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ABSTRACT

The Montebras pegmatitic cupola, Massif Central, France, hosts large pods of aluminum phosphates mainly composed of
primary amblygonite-montebrasite. These phosphate masses are considerably altered by post-magmatic processes, leading to the
formation of a number of secondary metasomatic hydrothermal phosphates (lacroixite, wardite, morinite, viitaniemiite, fluorapatite,
triplite, eosphorite) and low-temperature phosphates (fluorapatite, crandallite, goyazite, gorceixite, variscite, turquoise, wavellite). A
Mn-rich viitaniemiite-like phase, as well as an unknown Na-Al-P fluoride, were also identified. These phosphate assemblages were
first observed with a classical polarizing microscope, but we demonstrated that cathodoluminescence microscopy was a powerful
tool to decipher the complex petrography of these phases. Electron-microprobe analyses, as well as laser ablation inductively
coupled plasma-mass spectroscopy, were used to characterize the trace- and major-elemental composition of those phosphates.
These results allowed the determination of genetic sequences, explaining the crystallization of aluminum phosphates at different
stages of the Montebras pegmatite evolution.

Keywords: aluminum phosphates, granitic pegmatite, amblygonite-montebrasite, lacroixite, Montebras, France,

cathodoluminescence, trace elements.

INTRODUCTION

Phosphate minerals are important accessory phases
in rare-element granitic pegmatites belonging to the LCT
(Lithium-Cesium-Tantalum) petrogenetic family, with
aluminum phosphates of the amblygonite—montebrasite
series generally occurring in pegmatites of the amblygonite
subtype (Cerny & Ercit 2005). When compared to silicates,
phosphate minerals present narrower stability fields and
are therefore very sensitive to the variations of physico-
chemical parameters. This feature implies the formation
of a high number of secondary phosphates during subso-
lidus hydrothermal and meteoric processes (Mason 1941,
Moore 1982, Fransolet et al. 2007, Galliski et al. 2012,
Baijot et al. 2012, Vignola 2018, Vignola et al. 2011).
Petrographical, mineralogical, and geochemical investi-
gations of phosphate minerals are consequently of prime
interest for the understanding of granitic pegmatite evo-
lution processes (Prado Araujo et al. 2023a).

Alfred Lacroix described the mineralogy of the
Montebras pegmatite body, Massif Central, France, more
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than a century ago (Lacroix 1910), preceded by the discov-
ery of new phosphate species morinite (Lacroix 1891) and
montebrasite (Moissenet 1871). Some general studies were
also performed in the past, mainly concerning the geol-
ogy of the Montebras granitic cupola (Aubert 1969,
Marcoux et al. 2021), or giving detailed systematic
mineralogy descriptions (Patureau ez al. 2011). However,
to date, a comprehensive investigation of the phosphate
mineral associations of Montebras, and of their petroge-
netic significance, has never been realized.

In this paper, we investigated several aluminum
phosphate samples from the Montebras pegmatite, collected
in the field or occurring in the collections of the Li¢ge
University and of the School of Mines in Paris (“Ecole
Nationale Supérieure des Mines de Paris”, ENSMP).
Thin sections cut from these samples were observed
under the polarizing microscope for their petrographic
characterization, and the mineral phases were analyzed
by electron microprobe and laser ablation inductively
coupled plasma-mass spectroscopy (LA-ICP-MS) methods.
The identification of accessory mineral phases was
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TABLE 1. LIST OF SAMPLES FROM MONTEBRAS INVESTIGATED IN THIS STUDY

Sample # Uliege # ENSMP # Comments Old numbers
MONT1 179 - - -
MONT1 43 - - -
MONT2 A607 - - -
MONT3 Montebras - Collected by Bourguignon -
MONT4 - 28889 Bernard, 27-M1766 27-M1766
MONT5 - 38507 Collected by Mallard, 1885 -
MONT6 - 32465 Mine Le Communal -
MONT?7 - 17352 SCEM, 1965 -
MONT8 - 39950 - -
MONT9 - 4837 Collected by Lacroix, 1890 3-M5847
MONT10 - 28732 Bertrand Emile collection 1871 (Adam 4485)
MONT11 - 52512 - -
MONT12 - 5838 Collected by Morineau, 1891 M6192
MONT13 - 51297 - -
MONT14 - 7836 - 19.5241
MONT15 Montebras - - -

confirmed by X-ray powder diffraction measurements,
and cathodoluminescence microscopic observations were
conducted to more accurately decipher the petrographic
relationships among phosphates. The present paper gives
the results of these investigations and provides new insights
on the transformation sequences, crystal chemistry, and
trace element behavior in these minerals.

GEOLOGICAL CONTEXT

The Montebras pegmatite is a famous deposit in the
Massif Central, France, and the type locality for the two spe-
cies morinite (Lacroix 1891) and montebrasite (Moissenet
1871). It lies on the northwestern margin of the Hercynian
belt and is located in a magmatic complex formed by an
albitic leucogranite and a microgranite intruded in the
peraluminous Chanon granitic batholith (Aubert 1969).
The Montebras albitic leucogranite (~310 = 5 Ma,
Melleton et al. 2015, Marcoux et al. 2021), emplaced
between the microgranite and the Chanon batholith,
forms in its uppermost part a cupola reaching several
meters in thickness and containing a pegmatite body, a
quartz-rich layer, and a mica-rich greisen (Aubert 1969,
Dudoignon et al. 1988, Charoy & Noronha 1999).

The pegmatite is mainly composed of K-feldspar,
quartz, albite, Li-bearing micas, apatite-group minerals,
topaz, some centimeter-sized amblygonite—-montebrasite,
as well as minor turquoise pods, kaolinite, cassiterite,
W, Cu, and As mineralizations. The transition to the
quartz-rich layer shows a decrease in the feldspar content
and is characterized by large aggregates of cassiterite,
muscovite, blue fluorapatite, and large blocks of Al-rich
phosphates (Moissenet 1871, Aubert 1969, Marcoux
etal. 2021).

The pegmatite body has been successively mined for
variscite and/or turquoise in prehistoric times (Balagny
1939), for tin in the 19'" century (Mallard 1859), and
for amblygonite and feldspar in the first part of the
20" century (Aubert 1969). Recently, new mining activi-
ties for feldspar have led to a new characterization of the
ore body (Marcoux et al. 2021).

Samples used in this study mostly come from the
quartz-rich facies and are part of the collections of the
Laboratory of Mineralogy of the Liége University
(ULigge) and the School of Mines of Paris (ENSMP).
Several samples were collected by Alfred Lacroix in the
original mineralogical study of the deposit (Lacroix 1891,
1910) (Table 1).

ANALYTICAL METHODS

Samples were first observed with a stereomicroscope
and in thin section under a polarizing microscope (Leica
DMLP) at the Laboratory of Mineralogy of the Liege
University. However, some difficulties in observing the
petrological relationships or some textures in aluminum
phosphates led us to perform many microscopic observa-
tions with a cathodoluminescence (CL) microscope. This
instrument was an Olympus BX50 microscope equipped
with a CITL cold cathode luminescence 8200 mk3,
housed in the EDDyLab (ULi¢ge). Observations were
made at 0.05 mbar with an electronic voltage of 15 *
2 kV and a current of 70050 pA. Cathodoluminescence
spectra were obtained with a hot cathode system on
a JEOL JXAS8200 at the Advanced Analytical Centre
(James Cook University, Australia), and then processed
with the XCLent software.
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Fic. 1. (A) Primary amblygonite showing characteristic twinning in crossed-polarized light (sample MONT3). (B) Primary
(gray), secondary (orange-brown), and ternary (yellow) amblygonite-montebrasite in crossed-polarized light (sample MONT9).

Less common minerals were identified by X-ray pow-
der diffraction measurements (XRPD) on a Philips PW-
3710 diffractometer equipped with a graphite monochro-
mator and using CuKo (A = 1.5418 A) or FeKo (A =
1.9373 A) radiation sources (Laboratory of Mineralogy,
ULiége). For microscopic grains, XRPD measure-
ments were performed with a Debye-Scherrer camera
(diameter = 114.6 mm) mounted on the same X-ray
sources. Unit-cell parameters were calculated through
the least-square refinement program LCLSQ v.8.4
(Burnham 1991) using d values corrected with an
internal Pb(NOs), standard.

Chemical analyses were performed with a CAMECA
SX-50 electron microprobe (Ruhr-Universitit Bochum,
Germany) using an accelerating voltage of 15 kV, a
beam current of 8 nA, and a beam diameter of 10 pm.
Standards used were jadeite (Na), synthetic glasses
(K, Ba), spessartine (Al, Mn), andradite (Si, Fe, Ca),
graftonite (P), SrCu,SisOy (Sr, Cu), pyrope (Mg), and
topaz (F). The counting time per element is 30 s, or 15 s
for the most beam-sensitive phases. Fluorine was measured
with a 120 s counting time, on a PCO crystal. Beam-
sensitive phase analyses were doubled checked with a
JEOL 6400 scanning electron microscope (15 kV, 1 nA,
1 pm beam diameter) at the Electron Microscopy Unit
of the Australian National University (ANU), using an
energy dispersive spectrometer (EDS) calibrated on
known mineral standards (120 s counting time). Fluorine
in lacroixite, fluorapatite, morinite, and “F-phase” has
been analyzed on a JEOL JXA8200 instrument located
at the Advanced Analytical Centre (JCU), using 15 kV
acceleration voltage and 14.5 nA beam current. Fluorine
was measured using a time-zero integrated analysis
where FKa is monitored for 35 s on a TAP crystal and
then regressed to provide the initial value.

Infrared spectra were obtained on a Nicolet Nexus
FTIR spectrometer located at the Laboratory of Mineralogy

(ULi¢ge). Spectra were measured between 400 and
4000 cm™" and reconstructed by the addition of 32 scans
with a 1 em™! resolution. The infrared source is heated
SiC (Ever-Glo). Samples were prepared through a mix-
ture with KBr (1:74), producing a 150 mg pressed pellet
dried at 110 °C and analyzed in a dry atmosphere.

Trace element analyses were obtained using laser
ablation inductively coupled plasma-mass spectrometry
(LA-ICP-MS) at the Research School of Earth Science
(RSES, ANU) using a pulsed 193 mm ArF Excimer laser
with 3—7 mJ of output energy, reaching the sample at a
repetition rate of 5 Hz (Eggins ez al. 1998) and coupled
to an Agilent HP7500 quadrupole ICP-MS system. Laser
sampling was performed in an Ar atmosphere with He:
H, (ratio 15:1) as a carrier gas, and with a beam size of
30-50 um in diameter. ’Al was the internal standard
and NIST SRM 612 glass the external standard, with
reference data from Spandler ez al. (2011). BCR-2G glass
was used as a secondary standard and reproducibility was
better than +7%.

CHARACTERIZATION OF PHOSPHATE MINERALS

Li-bearing phosphates

Minerals of the amblygonite—montebrasite series,
LiAl(POy4)(F,OH), constitute the main primary phase
in the phosphate assemblages of Montebras. They occur
as centimeter-sized (or larger) masses showing colorless
to white colors, sometimes greenish blue, or with lilac
hues. These phosphates frequently form idiomorphic
crystals often altered by quartz, lacroixite, fluorapatite,
and hydrous phosphates. Fresh amblygonite—montebrasite
looks light gray, while more altered zones are whiter and
seem less transparent. In thin sections, primary amblygo-
nite (Fig. 1a) is often replaced by secondary montebrasite
(rarely amblygonite) along cleavage and twinning planes
and cracks. In some samples, late generation of tertiary
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F1G. 2. Comparison of fluorine content estimation in amblygonite-montebrasite, based on X-ray diffraction (Moss et al. 1969,
Cerna et al. 1973, Kallio 1978), infrared spectroscopy (Fransolet & Tarte 1977), and electron probe microanalysis (WDS).
Double data points for WDS analyses are produced by primary and secondary amblygonite-montebrasite in single samples.

montebrasite is observed in quartz veins cross-cutting
both amblygonite—montebrasite generations (Fig. 1b).

Electron probe microanalyses (EPMA) show that
primary montebrasites present the highest fluorine con-
tents (>10 wt.% F), while secondary montebrasite range
from 6 to 3 wt.% F (Fig. 2 and Table 2). Veinlets of
tertiary montebrasite crossing through first and second
generation of amblygonite—-montebrasite are hydroxyl-
rich (below 1 wt.% F; Table 2). Na,O content in all
amblygonite-montebrasite is below 0.1 wt.%, and
higher values are clearly correlated with lacroixite contam-
ination, as observed in CL imaging (see below). Cathodo-
luminescence for amblygonite—montebrasite is weak with
little variation between the different generations. However,
we clearly observed color variations between samples,
ranging from blue luminescence (489 to 498 nm) to red
luminescence (655 nm) (Fig. 3a3, 3b3).

Trace element contents in primary and secondary
amblygonite—montebrasite have similar ranges and only
display rare differences (Fig. 4). Although AI** in mon-
tebrasite is known to allow substitution with trivalent and
tetravalent cations (Dias et al. 2011), most anomalies and
variability between trace elements concentrations seem
to be linked to the presence of micro-inclusions, as is
known in such phosphates (Shirose & Uehara 2014).
Veinlets of tertiary montebrasite, which are more trans-
parent, have smoother trace element patterns and display
a clear enrichment in medium rare earth elements (REE)

over light and heavy REE, as well as an enrichment in
alkali and transition metals.

Na-bearing phosphates

Lacroixite, NaAIPO,F, is present in all samples as a
diffuse alteration of amblygonite—montebrasite, occur-
ring as a micron-size mesh, and occasionally showing
submillimeter whitish veinlets (Fig. 5a). Optical micros-
copy observations remain difficult due to the submicro-
scopic meshy texture and similar optical properties with
amblygonite that lead to the erroneous identification of
“natromontrebasite” in many pegmatites (Fransolet ez al.
2007). In the studied samples, cathodoluminescence is a
very powerful tool to identify lacroixite in amblygonite
(Figs. 3bs, 5b, 6a). Early lacroixite has a yellow-green
luminescence (549 nm), while later lacroixite has a blue-
greenish luminescence (487 to 513 nm), contrasting with
the duller background colors of amblygonite—montebra-
site. Occasionally, secondary euhedral lacroixite grows
on vein walls (Fig. Sa), reaching up to ~100 pm in length
and often associated with fluorapatite and “F-phase’s.

X-ray diffraction and EPMA of lacroixite provide
chemical data near the ideal composition, with a weak
positive correlation between Na/(Na+Li) and F/(F+OH)
(Table 3). Trace elements in meshy lacroixite show a
non-systematic enrichment in U, Sr, Ba, Cs, Cu, and Cr,
while lacroixite veins mostly show an enrichment in Cu,
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FiG. 3. Two assemblages of phosphate minerals observed under the microscope in plane-polarized light (a;, b), crossed-polar-
ized light (a,, by), or cathodoluminescence (az, bz). The mineral phases are only distinguishable in cathodoluminescence.
a3. Vein cross-cutting amblygonite (deep red) with two generations of lacroixite (yellow and blue-green) and “F-phase”
(bright red) in cathodoluminescence (sample MONT2). bs. Alteration-free amblygonite (purple) with lacroixite mesh
replacement (blue) and viitaniemiite inclusions (red-orange) in cathodoluminescence (sample MONT12).

Cs, and U, as well as a slight depletion in other elements ~EPMA analyses. It occurs in alteration zones of quartz
compared to the primary amblygonite (Fig. 4). veins containing wavellite, variscite, turquoise, and fluora-

Wardite, NaAl;(PO,4),(OH)4-2H,0, has been observed  patite. Important or complete replacement by fluorapatite
and identified through X-ray powder diffraction and  is common (Fig. 6b). Chemical composition of wardite in
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FiG. 4. Trace element contents in amblygonite—-montebrasite and lacroixite. Values normalized on average primary MONT10

amblygonite values.

Montebras is (Nag.04Cao.04Mgo.01)Al.05(PO4)2.05(OH3 57
F0'37)'2H20 (Tab]e 4)
Na-Ca-bearing phosphates

Montebras is the type locality of morinite, NaCa,
Aly(PO4),(F,0H)5-2H,0 (Lacroix 1891), which occurs

as purple-red masses and fibrous crusts with concentric
color changes. Samples available for this study show
morinite as a filling in late quartz veins with no amblygo-
nite, in contrast with the original description of this mineral
(Lacroix 1891, Lahti 1981). Minerals associated with
morinite are crandallite, turquoise, and fluorapatite as
a replacement (Fig. 6¢). Cathodoluminescence is not

FiG. 5. (a) Sample showing submillimeter whitish veinlets of meshy lacroixite in amblygonite, as well as secondary euhedral
lacroixite crystals growing on larger vein walls (sample MONT10, crossed-polarized light). (b) Early lacroixite disseminated
in amblygonite and showing a yellow-green luminescence (549 nm) in CL microscopy (sample MONT?2).
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F1G. 6. (a) Vitaniemiite grain (orange-red) included in amblygonite showing brownish CL colors. Lacroixite-I (yellow-green)
and lacroixite-1I (blue-greenish) replace amblygonite (sample MONT2, CL microscopy). (b) Euhedral wardite crystal partially
replaced by diffuse fluorapatite showing bright yellow CL colors (sample MONT3, CL microscopy). (c) Assemblage showing
morinite (M) replaced by fibrous fluorapatite (Fap) and by crandallite euhedral crystals (Crd) (sample MONT12, plane-polarized
light). (d) Growth zonation in morinite, with pink, orange, and brown CL colors (sample MONT12, CL microscopy).
(e) Replacement of zoned morinite by fibrous Na-rich fluorapatite in cathodoluminescence (sample MONT12). (f) Euhedral
crystal of crandallite showing a strong compositional zoning in back-scattered electron microscopy. Bright zones correspond to
goyazite (Sr-rich), while dark zones correspond to crandallite (Ca-rich) (sample MONT12).
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F1G. 7. Correlation between Ca per formula unit (pfu) and (Mn, Fe, Mg) pfu in viitaniemiite and in “Mineral D”.

very intense, but clear zonation growth is visible with
pink, orange, and brown colors appearing in crusts
(Fig. 6d). Some samples present mineral phases visually
similar to morinite, but a detailed analysis (cathodolumi-
nescence, EPMA) showed that these phases are actually
constituted by fibrous sodium-bearing fluorapatite (Fig. 6¢).
Electron probe microanalyses show a decrease in sodium
(0.60 to 0.97 Na per formula unit) from the inside to the
outside of the morinite crusts. Average composition is
Nao.94cal.97MgO.01All.97(PO4)2.04(F4.V26OH0.43)'2H20
(Table 4). Substitutions mentioned by Cech & Povondra
(1985) have not been observed in our samples.

Viitaniemiite, Na(Ca,Mn)AI(PO,)(F,OH)s, is a rare
mineral that occurs in Montebras as a colorless phase in
altered amblygonite. It is pervasively mixed with lacroix-
ite as rare patches of hundreds of microns in diameter.
Viitaniemiite is recognizable in cathodoluminescence
with a brown-orange (Fig. 3a;) to red color of medium
intensity (Fig. 6a). Studies on doped synthetic viitaniemi-
ite suggest that REE and Mn*" could be responsible for
such a hue (Nagaraja et al. 2017, Pushpa Manjari ef al.
2014). EPMA shows a Mn-Mg-bearing viitaniemiite
with the following composition: Nag ¢3(Cag g2Mng. g9
Mg .07)Al 03(PO4)0.99(F2.300Hy 72) (Table 4). Changes
in cathodoluminescent colors can be correlated with
homovalent Ca?>" = (Mn,Mg)*" and heterovalent
2Na™ = (Ca,Mn,Mg)*" substitution mechanisms (Shirose
& Uehara 2014, Petrik e al. 2011, Lathi 1981). The first
substitution leads to a viitaniemiite where manganese is
more abundant than calcium (Fig. 7).

The phase called “Mineral D” shows a simplified
chemical composition Na(Mn,Ca)Al(PO,4)(F,OH);, and
although it seems to be a Mn-rich viitaniemiite, this
phase was found in a different assemblage. It occurs as
inclusions (250 um) in eosphorite and shows a low relief
and a very low birefringence. Textures seem to indicate
that it is produced by alteration of eosphorite. Electron
probe microanalyses give the empirical formula Nag g6
(Mnyg 49Cag.42F€0.04Mg0.01)Al.97(PO4)1.03(F1.080Ho.73)
(Table 4). This composition seems to be part of a vii-
taniemiite solid solution involving the substitution
mechanism Ca®" = (Mn, Fe, Mg)*" (Fig. 7), only partly
evidenced in a Carpathians quartz vein (Stevko et al.
2015) and in Namibia (Pirard & Hatert, in prep.).

Ca-bearing phosphates

Fluorapatite, Cas(POy);F, is a common mineral that
occurs at all post-magmatic crystallization stages. It has
been observed as euhedral crystals, as veins (with quartz
and lacroixite), or as radiating masses or microscopic
inclusions in montebrasite, crandallite, cassiterite, wavellite,
and turquoise. Fluorapatite has a very bright cathodolumi-
nescence in orange-yellow to yellow greenish hues (545 to
580 nm) (Fig. 6b, e). X-ray powder diffraction, infrared,
and EPMA data clearly show that fluorapatites are
invariably near the F-rich endmember. Manganese contents
range from 0.4 to 3 wt.% MnO, while iron rarely reaches
0.4 wt.% FeO. Fluorapatite associated with morinite and
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TABLE 5. ELECTRON PROBE MICROANALYSES OF FLUORAPATITE

Sample MONT9 MONT9 MONT9 MONT9 MONT12 MONT12 MONT12
Phase brown CL

n 9 5 3 2 4 10 8
P>0s 41.96 (111)  41.88(89) 41.49 (130) 43.39 (24) 42.14 (54) 40.18 (83) 40.78 (77)
Al,Og tr. 0.13 (10) tr. bdl 0.11(5) 0.17 (11) 0.22 (15)
FeO 0.34 (27) 0.33 (10) 0.36 (0) tr. 0.10 (8) tr. tr.
MnO 2.99 (64) 1.24 (36) 1.93 (25) 0.77 (8) 1.04 (54) 0.43 (45) 0.44 (35)
CuO bdl bdl bdl bdl 0.17 (11) bdl bdl
CaO 51.58 (120) 53.44 (130) 52.39 (62) 53.13 (67) 52.84 (48) 53.80 (104) 53.49 (122)
Na,O bdl bdl bdl bdl 0.19(11)  0.41(35) tr.

F 3.56 (30) 4.26 (38) 2.52 (60) 4.64 (20) 4.61(26) 4.06 (24) 4.33 (77)
Total 100.47 (135) 101.12(89) 98.71(78) 102.07 (99) 101.19(62) 99.07 (147) 99.42 (166)
Total-(O=F)  98.97 (138) 99.32(95) 97.65(103) 100.12 (91) 99.25 (568) 97.37 (148) 97.60 (137)
Cation numbers pfu

P 3.03 (5) 3.00 (3) 3.01 (4) 3.07 (1) 3.03 (2) 3.00 (4) 2.98 (3)
Al tr. 0.02 (1) tr. tr. tr. tr. 0.02 (1)
Fe tr. bdl tr. bdl tr. bdl bdl

Mn 0.22 (5) 0.09 (2) 0.14 (2) 0.05 (1) 0.07 (4) 0.04 (2) tr.

Cu bdl bdl bdl bdl bdl 0.01 (0) bdl

Ca 4.71 (10) 4.89 (8) 4.82 (11) 4.76 (2) 4.81 (5) 4.96 (11) 5.03 (8)
Na tr. tr. 0.01 (0) 0.01 (0) 0.05 (2) 0.07 (4) 0.13(3)

F 0.96 (8) 1.03 (2) 0.69 (18) 1.23 (4) 1.24 (7) 1.11(9) 1.12(7)
OH* 0.06 (6) bdl 0.31(18) 0.17 (468)

X cat. 8.00 (6) 8.02 (2) 8.02 (8) 3.03 (101) 8.02 (5) 8.10 (4) 8.19 (4)
F/(F+OH) 0.96 (0) 1.00 0.69 1.00 0.96 1.00 1.00

Cation numbers calculated on 25 positive charges.

* Hydroxyl groups calculated by difference on fluorine site: OH = (1—F).

wardite shows up to 1 wt.% Na,O and 0.5 wt.% Al,O5
(Table 5).

Minerals of the crandallite—goyazite solid solution,
(Ca,Sr)Al3(PO4),(OH)5-H,0, are common alteration
phases and show extensive substitutions at the Ca-Sr-Ba-
REE site. Barium-poor crandallite and goyazite are very
common and occur as veinlets associated with most other
phosphates. Morinite frequently shows numerous inclu-
sions of zoned euhedral rhombohedra of Ba-free crandal-
lite—goyazite (Fig. 6¢). Crandallite-group minerals are not
cathodoluminescent, probably due to the absence of man-
ganese and the relatively poor FeO contents (up to 1 wt.%
FeO), which would act as a luminescence quencher. The
variations of crandallite-group mineral compositions show
a complete solid solution between the Ca and Sr endmem-
bers (Figs. 6f and 8a), while the substitution toward Ba is
very limited (less than 6% of the divalent site, Fig. 8a).
The limited solid solution of crandallite—goyazite (trigonal,
R3m) toward gorceixite (monoclinic, Cm) is in good
agreement with the arguments of Liferovich et al.
(1999), who suggest that the different crystal systems
of these minerals predetermine the limited isomorphism,

although a partial solution between Sr and Ba has been
observed by Baldwin et al. (2000).

Gorceixite, BaAl;(PO,)(PO;OH)(OH)g, occurs in more
highly altered zones than crandallite—goyazite. It is gener-
ally associated with kaolinite and forms cryptocrystalline
crusts. The average composition obtained by EPMA for
this mineral is (Bag.97Ca0,045T0.02) Al2.96F€0.05(PO4)(PO3
OH)F; 04(OH)s.95°1.53H,0 (Table 6). The high fluorine
content is a common feature of gorceixite, as observed in
the nearby locality of Echassieres (Nicolas & de Rosen
1963) and in several other places (Taylor et al. 1984,
Milton et al. 1958, White 1981). A possible mechanism
supporting this observation is (Ca,Sr)>" + OH™ =
Ba®" + F~, although more data would be required to
validate this substitution (Fig. 8b).

Other phosphates

Variscite, AIPO4-2H,0, is a common cryptocrystalline
cream-colored phase forming an intimate mixture with
kaolinite, wavellite, and quartz on the outer part of most
samples (Fig. 9a). It is not easily observed under the
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optical microscope, and cathodoluminescence methods
do not make it possible to differentiate the fine-grained
mixtures formed of quartz, wavellite, and variscite.
In our samples, the occasional green color of variscite-rich
assemblages is probably due to the presence of turquoise
and possibly of minerals such as “barrandite” (=
aluminum-bearing strengite) and dufirénite (Lacroix 1910).

Wavellite, Al;(PO4)>(OH,F);-5H,0, forms characteris-
tic acicular aggregates, crusts, and independent needles up
to 5 mm long (Fig. 9b). It is associated with many alter-
ation phases and has been observed in direct contact with
amblygonite in some samples. The average chemical com-
position of this species is Al 93Feq,01(PO4)2.04(OHa.12F 0 88)
5.04H,0 (Table 7).

Turquoise, CuAlg(PO4)4(OH)g-4H,0, is a very com-
mon mineral in Montebras, giving bluish to greenish col-
ors to altered masses of phosphates (Fig. 9b). Textures
vary from massive crusts to vesicular assemblage with
wavellite, variscite, and kaolinite. Electron probe micro-
analyses in massive turquoise veins give the following
composition: Cug ggFep 02Cag.02Al5.97(PO4)4.03(OH7 .24
F0_41)'4‘00H20 (Table 7)

Triplite, Mn,PO4F, is an uncommon microscopic phase
with a chemical composition (Mn; goFe 04Ca.03)(PO4)1.02
(Fl'()()oH()»()z) (Table 8) EOSphOI'itC, MDA1P04(OH)2H20,
occurs as yellowish inclusions in amblygonite and in some
quartz veins where it forms subhedral crystals up to 1 mm
in length. As mentioned before, eosphorite grains are
frequently replaced by “Mineral D”, which seems to be
a Mn-rich viitaniemiite. The average chemical analysis
of eosphorite is (Mng ¢gFe 28Cag.01)Alg.0s(PO4)1.02
(OH; 96F.04)2.00-1.06H,0 (Table 8), corresponding to a
Fe-rich composition. The Mn*" = (Fe, Ca)*" substitution
extends from 0.64 to 0.76 Mn pfit.

In lacroixite-fluorapatite veins cross-cutting
viitaniemiite-bearing amblygonite, “F-phase” is observed
as large colorless patches reaching 100 X 400 um
(Fig. 3a;). No pleochroism is observed and birefrin-
gence is extremely low (~0.001) (Fig. 3a;). In cath-
odoluminescence, the “F-phase” shows a bright
vermilion color (Fig. 3a;, 10). Electron probe micro-
analyses (WDS and EDS) show a very high content
in fluorine (up to 56 wt.% F) and an empirical chemical
formula of Nao_gg(A10_77P0_23)(F3'44OH0_55), based on
four anions (Table 9). The synthetic compound NaAlF,,
which could correspond to “F-phase”, also shows a low
birefringence and a very low refractive index (Liu et al.
2011), but it is known to be metastable at room temper-
ature, at which it decomposes into chiolite and AlF3,
and it melts at higher temperatures (>500 °C) (Bjorseth
et al. 1986, Zaitseva et al. 2009). The significant pres-
ence of phosphorus (~13 wt.% P,0s) and the very low
birefringence (possibly isotropic) suggest that this phase
could be a Na-Al fluoride xerogel in which it is known
that phosphorus (as PO, groups) has complete solubility
(Thisted et al. 2006, Kucharik & Vasiljev 2008).
Regardless of the exact nature of this phase, the
association of sodium aluminofluoride with phos-
phates could form in a setting petrologically analogous
to the cryolite-viitaniemiite association observed
in Francon Quarry, Quebec (Tarassoff e al. 2006, Ramik
et al 1983).

CHARACTERIZATION OF NON-PHOSPHATE MINERALS

Quartz is very common in Montebras, occurring as
a late phase forming veins and filling cavities between
phosphate crystals (Fig. 9a). However, in the quartz-rich
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F16. 9. (a) Macroscopic view of amblygonite (gray) altered to kaolinite + crandallite (white zones), cross-cut by quartz veins
surrounded by variscite and wavellite (greenish) (sample MONT4). (b) Macroscopic sample showing radial acicular aggregates
of wavellite, associated with alteration phases such as kaolinite/variscite (white) and turquoise (bluish to greenish).

TABLE 7. ELECTRON PROBE MICROANALYSES OF WAVELLITE AND TURQUOISE

Sample MONT13 MONT15 MONT5 MONT3
Phase Wavellite Wavellite Turquoise Turquoise
n 2 2 3 2
P05 34.88 (72) 34.58 (67) 33.65 (205) 33.70 (94)
Al,O3 35.66 (60) 35.56 (22) 34.66 (140) 34.97 (141)
FeO 0.10 (3) 0.08 (6) 0.09 (7) 2.16 (44)
MnO bdl 0.11 (3) n.a. n.a.
CuO bdl 0.08 (7) 4.36 (259) 5.26 (77)
CaO 0.03 (1) bdl 0.62 (51) 1.21 (83)
Na,O bdl bdl bdl 0.57 (48)
K>0 0.07 (4) 0.15(3) 0.16 (3) 0.12 (2)

F 3.96 (4) 4.00 (22) 1.11 (28) 2.23(22)
H20** 26.05 (71) 26.47 (117) 23.78 (471) 20.25 (23)
Total 100.98 (56) 101.14 (12) 99.51 (130) 100.63 (102)
Total-(O=F) 99.32 (54) 99.46 (21) 99.04 (121) 99.69 (112)
Cation numbers pfu

P 2.05 (4) 2.04 (1) 417 (17) 4.07 (13)
Al 2.92 (6) 2.93(2) 5.99 (21) 5.88 (21)
Fe 0.01 (0) bdl bdl 0.26 (5)
Mn bdl 0.01 (0) n.a. n.a.

Cu bdl bdl 0.47 (26) 0.57 (8)
Ca bdl bdl 0.10 (8) 0.19 (13)
Na bdl bdl bdl 0.16 (13)
K 0.01 (0) 0.01 (0) 0.03 (1) 0.02 (0)

F 0.87 (1) 0.88 (4) 0.52 (15) 1.01 (10)
OH* 213 (1) 2.12 (4) 7.48 (15) 6.99 (10)
H,O** 4.97 (19) 5.11 (34) 7.98 (291) 6.14 (20)
X cat. 4.99 (2) 5.01(2) 10.81 (23) 11.13 (22)
F/(F+OH) 0.29 (0) 0.29 (1) 0.06 (2) 0.13 (1)

Wavellite calculated on 19 positive charges. * Hydroxyl groups calculated by difference on
hydroxyl site: OH = (3—F).
Turquoise calculated on 40 positive charges. * Hydroxyl groups calculated by difference on
hydroxyl site: OH = (8—F).
** H,0 calculated by difference between total measured and calculated hydroxyl groups.
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TABLE 8. ELECTRON PROBE MICROANALYSES OF EOSPHORITE AND TRIPLITE

Sample MONT5 MONT5 MONT5 MONT2
Phase Eosphorite Eosphorite Eosphorite Triplite
n 8 3 3 4
P,Os 31.41 (52) 31.31 (52) 31.81 (11) 32.23 (64)
SiO, 0.04 (2) 0.05 (2) 0.04 (1) bdl
Al,O3 21.57 (33) 21.41 (31) 21.95 (23) 0.04 (1)
FeO 8.54 (75) 9.88 (113) 8.01 (122) 1.96 (8)
MnO 20.86 (67) 20.49 (150) 21.83 (90) 59.99 (53)
CuO bdl bdl 0.10 (4) n.a.
MgO bdl bdl bdl bdl
CaO 0.40 (9) 0.20 (4) 0.06 (1) 0.71 (1)
SrO bdl bdl bdl 0.10 (2)
BaO bdl bdl bdl bdl
Na,O bdl bdl 0.08 (1) bdl

F 0.54 (32) 0.13 (23) 0.12 (14) 8.50 (45)
H,O* 16.07 (75) 15.88 (98) 15.31 (17) bdl
Total 99.64 (34) 99.58 (29) 99.44 (11) 103.62 (102)
Total-(O =F) 99.41 (26) 99.53 (22) 99.38 (14) 100.04 (100)
Cation numbers pfu

P 1.02 (1) 1.02 (1) 1.02 (1) 1.02 (1)
Si bdl bdl bdl bdl

Al 0.98 (2) 0.97 (2) 0.98 (1) bdl

Fe 0.27 (3) 0.32 (4) 0.25 (4) 0.04 (0)
Mn 0.68 (2) 0.67 (4) 0.70 (3) 1.90 (2)
Cu bdl bdl bdl n.a.
Mg bdl bdl bdl bdl
Ca 0.02 (0) 0.01 (0) bdl 0.03 (0)
Sr bdl bdl bdl bdl
Ba bdl bdl bdl bdl
Na bdl bdl 0.01 (0) bdl

F 0.07 (4) 0.02 (3) 0.01 (2) 1.00 (5)
OH* 1.93 (4) 1.98 (3) 1.99 (2) 0.02 (2)
H,O** 1.10 (11) 1.05 (16) 0.95 (4)

¥ cat. 2.99 (1) 3.00 (0) 2.98 (0) 2.99 (0)
F/(F+QOH) 0.03 (2) 0.01 (1) 0.01 (1) 0.98 (0)

Eosphorite calculated on ten positive charges. * Hydroxyl groups calculated by differ-

ence on hydroxyl site (2—F).

Triplite calculated on nine positive charges. * Hydroxyl groups calculated by difference

on fluorine site (1—F).

** Ho0O calculated by difference between total measured and calculated hydroxyl groups.

zones of the pegmatite, its abundance indicates precipita-
tion at an earlier stage. By contrast to feldspars (micro-
cline and albite), muscovite is a common phase in all
phosphate pods. It shows lamellae reaching 0.1 to
10 mm in amblygonite and is often rimmed by fluorapatite.
Chemical composition suggests that the lithium content
of muscovite can reach 0.12 atoms pfis (Table 10), which is
consistent with its infrared spectrum. However, no lepido-
lite micas have been observed in Montebras in the scope of
this study, despite the description of polylithionite and zinn-
waldite in other parts of the deposit (Marcoux et al. 2021).

Kaolinite is very frequent in altered phosphate pods
of Montebras and sometimes occurs as a diffuse cement
between masses of amblygonite—montebrasite. Its dark
blue cathodoluminescence color makes it recognizable
from turquoise and variscite, which do not show any lumi-
nescence. Its chemical composition is ideal, although
infrared spectroscopy shows contamination by residual
particles of micas that are not visible in optical micros-
copy (Table 10).

Cassiterite is a common phase observed in all samples.
Grains are yellowish to brown, subhedral, and disseminated

Downloaded from http://pubs.geoscienceworld.org/mac/cjmp/article-pdf/63/6/809/7709911/i1499-1276-63-6-809.pdf by Mineralogical Association of Canada user on 06 February 202¢



ALUMINUM PHOSPHATES FROM MONTEBRAS

825

FiG. 10. Vein of the “F-phase” (bright red) surrounded by secondary lacroixite (yellow), cross-cutting amblygonite-montebra-

site (sample MONT2, CL microscopy).

in phosphate pods. Small trails of kidney-shaped grains,
with colors ranging from yellow to orange-brown,
sometimes almost opaque, occur in some quartz veins
(Fig. 11b). These grains show an important zonation and
a complex convoluted internal texture. Darker grains
with similar features are also found as rims around stannoi-
dite (Fig. 11a). The chemical analysis indicates that these
grains correspond to a Fe-rich (up to 35% substitution
for Sn) cassiterite with minor concentrations of Cu, Nb,
and Ta. These chemical properties, the gel-like textures
(Fig. 11c¢), and the X-ray powder diffraction pattern not
entirely consistent with that of cassiterite suggest that
this mineral phase is varlamoffite. Hiibnerite and tanta-
lite-(Mn) with ixiolite s./., in small dark lamellae, have
also been observed in altered zones (Fig. 11d).

Finally, considering the subject of this paper, the
following minerals are mentioned in the scientific literature
related to phosphate-bearing lithological facies of Monte-
bras. Dufrénite is described as micro-inclusions in varis-
cite, while libethenite occurs on feldspar crystals (Lacroix
1910). Torbernite (as well as cuprite) are associated with
tin-rich masses (Lacroix 1901, 1910), and late veins
of baryte, fluorapatite, fluorite, and autunite are common
(Aubert 1969, Marcoux et al. 2021).

The phosphate-rich masses in the quartz-rich zones
are described as occasionally containing lepidolite
(Lacroix 1895), while the pegmatite contains poly-
lithionite—zinnwaldite (Marcoux et al. 2021). This
pegmatitic facies is also rich in Sn-W-Nb-Ta minerali-
zation expressed as wolframite, scheelite, gitianlingite,
mawsonite, stannite, tennantite subgroup minerals,
161lingite, arsenopyrite, chalcopyrite, galena, vinciennite,
covellite, bornite, and alteration products malachite,
chrysocolla, and scorodite, not observed in this study
(Lacroix 1901, Aubert 1969, Marcoux et al. 2021).

TABLE 9. ELECTRON PROBE MICROANALYSES

OF “F-PHASE”
Sample MONT2 MONT2 MONT2
Phase F-correction
n 7 6 8
P>0s5 13.30 (72) 12.86(36) 12.23(87)
Al,O3 27.49 (45) 27.29(19) 37.15(115)
FeO 0.05 (3) bdl n.a. (0)
MgO 0.02 (1) bdl n.a. (0)
MnO 0.13(2) 0.13 (6) 0.08 (4)
CuO bdl bdl n.a. (0)
CaO 0.16 (3) 0.27 (26) 0.19 (4)
Na,O 25.29(33) 24.58(29) 23.49(134)
F 56.35(87) 53.94 (82) 46.98 (76)
H,O* 2.21 (62) 3.93(33) 11.01(233)
Total 125.12 (96) 123.07 (19) 120.13 (199)
Total-(O=F) 101.40(78) 100.36 (29) 100.35 (179)
Cation numbers pfu
P 0.23 (1) 0.22 (1) 0.22 (1)
Al 0.67 (2) 0.65 (1) 0.95 (5)
Fe bdl bdl n.a. (0)
Mg bdl bdl n.a. (0)
Mn bdl bdl bdl
Cu bdl bdl n.a. (0)
Ca bdl bdl bdl
Na 1.02 (2) 0.97 (1) 0.98 (7)
F 3.69 (8) 3.47 (5) 3.21 (11)
OH* 0.31 (8) 0.53 (5) 0.79 (11)
¥ cat. 1.93 (4) 1.85 (1) 2.16 (11)
F/(F+QOH) 0.92 (2) 0.87 (1) 0.80 (3)

“F-phase” calculated on four anions (F+OH) optimized
for an average of two cations.

* Hydroxyl groups calculated by difference on fluorine
site for (4—F).
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TABLE 10. ELECTRON PROBE MICROANALYSES OF SILICATES

Sample MONT2 MONT12 MONT15 MONT15 MONT12 MONT12
Phase Muscovite Muscovite Muscovite Muscovite Muscovite Kaolinite
n 3 2 2 2 3 1
P>0s 0.04 (2) bdl tr. tr. bdl bdl
SiO, 46.51 (91) 45.98 (85) 45.68 (74) 45.40 (60) 45.88 (35) 42.81
Al,O3 36.73 (27) 36.14 (20) 36.14 (16) 35.82 (104) 36.08 (23) 37.84
FeO bdl 0.52 (1) 0.63 (14) 0.71 (57) 0.72 (2) 0.08
MnO 0.07 (6) tr. 0.26 (10) 0.18 (3) 0.11 (1) 0.10
CuO 0.07 (3) tr. 0.09 (13) tr. tr. 0.07
MgO 0.03 (2) 0.16 (4) 0.06 (0) 0.06 (3) 0.13(1) tr.
CaO 0.06 (4) tr. bdl tr. 0.04 (3) 0.05
SrO bdl tr. 0.03 (4) bdl bdl bdl
BaO bdl 0.08 (6) bdl bdl 0.07 (6) 0.15
Na,O 0.15(2) 0.33(7) 0.26 (13) 0.38 (13) 0.34 (3) tr.
K0 10.95 (13) 10.64 (32) 10.73 (4) 10.61 (42) 11.05 (6) bdl
F 0.86 (2) 1.43 (26) 1.31(8) 1.31 (6) 1.39 (5) 0.17
H,O* 4.09 (6) 3.78 (7) 3.83(7) 3.80 (2) 3.81(2) 13.06
Total 99.62 (107) 99.43 (141) 99.09 (71) 98.72 (14) 99.72 (50) 94.37
Total-(O =F) 99.26 (107) 98.83 (130) 98.54 (75) 98.17 (16) 99.14 (48) 94.31
Cation numbers pfu

P bdl bdl bdl bdl bdl bdl
Si 3.10 (2) 3.09 (2) 3.08 (3) 3.08 (4) 3.08 (0) 1.96
Al 2.88 (2) 2.86 (2) 2.87 (4) 2.86 (9) 2.86 (0) 2.05
Fe bdl 0.03 (0) 0.04 (1) 0.04 (3) 0.04 (0) bdl
Mn bdl bdl bdl 0.01 (0) 0.01 (0) bdl
Cu bdl bdl bdl bdl bdl bdl
Mg bdl 0.02 (0) 0.01 (0) 0.01 (0) 0.01 (0) bdl
Ca bdl bdl bdl bdl bdl bdl
Sr bdl bdl bdl bdl bdl bdl
Ba bdl bdl bdl bdl bdl bdl
Na 0.02 (0) 0.04 (1) 0.03 (2) 0.05 (2) 0.04 (0) bdl
K 0.93 (2) 0.91 (4) 0.92 (0) 0.92 (3) 0.95 (1) bdl
F 0.18 (1) 0.30 (5) 0.28 (2) 0.28 (1) 0.29 (1) 0.02
OH* 1.82 (1) 1.70 (5) 1.72 (2) 1.72 (1) 1.71 (1) 4.00
¥ cat. 6.95 (2) 6.98 (0) 6.98 (2) 6.99 (3) 7.00 (1) 4.03
F/(F+OH) 0.09 (0) 0.15 (3) 0.14 (1) 0.14 (1) 0.15(0) 0.01

Micas calculated on 22 positive charges. *
Kaolinite calculated on 14 positive charges. *

DiscussioN AND CONCLUSIONS

Cathodoluminescence applied to aluminum phosphates

Deciphering phosphate petrography is of prime interest
to better assess pegmatite petrogenesis (Prado Araujo
et al. 2023a). Iron-manganese phosphates, generally
resulting from the transformation of primary minerals of
the triphylite group (Rao et al. 2014, Lyalina et al. 2023),
occur as various phases with bright colors under the
microscope, thus making their identification relatively
straightforward (Baijot ez al. 2012, 2014). Most alumi-
num phosphates, however, are colorless mineral phases
with similar relief (Fig. 3a;, 3b;) and low birefringence

Hydroxyl groups calculated by difference on hydroxyl site (2—F).
Hydroxyl groups calculated by difference on hydroxyl site (4—F).

(Fig. 3a,, 3b,), making valuable observations and min-
eralogical, petrological, and textural interpretations based
on thin sections very difficult. The lack of efficient distinc-
tion between aluminum phosphates by standard optical
microscopy was recently bypassed by Prado Araujo et al.
(2020), who determined the genetic sequences of alu-
minum phosphates from the Buranga pegmatite (Rwanda)
using micro-Raman spectrometry (Prado Araujo et al.
2023a, b).

In the present paper, we demonstrated the efficiency
of cathodoluminescence microscopy for complementing
the classical petrographic observations of aluminum phos-
phates. Indeed, these colorless phases are totally appropriate
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FiG. 11. (a) Grains of stannoidite (black), surrounded by rims of varlamoffite (brown), included in a mixture of quartz and
amblygonite—montebrasite (plane-polarized light, sample MONT 9). (b) Inclusion of orange cassiterite (plane-polarized
light, sample MONT?9). (¢) Zoned varlamoffite grain deposited around residual stannoidite (white) and altered fluorapatite
(light gray) in montebrasite (black) in back-scattered electron microscopy (sample MONT9). (d) Small black lamellae of
oxide minerals, constituted by hiibnerite, tantalite-(Mn), and ixiolite s./. (sample MONTS).

for CL techniques, since they show various luminescence
colors under the electron beam and are mostly free of
luminescence quenchers.

In the host primary phosphate of Montebras (amblyg-
onite—montebrasite), a diffuse replacement by lacroixite,
not always resolvable even with back-scattered electron
imaging, was clearly observed in CL microscopy, since
lacroixite produces very different light emission responses
compared to minerals of the amblygonite-montebrasite
solid solution. Different generations of amblygonite—mon-
tebrasite, as well as secondary replacement textures of
lacroixite and apatite, can also be clearly distinguished
using this technique (Fig. 5b). Finally, accessory phases,
such as viitaniemiite, “Mineral D”, and an “F-phase”,
which are discreet and undistinguishable in optical
microscopy, show distinct colorful and bright catho-
doluminescence responses, thus making the method
very appropriate for the detection and textural analysis of
such phases (Fig. 3a3, 3bs).

Trace element analysis of pegmatite phosphates

LA-ICP-MS is a powerful technique to determine the
trace element contents in minerals, but it has rarely been
applied to pegmatite phosphates. Roda-Robles ez al. (2014)
were the first authors to investigate the trace element
contents of several series of iron-manganese phosphates,
and they showed that, generally, these phases are poor
in trace elements. In the triphylite—lithiophilite series
[LiFe* " (PO,)-LiMn?>"(POy)], Zn is the main trace element,
while Ca-bearing minerals of the graftonite-beusite-(Ca)
solid solution [Fe? "Fe? ", (POy4),—CaMn’®"5(PO,),] are
the richest in REE, and members of the triplite—zwiese-
lite series [Mn?*5(PO4)F—Fe?5(PO,)F] are enriched in
Nb and Ta (Roda-Robles et al. 2014). More recently,
Roda-Robles et al. (2020) investigated the trace element
contents of iron-manganese phosphates from the Canada
(Salamanca, Spain) and Palermo #1 (New Hampshire,
USA) pegmatites and concluded that the behavior of
trace elements in these phases was constrained by
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crystal-chemical, geochemical, and geological factors.
They were able, however, to satisfactorily use the phos-
phate trace element geochemistry to distinguish early pri-
mary (magmatic) phosphates from the late secondary
assemblages. Roda-Robles er al. (2022, 2024) finally used
the trace element contents of apatite-group minerals to dis-
tinguish the different generations of this phase in pegma-
tites, granites, and quartz veins from the Central Iberian
Zone (Spain and Portugal), as well as in the Berry-Havey
pegmatite (Maine, USA).

The present paper gives the first results of LA-ICP-
MS analyses of aluminum phosphates of the amblygo-
nite-montebrasite solid solution and of lacroixite. These
preliminary data show the ability of the technique to dif-
ferentiate several generations of phosphates, in good
agreement with the CL and optical observations, as well
as with the electron probe microanalyses. In the scope of
this paper, the interpretation of trace element data is lim-
ited, but a more complete study of silicates and oxides
occurring in the vicinity of phosphate nodules could pro-
vide useful information about the relationships between
phosphates parageneses and the host rocks.

It must be underlined, however, that most samples
investigated in our study were unsuitable for the LA-
ICP-MS technique, since many seemingly clear, primary
amblygonite-montebrasite samples showed significant
contamination by solid and/or fluid inclusions. Such data
therefore required a careful case-by-case processing of
the original signal using the GLITTER software (Griffin
et al. 2008). A comparison of the processed data of com-
plex signals, with naturally clean analyses, showed that this
removal procedure of contaminants was very efficient.

Petrogenesis of Montebras phosphates

The complexity of the amblygonite-montebrasite
assemblages of Montebras is mostly the result of post-
magmatic alteration processes. Although some minor
mineral phases (topaz, Fe-Mn phosphates) could be of
magmatic origin and associated with the formation of
primary amblygonite, it appears that Na-bearing and
most alkaline earth (Ca, Sr, Ba) minerals are the result of
metasomatic and hydrothermal replacements and precipi-
tations, while metal-free alumino-phosphates are linked
to relatively low-temperature alteration processes.

The petrogenesis of phosphate pods of the Monte-
bras pegmatite is more extensively developed in Pirard
& Hatert (in prep.). The pegmatitic cupola has been
formed by the residual melt of the microgranite, leading
to a magma heavily enriched in alkaline elements (Na,O,
K50, and Li,0), in fluorine, and in phosphorus. Extreme
fractionation of this magma allowed the formation of the
albite leucogranite, as well as an enrichment of the resid-
ual melt in F, P, B, Sn, Nb, and Ta. The formation of phos-
phate nodules could result from a possible melt—melt

THE CANADIAN JOURNAL OF MINERALOGY AND PETROLOGY

immiscibility, leading to a phosphorus- and fluorine-
rich magmatic liquid characterized by a considerably
low solidus. However, Prado Araujo er al. (2023a)
consider, for the Buranga pegmatite, that the immisci-
bility process is unlikely, and that aluminum phosphate
pods form at the crystallization front of a water- and
flux-bearing residual pegmatitic melt, where the accu-
mulation of incompatible elements creates a P-rich melt
boundary layer. In Montebras, amblygonite and triplite are
the primary phases crystallizing at this magmatic stage.

Crystallization of the magma leads to a separation
between the residual melt and fluids enriched in fluorine
that formed secondary fluorine-rich phases such as amblyg-
onite or lacroixite. As the system further cooled down,
other veins crystallized that contain an assemblage of
quartz, micas, eosphorite, and fluorapatite. As the fluo-
rine content in fluids gradually decreases, F-poor ternary
montebrasite crystallizes in those veins. However, the
fluorine levels are still high enough for a further precipi-
tation of lacroixite, viitaniemiite, “Mineral D, and even-
tually the “F-phase”.

Further cooling increases the calcium activity, and
this element consequently becomes more involved in
metasomatic reactions. Fluorapatite, mostly absent in the
primary (magmatic) assemblage, becomes very frequent
at this hydrothermal stage and precipitates in open cavi-
ties, where it replaces earlier phosphates. Na-Ca phos-
phates (morinite, wardite) would also appear during this
stage, but further hydrothermal alteration processes often
decompose these phases into apatite- and crandallite-group
minerals. The seemingly frequent alteration of morinite and
wardite into Na-rich fluorapatite could partly explain the
rarity of these minerals in many deposits, where fluora-
patite, crandallite, and hydrated aluminum phosphates
are abundant.

Finally, magmatic silicates are altered into kaolinite
during low-temperature hydrothermal processes, and
more crandallite-group minerals are precipitated. The
alteration of copper-bearing sulfide also permits the
precipitation of turquoise. This late stage can be undis-
tinguishable from meteoric alteration, although variscite
and wavellite are probably formed essentially from indi-
rect weathering.
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