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a b s t r a c t

In central Chile (33�500-34�300S), the Quaternary arc records a distinctive episode of silicic volcanism
(SiO2 >70wt%) that occurred during latest Pleistocene (0.1e1Ma). This episode is recorded in several
eroded and inactive arc centers distributed mostly along the highest summits of the Andes in the same
region covered by the modern arc centers. We report new data including field observations, petrography,
whole rock chemical and Sr-Nd isotopic analyses, mineral chemistry and geochronology for the Qua-
ternary Andean arc in the region with emphasis in the latest Pleistocene units (0.1e1Ma). The silicic
episode that the latter units represent constitutes a singularity in the common compositions that
characterize in the long term this arc segment, as it is preceded and followed by basaltic andesite-
andesite-dacite suite compositions. In addition, it occurs coevally with a period of increased denuda-
tion resulting from the major uplift event of the Andean orogen in the area. Geologic field markers,
supported by thermobarometric estimations, indicate conservative estimates of denudation of ~1.5 km
during this period in the area which in turn accounts for a significant pressure decrease at upper crustal
levels that must have affected the shallow reservoirs that fed the arc volcanoes. For evaluating this,
thermodynamic numerical simulations have been run at different pressure conditions in order to
describe for such magmatic systems the evolution in terms of major element composition, degree of
crystallinity and volatile content with the temperature decrease. Overall, results show that the
compositional spectra defined by this arc segment can be reproduced by low pressure (<0.75 kbar)
crystallization of its most basic members by batch and/or fractional processes, the latter being indis-
pensable to reproduce the most evolved compositions. Results also show that a sudden pressure decrease
creates a unique set of conditions that constructively operate for prompting the rapid generation and
extraction of silicic melts, among the main factors it is highlighted the sudden devolatilization and
enhanced crystal-melt segregation which is expected to lead to the rapid creation of a volatile saturated
silicic cap in the magma reservoirs. This in turn can account for a compositional change of the volcanoes
that tap them, as is seen in the evolution of the Quaternary Andean arc in the study area. The transitory
nature of such silicic volcanic episode, characterized by a return to the basaltic andesite-andesite-dacite
suite compositions, follows from the transience of the increased denudation event and marks the
reaching of a new steady state for the tectono-magmatic system.
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1. Introduction

Regional scale episodes of silicic volcanism (SiO2> 70wt%) are a
common feature that occurs sporadically throughout the evolution
of cordilleran arc orogenic systems. In these settings, where the
dynamic interplay between magmatism and tectonics is the rule,
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such transient state of the arc system is thought to be variably
related to particular stages and/or processes of orogenic evolution.
Among the main ones, they include partial melting of tectonically
thickened crust (e.g., Kay et al., 1999; Ducea and Barton, 2007) and
high heat flow supply events after slab steepening and/or litho-
spheric delamination processes (e.g. Kay and Kay, 1993; Schnurr
et al., 2007; DeCelles et al., 2009). However suitable in each case,
such genetic models have not considered the role of denudation,
which constitutes the geological response to the uplifting that
follows from them. Unroofing of several hundred to thousand
meters in relatively short time scales (<3 m.y.) is common in
orogenic systems and entails a significant impact in the lithostatic
pressure conditions in the upper crust. Regardless of the multi-
component and multi-stage character of magmatic processes, the
ultimate source of most volcanism are the shallow (<7 km) crustal
magma chambers that feed the arc volcanoes and they are unlikely
to remain passive to these changes.

In this contributionwe explore the role of increased denudation,
in response to uplifting of the Andes, over the evolution of the
Fig. 1. Tectonic context and main geologic features of the study area. (a) Digital Elevation
indicate the absolute plate motion of the Nazca and South America plates. White triangles co
the Northern (NSVZ; 33e34.5�S), Transitional (TSVZ; 34.5e37�S) and Central (CSVZ; 37e42�

study area. Modified from Thiele (1980), Charrier (1981) and this work.
coeval Quaternary magmatic arc in Central Chile between 33�50
and 34�300S (Fig. 1). This area follows a rather simple orogenic
history, characterized by crustal thickening and associated uplifting
and denudation, devoid of the particular stages and/or processes
mentioned above (e.g., Charrier et al., 2002; Giambiagi and Ramos,
2002; Nystr€om et al., 2003; Kay et al., 2005; Farías et al., 2008,
2010). We report here new data from a regional scale survey in the
area which includes field observations, petrography, whole rock
chemical and Sr-Nd isotopic analyses, mineral chemistry and
geochronology. This is used, along with previously published in-
formation, to characterize the geologic evolution of the region and
we use numerical models to assess the impact of increased denu-
dation over magmatic processes in the shallow arc reservoirs.
2. Geological background

2.1. Tectonic setting

The modern Andes correspond to a cordilleran arc orogenic
Model (DEM) showing the tectonic setting of the Southern Central Andes. The arrows
rrespond to main volcanoes of the Southern Volcanic Zone (SVZ) grouped according to
S) segments. (b) Geologic map showing the main features relevant to this work of the
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system distributed along the western margin of South America.
They are a first order result of the plate tectonic convergence
configuration, where the Nazca oceanic plate is eastwardly sub-
ducting below the South American continental plate (Fig. 1a).
Nowadays, the convergence is nearly orthogonal, with a NE-SW
obliquity ~22e30�, at a rate of 7e9 cm/y (DeMets et al., 1990),
and for the central Chile region (~33�e34�300S) it shows a normal
subduction dip angle of ~25e27� (Cahill and Isacks, 1992; Pardo
et al., 2002, Fig. 1a). Overall, the Andean orogen corresponds to
an asymmetric doubly-vergent deformed and uplifted area
involving Cenozoic and Mesozoic volcanic and sedimentary se-
quences in Chile and Argentina, and Late Paleozoic to Triassic
crystalline basement in Argentina (Fig. 1b). Near the international
border the orogen hosts the currently active volcanic arc repre-
sented in a series of stratovolcanoes running mostly parallel to the
main strike of the mountain belt (Fig. 1). In central Chile, between
~33� and 34�300S, this volcanism composes the so called Northern
Southern Volcanic Zone (NSVZ; Fig. 1), the northernmost segment
of the ~1.400 km long Southern Volcanic Zone (SVZ) of the Andes
(~33�-46�S; e.g. Stern et al., 2007).

2.2. The Quaternary Andean arc in central Chile

The currently active NSVZ distributes in a nearly north-south
chain, located ~290 km to the east of the trench, along the high-
est Andean summits in the Chile-Argentina drainage divide (Fig. 1).
It reaches between 6.500 and 5.200 m in heights that diminish
steadily from north to south in accordance to crustal thicknesses
that diminish from ~60 to 50 km (Tassara et al., 2006). The modern
arc in this area represents the Holocene configuration of the pro-
tracted and continued Cenozoic arc magmatic activity that devel-
oped in the margin throughout the construction of the modern
orogen. Initially located further west, such activity progressively
migrated ~80 km eastwards since Oligocene until reaching its cur-
rent location (e.g., Stern, 1989; Stern and Skewes, 1995; Kay et al.,
2005). Although the modern arc did not fully establish in this po-
sition until Pleistocene, several intrusive units exposed in the area
record magmatic activity since at least 8Ma (Mu~noz et al., 2013). In
the region, the exposed basement that hosts such igneous activity
corresponds to intensively deformed and faulted Mesozoic sedi-
mentary sequences (Fig. 1b). Overall, all Cenozoic magmatism from
central Chile shows the typical compositional features of arc-
related magmas, with a variable involvement of crustal compo-
nents, and has resulted from the continuous plate convergence
throughout this period (e.g., Hildreth and Moorbath, 1988; Stern,
1991; Stern and Skewes, 1995; Nystr€om et al., 2003; Kay et al.,
2005; Mu~noz et al., 2013; Holm et al., 2014).

The youngest activity of the NSVZ is represented by several well
preserved and mostly active stratocones, and scarce minor centers,
of latest Pleistocene to Holocene ages. From north to south, the
main centers correspond to: Tupungato-Tupungatito (6.570m), San
Jos�e (5.856m) and Maipo (5.290m) volcanoes (Fig. 1b). These units
are characterized by a predominance of andesites and subordinated
dacites and basaltic andesites reaching up to 67% of SiO2 contents
(all major oxides expressed as wt.%). A series of older upper Pleis-
tocene volcanic deposits, which are more intensively affected by
glacial erosion, represent the volcanic episode that immediately
predates the current volcanism of the NSVZ. Also along the high
summits of the Andes, they distribute as isolated units or constitute
locally the base of the younger volcanic edifices and have been
attributed to the remnants of extinct volcanoes (Fig. 1b; Charrier,
1981; Schneider et al., 1988; Harrington, 1989; Stern et al., 2007).
These remain poorly studied, due to both its inactive nature and the
difficulty of performing filed studies in the high Andes geography,
and from north to south they correspond to: Nevado de Piuquenes
(6.019m), Cerro Marmolejo (6.108m), Cerro Amarillo (4.162m),
Cerro Castillo (5.485m), the Diamante Caldera (~3.500m), Cerro
Listado (4.250m), and Picos del Barroso (5.000m; Fig. 1b;
Schneider et al., 1988; Stern et al., 2007). In our study area, between
33�500 and 34�300S, early works highlighted the distinctive acid
nature of the magmatism related to the latter units. These corre-
spond to large rhyolitic to dacitic eruptive centers characterized by
a predominance of thick lava flows, with minor associated dome
building and domo complexes, with a few reported SiO2 contents
between 71 and 75% (Charrier, 1981; Schneider et al., 1988;
Harrington, 1989; Godoy and Hildreth, 2001). We address such
units in detail in the following, except for the Picos del Barroso unit
which was unreachable in the field work performed. The north-
ernmost region of the NSVZ segment, which hosts the Nevado de
Piuquenes and Cerro Marmolejo units (Fig. 1b), fall outside of our
study area and its characteristics remain largely unknown except
for scarce isolated reports (e.g. Hildreth and Moorbath, 1988;
Gonz�alez-Ferr�an, 1995).

3. Methods

This work is based in two consecutive lines of development.
First, results from field work, petrography and analytical data are
presented and discussed along with the scarce bibliographic in-
formation available. This is done in order to establish and charac-
terize the occurrence of a silicic volcanic episode during the Late
Pleistocene evolution of the NSVZ and, in addition, to show its
contemporaneity to an increased erosion event in the area.
Analytical data includes Ar-Ar age determinations (n¼ 4; n: num-
ber of samples; Supplementary Material Item 1), whole rock
chemical and Sr-Nd composition (n¼ 8; Table 1), and mineral
chemistry (n¼ 4, 163 analyses; Supplementary Material Item 2)
and the analytical procedures are included in the Supplementary
Material (Item 3). Second, we present numerical models to assess
our hypothesis, that is to evaluate the effects of a sudden pressure
decrease over the shallow reservoirs feeding the arc volcanoes. This
is done using the Rhyolite MELTS thermodynamic software (Gualda
et al., 2012; Ghiorso and Gualda, 2015) and further details on this
are given in the following in the corresponding section.

4. Field and analytical data: results and discussions

4.1. Previous stages of the modern andean arc between 33�500-
34�300S

We present in the following a general characterization of the
main arc units dispersed in the study area which predate the
currently active volcanism of the NSVZ, the latter which has
developed mostly during Holocene (<0.01Ma). According to their
characteristics, these units can be divided in two groups: (i) the
inactive and eroded centers, developed broadly between 0.1 and
1Ma (latest Pleistocene), and (ii) earlier units which are repre-
sented exclusively in the area by intrusive rocks with ages between
~1e1.6Ma (late Pleistocene; Fig. 1b).

4.1.1. The latest pleistocene stage (~0.1e1Ma): inactive and eroded
arc centers
4.1.1.1. Cerro Castillo and Cerro Listado. These latest Pleistocene
volcanic series correspond to two different units (Fig. 1b) but they
are described together as they show numerous similarities. Char-
acteristically, they are exposed in the field as a thick package of a
lava flows series, of tens to few hundred meters thick, exposed
along the highest summits of the drainage divide where they
constitute a discontinuous volcanic plane cut by the abrupt
topography (Fig. 2a, b, c). Such series distribute mainly with a
subhorizontal disposition, showing local variations in the dip an-
gles, and discordantly overlays the Mesozoic deformed basement



Table 1
Whole rock geochemical and Sr-Nd isotope analyses.

Sample MM13 MM14 MM5 MM6 MM4 MLL8 MLL9 RB11

Rock type lava lava lava lava intrusive intrusive intrusive intrusive
Classif. Cpx rhyolite Bt rhyolite Opx rhyolite Opx rhyolite Amph diorite Cpx diorite Cpx diorite Bt andesitic dike
Unit Cerro Listado series Cerro Listado series Cerro Castillo series Cerro Castillo series Paso Colina stock Arriaza stock Arriaza stock Los Lunes stock
Age (Ma) 0.319 0.319 0.534 0.534 1.26 1.60 1.60 1.10
Latitude 34�150S 34�150S 33�580S 33�580S 33�510S 34�240S 35�240S 33�460S
Longitude 69�540W 69�540W 69�540W 69�540W 69�540W 70�040W 71�040W 70�060W
Major Elements (wt.%)
SiO2 69.10 71.50 70.58 69.96 60.20 53.60 54.50 59.00
TiO2 0.23 0.22 0.40 0.38 0.67 0.98 1.10 0.80
Al2O3 14.30 15.20 14.63 15.33 17.90 18.80 17.70 17.50
Fe2O3

total e e 2.72 2.87 e e e e

Fe2O3 0.94 0.49 e e 3.14 1.81 1.57 3.38
FeO 1.08 0.36 e e 1.92 5.32 5.20 1.56
MnO 0.06 0.02 0.06 0.07 0.08 0.11 0.10 0.08
MgO 0.28 0.11 0.57 0.49 2.41 4.70 4.65 2.48
CaO 1.38 1.37 2.77 2.98 4.60 7.82 7.61 5.28
Na2O 4.65 4.86 4.14 4.41 4.22 4.32 4.45 4.61
K2O 4.18 3.93 3.03 2.74 2.27 1.48 1.52 2.04
P2O5 0.07 0.08 0.19 0.22 0.26 0.25 0.28 0.27
LOI 3.35 1.46 0.58 0.40 2.30 0.59 0.86 2.86
Total 99.62 99.60 99.67 99.85 99.97 99.78 99.54 99.86
Trace Elements (ppm)
V 17.12 17.24 37.52 38.75 88.85 177.21 176.56 116.73
Cr 2.55 2.57 3.19 3.32 30.22 63.73 68.92 22.38
Co bdl bdl 3.78 3.60 11.92 25.22 23.53 11.95
Ni 8.89 7.25 9.59 11.14 20.51 36.27 43.52 18.70
Zn 79.16 49.29 66.35 91.18 147.52 113.48 122.08 150.99
Ga 119.03 115.50 95.06 92.05 83.24 64.30 67.28 78.14
Ge 2.43 1.55 2.20 1.89 2.85 3.24 3.36 2.85
As 7.36 bdl bdl bdl bdl 5.83 bdl bdl
Rb 116.58 112.19 71.59 71.37 58.42 38.49 37.83 47.73
Sr 142.17 141.07 414.11 398.11 445.19 562.14 579.09 588.52
Y 25.07 23.10 12.28 11.96 12.30 13.59 13.75 8.71
Zr 192.27 144.12 199.54 171.76 150.90 114.28 142.81 115.67
Nb 13.17 10.67 12.67 11.24 7.99 4.70 5.49 5.95
Mo 3.30 2.49 2.43 3.33 2.63 bdl 2.81 bdl
Sn 3.48 1.68 1.51 2.35 1.91 1.75 2.19 1.47
Sb 0.99 bdl 0.98 1.11 0.70 0.86 1.12 1.80
Cs 4.20 2.18 2.12 1.02 1.72 1.72 1.68 1.08
Ba 741.02 755.64 604.41 579.79 479.21 340.79 360.47 427.07
La 41.91 41.14 34.41 32.60 26.54 19.37 22.45 22.69
Ce 77.75 75.30 59.00 57.10 45.97 34.96 40.14 39.28
Pr 8.98 8.90 6.83 6.58 5.42 4.57 5.33 4.84
Nd 34.25 32.77 24.12 23.54 21.27 18.95 21.70 20.17
Sm 6.67 6.42 4.33 4.18 4.10 4.36 4.59 4.14
Eu 1.09 1.02 1.16 1.11 1.15 1.21 1.26 1.20
Gd 6.14 5.94 3.67 3.56 3.82 3.80 4.40 3.78
Tb 0.91 0.84 0.50 0.46 0.49 0.52 0.54 0.42
Dy 5.06 5.05 2.45 2.43 2.68 2.81 2.99 2.10
Ho 1.01 0.95 0.46 0.46 0.49 0.57 0.53 0.31
Er 3.14 2.98 1.48 1.48 1.36 1.64 1.57 bdl
Tm 0.49 0.42 0.20 0.18 0.19 0.22 0.20 0.11
Yb 3.15 2.80 1.44 1.42 1.21 1.38 1.25 0.65
Lu 0.49 0.41 0.24 0.23 0.18 0.21 0.19 0.10
Hf 6.44 4.50 5.38 4.45 4.56 3.40 4.10 3.38
Ta 1.22 0.88 0.97 0.80 0.65 0.53 0.54 0.61
W 1.23 1.08 bdl bdl 1.08 bdl bdl bdl
Tl 0.62 0.56 0.36 0.33 0.28 0.12 0.18 0.27
Pb 23.87 24.97 27.11 18.38 19.18 11.03 18.27 33.88
Th 13.12 12.19 8.81 8.06 6.46 4.13 4.55 5.28
U 3.31 3.20 2.42 2.22 1.83 1.07 1.16 1.68
Sr-Nd isotopes
87Sr/86Sr 0.70565 0.70567 0.70471 0.70470 0.70496 0.70496 0.70498 0.70447
2s 0.00001 0.00001 0.00001 0.00001 0.00002 0.00001 0.00001 0.00002
87Sr/86SrI 0.70564 0.70566 0.70470 0.70470 0.70495 0.70495 0.70497 0.70447
143Nd/144Nd 0.512528 e 0.512594 0.512587 0.512629 0.512584 0.512580 0.512700
2s 0.000008 e 0.000010 0.000014 0.000008 0.000009 0.000015 0.000007
143Nd/144Nd(t) 0.512528 e 0.512594 0.512587 0.512628 0.512583 0.512579 0.512699
ƐNd �2.1 e �0.9 �1.0 �0.2 �1.1 �1.1 1.2
ƐNdI �2.1 e �0.9 �1.0 �0.2 �1.0 �1.1 1.2
2s 0.2 e 0.2 0.3 0.2 0.2 0.3 0.1

Notes: For isotopic ratios calculations a 147Sm decay constant of 6.54� 10�12 and a 87Rb decay constant of 1.42� 10�11 were used. For ƐNd(t) values the chondritic ratios of
143Nd/144Nd¼ 0.512638 and 147Sm/144Nd¼ 0.1968 (Jacobsen and Wasserburg, 1980) were used along with the corresponding formation ages. Acronyms. Ol: olivine; Cpx:
clinopyroxene; Bt: biotite; Opx: orthopyroxene; Amph: amphibole; bdl: below detection limits.
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Fig. 2. Main outcrop characteristics of igneous units studied. These represent the late Pleistocene activity of the northern segment of the Southern Volcanic Zone of the Andes
(NSVZ) and correspond to: (i) the inactive and eroded centers of Cerro Listado (a; ~34.150S), Cerro Castillo (b, c; ~33�570S), and Cerro Amarillo (d; ~33�520S), and (ii) the intrusive
stocks Paso Colina (d; ~33�510S) and Arriaza (d; ~34�250S). Approximate altitudes are indicated for reference. See Fig. 1 for locations and the main text for further details.
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(Fig. 2a, b, c). In the Cerro Castillo and, less markedly, Cerro Listado
series the lava flow package is characteristically composed of an
alternance of dark and light colored obsidian and porphyric facies
(Fig. 2a, b, c), respectively, both dacitic to rhyolitic in composition
(see the following). In addition, and in particular for the Cerro
Listado unit, an intense hydrothermal alteration can be locally
observed in these eroded centers (Fig. 2a). It must be noted that all
the mentioned characteristics were also observed in the field for
the Picos del Barroso unit, yet difficulties in access made this series
impossible to sample for further studies. In this work, Ar-Ar
radiometric determinations were performed in bulk plagioclase
samples from Cerro Castillo and Cerro Listado lavas (Fig. 3; Sup-
plementary Material Item 1). Results indicate late Pleistocene ages,
with 534± 185 ky for the Cerro Castillo (MM5; all errors reported at
2s level; Fig. 3) and 319± 54 Ky for the Cerro Listado (MM14;
Fig. 3).

Our sampling of volcanic rocks for laboratory studies returned
only dacites and rhyolites from the units Cerro Castillo (n¼ 3) and
Cerro Listado (n¼ 21). In terms of mineral phases, these rocks show
a ubiquitous presence of plagioclase, pyroxene is very common,
there is a variable presence of potassic feldspar, amphibole, biotite
and clinopyroxene, and common accessory phases correspond to
zircon and apatite (Fig. 4). The rocks show aphanitic to mildly
porphyritic and vitrophiric textures and their fine grained portion
presents traquitic and/or felsitic textures (Fig. 4). The development
of perlitic and flow banding textures is common in the vitrophiric
rocks (Fig. 4). All studied samples show disequilibrium features as
glomerocrysts and/or crystal clots, and sieve, zonation and



Fig. 3. 40Ar/39Ar ratio spectra obtained on plagioclase and biotite bulk samples.
Samples and mineral concentrates analyzed, and plateau ages obtained, are indicated
within each diagram. Thick black horizontal line in each diagram indicates the plateau
used for age calculation.
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embayed textures in plagioclase phenocrysts (Fig. 4). We deter-
mined mineral chemistry in the same samples with Ar-Ar radio-
metric analyses, an orthopyroxene rhyolite from Cerro Castillo
(MM5) and a biotite rhyolite from Cerro Listado (MM14; Supple-
mentary Material Item 2). Overall, the common andmost abundant
plagioclase composition corresponds to andesine, with a subordi-
nated presence of labradorite and oligoclase (Fig. 5). In both sam-
ples, plagioclase phenocrysts show the more Ca-rich compositions
and they usually show a normal zonation of up to 25% variation in
Ca content between the cores and rims (Fig. 5). Plagioclase micro-
lites are comparatively Ca-poor phases and correspond to andesine
and alkaline feldspar respectively in samples MM5 and MM14
(Fig. 5). Orthopyroxene present in sample MM5 corresponds to
enstatite and shows a restricted range in compositions (Supple-
mentary Material Item 2). Phenocrysts phases develop a slight
normal zonation and, in comparison to these, microlites corre-
spond to more ferrosillite-rich members.
4.1.1.2. Cerro Amarillo. The Cerro Amarillo unit has been reported
in a few studies (Thiele, 1980; Schneider et al., 1988; Ramos et al.,
1997) but the only detailed description and compositional charac-
terization was given by Godoy and Hildreth (2001). As indicated by
the authors, this corresponds to a medium size (~500m high,
2 km2) rhyolite dome complex, composed by two units, which
overlies a deformed Mesozoic series (Figs. 1 and 2). The older unit
corresponds to a lava-pyroclastic sequence that includes collapse
breccias, pyroclastic flows, banded rhyolite flows and fallout
deposits, all of which are crystal poor bearing only plagioclase and
biotite (Godoy and Hildreth, 2001). The younger unit includes
vesiculated to massive black obsidian, finely laminated fallout de-
posits, and coarse grained biotite rich felsite (Godoy and Hildreth,
2001). Regarding its age, no radiometric determinations have
been performed in rocks of the Cerro Amarillo unit. Originally,
Thiele (1980) assigned it to the Old Volcanic Unit, the formal
grouping in the region of the NSVZ units which immediately pre-
date the modern volcanics. Later, Ramos et al. (1997) associated the
Cerro Amarillo rocks with a series of felsic stocks and dikes, along
with felsic extrusive pyroclastic facies, that crop out in the nearby
regions both in the Chilean and Argentinean slopes of the Andes.
Two K-Ar ages of ~3.5Ma were obtained in the Argentinean units
and thus Ramos et al. (1997) assigned all this felsic igneous activity
to the late Pliocene. Afterwards, Godoy and Hildreth (2001) indi-
cated that the Cerro Amarillo unit could not be older than Pleis-
tocene based on the lack of younger overlying units, the freshness
of its components, and the preservation of the unconsolidated,
easily eroded pyroclastic deposits at its base. Tentatively, the au-
thors suggested an age between 0.1 and 0.5Ma.

Further constraints on the age of the Cerro Amarillo unit can be
inferred from its field relations. The outcrops of this mainly
extrusive facies unit are limited immediately to the north and east,
in a nonconformity contact relation, by the outcrops of the Paso
Colina stock (described in the following sections; Figs. 1 and 2). For
the latter unit an age of ~1.2Ma has been obtained in this work in
this same location (Fig. 1). Moreover, while the Cerro Amarillo unit
reaches an altitude of 4.162m, the outcrops of the Paso Colina stock
reach nearly 250m higher and thus its summits compose the in-
ternational border in this area (Figs. 1 and 2). These observations
indicate that the Cerro Amarillo unit is definitely younger than
1.2Ma and also probably younger than 1Ma, as crystallization and
exhumation of the Paso Colina stock must have proceeded before
the emplacement of the Cerro Amarillo extrusive and subvolcanic
facies.

4.1.1.3. Diamante Caldera and associated ignimbrite. This silicic
latest Pleistocene stage (~0.1e1Ma) of the NSVZ also encompasses
the formation of the Diamante tuff, a rhyolitic, non-to moderately
welded ignimbrite widely dispersed in westernmost Argentina and
in Chile (Stern et al., 1984a). This unit includes pyroclastic flow
deposits and associated fallout tuffs totaling an estimated volume
of 260e450 km3 (Stern et al., 1984a; Guerstein, 1993; Troncoso,
2012). Its genesis has been related to the formation of the 20� 16
km2 Diamante caldera over which the modern Maipo volcano sits
(Fig. 1b; Polanski, 1962; Stern et al., 1984a, 2007; Wall et al., 2001).
Overall, the unit corresponds to a massive and poorly consolidated
deposit, with a ~40e90% ash size matrix, showing a highly vesic-
ulated pumice component and a low crystal content (Stern et al.,
1984a; Lagos, 2003; Troncoso, 2012).

The age of the Diamante tuff is a controversial issue. This might
result in part from the combination of two factors: (i) the wide and
dispersed nature of the deposits and (ii) the fact that, in this active
volcanic region, mostly every poorly consolidated pyroclastic de-
posit found has been assigned to the Diamante tuff unit. Originally,
Polanski (1962) assigned a late Pleistocene age to this unit based on
stratigraphic criteria, which was later confirmed by an age of
~0.45Ma obtained by Stern et al. (1984a) through the zircon fission
track method. From then on younger and older ages have been
reported for these deposits. Wall et al. (2001) obtained Ar-Ar
plateau ages in biotite concentrates of ~1.4e2.2Ma, Lara et al.
(2008) reported a zircon UeTheHe age of ~0.15Ma, and Orme~no
(2007) reported Ar-Ar ages of ~0.32e0.36Ma. Ultimately, Pineda
(2015) performed UePb age determinations in single zircon crys-
tals from 11 samples of the Diamante tuff deposits dispersed in
Central Chile (33�-34�S). The author showed the significative



Fig. 4. Photomicrographs illustrating the main petrographic characteristics of the studied igneous rocks. Displayed samples correspond to felsic igneous volcanic rocks from the
units Cerro Listado (a, b, c) and Cerro Castillo (d), and the intermediate stocks Arriaza (e) and Río Colina (f). Pl: plagioclase; Px: Pyroxene; Amph: amphibole; Bt: biotite; Reabs.:
reabsorbed; N//: plane-polarized light; NX: cross-polarized light.
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presence of inherited old components and, from the full composite
data, she highlighted the two youngest age populations. The oldest
of these corresponds to 0.39Ma, a component present in all sam-
ples, and the youngest corresponds to 0.13Ma, which is present in a
single sample. For these results, the preferred explanation of Pineda
(2015) was that the latter would correspond to the eruption age and
the former would correspond to an earlier episode of zircon for-
mation. From all the data presented, it is evident that the age of
Diamante tuff is a problem far from being solved. In any case, it is
also clear that this rhyolitic explosive episode (episodes?) occurred
some time between 0.13Ma and 0.86Ma, the latter which corre-
sponds to the earliest post-caldera lavas of the modern Maipo
volcano (Sruoga et al., 2005, 2012).
4.1.2. Earlier stages (>1Ma): intrusive arc units
Respect to the previous stage described, immediately older ac-

tivity of the NSVZ seems to be represented only by intrusive units.
Along the same arc area two units with ages of ~1.2 and ~1.6Ma
have been reported (Fig. 1b; Mu~noz et al., 2013). The youngest of
these is the Paso Colina stock which is exposed at 3.840m, along
the drainage divide, limiting to the north and east the outcrops of
the Cerro Amarillo unit (Figs. 1b and 2d). This stock corresponds to
an amphibole diorite for which we report an age of 1.26± 0.05
determined by Ar-Ar in biotite bulk sample (Fig. 3; Supplementary
Material Item 1). The other unit corresponds to the Arriaza stock
which is exposed at 3.380m, immediately to the west of the
drainage divide, nearly 12 km to the south of Picos del Barroso and
Cerro Listado units (Figs. 1b and 2e). This stock corresponds to a



Fig. 5. Results from mineral chemistry analyses and calculations for the studied
samples. (a) Plagioclase classification scheme. (b) Diagrams illustrating the composi-
tional variation within and between plagioclase crystals in each sample. (c) Results of
amphibole thermobaromerty using the calibration of Ridolfi and Renzulli (2012).
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clinopyroxene diorite for which we determined an age of
1.60± 0.04 by Ar-Ar determinations in biotite bulk sample (Fig. 3;
Supplementary Material Item 1). An additional intrusive unit with
similar young ages in the region corresponds to the Los Lunes stock
which crops out nearly 20 km to the west of the area occupied by
the current NSVZ (Fig. 1b). This corresponds to a biotite andesitic
stock, emplaced in a Cenozoic stratified series, for which Godoy
(1998) reported an age of 1.1± 0.4Ma (K-Ar in biotite bulk sample).
According to our macroscopic and microscopic petrography, all

mentioned stocks correspond to holocrystalline and weakly
porphyritic rocks composed of plagioclase, lesser amounts of
amphibole and biotite, and accessory apatite and zircon (Fig. 4).
Pyroxene crystals are also present in the Arriaza unit where they
occasionally conform scarce glomerocrysts. In these units a small
proportion of the plagioclase crystals show well developed
disequilibrium features as zonation patterns and reabsorption
textures. We determined mineral chemistry in the same samples
with Ar-Ar radiometric determinations of the Paso Colina (MM4)
and Arriaza (MLL9) units (Fig. 3; Supplementary Material Item 2).
For both samples, plagioclase composition ranges between labra-
dorite and andesine and the observed zonation is commonly
normal, and scarcely reverse, and can reach up to 25% variation in
the Ca content between the phenocrysts cores and rims (Fig. 5).
Biotite and amphibole show fairly homogeneous compositions.
According to Mg/(Mg þ Fet) and AlVI contents, biotite minerals
correspond to phlogopite in both samples. According to the Leake
et al. (1997) classification scheme, amphibole minerals corre-
spond to pargasite in the Paso Colina stock and Mg-hornblende in
the Arriaza stock. This latter unit also contains unzonned ortho-
and clino-pyroxenes corresponding respectively to enstatite and
augite.

Both the presence of amphibole and the compositions deter-
mined for this mineral phase make Paso Colina and Arriaza stocks
susceptible for thermobarometric determinations based onmineral
chemistry. In this work the calibration of Ridolfi and Renzulli (2012)
has been used for calculating the temperature and pressure of
amphibole crystallization and the full results are presented in the
Supplementary Material (Item 2) and summarized in Fig. 5c. The 16
amphibole analyses fulfill the calibration criteria and they corre-
spond to 8 for each unit. For the latter data, all obtained P-T results
fall within the amphibole stability curve and thus they can be
considered valid for this calibration (Fig. 5c). For the Paso Colina
stock calculated pressures rangemostly between 3.1 and 3.8 kbar (6
analyses), with 2 extreme values of 2.3 and 4.5 kbar, and calculated
temperatures range between 908 and 957 �C (Fig. 5c). For the
Arriaza stock pressure and temperature estimates vary respectively
between 0.5 and 0.7 kbar and 632e693 �C (Fig. 5c). Considering a
crustal geobarometric gradient of 0.33 kbar/km, estimated pres-
sures correspond to equivalent depths of ~9e12 km for the Paso
Colina stock and ~1.5e2.0 km for the Arriaza stock. For the Paso
Colina stock, P-T results indicate that amphibole crystallization
occurred early in magmatic evolution and deeper than the location
of the final reservoir where this stock lastly emplaced to complete
crystallization. These observations are based in both the high
temperatures above the hydrous solidus of an andesitic melt
(~700 �C) and the fact that such unit is currently exposed and more
than 2.5 km of exhumation in the area are unrealistic given the
estimations for this region in the last ~1m.y. (Farías et al., 2008). For
the Arriaza stock, P-T estimations probably reflect amphibole
crystallization in the last and upper magmatic reservoir which
currently corresponds to the exposed intrusive unit. This inference
is supported by the low temperatures obtained for this basaltic
andesitic unit which indicate near solidus conditions.

4.1.3. Main compositional characteristics and its variations in time
Compositional characteristics of the units previously described,

in terms of whole rock major and trace element geochemistry and
Sr-Nd isotopic composition, are reported in scarce previous studies
(Stern et al., 1984a; Godoy and Hildreth, 2001; Baker et al., 2009)
and this work (Table 1). In addition, the composition of the
currently active centers of the NSVZ has been more extensively
addressed in several works (e.g. Stern et al., 1984b; L�opez-Escobar
et al., 1985; Hildreth and Moorbath, 1988; Futa and Stern, 1988;
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Sruoga et al., 2005, 2012; Holm et al., 2014). From all the data re-
ported, such active centers define a basaltic andesite-andesite-
dacite suite ranging in silica contents between ~53 and 68% (all
values given at anhydrous basis; Fig. 6a). Comparatively, a striking
difference is observed in the compositions displayed by units from
the latest Pleistocene stage (0.1e1Ma). These are markedly more
differentiated, defining exclusively a rhyolite suite, as shown by
Fig. 6. Main compositional characteristics of the Quaternary igneous activity of the NSVZ
according to Irvine and Baragar (1971), and (c) ƐNdI versus 87Sr/86SrI. Geochemical data fo
Moorbath (1988), Stern et al. (1984a, 1984b), Godoy and Hildreth (2001), Sruoga et al. (20
isotopic compositional range of the CSSVZ and TSVZ compiled from Hickey-Vargas et al. (
tions of the SVZ (south ~37�S).
SiO2 contents between ~71 and 80% (Fig. 6a). Immediately earlier
stages, represented by the 1e1.6Ma intrusive arc units, show SiO2
contents between ~54 and 62% which are fully contained in the
basaltic andesite-andesite-dacite suite described by the current
NSVZ volcanics (Fig. 6a and b). Moreover, similar compositions are
also displayed by all previous igneous units in the area which show
a range of SiO2 contents between 55 and 65% up to at least 8Ma
: (a) TAS diagram, (b) AFM diagram with the calc-alkaline and tholeiitic subdivision
r the SVZ taken from L�opez-Escobar et al. (1985), Futa and Stern (1988), Hildreth and
05, 2012), Baker et al. (2009), Holm et al. (2014), and this work. Fields for the Sr-Nd
1986) and Kay et al. (2005). CSSVZ includes data from the Central and Southern por-
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(Mu~noz et al., 2013).
Following the previous observations, the latest Pleistocene stage

of the NSVZ constitutes a distinct silicic episode for this arc segment
and this even defines a 3% gap in silica contents respect to previous
and later igneous units (Fig. 6a). Noticeably, in terms of major
element composition altogether the units describe coherent pat-
terns of covariation (liquid line of descent) which suggest differen-
tiation through crystal fractionation processes and thus links of the
full compositional spectra (Fig. 6a and b). In terms of the Sr-Nd
isotopic signature all these Quaternary igneous units define a sin-
gle coherent group showing no variation between the different
compositions considered (Fig. 6c), a feature that strongly argu-
ments for a cogenetic relation amongst them. Most importantly,
this indicates that the compositional changes recorded through
time are related to late magmatic processes, once the base signa-
ture has been established (sensu Hildreth and Moorbath, 1988),
namely in the upper crustal magmatic reservoirs feeding the arc
volcanoes.

4.2. Orogenic processes and the erosional response to uplift

Construction of the Andean orogen in the NSVZ area has fol-
lowed an evolution characterized by crustal shortening and thick-
ening and associated uplifting and denudation (e.g. Giambiagi and
Ramos, 2002; Charrier et al., 2002; Farías et al., 2008, 2010). The
altitude of the modern Andes is roughly isostatically balanced and
the mountain range reached the current configuration by ~7-4Ma
(Giambiagi and Ramos, 2002; Farías et al., 2008). For the area
hosting the active volcanic arc evidence indicates a rapid and high
magnitude regional uplift, of between 1.5 to at least 2.5 km, based
on equivalent incision measures in river valleys. However, the
erosional response that the latter features represent was not coeval
to the major uplifting event and its propagation into the area was
delayed by several m.y. (Farías et al., 2008).

A few geologic markers place first order constraints on the
arrival times and magnitudes of either river incision or unroofing/
denudation processes into the Andean NSVZ region. Nearly 17 km
downstream from the current volcanic chain, the ~1.1Ma Los Lunes
stock (Fig. 1b) crops out at almost 2 km above the bottom of the
Volc�an river valley and 500m below the top of the hillslope. In
addition, about 150m above the river an ash deposit of the Dia-
mante tuff (dated in ~0.3Ma; Orme~no, 2007) covers a thin layer of
fluvial deposits emplaced over a ~10Ma pluton (Farías et al., 2008).
These observations constraint ~1.9 km of incision that occurred
between ~1.1 and 0.3Ma and they also indicate that the eastern
propagation of this into the current arc area occurred no earlier
than ~1.1Ma. Overall these estimations bracket an increased
denudation event in the region which occurs mostly coevally with
the latest Pleistocene stage of silicic magmatism developed in the
NSVZ. Moreover, geologic evidence within the currently active
NSVZ area, along the drainage divide, also points to similar results
particularly in relation to several aspects of the 1.2e1.6Ma stocks.
Regarding the latter, it has to be considered firstly that the highest
level of exposure of these intrusive units is higher than the basal
level of the NSVZ volcanic series (active and extinct). This obser-
vation alone records a significant amount of unroofing of probably
>1 km between both igneous events, an estimation further con-
strained when considering the emplacement depth of 1.6e2.2 km
indicated by geobarometric calculations over the currently exposed
Arriaza stock (Figs. 1b and 5c). In addition to the latter, features as
the onlap contact relation of lavas from the Cerro Amarillo unit
(0.1e0.5Ma) with the Paso Colina stock (~1.2Ma) indicate that
most denudation occurred between both igneous events lasting at
the most until the age of the former unit. Overall, all these obser-
vations indicate that the increased denudation event in the NSVZ
area would have arrived after 1.1Ma and lasted at the most up to
the formation of old volcanic edifices.
A few considerations must be discussed regarding the role of

glaciation events in the erosional processes described above.
Glaciated morphologies are evident in the high Andes in the study
region and numerous of these events have occurred throughout
Quaternary in the area. It has to be noted first that the NSVZ
segment, distributed between ~33� and 34�300S, lies at significantly
northern latitudes respect to those expected to be covered by an ice
cap during Quaternary glaciation periods. For example, records of
the Last Glacial Maximum (LGM) indicate that the Patagonian ice
sheet extended continuously between 56� and 37�S and discon-
tinuously further north, until up to ~32�-33�S, it was probably
represented by mountain glaciers confined to higher altitude areas
(e.g. Rabassa et al., 2005; Watt et al., 2013). This configuration
probably dominated the study area through all glaciation events in
the last 1Ma at least. The largest of these events documented in the
Southern Andes corresponds to the Great Patagonian Glaciation
(GPG), which occurred at ~1Ma (Mercer, 1976; Rabassa et al., 2005
and references therein). Rabassa et al. (2005) indicated that a first
order valley deepening event took place after the GPG as later
glaciations (<0.8Ma) were forced to develop a morphology of
discharge glaciers entrenched in their valleys. According to these
authors, the much larger magnitude of deepening between GPG
deposits and later glaciation events, compared with that between
the latter, suggests a tectonic uplift origin for this canyon-cutting
event (sensu Rabassa and Clapperton, 1990; Rabassa and Evenson,
1996). These timings tightly fit with the arriving of the increased
erosion event to the high Andes documented in our study region,
which is bracketed as post- 1Ma and pre-0.1Ma. All these con-
siderations favor a model of morphological evolution first domi-
nated by the establishment of incision valleys which are later
further deepened and shaped by both glacial erosion and tectoni-
cally induced increased erosion. Under this scheme, and at scales of
hundred thousand years, it can be considered that both processes
operate together constructively in the increased erosion event
recorded in the region during the last 1 m.y.

5. Numerical modeling: pressure constraints over magmatic
evolution

5.1. Conceptual frame and modelling constraints

In order to assess the impact of increased denudation over the
magma composition and volatile content, we have performed
several numerical models on crystallization of representative
samples of the Andean Quaternary arc (all displayed in the TAS
diagram of Fig. 7). This was done by using the Rhyolite MELTS
thermodynamic software (Gualda et al., 2012; Ghiorso and Gualda,
2015). Given that subvolcanic magma reservoirs are inferred to stall
at upper crustal levels, and a conservative estimation of denudation
of ~1.5 km, we have considered a range of pressures between 2 and
0.1 kbar (ca. ~6 to 0.3 km of equivalent rock column). For the
analysis, and as it is illustrated in the figures, this range has been
subdivided in a series of pressure steps. Each simulation ran pro-
vides the chemical evolution, the crystallinity fraction and the
volatile solubility as the magma crystallizes at a certain pressure
condition (isobaric), with temperature steps of 0.5 �C and an oxy-
gen buffer QFMþ2, from an initial composition chosen from the
data of the Andean Quaternary arc (Fig. 7). In our models it is im-
plicit that the compositional trend of the whole arc can be repli-
cated from the crystallization of less differentiated samples (Fig. 7),
which is adequate for evaluating the effects of geodynamic pro-
cesses over the magmatic evolution at regional scale and is in turn
supported by the coherent patterns displayed by the NSVZ
geochemical data. Given the variably porphyritic nature of Andean
arc volcanic rocks, these same regional scale considerations should



Fig. 7. Main results of numerical simulations for describing the compositional trends of the NSVZ Quaternary arc. The upper plots display the simulations for crystallization in (a)
batch and (b) fractional modes over a TAS diagram. Starting compositions are taken from 14 selected samples of this arc segment and simulations cover the different pressure values
discussed in the text. Geochemical data of the NSVZ as in Fig. 6. The lower plots display the mean absolute percent difference (Error %) of different simulations (starting com-
positions) for their optimal pressure condition (those that minimize the error for each composition). These plots are separated in the cases of the (c) low silica (SiO2 <68%) and (d)
high silica groups. In (c) only samples with SiO2 <61% were considered as starting compositions, all the major elements were considered in the simulations, and results of batch and
fractional crystallization show no major differences. Compositions were replicated with the minimum error by both batch and fractional crystallization of sample 89 (SiO2¼ 56.4%)
at 0.75 kbar (see a, b). In (d) only compositions with SiO2 contents between 63 and 66% were considered, as suggested by the compositional gap of this arc segment, and results for
fractional crystallization show systematically lower associated errors than results for batch crystallization. Compositions were optimally replicated with the minimum error by
fractional crystallization of sample 94 (SiO2¼ 65.4%) under 0.5 kbar.
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also overcome the fact that the NSVZ compositions used in our
simulations are probably not true liquids inmost cases. As shown in
Fig. 7, numerous simulations were run from different starting
compositions which overall reproduce the compositional trend
displayed by the NSVZ Quaternary arc. Afterwards, a statistical
analysis based in error minimization was carried out to assess the
most representative simulation (pressure value P and initial
composition X0) of the compositional trend of the arc. Thus, we
selected the simulation whose liquid line of descent minimizes the
mean relative error (least square method) respect to the compo-
sitions of the NSVZ samples defining the mathematical optimal
physical conditions. All initial compositions considered in our
models and discussed in the text and figures are included in the
Supplementary Material Item 4.

The statistical analysis of the simulations must be consistent
with considerations about the geological and physical processes
during magma differentiation, which are imposed in order to
choose a geologically meaningful starting composition. In conse-
quence, such analysis for simulations representing the arc segment
is addressed through a forward approach, according to criteria
listed in the following. This has been applied and discussed in the
next section describing the overall results from numerical
simulations.

(i) The best starting point to reproduce the compositions of the
arc segment was calculated by minimizing the error of sim-
ulations from starting compositions lower in SiO2 contents
than the compositional trend to be reproduced. This means
that, for example, to reproduce samples with silica contents
between 60 and 68%, the starting point must present silica
contents equal or lower than 60%.

(ii) The melt composition must be reached when the magma is
in a crystallinity stage that makes possible magma transport
or melt extraction processes. This means that the magma
crystallinity has to be below or within the crystallinity
window for optimal melt extraction of 55e60% (Dufek and
Bachman, 2010; Aravena et al., 2017).
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(iii) Under the last condition, if the target composition is reached
under higher crystallinity values than the optimal crystal-
linity window for melt extraction, some melt fractionation
event should have had to occur to explain the genesis of the
more silicic samples. Subsequently, the silica content when
the optimal extraction crystallinity window is reached is
considered as starting composition to reproduce the high-
silica samples, applying the method described in the first
stage.
5.2. Compositional trends and initial compositions for the NSVZ
quaternary arc

In general, simulation results indicate that the compositional
spectra displayed by the NSVZ Quaternary arc can be linked by
differentiation processes through crystallization (Fig. 7). There is
however a higher dispersion in elements as alkalis for the more
differentiated compositions (SiO2 >71%; Fig. 7), which is probably
the combined result of: (i) the high pressure dependence of crys-
tallization of phases that include alkali elements, and (ii) the high
mobility of the latter in alteration processes.

The lower silica compositions, represented by samples with SiO2
<68%, are well reproduced both by batch and fractional crystalli-
zation of the less differentiated samples (SiO2 <61%; Fig. 7a) and
simulations show mean relative errors between 10 and 15%
(Fig. 7c). For the latter parameter all the major elements were
considered (SiO2, TiO2, Al2O3, FeOT, MgO, CaO, Na2O, K2O), and only
FeOT, MgO and TiO2 present higher errors between 20% and 30%.
Crystallization of sample 89 (indicated in the figures), from the
Maipo volcano, reproduces the compositional trend optimally at
0.75 kbar by fractional crystallization and batch crystallization
(error of 10.8%; Fig. 7c). Noticeably, this result supports our hy-
pothesis that the recorded magmatism evolved in shallow levels in
the crust, between 1.5 and 3 km depth, and suggests that the evo-
lution of the basaltic andesite-andesite-dacite suite of this arc
segment can be fairly represented by this compositional trend.

For analyzing the simulation results that replicate the high silica
compositions (SiO2 >71%) we considered all the mentioned oxides
excepting TiO2 and CaO. The latter are not well replicated byMELTS
because phases as apatite are not considered in crystallization as-
semblages. The most silicic compositions of this group are repre-
sented by the Diamante ignimbrite and the Cerro Amarillo rhyolites
(Fig. 6a). According to simulations, these could be replicated by
batch and/or fractional crystallization of less differentiated samples
(SiO2 >61%), which occurs mostly close to the eutectic of the system
(Fig. 7a and b). Through batch crystallization such high-silica melt
compositions (SiO2 >71%) are achieved at crystallinity values
higher than 60% which makes melt extraction processes unlikely.
This result suggests that, in order to reach the highly evolved
compositions from the less differentiated samples, fractionation
events have had to occur throughout the magma evolution. Simu-
lations of fractional crystallization from intermediate samples
(SiO2: 63e66%) under pressures between 0.5 and 1 kbar minimize
the error, which shows values between 19 and 24%, and the best fit
is obtained for sample 94 optimally at 0.5 kbar with an error of 19%
(Fig. 7d). As mentioned before, this supports both of our hypothe-
ses, that fractionation processes governed the magmatic evolution
to reach the most differentiated compositions and that crystalli-
zation processes occur mostly in the shallow crustal reservoirs
feeding the arc volcanoes.

5.3. Magmatic evolution path and evaluation of pressure effects

Summarizing the results of the previous analysis, a magmatic
evolution path that optimally reaches the compositional features of
the most silicic volcanics of the NSVZ Quaternary arc can be
established. Overall this can be described by two crystallization
stages, separated by a fractional process, where the second stage
evolves from the melt extraction of interstitial melts from the
previous stage (Fig. 8). Such mixed scenario is supported statisti-
cally and is also geologically meaningful. Excepting for the silicic
episode, the arc has been able to produce consistently compositions
up to SiO2 ~68% (Fig. 6a), whether under equilibrium and/or frac-
tional processes (Fig. 7), and this should be representative of the
most evolved feeding reservoirs. In addition, the gap observed
between 68 and 71% SiO2 contents argues for a fractional process
linking the whole compositional range (Figs. 5 and 6). Moreover,
the optimal magmatic evolution path obtained also fulfils several
geological and physical processes that occur during magma differ-
entiation, as described in the following. It must be noted, however,
that our general observations apply to numerous of the mixed
scenarios that can also explain the compositional features of this
arc segment (Fig. 7).

Throughout magmatic evolution, reaching the high silica com-
positions is primarily dependent on crystallinity, a parameter that
shows only minor variations among different pressure conditions
(Fig. 8b). The equilibrium crystallization scenario from the most
basic samples shows that silicic compositions with SiO2 >71% are
reached since crystallinities between ~60 and 70%, but the most
evolved compositions observed (SiO2 ~77%) cannot be reproduced
(Fig. 8b). For magmatic reservoirs that have evolved to homoge-
neous mushes, this crystallinity value is in the window for optimal
melt extraction (~50e70% crystallinity; Dufek and Bachman, 2010;
Aravena et al., 2017), that is when crystals start forming a con-
nected network with interstitial melt and the magma reaches the
rheological transition from liquid to solid (Bachmann and Bergantz,
2004; Dufek and Bachman, 2010). In this situation the likely case for
explaining the most evolved compositions is a fractionation pro-
cess, which can occur since SiO2 contents of ~65% that are attained
from 50% crystallinity onwards (Fig. 8b). This suggests a halfway
fractional process linking the whole compositional range and also
accounts for the gap observed between SiO2 ~68e71%. Composi-
tionally, this evolution is replicated under different constant pres-
sure conditions because the SiO2 content of melts is primarily
dependent on the crystallinity of the magma (Fig. 8b). Following
fractionation from the previously segregated melts, silicic compo-
sitions with SiO2 >71% are then reached since ~10% crystallinity,
and further crystallization prompts the generation of progressively
more silica rich melts until ~40% crystallinity when the system
reaches the eutectic (Fig. 8b). As well as for any other composi-
tionally similar arc system, the previous observations show that
magmas from the Quaternary Andean arc have the potential to
generate silicic melts, yet they do not explain by themselves the
occurrence of a regional scale episode of silicic volcanism. The
virtual absence of silicic compositions in the basaltic andesite-
andesite-dacite suites of the arc, which occurs before and after
the increased denudation event, shows that if such melts were
generated they were unable to erupt. This is probably the result of
an inefficient unmixing to mobilize the interstitial melt which
would lead to: (i) eruption of magmas less silicic than the sole
interstitial melt, thus generating a magmatic suite reaching up to
only dacitic compositions, and (ii) solidification of intermediate
composition intrusions at depth, as is actually seen in the
1.2e1.6Ma stocks in the area (SiO2: 54e60%).

Abrupt changes in pressure conditions of the magmatic system
may prompt a sudden fractionation process, as that described
above, along with volatile exsolution, both parameters that have a
profound effect in the physical properties of magmas. According to
simulations, crystallinity describes a steady increase with
decreasing T, a behavior that occurs at progressively higher tem-
peratures with decreasing pressure because the lower volatile



Fig. 8. Simulated evolution of magmas from the Northern Southern Volcanic Zone of the Andes (NSVZ). Parameters illustrated correspond to: (a) whole rock Na2O þ K2O vs. SiO2
[wt.%] (TAS diagram), (b) melt SiO2 [wt.%] vs. Crystallinity fraction, (c) Crystallinity fraction vs. Temperature [�C], and (d) Pressure [kbar] vs. H2O [wt.%] saturated melt content. The
illustrated scenario involves two steps of crystallization, an equilibrium one (Eq.) followed by a fractional one (Fract.), separated by a fractional process. Initial compositions are
taken from lavas of the NSVZ, respectively with SiO2 contents of 56.4 and 65.4%, and they correspond to those that optimally describe the trends displayed by this arc segment (see
the main text and Fig. 7). From each starting composition simulations describe the evolution under the different pressure conditions indicated in the inset in (d). Window for
optimal melt extraction taken from Dufek and Bachman (2010) and Aravena et al. (2017).
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solubility entails an increase in the solidus temperature (Fig. 8c and
d). In this scenario, a sudden decrease in pressure at any point
before solidification, whether as an adiabatic (path A in Fig. 8c) or
non-adiabatic process (path B in Fig. 8c), will prompt the rapid
generation of more silicic interstitial melts. This results from the
rapid increase in crystallinity which is the main parameter that
controls the SiO2 content of the melt (Fig. 8b). We hypothesize that
the extraction process is triggered in turn by the loss of volatiles
from the magmatic system that proceeds along with decompres-
sion. Numerical simulations predict a degasification of ~1e2%, in
the case of pure H2O, in the adiabatic decompression scenario, for a
maximum of 0.5 kbar (~1.500m of rock column; Fig. 8d). The pro-
cess itself can have a twofold effect: (i) favors gas-driven filter
pressing processes that enhance crystal melt segregation (Sisson
and Bacon, 1999; Bachmann and Bergantz, 2003, 2004), and (ii)
favors wall-rock fracturing by fluid-pressure increase thus
increasing the permeability for magma channelization and, if the
volume of the magma reservoirs is enough, it may also promote the
explosive volcanism.
6. Conclusions and final remarks

The Andean Arc in Central Chile shows a transient period of
silicic magmatism (SiO2 >70%) which is developed in latest Pleis-
tocene (~0.1e1Ma). This is recorded in several eroded and inactive
arc centers, and its associated deposits, and is preceded and fol-
lowed by magmatic activity corresponding to basaltic andesite-
andesite-dacite suite compositions (SiO2 <68%). This episode also
occurs coevally to a period of uplifting and associated increased
erosion event in the region for which conservative estimates of
denudation of ~1.5 km are recorded in geologic markers in the field
(e.g. Farías et al., 2008) and also supported by thermobarometric
estimations in local intrusions.

We have evaluated through thermodynamic numerical simu-
lations, under different pressure conditions, the evolution of NSVZ
arc magmas at regional scale. Overall, results show that the
compositional spectra defined by this arc segment can be repro-
duced by low pressure (<0.75 kbar) crystallization of its most basic
members by batch and/or fractional processes. However, a rapid
generation and extraction of silicic melts from intermediate



Fig. 9. Schematic illustration for the paleogeographic evolution of the Quaternary
Andean arc of central Chile (33�500-34�300S). (a) The first stage (>1Ma) is character-
ized by a stable geography where the basaltic andesite-andesite-dacite suite compo-
sitions characterize this volcanic arc segment. The activity derived from shallow
reservoirs is illustrated along with those that speculatively derive from long lived, and
probably deeply sourced, major volcanic centers as the Cerro Marmolejo. (b) The
second stage (0.1e1Ma) develops in response of an increased denudation event related
to the main Andean uplifting event of the region. The associated disturbance of the
shallow arc feeding reservoirs, as a sudden pressure decrease, prompts the generation
of silicic magmas distinctively characterized by compositions with SiO2 contents >70%.
(c) Melt extraction from the shallow reservoirs is favored from devolatilization which
in turn favors fluid-pressure increase in permeability for magma channelization. In the
latter scenario, if the volume of the magma reservoirs is big enough this could also
promote explosive volcanism as that represented by the Diamante ignimbrite. (d) After
the surficial perturbation has ceased the magmatic system returns to its stable pre-
vious configuration which is compositionally characterized by the pre-1 Ma suite
compositions.
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compositions (SiO2 ~65e66%) is needed to explain the most silicic
compositions corresponding to the recorded transient volcanism
event. Results also show that a sudden pressure decrease over the
shallow magmatic reservoirs feeding the arc volcanoes creates a
unique set of conditions that constructively operate for prompting
such segregation event of a volatile saturated high-silica melt. The
transient period of increased denudation in the region that follows
from the uplifting can be considered as a superficial perturbation
over magmatic reservoirs that should last only until the tectonic
frame has reached again a stable state (Fig. 9). From there onwards,
given that the magmatic factory from depth has remained un-
changed, the whole shallow system of the arc should return to the
previous regular configuration, as it is actually found in the return
to the basaltic andesite-andesite-dacite compositional suite of the
modern volcanoes (Fig. 9).

Considering the full NSVZ segment, a special mention has to be
made about the Cerro Marmolejo center, a late Pleistocene volcanic
complex located immediately to the north of our study area (Fig. 1).
This unit remains poorly characterized, but the few studies per-
formed in it report a predominantly andesitic nature for its volcanic
products (Hildreth and Moorbath, 1988; Gonz�alez-Ferr�an, 1995)
thus constituting an exception to the regional silicic episode
documented in this work. Cerro Marmolejo center is, however,
fairly particular: (i) it corresponds by far to the longest-lived and
largest center of the NSVZ segment (95 km3 versus <55 km3 for
other centers; Hildreth and Moorbath, 1988); and (ii) it records a
distinctive geochemical evolution which has been ascribed to a
larger and/or more complex mid- and upper-crustal magma
reservoir respect to most other volcanoes from the Andean SVZ
(Hildreth andMoorbath, 1988). Respect to the hypothesis discussed
in our work, the apparent absence of a compositional shifting to-
wards silicic compositions in this center could be related to specific
characteristics of its magmatic reservoir. A large, deep and stably
supplied reservoir could remain unaltered by the surficial pertur-
bation that the increased erosion event constitutes in the region.

The simulations discussed in this work represent rather simple
magmatic systems but they place tight constraints to the first order
parameters that control the magmatic evolution in the context
studied. They do not intend to incorporate the innumerous com-
plexities and particularities that individual reservoirs from an arc
segment can show and which in turn explain part of the hetero-
geneities seen in all arcs. These can account for deviations from the
predicted compositions, and even differences in the eruptive style,
related to characteristics as the depth of emplacement, shape and
size of the reservoir, magma supply rate, etc. Moreover, mineral
chemistry and petrographic features of samples from the latest
Pleistocene silicic stage of the NSVZ account for complex magmatic
chamber processes, probably in open systems. Despite all these
particularities, the overall processes discussed in this work should
develop to a greater or lesser extent throughout the evolution of all
cordilleran arc orogenic systems which follow similar tectono-
magmatic histories. In this regard, fossil processes of this nature
could be the porphyry copper systems which share similar com-
positions to the ones studied here, have been related to differen-
tiation of deeper magmatic reservoirs, and form under a similar
tectonic frame in particular characterized by crustal thickening,
uplifting and increased denudation (e.g., Maksaev and Zentilli,
1999; Richards, 2003; Sillitoe, 2010). These might well represent
the intrusive equivalent of the high-silica melt segregation and
devolatilization processes that occur when the upper crustal
magmatic reservoirs are impeded to vent to the surface.
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