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Thorite-Zircon-Coffinite-Xenotime Solid
Solutions: Composition and Origin

Hans-Jurgen Forster (forhj@gfz-potsdam.de)
GeoForschungsZentrum Potsdam, Telegrafenberg, 14473
Potsdam, Germany

The extent of miscibility is among the fundamental compo-
sitiona parameters determining the stability relations of
REE- and actinide-bearing accessory minerals. Precise
knowledge of their susceptibility to alteration is essential
not only for solution of basic scientific problems, but aso
has a magjor impact on practica purposes in terms of
nuclear waste disposal. In this respect, considerable
progress has been achieved for the monoclinic monazite
group of minerals comprising the three endmembers
monazite, brabantite, and huttonite. Here, composition of
natural minerals suggests a continuous solid solution
between monazite and brabantite, whereas phases interme-
diate between brabantite and huttonite are ailmost unknown
to date. The monazite-huttonite join is occupied only
sporadically and, hence, complete miscibility between
them has yet to be demonstrated.

In contrast, a comparatively minor effort has been spent on
thorite (ThSiO,); an accessory phase that occurs preferen-
tially in evolved |- and A-type igneous rocks and may
account for more than 50% of the whole-rock Th budget.
Moreover, comprehensive electron-microprobe investiga-
tion of accessory mineral assemblages in evolved granites
revealed significant solid solutions between thorite and its
tetragonal isotyps zircon, coffinite, and xenotime. On the
contrary, the LREE entered the thorite structure only in
maximum amounts of a few wt%. Thorite from these gran-
ites may contain up to 16.1 wt% ZrO, (0.42 apfu Zr,
normalized to 4 oxygen atoms), 23.3 wt% UO, (0.29 apfu),
and 26.5 wt% (Y,HREE),O, (0.59 apfu). Zircon incorpo-
rated up to 32 wt% ThO, (0.31 apfu), 8.7 wt% UO, (0.07
apfu), and 13.1 wt% (Y,HREE),O; (0.26 apfu). Finally,
xenotime could substitute up to 41.8 wt% ThO, (0.48 apfu),
13.4 wt% U0, (0.15 apfu), or 12.1 wt% ZrO, (0.29 apfu).

Compositions strongly deviating from those of the endmem-
bers typically refer to grains that are distinguished by low
analytical totals (suggestive of the presence of substantial
water); increased contents of P, Ca, Fe, Al, and F; depletion
in (radiogenic) lead; and petrographic textures suggesting
significant ateration. Formation of compositional extremes
in the thorite-zircon-coffinite-xenotime system took place
primarily in connection with processes of metamictization
and severe fluid-mineral interaction. They may have grown
from water- and F-rich granitic residual melts or from the
volatile-rich metasomatizing fluids.

In the light of the few previous experimental solubility
studies, the extreme compositions are unlikely to be ther-
modynamically stable. Instead, they rather represent
metastable phases produced by residual melts or fluids
containing unusually high abundances of Th, U, Zr, Y, and
other elements, probably mobilized during decomposition
of other accessory phases usually observed in the vicinity of
the “metastable” phases. However, more experimental
studies covering broad ranges in ptX are required to better
infer the degree of miscibility (complete or limited) between
the four accessory phases.
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Non-Linear Behavioursin the Apatite-Britholite
Solid-Solution

Roberta Oberti (oberti @crystal.unipv.it)*,

L uisa Ottolini (ottolini@crysta.unipv.it) &

Giancarlo Della Ventura (dellaven@unical.it)?

! CNR-CSCC, Pavia, 1-27100 Italy

2 Dip. Scienze della Terra, Univ. della Calabria, 1-87030
Itay

Britholite is isostructural with apatite, and is crystal-chem-
ically related to apatite by the exchange vector (REEs,
actinides) Si Ca,P,. Structure refinement of several britho-
lite samples shows ordering of cations with different
chargesand ionic radii in the Casites of apatite. Thisresults
into a lowering of the symmetry (from P6,/m in apatite, to
P6, in britholite, and thus into an increase in the number of
sites (REE1, REEla and REE2) and aso into significant
structural adjustments. For instance, rotation of the Si tetra-
hedra in britholite increases the coordination of the REE2
site from 7- to 8-fold.

Structural characterisation of a sample with 0.84 (Th + U)
pfu (Oberti et a., 2001) and re-examination of the struc-
tural and chemical data available in the apatite-britholite
join show that there is a strong structural constraint toward
REE incorporation into the structure. In apatite, the allowed
range of the aggregate ionic radii at the REE sitesis 1.10-
1.13 A, whereas in britholite it is 1.03-1.21 A. This infor-
mation explains the peak in REE uptake on Nd (i.r. 1.11 A)
observed in chloro-, fluoro and hydroxyapatites (Fleet et
al., 2000) and may also be useful to design compositions to
be used for toxic waste disposal. Along the apatite-britho-
lite join, the unit-cell volume does not show any simple
relation with <r> at the tetrahedral sites, whereas thereis a
clear sigmoidal relation with <r> at the REE sites. This
suggests that the response of the britholite structure to
changes in the intensive parameters may be different from
apatite, in which, however, the Ca2-Ca2 distance is the
most affected by P variations (Comodi et al., 2001).

Oberti R, Ottolini L, Della Ventura G & Parodi GC, Amer.
Mineral, 86, (2001).

Fleet ME, Liu X & PanY, Amer. Mineral, 85, 1437-1446,
(2000).

Comodi P, LiuY, Zanazzi PF & Montagnoli M, Phys. Chem.
Minerals, (2001).
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Trace-Element Incorporation in Titanite:
Constraints from Experimentally Deter mined
Solid/Liquid Partition Coefficients

Massimo Tiepolo (tiepolo@crystal .unipv.it)*,

Roberta Oberti (oberti@crystal.unipv.it)?,

Elio Cannillo® &

Riccardo Vannucci (vannucci @crystal.unipv.it)*

! Dipartimento di Scienze della Terra, Universita di Pavia,
via Ferrata 1, Pavia, Italy
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Titanite is acommon accessory mineral in many magmatic
and metamorphic rocks. Much attention has been paid to
the displacive phase transition occurring both as a function
of T and of composition (e.g., X,). However, systematic
studies on trace-element partitioning between titanite and
silicate liquids at different P, T and X conditions are rare,
and limited to few elements of petrological relevance (Nb,
Ta and REE). Reliable and representative sets of
titanite/liquid partition coefficients would alow under-
standing its effects on the trace-element signature of
magmas during fractional crystallisation and partial
melting processes; moreover, modelling of trace-element
incorporation as a function of the physical-chemical condi-
tions in titanite might help to identify possible uses for
technological materials or for radioactive-waste disposal.

Titanite crystals coexisting with silicate melts were synthe-
sised at upper-mantle conditions (T = 1000°C; P= 1.5 GPa)
from compositions around high-Ti lamprophyres, after
doping with a large number of trace element including
Large lon Lithophile (LIL), High Field Strength (HFS),
Rare Earth (RE) and selected transition elements. Major-
and trace-element compositions of titanite crystals and of
equilibrium glasses were determined by EMP and by Laser
Ablation ICP-MS, respectively.

The euhedral habitus of the crystals and the absence of
significant major-element zoning confirmed that the assem-
blages were at equilibrium, and thus allowed calculation of
solid/liquid partition coefficients. With the exception of
LILE (Rb, Ba, Cs), Pb and actinides (U, Th), all analysed
elements were found to be compatible in titanite. S/ILD
>10) were observed for Ta™" at the octahedral site and for
middle REE at the Ca site, showing a strong structural
control on the uptake of trace elements. These elements are
in fact most similar in ionic radius and charge to the major
constituents (Ti*" and Ca?", respectively). Trace elements
become progressively less compatible with increasing
differences in ionic radii. At similar ionic radii, incompati-
bility increases with the difference in ionic charge. At the
octahedral site, Ti*" and T&’* have nearly the same compat-
ibility, whereas V** is dlightly less compatible. At the Ca
site, the partition coefficients of MREE are about 2 times
lower than that of Ca These preliminary results indicate
that titanite may be a good repository of HFS, RE and tran-
sition elements, whereas it is not capable to incorporate
large amounts of U, Th and Pb.
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The Substitution of Al and F in Titanite at High
Pressure and Temperature

Peter Tropper (peter.tropper@uibk.ac.at)*,

Craig E. Manning? & Eric J. Essene®

* Ingtitute of Mineralogy and Petrography, University of
Innsbruck, Innrain 52, A-6020 Innsbruck, Austria

2 Department of Earth and Space Sciences, University of
Californiaat Los Angeles, Geology Building, 595 N.
Circle Drive, LosAngeles, CA 90095-1567, USA

3 Department of Geological Sciences, University of
Michigan, C.C. Little Building, Ann Arbor, M| 48109-
1063, USA

Experimental studies were carried out to evaluate phase
relations involving titanite-F-Al titanite solid solution in
the system CaSiO; - Al,SiO; - TiO, - CaF,. The experiments
were conducted at 900 - 1000°C and 1.1 - 4.0 GPa with
various proporations of anorthite, fluorite, titanite, kyanite,
quartz, and rutile. The F-Al content in the resultant titanite
ranged from 0.51 +0.02 to 0.91 +0.05 mole percent. The
average F/Al ratio is 1.01 +0.06, consistent with the substi-
tution [TiO*],[AIF*],. Titanite compositions and coex-
isting minerals in the experiments constrain the locations
the equilibria

Titanite + Kyanite + Fluorite = F-Al Titanite + Rutile
(TAFT)
and
Anorthite + Fluorite = F-Al Titanite
(AFT)
The TAFT assemblage is stable only at high pressure
(>1.5 GPa) at temperatures above 900°C, and XAl in titan-
itess of 0.46 - 0.60. The temperature and pressure depen-
dence of titanite composition in the TAFT assemblage is
minor at the conditions investigated. The AFT assemblage
is stable at low pressures (<2.0 GPa) and is stable over a
wide range of titanite compositions, pressure, and tempera-
ture. Analysis of the phase relations indicate that titanite
solid solutions coexisting with rutile are aways low in
XA, whereas the maximum XAl of titanite solid solution
occurs with fluorite and either anorthite or Al,SiOs. The
results of this study indicate that the F-Al substitution in
titanite depends on the nature and variance of the coexisting
assemblage.
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Apatite and Phosphorus Geochemistry of the
Granitic Rocks of the Western Carpathians

Igor Broska (geol bros@savba.sk)*,

Alexandre Aubin (etchouta@hotmail .com)? &

Patrik Konecny (konecny @gssr.sk)®

 Geological Ingtitute SAS, Dubravska cesta 9, 842 26
Bratislava, Slovak Republic

2 Unité d' enseignement en sciences de la terre, UQAC,
555 Blvd de I’ Université, Chicoutimi, QC G7H 2B1,
Canada

3 Geological Survey, Mlynska dolina 1, 817 04 Bratisava,
Slovak Republic

Character of apatites significantly contributed to the recent
granite typology of the Western Carpathians where the
granites are divided into (1) orogenic group comprises
Meso-Variscan (Late Devonian to Lower Carboniferous)
mainly S (less I-type) granites and Late-Variscan (Upper
Carboniferous) |-type tonalites to granodiorites and
(2) anorogenic group which is represented mainly by
specialised (rare-element) S-type granitesin Gemeric supe-
runit. The phosphorus geochemistry deeply reflects the
composition of the felsic magmas. The Meso-Variscan
crustal granites which have mostly the S-type affinity show
low correlation in the variation of SO, vs P,O5 and usually
there is atypica increasing of Pin the late differentiation
products. The monazite, xenotime and apatite control the
distribution of P in those melts together with the late K-
feldspars and alkali feldspars in their differentiated rocks.
The abite in the pegmatites (differentiated products) of
Meso-Variscan S-type granites contains 0.2 wt.% of P,Os
and K-feldspar locally up to 0.6 wt.% of P,Os. In these
genetic group of granites the black pigmented (dusky)
apatites are sometimes very common (90 vol.% of apatites
are dark). The normalized REE patterns show adistinct Eu-
negative anomaly with higher content of HREE -
(Ce(ppm)/Yb(ppm) = 257). On the other hand, the Late-
Variscan |-type granitoids show the fractionation of apatite
which isindicated by high correlation between SiO, and P.
Fractionation of precipitated apatite as an early magmatic
phase regularly decreases Pin the felsic melts. Apatite from
this point of view is the only accessory mineral phase
controlling the distribution of the phosphorus in the I-type
granites. The P, besides in early apatite, is in the I-type
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granites incorporated only to the late K-feldspars and the
contents of P,O; reacheslocally 0.2 wt%. The REE normal-
ized patterns in apatites is without Eu-negative anomaly.
The specialized rare metal Permian anorogenic S-type
granites show completely different relations. Their alkali
feldspars arericher in Pand only small amount of apatiteis
usualy present in these rocks. The albite of these
specialised granites contain 0.3 wt.% P,05 and K-feldspar
0.5 wt.% P,O; in average. Alteration of granites due to the
exsolution of the P and formation of new generation of tiny
gpatites in the alkali feldspars is observed. Apatite contain
maximum of fluorine regarding stoichiometry. The
C bearing granites and the Eu-negative anomaly found in
gpatite of granites with S-type affinity indicate the lower
fugacity of oxygen or water activity in comparison with |-
type granites. The apatite composition of S-type granites
indicate that the original melt contained in average 30%
more fluorine then I-type granites. The highest fluorine
content in the melt was found in Permian S-type granites
which contain F saturated apatites.
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Towards a Better Under standing of Rare Earth
Element Partition Coefficientsin Zircon

John M. Hanchar (jhanch@gwu.edu)?,

Robert J. Finch (finch@cmt.anl.gov)?,

E. Bruce Watson (watsoe@rpi.edu)® &

Paul W. O. Hoskin (papanui @xtra.co.nz)*

* Dept. of Earth & Env. Sci., The George Washington
Univ., 2029 G St., NW, Washington, DC, USA

2 Argonne National Laboratory, CMT/205, 9700 S. Cass
Ave,, Argonne, IL 60439, USA

% Dept. of Earth & Env. Sci., Rensselaer Polytechnic Inst.,
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“ Dept. of Geological Sciences, The Univ. of Canterbury,
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Over the past twenty years, there have been severa studies
concerning REE partitioning in zircon in geological
systems. As would be expected from crystal-chemical size
constraints, the results obtained from these studies revealed
that the Heavy REE (HREE) are more compatible than the
Light REE (LREE) in zircon. This is primarily a result of
the decrease in ionic radius of the *REE from Lato Lu as
they approach ionic radius of Zr in zircon. On a plot of
partition coefficients versus ionic radius, the general shape
of the REE partition coefficients in zircon, for al of the
previous studies, curve is convex upward, and there is a
flattening of the partition coefficient curve at the HREE end
of the curve.

A strain elasticity model was recently proposed (Blundy &
Wood, 1994) in which partition coefficients may be calcu-
lated for minerals by assuming that the primary constraint
on an element partitioning into a minera is the strain
caused by that element “fitting” into the site of interest. For
zircon, depending which known partition coefficient is
used in the model (e.g., Laor Lu), the model predicts that
either the LREE are much more incompatible in zircon, or
the HREE are much more compatible in zircon, than what
is observed in previous studies. One severe potential limi-
tation in applying this model to zircon, is that charge-
balancing of the trivalent REE in zircon (e.g., the xenotime
substitution Zr** + REE® Si** + P**) is not taken into account.

We have recently experimentally measured the extent of 3+
REE incorporation in synthetic zircon crystals, and deter-
mined the extent of the xenotime-type substitution. We
determined that, as expected, there is an increase in the
compatibility of the *REE from Lato Lu; however, strain
caused by P** substituting for Si** in the Si site eventually
exceeds strain caused by **REE substituting for Zr** in the
Zr site. Strain at the Si site caused by the small P ion
effectively limits the amount of REE®* that can be incorpo-
rated into zircon. This may explain the flattening of the
partition coefficient curve in the HREE region of the curve
in our results and in many of the previous studies, and the
lack of flattening of the HREE in the results obtained using
the strain elasticity model (Blundy & Wood, 1994). Thus,
P** required for charge balancing limits the amount of
REE® that can be incorporated in zircon. When evaluating
partition coefficients in zircon charge balancing of the
REE® for Zr* must be taken into account in order to better
understand the system.

Blundy J, & Wood, B, Nature, 372, 452-454, (1994).
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Diffusion in Zircon Under Crustal UHT
M etamor phic Conditions?
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Patrick J. O’Brien?, Allan K ennedy® &
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* Ingtitut. f. Geowissenschaften, Geologie, Universitét
Mainz, 55099 Mainz, Germany

2 Ingtitut. f. Geowissenschaften, Universitét Potsdam,
14415 Potsdam, Germany

% Dept. of Applied Physics, Curtin University, Bentley,
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Results of experimental studies on the diffusivity of trace
elementsin zircon (Lee et a, 1997; Cherniak et al. 19973,
b; Cherniak & Watson, in press) indicate that ultra high
temperature (UHT) crustal conditions affect zoning
patterns of trace elements. This may be evident from blur-
ring of back scatter electron and cathodoluminescence
images. The experimentally derived diffusivities suggest
that pure thermal diffusion may cause Pb-loss and disturb
U-Pb systematics under such UHT crustal conditions.
According to Cherniak & Watson (in press), 1000°C
maintained over 100.000 to one million years should cause
10-30% Pb-lossin zircon of 100 micron diameter.

Natural zircon from ultra-high temperature (UHT) gran-
ulites which has been subjected to high temperatures for
long time periods can provide a test for the experimentally
derived data. Our field-based study centres on the regional
metamorphic aureole of Rogaland, SW-Norway, where
metamorphic conditions vary aong a field gradient from
amphibolite facies (about 600°C) to UHT granulite facies
(>1000°C). Two pre-UHT and one UHT zircon age popula-
tion can be distinguished, however, each age population
occurs in the medium T as well as the UHT rocks, with no
tendency of Pb-loss in the UHT rocks. There is aso no
correlation between U-Pb discordance and distance from
grain rims. Metamorphic aswell as pre-metamorphic grains
preserve their age information and remain concordant
despite metamorphic temperatures in excess of 1000°C.
Our ion-microprobe results on UHT granulites from
Rogaland thus do not show evidence for diffusive Pb-loss
affecting the geochronological resultsin these rocks. Back-
scatter electron and cathodoluminescence images do not
indicate blurring or extinction of trace element zonation in
the most heated metamorphic rocks. Trace element profiles
measured with electron- and ion-microprobe across zones
with strongly contrasting concentrations are carried out to
back up the information gained from U-Pb dating and
imaging.

Thermally driven diffusion does thus not appear to be a
viable and important mechanism for the mobility of Pb in
natural, non-metamict zircon under even the most extreme
crustal conditions.

Cherniak DJ & Watson AB, Chemical Geology, (in press).

Cherniak DJ, Hanchar IM & Watson AB, Contrib. Mineral.
Petrol, 127, 383-390, (19974).

Cherniak DJ, Hanchar IM & Watson AB, Contrib. Mineral.
Petrol, 134, 289-301, (1997b).

Lee KW, Williams IS & Ellis DJ, Nature, 390, 159-162,
(1997).
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in Apatites and Zircons under Pressure,
Temperature and Stress
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Olivier Vidal (vida @ens.fr)?

* Laboratoire de Geophysique, Tectonique et
Sedimentologie, Universite Montpellier 2, Place
Eugene Bataillon,34095 Montpellier, France

2 |aboratoire de Geologie, Department TAO, Ecole
Normale Superieure, 24, rue Lhomond, 75005 Paris,
France

The physical behaviour of fission tracks in zircons and
gpatites is studied by imposing geologically relevant para-
meters such as pressure, temperatures, stress and fluid
supply experimentally on monocrystals of both mineral
phases. In afirst step, fluid confined externally heated hori-
zontal autoclaves are used for investigating the influence of
pressure, temperature, time, fluid supply and chemical
composition of the minerals on the physica behaviour of
the fission tracks. Wet experiments are performed at pres-
sures of 100 MPato 350 M Paand temperatures from 250°C
to 500°C for the zircon and from 100°C to 500°C for the
gpatite. The crystals are exposed to these conditions for
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time spans ranging from 140 hours to 500 hours. In a
second step, pressure, temperature, time and mineral
composition were investigated using an internally heated
gas confined autoclave at pressures of 600 MPa and
temperatures of up to 500°C for severa hundred hours. In
athird step, triaxial constant load deformation experiments
are performed at confining pressures of 300 MPa and
temperatures of up to 500°C on both types of crystal
phases. This alows us to study the influence of pressure,
temperature and stress on the fission track stability.
Microscopical observations of the experimentally induced
changes of the fission tracks are done on spontaneous
tracksusing TEM, SEM, optical microscopy and the micro-
probe.

The first PT experiments on apatites of various composi-
tions revealed that fission tracks are stable at temperatures
of 250°C without less than 5% fading when pressure of
300 MPa are applied for a time span of 160 hours.
According to this, fading was slightly stronger for the same
temperatures and the same time span at lower pressures
(100 MPa). Fading becomes nearly 40% for the same
temperatures at ambient pressure. This clearly demon-
strates that restoring radiation damagesin the crystal lattice
of gpatite is dependent on temperature and pressure (and
time) and not on temperature alone. We expect the same
results for the restoring of radiation damages in zircons.

The results of this study will contribute to the under-
standing (1) of the physical behaviour and the structure of
radiation damages in crystals and the mobility of Uranium
in crystalline/metamict structures and (2) to define diffu-
sional processes in crystalline structures as a function of
pressure. It will alow us (3) to redefine the stability field of
fission tracks in zircon and apatite (of given compositions)
as a function of pressure, temperature, time, stress and
supply of fluids. Both issues are important for any further
quantitative theoretical analysis of Uranium doping of
minerals as well as for the characterisation of exhumation
paths and the determination of the age of young particular
geological events (e.g. low grade shear zones) based on the
FT method.
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Structural Healing of a Radiation Damaged
Zircon Under High Pressure

Petra Simoncic (petra@kristall.erdw.ethz.ch)?,

Martin Kunz (kunz@kristall.erdw.ethz.ch)! &

Urs Schaltegger (urs.schaltegger@erdw.ethz.ch)?

* Laboratory of Crystallography, ETH Zurich, Switzerland

2 Ingtitute for Isotope Geochemistry and Mineral
Resources, ETH Zurich, Switzerland

Zircon is a common accessory mineral in igneous, meta-
morphic and sedimentary rocks. For earthsciences, this
mineral is of great importance because of its use for U-Th-
Pb age determination. The presence of uranium and
thorium, however, causes considerable radiation damage of
the crystal lattice through apha decay. This radiation
damage |eads to a progressive amorphization of the crystal
structure. It is therefore of great interest to learn about the
behavior of zircon under different pressure and temperature
conditions as a response to different geological environ-
ments. The sample of our study isazircon in an early stage
of metamictization (350 Ma, 500 to 900 ppm U). This can
be seen by the enlarged unit cell and the still sharp but less
intensive x-ray diffraction peaks (Murakami, 1991), indi-
cating only a minor part of the structure to be damaged.
Defects are thus presumed to be local without any coherent
amorphous regions.

The metamict zircon was investigated by powder synchro-
tron X-ray diffraction, which was performed at the SNBL
beamline of ESRF in Grenoble. Maximal pressure attained
during this experiment was 6 GPa. LeBail profile refine-
ments were applied to the diffraction pattern in order to
determine the unit cell parameters. As a comparison an
identical experiment was performed on a synthetic,
nonmetamict zircon.

The volume of the U-bearing zircon before the experiment
was determined as 265.24(9) A The decrease of the unit
cell for the U-bearing sample shows a conspicuous step-
wise collapse-behavior, with a very soft behavior a low
pressures and increasingly stiff ranges between the
collapse-regions. Therefore, no reasonable bulk modulus
can be calculated for the metamict zircon on the compres-
sive branch. During decompression, the increase of the
volume is continuous and returns to an ambient pressure
value of 264.41(8) A3, i.e. significantly smaller than the
starting value. The P-V curve on decompression can be

PCM6
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modeled with a Birch-Murnaghan equation of state with
values of K, = 244(1) GPa, V,, = 264.185(8) A®, K’ fixed at
the value of 6.5. These results are very similar compared to
the values of the synthetic zircon (V, = 261.16(4) A3,
Ko = 236(1) GPa)

Weber (1990) reports the annealing of radiation defects in
zircon over geologic times under ambient conditions. We
interpret the stepwise compression behavior and the
volume decrease after acompression experiment as an indi-
cation for apartial healing of defectsin the zircon structure.
This indicates that the application of pressure may provide
the necessary activation energy to accelerate a healing of
structural defects in low metamict zircons. These results
may have implications for the behavior of a zircon stored
under lower crustal conditions over geological times, asthe
diffusity of lead is governed by the presence of defectsin
the crystal lattice.

Murakami T, Chakoumakos B, Ewing EC, Am. Mineral, 76,
1510-1532, (1991).
Weber WJ, J. Mater. Res, 5, 2687-2697, (1990).
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Control of Substitution on Apatite Fission Track
Annealing

Jocelyn Barbarand (j.barbarand@ucl .ac.uk),

Andy Carter & Anthony J. Hurford

Department of geological sciences, University College
London, Gower street - London, WC1E 6BT, United
kingdom

Apatite fission track thermochronology is a valuable tool
used by geologists to constrain low-temperature thermal
histories. Apatite (Cay(PO,)s(FCl,OH) fission track (FT)
annealing corresponds to the progressive shortening of 2°U
derived fission fragments. Whilst temperature and time
have afirst order control on annealing, other factors such as
crystallographic orientation and apatite composition can
aso have an influence. Crystallographic variation is
reduced by measuring tracks only on prismatic sections. At
present our understanding of the compositional-based
effects is incomplete. The role of anion substitution has
been well documented: tracks present in chlorapatite are
more resistant to annealing than those in fluorapatite
(Green et d., 1986). However, ClI/F control does not
explain al of the observed variation. Attempts to define the
role of substitution into the calcium site on FT annealing
have so far been unsuccessful (Carlson et a., 1999).

We reassess the role of chlorine and fluorine on FT
annealing and consider other P- or Ca-substitutions. New
laboratory isothermal annealing experiments (10-, 100-,
500- and 1000-hours), have been undertaken using 13
apatite samples of different origin and composition.
Electron microprobe and ICP-MS as well as X-ray diffrac-
tometry have been used to characterise each apatite sample.
Induced horizontal confined track lengths are used to
monitor fission track annealing with each sample being
measured by several analysts.

Cl substitution is associated with greatest resistance to FT
annealing, but the relationship between Cl content and level
of annealing is not linear: apatites with 0.4-0.6 Cl atom per
formula unit (apfu) show longer tracks than apatites with a
Cl content of > 1 apfu. For fluorapatite, samples show a
large range in response to annealing ; for example, using
the same annealing conditions, mean confined tracks
lengths can range between 0 and 10 pm. The different
controls on fission track annealing will be discussed.

Carlson WD, Donelick RA & Ketcham RA, Am. Mineral.,
84, 1213-1223, (1999).

Green PF, Duddy IR, Gleadow AJW, Tingate PR & Ladlett
GM, Chem. Geol. (Isot. Geosci. Sect.), 59, 237-253,
(1986).
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We investigated zircons from a HP/LT-metamorphic
terrane, combined imaging, mineral chemical and isotopic
analysis and obtained new information on how zircon can
respond to metamorphism.

Complex zircon populations were separated from meta-
acidic rocks [jd+patqtz] prevailingly, which have under-
gone Alpine HP/LT-conditions (ca. 500°C / 15 kbar). In
addition to euhedral, clear pristine zircons, turbid inclu-
sion-packed grains of the same simple medium- to short-
prismatic morphological type and skeletal zircons were
examined from the same samples. Imaging (SE, BSE, CL)
often reveals corrosive pits or channels intruding from the
grain surface accompanied by various degrees of internal
alteration. Pristine zircon grains often show pronounced or
weak oscillatory zoning paralel to crystal faces. This
pattern gives way to irregularly curved atered patches,
which are characteristically rich in xenotime and fluid
inclusions. EMPA elemental mapping was carried out on
individual zircon grains that contain both relict and altered
domains. These measurements reveal that trace elements,
except Hf, which substitute in the crystal lattice of zircon
are redistributed. Particularly, P Y, REE and Th are
enriched in relict zircon-1 but low in zircon-2, where these
elements are now stored in (Y, REE, Th)-phosphate phases
instead. U-Pb-ages and Th/U-ratios were determined using
SHRIMP. In samples from Grizzas locality e.g., pristine
zircons and relict domainsyield Cretaceous age (ca. 80 Ma,
medium-high Th/U). Several younger spots (ca. 70-55 Ma,
variable Th/U) may be geologically meaningless, resulting
from incomplete resetting or sampling multiple domains
within a single analysis spot. However, a cluster with low
Th/U-ratios (< 0.1) formsawell defined group at 53 +1 Ma.
This age agrees with both, an Ar-Ar-paragonite step heating
age of 52 +1 Ma from the same rock and the established
regiona white mica age pattern. Additionally, zircon and
paragonite indicate another event at < 30 Ma. It istherefore
possible to correlate the formation of metamorphic zircon
with the petrologica evolution of the rock, pointing to the
importance of fluid-driven recrystallization towards the end
of Eocene HP/LT-metamorphism. Recrystalization via
solution-precipitation provides a fast and effective mecha
nism and is consistent with the observed zircon character-
istics, eventually resulting in complete “pseudomorphic”
replacement of preexisting zircon-1 by the inclusion-
packed grains of zircon-2. Due to the short time span
between primary zircon formation and recrystallization,
radiation-damage seems unlikely to be the main controlling
factor. The total a-doses calculated from most enriched
relicts are D < 0.1[*10"a-decays/mg], insufficient to
reduce the zircon to metamict state. The physicochemical
environment or trace element content plays a more impor-
tant role for the zircon recrystallization process. Zircon-1
corresponds to Cretaceous zircons from Syros which have
previously been interpreted as metamorphic (Brocker &
Enders 1999); this seems supported by Lu-Hf whole rock
ages (Lagos et al. 2001).

Brocker M & Enders M, Geol.Mag., 136, 111-118, (1999).

Lagos M, Minker, C, Tomaschek F & Balhaus C, this
volume, (2001).
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Mineralogie, Technische Universitét Graz,
Rechbauerstral3e 12, A-8010 Graz, Austria

Monazite, ideally CePO,, is a wide-spread accessory
mineral in igneous, metamorphic and sedimentary rocks. It
is highly stable during weathering and aso often during
metamorphism up to granulite facies conditions and
migmatization. The stability of monazite during metamor-
phism, however, appears to depend on rock type and asso-
ciated fluids. Monazite grows in pelitic rocks from ca.
450°C onwards, whereas in metamorphosed granitoids,
primary magmatic monazite can be partly or totally
replaced by apatite, allanite and epidote at the same meta-
morphic conditions (Finger et a., 1998). This kind of
monazite alteration requires addition of Ca through
metamorphic fluids.

A different type of fluid-assisted monazite replacement is
observed in ateration zones adjacent to Permo-Triassic
hydrothermal lazulite(MgAl,(PO,),(OH),)-quartz veins in
polymetamorphic metapelites and metapsammites of the
Lower Austroapine Grobgneis complex, Styria, Austria
(Bernhard et al., 1998). The alteration zones are composed
of quartz, muscovite, Mg-rich chlorite (XMg = 0.70-0.85),
rarely kyanite and chloritoid, apatite, zircon, rutile, xeno-
time and monazite/florencite. Preliminary mass-balance
calculations for an alteration zone in quartzitic mica schists
at Hollkogel indicate a significant loss of Fe, Mn, Naand a
ca. three-fold enrichment of Mg, based on the assumption
of Ti- and Zr-immobility during hydrothermal alteration.

In the proximal parts of the alterations zones (0 to ca. 0.5m
away from the veins), primary metamorphic monazite is
largely replaced by florencite, ideally CeAl;(PO,),(OH).
Up to 0.2 mm large, anhedral to subhedra florencite crys-
tals typically enclose several up to 0.03 mm large relics of
primary, corroded monazites. A significant fractionation of
REE between monazite and florencite is not observed.
Assuming constant REE, addition of Al, P and H,0 is
necessary for the transformation of monazite to florencite.
This would result in a ca three-fold volume increase
compared to the precursor monazite. Aluminum and P are
major elements of lazulite-quartz veins, and breakdown of
monazite to florencite in the ateration zones can be most
probably related to the hydrothermal fluids associated with
vein formation. This interpretation is supported by the
occurrence of accessory florencite as the sole LREE-
bearing minera in the lazulite-quartz veins itself,
suggesting instability of monazite, and stability of
florencite, in the vein-forming fluids.

Distal parts of the ateration zones (> 0.5 m away from the
veins) are enriched in Mg, but lack the replacement of
monazite by florencite. Unaltered metapelitic country rocks
contain monazite with ages between 340 and 250 Ma,
belonging to a Variscan amphibolite facies and Permian
HT-LP event (Bernhard et a., 2000). This monazites are
usually fresh or can be partly replaced by apatite and REE-
bearing epidote. This replacement can be related to the Eo-
Alpine greenschist to lower amphibolite facies
metamorphic overprint of the area.

Finger F, Broskal, RobertsMP& Schermaier A, AmMin, 83,
248-258, (1998).

Bernhard F, Schitter F & Finger F, Mitt naturwiss Ver
Seiermark, 128, 43-56, (1998).

Bernhard F, Finger F & Schitter F, Abstr Vol 31st IGC, (2000).
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® Swedish Museum of Natural History, SE 104 05
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The Proterozoic Lindds Nappe is situated in the
Caledonides of W Norway. It was affected by penetrative
Sveconorwegian granulite-facies metamorphism, followed
by a fluid-driven eclogite- and amphibolite-facies
Caledonian overprint. This overprint is spatialy restricted
aong fractures and shear zones. In mafic granulites and
amphibolites, a luminescent anhedra zircon overgrowth
which gives an average age of 924 +58 Ma (Th/U = 0.52;
SIMS data) surrounds a magmatic zoned core with an age
of 952 +32 Ma (Th/U = 1.27). In the granulites, a contin-
uous rim of zircon or a discontinuous corona of ca. 10 pm
rounded to flat zircon crystals is observed at the outer
margin of ilmenite grains. Baddeleyite (ZrO,) and srilankite
(Ti,ZrOg) blebs are reported around ilmenite included in
feldspar or pyroxene. Baddeleyite isinterpreted as an exso-
lution product from magmatic ilmenite. Srilankite was
formed as a reaction product between ilmenite and badde-
leyite during granulite-facies metamorphism in silica defi-
cient subsystems. The zircon corona around ilmenite and
the luminescent zircon overgrowth were aso formed as a
reaction product during granulite-facies metamorphism
where silica was available at grain boundaries. Textures
suggest that magmatic ilmenite was a main source of Zr to
form metamorphic zircon. LA-ICP-MS analyses of
ilmenite are in progress to test this hypothesis. In massive
amphibolites, relic ilmenite grains are surrounded by a
corona of titanite and a discontinuous corona of micro-
zircons. Amphibolite-facies overprint is not associated with
any significant growth or dissolution of zircon. An
unsheared eclogite displays a zircon population with an
euhedral oscillatory zoned overgrowth giving an age of 455
+29 Ma (Th/U lower than 0.13). A corona of micro-zircon
grains is observed at some distance around rutile, and
locally these zircons show a prismatic overgrowth. A
specific low-Th zircon growth event is related to eclogite-
facies forming reactions, involving breakdown of a two-
pyroxene + garnet + plagioclase + ilmenite assemblage to
form a garnet + omphacite + rutile assemblage in the pres-
ence of afluid. The low Th content of this zircon probably
stems from the coeval precipitation of clinozoisite. This
oscillatory zoned zircon records fluid infiltration and
coeval Caledonian eclogitization in the crust.
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Sedimentary phosphates contain 50 to 200 ppm of uranium
in partial radioactive equilibrium and therefore are radon
emanation sources . These contain 60 to 80% of gpatite
(Berrada et al., 1995 and Boujrhal et al., 1999), the actual
nature of which not yet well inderstood. The aim of this
study is to examine the parameters which influence the
radon diffusion processes and the contribution of the
microstructure to the apatite retention properties. We have
paid a specia attention to the influence of thermal
annealing on radon retention. The emanating effeciency has
been examined before and after heating at temperatures
comprised between 100 and 900°C, for two hours. The
radon content was determined by gammarray spectrometry
(Berrada et al., 1995). As defined in our recent studies
(Boujrhal et a., 1999 and 2000), the heat treatment has
been involved: 1) in ashort term to the release of the radon

existing prior sample heating, 2) in along term to the reten-
tion of the radon formed after heating. The structure of
gpatite and texture of phosphate have been studied by X-ray
diffraction (Rietveld structure refinement and diffraction
peak profile analysis) and transmission electron micro-
scope (TEM). The form and the size (MCD) of apatite crys-
tals measured by MET were in close agreement with data
of coherent domain derived from X-ray diffraction
analysis. This study confirms the relation beetwen the
radon release and retention and the microstructure of the
gpatite. Indeed, the radon release is related to the associated
annealing processes and kinetic of crystalline growing,
whereas the radon retention is only related to the texture
(specific area). During annealing, the specific surface
decreases as crystal size increases, which explains the
observed radon release. According to this understanding,
the second effect of heat treatment is a consequence of the
first one.

Boujrhal FZ, Berrada M, Cherkaoui ElI Mourdi R,
Phosphorus Research Bulletin, 10, 274-282, (1999).

Berrada M, Boujrha FZ, couchot P Mercier R, Chambaudet
A, Science Reviews, 335-358, (1995).

BerradaM, Boujrha FZ, Choukri A, El Khoukhi T, Iragi MR,
Mém. Exp. Cartes Géologiques et Minieres de la
Belgique, 32, 253-258, (1992).
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Apatites form alarge family of isomorphous minerals with
the general formulaMey(XO,)sY , that generally crystallize
in the hexagonal system (spatial symetry group P6 4,,). The
most encountered natural apatite is the phospho-calcic fluo-
rapatite, however, this stoechiometry is not able to incorpo-
rate significant amount of cationic doppant. As a matter of
fact, and based on natura analogy, britholites (silicated
gpatites) have been identified to be potential host phases
(Carpéna et Lacout, 1997). Various apatites (natural and
synthetic) have been studied to test different substitutions:
- substitutions on the Y anion site : F, CI', OH", O,

- substitutions on the (XO,) anionic groupment: the
complete solid solution between the full-phosphated apatite
and the full-silicated apatite,

- substitutions on the Me cationic site: La, Nd, Eu, Gd, U,
CsTo investigate the apatitic structure behaviour in theaim
of High Level Wastes immobilization, a pluridisciplinary
study has been performed (Carpéna, 1998; Boyer et a.,
2000; Senamaud et al., 1999 ; Soulet et al., 2000 ; Meis et
al., 2000) displaying now:

- the cristallo-chemistry of the different britholites,

- the effect of the different substitutions on the thermal
annealing of amorphized zones,

- the effect of substitutions on the balance between creation
and annealing of damages in the structure,

- acomputational study of the structure. The different data
obtained give agood approach of the different substitutions
which alow to obtain a stable material. Our study let us to
valid the stoechiometry which, in natura analogs, had
demonstrated its stability. The study is going on.

CarpénaJ,, Lacout JL., L'Act. Chim. R, 2, 3-9, (1997).

Carpéna J., Advances in Fission Track Geochronology, P.Van
den Haute et F.de Corte (Eds), Kluwer Academic Press,
81-92, (1998).

Boyer L., Firiou B., Carpéna J., Lacout JL.,, J.of Alloys and
Compounds, 311, 143-152, (2000).

Senamaud N, Bernache-Assollant D, Carpéna J, Fiain M,
Phosphorus Research Bull, 10, 353-358, (1999).

Soulet S, Chaumont J, Krupa JC, Carpéna J, J. of Nuclear
Materials, in press, (2000).

Meis C, Gae JD, Boyer L, Carpéna J, Gosset D, J. of
Physical Chemistry, A104, 5380-5387, (2000).
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In order to obtain more concordant U-Pb ages, zircon
grains usually are abraded using the Krogh method (1982)
or are leached stepwise in HF-acid, before complete diges-
tion. For zircon grains with a complex internal hetero-
geneity, e.g. irregular metamict domains, the chemical
method should be a better way to achieve this am (eg.
Mattinson, 1994). But, an artificial U-Pb fractionation
causing reverse discordance and/or artificial too-high
207Ph/2%Ph ratios have been reported after chemical treat-
ment (e.g. Corfu, 2000). Of interest in the behaviours of Pb
and U of chemically and structurally homogenous zircons
during the extraction by the stepwise leach method, zircons
from the Palaborwa complex, South Africa, and from
Kuehl Lake, Canada, are leached in HF-acid to read the
information.

Fragments of the Palaborwa zircon have been well dated at
2052 Ma by the evaporation method (e.g. Kroner &
Willner, 1998). U-Pb dating on one fragment without any
treatment yield discordant ages of 1961+2 Ma (**Pb/*U)
and 2006+2 Ma (*"Pb/*°U). After leached with HF-acid at
different temperatures and different pressures, residue of
another fragment yield obviously older but highly concor-
dant ages of ca. 2068+2 Ma. About 23% of total radiogenic
Pb and 24.5% of total U were extracted in the four leach
steps. At the first leach step, 11% of Pb but only 7% of U
were extracted and so a reverse discordance is yielded.
Solutions of three successive leach steps give discordant
ages in different degrees and have higher radiogenic
28Pp/?Pp ratios than the zircon residue.

Two fragments of the Kuehl Lake zircon were evaporated
and dated at 1063+2 Ma and other two fragments without
chemical treatment yield nearly concordant U-Pb ages of
1066+2 Ma. The results agree with the reported U-Pb ages
of 1065 Ma (Wiedenbeck et a., 1995). Three fragments
were leached in HF-acid by employing the same procedure
above. Only 1% of the total radiogenic Pb was extracted by
the leach steps. But, the zircon residues yield more discor-
dant and older ®’Pb/*®Pb ages (1072t1, 1079+2, and
1082+1 Ma), indicating artificial 2"Pb/*Pb ratios, as no
inherited core has been detected.

Corfu, Lithos, 53, 279-291, (2000).

Krogh, Geochim Cosmochim Acta, 46, 637-649, (1982).

Kroner & Willner, Contrib Mineral Petrol, 132, 1-20, (1998).

Mattinson, Contrib Mineral Petrol, 116, 117-129, (1994).

Wiedenbeck et a., Geostandards Newdetter, 19, 1-23,
(1995).
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Understanding the mobility, complexation, and transport of
elements (e.g., light and/or RE) that are commonly used as
petrogenetic indicators is still a challenge in mineralogy
and geochemistry. Recent studies (e.g., Oberti et al. 1999;
Della Ventura et a. 1999) done combining X-ray single-
crysta diffraction, micro-analytical (electron microprobe
for medium-Z and ion microprobe for light- and heavy-Z
elements) analyses, high-resolution electron (SEM and
BSE, TEM) microscopy, and spectroscopic (IR) tech-
niques, showed that several igneous (volcanic and sub-
volcanic) rocks contain dispersed REE- and
actinides-bearing accessory phases with size at the micron

PCM6
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or sub-micron scale. Some of these phases possibly origi-
nated from late-stage fluids linked to residual magmas and
enriched in incompatible elements. However, other phases
can be related to late-to-post-magmatic processes, such as
the assimilation of country rocks. These mineralisations
can be easily overlooked using standard petrographic tech-
niques. An important consequence is that great care should
be exerted when using bulk-rock trace-element data for
geochemical modelling.

Here we present two examples of such mineralisations. One
is from a syenitic volcanic gectum from Latium (Itay),
which contains several accessory phases including zircon,
fluoro-apatite and britholite, and REE- and actinides-
bearing silicophosphates with compositions close to cher-
alite-brabantite plus bastnasite. The rare borosilicate
hellandite is also present, and is typically associated with
britholite; SEM-BSE observations suggest that it originated
from britholite after reaction with boron-rich late-stage
fluids. Accurate SIMS and SEM-BSE investigations
showed that most hellandite crystals are very strongly
zoned in (Li, Be) vs. (REE, actinides) contents.

The second example is from a pegmatitic rock-fragment
from the Evans-Lou quarry (Quebec, Canada) that contains
fergusonite, kainosite, tengerite, xenotime, wakefieldite
and hellandite. Detailed SEM-BSE and SIMS data show
that late-stage fractures crossing the specimen are filled by
micro-crystals of an Y-silicate with extreme inter- and intra-
crystalline zoning of REE and actinide contents. An high
amount of B, corresponding to hellandite-composition, was
found in a microarea of the same thin section that also
contains dispersed and small (50-100 pum) crystals with
high relief. EMP and SIMS microanalyses indicate that this
latter phase is an hydrous silicate extremely enriched in
actinides (ThO, + UO, summing up to > 57 wt%) and REE
(Y0, + REE,O; Up to > 16 wt%), and depleted in CaO
(~ 1 wt%). Special SIMS procedures were developed with
the scope of complete quantification, and the excellent
agreement between ion- and electron-probe data (where
possible) provides another example of the extreme flexi-
bility of SIMS for the analysis of trace, minor and even
major elements in chemicaly complex matrixes. The
composition of this minera is definitely unusua when
compared to those of the (Th, Y)-silicates known so far.

Della Ventura G, Williams TC, Cabella R, Oberti R, Caprilli
E & BellatrecciaF, Eur. J. Mineral., 11, 843-855
Oberti R, Ottolini L, Camara F & Della Ventura G, Am.

Mineral., 84, 913-921

PCM6 : WEp007 : PO
Hydrothermal Alteration of Accessoriesin
Carbonatites from the Kola Carbonatite
Province, NE Russia

Ruslan Liferovich (rlife@mail.ru)?,

Elena Balaganskaya

(balagan@geo.kolasc.net.ru)?,

K auko L aajoki (kauko.lagjoki @oulu.fi)? &

Seppo Gehor (seppo.gehor@oul u.fi)?

! Geological Ingtitute of KSC RAS, 14 Fersmana Street,
Apatity, 184200 Russia

2 |ngtitute of Geosciences, Oulu University, PL-3000,
90014, Oulu, Finland

High-temperature alterations touched big volumes of
carbonatites and phoscorites occuring within akaline-ultra:
mafic massifs of Kola carbonatite province and caused both
in-situ replacement of major silicates and |ate generations of
accessories. Loca tectonism coupled with circulation of
alkaline carbohydrotherms [1, 2, 4] affected mostly late
carbonatitesintruded along faults. Theintensity of ateration
is higher in those rocks showing more cataclasis. Minor and
accessory pyrrhotite, fluorapatite, zircon, baddeleyite and
pyrochlore were being atered with solutions. Under
moderate fluid:rock ratio minerals were being replaced or
corroded, under the fluid-abundant conditions pyrrhotite,
burbankite, probably fluorapatite were leached |eaving cavi-
ties. The fissures and vugs in the late carbonatites bear the
latest mineral assemblages composed of the elements
released from altered accessories. Composition of pseudo-
morph after pyrrhotite in atered carbonatites depended on
chemistry of solutions employed: pyrite formed under high
log fH,S, magnetite under high O, fugacity (the Kovdor,
Vuorijarvi, Salmagora massifs), hydrous Fe-phosphates
under P oversaturation (Kovdor), chlorite (everywhere).
Siderite, crystallised under the same alterations in Khibina
[4], was not formed in Kovdor, Vuorijarvi and Seblyavr
indicating low CO, fugacity. It shows that temperature of
the hydrotherms was below 270°C, which is the point of
degassing of carbonatite-derived fluid [1]. Primary fluorap-

atite was corroded and replaced for carbonate-hydroxylap-
atite, which contains 2-2.5 wt% less P,O;. In the Kovdor,
intense apatite alteration was probably the reason for over-
saturation of solutionswith Presulted in hydrothermal phos-
phate mineralization in vuggy carbonatites. Alteration of
zircon took place in the carbonatites from Kovdor, where
both intensive zircon dissolution or baddeleyite pseudo-
morphs after zircon appeared that agrees with experiments
by Rizvanova et a. [3]. Moreover, baddeleyite as well as
pyrochlore were corroded aso (Kovdor, Vuorijarvi, and
Seblyavr). The realised Zr formed in vugs catapleiite,
N&a,ZrSi;0y-2H,0 which, in turn, was replaced with
unknown Zr-hydrophosphate in Kovdor; in Vuorijarvi were
also crystalized: komkovite (BaZrSi;O4-3H,0), hilairite
(N&a,ZrSi;04-3H,0), georgechaoite (KNaZrSi;0,-2H,0) and
gaidonnayite (NayZrSi;O,-2H,0). The hydrothermally
mobilised Nb formed in altered carbonatites from Vuorijarvi
and Seblyavr belkovite (BaNbg(Si,0,),0,,), hochelagaite
(ANb,O,,-8H,0, where A=Ca, Na or Mg); nenadkevichite
and labuntsovite series minerals were aso formed in
Kovdor and Vuorijarvi. Abundant ancylite-(Ce) pseudo-
morphs after burbankite in altered carbonatites from
Vuorijarvi and Seblyavr had been formed under REE low
mobility, contrary to removal of REE under hydrothermal
alteration of accessory fluorapatite in Kovdor’s carbon-
atites. Hydrothermal alterations of accessories resulted in
late mineralization of Zr and Nb related to atered carbon-
atites. Unstability of the accessories under influence of
carbonatite-derived akaline carbohydrotherms can be
responsible for misleading with zircon- and baddeleyite-
based geochronology of the phoscorites-carbonatites and
host alkaline rocks.

Bulakh AG & Ivanikov VV, Problems of Mineralogy and
Petrology of Carbonatites, (1984).

Bulakh AG, Le Bas MJ, Wal F & Zatsev AN,
N.Jo.Miner.Mh., 4, 171-192, (1998).

Rizvanova NG, Levchenkov OA, Belous AE, Bezmen NI,
Maslenikov AV, Komarov AN, Makeev AF & Levsky
LK, Contrib. Miner. Petrol, 139, 101-114, (2000).

Zaitsev AN, Sinay YuM, Shahmuradyan AR & Lepekhina
EN, Proceed. RMS 4, 110-119, (1998).

PCM6 : WEp008 : PO
Crystal Chemistry of Brabantites-Monazite
Solid-Solutions

Jean-Marc Montel (montel @cict.fr)* &

Jean-L uc Devidal (devidal @opgc.univ-bpcler-

mont .fr)?

*LMTG Minéralogie, 39 allées J. Guesde, 31000
Toulouse, France

2LMYV, 5 rue Kessler, 63000 Clermont-Fd, France

The brabantite substitution (Ce?* + Th* = 2 REE) isaway to
introduce actinides in the monazite structure. We systemati-
caly studied the possible substitutions in brabantite
CaTh(PO,),. Synthesiswere carried out by dry synthesisat 1
atm., flux-assisted crystallisation at 1 atm., and hydrothermal
techniques a 2 kbar. The products were characterised by
microprobe and XRD. The results can be summarised as
follow. (1) CaTh(PO,),, SITh(PO,),, PbTh(PO,),, aways
yielded a typical monazite structure. CdTh(PO,), and
BaTh(PO,), can aso take the monazite structure. The evolu-
tion of unit-cell parameters of brabantites with the ionic
radius of cations is very regular and mimics the evolution
known for the REEPO, series (2) Cd-brabantite can be
obtained only at 1 atm. Under pressure, a triclinic, dightly
distorted polymorph is obtained (3) Babrabantite was
obtained only hydrothermally at 2 kbar. At 1 am. a mono-
clinic polymorph with an approximately doubled unit-cell
volume s obtained.(4) Attempts to replace Ca by Ni and Co,
or Th by Hf and Zr have been unsuccessful.(5)At 1 atm. the
LaPO,-brabantite solid solutions are continuous for the Ca,
Sr, Cd and Pb. (6) In the Ba-brabantite-LaPO, solid solution
there is a miscibility gap with about a maximum of 50%
mole of Ba-Brabantite in LaPO,. The presence of such an
immiscibility gap indicates that the Ba-Brabantite-LaPO,
solid solution is non-ideal. (7) The non-linear evolution of
the unit-cell parameters with progressive substitution
suggests that the LaPO,-PbTh(PO,), is non-idedl. On the
contrary, the unit-cell parameters of other brabantite-LaPO,
solid solutions vary linearly with the degree of substitution.
Monazite seems then to be avery soft structure, accepting in
significant amounts ions with variable size and variable
charge. As a consequence, we could expect natural monazite
to contain a significant amount of Ba and Sr, and this could
be used to determine the Sr isotopic ratios of monazite. We
can aso understand why monazite can accept very large
amounts of radiogenic Pb, up to few weight percent for very
old and very radioactive monazite.

680

PCM6 : WEp009 : PO
Zircon Trace Element Chemistry by
LA-ICP-MS: A Monitor for the
Magmatic-to-Hydrothermal Evolution of a
Crystallizing Pluton?

Thomas Pettke (pettke@erdw.ethz.ch)l,

Andreas Audetat (geomail2@vt.edu)?,

Urs Schaltegger (schaltegger@erdw.ethz.ch)! &

Christoph A. Heinrich (heinrich@erdw.ethz.ch)*

* | sotope Geochemistry and Min. Resources, ETH
Zentrum NO, CH-8092 Zurich, Switzerland

2 Dept. Geol. Sci., Virginia Tech, Blackburg, VA-24061,
USA

Zircon is most widely used for U-Pb dating of magmatic
events, yet little is known about its minor to ultra-trace
element chemistry, from magmatic to possibly
hydrothermal stages of crystallization. Moreover, zircon is
commonly argued to be resistant to post-crystallization
overprint. The Sn-W mineralized Mole Granite in Eastern
Austraia hosts zircon populations that seem to have grown
at several stages during its magmatic to hydrothermal
evolution that is recorded over 2.5 Myrs by U-Pb system-
atics on zircon, monazite and xenotime (Schaltegger et al.,
2001).

LA-ICP-MS analysis of major to trace elements revealed
systematic differences between magmatic zircon in quartz
phenocrysts, possible hydrothermal overgrowths in altered
rock units, and zircon in free-grown quartz crystals from
hydrothermal veins. All zircons are enriched in HREE up to
80000-times chondritic concentration and show a
pronounced negative Eu anomaly. Magmatic zircon from
unaltered rocks is characterized by fairly uniform trace
metal contents that tend to decrease from core to rim, and
by relatively high concentrations of Y, Fe and Mn.
Chondrite-normalized REE patterns show Yb>Lu.
Supposedly magmatic zircon affected by hydrothermal
overprinting (occurring in ateration envelopes around
hydrothermal veins) display a strong optical and chemical
zonation. Virtually flat LREE sections (100-1000 times
chondritic) and HREE enrichments (10000-40000 times
chondritic), together with elevated Fe and Zr, and reduced
Y, U and Hf contents are characteristic of core sections,
whereas rims contain overall lower LREE contents with a
variably pronounced, positive Ce anomaly. Zircon crystals
within free-grown hydrothermal quartz are poor in Y, Fe
and Mn, and show variable concentrations of trace
elements. Chondrite-normalized REE patterns are HREE-
enriched (<25000 times chondritic), show the typical nega-
tive Eu anomaly and are characterized by low La
abundances (1 to 10 times chondritic). A progressively
pronounced positive Ce anomaly is developed with
decreasing absolute L REE content towards the rim of indi-
vidual crystals.

The systematic changes in trace element contents and REE-
patterns of zircon from various crystallization stages are
tentatively interpreted to reflect chemical changes in the
melt-fluid system during and after the crystallization of the
Mole Granite. The oldest generation of zircon probably
crystallized from fluid-undersaturated melts. Progressive
fractional crystallization led to the exsolution of Cl-rich
fluids, which resulted in major changes of the trace-element
distribution in the system. Zircon as inclusions in free-
grown hydrothermal quartz is chemicaly distinct from
magmatic zircon, as are the rims of zircons from hydrother-
mally altered rocks. Our data suggest that zircon cannot be
regarded as a closed system during hydrothermal overprint,
and possibly may even crystallize from hydrothermal solu-
tions. Clearly, the minor to ultra-trace element chemistry of
Zr holds a great potential to distinguish magmatic from
hydrothermal processes, once a more complete chemical
characterization of such zircon populations becomes avail-
able.

Schaltegger et al., J. Conf. Abs., 6, (2001).
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Allanite is with monazite one of the main mineral hosts for
REE in the continental crust and it has been shown to be a
suitable mineral for Th-Pb magmatic geochronology (Barth
et a., 1994). It isaso well known that this minera is prone
to metamictization and not very resistant to ateration
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(e.g., Ghent, 1972; Wood & Ricketts, 2000). We thus
explored further the alteration mechanisms of this mineral,
amonoclinic silicate of the epidote group with the general
formula

(Ca,CeLaNd, Th),(F*,Fe*,Ti)(Al,Fe*),(Si0,),(OH),
as well as the resulting behaviour of the lanthanides,
actinides and Pb.

Variously atered allanites from granodiorite (Pila-Canale)
and hypersolvus aluminous granite (Mantelluccio) outcrop-
ping in Corsica (SE France) were studied. Observations by
BSE-SEM revealed that ateration take mostly place aong
fractures penetrating the crystals, but certain alanite chem-
ical compositions seem much more alterable than others
within a given crystal. Electron microprobe analyses
showed that two main alteration mechanisms occur in the
mineral studied. In the alanites from the hypersolvus a umi-
nous granite, alteration can be described by the substitution
leading toward the epidote composition. In contrast, alter-
ation of the granodioritic alanites are best represented by
the chemical exchangeAI** + C&* + SREE* + Mg? -> Ti**
+ Th™ + Fe*, resulting in an overfilling of the M site with
respect to the A site. This gpparent structural discrepancy
can be resolved if some of the iron goes in the rare earths
crystallographic site (A) of alanite, or if crystallization of
nanophases, structurally different from alanite and not
visible by SEM occur.

Analyses by LA-ICP-MS show that these two ateration
mechanisms are accompanied by contrasted REE behaviour.
Whereas alteration in the granodioritic alanite resultsin the
leaching of most rare earths, the alteration found in alanites
from the hypersolvus aluminous granite are characterised by
leaching of the middle rare earths and strong enrichment of
HREE. This latter enrichment is compatible with the reduc-
tion of the lanthanide crystallographic site occurring during
alanite to epidote transformation (Kumskova & Khvostova,
1964), as well as with the occurrence of HREE-rich fluids
inferred from a Sm-Nd isotope study previously carried out
at the mineral scale on the Mantelluccio granite (Poitrasson
et a., 1998). Nevertheless, the volumes of allanite affected
indicate that these fluids with an exotic elemental and
isotopic REE composition did not affected significantly the
isotopic signatures of the bulk alanites and of the whole-
rocks, in agreement with our previous isotopic investiga-
tions. Finaly, these LA-ICP-MS analyses showed that for
the U-Th-Pb systematics, alanite alteration seems mostly
characterised by input of common lead. Hence, contrarily to
monazite (Poitrasson et al., 2000), dating of fluid-rock inter-
action through in situ analyses of alanite altered zones does
not appear feasible.

Barth, S, Oberli, F & Meier, M, Earth and Planetary Science
Letters, 124, 149-159, (1994).

Ghent, ED, Canadian Mineralogist, 11, 526-530, (1972).

Kumskova, NM & Khvostova, VA, Geokhimiya, 7, 660-671,
(1964).

Poitrasson, F, Chenery, S & Shepherd, TJ, Geochimica et
Cosmochimica Acta, 64, 3283-3297, (2000).

Poitrasson, F, Paquette, JL, Montel, M, Pin, C & Duthou, JL,
Chemical Geology, 146, 187-203, (1998).

Wood, SA & Ricketts, A, Canadian Mineralogist, 38, 81-100,
(2000).
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Two types of zircons have been distinguished: terrigenous
and metamorphogenic. Study of their microgeochemical
composition has shown that: 1) separate morphological types
of zircons from different metamorphic complexes in the
Urals are comparable by U, Hf, Th, Pb, and Fe distribution;
2) U and Hf distribution in metamorphogenic zircons is
normaly non-uniform, indicating variation of physico-
chemical conditions at crystallisation; distinctions in U and
Hf contentsin the core and rims of metamorphogenic zircons
suggest that the cores did not achieve complete homogenisa-
tion under metamorphic conditions; 3) terrigenous zircons
are characterised by uniform U, Hf, Th, Pb, and Fe distribu-
tion, which can be explained by homogenisation of the
terrigenous zircons, which failed to be trapped as “nuclei”
for metamorphogenic zircon crystallisation; this suggestion
isindirectly confirmed by similar isotopic ages of both the
types; 4) according to the variations of the ZrO,/HfO, value
in zircons, their crystallisation could have occurred during
both progressive and regressive stages of metamorphism.
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Topaz-albite granites of the Karlovy Vary pluton previously
occur in Krudum massif that forms relatively independent
magmatic body in the SW part of this pluton. Krudum
massif has a markedly zoned internal structure with older
porphyritic biotite granites in its central part and younger
two-mica monzogranites and topaz-albite akali feldspar
granites on its periphery. In the area with occurrence of
topaz-albite granites bonded are differently large ore
deposits of Sn-W mineralisation of greisen type on these
granites. The largest ore deposit was deposit Krésno-Horn’
Slavkov, where were Sn-W ores exploited from the 13th
century till 1991. In this period, more than 30 000 tons of
tin were extracted here. This ore district comprises more
mineralized granite cupolas adong the S and SE margin of
the Krudum massif. The largest stocks of topaz-albite gran-
ites are those of the Schndd and the Hub, which form
complicated stock structure with well evolved inner struc-
ture. This inner structure comprises from the top pipes of
gneissic breccia cemented by subvolcanic topaz-albite
microgranites, irregular bodies of quartz-Li-mica-topaz
greisens, greisenized, albitized and argillized topaz-albite
granites, mica-poor aplitic topaz-albite granites with layers
of feldspathites and unaltered topaz-albite granites. The
topaz-albite granites underlying the whole cupola structure
are rather homogeneous in mineralogica and chemical
composition. Topaz-albite granites are mostly represented
by medium-grained varieties locally accompanied by fine-
grained porphyritic topaz-albite granites with characteristic
snowball phenocrysts of quartz. K-feldspar forms
porphyritic phenocrysts. Medium-grained equigranular
topaz-albite granites contain quartz, abite (An0-10),
K-feldspar, Li-mica and topaz. Accessory mineras are
represented by apatite, fluorite, zircon, Nb-Ta-rutile,
columbite-tantalite, monazite, xenotime, magnetite, urani-
nite, thorianite, pyrite, scheelite and cassiterite and by rare
REE-minerals of As-crandallite-As-florencite-As-goyazite
group. Topaz-albite granites are strong peraluminous
(A/CNK 1.10-1.63). These granites are aso rich phos-
phorus (0.2-0.5 wt% P,0s). The high degree of magmatic
fractionation of these granites is demonstrated by low
Zr/Hf and Th/U ratios. In comparison with common Ca
poor granites the topaz-abite granites of the Krudum
massif are poor in Ca, Fe, Mg, Sr, Ba, Zr, Sc and strongly
enriched in incompatible elements such as Li, Rb, Cs, Sn,
Nb and W. The REE contents are generally low. The chon-
drite-normalized patterns are relatively flat (LaN/YbN 1.6-
4.8) having prominent negative Eu anomalies (Eu/Eu*
0.17-0.32). Optical cathodoluminiscence allowed to distin-
guish three generations of apatite. All these apatites display
intensive yellow CL indicative of significant Mn content in
itslattice. Mgjority of analysed monazites are cheralite. For
al analysed monazites is characteristic higher content of
U0, (1.2-7.2 wt%). Content of UO, in analysed xenotimes
i52.0-5.2 wt%. Thiswork is part of the KONTAKT project
(No.ME-00-032).
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The Mole granite is a perfect field laboratory to study the
sequence of magmatic to hydrothermal crystallization in a
Sn-W-mineralized granite. This granite is part of the New
England Batholith in NSW, Australia, and is considered as
apost-collision A-type granite with elevated concentrations
of Li, Rb, U, Th and F, intruded at a very shallow depth of
only few kilometers.

The am of this study is to resolve magmatic from
hydrothermal processes, using high-precision U-Pb dating
of: (1) zircon in quartz phenocrysts, representing the oldest
stage of magmatic crystallization; (2) zircon, monazite and
xenotime from the granite matrix; (3) zircon and xenotime
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as inclusions in free-grown hydrothermal quartz; and
(4) zircon and monazite from hydrotherma biotite-topaz
veins. Crystallization temperatures can be estimated at 850-
750°C for the magmatic minerals, and between >600°C
down to 180°C for the hydrothermal minerals. The study is
also atest for the existence of hydrothermal zircons, which
is evaluated on the basis of trace and rare earth element
concentrations in zircons (see Pettke et a., same volume).

From unaltered granite we found ages of 247.72 +0.49 Ma
for monazite, and 247.74 +0.47 for zircon. Xenotime occur-
ring within the same granite sample as well as in
hydrothermal quartz yielded an age of 246.22 +0.50 Ma (all
concordia ages with 95% c.l.). Tiny unabraded single
zircon inclusions from subhedral quartz phenocrysts, as
well as from hydrothermal quartz crystals gave discordant
data and imprecise *’Pb/*®Pb ages of 248 +60 and 245
+14 Ma, respectively, due to lead loss and contributions of
common lead in analysis. Zircon and monazite from a
hydrothermal biotite-topaz vein yielded slightly discordant
data with an upper intercept age of 245 +3, with one
monazite being concordant at 244 +1 Ma.

The results lead to the following preliminary conclusions:
Magmatic and hydrothermal crystallization events seem to
have occurred over a time span of 2.5 Ma. Formation of
xenotime in vein-quartz and in the granite matrix were
coeval and did not affect the U-Pb systematics of previ-
ously crystallized zircon and monazite. Biotite-topaz veins
containing zircon and monazite crystallized up to 2.5 my.
later. The time difference of 1.2 +1.0/-0.5 my between
zircon/monazite and xenotime crystallization transates to a
cooling rate of 350°C/my, too slow for a granitic magma
chamber in the upper crust. Possible explanations are:
(1) heat supply from later magma batches to
drive hydrothermal convection; (2) crystallization of some
of the “magmatic” minerals prior to the final solidification
of the granite; (3) later emplacement of the biotite-topaz
veins, geneticaly unrelated to the intrusion of the main
exposed Mole granite.
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The LREE-rich orthophosphate monazite is widely used in
U-Th-Pb geochronology because of its high Th and U
content. In an U-Pb concordia diagram, it is, in contrast to
zircon, generally concordant, implying that it is either
completely retentive or reset for Pb during any geological
event. We can note that monazite and zircon are also very
different, if we consider the effect of radioactive damages.
Zircon is almost aways metamict whereas monazite is not.
Even old, strongly radioactive monazites are apparently
crystaline, in spite of intensive radiation doses they were
exposed to.

We experimentally studied the healing of radioactive
damages in a natural, old monazite, using XRD and TEM.
The starting materia is a chemicaly (EMP) homogeneous
monazite from a Brazilian pegmatite, concordant at 474
+1 Ma and showing nm-scale defects induced by radioac-
tive decay. Two kinds of experiments were performed.
First, dry monazite powder was heated at 500, 800 and
1000°C for 7 days and each sample were analysed with X-
Ray diffractometry. The unheated starting material shows
presence of two “phases’, which could be interpreted as
monazites with slightly different lattice parameters. The
first one shows sharp peaks with high intensity and isinter-
preted as the perfect part of the monazite. The second
“phase”’ shows very broad peaks with low intensity and
may correspond to the defect domains of monazite. We
observe that the latter progressively disappears with
increasing temperature, thus showing gradual healing of
defects. At 1000°C X-Ray diffractometry shows only one
phase. Second, monazite grains were heated hydrother-
mally at different temperatures from 500 to 1200°C for
about 10 days. TEM observations show that partial healing
of the monazite lattice aready occurs at 500°C and
increases gradually with temperature, so that at 900°C and
10 days complete healing is achieved.
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From the available Pb diffusion data, we can calculate that
Pb loss by volume diffusion is only possible at very high
temperature. From the present study, we conclude that Pb
diffusion should proceed within a perfect crystal structure,
by true volume diffusion. However this process is very
sluggish and probably inefficient in most cases.
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The brown cod studied comes from a sulfidic layer in the
North Bohemian Coal Basin. It has arelatively high content
of iron sulfides (11 wt.%). Thirty-three coal fractions
(density between 1.0830 and 1.6902 g/ml) and the residuum
were separated from pulverized coa by the density gradient
centrifugation, weighed and analyzed for arsenic. The peak
of the density distribution function (corresponding to the
macerals) lies at the minimum of arsenic concentration,
which indicates that arsenic cannont be bound in the
macerals - awelcome news for the environmentalist.

Sulfides in the resduum were further separated in heavy
liquids by the sink-float technique. The mean content of As
in the sulfide concentrate is 4200 ppm, the As content in
individua sulfide grains varies between zero and 7.9 atomic
per cent. To examine the nature of bonding of arsenic in the
sulfides, powder diffraction patterns for samples Nos. 91
and 267 (relatively large grain fragments picked by hand
from the same concentrate) were recorded on a conventional
X-ray powder diffractometer and their structures were
refined by the Rietveld technique. An additional refinement
for No. 267 used synchrotron radiation. Sample No. 267 is
marcasite (138 ppm As), whereas No. 91 is a mixture of
78% pyrite and 22% marcasite (7300 ppm As); it isnot clear
whether theAsin No. 91 isdistributed evenly in both phases
or not.

Structure refinements were performed to elucidate the
mechanism of incorporation of arsenic into the structure of
the sulfides, but the concentrations involved and the tech-
niques employed only produced afeeble hint that Asin both
pyrite and marcasite may substitute for sulfur. In relation to
iron whose occupancy refined as very closeto its theoretical
value, sulfur refined with an excess occupancy that signal-
izes apossible presence of aheavier atom (As). Conversely,
a refinement of synchrotron data for a synthetic As-free
marcasite has indeed shown amild deficiency of sulfur.

Currently, experiments are underway to synthesize iron
disulfides with elevated concentrations of arsenic that would
be detectable by structure refinement. Understanding of the
nature and quantity of As bonding may have further conse-
quences for the techniques of coal burning and, ultimately,
may lead to areduction of the quantities of arsenic freed into
man’s environment.

PCM6 : WEp016 : PO
Behavior of Zircons from Granodiorites and
Gabbro-Anorthosites in the Shear-Zones and
their U-Pb Ages (Belomorian Belt, Baltic Shield,
Russia).

Tatiana F. Zinger (tatiana@am4160.spb.edu),

Boris V. Belyatsky (boris@bb1401.spb.edu) &

Nikolay L. Alexejev (alexejev@bb1401.spb.edu)

199034 Institute of Precambrian Geology and
Geochronology RAS, Makarova emb. 2, St.Petersburg,
Russia

The shear zones play important role for establishing stages
of the structural-metamorphic transformation of rocks.
However, interpretation of U-Pb datais problematic due to
different forms of zircons existing in them. Could these
ages correspond to the real geologica process or that is the
age of the different stages of zircon transformation?

We studied the problem on examples of zircons from shear-
zones in Paleoproterozoic (ca. 2.45 Ga) Pongoma granodi-
orite and Pezhostrovsky gabbro-anorthosite massifs. These
rocks have been strongly sheared under T=600-640°C and
P=7-8 kbar in the isochemical conditions. Morphology and
theinner structure of zircons were studied using cathodolu-
minescence. Four morphological types of zircons were
revealed in the granodiorite. The types 1-3 are represented
by fragments of magmatic zircons, in different degree
underwent by dissolution and recrystallisation (disap-
pearing of oscillatory zoning). The type 4 is a new genera-
tion represented by fine transparent grains, which
sometimes contain inherited cores of types 1-3 zircons. The
U-Pb ages range from 2351+45 Mato 2083+32 Ma for the
type 4. The latter corresponds to the age of shear zone
formation; the older ages have no geologica significance
and may reflect agradual Pb loss during recrystallisation of
zircon grains under deformation.

Zircons in the Pezhostrov leucogabbro also underwent to
recrystallisation, but that did not result in appearance of
new generation. Type 1 isrepresented by |arge fragments of
prismatic microfractured crystals with oscillatory zoning;
in the fractures sometimes are observed idiomorphic grains
of gpatite. These zircons were recrystallised to fine subidi-
morphic crystals (type 2) which preserve oscillatory
zoning. The U-Pb ages for both zircon types are close:
2441.7+3.3 Ma and 2436+36 Ma, accordingly. The apatite
grains, which fill the fractures in the zircons, have ¥Sr/*Sr
ratio of 0.7044 suggesting their metamorphic origin.
27ph/2%Ph age of apatite is ca. 1789 Mathat is interpreted
to correspond to the time of apatite crystallisation and,
hence, as the minimum age of shear deformation and meta-
morphism. We suggest that recrystallisation of zircons in
leucogabbro appears to have occurred very close to
completion of primary crystallisation. Recrystallised
zircons were extremely stable with respect to latter Pb loss
during the amphibolite facies metamorphism and deforma-
tions.

Different behavior of zircons and their U-Pb systems is

probably related to different contents of alkaliesin rocksin
the shear zones.
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Currently under investigation by many |aboratories world-
wide, is a range of synthetic formulations aimed at the
long-term storage of high-level radioactive waste. Many of
these proposed formulations contain crystalline phases
which have natural analogues in actinide and rare earth-
bearing accessory minerals. Although laboratory-based
studies on the stability of the natural analogues of these
synthetic components have been underway for severa
years, until recently the mgority of these studies have
focused mainly on large single crystals, separated from
their host rock, and so information including paragenesis,
fluid composition and ateration often has been lacking.
There are however, in the geological literature, descriptions
of the natural analogues of these minerals which include
this relevant information. In this presentation we will
review and illustrate examples of corrosion, alteration and
replacement of several of these accessory minerals,
including zirconolite, pyrochlore, monazite, loparite and
baddeleyite.

Zirconolite [ideally CaZrTi,O, shows some degree of alter-
ation in both metasomatic and igneous environments at
hydrothermal conditions, with temperatures ranging from
approximately 150 - 5001/4C. However, under lower-T
lateritic weathering of carbonatite complexes, zirconolite
shows no significant alteration. In contrast, pyrochlore
[ideally (CaNa),Nb,O¢(OH,F)] can undergo extensive
alteration within a wide range of geological environments,
including weathering of carbonatites. Such alteration can
lead to a complete breakdown of the pyrochlore structure.
However, these examples are from occurrences which
geologicaly are relatively old, suggesting that metamicti-
sation of these minerals may be a key factor in the degree
and extent of the alteration. Younger (i.e. less than
~10 million year) samples show little, or no, evidence of
alteration indicating that, from a waste-disposal viewpoint,
they are likely to be durable over several millions of years.

Examples of alteration of monazite [idealy
(CeLaNd, Th)PO,] have been reported resulting from
chloritisation of akali granites. Lower-T “weathering” of
monazite can aso promote mobilisation of heavy-REE
(relative to the light-REE). These elements are then locally
reprecipitated, and possibly stabilised, as secondary Y- and
Th-rich phases. Loparite [ideally (Ce,Na,Ca),(Ti,Nb),Og]
occurs in the Lovozero akaline complex, Russia, and
during late-stage alkalic metasomatism, it can be replaced
by a range of rare K,Na,Sr,Ba phospho-silicate minerals.
Baddeleyite [ideally ZrO,], often associated with
pyrochlore and zirconolite from carbonatite rocks, has been
observed from Sokli, Finland to have early corrosion
features, and overgrowths of later-crystallising baddeleyite
with asignificantly different composition.

PCM6: THamO02 : G6
Monazite, Rhabdophane and Florencitein the
M etamor phic Complex of Sopron Hi