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Received in revised form 9 August 2018 late Miocene. The voluminous ashes from this eruption, which are distinctive in having euhedral spessartine al-
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mandine garnets (Almyo_72Sps22_26GIsS2_4Prpos-1) as their only phenocryst, are widely dispersed in the Andean
foreland. Among these tuffs are those in the Guanaco Formation foreland basin sediments along the Xibi-Xibi and
Los Alisos rivers in the Rio Grande de Jujuy basin and the Metan Valley, some 100-200 km east of the Ramada
Volcanic Center. The co-occurrence of tubular to cellular pumice fragments and blocky glass shards in an ash ma-
trix in these tuffs is interpreted as indicating that they erupted in an initial vent-opening event with pulsating py-
roclastic surges at the initiation of the strong Plinian eruption of the Ramada Volcanic Center. New Ar/Ar ages
from the Guanaco Fm. glass shards agree with fossil ages in placing the eruption at ~6.3 + 0.3 Ma. A number
of distinctive chemical, isotopic and mineralogical features including Mg-rich biotite and Mg-hastingsite
xenocrysts of the Guanaco Formation and Ramadas Volcanic Center tuffs are consistent with the melt having
been derived by extensive crystallization of a mantle-derived mafic shoshonitic series magma contaminated
by assimilation/dehydration melts of metapelitic sediment and the Puna crust. Distinctive chemical features in-
clude whole rock SiO, contents of ~75-76% wt%; A/CNK indices >1.2; low Ca, Mg, Ti, and Fe concentrations; steep
REE patterns with extreme negative Eu anomalies; low Ba, Sr, LREE and high Cs, Rb, U concentrations; and
recalculated initial ratios of 87Sr/%6Sr at ~0.7119 and '**Nd/'**Nd of ~0.5123 at 6.3 Ma. The erupted magma has
a transitional chemical character between those of the ~11 Ma Mn-rich garnet-bearing Coyaguayma ignimbrites
to the north and the ~6 Ma Cerro Galan ignimbrites to the south. Unlike these crystal-rich ignimbrites, the
Ramadas tuff records the extraction of an extensively fractioned melt from a plagioclase, K-feldspar, quartz
and biotite-bearing mush with accessory titanomagnetite and apatite. In line with existing experimental studies
on Mn-rich garnets and comparisons with the Coyaguayma ignimbrite, pre-eruption crystallization of the rhyo-
lite segregated from the mush likely occurred at ~800° to 720 °C at a depth of no <15-12 km as the H,O content
increased from ~4-5% to ~7.5%. Mn-rich garnet was the only phase to be crystallized in the melt extracted from
the mush before the eruption, whose rapid rise was facilitated by extension along the Olacapato-El Toro
lineament.
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1. Introduction

Spessartine-almandine garnet-bearing silicic rhyolites and tuffs are
uncommon in the geologic record and very rare in the central Andes.
However, they occasionally occur in the widespread volcanic ash beds
in the Neogene deposits of the Andean foreland basin in northwestern
Argentina and in a few rare silicic volcanic localities like the Ramadas
Volcanic Center (e.g. Viramonte et al., 1984), the Coyaguayma Ignimbrite
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(Caffe etal., 2012) and the Botijuela deposits (Richards et al., 2006) in the
Puna (Fig. 1). Here, we use the garnet-bearing tuffs in the Guanaco For-
mation in the Rio Grande de Jujuy and Metan valleys of the Cordillera
Oriental (Figs.1 and 2) to correlate and constrain the age of the foreland
basin deposit, tie these tuffs to the Corte Blanco tuffs that erupted from
the Ramadas Volcanic Center some 100-200 km to the west and discuss
the origin of these silicic tuffs whose garnet phenocrysts are among the
most spessartine-rich in igneous rocks.

We present new petrographic and mineral analyses, whole rock
major and trace element, analyses and Ar/Ar glass ages for the distal
garnet-bearing pyroclastic air fall deposits in the Guanaco Formation
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Fig. 1. Digital elevation map of the central Puna and Eastern Cordillera in Argentina showing the location of the Ramadas Volcanic Center (CV Ramadas) and general distribution of the erupted
tuffs (in orange) relative to the Pairique volcanic complex, the Coranzuli ignimbrite center, the Aguas Calientes caldera complex, the El Morro volcanics, the Cerro Galan ignimbrite complex and
the Botijuela volcanic center (all in yellow) and the San Geronimo and Chorrillos shoshonitic centers along the Olacapato-El Toro lineament (white circles). Asterisks mark the volcanic ash lo-
calities in the Ramadas region and the Rio Grande de Jujuy and Juramento-Metan Valleys discussed in this study. Square in inset shows the location of the region relative to South America and

the region of the Central Andean Puna-Altiplano plateau.

and compare these data with new major and trace element analyses and
published Sr and Nd isotopic and mineralogical data from the Corte
Blanco tuffs erupted from the Ramadas Volcanic Center. These geo-
chemical and mineralogical data provide new insights into the origin
of the Ramadas Volcanic Center garnet-bearing tuffs and their differ-
ences with other spessartine-almandine garnet-bearing silicic volcanic
rocks erupted in the Puna.

2. Corte Blanco Tuff, Ramadas Volcanic Center and Guanaco Fm.
Garnet-bearing Tephras

2.1. The Corte Blanco Tuff and the Ramadas Volcanic Center

The Corte Blanco Tuff (Viramonte et al., 1984) is a collective name for
a complex suite of peraluminous, garnetiferous rhyolitic domes and

pyroclastic flows that constitute the main explosive magmatic facies
from the Ramadas Volcanic Center along the Olacapato-El Toro linea-
ment on the eastern edge of the Puna plateau (see Fig. 1). The eruption
dynamics and dispersal mechanisms of these volcanic rocks, which con-
stitute the largest plinian fall deposit on the Puna-Altiplano plateau not
associated with a larger caldera complex, have been studied by
Viramonte et al. (1994, 2007), Del Papa et al. (1993), Tait (2004) and
Tait et al. (2009). These studies show that the distribution of the fall de-
posits from the plinian phase have an eastward asymmetry with the
medial facies occurring ~20 km east of the vent and the distal facies
reaching into the sub-Andean Belt and Santa Barbara system (Fig. 1).
Fine-grained, garnet-bearing ash deposits from this eruption have
been identified up to 400 km east of the vent. In a detailed study, Tait
(2004) showed that the medial and distal phases are dominated by
thick, plinian pumice fall deposits with subordinate intercalated
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pyroclastic surge and ignimbrite deposits. Tait (2004) and Tait et al.
(2009) calculated that the ejected juvenile material had a volume in ex-
cess of 35 km> DRE (dense rock equivalent) and erupted from a column
that rose to a height no >35 km above the vent.

2.2. Garnet-bearing Tephra in the Guanaco Formation of the Andean
Foreland in Argentina

The well-exposed tephra layers in the Cenozoic strata of the Rio
Grande of Jujuy and Metan valleys (Fig. 1) serve both as time-
stratigraphic markers for correlating basin deposits in the foreland and
as recorders of volcanic activity that put these foreland sequences into
the context of the explosive silicic volcanic record to the west (Del
Papa et al.,, 1993; Viramonte et al., 1994, 2007). Among the most valu-
able markers are ashes from plinian eruptions (e.g., Sparks and
Walker, 1977; Chesner et al., 1991) like those from the Ramadas Volca-
nic Center whose co-ignimbrite ash columns can be associated with
specific pyroclastic flows and eruption centers.

The Late Miocene garnet-bearing tuffs in the Rio Grande de Jujuy and
Metan Valleys studied here occur in the foreland basin deposits of the
Neogene Oran Group, which uncomfortably overlies the Cretaceous-
Paleogene deposits of the Salta Rift basin (Salfity and Marquillas,
1994). Measured sections of Oran Group sediments from the Jesus
Maria Formation in the upper part of the basal Metan Subgroup through
the Guanaco and Piquete Formations in the upper Jujuy Subgroup are
shown in Fig. 2. These sections are largely in the upper Jujuy subgroup,
which consists of a coarsening upwards succession of sandstones to
conglomerates (Gebhard et al., 1974; Russo and Serraiotto, 1978; Galli,
1995). The pyroclastic strata analyzed here are come from the Guanaco
Formation in the lower Jujuy Subgroup, which is largely comprised of
well-sorted sandstones and matrix-supported conglomerates with

sharp transitions to mudstones (Gonzalez Villa, 2002). The airfall de-
posits shown in the Route 9 section near Metan (Figs. 1 and 2) include
the garnet-bearing tuffs that Viramonte et al. (1984, 1994) and Del
Papa et al. (1993) were the first to correlate with the Corte Blanco Tuff
from the Ramadas Volcanic Center.

The garnet-bearing foreland tuffs analyzed here are principally from
the Guanaco Formation along the Xibi-Xibi and Los Alisos tributary rivers
in the Rio Grande de Jujuy basin and in the Metan valley (Figs.1 and 2).
These 2.6 to 5 m thick ash beds, which are interspersed within clastic
sediments, are whitish to whitish-gray fine vitric tuffs. Some of the pyro-
clastic units are primary air fall tuffs as they are relatively well sorted ho-
mogeneous layers with normal or inverse grading that lack distinct
internal laminae. These primary airfall beds are associated with other
layers that exhibit the “resedimentation-syneruptive” characteristics of
McPhie et al. (1993) including compositional uniformity or systematic
changes that indicate rapid deposition (mass-flow, hyper-concentrated
flow and traction currents), domains of unmodified juvenile clasts,
scarce or absent lithic fragments and homogeneous sets of phenocrysts.
Only ash bed layers showing primary or “resedimentation-syneruptive”
characteristics were sampled in this study.

As shown in Fig. 2, the first set of Guanaco Formation samples comes
from the ~1950 m thick Xibi-Xibi section with samples Xi-1 to Xi-10
coming from pyroclastic airfall deposits in the lower part of the section
at 24°11’45”S, 65°19’5.9"W, and samples Xi-12 to Xi-18 coming from
the upper part of the section at 24°11/28"S, 65°19'07.4"W. The sedi-
mentary deposits hosting these ash layers largely consist of matrix-
supported conglomerates with cut and fill geometries and planar cross
stratification, and conglomeratic sandstones. In detail, samples Xi-1 to
Xi-10 come from a five meter thick layer of primary and resedimented
tuffs that overlies cross-bedded light brown sandstones and siltstones.
The basal 2.2 m is a 1.3 m thick massive white fine-grained primary
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tuff (sample Xi-9) that is overlain by a 0.2-0.3 m thick primary lami-
nated tuff (sample Xi-8) and a 0.6 m resedimented cross-stratified tuff
(sample Xi-7). The upper 2.8 m of the layer is composed of a sequence
of 0.5-0.8 m thick layers of fine massive tuffs (samples Xi-1, Xi-3, Xi-
4) interbedded with thin (5-10 c¢cm) lapilli-tuffs (samples Xi-2 and
Xi5). The only macroscopically visible minerals in these tuffs are garnet
phenocrysts up to 2 mm across.

Samples Xi-12 to Xi-18 come from a 2.6 m thick ash deposit in the
upper part of the section that is essentially composed of fine white
tuffs interpreted as plinian fall deposits. This ash deposit begins with a
0.9 m thick massive tuff (sample Xi-17) that is overlain by a partially
eroded 0.05-0.1 m thick fine tuff (sample Xi-14) and a 0.3 m thick
fine homogeneous tuff (sample Xi-12). These layers are then overlain
by a 0.9 m thick sequence of resedimented tuffs (not analyzed) with
planar and wavy bedding. The uppermost part of this ash deposit is
composed of a very thin (~5 cm) lapilli-tuff bed (not analyzed) that is
overlain by a 0.4 m thick layer of a fine white normally graded tuff (sam-
ple Xi-18). As in the underlying tuff layers, the only visible minerals are
garnet phenocrysts with diameters up to 2 mm. A gliptodontoideo fossil
(star in Fig. 2), identified as Cranithlastusxibiensis (n.gen.et sp) and
assigned to the late Miocene Huayquerian “stage” lies 195 m above
this ash deposit (Arias et al., 1978).

The second set of tuff samples is from the >1630 m thick Los Alisos
section exposed on Provincial Road 8 at 24°15'44.7"S, 65*19'31"W (see
Fig. 1). In this section, the basal contact with the Metan Subgroup is
covered, and the Jujuy Subgroup forms part of an anticlinal structure
with the Guanaco Formation in the core. Here, the Guanaco Formation
consists of medium-sized matrix-supported conglomerates with cut
and fill geometries and planar cross stratification along with well-
sorted conglomeratic sandstones. A 1.5 m thick ash deposit intercalated
between the conglomerates and the well-sorted fine sandstones con-
tains a 0.9 m thick massive white tuff bed with pumice fragments
and garnet crystals up to 1-2 mm across (sample Da-5). Along strike,
this unit grades into a 0.6 m thick grayish brown tuff containing
15-20% pumice and scarce garnet crystals up to 2 mm across (sample
Da-6).

The third set of samples comes from the section exposed in the
Metan valley along Argentine National highway 9 at 25°25’49"S, and
64°5716.43"W (see Fig. 1). In this locality, the Guanaco Formation is
composed of gray matrix-supported conglomerates that includes a con-
spicuous 2.8 m thick layer of mixed primary and resedimented white
ash deposits. The basal ~90 cm of this deposit consists of a very fine-
grained white tuff with garnet phenocrysts up to 2 mm across (sample
R9Met-2). This part of the deposit is essentially homogeneous except for
a slight reverse grading in the basal 10 cm and some coarse pumice
clasts that are immersed in an ash matrix in the middle of the layer.
Overlying this bed is an approximately two meter thick planar to
cross-bedded layer of resedimented pumice and fine ash. The upper
part of this layer, which is interpreted as a plinian fall deposit, consists
of an up to 10 cm thick bed of fine-grained tuff intercalated with a
pumice-rich tuff.

3. Analyses of Guanaco Formation Tephra and Ramadas Volcanic
Center samples

The Guanaco Formation tephra samples selected for textural and
chemical analyses and dating here are all representative unaltered ho-
mogeneous pyroclastic layers with sparse or no lithic fragments. All
are rich in fresh glass shards and pumice fragments and have sparse gar-
net grains as their only major phenocryst. The new chemical analyses of
these Guanaco Formation volcanic fragments and minerals in Tables 1
to 3 are discussed below in light of new major and trace element analy-
ses of representative obsidian, pumice and perlite samples from the
Ramadas Volcanic Center in Table 4 and published mineral and whole
rock analyses (Viramonte et al., 1984, 1994, 2007; Del Papa et al.,

1993; Gauthier et al., 1994; Tait, 2004, Kay et al., 2010; Bardelli et al.,
2017).

The major element analyses of the garnets and other minerals in the
Guanaco Formation tephra (Tables 1 and 2) and the whole rock pumice
and shard compositions (Table 3) were analyzed on a JEOL JXA 8230
electron microprobe in the Laboratory of Electronic Microscopy and
Analysis (LAMARX) at the Universidad Nacional de Cordoba-CONICET
(Argentina). The analyses were acquired at a voltage of 15 kV and a cur-
rent of 20 mA using a defocused 10-20 pm beam and 10 s counting
times. Concentrations were calculated relative to standards from the
United States Geological Survey (USGS) with matrix corrections deter-
mined using a CIT-ZAF program.

The whole rock major and trace element compositions of the Gua-
naco Formation bulk tephra layers and the Ramadas Volcanic Center ob-
sidian, pumice and perlite samples (Table 4) were analyzed using a
combination of XRF analyses performed at the University of Jujuy and
Instrumental Neutron Activation analyses (INAA) done at Cornell Uni-
versity. The analytical techniques are discussed in Kay et al. (2010). As
all analyses were done directly on rock powders, there are no issues of
incomplete sample dissolution as can be a problem with siliceous
samples.

3.1. Mineral and glass fragments in the Guanaco Formation tephras

Petrographic studies show that the Guanaco Formation tephra sam-
ples are characterized by bubble wall shards, pumice fragments with fi-
brous or cellular structure and equant blocky glass shards with very low
vesicularity. Their general features are similar to those of the tephra
samples described by Viramonte et al. (1994) in proximal localities. As
shown in photomicrographs from representative sample Xi-9 in
Fig. 3a, most of the tephras show a striking contrast in the vesicularity
of their juvenile clasts with both tubular to cellular pumice fragments
and blocky glass shards being present. The blocky glass shards make
up 30% or more of the volume with other fragments making up the
rest. The individual fragments are typically 0.4-0.8 mm in diameter,
generally free of microlites and set in a fine (<0.06 mm in diameter)
mostly vitric (90-95%) matrix (see Fig. 3a). Less frequent lapilli tuffs
are composed of >85% pumiceous, angular to sub-angular lapillus frag-
ments (2.3-0.5 mm in diameter) set in a fine ash matrix.

Phenocrysts are scarce in the Guanaco Formation ash and lapilli beds
where they make up only ~1-3% of the volume. The dominant pheno-
cryst is garnet (Fig. 3a and b, analyses in Table 1) with the only other
phenocrysts being scarce, small euhedral Org;Abs sanidine microlites
(analyses in Table 2) enclosed in the glass shards. Occasional quartz
grains with slight reaction borders occur within the pumice and shard
fragments. Other minerals present are accessory magnetite, small mon-
azite grains that are occasionally included in garnet, and small brownish
biotite and greenish amphibole grains interpreted as xenocrysts (analy-
ses in Table 2).

The presence of a small number of 100-400 um garnet phenocrysts
is a distinctive hallmark of the Guanaco Formation tuffs. As shown in
Fig. 3a and b, the garnets occur scattered within and among the glassy
shards with most being euhedral in shape. The microprobe analyses in
Table 2 show them all to be Fe and Mn-rich almandine-spessartine gar-
nets with compositions near Almy;g_72Sp23-26G1o,_4Prpgs_1. Nearly all
are homogeneous with only a minor amount of core to rim variation
in a few grains (e.g., sample DA-5 in Table 2). As shown in Table 1 and
Fig. 4, the compositions of these garnets are similar to those in the
tuffs at Metan, Yacones and Los Negros and in the Ramadas Volcanic
Center obsidian, perlite and pumice samples analyzed by Gauthier
et al. (1994) and Viramonte et al. (1994).

These garnet compositions are particularly notable for having
~10-11% wt% MnO, which equates to a spessartine content of
22-25.5% (Table 1, Fig. 4). Spessartine contents like these are in the
upper range of those in a global compilation of garnet compositions in
volcanic rocks and granites from Harangi et al. (2001) when plotted
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Table 1
Major element composition of garnets of Guanaco Formation tuffs and Ramadas pumice and lavas.

i

Xibi -Xibi Los Alisos Metan® Yacones® Los Negros® Ramadas - La Pava® Coyaguayma
Sample Xi1 Xi1 Xi9 Xi9 Xi9 Xi13 DA5center DAS5 interior DAS5 border DA5 center DAS5 border Pumice Obsidian Rhyolite PQ01-40p
Oxide wt%
Si0, 36.43 3591 36.12 36.09 3639 36.11 36.56 36.29 36.42 36.81 36.56 37.12 37.34 36.08 36.19 36.34 36.58 36.85
TiO, 0.02 0.00 0.07 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.07 0.07 0.14 0.03 0.01 0.03 0.04
Al,03 20.07 20.08 2096 20.68 21.09 20.57 20.79 20.80 21.07 20.92 21.07 20.32 21.35 22.54 19.95 20.09 20.28 20.76
Fe,03 0.48 0.37 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.69 0.28 0.18 0.15
FeO 30.50 30.27 30.62 30.00 30.86 29.14 30.14 30.34 30.32 30.97 30.32 29.80 29.12 29.94 31.48 3145 3145 36.82
MnO 11.11 1081 1035 9.70 1022 10.08 10.25 10.26 10.19 9.90 10.19 9.56 9.20 9.13 8.99 9.80 9.97 4.25
MgO 0.14 0.15 0.18 0.19 0.12 0.14 017 0.17 0.25 0.21 0.25 0.27 0.24 0.13 0.28 0.16 0.18 1.13
Cao 1.17 1.27 1.22 1.26 1.20 1.17 1.10 1.16 1.24 1.18 1.24 1.23 1.29 1.01 1.88 1.22 1.24 0.8
Total 99.92 9886 99.52 97.92 99.88 97.21 99.02 99.03 99.49 100.00 99.63 98.37 98.61 98.97 99.49 99.35 99.91 100.81
Cations based on 12 oxygens
Si 3.010 2995 2984 3.026 2996 3.050 3.034 3.013 3.006 3.025 3.013 3.098 3.097 2.982 2.997 3.016 3.018 3.00
Aliv 0.00 0.00 0.02 0.00 0.02 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.08 0.00 0.00 0.00 0.00
Al vi 1.96 1.97 2.02 2.04 2.03 204 203 2.03 2.03 2.02 2.03 1.98 2.06 2.10 1.95 1.97 1.97 1.99
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Fe3+ 0.03 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.02 0.01 0.01
Fe?™* 2.11 211 214 214 2.15 2.10 212 213 212 2.15 2.12 2.11 2.10 2.18 2.18 2.18 217 2.50
Mn 0.78 0.76 0.72 0.68 0.71 0.71 0.71 0.72 0.71 0.68 0.71 0.67 0.63 0.63 0.63 0.69 0.70 0.29
Mg 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.02 0.03 0.02 0.02 0.14
Ca 0.10 0.11 0.11 0.11 0.11 0.10 0.10 0.10 0.11 0.10 0.11 0.11 0.11 0.09 0.17 0.11 0.11 0.07
Tot. cat. 8.001 8.005 8.016 8.018 8.018 8.020 8.014 8.014 8.019 8.011 8.018 8.003 8.038 8.076 8.006 7.998 7.997 8.002
Almandine 69.8 70.1 714 723 722 71.6 71.8 71.7 71.5 72.6 71.5 723 731 749 721 72.5 72.2 833
Spessartine 26.1 255 243 23.1 238 243 24.2 24.1 238 231 238 22.8 22.0 21.6 21.1 232 234 9.8
Grossular 2.0 2.6 3.6 3.8 35 3.6 33 35 3.7 35 3.7 3.7 3.9 3.0 34 2.8 31 19
Pyrope 0.6 0.6 0.7 0.8 0.5 0.6 0.7 0.7 1.0 0.9 1.0 1.1 1.0 0.5 1.2 0.7 0.7 4.6
Andradite 1.5 1.2 22 0.9 0.6 0.5
100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Coyaguayma analyses from Caffe et al. (2012).
2 Analyses from Viramonte et al. (1994) and Gauthier et al. (1994).
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Table 2
Representative biotite, amphibole and alkali feldspar compositons.
Minerals Biotite and biotite like Guanaco Formation tuffs Coyaguayma Amphibole Alkali Feldspar
Guanaco
Formation tuffs
Localities Xibi-Xibi Los Alisos Ignimbrite Los Alisos Los Alisos
Samples Xi9 Xi13 Xi13 Xi13 DA 5-1 DA 5-2 DA 5-3 DA 5-4 PQO1-40p* DA5-1 DA5-2 DA5-2 DA 5
Si0, 38.87 36.74 39.80 39.24 36.59 36.18 34.68 36.06 32.89 40.45 39.98 39.97 68.83
TiO, 0.98 1.66 1.30 1.62 1.21 1.56 435 131 133 1.94 2.08 211 -
AL,03 19.73 19.39 18.94 18.04 16.86 17.70 15.99 17.85 19.75 12.01 11.85 12.02 19.07
Fe,05 2.68 3.17 4.77 -
FeO 14.99 16.67 16.54 17.10 16.98 17.63 18.66 16.46 29.46 13.57 13.08 1231 0.05
MnO 0.17 0.25 0.14 0.19 0.33 0.47 0.24 0.20 0.20 0.56 0.54 0.61 -
MgO 9.91 9.82 10.70 10.62 10.77 9.44 8.76 9.45 3.28 9.58 9.87 9.79 -
Ca0 0.29 0.11 0.13 0.08 0.14 0.11 0.11 2.00 0.00 11.04 11.18 11.08 -
Na,O 0.12 0.14 0.09 0.04 0.08 0.14 0.27 0.11 0.51 2.00 1.94 1.89 0.21
K,0 5.49 6.28 5.92 7.24 6.33 9.11 9.60 8.62 8.77 1.56 1.63 1.62 11.02
H,0* 3.97 391 4.06 4.03 3.81 3.85 3.80 3.85 3.77 1.94 1.94 1.95 -
Total 94.51 94.96 97.62 98.19 93.10 96.19 96.46 95.91 99.96 97.33 97.26 98.12 99.18
#Mg 0.540 0.510 0.640 0.530 0.530 0.490 0.460 0.510 0.166 0.557 0.574 0.586 Ab 2.8
0r97.2
Caffe et al. (2012)

Normalized to 100 Biotite and biotite like Amphibole
Si0, 4113 38.69 40.77 39.96 39.30 37.61 35.95 37.60 32.89 41.56 41.11 40.74
TiO, 1.04 1.75 133 1.65 1.30 1.62 451 137 133 1.99 2.14 2.15
Al,O3 20.87 20.42 19.40 18.37 18.11 18.40 16.58 18.61 19.75 1234 12.18 12.25
Fe,05 2.75 3.26 4.86
FeO 15.86 17.55 16.94 17.42 18.24 1833 19.34 17.16 29.46 13.94 1345 12.55
MnO 0.18 0.26 0.14 0.19 0.35 0.49 0.25 0.21 0.20 0.58 0.56 0.62
MgO 10.49 10.34 10.96 10.82 11.57 9.81 9.08 9.85 3.28 9.84 10.15 9.98
Ca0 0.30 0.12 0.13 0.08 0.15 0.11 0.11 2.09 0.00 1134 11.49 11.29
Na,O 0.13 0.15 0.09 0.04 0.09 0.15 0.28 0.11 0.51 2.05 1.99 1.93
K,0 5.80 6.61 6.07 7.37 6.80 9.47 9.95 8.99 8.77 1.60 1.68 1.65
H,0* 420 411 4.16 4.10 4.09 4.00 3.94 4.02 3.77 1.99 1.99 1.99

100.00 100.00 100.00 100.00 99.99 100.00 100.00 100.00 99.96 100.00 100.00 100.00
Original analyses 94.51 94.96 97.62 98.19 93.10 96.19 96.46 95.91 99.96 97.33 97.26 98.12

on the Mn-Mg-Fe?* (spessartine-pyrope-almandine) triangular dia-
gram in Fig. 4. The closest match for the MnO contents in the Gua-
naco/Ramada garnets in the Harangi et al. (2001) compilation are
some type 4 garnets in Xenoliths in Pannonia Basin andesites. The Gua-
naco Formation and Ramadas Volcanic Center garnets are also notable
for having higher spessartine contents than the garnets (~9.8% spessar-
tine; 4.3 wt% MnO) in the 11.3 Ma Puna Coyaguayma ignimbrite to the
north (Fig. 1) described by Caffe et al. (2012). On the other hand, the
spessartine contents in the Guanaco-Ramadas garnets are not as ex-
treme as those in the garnets (Sp28-40) in the Ordovician Pefién Rosado

Table 3
Major element analyses of glass shards in Guanaco Fm. tepras normalized to 100 wt%.

Granite in the same tectonic belt in the Pampean ranges, some 500 km
to the south (Dahlquist et al., 2007).

Other mineral grains in the tephra from the Xibi-Xibi and Los Alisos
sections include sparse small flakes of brownish and pleochroic biotite,
whose compositions are shown in Table 3. As the grains are small, some
analyses have minor overlap effects. Even so, it is clear that these biotite
compositions are significantly different from those in the Coyaguayma
garnet-bearing rhyolite to the north (see Table 3). The main differences
are higher Mg numbers (0.46-0.50 versus 0.16-0.17), lower wt% SiO,
(38-41% versus ~33%) and lower wt% Na,0O (0.05-0.15 versus

Los Alisos section

Xibi-Xibi section

Sample DA5 Xi9 Xi13
Si0, 76.39 76.11 75.93 76.43 76.07 77.53 76.41 76.22 76.90 76.58 76.41 77.04 76.66 77.08
TiO, 0.00 0.00 0.00 0.08 0.11 0.02 0.00 0.10 0.02 0.00 0.04 0.02 0.00 0.03
Al,04 13.79 14.20 13.61 13.88 13.71 13.92 13.77 14.28 14.43 14.21 14.03 14.17 14.11 14.01
FeO 0.65 0.87 0.83 0.99 0.62 0.58 1.13 0.91 0.82 0.93 1.13 0.78 0.87 0.74
MnO 0.23 0.25 0.07 0.18 0.20 0.15 0.16 0.30 0.16 0.13 0.22 0.00 0.12 0.13
MgO 0.05 0.02 0.00 0.03 0.00 0.03 0.00 0.02 0.00 0.00 0.00 0.00 0.02 0.03
Ca0 0.60 0.45 0.53 0.64 0.73 0.60 0.66 0.56 0.58 0.53 0.48 0.58 0.51 0.62
Na,0 3.66 3.48 4.01 3.39 3.67 3.74 4.06 4.15 3.78 393 3.83 3.62 418 3.64
K,0 4.35 4.39 4.77 435 4.81 3.36 3.72 342 3.28 3.55 3.59 3.75 353 3.63
205 0.10 0.00 0.07 0.03 0.07 0.07 0.04 0.04 0.00 0.00 0.07 0.04 0.00 0.09
F 0.17 0.23 0.19 0.00 0.00 0.00 0.05 0.00 0.03 0.13 0.20 0.00 0.00 0.00
cl 0.02 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00
Original microprobe analyses totals

93.12 92.85 92.66 92.71 92.47 93.13 91.82 91.21 91.64 91.87 92.84 92.26 91.44 91.50
Originals oxide totals to indicate approximate degree of hydration of volcanic glass
% 6.88 7.15 7.34 7.29 7.53 6.87 8.18 8.79 8.36 8.13 7.16 7.74 8.56 8.50
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Table 4

Major and trace element analyses of Ramadas Center Volcanic Rocks and Guanacos Formation Distal Tephras.

Ramadas Volcanic Center Guanaco Formation

Obsidian  Obsidian Pumice Perlite Xibi-Xibi Los Alisos Route 9 Metan
Sample RaOb1 RAOB RaOb2  RaOb3 Xil Xilglass Xi2 Xi5 Xi8 Xi-9 Xi-12 Xi-18 DA-5 DA-6 R9Met2 MNI18
Si0, 75.78 75.89 74.19 69.72  71.51 - 71.49 72.29 71.80 70.04 7213 72.73 71.55 71.28 68.46 70.26
TiO, 0.01 0.00 0.01 0.02 0.14 - 0.11 0.04 0.04 0.02 0.04 0.05 0.06 0.14 0.05 0.07
Al,03 14.21 13.74 13.82 1404 1346 - 13.22 13.48 13.55 1429 14.04 13.53 1342 13.99 14.00 1437
FeO 0.85 0.90 0.93 1.01 1.55 1.19 1.70 1.00 1.07 0.87 0.88 1.00 1.14 1.52 1.15 1.24
MnO 0.12 - 0.12 0.13 0.11 - 0.10 0.12 0.12 0.13 0.11 0.10 0.11 0.10 0.10 0.09
MgO 0.19 0.29 0.18 0.98 0.77 - 0.87 0.33 0.44 0.99 0.61 0.50 0.30 0.84 1.45 1.64
Cao 0.60 0.02 0.62 0.61 0.82 - 0.88 0.68 0.76 0.94 0.80 0.76 0.71 0.92 0.72 091
Na,0 3.59 0.71 3.85 3.03 3.08 4.54 3.82 3.75 3.60 3.26 3.23 3.38 3.44 2.84 5.06 3.38
K;0 4.72 3.72 427 4.60 330 - 3.19 3.76 3.66 2.65 3.66 3.73 414 3.78 2.80 2.79
P,05 0.03 4.76 0.04 0.06 0.06 - 0.06 0.04 0.04 0.05 0.05 0.05 0.04 0.06 0.03 0.04
LOI 0.05 - 1.75 4.61 5.81 - 6.07 5.25 5.40 6.58 5.17 5.09 523 4.53 737 6.12
Total 100.16 100.03 99.78 98.81 100.62 - 101.51 100.74 10047 99.83 100.71 100.93 100.15 99.99 101.19 100.91
Si normalized to  75.82 75.89 75.51 7313 7589 - 76.04 7626 7588 7498 76.03 7659 7549 7466 73.84 74.80
La 8.6 83 104 8.7 - 11.8 15.7 10.1 - 9.3 9.7 11.1 11.7 - 11.2 12.2
Ce 22.8 22.7 24.6 23.6 - 30.6 37.8 254 - 224 24 26.8 29.5 - 303 28.1
Nd 111 11.0 111 12 - 14.3 17.8 134 - 10.5 109 123 135 - 135 135
Sm 418 432 473 419 - 5.66 6.22 4.65 - 418 4.53 4.78 537 - 495 5.02
Eu 0.05 0.05 0.06 0.08 - 0.12 0.28 0.1 - 0.07 0.09 0.13 0.15 - 0.12 0.14
Tb 0.797 0.781 0.888 0.696 - 0.927 1.038 0.771 - 0.791 0.806 0.841 0.898 - 0.826 0.804
Yb 1.48 1.56 1.76 1.44 - 1.22 2.08 1.51 - 2.25 1.08 131 1.63 - 141 117
Lu 0.155 - 0.199 0.156 - 0.146 0.262 0.159 - 0.253 0.103 0.157 0.175 - 0.143 0.121
Y 23 - 24 23 26 - 26 24 24 29 24 24 29 27 21 26
Rb 370 - 367 349 282 - 277 346 337 243 320 326 327 294 266 264
Sr See below 77 55 93 38 52 929 63 56 59 105 121 145
Ba 31 47 21 42 159 127 145 113 138 199 131 99 169 184 52 37
Cs 28.6 285 30.7 27.2 8.4 339 29.6 28.5 - 21.2 25.2 27.5 29.2 - 255 20.1
U 14.4 11.5 13.9 126 12.7 16.0 109 13.5 133 128 132 121 12.6 10 14.8 133
Th 104 8.0 13 103 10.7 9.6 11 103 10.8 121 103 94 8.6 11 8.7 10.1
Pb 60 - 38 39 43 - 39 41 39 39 36 36 - - 156 -
Hf 23 22 24 2 4.7 2.6 3.6 2.6 2 2 3 3 29 2 2 2
Zr 29 - 29 29 83 - 72 44 41 47 40 53 50 72 45 60
Nb 41 - 42 41 36 - 37 42 42 44 40 41 31 29 42 44
Ta 3.85 4.00 422 3.78 4.62 4.62 437 3.92 - 3.59 3.79 3.89 4.04 - 4.59 3.89
Sc 49 4.6 53 52 9.8 6.3 7.5 53 - 49 5 55 5.8 - 6.4 5.5
Cr 150 5 1 50 21 4 11 3 32 15 13 5 5 35 19 22
Ni 4 0 2 5 8 0 8 2 4 4 3 3 7 8 4 6
Co 3 0 4 4 5 1 5 4 4 4 3 4 18 7 3 4
Sr ppm 6.4% 10° 8?
875y /865y 0.726830 0.721500 0.723210
8751 /%5 rine 0.711859 0.711996 0.711913 0.711922
43Nd/"**Nd 0.512279 0.512279 0.512279
13N/ N, 0512274 0.512274 0.512274 0.512274
Epsilon Nd initial —6.98 —6.98 —6.98

2 Calculated Sr concentration - see text.

0.26-0.51) indicating they come from a more mafic source. They also
differ from the Coyaguayma biotites in lacking inclusions of zircon, silli-
manite or garnet. The Guanaco Fm. biotites are like those at

Coyaguayma in having generally low wt% TiO, (<1.6%) and high wt%
Al,05 (18-20%). The exception is Los Alisos biotite DA5-3, which has
~36% SiOs, 4.51% TiO,, 16.6% AL,O3 and 0.28% Na,O.

Fig. 3. Photomicrographs of thin sections in plane light of Guanaco Formation tuffs. (a) Texture of a vitroclastic tuff from the Xibi-Xibi section (sample Xi9) showing coexistence of vesicle-
poor blocky glass shards and bubble wall shards in a fine-grained ash matrix. (b) Close-up of an euhedral garnet phenocryst surrounded by a glassy rim in a vitric tuff from the Alisos

section (sample DA5). See Fig. 2 for sample locations.
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Fig. 4. Garnet compositions plotted as end-members on a triangular plot of cation percent
Mg (pyrope)—Mn (spessartine)—Fe?" (almandine) after Miller and Stoddard (1981).
Garnet compositions are from Guanaco Formation tuffs along the Xibi-Xibi (asterisks)
and Los Alisos (crosses) rivers (Table 1), Metan valley (square), Yacones (open circle)
and Los Negros (filled circles) tuffs (Viramonte et al., 1994) and Ramadas Volcanic
Center (stars) obsidian, perlite and pumice (Gauthier et al., 1994). Comparative garnet
compositions from the northern Puna Coyaguayma Ignimbrite are from Caffe et al.
(2012), the general field for garnets in the Ordovician Pefién Rosado granite in the
Argentine Sierras Pampeanas is based on analyses in Dahlquist et al. (2007) and the
global compilation of garnet compositions in volcanic and granitoid rocks is from
Harangi et al. (2001). Figure on right shows a blow-up of the Fe*?2 corner (region in
dark gray) with garnet composition from Xibi-Xibi, Los Alisos and R9Met2 sections and
Ramadas Volcanic Center.

The only other silicate minerals in the Guanaco Fm. tuffs are rare
green to greenish-yellow subhedral amphiboles in the Los Alisos tuff
whose compositions are shown in Table 2. As with the biotite, the grains
are small and the analyses can overlap the matrix. Nevertheless, the
overall compositions are clear. Using the classification of Leake et al.
(1997), the amphiboles are Mg-hastingsite with Mg# = 0.51-0.40, Ca
> 1.5; (Na + K) > 0.5; Ti > 0.5and Si = 6. Following Ridolfi et al.
(2010), the compositions in Los Alisos sample DA5-1 & DA5-2 suggest
a mafic igneous origin with temperature near 940 + 20 °C, a pressure
of ~440 4+ 111 MPa (depth of ~16-17 km), a log fO, of —11 (near
NNO buffer) and a water content of ~5.5 4 1.9%. The compositions are
out of equilibrium with the garnets, supporting the interpretation that
the grains are xenocrysts.

3.2. Major and trace element compositions of the glass shards and tephras
of the Guanaco Formation and the pumice, obsidian and perlite from the
Ramadas Volcanic Center

Microprobe analyses of the major element compositions of the juve-
nile micro-pumice fragments and glass shards (grain size >125 pm) in
samples from the Guanaco Formation in the Xibi-Xibi and Los Alisos

78 T
77+ Shards
g
"’ o Xi-9
® Xi-13
75 1| ODa-5
74 1 L A 1 L
13 14 15

ALO,

profiles are shown in Table 3. When normalized to 100%, the analyses
show relatively homogeneous rhyolitic compositions with 76-77.5%
wt% SiO-, 3.4-4.2 wt% Na,0, 3.3-4.8 wt% K0, 0.6-1.1 wt% FeO and
0.02-0.12 wt% TiO,. Plots of wt% SiO, versus Al,03 and K,0 versus
CaO in Fig. 5 for the glass shards in Xibi-Xibi samples Xi-9 and Xi-13
and Los Alisos sample Da-5 show the relatively small compositional
range within and between samples. In detail, the Los Alisos glass shards
have slightly lower wt% Al,05 and higher wt% K,0 content than those
from the Xibi-Xibi profile.

In comparison, Table 4 lists the XRF whole rock major and trace ele-
ment analyses of an assortment of bulk tephra samples from the Gua-
naco Formation tuffs in the Los Alisos and Xibi-Xibi profiles and
typical obsidian, pumice and perlite samples from the Ramadas Volcanic
Center. When calculated on an anhydrous basis, the whole rock analyses
of the Ramadas Volcanic Center samples are compositionally similar to
the individual shard analyses in showing a fairly homogeneous range
of peraluminous (A/CNK = 1.2-1.4) rhyolitic compositions with
74.0-75.9 wt% SiO,, 3.1-4.7 wt% Nay0, 2.9-4.4% wt. K;0 and
0.01-0.14% wt% TiO,. As the bulk tephra whole rock analyses have LOI
contents up to ~6.5% (Tables 3 & 4), a plot of normalized SiO, concentra-
tion versus Zr/TiO, on the discrimination diagram of Winchester and
Floyd (1977) confirms that both the Guanaco Formation tuffs and
Ramadas Volcanic Center samples have rhyodacitic to rhyolitic compo-
sitions (Fig. 6).

Further, comparisons of the anhydrous-based glass shard analyses in
Fig. 4 with those of the anhydrous-based bulk tephra sample show there
is a virtual overlap of compositions in sample DA5 and a greater, but still
small difference between the glass shards and bulk tephra of sample Xi-
9. The same small differences in Al and K concentration in the glass
shard compositions between Xi-9 and DA5 mentioned above occur in
the analyses of the whole rock tephra. In accord with the tephra being
phenocryst-poor, the bulk tephra compositions of the primary ashfall
deposits seem to have been little modified by loss or concentration of
phenocrysts or xenocrysts during atmospheric transport. As such, the
whole rock analyses in Tables 3 and 4 can be used to correlate tephra
layers in the Guanaco Formation of the Rio Grande of Jujuy and Metan
valleys.

From a classification perspective, the tephra and Ramadas Volcanic
Center analyses plot in the field of A-type granites near the I-type
boundary on silicic rock discrimination diagrams. Fe = O/(Fe = O
+ MgO) ratios (Fe-indices) of ~1 at 76.6-77.5 wt% SiO for the glass
shards (Table 3) and from 0.48-0.93 at 72.6-75.9 wt% SiO, for the
whole rock tephra (Table 4) fall in the field of ferroan volcanic rocks
in the classification of Frost et al. (2016). Ferroan signatures like these
are generally associated with reducing and relatively dry conditions.
As with other strongly peraluminous ferroan Si-rich ignimbrites in the
Puna like the Coyaguayma Ignimbrite (Caffe et al., 2012), Tocomar

Fig. 5. Plots of wt% SiO,, versus Al,05 and K;0 versus CaO for microprobe analyzes of Guanaco Formation glass shards normalized to 100% from Table 3. Analyses are for Xibi-Xibi samples
Xi-9 - open circles; Xi-13 - circles and the Alisos sample DA-5 (squares). Analyses of whole rock powders of samples DA5 (square with point) and Xi9 (circle with point) from Table 4 are
shown for comparison. Not the close match between the shard and whole rock analyses of sample Da5. See discussion in text.
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Fig. 6. Plot of wt% SiO, versus Zr in ppm/wt% TiO, from Winchester and Floyd (1977) for
whole rock analyses of tuff samples from the Guanaco Formation Xibi-Xibi (asterisks),
Alisos (crosses) and Metan (square) profiles and obsidian, perlite and pumice samples
(stars) from the Ramada Volcanic Center confirming their overlapping rhyodacitic to
rhyolitic compositions.

rhyolite (Petrinovic et al., 2006) and Botijuela-Minas rhyolites in the
Antofalla region (Richards et al., 2006), the shards have low Sr, Ba, Zr
and LREE and high Rb, Nb and Ta concentrations (Table 4; Figs. 7 & 8).

Representative REE and other trace element data from Guanaco For-
mation tuffs are shown on chondrite and primitive mantle normalized
trace element plots in Fig. 7. The REE diagrams (Fig. 7a & b) show slight
light REE enrichment (La/Yb = 6.7-10.4) with La/Sm ratios of 2.2-2.5,
large negative Eu anomalies (Eu/Eu* = 0.07-0.14) and relatively high
Sm/Yb ratios ~3.0-4.2 that require heavy REE retention in residual horn-
blende and garnet in the source. The primitive mantle normalized pat-
terns (Fig. 7d & e) show strong enrichments in Cs, Rb, U and Pb,
moderate enrichments in Th, Ta and Nb, moderate depletions in Sr
and Zr and strong depletions in Ti and Eu relative to the LREE that
lead to low Ba/La (most 10-14), Ba/Ta (24-55) and very low La/Ta
(3-4) ratios. The positive spikes in Pb, Th and U indicate continental
crustal components and negative spikes in Ba, Sr and Eu reflect plagio-
clase and sanidine fractionation.

The analyses of the Guanaco Fm. tuffs can be compared with those of
the garnetiferous obsidian rhyolite (RaOb1), perlite (RaOb2) and pum-
ice (RaOb3) in the Corte Blanco tuff from the Ramadas Volcanic Center
in Table 4 and Fig. 7c and f. The REE and extended trace element plots
of the Ramadas Volcanic Center samples highlight the marked overlap
in the concentrations of most elements with the Guanaco Fm. tuffs.
Minor differences in Eu, Sr, Ba and Sr are best explained by variable
amounts of sanidine and differences in the heavy REEs by variable
amounts of garnet. In detail, the Ramadas Volcanic Center obsidian
and perlite samples have the largest Eu and Sr anomalies reflecting a
greater feldspar (sanidine) loss. Lower Hf and Zr contents in the
Ramadas sample could reflect more zircon loss.

4. Age of the Guanaco Formation Tephras and the Ramadas Volcanic
Center

New laser step heating “°Ar/>°Ar ages on glasses from three tuffs in
the Guanaco Fm. in the Xibi-Xibi profile are shown in Table 5 with ana-
lytical details in Appendix 1. Samples from the Xibi-Xibi section dated in
the Geochronology Laboratory, National Taiwan University using the
techniques described by Lo et al. (2002) yielded plateau ages of 6.1 &+
0.2 Ma for tuff sample Xi-16 from the upper part of the section and 7.0
=+ 0.6 Ma for tuff sample (XI-9) from the lower part (Fig. 2; Table 5).
These ages overlap within error near 6.3 to 6.4 Ma. A third sample Xi-
8 from just below Xi-9 dated at the Geochronology Laboratory at the
University of Alaska Fairbanks using the techniques in Layer et al.
(1987) yielded an isochron age of 5.4 £ 0.5 Ma, which is within error

of the 6.1 £ 0.2 Ma age of sample Xi-16. The same sample also yielded
a more poorly contained weighted plateau age of 4.2 + 1.82 Ma
(upper limit is 6.02 Ma).

In comparison, a whole rock K/Ar age of 8.73 + 0.25 Ma for the
Ramadas Volcanic Center event was suggested by Del Papa et al.
(1993) and Viramonte et al. (1994) based on the mean K/Ar ages of a
Ramadas Volcanic Center obsidian and a pumice from a medial facies
tuff some 20 km to the east. Subsequently, Petrinovic et al. (1999)
constrained the age of a medial pyroclastic facies in the Corte Blanco
Tuff in a profile ~20 km south of the Ramadas Volcanic Center near
the El Morro Center to be between the Ar/Ar biotite ages of 7.4 +
0.3 Ma for the Toba I ignimbrite and 6.2 £ 0.3 Ma for the El Morro I Ig-
nimbrite. More recently, a fission track age of 6.63 &+ 0.28 Ma on an ob-
sidian sample from the Ramadas Volcanic Center from Bigazzi (2004)
overlaps the range of errors in the Ar/Ar ages of the Guanaco Formation
tuffs.

Considering the difficulties of dating glass samples and taking into
account the errors, the measurements are in accord with an eruption
or eruptions between 7.0 4 0.6 Ma and 6.1 £ 0.2 Ma as would be con-
sistent with multiple tephra layers. Given the uncertainties, the most
likely eruption age for the Guanaco Formation garnet-bearing tuffs is
between 6.1 and 6.3 Ma. This age is in line with the vertebrate
gliptodontoideo fossils (Fig. 2) found near the top of the ashes in the
Xibi-Xibi section being in the Huayquerian “stage” (Arias et al., 1978),
which is considered to late Miocene in age between 8 and 5 Ma (see
Schmidt et al., 2018).

5. Revised Sr and Nd initial isotopic ratios for the Ramadas Volcanic
Center

875r/88sr and *3Nd/*“Nd isotopic ratios for samples from the Ra-
mada Volcanic Center obsidian, pumice and perlite in the Corte Blanco
tuff have previously been published in Viramonte et al. (1994, 2007).
A long-standing problem in using these analyses in petrologic modeling
is that calculating their initial #”Sr/25Sr ratios has been elusive due to the
combined uncertainty in their age and the analytical uncertainty in their
extremely low Sr concentrations. Here, we recalculate both their initial
87Sr/85Sr ratios and Sr concentrations using the following conditions:
a) the eruption of the Ramadas Volcanic Center occurred at ~6.3 Ma
based on the new age constraints discussed above, b) the assumption
that the initial 87Sr/%6Sr isotopic ratios for all three samples should be
similar as they erupted at the same time from the same source, and
c) their Rb concentrations are those reported in Table 4. Using these
conditions, the recalculated Sr concentrations in Table 4 for the three
samples from the Corte Blanco tuff are respectively 6.4, 10 and 8 ppm
with an average recalculated 87Sr/2Sr initial ratio of 0.71192 at an aver-
age initial "**Nd/'**Nd ratio of 0.512274 or an eNd of —7.0 (see Table 4).
As illustrated in Fig. 9, the recalculated initial 87Sr/36Sr ratio are only
slightly higher than those for the nearby late Miocene Aguas Calientes
Ignimbrite, which should have a generally similar crustal contaminant
(Matteini et al., 2002a).

6. Discussion: tephras as chronostratigraphic markers and source
implications for the origin of the garnet-bearing Ramadas Volcanic
Center magmas

6.1. Volcanic implications

A number of lines of evidence link the garnet-bearing tuffs in the
Guanaco Formation in the Rio Grande of Jujuy and Metan Valleys to
the Ramadas Volcanic Center, some 100 to 200 km to the west. The
first and strongest indicator is the nearly identical composition of the
near euhedral garnet phenocrysts (Almz;o_72SpS22-26Grsz_4Prps_q) in
the Guanaco Formation tuffs (Table 2) to those in the Ramadas Volcanic
Center rhyolite, obsidian and pumice analyzed by Viramonte et al.
(1984) and Gauthier et al. (1994). These garnet compositions are also
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Fig. 8. Chondrite and primitive earth normalized trace element diagrams comparing Xibi-Xibi distal ashes and Ramada Volcanic Center rhyolites with Spessartine-rich garnet-bearing
rhyolites from the Coyaguayma ignimbrite (data from Caffe et al., 2012) and Botijuela Obsidian dome (data from Richards et al., 2006). Normalization as in Fig. 7. See text for discussion.

like those in the Guanaco Formation tuffs in the Lerma and Metan val-
leys reported in Del Papa et al. (1993) and Viramonte et al. (1994).
The second is that the “°Ar/3°Ar ages of the Guanaco Formation tuffs
in the Xibi-Xibi profile are within error of the ages suggested for the
Ramadas Volcanic Center and its medial pyroclastic facies. A third is
that the Guanaco Formation tephras show overlapping whole rock
major element and strong trace element similarities to the pyroclastic
rocks and rhyolitic dome of the Ramadas Volcanic Center (Table 4;
Figs. 6 and 7). As shown in Fig. 7, trace element similarities include sim-
ilar enrichments in Ta, Nb and Th relative to the LREE, very low Ba/La,
Ba/Ta, La/Ta and Zr/Nb ratios, positive spikes in Th and U, relatively
flat light REE patterns (La/Sm ratios ~2-2.5) with high Sm/Yb ratios
(~2.8-4.0), that require retention of heavy REEs in hornblende and gar-
net in the source and large negative Eu anomalies (Eu/Eu* = 0.07-0.14)
requiring plagioclase fractionation.

Table 5

Importantly, the garnet-bearing Guanaco Formation tephras also
have similar garnet phenocrysts and compatible ages with the medial
pyroclastic garnetiferous facies exposed 15-20 km to the east of the
eruptive center of the Ramadas Volcanic Center (Viramonte et al.,
1994; Tait, 2004). As such, the distribution of the tephra in the Guanaco
Formation sections confirms the extension of tephra dispersion from
the Ramadas Volcanic Center through the Corte Blanco to the Xibi-Xibi
River and Alisos localities as well as to the southeast through the Valley
of Lerma to the Metan locality (Fig. 1). This distribution pattern is in ac-
cord with the dispersal pattern proposed by Viramonte et al. (1994) and
Tait (2004).

Further, the diverse vesicularity of the juvenile clasts in the Guanaco
Formation tephra samples in the Los Alisos and Xibi-Xibi and Metan
profiles suggests a mechanism for their generation. On the one hand,
tube to cellular pumice fragments are common in plinian phase

Ar/Ar ages of Glass from the Guanaco Fm. Xi-Xi section tuffs. See Appendix 1 for additional information, ages used in text are in bold. Geochronology Laboratory National Taiwan University.

Sample Plateau age Error MSWD
Xi-16 6.1 +0.2 0.36
Xi-9 7.0 +0.6 1.53

LP6a Biotite Standard Age = 128.4 £ 0.8
Ma J-value = 0.0036115 + 0.0000253

Intergrated age Error Isochron age
7.5 +0.3 5.0 +1
7.2 +0.5 6.0 +2

Geochronology Laboratory University of Alaska Fairbanks

Plateau age based on weighted average
Xi-8 42 +1.82 2.65
TCR-2 Standard Age =28.619 Ma

Weighted average of J from standards = 8.314e-05 + 2.212¢—07

Isochron age
5.4 +0.5
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Fig. 9. Plot of initial '**Nd/'**Nd and 8Sr/3°Sr ratio for Ramadas, Coyaguayma, and
Botijuela garnet-bearing rhyolites and comparative samples from the Puna. Initial
isotopic ratios for the Ramadas Volcanic Center and Botijuela region samples from
Table 4 are as recalculated from analytical data in Viramonte et al. (1994, 2007) and
Richards et al. (2006) following discussion in the text. Data for the Coyaguayma
ignimbrite are from Caffe et al. (2012), Cerro Galan ignimbrites from Francis et al.
(1989), Quebrada del Toro shoshonites and Southern Puna mafic lavas from Kay et al.
(2010) and other samples as in or compiled by Petrinovic et al. (1999), Matteini et al.
(2002a), Mazzuoli et al. (2008) and Kay et al. (2010). Fields for northern and southern
Puna bulk crust are based on compilation in Caffe et al. (2012). Garnet-bearing rhyolites
are all consistent with being ~50-50 mixtures of mantle and crustal derived magmas as
discussed in text.

eruptions and their presence in the distal facies is consistent with the
model of Tait et al. (2009). At the same time, the co-existence of these
fragments with a similar proportion of blocky glass shards with very
low vesicularity in the same layer is best explained if the Guanaco For-
mation tuffs represent the opening of the vent that produced the initial
pyroclastic surge deposits. In this case, the blocky fragments did not
form due to large amounts of volatile exsolution, but instead are prod-
ucts of phreatomagmatic fragmentation in accord with the textural
criteria in Wohletz (1983). Thus in the Ramadas Volcanic Center evolu-
tion scheme of Tait et al. (2009), the Guanaco Fm. tuffs reflect an initial
vent opening associated with a series of pulsating phreatic magmatic
surges as seen in Fig. 10a before the initiation of the Plinian stage seen

in Fig. 10b. The volcanic deposits associated with the opening and initial
Plinian phase are then those recognized by Tait (2004) as forming the
lowest unit of the Corte Blanco tuff, some 20 km from the vent.

6.2. Petrologic implications: mixing of mantle and Mn-rich crustal melts
and crystallization of garnet from a rhyolite melt extracted from a crystal
mush

The geochemical analyses and recalculated 87Sr/%6Sr and
143Nd/1*4Nd initial ratios of the Ramadas and Guanaco Formation tuffs
in Table 4 allow a refined interpretation of their magmatic origin and
permit comparisons with the ~6-2 Ma Cerro Galan Ignimbrites to the
south and the other spessartine garnet-bearing silicic Puna volcanic
rocks in Fig. 1 including the Coyaguayma Ignimbrite (Caffe et al,,
2012) to the north and the Botijuela obsidian west of the Salar de
Antofalla (Richards et al., 2006). For comparison, the trace elements of
the Coyaguayma Ignimbrite and Botijuela obsidian are plotted in
Fig. 8, and the initial Sr and Nd isotopic ratios of all of the comparative
centers in the Puna are shown in Fig. 9.

As seen in Fig. 9, the initial ratios of the Ramadas rhyolites are only
slightly higher in 37Sr/25Sr than those of the 6 to 2 Ma Cerro Galan ig-
nimbrites (Francis et al., 1989) for which Kay et al. (2010, 2011) calcu-
lated a nearly 50:50 crustal-mantle mixing ratio based on O-Sr-Nd
isotopes and trace element modeling. In those models, the mantle-
derived end-member was assigned an 87Sr/%6Sr ratio of 0.7055 and a
143Nd/'*4Nd ratio of 0.5126 based on the analyses of the <7 Ma southern
Puna mafic lavas (Fig. 9). The resulting crustal contaminant required Nd
and Sr isotopic ratios in the range estimated for the Puna crust (Fig. 9).
In comparison, the <2 Ma Chorrillos absarokite (52.12% SiO,; 6.88%
MgO; ~380 ppm Cr) in the Quebrada del Toro shoshonitic suite, which
erupted 10 km south of the Ramadas Volcanic Center (Fig. 1), has
87Sr/85Sr (0.706333) and "*3Nd/'**Nd (0.512519) ratios that are only
slightly more enriched than those of the southern Puna mafic lavas
(see Kay et al., 1994). Supporting evidence for a role for a shoshonitic
suite mafic magma comes from the Mg-rich biotite and Mg-
hastingsite xenocrysts in the Guanaco tuffs (see below). As such, in
analogy with the Cerro Galan ignimbrites, near 50:50 mixtures of a
primitive shoshonitic series mafic magma with melts of the Puna crust
might produce the Ramadas magmas.

As noted by previous investigators (Petrinovic et al., 1999; Matteini
etal.,2002a and 2002b; Mazzuoli et al., 2008; Kay et al., 2010), compiled
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isotopic data for the region along the Olacapato-El Toro lineament near
the Ramadas Volcanic Center show an increase in 8’Sr/%6Sr and a de-
crease in ">Nd/'*Nd ratios with age in samples at a similar stage of
evolution. This pattern can generally be correlated with incorporation
of an increasingly more radiogenic crustal component in the magma
source in response to crustal thickening and an increasingly enriched
mantle in response to lithospheric removal (e.g., delamination; Kay
et al., 1994; Kay et al., 2010). The combination of incorporating the
Neoproterozoic-Eocambrian Puncoviscana greywackes into the
magma in the crust and the enriching of the mantle source that lead
to the formation of the shoshonitic magmas provide the ingredients to
set the stage for producing the Ramadas rhyolites.

Further constraints on the origin of the Ramadas Volcanic Center
magmas and Guanaco tuffs come from comparisons with the chemistry
and mineralogy of the peraluminous Coyaguayma Ignimbrite investi-
gated by Caffe et al. (2012). Some of the distinctive geochemical similar-
ities and differences with the Ramadas tuffs can be seen in the REE and
primitive mantle normalized trace element patterns in Fig. 8a and b. The
most striking similarities include large negative Eu and Sr anomalies
that require feldspar fractionation, steep REE patterns that require re-
tention of HREE in residual garnet and amphibole, positive Pb anomalies
requiring crustal contaminants and low Zr, Th and LREE requiring mon-
azite and zircon removal. At the same time, the most notable differences
from the Coyaguayma tuffs include much larger negative Eu and Sr
anomalies, slightly steeper REE patterns, more pronounced negative Ti
anomaly and less pronounced positive Pb spike that complement the
slightly less enriched Sr and Nd isotopic ratios in the Ramadas tuffs
(Fig. 9).

An important factor in interpreting some of these similarities and
differences is that the Ramadas tuffs are almost aphyric except for a
small amount of garnet consistent with crystallization from a residual
melt after extreme fractionation of the hybrid magma in a mush zone.
The lower Sr and Ba concentrations and larger negative Eu anomalies
of the Ramadas tuffs imply more feldspar fractionation after assimila-
tion. These differences are consistent with more crystallization of alkali
and plagioclase feldspar, garnet, biotite and titanomagnetite from the
Ramadas magma before extraction and eruption of the Ramadas tuff
than before the eruption of the Coyaguayma Ignimbrite.

Of relevance to the Ramadas tuffs, Caffe et al. (2012) presented a
major element and Rb, Ba, Sr and Y model for crystallizing the
Coyaguayma ignimbrite from a dacitic magma (69.7% SiO-), which is
comprised of 70% of the ~4 Ma calc-alkaline Atana ignimbrite west of
Coyaguayma and 30% of the strongly peraluminous ~7 Ma Morococala
ignimbrite in Bolivia. Their least squares model shows the Coyaguayma
pumice can be matched by ~70% equilibrium crystallization of 36% pla-
gioclase, 29% quartz, 25% sanidine, 1% magnetite, 9% biotite and 0.6% ap-
atite. They also present a fractional crystallization partial melting model
showing that the average Argentine Puna metapelitic gneiss of Lucassen
et al. (2001) produces the best match for the composition of the
Coyaguayma ignimbrite and make the comment that their melting
model cannot match the higher Rb/Sr and Rb/Ba ratios of the Ramadas
rhyolites. Overall their source components are broadly consistent with
a similar model for the Ramadas rhyolite with the differences being
best explained by more K-feldspar and plagioclase retention in the
crustal magma chamber at depth in line with the larger Eu anomaly
and more extreme Ba and Sr anomalies (Fig. 8) and some regional dif-
ferences in the mantle and crustal components.

The other spessartine-garnet bearing rhyolite is the ~1 Ma Botijuela
rhyolitic obsidian dome west of the Cerro Galan caldera (Fig. 1). The
age-corrected initial 87Sr/86Sr and 1*3*Nd/'**Nd ratios for these rhyolites,
which are calculated from the measured values in Richards et al. (2006),
are lower in 87Sr/3%Sr (~0.7083) and higher in '3Nd/'**Nd (~0.51235)
than the ratios of the garnet-bearing Ramadas tuffs as is consistent
with a less radiogenic basement west of the Salar de Antofalla than
under Cerro Galan, the Ramadas Volcanic Center or the Coyaguayma
ignimbrite.

7. Crystallization conditions

The crystallization conditions for the Ramadas rhyolitic magmas can
be partially constrained by the compositions of the garnet and amphi-
bole in Tables 2 and 3. Particularly, wt% MnO in the garnet can be
used as an indicator of pressure. Early experimental work by Green
(1977) showed that higher wt% MnO allowed garnet to stabilize at
shallower depths and that garnets with >10 wt% MnO could crystallize
from silicic liquids at pressures of 5 kbar or less. As the Ramadas garnets
have ~10% wt% MnO (Table 2), they could have crystallized at depths of
~15 to 12 km. The subsequent experiments of Green (1992) showed
that as pressures decreased, wt% MnO could increase with wt% CaO re-
maining relatively high (>4%). This, however, is not the case in the
Ramadas garnets as wt% CaO are <1.5% suggesting an S-type crustal
component in accord with Table 1 in Harangi et al. (2001),which
shows that garnets in peraluminous granites often have lower wt%
Cao at the same wt% MnO.

Furthermore, as has been observed in other silicic magmas with Mn
rich garnets (see Harangi et al.,, 2001), tschermakitic magnesio-
hastingsite or pargasitic amphibole compositions like those in the Gua-
naco tuffs (see Table 3) commonly occur as mafic phenocrysts or
xenocrysts in garnet-bearing tuffs. The high Al, Ti, Na and K in these am-
phiboles indicate that they crystallized at high temperatures and pres-
sures. Using the Ridolfi et al. (2010) calibration discussed above, the
amphibole compositions in Los Alisos sample DA5-1 & DA5-2 permit a
temperature near 940 + 20 °C, a pressure of ~440 4+ 111 MPa (depth
of ~16-17 km), a log fO, of —11 near the NNO buffer and a water con-
tent of ~5.5 4 1.9% in accord with the amphiboles being xenocrysts
from a mantle-derived shoshonitic mafic magma that mixed with a
crustal melt. The physical conditions are consistent with a mid-crustal
magma chamber in which mantle-derived basaltic melts mixed with
crustal melts like those might be derived from melts of the
Neoproterozoic-Eocambrian Puncoviscana Fm. greywackes, which un-
derlie the Ramadas Volcanic Center.

Biotite compositions in garnet-bearing magmatic rocks vary with the
composition of the magma, with those in the rhyolites often having lower
Mg numbers (29-40) and being less K,O-rich (8.1-8.7%) than those in
more mafic rocks. In contrast, the biotite and pseudo-biotite analyses in
Table 2 for the Guanaco tuff from the Ramadas Volcanic Center are
more Mg-rich (up to 10% MgO; Mg# 49-64) than either those in the
Coyaguayma ignimbrites (~3% MgO; Mg# 16) or those typically found
in garnet-bearing volcanic rocks suggesting they are xenocrystic. A possi-
bility in explaining their relatively Mg-rich compositions is that they re-
flect reaction of phlogopite crystals derived from shoshonitic magmas
with the rhyolites in the Ramadas mush zone. Such phlogopite-bearing
(Mg# 70-90) crystals occur in the nearby Chorrillos and San Geronimo
shoshonitic series flows that erupted along the Olacapato-El Toro linea-
ment in the Quaternary (see Déruelle, 1991). The possible presence of
mafic and possibly shoshonitic series magmas at depth at the time of
the Ramadas eruption at 6.3 Ma is consistent with the appearance of
mafic volcanism at ~7-6 Ma just to the north (e.g., Maro et al., 2017)
and south of the Quebrada del Toro (e.g., Kay et al., 1994).

The petrography of the Ramadas rhyolite shows the only primary
liquidus phenocryst is garnet. As such, the trace element evidence for
residual feldspar, garnet, biotite and titanomagnetite is consistent
with extraction of a rhyolite melt from a crystal mush at mid-crustal
depths that then crystallized spessartine-rich garnet upon ascent. In
line with studies of the Coyaguayma ignimbrite (Caffe et al., 2012)
and the evidence above, the pre-eruption crystallization of the rhyolite
segregated from the mush likely occurred at ~800° to 720 °C at a depth
of no <15-12 km as the H,0 content increased from ~4-5% to ~7.5%.

8. Eruption environment

Silicic magmas containing Mn-rich garnets are commonly associated
with extensional conditions (Harangi et al., 2001), as is the case for the
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Ramada Volcanic Center, which was emplaced on the eastern margin of
the NW-SE trending Olacapato-El Toro fault zone as extensional faulting
and mafic volcanism appeared to the south (e.g., Risse et al., 2008). Re-
gional and local structural and magmatic studies have long highlighted
the transtensional and extensional movements on the Olacapato-El
Toro fault system relative to the Miocene eruptions of the Negra Muerta
and Aguas Calientes calderas and the Quaternary monogenetic basaltic
and shoshonitic cones (e.g., San Geronimo and Negro de Chorrillos)
and Tocomar rhyolite (Petrinovic et al., 2006; Riller et al., 2001;
Viramonte et al., 1984). In this context, the trans-tensional Olacapato-
El Toro shear zone represents a long-lasting inherent weakness along
which strike-slip and normal Neogene faults are localized in a structural
transfer zone that accommodates the motion of orogen-parallel thrust
faults to the north and south (e.g., Acocella et al., 2011; Norini et al.,
2013).

From a volcanic perspective, the ~6.3 k + 0.3 Ma Ramadas Volcanic
Center is essentially unique in being the largest late Neogene plinian
rhyolitic eruption in the Puna with Tait (2004) calculating an ejected
volume of ~36 km> DRE and a column height of ~39 km above the
vent. This plinian eruption style contrasts sharply with that of the
giant dacitic ignimbrites without significant fall deposits that erupted
in the Puna-Altiplano ignimbrite flare-up over the <10 Ma (e.g., de
Silva and Francis, 1991; Coira et al., 1993; Kay and Coira, 2009; Kay
et al.,, 2010). Their relative lack of fall deposits has been attributed to
wide radius source vents that in the relatively low density atmosphere
above 3800 m a.s.l. in the Altiplano-Puna leads to a negative buoyancy
that induces column collapse in response to reductions of the velocity
in the gas thrust region and the rate of air entrainment in the convective
region (Bursik and Woods, 1991). In contrast, Tait (2004) argues that
the Ramadas Volcanic Center plinian eruption was ejected from a flaring
point source vent that led to a buoyant column and a crystal-poor, high
velocity eruption. The preservation of the spessartine-rich garnet in the
tuff suggests this flaring point was only somewhat shallower than the
~12-15 km depth at which the garnet crystallized from the extracted
rhyolite magma.

9. Final discussion and conclusions

Spessartine-rich garnet phenocryst with distinctive compositions
(Alm70_72Sps22-25Grss_4Prpos_1) in peraluminous rhyolite tephra layers
in the Neogene Guanaco Formation of the foreland basin deposits in
Argentina east of the Puna plateau serve both as markers for correlating
foreland strata and in identifying their eruptive source as the Ramadas
Volcanic Center on the eastern margin of the Puna along the
Olacapato-El Toro lineament, ~120 to 200 km to the north and west.

New Ar/Ar age determinations for the Guanaco tuffs in conjunction
with previous dating of the Corte Blanco tuffs show that the Ramadas
Volcanic Center eruptions occurred between 5.9 and 6.4 Ma and most
probably close to 6.3 Ma.

Like the less spessartine-rich garnet-bearing Coyaguayma Ignim-
brite (Caffe et al., 2012) to the north, the Ramadas tuffs are best
interpreted as mafic magmas contaminated by assimilation and dehy-
dration melts of Neoproterozoic-Eocambrian Puncoviscana Fm. Mn-
bearing metasediments and average Puna basement. Supporting evi-
dence comes from their newly recalculated 87Sr/%Sr initial ratios
(~0.71192) and '3Nd/'**Nd initial ratios (0.52337, eNd ~—7) along
with pronounced Pb spikes on trace element diagrams. On a regional
scale, the Ramadas tuffs are slightly more isotopically enriched than
the ~6 to 2 Ma Galan Ignimbrites to the south and the nearby ~10 Ma
Aguas Calientes tuffs, and less radiogenic than the ~11 Ma garnet-
bearing Coyaguayma ignimbrites. Like the Cerro Galan ignimbrites, the
isotopic characteristics of the Ramadas tuffs are consistent with their
being ~50-50 mixtures of mantle-derived mafic and crustal-derived
melts.

The major and trace element chemistry of the Ramadas Volcanic
Center spessartine-rich garnet-bearing rhyolitic magmas is best

interpreted as reflecting eruption of a late stage melt segregation from
a mid-crustal crystalline mush that left behind plagioclase, potassium
feldspar, biotite and quartz crystals along with accessory zircon, apatite
and allanite. Essentially the only mineral to crystallize from the sepa-
rated rhyolite before the plinian eruption was spessartine-rich garnet
that is found as euhedral phenocrysts among the pumice fragments.
Feldspar fractionation is supported by extreme negative Eu anomalies
and very low Sr and Ba concentrations and zircon, apatite and allanite
loss by the shape of the REE patterns and low Zr concentrations.

Unlike the more crystal-rich spessartine-rich garnet-bearing
Coyaguayma tuffs, the only major mineral in the segregated melt before
the explosive eruption of the Ramadas ignimbrite was a small amount of
Mn-rich garnet signaling a pre-eruption crystallization at depths of
~15-12 km. The presence of both blocky and bubble wall shards in the
distal ash deposits of the Guanaco Formation Tuffs is consistent with
an initial vent-opening associated with a series of pulsating phreatic
magmatic surges, which were almost immediately entrained into the
Plinian eruption of the garnet-bearing Ramadas Volcanic Center
rhyolites.

The eruption was likely triggered by transtension along the
Olacapato-El Toro lineament (Norini et al., 2013) and could have been
facilitated by underplating of a mafic shoshonitic series magma,
whose presence is signaled by relict resorbed Mg-rich hornblende and
biotite xenocrysts in the Ramadas tuffs. The eruption could have been
associated with foundering of the underlying lithospheric removal as
suggested by Kay et al. (1994) and Kay et al. (2010).
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Appendix A. Analytical methods

Whole rock analyses of the tuffs were done on rock powders. Major
elements, Y, Rb, Pb, Zr and Nb were analyzed on a Rigaku FX2000 instru-
ment at the University of Jujuy, Argentina using the methods described
in Caffe et al. (2002). Analyses for Fe, Na, La, Ce, Nd, Sm, Eu, Tb, Yb, Ly, Sr,
Ba, Cs, U, Th, Hf, Ta, Sc, Cr, Ni and Co were done by Instrumental Neutron
Activation Analyses (INAA) at Cornell University as described by Kay
et al. (1999) and Kay et al. (2010). The Fe content of each sample was
used as an internal flux monitor in the INAA analyses. The absolute ele-
ment concentrations reported in the INAA analyses are based on Fe con-
centrations calculated using the sample weight and the live counting
time at a constant distance from the detector. Where Ba analyses dif-
fered, INAA analyses are reported. INAA precision and accuracy based
on replicate analyses of internal standards are 2-5% (2 sigma) for
most elements and 10% for Sr, Nd and Ni at low concentrations. Supple-
mentary data to this article can be found online at https://doi.org/10.
1016/j.jvolgeores.2018.08.020.
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