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Abstract

The Ángel pegmatite forms part of the Comechingones pegmatitic field, in central Argentina, which is made up of pegmatites 
characterized by low to intermediate degrees of fractionation, classified as beryl-columbite-phosphate subtype pegmatites. 
These pegmatites are syntectonic with a regional shear zone. The Ángel pegmatite contains associations with quartz, microcline, 
plagioclase, a first generation of muscovite (muscovite I), beryl, members of the columbite group, triplite, and montebrasite. This 
association is locally affected by two stages of replacement. The first replacement stage is characterized by early albitization, 
followed by the development of associations of cleavelandite, quartz, Fe-rich elbaite (elbaite I), a second generation of muscovite 
(muscovite II), topaz, lacroixite, fluorapatite, pollucite, columbite-(Mn), and Hf-rich zircon. Muscovite II replaces montebrasite 
and muscovite I, and is characterized by slight enrichments in F, Rb, and Cs. The second replacement stage generated a new 
mineral association characterized by muscovite III, Fe-poor elbaite (elbaite II), Cs-micas, and U-rich hydroxykenomicrolite. 
Muscovite III replaces muscovite II and is characterized by strong enrichments in F, Cs, and, to a lesser extent, Rb. In turn, 
muscovite III is replaced by the Cs-micas sokolovaite and nanpingite. The high F content of the nanpingite suggests that this 
could be the F- analogue of nanpingite, which would be a new mineral. The sequence of replacement is indicative of an increase 
in the F activity in the latest pegmatitic fluids. The high F activity of these fluids favored the transport of Ta, U, Bi, Hf, Rb, 
Cs, and Li, and the formation of F-rich micas could be the mechanism for precipitating these LILE and HFSE elements. The 
syntectonic emplacement of this pegmatite in a large shear zone could be a decisive factor in the migration of these late evolved 
fluids rich in F, LILE, and HFSE.

Keywords: late metasomatic replacement events, extreme F activities, LILE and HFSE enrichment, sokolovaite, fluorine analogue 
of nanpingite, Ángel pegmatite, Guacha Corral shear zone, Argentina
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Introduction

LCT-type pegmatites can reach extremely high 
degrees of fractionation, and they form from granitic 
melts by extensive geochemical fractionation from 
an initially enriched granitic magma. This extreme 
fractionation leads to a strong enrichment in volatile 
components, such as H2O, P, F, and B, as well as LILE 
(Li, Cs, and Rb) and HFSE (Nb, Ta, Sn) during primary 
stages of the pegmatite’s history. Moreover, replacement 
units formed during the late stages of the pegmatite 
evolution can play an even more important role in the 
concentration (or re-concentration) of these elements, 
making LCT pegmatites attractive targets for rare 
element exploration. In some cases, mild rare-element 
concentrations in a barren (but fertile) pegmatite can 
be significantly increased up to economic amounts via 
late-stage replacements (Kontak 2006, Van Lichtervelde 
et al. 2007).

The Comechingones pegmatitic field, in central 
Argentina (Fig. 1), is mainly constituted of barren and 
beryl-type pegmatites that display low to intermediate 
degrees of fractionation (Demartis 2010, Demartis 
et  al. 2012). These pegmatites have been explored 
for U minerals and exploited for beryl. Although in 
general the fractionation degree is rather low, highly 
evolved units of metasomatic origin occur in some of 
the pegmatites. Here we present a textural, mineral-
ogical, and geochemical study of one of these highly 
fractionated units belonging to the Ángel pegmatite, 
Comechingones field, which has undergone late metaso-
matic replacements, attaining unusual concentrations of 
rare alkalis, volatiles, and high field strength elements. 
We discuss the origin of the metasomatic fluids and 
suggest that the extreme F activities of the metasomatic 
fluids responsible for the replacement events played 
an important role in the transport and precipitation of 
LILE and HFSE.

Geological Setting

The Comechingones Pegmatite Field (CPF) is 
located in the southeastern part of the Pampean Pegma-
titic Province (Galliski 1994), in the southern Sierras 
de Córdoba, central Argentina (Fig. 1a). The Sierras de 
Córdoba comprise a series of mountain ranges trending 
approximately N–S, which consist of pre-Andean 
basement blocks that were uplifted by Tertiary reverse 
faults. They are mostly composed of metasedimentary 
and igneous rocks of Precambrian to Devonian age, 
locally covered by sedimentary and volcanosedimentary 
sequences mainly of Cretaceous ages.

The basement of the Sierras de Córdoba is made up 
of polymetamorphic rocks. The highest metamorphic 
conditions belong to the upper amphibolite to granulite 
facies (750 ºC and 650 to 700 MPa). These conditions 
were reached during the Pampean orogeny, in the Early 

Cambrian (522±8 Ma and 534±7 Ma, 206Pb/238U and 
208Pb/232Th, respectively, analyzed by SHRIMP of 
monazite from garnet-rich migmatites; Rapela et al. 
1998). During this event, peraluminous S-type granites 
and migmatites with stromatitic and nebulitic structures 
were produced by partial melting of metasedimentary 
protoliths (Otamendi et al. 2004, Fagiano 2007). Struc-
tures such as gneissic and stromatic foliation, as well as 
NNW–SSE-trending folds, were generated during this 
event (Otamendi et al. 2004).

Shearing events of the Famatinian orogeny, ranging 
in age from Early Ordovician to Late Devonian (480 to 
365 Ma; Sims et al. 1998, Whitmeyer & Simpson 2003, 
Steenken et al. 2010), reworked previous metamorphic 
fabrics, especially along several major shear zones 
of the Sierras de Córdoba. Among these, the Guacha 
Corral Shear Zone (GCSZ, Fig. 1b) is the largest and 
most complex in the Sierras de Córdoba (Martino 2003, 
Whitmeyer & Simpson 2003, Otamendi et al. 2004, 
Fagiano 2007). It is a ~120 km long by 20 km wide 
shear belt that crops out in the Sierra de Comechingones 
(one of the ranges that form the Sierras de Córdoba), 
with a N–S trend, eastward dip, and moderate dipping 
angle. The main GCSZ deformation took place under 
ductile, medium- to high-amphibolite facies conditions, 
represented by biotite- and sillimanite-bearing mylonitic 
rocks (Fagiano 2007). These rocks are characterized by 
a fine-grained matrix composed of recrystallized biotite 
+ quartz + K-feldspar + sillimanite, defining a mylonitic 
foliation that wraps around porphyroclasts of garnet and 
quartz + K-feldspar aggregates 0.2–2.0 mm in diameter. 
Syntectonic granites and pegmatites intruded along the 
GCSZ domain (Demartis et al. 2011).

Large, post-kynematic granite batholiths, such as the 
Cerro Áspero and Achala batholiths (Fig. 1b), intruded 
the GCSZ. They have discordant contacts with the 
country rocks and produce locally developed discon-
tinuous thermal aureoles in mylonites of the GCSZ, 
evidencing post-tectonic intrusion (Pinotti et al. 2006).

The Comechingones Pegmatitic Field

Pegmatites from the CPF have been subdivided into 
seven groups (Hub 1994, 1995, Demartis 2010), six of 
which are shown in Figure 1c. They correspond to the 
LCT geochemical signature, and were classified as rare-
element class, beryl type, beryl-columbite-phosphate 
subtype pegmatites (Galliski 1994). The pegmatites are 
mainly hosted by mylonitized gneisses, migmatites, and 
minor amphibolites from the GCSZ. These pegmatites 
were emplaced during the main shearing event of the 
GCSZ, showing evidence of deformation over a wide 
range of conditions (Demartis et al. 2011). 

Pegmatites from the CPF consist of composite 
pegmatitic dykes, up to 1000 m long and 200 m wide, 
internally made up of a large number of lens- or sheet-
shaped pegmatitic bodies of relatively small size (less 
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than 50 m thick and 200 m long, Demartis et al. 2011). 
The main rock-forming minerals are quartz, K-feldspar, 
muscovite, and plagioclase, and each pegmatite sheet 
tends to preserve its internal zonation. Beryllium, Nb, 
and U mineralizations, as well as deposits of high-

quality industrial minerals (feldspars, muscovite, and 
quartz), occur in these pegmatites.

The pegmatites are associated with bodies of pegma-
titic granite, up to 2 km long and 500 m wide. These 
rocks are strongly foliated, and pegmatitic textures can 
be observed.

Fig. 1.  (a) Geological sketch of the Sierras Pampeanas, Argentina, showing the position of the Sierras de Córdoba and Sierra 
de Comechingones. (b) Simplified geological map of the Sierra de Comechingones showing the extent of the Guacha Corral 
Shear Zone (GCSZ). The heavily lined polygon corresponds to the extension of the area amplified in Figure 1c, and the dashed 
rectangle corresponds to the Comechingones Pegmatitic Field (CPF). CAB: Cerro Áspero Batholith, AB: Achala Batholith. 
(c) CBERS satellite image of the southern part of the CPF. The black dashed rectangle indicates the area shown in Figure 
1d. The different groups of pegmatites of the CPF are shown as white rectangles. The boundaries of the GCSZ are marked 
by white broken lines. (d) Simplified geologic map of the Cerro de las Ovejas pegmatite group, with location of the Ángel 
pegmatite and its replacement unit.
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Geochemical analyses of potassic feldspars from the 
CPF pegmatites reveal intermediate K/Rb (104–351) 
and K/Cs ratios (612–22.338) (Demartis et al. 2012). 
These values point to an intermediate fractionation 
degree for the Ángel pegmatite and other pegmatites 
of the CPF. This evidence agrees with the pegmatite 
classification. However, a few highly evolved late-
magmatic units showing metasomatic replacements, 
such as that found in the Ángel pegmatite, also occur 
in the southern CPF.

The Ángel Pegmatite  
and its Replacement Unit

The Ángel pegmatite belongs to the Cerro de las 
Ovejas group of pegmatites (Demartis 2010), located in 
the central part of the CPF (~32º 18’ S and 64º 54.75’ 
W, Figs. 1c and d), near the village of Merlo (San 
Luis province). The Ángel pegmatite is particularly 
known because of its varied primary and secondary 
U mineralogy (Rigal 1938, Angelelli 1950). Like 
many pegmatites in the CPF, it consists of a large 
composite dyke, with a maximum width of 50 m and a 
length of more than 1000 m in outcrop, which strikes 
almost N–S and dips variably, from 40 to 65° toward 
the east and west. It is internally made up of several 
subparallel lens- or sheet-shaped pegmatitic bodies 
of relatively small size (from 5 to 30 m thick and 
~200 m long) emplaced beside each other (Demartis 
et al. 2011). Each pegmatitic body displays an almost 
symmetrical zoning pattern, which generally consists of 
the following textural and paragenetic zones, from the 
contacts inward: fine- to medium-grained muscovite + 
quartz ± albite grading to medium- to coarse-grained 
quartz + muscovite ± microcline ± albite, defining the 
wall zone. This is followed by an intermediate zone 
composed of a coarse- to very coarse-grained graphic 
microcline + quartz + muscovite ± albite. The innermost 
zone consists of a quartz core with subordinate and 
variable amounts of very coarse-grained muscovite 
and microcline. Garnet, triplite-zwieselite, uraninite 
and its secondary products, beryl, and columbite-group 
minerals are the most common accessory phases, gener-
ally occurring in the intermediate zones.

The replacement unit is located in the southern part 
of the Ángel composite pegmatite dyke (Figs. 1d and 
2a), and it is exposedas an elliptical body about 18 m 
long and 10 m wide. The extension of the replacement 
unit could not be strictly delimited because the contacts 
with other pegmatitic units or mylonitic host rocks 
are covered by Quaternary sediments, hampering the 
observation of petrographic relationships among them.

Analytical Methods

A preliminary examination of the mineral phases 
and their chemical compositions was performed by 

petrographic and scanning-electron microscopy (SEM) 
using backscattered electron (BSE) observations and 
energy-dispersive spectroscopy (EDS). The identifica-
tion of certain minerals was also supported by Raman 
spectroscopy, performed at the University of Barcelona. 
Quantitative analyses were carried out by wavelength-
dispersive spectroscopy using two electron microprobes 
(EMPA; a CAMECA SX-50 housed at the University of 
Barcelona, and a JEOL JXA-8230 located at the Univer-
sidad Nacional de Córdoba). Minerals and synthetic 
compounds were used as standards. 

Tourmaline formulae were calculated on the basis 
of 31 (O, F, OH) anions, using a spreadsheet devel-
oped by Selway & Xiong (2002). Lithium, B, and H2O 
were calculated by stoichiometry: Li = 15 – (T + Z + 
Y) apfu, B = 3.00 apfu, and (OH) + F = 4 apfu. Fe3+ 
and Fe2+ were not discriminated and Fe was totally 
reported as Fe2+.

Mica formulae were calculated on a basis of 22 
(O, F, OH) anions and considered the charge balance. 
Lithium and H2O were calculated by stoichiometry: Li 
= 6 – (Si + Al + Fe + Mg + Mn) apfu for dioctahedral 
micas and Li = 7 – (Si + Al + Fe + Mg + Mn) apfu for 
trioctahedral micas, and (OH) + F = 2 anions pfu. Fe3+ 
and Fe2+ were not discriminated and Fe was totally 
reported as Fe+2.

Textures and Mineral Assemblages  
of the Replacement Unit

A W–E section across the longest axis of the replace-
ment unit revealed an asymmetry in the distribution of 
the main mineral phases (Fig. 2b). The easternmost 
part is dominated by prismatic albite and quartz, with 
subordinated muscovite flakes. A strongly foliated 
muscovite+albite rock, with quartz veins and ribbons 
and minor tourmaline, characterizes the central portion 
of the replacement body. At the western contact, a 
narrow zone less than 1 m thick, showing a poorly 
developed foliation, crops out conformably with the 
mylonitic foliation. This sector is composed of albite
+quartz+tourmaline±muscovite and relics of primary 
muscovite. Rock samples were taken considering this 
zonation.

Detailed mineralogical and textural observations and 
electron microprobe analysis of more than 30 samples 
of the replacement unit of the Ángel pegmatite resulted 
in the recognition of three stages producing mineral 
assemblages, summarized in Figure 3.

The first mineral assemblage is composed of quartz, 
K-feldspar (microcline), albitic plagioclase, muscovite, 
and montebrasite. The grain size of this assemblage can 
attain a few centimeters in diameter. As a general rule, 
most of these minerals have been extensively replaced 
during the growth of the later units, and only some relics 
remain. Zircon also occurs as a relict accessory phase 
from the first mineral assemblage.
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Fig. 2.  (a) Geological sketch map of the area of the replacement unit, Ángel pegmatite. 
Several lens- or sheet-shaped pegmatitic bodies, with their own internal zonations, are 
also shown in order to illustrate the outcrop relationships. (b) W–E section across the 
longest axis of the replacement unit showing the distribution of major mineral phases 
(see Fig. 2a for its location). Qtz: quartz, Ab: albite, Ms II and III: muscovite II and 
III, Elb: elbaite. 
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The second mineral assemblage replaced the first 
one. Microcline was largely replaced by secondary 
prismatic albite (albite I), and only scarce remnants of 
microcline were preserved. In turn, minerals belonging 
to stage 1, especially muscovite and montebrasite, 
were replaced by a second generation of muscovite 
(muscovite II), which is pale violet in hand specimen. 
An irregular replacement was produced along cleav-
ages, small fractures, and grain boundaries. Muscovite 
II is accompanied by large amounts of platy albite 
(cleavelandite variety, albite II), quartz, and topaz. In 
addition, pale-colored prismatic crystals of members 
of the schorl-elbaite series (elbaite I) occur scattered 
among the above minerals. Lacroixite and fluorapatite 
also occur as the products of alteration of primary 
montebrasite. All of these phases tend to display 
millimeter-sized rounded crystals, and the ensemble has 
a mylonitic fabric. Minor amounts of columbite-(Mn), 
pollucite, and Hf-rich zircon occur as small inclusions.

During the third stage, another replacement event 
generated a new mineral assemblage in which the micas 
were particularly affected. Muscovite I and II were 
replaced by a third generation of muscovite (muscovite 
III), which is characterized by a strong enrichment in 
F and Cs. At the same time, elbaite I was replaced by 
a second generation of elbaite (elbaite II), which is 
enriched in the elbaite component and relatively impov-

erished in Fe. These minerals are accompanied by small 
amounts of anhedral crystals of the microlite group, of 
some hundreds of microns in size and with a strong 
enrichment in U. Bismuth is commonly found as a late 
alteration of some of the above minerals. Fine-grained 
(less than 50 μm) sokolovaite and an F-analogue of 
nanpingite replace the preexisting micas, particularly 
muscovite II, at the end of this stage.

Finally, supergene processes led to the replacement 
of many of the above minerals. Feldspars can be pseu-
domorphosed by kaolinite, whereas montebrasite was 
replaced by an assemblage of chlorapatite and diverse 
fine-grained secondary phosphates. These occur as 
delicate euhedral crystals infilling geodic porosity and 
as patchy textured crystals in the interstices of older 
crystal boundaries. These associations are dominated 
by minerals extremely enriched in Zr, Hf, Ca, Sr, Mn, 
and Al.

As stated above, the intense deformation that took 
place during the emplacement and consolidation of the 
pegmatites from the CPF generated strongly foliated 
fabrics with typical mylonitic textures (Demartis et 
al. 2011). Hence, the replacement unit of the Ángel 
pegmatite is texturally porphyroclastic, where the large, 
coarse-grained crystals of assemblage 1 behaved as 
competent porphyroclasts (Fig. 4a). 

Fig. 3.  Schematic sequence of the mineral assemblage formation during the different 
paragenetic stages of the replacement unit. The line thickness represents the relative 
abundance of each mineral.
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Fig. 4.  (a) Cut hand specimen of a strongly foliated, mylonitic-textured rock from the central portion of the replacement unit. 
Light-colored porphyroclasts are generally montebrasite, albite, or muscovite; the purple zones are mostly composed of 
muscovite II & III + albite. (b) Cross-polarized photomicrographs of the replacement unit, showing muscovites II and III (Ms 
II and III) and albite (Ab) intergrowths replacing a coarse-grained, polysynthetically twinned montebrasite porphyroclast. (c) 
Cross-polarized photomicrographs showing a large relict muscovite (Ms I) crystal partially replaced by muscovite II and III 
(Ms II and Ms III) along its boundary (upper right). (d) and (e) BSE images of muscovite II and III with patchy intergrowths 
of sokolovaite (Sok) altering both of them. (f) BSE image of the F-analogue of nanpingite (Npt) replacing muscovite II (Ms 
II), surrounded by a large montebrasite (Mbr) crystal.
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Mineralogy and Mineral Chemistry

Feldspars

Albite is very abundant. It occurs both as coarse-
grained porphyroclasts (up to several centimeters in 
diameter) with variable deformation intensity and as 
medium- to fine-grained tabular crystals in the matrix 
(~1 mm long). Albite from the matrix is the result of 
subgrain recrystallization during deformation of large 
crystals. It also crystallized directly from metasomatic 
fluids, occurring more frequently as short prismatic 
crystals and bladed platy crystals with radial habits. 
Microprobe analyses show that all compositions have 
more than 99% of the Ab component, with virtually 
no chemical differences between types of occurrence. 
As stated above, K-feldspars were only observed as 
relict large crystals, reaching several centimeters in 
diameter, which have been almost completely replaced 
by later assemblages. Structurally, K-feldspar crystals 
from intermediate zones of the Ángel pegmatite and 
other pegmatites of the CPF generally correspond to 
low microcline, with structures almost completely 
ordered (t1o values ranging between 0.947 and 0.997; 
Demartis 2010).

Montebrasite-amblygonite

Montebrasite occurs mostly in the central part of 
the replacement unit as centimeter-sized crystals that 
behaved as porphyroclasts during deformation. These 
crystals are interpreted to be relics of primary crystal-
lization in the intermediate zones. They are typically 
round to elliptical σ- and θ-type grains with polysyn-
thetic twinning (Figs. 4a and b). They are frequently 
replaced by albite and muscovite II and III of variable 
grain size, especially along grain boundaries. Alteration 
processes also pervasively affected the inner parts of 
the montebrasite crystals, resulting in the replacement 
of montebrasite by secondary phosphates, such as 
lacroixite and fluorapatite. Other secondary, probably 
supergene, phosphate minerals also occur in the late-
stage alteration (see below).

Chemical analysis performed on unaltered parts 
of montebrasite porphyroclasts show compositions 
corresponding to a F-rich montebrasite, with uniform 
F contents that can attain 0.44 apfu (Table 1). Major 
components are also quite uniform. Lithium substitution 
by Na, K, and Ca, as well as Al substitution by Fe, Mn, 
and Mg, are negligible.

Micas

Three types of micas have been recognized in the 
replacement unit of the Ángel pegmatite: (1) large 
crystals of muscovite from the primary assemblage 
(muscovite I); (2) two generations of muscovite of 

metasomatic origin (muscovite II and III); and (3) 
sokolovaite (Cs-analogue of polylithionite) and an 
F-analogue of nanpingite generated by late Cs-enrich-
ment of muscovite grains.

Muscovite I commonly occurs as large crystals, 
~3 cm in diameter, with folded sheets and mica-fish 
textures, and represents part of the relict primary 
mineral assemblage. Boundaries are commonly altered 
and replaced by two generations of muscovite (see 
below). Microprobe analyses obtained from the relict 
large muscovite I crystals yielded compositions close 
to the ideal formula, with only minor amounts of Rb 
(up to 0.02 apfu) and Cs (less than 0.01 apfu). Fluorine 
contents are also low (up to 0.33 apfu, Table 2). The 
paragonite component is also low, with Na content 
lower than 0.09 apfu. Hence, the interlayer cation site 
is dominated by K.

Micas represent the volumetrically most important 
component formed during the metasomatic replace-
ment. They are distributed throughout the entire unit 
but are more abundant in its central part (Fig. 2b). 
They occur as purple-colored crystals, generally less 
than 1 mm long, showing a preferred orientation 
that defines the mylonitic foliation of the rock. Fine-
grained muscovite II flakes replace albite grains from 
the matrix and coarse-grained montebrasite (Fig. 4b). 
Relic muscovite I crystals are replaced along grain 
boundaries by a 100–300 µm thick rim of muscovite II 
(Fig. 4c). Muscovite II is, in turn, irregularly replaced 
by muscovite III (Figs. 4c–e).

Muscovite II is slightly enriched in Li (up to 0.28 
apfu), Cs (up to 0.03 apfu), and Rb (up to 0.06 apfu) 
when compared with muscovite I (Table 2). In contrast, 
K and Na (up to 0.06 apfu) are slightly depleted. More-
over, F may occupy most of the additional anion site 
(up to 1.56 apfu).

Muscovite III is notably enriched in Li (up to 0.37 
apfu), Cs (up to 0.07 apfu), and Rb (up to 0.06 apfu) 
when compared with the previous muscovite genera-
tions (Table 2). Fluorine is also higher, and may totally 
fill the site (up to 1.94 apfu); this mica therefore corre-
sponds to an F-analogue of muscovite.

Sokolovaite is not ubiquitously distributed. It occurs 
replacing some muscovite grains along their rims and 
cleavages and, less frequently, their inner parts (Figs. 
4d and e). Sokolovaite identification was confirmed by 
EMPA analyses (Table 2, Fig. 5) along with the different 
generations of muscovite. The triangular K–Cs–Rb 
diagram of Figure 5a reflects a Cs enrichment trend 
from muscovite I to sokolovaite and the F-analogue 
of nanpingite. Cesium contents as high as 0.90 apfu 
were observed in sokolovaite, only slightly lower than 
the Cs values obtained for sokolovaite from the type 
locality in northern Tajikistan (0.94 apfu; Pautov et al. 
2006). Potter et al. (2009) reported lower Cs values 
(up to 0.73 Cs apfu) in the main body of the Moblan 
pegmatite cluster in Quebec, Canada, that are accom-
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TABLE 1. CHEMICAL COMPOSITION OF PRIMARY (MONTEBRASITE)  
AND SECONDARY (LACROIXITE) PHOSPHATES FROM THE REPLACEMENT UNIT  

OF THE ÁNGEL PEGMATITE

montebrasite
(n = 15)

lacroixite
(n = 3)

Min Max Average
(Std. Dev.) Min Max Average

(Std. Dev.)

P2O5 wt.% 46.30 49.40 48.39 (0.86) 44.08 45.27 44.65 (0.60)
SiO2 b.d.l. 0.20 0.05 (0.06) b.d.l. 0.01 0.01 (0.01)
SO3 b.d.l. 0.09 0.02 (0.03) n.d. n.d. n.d.
Al2O3 33.34 36.05 34.35 (0.75) 32.71 33.52 33.17 (0.41)
FeO b.d.l. 0.12 0.05 (0.04) b.d.l. b.d.l. 0.00 (0.00)
MnO b.d.l. 0.13 0.03 (0.04) b.d.l. 0.17 0.07 (0.09)
MgO b.d.l. 0.03 0.01 (0.01) n.d. n.d. n.d.
CaO b.d.l. 2.34 0.19 (0.60) b.d.l. 0.05 0.02 (0.03)
SrO b.d.l. 0.22 0.04 (0.08) n.d. n.d. n.d.
BaO b.d.l. 0.17 0.02 (0.06) n.d. n.d. n.d.
Na2O b.d.l. 0.12 0.02 (0.03) 12.51 13.38 12.88 (0.45)
K2O b.d.l. 0.04 0.01 (0.01) b.d.l. 0.02 0.01 (0.01)
F 2.71 5.69 4.99 (0.90) 9.09 9.49 9.26 (0.20)
Cl b.d.l. 0.04 0.01 (0.01) n.d. n.d. n.d.
Li2O* 9.06 10.39 10.12 (0.33) 2.82 3.48 3.18 (0.33)
H2O* 3.35 4.77 3.77 (0.44) 1.23 1.35 1.27 (0.06)
−O=F –2.40 –1.14 –2.10 (0.38) –3.83 –4.00 –3.90 (–0.09)
−O=Cl –0.01 0.00 0.00 (0.00) – – –

Total 98.92 101.35 99.93 (0.77) 100.38 100.81 100.61 (0.21)

P apfu 1.00 1.00 1.00 (0.00) 1.00 1.00 1.00 (0.00)
Si 0.00 0.00 0.00 (0.00) 0.00 0.00 0.00 (0.00)
S 0.00 0.00 0.00 (0.00) – – –
Al 0.95 1.08 0.99 (0.04) 1.01 1.06 1.03 (0.03)
Fe 0.00 0.00 0.00 (0.00) 0.00 0.00 0.00 (0.00)
Mn 0.00 0.00 0.00 (0.00) 0.00 0.00 0.00 (0.00)
Mg 0.00 0.00 0.00 (0.00) – – –
Li 0.93 1.00 0.99 (0.02) 0.30 0.37 0.34 (0.03)
Ca 0.00 0.06 0.01 (0.02) 0.00 0.00 0.00 (0.00)
Sr 0.00 0.00 0.00 (0.00) – – –
Ba 0.00 0.00 0.00 (0.00) – – –
Na 0.00 0.01 0.00 (0.00) 0.63 0.70 0.66 (0.03)
K 0.00 0.00 0.00 (0.00) 0.00 0.00 0.00 (0.00)
F 0.21 0.44 0.39 (0.07) 0.76 0.78 0.78 (0.01)
Cl 0.00 0.00 0.00 (0.00) – – –
OH 0.56 0.79 0.61 (0.07) 0.22 0.24 0.22 (0.01)
Na/(Na+Li) 0.00 0.01 0.00 (0.00) 0.63 0.70 0.66 (0.03)

*Determined by stoichiometry. Formula contents based on one phosphorous, assuming 1(Li 
+ Na + K + Ca + Sr + Ba) and 1(OH + F + Cl) per formula unit. n.d. = not determined. b.d.l. = 
below detection limit

panied by high Rb (up to 0.22 Rb apfu). By contrast, 
the Rb content does not achieve more than 0.03 apfu 
in the sokolovaite crystals from Comechingones. Tetra-
hedrally coordinated Al may be as low as 0.23 apfu. 
Fluorine contents are very close to 2 apfu in all of our 
sokolovaite analyses, with negligible OH contents.

The F-analogue of nanpingite is scarce and occurs as 
a replacement product of the above muscovite genera-
tions. Similar textural relationships between muscovite 

and nanpingite were found in evolved pegmatites from 
Angola (Gonçalves et al. 2009). Unfortunately, the 
textural relationships between this mica and sokolovaite 
could not be observed, as the grains are not in mutual 
contact. The chemical composition of the F-analogue 
of nanpingite is more evolved than the composition 
reported for the type locality. The Cs content may 
almost fill the interlayer site, attaining 0.94 apfu 
(Table 2, Fig. 5a and b), higher than the reported value 
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from China (0.88 apfu; Ni 1996). The Li contents may 
attain 0.47 apfu at the octahedral site in the case of the 
Comechingones nanpingite, whereas these values are no 
higher than 0.15 apfu in the Chinese material. Moreover, 
the site for additional anions is mainly occupied by F 
in the Comechingones nanpingite (Table 2) and, hence, 
these compositions could probably correspond to a new 
endmember of the mica group (Fig. 5b), an F-analogue 
of nanpingite.

The compositions of the micas from the replacement 
units of the Angel pegmatite record an evolution trend 
characterized by simultaneous and progressive enrich-

ment of F and Cs, reaching exceptionally high contents 
for both elements (Figs. 5a and b).

Tourmaline

Tourmaline occurs locally in the western part of 
the replacement unit, in tourmaline-rich layers parallel 
to the mylonitic foliation orientation, next to the 
contact with the mylonitic host rocks. These layers are 
composed of fine-grained, short, prismatic tourmaline 
crystals mostly associated with F-rich muscovite. The 
tourmaline crystals are black in hand sample and show 

TABLE 2. REPRESENTATIVE ANALYSES OF MICAS FROM THE REPLACEMENT UNIT OF THE ÁNGEL PEGMATITE

Muscovite I Muscovite II Muscovite III

e3 5-32 e3 5-33 w1a9-52 01 5-10 01 5-11 01 5-8 01 5-9 02 x-28 e3 5 -31 w1a9-60 02x-27

SiO2 wt.% 47.16 47.25 50.05 54.25 53.09 55.90 55.43 54.45 50.22 54.99 54.35
Al2O3 35.72 35.92 28.95 26.68 28.64 22.86 23.62 24.80 27.96 20.90 27.04
FeO 1.50 1.33 2.12 0.14 0.16 0.12 0.06 0.27 2.53 2.07 0.15
MnO 0.11 0.16 0.79 0.32 0.40 0.35 0.43 0.39 0.44 1.63 0.31
MgO 0.02 0.00 0.29 0.00 0.00 0.00 0.00 0.00 0.03 0.40 0.00
Li2O* 0.11 0.09 0.43 1.04 0.81 1.38 1.32 1.15 0.63 1.13 0.99
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na2O 0.68 0.67 0.25 0.39 0.47 0.27 0.32 0.35 0.12 0.20 0.37
K2O 10.21 10.01 9.64 10.09 9.72 10.00 10.09 9.60 9.86 10.02 9.60
Rb2O 0.30 0.45 0.91 1.29 1.23 1.37 1.40 1.37 1.10 0.80 1.24
Cs2O 0.07 0.12 0.87 0.15 0.12 1.19 1.15 1.22 1.24 2.28 1.18
F 1.55 1.61 4.26 7.44 6.38 9.07 8.33 8.27 5.22 8.20 6.71
H2O* 3.81 3.79 2.42 0.98 1.50 0.14 0.50 0.52 1.93 0.50 1.35
Total 101.24 101.40 100.98 102.77 102.52 102.64 102.65 102.38 101.28 103.12 103.28
O=F 0.65 0.68 1.79 3.13 2.69 3.82 3.51 3.48 2.20 3.45 2.83
Total 100.59 100.72 99.19 99.64 99.83 98.83 99.14 98.91 99.08 99.67 100.46

Si apfu 3.11 3.11 3.38 3.61 3.52 3.78 3.74 3.68 3.42 3.75 3.60
IVAl 0.89 0.89 0.62 0.39 0.48 0.22 0.26 0.32 0.58 0.25 0.40
T site 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00

VIAl 1.88 1.89 1.69 1.70 1.75 1.60 1.61 1.65 1.66 1.44 1.71
Fe 0.08 0.07 0.12 0.01 0.01 0.01 0.00 0.02 0.14 0.12 0.01
Mn 0.01 0.01 0.05 0.02 0.02 0.02 0.02 0.02 0.03 0.09 0.02
Mg 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00
Li 0.03 0.02 0.12 0.28 0.22 0.37 0.36 0.31 0.17 0.31 0.26
O site 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.09 0.09 0.03 0.05 0.06 0.04 0.04 0.05 0.02 0.03 0.05
K 0.86 0.84 0.83 0.86 0.82 0.86 0.87 0.83 0.86 0.87 0.81
Rb 0.01 0.02 0.04 0.06 0.05 0.06 0.06 0.06 0.05 0.04 0.05
Cs 0.00 0.00 0.03 0.00 0.00 0.03 0.03 0.04 0.04 0.07 0.03
Interlayer 0.96 0.95 0.93 0.97 0.94 0.99 1.00 0.97 0.96 1.00 0.94

F 0.32 0.33 0.91 1.56 1.34 1.94 1.78 1.77 1.12 1.77 1.41
OH calc 1.68 1.67 1.09 0.44 0.66 0.06 0.22 0.23 0.88 0.23 0.59
Anions 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

* Determined by stoichiometry assuming Si+Al+Fe+Mg+Mn+Li=6 apfu in dioctahedral micas (muscovite I, II, and III; and F-analogue 
of nanpingite) and Si+Al+Fe+Mg+Mn+Li=7 apfu in trioctahedral micas (sokolovaite). H2O proportions were also calculated by 
stoichiometry assuming (OH + F) = 2 anions per formula unit. 
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pleochroism in shades of blue under plane polarized 
light. They are optically zoned, with darker cores and 
paler rims.

Most of the compositions can be classified as Fe-rich 
elbaite following the scheme of Henry et al. (2011), 
but the cores of some crystals fall into the schorl field 
(Table  3). Manganese, usually close to 1 wt.% (as 

MnO), can attain 1.59 wt.% (0.22 apfu). The Mg content 
is very low and approximately constant, whereas Ti is 
generally below the microprobe detection limit (0.03 
wt.% TiO2). Manganese is positively correlated with 
F, in contrast with the behavior observed by Bosi et al. 
(2012) for tsilaisite, the Mn-dominant member of the 
tourmaline supergroup. Iron and Mn show an inverse 
correlation.

Regarding the X site, the dominant cation is Na, with 
low amounts of Ca and approximately 20% vacancies. 
The fractionation trend, as shown in Figure 6, is towards 
enrichment in F, Mn, Li, and Al together with Fe deple-
tion. Minor and trace elements (Mg, Ti, Zn, K) do not 
show a consistent trend across the crystals.

Columbite-group minerals

The columbite-group minerals occur as anhedral 
equant to short prismatic crystals, usually mm-sized 
but up to 1 cm long. Compositionally, they are classi-
fied as columbite-(Mn), with #Mn [molar ratio of Mn/
(Mn+Fe)] very close to 1 and #Ta [molar ratio of Ta/
(Ta+Nb)] between 0.186 and 0.195 (Table 4). Wise et 
al. (2012) identified a trend of fast Mn increase prior 
to the extreme Ta enrichment in pegmatites with abun-
dant lepidolite-bearing units (Maine, USA). Trends like 
this have also been identified by other authors (Černý 
1989). Columbite-(Mn) from the replacement unit of 
the Ángel pegmatite may correspond to an intermediate 
step of this trend, with high #Mn and rather low #Ta, 
occurring along with micas only slightly enriched in 
Li (muscovite II).

Microlite-group minerals (MGM)

The MGM occur as rounded crystals between 50 
and 300 µm in diameter, or filling veinlets in columbite-
(Mn). They frequently show secondary alteration and 
metamictization. Compositions (Table 4) show Ta and 
Nb ranging from 1.35 to 1.44 apfu and from 0.54 to 
0.63 apfu, respectively. Substitutions of Ti and other 
elements at the B site are limited to a maximum of 1% 
of atoms per formula unit. The A site is dominated by 
vacancies, while the sum of cations occupying this site 
generally does not exceed 1 apfu. In order of decreasing 
abundance, the A site is occupied by U (0.36–0.38 
apfu), Ca (0.21–0.24 apfu), Bi (0.09–0.12 apfu), and Na 
(0.02–0.06 apfu), with very minor amounts of Th, La, 
Ce, Al, Fe, Mn, and Ba. Several EDS spectra confirmed 
that no other elements with Z > 11 were present. 
Therefore, we conclude that vacancies dominate at the 
A site. Assuming that the Y site is fully occupied by 
(OH + F + K), then the (OH)– anions dominate this site 
(0.56 apfu on average), with F contents attaining 0.46 
apfu (Table 4). Hence, these grains can be classified 
as hydroxykenomicrolite, according to the scheme of 
Atencio et al. (2010).

TABLE 2 (CONTINUED). REPRESENTATIVE ANALYSES  
OF MICAS FROM THE REPLACEMENT UNIT  

OF THE ÁNGEL PEGMATITE

sokolovaite F-analogue of
nanpingite

w1a9-48 w1a9-62 01 5-13 w1a9-56

SiO2 wt.% 45.70 48.44 51.11 48.58
Al2O3 14.11 13.93 19.09 15.26
FeO 1.87 0.79 0.08 0.76
MnO 1.06 0.66 0.35 0.57
MgO 0.29 0.11 0.00 0.18
Li2O* 5.57 5.91 1.31 1.44
CaO 0.01 0.01 0.02 0.00
Na2O 0.07 0.05 0.51 0.04
K2O 0.94 2.37 1.71 0.72
Rb2O 0.59 0.46 0.52 0.47
Cs2O 26.38 21.69 21.22 27.22
F 7.35 7.94 7.16 7.06
H2O* 0.27 0.09 0.57 0.34
Total 104.21 102.45 103.65 102.64
O=F 3.09 3.34 3.01 2.97
Total 101.12 99.11 100.64 99.66

Si apfu 3.65 3.77 3.87 3.95
IVAl 0.35 0.23 0.13 0.05
T site 4.00 4.00 4.00 4.00

VIAl 0.98 1.04 1.57 1.42
Fe 0.12 0.05 0.01 0.05
Mn 0.07 0.04 0.02 0.04
Mg 0.03 0.01 0.00 0.02
Li 1.79 1.85 0.40 0.47
O site 3.00 3.00 2.00 2.00

Ca 0.00 0.00 0.00 0.00
Na 0.01 0.01 0.07 0.01
K 0.10 0.24 0.17 0.07
Rb 0.03 0.02 0.03 0.02
Cs 0.90 0.72 0.68 0.94
Interlayer 1.04 0.99 0.95 1.05

F 1.86 1.95 1.71 1.82
OH calc 0.14 0.05 0.29 0.18
Anions 2.00 2.00 2.00 2.00

* Determined by stoichiometry assuming 
Si+Al+Fe+Mg+Mn+Li=6 apfu in dioctahedral micas 
(muscovite I, II, and III; and F-analogue of nanpingite) 
and Si+Al+Fe+Mg+Mn+Li=7 apfu in trioctahedral micas 
(sokolovaite). H2O proportions were also calculated by 
stoichiometry assuming (OH + F) = 2 anions per formula unit. 

445_vol_52-2_art_04.indd   455 14-05-02   15:55



456	 the canadian mineralogist

Zircon

Zircon was observed in all samples, where it occurs 
as relatively large (between 100 µm and 1 mm in 
diameter) euhedral to subhedral zoned grains. Three 
compositional domains have been identified in the 
zircon crystals using BSE images and EPMA analyses: 
relics of zircon and hafnian zircon in the crystal cores 
and rims, respectively, and heterogeneously textured 
domains of non-stoichiometric, probably hydrated 
zircon (Figs. 7a–d).

Both the relict zircon cores and hafnian zircon 
rims have almost stoichiometric compositions, with 
analytical totals close to 100%. The substitution of Si by 
P and Al at the tetrahedral sites and the incorporation of 
cations other than Zr and Hf at the eightfold-coordinated 
site are negligible (Table 5). Silicon contents are gener-
ally higher than 0.95 apfu (on the basis of 4 O apfu), 
and the sum of Zr + Hf is always near 1 apfu. The Hf 
content varies from 11.5 to 14.19 wt.% HfO2 (0.11 to 
0.13 Hf apfu) in zircon cores, with Hf/(Zr+Hf) values 
between 0.10 and 0.13. By contrast, hafnian zircon rims 
display Hf contents from 18.77 to 29.84 wt.% HfO2 
(from 0.18 to 0.31 Hf apfu), and Hf/(Zr+Hf) values 
between 0.18 and 0.29 (Table 5). According to the 
nomenclature proposed by Correia Neves et al. (1974), 
both domains correspond to hafnian zircon (between 10 
and 50 mol.% of the “hafnon” component), with the 
cores being very close to zircon composition (between 0 
and 10 mol.% of the “hafnon” component). No textures 
suggesting metamictization were detected in the BSE 

images, and both U and Th were below the microprobe 
detection limit.

Domains with heterogeneous textures, commonly 
observed in the interior parts of the zircon crystals, 
display variable grey tones in BSE images due to 
compositional inhomogeneities. These areas are errati-
cally distributed within the crystals and do not follow 
any preferential orientation (Figs. 7a–d). Thin veins 
of alteration material connect these internal heteroge-
neous domains with a secondary Zr- and Hf-bearing 
phosphate mineral (Fig. 7b), indicating a genetic link 
between them. Microprobe analyses obtained from 
these domains revealed a non-stoichiometric compo-
sition, with analytical totals generally below 90%. 
Unlike the stoichiometric zones described above, the 
rapid decay produced by the electron beam during the 
EPMA analyses evidenced structural weaknesses in 
these domains, probably due to the incorporation of 
H2O into the structure, which also explains the low 
totals of the analyses, as was suggested by other authors 
(Pointer et al. 1988). Since all of the elements detected 
by EDS were included in the analytical routine, the 
presence of H2O or hydroxyl anions in the structure 

Fig. 5.  (a) Triangular plot of the relative proportions of interlayer cation in the different micas. Note the extreme Cs-enrichment 
in the sokolovaites and the F-analogue of nanpingites. (b) Classification of micas according to their relative proportions of 
F and Cs. Abbreviations in both figures are as follows: Ms I, II and III = muscovite I, II and III; Sok = sokolovaite; Npt = 
F-analogue of nanpingite.

Fig. 6.  BSE images and cation contents of zoned tourmalines. 
(a) and (b) BSE images of zoned tourmaline crystals with 
the location of analyses numbers. (c) and (d) Fe+, Al, Li, 
and Mn. (e) and (f) Na and Ca. (g) and (h) F.
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TABLE 3. ELECTRON MICROPROBE ANALYSES OF TOURMALINE

8 7 6 5 4 3 2 1

SiO2 wt.% 37.01 37.07 36.51 36.00 36.33 36.64 36.17 36.91
TiO2 0.04 0.04 0.07 0.04 0.00 0.00 0.00 0.00
Al2O3 35.14 35.56 35.25 35.50 35.20 34.91 35.01 34.95
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 7.30 7.51 9.00 9.55 9.30 9.57 9.93 9.59
MgO 0.14 0.18 0.19 0.14 0.15 0.14 0.10 0.13
CaO 0.00 0.06 0.21 0.42 0.28 0.19 0.27 0.33
MnO 1.42 1.49 1.09 1.13 1.07 0.87 1.00 0.98
ZnO 0.15 0.00 0.00 0.00 0.13 0.00 0.00 0.08
Na2O 2.33 2.52 2.41 2.37 2.40 2.29 2.18 2.36
K2O 0.04 0.01 0.01 0.00 0.02 0.02 0.02 0.04
Bi2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.00
F 0.62 0.65 0.37 0.45 0.34 0.45 0.25 0.20
H2O* 3.35 3.37 3.47 3.43 3.48 3.42 3.50 3.57
B2O3* 10.57 10.65 10.57 10.55 10.54 10.54 10.49 10.62
Li2O* 1.40 1.34 1.09 1.00 1.04 1.12 0.95 1.17
−O=F –0.26 –0.27 –0.16 –0.19 –0.14 –0.19 –0.10 –0.08
Total 99.24 100.16 100.08 100.38 100.12 99.98 99.85 100.84

Structural formula based on 31 anions (O, OH, F) in apfu

T site
Si 6.089 6.052 6.006 5.931 5.990 6.040 5.992 6.040
Al 0.000 0.000 0.000 0.069 0.010 0.000 0.008 0.000

B site
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000

Z site
Al 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Y site
Al 0.813 0.841 0.834 0.823 0.829 0.782 0.828 0.740
Ti 0.005 0.005 0.008 0.004 0.000 0.000 0.000 0.000
Mg 0.035 0.044 0.047 0.035 0.036 0.033 0.026 0.031
Mn 0.197 0.206 0.151 0.157 0.149 0.122 0.141 0.136
Fe2+ 1.005 1.025 1.238 1.316 1.282 1.319 1.376 1.312
Zn 0.018 0.000 0.000 0.000 0.015 0.000 0.000 0.010
Li* 0.927 0.879 0.721 0.665 0.688 0.744 0.630 0.771
∑Y 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000

X site
Ca 0.000 0.011 0.037 0.074 0.049 0.034 0.048 0.057
Na 0.742 0.797 0.768 0.755 0.767 0.732 0.699 0.750
K 0.008 0.002 0.002 0.000 0.004 0.004 0.004 0.008
Bi 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000
Xvac. 0.251 0.190 0.193 0.171 0.179 0.231 0.246 0.185

V+W site
OH 3.678 3.666 3.807 3.766 3.823 3.764 3.870 3.899
F 0.322 0.334 0.193 0.234 0.177 0.236 0.130 0.101

Classification Elbaite Elbaite Elbaite Elbaite Elbaite Elbaite Elbaite Elbaite

Analyses 1 to 13 were made line perpendicular to the c axis (see Fig. 6). The numbers of the 
analyses shown in the table follow the analytical sequence from lower rim to upper rim, as 
shown in Figure 6. See text for details on Li, H2O, and B calculations. Chromium and Bi were 
below the detection limits.
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TABLE 3 (CONTINUED). ELECTRON MICROPROBE ANALYSES OF TOURMALINE

9 10 11 12 13 14 15 16 17 18

SiO2 wt.% 36.44 36.26 36.91 37.01 36.97 36.18 35.75 35.76 36.57 37.02
TiO2 0.00 0.03 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 35.12 35.04 35.62 36.08 35.76 35.76 34.22 33.69 35.53 35.61
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 9.78 10.00 8.77 8.29 7.51 7.95 10.33 10.72 7.28 6.95
MgO 0.12 0.14 0.14 0.15 0.14 0.16 0.23 0.23 0.18 0.15
CaO 0.24 0.30 0.23 0.04 0.07 0.00 0.28 0.25 0.06 0.02
MnO 1.08 1.01 1.01 1.59 1.56 1.39 0.55 0.93 1.22 1.18
ZnO 0.06 0.12 0.11 0.11 0.10 0.11 0.00 0.16 0.14 0.08
Na2O 2.36 2.33 2.47 2.50 2.50 2.54 2.35 2.20 2.76 2.77
K2O 0.03 0.04 0.01 0.01 0.03 0.02 0.01 0.03 0.02 0.00
Bi2O3 0.00 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
F 0.21 0.32 0.47 0.48 0.69 0.50 0.25 0.00 0.47 0.55
H2O* 3.55 3.49 3.46 3.47 3.35 3.39 3.45 3.56 3.42 3.41
B2O3* 10.56 10.54 10.66 10.71 10.65 10.53 10.35 10.32 10.56 10.63
Li2O* 0.99 0.97 1.18 1.09 1.27 1.09 0.95 0.88 1.32 1.48
−O=F –0.09 –0.13 –0.20 –0.20 –0.29 –0.21 –0.10 0.00 –0.20 –0.23
Total 100.42 100.53 100.84 101.32 100.31 99.39 98.61 98.72 99.32 99.61

Structural formula based on 31 anions (O, OH, F) in apfu

T site
Si 5.998 5.979 6.017 6.003 6.034 5.974 6.001 6.023 6.019 6.056
Al 0.002 0.021 0.000 0.000 0.000 0.026 0.000 0.000 0.000 0.000

B site
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000

Z site
Al 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000
Mg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Y site
Al 0.813 0.786 0.843 0.898 0.879 0.933 0.771 0.687 0.892 0.865
Ti 0.000 0.004 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg 0.029 0.034 0.035 0.035 0.035 0.040 0.057 0.057 0.044 0.036
Mn 0.151 0.141 0.139 0.218 0.215 0.194 0.078 0.132 0.170 0.163
Fe2+ 1.346 1.379 1.196 1.125 1.024 1.098 1.450 1.510 1.002 0.951
Zn 0.007 0.015 0.013 0.013 0.012 0.013 0.000 0.020 0.017 0.010
Li* 0.654 0.640 0.773 0.711 0.835 0.722 0.644 0.594 0.874 0.976
∑Y 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000

X site
Ca 0.042 0.053 0.040 0.007 0.012 0.000 0.050 0.045 0.010 0.004
Na 0.754 0.744 0.779 0.786 0.790 0.812 0.765 0.719 0.881 0.879
K 0.005 0.008 0.002 0.002 0.007 0.003 0.002 0.006 0.004 0.000
Bi 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Xvac. 0.199 0.192 0.179 0.206 0.191 0.185 0.183 0.231 0.106 0.117

V+W site
OH 3.893 3.836 3.760 3.753 3.645 3.737 3.869 3.999 3.755 3.715
F 0.107 0.164 0.240 0.247 0.355 0.263 0.131 0.001 0.245 0.285

Classification Elbaite Elbaite Elbaite Elbaite Elbaite Elbaite Schorl Schorl Elbaite Elbaite

Analyses 1 to 13 were made along a line perpendicular to the c axis (see Fig. 6). The numbers of the analyses shown in the table 
follow the analytical sequence from lower rim to upper rim, as shown in Figure 6. See text for details on Li, H2O, and B calculations. 
Chromium and Bi were below the detection limits.
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TABLE 4. REPRESENTATIVE ANALYSES OF COLUMBITE-GROUP MINERALS  
AND MICROLITE-GROUP MINERALS FROM THE REPLACEMENT UNIT  

OF THE ÁNGEL PEGMATITE

Columbite-group minerals  Microlite-group minerals

1 2 3 4 1 2 3

MnO wt.% 18.63 18.36 18.88 19.27 Nb2O5 15.37 13.37 15.35
FeO 0.13 0.09 0.03 0.04 Ta2O5 55.13 59.21 56.18

Nb2O5 57.91 56.97 58.37 57.57 TiO2 0.00 0.02 0.00
Ta2O5 22.18 22.99 22.18 22.51 UO2 18.72 17.93 18.27
Total 98.84 98.4 99.47 99.39 ThO2 0.03 0.14 0.00

La2O3 0.13 0.04 0.03
Mn apfu 0.98 0.98 0.99 1.01 Ce2O3 0.21 0.22 0.17

Fe 0.01 0.00 0.00 0.00 Bi2O3 5.14 4.02 4.93
Σ A site 0.99 0.98 0.99 1.01 Al2O3 0.18 0.14 0.17

Nb 1.63 1.62 1.63 1.61 FeO 0.00 0.07 0.00
Ta 0.38 0.39 0.37 0.38 MnO 0.08 0.06 0.07

Σ B site 2.00 2.01 2.00 1.99 CaO 2.50 2.20 2.17
BaO 0.09 0.00 0.00

Mn/(Mn+Fe) 0.99 1.00 1.00 1.00 Na2O 0.36 0.10 0.25
Ta/(Ta+Nb) 0.19 0.20 0.19 0.19 K2O 0.04 0.00 0.04

F 1.55 1.63 1.49
H2O * 0.92 0.90 0.97
−O=F 0.65 0.69 0.63
TOTAL 99.79 99.36 99.44

A site
Na 0.06 0.02 0.04 0.04
Ca 0.24 0.21 0.21 0.22
Mn 0.01 0.01 0.01 0.01
Ba 0.00 0.00 0.00 0.00

Fe++ 0.00 0.01 0.00 0.00
Bi 0.12 0.09 0.11 0.11
Ce 0.01 0.01 0.01 0.01
La 0.00 0.00 0.00 0.00
U 0.38 0.36 0.36 0.37
Th 0.00 0.00 0.00 0.00
Σ A 0.82 0.70 0.74 0.75

B site
Ta 1.35 1.44 1.36 1.38
Nb 0.63 0.54 0.62 0.60
Ti 0.00 0.00 0.00 0.00
Al 0.02 0.02 0.02 0.02
Σ B 2.00 2.00 2.00 2.00

X+Y site
O 6.22 6.09 6.12 6.14
F 0.44 0.46 0.42 0.44
K 0.00 0.00 0.00 0.00

OH 0.55 0.54 0.58 0.56
Σ (X+Y) 6.66 6.55 6.55 6.59

Formulae of columbite-group minerals calculated based on 8 atoms per formula unit. Formulae 
of hydroxykenomicrolite calculated based on Σ B = 2 apfu. 
*Determined by stoichiometry, assuming that the (X+Y) sites are fully occupied, i.e., (K+F+OH) 
= 1 apfu.
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is probable. Stoichiometric ratios are also typical of 
altered zircon, with (Si + P + Al) below 1 apfu and 
(Zr + Hf + U) and other cations that can enter this 
eight-fold position above 1 apfu, when normalized on 
a 4 O basis. Phosphorus is notably enriched in these 
domains, reaching 0.34 apfu (Table 5). Values of ∑T 
site as low as 0.86 were measured. The average sum of 
Zr + Hf is lower than that obtained for the other two 
zircon types, coupled with a notable enrichment in Ca, 
Mn, and Na (up to 3.33, 2.82, and 0.57 wt.% of their 
respective oxides).

Pollucite

Pollucite is a Cs-bearing zeolite that forms a solid 
solution with analcime and constitutes the principal 
Cs ore mineral in highly evolved granitic pegmatites. 
In the studied area, pollucite was found in only one 
sample from the western part of the replacement unit 
of the Ángel pegmatite, occurring as small round- to 
oval-shaped grains, up to 30 µm in diameter, always 
included in quartz (Fig. 8a). The chemical composi-
tion of pollucite is presented in Table 6 and Figure 
8b; it shows relatively high contents of Cs and Al. 
CRK [defined as the molar ratio of (Cs+Rb+K)/

Fig. 7   BSE images of zircon crystals. (a), (c) and (d) Note the hafnian zircon rimming the crystals (paler outer zones) and 
heterogeneously textured internal domains generated by further alteration. (b) Enlargement of the inset in Figure 7a, with 
textures indicating secondary processes of alteration of previous zircon crystals.
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Fig. 8.  (a) BSE image of a pollucite (Pol) crystal hosted in quartz. (b) Si/Al versus CRK [defined as the molar ratio of 
(Cs+Rb+K)/(Mg+Ca+Na+Cs+Rb+K)] plots of pollucite. The dashed and solid line areas represent the compositions of 
pollucite inclusions published by Wang et al. (2004) and of homogeneous pollucite studied by Teertstra et al. (1992), 
respectively.

TABLE 5. REPRESENTATIVE ANALYSES OF DIFFERENT DOMAINS OF ZIRCON CRYSTALS FROM THE REPLACEMENT 
UNIT OF THE ÁNGEL PEGMATITE

Cores of Hf-poor zircon
(n = 9)

Rims of hafnian zircon
(n = 15)

Heterogeneous non-stoichiometric 
zircon
(n = 9)

Min Max Average Std Dev Min Max Average Std 
Dev Min Max Ave-rage Std Dev

SiO2 wt.% 26.81 29.87 29.20 0.94 25.69 29.19 27.00 1.01 14.66 27.16 19.63 4.87
P2O5 0.08 1.9 0.45 0.55 b.d.l. 0.66 0.14 0.17 0.27 11.4 4.76 3.62
Al2O3 b.d.l. 0.13 0.03 0.04 b.d.l. 0.08 0.01 0.02 b.d.l. 0.89 0.61 0.33
ZrO2 55.59 58.06 56.31 0.78 42.03 51.37 44.71 3.11 42.22 52.8 47.04 3.02
HfO2 11.5 14.19 13.38 0.91 18.77 29.84 26.91 3.37 10.13 12.79 11.75 0.85
CaO b.d.l. 0.62 0.09 0.20 b.d.l. 0.23 0.05 0.05 0.16 3.33 1.36 0.97
MnO b.d.l. 0.37 0.07 0.11 b.d.l. 0.11 0.03 0.03 0.13 2.82 1.20 0.92
Na2O b.d.l. 0.33 0.04 0.11 b.d.l. b.d.l. 0.00 0.00 b.d.l. 0.57 0.26 0.25

Total 97.98 101.01 99.61 1.05 97.31 101.13 98.88 1.08 79.56 92.88 86.69 4.46

Si apfu 0.89 0.97 0.96 0.02 0.93 0.98 0.95 0.01 0.52 0.96 0.74 0.16
P 0.00 0.05 0.01 0.02 0.00 0.02 0.00 0.01 0.01 0.34 0.15 0.12
Al 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.03 0.02
Zr 0.89 0.93 0.90 0.01 0.73 0.84 0.77 0.03 0.78 0.91 0.87 0.04
Hf 0.11 0.13 0.12 0.01 0.18 0.31 0.27 0.04 0.11 0.14 0.13 0.01
Ca 0.00 0.02 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.13 0.06 0.04
Mn 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.04 0.03
Na 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.05 0.02 0.02
∑T site 0.95 0.98 0.97 0.01 0.94 0.98 0.96 0.01 0.86 0.97 0.92 0.04
Si/(P+Al) 0.00 0.06 0.01 0.02 0.00 0.02 0.00 0.01 0.01 0.66 0.25 0.22
∑ cations 1.02 1.05 1.03 0.01 1.02 1.06 1.04 0.01 1.06 1.17 1.11 0.04
(Zr+Hf) 1.01 1.04 1.02 0.01 1.02 1.06 1.04 0.01 0.90 1.04 0.99 0.04
Hf/(Zr+Hf) 0.10 0.13 0.12 0.01 0.18 0.29 0.26 0.04 0.11 0.14 0.13 0.01

Formulae calculated based on 4 oxygen per formula unit. b.d.l. = below detection limit
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(Mg+Ca+Na+Cs+Rb+K)] ranges from 80.40 to 82.14, 
and Si/Al ranges from 2.38 to 2.74. These compositions 
are similar to those of the pollucite inclusions described 
by Wang et al. (2004), and with the compositions of 
the homogeneously textured pollucite grains studied by 
Teertstra et al. (1992).

Other secondary phosphates minerals

Several secondary phosphate mineral were recog-
nized by means of BSE-SEM/EDS observations and 
electron microprobe analysis. Hydrothermal phosphate 
minerals like fluorapatite and lacroixite occur as inclu-
sions in montebrasite, often following a fissure network. 
Endmember fluorapatite contains small amounts of Mn. 
Lacroixite is very common. In most grains the measured 
Na content is below 1.00 Na apfu, and can be as low as 
0.63 Na apfu (Table 1). In spite of the fact that we used 
mild conditions for the WDS analyses (15 kV, 5 or 10 
nA), Na migration cannot be disregarded, particularly 
as crystal size imposed a rather small beam diameter. 
Another likely possibility is that Na is partially replaced 

by Li, as found for lacroixite from Gatumba (Rwanda) 
by Fransolet (1989). Calculation of the Li content as (1 
– Na) apfu led to totals close to 100% when (OH) was 
added to completely fill the F site (Table 1).

Supergene processes led to the alteration of the 
primary phosphate minerals, mainly montebrasite, 
and the kaolinization of primary feldspars. The most 
important supergene phosphate minerals, occurring 
as interstitial grains and patchy textured crystals, are 
Mn-rich chlorapatite, crandallite-goyazite, and other 
Zr, Hf, Ca, Sr, Mn, and Al-bearing phosphate minerals 
(Demartis et al. unpublished data).

Discussion

Geochemical features of pegmatitic melts  
during primary stages

Most pegmatites from the Comechingones pegmatite 
field display low to intermediate degrees of fraction-
ation (Demartis 2010, Demartis et al. 2012), and Be-Nb-
U-P-bearing minerals are restricted to a few bodies. 

TABLE 6. REPRESENTATIVE ANALYSES OF POLLUCITE FROM THE REPLACEMENT UNIT OF THE ÁNGEL PEGMATITE

1 2 3 4 5 6 7 8 9

SiO2 wt.% 46.18 45.36 46.71 45.94 44.67 44.77 44.48 44.53 48.18
Al2O3 15.57 15.87 15.52 15.76 15.89 15.81 15.8 15.87 14.93
P2O5 0.26 0.27 0.15 0.11 0.15 0.24 0.25 0.36 0.17
FeO 0.02 0.04 b.d.l. 0.17 0.01 b.d.l. b.d.l. 0.01 0.06
MnO b.d.l. 0.01 b.d.l. 0.01 0.01 0.03 0.03 0.07 b.d.l.
MgO 0.04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.04 b.d.l. b.d.l.
CaO b.d.l. 0.02 b.d.l. 0.02 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Na2O 1.79 1.84 1.81 1.8 1.84 2.00 1.93 1.87 1.81
K2O 0.04 0.02 0.05 0.08 b.d.l. 0.01 b.d.l. 0.02 b.d.l.
Rb2O 0.19 0.15 0.20 0.20 0.30 0.24 0.30 0.18 0.28
Cs2O 36.56 37.81 37.39 36.78 37.08 36.92 37.14 37.15 35.92
TOTAL 100.66 101.39 101.82 100.86 99.94 100.02 99.97 100.06 101.34

                 
Si apfu 2.13 2.10 2.14 2.12 2.10 2.10 2.09 2.09 2.18
Al 0.85 0.87 0.84 0.86 0.88 0.87 0.88 0.88 0.80
P 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01
∑ T site 2.99 2.98 2.98 2.98 2.99 2.98 2.98 2.98 2.98
Fe 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.16 0.17 0.16 0.16 0.17 0.18 0.18 0.17 0.16
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Rb 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Cs 0.72 0.75 0.73 0.72 0.74 0.74 0.75 0.74 0.69
∑ A site 0.89 0.92 0.90 0.90 0.92 0.93 0.93 0.92 0.86

                 
CRK 81.70 81.90 82.14 81.92 81.77 80.40 80.83 81.51 81.53
Si/Al 2.52 2.42 2.55 2.47 2.38 2.40 2.39 2.38 2.74

Formula calculated based on 6 oxygen per formula unit. 
CRK is defined as the molar ratio of (Cs+Rb+K)/(Mg+Ca+Na+Cs+Rb+K) (Teertstra et al. 1992)
b.d.l. = below detection limit
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London et al. (1999) found that the phosphorous content 
of the melt was buffered by the equilibrium between 
Li phosphates and silicates, according to the reaction

LiAlSi4O10 + PO2(OH,F)(m) =  
LiAlPO4(OH,F) + 4SiO2

In the case of the Ángel pegmatite, in spite of the fact 
that muscovite probably incorporates some Li, the 
bulk partition coefficient Lisolid/melt remained below 1, 
producing Li buildup by fractional crystallization. The 
occurrence of primary phosphate minerals (triplite-
zwieselite and montebrasite) in some parts of the 
Ángel pegmatite, as described above, is evidence of 
early P enrichment of the pegmatitic melts (London et 
al. 1999). Therefore, the P content was high enough to 
exhaust the buffer capacity of the magma, so that only 
montebrasite is found, to the exclusion of Li alumino-
silicate minerals (petalite or spodumene). The precipi-
tation of montebrasite instead of Li aluminosilicate 
minerals could also be influenced by a relatively low 
temperature, as the solubility of Li phosphate minerals 
increases rapidly with this parameter. On the other hand, 
the formation of montebrasite instead of amblygonite 
(i.e., OH>F) suggests that F activity was low during 
these stages (London & Burt, 1982). Applying the equa-
tion presented by London et al. (2001), the concentra-
tion of F in the melt was around 1.4 wt.% F (using an 
average value of 5.34 wt.% F in montebrasite, n = 13).

The occurrence of the replacement unit with 
complex mineral associations which include F-Li-Cs-
Rb-Ta-Hf suggests the existence of late, extremely 
evolved fluids. In fact, the composite nature of the 
pegmatite dykes from the Comechingones field, briefly 
described above and more extensively explained by 
Demartis et al. (2011), evidences a constant input of 
multiple batches of pegmatitic melts and fluids, prob-
ably from a common parent source that ascended from 
lower portions of the crust, enhanced by synmagmatic 
deformation (the GCSZ deformation), and emplaced 
beside each other to form larger, tabular composite 
pegmatites. According to this emplacement model, 
the replacement unit of the Ángel pegmatite originally 
formed as a lens-shaped pegmatite with an interme-
diate to high degree of fractionation (evidenced by the 
occurrence of montebrasite and the relatively high F 
concentration in the melt) emplaced beside other, less 
fractionated, pegmatite sheets. These field observa-
tions indicate an ongoing geochemical evolution of the 
pegmatitic source, not exposed at the present erosion 
level, which would probably generate progressively 
more fractionated pegmatitic melts that escaped via 
the ascent and emplacement mechanisms proposed by 
Demartis et al. (2011). 

Extreme enrichment in volatile components, LIL  
and HFS elements during metasomatism

Textural evidence (Figs. 4b–f), along with the lack 
of internal zoning at outcrop scale and heterogeneous 
mineral distribution (Fig. 2b), suggest a pervasive meta-
somatic replacement of the previously formed mineral 
assemblage 1, and the consequent crystallization of 
new, secondary minerals, such as albite, Cs-, Rb-, and 
F-rich micas and other minerals from assemblage 2. 
The strongly foliated fabric of the rocks constituting the 
replacement unit also accounts for a syn-deformational 
origin of the metasomatic events. The occurrence of 
relict microcline from earlier assemblages suggests that 
muscovite formed at the expense of microcline via a 
subsolidus metasomatic process, as was established by 
Černý et al. (1985) for lepidolite unit consolidation in 
lepidolite-type pegmatites.

The main compositional changes during this meta-
somatic replacement are the F and Cs enrichment of the 
system. The progressive increase in F activity caused 
the crystallization of micas with anomalously high F 
contents, allowing the occurrence of poorly reported 
or unreported mineral compositions, such as those 
of sokolovaite and the F-analogues of muscovite and 
nanpingite.

Experimental studies reported by London et al. 
(1988) and Borodulin et al. (2009) for peraluminous 
granitic melts indicate that F remains preferentially in 
the melt rather than in the fluid phase, since vapor/melt 
partition coefficients range between 0.1 and 0.7. In addi-
tion, minerals belonging to the primary assemblage do 
not indicate a very high F activity [e.g., F/(F+OH) ratios 
of 0.35–0.44 in montebrasite]. Therefore, progressive 
fractionation of F during magmatic stages and further 
exsolution of a highly evolved F-rich magmatic fluid 
cannot be a plausible explanation, since F partitions 
preferentially into the melt. Furthermore, if F accu-
mulation in the melt due to fractional crystallization 
occurs, amblygonite should predominate in the mineral 
assemblage 1, instead of montebrasite.

Alternatively, a supercritical transition from silicate 
melt to aqueous fluid leading to metasomatic replace-
ment is proposed to explain the F enrichment (London 
2005). The fluid phase causing metasomatism would 
actually represent the last residual melt that behaved 
as a supercritical fluid phase with complete miscibility 
between silicate melt and fluid (Sowerby & Keppler 
2002).

The extreme fractionation of the replacement unit 
and its Cs enrichment is evidenced by the crystalliza-
tion of pollucite and Cs micas. Unlike the pegmatites 
found at Red Cross Lake, Canada (Černý et al. 2012), 
our pollucite does not show signs of alteration, and is 
probably not the Cs source for the metasomatic fluids, 
but rather a consequence of this enrichment. High Cs 
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activity is also evidenced by the crystallization of soko-
lovaite and the F-analogue of nanpingite along fissures 
and crystal rims. This contrasts with the Cs micas from 
the Eastern Moblan granitic pegmatite, Quebec, Canadá 
(Potter et al. 2009), which were interpreted to result 
from the progressive Cs enrichment of zoned muscovite. 

The replacement of the previously existing minerals 
(from the first and second mineral assemblages) and 
the crystallization of such a F-rich mineral association 
resulted in the removal of F from the solution. The solu-
bility of some incompatible elements in granitic melts 
is increased by F complexation (Linnen 1998, Bartels 
et al. 2010, Van Lichtervelde et al. 2010, Linnen et al. 
2012). The drop of F activity in the solutions probably 
controlled the precipitation of Ta, U, Bi, Hf, Rb, Cs, 
and Li, as reflected by the mineral chemistry of the 
metasomatic assemblages found in the replacement unit 
of the Ángel pegmatite.

Conclusions

Pegmatites of the CPF display low to intermediate 
degrees of fractionation. However, the syntectonic 
emplacement of these pegmatites in a large shear zone 
favored the migration of late evolved fluids, enriched in 
highly incompatible elements, such as LILE and HFSE. 
The enrichment of F in these fluids favored the replace-
ment of selected pegmatitic lenses in an acidic context. 
The F activity in these fluids increased progressively 
with time, as recorded by the mineral associations: 
montebrasite, F-rich muscovite in the early stages of 
the replacement, and micas with F as the dominant 
volatile in the late stages. These extreme F enrichments 
may account for the crystallization of F-analogues of 
muscovite and sokolovaite and other rare F-dominant 
micas never previously reported, such as the F-analogue 
of nanpingite. After the removal of F from the system, 
the solubility of several Ta-, U-, Bi-, Hf-, Cs-, and 
Li-bearing minerals could have been strongly modified, 
thus allowing their precipitation during the later stages 
of metasomatic activity.
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