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Abstract
Recent advances in the dating of monazite using the electron microprobe indicate that ThSiO4- and/
or CaTh(PO4)2-enriched intergrowths in monazite can give ages younger than the original monazite.
The morphology of the intergrowths suggests that the original monazite grain has been partly altered
by a fluid in which Th, Si, and Ca are mobile. This hypothesis has been tested in the piston-cylinder
apparatus at 1000 MPa and 900 °C utilizing a natural, unzoned, Th- and Pb-bearing monazite-(Ce) and
Na2Si2O5+H2O. During the experiment, a subset of the monazite grains acquired ThSiO4-enriched areas
with sharp compositional boundaries devoid of Pb and show evidence of being a pseudomorphic partial
replacement of the monazite rather than an overgrowth of the monazite. These experiments support
the hypothesis that similar Th-enriched or Th-depleted patches with sharp compositional boundaries
observed in natural monazite could be the result of fluid-induced alteration via coupled dissolutionreprecipitation. If so, such altered regions would yield information concerning the nature of the fluid
responsible for their formation as well as allow for the dating of single or multiple metasomatic events
assuming that all pre-existing radiogenic Pb is removed during alteration.
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Introduction
Monazite [(LREE,Th,Ca)(P,Si)O4] is a powerful geochronometer for the dating of multiple geologic processes in igneous and
metamorphic rocks, as either a discrete mineral (e.g., Williams et
al. 2007) or in conjunction with other minerals such as allanite
(Janots et al. 2009) or fluorapatite (Finger and Krenn 2007). In
both igneous and metamorphic rocks, Th tends to be strongly
partitioned into the monazite as the huttonite [ThSiO4] and/or
cheralite [CaTh(PO4)2] components via the coupled substitution
reactions Th4+ + Si4+ = REE3+ + P5+ and Th4+ + Ca2+ = 2 REE3+,
respectively (Förster 1998). Although incorporation of Th into
monazite may result in its uniform distribution throughout the
grain, it can also take the form of sector zoning or oscillatory
zoning. Monazite grains can also be overgrown by a Th-enriched
or Th-poor monazite rim during later periods of growth.
Once monazite has formed, Th can be either incorporated into
or removed in variable amounts of the ThSiO4 and/or CaTh(PO4)2
components. This results in patches with sharp compositional
boundaries within the original monazite grain that extend from
the rim into the core (Fig. 1). These patches tend to give different, generally younger, electron microprobe ages than other
areas of the monazite grain unaffected by alteration (Williams
et al. 2007; Dumond et al. 2008). Some workers speculate that
the mechanism behind the formation of these textures is the
presence of locally mobile Th, Si, Ca, P, and (Y+REE) in grain
boundary/pore fluids that are also reactive with monazite (e.g.,
Bingen and van Breemen 1998).
To determine whether or not fluid-induced alteration could be
responsible for the textures shown in Figure 1, an experiment has
* E-mail: dharlov@gfz-potsdam.de
0003-004X/10/0007–1105$05.00/DOI: 10.2138/am.2010.3525

been performed at granulite-facies conditions (900 °C; 1000 MPa;
8 days) utilizing a natural, Th-bearing monazite from a Brazilian beach sand (Fig. 2) and an alkali-bearing fluid in the form of
Na2Si2O5+H2O. The results from this experiment, coupled with
additional experimental data and natural observation, give further
support to a high-grade, fluid-based origin for these textures.

Experimental and analytical methods
The monazite chosen for the experiments is from a heavy mineral sand deposit,
Cumuruxatiba, Bahia State, Brazil. The monazite consists of semi-rounded, semieuhedral, mostly inclusion-free, 100–500 µm diameter, clear, amber-colored grains
(Fig. 2). Under high-contrast back-scattered electron (BSE) imaging and electron
microprobe (EMP) analysis, a statistically random sampling of 20 grains yields a
relatively homogeneous composition with respect to the Th, U, and (Y+REE) content (Table 1). The monazite grains occasionally display a faint oscillatory magmatic
zoning and/or a faint patchiness (Fig. 2). They also show remarkably consistent
EMP (Th, U, Pb) ages at 353 ± 4 Ma (Michael Williams, personal communication).
Monazite grains were hand-picked from the heavy mineral sand, crushed to 50–200
µm size fragments, and then washed in ethanol in an ultrasonic bath. The experimental charge consisted of 20 mg of monazite grain fragments, 15 mg Na2Si2O5,
and 25 mg H2O. This fluid composition was chosen based on speculations made by
Hetherington and Harlov (2008) regarding partial metasomatic alteration of both
monazite and xenotime megacrysts in a fluid-rich granitic pegmatite.
The experiment was done at 900 °C and 1000 MPa (corrected for friction) for
8 days using a two piston-cylinder apparatus as described by Johannes (1973). The
monazite grain fragments were placed at one end of a 3 mm wide, 2 cm long Au
capsule after which the Na2Si2O5 and then H2O were added. The Au capsule was
then arc-welded shut (while partially immersed in an ice-water bath), double folded,
and placed vertically in CaF2 at the center of a cylindrical graphite oven, which
was placed in the center of a 19 mm wide, cylindrical CaF2 assembly. Because the
monazite fragments were located in a relatively small volume at one end of the
Au capsule, the thermal gradient experienced by the grain fragments during the
experiment was less than 5 °C. Thermocouple placement reached halfway up the
side of the folded Au capsule. Quench was achieved within 10–15 s after turning
off the current. The Au capsules were weighed, punctured, dried, and weighed
again to determine fluid loss. The fluid was not chemically analyzed. Charges
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