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Monazite-(Ce)-huttonite solid solutions in 
granulite-facies metabasites from the Ivrea-Verbano Zone, Italy 

H.-J. FORSTER AND D. E. HARLOV 

GeoForschungsZentrum Potsdam, Telegrafenberg, 14473 Potsdam, Germany 

Composite populations of monazite-group minerals of both metamorphic and metasomatic origin have 
been discovered in thin layers of granulite-facies metabasites interlayered with metapelites, located in 
the Val Strona di Omegna region of the Ivrea-Verbano Zone, Italy. In addition to monazite-(Ce), which 
is uncommonly poor in Th and is probably formed by incongruent dissolution of apatite, these 
populations include members of the monazite~uttonite series. The latter minerals contain between 13 
and 30.1 mol.% ThSiO4 [= huttonitic monazite-(Ce)], and are known from only half a dozen other 
occurrences worldwide. We propose that breakdown of primary monazite-(Ce) in the metapelites 
during granulite-facies metamorphism mobilized Th and the REEs, which were then transported by 
high-grade metamorphic fluids into the metabasite layers to form the Th-rich minerals of the monazite- 
huttonite series. 

Kt=YWORDS" monazite, huttonite, apatite, crystal-chemistry, granulite-facies metamorphism, metabasite, Ivrea- 
Verbano Zone. 

I n t roduc t ion  

THE light rare-earth element (LREE) phosphate 
mineral monazite typically occurs as an accessory 
mineral in peraluminous granites, syenitic and 
granitic pegmatites, carbonatites, as well migma- 
rites, metasediments  and metagrani to ids  
(Rosenblum and Fleischer, 1995). Minerals of 
the monoclinic monazite group have the general 
formula ABO 4 (A - REE, Y, Th, U, Ca, Pb and B 
- P, Si) and can be classified in the ternary system 
monazite (LREEPO4)-huttonite (ThSiO4; Pabst 
and Hutton, 195!)-brabantite [(CaTh(PO4)2; 
Rose, 1980]. Minerals which are intermediate in 
composition between end-member monazite and 
brabantite, and monazite and huttonite, are termed 
'cheralite' [(LREE, Ca,Th,U)(P,Si)04; Bowie and 
Home, 1953] and huttonitic monazite (F6rster, 
1998). The species boundaries in the 2CePO4 
2ThSiO~CaTh(PO4)2 triangle are shown in 
Fig. 1. Recently, Th-rich brabantitic monazite- 
(Ce) grains containing up to 53 mol.% 
SrTh(PO4)2 were discovered (Chakhmouradian 
and Mitchell, 1998), further highlighting the 

enormous compositional diversity within the 
monazite family of minerals. 

While available compositional data indicate 
complete miscibility in the monazite~rabantite 
solid-solution series under natural conditions 
(F6rster, 1998), only a few occurrences of Th- 
rich monazite, plotting at or along the monazit~ 
huttonite join, are currently known (Fig. 1). As a 
consequence, the assumed continuity of the 
monazite-huttonite series (Kucha, 1980) is not 
well demonstrated in nature. 

This letter reports compositional data for 
huttonitic monazite-(Ce) which, together with 
'common' monazite-(Ce), has been discovered 
unexpectedly in granulite-facies metabasites from 
the Val Strona di Omegna area of the Ivrea- 
Verbano Zone, northern Italy (see Fig. 1, Franz 
and Harlov, 1998). Presentation and discussion of 
the complete set of monazite data produced 
during an extended and ongoing study of 
phosphate minerals in granulite- to amphibotite- 
facies metabasites and metapelitic rocks from that 
region will be presented in a separate study. 
Previous electron-microprobe analyses of  
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FIc. 1. Occurrences of minerals of the (a) huttonite-huttonitic monazite-(Ce) and (b) brabantite cheralite-(Ce) series 
in the system 2CePO4-2ThSiO4 CaTh(PO4)2 (Bowie and Home, 1953; F6rster, 1998). In calculating end-member 
proportions, the contents of other R E E  and Y are added to Ce, and the contents of U and Pb are included with the 
brabantite molecule. See text for localities of and bibliographic references for minerals of the monazite-huttonite 
series. Type brabantite (Rose, 1980); type cheralite (Bowles et al., 1980); rare-metal pegmatite, Xingjiang, China, 
(Xianjue, 1978, cited in Fleischer et al., 1981), various Alpine pegmatites (Gramaccioli and Segalstad, 1978; 
Manucci et al., 1986; Demartin et al., 1991), Carnmenellis two-mica granite, UK (Poitrasson et al., 1996); 
Albuquerque two-mica granite, Spain (Bea, 1996); granulite-facies metapelitic gneiss, Brattstrand Bluffs, Antarctica 
(Watt, 1995); granulite-facies hypersthene-bearing granite, Visakhapatnam, India (Kamineni et al., 1991); 
sillimanite schist, Visakhapatnam (Rao et al., 1997); biotite, two-mica and Li-mica granites, Erzgebirge- 

Fichtelgebirge, Germany (F6rster, 1998; and unpublished data of that author). 

monazite have been restricted to those from the 
metasediments (Schnetger, 1994; Bea, 1996). 

Geological background 
The Ivrea-Verbano Zone (IVZ) is part of the pre- 
Alpidic basement of the southern Alps. It consists 
of a steeply dipping, continuous succession of 
metamorphic rocks from granulite facies to 
amphibolite facies. The base of the IVZ (north- 
western part) is formed by the so-called Mafic 
Formation (cf. Sinigoi et al., 1994) which itself 
consists of a succession of granulite-facies 
metagabbros, metanorites, diorites and ultramafic 
lenses. The Mafic Formation is overlain by a 
sequence of interlayered metapelites, metabasites 
and minor marbles which range in metamorphic 
grade from granulite to middle amphibolite facies 
(Henk et al., 1997). 

It is commonly postulated that thermal input 
during the magmatic underplating of the Mafic 

Formation (c. 300 Ma, Vavra et  al. ,  1996) 
induced granulite facies metamorphism in the 
overlying rocks and led to partial melting of the 
me t a pe l i t i c  layers  (Schne tger ,  1994). 
Thermobarometric investigations of Henk et al. 
(1997) indicate granulite facies P - T  conditions of 
810_+50~ at 8.3_+2 kbar near the contact with 
the Mafic Formation in the northern part of the 
Val Strona di Omegna. With increasing distance 
from the contact with the metagabbro, pressure 
and temperature continuously decrease in the 
granulite facies terrane reaching temperatures and 
pressures of 615+30~ and 4.1_+1 kbar at the 
transition to the amphibolite-facies terrane. 

Analytical conditions 

Minerals of the monazite group were analysed for 
P, Si, Th, U, R E E  (except Eu and Tm), Y, A1, Fe, 
Ca and Pb with an automated CAMEBAX SX-50 
electron microprobe at the GFZ Potsdam using 
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wavelength-dispersive techniques. The operating 
conditions were as follows: accelerating voltage 
20 kV, beam current 40 60 nA, and beam size 
1 -2  gm. Data reduction, counting times, 
analysing crystals, standards, analytical precision, 
and detection limits are described in detail in 
F6rster (1998). 

Petrography and composition of huttonitic 
monazite-(Ce) 

Minerals of the monazite group have been 
identified as widespread accessory phases in thin 
layers of granulite-facies metabasites (i.e. ortho- 
pyroxene-garnet gneisses) from the Val Strona 
area where they account for a major proportion of 
the whole-rock LREE and Th budgets. These 
metabasalts (c. 46-50 wt.% SiO2; e.g. Sills and 
Tarney 1984) are composed of orthopyroxene, 
clinopyroxene, garnet, plagioclase and quartz 
with minor K-feldspar, biotite, rutile, ilmenite, 
zircon, apatite, pyrrhotite and graphite. Monazite 
is hosted by a variety of major and accessory 
minerals including garnet, K-feldspar, plagio- 
clase, biotite, quartz, apatite, ilmenite and pyrite 
and, in general, is distinguished by a large 
compositional diversity in terms of lanthanide 
(ZREE203 = 34.5-70.1 wt.%) and ThO2 concen- 
trations (from below the microprobe detection 
limit to 35 wt.%). 

Among those monazite-group minerals, which 
occur as inclusions in metamorphic garnet or at its 
grain boundaries, complexly zoned, subhedral to 
anhedral and commonly corroded grains were 
observed that are uncommonly rich in Th, 
specif ica l ly  in the hut toni te  component  
(Fig. 2a-c ,  Table 1). The most Th-rich, patchy 
domains in these grains of 20 50 gm size have 
compositions (26.8 35.0 wt.% ThO2) which 
identify them as huttonitic monazite-(Ce) in 
Fig. 1. Grains included in garnet (Table 1, 
analyses 1-5)  also contain substantial amounts 
of brabantite. They plot at or near the huttonitic 
monazite cheralite boundary of the monazite- 
huttonite-brabantite triangle. In contrast, those 
occurring at the garnet margin lie close to the 
monazite-huttonite join (Table 1, analyses 6 and 
7). These minerals are compositionally closer to a 
huttonitic monazite-(Ce) grain which contains 
27.3 wt.% ThO2 (Table 1, analysis 8; Bea, 1996) 
and comes from a granulite-facies metasediment 
(i.e. garnet-sillimanite-K-feldspar gneiss) from 
the same region. However, the latter differs 
from the huttonitic monazite-(Ce) in the metaba- 

sites by having significantly higher concentrations 
of Nd, Sin, Y and the heavy rare-earth elements 
(HREE). 

Diversity in monazite composition is enormous 
even on the thin-section and grain-size scales. For 
example, in thin section 1V94-15 (cf. Table 1), 
huttonitic monazite-(Ce) occurs together with a 
less Th-rich monazite grain in the same garnet 
crystal (Fig. 2a-c) .  Monazite in K-feldspar and 
quartz contains between 2 and 4 wt.% ThO2. 
Monazite grains observed principally in apatite 
(Fig. 2d), but also occasionally in biotite and 
pyrite, have Th concentrations below the micro- 
probe detection limit. 

Occurrences of huttonite and huttonitic 
monazite-(Ce) 

Huttonitic monazite-(Ce) and, even less likely, the 
huttonite end-member are rarely found in nature 
(Fig. 1). Huttonite confirmed by X-ray data has 
been described only once, from its type locality, 
Gillespie's Beach, New Zealand, where it occurs 
as minute grains in a beach sand and contains 
76.6 wt.% ThO2 (Pabst and Hutton, 1951). 
Recently, Broska et al. (1998) identified a 
thorium silicate mineral (77.2 wt.% ThO2) in S- 
type biotite granodiorites from the Tribe6 Mts. 
(Slovakia), which displays an uncommonly 
shaped LREE pattern and is assumed to represent 
huttonite rather than thorite, 

The currently known occurrences of huttonitic 
monazite-(Ce) are: (1) granitic pegmatites of 
Bogatynia, Poland (ThO2 = 56.4-69.9 wt.%; 
Kucha, 1980); (2) the Kirchberg granite, Germany 
(41.8 wt.% ThO2; F/Srster, 1998); (3) amphibolite- 
facies calc-alkaline granitic augen gneisses (34.2 
wt.% ThO2) and granulite-facies charnockitic 
gneisses (22.7 wt.% ThO2) from the Rogaland- 
Vest Agder terrain, SW Norway (Bingen and van 
Breemen, 1998); (4) the Skiddaw granite, NW 
England (28.9 wt.% ThO2; Poitrasson et al., 
1996); (5) a pebble from Ratnapura, Sri Lanka 
(28.2 wt.% ThO2; Pabst and Hutton, 1951); and 
(6) a holocrystalline ejectum from Vetralla, Italy 
(27.1 wt.% ThO2; Della Ventura et al., 1996). 

The rare occurrence of huttonite is suggested to 
be the result of its instability, with respect to its 
tetragonal analogue thorite, at pressures and 
temperatures normally encountered under high- 
grade conditions in the Earth's crust (Dachille and 
Roy, 1964). Specifically, huttonite should not be 
stable at the pressures and temperatures under 
which the granulite-facies metabasites and meta- 
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pelites of the IVZ formed (T = 600-800~ P = 
6 -8  kbar). However, substitutions of REEP04 
and CaTh(PO4)2 appear to increase the huttonite 
stability field considerably, thus permitting 
formation of huttonitic monazite-(Ce) at these 
P-T conditions. 

Discussion and geological implications 

Extended compositional variability and the 
internal textural structure of monazite grains 
from granulite-facies metabasites of the lvrea- 
Verbano Zone are consistent with the observation 
that this particular mineral typically underwent 
several growth and resorption episodes under 
high-grade metamorphic conditions, resulting in a 
series of composite populations (e.g. Zhu et al., 
1997; Bingen and van Breemen, 1998; Braun et 
al., 1998; Cocberie et aI., 1998; Hawkins and 
Bowring, 1999). 

Generally, formation of monazite as a primary 
(igneous) mineral is incompatible with the 
basaltic nature of its host rock, in which major 
minerals such as amphiboles, pyroxenes and 
garnet normally account for the bulk of the 
lanthanides and actinides. Logically, the crystal- 
lization of monazite in these metabasites should 
be secondary, and is probably linked to contact- 
metamorphic overprinting and associated high- 
grade fluid flow (e.g. Franz and Harlov, 1998), 
which has been suggested to have affected the 
mafic rocks during emplacement of the Mafic 
Formation and subsequent granulite-facies meta- 
morphism. High-grade metamorphic and metaso- 
matic processes, involving both internal and 
external sources of the REEs, are also proposed 
to account for the few other occurrences of 
monazite in mafic-ultramafic rocks known to 
date (Rudnick et al., 1993; Liou and Zhang, 
1996). 

Monazite-group minerals are present only in 
granulite-facies metabasites which form thin 
layers or lenses (25-100 cm thick) and are 
complexly interfolded with the metasediments. In 
contrast, monazite is apparently absent from 
amphibolite-facies metabasites that form thick 
units (20-100 m) interbanded with amphibolite- 
facies garnet-biotite gneisses. These observations 
imply that both the elevated P-T conditions 
required for granulite-facies metamorphism and 
the small thickness of the basaltic layers in 
immediate contact with the monazite-bearing 
metapelites are critical for the formation of 
monazite. These observations support present 

models involving a high degree of mobility of 
the REE and the actinides during granulite-facies 
metamorphism (e.g. Pan and Fleet, 1996). 

A number &potential sources for the REEs and 
the actinides in the different populations of 
monazite must be considered, including pre- 
existing REE-bearing minerals both within the 
granulite-facies metabasite itself and the inter- 
layered nretapelites. Monazite with high concen- 
trations of Th and U, including the huttonitic 
monazite-(Ce) discussed herein, are probably 
produced partially or wholly by the breakdown 
of Th-bearing monazite-(Ce) in the immediate 
adjacent metasediments (Table 1, analysis 9), 
with subsequent large-scale, high-grade fluid 
flow-induced redistribution of the now mobile 
lanthanide and actinide elements into the 
metabasites. Significant enrichment in REE, 
other high field-strength elements and phosphorus 
in the granulite-facies metabasalts, in comparison 
with the amphibolite-facies metabasalts, is 
suggested to be the result of the introduction of 
elements from external source(s) and does not 
represent a primary signature as proposed by Sills 
and Tarney (1984). Thus, current ideas on the 
nature of the basaltic magmatism in the IVZ, 
which invoke a different petrogenesis and tectonic 
position for type 1 and 2 amphibolites (Sills and 
Tarney, 1984), might require some revision. 

The Th-rich monazite grains are considered to 
have crystallized earlier than, or simultaneously 
with their host minerals, identifying them as 
metamorphic in origin. In distinct compositional 
and textural contrast to these monazites are tiny 
monazite microcrystals ( < / - 2  pm) inside apatite 
and somewhat larger anhedral, homogeneous 
grains on the apatite surface that are strongly 
enriched in REE but extremely poor in both Th 
and U (Table 1, analysis 10). These specific 
compositions are in accordance with those 
obtained from previous studies of phosphate 
minerals from various high-grade metamorphic 
rocks (f~mli, 1975; Pan and Fleet, 1993; Pan, 
1997; Hiroi et al., 1997), suggesting that 
monazite, which occurs in or at the surface of 
apatite, shares the common feature of containing 
Th (but not necessarily U) in concentrations 
<<1 wt.%, typically at or below their microprobe 
detection limits. Thus, in metamorphic rocks, 
extremely Th-poor monazite might be used to 
fingerprint its potential sources which comprise 
allanite and titanite as well as leaching or 
replacement of fluorapatite (e.g. Pan, 1997). It 
could be used specifically in igneous rocks to 
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Fic. 2. (opposite) Back-scattered electron microscope images of compositionally and texturally distinct monazite 
grains in thin section 1V94-15. The numbers at the locations of the EPMA analyses refer to the measured ThO2 
concentrations (in wt.%). Qtz = quartz, Gt = garnet, P l g -  plagioclase, Gr - graphite, llm - ilmenite, M o n =  
monazite, Ap - apatite. (a) Th-rich monazite-(Ce) grains in garnet. (b) Huttonitic monazite-(Ce) showing sector 
zoning. The internal zoning of the crystal reveals local truncations of growth zones throughout the growth history. 
This texture is interpreted to reflect a cyclic history of growth and dissolution during metamorphism, resulting from 
variations in the composition of the surrounding pore fluids. (c) Heterogeneously zoned grain of Th-rich monazite- 

(Ce). (a t) Small Th-poor monazite-(Ce) inclusions at the upper margin of an apatite crystal. 

distinguish between monazite formed by incon- 
gruent dissolution of apatite during rock anatexis 
(e.g. Wolf  and London, 1995) and monazite 
grown from a melt. The latter commonly  
contain Th in excess of  2 - 4  wt.% (e.g. F6rster, 
1998). 

Thorium depleted monazite is not restricted in 
occurrence to apatite but, very occasionally, was 
also observed in plagioclase, quartz, ilmenite, and 
pyrite on the thin-section scale. If apatite is also 
assumed as the ultimate source of  the REEs in 
these monazite grains, mobilization of  the REEs 
during breakdown or replacement of apatite must 
have occurred at least over distances of  milli- 
metres or centimetres. 

Monazites from the metabasites are composi- 
tionally distinct from those occurring in the 
intimately associated metasediments. Monazite 
from the latter displays a restricted range in 
composition, with REE patterns and ThO2 
contents of 2.1-8.1 wt.% typical for minerals of  
metamorphic origin. These observations indicate 
that the monazite grains found in the mafic rocks 
are not simply mechanical admixtures from the 
metasediments taken up by the basaltic melts 
during interaction with the sedimentary rocks. 

A more detailed picture of  monazite formation 
in the granulite-facies metabasites will help to 
further explain the observed strong spatial 
relations of compositionally distinct monazite 
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grains to a particular host or suite of host phases. 
No convincing explanation can yet be given as to 
whether the apparent association of huttonitic 
monazite-(Ce) with garnet is accidental or not. 
Furthmxnore, the presence of monazite and its 
specific compositional signatures should provide 
important insights into the cooling history of the 
IVZ metamorphic complex (based on Th-U-total 
Pb ages) after emplacement  of  the basal 
ultramafic melts (Mafic Complex) as well as 
allow conclusions on the origin of  the monazite 
host minerals. All these issues will be addressed 
in a forthcoming, more extended paper. 
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