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Abstract
We describe a first significant occurrence of graftonite–triphylite-bearing LCT-type granitic pegmatite in the Alps. In 1999, in
the Brissago area, in the western Southern Alps, Canton Ticino, Switzerland, we found a boulder containing an almost complete
section of a phosphate-bearing pegmatite dike. The zoned pegmatite is composed by four main units: 1) an aplite unit, 2) a
plagioclase + quartz graphic unit, 3) a coarse-grained plagioclase unit, and 4) a quartz core containing several phosphate masses
up to 10 cm in diameter. On the basis of textural features and results of chemical analyses, we distinguish two phosphate associations. Association I, of magmatic origin, is represented by lamellar intergrowths of graftonite and triphylite. The leaching of Li
and oxidation of Fe have led to the formation of ferrisicklerite and heterosite in replacement of triphylite, whereas the origin of
kryzhanovskite and stanĕkite remains unclear. Association II, of metamorphic origin, consists of a polycrystalline aggregate of
graftonite and triphylite. Exceptionally, primary maghagendorfite grains are present. Non-oxidizing low-temperature processes
led to the formation of ludlamite and vivianite in replacement of triphylite. Locally, at the rim of phosphate masses, in close
association with apatite-(CaOH), jahnsite and mitridatite formed at the expenses of graftonite. The chemical characteristics
of the phosphate assemblages and associated mafic silicates indicate that this phosphate-bearing pegmatite dike belongs to a
geochemically primitive system. Our U/Pb dating of zircon (242 ± 2.8 Ma) allows us to relate the formation of this dike to the
Mid-Triassic tectonomagmatic cycle, characterized by the evolution of a magmatic arc well represented in the Southern Alps. In
this geodynamic environment, a pegmatite-forming melt formed after partial melting of metapelites belonging to the Kinzigitic
Complex of the Ivrea–Verbano zone.
Keywords: granitic pegmatite, LCT type, phosphates, chemical data, graftonite, triphylite, Brissago, Switzerland.

Sommaire
Nous décrivons un premier indice important d’une pegmatite granitique de type LCT à graftonite + triphylite dans les
Alpes. En 1999, nous avons découvert, dans la région de Brissago, dans le secteur occidental des Alpes du Sud, canton du
Tessin, en Suisse, un bloc contenant une section presque complète d’un filon pegmatitique porteur de phosphates. La pegmatite
zonée comprend quatre unités principales: 1) une aplite, 2) une unité à plagioclase + quartz graphique, 3) une unité riche en
plagioclase à grains grossiers, et 4) un noyau de quartz contenant plusieurs masses de phosphate atteignant 10 cm de diamètre.
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A la lumière des aspects texturaux et des résultats d’analyses chimiques, nous distinguons deux associations de phosphates.
L’association I, d’origine magmatique, est représentée par des intercroissances lamellaires de graftonite et triphylite. Le lessivage
du Li et l’oxydation du fer ont mené à la formation de la ferrisicklerite et de l’hétérosite en replacement de la triphylite, tandis
que l’origine de la kryzhanovskite et de la stanĕkite demeure obscure. L’association II, d’origine métamorphique, est faite de
graftonite et de triphylite en agrégats polycristallins. Il est exceptionnel de trouver la maghagendorfite primaire. Des processus
de faible température sans tendances oxydantes ont mené à la formation de la ludlamite et de la vivianite en remplacement de la
triphylite. Localement, en bordure des masses de phosphates, et étroitement associée à l’apatite-(CaOH), jahnsite et mitridatite se
sont formées aux dépens de la graftonite. Les caractéristiques chimiques des assemblages de phosphates et des minéraux mafiques
associés indiquent qu’il s’agit d’une pegmatite géochimiquement relativement primitive. Notre datation U/Pb du zircon (242
± 2.8 Ma) nous permet d’attribuer la formation de ce filon au cycle tectonomagmatique du Triassique moyen, et à l’évolution
d’un arc magmatique bien représenté dans les Alpes du Sud. Dans ce milieu géodynamique, un magma granitique propice à la
formation d’une pegmatite s’est formé suite à la fusion partielle de métapélites faisant partie du complexe de kinzigites de la
zone de Ivrea–Verbano.
(Traduit par la Rédaction)
Mots-clés: pegmatite granitique, type LCT, phosphates, données chimiques, graftonite, triphylite, Brissago, Suisse.

Introduction
Minerals of the graftonite [(Fe,Mn,Ca) 3(PO 4) 2]
– beusite [(Mn,Fe,Ca,Mg)3(PO4)2] and the triphylite
[LiFePO4] – lithiophilite [LiMnPO4] series are relatively rare accessory phases of granitic pegmatites.
These phosphates are typical of LCT-type pegmatites,
in particular in the more evolved portions of the dikes,
such as in the intermediate and core-margin zones
(Simmons et al. 2003).
The first descriptions of these phosphates in the
granitic pegmatites of Brissago (Cantone Ticino, Switzerland) are due to De Quervain (1932) and Walter
(1950); they reported the presence of graftonite as
masses up to 10 cm in length, and microcrystals of
hydrothermal phosphates lining cavities in pegmatite
boulders. The mineralogical association of these pegmatites has been studied in more detail by Nyffeler (1972)
and successively by Weiss (1982, 1985, 1989), Cavalli
(1984) and Meisser & Vanini (1997). Weiss et al. (2004)
produced a review of the phosphate mineralogy of the
Brissago area. Up until now, the phosphate masses
have only been found in small or very small boulders
representing incomplete portions of the original dikes.
A prospecting program conducted in 1999–2001 by two
of the authors (P.O. and S.W.) led to the discovery of a
boulder containing several huge masses of phosphates
and a quite complete section of the original dike (Weiss
et al. 2004). The dike, hosted by the Kinzigitic Complex
belonging to the Ivrea Verbano Zone (crystalline basement of the Southern Alps), shows an asymmetrical
zoned structure.
The abundance of phosphate masses and other accessory minerals within a complete section of the hosting
pegmatite dike permitted a detailed study of the association, and of textural and chemical features of the assemblage of phosphate minerals. The textural and chemical
characterization of phosphate masses allows us to infer
the degree of evolution of pegmatite-forming melt, the
crystallization processes of primary phosphates, and the

hydrothermal medium- to low-temperature evolution of
the phosphate assemblage. Finally, geochronological
data allow us to assess the geodynamic environment
of pegmatite crystallization and to make a hypothesis
about the source of pegmatite-forming melt.

Geological Framework
The post-Variscan evolution of the central and
western basement of the Southern Alps is characterized
by three main tectono-magmatic cycles. During the
first one, in the Early Permian, mafic intrusive bodies
(e.g., the Ivrea gabbro) were emplaced in the lower part
of the continental crust, whereas anorogenic (A-type)
granitic plutons (e.g., Baveno) and granophyric laccoliths (Cuasso al Monte) and niobium–yttrium–fluorine
(NYF) granitic pegmatites were emplaced in the
upper crust (Boriani et al. 1992, Pezzotta et al. 2005)
(Fig. 1).
The second cycle, documented by amphibolite-facies
LP–HT metamorphic conditions in the basement of the
western and central Southern Alps (Ivrea–Verbano Zone
and Serie dei Laghi), occurred during a rifting event of
Middle to Late Triassic age (Siletto et al. 1993, Bertotti
et al. 1999). The Mid-Triassic geological evolution of
the western Southern Alps was characterized by the
evolution of a magmatic arc, as indicated by widespread
emplacement of andesitic to rhyodacitic volcanic and
subvolcanic rocks (Marinelli et al. 1980, Garzanti 1985,
Stampfli et al. 1991). In this period, swarms of granitic
pegmatites were emplaced into the middle crust of the
Southern Alps (Sanders et al. 1996, Bertotti et al. 1999,
Garzanti et al. 2006). This volcanic stage ended in Late
Carnian times (Garzanti et al. 1995) with a bimodal
felsic–mafic volcanism marked by effusion of olivine
basalts and rhyolitic ignimbrites, probably marking
transition to a continental-rifting stage in intra-arc
settings (Garzanti et al. 2003). This arc-related MidTriassic volcanic activity lasted between Late Anisian
(top of the Prezzo Formation) and Late Carnian (top
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Fig. 1. Regional geology of Ivrea–Verbano and Strona–Ceneri zones (South Alpine
basement), and the position of Brissago granitic pegmatites (modified after Mulch et
al. 2002).

of the San Giovanni Bianco Formation, Gaetani et al.
1998). The initial and terminal stages of volcanism have
been accurately dated geochronologically as 241 Ma
(Anisian–Ladinian boundary; Mundil et al. 1996) and
231 Ma (Late Carnian; Furin et al. 2006).
The third tectono-magmatic cycle lasted from
Norian to Liassic times (225–185 Ma) when the South
Alpine continental crust was involved in rifting, which
led to formation of the Adriatic passive margin in the
Middle Jurassic (Bertotti et al. 1999, Jadoul et al. 1992).
Late Triassic to Early Jurassic extensional tectonics led
to the uplift of subcontinental mantle, evidenced by a
reheating event at 215±15 Ma (Lu et al. 1997) and K
and Na metasomatism of the Finero Complex at 207

Ma with the emplacement of zircon-bearing pegmatites
within the Finero ultrabasic complex and country rocks
(Grieco et al. 2001, Oppizzi & Schaltegger 1999).
Geology of the Ivrea–Verbano Zone
The Brissago granitic pegmatites are emplaced into
the Kinzigitic Complex of the Ivrea–Verbano Zone
(IVZ), a suite of Paleozoic high-grade metamorphic
rocks inferred to represent a portion of deep continental
crust (Giese 1968, Fountain 1976) (Fig.1). The Ivrea–
Verbano Zone is separated from the Alps sensu stricto
by the Insubric Line (Heitzmann 1987, Schmid et al.
1987, Zingg & Hunziker 1990) and from the Serie dei
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Laghi (Strona–Ceneri Zone) by the Pogallo and the
Cossato–Mergozzo–Brissago lines (Handy 1986, 1987,
Boriani & Sacchi 1973, Boriani et al. 1990).
The Kinzigitic complex, which together with the
Mafic Formation (“Basischer Hauptzug” auct.) constitutes the Ivrea–Verbano Zone, is made up of upperamphibolite-facies metapelites (kinzigites sensu stricto)
(see Walter 1950 for more details), granulite-facies
metapelites (“stronalites”), amphibolites and marbles.
The Brissago granitic pegmatites were found along
Valle di Ponte from the Lago Maggiore shore westward to the Gridone watershed. Field work points to
the presence of E–W-oriented and subvertical dikes of
hornblende diorite, granite, aplite and granitic pegmatite
containing muscovite, garnet, schorl, zircon, beryl and
Fe–Cu sulfides, but lacking phosphates. Coarse-grained
pegmatitic boulders, containing phosphate masses, were
encountered only in the lower part of Valle di Ponte.

The Phosphate-Bearing Pegmatites
As described by previous investigators (De Quervain 1932, Walter 1950), several small boulders of
coarse-grained granitic pegmatite containing phosphates
masses were encountered only in the lower part of Valle
di Ponte in two elongated accumulations oriented E–W.
These accumulations probably are the result of the in
situ break-up of pegmatite dikes due to geomorphological agents. We speculate that the original pegmatite
dikes were oriented E–W with a subvertical dip. In the
same restricted area, in 1999, the phosphate-bearing
pegmatite boulder described in this work was found,
and named “ZPU” according to its significant contents
of zircon, phosphates and uraninite.
The samples studied were collected from the “ZPU”
boulder. The boulder, found in slope wash at an elevation of 420 m above sea level and measuring 1 3 1.5
3 0.8 meters, shows the whole cross-section of the
dike. The contact with the enclosing amphibolite, still
present on one side of the boulder, looks sharp. The dike
has an asymmetrical zonal structure composed of four
main units: 1) aplite unit, 2) plagioclase + quartz graphic
unit containing schorl, 3) coarse-grained plagioclase
unit (albite) with minor K-feldspar, and 4) quartz core
with muscovite, garnet and accessories (Fig. 2). The
pegmatite has an overall “granitic” composition given
by albite, quartz ± muscovite. The phosphate masses
are embedded into the quartz core unit or between the
core unit and the plagioclase + quartz graphic unit.
Two types of phosphate masses are present in the ZPU
boulder: graftonite–triphylite masses containing the
related hydrothermal products, and F-rich manganoan
apatite-(CaOH) in monomineralic masses. Commonly,
the graftonite–triphylite masses are rimmed by a layer
of garnet crystals, whereas vivianite and Fe–Mn-oxides
form thin impregnations along the contact with the
hosting pegmatite. Locally, at the rim of the graftonite–
triphylite masses, euhedral crystals of F-rich apatite-

(CaOH) were found. Tiny grains (5–10 mm in size) of
U- and Th-rich monazite-(Ce) were found disseminated
in the phosphate masses. Other common accessories
found in the ZPU boulder are garnet, zircon, uraninite,
columbite-(Fe) and secondary minerals of uranium
(Weiss et al. 2004).
The samples collected from the ZPU boulder
and used for this study are deposited at the “Museo
Cantonale di Storia Naturale”, Lugano, Canton Ticino,
Switzerland.

Analytical Methods
Besides accurate textural observations, 23 samples
(Table 1) were examined using a Cambridge Stereoscan
250 electron microscope equipped with an Oxford
Link AN 10000 energy-dispersive spectrometer, then
analyzed using an Applied Research Laboratories electron microprobe fitted with six wavelength-dispersive
spectrometers and a Tracor Northern energy-dispersive
spectrometer at the CNR – Istituto per la dinamica dei
processi ambientali laboratories in Milano. The backscattered electron images were acquired at a working
distance of 25 mm and an accelerating voltage of 20
kV, and quantitative WDS analyses were made at 15
kV accelerating voltage and 300 nA beam current. A
series of minerals (kaersutite for Mg, Si, Fe, Al, Na, K,
rhodonite for Mn, apatite for P, Ca and F, sodalite for
Cl) were used as standards. The results were processed
for matrix effects by a conventional ZAF routine of
the Tracor Northern Task package. Selected results of
analyses are reported in Tables 2, 3, 4 and 5.
Moreover, in situ U–Pb geochronology was carried
out by excimer laser ablation (ELA)–ICP–MS at the
C.N.R. – Istituto di Geoscienze e Georisorse U.O.
di Pavia. The instrument couples a 193 nm excimer
laser microprobe (Compex 102 from MicroLas) with a
sector-field ICP–MS (Element-I from ThermoFischer).
Details of the analytical method are reported in Tiepolo
(2003). The laser was operated at 5 Hz, the spot size
was set to 20 mm, and the laser fluence to 12 J/cm2.
Instrumental mass bias and laser-induced elemental
fractionation are corrected with the adoption of zircon
91500 (Widenbeck et al. 1999) as external matrixmatched standard. Data reduction was carried out using
the “Glitter” software package (van Achterbergh et al.
2001). The same integration intervals were used on the
standard and unknown samples, and the reproducibility
on the standards was propagated to all determinations
according to the equation in Horstwood et al. (2003).
The isoplot/ex 3.0 software (Ludwig 2000) was used to
calculate concordia ages and draw concordia plots.

Results
Careful observation of all hand samples collected
from the ZPU allowed us to highlight the presence
of two different associations of phosphates within the
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Fig. 2. Cross section of the ZPU boulder showng the pegmatite zones and the position
of the phosphate masses.

graftonite–triphylite masses. Association I is characterized by an evident lamellar texture and medium to dark
brown color. Association II is characterized by a microgranular aspect with color ranging from pale pink to
greenish grey. Garnet, chamosite and plagioclase were
found closely associated with the phosphates.
Association I
At Brissago, intergrowths of phosphates with a
marked lamellar texture are very rare and characterize
very small parts of the core of the phosphate masses.
Observations made on hand specimens and thin
sections point out a gradual transition from a lamellar
to a polygonal texture. For instance, sample BRI 10B
contains triphylite lamellae (from 5 to 10 mm thick and
from 100 to 600 mm long) embedded in graftonite and
in direct contact with some triphylite micrograins (Fig.
3A). In the core of the phosphate mass ZPU 76, a very
small portion, up to 3 mm, with lamellar texture was
found. The intergrowth shows a groundmass constituted
by coarse, rounded crystals of graftonite hosting platy
lamellae of triphylite (Figs. 3B, 4A, B). The optical
orientation of triphylite, where still present, is largely
uniform over the whole analyzed specimen. In this association, triphylite appears deeply altered to a pale-honey
yellow color (Fig. 4B), and it is commonly replaced

by brown ferrisicklerite and heterosite following the
Quensel–Mason sequence (Quensel 1937, Mason 1941).
Almost complete gradual transitions between triphylite
and ferrisicklerite and between ferrisicklerite and
heterosite are commonly observed within the lamellae.
Heterosite forms irregular masses hosted in graftonite,
probably as an oxidation product of triphylite granules.
Rare irregular grains of stanĕkite from 10 to 50 mm
in size are hosted in graftonite. This secondary phosphate, typical of hydrothermally oxidized associations
(Roda et al. 2004), is partially replaced by heterosite
(Fig. 3B). Exceptionally, some elliptical grains of
kryzhanovskite up to 50–100 mm in size and showing
a perfect cleavage were found embedded in heterosite
replacing triphylite lamellae. It probably represents an
oxidation product of ferrisicklerite, as described for the
kryzhanovskite found at Okatjimukuju farm pegmatites
by Keller & von Knorring (1989). In all analyzed
samples, graftonite belonging to association I shows low
contents of Mn (12.89–13.41 wt% MnO), high contents
of Ca (10.79–12.87 wt% CaO) and Mg (2.12–3.80 wt%
MgO), and its Fe/(Fe + Mn) value ranges from 0.69 to
0.71 (Table 2). The chemical composition of triphylite
is very close to that of the end-member. It contains
6.76–8.34 wt% MgO, and has a Fe/(Fe + Mn) value
ranging from 0.88 to 0.90 (Table 2). Oxidized products
of triphylite characterize the association of secondary
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phosphates in lamellar aggregates. Ferrisicklerite,
formed after Li leaching and partial oxidation of Fe in
triphylite (Mason 1941, Moore 1973, Fransolet et al.
1985, 1986), shows a remarkably high Mg content (8.22

wt% MgO), low content of Mn (3.13 wt% MnO) with
Fe/(Fe + Mn) value of 0.90, close to that of the parent
triphylite (Table 3). High Mg values were described
for ferrisicklerite found in the border-zone phosphate
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association of the Cañada granitic pegmatite (Roda et
al. 2004). Heterosite has the same chemical characters
of ferrisicklerite with a Fe/(Fe + Mn) value ranging
between 0.86 and 0.90 (Table 3). Krizhanovskite shows
an appreciable amount of Mg (4.45 wt% MgO), with a
Fe/(Fe + Mn) value of 0.79 (Table 3). Stanĕkite shows
a chemical composition close to that described by Roda
et al. (2004), with a Fe/(Fe + Mn) value of 0.71; it
represents the second occurrence in the Alps (Guastoni
et al. 2007).
Association II
The study of thin sections points out a widespread
seriate–polygonal to seriate–interlobate medium- to
fine-grained texture of the main phosphate mass.
Micrograins are observed whether as fillings along
grain contacts or scattered into the main mass of
phosphate; they give a pseudopoikilitic texture to the
assemblage (Fig. 4C). The examination of more than
100 back-scattered electron images indicates a great
number of micrograins (from 50 to 100 mm in size)
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differing in chemical composition from the groundmass (Figs. 3C, D). The microgranules do not show a
preferential orientation or concentration, but are spread
and randomly oriented into the groundmass. As can be
inferred from back-scattered electron images combined
with chemical data, the mineralogical association of
primary phosphates in these masses is dominated by
graftonite followed by triphylite micrograins, of the
order of 5 vol.%. Maghagendorfite is present in very
small amounts. Jahnsite-(CaMnFe) is the most abundant
secondary phosphate, followed by vivianite, ludlamite,
jahnsite-(CaMnMn) and mitridatite. The amount of
secondary phosphates approaches 1–2% of the total
phosphate association and mostly appears at the rim
of microgranular phosphate masses. Vivianite mainly
constitutes impregnations along grains boundaries and
rarely is found as a replacement of the main phosphate
mass, where pale green ludlamite replaces triphylite
grains. Jahnsite-(CaMnMn) and mitridatite are very
rare at Brissago and never show well-defined grains,
but rather give gradual transitions due, respectively, to
Mn and Ca increase in the hosting jahnsite-(CaMnFe)
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groundmass in close association with manganoan
apatite-(CaOH). Graftonite and triphylite belonging
to association II show chemical features very close
to those of the same minerals in association I (Table
2). In particular, graftonite has low contents of
Mn (10.84–11.94 wt% MnO), high contents of Ca
(10.63–12.54 wt% CaO) and Mg (2.08–3.02 wt%
MgO), and its Fe/(Fe + Mn) value ranges from 0.71 to
0.73 (Table 2). Triphylite granules contain 6.86–9.11
wt% MgO, and have a Fe/(Fe + Mn) value of 0.91.
Grains (20–100 mm, Fig. 3D) of a Mg-, Na- and
Ca-bearing iron phosphate belonging to the alluaudite
group rarely occur in the polycrystalline phosphate
mass (e.g., ZPU 75, sample BRI 10B; Tables 1, 2). The
unusual pale brown grains are hosted in graftonite and
associated with ludlamite (Fig. 3D). Chemical analyses
of this phosphate reveal an excess of Fe, Mg and Ca and

a strong deficit in Mn, with respect to the data proposed
for maghagendorfite from Dyke Load, Custer, South
Dakota by Moore & Ito (1979) and by Fleischer et al.
(1980). Nevertheless, following the general structural
formula proposed by Moore (1971) and modified by
Hatert et al. (2000) for the alluaudite group, X(2)X(1)
M(1)M(2)2(PO4)3, the crystal-chemical formula for
the maghagendorfite found at Brissago can be written
as: (Mg2+)S1(Na1+0.88Ca2+0.12)S1(Mn2+0.64Ca2+0.35)S0.99
(Fe 2+1.89Mg 2+0.10) S1.994(P 5+2.98O 2–12), with a charge
balance of –0.02. Maghagendorfite grains found at
Brissago show sharp contacts with the hosting graftonite
without any sign of replacement or alteration (Fig. 3D).
Moreover, petrographic relationships illustrate that
graftonite and maghagendorfite crystallized together.
These characteristics, described for primary hagendorfite from the Kibingo granitic pegmatite by Fransolet
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Fig. 3. Back-scattered electron (BSE) images of Brissago phosphate masses. A) Sample BRI 10–B, graftonite groundmass
(Gft) with triphylite lamellae and grains (Trp), and microgranules of ludlamite (Lud). B) Sample ZPU 76 (thin section),
graftonite groundmass (Gft) with triphylite lamellae (Trp) partially or totally replaced by ferrisicklerite (Fsk) and heterosite
(Het) associated to (Stk) and kryzhanovskite (Kry). C) Sample BRI 10–B, graftonite groundmass (Gft) with microgranules
of triphylite (Trp) and ludlamite (Lud) rimming quartz grains (Qtz). D) Sample BRI 10–B, graftonite groundmass (Gft) with
microgranules of maghagendorfite (Mhg), triphylite (Trp), and ludlamite (Lud).

et al. (2004), lead us to consider maghagendorfite as a
primary phosphate in the Brissago granitic pegmatites.
Jahnsite-(CaMnFe) is the most abundant hydrothermal
phosphate found at the rim of polycrystalline masses,
in close association with apatite-(CaOH). It replaces
graftonite, forming very localized and fine polycrystalline aggregates absent at the rim of phosphate masses.
The chemical composition of the jahnsite (Table 3)

is rather variable, between jahnsite-(CaMnFe) and
jahnsite-(CaMnMn): the first one shows an excess of
Fe with respect to the stoichiometry (e.g., BRI 1–I,
Table 3), whereas the second one is higher in Ca and
lower in Fe (e.g., BRI 10–A, Table 3). This trend is characterized by an increase of Mg (0.94–2.38 wt% MgO)
and Mn (9.85–10.41 wt% MnO) and by a decrease in
Fe/(Fe + Mn) from 0.78 to 0.7. Mitridatite, closely asso-
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Fig. 4. Polarizing microscope images: A) white graftonite groundmass with triphylite lamellae replaced by brown ferrisicklerite
and reddish brown heterosite (sample ZPU 76, plane-polarized light). B) White graftonite groundmass with triphylite lamellae
partially or totally replaced by pale brown ferrisicklerite and reddish brown heterosite associated to dark brown to opaque
grains of stanĕkite (sample ZPU 76, plane-polarized light). C) Polycrystalline mass of graftonite (sample ZPU 75, crossed
nicols). D and E) Graftonite masses with triphylite lamellae corroding huge crystals of garnet (sample ZPU 74, crossed
nicol). F) Pale pink fractured relics of garnet hosted by polycrystalline graftonite and associated to clinochlore (sample ZPU
76, plane-polarized light).
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ciated with jahnsite and apatite, shows a high content
of Mn and a Fe/(Fe + Mn) value of 0.7. Ludlamite is
found only as micrograins hosted by graftonite, mainly
at the rim of the phosphate masses (Figs. 3A, C, D).
The chemical data for vivianite show an appreciable
content of Mn (5.97 wt% MnO) (Table 3). The Fe/(Fe
+ Mn) value of ludlamite and vivianite ranges from
0.88 to 0.93; these values are close to those of triphylite
(Table 2).
Both massive and euhedral apatite-(CaOH) have a
similar composition, with a high F content; Mn also is
present, with a concentration ranging from 4.02 to 4.47
wt% MnO, a common occurrence in granitic pegmatites
(Table 4). The massive primary apatite-(CaOH) can
be distinguished from the euhedral secondary apatite(CaOH) only on the basis of morphological characteristics (Moore 1973).
The associated silicates
Garnet appears as a rim or directly embedded in
phosphate masses. In the first case, the subhedral crystals
of garnet are deeply indented by phosphates (Figs. 4D,
E). In the second case, garnet is found as anhedral relics
hosted by phosphates (Fig. 4F). In both cases, garnet is
deeply fractured and partially replaced by chamosite,
mainly along fractures. The chemical composition is
almost constant, corresponding to almandine with a
substantial proportion of the spessartine components
and a much smaller amount of the pyrope component.
Its Fe/(Fe + Mn) value ranges between 0.71 and 0.72
(Table 5). Plagioclase shows rather constant compositions near 100% Ab along all dike section; oligoclase
compositions (An15) were detected only within the
endocontact of the dike (Tables 1, 5).
Age determination
Two zircon grains (Z1C1 and Z1C2) up to 2.0 3
1.2 mm in size were sampled from the ZPU boulder.
Prior to the in situ ELA–ICP–MS analyses of the zircon,

645

the internal structure was investigated by cathodoluminescence (CL) and with back-scattered electron (BSE)
images. Both zircon grains show a core rich in inclusions and characterized by extensive recrystallization,
but the outer boundaries are homogeneous and with
very low CL emission. The in situ geochronological
approach allowed us to analyze only the preserved rims
of zircon; we avoided the altered cores. Sixteen analyses
were carried out on these external rims and most data
(11 spots) yield concordant results (Table 6). Nine
analyses cluster between 238 ± 4.7 and 248.6 ± 4.9 Ma
(2s) and define a mean concordia age of 242.3 ± 2.8 Ma
(95% confidence), which is inferred to represent the age
of crystallization of the zircon (Fig. 5). Two analyses
yield significantly younger ages, 219.5 ± 9.9 and 229 ±
10 Ma (2s) that likely represent a postmagmatic resetting of the U–Pb system.

Discussion of the Data
The association of secondary minerals, especially
the presence of a conspicuous amount of phosphates,
together with columbite-group minerals, indicates that
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these pegmatites belong to the rare-element LCT family
in the classification of Černý & Ercit (2005).
Degree of evolution of the pegmatite-forming melt
At Brissago, the chemical composition of primary
phosphates and associated garnet is clearly Fe-dominant, with high Ca and Mg contents in graftonite
and a high Mg content in triphylite. High Ca and
fairly high Mg contents in graftonite are described in
graftonite–triphylite intergrowths from Nåttarö and
Stora Persholmen pegmatites in Sweden by Smeds
et al. (1998) and from the Conifer Road pegmatite in
northwestern Ontario by Černý et al. (1998). Roda et al.
(2004) reported high Ca contents in graftonite found in
the phosphate association belonging to the border zone
of the Cañada pegmatite in eastern Spain. Triphylite
with a high Mg content was found associated with
graftonite in lamellar intergrowths from the Bötsudden
and Rånö pegmatites (Smeds et al. 1998). Such chemical features for graftonite and triphylite are typical of
poorly evolved LCT granitic pegmatites (Smeds et al.
1998, Černý et al. 1998) or of less-evolved facies of
evolved Li–P-bearing pegmatites (Roda et al. 2004).
The prominence of Fe over Mn in primary phosphates and garnet, which represents the most widespread mafic phase after phosphates, the high Ca and
Mg contents in graftonite and triphylite, respectively,
and the predominance of graftonite over triphylite indicate that at Brissago, the phosphate-bearing pegmatites
are poorly fractionated and geochemically primitive.
Mechanisms of crystallization
According to many authors (Hurlbut 1965, Wise
& Černý 1990, Smeds et al. 1998, Černý et al. 1998),
the textural features and optical characteristics point
to graftonite–triphylite lamellar intergrowths of association I as having crystallized at the magmatic stage.
They can be considered an exsolution product of a
high-temperature Ca-rich and, to a lesser extent, Mgand Li-rich, disordered, graftonite-like parent phase.
A later decrease in temperature caused the migration
of Ca in graftonite and of Mg and Li into triphylite,
which has an olivine-type structure (Moore 1973). The
presence, even if a small amount, of Li in the parent
phosphate favored the exsolution of triphylite instead of
sarcopside (Hurlbut 1965). At the same stage, the high
concentration of Ca and [PO4]3– allowed the crystallization of masses of primary apatite-(CaOH). Following
the experimental work of London et al. (1999), the
Fe/(Fe + Mn) value of graftonite (ranging from 0.70
to 0.73) and of garnet (ranging from 0.68 to 0.72) in
contact with phosphate masses may indicate that the
phosphate originated as a result of phosphorus-induced
destabilization of garnet (Figs. 4D, E, F). In this case,
the increase in concentration of phosphorus in the melt
induced the destabilization of the previously formed

garnet, and the development of the high-temperature
graftonite-like parent phase and of masses of primary
apatite. Hydrothermal products of oxidation of the
Quensel–Mason sequence are well represented within
association I, in which ferrisicklerite replaces triphylite,
and heterosite replaces ferrisicklerite following a
chemical process of Li leaching and progressive oxidation of transition cations with almost constant Fe/(Fe +
Mn) values (Quensel 1937, Mason 1941, Fransolet et
al. 1985, Fransolet 2007). The origin of kryzhanovskite
is unclear; in fact, textural characteristics relate this
mineral to ferrisicklerite even if the Fe/(Fe + Mn) value
of 0.77 is lower than that of ferrisicklerite. Similar
considerations are suitable even for stanĕkite, which
appears to replace ferrisicklerite mainly along fractures
and to be replaced by heterosite; its Fe/(Fe + Mn)
value of 0.69 is consistent with that of graftonite. The
sequence of crystallization of association I is outlined
in Figure 6A.
In all samples found at Brissago, association I is
completely or almost completely overrun by association
II. Only small relics of the magmatic association are still
preserved in the core of the phosphate masses. Polycrystalline texture of association II indicates a pervasive
process of recrystallization, which involved association
I after its complete crystallization. Generally, these
dramatic changes in texture of phosphates are attributed
to metasomatic processes, which are accompanied by
strong changes of mineral associations and chemical
composition (Moore 1973, Fransolet et al. 1986, and
references therein). At Brissago, no significant changes
in mineralogical composition and chemical features of
the assemblage of primary phosphates were detected
between association I and association II, except for a

Fig. 5. A 207Pb/235U – 206Pb/235U concordia diagram with the
mean concordia age from zircon crystals taken from the
Brissago phosphate-bearing pegmatite of the ZPU boulder
(data-point error ellipses are 2s).
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negligible amount of maghagendorfite in polycrystalline
masses. For these reasons, we infer that association II
formed through an autometamorphic textural rearrangement of association I under isochemical conditions. This
hypothesis is confirmed by the geochronological data of
zircon. The postmagmatic resetting of the U–Pb system
at 219.5 ± 9.9 and 229 ± 10 Ma (2s) point to reheating
episodes involving the pegmatite. The reheating led
the metamorphic rearrangement of the phosphate
minerals association. We believe that the association
jahnsite–mitridatite locally replaced graftonite during
late metamorphic processes as a result of Ca diffusion
from the nearby apatite at the rim of polycrystalline
phosphate masses. Processes of hydrothermal alteration are limited and occurred mainly as progressive
hydroxylation and Li-leaching in non-oxidizing conditions, with the replacement of ludlamite at the expense
of triphylite and with the crystallization of vivianite.
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The sequence of crystallization of association II is
outlined in Figure 6B.
The origin of the pegmatite-forming melt
The U/Pb age of 242 ± 2.8 Ma obtained from the two
crystals of zircon extracted from the ZPU boulder, allow
us to associate the emplacement of phosphate-bearing
pegmatites to the onset of the Mid-Triassic tectonomagmatic cycle (top of Anisian – base of Ladinian; Brack
et al. 2005), well represented in the whole Southern
Alps. In contrast, the common dioritic and granitic
dikes, cropping out in the higher part of Valle di Ponte,
are related to the Early Permian magmatic cycle, as
established by Mulch et al. (2002). No data exist about
the age of emplacement of the phosphate-free granitic
pegmatites, and field evidence does not allow us to
link them to any magmatic cycle. Therefore, a parent

Fig. 6. Alteration sequence of phosphate minerals: A) association I; B) association II.
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granite for the phosphate-bearing pegmatites is missing
in the Brissago – Valle di Ponte area. As discussed
above, the Brissago phosphate-bearing pegmatites
are poorly fractionated and geochemically primitive.
Large amounts of plagioclase (mainly albite with
minor oligoclase near the contact with the host rock)
and muscovite indicate a peraluminous character of
the pegmatite-forming melt, whereas the abundance of
schorl suggests an appreciable content of boron. These
geochemical characteristics indicate that the pegmatiteforming melt originated in a primitive geological environment, as proposed for the Conifer Road pegmatite,
in northwestern Ontario, by Černý et al. (1998). We
contend that the phosphate-bearing pegmatites at Brissago crystallized from a poorly evolved melt probably
produced by local partial melting of kinzigites during
the high-temperature metamorphic process and hydration induced by the hydrothermal plume rising from the
subducting plate. In this environment the peraluminous
character of the melt could be inherited from kinzigites,
that can also be considered the source for B, Li and P
(Martin & De Vito 2005).
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