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ABSTRACT

The La Chinchilla granite is a ~3.75 km? epizonal pluton of Lower Carboniferous age located in Sierra de Velasco,
Sierras Pampeanas, Argentina. Equigranular micropegmatitic and porphyritic main granite types host abundant millimeter-
to <2 m-sized miarolitic pegmatites and pockets of simple major mineralogy (*beryl). Both granite types host
micrometer-sized accessory species [i.e., monazite-(Ce), several high field strength element oxide species, ilmenite, cassit-
erite, fluorapatite] and fluorite. A F-Na-rich fluid phase promoted strong albitization at late-miarolitic stages, along with
crystallization of extremely F-rich polylithionite and fluorite, and the formation of replacing pyrochlore group species asso-
ciated with a second generation of cassiterite. The increase of the Ta# from hydroxycalciopyrochlore to hydroxycalciomi-
crolite and from micromiarolitic cassiterite (cassiterite 1) to hydrothermal cassiterite (cassiterite 2) supports Nb-Ta
fractionation at hydrothermal temperatures. Carlosbarbosaite [(UO;),Nb,O¢(OH),:2H,0] occurs as a pseudomorphic or
short-range transported phase. Low-7, hydrothermal carlosbarbosaite formed after the replacement of columbite-(Fe),
U-free Nb-bearing ilmenite, and likely after U-bearing pyrochlore supergroup species and a columbite group mineral, plau-
sibly due to interaction with a hydrothermal, U®"(+Nb=+Ta)-enriched fluid, in some cases a SiO,-bearing fluid. This fluid
likely represents a lower 7, less alkaline, and more oxidizing fluid that evolved from the higher 7' F-Na-rich fluids active
during the late-miarolitic hydrothermal stage. Low-7, hydrothermal carlosbarbosaite has the ideal U-,Nb-rich endmember
composition, though it is significantly richer in Ca and poorer in total Nb+Ta but with higher Nb# than that from the type
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locality. Supergene fluids deposited the transported type, which attained economic concentrations in a fault zone where
restricted, likely alkaline oxidizing conditions could have favored Nb mobility.

Keywords: carlosbarbosaite, A-type granite, NYF miarolitic pegmatites, fluorine-rich, niobium mobility, uranium.

INTRODUCTION

The La Chinchilla granite is located in Sierra de
Velasco (Pampean Ranges), La Rioja province of north-
western Argentina. The La Chinchilla pluton is an out-
standing example of epizonal calcalkaline magmatism of
highly specialized chemistry. Since its early description
by Grosse et al. (2005), it has already been studied by
several authors, mostly focused on petrological data,
emplacement conditions, and alteration-mineralization
aspects (e.g., Grosse et al. 2009, Dahlquist et al. 2010,
Salvatore et al. 2013, Macchioli Grande et al. 2015,
2019, Bardelli ez al. 2018). This pluton became a signifi-
cant exploration target of the National Atomic Energy
Commission of Argentina (CNEA) due to its highly
anomalous U contents (Lopez et al. 2020), mainly in the
form of local concentrations of supergenic carlosbarbo-
saite, a rare secondary hydrated uranyl niobate of formula
(UO,)2Nb,O6(OH), 2H,0. Since discovery, ~1500 m of
core drilling (some holes down to 300 m deep) and other
complementary exploration work and studies have been
done to evaluate the potential of U mineralization; a spec-
ulative resource estimated in the equigranular granite
facies indicated ~990 t of U at an average grade of
0.0159 wt.% U (Urquiza 2011, CNEA, unpublished
report). Since 2015, hundreds of miarolitic pegmatite
bodies with ubiquitous smoky quartz and sporadic ama-
zonite and beryl have been observed widespread through-
out the La Chinchilla body and were classified as NYF
family and miarolitic class (Lira et al. 2015).

The main goal of this contribution is to provide
new mineral chemistry data and detailed evidence
about the origin of carlosbarbosaite, including a dis-
cussion of the low-7 mobility of Nb. The U solubility
is also considered, highlighting the potentiality of carl-
sobarbosaite as both a U and Nb ore source when
appropriate precipitation conditions are met. In addi-
tion, a characterization of micromiarolitic and miaro-
litic pegmatites and their host granites is provided, and
their mineral chemistry evolution is interpreted, as a
background for a better understanding of the geologi-
cal environment where carlosbarbosaite is formed.

GEOLOGICAL BACKGROUND

La Chinchilla granite

The La Chinchilla leucomonzogranite is located in the
Sierra de Velasco, northwest of La Rioja city (Fig. 1a),

within the largest outcropping area of plutonic rocks of
the Sierras Pampeanas (Toselli et al. 1996). The mag-
matic units of Sierra de Velasco are, in the vast majority,
peraluminous deformed granites of Ordovician age
related to the Famatinian orogeny (e.g., Pankhurst et al.
2000). These largely well-exposed granites have been
locally intruded by several scattered, smaller plutons of
Devonian to Lower Carboniferous age (e.g., Dahlquist
et al. 2010). Due to their geographical proximity and
spatial association with La Chinchilla, the other two
plutons of this group, the Sanagasta and Huaco granites,
are also considered (Grosse & Sardi 2005, Grosse ef al.
2009, Fig. 1a).

The inequigranular porphyritic Huaco granite
extends over 620 km? (Grosse & Sardi 2005). It varies
in composition from syenogranite to monzogranite
with an alkali-calcic to slightly calc-alkaline and mod-
erately peraluminous chemistry (Grosse 2007). The
crystallization age estimates of the host Huaco granite
range from 353 = 1 Ma (chemical U/Pb in monazite,
Grosse et al. 2009) to 357 £ 3 Ma (U/Pb LA-ICP-MS
in zircon, Dahlquist et al. 2013). The La Chinchilla
pluton is a small (~3.75 km?), oval-shaped, ESE-
stretched body that intrudes the Huaco granite (Fig. 1b).
A U/Pb age on monazite yielded an age of 344.5 = 1.4
Ma (Grosse et al. 2009). Its composition varies from
syenogranite to monzogranite. The equigranular facies
described by Grosse et al. (2009) is composed of
quartz  (37-42%), albitean; > (25-33%), perthitic
microcline (19-34%), “zinnwaldite” and protolithion-
ite (4-9%), up to 1% fluorite, and lesser amounts of
zircon, monazite, opaque phases, apatite, and, occa-
sionally, beryl. We use the term “protolithionite” as
done by Grosse et al. (2009) to refer to a Li mica
member that forms a series of increasing Li from side-
rophyllite, as widely published by Tischendor et al.
(2004) and previous publications on the subject in
their classification scheme using the mgli-feal chemi-
cal parameters. Subsequent work by Salvatore et al.
(2013) led to the identification of four main monzog-
ranite facies in the La Chinchilla pluton (Fig. 1b).
Arranged according to decreasing outcropping surface,
these are (1) Porphyritic facies (coarse groundmass),
(2) Equigranular facies, (3) Porphyritic facies (fine
groundmass), and (4) Fine-grained (aplitic) border
zone facies (i.e., microgranite). The La Chinchilla gran-
ite displays a rich primary and secondary accessory
mineralogy; Cuney (pers. commun. 2013) described the
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FiG. 1. (a) Location and geological setting of La Chinchilla pluton (modified from Grosse & Sardi 2005 and Grosse et al.
2009). (b) La Chinchilla granitic facies (modified from Salvatore ez a/. 2013) and main structurally controlled hydrother-
mal alteration lithologies (modified from Bardelli ez al. 2018) with sampling spots studied in this work.

presence of xenotime and Nb-Ti-Th-bearing uranophane
included in zircon in drill cores of the equigranular and
porphyritic facies, as well as Nb-rich uranophane,
galena, thorianite and Pb-Mn oxides, and other uniden-
tified species. In faulted and altered granite areas
Morello (2013a) and Morello & Aparicio Gonzalez
(2013) described a U-Nb-Ta secondary species that later
was recognized as carlosbarbosaite (Morello 2013b);
these authors also identified magnetite, hematite, ana-
tase, and coronadite in the same altered areas. Other pri-
mary accessory species identified by Bardelli (2014)
and Bardelli et al. (2018) in the porphyritic granite
facies are columbite-(Fe), fergusonite-(Y), V-bearing
cheralite, Nb-bearing ilmenite, tantite (or alumotan-
tite?), gittinsite (or calciocatapleiite?), and a Ti-rich,
Nb-Ta-Fe-Ca mineral of the betafite group.

Whole-rock chemistry typifies the La Chinchilla
granites as metaluminous to weakly peraluminous
(A/CNK range = <0.92-1.08, average 0.99), rich in
SiO, (73.6-76.2 wt.%), alkalis (Na,0 = 3.4-4.2
wt.%; K,O0 = 4.2-4.8 wt.%), and F (one sample of

the porphyritic facies yielded 0.35 wt.% F). These gran-
ites are relatively poor in Fe,03, MgO, CaO, Sr, and Ba
and poor in P contents; a ferroan affinity shows up from
its high Fe/Mg ratios (Grosse et al. 2009, Dahlquist
et al. 2010, Bardelli et al. 2018). The elements Y, Nb,
Ta, Th, U, REE, Li, Rb, and Be are notably enriched
(Grosse et al. 2005, 2006). The U content is high;
Grosse et al. (2009) registered values between 18 and
69 ppm, whereas Salvatore ef al. (2013) obtained aver-
age U contents of 119 ppm for the equigranular facies
and 28 ppm for the porphyritic facies in outcropping
samples. Cuney (pers. commun.) reported an average of
27 ppm of U (14.4-36.7 ppm) in drill core samples of
the porphyritic granite. The Nb contents of undifferenti-
ated La Chinchilla granite practically double the Nb
content of the enclosing Huaco granite facies (i.e., aver-
age of 56.15 ppm Nb in four samples of the La Chin-
chilla granites versus 26.2 ppm Nb in five samples of
the border and equigranular facies of the Huaco granite,
ranging from 53.1 to 65.7 versus 22.6 to 32.9 ppm Nb,
respectively).
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Thermal modeling applied to field data (cross sec-
tions and mineral fabric measurements) allowed inter-
pretation of the internal anatomy of the pluton as
asymmetric, with a subhorizontal tabular to funnel-
shaped geometry, being conceived as a small batch of
magma that cooled down in less than 0.05 Myr, about
9 Myr after the enclosing Huaco granite (Macchioli
Grande ef al. 2019). Its emplacement could have been
controlled by brittle fracturing and prevailing block
displacement by stoping (Macchioli Grande et al.
2015, 2019). From a petrogenetic and geotectonic per-
spective, Dahlquist et al. (2010) proposed that promi-
nent shear zones played a significant role in providing
suitable conduits for the emplacement of A-type bod-
ies like La Chinchilla and other neighboring units.
This A-type plutonic episode in the region seems to be
linked to an Andean-type margin (Alasino et al. 2012,
Dahlquist e al. 2013).

The profuse occurrence of seriate-sized miarolitic
pegmatites both in the porphyritic and equigranular
granite facies (Lira et al. 2015) is indicative of the La
Chinchilla body emplacement below ~2 kbar (e.g.,
Candela 1997). In agreement, Alasino et al. (2010)
estimated at 1.8 kbar the emplacement P of the nearby
La Costa Carboniferous peraluminous pluton located
~50 km north of La Chinchilla and emplaced in a
related geotectonic setting. The granitic facies and
miarolitic pegmatites of the La Chinchilla pluton were
overprinted by late, structurally controlled hydrother-
mal alteration processes, i.e., episyenitization, silicifi-
cation, and greisenization (Bardelli 2014, Bardelli
et al. 2018).

La Chinchilla miarolitic pegmatites

The La Chinchilla equigranular facies is character-
ized by the presence of abundant, tiny miarolitic peg-
matites that range in size from ~0.5 up to ~2 cm in
diameter; this facies also hosts abundant larger bodies
up to a couple of meters wide, showing a complete
transition from centimeter- to meter-sized bodies.
Miarolitic pegmatites are also common within the por-
phyritic facies, though less abundant and of more
erratic distribution; most are identifiable under micro-
scopic observation, though some isolated large ones
up to ~2 m in diameter are also sporadically found
(Lira et al. 2015, Bardelli et al. 2018). In both granitic
facies, the millimeter- to few centimeter-sized pegma-
titic units are almost completely lined up with suhbe-
dral to euhedral crystals arranged into tight pegmatitic
textures, normally with ill-defined or apparently absent
zoning; the latter was better developed in tens of centi-
meter- to meter-sized bodies, which almost invariably
have a cavity instead of a filled core.

THE CANADIAN JOURNAL OF MINERALOGY AND PETROLOGY

F1G. 2. (a) Interconnected miarolitic cavities (pinch-and-swell
like structure) along a flow-like structural pattern of the
pluton (N80°E-SSE dip; view to the SSE). (b) Other
interconnected pegmatitic pods with miarolitic cavities,
hosted in primary magmatic conjugate fractures during the
ductile cooling stage; some of these types of melt-con-
trolled emplacements show fracture cleavage evidence.

Some of the largest miarolitic pegmatites of the La
Chinchilla pluton are typically interconnected along a
pinch-and-swell structure, looking like rosary beads,
aligned along a flow-like pattern of the pluton of domi-
nant N8O°E strike and SSE dip (Fig. 2a); others are
also interconnected but following conjugate systems
of an anastomosed fracturing network (e.g., Janeczek
2007), likely primary magmatic cooling joints (Fig.
2b). Zonation patterns are not obvious in all miarolitic
cavities; most of the transitions to the granite are dif-
fuse, but others show millimeter- to a few centimeter-
thick border and wall zones (e.g., Fig. 3a). A clear
distinction between these two zones was not always
obvious, in agreement with the observations of
Thomas & Davidson (2016), who noted that zone 1
(~2 mm-thick cryptocrystalline contact between gran-
ite and the beginning of pegmatite with an aplitic
zone) and zone 2 (aplitic zone) may be absent in some
bodies. In a few cases, 1 to 4 cm-long bladed, dark
greenish mica crystals are disposed in stockade texture
concentrated between the border and the roots of the
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FiG. 3. (a to f) Common occurrences of miarolitic pegmatites and cavities hosted in the equigranular facies of La Chinchilla
pluton. Abbreviations: Ab — albite (cleavelandite variety), Brl — beryl, Mc — microcline, Mc-Amz — amazonite variety, Qz —
quartz (predominantly smoky). (b) Dark coatings are lichen. (f) Each rectangle of the scale represents 1 cm.
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intermediate zone of radiating miarolitic crystals.
Zone 3 (graphic granite) of Thomas & Davidson
(2016) has been distinguished in a few outcrops but
mostly under the microscope and is represented by ill-
defined quartz-microcline graphic intergrowths of
scarce development. Zone 4, coarsely crystalline feld-
spar and quartz with pegmatitic texture, is normally
present. Zone 5 is the most common one found at La
Chinchilla (Fig. 3a—f). It is characterized by cavity-
lining crystals, majoritarily idiomorphic K-feldspar
(sporadically the amazonite variety), albite (frequently
the cleavelandite variety as fan-shaped lamellar aggre-
gates, e.g., Fig. 3b), and quartz (mostly gray or smoky,
some up to 5 cm-long idiomorphic crystals). Booklets
of light mica (muscovite) are less common. Prismatic
beryl is a frequently found species that might occur as
up to 5 cm-long crystals; no gemmy varieties were
found and none of the several examined beryl crystals
was found grown into void pockets (e.g., Fig. 3c, e, f).
Dark green beryl rarely occurs as tight aggregates of
suhbedral crystals that form 2-3 cm-thick, <1 m-long
lens-shaped veins within the equigranular facies. Zone
6 (the miarolitic cavity s.s.) might be empty in numer-
ous of the largest miarolitic pegmatites or filled up
with massive gray (or smoky) quartz (equivalent to the
quartz core of Thomas & Davidson 2016) or light pur-
ple fluorite. All identified rare element (Nb, Ta, U, Th,
Sn, Zr, Bi, and LREE) minerals were found in this
zone, normally as inclusions in quartz or fluorite and
albitized zones of amazonite.

Tabular subhorizontal aplitic bodies (NSO°E, 10 to
50 cm thick) are also frequent in the La Chinchilla plu-
ton; these dikes were emplaced along the ~E-W strik-
ing magmatic foliation described by Macchioli Grande
et al. (2019). A particular outcrop showed symmetric
pegmatitic wall zones ~5 cm thick, with typical
bladed dark mica partially replaced by white mica in
direct contact with a central zone of grayish aplite.
Similar occurrences of pegmatite-aplite synmagmatic
lenses or dike-like differentiates up to ~2 m thick
were described by Parra & Bello (2009, CNEA unpub-
lished report), 20 to 50 m below the collar, in several
logged drill cores (e.g., G-35, H8, K-6, M-11).

A post-crystallization widespread rupture process
affected the largest pockets of miarolitic pegmatites,
leaving most crystals (i.e., K-feldspar, smoky quartz)
either broken into pieces or fractured. Crystal frag-
ments of dominating species were preserved in situ
where the cavities were protected from erosion, but a
large number of broken or chipped crystals are notice-
ably scattered on the topographic surface elsewhere
over a large area. In addition to the most conspicuous
broken crystals and shards of quartz and feldspars,
other indicators might suggest fluid loss after rupture
of the pockets (e.g., Laurs ef al. 1998, and references
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therein). These indicators are the radial lamellar over-
growths and replacements of albite (cleavelandite),
feeble etching signals on mineral surfaces (e.g., rough-
ened or frosted crystal faces) and weak alteration
(poor or absent fine-grained muscovitization or clay
formation on feldspars). Some early crystals lining
miarolitic cavities were healed by infilling/replacing
smoky quartz in patches or veinlets, crosscut by micro-
fractures with myriads of secondary fluid inclusions
(e.g., T4 exploration trench, Fig. 1b). In addition, in
some pockets affected by late fault zones, as in the T4
exploration trench, smoky quartz shows well devel-
oped undulatory extinction and formation of grain sub-
domains as a result of postmiarolitic brittle tectonics.

SAMPLING AND ANALYTICAL METHODS

Field work allowed the recognition of granite
facies zonation mapped by previous workers. Sam-
pling was done across the different granite facies and
miarolitic pegmatites, from outcrops (i.e., samples
5309, 5310, WP195, WP160, 4790, 5031, 5189, and
5307), as well as from drill core at different depths
(i.e., samples H8-1, H8-2, AE-280, O5-1). Thin sec-
tions were routinely described under refracted and
reflected plane polarized light.

Quantitative analyses of major and minor elements
were obtained with a JEOL JXA 8230 electron probe
micro-analyzer (EPMA) using wavelength dispersive
spectrometry (WDS). The operating conditions were
15 kV accelerating voltage, 20 nA probe current (10
nA for feldspars), and counting times of 10 s for peak
and 5 s for each background, using a probe diameter
of 3-5 um. The analyses were corrected for electron
beam/matrix effects and instrumental drift and dead
time using @(pZ) correction procedures (CITZAF;
Armstrong 1995). The detection limits, standards and
reference materials used for each element are as fol-
lows: F Ko (0.045 wt.%, topaz), Na Ko (0.008 wt.%,
NaNbOg/albite), Mg Ko (0.005 wt.%, MgO/forsterite),
Al Ko (0.006 wt.%, albite/anortite), Si Ko (0.012
wt.%, forsterite/anortoclase), P Ko (0.015 wt.%, libe-
thenite), Cl Ko (0.003 wt.%, sodalite), K Ko (0.025
wt.%, orthoclase), Ca Ko, (0.010 wt.%, CaWO,/anor-
thite), Sc Ko (0.021 wt.%, ScVOy,), Ti Ko (0.022 wt.%,
ilmenite), Cr Ko (0.014 wt.%, chromite), Mn Ko
(0.024 wt.%, pyrolusite/rhodonite), Fe Ko (0.025
wt.%, hematite/fayalite), Zn Ko (0.022 wt.%, ZnO), As
Lo (0.029 wt.%, nickelin), Sr Ko (0.018 wt.%, celes-
tine), Y Ko (0.016 wt.%, samarskite), Zr Ko (0.014
wt.%, ZrO,), Nb Lo (0.029 wt.%, NaNbO3), Sn Lo
(0.015 wt.%, cassiterite), Cs Lo, (0.024 wt.% pollucite),
Ba La (0.023 wt.%, baryte), La Lo (0.022 wt.%, LaF5),
Ce Lo (0.023 wt.%, CeAl,/CePO,4), Nd La (0.023
wt.%, NdF3/NdPO,), Ta Mo (0.022 wt.%, simpsonite),
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W Mo (0.045 wt.%, CaWOy,), Pb Ma (0.028 wt.%,
galena/pyromorphite), Th Mo (0.015 wt.%, ThO,), and
U Ma (0.066 wt.%, U3zOg). Some accessory mineral
phases less than ~30 pm in size were identified by
means of energy dispersive spectrometry (EDS) in the
same EPMA system.

REsuLTS

Petrography of the two main granite facies:
Equigranular and porphyritic

Equigranular granite. The equigranular facies shows
a variable range of grain size (~250 um to 7 mm), but
the volumetrically dominant grain size ranges from 1.5
to 3 mm. K-feldspar shows identical textural features
in both facies; it occurs as anhedral grains with cross-
hatched twinning both in small grains and in late,
moderately argillitized crystals up to 7 mm. Larger K-
feldspar crystals are poorly perthitic and commonly
poikilitic (tabular plagioclase, drop-like quartz, and
muscovite inclusions). Symplectitic textures show up
between mica and quartz reactive borders. K-feldspar
is partially replaced by secondary albite. Two analyses
of K-feldspar of the equigranular granite (sample 5310)
are within the range Org; 4 93 3Abg ¢ o, Whereas one
analysis of the porphyritic granite yielded Orgg 4Ab; 6.
Plagioclase (albite) is normally tabular subhedral and
of smaller grain size; it occurs in both facies as small
crystals included in quartz and microcline or as larger
tabular crystals often with quartz, fluorite, and zircon
inclusions, and may be altered to clay minerals and
muscovite. Anhedral quartz co-crystallized with micro-
cline are the main components, followed by subordi-
nate amounts of plagioclase, micas, fluorite, beryl,
zircon, monazite-(Ce), fluorapatite, and other HFSE
(high field strength element) oxide accessory phases
already described by Bardelli et al. (2018), most of
which are also present in the porphyritic granite (see
below). The composition of plagioclase of the equigranu-
lar granite is within the following ranges (sample 5310):
Abgss 9910114 05AN34 o4 (dataset in Supplementary
Data 1)'; albite with ~95% mol Ab (sample 5310) is
the least differentiated analyzed plagioclase. Colorless
to spotty-colored purple fluorite (up to 2 mm) occurs in
both facies but is the main accessory phase of the equi-
granular granite; it occurs as late anhedral grains, in
some cases tending to euhedral shapes. Beryl is a rele-
vant accessory phase present in both facies as small
anhedral crystals. Zircon is common as inclusions in

! Supplementary Data are available from the Depository of
Unpublished Data on the MAC website (http://mineralog
icalassociation.ca/), document “Carlosbarbosaite from the La
Chinchilla Pluton, CM61, 23-00008.
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micas, plagioclase, microcline, and fluorite. Thorium-
bearing monazite-(Ce) was found in euhedral and sub-
hedral crystals either included in micas or mostly hosted
by feldspars. Fluorapatite is scarce and occurs as inclu-
sions in mica and quartz.

Porphyritic granite. The porphyritic facies was tex-
turally divided into two subfacies: medium to coarse-
grained (~4-6 mm) and fine- to medium-grained
(~2-3 mm) groundmass. The first one shows millime-
ter- to microscopic-sized miarolitic cavities and bears
K-feldspar phenocrysts (1 to 4 cm); the finer-grained
matrix exhibits smaller phenocrysts (+2 cm). One
K-feldspar analysis of the coarse-grained porphyritic
facies (sample 5309) yielded Orgg4Abss (molar
composition); the average of two plagioclase analy-
ses of the same sample is Abgg ;Org g9An, . Plagioclase
from the fine-grained porphyritic facies (sample 4790)
varies within the ranges of Ab97_3,99_4Or0_4,0_9An0_0,1_9
(dataset in Supplementary Data 1).

The coarse-grained subfacies is areally dominant; it
is mainly formed of quartz, K-feldspar, plagioclase, and
micas of the siderophyllite—protolithionite series. Albite,
smoky quartz, and muscovite are present as late stage
magmatic phases (Bardelli et al. 2018). A rich and var-
ied accessory mineralogy commonly includes zircon,
fluorite, beryl, less frequent fluorapatite, and minor
amounts of several HFSE oxide species [e.g., colum-
bite-(Fe), cheralite, fergusonite-(Y), gittinsite (or calcio-
catapleiite?), pyrochlore supergroup species, tantite?,
thorianite, and xenotime]. Anhedral to subhedral, poly-
granular, fine-grained ilmenite (up to 50 um) is frequent
as inclusions in micas.

The most conspicuous features at the transition zone
to micropegmatitic domains in both granite types at a
thin section scale are the increase of grain size, on occa-
sion weakly perceptible, toward the empty cavity or
more frequent filled core, and the sudden appearance of
ill-defined pegmatitic textures, e.g., graphic/granophyric
and symplectitic intergrowths, bladed dark micas, and
the idiomorphism of microcline and albite (Ab 1) grown
into voids or late infilling quartz (Fig. 4a—d). Intergranu-
lar, centripetal albitization of earlier plagioclase and
microcline becomes more intense in proximity to miaro-
litic assemblages, developing fine-grained albite (Ab 2)
in chessboard aggregates (e.g., Fig. 4d). Some miarolitic
domains show kaolinization after feldspars, more intense
over sectors of strong albitization and fluorite deposition.

Mineralogy and mineral chemistry of miarolitic
species

K-feldspar (amazonite). Amazonite idiomorphic
crystals were found in a few clustered miarolitic cavi-
ties scattered over an area of about 500 m* (e.g., sam-
ple 5307; Fig. 1). These occur associated with smoky
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FiG. 4. Common textural changes that characterize the boundary zone between granite and micropegmatitic/miarolitic
domains. (a) Abrupt grain size variation at the boundary; bladed siderophyllite (Sid), Carlsbad-twinned cross-hatched per-
thitic microcline (Mc), and euhedral albite (Ab 1) with sharp wedged polysynthetic twinning and large anhedral late quartz
(Qz) are typical in the coarse-grained micropegmatite/miarolitic domain. (b) Graphic/granophyric intergrowths, bladed
siderophyllite, and larger quartz patches. (c) Albite (Ab 1) with idiomorphic contours preceded quartz infill. (d) Carlsbad-
twinned perthitic microcline crystals and Ab 1 with albitized intercrystalline contacts; fine-grained albite (Ab 2) crystals

developed chessboard textures.

quartz and albite (* beryl), showing the dominant crys-
tal forms (110), (010), and (011) (e.g., Fig. 3b); the
crystal fragments range in size from ~3 up to ~6 cm
long. Intergrown Carlsbad-twinned individuals are com-
mon. Amazonite is pale blue to greenish with an outer
~5 mm-thick noticeable whitish rim (Fig. 5); growth of
the rim on preferential crystal faces could not be deter-
mined. Amazonite crystals from representative samples
5307 (a-b-c) were examined in thin section and through
X-ray diffraction (XRD) and WDS. Microcline is vein-

patchy perthitic (~20-25% vol. of exsolved Ab). No dif-
ferences other than color zonation are microscopically
evident, with optical continuity between the colored
core and the whitish rim. The distribution and intensity
of coloration is quite irregular, as is the Pb content.
Amazonitic microcline hosts two generations of
albite: (1) lamellar albite 1 crystals (~1 mm long) are
regularly distributed, looking like inclusions from the
inner to the outermost crystal zones; (2) finer-grained
albite 2, locally with chessboard texture, selectively
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FiG. 5. Polished slab of crystal fragment of rimmed amazon-

ite from meter-sized, ruptured miarolitic cavity. Ruler scale
in centimeters. Fe-oxide/hydroxide stains along cracks.

replaces the perthite fraction. In one crystal fragment,
replacement albite 2, in association with extremely F-rich
polylithionite and fluorite, hosts cassiterite, hydroxycal-
ciopyrochlore, and late monazite-(Ce).

In terms of molar endmembers, the composition of
microcline in both the inner colored zones and the
outer pale rims is practically identical, within the
ranges of Orgy3_953Ab77_4, (dataset in Supplemen-
tary Data 2). Perthitic albite is slightly enriched in K
(Abgg 501y 5) when compared with the average compo-
sition of lamellar albite (Abgg (Org93Ang;). Trace
concentrations of Pb, Cs, and P were analyzed by
EPMA (dataset in Supplementary Data 2). Except for
Pb, the contents of Cs and P were below detection lim-
its. Lead was detected in both the inner and outer
zones of the crystals. The range of PbO in the core
varies from low contents above detection limits (a.d.l.,
i.e., 300 ppm PbO) up to 680 ppm, and in the rim from
a.d.l. up to 470 ppm. Distribution of Pb seems to be
irregular with marked Pb content variation in distances
<1 mm, more noticeable in the rim where Pb is unde-
tectable in larger areas. PbO averages of both zones
are in the range of 330 (core) to 430 (rim) ppm. A pos-
itive correlation between the concentration of Pb and
the intensity of coloration could not be established.

Powder XRD analyses performed in both the col-
ored inner part of a crystal and the outer whitish rim
correspond to maximum low microcline (triclinicity
indexes calculated after Goldsmith & Laves 1954 and
McGregor & Ferguson 1989). The ¢ and b cell param-
eters in the colored core zone have slightly lower
dimensions, trending to a less ordered intermediate
member, thus with a reduction of the cell volume from
the outer rim to core (720.8 to 719.3 A3, respectively;
Lira et al. 2015).

935

Beryl. At the La Chinchilla pluton, beryl occurs in
both the equigranular and porphyritic granites. It is
more abundant in the equigranular granite where it
may exhibit the following modes of occurrence: (1) as
the main granitic accessory phase (<1%) in dissemi-
nated, pale green, anhedral to subhedral crystals (0.3
to 2 mm), normally associated with fluorite in the
micropegmatitic domains; (2) as idiomorphic short
prismatic crystals in miarolitic pockets and pegmatites
where it shows bluish green to deep green color and
may reach up to 2 cm long (Fig. 3c, e, f), commonly
associated with microcline, albite (cleavelandite), col-
orless fluorite, muscovite, and well developed smoky
quartz crystals; and (3) occasionally as dark green
veinlets (up to 1 cm thick) that crosscut the equigranu-
lar granite at the northern pluton boundary (PF-21
CNEA core samples).

In the porphyritic granite, beryl occurs mainly as
small anhedral accessory grains, also spatially restricted
to the micropegmatitic domains. An abnormally high
concentration of fine- to medium-grained light green
beryl crystals occur in a silicification halo that exter-
nally bounds an episyenitic alteration lens within a
micropegmatitic zone in the porphyritic granite, associ-
ated with fluorite and probable bismuth carbonates.

Major element chemistry data for beryl from a few
analyses from La Chinchilla do not differ significantly
from data from more detailed studies of Sardi et al.
(2013, 2016). Average values of beryl analyses from
the La Chinchilla equigranular granite facies (Sardi
et al. 2016) are as follows (in wt.%): 62.8 SiO,, 17.3
AlLO;, 12.8-13.1 BeO (calculated), 0.8 FeO,, 0.03
MnO, 0.02 MgO, 0.02 CaO, 0.13 Na,0, and 0.01 K,
O. The sum of divalent cations is very low, Fe being
the main one of the octahedral site (FeOt >
MgO+MnO); the Na content is also low but dominant
over K, thus it was classified as sodic beryl; cationic
substitutions were minor (Sardi et al. 2016). The
weight percentages of MgO, Na,O, and K,O are
equivalent to those of beryl from the Velasco District
pegmatites, considered to be of a mid to low degree of
evolution (Sardi & Heinman 2014, Sardi et al. 2016).

Pale green miarolitic beryl WDS analyses from
samples 5310 (equigranular facies) and 5309 (porphy-
ritic facies) are tabulated in Supplementary Data 3.
The average of three analyses of sample 5310 yielded
(in wt.%) SiO, 65.28, TiO, 0.04, Al,O3 16.72, FeOt
2.74, BeO (calculated) 13.30, MnO 0.06, MgO 0.04,
Na,0 0.29, K50 0.04, and Cs,0 b.d.1.; the average for-
mula of three analyses is (Nag 05Ko.01)50.06(B€2.95
Lig.05)s3(Al} 82Fe9 20Mng.01Mg0.01)52.04516.03018.  The
composition of sample 5309 is (in wt.%) SiO, 65.43,
TiO, 0.06, Al,O5 18.17, FeOt 1.00, BeO* 13.56, MnO
0.00, MgO 0.01, Na,O 0.30, K50 0.04, Cs,0 0.10. The
formula of beryl from the porphyritic granite (5309) is
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TABLE 1. REPRESENTATIVE ANALYSES OF POLYLITHIONITE (OXIDE DATA IN wt.%) FROM LA CHINCHILLA
GRANITES AND MIAROLITIC PEGMATITES

Sample 5307b-2 5307b-3 5307b-4 5307b-7 5307b-8 5307b-9 5307b-10
SiO, 53.84 52.50 52.73 52.30 53.10 54.16 50.12
TiO, 0.12 0.04 0.08 0.06 0.08 0.07 0.00
Al,O3 17.56 17.48 17.64 18.11 17.81 17.47 18.70
ZnO 0.07 0.07 0.06 0.11 0.02 0.04 0.04
FeO 5.76 5.87 5.63 6.50 6.53 5.77 7.42
MnO 1.71 1.39 1.46 1.79 1.61 1.45 1.92
MgO 0.08 0.05 0.07 0.08 0.09 0.09 0.08
CaOo 0.01 0.02 0.02 0.01 0.01 0.02 0.02
BaO 0.09 0.16 0.00 0.05 0.05 0.02 0.07
Na,O 0.06 0.08 0.09 0.06 0.08 0.10 0.04
K>0 10.63 10.59 10.42 10.83 10.97 10.79 10.43
F 9.90 9.22 9.32 10.01 10.01 10.03 8.94
Cl 0.00 0.00 0.02 0.01 0.00 0.00 0.00
Li,O* 5.90 5.51 5.58 5.46 5.69 5.99 4.83
H,O** 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum 105.74 103.00 103.13 105.37 106.06 106.00 102.60
O=F.Cl 4.17 3.88 3.93 4.22 4.22 4.22 3.76
Total 101.57 99.11 99.20 101.16 101.84 101.78 98.84
Si 7.219 7.210 7.212 7.110 7.152 7.240 6.991
Al(IV) 0.781 0.790 0.788 0.890 0.848 0.760 1.009
T 8.000 8.000 8.000 8.000 8.000 8.000 8.000
Al(VI) 1.993 2.040 2.056 2.012 1.980 1.992 2.065
Ti 0.012 0.004 0.009 0.006 0.008 0.007 0.000
Zn 0.007 0.007 0.006 0.011 0.002 0.004 0.004
Fe 0.646 0.674 0.644 0.739 0.736 0.645 0.866
Mn 0.194 0.162 0.169 0.206 0.184 0.164 0.227
Mg 0.016 0.011 0.015 0.017 0.018 0.017 0.016
Li 3.182 3.046 3.070 2.983 3.081 3.222 2.708
M 6.051 5.943 5.968 5.974 6.009 6.052 5.885
Ca 0.001 0.004 0.003 0.001 0.002 0.002 0.003
Ba 0.005 0.009 0.000 0.002 0.002 0.001 0.004
Na 0.015 0.022 0.023 0.017 0.022 0.026 0.012
K 1.818 1.855 1.818 1.878 1.885 1.840 1.856
ZA 1.839 1.890 1.845 1.899 1.911 1.869 1.875

* LioO was calculated with the equation [Li,O = (0.289 *

MgO < 3 wt.%, Al,O3 < 26 wt.%, and F > 4 wt.%.

** H,0 content calculated on the basis of charge balance.

Total iron expressed as Fe?™.

(Nag 05)0.05(Be2.0sLi0.02)z3(Al1 06F€0,08)5£2.04515.08015. The
main differences in the chemical compositions of both
beryl samples consist of the much higher occupancy of
Al in the octahedral site (almost free of substituting
divalent cations, Fe ~ 8%) and up to 1000 ppm of Cs,
O in sample 5309 versus ~22% octahedral site occu-
pancy (Fe > Mn = Mg) and undetectable Cs in beryl
from sample 5310.

Polylithionite. The chemical composition of hydro-
thermal late-miarolitic micas is displayed in Table 1.
Micas of sample 5307b are extremely rich in F (average

SiO,) — 9.658 (Tischendorf et al. 2004) for micas with

9.63 wt.% F, range between 8.94 and 10.03 wt.% F,
n = 7). These micas have a high SiO, content (average
SiO, = 52.68 wt.%, range 50.12 to 54.16), with an
Al,O5 average content of 17.82 wt.% (range from
17.47 to 18.70 wt.%). In the scheme proposed by
Tischendorf et al. (2007), these extreme F-rich micas are
classified as polylithionite (average Li,O = 5.56 wt.%).
Pyrochlore supergroup minerals. Species of the
pyrochlore supergroup occur in two types of parage-
netic associations: Pyrochlore type 1: A species
described by Lira et al. (2015) as an “unidentified
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opaque phase of the composition Si-Nb-Ca-Ti-Fe”
was identified as a member of the pyrochlore super-
group. It occurs as 1.5 to 2 mm needle-like granular
aggregates, intergrown with ~100 pm-sized cassiterite
grains in its periphery (sample 5307, Fig. 6a). Both
species are included in metasomatic-hydrothermal
albite that replaces amazonitic microcline associated
with extremely F-rich polylithionite and fluorite (anal-
yses 5307B, points 10 to 14, Table 2). Pyrochlore type
2: Sample 5307 also bears pyrochlore grains but with
a distinct mode of occurrence and mineral association;
it occurs in a granular aggregate up to 650 um as an
incomplete replacement of Th-bearing monazite-(Ce)
associated with purple fluorite. Type 2 pyrochlore
grains are cracked and notoriously metamictic, show-
ing bad polishing, negative relief, and variable low
analytical totals (~93-96 wt.%; analyses 5037b, points
Pyr4-8-9-10-11, Table 2; Fig. 6b).

EPMA analyses (Table 2; n = 11) were done on
pyrochlore types 1 and 2. These were normalized to
six oxygen atoms and two apfu in the B site based on
the classification proposal of Atencio et al. (2010)
and further considerations (Atencio 2013, Christy &
Atencio 2013, Atencio 2021). In this scheme, the sum
of cation valences < 13.5 and with OH dominant in the
Y site (F < 0.5 apfu, 0.19 wt.%), most of the analyzed
crystals correspond to hydroxycalciopyrochlore, with
one analysis within the hydroxycalciomicrolite field.
Hydroxycalciopyrochlores and hydroxycalciomicrolites
from the La Chinchilla miarolitic pegmatites are SiO,-
rich (average content = 9.47 wt.%, 0.550 apfit). Signifi-
cant chemical differences exist between pyrochlore type
1 (associated with cassiterite 2), replacing an unknown
species, and type 2, partially replacing monazite-(Ce).
Type 2 pyrochlore is notoriously richer in SiO,, P,Os,
UO,, and PbO and poorer in FeO and TiO, than type 1
(in wt.%): SiO, 10.22 versus 8.73, P,Os 4.71 versus
3.24, UO, 4.62 versus 2.62, PbO 4.38 versus 2.30, FeO
1.43 versus 6.27, and TiO, 1.64 versus 3.51. Despite the
fact that pyrochlore type 2 replaces Th-bearing mona-
zite-(Ce), its ThO, content is identical (within the range
of analytical uncertainty) to that of pyrochlore type 1.
The Ta# [Ta/(Nb+Ta)] is also higher in type 2 hydroxy-
calciopyrochlore which evolves into hydroxycalciomicrolite
(type 1 = 0.381, type 2 = 0.478). Pyrochlore supergroup
species were plotted in the Nb-Ti-Ta ternary diagram
(Fig. 7a) used by Hogarth (1977) with new delimited
fields proposed by Atencio et al. (2010) and the dis-
criminatory compositional fields of Mackay & Simandl
(2015). The same data were plotted in the ternary dia-
gram of De Ignacio et al. (2012), the discriminatory
fields of which were drawn with data of Williams et al.
(1997) and Nasraoui & Bilal (2000) based on A-site cat-
ions and vacancies (Fig. 7b).

937

FiG. 6. (a) Backscattered electron image (BSE) of type 1
hydroxycalciopyrochlore (Pcl) and cassiterite 2 (Cst) replac-
ing unknown needle shaped crossed crystals included in
cleavelandite (Ab) that replaces amazonite (Mc), associated
with F-rich polylithionite (Pln) and fluorite (not shown in
the image). (b) BSE image of type 2 hydroxycalciopyro-
chlore-hydroxycalciomicrolite replacing Th-bearing mona-
zite-(Ce) (Mnz); see text for alternative interpretations.

Hydroxycalciopyrochlores and hydroxycalciomi-
crolite from La Chinchilla are SiO,-rich (average con-
tent ~ 9.5 wt.%), as high as some of the values for
pyrochlores from Narssarssuk, Greenland (Bonazzi
et al. 2006), and from the A-type peralkaline granites
of the Katugin rare metal deposit, Transbaikalia, Russia
(Starikova et al. 2019). Higher SiO, values (up to ~13
wt.%) were found by Dumanska-Slowik (2014) in
fluornatropyrochlores of the nepheline syenites of the Mar-
iupol Massif, SE Ukraine. Despite current uncertainties
regarding how much Si could be allocated in the B site of
crystalline pyrochlore and to what extent it could be incor-
porated by contamination into eventual localized radiation
damaged sectors (i.e., Bonazzi et al. 2006, Atencio et al.
2010, Dumanska-Slowik 2014, Deditius et al. 2015), we
adopted the suggestion of Bonazzi et al. (2006) to assign
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TABLE 2. ELECTRON MICROPROBE ANALYTICAL RESULTS (IN OXIDE wt.%) AND CALCULATED MINERAL
FORMULAE OF PYROCHLORE GROUP MINERALS FROM LA CHINCHILLA MIAROLITIC AND
MICROPEGMATITIC ASSEMBLAGES

5307B- 5307B- 5307B- 5307B- 5307B- 5307B- 5307B- 5307B- 5307B- 5307B-

Sample 10 11 12 13 14 Pyr 4 Pyr 8 Pyr9 Pyr 10 Pyr 11
Na,O 0.59 0.20 0.46 0.40 0.43 0.48 0.74 0.61 0.69 0.44
CaO 6.71 7.58 7.39 7.96 7.99 7.51 7.31 717 7.16 8.32
MnO 0.61 0.55 0.49 0.61 0.49 0.12 0.12 0.14 0.20 0.13
SrO 0.36 0.44 0.49 0.60 0.50 0.54 0.61 0.53 0.45 0.48
BaO 0.38 0.23 0.28 0.35 0.38 0.30 0.26 0.30 0.26 0.37
FeO 8.92 5.50 4.74 5.83 6.34 1.42 1.59 1.42 1.49 1.21
PbO 2.03 2.41 2.56 2.00 2.48 4.62 4.57 4.37 4.22 4.13
Y203 0.22 0.32 0.15 0.35 0.24 0.01 0.09 0.01 b.d. 0.30
Ces03 2.04 1.96 1.63 1.73 1.60 0.60 0.94 0.78 1.25 1.34
La,0O3 0.10 0.31 0.15 0.27 0.14 0.21 0.16 0.24 0.25 0.24
Nd,O3 0.03 0.10 0.05 b.d. 0.12 0.01 0.15 0.08 0.16 0.27
Sc,03 0.19 0.18 0.10 0.16 0.08 0.10 0.11 0.10 0.11 0.11
UO, 1.85 2.76 2.73 2.80 2.97 4.83 4.59 4.78 4.83 4.07
ThO, 0.61 0.89 0.75 0.85 0.75 0.86 1.05 0.57 0.68 0.83
Tas0s5 25.30 29.33 31.01 28.61 25.80 29.60 29.37 32.11 28.23 32.84
Nb,Os 28.09 2443 2279 2395 24.61 19.14 19.10 17.65 19.06 15.49
TiO, 4.39 3.32 3.07 3.29 3.49 1.68 1.78 1.70 1.69 1.37
WOs 1.16 1.22 1.49 1.49 0.87 0.80 0.88 0.92 0.87 0.79
As,05 0.13 0.03 0.03 0.11 0.15 0.15 0.06 0.04 0.14 0.11
P>0s 2.63 3.30 3.44 3.54 3.27 4.87 4.79 4.53 4.84 4.54
SnO, 0.35 0.41 0.16 0.14 0.14 0.48 0.44 0.35 0.35 0.38
ZrO, 0.70 0.60 0.61 0.74 0.77 0.57 0.63 0.54 0.54 0.57
MgO 0.25 0.27 0.23 0.25 0.24 0.28 0.25 0.23 0.22 0.20
Al,O3 1.17 1.24 1.23 1.24 1.16 1.60 1.71 1.40 1.48 1.96
SiO, 7.12 9.44 9.78 8.60 8.71 10.31 10.56 10.26 9.41 10.54
F 0.14 0.20 0.25 0.18 0.13 0.25 0.29 0.04 0.13 0.32
K0 0.43 0.17 0.37 0.29 0.30 0.30 0.53 0.27 0.65 0.28
Cs.,0 b.d. b.d. 0.04 b.d. 0.08 b.d. b.d. b.d. b.d. b.d.
Total 96.51 97.38 96.45 96.31 94.23 91.64 92.68 91.14 89.36 91.63
O=F 0.06 0.08 0.10 0.08 0.05 0.11 0.12 0.02 0.05 0.13
H,O* 2.96 3.12 3.12 2.99 2.88 3.11 3.09 3.02 2.95 2.93
Total*™ 99.41 100.42 99.47 99.22 97.07 94.64 95.65 94.14 92.25 94.42
Structural formula based on B =2
Na 0.074 0.024 0.058 0.051 0.056 0.063 0.097 0.082 0.094 0.060
Ca 0.470 0.525 0.518 0.562 0.577 0.545 0.528 0.534 0.540 0.625
Mn 0.034 0.030 0.027 0.034 0.028 0.007 0.007 0.008 0.012 0.008
Sr 0.014 0.016 0.019 0.023 0.020 0.021 0.024 0.021 0.018 0.020
Ba 0.010 0.006 0.007 0.009 0.010 0.008 0.007 0.008 0.007 0.010
Fet? 0.488 0.297 0.259 0.322 0.357 0.080 0.090 0.083 0.088 0.071
Pb 0.036 0.042 0.045 0.036 0.045 0.084 0.083 0.082 0.080 0.078
Y 0.008 0.011  0.005 0.012 0.009 0.000 0.003 0.000 0.000 0.011
Ce 0.049 0.046 0.039 0.042 0.040 0.015 0.023 0.020 0.032 0.034
La 0.002 0.007 0.004 0.007 0.003 0.005 0.004 0.006 0.006 0.006
Nd 0.001 0.002 0.001 0.000 0.003 0.000 0.004 0.002 0.004 0.007
Sc 0.011 0.010 0.005 0.009 0.005 0.006 0.006 0.006 0.007 0.007
U 0.027 0.040 0.040 0.041 0.045 0.073 0.069 0.074 0.076 0.064
Th 0.009 0.013 0.011 0.013 0.012 0.013 0.016 0.009 0.011 0.013
ZA 1.231 1.072 1.037 1.160 1.209 0.921 0.961 0.936 0.976 1.013
m* 0.769 0.928 0.963 0.840 0.791 1.079 1.039 1.064 1.024 0.987
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TABLE 2. CONTINUED.

5307B- 5307B- 5307B- 5307B- 5307B- 5307B- 5307B- 5307B- 5307B- 5307B-
Sample 10 11 12 13 14 Pyr 4 Pyr 8 Pyr 9 Pyr10  Pyr 11
Ta 0.406 0.466 0.498 0.464 0427 0.493 0.487 0.549 0.489 0.566
Nb 0.830 0.714 0.674 0.714 0.750 0.586 0.582 0.555 0.607 0.491
Ti 0.216 0.162 0.151 0.163 0.177 0.086 0.090 0.089 0.090 0.072
W 0.020 0.020 0.025 0.026 0.015 0.014 0.015 0.017 0.016 0.014
As 0.005 0.001 0.001 0.004 0.005 0.005 0.002 0.001 0.005 0.004
P 0.145 0.180 0.190 0.198 0.187 0.279 0.273 0.267 0.289 0.270
Sn 0.009 0.011 0.004 0.004 0.004 0.013 0.012 0.010 0.010 0.011
Zr 0.022 0.019 0.020 0.024 0.025 0.019 0.021 0.018 0.019 0.019
Mg 0.025 0.026 0.023 0.024 0.024 0.028 0.025 0.024 0.023 0.021
Al 0.090 0.094 0.095 0.096 0.092 0.128 0.136 0.115 0.123 0.162
Si* 0.233 0.305 0.320 0.284 0.293 0.349 0.356 0.357 0.331 0.370
B 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
F 0.030 0.041 0.051 0.037 0.027 0.054 0.062 0.009 0.029 0.071
Cs 0.000 0.000 0.001 0.000 0.002 0.000 0.000 0.000 0.000 0.000
K 0.036 0.014 0.031 0.025 0.026 0.026 0.046 0.024 0.058 0.025
Y 0.066 0.055 0.083 0.062 0.055 0.079 0.107 0.033 0.087 0.096
ne 0.934 0.945 0917 0.938 0.945 0.921 0.893 0.967 0.913 0.904
Ta/(Ta+Nb) 0.329 0.395 0.425 0.394 0.363 0.457 0.455 0.497 0.446 0.536

Analyses # 10,11,12,13 and 14 correspond to hydroxycalciopyrochlore type 1, and analyses Pyr 4 and Pyr 8 to Pyr
11 correspond to hydroxycalciopyrochlore to hydroxycalciomicrolite type 2. b.d.: below detection limit.
* H,0 content calculated on the basis of occupancy in A and Y sites as described by Atencio et al. (2010).

** Bi, Sb, V, Hf, and Rb: analyzed but not detected.

kK

up to 50% of total SiO, to the B site. Good Nb and Ti ver-
sus Si negative correlation trends of high #* (>0.85), par-
ticularly in type 1 pyrochlores, support partial allocation of
Si in the B site, though bivariate correlation is weak or
absent in type 2 pyrochlore. Considering that the La Chin-
chilla pyrochlores do exhibit metamictization effects, we
assume that the remaining Si*" could be stored in radia-
tion damaged altered domains. Si-rich pyrochlore group
minerals (so-called “silicified pyrochlores™) are commonly
found in geochemically evolved parageneses (Bonazzi
et al. 2006), a fact also proved to be true for the Si-rich
pyrochlores from La Chinchilla, which are genetically
associated with a late F-rich albitization stage of miarolitic
amazonite.

In the Nb-Ti-Ta ternary diagram (Fig. 7a), the La
Chinchilla hydroxycalciopyrochlores fall in a free area
of the lithological discriminant fields of Mackay &
Simandl (2015). We suggest that this area is appropriate
for late stage fluids fractionated from NYF pegmatites
and parental A-type metaluminous to weakly peralumi-
nous granites; even some mixed pegmatites (NYF >
LCT signature) could help to outline this new field. In
Figure 7a the increasing Ta# with slightly decreasing Ti
delineates two distinguishable evolving trends, one corre-
sponding to hydrocalciopyrochlore type 1 and the other
hydroxycalciopyrochlore type 2 that gradually enters the

mand n: vacancies in A and Y sites, respectively. Si*: calculated assuming 50% of total wt.% SiO, in the B site.

microlite field (hydroxycalciomicrolite), toward the pera-
luminous granite field.

The same data were plotted in the ternary diagram
of De Ignacio ef al. (2012, Fig. 7b). This diagram sup-
ports a replacement origin via hydrothermal-metasomatic
processes for hydroxycalciopyrochlore/hydroxycalciomi-
crolite (types 1 and 2) associated with late albitization
and fluorite deposition.

Cassiterite. Cassiterite was found in two samples, in
isolated grouped crystals in micromiarolitic cavities of
sample O5-1 (cassiterite 1, Fig. 8) and intimately associ-
ated with hydroxycalciopyrochlore type 1 in albitized
amazonite of miarolitic pegmatite 5307 (cassiterite 2,
Fig. 6a), both within the equigranular facies.

Cassiterite 1 of the O5-1 sample occurs as polygra-
nular associations of subhedral crystals 0.15 to 0.5 mm
long included in large subhedral albite crystals and late
quartz of the micropegmatitic stage. WDS analyses
(Table 3) yielded the following composition ranges in
wt.%: SnO, 90 to 96.2, CaO 1.14 to 1.29, Ta,Os and
Nb,O5 0.2 to 1.4 and 0.8 to 3.28, respectively, FeOt 0.6
to 1.54, and TiO, 0.27 to 0.45; other elements listed in
Table 3 are either undetectable or present in negligible
and arguable amounts. The Ta# [Ta/(Ta+Nb)] ratio of
0O5-1 cassiterite varies from 0.1 to 0.21.

Cassiterite 2 grains of sample 5307 are subidiomor-
phic to idiomorphic crystals that range in size from 15 to

Downloaded from http://pubs.geoscienceworld.org/cjmp/article-pdf/61/5/927/5979407/i2817-1713-61-5-927 .pdf
bv Conseio Nacional de Investiaaciones Cientificas v Tecnicas CONICET user



940 THE CANADIAN JOURNAL OF MINERALOGY AND PETROLOGY

T
a (apl‘IU)

Betafite

@ Hydroxicalciopyrochlore

® Hydroxicalciopyrochlore
Hydroxicalciomicrolite

@ Carbonatite complex
@ Peralkaline complex
) LCT pegmatite

(O Peraluminous granite

Ta

Nb
(apfu)
Ca+Na
b (apfu)

(apfu)

@ Hydroxicalciopyrochlore

o Hydroxicalciopyrochlore
Hydroxicalciomicrolite

O Magmatic
(O Hydrothermal
O Lateritic

Other
cations
in A (apfu)

Apparent
deficiency
in A (apfu)

F1G. 7. (a) The Hogarth (1977) classification scheme of pyrochlore supergroup minerals modified by Atencio ez al. (2010) with dis-
criminatory petrogenetic fields according to Mackay & Simandl (2015). Hydroxycalciopyrochlore (type 1) replacing unknown
fibrous species associated with cassiterite 2; hydroxycalciopyrochlore-hydroxycalciomicrolite (type 2) replacing monazite-(Ce).
(b) Ternary diagram of De Ignacio et al. (2012) based on A-site cations and vacancies, with discriminatory fields for pyrochlore
species formed from magmatic to supergene conditions (data of Williams et al. 1997 and Nasraoui & Bilal 2000). The plot sup-
ports the hydrothermal origin of hydroxycalciopyrochlore-hydroxycalciomicrolite from La Chinchilla.

100 pm; these crystallized immediately after hydroxycal-
ciopyrochlore, where both formed as a pseudomorphic
replacement of an unidentified fibrous to needle-like spe-
cies included in albite crystal aggregates that replace

amazonite. Of the two texturally distinct albite genera-
tions described above after amazonite replacement, cas-
siterite 2 is found associated with fine-grained albite 2,
locally with chessboard texture, that selectively replaces
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Fic. 8. Secondary electron image of cassiterite 1 crystal
aggregates included in albite (Ab) and microcline (Mc)
from a micropegmatitic domain (sample O5-1). In this
domain also occur metamictic zircon included in moder-
ately kaolinized microcline, Th-bearing monazite-(Ce),
fluorite, and secondary Mn-Ba-oxides.

the perthite fraction of amazonite. Both occurrences of
cassiterite from La Chinchilla are devoid of inclusions of
other phases and neither evidenced any type of twinning.
The content of SnO, of cassiterite 2 (Table 3, 4 analyses)
varies from 93.2 to 96.4 wt.%; after Sn, Ca is the second
most enriched element (1.14 to 1.24 wt.% CaO), fol-
lowed by Ta,Os and Nb,Os (0.3 to 2.5 and 0.1 to 1.2
wt.%, respectively). The composition of cassiterite is
completed by FeO, (0.3 to 1.17 wt.%), TiO, (0.36 wt.%
average), and minor or trace contents of other elements
listed in Table 3. Manganese was undetectable or in
extremely low amounts which results in a negligible Mn/
(Mn+Fe?") ratio. The Ta/(Ta+Nb) ratio of metasomatic/
hydrothermal cassiterite 5307 is slightly greater than 0.5,
except for one analysis of 0.47.

In the (Nb,Ta)’"—(Fe,Mn)*"—(Sn,Ti)*" triangle
(Fig. 9), cassiterite compositions of both samples are
well correlated (7 = 0.895 and 0.984 for samples O5-1
and 5307, respectively, though both trends are barely dis-
tinguishable from each other). None of the analyses from
either sample plot along the 2:1 ratio of the well known
columbite coupled substitution type [(Fe,Mn)>" +
2(Ta,Nb)>™ = 3Sn + Ti*"] (“tapiolite” trend of Cerny
& Ercit 1985, 1989). Instead, both types of cassiterite
better fit the 1:1 ratio substitution trend (much better for
cassiterite 2 than for cassiterite 1), where the (Ta+Nb)/
(Fe+Mn) ratios average 0.98 and 1.22, respectively,
though some values of cassiterite 1 can be ~1.5. The
2:1 columbite substitution type, a mechanism of com-
mon widespread occurrence in pegmatitic and leucogra-
nitic cassiterites (e.g., Cerny & Ercit 1985, 1989,
Moller et al. 1988, Pal et al. 2007, Galliski et al. 2008,
Llorens Gonzalez et al. 2017) is not satisfied by either
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of the cassiterite types from La Chinchilla. Regarding
cassiterite 2 of metasomatic-hydrothermal origin, a sim-
ilar occurrence related to selective albitization of per-
thite is described by Pal et al. (2007) in pegmatites of
the Bastar-Malkangiri Pegmatite Belt of Central India.
At La Chinchilla, both cassiterite types largely overlap
each other along the substitution vector, though that of
sample O5-1 (cassiterite 1) is slightly more enriched in
the M>" and M substituting components. The differ-
ent paragenetic assemblages of each cassiterite type
occurrence are also highlighted by the Ta#, which is
very low in micropegmatitic cassiterite 1 (0.1 to 0.21),
indicative of a largely Nb dominant cassiterite, quite
different from that of hydrothermal cassiterite 2 (Ta#:
~0.47 to 0.57). It is noteworthy that, because of the
high CaO contents of both cassiterite types (1.14 to
1.29 wt.% CaO) and considering that most of the avail-
able published data lacks Ca analyses, Ca becomes an
expected component in this species. Recent data from
Feng et al. (2019) shows an average of 0.56 wt.% CaO
(averaged ranges from 0.49 to 0.59 wt.% CaO) from 50
EPMA analyses performed on nine samples from Li-,
P-rich albite-spodumene pegmatites from the Kang-
xiwa—Dahongliutan Pegmatite Field in China. Other
high CaO values were measured by Di ef al. (2023) in
cassiterite from muscovite granites (average 0.96 wt.%
Ca0; range from 0.91 to 1.05) and from associated
quartz veins (average 1.02 wt.% CaO; range from 0.91
to 1.13) of the Xiangdong vein-hosted W-Sn deposit of
South China.

Monazite-(Ce). Monazite related to miarolitic cavi-
ties in samples 5307b and OS5-1 was identified through
EDS analyses as Th-bearing monazite-(Ce). Included
in a ~6 cm large amazonite crystal from a miarolitic
cavity (sample 5307 b), it occurs as single grains or
polygranular aggregates of anhedral to subhedral crys-
tals from 0.2 up to ~0.8 mm included in aggregated
laths of late albite that replaces amazonite in contact
with millimeter-sized patches of fluorite (Fig. 6b).
Here monazite-(Ce) was partially replaced by hydroxy-
calciopyrochlore that became enriched in P,Os, though
not in LREE (Table 2). EDS analyses did not detect the
presence of U.

Fluorite. Fluorite is conspicuous in miarolitic
cavities from sampling points 5307 and T4 and in
granitic samples H8-1 and O5-1. At La Chinchilla,
none of the findings has so far provided idiomorphic
crystals, where light purple fluorite exceptionally
reaches a few centimeters in anhedral massive aggre-
gates. EDS analyses of fluorite patches associated
with albitization of amazonite and hydroxycalciopyr-
ochlore + cassiterite (sample 5307) do not show ele-
ments present other than Ca and F, at least under
EPMA detection conditions.
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Fi. 9. M*T-M>"-M*" triangle with the compositions of
cassiterite samples O5-1 (primary micropegmatitic) and
5307 (secondary replacing phase); the 2:1 and 1:1 ratios
represent the substitution trendlines of Sn(+Ti)*".

Mineralogy and mineral chemistry of carlosbarbosaite
and paragenetic minerals in miarolitic cavities

Carlosbarbosaite. This new species, discovered in
Jaguaracu, Minas Geraes, Brasil (Atencio et al. 2012),
of formula (UO,),Nb,O4(OH), 2H,0, is the main ura-
nium mineral at the La Chinchilla exploration pros-
pect. Morello (2008, 2009, 2010, CNEA unpublished
reports, 2013a) described the occurrence of carlosbarbo-
saite in the La Chinchilla porphyritic granite (T4 trench)
as small crusts, coatings, or powdery aggregates (< 1mm)
preferentially interstitial in “zinnwaldite™ sheet cleavages,
but also commonly filling cavities and microfractures in
the granite, associated with coronadite, magnetite, hema-
tite, zircon, Nb-bearing ilmenite, anatase, and fluorite.
The aggregates originally described by Morello (2010,
CNEA unpublished report, 2013a) were restudied in
this work. These show pearly luster with a color varying
from fading to intense yellow; individual crystals (~5
to 50 pm long) are transparent to translucent with a
needle-like to fine prismatic habit (Fig. 10). Under the
polarizing microscope, carlosbarbosaite is weakly pleo-
chroic with anomalous birefringence. Under short- and
long-wave ultraviolet radiation, carlosbarbosaite does
not produce fluorescence. Debye-Scherrer diffracto-
grams matched the compound identified as U-Nb-Ta-O,
card # 29-1373 of the Mineral Powder Diffraction File
1993 (Morello 2010, CNEA unpublished report). X-ray
data from carlosbarbosaite of the T4 trench, compared
with other Argentinian occurrences and the Zapot mine
(Foord et al. 1999), were published by Morello
(2013a).

In this study we analyzed carlosbarbosaite from two
different occurrences: a miarolitic pegmatite explored
with the T4 trench and the porphyritic granite (sample

THE CANADIAN JOURNAL OF MINERALOGY AND PETROLOGY

Fic. 10. SEM image of fine prismatic to fibrous carlosbarbo-
saite crystals from the T4 trench.

5031). Crystal aggregates of carlosbarbosaite from the
T4 trench originated as a by-product of the pseudomor-
phic replacement of a primary miarolitic unidentified
phase (likely a columbite group mineral, CGM) where
it occurs in association with Nb-bearing hematite, mus-
covite, secondary quartz, and subordinate smectite
group clay, likely montmorillonite (Fig. 11a to d). Two
distinctive textural types of carlosbarbosaite do occur
associated within the pseudomorphic assemblages: a
well crystallized variety in radial and fan-shaped, fine
prismatic (needle-like) aggregates where WDS analyses
were performed and a micro- to cryptocrystalline net-
work of dendritic intertwinned crystals (<1 to 15 pum)
that under EDS analyses yield the same spectra as the
coarser crystalline type. The micro- to cryptocrystalline
type looks like an early growth stage of developing
carlosbarbosaite (Fig. 11c—d). WDS analytical data of
carlosbarbosaite from the T4 trench is presented in
Table 4a; data were normalized to 14 anions and H,O
was calculated as by Atencio et al. (2012). Twenty-
four spots from different patches of several replaced
crystals were analyzed, six of which were discarded
due to their low totals (<95 wt.% down to ~85 wt.%
including calculated H,O). The elements Na, Al, Th,
and Pb were sought but were below the microprobe
detection limits. No LREE peaks were detectable
through EDS. Averaged data normalized to 14 anions
resulted in the following empirical formula:

(Cag.s800.40Mno.02) 51 0o[U13900.6102.78(H20) 5,]
(Nby 48 Tag.06S10.35Ti0.03F€0.08) 52 0004.72 (OH)3 5
(H20), 43-
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FiG. 11. (a) Unknown pseudomorphic crystals (possibly a CGM) included in cavity-filling smoky quartz (Qz 1). The crystals
are totally replaced by aggregates of quartz (Qz 2) - hematite (Hem) - muscovite (Ms) - carlosbarbosaite (Crlb) = a smec-
tite group clay (likely montmorillonite, Mnt). Host and centripetal replacing quartz (Qz 1) normally shows large grains
with undulose extinction and ribbon textured subdomains. Arrows point at a microfracture system that slightly separated
the uppermost crystal into two pieces and crosscut the lowermost crystal; these microfractures locally host discontinuous
quartz veinlets. Such an anastomosed network of microfractures was probably responsible for the fluid channeling and
replacement processes of the CGM by Qz 2-Hem-Ms-Crlb-Mnt after smoky core quartz crystallization (Qz 1). Thin sec-
tion = 30 pm, binocular stereoscopic microscope view under slightly crossed polarizers. (b) Close-up image of contoured
area in (a) (crossed polarizers). (c—d) BSE images that show textural-paragenetic relationships among coarser-grained car-
losbarbosaite (Crlb), probable cryptocrystalline carlosbarbosaite (Crlb?), and fine-grained muscovite (Ms) and smectite

clay species (Mnt).

A comparison between the compositional ranges of
the La Chinchilla carlosbarbosaite (T4 trench) and
those from the Jaguaracgu type locality (Atencio et al.
2012) shows that the UO3 contents of La Chinchilla
(~48.5 to 55 wt.%; Fig. 12a—b) are within the range of
samples 1 and 2 of Atencio et al. (2012). The CaO con-
tent, however, is enriched ~1.8 to >2 times the weight
% registered in the Jaguaragu samples (3.68-4.69 wt.%;
Fig. 12b—c). A remarkable chemical difference between
the two localities consists of the Nb,Os and Ta,Os

values. The sum of both oxides averages 27.17 wt.%
versus 29.36 (sample 1) to 31.08 wt.% (sample 2), but
the Nb/(Nb+Ta) average ratio differs significantly from
an average value of 0.96 (variable from 0.94 to 0.98) in
the La Chinchilla samples down to a constant value of
~0.6 in the Jaguaragu samples. This ratio places the La
Chinchilla carlosbarbosaite as a strongly Nb-enriched
member. Regarding the empirical formulae, the principal
distinction of material from the type locality is in the
relationship to the Ca site, which is dominated by Ca
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F1G. 12. Main cationic compositional ratios of indigenous carlosbarbosaite from La Chinchilla (T4 trench in sheared miarolitic peg-
matite, » = 18, and sample 5031 from porphyritic granite, # = 13), compared to the average analyses of samples “1” (n = 7,
U-bearing endmember) and “2” (n = 7, [J-bearing endmember) from the type locality (Atencio et al. 2012). (a) U versus Nb/
Ta showing Nb enrichment and the variability of the Nb/Ta ratios in the La Chinchilla carlosbarbosaite. (b) U versus Ca and
(c) Ca versus Nb/Ta that evidence 1.8- to more than two-fold increase of the Ca content in the La Chinchilla samples.

~

(58%) instead of a vacancy (Jaguaragu = 67-68% L),
whereas the U site is dominated by U®" (69.5%) and the
octahedral site by Nb>* (74%), as it occurs in the Jaguar-
acu samples. Regarding the variable amount of SiO,

(1.76-4.07 wt.%) in the La Chinchilla analyses, its range
acceptably overlaps the SiO, range of samples 1 and 2
from Jaguaragu (2.02-3.79 wt.%). Si*" was allocated in
the octahedral site as hypothetically proposed by Atencio
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et al. (2012), as was done with minor and variable
quantities of Ti*" (0.23-0.44 wt.% TiO,) and Fe*"
(0.59-1.22 Fe,05 wt.%). Traces of Mn*" (0.11-0.30
wt.% MnO) were assigned to the Ca site (2% of the
site). The U-bearing endmember in the formula repre-
sents X =~ 0.7, hence the simplified formula of the
T4 trench carlosbarbosaite can also be expressed as
the ideal endmember (UO,),Nb,Og(OH), 2H,0.
Analyzed carlosbarbosaite from sample 5031 occurs
as a pseudomorphic replacement, likely after a PGS (pyro-
chlore group species) in the porphyritic granite, along the
contact of polylithionite with feldspars (Fig. 13b). Thirteen
WDS analyses of carlosbarbosaite from sample 5031
were selected from a total of 24 analyses (11 were dis-
carded due to their low totals). The elements Sr, Sn, and
Ba were also sought but not detected. Analytical data
were processed as in Table 4a and presented in Table 4b.
The empirical formula for 13 averaged analyses is (Cag g4
Uo.10Mng,11Ko0,00Pbo.03REEg 02Nag 01)x1.00[U1.70002103 58
(H20)0.42](Nb 29W 20T20.16S10.10 Tio.10F€0.08Al0.03P0.01

Z19.01)52.0005.15(0OH2 49F . 14)52.63(H20)2 21
Carlosbarbosaite from sample 5031 yielded similar U

and Ca contents to those of the T4 trench (~49.7 to 56
wt.% UO;, 3.86 to 432 wt.% CaO, Fig. 12a—c). The sum
of Nb,Os and Ta,Os averages ~23.28 wt.%, much lower
than the average value of the T4 trench (27.17 wt.%), with
Nb,Os values within the 16.4 to 22 wt.% range and highly
variable Ta,Os contents ranging from 1.72 to 7.35 wt.%.
The Nb/(Nb+Ta) ratio ranges from 0.79 to 0.96 (average
0.89), lower than the T4 trench ratios but still significantly
higher than those of the type locality; these ratios also cor-
respond to a Nb-enriched member (Fig. 12a—c). With ref-
erence to the empirical formula, the Ca site is dominated
by Ca (64%), a reduced volume by vacancy (10%), and
26% of the site is assigned to several elements not
detected in the T4 trench, neither reported for the Jagu-
aragu samples, except for Ce and Nd [Mn > K > Pb >
REE (Ce > Y > Nd) > Na]. The U site is controlled
by U°" (89.5%) and the octahedral site by Nb’*
(78.5%), as it occurs in the Jaguaragu samples. Besides
Nb, other elements that fill the octahedral site are W >
Ta, Si = Ti, Fe > Al > P =~ Zr. The main distinguish-
ing feature in this site is the presence of W in higher
contents than Ta (WOg 4.27 to 6.43 wt.%, average 5.3
wt.%). In reference to the SiO, contents, sample 5031
shows a significant drop compared to the T4 trench
(range 0.4 to 1.25 wt.%, average 0.67 wt.%). The pres-
ence of trace quantities of several other elements not
found in the type locality nor at the T4 trench does
not affect the simplified formula of carlosbarbosaite
from sample 5031 that can also be expressed as the
ideal U-, Nb-rich endmember.

Hematite (Nb bearing). At the T4 trench, tabular
aggregates of hematite (specularite variety) occur as a
common pseudomorphic phase after the replacement

THE CANADIAN JOURNAL OF MINERALOGY AND PETROLOGY

Fic. 13. (a) Nb-bearing ilmenite (Ilm) from the miarolitic
cavity at the T4 trench, partially replaced by crisscrossed
carlosbarbosaite (Crlb) fibers, originally named as “U-
Nb-Ta oxide”. Scanning electron microscopy image
reproduced with permission of the Asociacion Geoldgica
Argentina, from Morello & Aparicio Gonzalez (2013).
(b) BSE image of carlosbarbosaite replacing a possible
pyrochlore group species (Pcl?) from porphyritic granite
(sample 5031). Pln — polylithionite, Mc — microcline.
Numbered analyses 7 to 24 (n = 13) mark the analyzed
spots listed in Table 4b. The lightest areas correspond to
well-crystallized replacing carlosbarbosaite which yields
the best totals and more uniform compositional range,
whereas the darker gray zones gave low, unacceptable
totals and more variable compositions on badly polished
surfaces of finer-grained material with cracks typical of a
metamictic phase (Pcl?).

of a probable CGM [likely columbite-(Fe)], associated
with other secondary clay minerals and phyllosilicate
species (a smectite group clay, likely montmorillonite),
fine-grained muscovite (sericite), and carlosbarbosaite
(Fig. 11). Hematite is Nb-bearing. The total Fe content
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TABLE 5. SELECTED ELECTRON MICROPROBE ANALYTICAL DATA OF Nb-BEARING HEMATITE (OXIDE IN
wt.%) AND CALCULATED MINERAL FORMULAE FROM LA CHINCHILLA MIAROLITIC PEGMATITE

(T4 TRENCH)
Sample Hem 1 Hem 2 Hem3 Hem4 Hem5 Hem6 Hem7 Hem8 Hem9 Hem10
SiO, 0.02 0.02 0.05 0.05 0.03 0.02 0.03 0.06 0.01 0.08
TiOo 0.12 0.30 0.81 0.33 0.25 0.23 0.72 0.70 0.82 0.68
Al,O3 b.d. 0.03 0.06 0.17 b.d. b.d. 0.01 0.08 0.19 0.24
Fe>O3 99.70 99.85 98.56 99.23 94.69 93.07 95.83 98.10 95.30 97.43
MnO 0.09 b.d. 0.07 0.06 0.24 0.46 0.10 0.08 0.22 0.23
Ta0s 0.12 0.02 0.02 0.03 0.30 0.48 0.30 0.10 0.43 0.42
Nb>Os 0.46 0.35 0.13 0.08 4.14 5.63 1.94 0.15 2.66 1.07
Total 100.50 100.56 99.70 99.96 99.64 99.89 98.93 99.27 99.62 100.16
Si 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.002 0.000 0.002
Ti 0.001 0.003 0.008 0.003 0.002 0.002 0.007 0.007 0.008 0.007
Al 0.000 0.001 0.002 0.005 0.000 0.000 0.000 0.003 0.006 0.007
Fe 1.986 1.987 1.982 1.986 1.905 1.870 1.944 1.980 1.921 1.951
Mn 0.002 0.000 0.002 0.001 0.005 0.011 0.002 0.002 0.005 0.005
Ta 0.001 0.000 0.000 0.000 0.002 0.003 0.002 0.001 0.003 0.003
Nb 0.005 0.004 0.002 0.001 0.050 0.068 0.024 0.002 0.032 0.013
Formulae calculated on the basis of 3 cation charges: (Fe1.9sNbg.02Tio.01)51.9803-
Uranium analyzed but not detected.
n.d.: below detection limit.
as Fe'™ varies from 1.870 to 1.987 apfit (average 1.951), DISCUSSION

Nb apfu ranges from 0.001 to 0.068 (average 0.02), and
traces of Ti, Ta, Al, Mn, and Si were detected; U was
sought but not detected. The average formula of ana-
lyzed secondary hematite is (Fe; 9sNbg 02Tig.01)s1.0803;
Table 5,n = 11).

Muscovite. It occurs as fine-grained (<50 pm) sheet
aggregates intergrown with all the other replacement
phases (Fig. 11). However, detailed observations of tex-
tural relationships in thin section allowed us to distin-
guish that muscovite was deposited after quartz 2 and
hematite and prior to carlosbarbosaite crystallization; its
textural relationship with the probable montmorillonite is
not clear. Electron microprobe analyses (Table 6)
indicate that these hydrothermal micas are close in
composition to the muscovite endmember, with high
Si0, and AIY' contents, poor Fe contents (2.5 to 3.9
wt.% FeO), and negligible amounts of Ti (from not
detected to 0.08 wt.%) and <0.15 wt.% MnO; it is
also poor in F (0.12 to 0.54 wt.%) and Li (0.02 to
0.17 wt.% Li,O) contents.

Smectite group clay minerals. A species of the
smectite group, likely montmorillonite, occurs as
20-30 pum-thick, elongated, fracture-filling wavy aggre-
gates that deposited in contact with carlosbarbosaite,
partially intergrown with fine-grained muscovite, prior
to, though intimately related to, carlosbarbosaite forma-
tion (Fig. 11, Table 7). This smectite group clay is
enriched in F (~1 wt.%) which likely replaces OH™
(e.g., Thomas et al. 1977, Chipera & Bish 2002).

Micropegmatitic-miarolitic granite evolution

Even though a fractional crystallization process
could sustain some of the conclusions obtained here
and by previous authors, a melt-melt-fluid immiscibil-
ity process could also explain the origin of common
structural and textural features observable at the La
Chinchilla pluton (miarolitic cavities, dikes, lenses;
e.g., Peretyazhko 2010, Thomas & Davidson 2014).
For instance, the probable millions of micropegmatitic
domains within the equigranular > porphyritic granite
could be the result of a failed process to permeate a
pegmatite melt through the crystallized granite mush
(Thomas et al. 2009, Thomas & Davidson 2014). A
percolation cluster model at supersolidus conditions
was proposed by Candela & Blevin (1995), who sug-
gested that connectivity of magmatic volatile phase
volumes was promoted by increasing volume propor-
tions of the magmatic volatile phase (favored by initial
water content of the magma and by decreasing P). With
this model, the authors explained interconnected miaro-
litic textures that are enclosed in aplitic domains of the
Ruby Creek and other shallow granites of Eastern Aus-
tralia. It has been demonstrated that with cooling and as
fractional crystallization proceeds, peraluminous F- and
H,O-rich granite magmas progressively enrich the resid-
ual melt with volatiles. When volatiles reach saturation,
the melt may separate into two immiscible coupled melt
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TABLE 6. RESULTS OF ELECTRON MICROPROBE ANALYSES OF MUSCOVITE (OXIDE IN wt.%)
ASSOCIATED WITH HEMATITE-QUARTZ 2-SMECTITE CLAY GROUP-CARLOSBARBOSAITE, AND
CALCULATED MINERAL FORMULAE FROM LA CHINCHILLA MIAROLITIC PEGMATITE (T4 TRENCH)

Sample Crlbs Fil 4 Crlbs Fil 5 Crlbs Fil 6 Crlbs Fil 7 Crlbs Fil 8
SiO, 47.90 49.68 50.72 49.44 47.43
TiO, 0.08 0.02 b.d. 0.06 0.06
Al>O3 32.77 33.80 33.25 32.39 33.49
ZnO 0.26 0.22 0.23 0.15 0.17
FeO 2.52 2.51 2.64 3.86 2.55
MnO 0.09 0.03 0.14 0.20 0.06
MgO 0.71 0.64 0.97 0.52 0.44
CaO 0.20 0.17 0.24 0.15 0.13
BaO b.d. b.d. b.d. 0.01 b.d.
Na,O 0.06 0.04 0.07 0.02 0.05
K>0 9.20 8.78 8.83 9.37 9.41
F 0.54 0.12 0.37 0.32 0.30
Cl b.d. 0.01 b.d. 0.01 0.01
Li,O* 0.17 0.02 0.11 0.09 0.08
H,O** 4.21 4.52 4.46 4.39 4.31
Total 98.70 100.57 102.05 100.97 98.50
O=F.Cl 0.23 0.05 0.16 0.14 0.13
Total 98.48 100.51 101.89 100.83 98.37
Si 6.435 6.496 6.550 6.519 6.382
Al(1V) 1.565 1.504 1.450 1.481 1.618
T 8.000 8.000 8.000 8.000 8.000
Al(VI) 3.623 3.705 3.611 3.553 3.694
Ti 0.008 0.002 0.000 0.006 0.006
Zn 0.026 0.021 0.022 0.014 0.017
Fe 0.283 0.274 0.285 0.426 0.287
Mn 0.010 0.003 0.016 0.022 0.007
Mg 0.142 0.124 0.188 0.102 0.089
Li 0.094 0.013 0.055 0.045 0.044
M 4.186 4.144 4177 4.168 4.145
Ca 0.029 0.023 0.033 0.021 0.019
Ba 0.000 0.000 0.000 0.001 0.000
Na 0.015 0.009 0.017 0.005 0.012
K 1.577 1.465 1.455 1.576 1.615
ZA 1.621 1.497 1.506 1.602 1.646

* Li,O calculated after the equation Li,O = 0.3935 * F'-32¢ proposed by Tischendorf et al. (2004).

** H,0 content calculated on the basis of charge balance.
Total iron expressed as Fe?".
b.d.: below detection limit.

fractions, one that evolves into increasing peraluminos-
ity and the other into increasing peralkalinity (Thomas
et al. 2006). The water concentration of the peralkaline
melt fraction can increase up to 50 mass % H,O and pro-
duce large volume changes (i.e., the Konigshain miaro-
litic pegmatites, Thomas et al. 2006, 2009, Rickers et al.
2006). Below ~600 °C these melts will transitionally
shift into a fluid-dominated system, where strong P fluc-
tuations are feasible, as a consequence of phase transfor-
mations such as OH~ and CO5”>~ in the melt exsolving
into molecular H,O and CO, (Thomas et al. 2009). At

La Chinchilla, the notorious rupture of the largest miaro-
litic cavities (e.g., >0.3 to <1.0 m in size) suggests that
critical fluid overpressure might have locally exceeded
the confining pressure, partially favored by shallow
emplacement. Another alternative might be that possible
differential internal fluid pressures (# pressure gradient)
among the neighboring pockets, likely originally inter-
connected, could have induced fracturing of pockets
and “fluid explosions,” as described by Peretyazhko
et al. (2004) in the Oktaybrskaya pegmatite, central
Transbaikalia.
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TABLE 7. ELECTRON MICROPROBE ANALYTICAL
DATA (OXIDE IN wt.%) OF FLUORINE-RICH

SMECTITE GROUP CLAY (LIKELY

MONTMORILLONITE), AND CALCULATED MINERAL
FORMULAE FROM LA CHINCHILLA (T4 TRENCH)

Sample Fil 1 Fil 2 Fil 3
SiO, 50.14 49.71 52.18
TiO, 0.01 0.02 b.d.
Al,O5 16.42 15.74 16.97
ZnO 0.67 0.63 0.76
FeO 3.11 3.39 3.11
MnO 0.11 0.10 0.13
MgO 3.74 3.52 4.00
CaO 0.95 0.96 1.11
Na,O 0.11 0.11 0.12
K,0 2.48 2.21 1.93
BaO 0.05 0.00 0.14
F 1.00 1.03 1.11
Cl 0.04 0.03 0.03
Total 78.82 77.44 81.60
O=F.Cl 0.43 0.44 0.47
Total* 78.39 77.00 81.12
Cation distribution on the basis of 22 O
Si 7.834 7.899 7.852
AlY) 0.166 0.101 0.148
AIVY 2.857 2.847 2.862
Ti 0.001 0.002 0.000
Zn 0.078 0.074 0.085
Fe 0.406 0.451 0.391
Mn 0.015 0.013 0.017
Mg 0.871 0.834 0.897
Ca 0.160 0.163 0.179
Na 0.032 0.033 0.036
K 0.494 0.448 0.371
Ba 0.003 0.000 0.008
L. charge 0.425 0.403 0.390
. charge 0.425 0.403 0.390

*H,O: not measured.
Total iron expressed as Fe?™.

HFSE in granites and miarolitic pegmatites

The two main granite types and subordinated units
or facies from La Chichilla pluton represent small
batches of strongly specialized magmas whose most
remarkable feature is the extraordinary amount of seriate
miarolitic NYF pegmatites from micrometer- to meter-
scale sizes, dominantly in the equigranular body, which
indicates low P (<2 kbar) crystallizing melts. HFSE-
bearing phases (particularly Nb, Ta, U, Ti, Zr, Th) and
fluorite are accessory minerals related to the latest stages
of magmatic differentiation of both granites, preferentially
associated with late crystallizing siderophyllite, smoky
quartz, and albite of the initializing micropegmatitic stage.
The experimental partitioning data between granite melts

and coexisting fluids presented by Borodulin ez al. (2009)
demonstrates that with decreasing 7, Nb and particularly
Ta are retained in the melt until the final stage of melt-
fluid interaction and may concentrate and crystallize
Nb-Ta phases directly from the silicate melt. These
experimental results could satisfactorily explain the
ubiquitous crystallization of accessory HFSE-bearing
phases such as columbite-(Fe), fergusonite, betafite
group phases, monazite-(Ce), and others included in
late crystallizing Li-micas of the siderophyllite—protoli-
thionite series, and also in polylithionite, smoky quartz
and albite during the late stages of micromiarolitic—
miarolitic pegmatite evolution. The subsequent metaso-
matic and hydrothermal alteration processes addressed
by Borodulin ez al. (2009) would lead to the dissolution
of late-magmatic Nb-Ta species and redeposition in
other parts of the granite system. This alteration-
replacement stage might be relevant to the formation
stage of PGS after earlier HFSE-minerals as found in
La Chinchilla. It is equally consistent with the conclu-
sions of Badanina et al. (2010) from their investigation
of the trace and REE composition of “columbite—tanta-
lite” from the Orlovka massif in Eastern Transbaikalia,
which suggested that crystallization of this CGM
occurred at the late magmatic stage. From experimental
work within the range 650-850 °C and 0.3 to 4 kbar,
Chevychelov et al. (2010) also suggested that columbite
crystallization was possible at final near-solidus stages
during the high degrees of crystallization of strongly
evolved low-7 melts. They found that the maximum
columbite solubility is reached in peralkaline melts,
wherein the maximum contents of Ta and Nb are at
least one order of magnitude lower in subaluminous and
peraluminous melts, whereas the peralkaline melt is rela-
tively enriched in Nb and the peraluminous melt is
enriched in Ta. At liquidus and above-solidus conditions,
Nb and Ta are concentrated in the residual melt of rare
metal Li-F granites, do not partition into the aqueous
fluid, and are incompatible with early crystallizing
phases (Shapovalov ez al. 2019). With decreasing 7, Ta
and Nb are strongly partitioned into the granite melt
enriching their concentrations in equilibrium with
fluorine-bearing fluids (MY™ "Dy, 1, = 0.001-0.022).
The strong correlation between HFSE (i.e., Ti, Nb, Ta,
Zr, Hf, Th, U) and F (e.g., Keppler 1993, Demartis
et al. 2014, Lukyanova et al. 2017) can be explained by
the highly incompatible behavior of many HFSE in the
presence of F in granitic systems that evolved by differ-
entiation from a common magma source. The experi-
mental data of Zaraisky ez a/. (2010) demonstrate that
Ta and Nb can be transferred to a hydrothermal fluid
via concentrated fluoride solutions (mainly as HF)
within the P-T range of 300-550 °C and 0.5 to 1 kbar.
Lukyanova et al. (2017) arrived at the same conclusion
with similar P-T conditions, considering the neutralization
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of F-acidic solutions or a decrease of F concentration as
the most likely causes of Nb-Ta-oxide precipitation, while
decreasing P-T conditions were apparently of subordinate
incidence. At La Chinchilla we should not underestimate,
as well, the enhancement effect that could have contrib-
uted a progressive enrichment in Na. The strong genetic
link between HFSE mineralization and late stage albitiza-
tion process in granitic systems (i.e., localized late redis-
tribution of Na within a granitoid body) is well known
(e.g., Beus et al. 1962, Kinnaird 1984, Schwartz 1992).

Late- to postmiarolitic-hydrothermal stage

Hydrothermal fluids played an important role as
rare metal carriers during the latest stages of miarolitic
pegmatite and pocket formation. This stage was char-
acterized by Na-, F-, and Li-enrichment in the form of
replacement and vug-filling overgrowths of albite
(cleavelandite), fluorite, and extremely F-rich polyli-
thionite. Fluorine enrichment during late- to post-
magmatic processes is a well documented process
worldwide; it has been proven to be crucial for the
release and mobilization of HFSE, REE, and Ti from
primary magmatic species (i.e., Jiang et al. 2003).
Similarly, Jiang et al. (2005) emphasized that the
mobility of HFSE in hydrothermal systems, particu-
larly of Zr, Hf, and Ti, but also of Nb and Ta, was
enhanced by high pH conditions and increasing F
activity. In the same way, Linnen et al. (2012) high-
lighted the importance of F as a rare metal carrier in
hydrothermal fluids and related mineralization, partic-
ularly in NYF pegmatites. In terms of mass balance,
the availability of F during the late-miarolitic to hydro-
thermal stage at La Chinchilla was enhanced by the
subsolidus phengitization process of magmatic micas
of the siderophyllite—protolithionite series, which put
into solution considerable amounts of F (and Li) dur-
ing the replacement process, thus likely incorporating
more F (and Li) in the residual original concentration
derived from high 7 magmatic fractionation (Lira
et al. 2023, unpublished).

Replacements of U-bearing hydroxycalciopyrochlore
(= Nb-bearing cassiterite) after an unknown species and
of P-enriched hydroxycalciopyrochlore to hydroxycalcio-
microlite after monazite-(Ce), all did crystallize from
Na-, F-enriched fluids. The chemical reaction of hydrox-
ycalciopyrochlore type 2 partially replacing monazite-
(Ce) illustrated in Figure 6b is not fully discerned upon
element redistribution because even the new formed
PGS is P-enriched, the incorporation of major LREE and
Th is not evident, and any other secondary species count-
ing for those elements has been recorded. Equal attention
should be addressed to the presence of U in hydroxycal-
ciopyrochlore type 2, considering that U was not detected
in monazite-(Ce). Hence, one plausible interpretation is
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that monazite-(Ce) was originally intergrown with a U-
bearing CGM and that the observed replacement reflects
a complete and selective transformation of the CGM,
while monazite was only affected by marginal replace-
ment. The other interpretation depends on the presence
of Nb and U in the Na-F-rich fluid.

An evolving trend indicated by increasing Ta# (Ta/
Ta+Nb) with slightly decreasing Ti seems to be repre-
sentative of the postmiarolitic evolutionary stage, as
shown by the evolving composition of late-forming
hydroxycalciopyrochlore that gradually becomes hydrox-
ycalciomicrolite by entering the microlite field. The Ta#
[Ta/(Ta+Nb)] in cassiterite also helps in understanding
the evolution of the system from less evolved micromiar-
olitic assemblages within granite (sample O5-1) toward
more evolved late- to post-miarolitic fluid-rich stages in
decimeter- to meter-sized pegmatite pockets (sample
5307), which notably increased from 0.1-0.2 to =0.5 in
the latter. The source of Ta was not investigated, how-
ever, the most likely source of released Ta could have
been micas of the siderophyllite—polylithionite series dur-
ing muscovitization (Li-bearing phengite). The variation
of the Ta# in PGS and cassiterite suggests a fractionation
process between Nb and Ta at low hydrothermal temper-
atures, which is highly dependent on the variation of the
pH (Friis & Casey 2018). The Ta# of oxides increases
with alkalinity in Na-rich domains (i.e., replacing cleave-
landite). The generation of metasomatic-hydrothermal
albite below 2 kbar could be due to the leak of a cooling
volatile aqueous fluoride-enriched fluid after miarolitic
cavity rupturing due to internal fluid overpressure (Laurs
et al. 1998 and citations therein). Peretyazhko & Zagor-
sky (2002) concluded that the bursting pressure release
during the opening of miarolitic cavities often induced
the boiling of fluids, changing their composition and gen-
erating dissolution, recrystallization, new mineral forma-
tion in vugs, and metasomatic alteration by interaction of
residual fluids with the already crystallized pegmatite
matrix. The remarkable whitish rim of amazonite crystals
irregularly depleted in Pb content (e.g., sample 5307;
Lira et al. 2015), interpreted as due to a centripetal
bleaching process by Martin et al. (2008) in amazonites
from Madagascar, might also be due to fluid release after
pocket rupture. It is also well known that late stage F
enrichment in the melt will strengthen Na-metasomatism
(albitization) by shifting the granite minimum melt
toward albite composition and, hence, result in the sepa-
ration of a metasomatic-hydrothermal fluid with a higher
Na/K ratio (e.g., Manning 1981). Though more recent
studies have interpreted late magmatic albitization as the
result of unmixing between Na-F-rich hydrosaline melts
and K-rich aluminosilicate melts (e.g., Badanina et al.
2004) and after melt-melt-fluid immiscibility (Miiller
et al. 2018), it does not seem to be appropriate for our
study case. At La Chinchilla, replacement albite evidently
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originated after interaction of a late granitic, Na-enriched
fluid with crystallized granitic/pegmatitic feldspars (e.g.,
Engvik et al. 2008). Progressive enrichment of Sn during
melt differentiation by fractional crystallization until the
precipitation stage of cassiterite during early micromiaro-
litic and late-miarolitic stages would have likely been fea-
sible due to rising concentrations of H,O and particularly
of F. Both volatiles could have decreased the viscosity
and increased the diffusivity in the melts in addition to
the formation of various stable fluoride complexes in the
melt and coexisting fluids, as demonstrated through melt/
fluid inclusion studies (e.g., Thomas et al. 2005, Thomas
& Davidson 2013). At La Chinchilla, F was readily avail-
able from the melt stage (e.g., 0.35 wt.% F in a whole-
rock porphyritic sample) to the hydrothermal/supergene
mineralization environment, as is particularly evident at
the T4 trench sheared pegmatite zone, where F-bearing
smectite group clays (likely montmorillonite, ~1 wt.% F)
occur in intimate association with indigenous carlosbar-
bosaite (i.e., carlosbarbosaite formed by the direct
replacement of an in situ previous Nb-bearing species,
to distinguish it from “transported” carlosbarbosaite,
which precipitates distanced from the Nb source).

Genesis of carlosbarbosaite

Atencio et al. (2012) described the occurrence of
carlosbarbosaite at the Jaguaragu pegmatite type local-
ity as a late stage cavity-filling species in albite, in close
association with zircon, muscovite, kaolinite, and colum-
bite-(Fe). These authors also recognized as probable car-
losbarbosaite a supergene species described by Abd
El-Naby (2008) in the Eastern Desert of Egypt, and
other previous findings in pegmatites from Cerro Blanco,
Tanti, Cordoba, Argentina (Arcididcono 1974, Arcidia-
cono & Bedlivy 1976a, b). Morello (2013a) and Morello
& Aparicio Gonzalez (2013) described an unknown
species from the La Chinchilla granite that was later
recognized as carlosbarbosaite (Morello 2013b). Morello
(2013b) pointed out that a few occurrences previously
described from other regions of the world also matched
that of carlosbarbosaite, i.e., Foord et al. (1999) in Min-
eral County, Nevada, USA, and Saulnier & Morello
(2002), in San Ignacio-Cumbre de los Pinos (Catamarca
and Tucuman provinces, Argentina). Saulnier & Morello
(2002) described their finding in a granitic pegmatite
body as thin alteration coatings on “columbite—tantalite”;
they also mentioned that the “U-Nb-Ta mineral” (i.e.,
carlosbarbosaite) occasionally occurs as an apparent
pseudomorphic replacement of possible “pyrochlore”
and as freely crystallized aggregates interlayered between
mica sheets. Recently, Anzil et al. (2022) described the
occurrence of carlosbarbosaite replacing “columbite and
tantalite”, and filling voids and biotite cleavages, in
another neighboring Carboniferous pluton of the NE
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region of the Velasco ranges (the Piedra Pintada or the
La Punta pluton).

At La Chinchilla, Bardelli et al. (2018) identified
two main modes of occurrence of carlosbarbosaite: (1)
disseminated in the porphyritic granite facies and (2)
concentrated in the border zone of a large miarolitic
cavity in the T4 trench. In both occurrences, its origin
was interpreted as a weathering product of primary
granitic accessory phases: [“oxyuranopyrochlore” and
columbite-(Fe)] in the first type, and after the pseudo-
morphic replacement of an unknown species [likely
columbite-(Fe)] in the second type. In this study we
confirm that carlosbarbosaite, in a partial replacement
reaction of columbite-(Fe) of mode of occurrence (1)
(i.e., sample WP195) was mistakenly defined as acces-
sory “oxyuranopyrochlore” by Bardelli et al. (2018), an
erroneously used term in the sense of “uranopyrochlore”
from Atencio et al. (2010); in fact, actually neither term
is accepted by the IMA. The term “oxyuranopyrochlore”
represents a theoretical U-rich endmember pyrochlore
group species (JUNb,O¢O), proposed to form a hypo-
thetic solid solution with the possible new species
“oxyuranobetafite” [([(y sU; 5)>Ti,0s0; Mokhov et al.
2008, Matyszczak 2018, Atencio 2021]. Carlosbarbo-
saite replacing columbite-(Fe) from sample WP195
occurs included in late phengitic muscovite that contours
micropegmatitic assemblages and in smoky quartz of the
porphyritic granite facies. Magmatic columbite-(Fe)
was classified based on the high Nb/(Nb+Ta) and Fe/
(Fe+Mn) ratios, derived through EDS analyses (Bar-
delli et al. 2018).

A common observation of Bardelli et al. (2018) is
that carlosbarbosaite occurs as a replacement phase of
carlier crystallized Nb minerals or, otherwise, as pre-
cipitated coatings or cavity-filling aggregates near the
Nb source. This was confirmed for disseminated car-
losbarbosaite in the normal granite facies that crystal-
lized as a pseudomorphic phase or precipitated at
micro- to millimetric distances from PGS and colum-
bite-(Fe) grains. In this sense, carlosbarbosaite distri-
bution mimics the random distribution of some of the
granite PGS and CGM accessory phases. The alter-
ation of members of the pyrochlore group by low to
high T hydrothermal fluids and by supergenic fluids is
well documented. The process is frequently favored
by metamictization operated by several substitution
mechanisms (e.g., Lumpkin & Ewing 1995 and refer-
ences therein, Wall et al. 1996, Nasraoui et al. 1999,
Nasraoui & Bilal 2000, Geisler et al. 2004, Zaitsev
et al. 2012). Besides dissemination, the second mode
of occurrence of carlosbarbosaite described by Bardelli
et al. (2018) was at the external zone of a miarolitic
pegmatite cut by the T4 trench. The authors distin-
guished groups of unknown idiomorphic crystals
completely transformed into aggregates of quartz-
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hematite-carlosbarbosaite-unidentified phases (their
Figure 7). The miarolitic pegmatite is traversed by a
brittle fault zone that produced brecciation and favored
supergene hydrolysis (strong argillitization and oxida-
tion) of both the pegmatite and enclosing porphyritic
granite mineral assemblages. It seems that under these
conditions some of the primary Nb-Ta-Ti-(=U?) oxide
phases were partially or totally dissolved and the soluble
compounds were transported farther distances (though
within a couple of meters), also probably favored by
enhanced permeability due to brecciation.

In this contribution we completed the study of Bar-
delli et al. (2018) identifying, moreover, a smectite
group species and fine-grained muscovite and provid-
ing WDS analyses of all the pseudomorphic compo-
nents (Fig. 11, Tables 5, 6, and 7). The completely
replaced species (no relics were found) occur in pris-
matic individual crystals up to 1.5 cm long (1 mm
thick), included in smoky quartz of the outer zone of
the pegmatitic core; some of these crystals are rooted
in strongly altered and leached K-feldspar. Idiomor-
phism of all unknown crystals suggests an orthorhom-
bic or less probable monoclinic symmetry, though not
confirmed. Its habit also permits the exclusion of PGS
as the primary phase, unless a PGS had earlier
replaced a previous species, as in the mineral associa-
tion described for sample 5307. However, an elemen-
tary mass balance calculation does not support the
resulting secondary mineral association as a pseudo-
morphic replacement product of a pyrochlore super-
group species. The most plausible candidate as a
primary species would be a member of the CGM, most
likely columbite-(Fe). Though variable, an average
mineral composition of the replacing association is
Nb-bearing hematite (30-40%), quartz (30-50%), car-
losbarbosaite (5—15%), muscovite (<10%), and smec-
tite group species (~5%). Silicification occurs in two
modes: (1) as large grains grown from the host smoky
quartz and in optical continuity with it, replacing the
possible CGM in a centripetal mode (Qz 1), or (2) as
polygranular patches of smaller quartz grains (Qz 2,
mosaic texture) within the replaced CGM host. The
whole amount of replacing quartz 1 and 2 can reach
~50% volume, in some sectors resembling ghost crys-
tals whose borders are delineated by hairlines within
the massive smoky quartz (Fig. 11a-b).

Any consideration of replacement leads to the need
to invoke reactions with late fluids. Host quartz shows
undulatory extinction and grain subdomains, as well as
numerous fluid inclusion-rich microfractures that cross-
cut the possible CGM crystals, suggesting intense fluid
activity during the hydrothermal stage of miarolitic evo-
lution. The formation of Nb-bearing hematite and carlos-
barbosaite could account, at least partially, for immobile
Nb (*Ta) preserved from the source, though most U and
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other elements present in carlosbarbosaite and in the
other associated silicates (i.e., Al, K, Mg, Ca) were most
likely related to the latest stages of strong silicification,
and even later, at much lower 7. Pseudomorphic hematite
occurs in euhedral tabular [0001] crystals mostly oriented
with their longest dimensions parallel to the elongation
of the CGM crystals, intergrown with quartz 2 in apparent
equilibrium with fine-grained muscovite (Fig. 11b, ¢, d).
However, carlosbarbosaite formed later than the hematite-
quartz-muscovite assemblage, filling intergranular voids
or intimately intergrown with “smectite clay” aggre-
gates and Fe-oxides/hydroxides derived from hematite
alteration.

We are unable to demonstrate in which thermal
interval carlosbarbosaite and clays did precipitate. The
fact that these pseudomorphs are practically occluded
in quartz and without any evidence of interaction with
supergene fluids supports a low-7 hydrothermal origin
for this occurrence type of carlosbarbosaite, namely
indigenous.

At the same locality (T4 trench), Morello (2013a)
and Morello & Aparicio Gonzalez (2013) found evi-
dence of another example of pseudomorphic replace-
ment of carlosbarbosaite after Nb-, Ta-bearing ilmenite
(Fig. 13a), with secondary anatase as a probable by-
product of the replacement reaction. EDS analyses did
not detect any U traces in ilmenite, and likewise, we
have no proof that U was present in the probable CGM;
this fact favors the interpretation that U could have
come into solution with the silica-rich alteration/replac-
ing fluids to form a type of indigenous carlosbarbosaite,
after entering in contact with a readily reactive CGM.
In fact, silica-rich U-bearing fluids were relatively com-
mon in the surroundings, as is evidenced by the pres-
ence of fracture-filling uranophane associated with
botryoidal silica in a few sites in the La Chinchilla
body, particularly where desilicification was impor-
tant, such as in some episyenite bodies (Morello 2009,
unpublished report; Colombo 2014, pers. commun.;
Bardelli ez al. 2018).

Pseudomorphic indigenous carlosbarbosaite also
occurs as a replacement phase of an unknown species
that only survives as relic metamictic features (sample
5031 from porphyritic granite, Fig. 13b). As inter-
preted from the composition of replacive carlosbarbo-
saite from this sample (Table 4b), particularly of the
cations hosted in the 4 site (K-Pb-REE-Na), subordi-
nately in the B site (W-P-Zr), and of F in the Y site,
this could likely feature a complete replacement of a
PGS precursor, whose original composition looks quite
different in terms of minor cations from the already
described hydroxycalciopyrochlores from sample 5307,
particularly its notorious enrichment in W. In this exam-
ple, as in any other in which carlosbarbosaite could have
formed after the replacement of any PGS precursor,
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significant differences arise when attempting to balance
the new distribution of Ta, as seen from the Nb/(Nb+Ta)
average ratio of 0.57 for pyrochlores, compared to nearly
Nb-endmember carlosbarbosaite with Nb/(Nb+Ta) that
ranges from average values of 0.89 to 0.96 (samples
5031 and T4 trench, respectively). Released Ta could be
partially balanced by late-formed tantite? (Ta,Os), alu-
motantite?, or Nb-free simpsonite, as ambiguously iden-
tified by Bardellli et al. (2019) by means of EDS
analyses. These Ta-oxides occur in anhedral grains (=50
pum) along intergranular contacts of late-formed quartz
and also as rims over possible gittinsite or calciocata-
pleiite. Accordingly, alumotantite was described as a
late, metastable phase by Voloshin ez al. (1982); tantite
is also described as late thin veinlets, lenticular segrega-
tions, or as an interstitial occurrence (Voloshin et al.
1983). No other Ta-rich/bearing species were found spa-
tially related to carlosbarbosaite formation to support
such Ta loss.

Bardelli et al. (2018) addressed some aspects of
Nb-(Ta) solubility in order to explain the spatial distri-
bution of transported carlosbarbosaite (disseminated
or concentrated in fault zones) without textural evi-
dence of in situ pseudomorphic replacement. Textural
evidence of transported carlosbarbosaite suggests a
lower T origin, likely supergenic. In such environ-
ments Deblonde ez al. (2015) concluded that the solu-
bilities of hydrated oxides like Nb,Os-nH,O(s) and
Ta,0s-nH,0(s) at 25 °C increased with pH, with Ta>"
being less soluble than Nb>" within the interval 8 <
pH < 12. Moreover, after the discovery of the first nat-
ural hexaniobate minerals, [NbsO;o]®~ (known as the
Lindqvist ion) formed at near-surface conditions, Friis
& Casey (2018) provided evidence that Nb can be
leached out of nearby primary minerals and easily
transported as polyoxometalate ions in aqueous media,
contradicting previous suppositions about Nb immo-
bility. Friis & Casey (2018) have also shown through
experimental data that the solubility of amorphous
Nb,Os-nH,0 increases by more than four orders of
magnitude in the pH range 7-12, a range found in mine
waters and experimentally altered feldspathoids from
the peralkaline Ilimaussaq rocks and waters from the
Kola Peninsula. In the fault zone at the T4 trench we
did not find any secondary species that could serve as
unequivocal evidence of crystallization under alkaline
conditions, however, miarolitic microcline and albite of
the outer intermediate pegmatite zone were strongly
dissolved and partially precipitated as a spongy skeleton
of low-T quartz (chalcedony variety, Fig. 14a). Hydro-
lytic alteration of feldspars could have driven local con-
centrations of alkalis into solution through fluid-mineral
reactions of the type:
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Fig. 14. (a) Fragment of miarolitic pegmatite at the T4
trench. Zonation shows the smoky quartz core which
includes pseudomorphic (indigenous) carlosbarbosaite
after probable CGM (shown in Fig. 7), idiomorphic,
leached, and silica-replaced K-feldspar crystals lining the
quartz-filled cavity, and part of the wall zone with trans-
ported carlosbarbosaite. Qz — quartz, Ccd — chalcedony,
Crlb — carlosbarbosaite, Wz — wall zone. (b) Micrometer-
thick yellowish coating of carlosbarbosaite on a fragment
of the border-wall zone of miarolitic pegmatite, close to
granite sample WP165; the left side of the sample shows
graphic texture and irregularly distributed booklets of
muscovite (phengite).

[KAISi;Os +4.5H,0 + H" < K" +2Si(OH),
+0.5A1,81,05(0H),]

and
[NaAlSi;Og +4.5H,0 + H «» Na® +2Si(OH),
+0.5A1,8i,05(OH),]

The products of these reactions could also explain
the pseudomorphic replacement of leached microcline
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crystals and cavity filling by chalcedony and clay min-
eral formation in the fault zone at T4 trench. Carlos-
barbosaite was preferentially concentrated away from
this internal feldspar leached zone, toward the wall or
border zone of the pegmatite in a muscovite (phen-
gite)-rich area (Fig. 14a-b). At this outer aureole, car-
losbarbosaite crystallized under oxidizing conditions,
associated with microcrystalline gypsum, Fe-oxide/
hydroxide, Mn-oxides, Bi-carbonates (bismuthite), and
Bi-vanadates (clinovisbanite and pucherite); both vana-
dates were likely derived from oxidation of pegmatitic
bismuthinite while the possible source of vanadium could
originate in accessory magmatic cheralite of the enclos-
ing porphyritic facies (Bardelli et al. 2018). The presence
of gypsum associated with transported carlosbarbosaite
could be related to the fact that Ca-bearing compounds
(Cl-, OH-) have been demonstrated to be efficient neu-
tralizers, able to precipitate Nb and Ta-bearing alkaline
solutions even at low concentration ranges and in a wide
spectrum of pH conditions (Deblonde et al. 2016).

Uranium origin and mobilization

Petrographic and mineralogical studies have demon-
strated that most accessory species (particularly the
HFSE-rich ones) are common to both the equigranular
and porphyritic granite types. These accessory species
include primary late magmatic and secondary hydro-
thermal phases; of these, U was found hosted only in
secondary hydroxycalciopyrochlore/hydroxycalciomi-
crolite. EDS analyses failed to detect the presence of U
in any of a few probed columbite-(Fe) crystals, as it
occurred with monazite-(Ce) present in micropegmatitic-
miarolitic domains (e.g., samples 5307b and O5-1), as
well as in many tested zircon crystals (some strongly
metamictic and altered, i.e., sample O5-1). Thus, the
enrichment of U in the equigranular granite would be
somewhat proportional to the increasing amount of
accessory, secondary U-bearing hydroxycalciopyro-
chlore/hydroxycalciomicrolite. This proportionality is
strongly supported by high positive Pearson’s correla-
tion coefficients between whole-rock contents of U and
Nb in the equigranular facies and, to a lesser extent, in
the porphyritic facies [i.e., 0.85 with data from Grosse
et al. 2009 and Dahlquist et al. 2010, and 0.55 with
data from Cuney (pers. commun.) and Bardelli et al.
2018]. Nevertheless, even considering the presence of
accessory U-bearing hydroxycalciopyrochlore/hydrox-
ycalciomicrolite as the main source of U in both main
granite facies, the uniform areal and vertical distribu-
tion of ~160 ppm U average and of concentrations of
economic significance of U in small, restricted areas
(e.g., up to 0.33 wt.% total U, 70% leachable), are due
to the formation of low-T7 hydrothermal/supergene car-
losbarbosaite. Carlosbarbosaite formed after the direct
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or indirect replacement of U-free columbite-(Fe) and
likely after U-bearing PGS in the granites, and also
after U-free Nb-bearing ilmenite and an unidentified
miarolitic species, likely a CGM in the faulted miaro-
litic pegmatite (T4 trench). Replacement of CGM by
PGS has been found in other NYF pegmatites of the
world (e.g., Prsek er al. 2010), and also marginal
replacements of samarskite group minerals by PGS,
particularly oxycalciopyrochlore, were described by
Pieczka et al. (2014) in the hybrid NYF + LCT
Julianna pegmatitic system at Pilawa Gorna, SW
Poland. Although not proved, this intermediate stage of
the transformation CGM — PGS, prior to carlosbarbo-
saite formation, could have occurred in a similar fash-
ion to how U-free monazite-(Ce) was partially replaced
by P-enriched hydroxycalciopyrochlore (i.e., sample
5307, pyrochlore type 2). As a matter of fact, the origi-
nal findings of Arcididcono (1974) and Arcididcono &
Bedlivy (1976a) in pegmatites of the Punilla district,
Cérdoba province (Argentina), showed poorly devel-
oped carlosbarbosaite as surficial, just micrometer-
thick coatings on minerals of the “columbite—tantalite”
series [i.e., columbite-(Fe), Galliski & Cerny 2006].
This might help understanding that any transformation
of a CGM into a PGS would ease, favor, or speed-up
carlosbarbosaite formation, otherwise only micrometer-
thick replacement crusts would be formed. The incom-
plete pseudomorphic replacement of U-free ilmenite
from the T4 trench suggests that at least part of the Nb
(*=Ta) was released from ilmenite, but U had to come
in solution, which could also have been the case for the
pseudomorphically replaced CGM, though an unknown
proportion of its U content could still have been part of
its original composition.

In the attempt to derive balanced chemical paths to
form carlosbarbosaite from U-free CGM [e.g., colum-
bite-(Fe)], U-free ilmenite, or U-poor PGS, we obtained
different unbalanced reactions, all of which require
U solubilized in an aqueous reactant fluid under oxidiz-
ing conditions to form carlosbarbosaite. If columbite-
(Fe) is taken as the precursor, the replacement reaction
involving a U-rich aqueous fluid necessarily forms an
Fe-oxide phase as by-product of carlosbarbosaite for-
mation. This would be supported by hematite associated
with carlosbarbosaite formation in the T4 trench. Simi-
larly, if ilmenite is the precursor phase, anatase and Fe-
oxides are formed as byproducts of the replacement
reaction, as reported in the T4 trench (Morello 2013a,
Morello & Aparicio Gonzalez 2013). In the cases of
carlosbarbosaite formed after the replacement of U-
free, Nb(*Ta)-bearing ilmenite and of columbite-(Fe),
both would essentially need U, and likely more Nb
(£Ta) in the situation of ilmenite, to be sourced by
such fluid. This U- and Nb-enriched fluid was active
later than the replacement stage of CGM and monazite
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by PGS, most likely as a residual, low-7" hydrothermal
fluid that might have collected U, Nb, and other HFSE
solubilized during earlier and higher 7 reactions produced
by the late-miarolitic F-Na-rich fluids that promoted albi-
tization. In this sense, the carlosbarbosaite-forming fluid
would likely represent a continuing expression of the
F-Na-rich high 7 fluid grading into a lower 7, less alka-
line, and more oxidizing fluid that ultimately might
have interacted with meteoric fluids. In summary, the
two different carlosbarbosaite compositions found so
far at La Chinchilla suggest that more different compo-
sitions could likely be found. These probable new com-
positions would be mostly reflected in variations of the
Nb/(Nb+Ta) ratios in the octahedral site but also in var-
iable contents of other trace or minor elements in the
Ca and U sites, dependent on the different compositions
of the precursor Nb-bearing phases and on the composi-
tion of the U(=Nb=Ta)-enriched fluid. It seems that
the formation of carlosbarbosaite imperatively depends
on the presence of pre-existing Nb-bearing oxide spe-
cies, which, independently of their Nb contents, may
exert a type of chemical control on the circulating
U(=Nb=Ta)-bearing fluid.

SUMMARY AND CONCLUSIONS

The Lower Carboniferous A-type La Chinchilla
granite pluton (~344.5 = 1.4 Myr) is composed of
two main granite facies: equigranular and porphyritic,
of distinctive mineralogy and geochemistry (likely two
synmagmatic bodies with independent evolutionary
trends).

Their most outstanding singularity is the extraordinary
amount of seriate miarolitic pegmatites from micrometric
to metric sizes, dominantly hosted in the equigranular
facies, which belong to the REE subclass, with close
affinities with the gadolinite-fergusonite type of the NYF
family.

The equigranular granite was more intensely affected
by late- to post-magmatic fluid-rock interaction than the
porphyritic unit. Both granite types underwent a variable,
though intense, degree of muscovitization that largely
transformed earlier crystallized micas of the siderophyl-
lite—polylithionite series into Li-muscovite and musco-
vite (phengites).

Evidence of cavity rupture and fluid loss likely
resulted from supercritical fluid overpressure in pockets.
After rupture, the remaining fluids were responsible for
strong albitization associated with fluorite deposition and
for Nb-Ta-U-Ti redistribution and hydrothermal replace-
ments of previous species by hydroxycalciopyrochlore +
cassiterite 2 and hydroxycalciopyrochlore that evolved
toward hydroxycalciomicrolite. Extremely F-rich polyli-
thionite is paragenetically associated with the Na-F-rich
replacement process. The increase of the Ta# in both
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secondary hydrothermal pyrochlore supergroup species
and cassiterite 2 supports Nb-Ta fractionation at much
lower temperatures than magmatic.

The occurrence of carlosbarbosaite at La Chinchilla
would be the second confirmed worldwide; its composi-
tion can be expressed as the ideal U-bearing, strongly
Nb-enriched endmember, ~two-fold enriched in Ca and
with lower Nb+Ta total content than the type locality.
Two main types of carlosbarbosaite were identified:
indigenous and transported; the first formed after pseu-
domorphic replacement of Nb(=*Ta)-bearing precursor
species, whereas the second type crystallized within a
few tens of centimeters away from the primary Nb
source as coatings or vug filling precipitates. For pseudo-
morphic carlosbarbosaite, a circulating U®" (+Nb=Ta)-
bearing fluid would be essential for its formation, though
some U could have also be sourced from the primary
Nb-bearing replaced phase; at least in one of the studied
cases a SiO,-rich fluid was involved in its formation.
Indigenous carlosbarbosaite seems to have crystallized
from a low-7" U-enriched hydrothermal fluid, likely an
evolved product from the higher 7, more alkaline, late-
miarolitic F-Na-rich fluids, whereas the transported vari-
ety is likely the result of precipitation from supergene,
oxidizing, and moderately alkaline fluids.

The La Chinchilla carlosbarbosaite mineralization
could become a new potential U and Nb ore source,
where a few favorable conditions may converge. Primar-
ily starting with the occurrence of an appropriate amount
of Nb(*Ta)-bearing accessory granite oxides, later on
dissolved or replaced by low-7 U™ (=Nb=*Ta)-bearing
hydrothermal fluids and ultimate weathering processes,
locally enhanced by fault zones.
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