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ABStrACt

The Madeira deposit (Sn, Nb, Ta) at Pitinga, Amazonia, in Brazil, is associated with the albite-enriched facies of the A-type 
Madeira granite (~1,820 Ma). Fluorine (cryolite), Y, REE, Li, Zr, and Th are potential by-products of the disseminated ore. We 
studied the xenotime from the core albite-enriched (CAG), transitional albite-enriched granite (TAG) and pegmatitic albite-
enriched granite (PAG). In all these rocks, xenotime is magmatic, has high HREE contents (0.37 to 0.54 atoms per formula unit; 
LREE are not detected), and low U, Th and Ca content. The CAG xenotime is the richest in REE, followed by that in the PAG 
and TAG units. Fluorine was detected in all xenotime crystals from CAG (up to 5.10%) and from PAG (up to 1.40%) and in most 
crystals from TAG (up to 0.68%). Where the xenotime is richer in F, the Na and Si increase, the P, Ca, and the effectiveness of 
a thorite-type substitution decrease. Fluorine controls the ratio REE/Y; the richer the xenotime in F, the richer it is in REE, in 
particular Er and Yb. The cell parameters a and c are significantly shortened in F-rich xenotime. There is no evidence of OH in 
the structure. We contend that fluorine substitutes for O to form PO3F tetrahedra, as in bobdownsite. The formation of the PO3F 
tetrahedra in the xenotime accounts well for the compatibility between the crystallographic characteristics and the chemical 
composition.

Keywords: xenotime, yttrium, rare-earth elements, fluorine, albite-enriched granite, Pitinga, Amazonia, Brazil.

SOmmAirE

Le gisement Madeira, situé dans le district minier de Pitinga, état de Amazonas, au Brésil, est associé au granite Madeira, 
de type A (~1820 Ma). Le gisement contient une association de Sn avec cryolite, Nb, Ta, Y, ETR, Li, Zr, U et Th dans le même 
granite, riche en albite, que celui qui encaisse un gisement de cryolite massive. Nous avons étudié le xénotime des sous-faciès 
granite à albite du coeur (GAC), granite à albite de transition (GAT) et granite à albite pegmatitique (GAP). Dans toutes ces 
roches, le xénotime est magmatique, et possède des teneurs élevées en terres rares (0,37 à 0,54 par formule unitaire; les terres 
rares légères n’ont pas été détectées) et des faibles teneurs en U, Th et Ca. Le xénotime de l’unité GAC est le plus riche en terres 
rares, suivi de ceux des unité GAP et GAT. Le fluor a été détecté dans tous les cristaux de xénotime du GAC (jusqu’à 5,10%) 
et du GAP (jusqu’à 1,40%) et dans la plupart des cristaux du GAT (jusqu’à 0,68%). Plus le xénotime est riche en F, plus les 
teneurs de Na, Si et P augmentent, et plus diminue l’efficacité de la substitution de type thorite. Le fluor contrôle le rapport de 
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ETR/Y (plus le xénotime est riche en fluor, plus il est riche en terres rares, notamment Er et Yb). Les paramètres cristallins a et c 
sont sensiblement réduits dans le xénotime riche en F. Il n’existe aucune preuve de l’existence de OH dans la structure. Ceci est 
interprété en termes de substitution de O par F induisant la formation de tétraèdres PO3F, tout comme dans la bobdownsite. La 
formation de ces tétraèdres dans le xénotime assure la compatibilité entre les caractéristiques cristallographiques et la composition 
chimique observées.

Mots-clés: xénotime, yttrium, terres rares, fluor, granite riche en albite, Pitinga, Amazonie, Brésil.

A detailed description of the Madeira granite was 
provided by Costi et al. (2009). The Madeira granite 
(Figs. 1, 2) contains four facies (Costi 2000). The 
metaluminous amphibole–biotite syenogranite facies 
(207Pb/206Pb zircon age of 1,824 ± 2 Ma: Costi et al. 
2000) and the peraluminous biotite – alkali feldspar 
granite facies are equigranular. The alkali feldspar 
hypersolvus porphyritic granite facies (207Pb/206Pb 
zircon age of 1,818 ± 2 Ma: Costi et al. 2000) and the 
albite-enriched granite were emplaced simultaneously 
and intrude the older facies. The albite-enriched granite 
is subdivided into two subfacies (Fig. 2), and the contact 
between them is gradational: the core albite-enriched 
granite (CAG) and the border albite-enriched granite 
(BAG). Locally, a transitional subfacies (TAG) can be 
identified.

The CAG is gray, with a porphyritic to seriate 
texture, and essentially consists of quartz, albite and 
K-feldspar in approximately equal proportions, each 
one ranging between 25 and 30%. Cryolite (5%), 
poly lithionite (4%), green-brown mica (3%), zircon 
(2%), and blue amphibole (riebeckite, 2%) are acces-
sory minerals. In minor proportions, we recognize 
pyrochlore, cassiterite, xenotime, thorite, and opaque 
mineral phases, such as magnetite and galena. Pegma-
titic CAG, which has the same essential and accessory 
mineralogy, is usually rich in cryolite, xenotime, zircon 
and thorite; it occurs as lenses up to 1 m thick and is 
widespread throughout the CAG. The peraluminous 
BAG subfacies is red and presents the same textural 
types and essential mineralogy as the CAG except for 
the iron-rich minerals, e.g., the Fe–Li mica, which have 
almost completely disappeared owing to an autometa-
somatic process (Costi 2000), and for the presence of 
fluorite instead of cryolite. Horbe et al. (1991) proposed 
that the albite-enriched granite is an “apogranite” and 
suggested a metasomatic model. Lenharo (1998) and 
Costi (2000) described the magmatic origin of the 
albite-enriched granite. Costi et al. (2009) proposed 
that the albite-rich granite originated through the crys-
tallization of a dense, F-rich, peralkaline phase derived 
from a peralkaline to metaluminous parental melt by 
immiscibility.

The Madeira deposit

The term Pitinga mine is used to designate a mining 
complex, the main tin producer in Brazil, that comprises 

iNtrOduCtiON

China produces 97% of the rare-earth elements 
(REE) consumed in the world, but it is projected 
that by 2012, its national industry will consume the 
entire production, leaving the world dependent on the 
discovery of new reserves and leading to the increased 
use of known reserves (Stone 2009, Service 2010). 
The recovery of REE as a by-product will also become 
necessary. In this respect, the Madeira deposit, associ-
ated with the A-type Madeira granite at Pitinga, is 
among the world-class deposits with great potential.

This paper focuses on the xenotime found in the 
Madeira deposit. Xenotime has already been studied in 
detail in granites with the most diverse compositions; 
however, it has not been studied in the Madeira deposit, 
in which the association of cryolite with Sn, Nb, and 
Ta mineralization in an albite-enriched granite is unique 
in the world; furthermore, it presents an evolution 
marked by the enrichment in the heavy REE (HREE). 
As expected, the composition of the xenotime studied is 
also unique. We investigated the variations in the REE, 
Y, and F contents in xenotime of rocks formed from 
magma with different values of F fugacity (two different 
subfacies of the albite-enriched granite) and also in the 
presence of aqueous fluids rich in F (xenotime associ-
ated with pegmatitic albite-enriched granite). We also 
investigated the possible mechanisms of substitution 
that allow the incorporation of F into the structure of 
xenotime and the way in which such a process affects 
the structure of this mineral.

BACkgrOuNd iNfOrmAtiON

Geological setting

The Pitinga region (Fig. 1) is located in the southern 
portion of the Guyana Shield (Almeida et al. 1981). 
The predominant rocks in the region are the volcanic 
rocks of the Iricoumé Group (207Pb/206Pb zircon ages 
between 1,881 ± 2 and 1,890 ± 2 Ma). The rocks, indica-
tive of a caldera complex, range from metaluminous to 
slightly peraluminous, demonstrate an affinity for the 
silica-saturated alkaline series or with A-type magmas 
(Ferron et al. 2002, 2006, 2010, Pierosan et al. 2011). 
The rocks of the Iricoumé Group are cross-cut by the 
granitic bodies of the Madeira Suite, among them the 
Madeira granite (Fig. 1).
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(1) alluvial deposits exploited since the 1980s, now 
almost exhausted, (2) greisens associated with the 
Água Boa granite (Madeira Suite) exploited between 
the years 1990 and 2000, and (3) the Madeira deposit, 
corresponding to the albite-enriched granite (Fig. 2), 
which was discovered by the Paranapanema Company 
in 1983 and is presently exploited for Sn, Nb and Ta.

The detailed description of the Madeira deposit 
was provided by Bastos Neto et al. (2005, 2009). The 
deposit has 164 million tonnes of disseminated ore at 
a grade of 0.17 wt% Sn (cassiterite), 0.20 wt% Nb2O5, 
0.024 wt% Ta2O5 (both in pyrochlore and columbite), 
and 0.17 wt% REE [xenotime and gagarinite-(Y)]. 

Fluorine (cryolite), Zr (zircon), Th (thorite), and Li 
(polylithionite) are also potential by-products of the 
disseminated ore. In addition, in the central portion of 
the Madeira deposit, there is a massive cryolite deposit 
(MCD), amounting to 10 million tonnes with a grade 
of 31.9% Na3AlF6. In 2013, mining operations are 
expected to reach the MCD roof.

The Sn mineralization consists of magmatic cassit-
erite in both the CAG and the BAG. In the CAG, 
there are two types of disseminated cryolite. Cryolite 
I, magmatic, occurs as rounded crystals in the rock, 
as oval inclusions in quartz phenocrysts, and in mica 
agglomerates. Cryolite II, of a hydrothermal origin, 

fig. 1. Location map and geological map of the Madeira granite, modified after Costi 
(2000).
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fig. 2. Geological map of the albite-enriched granite facies (after Minuzzi et al. 2005a) 
and location of the samples.

occurs as a very finely disseminated (<0.05 mm) 
constituent in the rock matrix, corroding all minerals 
with which it is in contact. In the CAG and the BAG, 
the magmatic pyrochlore was affected by an alteration 
process characterized by a loss of Pb and an enrichment 
in U and Nb until its destabilization and the formation 
of columbite (Minuzzi et al. 2006a). The REE and Y 
disseminated mineralization is represented by xeno-
time (see below) and gagarinite-(Y) (Pires et al. 2006) 
that occurs only in the CAG intercalated in the lower 
portions of the massive cryolite deposit. These minerals 
contain fluocerite-(Ce) inclusions.

The MCD consists of several bodies of massive 
cryolite, intercalated with the CAG and hypersolvus 
granite; they are subhorizontal, up to 300 m long and 
up to 30 m thick, and made up of cryolite crystals 
(~87 vol.%), quartz, zircon, and feldspar (Minuzzi 
et al. 2006b). The REE and Y concentrations in the 
massive cryolite are very low (Y ≤ 20 ppm) (Minuzzi 
et al. 2008). The origin of the MCD is contentious. 
According to Lenharo (1998) and Costi (2000), the 
CAG evolved to a residual, extremely F-rich melt that 
formed the MCD. According to Bastos Neto et al. 
(2009), this extreme F enrichment is unlikely because 
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the F fugacity in the magma was buffered by the crystal-
lization of cryolite I. The melt had a finite H2O content, 
and the abrupt magmatic–hydrothermal transition trig-
gered three processes: (a) cryolite II formation, (b) the 
alteration of pyrochlore, and (c) the formation of the 
MCD. The fluid-inclusion data on the massive cryolite 
(homogenization temperature between 100° and 400°C) 
attest to the hydrothermal origin of the MCD.

xENOtimE

Xenotime, ideally YPO4, is tetragonal, with space 
group I41/amd; it is isostructural with zircon (Ni et 
al. 1995). It is a common mineral in many geological 
environments and rock types, especially in granites, 
more particularly in Ca-depleted peraluminous gran-
ites. Xenotime has already been studied in detail in 
granites with the most diverse compositions (Thorpe 
et al. 1990, Miller et al. 1992, Ward et al. 1992, 
Casillas et al. 1995, Förster & Rhede 1995, Bea 1996). 
In the relevant magmas, xenotime is an early mineral 
responsible for the impoverishment of Y and HREE 
in the most differentiated facies (Wark & Miller 1993, 
Förster 1998). Xenotime is very stable (Broska et al. 
2005) and has therefore been used in radiometric dating 
(Cocherie & Legendre 2007) and as a geothermom-
eter (Andrehs & Heinrich 1998). Its content of trace 
elements provides important information on magmatic 
conditions (Kositcin et al. 2003).

mEtHOdS

Initially, we reviewed the available chemical data 
on the Madeira granite, aiming to define the potential 
of each facies for REE and Y. This led us to concen-
trate this work on the CAG. Almost two hundred CAG 
samples and thin sections have been re-examined. Sixty 
of them were selected for analysis with a scanning 
electron microscope, performed at UFRGS (JEOL, 
model JSM–5800); our objectives were to define the 
relationships between xenotime and the others minerals 
with REE (such as pyrochlore, zircon and thorite), to 
identify possible mineral inclusions, and to charac-
terize its composition. The LREE were not detected 
in any of these samples. Eight CAG samples (Fig. 2) 
with xenotime were selected for analysis by electron 
microprobe (Cameca model SX 50) at the Bureau des 
Recherches Scientifiques et Minières, Orléans, France. 
The concentrations of P, Y, Si, U, Ca, Na, F, and HREE 
were determined with an accelerating voltage of 15 
kV, a beam current of 20 nA and a focused beam. The 
concentrations of U, Th, and Pb were determined with 
an accelerating voltage of 30 kV and a beam current of 
200 nA. Only the results with a significance level of 
95% or more were retained.

Crystallographic studies were performed at UFRGS 
using the Siemens D5000 X-Ray Diffractometer (XRD) 
with a scanning step of 0.02°2u, a time of 1 s, between 

2 and 70°2u, CoKa radiation and a nickel filter. The 
analyses by X-ray diffraction were pursued at the Insti-
tute des Sciences de la Terre d’Orléans, ISTO, France, 
with an INEL textural goniometer with a PSC 120 
cobalt tube and a XRG 3000 generator. The analyses 
were performed on thin sections, using a current of 35 
nA and an acceleration voltage of 30 kV. The inclination 
angles were v = 5, C = 0° to 80°, with a step of 2.5° 
and, over the range 0–355°, with a step of 5°. The acqui-
sition time for each point was 10 s; the total time for 
each thin section was 8 h. Crystallographic parameters 
were determined by Least-squares Refinement of Crys-
tallographic Lattice Parameters (LCLSQ 8.5 software, 
Burnham 1993). The analysis by infrared spectroscopy 
were performed at UFRGS using the Perkin–Elmer 
Fourier-transform spectrometer over the range 400 to 
4000 cm–1. The Raman analyses were performed at the 
Laboratoire de Spectrométrie Raman (BRGM–CNRS) 
à Orléans, France, by J.-M. Beny (ISTO–CNRS).

rESuLtS: xENOtimE diStriButiON  
ANd rELAtiONSHiPS witH OtHEr rEE  

ANd Y-BEAriNg miNErALS

In the CAG, xenotime is magmatic, occurring as 
crystals scattered in the rock matrix, as inclusions in 
minerals or arranged interstitially, reaching 0.5% (by 
vol.). The crystals range in size between 0.05 and 0.44 
mm; they are subhedral to euhedral and form short 
(Fig. 3A) or elongate prisms (Figs. 3B, C). Mineral 
inclusions were not observed in xenotime, but BSE 
images allowed us to identify abundant thorite and 
pyrochlore inclusions, which are both subhedral from 
5 to 10 mm (Fig. 3G), in zircon associated with the 
xenotime. The xenotime in TAG also is magmatic and 
subhedral to euhedral (Fig. 3D), but the prisms are both 
more elongate (up to 0.3 cm) and more abundant (up to 
3% by vol.) than in CAG. Pyrochlore grains in CAG 
and TAG are brown, yellow or caramel, subhedral or 
less commonly euhedral, from 0.07 to 0.41 mm across; 
they occur mainly in the interstices of albite or acces-
sory minerals or are enclosed in quartz and feldspar. 
An earlier zircon exists as very small crystals, up to 
0.1 mm, anhedral, more commonly included in quartz 
phenocrysts. A later zircon is more abundant, more 
commonly euhedral to subhedral, 0.1 to 1 mm in size, 
with inclusions of albite, cryolite and opaque phases. 
Thorite occurs as fine crystals, up to 0.5 mm, within 
the rock matrix. In summary, the petrographic and SEM 
analysis showed that in the CAG and TAG, the crystal-
lization of xenotime was preceded by the crystallization 
of pyrochlore and early zircon, and was synchronous 
with thorite and partially synchronous with the late 
generation of zircon.

In the pegmatitic CAG (Figs. 3E, F), xenotime 
occurs as brown prismatic crystals, 4 cm long by 0.5 
cm in width. It may constitute up to 30% (by vol.), and 
is associated principally with orthoclase, polylithionite, 



1458 tHE CANAdiAN miNErALOgiSt

cryolite, and quartz phenocrysts. Thorite may form 
well-developed crystals up to 4 cm across. Xenotime 
contains thorite inclusions reaching 20 mm. These inclu-
sions display two habits: (i) prismatic outlined crystal 
(Fig. 3H) which are clearly older than xenotime, or 
(ii) an irregular or oval shape (Fig. 3I); in this case, 
the relationships with xenotime are complex. In the 
crystals of xenotime hosting irregular or oval inclusions 
of thorite, microveinlets (Fig. 3I) are found to be filled 
with a material containing F, Y, Ca and REE and iron 
oxide released from the destabilization of thorite. These 
microveinlets are 50 mm in length by approximately 2 
mm thick and are restricted to xenotime.

tHE COmPOSitiON Of xENOtimE

Table 1 presents representative compositions of 
xenotime from the border and middle part of the CAG, 
pegmatitic CAG and the TAG. The analysis of the 
disseminated xenotime in the central part of the CAG 
are not of high quality owing to poor totals related 
to hydrothermal alteration. Because of the presence 
of high amounts of F, two F-rich xenotime crystals 
were analyzed with infrared spectroscopy to evaluate 
the existence of structural OH. The infrared spectra 
present peaks at 974, 642, 542 and 440 cm–1. There 
is no evidence of OH in the xenotime structure. Two 
Raman spectra were obtained from each of the crystals, 
one parallel and one perpendicular to the elongation of 

fig. 3. Photomicrographs and SEM images of xenotime from the albite-enriched granite. A, B and C. Typical xenotime of the 
core albite-enriched granite matrix (A: short prism, PL; B: elongate prism, PL; C, same elongate prism, NL). D. Xenotime 
and secondary fluorite from the transitional albite-enriched granite, NL. E. Xenotime and polylithionite from the pegmatitic 
albite-enriched granite, NL. F. Xenotime, with fractures (black) filled by thorite and iron oxides, and polylithionite, from the 
pegmatitic albite-enriched granite, PL. G. BSE image of pyrochlore and thorite inclusions in zircon associated with xenotime 
in the core albite-enriched granite. H. BSE image of the inclusion of prismatic thorite in xenotime from the pegmatitic core 
albite-enriched granite. I. BSE image of xenotime from the pegmatitic albite-enriched granite with oval inclusions of thorite. 
Abbreviations: Xnt: xenotime, Thr: thorite, Ply: polylithionite, Fl: fluorite, NL: natural light transmitted, PL: polarized light.
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the crystal. The spectra are similar to those observed in 
common xenotime (http://rruff.info). As no evidence of 
the presence of the OH group was detected, structural 
formulas were calculated with the following assump-
tions: the sum of cations equal to 2 atoms, (i.e., site VIII 
+ site IV = 2), and the amount of oxygen was calculated 
by subtracting the fluoride content (i.e., O = 4 – F).

In this article, yttrium is not included among the 
REE. The HREE patterns in all grains and the enclosing 
rocks are very similar (Fig. 4). The disseminated 
xenotime in CAG is the richest in REE (Fig. 5a). The 
chemical composition of xenotime does not present 
systematic variations related to the location of the 

sample in the CAG. Because Sc was not detected, the 
composition in terms of end members is xenotime-(Y)50 
and xenotime-(HREE)50. The value of P in the structural 
formula is a little less than 1 in 80% of the analyses 
and, in many of these cases, even after the addition of 
Si, vacancies remain at the tetrahedral site, especially in 
the compositions with more F. Part of these cases may 
be linked to the accuracy of the analysis of P (0.9%). 
Thorium, Na and Si were detected in small amounts 
in all cases. Fluorine was detected in all grains, with 
concentrations ranging from 0.5% to 4.7%. Relation-
ships between the amount of F and some of the other 
elements are quite obvious: the more F there is in 

TABLE 1.  REPRESENTATIVE COMPOSITIONS OF XENOTIME FROM ALBITE-ENRICHED GRANITE

____________________________________________________________________________________________________________

Core albite-enriched Pegmatitic albite-enriched Transitional albite-enriched

granite granite granite

__________________________________ _________________________________ ______________________

sample 8 10 1 3 71

_______________ _________________ __________ ______________________ ______________________

analysis 43 45 47 50 53 75 6 16 76 60 61 78 21 28 57 58

_______________________________________________________________________________________________________________

2 5P O  wt% 28.84 28.88 30.17 30.19 29.4 30.2 32.49 31.99 32.14 33.24 32.82 32.14 32.59 32.82 33.19 33.15

2SiO  0.23 0.35 0.22 0.12 0.26 0.19 0.05 0.04 0.02 0.01 0.03 0.03 b.d.l. 0.02 0.15 0.14

2 3Y O  24.35 23.69 23.4 23.21 24.75 25.26 27.25 26.83 26.98 28.05 29.07 28.13 31.16 31.09 27.97 27.68

2 3Gd O 4.24 3.62 4.95 3.92 4.21 4.08 4.16 4.40 4.07 3.73 3.65 3.90 2.91 2.93 3.09 4.14

2 3Dy O 7.08 7.47 7.86 7.66 7.63 6.25 7.47 7.54 7.77 6.21 6.31 6.09 4.61 5.68 6.09 7.42

2 3Ho O 2.16 2.74 2.94 2.39 2.53 2.00 2.71 2.63 2.80 2.13 2.27 2.01 1.56 2.21 2.19 2.25

2 3Er O 10.51 10.64 11.96 11.84 11.22 9.57 9.72 10.49 9.93 9.59 9.29 9.51 8.25 8.23 11.16 10.68

2 3Yb O 16.04 15.72 15.23 15.73 14.11 17.64 13.41 14.25 14.07 15.24 14.78 15.06 14.14 12.96 15.12 14.38

2 3Lu O 1.70 1.56 1.49 1.95 2.02 2.08 1.39 1.45 1.34 1.80 1.62 1.83 2.29 1.95 1.70 1.55

CaO  0.03 0.27 b.d.l. 0.04 0.03 b.d.l. 0.03 0.04 b.d.l. 0.05 0.01 b.d.l. b.d.l. 0.06 0.03 0.03

2Na O 0.06 0.08 0.03 0.03 0.14 0.05 0.03 b.d.l. b.d.l. b.d.l. 0.01 b.d.l. 0.02 0.02 0.04 0.02

2ThO  0.65 1.28 0.39 0.09 1.14 0.37 0.04 0.29 0.11 0.13 0.39 0.09 b.d.l. 0.01 0.1 0.43

2UO b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.04 b.d.l.

F    4.03 4.00 2.46 2.74 4.70 3.04 0.81 1.07 1.40 0.64 0.87 0.85 b.d.l. 0.68 0.54 0.16

Total 99.91 100.30 101.09 99.90 102.12 100.70 99.60 101.00 100.62 100.82 101.12 99.63 97.53 98.67 101.38 102.04

F=O 1.7 1.69 1.04 1.15 1.98 1.28 0.34 0.45 0.59 0.27 0.37 0.36 b.d.l. 0.29 0.23 0.07

Total 98.22 98.61 100.06 98.75 100.14 99.44 99.26 100.6 100.03 100.55 100.76 99.28 97.53 98.38 101.16 101.97

P apfu 0.950 0.952 0.968 0.979 0.950 0.968 1.003 0.989 0.996 1.010 0.997 0.994 1.008 1.009 1.003 0.998

Si 0.009 0.014 0.008 0.005 0.010 0.007 0.002 0.001 0.001 b.d.l. 0.001 0.001 b.d.l. 0.001 0.005 0.005

Y 0.505 0.491 0.472 0.473 0.503 0.509 0.529 0.522 0.525 0.536 0.555 0.547 0.606 0.601 0.531 0.524

Gd 0.055 0.047 0.062 0.05 0.053 0.051 0.050 0.053 0.049 0.044 0.043 0.047 0.035 0.035 0.037 0.049

Dy 0.089 0.094 0.096 0.095 0.094 0.076 0.088 0.089 0.092 0.072 0.073 0.072 0.054 0.066 0.070 0.085

Ho 0.027 0.034 0.035 0.029 0.031 0.024 0.031 0.031 0.033 0.024 0.026 0.023 0.018 0.026 0.025 0.025

Er 0.128 0.130 0.142 0.143 0.135 0.114 0.111 0.12 0.114 0.108 0.105 0.109 0.095 0.094 0.125 0.119

Yb 0.190 0.187 0.176 0.184 0.164 0.204 0.149 0.159 0.157 0.167 0.162 0.168 0.157 0.143 0.164 0.156

Lu 0.020 0.018 0.017 0.023 0.023 0.024 0.015 0.016 0.015 0.020 0.018 0.020 0.025 0.021 0.018 0.017

Ca 0.017 0.017 0.017 0.017 0.017 0.017 0.018 0.018 0.018 0.018 0.018 0.018 0 0.002 0.018 0.018

Na 0.005 0.006 0.002 0.003 0.010 0.004 0.002 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.001 0.002 0.002

Th 0.006 0.011 0.003 0.001 0.010 0.003 b.d.l. 0.002 0.001 0.001 0.003 0.001 b.d.l. b.d.l. 0.001 0.003

U b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

F 0.496 0.493 0.295 0.332 0.568 0.364 0.094 0.124 0.161 0.073 0.099 0.098 b.d.l. 0.078 0.060 0.018

O 3.504 3.507 3.705 3.668 3.432 3.636 3.906 3.876 3.839 3.927 3.901 3.902 4.000 3.922 3.940 3.982

_______________________________________________________________________________________________________________

b.d.l.: below detection limit.
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xenotime, the less P (Fig. 5b) and the more Si and Na. 
Calcium, although it occurs at very low concentrations, 
presents a strong negative correlation with F (Fig. 5c). 
The correlation coefficient between F and P is –0.94. 
The correlation coefficient between Si and P, –0.64, 
is lower than expected for elements that supposedly 
replace each another. A positive correlation (+0.80) 
between Si and Th was also observed (Fig. 5d).

The xenotime from pegmatitic CAG is systemati-
cally slightly enriched in Y on the border of the crys-
tals. The composition in terms of the end members is 
xenotime-(Y)54 and xenotime-(HREE)46. The xenotime 
typically contains less REE than the CAG xenotime 
(Fig. 5a). The content of P is greater than that of the 
CAG xenotime; calculated vacancies at the tetrahedral 
site are less common (50% of the analysis) and fewer. 
Thorium and Si occur in concentrations from very low 
to the highest among the studied samples of xenotime 
(Fig. 5d) and with a more significant correlation (+0.89) 
than in the CAG xenotime. Fluorine was detected in 
all cases, with concentrations of 0.5% to 1.9%. The 
relationship between the F and other elements are as 
discussed earlier.

The xenotime of TAG was analyzed in one rock 
sample only, in which all the xenotime crystals are 

texturally similar, although it apparently has two types 
of xenotime that are distinguishable on the basis of their 
Y content (Fig. 5a). In both types of xenotime, there is 
no vacancy at the tetrahedral site, the level of incorpora-
tion of Ca, Na, and Th at the site of Y is quite limited, 
and P and Si show a negative correlation (–0.76) that is 
better than that found in the xenotime of CAG. Fluorine 
was detected in most of the cases, with concentrations 
of up to 0.7%, which is consistently lower than those 
found in the xenotime from CAG and from pegmatitic 
CAG, but can still be considered high for this mineral.

tHE LAttiCE PArAmEtErS Of xENOtimE

The lattice parameters a and c of xenotime were 
determined in well-developed F-rich crystals from the 
pegmatitic CAG (Table 2).

The c and a parameters of YPO4 are, respectively, 
shorter than in TbPO4 and DyPO4, and greater than in 
HoPO4, ErPO4, TmPO4, YbPO4, and LuPO4 (Fig. 6a). 
They accurately reflect the differences in the atomic 
radius of the occupant of the octahedral site. The c 
and a parameters of natural xenotime (Ni et al. 1995, 
Mogilevsky et al. 2006, Demartin et al. 1991) have, 
respectively, dimensions close to those of YPO4, as 

fig. 4. Patterns of rare-earth-element distribution (normalized to chondrite C1 (Anders & Grevesse 1989) in xenotime (analysis 
with an electronic microprobe, this work) and albite-enriched granite (analyses by ICP–MS, in Pires 2010).
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the two examples shown (Fig. 6a). The xenotime from 
the pegmatitic CAG has the shortest c and a param-
eters among all natural samples of xenotime (Fig. 6a). 
Overall, this is consistent with the total REE content 
and especially with the predominance of Yb and Er. 
However, the shortening of both c and a parameters is 
much greater than expected. They also seem to have 
been modified to different extents. Consequently, the c 
and a parameters are likely affected by a factor other 
than the replacement of Y by REE. This additional 
factor would seem to be related to the replacement of 
O by F.

These parameters (Table 2) allowed the calculations 
of unit-cell volume and density using the average struc-
tural formula of the xenotime from the pegmatitic CAG. 
The volume is slightly lower than that of other natural 
xenotime. The density is significantly greater than that 
of other samples of the mineral. This is likely related 

to the combination of two factors: the smaller volume 
of its unit cell and the highest REE content, which are 
elements that are heavier than Y.

diSCuSSiON

In comparison with xenotime as described in the 
literature (Vainshtein et al. 1956, Åmli & Griffin 1975, 
Sabourdy et al. 1997, Demartin et al. 1991, Franz et 
al. 1996, Masau et al. 2000, Asami et al. 2002, Broska 
et al. 2005, Mogilevsky et al. 2006, among others), the 
xenotime from the Madeira deposit is distinguished 
by six main characteristics: (1) it is among the richest 
in F, (2) the crystals have no zoning in F and in other 
elements, (3) it is among the richest in HREE, (4) it 
does not contain LREE (most HREE-enriched xenotime 
contains at least 2 wt% of LREE), (5) the contents of U, 
Th, and Ca are very low, and (6) the ratio U/Th is less 

fig. 5. Binary diagrams for xenotime from albite-enriched granite. (a) Y versus HREE, (b) F versus P, (c) F versus Ca, (d) Si 
versus Th. Concentrations are expressed in apfu. CAG: core albite-enriched granite; TAG: transitional albite-enriched granite.
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than 1 (most xenotime from other locations have U/Th 
values greater than 1).

The xenotime of the Madeira deposit shows some 
chemical similarities with that described by Förster 
(1998) in Li-rich mica-bearing peraluminous Ca-poor 
A-type granite. Both have very high contents of HREE, 
have a Y/Ho value lower than that of chondrite, a U/
Th value less than 1, and F in the structure. However, 
in the Madeira xenotime, the concentration of actinides 
and Ca is much smaller. According to Förster (1998), 
the xenotime formed by the breakdown of zircon or 
thorite, or both, which would explain the high contents 
of the HREE. In the CAG, despite the early appearance 
of thorite, the textures observed in the SEM images 
show that the destabilization of thorite observed in 
xenotime cannot explain the formation of xenotime. In 
the pegmatitic CAG, the complex relationships between 
thorite and xenotime and between thorite and zircon 
require further detailed investigation.

A cheralitic [CaTh(PO4)2] substitution, found in 
xenotime at other locations (Franz et al. 1996, Förster 
1998), does not occur in the Madeira deposit. The 
ratio U/Th, less than 1 in xenotime from the Madeira 
deposit, differs from that of xenotime from other loca-
tions, which incorporates more U than Th in its crystal 
structure (Demartin et al. 1991, Franz et al. 1996, 
Sabourdy et al. 1997, Asami et al. 2002, Broska et al. 
2005), mainly in the presence of monazite. Its structure 
better accommodates Th, whereas the xenotime struc-
ture better accommodates U, owing to differences in 
ionic radius (Förster 1998). However, the CAG is more 
enriched in Th than in U and does not contain monazite.

In the xenotime from the Madeira deposit, the rela-
tionships between F and some of the other elements 
are quite obvious: where the xenotime is richer in F, 
the (REE,Y), Na, and Si increase, and it is poorer in 
P and Ca. There is no vacancy at the tetrahedral site 
where the F concentration is less than ~0.8%; above 
this value, the richer the xenotime is in F, the higher 
the vacancy at the tetrahedral site. Fluorine must also 
exercise control over REE/Y: the richer xenotime is 
in F, the richer it is in REE. The relationship found 
between Si and Th, as well as the presence of Si, may 
be explained by a thorite-type substitution, Y3+ + P5+ = 

Th4+ + Si4+ (Förster 1998). However, the effectiveness 
of this substitution is greater if the F content in xenotime 
is lower (see the values of the correlation between Si 
and Th), and the correlation coefficient between Si and P 
(–0.64) is lower than expected for elements that suppos-
edly replace each other. As we will see, the control is 
likely exercised by the changes that fluorine causes in 
the xenotime structure.

The positive correlation between F and Si leads to 
the assumption that F can replace O in the Si-bearing 
tetrahedra, following the substitution O2– + P5+ = F1– + 

TABLE 2.  CRYSTALLOGRAPHIC PARAMETERS OF XENOTIME
FROM THE PEGMATITIC ALBITE-ENRICHED GRANITE

AND FROM NOVO HORIZONTE
____________________________________________________________

Sample 2 ó Novo
Horizonte*

____________________________________________________________

a (Å) 6.884 0.007 6.8982
c (Å) 6.009 0.012 6.037
V (Å ) 284.752 0.711 287.2713

Calculated density (g/cm ) 5.146 4.6583

____________________________________________________________

* Mogilevsky et al. (2006).

fig. 6. Crystallographic parameters of xenotime from the 
pegmatitic albite-enriched granite compared with other 
samples of xenotime and synthetic compounds. A. Unit-
cell parameters a versus c. B. Unit-cell volume versus 
density. Data on synthetic compounds are taken from Ni et 
al. (1995). Xnt Ni: xenotime (natural) in Ni et al. (1995). 
Xnt Mog: xenotime (natural) in Mogilevsky et al. (2006).
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Si4+). However, the concentration of Si is very low, 
so that this mechanism alone cannot explain such an 
enrichment in F in xenotime. Larger amounts of F 
could be incorporated by a mechanism similar to that 
described in F-rich hydro-grossular, {(F,OH)4}4– = 
{SiO4}4– (Valley et al. 1983, Barbanson & Bastos Neto 
1992). However, this mechanism involves an increase in 
the unit-cell size (Smyth et al. 1990), so its application 
to the PO4 tetrahedra in the xenotime from the Madeira 
deposit is unlikely. It follows, therefore, that the forma-
tion of the PO3F tetrahedra must be considered.

The presence of PO3F tetrahedra has already been 
identified in several synthetic compounds, for instance, 
Cu(H2O)2(NH4)2(PO3F)2 (Berraho et al. 1994), but 
it was only recently found in nature. Bobdownsite 
(Tait et al. 2011), ideally Ca9Mg(PO4)6(PO3F), is 
a new mineral species from the Big Fish River, 
Yukon, Canada. Bobdownsite is isotypic with whit-
lockite Ca9Mg(PO4)6(PO3OH). The relationship 
between the fluorine content and the cell parameters in 
bobdowns ite–whitlockite solid-solution series indicates 
that the halogen causes a shortening in both the a and 
the c parameters, mainly in the former.

The formation of the PO3F tetrahedra in the xeno-
time from the Madeira deposit allows for the compat-
ibility between the crystallographic characteristics and 
the chemical composition. As this substitution causes 
a decrease in volume and, consequently, a greater diffi-
culty in accepting larger cations, an F-rich xenotime 
would preferentially incorporate Er and Yb (both REE 
with an ionic radius smaller than Y) at the expense of 
Y. This is exactly what occurs in the Madeira deposit. 
Furthermore, the incorporation of LREE would be virtu-
ally impossible. In xenotime with minor amounts of F, 
the balance of the electrostatic charge appears to have 
been obtained through the substitution O2– + P5+ = F1– + 
Si4+. However, in the xenotime with major amount of 
F, there is not much Si. A possible explanation is that 
the contraction of the unit cell hampers the replacement 
of P (0.17 Å) by Si (0.26Å). This explains the strong 
correlation between P and F (–0.94), the weak correla-
tion between P and Si (–0.64), the poor effectiveness 
of a thorite-type substitution in F-rich xenotime, and 
vacancies at the P site in order to achieve the balance 
of electrostatic charges.

The crystallization of pyrochlore in CAG had 
begun prior to xenotime crystallization. The pyrochlore 
contains significant amounts of LREE and also U and 
Th (Minuzzi et al. 2006a, Bastos Neto et al. 2009). 
Thus, we believe that the paucity of U and Th in the 
xenotime is partially due to this, but other factors could 
be involved. The early appearance of pyrochlore in 
F-rich magmas that formed granites with disseminated 
cryolite was already described in the Kaffo Valley 
albite arfvedsonite granite, Ririwai Complex, one of 
the Younger Granites of Nigeria (Ogunleye et al. 2006). 
Moreover, the crystallization of pyrochlore instead of 
columbite (which may not contain as much U as pyro-

chlore) is also related to the richness of the system in 
fluorine (Linnen & Keppler 1997).

As observed by Bastos Neto et al. (2009) and in 
agreement with the experimental data of Dolejš & 
Baker (2007), the CAG did not evolve to an extremely 
F-enriched magma because the F content of the magma 
was buffered by cryolite crystallization. This deter-
mined the character of the Nb and Sn mineralization, 
which is homogeneously dispersed in the CAG, and it 
is very likely that the REE, which are also transported 
by magmatic F-bearing complexes, were in the same 
way homogeneously dispersed in the CAG, resulting 
in some features found in xenotime, such as high F 
contents regardless of the position in the CAG, and the 
lack of significant zonation in crystals.

CONCLuSiONS

Our study of xenotime associated with the Madeira 
deposit led to the following conclusions:

1) The xenotime is magmatic in all the varieties of 
the albite-enriched granite studied. It is characterized 
by high REE contents (0.37 to 0.56 atoms per formula 
unit). The xenotime from the CAG is the richest in 
REE, followed by xenotime from the pegmatitic CAG 
and from the TAG. The HREE patterns in all varieties 
of xenotime are very similar to each other and in rela-
tion to the respective rocks. The LREE are not present 
in the structure. The contents of the actinides U and Th 
and of Ca are relatively very low. The positive correla-
tion between Si and Th indicates the occurrence of a 
thorite substitution.

2) The fluorine concentration in xenotime reflects 
the fugacity of fluorine in the environment. In the CAG 
xenotime, F is present in all crystals and usually with 
high concentrations, up to 5.10%. In the pegmatitic 
CAG, F is invariably present, but the concentrations are 
typically lower than those in CAG. The xenotime from 
TAG typically either presents lower F concentrations 
or it is not present.

3) The presence of fluorine in the structure of xeno-
time caused the shortening of both parameters a and 
c, which were modified in different proportions. The 
calculated unit-cell volume of the F-rich xenotime is 
lower than that usually encountered. There is no OH in 
the structure. We contend that fluorine substitutes for 
O, forming PO3F tetrahedra, as in bobdownsite (Tait et 
al. 2011), in which the halogen causes a shortening in 
both the a and c parameters in different proportions.

4) The formation of the PO3F tetrahedra in xenotime 
explains the compatibility between its crystallographic 
characteristics and the chemical composition. As this 
substitution causes a decrease in volume and, conse-
quently, a greater difficulty in accepting larger cations, 
the F-rich xenotime preferentially incorporates Er and 
Yb at the expense of Y, and the incorporation of LREE 
is virtually impossible. The shrinkage of the unit cell 
likely hampers the replacement of P by Si, and this 
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explains other chemical features, such as the good corre-
lation between P and F, the weak correlation between P 
and Si, and the lower effectiveness of the thorite-type 
substitution in F-rich xenotime.
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