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Topaz-bearing rhyolite lavas were erupted as domes and cryptodomes during the early history of the Late
Miocene Chivinar volcano, in Central Andes. These are the only topaz rhyolite lavas recognized in Central
Andes. Textural, mineralogical and geochemical data on the Chivinar rhyolites suggest that topaz crystallized
from strongly residual, fluorine-rich, peraluminous silicate melts of topazite composition before the complete
solidification of the lava domes. Crystallization of the rhyolitic magma began with sodic plagioclase and alkali
feldspar phenocrysts in the magma chamber, followed by groundmass quartz + alkali feldspar + minor sodic
plagioclase during dome emplacement, and terminated with quartz + topaz + vapour bubbles forming small
scattered miaroles. Fluorine partitioning into the fluid phase occurred only in the final stage of groundmass
crystallization. The magmatic origin of topaz indicates the presence of a fluorine-rich highly differentiated
magma in the early history of the Chivinar volcano and suggests the possibility of rare metals mineralizations
related to the cooling and solidification of a silicic magma chamber. A late fluid circulation phase, pre-dating
the andesitic phase of the Chivinar volcano, affected part of the topaz rhyolite lavas. The presence of Nb, Ta
andMnminerals as primary accessories in the rhyolites and as secondaryminerals in veins suggests a connection
of the fluid circulation phasewith the silicicmagmatic system. Although at the edge of the active volcanic arc, the
Chivinar topaz rhyolites are in correspondence of the transtensive Calama–Olacapato–El Toro fault system, sug-
gesting preferred extensional conditions for the formation ofmagmatic topaz in convergent settings, consistently
with evidence from other known cases worldwide.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Although more frequently interpreted as the product of post-
magmatic vapour-phase alteration (e.g.; Taylor, 2009), topaz is also a
rare primary constituent of magmatic rocks, originated by the crystalli-
zation of peraluminous and fluorine-rich silicic magmas (Agangi et al.,
2010; Lukkari, 2002; Scaillet and MacDonald, 2004). The silicate melts
enriched in fluorine have particular physical properties, i.e. low viscos-
ity and density (Aiuppa et al., 2009). These enhance the efficiency of the
petrogenetic processes, allowing segregation of unusually low fractions
of partial melt from the source, as well as favouring crystal-melt
fractionation during magma ascent. By that, fluorine (F) promotes the
production and release of very small volumes of felsic magma enriched
in a wide variety of incompatible elements (Keppler, 1993) and,
ghts reserved.
consequently, potentially related to economically interesting ore
mineralizations (e.g.; Burt et al., 1982; Xie et al., 2013).

In this paper we report the occurrence and themineralogical, petro-
graphic and chemical characteristics of rhyolitic lavas bearing topaz
from the Late Miocene Chivinar volcano, located in Central Andes
(Fig. 1; Koukharsky et al., 1991; Orlandi et al., 2011). While several
high-silica, topaz-bearing rhyolitic lavas of Cenozoic age have been
recognized in North America (western United States and Mexico;
Christiansen et al., 1986; Huspeni et al., 1984; Sinclair, 1986; Rodríguez-
Ríos et al., 2007), the Chivinar topaz rhyolites are, to date, the only
occurrence in the Andes of South America.

Owing to their location at the intersection of the Andean activemag-
matic arc with a major NW-striking fault system (Fig. 1A) and to their
peculiar mineralogy, the Chivinar rocks present a two-fold interest.
First, the knowledge of the petrogenetic processes responsible for the
composition of these lavasmay add new elements for the interpretation
of the genesis and evolution of magmas at the arc-back-arc boundary in
Central Andes (Acocella et al., 2011; Matteini et al., 2002). Second,
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understanding the origin of topaz in magmatic rocks may contribute to
explain mineralizations in rare, economically interesting elements (Xie
et al., 2013 and references therein). For both purposes, the determina-
tion of the primary (magmatic) vs. secondary (hydrothermal) origin
Fig. 1.Geological framework of the Chivinar volcanic complex. (A) Location of the studied areaw
the active magmatic arc. Miocene to Quaternary volcanism develops in the backarc along some
(B) Regional geologic map of the Puna plateau showing the location of the Chivinar volcano a
(C) Geologic map of the Chivinar volcano based on our new field mapping. Location of the sam
of topaz is crucial. This contribution presents the textural, mineralogical
and geochemical constraints to the magmatic origin of topaz in the
Chivinar rhyolite and proposes amodel for themagmatic crystallization
of topaz rhyolite.
ith respect of themorpho-structural units of the Central Andes. TheWestern Cordillera is
transverse NW-trending lineaments as the Calama–Olacapato–El Toro (COT) fault system.
t the boundary between the magmatic arc and backarc. SAC: San Antonio de los Cobres.
ples studied is shown.
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2. Geological framework

Cerro Chivinar is aMiocene volcano located in thewestern Puna pla-
teau of the Central Andes (24°14′S–67°27′W; 5125 m above sea level,
a.s.l.), at the intersection between the N–S trending active magmatic
arc (Western Cordillera) and the NW–SE trending Calama–Olacapato–
El Toro (COT) transtensive fault zone (Acocella et al., 2011; Salfity,
1985) (Fig. 1A and B). The COT fault zone coincides with a well-defined
volcanic belt, consisting of stratovolcanoes, lava domes and somemono-
genetic scoria centres and formed in the last 15 Ma. The composition of
the magmas erupted along the COT volcanic belt includes calcalkaline
magmas ranging from basaltic andesites to dacites and rhyolites, and
shoshonitic magmas erupted at the mafic monogenetic scoria centres
(Acocella et al., 2011 and references therein).

The geology of the Chivinar volcano has been never described in de-
tail. Themain geological featureswere formerly sketched inKoukharsky
and Munizaga (1990) and Koukharsky et al. (1991), reporting the oc-
currence of topaz in the rhyolitic lavas of the volcano. Our new geologic
field mapping shows that Chivinar is a polygenetic volcanic complex
built by three superposed and distinct eruptive packages (Figs. 1C and
2A). The oldest unit is made up of a cluster of topaz rhyolite lava
domes exposed on the N andW basal platform of the volcano, between
3500 and 4000 m a.s.l.. The following unit consists of radially emplaced
coarse dacite breccia and pumice deposits that resulted from lava dome
catastrophic destruction events. Finally, an andesite lava cone caps the
volcanic edifice. A K/Ar age of 9.0 ± 0.4 Ma was determined on andes-
ite of the Chivinar lava cone (Koukharsky and Munizaga, 1990). The
substratum of the volcano is represented by continental terrigenous
and evaporitic deposits of Late Eocene–Miocene age (Fig. 1B; Geste,
Pozuelos and Sijes Formations; Blasco et al., 1996; Jordan and Alonso,
1987). The most active tectonic systems are WNW–ESE trending
transtensive and extensional faults (Figs. 1 and 2), similarly to the
ones found along the eastern continuation of the COT (Acocella et al.,
2011). These systems seem also to control the preferred WNW–ESE
elongation of the volcano.

The Chivinar topaz rhyolites consist of a group of coalescent lava
domes that were extruded as small, endogenous lava domes and shal-
lowly emplaced intrusive domes and plugs (Fig. 1C). The lava emplace-
ment lacks of associated explosive products. Field evidence excludes the
association of the rhyolite with one or more caldera structures. Rhyolite
rests directly on or intrudes the Eocene–Miocene sedimentary substra-
tum (Fig. 2B). Intrusive and cooling histories of individual lava bodies
are locally constrained by lava textures, as marginal vitrophyres, flow-
banding and breccias, at the contact with host sediments. The remnant
domes range from 0.3 to 1 km in diameter and are up to 250 m high.
The rhyolite dome field makes up nearly one third of the volume of
the Chivinar complex.

At the end of the oldest Chivinar eruptive episode, the rhyolite
lavas were intensely deformed, eroded and altered. The pervasiveness
of the deformation and hydrothermal alteration contrasts with the
fresh younger breccias and lavas that make up the rest of the edifice,
suggesting that tectonism and fluid circulation followed by exogenous
weathering occurred prior to renewed construction of the edifice.
Fig. 2. Fig. 2. Field photos of volcanic features of the Cerro Chivinar volcanic complex.
Location of the studied samples is also shown. (A) The northern flank of the Cerro Chivinar
shows three superposed and distinct eruptive packages, from bottom: TR = topaz-bearing
rhyolite lava domes; Mb = dacite megabreccia and pumice deposits; Lc = andesite lava
cone. The red line is the trace of themajor NW–SE striking transtensive fault (white circles
indicate a sinistral kinematics). (B) Thewestern flank of the Cerro Chivinar shows the strat-
igraphic and intrusive relationships between the topaz-bearing rhyolite lava domes (TR)
and the Eocene–Miocene sedimentary substratum (Rp = red pelites; Gy = gypsum).
Af = alluvial fan. Red lines are the traces of the major NW–SE transtensive (white circles
indicate a sinistral kinematics) and NS transpressive striking faults.
3. Sampling and analytical methods

Three samples of the rhyolitic domes showing no macroscopic evi-
dence of alteration were selected for the preparation of polished thin
sections and for crushing and powdering. TG-9 rhyolite represents the
external part of a dome near the contact with the host evaporitic rock;
TG-10 and TG-16 come from the inner part of the coalescent dome clus-
ter (Figs. 1C and 2). Also, three samples of the rhyolites were collected
from outcrops showing hydrothermal alteration evidence, to evaluate
the relationships between the primary and secondary mineralogy.
Finally, representative samples of the Chivinar dacites and andesites
capping the volcanic edifice were selected for comparing themajor ele-
ments composition with the silicic lavas.

Whole-rock X-ray fluorescence (XRF) analyses of major oxides
were done on fused samples with an ARL 9400 XPp instrument at the
Dipartimento di Scienze della Terra, University of Pisa, Italy. Accuracy is
4–7% for concentrations b1 wt.%, 2–4% for concentrations 1–10 wt.%,
1% for concentrations N10 wt.%. Trace-element analyses and Loss on
Ignition determinations were carried out on powdered rock samples at
Als Laboratories, Seville, Spain.

Microanalytical data were collected on polished and carbon-coated
rock sections with a Philips XL30 scanning electron microscope
equipped with microanalysis EDAX (standard-less software DXi4) at
Dipartimento di Scienze della Terra, University of Pisa, Italy (accelera-
tion voltage 20 kV, beam current 5 nA, live time 100 s). The accuracy
is better than 0.5% if abundance is N15 wt.%, 1% if abundance is around
5 wt.%, and better than 20% if abundance is around 0.5 wt.%.

Mineral separationswere carried out to investigate the heavyminer-
al fraction by means of SEM–EDS with the above described facilities.
XRD analysis of selectedmineral grainswas carried out at Dipartimento
di Scienze della Terra, University of Pisa with a Gandolfi camera
(114.6 mm in diameter) and CuKα radiation.

image of Fig.�2
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4. Petrography and mineral chemistry

The Chivinar rhyolites are characterized by a very homogeneous
white to creamy white colour. The hand samples show porphyritic
texture, with about 10% in volume of transparent phenocrysts, 0.5 to
3 mm in size, rare coloured minerals, b1 mm in size, and very fine
voids. Neither xenocrysts nor xenoliths from the andesitic magmatic
system have been found in the silicic lava samples.

The phenocrysts are plagioclase, consisting of euhedral stubby oligo-
clase with moderate direct zoning, and sanidine, with low 2 V angle
(15–20°), with elongated lath shape and lower size than plagioclase
(Figs. 3 and 4A–B; Table 1). In sample TG-9, oligoclase is the only
phenocryst.

The groundmass of the Chivinar rhyolites is holocrystalline and
shows a fine-grained (40–100 μm), isotropic granular texture, consisting
of equant subidiomorphic quartz, alkali feldspar and sodic plagioclase
(Fig. 4B–C). The quartz microlites locally show rounded corners.

Trails of minute vapour-rich secondary fluid inclusions cross-cutting
phenocrysts are rather common (Fig. 4A). The groundmass crystals
mainly host solid inclusions of accessory minerals and minute vapour-
rich inclusions of primary formation.

Voids, mainly 50–200 μm in size, are disseminated in the lavas.
The void boundaries are irregular, following the boundaries of the
rock crystals, which sometimes protrude into the void.

The composition of plagioclase phenocrysts is quite constant,
with modest direct zoning An15Ab79–An10Ab85, and the groundmass
microlites have the same composition of the phenocryst's rims. The
composition of alkali feldspar covers the range of Or65Ab35–Or51Ab47
from phenocrysts to groundmass microlites (Fig. 3). The alkali feldspar
crystals in the groundmass show subtle lamellae of Na-rich feldspar,
0.5–1 μmthick (Fig. 4D), developing preferentially from the rim inward.

The average volume proportions of quartz, plagioclase and alkali
feldspar in the rocks are 36 ± 2, 14 ± 3 and 49 ± 2 vol.%, respectively,
determined with image analysis using microphotos and backscattered
electrons SEM images (ImageJ version 1.42q). Several other minerals
occur in b3 vol.% to trace amounts, including topaz, magnetite, both in-
terstitial and included in quartz, ilmenite, a F-bearing tri-octahedral
mica (montdorite/fluor-phlogopite; see Table 1), calcic amphibole,
zircon and xenotime-Y. Zircon and xenotime-Y are commonly included
in feldspar phenocrysts (Fig. 4B). In addition, topaz, zircon and xenotime
sometimes show crystallization with idiomorphic terminations in voids
(Fig. 4E–F).
Ab

An

phenocrysts, core

topazr hyolite lavas:

phenocrysts, rim

groundmass

phenocrysts of the rhyolitic
lavas in the alteration zone

Or

Fig. 3. Composition of feldspars of the topaz rhyolites reported in the ternary An
(anorthite)–Ab (albite)–Or (orthoclase) diagram. The composition of the primary
feldspars of the rhyolitic lavas in the alteration zone is also reported.
Other accessories have been identified in the heavymineral fraction
(see below). In sample TG-9, muscovite-like di-octahedral mica min-
erals are disseminated as clusters of fine-grained flakes in the ground-
mass of the lava (Table 1; Fig. 4H).

Topaz is easily encountered in the samples TG-10 and TG-16,while it
is sporadic in TG-9; it occurs in thematrix in association with quartz, or
forms glomeroporphyritic aggregates of acicular crystals as described in
Arizona ongonites (Kortemeier and Burt, 1988). In samples TG-10 and
TG-16 it concentrates in particular in correspondence of clusters of
voids (e.g.; Fig. 4C–G), with both allotriomorphic and idiomorphic
crystals.

The heavy mineral concentrates of the Chivinar topaz-bearing
samples reveal a variety of accessory minerals in the fraction with
density higher than 2.9 g/cm3, which represent between 1 and 2 wt.%
in the studied samples. The most abundant mineral phase is topaz,
representing around 50% by weight of the heavy fraction (Fig. 4F),
followed by a Nb-rich rutile variety. Monazite-(Ce), xenotime-(Y, REE),
an Fe-bearing tourmaline variety, zircon (with Th, U and Hf) and Mn-
garnet (spessartine) are present in trace amounts. All these mineralogi-
cal phases have been identified by SEM–EDS semi-quantitative chemical
analyses (Table 1). The content of Nb in the presumed rutile resulted re-
markably high; therefore, the identification was confirmed by an X-ray
powder pattern collected with a Gandolfi camera.

In the samples from the outcrops affected by hydrothermal alter-
ation, the rhyolitic lavas show the same primarymineralogy and texture
of the unaltered samples. They are porphyritic, with millimetric plagio-
clase and sanidine phenocrysts in a quartz-feldspathic groundmass.
The secondary minerals are both disseminated and in veinlets that
stand out for their dark green to black colour (Fig. 4I–J) and include
Mn-bearing silicates (Mn-bearing sodic amphibole and sodic pyroxene),
Mn-bearing Fe–Ti oxides of the magnetite and ilmenite series, Mn-
bearing apatite and Nb–Ta-bearing rutile (Table 2). Secondary alkali
feldspar occurs in the host rock at the vein contact (Table 2). In some
places, instead, alteration resulted in complete leaching of feldspars
and silicification, with the resultant rock composed of relict fine-
grained quartz and scattered Nb–Ta-bearing rutile and secondary silica
phases.

The rocks of the Chivinar volcanic units following the rhyolitic lava
domes are mainly andesitic lavas and minor pumiceous deposits. They
are porphyritic, with phenocrysts of plagioclase and hornblende,
minor orthopyroxene and scarce clinopyroxene, biotite and Fe-oxides
in a groundmass made of the same mineral phases and a variable
amount of glass. The least evolved andesite samples show abundant
olivine phenocrysts with iddingsite rims.

5. Whole-rock major and trace element composition

The composition of the Chivinar topaz-bearing lavas falls in the TAS
diagram in the rhyolite field, with a Na2O + K2O around 8 wt.%
(Fig. 5A) and K2O/Na2O = 1 (Table 3). The rhyolites with silica around
75–77 wt.% are peraluminous and corundum appears in their CIPW
norm, while the TG-9 rhyolite with 74 wt.% SiO2 is metaluminous.
The composition of other volcanic rocks forming the Chivinar volcanic
complex is remarkably different, ranging in silica from 59 to 63 wt.%
(Fig. 5A): the pumice clasts in the pyroclastic breccias are dacites and
the final lava flows are andesites, belonging to the high-K calcalkaline
series.

A comparison of the Chivinar rhyolites with other topaz-bearing si-
licic rocks indicates similarly high Rb, Th, U, Pb, and Y but even higher
Nb, Ta, while the LREE values are lower (e.g.; Christiansen et al., 1983,
1986, 2007; Lukkari, 2002; Rodríguez-Ríos et al., 2007) (Fig. 5B, C).
The REE patterns are notably flat, with (La/Yb)n = 2.5, and display a
strong Eu negative anomaly, with Eu/Eu* = 0.11 (Fig. 5B).

The Chivinar rhyolites have the same geochemical characteristics
(P2O5 b0.1 wt.%, Al2O3 b14.5 wt.%, SiO2 N73 wt.%) of the low-P2O5 sub-
type of topaz-granites after Taylor and Fallick (1997), and of low-P2O5

image of Fig.�3


Fig. 4. Petrographic thin section photos with crossed nicols (A, B) and backscattered electrons SEM images (C…J) of Chivinar topaz rhyolite samples. A. Fluid inclusion trails in plagioclase
phenocryst (arrow shows an example). B. Sanidine phenocryst and zircon, xenotime accessories in the holocrystalline, equant, quartz–feldspathic groundmass. C. Topaz concentration with
voids. D. Cryptoperthitic lamellae in alkali feldspar in the topaz rhyolite, testifying the final slow cooling phase of the lava dome; note the homogeneous core, representative of a former crys-
tallization step at higher temperature. E. Zircon in void, in epitaxis with xenotime. F. Topaz, with syntaxial growth. G. Textural relationships between topaz and quartz (arrow indicates quartz–
topaz contact). Note the frequent fluid inclusions in topaz. H. Di-octahedral mica flakes in the groundmass of Chivinar rhyolites, sample TG-9. I. Detail of veinlet in Chivinar rhyolite. Secondary
minerals in vein are Mn-bearing amphiboles and Nb-bearing oxide. J. Detail of the rhyolite hosting veinlet in I: note the disseminated Nb–Ta–Ti oxides, compared to the rhyolite lava in C.
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Table 1
Representative EDS analyses of primary minerals in the Chivinar rhyolitic lavas.

Sample TG-16 TG-16 TG-16 TG-16 TG-16 TG-16 TG-9 TG-16 TG-16 TG-16 TG-16 TG-16 TG-9

pl pl pl pl pl pl pl pl pl Kf Kf Kf Kf

Wt.% Core Rim Core Rim Core Rim Core grm grm Core grm grm grm

SiO2 64.37 65.38 64.09 65.90 63.46 65.46 63.61 65.30 64.76 65.29 65.70 65.52 65.12
Al2O3 22.49 21.71 22.70 21.58 23.11 22.03 23.02 21.80 22.67 19.53 19.49 19.43 19.36
FeO bdl 0.15 bdl 0.07 0.14 bdl bdl bdl 0.26 bdl bdl 0.20 0.07
CaO 2.86 1.86 3.15 1.99 3.28 2.07 3.42 2.32 2.40 0.14 0.37 0.36 0.24
Na2O 9.48 9.90 9.06 9.59 9.15 9.59 9.03 9.89 9.26 3.94 5.50 5.23 3.62
K2O 0.81 1.00 1.01 0.86 0.85 0.85 0.92 0.69 0.65 11.11 8.94 9.26 11.60
An 13.63 8.87 15.18 9.77 15.73 10.13 16.40 11.03 12.04 0.68 1.76 1.73 1.16
Ab 81.77 85.45 79.02 85.20 79.41 84.92 78.35 85.07 84.08 34.78 47.47 45.39 31.80
Or 4.60 5.68 5.80 5.03 4.85 4.95 5.25 3.90 3.88 64.53 50.77 52.88 67.04

Sample TG-16 TG-16 TG-16 TG-9 TG-9 TG-16

Garnet Garnet Tri-oct. mica Di-oct. mica Di-oct. mica Topaz
Wt.% Wt.% Wt.%

SiO2 37.15 34.9 SiO2 41.90 51.74 51.01 SiO2 33.55
Al2O3 20.92 20.86 TiO2 0.99 0.08 0.22 Al2O3 49.32
FeO 15.81 16.34 Al2O3 20.71 31.18 31.22 Fa 17.13
MnO 24.11 25.82 FeO 13.39 1.82 1.78
MgO 1.54 1.36 MnO 4.06 0.12 0.11
CaO 0.47 0.72 MgO 7.92 3.79 3.84

Na2O bdl 0.66 0.5
[AlVI. Fe2+] 4.04 3.85 K2O 11.04 10.61 11.32
[Mn. Mg. Ca] 5.92 6.34

a Semi-quantitative; bdl: below detection limit. Pl: plagioclase; Kf: alkali feldspar; grm: groundmass.
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granites from Central Europe and Scandinavian described by Breiter
(2012) and Lukkari (2002). The low P2O5 in the Chivinar topaz rhyolites
is in agreement with the absence of apatite as accessory (all Ca contrib-
uted to plagioclase) and contributes to distinguish these silicic magmas
from S-type peraluminous magmas, suggesting a derivation by partial
melting of an igneous protolith rather than of a pelitic one. In the dis-
crimination diagram suggested by Whalen et al. (1987) for granites,
the Chivinar topaz rhyolites fall in the field for intraplate settings
(Fig. 6). The North America topaz rhyolites show the same major
element characteristics and similarly high Nb content and Nb/Y value
(Fig. 6), and are explained with melting of continental crust previously
intruded by mafic magmas with an intraplate signature (Christiansen
et al., 2007; Rodríguez-Ríos et al., 2007).

6. Discussion

Whether topaz has a late magmatic (primary) or hydrothermal
(secondary) origin has been a matter of discussion for several silicic
igneous complexes. There is abundant petrographic evidence for topaz
having formed as a liquidus phase in many topaz granites (Lukkari,
2002; Taylor, 1992) and, also, in sub-volcanic rhyolites (Xie et al.,
2013). Indeed, the occurrence of melt inclusions in topaz has been
taken as a proof of a magmatic origin for topaz hosts (Eadington and
Nashar, 1978). Nevertheless, topaz is a frequent greisen mineral and
in granites it has often been considered a sub-solidus replacement
phase linked to autometasomatic processes, i.e. to alteration by the
last water-rich fluid trapped within the rock, or to external fluids
(Kleeman, 1985; Manning and Exley, 1984). Sometimes, it is developed
in miarolitic cavities of granites and pegmatites as a late vapour phase
(e.g.; Colombo et al., 2009; Williamson et al., 1997).

6.1. Textural and compositional evidence for a primary crystallization of
topaz in the Chivinar rhyolite

The topaz crystals in the Chivinar rhyolitic lavas show different
modes of occurrence. Two of these suggest igneous textural relation-
ships: (a) in correspondence of concentration of voids, topaz forms
anhedral/subhedral grains in association with quartz (Fig. 4C–G);
(b) scattered in the matrix, topaz forms glomeroporphyritic elongate
grains, again in association with quartz but without a noticeable
concentration of voids. A third mode of occurrence (c) is within voids,
where it shows idiomorphic terminations (Fig. 4F) indicating crystalli-
zation in fluid-filled cavities. Topaz is never associated to secondary
minerals; indeed, the Chivinar rhyolites lack any evidence of replace-
ment of primary minerals by secondary phases out of the alteration
zone (i.e. no albite, sericite or topaz replacing plagioclase and alkali feld-
spar). White mica is frequently encountered in sample TG-9, but it is
never found in replacement of feldspars; rather, it is interstitial in the
groundmass, suggesting crystallization from the residual melt. More-
over, the miaroles in all the samples are never lined or filled by second-
ary phases. Thus, all topaz occurrences in the Chivinar rhyolite belong to
the final phases of magmatic crystallization of the rhyolitic magma.

From the point of view of the chemical composition, the presence of
magmatic topaz requires a fluorine-rich and peraluminousmelt. Gener-
ally, in the final stages of differentiation, rhyolitic magmas may become
volatile-rich, particularly in halogens.While chlorine tends to be charac-
teristic of peralkaline rhyolites, fluorine (and a high F/Cl) is characteris-
tic of peraluminous rhyolites (Scaillet and MacDonald, 2004; and
references therein). Fluorine tends to remain in the silicate melt until
late in the magma differentiation process, having a low Dfluid/melt

(0.15–0.04 is reported in peraluminous melts, see Baker and Alletti,
2012) and is not lost into the volatile phase until very low pressures
(Aiuppa et al., 2009). Thus, the F content of the final Chivinar rhyolite
melt was presumably very high, also in the presence of an exsolved
aqueous phase. At this stage, the peraluminous composition of the
Chivinar rhyolite and the subtraction of most Ca from melt by the
former crystallization of plagioclase phenocrysts, favoured the crystalli-
zation of topaz in respect to fluorite. Therefore, the chemistry of the
Chivinar rhyolite is in agreement with the interpretation of topaz as a
primary, late magmatic phase.

Since topaz occurs in the groundmass, when it crystallized from
the residual melt an aqueous fluid phase was already exsolved. This is
demonstrated by the presence of fluid inclusions in crystals, also. The
F vapour/melt partition coefficient depends on F abundance: concentra-
tions as high as ≥7–8 wt.% F in melt will result in F preferentially
partitioning into the fluid phase (Carroll and Webster, 1994; Dolejš



Table 2
Representative EDS analyses of secondary minerals in the Chivinar altered rhyolitic lavas.

a

Sample 18589 18589 18589 18589 18589 18589 18589 18589

Primary feldspars Secondary feldspars

grdm grdm c r r Vein Vein Vein

SiO2 65.84 66.09 65.49 65.33 65.58 65.72 65.66 65.79
Al2O3 19.08 19.24 19.34 19.87 19.67 19.41 19.76 19.12
FeO 1.44 bdl 0.14 0.06 0.05 0.34 0.09 0.25
CaO bdl bdl bdl bdl 0.13 0.06 0.24 bdl
Na2O 5.25 4.81 4.26 4.97 4.99 4.93 5.75 4.75
K2O 8.39 9.86 10.77 9.77 9.58 9.54 8.5 10.09

100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Recalculated based on 8 oxygens
Si 2.97 2.98 2.97 2.95 2.96 2.97 2.96 2.98
Al 1.02 1.02 1.03 1.06 1.05 1.03 1.05 1.02
Fe 0.05 0.00 0.01 0.00 0.00 0.01 0.00 0.01
Ca 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00
Na 0.46 0.42 0.37 0.44 0.44 0.43 0.50 0.42
K 0.48 0.57 0.62 0.56 0.55 0.55 0.49 0.58
An 0.00 0.00 0.00 0.00 0.63 0.29 1.16 0.00
Ab 48.75 42.58 37.55 43.60 43.91 43.86 50.11 41.71
Or 51.25 57.42 62.45 56.40 55.46 55.84 48.74 58.29
c: core; r: rim; grdm: groundmass; bdl: below detection limit.

b

Sample 18589 18589 18589 18589 18589 18589 18589 18589

Vein Vein Vein Vein Vein Vein Vein Vein

Mn-bearing sodic
amphibole

Mn-bearing sodic
amphibole

Mn-bearing sodic
amphibole

Mn-bearing
sodic pyroxene

Mn-bearing
sodic pyroxene

Mn-bearing
sodic pyroxene

Mn-bearing
sodic pyroxene

Mn-bearing
sodic pyroxene

SiO2

(wt.%)
58.96 58.08 58.63 53.93 53.45 55.28 54.31 54.34

TiO2 bdl bdl bdl bdl bdl bdl bdl bdl
Al2O3 0.91 0.42 0.61 0.28 0.25 0.83 0.75 0.87
FeO 19.29 21.26 21.26 29.07 27.3 29.04 26.74 28.06
MnO 4.82 5.97 5.55 4.14 6.53 2.8 5.27 4.21
MgO 6.36 4.52 4.45 0.2 0.97 0.38 0.77 0.68
CaO 0.26 0.56 0.63 3.18 4.35 0.56 3.75 2.03
K2O 8.45 8.46 8.16 9.2 7.15 11.11 8.42 9.81
Na2O 0.96 0.72 0.71 bdl bdl bdl bdl bdl
Total 100.01 100 100 99.99 100 100.01 100 100.00

Cations recalculated on the basis of 23 oxygens Cations recalculated on the basis of 6 oxygens
Si 8.54 8.56 8.62 2.08 2.09 2.09 2.10 2.08
Al vi 0.15 0.07 0.11 0.01 0.01 0.04 0.03 0.04
Fe3+ 0.13 0.06 0.01 0.51 0.34 0.59 0.40 0.53
Fe2+ 2.21 2.56 2.61 0.43 0.55 0.33 0.46 0.36
Mn 0.59 0.75 0.69 0.14 0.22 0.09 0.17 0.14
Mg 1.37 0.99 0.97 0.01 0.06 0.02 0.04 0.04
Ca 0.04 0.09 0.10 0.13 0.18 0.02 0.16 0.08
Na 2.37 2.42 2.32 0.69 0.54 0.82 0.63 0.73
K 0.18 0.13 0.13 0.00 0.00 0.00 0.00 0.00
bdl: below detection limit

c

Sample 18589 18589 18589 18589 18589 18601 18601 18601

Fe–Mn–Ti
oxide

Fe–Mn–Ti
oxide

Mn-bearing
phillosilicate

Mn-bearing
phillosilicate

Mn-apatite Nb–Ta-bearing
rutile

Nb–Ta-bearing
rutile

Nb–Ta-bearing
rutile

SiO2 (wt.%) 40.83 41.92
TiO2 2.98 6.86 2.48 1.96 61.71 56.96 55.82
Al2O3 3.23 bdl 18.67 20.25
FeO 82.39 83.54 11.08 9.62 15.53 17.08 14.57
MnO 11.02 8.18 5.68 5.36 7.21
MgO 0.38 bdl 9.76 9.76
CaO 59.07
K2O 10.36 10.34
Na2O 0.49 0.6
P2O5 33.73
ZnO bdl 1.41 0.66 0.2
Nb2O5 18.72 23.73 23.77
Ta2O5 4.05 2.23 4.74
Total 100.00 99.99 100.01 100.01 100.01 100.01 100.00 98.90

bdl: below detection limit.
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Table 3
A. Whole rock major element composition and CIPW norm of the analyzed Chivinar rocks.
ASI: Alumina Saturation Index, molecular [Al2O3] / [CaO] − 1.67 ∗ [P2O5] + [Na2O] + [K2O].
B Trace element composition of the Chivinar topaz rhyolites.
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and Baker, 2007; Webster, 1990). Such high concentrations are not
common in nature, but could have been achieved in the very residual
melt of the Chivinar rhyolite, allowing F escape into the vapour phase.
This explains how crystallization of topaz could continue into the
fluid-filled bubbles (Fig. 4F).

6.2. Crystallization history of the Chivinar topaz rhyolites

The composition of the Chivinar topaz rhyolite rocks, with very low
Sr and Ba and high Rb and Nb, indicates that the melt was highly
Fig. 5. A. Composition of the Chivinar rhyolites (open circles) reported in the TAS diagram
(total alkali vs. silica, le Bas et al., 1986) and compared with the fields for topaz rhyolites
from Christiansen et al. (2007) (light grey) and from Rodríguez-Ríos et al. (2007) (dark
grey); the dashed line divides alkaline and subalkaline rocks after Irvine and Baragar
(1971). The Chivinar andesitic rocks are also reported as black dots. B. Rare Earth Element
patterns of theChivinar topaz rhyolites normalized to chondrite after Sun andMcDonough
(1989). Symbols and fields as in Fig. 5A. C. Multielement spider diagrams of the Chivinar
topaz rhyolites normalized to Primitive Mantle after Sun and McDonough (1989).
Symbols and fields as in Fig. 5A.
differentiated. The low phenocryst content of the Chivinar rhyolitic
lavas suggests a low liquidus temperature, due to the presumably high
F content of the silicicmelt. The presence of two feldspars in equilibrium
indicates subsolvus crystallization, in agreement with high P-fluid
(Fig. 7). The magmatic garnet with N20 wt.% MnO indicates a relatively
a

Sample TG 17 TG 11 TG 18 TG 14 TG9 TG16 TG10

SiO2 (wt.%) 59.85 60.74 62.14 63.78 74.68 76.43 76.49
TiO2 0.96 0.88 0.73 0.75 0.06 0.05 0.05
Al2O3 16.98 16.92 16.84 16.20 14.16 14.41 14.42
Fe2O3 tot. 7.06 6.80 6.08 5.55 0.39 0.23 0.20
MnO 0.13 0.12 0.10 0.10 0.01 0.02 0.02
MgO 3.03 2.81 2.37 2.48 0.30 0.05 0.08
CaO 6.50 6.11 5.69 5.19 1.42 0.54 0.50
Na2O 2.96 3.05 3.32 2.89 4.25 4.08 4.00
K2O 2.19 2.26 2.42 2.79 4.64 4.10 4.15
P2O5 0.33 0.31 0.31 0.28 0.08 0.09 0.09
LOI 0.78 1.34 1.55 2.50 1.65 0.87 0.93
ASI 0.91 0.93 0.93 0.96 0.98 1.20 1.21
q 14.1 15.15 16.21 20.13 28.9 36.0 36.4
pl 52.0 51.93 52.29 47.65 41.8 36.6 35.7
or 13.0 13.41 14.36 16.55 27.5 24.2 24.5
c 0.0 0.0 0.0 0.0 0.0 2.5 2.7
di 3.0 2.10 1.93 0.75 0.5 0.0 0.0
hy 13.9 13.51 11.76 11.23 0.8 0.3 0.3
il 1.8 1.69 1.39 1.42 0.1 0.1 0.1
mt 1.6 1.49 1.33 1.61 0.2 0.1 0.1
ap 0.8 0.72 0.72 0.65 0.2 0.2 0.2
Fe2O3 tot.: all Fe recalculated as Fe2O3

b

Sample TG10 TG16

Ba (ppm) 15.3 14.7
Co b0.5 0.6
Cr 10 b10
Cs 3.71 4.16
Cu b5 9
Ga 34.5 33.3
Hf 2.1 2.2
Mo b2 b2
Nb 113 111
Ni b5 b5
Pb 13 14
Rb 419 426
Sn 2 1
Sr 17.1 16.2
Ta 11.7 11.8
Th 11.8 12.25
Tl 1.7 1.7
U 6.47 6.63
V 5 b5
W 3 3
Y 24.9 24.5
Zn 23 27
La 6.8 7.2
Ce 14.6 15.8
Pr 1.98 2.11
Nd 7.6 8.1
Sm 2.91 3.01
Eu 0.11 0.11
Gd 3.18 3.29
Tb 0.68 0.7
Dy 4.36 4.3
Ho 0.72 0.73
Er 1.93 1.93
Tm 0.29 0.29
Yb 1.78 1.87
Lu 0.21 0.22
(La/Yb)n 2.46 2.48
Eu*/Eu 0.11 0.11

image of Fig.�5


Fig. 6. Chivinar topaz rhyolites plotted in the discrimination diagram for intraplate setting
after Whalen et al. (1987). Open circles are Chivinar topaz rhyolites from this work
(the two samples nearly coincide); light grey field is topaz rhyolites from Christiansen
et al. (2007), white field is from Rodríguez-Ríos et al. (2007), dark grey field is from Xie
et al. (2013).
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low crystallization pressure, b300 MPa, according to experimental and
geological reconstructions in peraluminous plutons (Miller and
Stoddard, 1981 and reference therein). Therefore, the storage pressure
of the rhyolitic magma can be assessed at 300–400 MPa.

The crystallization temperature in the magma chamber, estimated
from the phenocrysts – oligoclase and sanidine – composition, is 720–
730 °C for 4 wt.% H2O, according to the geothermometer of Putirka
(2008) for a pressure of 300–400 MPa. As a comparison, 775 + 40 °C
to 800 °C was calculated for Taylor Creek rhyolite, based on two feldspar
equilibria and the Fe-oxides geothermometer (Duffield and Brey, 1990).
The same authors estimated 700 °C to 800 °C for crystals in miarolitic
cavities of Taylor Creek lava.

Quartz, sanidine and plagioclase form the groundmass crystallizing
assemblage, whose nucleation was in response to magma ascent,
Fig. 7. The “granite” system (Qz–Ab–Or) with the composition of Chivinar topaz rhyolite
rocks (open circles). The solid line indicates the quartz–feldspar cotectic and theminimum
melt composition at 1 kbar, H2O-saturated conditions (Tuttle and Bowen, 1958). The
arrow shows the eutectic variation for F added to the haplogranite composition (Johannes
and Holtz, 1996; and references therein). Grey field is topaz rhyolites from Christiansen
et al. (2007) and white field is topaz granites from Taylor and Fallick (1997).
decompression and fluid exsolution. The size, shape and mutual rela-
tionships of the groundmass crystals, lacking the skeletal microlites in-
dicative of high undercooling, suggest a moderate nucleation rate, as
well as moderate growth rate in response to a rather slow cooling of
the interior of the domes. Exsolution of an aqueous fluid, evidence of
which remains in the abundant primary fluid inclusions in the late
groundmass crystals (particularly in topaz) and in the trails of second-
ary fluid inclusions in the phenocrysts (Fig. 4A), began early during
magma ascent, but was important at the late stage of groundmass
crystallization. The absence of glass and of devitrification textures is in
agreement with the low viscosity of the final F-rich melt, allowing
element diffusion and complete groundmass crystallization during the
final stages of cooling of the lava domes. The isotropic texture of the
rocks indicates that crystallization took place without flowing of
magma, that is after the dome emplacement.

During the slow cooling above the solidus, crystallization of the
groundmass crystals (quartz, sanidine, sodic plagioclase) forced the
melt composition to a very residual chemistry. The F-rich and low-
viscosity interstitial melt could migrate through the microlite frame-
work (Fig. 8), in a similar way to the gas filter-pressing process forming
segregation vesicles in basaltic dykes (Sanders, 1986). This mechanism
permitted the formation of the quartz + topaz + vapour bubbles con-
centrations, similar to themiaroles that form in felsic fine-grained intru-
sions crystallizing at shallow crustal levels (Fig. 8). This was because the
composition of the local residual magma attained high fluorine content,
resulting in moving the eutectic composition and enlarging the quartz
field (Fig. 7). The residual melt at this point was probably of topazite,
rather than ongonite, composition (i.e.; Kortemeier and Burt, 1988),
and the fluorine content was high enough to allow F partitioning into
the vapour phase and crystallization of vapour-phase topaz (Fig. 8).

The fact that the miaroles have irregular shapes, controlled by the
crystals already present in the groundmass, is in agreement with
their formation during a late stage release of volatiles (Vernon, 2004;
Agangi et al., 2010). Besides topaz, quartz and sporadic other minerals
concluded their crystallization in the fluid-filled vesicles by precipita-
tion from the vapour phase (Candela and Blevin, 1995) (Fig. 8).

The rounded shape shown by quartz crystals in the groundmassmay
be due to the high volatile content of thefinal interstitialmelt, inhibiting
crystallization. Alternatively, taking into account that quartz shows re-
sorption while feldspars do not, and that the field of stability of quartz
was expanded at the expenses of feldspars by the presence of fluorine,
we propose that the crystallization of topaz, decreasing fluorine in
melt, may have resulted in quartz instability causing the rounded cor-
ners. Resorption of early quartz crystals in silicic systemsmay be caused
by adiabatic decompression, also, as proposed in several recent studies
(e.g. Agangi et al., 2011), but this mechanism is not suitable to explain
the texture of the Chivinar rhyolites. In the Chivinar domes, rounding af-
fects groundmass quartzmicrolites in the inner domeportion, therefore
it occurred after dome emplacement; decompression of the partially
molten dome interior after dome emplacement, possibly provoked by
carapace brecciation episodes, would result in rapid microlite nucle-
ation and growth in the residual melt, originating a texture completely
different from that observed.

Cooling of the dome interior continued slowly below the solidus. The
Na-rich lamellae in alkali feldspar crystals could represent exsolution
lamellae due to feldspar unmixing, indicating that cooling below the
solidus was sufficiently slow to allow cryptoperthite development
(Fig. 4G). On the other hand, it cannot be excluded that the Na-rich
lamellae indicate incipient albitization of sanidine in the presence of a
Na-bearing fluid. In this hypothesis, albitization would represent a
late, autometasomatic process in the interior of the dome. The discrim-
ination between the two processes is complicated by the fact that
albitization develops along the same planes of perthitic textures
(Norberg et al., 2011). However, even if any albitization may have
occurred, it must have been an incipient process without noticeable
consequences on the rock composition.

image of Fig.�6
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6.3. Rare metals minerals

Accessory minerals in the Chivinar rhyolites account for their high
content in Nb and Ta, and this is in agreement with the chemistry of
the lavas. For instance, Nb-bearing rutile is one of the main accessories
found in the heavy mineral fraction, and the partition coefficients DNb
and DTa between rutile and melt for peraluminous magmas with
ASI = 1.22, the same of the Chivinar rhyolite, are reported to be close
to 4900 and 1900, respectively (Linnen and Keppler, 1997). The acces-
sories are sometimes found inside phenocrysts (Fig. 4B) but they are
often interstitial in the groundmass or even in correspondence of the
vesicles. This indicates that they crystallized also from the final residual
melt + vapour phase. This behaviour, already reported in volatile-rich
silicic magmas (Agangi et al., 2010), supports a role of F-rich fluids in
transporting immobile elements such as Nb and Ta.

The data collected so far indicate the existence, in Late Miocene, of a
F-H2O-rich and rare metal-rich magma chamber feeding the silicic
Chivinar volcanic phase. This suggests that rare metal mineralizations
formed in the Chivinar region (René and Škoda, 2011). The extent of
the mineralization depends, besides the extent of the silicic magma
system after the rhyolitic lava effusion, on the timing and extent of F
partitioning in the fluid phase and of Nb and Ta entering accessories.
The secondary mineralogy present in the Chivinar rocks, dominated
by Nb–Ta–Mn oxides and silicates and devoid of chalcophile elements,
and the fact that alteration affects only the rhyolitic rocks and not the
younger andesite sequence, suggests a genetic link of the alteration
mineralogy with the topaz rhyolite magmatic system, rather than with
an andesitic one.
Fig. 8. Conceptual model of formation of the topaz + q
6.4. Geodynamic setting

In addition to the Central Andes, rhyolitic lavaswithmagmatic topaz
have been previously found in thewestern United States andMexico, in
the Basin and Range Province (Burt et al., 1982; Christiansen et al., 1983,
1986, 2007), and in the Nanling Range, in southern China (Xie et al.,
2013). A common feature of these provinces is the presence of litho-
spheric extension in an intraplate setting, with crust–mantle interaction
having an important role in the generation of the magmas. Magmatism
in these provinces consisted of the intrusion of hotmafic magmas at the
base and within the crust, providing a heat source for partial melting.
Very similar tectono-magmatic conditions are found also for the topaz
rhyolites of Chivinar, in the Central Andes. Even though Chivinar lies
at the edge of the N–S trending volcanic arc of the Central Andes, its
main structures are the WNW–ESE transtensive faults associated with
the transverse COT structure. This suggests that, from a structural
point of view, rhyolitic volcanism of Chivinar may be mostly related to
the back-arc transtensive conditions of COT (Acocella et al., 2011), rath-
er than to the arc structures. In fact, even though theoverall tectonic set-
ting of the Central Andes is contractional, transtensive or extensional
conditions are found along the NW–SE trending fault zones in the
back-arc (e.g. Riller et al., 2001). Among these is the transtensive COT,
possibly carrying most of the extension in the Central Andes (Acocella
et al., 2011). In this context, the compositional features of the Chivinar
topaz rhyolites, in particular the high Nb–Ta and low Y/Nb (Fig. 6),
could indicate partial melting of a continental crust previously intruded
bymafic igneous bodies in an extensional regime, similarly to the North
America topaz rhyolites (Christiansen et al., 2007). Therefore, despite
uartz + voids association in the Chivinar rhyolite.
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the overall contractional or strike-slip setting of the arc, it is interesting
to underline a connection between the transtensive/extensional
features of the COT and intraplate extensional settings elsewhere.
These similarities highlight preferred conditions for the formation of
magmatic topaz.

7. Conclusions

The late magmatic origin of topaz in the Chivinar rhyolite lavas is
supported by its igneous textural relationships with magmatic crystals
and is in accordance with the peraluminous composition of the rhyo-
lites. In addition, the topaz lacks any evidence of relationships with
post-emplacement hydrothermal alteration. Textural evidence indi-
cates that the phenocryst-poor lava of the domes interior underwent
very slow cooling, and final crystallization took place in a large temper-
ature interval. During the crystallization of the quartz–feldspathic
groundmass,we propose that the F-rich, low-viscosity residualmeltmi-
grated in the crystal network andwas concentrated, formingmiaroles in
which an assemblage topaz + quartz + vapour bubbles formed. In this
final stage of groundmass crystallization, the F content in melt was so
high that F could escape into the vapour phase, allowing also the final
crystallization of topaz in the fluid-filled vesicles.

Given the magmatic origin of topaz, the topaz-bearing mineral
assemblage in the Chivinar rhyolites suggests the existence of F-rich
and rare metals-rich Late Miocene magma chambers. In addition, the
alteration dominated by Nb–Ta–Mn oxides and silicates, affecting local-
ized areas of the rhyolitic domes and pre-dating the following andesitic
phase of the Chivinar volcano, suggests a genetic link with the topaz
rhyolite magmatic system. This raises the possibility of the existence
of veins or replacement deposits of raremetals, as well as of raremetals
pegmatite bodies, in the Chivinar area.

The extensional regime due to the presence of the transtensive COT
structure suggests a correspondence with topaz rhyolites in North
America and China, sharing similar geochemical features unrelated to
subduction, and, thus highlights preferred conditions for the formation
of magmatic topaz in overall intraplate settings.
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