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a b s t r a c t
The Pliocene to Quaternary volcanic arc of the Central Andes formed on 70–74 km thick continental
crust. Physical interaction between maﬁc and acid magmas for this arc are therefore difﬁcult to recognize due to the differentiation of mantle-derived magma during ascent through the thickened crust and
a corresponding lack of erupted primitive lavas. However, a rare concentration of less evolved rocks is
located marginal to the partially molten Altiplano-Puna Magma Body (APMB) in the Altiplano-Puna
Volcanic Complex of northern Chile, between 21°10′S and 22°50′S. To unravel the relationship between
this less evolved magmatism and the APMB, we present major and trace element data, and Sr and Nd
isotope ratios of fourteen volcanoes. Whole-rock compositional and Sr and Nd isotope data reveal a
large degree for compositional heterogeneity, e.g., SiO2 = 53.2 to 63.2 wt%, MgO = 1.74 to 6.08 wt%,
Cr = 2 to 382 ppm, Sr = 304 to 885 ppm, 87Sr/ 86 Sr = 0.7055 to 0.7088, and 143 Nd/ 144 Nd = 0.5122
to 0.5125. The combined dataset points to magma spatial compositional changes resulting from
magma mixing, fractional crystallization and crustal assimilation. The least evolved products erupted
along the periphery of the APMB and are likely equivalent to the replenishing magmas that thermally
sustain the large APMB system. We suggest that the maﬁc to intermediate eruptives we have investigated reﬂect maﬁc melt injections that underplate the APMB and escape along the side of the large
felsic body to avoid signiﬁcant compositional modiﬁcations during ascent, which helps to assess the
evolution of the APMB through space and time.
© 2019 Elsevier B.V. All rights reserved.

1. Introduction
The Pliocene to Quaternary volcanic arc of the Central Andes is
spread over southern Peru, western Bolivia, northwestern
Argentina and northern Chile (14°S-28°S) and developed on the
world's thickest continental arc crust (70–74 km; Beck et al.,
1996; Fig. 1). Several authors have identiﬁed a wide compositional range for the Pliocene to Quaternary volcanic rocks in this
region and most of the erupted materials are andesitic to dacitic
in composition, usually displaying high-K calc-alkaline trends
⁎ Corresponding author at: Departamento de Ciencias Geológicas, Universidad Católica
del Norte, Avenida Angamos 0610, Antofagasta, Chile, and Department of Geological
Sciences, University of Cape Town, Rondebosch 7700, South Africa.
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and a strong subduction signature (e.g. Mamani et al., 2010;
Wörner et al., 2018). Most magmas in the region have high
87
Sr/86Sr (N 0.706) and low 143Nd/144Nd (b 0.5125) ratios relative
to primitive mantle-type magmas (i.e. 87Sr/86Sr = 0.703, Harmon
et al., 1981; 143Nd/144Nd N 0.5129, Davidson et al., 1991) and several authors have thus argued for compositional modiﬁcation of
parental magma by fractional crystallization and assimilation
during ascent through the thickened Andean crust (Davidson
et al., 1991; Francis and Hawkesworth, 1994; Mamani et al.,
2010). Accordingly, primitive (parental) maﬁc compositions are
rare, with olivine and pyroxene phyric basaltic-andesite to andesite rocks (commonly referred as “maﬁc”) representing the most
primitive volcanic products in the region (Fig. 1; e.g. Davidson
et al., 1990; Drew et al., 2009). The maﬁc volcanism within the
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Fig. 1. Map of the Pliocene to Quaternary arc of the Central Andes showing the location of maﬁc erupted materials (black triangles) relative to the Altiplano-Puna Volcanic Complex (APVC)
and Altiplano-Puna Magma Body (APMB) partial melt anomaly. The distribution of the APVC and the surface projection of APMB are based on Zandt et al. (2003).

modern arc has been studied in some detail (e.g. Burns et al.,
2015; González-Maurel et al., 2019; Mattioli et al., 2006) and is
considered the result of primitive mantle wedge melts having assimilated crustal material at high pressures during deep MASHtype processes (de Silva and Kay, 2018; Hildreth and Moorbath,
1988; Wörner et al., 2018).
Modern volcanic activity generally produced stratovolcanoes
and few monogenetic volcanoes but also extensive ignimbrite deposits (Mamani et al., 2010). The volcano-tectonic ignimbrite
province of the Altiplano-Puna Volcanic Complex (APVC, de Silva,
1989; Fig. 1) covers a surface area N70,000 km2, constituting one
of the largest ignimbrite provinces in the world. Within this province, the scarce maﬁc magmatism has been interpreted as a result
of direct, and possibly rapid, ascent of a superheated hydrous

basaltic magma from the mantle as a result of extensional tectonics and crustal relaxation (Mattioli et al., 2006). Alternatively,
some authors have suggested that the presence of slightly more
evolved maﬁc magmatism within the APVC may be related to interaction between ascending maﬁc magmas and the partially molten crustal material of the large-volume felsic Altiplano-Puna
Magma Body (APMB; Godoy et al., 2017; González-Maurel et al.,
2019), whose surface projection overlaps with the APVC distribution (Fig. 1). However, a concentration of maﬁc to intermediate,
olivine-pyroxene-rich lavas erupted within the western border of
the Altiplano-Puna volcanic region in northern Chile, i.e. between
21°10′S and 22°50′S (Fig. 1), from Pliocene to Quaternary stratovolcanoes and monogenetic cones (e.g. Godoy et al., 2019;
González-Maurel et al., 2019; Sellés and Gardeweg, 2017; Taussi
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thermal and seismic anomalies (e.g. Araya Vargas et al., 2019;
Ward et al., 2014; Zandt et al., 2003). The fraction of partial melt
in the upper APMB is thought to exceed 20 vol% (Comeau et al.,
2015; Ward et al., 2014), resulting from large-scale heat advection
related to stagnation of mantle-derived maﬁc magmas (de Silva
and Gosnold, 2007; del Potro et al., 2013). The surface projection
of the Altiplano-Puna partial melting zone (i.e. APMB) is reﬂected
on the surface by the Altiplano-Puna Volcanic Complex (APVC, de
Silva, 1989), which is characterized by the presence of massive
Miocene to Pleistocene high-silica ignimbrite sheets that are concentrated in the Western Cordillera, southern Altiplano and northern Puna between 21° and 24°S (Fig. 1; de Silva, 1989). The APMB
is thus considered as the source region of the APVC ignimbrites
(Zandt et al., 2003), which were likely generated by maﬁc magmas
and anatectic melts of the upper crust that accumulated at 5 to
10 km depth (e.g. Freymuth et al., 2015; Kay et al., 2010; Kern
et al., 2016). In addition to this regional scale ignimbritic activity,
occasional maﬁc magma eruptions have been recognized around
the margins of the APMB in the form of lava ﬂows erupted from
Miocene to Quaternary stratovolcano complexes and scoria cones
(Fig. 1; e.g. Davidson and de Silva, 1995; Godoy et al., 2019;
González-Maurel et al., 2019). The maﬁc to intermediate volcanism in the Chilean Western Cordillera (between 21°10′S and
22°50′S) has been sampled from fourteen volcanoes with olivine
and/or pyroxene-rich rocks among their erupted materials
(Fig. 2), comprising volcanic activity at Araral, Ascotán, Cerro
Carcote, Chela and Palpana volcanoes during the Pliocene
(Table 1; Fig. 2), and Apacheta, Cerro La Quebrada, Cordón
Inacaliri, Juriques, Licancabur, La Poruña, La Poruñita, Paniri and
San Pedro volcanoes during the Quaternary (Table 1; Fig. 2).
Several volcanoes occur in NW-SE trending alignments (i.e.
Araral-Ascotán, San Pedro-Paniri, Apacheta-Cordón Inacaliri,
Licancabur-Juriques), which are parallel to principal local tectonic
structures in the region (Fig. 2; Giambiagi et al., 2016; Sellés and
Gardeweg, 2017; Tibaldi et al., 2017), whereas others appear clustered (i.e. Chela-Palpana-Cerro Carcote; San Pedro-La Poruña;
Fig. 2).

3. Analytical methods

Fig. 2. Satellite image (Google Earth™) showing the location of the Pliocene and
Quaternary volcanoes included in this study. The distribution of the APVC and the
surface projection of the APMB are based on Zandt et al. (2003). Pliocene to Quaternary
tectonic structures based on Giambiagi et al. (2016), Sellés and Gardeweg (2017) and
Tibaldi et al. (2017).

et al., 2019). In this paper, we present new petrography, geochemistry and radiogenic isotope data to evaluate the petrogenesis of
these olivine and/or pyroxene phyric maﬁc to intermediate rocks
and assess their spatiotemporal relationship with the evolved
APMB with the goal to evaluate the nature of the parental magmas
in the region and to unravel evolutionary processes during storage
and ascent through the crust.

2. Geological background
The Altiplano-Puna Magmatic Body (APMB, Chmielowski et al.,
1999; Fig. 1) is a region of partially molten material in the upper
crust, at 4 to 30 km depth, deﬁned by electrical conductivity,

To fully characterise the olivine and/or pyroxene-rich rocks
erupted in the Chilean Western Cordillera, we present new petrography (Table 2), whole-rock major element, trace element and radiogenic isotope data of forty-eight (48) fresh volcanic rock samples
(Supplementary Material 1; Table S1) from Pliocene to Quaternary
lava ﬂows from Central Andean stratovolcanoes and scoria cones
(Fig. 2).
All 48 samples were crushed and pulverized at the Department of
Geological Sciences, University of Cape Town (South Africa). Major
and trace elemental abundance and isotope measurements were performed at UCT and detailed sample preparation procedures and standard values, as well as equipment descriptions for the analytical
methods were as presented previously in Supplementary Material 3 of
González-Maurel et al. (2019). Bulk-rock major element compositions
were obtained by X-ray ﬂuorescence spectrometry (XRF) using a
Panalytical Axios wavelength dispersive XRF spectrometer following
the procedures, standards and parameters outlined in GonzálezMaurel et al. (2019) (see also Frimmel et al., 2001). A ThermoFisher
Xseries II inductively coupled plasma mass spectrometer (ICP-MS)
was used to obtain bulk trace element data by analysis of sample solutions using the methodology in Harris et al. (2015). A Nu Instruments
NuPlasma HR multi-collector inductively couple plasma mass spectrometer (MC-ICP-MS) equipped with a DSN-100 desolvating nebulizer
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Table 1
Summarized K–Ar, 40Ar/39Ar, U–Pb and relative published dating for the Pliocene and Quaternary studied volcanoes at 21°10′S to 22°50′S.
Volcano
Pliocene
Chela
Palpana
Cerro Carcote
Araral
Ascotán
Quaternary
Cordón Inacaliri

Cerro La Quebrada
Licancabur
Juriques
Paniri

Apacheta
La Poruñita

San Pedro

La Poruña

Sample

Latitude (S)

Longitude (W)

Age (Ma)

Uncertainty (2σ)

Method

Reference

CHE 08
CHE 07
PAL 04
PAL 01
CAR 01
CAR 01
AI-040
AI-053

21° 24′ 20”
21° 25′ 30”
21° 34′ 0”
21° 33′ 55”
21° 26′ 10”
21° 26′ 10”
21° 35′ 29”
21° 42′ 18”

68° 27′ 0”
68° 25′ 50”
68° 29′ 40”
68° 29′ 55”
68° 23′ 10”
68° 23′ 10”
68° 14′ 3”
68° 11′ 4”

4.11
3.75
3.81
3.65
3.34
2.82
2.75
2.67

0.25
0.5
0.3
0.15
0.3
0.11
0.04
0.02

K-Ar (whole-rock)
K-Ar (whole-rock)
K-Ar (whole-rock)
K-Ar (whole-rock)
K-Ar (whole-rock)
K-Ar (whole-rock)
40
Ar/39Ar (amphibole)
40
Ar/39Ar (groundmass)

Wörner et al. (2000)
Wörner et al. (2000)
Wörner et al. (2000)
Wörner et al. (2000)
Wörner et al. (2000)
Wörner et al. (2000)
Sellés and Gardeweg (2017)
Sellés and Gardeweg (2017)

AI-226
AI-201
AI-256
M2
–
–
PAE-090
PAE-55
PAE-43
ZZ-27a
ZZ-46
PAE-03
ZZ-42
PAE-02
PAE-25
PAE-08
AA-067
PORU 02
PORU 02
PORU 02 (bomb)

21° 51′ 22”
21° 55′ 28”
21° 56′ 1”
22° 24′ 52”
–
–
22° 0′ 0”
22° 3′ 45”
22° 7′ 55”
22° 8′ 30”
22° 8′ 30”
22° 2′ 50”
22° 5′ 19”
22° 2′ 47”
22° 3′ 44”
22° 6′ 13”
21° 51′ 0”
21° 17′ 40”
21° 17′ 40”
21° 17′ 40”

68° 6′ 52”
68° 10′ 1”
68° 5′ 9”
67° 57′ 10”
–
–
68° 14′ 8”
68° 11′ 24”
68° 15′ 16”
68° 16′ 3”
68° 16′ 3”
68° 12′ 29”
68° 11′ 48”
68° 12′ 35”
68° 15′ 31”
68° 17′ 49”
68° 12′ 40”
68° 15′ 35”
68° 15′ 35”
68° 15′ 35”

1.43
1.109
1.094
0.9
N 1.35
N 1.35
1.39
0.64
0.625
0.5
0.4
0.325
0.3
0.264
0.164
0.15
0.97
0.68
0.65
0.42

0.02
0.023
0.016
–
–
–
0.29
0.14
0.093
0.1
0.1
0.008
0.1
0.099
0.003
0.006
0.11
0.2
0.2
0.2

40

Ar/39Ar (groundmass)
Ar/39Ar (groundmass)
40
Ar/39Ar (groundmass)
U-Pb (zircon)
Relative
Relative
40
Ar/39Ar (amphibole)
40
Ar/39Ar (amphibole)
40
Ar/39Ar (amphibole)
K-Ar (whole-rock)
K-Ar (whole-rock)
40
Ar/39Ar (groundmass)
K-Ar (whole-rock)
40
Ar/39Ar (amphibole)
40
Ar/39Ar (groundmass)
40
Ar/39Ar (amphibole)
40
Ar/39Ar (groundmass)
K-Ar (whole-rock)
K-Ar (whole-rock)
K-Ar (whole-rock)

Sellés and Gardeweg (2017)
Sellés and Gardeweg (2017)
Sellés and Gardeweg (2017)
Bidart (2014)
Figueroa et al. (2009)
Marinovic and Lahsen (1984)
Godoy et al. (2017)
Godoy et al. (2017)
Godoy et al. (2017)
Seelenfreund et al. (2009)
Seelenfreund et al. (2009)
Godoy et al. (2017)
Seelenfreund et al. (2009)
Godoy et al. (2017)
Godoy et al. (2017)
Godoy et al. (2017)
Taussi et al. (2019)
Wörner et al. (2000)
Wörner et al. (2000)
Wörner et al. (2000)

DB251114-5
DB190714-1
DB060911-2
DB170714-2
DB060911-3
DB251114-4
GO060911-1
SP12-02A
DB140613-3
DB200714-2B
SPSP 16 01
DB060911-4
DB200714-2C
DB140613-2
POR 15 05
DB120613-2
POR 15 04

21° 49′ 5”
21° 54′ 28”
21° 54′ 15”
21° 57′ 22”
21° 53′ 58”
21° 52′ 21”
21° 49′ 29”
21° 56′ 4”
21° 51′ 42”
21° 57′ 41”
21° 51′ 13”
21° 52′ 23”
21° 57′ 41”
21° 50′ 26”
21° 55′ 32”
21° 54′ 13”
21° 53′ 35”

68° 23′ 10”
68° 22′ 0”
68° 29′ 2”
68° 23′ 6”
68° 28′ 11”
68° 23′ 59”
68° 27′ 59”
68° 30′ 36”
68° 29′ 55”
68° 27′ 24”
68° 27′ 12”
68° 29′ 15”
68° 27′ 24”
68° 30′ 18”
68° 34′ 2”
68° 30′ 52”
68° 30′ 19”

0.166
0.166
0.160
0.159
0.140
0.139
0.130
0.107
0.097
0.096
0.096
0.090
0.068
0.060
0.11
0.11
0.092

0.012
0.016
0.050
0.003
0.040
0.033
0.040
0.012
0.014
0.036
0.008
0.080
0.027
0.006
0.011
0.05
0.034

40

Bertin and Amigo (2019)
Bertin and Amigo (2019)
Bertin and Amigo (2019)
Bertin and Amigo (2019)
Bertin and Amigo (2019)
Bertin and Amigo (2019)
Bertin and Amigo (2019)
Delunel et al. (2016)
Bertin and Amigo (2019)
Bertin and Amigo (2019)
González-Maurel et al. (2019)
Bertin and Amigo (2019)
Bertin and Amigo (2019)
Bertin and Amigo (2019)
González-Maurel et al. (2019)
Bertin and Amigo (2019)
González-Maurel et al. (2019)

was used for Sr and Nd isotope analyses. Full details of the isotope analysis method were published by Harris et al. (2015). Typical internal
two-sigma analytical errors for individual analyses were b 2%RSD for
XRF, b 3%RSD for ICP-MS, and b 0.003%RSD for 87Sr/86Sr and
143
Nd/144Nd ratios (González-Maurel et al., 2019). The accuracy and
precision of these analytical data presented in this study are indicated
by Table S2.1 in Supplementary Material 2 of this paper, where similar
to Table S3.1 of González-Maurel et al. (2019) results for analysis of reference material JA-2 and averages of repeat analysis of three samples
from this study are listed.
4. Results
4.1. Petrography and mineral assemblage
With respect to mineralogy, the petrographic description follows a deﬁnition of phenocrysts = 0.2–2.5 mm, microcrysts =

40

Ar/39Ar (groundmass)
Ar/39Ar (groundmass)
40
Ar/39Ar (groundmass)
40
Ar/39Ar (groundmass)
40
Ar/39Ar (groundmass)
40
Ar/39Ar (groundmass)
40
Ar/39Ar (amphibole)
40
Ar/39Ar (groundmass)
40
Ar/39Ar (groundmass)
40
Ar/39Ar (groundmass)
40
Ar/39Ar (groundmass)
40
Ar/39Ar (groundmass)
40
Ar/39Ar (groundmass)
40
Ar/39Ar (groundmass)
40
Ar/39Ar (groundmass)
40
Ar/39Ar (whole-rock)
40
Ar/39Ar (groundmass)
40

0.2–0.03 mm and microlite ≤0.03 mm. Most of the olivine and/or
pyroxene-rich rock samples are dark-coloured, ﬁne-grained and
porphyritic. The phenocrysts (up to 40 vol%) comprise plagioclase,
orthopyroxene, clinopyroxene and olivine. Amphibole and biotite
occur only rarely as microcrysts and/or microlites. Phenocrysts
and microcrysts are generally suspended in a very ﬁnely crystalline groundmass with interstitial glass and microlites of, in order
of decreasing abundance, plagioclase, pyroxene, olivine, amphibole and Fe–Ti oxides. A hypocrystalline texture is common in
many of the rocks, however glassy lavas can also be found.
Groundmass varies from compact to vesicular. Although vesicular
rocks are not common, vesicularity is high (N 40 vol%) in scoria
samples from La Poruña, La Poruñita and San Pedro. Three Pliocene samples from Cerro Carcote, Chela and Palpana have a
reddish-brown groundmass colour, due to the presence of very
ﬁne-grained hydrothermal alteration minerals (e.g. illite, anhydrite, K-rich clays). Secondary quartz was observed in a few
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Table 2
Petrography and phenocryst main assemblages of the studied Pliocene to Quaternary volcanism at 21°10′S to 22°50′S. Geochemical data from Table S1.
Volcano

Sample

Olivine-pyroxene-bearing rocks
Pliocene
Araral
ARA-01
ARA-04
ARA-10
Cerro Carcote
CAR-01
CAR-03
CAR-04
Chela
CHE-01
CHE-02
CHE-03
CHE-04
CHE-05
Palpana
PAL-02
PAL-03
Quaternary
C. La Quebrada
Juriques
La Poruña

La Poruñita
Paniri
San Pedro

QUE-01
JUR-05
POR-01
POR-02
POR-03
POR-04
POR-05
POR-06
POR-07
POR-08
POR-09
POR-10
PORU-01
PORU-02
PANI-03
PANI-05
SPE-01
SPE-09
SPE-10

Pyroxene-bearing rocks
Pliocene
Ascotán
ASC-01
ASC-04
ASC-06
Cerro Carcote
CAR-02
Palpana
PAL-01
Quaternary
Apacheta
Cordón Inacaliri
Juriques
Licancabur
Paniri

San Pedro
a

APA-01
APA-02
INA-01
JUR-01
LIC-01
PANI-01
PANI-14
PANI-15
SPE-02
SPE-07

SiO2 (wt%)a

Chemical classiﬁcationa

Rock type

Mineral assemblage

63.04
61.15
62.29
57.07
59.42
56.03
57.92
56.68
55.50
57.30
58.75
58.36
59.48

Andesite
Andesite
Andesite
Basaltic trachyandesite
Trachyandesite
Basaltic trachyandesite
Basaltic-andesite
Basaltic-andesite
Basaltic-andesite
Basaltic-andesite
Andesite
Andesite
Trachyandesite

Glassy ﬁne-grained plg-ol-px seriate glomerophyric
Glassy ﬁne-grained plg-ol-px seriate glomerophyric
Glassy ﬁne-grained plg-ol-px seriate glomerophyric
Fine-grained ol-px phyric
Fine-grained ol-px phyric
Vesicular ﬁne-grained ol-cpx phyric
Fine-grained ol-cpx phyric
Fine-grained plg-ol-px seriate phyric
Fine-grained plg-ol seriate phyric px glomerophyric
Fine-grained plg-px seriate phyric
Fine-grained plg-px seriate phyric
Fine-grained plg-px seriate phyric
Fine-grained plg-px seriate phyric

plg N opx = cpx N ol
plg N opx = cpx N ol
plg N opx = cpx N ol
plg (only microlite) N ol N opx = cpx
plg (only microlite) N opx N ol N cpx
plg (only microlite) N cpx N ol N opx
plg (only microlite) N ol N cpx N opx
plg N opx = cpx N ol
plg N ol N cpx N opx
plg N opx = cpx N ol
plg N opx = cpx N ol
plg N cpx N opx N ol
plg N cpx N opx N ol

58.87
53.70
57.47
57.46
57.48
59.85
59.21
56.30
56.86
56.63
57.51
58.23
56.56
56.72
57.74
57.04
58.31
56.60
56.29

Andesite
Basaltic-andesite
Basaltic-andesite
Basaltic-andesite
Basaltic-andesite
Andesite
Basaltic trachyandesite
Basaltic-andesite
Basaltic-andesite
Basaltic-andesite
Basaltic-andesite
Andesite
Basaltic trachyandesite
Basaltic trachyandesite
Basaltic trachyandesite
Basaltic-andesite
Andesite
Basaltic-andesite
Basaltic-andesite

Vesicular glassy ﬁne-grained plg-ol seriate phyric
Fine-grained plg-ol seriate phyric px glomerophyric
Vesicular ﬁne-grained plg-ol-px seriate phyric
Vesicular ﬁne-grained ol phyric plg-px glomerophyric
Fine-grained plg-ol-px seriate phyric
Glassy ﬁne-grained plg-ol-px seriate phyric
Fine-grained plg-ol-cpx seriate phyric
Glassy ﬁne-grained plg-ol-px seriate phyric
Glassy ﬁne-grained plg-ol-px seriate phyric
Fine-grained plg-ol-px seriate phyric
Vesicular ﬁne-grained plg-ol-px seriate phyric
Vesicular ﬁne-grained plg-ol-px seriate phyric
Vesicular ﬁne-grained ol-px phyric
Vesicular ﬁne-grained ol-px phyric
Fine-grained ol phyric plg-opx glomerophyric
Fine-grained plg phyric ol-px glomerophyric
Vesicular ﬁne-grained plg-ol-px seriate phyric
Vesicular ﬁne-grained plg-ol-px phyric
Vesicular ﬁne-grained plg-ol-px phyric

plg N ol N opx = cpx
plg N opx = cpx N ol
plg N ol N opx = cpx
plg N ol N opx = cpx
plg N ol N opx = cpx
plg N ol N opx = cpx
plg N ol N cpx N opx
plg N ol N cpx N opx
plg N ol N cpx N opx
plg N ol N opx = cpx
plg N ol N opx N cpx
plg N ol N opx = cpx
plg (only microlite) N ol N opx = cpx
plg (only microlite) N ol N opx = cpx
plg N ol = opx N cpx
plg N ol = opx = cpx
plg N opx = cpx N ol
plg N ol N opx = cpx
plg N ol N cpx N opx

64.46
64.78
62.88
59.64
62.02

Dacite
Dacite
Andesite
Trachyandesite
Trachyandesite

Glassy ﬁne-grained plg-px seriate glomerophyric
Glassy ﬁne-grained plg-px seriate glomerophyric
Glassy ﬁne-grained plg-px seriate glomerophyric
Fine-grained opx phyric
Glassy ﬁne-grained plg-px seriate phyric

plg N opx N cpx
plg N opx N cpx
plg N opx N cpx
plg N opx N cpx
plg N cpx N opx

57.30
61.27
63.30
55.45
58.99
59.88
59.33
57.14
62.84
56.38

Basaltic trachyandesite
Andesite
Trachyandesite
Basaltic-andesite
Andesite
Andesite
Basaltic-andesite
Basaltic-andesite
Trachyte
Basaltic-andesite

Glassy ﬁne-grained plg-px seriate phyric
Glassy ﬁne-grained plg-px-amp seriate phyric
Glassy ﬁne-grained plg-px phyric
Fine-grained plg-opx seriate glomerophyric
Glassy ﬁne-grained plg-ox phyric
Glassy ﬁne-grained plg-px-ox seriate glomerophyric
Glassy ﬁne-grained plg-px-ox phyric
Glassy ﬁne-grained plg-px seriate phyric
Glassy ﬁne-grained plg-px seriate glomerophyric
Fine-grained plg-ol-px seriate glomerophyric

plg N opx = cpx
plg N opx = cpx N amp
plg N opx N cpx
plg N opx N cpx
plg N oxNcpx N opx
plg N opx = cpx N ox
plg N opx N ox
plg N opx N cpx
plg N opx = cpx
plg N opx = cpx

Recalculated to 100% anhydrous.

samples, either as interstitial mineral grains or as vesicle inﬁll
(See Table 2).
Plagioclase is the most abundant phase (N50 vol%) and typicallyappears as euhedral to subhedral crystals, ranging in size
frommicrolites to phenocrysts (b2.5 mm). Plagioclase displays a diversity of morphologies and textures, including equant and/or tabular crystals with sieve, resorption, or regrowth rims, frequently
displaying seriate and/or normal zonation. In consideration of the
ferromagnesian phenocryst phases, the samples are either (i)
olivine-pyroxene-bearing or (ii) pyroxene-bearing. Photomicrographs of representative mineral assemblages are presented in
Fig. 3.

Olivine-pyroxene-bearing rocks are the most common maﬁc
volcanic type in our sample set (Fig. 3a) and are found at both Pliocene and Quaternary volcanoes (Table 2). These lavas differ however among each other in terms of their average crystal sizes and
frequent seriate texture, ranging from very ﬁne- to ﬁne-grained.
They contain dominantly olivine, orthopyroxene, clinopyroxene
and plagioclase with minor amphibole, magnetite and ilmenite.
The olivine crystals (up to 2 mm; b10 vol%) include subhedral and
rare skeletal forms, frequently contain Fe–Ti oxide inclusions, and
often display disequilibrium textures around their outer edges
such as embayments and orthopyroxene microcrysts (Fig. 3a).
Orthopyroxene is common as a pristine phenocryst (up to 1 mm)
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Fig. 3. Representative photomicrographs of the studied sample groups: (a) olivine-pyroxene-bearing and (b) pyroxene-bearing. Upper and lower panels show examples of planepolarized light and cross-polarized light photomicrographs, respectively.

and microcryst (up to 0.2 mm) with usual abundance b20 vol%.
Orthopyroxene crystals are euhedral to subhedral and occur individually or in small clusters with plagioclase and clinopyroxene.
Clinopyroxene occurs as euhedral to subhedral crystals (up to
2 mm; b 15 vol%) or as reaction rims surrounding orthopyroxene
phenocrysts and, similar to orthopyroxene, clinopyroxene crystals
may occur individually or as glomerocrysts. A few samples contain
olivine ± orthopyroxene or olivine ± clinopyroxene only, but plagioclase occurs as a phenocryst phase (up to 2.5 mm; b 40 vol%) in
all but six olivine-pyroxene-bearing lavas from Cerro Carcote,
Chela and La Poruñita (Table 2).
Pyroxene-bearinglavas from individual volcanic centers show
similar mineral assemblages (Fig. 3b), although optical microscope observations highlight some variability in modal mineralogy, texture, and grain size between different samples (Table 2).
These lavas are very ﬁne- to ﬁne-grained (seriate texture) with
variable phenocryst and microcryst abundances (N 5 to ca.
55 vol%). The most common assemblage is, in order of decreasing
abundance, plagioclase, orthopyroxene, clinopyroxene as phenocrysts (Fig. 3b), with amphibole, olivine, Fe–Ti oxides as
microcrysts. Alternatively, some samples show elongated
amphibole (up to 1.2 mm; b 2 vol%) and/or magnetite ± ilmenite
(0.2 to 0.7 mm; b 3 vol%) as phenocrysts. Orthopyroxene and/or
clinopyroxene can also appear as minor phases. Plagioclase usually occurs as individual phenocrysts, up to 2.5 mm, (b 50 vol%)
or in orthopyroxene-clinopyroxene-magnetite glomerocrysts.
Orthopyroxene (up to 2 mm; b 15 vol%) and clinopyroxene (up
to 2 mm; b 10 vol%) occur as subhedral to euhedral tabular crystals. Replacement of olivine by orthopyroxene or orthopyroxene
by clinopyroxene is common around the phenocryst outer
edges. Some pyroxenes show resorption features and/or Fe–
Ti oxide inclusions. Crystals are then set in a glassy to
hypocrystalline groundmass with microlites of plagioclase,
orthopyroxene, clinopyroxene, amphibole, magnetite, ilmenite

and olivine. These lavas are rather compact and show low vesicularity (b 10 vol%).
4.2. Whole-rock geochemical and isotope composition
The full geochemical dataset of the samples from this study is
provided in the Supplementary Material 1 (TableS1). The suite of
samples comprises medium- to high-K calc-alkaline basalticandesites to dacites, with some rare basaltic-trachyandesite and
trachyandesite compositions (Fig. 4). All studied rocks are
subalkaline (Fig. 4a) and metaluminous in terms of the aluminum saturation index (molar A/CNK = 0.70–0.93; Zen, 1986).
The variation of the major elements shows an increase in K 2 O
(Fig. 4b) and a decrease in FeO*, MnO and CaO with
increasing silica, whereas Al 2 O 3 , Na 2 O and P 2 O 5 remain nearly
constant.
The Pliocene lavas have a wide range of SiO2 contents (SiO2 =
54.6 to 63.2 wt%; Fig. 4), however most are classiﬁed as high Mg#
lavas (44–57 Mg#; Kelemen et al., 2003). These samples show a
well-deﬁned negative trend of MgO against SiO 2 (Fig. 5a) and
MgO correlates positively with Ni and Cr but scatters somewhat
around 4 wt% MgO (Fig. 5b, c). Conversely, Sr shows no correlation with MgO (Fig. 5d). Quaternary lava samples (SiO 2 = 53.2
to 62.8 wt%; Fig. 4) classify as evolved, high Mg# and primitive
lavas (Kelemen et al., 2003), ranging from 35 to 62 Mg#. These
samples reveal the same correlations between silica and compatible trace elements with respect to MgO as seen in the Pliocene
samples (Fig. 5).
All samples are enriched in large ion lithophile elements (LILE)
relative to high ﬁeld strength element (HFSE) normalized to primitive mantle concentrations (McDonough and Sun, 1995; Fig. 6a),
consistent with typical continental arc compositions. The primitive
mantle-normalized multi-element diagram (Fig. 6a) exhibits a pronounced negative Nb–Ta anomaly, a positive anomaly in Sr, K and
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for Pliocene lavas, whereas Quaternary rocks show an overall
scattered distribution (Fig. 8).
5. Discussion
5.1. Magmatic differentiation processes and temporal variations

Fig. 4. (a) TAS diagram (Le Maitre et al., 1989) for volcanic rocks from the studied
volcanoes. Solid line discriminates between alkaline and subalkaline rocks (Irvine and
Baragar, 1971). Grey ﬁeld represents the Central Andes array (Mamani et al., 2010).
(b) K2O vs. SiO2 classiﬁcation diagram after Peccerillo and Taylor (1976).

Pb, and enrichment in Rb, Th and U. Chondrite-normalized rare earth
element (REE; McDonough and Sun, 1995) patterns of the studied
rock samples are enriched in light REE (LREE) relative to the depleted heavy REE (HREE) (La/Yb N = 4.28–19.13; Fig. 6b). A weak
negative Eu anomaly (Eu/Eu* = 0.65–0.91) characterizes all studied
samples (Fig. 6b).
The 87 Sr/ 86 Sr and 143 Nd/ 144 Nd ratios range from 0.705541 to
0.708746, and 0.512208 to 0.512513, respectively. From the Sr–
Nd isotope diagram (Fig. 7), a pronounced negative correlation is
observed, with a few samples showing scattered 143Nd/144Nd ratios with respect to Sr isotope ratios at ca. 0.7065. Nd isotopes ratios from the Quaternary rocks have a relatively restricted range
compared to the variability revealed for the Pliocene samples
(Fig. 7). The correlation of Sr and Nd isotope ratios with respect
to silica and Sr contents reveal well-deﬁned differentiation trends

The major and trace element compositions deﬁne a strong
subduction-related arc signature, typical for lavas in the Central
Andes (e.g. Davidson et al., 1991; Hildreth and Moorbath, 1988;
Mamani et al., 2010). There is a large variation in the Th–U concentrations of the samples (Fig. 6a) that is heavily inﬂuenced by
different degrees of differentiation in the continental crust as
the most differentiated samples (N 60 wt% SiO 2 ) show the
higher Th and U concentrations (e.g. Fig. 9a). The overall REE
element character of the samples generally resembles the
basaltic-andesite end-member proposed by Blum-Oeste and
Wörner (2016) (Fig. 6b), suggested to reﬂect an originally asthenospheric mantle source for the studied rocks. Their
87
Sr/ 86 Sr and 143 Nd/ 144 Nd ratios overlap consistently with the
overall Central Andes array (Fig. 7). Petrographic descriptions
reveal a relative homogeneity of mineral assemblages of (in
order of decreasing abundance) plagioclase, orthopyroxene,
clinopyroxene and olivine (Fig. 3; Table 2) and plagioclase,
orthopyroxene and clinopyroxene crystal morphologies suggest
they are usually in equilibrium with the host magma. The negative correlation between Eu/Eu* and SiO 2 (Fig. 9b) and positive
trends of CaO, FeO, Cr and Ni with regard to MgO (Fig. 5) are
consistent with fractional crystallization of the mineral assemblages observed in the samples (plagioclase + pyroxene ± olivine; Fig. 3) (McKay, 1989; Taylor and McLennan, 1988).
However, disequilibrium textures in plagioclase (i.e. sieve textures) and in pyroxene (i.e. resorption features) are locally
present and embayments are relatively common in olivine
(Fig. 3). Embayments and orthopyroxene corona rims on olivine
crystals (Fig. 3a) indicate chemical and thermal disequilibrium
between the crystals and the melt (Streck, 2008), probably
caused by the reaction of early formed olivine with SiO 2 in
the melt.
The most widely accepted generation model for basalticandesite arc magmas in the Central Andes comprises a lower
crustal MASH (Melting-Assimilation-Storage-Homogenization)
zone at ca. 70 km crustal depth where mantle-derived magmas
stagnate and mix and homogenise with lower crustal melts (e.g.
Davidson et al., 1991; Hildreth and Moorbath, 1988; Wörner
et al., 2018). The Sr and Nd isotope data presented here reveal
large isotopic variation even in the basaltic-andesite melts
(Figs. 7 and 8), and some individual volcanoes demonstrate that
further differentiation of such basaltic-andesite melts has been
caused by coupled fractionation and assimilation of the continental crust (AFC, DePaolo, 1981; e.g. Cerro Carcote, Chela, Palpana),
or by mixing with evolved contaminated melt (i.e. APMB) in the
magma reservoir (e.g. Ascotán, Juriques, Paniri) (Fig. 8a, b). The
occurrences of relatively low silica lavas with high Sr isotope ratios (Fig. 8a; e.g. La Poruña, San Pedro) can possibly be explained
by selective assimilation of partial melts and low-temperature
melting components, e.g. as a consequence of selective incorporation of evolved crustal components or partial crustal melts into
the rising maﬁc magmas (e.g. González-Maurel et al., 2019;
Meade et al., 2014; Troll et al., 2005). Most samples have
depleted Sr/Y ratios compared with the Central Andean array
(Fig. 9c), although they reﬂect that the differentiation processes
were likely controlled by either mid (Sr/Y N 30) and/or shallow
crustal sources (Sr/Y b 30). The relatively ﬂat slopes for the
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Fig. 5. Variation diagrams for the samples studied: (a) SiO2 (wt%) vs. MgO (wt%). (b) Cr (ppm) vs. MgO (wt%). (c) Ni (ppm) vs. MgO (wt%). (d) Sr (ppm) vs. MgO (wt%). Note that the
Pliocene samples (blue) tend to show slightly more restricted compositional ranges than the Quaternary samples (red).

HREE of the studied lavas may suggest a magmatic evolution
dominated by low-pressure (garnet-free) processes (Fig. 6b; cf.
Davidson et al., 2007; O'Callaghan and Francis, 1986). Indeed,
low Sr/Y and La/Yb ratios support signiﬁcant plagioclase fractionation and the absence of garnet or amphibole, in the source
(Fig. 9c, d). Since garnet and amphibole are capable of controlling
La/Yb ratios (Davidson et al., 2013), the Dy/Yb ratios versus silica
is also plotted (Fig. 9e), as this ratio is sensitive to the presence of
these phases. Low Dy/Yb ratios are indicative of the absence of
garnet fractionation but may show evidence for the involvement
of residual amphibole during differentiation (Fig. 9e), consistent
with the main petrographic observations, as amphibole crystals
appeared as minor phase in most samples (Section4.1).
Therefore, magma mixing, AFC or selective assimilation processes
in a garnet-free differentiation environment at mid to upper
crustal levels are required to fully explain most of the
petrographic and geochemical characteristics of the studied
samples.

As noted above, major and trace element concentrations and
the radiogenic Sr and Nd isotopes support varied magmatic differentiation processes and variable degrees of crustal additions. Pliocene and Quaternary samples have wide ranges of e.g. SiO2(Fig. 4),
MgO (Fig. 5), 87Sr/86Sr and 143Nd/144Nd ratios (Fig. 7), but these
are relatively restricted when each volcano is examined individually. Thus, a remarkable compositional heterogeneity among the
eruptive centers is recognized from the studied samples. We also
note an apparent compositional variability with time, for example,
in 87 Sr/ 86 Sr and 143 Nd/ 144 Nd ratios. Radiogenic isotope data for
Pliocene samples leads to an expectation of a systematic increase
of magma differentiation with time, however variable ratios are
recognized in the Quaternary samples (Fig. 10). These compositional variations between the studied rocks is perhaps in part related to the spatial distribution of the volcanoes and may be
linked to the projected APMB reservoir (Ward et al., 2014; Zandt
et al., 2003). Thus, it is particularly relevant to discuss
the inﬂuence of the APMB on the magmatic plumbing system
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Fig. 7. 143Nd/144Nd vs. 87Sr/86Sr diagram for the studied samples. Grey ﬁeld represents the
isotope composition of Central Andes modern volcanism (Scott et al., 2018, and references
therein). There is a strong correlation between 87Sr/86Sr and 143Nd/144Nd overall, with a
differentiation trend more restricted to the Quaternary samples (red) relative to the
Pliocene rocks (blue).

Fig. 6. Multi-element diagrams for analysed samples normalized to (a) primitive-mantle
and (b) chondrite. (b) Chondrite-normalized rare earth element patterns of the studied
rock samples are compared with the end-members suggested for the Central Andean
magmatism (Blum-Oeste and Wörner, 2016), overlapping widely with the basalticandesite trend. Normalization values from McDonough and Sun (1995).

of the erupted maﬁc to intermediate lavas of our study
(Figs. 1 and 2).
5.2. Spatiotemporal relation with the Altiplano-Puna Magma Body
To further understand the magmatic evolution of the studied
maﬁc to intermediate Pliocene to Quaternary Andean volcanism
at 21°10′–22°50′S, the spatiotemporal framework of our samples
relative to the APMB ought to be considered. A 3-D S-wave velocity model deﬁnes the dimensions of the APMB (Fig. 11), as of 4–
30 km crustal depth and with the largest lateral extension of
the partial melt body at a depth of 15 km (2.9 km/s velocity contour; Ward et al., 2014). The APMB is viewed as the source of the
APVC ignimbrites (Zandt et al., 2003) and as a contaminant to the
recent volcano plumbing systems (e.g. Godoy et al., 2019;
González-Maurel et al., 2019; Taussi et al., 2019). A major ignimbrite pulse manifested locally at 8.3 Ma (e.g. Sifon ignimbrite,
Salisbury et al., 2011) as well as the extensive Pliocene to Quaternary volcanism (Fig. 11) allow the assertion that the APMB has
remained active over the last 8 Myr beneath this study area. We
thus propose that the compositional variability observed here,

as larger variations are reﬂected against differentiation indexes
(Section5.1; e.g. SiO2, MgO, 87Sr/86Sr; Figs. 7, 8 and 10), was inﬂuenced by the APMB reservoir. A systematic increase of the degree
of crustal assimilation by ascending magmas as the vertical thickness of the APMB increased for the b2 Ma volcanism was proposed by Godoy et al. (2017), however we also consider the
temporal variation prior to the b2 Ma volcanism as our samples
span a longer time period. To evaluate the effect of variable
isotope composition as a function of silica and assess the difference between volcanoes for maﬁc starting compositions, we consider baseline isotopic values of the least silicic sample at each
volcano. Baseline isotopic compositions are thought to be
inherited in the lower crustal MASH zone and are affected to a
limited degree by crustal processes before eruption (Davidson
et al., 1990; Freymuth et al., 2015; Hildreth and Moorbath,
1988). We have compiled geochemical data of the low silica
(b64 wt% SiO 2 ) lavas erupted in the western border of the
APMB, dated from Pliocene to the present (Fig. 11), to determine
the baseline isotopic values (Supplementary data 3, Table S3.1).
Reference data in Fig. 12 (Supplementary data 3, Table S3.2)
include Sr and Nd baseline radiogenic isotope ratios of twentyseven (27) stratovolcanoes and monogenetic centers, including
Uturuncu volcano (Bolivia) located in the centre of the current
APMB. Pliocene and Quaternary volcanoes with the least evolved
baseline values overlap with the borders of the APMB, whereas
volcanoes located further inwards of this boundary show a more
differentiated character (Fig. 12). This is further consistent with
the variation in the petrography between the analysed samples
in this work, as the olivine-pyroxene-bearing rocks are more
common along the outer edge of the APMB (Table 2; Fig. 3). The
olivine-pyroxene-bearing rocks generally show less evolved compositions compared with the pyroxene-bearing samples
(Table 2), and remarkably La Poruña and San Pedro preserve the
less evolved characteristics among the studied volcanoes in
terms of compatible element contents (e.g. MgO, Cr, Ni; Fig. 5),
which has been interpreted as local escape of maﬁc magma
around the APMB (González-Maurel et al., 2019). As the differentiation processes such as magma mixing, AFC, or selective
assimilation vary from volcano to volcano (Section5.1), the
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Fig. 8. 87Sr/86Sr and 143Nd/144Nd vs. SiO2 (wt%) (a, b) and Sr (wt%) (c, d). Isotopic data demonstrate a large isotopic variation even in the less evolved melts. Inset shows the typical trends
for: (a) mixing, assimilation and fractional crystallization (AFC), and fractional crystallization (FC) processes; and (c) mixing, plagioclase- and garnet-dominated assimilation and fractional
crystallization (pl-AFC and gt-AFC, respectively), and fractional crystallization (FC) processes.

petrological variations seem also spatially related to the areal
extent of the different velocity contours estimated for the
APMB (Fig. 12). S-wave velocities indicate an increase in melt/
ﬂuid percentage from the margin to the centre of the partially
molten body from ca. 4 vol% (3.2 km/s) to ca. 10 vol%
(2.9 km/s), and up to 25 vol% (b1.9 km/s) (Ward et al., 2014;
Fig. 12). Since portions of the APMB with low S-wave velocities
(≤2.9 km/s) contain higher amounts of melt and/or ﬂuids
(Ward et al., 2014), the ascending maﬁc magmas would be affected by high degrees of crustal assimilation and contamination.
Therefore, such parental magmas passing through the APMB result in more evolved ﬁnal compositions, whereas those erupted
outside likely involved more restricted incorporation of derivate
melts from the APMB (Figs. 11 and 12). These spatiotemporal
variations of the baseline isotopic values into the S-wave velocity contours also lead us to suggest a possible APMB evolution
though time. Most of the volcanoes located outside or within
the 3.2 km/s contour share similar 87 Sr/ 86 Sr and 143 Nd/ 144 Nd

baseline ratios (Fig. 12), which may suggest ﬁxed spatial limits
for a relatively stationary APMB in time. Conversely, volcanoes
constructed in the portions of low velocities (≤2.9 km/s) exhibit
more evolved but variable baseline compositions (Fig. 12),
which we interpret as a reﬂection of continuous replenishment
of magma from the mantle to the mid to upper crust that keep
the APMB thermally active with contours of high partial melt
potentially ﬂuctuating in time. Judging on the location of Pliocene volcanoes (i.e. Araral and Ascotán) and younger volcanoes
(e.g. Cerro del Azufre, Apacheta, Paniri) on the same velocity
contour (Fig. 12a), and the elevated baseline Sr-isotope ratios
in the Pliocene samples (Fig. 12b), the APMB contours with
high percentages of partial melting (N10 vol%) may have been
slightly more areally extensive in the Pliocene suggesting that
these contours have shrunk since then.
Most petrological models include distinct levels of melt
accumulationand melting in the continental crust where the
basaltic-andesite magmas from the lower crust become
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Fig. 9. Diagrams of (a) Th (ppm), (b) Eu/Eu*, (c) Sr/Y, (d) La/Yb and (e) Dy/Yb vs. SiO2 for the studied samples. Grey ﬁeld represents the Central Andes array (Mamani et al., 2010). There is
no signiﬁcant temporal variation in these parameters between the analysed samples in this work, apart from that incompatible element ratios are slightly higher in the Pliocene samples in
respect to the Quaternary samples, but still low enough to be related to mid-shallow crustal sources.

progressively more evolved at shallower depths (e.g. de Silva
et al., 2006; Hildreth, 1981; Hildreth and Moorbath, 1988). The
presence of the large APMB system implies a steady supply of
basaltic-andesite melts into the crust that accumulate in an underplating zone beneath the APMB in the mid-crust (Perkins
et al., 2016; Fig. 13). These dense maﬁc magmas in the underplating zone are not able to penetrate easily into the overlying
low density APMB body and so tend to accumulate in the lower
part of the reservoirs (e.g. Huber et al., 2009), however a larger
thermal aureole surrounding the APMB is suggested by highest

S-wave seismic velocities of 2.9 to 3.2 km/s (Ward et al., 2014),
which could represent a particularly ductile zone in the Central
Andes that facilitated the movement of the ascending maﬁc
magmas through a lined route and gave rise to the crustal melts
of the uppermost crust. This implies that after the late Miocene
initiation of the APMB, parental basaltic-andesite escape the
lower crustal MASH zone and the APMB by lateral migration
and ponding from where these ﬁnally escape by e.g. direct ascent
(González-Maurel et al., 2019), likely exploiting upper crustal
weakness zones (e.g. Giambiagi et al., 2016; Sellés and
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Fig. 10. (a) 87Sr/86Sr, and (b) 143Nd/144Nd vs. average Age (Ma) for the studied samples. Bars indicate maximum and minimum ages (Table 1). The Pliocene samples show a systematic
increase and decrease of Sr and Nd isotope ratios through the time, respectively, whereas Quaternary samples show a scattered distribution.

Fig. 11. 3-D volume model of the 2.9 km/s velocity contour (after Ward et al., 2014) showing the distribution of the Altiplano-Puna Magma Body and location of representative Pliocene to
Quaternary volcanoes erupted above the partial melt anomaly.
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Fig. 12. (a) Global Multi-Resolution Topography (GMRT) image showing the location of the Pliocene and Quaternary volcanoes included in this study. Coloured areas indicate the
estimated cross-section and extent of the APMB based on the joint ambient noise-receiver function inversion S-velocity model from Ward et al. (2014). (b, c) Baseline Sr (b) and Nd
(c) isotopic values as a discriminant to assess the spatial and temporal evolution of the less silicic volcanism. Most of the Pliocene and Quaternary volcanoes outside or within the
margin of the APMB show similar least evolved baseline values, whereas more evolved baseline values tend to appear further inwards of the melt body. Pliocene volcanoes: 1 – Miño,
2 – Chela, 3 – Cerro Carcote, 4 – Palpana, 5 – Araral, 6 – Cerro de las Cuevas, 7 – Cebollar and 8 – Ascotán. Quaternary volcanoes: 9 – Aucanquilcha, 10 – Ollagüe, 11 – La Poruñita, 12 –
Cerro del Azufre, 13 – La Poruña, 14 – San Pedro, 15 – Apacheta, 16 – Cordón Inacaliri, 17 – Paniri, 18 – Toconce, 19 – Uturuncu, 20 – Cerro La Quebrada, 21 – Putana, 22 – Colorado,
23 – Sairecabur, 24 – Licancabur, 25 – Juriques, 26 – Lascar and 27 – Cerro Overo. All data shown here are presented in Supplementary Material 3 (Table S3.2).

Gardeweg, 2017; Tibaldi et al., 2017) to migrate to the surface on
the periphery of the APMB (Figs. 2 and 13). This model allows for
variable degrees of parental magma-crust interaction with respect to their variable ascent routes either passing through or
bypassing the APMB on their way to the surface, as the compositions of our maﬁc to intermediate magmas are strongly
dependent on their eruption location relative to the larger
APMB (Figs. 12 and 13).
6. Conclusions
The maﬁc to intermediate Pliocene to Quaternary volcanism
that is concentrated on the western boundary of the AltiplanoPuna Volcanic Complex (between 21°10′ to 22°50′S) occurs
as lava ﬂows from stratovolcanoes and as monogenetic cones.
The investigated volcanic rocks are olivine and two-pyroxene
phyric and range from medium-K to high-K calc-alkaline
basaltic-andesite to dacite magmas with large compositional heterogeneity in major and trace element concentrations (e.g. SiO 2
= 53.2 to 63.2 wt%, MgO = 1.74 to 6.08 wt%, Cr = 2 to
382 ppm; Sr = 304 to 885 ppm) and in Sr and Nd isotopes
(87Sr/86Sr = 0.7055–0.7087; 143Nd/144Nd = 0.5122–0.5125). This
compositional variability is explained by the interplay of parental
basaltic-andesite magma assimilating continental crust or various

amounts of APMB derivate melts. Differentiation processes such
as magma mixing, AFC, or selective assimilation occur at relatively
low pressures in the middle to upper crust, but the development
of these processes appears spatially variable from volcano to volcano. The least evolved eruptions occurred outside or just within
the outer borders of the APMB, with volcanoes further inward
from this border showing more differentiated overall geochemical
and mineralogical features. The spatial isotope development of the
magmatic system appears to be a useful indicator to evaluate the
temporal evolution of maﬁc rocks in the region. The APMB
remained thermally active since the late Miocene due to a steady
replenishment of maﬁc melt from depth, represented by the investigated maﬁc to intermediate eruptives but may have slightly
reduced its molten extent below the region at least since the Pliocene. The more evolved Pliocene samples possibly record a somewhat larger areal extent of the APMB contours with high
percentages of partial melting (N10 vol%). Finally, we propose
that the location of the less evolved magmas of the modern arc
in the Altiplano-Puna Volcanic Complex is linked to the APMB borders where ascending parental basaltic-andesite magmas are
diverted to avoid signiﬁcant compositional modiﬁcation prior to
eruption. The study of these low-silica magmas thus offers a window into the ‘parental’ magma chambers that underplate the
APMB and the state and size of the underlying larger APMB.
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Fig. 13. Schematic cross-section of the continental crust showing the proposed magmatic
evolution of the Pliocene to Quaternary least silicic magmas beneath the Altiplano-Puna
Volcanic Complex province. Coloured areas indicate the estimated cross-section of the
APMB based on the joint ambient noise-receiver function inversion S-velocity model
from Ward et al. (2014). We suggest that mantle-derived magmas are injected beneath
the APMB in an underplating zone after avoiding signiﬁcant fractional crystallization in
the MASH zone. A fraction of basaltic-andesite magma is diverted to the margins of the
APMB, where it stalls, differentiates and fractionates in a mid to upper crustal plumbing
system before ascent and eruption. Magmas that ascend through more central portions
of the APMB, in turn, show higher rates of magma-crust interaction, reﬂecting higher
uptake of APMB material during their journey.
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