies is to overlay randomthie most robust estimate of population mean is obtained by
oriented test lines (or a grid pattern on a sample in which tbalculating the 95% trimmed mean of Idg by deleting the
phase of interest is randomly distributed) and measure the n@xtreme values in the uppermost and lowermost 5% of the dis-
ber of crystal edge intersections per unit length of testNjne tribution, calculating the mean of lo)( and taking the anti-
and the fraction of total test line length that falls within thkng. Table 1 lists mean values<df > and<D> obtained in this
phase of interedt, (Russ 1990). These parameters yield theay for starting materials and run products along with 95%
mean intercept length; that is directly related to surface areaonfidence limits.
per unitvolume & Ls= L/N, = 4V\/S, = 4(SIV )rean WhereVy, Because measured histograms are generally lognormal, esti-
is the volume of crystal per unit volume (volume fraction anates okL> andD depend on the spatial resolution and there-
modal abundance). The paramdtgis a global parameter in fore the magnification of the images. Images taken at higher
that it is a mean value obtained from a random sample of crysagnification allow measurement of smaller crystals, so esti-
tals exposed in the planar image. To obtain the distribution oftes of mean crystal size should decrease with increasing mag-
crystal sizes, we measured area and perimeter and calculaiidation. To test this, we measureld> in the run products of
L; for every crystal contained in the image. Substitutipge MG no. 13 from images taken at 1608nd 2008. <L> esti-

A, andS, = (4/mM)B,, whereB is the total length of boundary mated from the 1000images was 0.4& 0.02um and from

line andA is the total area of the image, we obtaihed 4V,/ 2000< images 0.32 0.02um. As a result, we made all measure-

S, =TAW/B,. For an individual crystaB is equal to the perim- ments in a series at the same magnification (160G, 4006

eterP, and sincé\, andB, are measured on (normalized to) théor FQMZ except FQMZ SM imaged at 20QGee Table 1).

same area, for an individual crystal= TIA/P. For a spherical o

crystalls = 4V/S= 4(4/3mrd)/4mr? = 4/3 = 2L/3, whereL is  Reproducibility

the diameter of the sphere. Singalso equalsiA/P, we mea- Reliable comparison of grain sizes measured in the products
suredA andP for each crystal and calculated the diameter ofaf multiple experiments requires that both the experimental and
spherel = 3Ly/2 = 6W\/S, = 3MA/2P. We refer td_ as the mean measurement methods be precise, i.e., reproducible. Experiment
intercept length of a crystal, ard.> as the mean interceptMG no. 15 is a replicate of MG no. 8: all experimental methods
length of a population of crystals. Values<af> andD were were the same, but it was imaged on a newer SEM, and image
close in value (Table 1) and produced nearly identical histanalysis was performed by a different operator using a different
grams, CSD values, and growth curves. Furthermore, valuepadgram than used for MG no. 8. As seen in Table 1, the results
<L> and<D> are similar td_; measured on multiple imagesare significantly differentL> = 0.90+ 0.03um for MG no. 15,
using the line intercept method (Table 1). 0.74+ 0.03pum for MG no. 8. We repeated the measurements on

Histograms of monazite in starting materials and run proMG no. 8 using the same measurement methods used for MG
ucts have lognormal distributions (Figs. 3 and 4), so histograms 15 and obtained very similar results (MG nos. 8-2 in Table
of log (L) are normally distributed. Because parametric stati$: <L> = 0.87+ 0.03um; agreement is even closer f@rand
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Ls). Thus, we can reliably compare measurements from diff@gual one yields an intercept of 1&g from which we obtain
ent experiments only if both the experiment and measurem&ptand the best estimate I§f,, = K" (Joesten 1991).
methods are the same, which was the case for all experiments

within the MG and FQMZ series. RESULTS
In most experiments 1-2 wt%,8 was added to increase
Measurement of CSD values the rates of recrystallization and growth and therefore speed

Measurements of crystal size made from two-dimensionthle approach to textural equilibrium. Discussions below refer
sections are plotted as histograms of number of crystals peresults of hydrous experiments unless stated otherwise.
unit areaN, and the cumulative number of crystals per unit
areaN*, as functions of. (e.g., Figs. 2, 3, and 4). To allow Textural development
conversion of these measured 2D parameters to the correspondRun products from hydrous MG series matrix coarsening
ing 3D parameterdl, andN*, , Peterson (1996) obtained arexperiments show substantial textural development with time.
empirical relationship betweétr, (L) andN* (L) by digitally Run products from anhydrous experiments display crystal
sectioning at random a volume containing crystals of knovamapes and size distributions that are nearly indistinguishable
size distribution, measuring* (L), and adjusting parametersfrom those in the starting material (Fig. 5a). In contrast, run
in the following equation to obtain a good fit between knowproducts from a hydrous experiment of the same duration (Fig.
N*,(L) and measureN*,(L): In N*,(L) = In (N*o(L)/[L*S]) + 5b) have larger, less-angular quartz crystals with partially healed
In (y) —B/[L*] , where parameteiS(scale) ang correct the fractures. Monazite crystals are present on grain boundaries
measured lengths and are functions of crystal shape, andahd commonly occur in clusters. After 72 h (Fig. 5¢) quartz
shape factofy depends on the spatial orientation of the crysrystals have coarsened considerably, in the process occluding
tals. For sphereS= 1.269y = 0.833 an@® = 0.524 We used many monazite crystals to form arrays of monazite inclusions
this equation to estimate values Mf,(L) from measured that are interpreted to represent the original locations of quartz
N*(L). grain boundaries. Quartz crystals also lack angular fracture

A simple relationshipN*v = N*,,e*/®t usually describes surfaces or internal fractures, which appear to have healed.
cumulative size distributions, whe@s the linear growth rate These trends in textural development continue in the 168 h run
andt is the duration of annealing, ahd,, = Gtn,, where gis  products, which in addition show evidence of progressive
the population density dt = 0 (the nucleation density) growth of monazite crystals present on grain boundaries (Fig.
(Cashman and Ferry 1988). For the population demsitg- 5d). Many monazite crystals are dumbbell-shaped, having grain
fined as the slope of the cumulative frequency curié*¥d boundary outlines that pinch or neck out in the middle of the
dL, an analogous relationship holds= n,e*¢t and Inf) = grain (Figs. 5¢c and 5e). The shapes appear to represent grain
In(n,) — L/Gt . Plotting Inf) vs. L yields a straight line with growth by coalescence, a process in which two or more adja-
slope = —16t and intercept In(;). Because we know the an-cent crystals weld together to form one large composite grain.
nealing time in experiments, we can estimate the linear growth In MG series experiments, a large range of quartz crystal
rateG from the slope. Peterson (1996, Appendix Il) describaize in the starting material (Fig. 2b) resulted in a high rate of

the procedures used to estimaj@ndGt. quartz coarsening. This in turn led to the development of mona-
o ) zite inclusions, presumably because the low aqueous solubility
Estimation of coarsening parameters of monazite at these conditions (0.14 wt%, see Ayers and Watson

It has been observed empirically that crystals in dense poh891) prevented monazite crystals from recrystallizing fast
crystalline solids grow at a rate according<to>" —<L>j = enough to maintain their positions on moving quartz grain
K.t, where<L> is the mean crystal diameterjs an integer boundaries. To measure the true growth rate of monazite by
between 2—4 anld, is the growth rate constant. It follows thatOstwald ripening in quartzite, i.e., the rate of growth of mona-
<L> —<L>, = Ky, t", whereK,, = (Ky,)" andKy, has units of zite crystals present on grain boundaries and not as inclusions,
um/s (Joesten 1991). Taking logs, leg> = log<L>, + log we took two steps to prevent the occlusion of monazite by quartz
Kun + 1 logt. Plotting log<L> vs. logt yields a straight line crystals (FQMZ experiments). First, we reduced the rate of
with slope 1. According to LSW theory, which strictly ap- quartz growth and quartz grain boundary mobility by sieving
plies to dispersed phases only, the rate of Ostwald ripeninghie quartz to obtain a starting material of uniform crystal size.
interface controlled (rate-limited by dissolution or precipitaSecond, we used quartz crystals closer in size to the monazite
tion on the crystal surface)iif= 2. This is a typical parabolic crystals in the starting material (0.49.02um, Fig. 2a). These
rate law in which the rate of growth is proportionalt¥y steps resulted in run products with near equilibrium textures,
(Rahaman 1995). If the rate of growth is limited by matrix vokontaining monazite crystals present almost exclusively on grain
ume diffusion them = 3, and by grain boundary diffusion therboundaries (Figs. 5e and 5f). Pores and monazite crystals pref-
n = 4 (Joesten 1991). Calculated values afinge between 2 erentially moved to grain triple-junctions and the angle between
and 4 and are usually closest to 3, suggesting that matrix difflry quartz grain boundaries at grain triple-junctions is ~120

sion usually limits Ostwald ripening (Rahaman 1995). suggesting a close approach to textural equilibrium (see Watson
After obtaining the value af from linear regression and et al. 1989).
rounding to the nearest integer value, we can estikgtelf In both sets of experiments dry grain edges and large pores

<L>,=0, therL" =K, and logL>"=logK, + logt. Plotting with convex shapes (Fig. 5f) suggest that fluid was non-wetting,
log <L>"vs. logt and forcing the slope of the best-fit line toand therefore that the dihedral an@is >6C. This is consistent
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FIGURE 5.BSE images of run products, with magnifications and scale bars. Monazite crystals are white, quartz crystals gray, amd pores da
gray-black. & MG no. 13, anhydrous, 24 h, 100@uartz crystals show no evidence of recrystallization or growth in the run products of this
anhydrous experimentb MG no. 8, hydrous, 24 h, 980Monazite crystals still predominantly on grain boundaries, many in the process of
coalescing. Quartz crystals are still heavily fractured from grinding in a mortar and pestle, suggesting that 24 h enirtsuffico anneal out
the fractures.d) MG no. 4, hydrous, 72 h, 1080Monazite crystals predominantly present as inclusions that form arrays marking the original
quartz grain boundary. The direction and extent of quartz crystal growth can be ascedaiv€ing. 6, hydrous, 168 h, 220Large quartz
crystals contain numerous monazite inclusions that qualitatively appear to increase in size from core)t6@mZ(no. 5, hydrous, 37.1 h,
4000<. Monazite crystals within or adjacent to pores. The two grains with pinched-in outlines (necking) are crystals in thef paaiessing.

(f) FQMZ no. 6, hydrous, 72 h, 108(Near-equilibrium microtexture: large pores at triple-grain junctions, monazite crystals on grain boundaries
and within or adjacent to pores. Dry grain edges and quartz-fluid-quartz dihedral angtesdiéate that the fluid is non-wetting.
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with the measurements of Holness (1993), who foundéthat effect of fluid.<L> measured from the run products of a 72 h
72°at 1000°C and 0.96 GPa. Thus, fluid was not interconnecteckperiment (MG no. 9) is 0.970.04um, surprisingly close to
at run conditions, and the quartzite was effectively impermtte value of 1.04 0.06um measured in the 72 h hydrous ex-
able. However, our results suggest that although the fluid wasriment (MG no. 4). However, inspection of the texture of
not interconnected, it greatly affected textural development. MG no. 9 revealed many features that look like pores, suggest-
Monazite crystals in our run products show no evidence iofig that our experiment was not truly anhydrous. We therefore
internal zoning. This may result from several factors, includeok precautions to ensure that our 24 h experiment was anhy-
ing that monazite in our starting material was chemically hdrous. First we fired crushable alumina assembly parts at 1000
mogeneous (unzoned); that solubility of all components in tA€ overnight and dried all other assembly parts af Cléver-
fluid was low and fractionation slight or insignificant; and thatight to remove all adsorbed®. We used an unfired Ni cap-
recrystallization induced by matrix coarsening homogenizadile without a Pt insert, reasoning that at the oxidizing

the compositions of the monazite crystals. conditions of our sample assembiy, petween NNO and HM,
] ) see Ayers et al. 1992), oxidation of Ni would consume ax@y H
Crystal-size frequency histograms contained in the sample to form NiO. Comparison of run prod-

As shown in Figure 3a, the distribution of measured diaret textures (Fig. 5a) with textures of the starting material sug-
eters of monazite in FQMZ starting material is approximatebests that no significant textural modification occurred, although
lognormal, with mean crystal diametelt > = 0.50+ 0.04pm  <L> decreased to 0.48 0.02um (Fig. 4e). In contrast, run
(95% confidence limits). After annealing with 2 wt%@Hat products from hydrous experiments show evidence of perva-
1000°C and 1.0 GPa for 8 h, the shape of the histogramsive growth of both quartz and monazite and development of
closer to a true lognormal distribution, ard> decreases to near-equilibrium textures (Fig. 5f). We conclude that the rates
0.32+0.05um (Fig. 3b). These observations suggest that dwf monazite growth and textural development are significantly
ing this eight-hour period, original monazite crystals dissolvddgher in the presence of fluid.
and new crystals nucleated, producing a lognormal histogramIn both series of hydrous experiments the mean monazite
characteristic of recrystallization. After 37.1 h the histogram @iameters in the shortest duration experiments (Figs. 3b and
more spread out, perhaps by dissolution of smaller crystals @i were less than in the starting material (Figs. 3a and 4a).
corresponding growth of larger ones, increasihg to 0.51+ The initial size decrease could not have been caused by pro-
0.10um (Fig. 3c). After 72 h the trend in shape modificatiogressive dissolution in monazite-undersaturated fluid because
continues, moving closer to a normal distribution and increate fluid could dissolve only ~0.2 wt% of the monazite at satu-
ing <L> to 0.66+ 0.08um (Fig. 3d). ration (only 1-2 wt% fluid in capsules, solubility of monazite

Presumably only monazite present on grain boundaries vahly ~0.14 wt%, see Ayers and Watson 1991). We interpret the
grow, either by coalescence or by Ostwald ripening. Thus, méaitial size decrease to result from monazite recrystallization,
suring the size of monazite crystals present only on grain bourdther in response to early, rapid quartz coarsening or as a
aries as a function of time as in the FQMZ experiments allowatechanism to eliminate lattice strain acquired during prolonged
us to accurately estimate the growth rate of monazite. Howegtinding of the starting material. Because recrystallization de-
in the run products of MG experiment, a large fraction of monereased the mean size of monazite crystals to a low, unknown
zZite crystals were present as inclusions, and because grain bowatlte, we were forced to assume that the values 8t<D>
aries intersecting the polished surface at low angles are difficaid <L >,, were equal to zero, resulting in a plot of leg >
to detect, we were unable to distinguish inclusions from morfgaather than log<L > —<L>,)] and log<D> vs. logt in Figure
zite crystals present on grain boundaries consistently. We wererhe data for each series plot on a straight line, showing that
therefore forced to measure the sizes of all monazite crystainazite coarsens at a constant rate. Linear regressit»of
including those present as inclusions, so our measured growidasured in FQMZ experiments (r = 0.995) yields a slope of
rates in MG series experiments should represent minimum egtB3, corresponding to = 3, suggesting that monazite grows
mates of the true growth rate. Furthermore, since two growd) matrix volume diffusion-controlled Ostwald ripening (Table
mechanisms (coalescence and Ostwald ripening) operate simyl-p|otting log<L > vs. logt and forcing the slope = 1 yields
taneously, the measured growth rate equals the sum of the rgtégaight line with intercept = Idg; = —5.97 = 0.997), cor-
of these two processes. responding to a value for the rate constépt= 1.02x 107

The histogram for the starting material for the MG Seri‘iﬁn/s”. Regression of MG data yields a slope of 0.25 corre-
expgriments (Fig. 4a) has a distributioq closer to normal (Wigbonding ton = 4, suggesting growth by matrix grain bound-
positive skewness) than lognormal, with> = 0.89% 0.07 4y diffusion-controlled Ostwald ripening. Plotting leg>*
um. After 24 h the distribution is closer to lognormal,slnd o logt and again forcing the slope = 1 yields a straight line

decreases to 0.240.03um (Fig. 4b), suggesting that as in thg,ii, intercept = log<, = —5.42 = 0.988), corresponding to
FQMZ experiments, monazite partially or completely recryt,, = 4.41x 10

tallized.<L> increased to 1.0#4 0.06um after 72 h (Fig. 4c),

and 1.20+ 0.06pum after 168 h (Fig. 4d), with little change inCrystal-size distributions

the shape of the histogram except a subtle decrease in the smaftigure 7 shows CSD plots of the natural log of population

size fraction and corresponding increase in the large size fraensity Irin) vs.L for all experimental run products. Except for

tion indicative of coarsening. some size bins of the shortest experiment FQMZ no. 7 (8 h), all
We conducted two anhydrous experiments to quantify tign products show an extremely good linear correlatin®©9)

pum/st,
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between Inf) andL, suggesting that the growth rate is nearlypegative). Between 24 and 72rhdecreases ar@t increases
constant (Higgins 1998). The best-fit lines obtained by leagFig. 8a, Table 3). Little change in slope or intercept occurs
squares linear regression describe the relationshiparif(n,) between 72 and 168 h, suggesting a steady-state condition.
— 1/Gt, which we used to estimate the values of nucleation den- In Figure 7b we compare the CSD predicted by LSW theory
sitiesn, from the intercept and growth raBfrom the slope. for matrix volume diffusion (n = 3) to the measured CSD val-
Table 3 lists these values, along with parameters derived froms of the starting material and run products of the FQMZ ex-
them including the mean crystal size> = Gt, the total number periments. The measured CSD values do not agree well with
of monazite crystals per unit voluriig = n,Gt, and the average the theoretical distribution, nor is there a clear trend as ob-
nucleation ratd = N/t (Cashman and Ferry 1988). served for the MG series experiments. Furthermore, as the slope
We compare the CSD predicted by LSW theory for Ostwakthd intercept of the CSD values changes with time (Fig. 8b),
ripening limited by grain boundary diffusion (n = 4) with measteady state was not achieved in the FQMZ experiments, per-
sured CSD values of the starting material and run productshaips because no experiments were run as long as the longest
MG series experiments in Figure 7a. The CSD predicted MG experiment in which steady-state conditions appear to have
LSW theory is not linear because the theoretical histogram fagen achieved.
Ostwald ripening is closer to normal than lognormal. We ob-
serve a consistent trend with time toward a CSD closer to that DiSCUSSION
predicted by LSW theory, although even the longest experi- Abundant evidence suggests that monazite partially recrys-
ment does not come close to attaining the theoretical ide@lllizes and coarsens during high-grade metamorphism, result-
Between 0 and 24 h nucleation densitgreatly increases (Fig. ing in complex zoning of composition and age (Fig. 1).
8a, Table 3), corresponding to a decrease in the value of Ehgeriments designed to characterize monazite recrystalliza-
intercept in the CSD (Fig. 7), suggesting extensive recrystalien and coarsening in quartzite s®illustrate the many com-
zation and nucleation of fresh crystals. Alsb> =Gt decreases plexities of the growth process. In the MG matrix coarsening
and therefore CSD slope = /&l increases (becomes moreexperiments, the large dispersion of size of quartz crystals (Fig.

a 02 +logD
y=0.247x-1.34 mlogL
€ R*=0.975 =SM
=2 01 4 Anhydrous
N
3 0.2 1 y= 0é245x' 139 FIGURE 6. Plot of the logarithms
° R"=0.980 of mean intercept lengtkL> (um)
Fy and mean Feret diameted> vs. log,
0.4 : : : : : time (s). Values of<L> and <D>
4.8 5 52 54 5.6 58 6 represent the 95% trimmed geometric

] mean for each experiment with 95%
log time (s) confidence limits (see text). Best-fit
curves obtained by linear regression
shown for hydrous experiments, with
corresponding equations and values of
correlation coefficient. (a) MG
series. §) FQMZ series.
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TABLE 2. Estimates of nand K, for monazite growth

Series 1/n* Std. Error r n integer n log Kt Std. Error r Ky (mm/stim)
MG 0.247 0.04 0.987 4.05 4 -5.42 0.04 0.988 4.41E-02
FQMz 0.327 0.024 0.997 3.06 3 -5.97 0.02 0.997 1.02E-02

* 1/n equals the value of the slope obtained by least-squares regression of log <L> vs. log ¢ (see text). Correlation coefficient rand standard error on
the estimate of the slope also given.

T log K, equals the value of the intercept obtained by least squares regression of log <L>"vs. log t, where n s the integer value of nand the slope is
constrained to equal one (see text). The correlation coefficient r and the standard error on the estimate of the intercept are also given.
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£ N 2b) resulted in rapid quartz coarsening and the occlusion of
-10 4 Sal va monazite crystals initially present on grain boundaries (Figs.
] Tl 5c¢—d). In the FQMZ series experiments containing small quartz
- crystals of nearly uniform size (Fig. 2a), monazite crystals
14 : : : : maintained their position on grain boundaries and grew by
0 1 2 3 4 5  Ostwald ripening (Fig. 5€). In both series of experiments mona-

zite also grew by coalescence and a non-wetting fluid phase

located primarily in pores at grain triple-junctions promoted
FIGURE 7.CSD plots of the natural log of population density)n(' the growth of both quartz and monazite. Below we examine

vs. crystal diametelr (um), calculated using the method of Petersofege gbservations in more detail.

(1996). The best-fit linear regression curve for each sample is also

plotted. &) MG series experiments. The CSD corresponding to theffect of fluid on textural development

theoretical LSW distribution fon = 4 (grain boundary diffusion),

calculated using the same size scale as the longest duration experir_nerﬁl'm'prOdUCt textures shc_’w convmcmgly that fluid was not
MG no. 6, is plotted as a heavy lin) FEQMZ experiments. The CSD interconnected at run conditions (e.g., Fig. 5f). However, com-

corresponding to the theoretical LSW distribution fior 3 (matrix ~Parison _Of run-product textures of anhydrous (Fig. 5a) and hy'
volume diffusion), calculated using the same size scale as the long#wus (Fig. 5b) run products from experiments of equal duration
duration experiment FQMZ no. 6, is plotted as a heavy line. (24 h) shows that aqueous fluid strongly affects textural devel-

L (um)

TABLE 3. CSD Parameters
Expt. L=Gt G No r No. bins NT = noGt J=NTh
(Hm) (Hm/h) (1/pm*) (1/pm3) (1/pmeh)
MG no. 0 0.79 0.0096 0.9790 14
MG no. 8 0.43 0.018 0.092 0.9995 14 0.039 0.0016
MG no. 4 0.86 0.012 0.010 0.9980 14 0.0089 0.00012
MG no. 6 0.84 0.005 0.013 0.9995 14 0.011 0.000067
MG no. 13 0.27 0.011 0.235 0.9963 14 0.013 0.00053
MG no. 9 0.58 0.0081 0.030 0.9986 13 0.017 0.00024
MG no. 15 0.62 0.0260 0.022 0.9890 15 0.013 0.00056
MG no. 8-2 0.71 0.0295 0.012 0.9889 15 0.009 0.00035
FQMZ SM 0.38 0.034 0.9919 14
FQMZ no. 7 0.39 0.049 0.219 0.9800 12 0.086 0.011
FQMZ no. 5 0.53 0.014 0.047 0.9990 13 0.025 0.00067
FQMZ no. 6 0.59 0.0081 0.054 0.9960 14 0.032 0.00044
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opment. Most textural development appears to result fracrystals act to spread out the size distribution and slow the ap-
growth of quartz by dissolution/reprecipitation that replacgsoach to textural equilibrium as defined by LSW theory. Thus,
small angular quartz fragments with large rounded or facetedidence indicates that Ostwald ripening is an important growth
crystals. This process occurs primarily by diffusional transpartechanism for monazite in our experiments.
in pores, where a high aqueous solubility of quartz (18.3 wt% However, Ostwald ripening was not the only monazite
at 1.0 GPa and 100, see Manning 1994) coupled with agrowth mechanism. During quartz coarsening, monazite crys-
high diffusivity of silica in aqueous fluid assured high diffutals migrated with mobile quartz grain boundaries, in many
sive fluxes of silica within pores from small to large quartzases encountering other monazite crystals with which they
crystals. Thus, although the fluid was non-wetting, it greatlyoalesced. Run products from both sets of experiments show
increased the rate of quartz coarsening. clear textural evidence of growth by coalescence, such as neck-
The presence of fluid has a smaller influence on monazitegy (Fig. 5e) and irregular composite crystals with multiple
crystal size. In the 24 h experiments the difference betweleranches (Fig. 5b).
mean crystal diameters in hydrous and anhydrous run products ] ] ) )
is small (0.48:m in the anhydrous experiment, 047 in the Matrix coarsening and inclusion/host relations
hydrous experiment). The effect of fluid on monazite growth Theory and experiment have shown that the most thermo-
may be small because the fluid did not form an interconnectaéghamically stable position for accessory minerals such as
network but instead segregated to pores at grain triple-jumienazite is on grain boundaries (Watson et al. 1989). Mona-
tions. Furthermore, because the modal abundances of marite crystals present on grain boundaries exert a force on the
zite and fluid are low, few monazite crystals may have initiallgrain boundary known as “Zener drag” that opposes its move-
been in contact with fluid. Even when monazite crystals arerniment during matrix coarsening. Large crystals especially will
contact with fluid, the low aqueous solubility of monazite (Ayertend to “pin” host grain boundaries, which is why ceramicists
and Watson 1991) translates to low fluxes of monazite compaften add a dispersed phase (dopant) to limit the growth of
nents in the fluid. These factors contributed to a relatively logvystals during fabrication of ceramics (Rahaman 1995). Thus,

rate of monazite growth in our experiments. conventional wisdom states that accessory minerals pin host
) ) grain boundaries during metamorphic coarsening, maintain-
Monazite growth mechanisms ing their position on grain boundaries and preventing further

Coarsening of monazite and quartz occurs primarily througfowth of host crystals (e.g., Watson et al. 1989). This is es-
a process of dissolution-precipitation in the presence of fluigecially true for large crystals (Bea 1996). However, matrix
The growth of monazite is diffusion-controlled, as shown bgoarsening is common during metamorphism even when ac-
the values oh obtained from MG experiments € 4, grain cessory minerals are present. Furthermore, monazite in high-
boundary diffusion control) and FQMZ experiments=3, grade metamorphic rocks is typically present as inclusions,
volume diffusion control). At ambient conditions, dissolutionespecially in biotite (e.g., Bea 1996). Textural relations sug-
precipitation rates of soluble minerals are transport (diffusiogpst that monazite crystals in these high-grade metamorphic
controlled, and rates for insoluble minerals such as monaziteks did not pin grain boundaries, but rather were swallowed
are interface controlled (a surface reaction is the rate-limitingp by growing host crystals. When crystals of monazite and
step). However, because interface-controlled reactions hatber accessory minerals are present as inclusions, they do
higher activation energies than diffusion, the rates of interfaaeet control the concentrations of their essential structural con-
controlled reactions increase faster with increa$iflgangmuir ~ stituents during melting or fluid infiltration. Furthermore,
1997). Our results are consistent with the idea that the ratesmafnazites present as inclusions are less likely to be altered or
dissolution and precipitation (growth) of all minerals are trangexperience diffusive Pb loss (Poitrasson et al. 1996), and thus
port-controlled at higf. may be more resistant to resetting of the U, Th-Pb system than

That <L> increases regularly with time (Fig. 6) is strongnonazites present on grain boundaries. Thus, it is important
evidence that Ostwald ripening occurs, because Ostwald rip-know under what conditions monazite will be present as
ening decreases the surface area per unit volyme @/,/ inclusions or on grain boundaries.
<L>, and since V is constant, $must decrease ad_> in- Whether accessory mineral crystals and their host grain
creases. That run product CSD values do not resemble stedmbndaries separate or remain attached depends on their rela-
state profiles predicted by LSW theory (Fig. 7) does not metine rates of migration. During matrix coarsening grain bound-
that Ostwald ripening is not an important growth mechanisaries migrate toward their centers of curvature, and accessory
in our experiments; in fact, given that the modal abundance Mineral crystals migrate with the grain boundaries by fluid-
of monazite is constant, Ostwald ripening is the only potentiassisted recrystallization. Figure 9 describes the textural de-
growth mechanism other than coalescence. Most experimemalopment of rocks containing pores or other grain-boundary
and field-based studies have produced normalized histogramgurities (Rahaman 1995). The velocities of accessory min-
with wider distributions than predicted by LSW theory (seeral crystals and host grain boundaries, calculated as functions
discussion and references in Cashman and Ferry 1988). Thisfithe sizes of accessory mineral and host crystals, define three
probably because of the unrealistic assumption of LSW thedrgundary curves along which accessory mineral crystals and
that the modal abundance, ¥f the dispersed phase is zerdost grain boundaries have equal mobilities. In a fluid-bearing
(Voorhees 1992). Also, in our experiments matrix coarseningck, the solubilities and diffusivities of dissolved host and
and the resulting recrystallization and coalescence of monazteessory mineral components determine the mobilities of ac-
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. Accessory mineral mobility eral and host crystal populations of uniform size). Thus, given
High Low a wide range of host crystal sizes as in the MG experiments,
the rate of coarsening and the mobility of host grain bound-
aries will be high, and accessory mineral crystals are more likely
to become occluded.

In the MG experiments most monazite crystals were on grain
boundaries after 24 h (Fig. 5b), but after 72 h they were present
almost exclusively as inclusions (Fig. 5c¢). This corresponds to
the path illustrated by the dashed arrow in Figure 9 in which
the starting material plots in the recrystallization field. Quartz
and monazite coarsening during the first 24 h shifted the rock
microtexture into the inclusion field.

Grain boundary: Interestingly, zircon growth experiments identical to the MG
Pinning series experiments yielded run products in which zircon was
predominantly present on grain boundaries (Ayers et al. 1998).
We used the same quartz starting material in the two sets of
experiments, and the initial mean crystal sizes of zircon and
monazite were very similar, yet monazite became occluded
while zircon did not. We suspect that zircon crystals were more
mobile, and therefore less likely than monazite to be present as
inclusions, because zircon has a higher aqueous solubility than

FIGURE 9. Schematic diagram illustrating the effect of host andyonazite at the same conditions (Ayers and Watson 1991).
accessory mineral crystal-size on inclusion-host relations (after

Rahaman 1995). The dashed arrow illustrates how coarsening of hg@asured growth rates and their application
quartz and monazite may cause quartz to occlude monazite grains
originally on grain boundaries.

Grain boundary:
Recrystallization
Inclusion

Host crystal size (log scale)

Accessory mineral crystal size (logscale)

Measured growth constants (Table 2) can be used to esti-
mate the amount of time required to grow grains of specified
size or rims of specified thickness. Figure 10 plots, l(gim)
vs. time (y) calculated using the growth constants obtained by

cessory mineral crystals and host grain boundaries and thesgression of MG and FQMZ data (Table 2). The y axis repre-

fore the positions of the boundary curves. An accessory mgents the diameter of a newly grown monazite crystat @),

eral has high mobility if it is highly soluble in the fluid and itor twice the thickness of a rim formed on an older core by

dissolved components have high aqueous diffusivities. coarsening. The amount of growth is greater for n = 4 than for

Accessory mineral crystals can maintain their energeticalty= 3 up to ~1 y, consistent with our observation that on the
favorable positions on grain boundaries either by moving fasténescale of our experiments monazite grew faster in MG than
than a mobile grain boundary or by immobilizing the graim FQMZ experiments. After 1000 y the mean diameter of

boundary. In the “pinning” field in Figure 9, accessory minerahonazite crystals in quartzite at 108D should increase 18.6

crystals are large compared with host crystals so that the Zewer if growth is controlled by grain-boundary diffusion as in

drag force is large and accessory mineral crystals maintain tHdi experiments, and 32#n if controlled by volume diffu-
positions by pinning grain boundaries. In the “recrystallizesion as in FQMZ experiments. The growth parameters can also
tion” field, accessory mineral crystals are small so they cée used to estimate the duration of metamorphic growth from
recrystallize rapidly and maintain their positions on migratingneasured grain size or rim thickness. For example, a monazite
grain boundaries by moving with them. In the “inclusion” fieldg¢rystal with a metamorphic rim = 32.2/2 = 16t thick could

the accessory mineral crystals are too small to pin grain bouf@rm in 1000 y at 1000C. Growth rates are probably lower at

aries and too large to recrystallize rapidly, and their velocitiéswer T, and higher if the fluid is interconnected. Monazite

are less than those of the grain boundaries, so the growing tgsstwth by Ostwald ripening in the presence of fluid is fast
crystals engulf them to form inclusions. We can see from Fignough to cause significant growth during high-grade meta-
ure 9 that inclusions are least likely to develop when both hasorphic events, and should produce rims that yield concordant
and accessory crystals are small, as in FQMZ experimerltsTh-Pb dates corresponding to the age of ripening.

However, the development of inclusions in MG experiments

was not only a result of the quartz crystals being on averd&

larger than monazite crystals and larger than quartz crystals inOur CSD plots (Fig. 7), which are linear over nearly the
the FQMZ experiments, but also a result of increased graintire range of measured crystal sizes, are similar to those mea-
boundary mobility. Anything that increases the mobility of hostured by Cashman and Ferry (1988) in contact metamorphic
grain boundaries promotes the development of inclusions. Tieeks, but unlike CSD values from regionally metamorphosed
rate of matrix coarsening in MG experiments was much highteicks that show a peak in the CSD at intermediate size. Cashman
than in FQMZ experiments due to the larger range of quaend Ferry (1988) attributed the depletion of small crystals of
crystal sizes in the MG starting material (compare Figs. 2a amégnetite in regionally metamorphosed rocks to Ostwald rip-
2b; note that the boundaries in Fig. 9 pertain to accessory meming during prolonged annealing. In contrast, they found mag-

terpretation of CSD values
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1000 cence and Ostwald ripening is greater than the decrease result-
ing from recrystallization. We predict that given more time, mona-
zite growth would produce normally distributed histograms and
convex-up CSD values as observed by Cashman and Ferry (1988)

in regionally metamorphosed rocks.

100

10

L-Lo (mm)

o1 Summary and implications for U,Th-Pb dating

1LE-02 LE+00 LE+02 1LE+04 1LE+06 Our results show that when fluid is present during high-
grade metamorphism, host crystals coarsen by dissolution-
reprecipitation, and small accessory mineral crystals either

FIGURE 10.Plot ofL-L, (um) vs. time (y) calculated from Ll=  recrystallize and move with host grain boundaries or are en-
K,-t¥" using the growth constants obtained by regression of MG agulfed by growing host crystals to form inclusions. Recrystal-
FQMZ data (Table 2). The y axis represents the diameter of a newpation of small monazite crystals on grain boundaries during
grown monazite crystal = 0), or twice the thickness of a rim formedmatrix coarsening erases preexisting zoning and resets the U, Th-
on an older core by coarsening. Pb isotopic systems. Large monazite crystals may immobilize

grain boundaries by pinning them. Monazite crystals on im-

mobile grain boundaries may grow by Ostwald ripening to pro-
netite in contact metamorphic rocks to have lognormal histddce rounded crystals with young, chemically homogeneous
grams, and CSD values linear over the entire range of mgas mantling older cores. Analysis of these crystals by TIMS
sured crystal sizes. They interpreted the linear CSD valuesstdikely to yield a linear discordia on a concordia diagram.
result from continuous nucleation and growth, with the largeAges obtained from in-situ analysis of overgrown rims may
crystals being the oldest and smallest crystals representirgresent the timing of fluid influx or of growth during peak
freshly nucleated crystals. metamorphism.

For minerals that are solid solutions such as magnetite, con-Small monazite crystals present on mobile grain boundaries
tinuous nucleation and growth during contact metamorphisphilarge host crystals are likely to become inclusions because,
may result from new growth (increasing modal abundance) ovkre to a low aqueous solubility, they cannot recrystallize fast
a range off (because of solid-solution effects in minerals paenough to maintain the more stable grain boundary position.
ticipating in the heterogeneous mineral-forming reactionJhis explains why monazite is commonly present in metamor-
However, our assumption has been that the modal amounpbic rocks as inclusions (Bea 1996). Included crystals are iso-
monazite is constant. This assumption must be true becaladed from further growth and textural development and from
the solubility of monazite is negligible in quartz and is onlthe effects of fluid alteration, and therefore are more likely to
0.14 wt% in HO at these conditions (Ayers and Watson 1991)etain their original U, Th-Pb isotopic signatures. These obser-
Since there are roughly equal masses of monazite gddrH vations highlight the importance of knowing the textural set-
the starting material, only ~0.14 wt% of the monazite woulihg of dated grains, and suggest that combining in-situ textural
be dissolved in the fluid at saturation. How can there be camnd dating studies will lead to more accurate interpretations of
tinuous nucleation and growth if the modal abundance of momaeasured ages.
zite is constant?

One possible answer is that monazite recrystallized through ACKNOWLEDGMENTS
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Simultaneously, quartz coarsening causes continuous recrystal-

lization of monazite, maintaining a constant supply of freshl W G Vo H | (1993) Th ity of

- ; rs, W.T., Grove, M., Harrison, T.M., and Ryerson, F.J. (1993) The instability o
nucleated crystals as reflected Ir_] a Iognorma}I hls_togram._ T rhabdophane and its unimportance in monazite paragenesis. Chemical Geol-
process operates concurrently with Ostwald ripening, but it de- ogy, 110, 169-176.

creases the overall rate of monazite growth (note that OstwAY@rs J.C. and Watson, E.B. (1991) Solubility of apatite, monazite, zircon and rutile
in supercritical aqueous fluids with implications for subduction zone geochem-

ripening CajnnOt prodgce .sma” CryStaIS; it qnlylconsumes them)- istry. Philosophical Transactions Royal Society London A, 335, 365-375.
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