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ABSTRACT

The response of allanite-(Ce) in the Eocene Casto granite of Idaho to hydrothermal activity has been investigated. Unaltered,
igneous allanite from the Casto pluton is characterized by a narrow range of compositional variation, with little or no zoning. A
representative empirical formula, based on the composition of the least-altered grain, is: (REE0.83Ca1.07Th0.04Mn2+

0.06) (Ti4+
0.11

Mg2+
0.04Fe2+

0.99Fe3+
0.48Al1.38) (Si3.00O12) (OH0.95F0.05), where REE represents (La0.14Ce0.41Pr0.05Nd0.17Sm0.03Y0.03). The small

amount of observed compositional variation is consistent with the coupled substitutions Ca2+ + Th4+ ↔ 2REE3+ and REE3+ + Fe2+

+ Mg2+ ↔ Ca2+ + Al3+ + Fe3+. Slightly altered crystals exhibit a rim in which Th is enriched, and La and Ce are depleted.
Increasing alteration lead to extensive corrosion and replacement of allanite by fluorite, a REE-, Th- and P-rich phase (probably
monazite), and a Th-rich phase (probably thorianite). In spite of attack by fluoride-rich hydrothermal solutions, the REE and Th
originally in allanite were not transported significant distances, but were redeposited locally as secondary phases. The lack of
significant REE and Th transport is due to the availability of phosphorus, which allowed the REE to be fixed in a secondary
phosphate phase, and the removal of fluoride as fluorite. This work has implications for the behavior of radioactive waste in
deeply buried geological repositories upon interaction with heated groundwaters.

Keywords: allanite-(Ce), monazite-(Ce), hydrothermal alteration, radioactive waste analogue, rare- earth elements, thorium, Casto
granite, Idaho.

SOMMAIRE

Nous avons étudié le comportement de l’allanite-(Ce) dans le granite éocène de Casto, en Idaho, en présence d’une activité
hydrothermale. L’allanite saine et primaire démontre un intervalle de composition très restreint, et très peu d’évidence de zona-
tion. Une composition représentative des cristaux les moins affectés serait (TR0.83Ca1.07Th0.04Mn2+

0.06) (Ti4+
0.11Mg2+

0.04Fe2+
0.99

Fe3+
0.48Al1.38) (Si3.00O12) (OH0.95F0.05), dans laquelle TR (terres rares) représente (La0.14Ce0.41Pr0.05Nd0.17Sm0.03Y0.03). La faible

variation en composition résulte des substitutions couplées Ca2+ + Th4+ ↔ 2TR3+ and TR3+ + Fe2+ + Mg2+ ↔ Ca2+ + Al3+ + Fe3+.
Les cristaux faiblement altérés font preuve d’un liseré dans lequel le Th est enrichi, et le La et le Ce sont appauvris. A mesure que
le degré d’altération augmente, il y a corrosion importante et remplacement de l’allanite par la fluorite, un phosphate de TR, Th
et P (probablement monazite), et un minéral riche en Th (probablement thorianite). Malgré l’attaque par des solutions riches en
fluorures, les terres rares et le thorium originellement dans l’allanite n’ont pas été transportés très loin, mais plutôt redéposés
localement sous forme de phases secondaires. Le transfert très limité des terres rares et du thorium serait attribuable à la
disponibilité du phosphore, ce qui a permis aux terres rares d’être fixées dans un phosphate secondaire, avec l’élimination des
fluorures sous forme de fluorite. Ce travail aurait des implications dans l’étude du comportement des éléments radioactifs lors de
l’interaction de déchets radioactifs enfouis avec l’eau souterraine chauffée.

(Traduit par la Rédaction)

Mots-clés: allanite-(Ce), monazite-(Ce), altération hydrothermale, analogue de déchets radioactifs, terres rares, thorium, granite
de Casto, Idaho.

INTRODUCTION

The chemical and mineralogical response of natural
allanite to hydrothermal alteration and the subsequent
behavior of the REE (rare-earth elements) and Th (a
common minor substituent in allanite) are relevant to

the prediction of the long-term behavior of deeply bur-
ied radioactive waste. Some nuclear waste ceramics
such as SYNROC may contain allanite-like phases
(Brookins 1984), and potentially metamict minerals
such as allanite also may be useful proxies for borosili-
cate glass (Ewing 1976). Furthermore, the trivalent REE
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and Th4+ are reasonable geochemical analogues of the
trivalent actinides (e.g., Am3+, Cm3+, Bk3+, Pu3+) and
the tetravalent actinides (e.g., Pu4+), respectively (cf.
Choppin 1983, 1986, 1989, Brookins 1984, Millero
1992), which are not present in significant quantities in
natural geological environments.

Two varieties of allanite are known to exist: allanite-
(Ce), represented by (Ce,Ca,Y)2(Al,Fe2+,Fe3+)3(SiO4)3
(OH), and allanite-(Y), represented by (Y,Ca,Ce)2(Al,
Fe2+,Fe3+)3(SiO4)3(OH). This paper focuses on the
former. Reports in the literature indicate that the break-
down of allanite-(Ce), owing to metamictization, hydro-
thermal alteration, and weathering, results in a variety
of alteration products that tend to immobilize the REE
and Th4+ in more stable secondary phases. Which sec-
ondary minerals develop depends on the physicochemi-
cal conditions of the fluid present (i.e., pH, temperature,
anion concentrations, etc.). The most commonly re-
ported REE-bearing products of alteration are the REE
fluorocarbonates, in particular bastnäsite, (Ce,La)CO3F,
and, to a lesser extent, synchysite, Ca(Ce,La)(CO3)2F
(see Discussion for references). Other reported products
of alteration include: unspecified phases or amorphous
material (e.g., Morin 1977), cerianite, CeO2 (Meintzer
& Mitchell 1988), epidote (Carcangiu et al. 1997),
lanthanite, (La,Ce)2(CO3)3•8H2O (Sæbø 1961), and
monazite, (Ce,La)PO4 (see Discussion for references).
The formation of monazite is of particular interest be-
cause it generally has been considered to be very stable

under natural geological conditions over long periods
of time and has been considered as an alternative to
borosilicate glass for actinide containment in the dis-
posal of high-level nuclear waste (Boatner et al. 1980).

The Casto granitic pluton of central Idaho (Fig. 1),
of Eocene age, contains abundant crystals of allanite,
and there is good evidence for hydrothermal alteration
in some parts of the pluton (see geological description
below). Furthermore, the fluid phase responsible may
have been relatively fluorine-rich, as indicated by the
occurrence of fluorite veins in the altered granite. Fluo-
ride is known to complex the REE and Th strongly
(Wood 1990, Langmuir & Herman 1980), so the mobil-
ity of these elements should be higher in fluoride-rich
than in fluoride-poor solutions. We have therefore un-
dertaken a petrographic, SEM and electron-microprobe
study to: 1) determine whether the allanite in the Casto
pluton has been affected by this hydrothermal alteration,
2) document the mineralogical response, and 3) deter-
mine whether the REE and Th have been removed from
the system or retained in secondary phases. We show
that, in spite of the presence of fluoride, allanite is re-
placed by a phosphate phase in these rocks, and not
bastnäsite. Furthermore, there appears to have been rela-
tively little long-range mobility of the REE and Th.
Upon their release from allanite during alteration, these
elements have been immobilized by the formation of
secondary phases in the immediate vicinity of the origi-
nal allanite.

FIG. 1. Map showing location and geological setting of the Casto pluton. Black rectangle shows approximate location of the
study area. Modified from Criss et al. (1984). MC indicates the location of the Meyers Cove fluorite deposits.
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GEOLOGICAL SETTING

The Casto pluton is located in the Salmon National
Forest in central Idaho, along the Middle Fork of the
Salmon River; most of the pluton lies in the north-cen-
tral part of the Challis 1° 3 2° quadrangle (Fig. 1).
Samples were collected from Aparejo Point, north of
BM 3755 at Aparejo Creek and north of Sheep Creek,
800 meters south of the Mormon Ranch (Aparejo Point
7½ minute quadrangle N4452.5–W11437.5). Samples
were collected from this location because the rocks both
contain abundant grains of allanite and seem to be among
the most altered of any exposed rocks in the pluton.

The Casto granite is one of many Eocene plutons
emplaced along the margin of the Idaho Batholith
(Bennett 1980). The intrusion of the Idaho batholith
occurred between 112 and 70 m.y. and dominated geo-
logical activity in the Cretaceous. Before and during the
intrusion of the batholith, folding and eastward thrust-
ing of Paleozoic sedimentary rocks took place. This
folding and thrusting culminated during the Late Creta-
ceous Sevier orogeny, at which time the area was also
subjected to some normal faulting and locally intense
contact metamorphism. Igneous activity in the Tertiary
included deposition of the Eocene Challis Volcanic
Group, development of the Challis volcanic field, and
intrusion of several batholiths and stocks. However,
prior to this activity, the Idaho batholith was eroded,
resulting in the local deposition of arkosic sediments.
Volcanism was initiated about 51 m.y. ago with the
widespread eruption of lavas of intermediate composi-
tion, and continued intermediately for another 5–6 m.y.
The character of volcanism changed about 48 m.y. ago
to predominantly ash-flow eruption, which led to the
formation of the Van Horn Peak cauldron complex, the
Custer Graben, and the Thunder Mountain and Twin
Peaks calderas. Ages for the Casto intrusion obtained
via the K–Ar method range from 46 to 43 Ma (Lewis &
Kilsgaard 1991, Bennett & Knowles 1983, Fisher et al.
1992). Rocks in the Challis quadrangle have been af-
fected by four major structural features. The northeast-
trending Trans-Challis fault system is comprised of
high-angle faults, fracture systems, dike swarms, and
grabens. In addition, there is a north- and northwest-
striking system of high-angle faults, caldera and collapse
structures related to the Challis volcanic field, and sev-
eral thrust faults in the Paleozoic rocks. These structures,
particularly the Trans-Challis fault system, most likely
provided conduits for the hydrothermal system that af-
fected the Casto pluton. For more details on the regional
tectonic and geological setting of the Casto pluton, con-
sult Fisher & Johnson (1995), from which much of the
above description was obtained.

Plutonic rocks of Eocene age in the Challis region
are bimodal in character, and have been subdivided into
a pink granite suite, comprising varieties of biotite
granite, and a quartz monzodiorite suite, comprising

hornblende–biotite granite, granodiorite, quartz monzo-
diorite, diorite and gabbro (Lewis & Kilsgaard 1991).
In general, granites in the area vary from fine- to coarse-
grained, and are usually of characteristic pink color, al-
though they may also be medium gray. Fisher et al.
(1992) reported the modal composition of the Casto plu-
ton to be in the range 22–34% quartz, 31–57% alkali
feldspar (perthitic orthoclase and microcline), 18–33%
plagioclase, 20–37% biotite, and 0–3.5% hornblende.
Accessory minerals include zircon, magnetite, allanite,
titanite and apatite. Fisher et al. (1992) noted that the
composition of these rocks plots in the granite field de-
lineated by Streckeisen (1973). The Casto and related
plutons are considered to be anorogenic and related to
intracontinental rifting or extension (Fisher & Johnson
1995).

Miarolitic cavities are common in the pink granites,
including the Casto pluton, indicating that they were
emplaced within a few kilometers of the surface and had
reached saturation with respect to H2O (Bennett 1980,
Bennett & Knowles 1983, Lewis & Kilsgaard 1991).
The radioactivity of the Casto pluton is higher than that
of the Idaho batholith rocks it intruded (Bennett 1980).
The average radioactivity for the Idaho Batholith is re-
ported to be 4000–5000 counts/second. Values for the
Casto pluton, although not as high as in other Eocene
plutons, are approximately double those of the Idaho
batholith (Bennett 1980), and are much higher than av-
erage for granites.

Of particular relevance to this study are oxygen iso-
tope studies, conducted by Criss et al. (1984) and Larson
& Geist (1995), of the rocks of the pluton and surround-
ing areas. Rocks of the pre-existing Thunder Mountain
Caldera are strongly altered, indicating that a large fos-
sil hydrothermal system surrounded the Casto pluton.
The Casto pluton has low and variable magmatic d18O
values, reflecting extensive assimilation of hydrother-
mally altered rocks at the level of emplacement (Larson
& Geist 1995). In addition, Criss et al. (1984) showed
that a circular pattern of isotopic disturbance centered
on the Casto pluton occurs in the rocks surrounding the
Casto pluton. These oxygen isotopic data suggest that
the Casto pluton may have been subjected to alteration
by hydrothermal fluids of meteoric origin. Fluorite vein-
type deposits (Constantopoulos 1988) in the general area
provide additional evidence of hydrothermal activity.
Fluorite and chlorite veins were observed in the imme-
diate study area, and as noted below, biotite, feldspar
and allanite all record evidence of varying degrees of
alteration in thin section. The Challis quadrangle is also
well endowed with a variety of hydrothermal base- and
precious-metal mineralization (Fisher & Johnson 1995).
Hydrothermal activity continues to the present day in
the general area, as evidenced by the existence of nu-
merous hot springs along the margins of the Idaho
Batholith (van Middlesworth & Wood 1998, and refer-
ences therein).
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ANALYTICAL  METHODS

A total of 35 granite samples were collected for this
study, from which fifty polished thin sections were pre-
pared. These thin sections were examined petrographi-
cally, and five were selected for further study. From
these five thin sections, nine representative grains of
allanite were chosen for analysis. On the basis of ap-
pearance under the petrographic microscope, the most
altered is allanite grain 12A, the least altered is allanite
grain 13A, and the others exhibit intermediate degrees
of alteration.

First, quantitative analyses of allanite grains were
obtained using a Cameca SX–50/PDP electron micro-
probe at the Department of Geological Sciences, Uni-
versity of Oregon (UO). The microprobe is equipped
with four wavelength-dispersion spectrometers (WDS)
and an energy-dispersion (EDS) attachment. We used
pure TiO2 and a series of reference minerals as standards
for major elements. Drake & Weill (1972) glass standards
were used for the REE. The chemical composition of the
standards is given in Appendix 1 of Ricketts (1994).

The allanite grains were analyzed for major elements
at a voltage of 15 keV and a beam current of 10 nA for
10 seconds. Concentrations of the REE were established
at 25 keV, with a beam current of 50 nA. Count time
was 50 seconds for a-lines, and 70 seconds for b-lines.
To minimize peak interference, Ce, La, and Y readings
were based on La-line emissions, Pr, Nd, and Sm read-
ings were collected on Lb , and Th on Ma-line emis-
sions (Roedder 1985, Exley 1980). All others were
collected on Ka-lines. The take-off angle was set at 40°.

In order to assess the spatial distribution of elements
within the allanite grains and to identify possible prod-
ucts of alteration, back-scattered-electron images and X-
ray maps of Si, Ca, Y, Th, Ce, La, P, and F distributions
were prepared using the energy-dispersion (EDS) at-
tachment of the electron microprobe. Element lines and
instrument settings used were the same as those used for
the quantitative analyses. Next, EDS scans of several areas
within altered allanite grains were produced to provide
qualitative elemental analysis of the alteration products.

Finally, whole-rock samples were analyzed for se-
lected REE (La, Ce, Nd, Sm, Eu, Tb, Yb, Lu) by neu-
tron activation at the Oregon State University Radiation
Center. The accuracy of the analytical results was moni-
tored by determination of REE concentrations in a se-
ries of reference materials (SRM 1633a, SRM 688, SRM
278, GSP–1 and CRB IV). In general, the results for
these standard materials were within 5–10% of the ac-
cepted values.

RESULTS

Petrography

In hand samples of the Casto granite, grain size var-
ies over a scale of meters from fine (sugary in texture)

to coarse, and color ranges from gray to pink. The abun-
dant minerals are quartz, orthoclase, plagioclase, and
biotite. Amphibole is present in only a few samples, and
in smaller proportions than biotite (1:2 or less). Addi-
tional minerals identifiable in the field were allanite,
purple or green fluorite (in veins), and chlorite.

In thin section, quartz abundance ranges from 22 to
29 modal %, with an average of 24%. Quartz grains are
euhedral to subhedral, usually colorless or smoky, and
up to 3 mm in length. Most grains are fractured, and
many show undulatory extinction. Orthoclase grains (21
to 36 modal %, 28% on average) are mostly subhedral,
but some are anhedral, and up to 2.5 mm in length. Many
samples display a granophyric texture. A perthitic tex-
ture also was identified in some samples. Plagioclase
grains (18 to 22 modal %, 20% on average) vary in size
from 1 to 15 mm. K-feldspar and plagioclase grains
show varying degrees of conversion to white mica.

Biotite (5 to 12 modal %, 9% on average) is mostly
subhedral to anhedral, ragged and chloritized. Some
grains contain microscopic inclusions that could not be
identified. Grain size varies up to 15 mm in length. Trace
amounts (less than 0.1 modal %) of subhedral musco-
vite also were identified. The fluorine content of biotite
is relevant in that fluoride is a strong complexer of the
REE (Wood 1990) and could potentially be involved in
REE remobilization. In the present study, the chemical
composition of phases other than allanite was not estab-
lished in detail. However, McIntyre et al. (1982) deter-
mined F content in biotite in other Tertiary granitic
bodies in central Idaho to range between 1.2 and 4.2%.

Chlorite (4 to 8 modal %, 6% on average) occurs as
an alteration product of biotite, in proximity to iron ox-
ides. Chlorite grains are anhedral and less than 2 mm
across. Allanite (0.4 to 4.1 modal %, 2.2% on average)
is usually closely associated with biotite and chlorite,
and occurs as euhedral to subhedral crystals. Grain size
ranges from 1 to 15 mm. The physical appearance of
allanite grains varies from fresh to highly altered (see
below). Some grains show twinning, and others exhibit
optical zonation. All appear to be metamict to varying
degrees, as indicated by the presence of anastomosing
cracks (Klein & Hurlbut 1985).

Apatite occurs as small (<0.1 mm), thin, euhedral
prismatic crystals with a pale blue-green tint. It also
occurs as inclusions in allanite as slightly larger,
subhedral, tabular grains. Fluorite occurs mostly along
fractures or in veins as granular masses or microscopic
patches. It also occurs in miarolitic cavities. Zircon (< 1
vol.%) is seen as euhedral to subhedral inclusions in
allanite or the other mafic minerals. Grain size is less
than 0.5 mm. An opaque iron oxide (0 to 7 modal %,
2% on average) was tentatively identified as magnetite;
ilmenite was not observed. Calcite occurs in small
patches, usually together with fluorite. Titanite occurs
as colorless to pale yellow, euhedral, wedge-shaped
crystals, less than 2 mm in length.
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Electron-microprobe results

Representative results of quantitative electron-mi-
croprobe analyses are presented in Table 1 (additional
results are tabulated in Ricketts 1994). In this part of
the study, obviously altered areas of allanite were
avoided, as the goal was to characterize the composi-
tion of the allanite prior to alteration. Analytical totals
were generally between 98 and 100%, except those of
12A–1 (107.0 wt%) and AP8–1 (95.5%). The micro-
probe results demonstrate that Ce predominates over Y
and all other REE in all allanite grains analyzed, and
therefore the mineral corresponds to allanite-(Ce).

In Table 1, iron is presented as FeOtotal. However,
both ferric and ferrous iron occur in varying proportions
in allanite (Dollase 1971, Deer et al. 1986). Therefore,
in order to estimate both the ferric and ferrous ion pro-
portions together with the H2O content, the following
procedure was adopted to recalculate the electron-mi-
croprobe results in terms of an empirical formula. First,
the atomic proportions were renormalized on the basis
of 8 cations assuming no cation vacancies. Then, the
molar proportion of OH was calculated by subtracting
the renormalized atomic proportions of fluorine and
chlorine from unity, assuming that the hydroxyl site is
fully occupied by OH, F and Cl. Finally, the propor-
tions of Fe2+ and Fe3+ were determined by forcing
charge balance between cations and anions. This proce-
dure has the advantage over renormalization to either
13 or 12.5 oxygen atoms (see, for example, Deer et al.
1986) of allowing estimates to be made of both ferrous/
ferric iron and H2O content, but does not result in dras-
tically different results for other constituents of allanite.
Peterson & MacFarlane (1993) have reported the pres-

ence of a substitution mechanism involving A-site va-
cancies according to: 3Ca2+ ↔ 2REE3+ + M in allanite
from the Grenville Province of Ontario and Quebec.
However, in allanite from the Casto Pluton, most com-
positions recalculated on the basis of 13 oxygen atoms
yield excess cations on all cation sites, which suggests
that vacancies are not significant. Thus, we believe that
in the case of the Casto Pluton, a recalculation of allanite
formulae based on eight cations is valid.

The calculated proportion of ferric iron as a percent-
age of total iron ranges from 17 to 33%, which is within,
but at the lower end of, the range of values reported for
allanite previously (Dollase 1971, Deer et al. 1986). The
resulting H2O contents range from 0.93 to 0.96 moles
of OH per formula unit, which is also reasonable com-
pared to previously reported values for allanite (Deer et
al. 1986).

Although the chemical compositions of all allanite
grains analyzed in this study are similar, minor compo-
sitional variation is noted (Table 1). In general, the
magnitude of intragrain variation in composition is com-
parable to that of the intergrain variation, and both are
relatively small. Thus, the allanite grains exhibit no
strong zonation, although admittedly the number of
points analyzed on each allanite grain is comparatively
small. However, a lack of prominent primary zoning is
also indicated by X-ray mapping.

A representative empirical formula for the optically
most pristine allanite (13A), recalculated as described
above, is (REE0.83Ca1.07Th0.04Mn2+

0.06) (Ti4+
0.11Mg2+

0.04
Fe2+

0.99Fe3+
0.48Al 1.38) (Si3.00O12) (OH0.95F0.05), where

REE represents (La0.14Ce0.41Pr0.05Nd0.17Sm0.03Y0.03).
Compared to a variety of allanite samples, the empiri-
cal formulas of which are given by Deer et al. (1986),
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allanite-(Ce) in the Casto Pluton has typical Th and to-
tal REE contents, and its overall composition is not in
any way unusual.

The REE systematics of allanite-(Ce) from this study
are further illustrated in Figure 2, where the REE con-
centrations have been normalized to chondrite concen-
trations. Most analyses have very similar chondrite-
normalized patterns reflecting LREE-enrichment, as
would be expected for allanite-(Ce), and are concave
downward. The chondrite-normalized patterns in Fig-
ure 2 also illustrate the lack of significant zoning in most
of the allanite grains, as data for different parts of most
grains plot very close to one another. The only major
exception to this rule is sample 12A, which contains
higher levels of the REE in the rim than in the center,
although the relative proportions of REE appear to be
constant across the grain. Sample 12A is the most al-
tered allanite grain. The difference in the two points
analyzed thus could be a result of removal of compo-
nents other than the REE during alteration, but the

elevated concentrations shown in Figure 2A are suspect
because of an analytical total greater than 100% (see
Table 1).

Although the degree of compositional variation
among allanite grains in the Casto Pluton is compara-
tively small, systematic variations in composition are
detectable and can be related to coupled substitutions.
Thorium is accommodated in the allanite structure via
the coupled substitution: Ca2+ + Th4+ ↔ 2REE3+

(Gromet & Silver 1983). A plot of the amount of Ca
and Th (in atoms per formula unit, apfu) against twice
the sum (in apfu) of the REE and Y in allanite from the
Casto pluton is presented in Figure 3A. This plot yields
a straight line of negative slope with a correlation coef-
ficient of 0.842. Ideally, the Y intercept of this plot
should be 2.0, and the X intercept should be 4.0, versus
1.67 and 4.51, respectively, if the coupled substitution
in question were the only one taking place. Although
the results clearly indicate that the substitution of Th
and Ca for two REE ions is operative, the deviation of

FIG. 2. Plots of chondrite-normalized REE concentrations (as
determined by electron-microprobe analysis) as a function
of REE for: A) samples 12A and 12B; B) samples 16B–L
and 16B–R. Concentrations of REE in chondrite are from
Boynton (1984).

FIG. 3. Plots illustrating potential coupled substitutions in
allanite from the Casto pluton. Units are atoms per formula
unit (apfu). The substitutions plotted are: A) Ca2+ + Th4+

↔ 2REE3+, B) REE3+ + Fe2+ + Mg2+ ↔ Ca2+ + Al3+ + Fe3+.
In all cases, REE represents La, Ce, Pr, Nd, Sm, and Y.
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the best-fit line from the theoretical one suggests that
this is not the only substitution occurring.

According to Deer et al. (1986), the fundamental
substitution expressing the relationship between epidote
and allanite is: REE3+ + Fe2+ ↔ Ca2+ + Fe3+. This sub-
stitution is generally difficult to test owing to difficul-
ties in determining the relative proportions of ferrous
and ferric iron from electron-microprobe results. An-
other possible substitution related to the latter is: REE3+

+ Fe2+ ↔ Ca2+ + Al3+, which was tested by plotting
REE3+ + Fe2+ versus Ca2+ + Al3+ . This plot (not shown)
yields a straight line with negative slope and a correla-
tion coefficient of 0.718. However, plotting REE3+ +
Fe2+ + Mg2+ versus Ca2+ + Al3+ + Fe3+ improves the
correlation coefficient to 0.876 and lowers the uncer-
tainty of the slope and intercept of the best-fit straight
line through the data (Fig. 3B). We therefore suggest
that a coupled substitution of the type REE3+ + Fe2+ +
Mg2+ ↔ Ca2+ + Al3+ + Fe3+ represents much of the ob-
served compositional variation in allanite from the Casto
pluton. Moreover, the excellent correlations observed
in Figure 3 support the validity of our approach to re-
calculating the empirical formulas of allanite (the cor-
relations are significantly poorer for empirical formulas
based on 13 O). Morin (1977) proposed a rather unusual
scheme of coupled substitution: REE3+ + Ca2+ ↔ Al3+ +
(Fe3+,Fe2+) for allanite from granitic rocks in the Kenora
– Vermilion Bay area of northwestern Ontario. How-
ever, a plot (not shown) of REE3+ + Ca2+ versus Al3+ +
(Fe3+,Fe2+) to test this coupled substitution resulted in a
correlation coefficient of close to zero, indicating that
this substitution is not important in allanite from the
Casto pluton.

Characterization of alteration products

Alteration products of allanite from the Casto pluton
were characterized by optical microscopy, back-scat-
tered-electron imaging, X-ray mapping of concentra-
tions of specific elements, and EDS analysis of areas
selected based on back-scattered electron (BSE) images
and X-ray maps. The findings will be discussed in order
of degree of alteration as determined from optical mi-
croscopy, from the least to the most altered grain. Pho-
tomicrographs, BSE images and X-ray maps of
representative grains of allanite studied are presented in
Figures 4–6. Images of additional grains are available
in Ricketts (1994). In the BSE images, areas with high
average atomic number appear dark compared to areas
with low average atomic number. In the X-ray maps,
concentration of the particular element in question is
correlated with brightness, with greater brightness cor-
responding to higher concentrations.

The least-altered grains of allanite, i.e., 13A, 12B,
15B, AP8 and 13B (not shown), exhibit relatively uni-
form distributions of the elements considered, suggest-
ing a lack of strong magmatic zoning. However, allanite
13A does display weak zoning, with three zones appar-

ent. The core appears relatively enriched in Ca, La and
Ce, and depleted in Th. This core is surrounded by a
mantle in which the relative abundances of these ele-
ments are reversed, and the mantle in turn is surrounded
by a rim relatively enriched in Ca, Ce, and La, and de-
pleted in Th. Because this zonation outlines euhedral
sectors of the grain, we consider it to be a primary mag-
matic feature. In the least-altered grains, phosphorus is
either not present in significant amounts or is contained
in apatite inclusions. Minor fluorite, identified both op-
tically and by coincident Ca and F anomalies in X-ray
maps, is generally present along fractures in, or in the
vicinity of, many of these allanite grains.

Allanite grains 16BR (not shown), 15A (Fig. 4) and
16BL (Fig. 5) exhibit moderate degrees of alteration,
with depletion of La and Ce, and enrichment of Th along
fractures and their outer rim. X-ray maps of allanite
grains 16BR (not shown) and 16BL (Fig. 5C) also re-
veal the presence of substantial P along fractures and
rims. Elevated concentrations of F also occur along the
rim of allanite 16BR. Whatever the identity of these
fracture coatings and rims, their presence is evidently a
result of hydrothermal alteration. We suggest that the
alteration product around the rim of and within allanite
16BR may be a REE–Th phosphate mineral such as
monazite, rhabdophane, or brabantite. This interpreta-
tion is consistent with the presence of peaks for the light
rare-earth elements (LREE), Th and P in the EDS scan
of a P-rich spot in allanite 16BR. The presence of F in
the alteration rim of allanite 16BR remains unexplained,
but may be the result of the presence of some fine-
grained fluorite admixed with the REE phosphate.
Qualitative EDS analysis of the Th-rich rim of allanite
15A showed a very large peak for Th, with much smaller
peaks for Al, Si, Ca and Fe, suggesting that a portion of
the rim has been partially altered to nearly pure Th ox-
ide (thorianite). Coincident patches of high concentra-
tions of Ca and F correspond to fluorite identified
optically.

Allanite 12A (Fig. 6) is the most highly altered grain
encountered in this study. The X-ray maps for Ca and F
(Fig. 6C) reveal several areas where both these elements
are strongly concentrated, and in which Si and P are
absent. These areas are light purple in plane-polarized
light and isotropic under crossed nicols; they are clearly
fluorite. It is also notable that the areas containing fluo-
rite are almost devoid of La, Ce, and Th, compared to
remnant allanite, but they contain small amounts of Y
(Fig. 6C). Qualitative EDS analyses of these areas con-
firm the presence of Ca and F as the only detectable
elements. Fluorite is known to be able to accommodate
large quantities of REE (up to 14.1 wt.% Ce) and Y (up
to 13.7%) according to Clark (1984), but apparently in
the Casto pluton, the LREE are strongly partitioned into
other phases, such as allanite and REE phosphate. In a
study of the REE geochemistry of fluorite from
epithermal veins in the general vicinity of the Casto plu-
ton, Constantopoulos (1988) found a range of SREE
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than, the remnant allanite. Some, but not all, of the
P-rich areas are also strongly enriched in Th compared
to the remnant allanite. The small rectangular P-rich area
at the bottom of the allanite grain, which corresponds to
the yellow, birefringent crystal labeled “mnz?” in Fig-
ure 6A, is notably enriched in both Y and Th. Thus, the
X-ray maps suggest that most of these P-rich patches
contain high levels of the REE, Y, and Th, in addition
to P, and little or no Ca, Si or F. Qualitative EDS analy-

from 2.6 to 130 ppm, consistent with the relatively
low REE concentrations observed in fluorite in this
study.

A characteristic of allanite 12A, aside from the very
high degree of alteration and replacement by fluorite, is
the occurrence of patches with comparatively high P
contents. These patches largely coincide with areas of
strong depletion of Si and Ca. Moreover, they contain
at least as much La, Ce, and Y as, and possibly more
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sis of the yellow, birefringent, rectangular grain at the
bottom of the allanite grain in Figure 6A confirms that
it contains only P, Th, La, Ce (and other LREE), with
minor Si. This composition is consistent with the re-
placement of allanite by a LREE–Th phosphate, possi-
bly monazite, or the hydrated mineral rhabdophane.

Whole-rock REE concentrations

The data obtained from neutron-activation analysis
of whole-rock samples are shown in Figure 7, which
demonstrates a number of points. First, the patterns of
all the samples are approximately parallel, small devia-

FIG. 4. Photomicrographs of allanite 15A: A) plane-polarized light, B) crossed nicols. The allanite grain is approximately 0.5
mm long. Abbreviations: Aln: allanite, Qtz: quartz, Chl: chlorite, Bt: biotite. C) Back-scattered-electron (BSE) image and X-
ray maps of selected elements for allanite 15A. There is a very clear enrichment of Th, and possibly Y, and depletion of La
and Ce around the rim of the allanite grain. Some fluorite is visible as elevated Ca and F near the bottom of the allanite grain.

C
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tions being most likely a consequence of analytical er-
ror. Second, the samples are characterized by a general
LREE-enriched trend, with the REE from La to Sm de-
creasing relatively steeply in chondrite-normalized
abundance, and the REE from Tb to Lu displaying a
relatively flat pattern. Third, all samples exhibit a nega-

tive europium anomaly. Fourth, the LREE portion of the
patterns for these whole-rock samples is similar to the
chondrite-normalized patterns obtained for the allanite
grains. Finally, although the rock samples analyzed ap-
pear to have been subjected to varying degrees of hy-
drothermal alteration, there appears to be little relation

FIG. 5. Photomicrographs of allanite 16BL: A) plane-polarized light, B) crossed nicols. The allanite grain is approximately 0.9
mm long. Abbreviations: Aln: allanite, Qtz: quartz, Bt: biotite, Kfs: K-feldspar, Zrn: zircon. Note the obvious rim or
overgrowth along the bottom edge of the allanite grain. C) Back-scattered-electron (BSE) image and X-ray maps of selected
elements for allanite 16BL. The rim or overgrowth at the bottom of this allanite grain, so apparent in the photomicrograph, is
not obviously different in the BSE image or most of the X-ray maps. However, there is a clear enrichment of P around the
entire outer rim of (and along fractures within) the allanite grain.

C
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between the degree of alteration of allanite and whole-
rock REE abundances. For example, sample J3, which
contains the least-altered grain of allanite, has a pattern
very similar to that of sample J2, which contains the
most altered grain. In general, hydrothermal alteration
appears to have produced no significant fractionation
of the REE in the whole rock.

DISCUSSION

Chemical reactions responsible for alteration of
allanite-(Ce)

Textural evidence clearly suggests that allanite-(Ce)
formed during crystallization of the Casto granite and
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hence is igneous in origin. However, our results show
that at least some allanite grains experienced intense
hydrothermal alteration. Allanite-(Ce) that has been al-
tered only slightly exhibits a thin zone of LREE deple-
tion and Th enrichment along fractures and around the
rim. Deer et al. (1986) indicated that such alteration

“crusts” are commonly observed in allanite. Of more
interest here are the products of more intense alteration
of allanite, i.e., fluorite and REE–Th phosphate. On the
basis of the data we have collected, it is impossible to
determine whether the REE–Th-bearing phosphate
phase is monazite or rhabdophane. However, in this re-

FIG. 6. Photomicrographs of allanite 12A: A) plane-polarized light, B) crossed nicols. The allanite grain is approximately 0.6
mm long. Abbreviations: Aln: allanite, Kfs: K-feldspar, Qtz: quartz, Fl: fluorite, Mnz: monazite. Much of this allanite grain
has been altered. C) Back-scattered-electron (BSE) image and X-ray maps of selected elements for allanite 12A. Large areas
of this allanite have been replaced by a Ca- and F-rich, REE-, Th- and Si-poor mineral, probably fluorite, and a Th-, REE- and
P-rich, Ca-poor mineral, probably monazite.

C
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gard, experiments by Akers et al. (1993) suggesting that
rhabdophane dehydrates to monazite at temperatures at
least as low as 200°C (the lowest temperature investi-
gated) are relevant. These authors suggested that
rhabdophane is stable only under low-temperature, near-
surface conditions, whereas the alteration of allanite-
(Ce) most likely took place under hydrothermal
conditions. Therefore, for simplicity, we assume the
REE–Th-bearing phosphate to be monazite-(Ce). This
assumption does not affect any of the conclusions we
draw.

It is likely that the breakdown of allanite and the
removal of both REE and Th were facilitated by the
formation of fluoride complexes of these metals; fluo-
ride is known to form strong complexes with both the
REE (Wood 1990) and Th (Langmuir & Herman 1980).
The breakdown of allanite to monazite and fluorite may
have taken place in two steps, although these steps were
probably not much separated in time or space. The first
step was the dissolution of allanite by a F-rich fluid, with
the Ca being fixed by incorporation into fluorite, and
the REE, Th, Si, Fe, Al and other cations being largely
removed from the areas where fluorite forms. A reac-
tion that schematically represents this initial process is:

CeCaFeAl2Si3O12OH (allanite) + (n + 2)F–

+ 7H+ + 5H2O(l) → CaF2 (fluorite) + CeFn3–n

+ Fe2+ + 3H4SiO4
0 + 2Al(OH)30 (1)

Although Ce is used in the above equation, similar equa-
tions would apply for each of the REE and Y. Note that
Al and Si could also be complexed by fluoride. The REE
(and Th) released in the first step, after being transported
only on the order of a few tens of micrometers, were
then fixed in monazite (and some Th in thorianite) in
the second step:

CeFn
3–n + H2PO4

– → CePO4 (monazite)
+ nF– + 2H+ (2)

Reaction (2) may have been driven to the right by both
an increase in the activity of H2PO4

– and a decrease in
the activity of F– (e.g., owing to fluorite precipitation).
The overall reaction [i.e., the sum of reactions (1) and
(2)] may be written:

CeCaFeAl2Si3O12OH (allanite) + 2F– + 5H+

+ 5H2O(l) + H2PO4
– → CaF2 (fluorite)

+ CePO4 (monazite) + Fe2+ + 3H4SiO4
0

+ 2Al(OH)30 (3)

Some of the dissolved iron may have been subsequently
fixed as an iron oxide or hydroxide or chlorite, and some
of the Al may have been fixed in white mica, chlorite or
a clay mineral.

FIG. 7. Chondrite-normalized REE data for whole-rock samples from the Casto pluton.
Values for chondrite were taken from Boynton (1984). Thin sections containing the
allanite grains studied came from the some of the same rock samples depicted here, the
correspondence being: J2: 12A, J3: 12B, J4: 13A, 13B, J6: 15A, 15B, J9: AP8, J10:
16BL. Note that the patterns are all subparallel and are characterized by LREE enrich-
ment and a distinct negative Eu anomaly.
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Conditions of hydrothermal alteration

We have little direct information on the pressure –
temperature – composition conditions of the hydrother-
mal alteration of allanite-(Ce) in the Casto pluton. How-
ever, Constantopoulos (1988) studied fluid inclusions
in fluorite from a series of veins in the general vicinity
(the Meyers Cove area, see Fig. 1), and his results may
provide some insight into the physicochemical condi-
tions prevailing during the alteration of allanite in the
Casto pluton, inasmuch as this alteration also clearly
involved fluorite-depositing fluids. Constantopoulos
(1988) obtained homogenization temperatures ranging
from 112° to 238°C, with a mean of 161°C, and with
75% of the data falling within the range 125–185°C. The
pressure correction is considered to be <10°C (Constan-
topoulos 1985). Salinities of the fluids are low, ranging
from 0.18 to 1.39 wt.% NaCl eq., with a mean of 0.57
wt.%. Constantopoulos (1988) related the deposition of
fluorite in the vicinity of the Casto pluton to the same
meteoric hydrothermal system responsible for the zones
of low d18O centered on Eocene plutons in the area
(Criss et al. 1984). Thus the fluids responsible for re-
gional fluorite mineralization, and by analogy, for the
alteration of allanite-(Ce) in the Casto pluton, may be
characterized as relatively low-temperature (~160°C),
low-salinity (~0.6 wt.% NaCl) meteoric waters that have
most likely acquired fluoride from alteration of biotite.
The alteration of allanite to a P-rich secondary phase
suggests that this fluid also contained phosphate, possi-
bly derived from the dissolution of primary magmatic
apatite in the pluton.

Comparison with previous studies

The replacement of allanite by fluorocarbonates such
as bastnäsite and synchysite has been reported in nu-
merous studies (cf. Silver & Grunenfelder 1957,
Sverdrup et al. 1959, Adams & Young 1961, Mineyev
et al. 1962, Ehlmann et al. 1964, Mitchell 1966,
Riesmeyer 1967, Sakurai et al. 1969, Černý & Černa
1972, Pantó 1975, Semenov et al. 1978, Mitchell &
Redline 1980, Littlejohn 1981, Rimsaite 1982, 1984,
Caruso & Simmons 1985, Duda & Nagy 1995). How-
ever, there have been fewer reports of the replacement
of allanite by phosphate phases during hydrothermal
alteration or weathering. Anderson (1960) reported that
allanite occasionally appears as remnants in monazite
and calcite in Lemhi County, Idaho, suggesting that
allanite may have been replaced by the latter phases.
Watson & Snyman (1975) described allanite associated
with and included in monazite in the Buffalo fluorspar
mine, South Africa. Although they did not specifically
state that the monazite replaced allanite, the textural
descriptions are suggestive of replacement.

The weathering of allanite to bastnäsite, monazite,
clays and iron oxyhydroxides in a granitic pegmatite in
Amherst County, Virginia was described by Mitchell &

Redline (1980). Similarly, Meintzer & Mitchell (1988)
reported the response of allanite from the Bunker Hill
granitic pegmatite in Virginia to intense weathering.
They found that allanite was most commonly replaced
by monazite and cerianite (CeO2), although bastnäsite
was observed in areas that may have been buffered to
higher pH, such as fractures. Thorium was shown to be
immobile, but the REE, especially the LREE, were re-
moved during weathering. In our study, we found no
evidence of the formation of cerianite, which may be a
result of a lower redox potential under the hydrother-
mal conditions in the Casto pluton compared to the
surficial weathering environment of the Bunker Hill
pegmatite.

Bingen et al. (1996) found allanite to have been re-
placed by monazite and thorite during the amphibolite-
to granulite-facies transition in gneisses from the
Rogaland – Vest – Agder sector of Norway. Further-
more, they detected an increase in the medium (MREE)
and heavy REE content (HREE) of apatite with increas-
ing grade. They wrote a reaction in which LREE in
allanite, and MREE and HREE in hornblende and titanite
react with apatite and quartz to produce monazite
(LREE) and a lessingite component in apatite (MREE,
HREE). This occurrence is relevant to the Casto case in
that here apatite also may have served as the source of
phosphorus.

It is interesting to note that the reverse reaction, i.e.,
the replacement of monazite by allanite, also has been
reported to occur (Murata et al. 1957, Gable 1980, Ward
et al. 1992, Broska & Siman 1998, Finger et al. 1998).
This fact indicates that replacement of allanite by mona-
zite is a reversible process, and as equation (3) would
indicate, which phase will be stable is a function of
phosphate, calcium, iron, aluminum, silica and hydro-
gen ion activities. Moreover, allanite of purely hydro-
thermal origin has been reported from a wide variety of
geological environments (Söhnge 1945, Watson &
Snyman 1975, Exley 1980, Campbell & Ethier 1984,
Gieré 1986, Pan & Fleet 1990, Zakrzewski et al. 1992,
Kerr & Samson 1998), indicating that the components
of allanite can be completely mobilized in aqueous so-
lutions under the appropriate conditions.

In spite of an intensive search, no definitive evidence
of fluorocarbonate products of allanite alteration from
the Casto pluton was found. The relationship between
bastnäsite and monazite can be written in terms of the
following generalized reaction:

CeFCO3 (bastnäsite) + HmPO4
m–3 ↔ CePO4

(monazite) + HnCO3
n–2 + HqFq–1 + (m–n–q)H+ (4)

where 0 < m < 3, 0 < n < 2, and 0 < q < 1. From reaction
(4), it is apparent that the absence of fluorocarbonates
could be attributable to a high activity of phosphate or
to a low activity or carbonate in the hydrothermal fluid
(or both). It is also possible that the actual activity of
free F– ion at any given time was maintained at a rela-
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tively low value owing to equilibrium constraints with
fluorite, even though the total amount of fluoride intro-
duced by the hydrothermal system over its lifetime was
significant. The role of pH in determining whether
allanite will be altered to bastnäsite or monazite is com-
plicated. Starting at very acidic pH, the following series
of reactions applies sequentially as the predominant
forms of phosphate, fluoride and carbonate ion change
with increasing pH:

CeFCO3 (bastnäsite) + H3PO4
0

↔ CePO4 (monazite) + H2CO3
0 + HF0 (5)

CeFCO3 (bastnäsite) + H2PO4
– + H+

↔ CePO4 (monazite) + H2CO3
0 + HF0 (6)

CeFCO3 (bastnäsite) + H2PO4
–

↔ CePO4 (monazite) + H2CO3
0 + F– (7)

CeFCO3 (bastnäsite) + H2PO4
–

↔ CePO4 (monazite) + HCO3– + F– + H+ (8)

CeFCO3 (bastnäsite) + HPO42–

↔ CePO4 (monazite) + HCO3– + F– (9)

CeFCO3 (bastnäsite) + HPO42–

↔ CePO4 (monazite) + CO32– + F– + H+ (10)

CeFCO3 (bastnäsite) + PO43–

↔ CePO4 (monazite) + CO32– + F– (11)

The pH values at which the predominant species
change are dictated by the dissociation constants of
phosphoric, carbonic and hydrofluoric acids, and these
constants are temperature- and pressure-dependent. For
example, at 25°C and 1 bar, the dominant reactions
would change at pH values of 2.1, 4.5, 6.3, 7.0, 10.3
and 12.1. From reactions (5)–(11), it is evident that in-
creased acidity may favor monazite or bastnäsite, or
have no effect, depending on the pH range and tempera-
ture involved. In any event, none of the possible reac-
tions above has a strong pH dependence in either
direction. Thus, it seems unlikely that fluid pH will be
as important as the activities of phosphate, carbonate
and fluoride in determining whether allanite will alter
to bastnäsite or monazite. However, similar reactions
written with synchysite, parisite or röntgenite may show
stronger pH dependences. Moreover, the activity of Ca2+

becomes an important variable when considering these
Ca–REE fluorocarbonates.

Redistribution of REE and Th during
alteration of allanite

The X-ray maps suggest that the REE and Th were
removed almost completely from areas of allanite re-
placed by fluorite. However, the areas replaced by the
phosphate phase contain very high REE and Th con-

tents; it thus appears that, although these elements were
remobilized out of allanite locally, they were captured
again by the monazite before they were transported any
significant distance. More quantitative analytical work
would be required before the degree to which the REE
and Th have been removed can be determined with cer-
tainty. Nevertheless, it is clear that in the Casto pluton,
the process of leaching of REE and Th from allanite was
arrested well before it reached completion, in spite of
the presence of fluoride.

Although we have not determined quantitatively the
degree of mass transfer of REE during hydrothermal
alteration in the Casto pluton, several considerations
suggest that these elements were not mobilized very far.
The SREE + Y contents of allanite in the Casto pluton,
determined by electron-microprobe analysis (Table 1),
range from 22 to 34 wt.%; in fact, all but one composi-
tion fall in the range 23–26 wt.%. We have not quanti-
tatively analyzed the REE phosphate that has replaced
allanite, but EDS analysis revealed a predominance of
REE, Th and P. Assuming pure REE monazite, the REE
content would be approximately 59 wt.%. Thus the
monazite replacing allanite most likely contains more
than twice as much REE as the original allanite. The X-
ray maps of La, Th and Y (Fig. 6c) are at least consis-
tent with a higher content of these elements in the P-rich
sections as compared to the less altered allanite; Ce
seems to be more evenly distributed. Klein & Hurlbut
(1985) gave a range of densities for allanite, from 3.5 to
4.2 g/cm3, and for monazite, from 5.0 to 5.3 g/cm3. Thus
not only does monazite contain a higher concentration
of the REE than allanite, but there would also be a mod-
est reduction in volume upon replacement of allanite by
monazite. Examination of Figure 6C suggests that, the
portions of allanite 12A that were replaced by REE
phosphate (which contains nearly twice as much REE
as allanite) are approximately equal in area to the por-
tions replaced by fluorite (from which the REE effec-
tively have been removed). Thus the amount of REE
removed from allanite when it was replaced by fluorite
is approximately balanced by the greater quantity of
REE required to form monazite. These considerations
suggest that although the REE were locally sufficiently
mobile to be removed from allanite, they were fixed in
monazite before they were transported over distances
greater than a few tens of micrometers.

The one analysis that yielded 34 wt.% SREE + Y
came from allanite 12A, the most altered allanite stud-
ied (see also Fig. 6A). Although altered areas were
avoided during the microprobe analyses, it is possible
that the area yielding this higher SREE + Y content was
partially altered, which may explain the poor analytical
total. However, it is interesting that the most altered
allanite grain has a higher total REE content than most
fresh and less altered allanite grains, which is consis-
tent with a lack of large-scale remobilization of the REE.

Further evidence for the lack of significant transport
of the REE by the hydrothermal fluid comes from analy-
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sis of the whole-rock granite samples. As pointed out
above, the REE patterns for all rock samples analyzed
are roughly subparallel irrespective of the degree of al-
teration, as judged on the basis of petrographic criteria;
with the exception of sample J9, the abundance patterns
exhibit a spread of no more than a factor of 3 or 4. The
rock sample containing the most altered allanite stud-
ied, J2, has REE abundances very similar to those of the
sample containing one of the least-altered grains of
allanite, J3. Moreover, sample J9, which contains an
allanite grain with only a mild degree of alteration, is
the only sample with a pattern distinctly displaced from
the rest. Even in the latter case, the pattern remains
subparallel to all the others. The lack of fractionation of
the REE as a function of degree of alteration would be
unexpected if the REE were mobilized over a signifi-
cant distance by a hydrothermal fluid, because the LREE
and HREE should have significantly different solubili-
ties in a fluoride-bearing hydrothermal fluid. Thus the
lack of any systematic relationship of total REE abun-
dances with degree of alteration and the fact that the
REE patterns remain parallel in spite of intense alter-
ation of the allanite strongly suggest that the REE were
not mobilized over any significant distance. The vari-
able position of the REE patterns along the Y axis ob-
served in Figure 7 may be a result of variations in the
modal abundance of allanite in the original rocks, or the
addition or removal of other major, more mobile com-
ponents of the rock during alteration.

The lack of extensive mobilization of the REE upon
decomposition of allanite-(Ce) may be attributed to two
factors. Firstly, the phosphate activity of the fluid was
sufficient to permit the formation of a relatively in-
soluble REE–Th-bearing phosphate, which captured
these elements. Secondly, the activity of free fluoride
was limited by the solubility of fluorite. Thus, to the
extent that the reaction:

Ca2+ + 2F– → CaF2 (fluorite) (12)

proceeds to the right, the activity of free fluoride ion
will be decreased, and fluoride complexes of Th and
REE will become destabilized according to:

REEFn
3–n → REE3+ + nF– (13)

and

ThFm
4–m → Th4+ + mF– (14)

and these elements may then be more readily removed
from solution. At the low temperatures and salinities
inferred for the allanite-altering fluids in the Casto plu-
ton, the solubility of fluorite is rather low (Holland &
Malinin 1979). Furthermore, the activity of free fluo-
ride would be further lowered by formation of com-
plexes with other components in the hydrothermal fluid,
such as H+, Na+, K+, Fe2+, Al3+, etc. Thus, a combina-

tion of high phosphate activity and a fluoride activity
maintained relatively low by the solubility of fluorite
and competitive complexation limited the mobility of
the REE and Th liberated upon destruction of allanite.

Implications for the disposal of radioactive waste

The response of allanite to hydrothermal alteration
may offer some information on the potential response
of deeply buried nuclear waste forms to the incursion of
heated groundwaters at some time in the future. Radio-
nuclide-bearing metamict minerals such as allanite rep-
resent models for the study of silicate-based waste
forms, such as borosilicate glasses, that have been sub-
jected to radiation damage over long time-periods
(Ewing 1976). The felsic plutonic and volcanic rocks in
the study area are also reasonable analogues of granitic
and volcanic rocks under investigation as potential
nuclear-waste repositories in many countries. It is ex-
pected that deeply buried, high-level radioactive waste
and its immediate environment will experience elevated
temperatures owing both to the natural geothermal gra-
dient and the excess heat produced by radioactive de-
cay. These temperatures generally are expected to be in
the range 150–200°C in a properly designed repository
(Brookins 1984, OECD 1984). Thus the hydrothermal
fluids responsible for the alteration of allanite in the
Casto pluton may have had a temperature similar to that
expected for the interaction of heated groundwater with
a breached nuclear waste repository.

Although allanite from the Casto pluton contains a
lower concentration of radioactive elements than would
likely be present in a high-level nuclear waste form, its
alteration occurred under the “worst-case” scenario of
access by freely circulating hydrothermal fluids contain-
ing a strong complexing agent, i.e., fluoride. Even un-
der these adverse conditions, the REE and Th released
during the hydrothermal alteration of allanite were not
transported very far before they were immobilized in
secondary phases. We can reasonably expect that this
also would be the case for trivalent and tetravalent ac-
tinides, for which REE3+ and Th4+ are analogues. How-
ever, our study does not address the mobility of
radionuclides for which the REE and Th are not ana-
logues, such as Sr, Cs, or U6+, that might be released
from nuclear waste. Moreover, there are a number of
examples of natural systems in which the REE or Th (or
both) apparently were transported over relatively great
distances. Caution thus is required in extrapolating the
results of this study to other environments.

CONCLUSIONS

Primary magmatic allanite from the Eocene Casto
pluton, Idaho, and the products of its alteration by a fluo-
ride-bearing hydrothermal fluid, were characterized by
petrography, electron-microprobe analysis, BSE imag-
ing, X-ray emission mapping and EDS analysis. The
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following conclusions have been drawn from this work.
1) Allanite in the Casto pluton exhibits a relatively

narrow range in composition, an absence of prominent
zoning, and a rather typical composition compared to
other occurrences of allanite reported in the literature.

2) A representative empirical formula for the
allanite in this study, based on eight cations, is:

(REE0.83Ca1.07Th0.04Mn2+
0.06) (Ti4+

0.11Mg2+
0.04

Fe2+
0.99Fe3+

0.48Al1.38) (Si3.00O12) (OH0.95F0.05),

where REE represents (La0.14Ce0.41Pr0.05Nd0.17Sm0.03
Y0.03).

3) The relatively narrow range of chemical varia-
tion observed is consistent with two main coupled sub-
stitutions: Ca2+ + Th4+ ↔ 2REE3+ and REE3+ + Fe2+ +
Mg2+ ↔ Ca2+ + Al3+ + Fe3+.

4) Weak alteration is manifested by a thin zone of
slight depletion of REE and enrichment in Th around
the rim and along fractures of allanite grains. Allanite
that has been altered most severely is replaced to a large
extent by relatively REE- and Th-poor fluorite, a REE-
and Th-rich phosphate phase, probably monazite, and
minor amounts of a Th-only phase, probably thorianite.

5) The overall alteration reaction may be expressed
as REECaFeAl2Si3O12OHallanite + 2F– + 5H+ + 5H2O(l)
+ H2PO4

– → CaF2,fluorite + REEPO4,monazite + Fe2+ +
3H4SiO4

0 + 2Al(OH)30, where Fe and Al may ultimately
have been fixed in iron oxides, oxyhydroxides, or chlo-
rite, and clays, chlorite or white mica, respectively, or
removed from the system.

6) Although locally the REE and Th were removed
from allanite upon replacement by fluorite, these ele-
ments were transported distances of at most a few tens
of micrometers before they were fixed in the secondary
REE–Th phosphate.

7) The alteration described may have been caused
by a relatively low-temperature (100–200°C), low-
salinity (0–1.4 wt.% NaCl equivalent), fluoride- and
phosphate-bearing hydrothermal fluid.

8) The relatively low degree of remobilization of the
REE and Th in the presence of a fluoride-bearing fluid
may be attributable to the ready availability of phosphate
and the maintenance of free fluoride activity at relatively
low values by competitive complexation with other met-
als and solubility constraints with respect to fluorite.

9) These results suggest that even if REE, Th and
analogue actinide elements are released by the interac-
tion of silicate-based waste forms with hydrothermal
fluids, they may be immobilized within the repository
by the formation of insoluble secondary phases.
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