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ARTICLE INFO ABSTRACT

Editor: Karen Johannesson Volcanic rocks are a common, worldwide source of geogenic arsenic (As) that can affect water quality detri-
mentally. Nonetheless, variations of As concentration within different types of volcanic rocks and questions
related to the original source of As in magma are not yet fully understood. We compiled published As data from
the abundant Cenozoic volcanic rocks of the Altiplano-Puna plateau, considered the main source of As for waters

in the region. These data indicates that volcanic rocks in the Altiplano-Puna have a mean As concentration of 9.1
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vo]yct;rlliecs ash mg/kg, which is almost 2 times higher than the upper continental crust. Arsenic increases within the more silicic
Water compositions such as dacites and rhyolites as well as from mafic monogenetic volcanic edifices to stratovolcanoes

of intermediate composition, silicic calderas and ignimbrite fields. The rate and composition of crustal assimi-
lation by the magmas (enhanced by the crustal thickness up to >70 km) strongly influence the As concentration
in volcanic rocks. The assimilation of argillaceous shale-type sediments represents the most important source of
As in the magmas. The eruption dynamics has an enormous effect on As concentration. The higher the explosivity
of an eruption, the higher the amount of ash that will be formed. Arsenic can be sorb onto ash particles so that fall
deposits produced during explosive volcanic eruptions are prone to high As concentrations. Large volume ig-
nimbrites formed after caldera collapses in the Altiplano-Puna are often the result of sustained explosive erup-
tions related to low, dense pyroclastic fountaining eruptions where highly concentrated pyroclastic density
currents (PDC, flowing pyroclastic mixtures of particles and gas) are able to maintain high temperatures for long
periods. Then As released from volatiles may remain for longer time in the emplacing PDC and can be sorbed
onto ash particles, resulting in deposits with a higher As concentration. Post eruption hydrothermal alteration
and sulfide mineralization produce As enrichment up to 100 times in the volcanic rocks (957 mg/kg) of the
region, but can be very heterogeneous. Volcanism and its related products are the main source of As in the
region. Once As is released from the volcanic sources, the semiarid climate, the occurrence of Na-HCO3 water
types, and alkaline pH further enhance As concentrations in surface water and groundwater.

1. Introduction worldwide health concern (World Health Organization (WHO), 2022).

Inorganic As is carcinogenic, mutagenic, and teratogenic for humans

Volcanic deposits and especially those containing abundant fine ash
rich in glass shards are among the most common, worldwide sources of
geogenic arsenic (As) in waters (Nordstrom, 2002; Bowell et al., 2014;
Plant et al., 2014). The presence of inorganic As in drinking water with
levels higher than the recommended limit (> 10 pg/L) presents a

and increases the risks of developing several types of severe diseases
from chronic exposure (IRIS (Integrated Risk Information System),
1991). At the global scale, volcanism on Earth is not randomly distrib-
uted; rather there exists a clear spatial and geochemical correlation
between tectonic activity and magmatism, subduction borders, and rift
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margins (e.g. LaFemina, 2015). In Fig. 1 we present data on As in vol-
canic rocks associated to these type of margins obtained after the
GEOROC database (http://georoc.mpch-mainz.gwdg.de/georoc/; Sar-
bas, 2008). Accordingly, high As concentrations in waters adjoin major
orogenic belts with past or present volcanic activity (Nordstrom, 2012;
Mukherjee et al., 2019). For instance, in Latin America at least 15
countries are affected by high As concentrations in waters and soils from
geothermal fields and volcanic systems of the Andean Cordillera (Mo-
rales-Simfors et al., 2020). In the Chaco-Pampean plain of Argentina, an
area of approximately 1 x 10° km? situated to the southeast of the study
area (Fig. 1), a vast rural population of 2-8 million inhabitants is
exposed to high As concentrations (< 10-5300 pg/L) and other trace
elements such as F, V, U, B, Se, Sb, and Mo have affected groundwater
quality (Nicolli et al., 2012). Their primary source is the dissolution of
rhyolitic volcanic ashes from distal volcanic eruptions in the Andean arc
(Smedley et al., 2002; Nicolli et al., 2012; Bia et al., 2022). These ashes
were transported by wind and were mixed with calcareous loess-type
sediments hosting aquifers. In the arid and semiarid plateaus of
north-central Mexico, aquifers adjacent to the Sierra Madre Occidental
and Trans-Mexican volcanic belt contain high As (and F) concentrations
(Mahlknecht et al., 2004; Morales et al., 2015; Alarcon-Herrera et al.,
2020). These elements have an origin in the dissolution of fragments of
volcanic rocks such as rhyolitic ignimbrites and glass present in aquifer
sediments resulting in an exposure of an estimated 8.81 million people
(Alarcon-Herrera et al.,, 2020). In the Western United States,
non-thermal groundwater surrounding the Western Mountain Ranges
containing concentrations of As between 10 and 50 pg/L, and in some
cases >50 pg/L, are most commonly associated with areas underlain by
volcanic rocks of silicic to intermediate composition and their sedi-
mentary byproducts (Welch et al., 1988; Robertson, 1991). In other
regions of the world such as central and southern Italy, groundwater
hosted in volcanic aquifers and/or discharge from thermal reservoirs
exceed the permitted concentrations of As (and other elements such as F
and Rn) for human consumption (Aiuppa et al., 2003, 2006; Angelone
etal., 2009; Cinti et al., 2015, 2019). In the Porto Santo Island, Portugal,
groundwater containing >10 pg/L of As (and other components like F, B,
and V) is associated with the leaching of hyaloclastites composed
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predominantly (90%) of trachytic and rhyolitic volcanic glass (Condesso
de Melo et al., 2020). In the rhyolitic volcanic area of Lesvos Island,
Greece, As concentrations ranging from 1.8 to 54.7 pg/L were found in
groundwater (Zkeri et al., 2015; Zkeri et al., 2018). Silicate weathering
and pH-related desorption of As, primarily from Fe mineral phases, were
identified as the main processes that enhanced As mobility (Zkeri et al.,
2015). In the Main Ethiopian Rift area, the waters often exceed the
allowed concentrations of As (and F) for human beings as a consequence
of the leaching of rhyolitic volcanic rocks and volcanic glass (Rango
et al., 2013; Bianchini et al., 2020).

As highlighted above, most evidence indicates that silicic (mostly
rhyolitic) volcanic rocks, and particularly glass-rich ash tend to be
responsible for most of the high As concentrations in waters of volcanic
regions. It is known that the concentration of As in the bulk Earth (~1.7
mg/kg) is strongly partitioned toward the upper crust (Table 1; Rudnick
and Gao, 2005, 2014). The two orders of magnitude difference between
the concentration in the mantle and that in the upper crust (Table 1),
suggests that As segregated into the crust as the Earth formed and likely
continued to accumulate in the upper crust during the Earth’s 4.55
billion year evolution. Regarding common rocks, the highest As con-
centration is found in sulfide mineral deposits especially those con-
taining gold. Next highest are marine shales, followed by rhyolite and
non-marine shales, etc. (Table 1). Similar high concentrations for ma-
rine shale and rhyolite are found in the evaluated samples compiled by
Hu and Gao (2008).

The actual cause of high As concentrations in magmas, and the
mobility and partitioning of As among the different type of volcanic
products (solid/gas phases) during eruptions is still poorly constrained
(Lopez et al., 2012; Morales-Simfors et al., 2020). Arsenic is a volatile
element which is considered to partition from the magmatic melt into a
magmatic vapor phase during volcanic eruptions, mostly forming OH
and S complexes (Simon et al., 2007; Zajacz et al., 2008; Borisova et al.,
2010). However, the ability of As to partition out of the melt depends on
different aspects that control the presence both of a vapor phase and of
ligands, or elements in the exsolving vapor (and/or saline fluid)
(Hedenquist and Lowenstern, 1994; Williams-Jones and Heinrich,
2005). If the magma reaches the surface by an eruption, considerable
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Fig. 1. Global distribution and concentrations of As in all types of volcanic rocks according to GEOROC data base. The Altiplano-Puna region situated in the Central
Volcanic Zone (CVZ) of the Andes is marked with a red rectangle. Map made using QGIS, base map obtained from Google Satellite, and plate tectonics from Bird
(2003). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1

Known distribution of As within the Earth and common rocks.
Earth component As (mg/kg) Reference
Bulk Earth 1.7 Rudnick and Gao (2005)
Mantle 0.068 Palme and O’Neill (2014)
Lower continental crust 0.2 Rudnick and Gao (2014)
Middle continental crust 3.1 Rudnick and Gao (2014)
Upper continental crust 4.8 Rudnick and Gao (2014)
Seawater 1.7 (pg/L) (Neff, 2002)

Rock Type

Gold ore 180 (conservatively low) USGS and GSJ
Marine shale 68.5 USGS and GSJ
Rhyolite 19 USGS and GSJ
Non-marine shale 6 USGS and GSJ
Limestone 1.6 USGS and GSJ
Sandstone 1 USGS and GSJ
Andesite 0.88 USGS and GSJ
Granite 0.8 USGS and GSJ
Basalt 0.4 USGS and GSJ
Dunite 0.034 USGS and GSJ

" Compilation of As concentrations in common rocks from standard rock
samples after the US Geological Survey (USGS) and the Geological Survey of
Japan (GSJ) (Flanagan, 1976 and Japanese Geochemical Reference samples
Database https://gbank.gsj.jp/geostandards).

degassing will take place and As can partition into the vapor phase at
high temperature, but it can also sorb onto ash particles. Arsenic has a
strong affinity for sulfur so that partitioning is strongly affected by the
amount of sulfur in the system as well as temperature and pressure and
other compositional variables (Hedenquist and Lowenstern, 1994; Wil-
liams-Jones and Heinrich, 2005; Simon et al., 2007; Zajacz et al., 2008;
Borisova et al., 2010).

In spite of the importance of volcanic rocks as a geogenic source of As
in the planet Earth, variations of As concentration within different types
of volcanic rocks are not yet fully understood (Smedley and Kinniburgh,
2002; Bowell et al., 2014). Specifically, in the Altiplano-Puna plateau,
the Cenozoic volcanism is considered the source of As for most of the
water types in a wide range of concentrations: acid mine drainage (AMD;
25,000 pg/L); brines (16,800 pg/L); rivers affected by AMD (2800 pg/L);
hot springs (1900 pg/L); saline waters (1900 pg/L); rivers and lakes
(600 pg/L); groundwater (200 pg/L) (Ormachea Munoz et al., 2013,
2015, 2016; Murray et al., 2019; Tapia et al., 2019). In spite of several
publications on volcanology and petrology describing and interpreting
this important volcanic system, our current knowledge of As on its
volcanic rocks is poor. Therefore, the aim of this work is to contribute a
better understanding of the origin and distribution of As in the volcanic
rocks of the Altiplano-Puna plateau as a geogenic source of As in water.
This work also discusses different factors that may control the origin and
the distribution of As in volcanic rocks that could also explain the
presence of As in other volcanic regions of the planet such as i) the
source and composition of the magmas; ii) the eruptive dynamics; and
iii) post-emplacement processes.

2. Settings of the Altiplano-Puna plateau

The Altiplano-Puna plateau in the Central Andes extends through
parts of Argentina, Bolivia, Chile, and Peru. This plateau occupies a
surface area of 5 x 10° km? (Allmendinger, 1986) at an elevation of
about 4 km a.s.l. (Lamb and Hoke, 1997; Fig. 1), and extends 1800 km
from N to S, with a width of 350-400 km (Allmendinger et al., 1997).
The Altiplano-Puna, constitutes a thickened continental crust of up to
70 km (e.g., Yuan et al., 2002) and is the second highest plateau on Earth
after Tibet (Allmendinger et al., 1997). The region is composed of two
distinctive zones: the Altiplano of Bolivia and Peru, and the Puna of
northwestern Argentina and adjoining parts of Chile (Fig. 2).
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The Central Volcanic Zone (CVZ) of the Central Andes of South
America extends through the Altiplano-Puna plateau and further west
(Fig. 1). The CVZ is the segment of the Andean volcanic arc between 14
and 27°S (Stern, 2004) where tens of active volcanoes are found and
>15.000 km® of ignimbrites (see definition in the Glossary, Supple-
mentary Material) were formed during the Miocene to Recent (e.g., de
Silva et al., 2015); thus it is one of the largest ignimbritic provinces of
the world (e.g., Francis and Baker, 1978; Best et al., 2016). The CVZ
hosts a substantial amount of volcanic rocks in which three main types of
volcanic edifices can be recognized: i) stratovolcanoes, ii) collapse cal-
deras and iii) scoria cones associated to monogenetic volcanism (e.g.
Kay and Coira, 2009; Grosse and Guzman, 2017; Worner et al., 2018).
Between 24 and 15 Ma, the characteristic closed drainage system of the
Altiplano-Puna was established and the arid climate facilitated the for-
mation of evaporite deposits (Fig. 2) (Alonso et al., 1991; Vandervoort
etal., 1995). The closed basins of the plateau were filled with significant
volumes of clastic material and chemical weathering products from the
surrounding mountain ranges (Igarzabal, 1999), as well as extensive
volcanic deposits such as ignimbrites and lavas (e.g., Kay and Coira,
2009). In this region, the altitude (> 3500 m a.s.l.) and width (=~ 400
km) of the Andes produces distinctive meteorological conditions making
it one of the highest arid to semi-arid regions on Earth (Gregory-Wod-
zicki, 2000). Water is a scarce resource in the plateau and it is naturally
enriched in As with values above the limit for human consumption. The
estimated population is of about 3 million inhabitants who are mainly
descendants from aboriginal communities and, in many cases, use un-
treated water for drinking and cooking purposes (Tapia et al., 2019).

3. Methodology

The data presented in this work comes from a thorough bibliographic
compilation extracted from existing publications on petrology and
volcanology in the Altiplano-Puna reporting As concentrations in vol-
canic rocks (Table 2 and Table S1). The access to unpublished As data in
some of these publications was made thanks to co-authorship by Silvina
Guzman. The compilation includes As data from different volcanic
centers and volcanic outcrops in the Altiplano-Puna of Argentina (15),
Bolivia (28), and Chile (12). The data source was self-evaluated for
validity and representativeness. In total, 262 As analyses were obtained
from 20 publications up to January 2022. We also compiled data for
major oxides, trace elements and age of the rocks that contain As con-
centration data. The presence and type of hydrothermal alteration
described were also considered. Samples with non-reported hydrother-
mal alteration were classified as “non-altered”, and those with reported
hydrothermal alteration were classified as “with alteration”. In these
publications, geochemical determinations for As were obtained from
bulk samples, the measurements correspond to total As. The analytical
methods used for As determinations mainly included inductively
coupled plasma mass spectrometry (ICP-MS), inductively coupled
plasma atomic emission spectrometry (ICP-AES), induced neutron acti-
vation analysis (INAA), and X-Ray Fluorescence (XRF). Most of the
publications provide information on analyses quality (e.g., Torres et al.,
2021; Ureta et al., 2021) in which data on used Certified Reference
Materials and analytical precision are given. In other cases, authors only
mention the name of the commercial/university laboratory and the
analytical technique used (e.g., Mattioli et al., 2006; Salado Paz et al.,
2018). For the statistical analysis, those samples with As values below
the detection limit (<0.6 mg/kg) were replaced by half of the detection
limit value in order to consider the very low measured As
concentrations.

Major oxides were recalculated to a free volatile basis considering
the values given for loss on ignition (LOI), CO4, and SO3 provided in the
different publications for its classification in the Total Alkali-Silica di-
agram (TAS: Nay0 + K0 (wt. %) vs SiOg (wt. %); Le Le Maitre, 1989).
This is a chemical and non-genetic classification recommended by the
IUGS (International Union of Geological Sciences) Subcommission on
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Fig. 2. Geological map of the Altiplano-Puna showing the distribution of Cenozoic volcanic rocks. The numbering of the volcanoes refers to those listed in Table 2.
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Table 2
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Mean, maximum (max), minimum (min), standard deviation (¢), and median values of As (mg/kg) in volcanic centers and volcanic outcrops in the Altiplano-Puna

region. The volcanic center No. corresponds with Fig. 2.

No.  Volcano name Lat. Lon. Volcano type n mean max min c median  Location Epoch or
period
1 Viacha® —16.770  —68.280  Volcanic outcrop 2 0.8 0.8 0.8 0 0.8 Altiplano, BO Cenozoic
2 Comanche” -16.960 —68.420  Volcanic outcrop 1 <0.60 - - - - Altiplano, BO Middle
Miocene
3 Colquencha® —16.970  —68.220  Volcanic outcrop 1 <0.6 - - - - Altiplano, BO Cenozoic
4 Miriquiri® —17.020 —68.460  Volcanic outcrop 1 1.3 - - - - Altiplano, BO Middle
Miocene
5 Viscachani® —17.140 —68.150  Volcanic outcrop 1 1.1 - - - - Altiplano, BO Cenozoic
6 La Espanola® —17.250 —69.550  Volcanic outcrop 4 0.4 0.85 <0.5 0.3 0.3 Cordillera Late Miocene
Oriental
7 La Joya® —17.770  —67.500  Volcanic outcrop 2 56.1 110 2.2 76.2 56.1 Altiplano, BO Middle
Miocene
8 Escatanque” -17.780 —67.430  Volcanic outcrop 1 <0.60 - - - - Altiplano, BO Cenozoic
9 Kori Kollo (La Joya —17.800 —67.450  Volcanic outcrop 3 34 74 11 34.8 17 Altiplano, BO Middle
district) @ Miocene
10 San José (Oruro)® —17.950 —67.120  Volcanic outcrop 1 110 - - - - Altiplano, BO Middle
Miocene
11 Stratovolcano deposits —19.190 —67.040  Stratovolcano 2 4.7 4.7 4.6 0.1 4.7 Altiplano, BO Miocene to
(Pampa Aullagas)” Holocene
12 Stratovolcano deposits —19.240  —66.940  Stratovolcano 2 1.5 2.6 <05 1.6 1.5 Altiplano, BO Miocene to
(Quillacas)” Holocene
13 Co. Gordo" —19.330 —66.840  Volcanic outcrop 1 <0.60 - - - - Altiplano, BO Cenozoic
14 Rio Mulato® —19.570  —66.840  Volcanic outcrop 1 <0.60 - - - - Altiplano, BO Cenozoic
15 Ignimbrite Los Frailes and —19.580 —66.830 Caldera 3 0.9 1.2 0.5 0.4 0.9 Altiplano BO Miocene
Morococala”
16 Inexa” -19.710 —67.950  Volcanic outcrop 3 1.1 1.4 0.8 0.3 1.1 Altiplano, BO Pliocene
17 Chinchilhuma® —19.900 —68.370  Volcanic outcrop 1 0.8 - - - - Altiplano, BO Cenozoic
18 Paco Kkollu" —20.070 —68.360  Volcanic outcrop 3 2.2 4.6 2.1 1.1 Cordillera Late Miocene
Oriental
19 Chocaya” —20.940 —66.290  Volcanic outcrop 1 1.1 - - - - Altiplano, BO Cenozoic
20 Inca Mine" —21.110 —67.200  Volcanic outcrop 2 5.4 6.7 4.1 1.8 5.4 Altiplano, BO Cenozoic
21 Toldos Mine” —21.110 —67.210  Volcanic outcrop 1 6.5 - - - - Altiplano, BO Upper Miocene
22 Ollague-Mafic center® —21.280 —68.320  Shield-like 1 5.7 - - - - Altiplano, CH- Quaternary
monogenetic BO
23 Sora Puncu® —21.350 —67.650  Volcanic outcrop 1 15 - - - - Altiplano, BO Cenozoic
24 Esmoraca” —21.670 —66.290  Volcanic outcrop 1 1.5 - - - - Altiplano, BO Miocene
25 Com. Todos Santos® —21.750  —67.220  Volcanic outcrop 2 2.1 2.7 1.5 0.8 21 Altiplano, BO Cenozoic
26 Apacheta-Aguilucho —21.840 —68.150  Stratovolcano and 16 5.4 14 0.8 4.6 5.5 Altiplano CH Pleistocene
volcanic complex® domes
27 Morokho" —21.840 —66.560  Volcanic outcrop 1 2.4 - - - - Altiplano, BO Cenozoic
28 S.A. de Lipez® —21.880 —66.940  Volcanic outcrop 1 3.8 - - - - Altiplano, BO Cenozoic
29 Loma Grande® —21.900 —66.450  Volcanic outcrop 4 2.2 4.4 1.1 1.5 1.7 Altiplano, BO Cenozoic
30 Jaquegua® —21.950 —66.750  Volcanic outcrop 2 14.7 23 6.3 11.8 14.7 Altiplano, BO Cenozoic
31 Panizos Caldera® —21.990 —-66.470  Caldera 7 1.5 2.6 <0.6 0.7 1.4 Altiplano, BO Miocene
32 Co. Pabell6n” —22.300 —67.770  Stratovolcano 1 3.8 - - - - Altiplano, BO Middle
Miocene
33 Coranzul{’ —22.950 —66.350  Caldera 13 15.3 126 2.2 33.4 5.5 Northern Upper Miocene
Puna, ARG
34 Morro Grande! —23.040 —66.420  Caldera 18 34.6 325 4 73.5 17.5 Northern Miocene
Puna, ARG
35 Lascar® —23.310 —67.780 Stratovolcano 1 6 - - - - Central Puna, Holocene
CH
36 Cerro Overo' —23.510 —67.660  Monogenetic 2 5.1 5.5 4.6 0.6 5.1 Central Puna, Pleistocene
center CH
37 La Albondiga’ —23.520 —67.680  Monogenetic 2 5.3 5.6 4.9 0.5 5.3 Central Puna, Cenozoic
center CH
38 El Pafs lava flow field® —23.780 —67.930  Monogenetic lava 17 2.8 6 2 1.3 2 Central Puna, Plio-
flow CH Pleistocene
39 Corral Negro ° —23.780 —67.900 Stratovolcano 1 6 - - - - Central Puna, Plio-
CH Pleistocene
40 Cerro Tujleh —23.830 —67.950 Monogenetic 4 3.6 5.5 1.6 1.8 3.6 Central Puna, Quaternary
center CH
41 Lithic xenolite in Cerro —23.830 —67.950 Monogenetic 3 11.4 15 8.2 3.4 11 Central Puna, Cenozoic
Tujle" center CH
42 Tucticaro ignimbrite” —23.830 —67.950  Ignimbrite field 2 5.5 7.4 3.5 2.8 5.5 Central Puna, Pliocene
CH
43 Cerro Toloncha" —23.930 —67.970  Poligenetic cone 3 2.1 3.6 1 1.4 1.6 Central Puna, Pleistocene
CH
44 Ramadas' —24.130 —66.350 Monogenetic 1 6 - - - - COT area, Late Miocene
center ARG
45 Tocomar’ —24.200 —66.540 Monogenetic 2 94.7 104 85.3 13.2 94.7 COT area, Pleistocene
center ARG

(continued on next page)
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Table 2 (continued)
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No.  Volcano name Lat. Lon. Volcano type n mean max min c median  Location Epoch or
period
46 Cerro San Gerénimo" —24.250 —66.460 Scoria cone 2 9.2 15.8 2.5 9.4 9.2 COT area, Quaternary
ARG
47 El Morro’ —24.270  —66.280  Stratovolcano or 6 2.5 5.11 1.4 1.4 2.3 COT area, Miocene
dome ARG
48 Aguas calientes (non- —24.270 —66.470 Caldera 10 12.5 22.3 3.3 6.2 12.7 COT area, Miocene
altered ignimbrites) ARG
49 Aguas calientes —24.270 —66.470  Caldera 14 1638 7147 1.7 2270 518 COT area, Miocene
(ignimbrites with ARG
alteration)'
50 Nuegra Muerta volcanic —24.410 —66.250  Caldera 1 3.4 - - - - COT area, Miocene
complex’ ARG
51 Plutonic-Volcanic center —24.410 —66.230 Plutonic-Volcanic 3 1.8 3.1 0.8 1.2 1.4 COT area, Miocene
Nevado del Acay’ center ARG
52 Lastarria® —25.150 —68.520  Stratovolcano 3 20 29 13 8.2 18 Southern Holocene
Puna, CH
53 Alto de Las Lagunas —25.950 —66.340  Caldera 2 1.6 1.6 1.6 0 1.6 Southern Middle
Ignimbrite™ Puna, ARG Miocene
54 Luingo" —26.130 —66.580  Caldera 14 1.8 10.9 <05 29 0.7 Southern Middle
Puna, ARG Miocene
55 Peinado” —26.540 —68.090  Stratovolcano 25 7.4 69.6 <0.5 15.9 1.9 Southern Pleistocene
Puna, ARG
56 Cerro Blanco volcanic —26.780 —67.740  Caldera 5 1 3.3 <05 1.3 0.3 Southern Quaternary
complex” Puna, ARG
57 San Buenaventura —26.900 —67.760  Caldera 20 1.7 7.2 <05 1.9 0.9 Southern Upper Miocene
Cordillera™ ¢ © = * Puna, ARG
58 Vicuna Pampa" " —26.940 —67.020  Stratovolcano 14 1 2.7 <0.5 0.8 0.7 Southern Miocene
Puna, ARG
Volcanic rocks (without hydrothermal alteration)* 238 9.1 325 <05 27 2.6 Altiplano- Cenozoic
Puna
Volcanic rocks (with hydrothermal alteration and sulfide mineralization)* 24 957 7147 0.9 1895 54 Altiplano- Cenozoic
Puna
Volcanic rocks (all 262 96 7147 <0.5 626 2.6 Altiplano- Cenozoic
samples)* Puna
Fluvial sediments" 1053 107 12,300 1 750 20 Altiplano-
Puna

BO = Bolivia; CH = Chile; ARG = Argentina; COT = Calama-Olacapato-El Toro regional structural lineament.

2 USGS and SGBO (1975).

b Ormachea Mufioz et al. (2013).
¢ Taussi et al. (2019).

4 Gorustovich et al. (1989).

¢ Robidoux et al. (2020).

f Ureta et al. (2021).

8 Torres et al. (2021).

b Ureta et al. (2020a).

! Tucci et al. (2018).

J Petrinovic et al. (1999).

K Mattioli et al. (2006).

! Salado Paz et al. (2018).

™ Aramayo et al. (2017).

™ Guzman et al. (2011).

© Grosse et al., 2022.

P Montero-Lépez (2009).

4 Montero-Lopez et al. (2010).
* Montero-Lapez et al. (2010).
$ Montero-Lopez et al. (2011).
' Montero-Lépez et al. (2015).
Y Guzman et al. (2017a).

¥ Guzman et al. (2017b).

* This study.

W Tapia et al. (2019).

the Systematics of Igneous Rocks for the classification of volcanic rocks
(Le Bas and Streckeisen, 1991). The Aluminum Saturation Index (ASI)
was also used. This index is based on molecular Al/(Ca — 1.67P + Na +
K) (Rollinson and Pease, 2021 and references therein) and it defines
rocks as peraluminous (ASI > 1) or metaluminous (ASI < 1). Metal-
uminous rocks lack the necessary Al needed to form feldspars and per-
aluminous rocks are rich in Al, with more than what is needed to form
feldspars. Peraluminous rocks are generally derived from the melting of
clay-rich sedimentary sources (Rollinson and Pease, 2021 and references

therein).

The data for the world map showing the As concentration in volcanic
rocks (Fig. 1), was extracted from GEOROC database (http://georoc.
mpch-mainz.gwdg.de/georoc/; Sarbas, 2008). The free and open
source Quantum Geographic Information System (QGIS) was used for
the maps edition and calculation of the surface covered by volcanic
rocks in the Altiplano-Puna using the polygon area function. A Glossary
(see Supplementary data) was made to describe terms related to volca-
nology and petrology taken mostly from Sigurdsson et al. (2015).


http://georoc.mpch-mainz.gwdg.de/georoc/;
http://georoc.mpch-mainz.gwdg.de/georoc/;
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4. Results
4.1. Mean As concentrations in volcanic rocks of the Altiplano-Puna

The mean As concentration in volcanic rocks of the Altiplano-Puna,
considering samples without reported hydrothermal alteration (n =
238), is 9.1 mg/kg with a median of 2.5 mg/kg and maximum value of
325 mg/kg (Table 2). Volcanic rocks with hydrothermal alteration and
sulfide mineralization (n = 24) have a mean value of 957 mg/kg with a
median of 54 mg/kg and maximum of 7147 mg/kg (Table 2). Consid-
ering both type of samples (n = 262), the total average of As in volcanic
rocks is 96 mg/kg (Table 2).

The following sections describe the variations of As concentrations
according to the geochemical composition of the rocks, presence or lack
of hydrothermal alteration, sulfide mineralization, type of volcanic
edifice, type of volcanic deposits, and spatial distribution.

4.2. Arsenic concentrations according to the geochemical composition and
hydrothermal alteration of volcanic rocks

Most of the volcanic rocks of the Altiplano-Puna plateau show a SiOy
content from intermediate (52-63% wt. SiO5) to silica-rich (> 63% wt.
SiO) compositions. When comparing the As concentration variation
with SiOg, it is observed that the highest As values are present in silica-
rich samples, particularly in those rocks with hydrothermal alteration
(Fig. 3).

In the Altiplano-Puna plateau, rocks with As reported data show a
wide range of compositional types from basaltic andesites to rhyolites
(Table 3; Fig. 4). In the TAS diagram (Fig. 4), it is observed that the As
concentrations tend to increase with the amount of alkalis (Na;O + K5,0)
and SiO, content. In non-altered volcanic rocks, mean values of As in-
creases progressively with increasing silica, from basaltic andesites (3.2
mg/kg) to andesites (3.5 mg/kg), and from dacites (11.3 mg/kg) to
rhyolites (19.8 mg/kg) (Fig. 4 a; Table 3). When rocks have hydro-
thermal alteration and/or sulfide mineralization they are mainly silica-
rich and the concentration of As increases, especially for trachydacites
(181 mg/kg) and rhyolites (1863 mg/kg) (Fig. 4 b; Table 3).

Regarding Aluminum Saturation Index (ASI) and As concentrations,
it is observed that peraluminous volcanic rocks (i.e. those that have a
clay-rich or shale type of sedimentary source) have higher As concen-
trations (average of 203 mg/kg; Table 4) than metaluminous varieties
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Table 3

Arsenic concentrations (mg/kg) in volcanic rocks of the Altiplano-Puna with
different types of geochemical compositions according to the TAS classification
diagram. Mean, maximum (max), minimum (min), standard deviation (¢), and
median values.

TAS classification n mean max min c median

Non-altered
Basaltic-andesite 24 3.2 6.0 1.4 1.6 2.0
Basaltic-trachyandesite 14 1.8 6.7 0.3 1.9 0.9
Andesite 22 35 10.0 0.3 2.7 3.7
Trachy-andesite 25 5.3 29.0 0.3 8.0 1.5
Dacite 71 11.3 126.0 0.3 23.5 2.7
Trachy-dacite 33 4.5 20.0 0.3 5.3 1.9
Trachyte 2 5.3 6.5 4.1 1.7 5.3
Rhyolite 37 19.8 3250 0.3 56.7 3.5

With hydrothermal alteration
Trachy-andesite 2 0.4 0.6 0.3 0.2 0.4
Dacite 5 10.5 31.4 0.3 13.9 1.7
Trachy-dacite 3 181 541 0.3 312 2
Trachyte 1 6.7 - - - -
Rhyolite 12 1863 7147 1 2386 693

TAS = Total Alkali-Silica.

(average of 4.7 mg/kg; Table 4). In addition, peraluminous rocks with
high As concentrations are also silica-rich (Fig. 5).

4.3. Arsenic concentrations in different types of volcanic edifices and
deposits

4.3.1. Types of volcanoes

In the Altiplano-Puna plateau, the three main different types of
volcanoes (monogenetic volcanoes, stratovolcanoes, and collapse cal-
deras) show increasing average As concentrations (Table 5; Fig. 6).

Monogenetic volcanoes (which typically form scoria cones, lava
flows and/or domes) are usually characterized by their effusive char-
acter or low explosivity. They are mainly of basaltic andesite to andesitic
compositions and are associated with deep faults that allow a rapid
magma ascent from the mantle (Ureta et al., 2020b). They contain mean
As concentrations of 5.2 mg/kg (Table 5). Some monogenetic volcanoes
of silicic composition such as Ramadas (rhyolitic pumice that recorded
crustal contamination; Coira et al., 2018; Lucci et al., 2018; Bardelli
etal., 2021) and Tocomar (ignimbrites or crustal origin; Petrinovic et al.,
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45 55 65 75
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Fig. 3. As (mg/kg) vs. SiO2 (wt. %) in volcanic rocks of the Altiplano-Puna plateau.
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Fig. 4. Total Alkali-Silica diagram (TAS) for volcanic rocks in the Altiplano-Puna plateau. For each compositional field, the As mean value (bold italic) is indicated in
mg/kg. a)- Non altered volcanic rocks. b)- Volcanic rocks with reported hydrothermal alteration and/or sulfide mineralization.

Table 4

Mean, maximum (max), minimum (min), standard deviation (¢), and median
values of As (mg/kg) in metaluminous and peraluminous volcanic rocks of the
Altiplano-Puna.

ASI classification n mean max min o median

Metaluminous volcanic rocks 130 4.7 69.6 0.3 8.7 1.7
Peraluminous volcanic rocks 120 203 7147 0.3 916 4.6

ASI = Aluminum Saturation Index (ASI = Al/(Ca - 1.67P + Na + K); Rollinson
and Pease, 2021 and references therein).

+< 0.5 mgkg

0[0.5 -1 mg/kg)
A[1-10 mg/kg)

A[10 - 100 mg/kg)
A[100 - 10000 mg/kg]

10.00 ¢

Peraluminous

21.00

Metaluminous

2006), show higher As content such as 6 mg/kg and 94.7 mg/kg,
respectively (No. 44-45, Table 2).

Stratovolcanoes, which are characterized by moderate to high
explosivity usually have andesitic to dacitic compositions with mean As
concentrations of 5.8 mg/kg (Table 5).

For collapse calderas, which are characterized by highly explosive
eruptions with dacitic to rhyolitic compositions, the mean As concen-
trations increases up to 7.3 mg/kg (Table 5). Some extremely high
values are observed in Aguas Calientes caldera in which hydrothermally
altered ignimbrites (with sulfide mineralization) present mean As con-
centrations of 1638 mg/kg (Salado Paz et al., 2018; No. 49, Table 2). In
this caldera, the Incachule geothermal springs have an As content of 258
pg/L (Sanci et al., 2020). Other undifferentiated volcanic outcrops

0.10 .
45 55

65 75

SiO, (% wt.)

' Basic

Intermediate

Silica-rich

Fig. 5. Aluminum Saturation Index (ASI) vs SiO, content and As concentrations in volcanic rocks of the Altiplano-Puna plateau. ASI = Al/(Ca — 1.67P + Na + K).
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Table 5

Mean, maximun (max), minimun (min), standar deviation (c), and median As
concentrations (mg/kg) in the three main different types of volcanic edifices of
the Altiplano-Puna. n = number of volcanoes with As data.

Type of volcano n mean max min o median
Monogenetic centers, lava flows, 9 5.2 11.4 1.8 3.2 5.1
scoria cones'
Stratovolcanoes and domes 10 538 20 1 5.4 5.1
Calderas and ignimbrite fields” 12 7.3 346 0.9 10.3 1.8
Undifferentiated volcanic 25 131 110 0.4 26.7 22
outcrops in the Bolivian
Altiplano

! Ramadas and Tocomar monogenetic volcanoes were not considered since
they are silicic in composition and record crustal contamination or origin, the As
content for these volcanoes can be seen in Table 1.

2 The strongly altered and sulfide mineralized ignimbrites from Aguas Cal-
ientes caldera (Salado Paz et al., 2018) were not considered; the As content for
these rocks can be found in Table 1.

situated in the Bolivian Altiplano have mean As concentrations of 13.1
mg/kg (Table 5).

4.3.2. Volcanic deposits

Arsenic data for the following different type of volcanic deposits, syn-
volcanic intrusions and structures are available in the literature of the
Altiplano-Puna: fall deposits (ash and pumice), deposits of pyroclastic
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density currents (including ash-flow tuff, block and ash flow, ignimbrite,
and tuff) and coherent deposits (domes, dikes, and lavas) (Table 6). A
detailed definition of each type of deposit and their characteristics are
provided in the Glossary (Supplementary material).

The highest As concentrations are found among deposits of pyro-
clastic density currents and fall deposits. The Morro Grande tuff (in
Northern Puna) contains 325 mg/kg of As (No. 34, Table 1; Gorustovich
et al., 1989). Ashes from Peinado stratovolcano contain 43.2 mg/kg of
As (Grosse et al., 2022). Ignimbrites without hydrothermal alteration,
contain mean values of 11.2 mg/kg of As (Table 5). Altered ignimbrites
have the highest As concentrations, however this is mainly related to the
post-emplacement enrichment processes rather than the eruptive pro-
cess (Section 5.1). Pumice, which is mainly composed of silicic glass, has
mean values of 14.5 mg/kg of As. Finally, extrusive deposits like lavas
(3.7 mg/kg) and those related to domes (6.2 mg/kg), and shallow syn-
volcanic intrusive bodies as dikes (1.5 mg/kg) that may feed extrusive
deposits show generally lower As concentrations.

4.4. Spatial variation of As concentrations

Volcanic edifices and deposits, thermal springs, and sulfide deposits
situated along the regional Calama-Olacapato-El Toro (COT) lineament
show very high As concentrations (area with outcropping volcanoes
from No. 44 to 51, Table 2, Fig. 2). Several authors indicate that mag-
matism and hydrothermal fluid circulation is strongly controlled by the

Increasing SiO2 and As content

Stratovolcanoes
(As = 5.8 mg/kg)

Monogenetic volcanoes,
scoria cones, and lava flows
(As = 5.2 mg/kg)

Y\

0_
Upper crust
(As = 4.8 mg/kg?)
Middle crust
(As = 3.1 mg/kg?) E
z
&
)
Lower crust
(As = 0.2 mg/kg?)

Mantle/lower crust limit 70~

MASH zone

Lithospheric mantle
(As = 0.068 mg/kgP)

Collapse calderas
and ignimbrite fields
(As = 7.3 mg/kg)

Hydrothermal alteration
and sulfide mineralization

Shale-type sediments
As enriched

.

y/ As assimilation

Magma body / MASH zone

Fig. 6. Schematic model showing As concentrations variations in the three main different types of volcanoes in the Altiplano-Puna plateau and water-rock in-
teractions favoring As enrichment in waters. The assimilation of As enriched shale-like sediments into the magmas is considered as the main As source for magmas in
the Altiplano-Puna. Arsenic concentrations values for the crust and the lithospheric mantle belong to the international literature: a = Rudnick and Gao (2014) and b
= Palme and O’Neill (2014). Figure adapted after de Silva and Kay (2018), Worner et al. (2018), and Murcia and Németh (2020).
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Table 6

Mean, maximum (max), minimum (min), standard deviation (), and median
values for As (mg/kg) concentrations in different types of volcanic deposits in
the Altiplano-Puna region.

Type of deposit/structure n mean  max min o median
Fall deposits Ash 1 43.2
Pyroclastic Pumice 5 145 69.6 0.3 25.7 1.3
Non- Dome 8 6.2 14 1.0 5.8 4.3
pyroclastic Dike 11 15 6.0 0.3 1.7 0.9
depositsand . 8 37 29 03 52 20
structures
Ash-flow 18 38 23 03 58 15
tuff
Block and 5 07 19 03 07 03
. ash flow
Pyroclastic . .
. Ignimbrite
density
(non- 75 11.2 126 0.3 21.4 4.5
currents
altered)
lenimbrite 45 yg38 7147 17 2270 518
(altered)
Tuff 1 325

COT structure (Petrinovic et al., 2006; Ramellow et al., 2006; Acocella
etal., 2011; Giordano et al., 2013; Lanza et al., 2013; Norini et al., 2013;
Filipovich et al., 2022). Along this regional lineament, the Aguas Cal-
ientes caldera (No. 49, Table 2; Fig. 2) show the highest As values
compiled in this study (mean of 1638 mg/kg) corresponding to altered
and sulfide mineralized ignimbrites. The non-altered Aguas Calientes
caldera ignimbrites also present high values (mean of 12.5 mg/kg) (No.
48; Table 2). Associated with this caldera, the Incachule hot springs have
As concentrations of 258 pg/L (Sanci et al., 2020). Monogenetic centers
such as Tocomar (mean of 94.7 mg/kg) (No. 45; Table 2), Cerro San
Gerénimo (mean of 9.2 mg/kg) (No. 46; Table 2) and Ramadas (mean of
6 mg/kg) (No. 44; Table 2) contain As concentrations which are above
the mean values for this type of volcanic edifices, being Tocomar and
Ramadas silica-rich volcanic centers. Hot springs in this area like Pom-
peya have As concentrations up to 8490 pg/L (Hudson-Edwards and
Archer, 2012; Sanci et al., 2020), while Banos de Aguas Calientes hot
springs have As concentration of about 2200 pg/L (Hudson-Edwards and
Archer, 2012). In addition, in this area, mining wastes from two legacy
mining activities (Mina Concordia and La Poma treatment plant) of Pb-
Ag-Zn sulfide minerals release Acid Mine Drainage (AMD) with As
concentrations between 267 and 8700 pg/L (Kirschbaum et al., 2012;
Sanci et al., 2020). This sulfide mineralization is associated with epi-
thermal deposits emplaced into Miocene dacitic domes. Arsenic is
mainly present in As-rich pyrite and arsenopyrite that are abundant in
the mining wastes (tailings and dumps) (Kirschbaum et al., 2012). The
oxidation of these minerals releases As which is then solubilized into
waters at low pH (AMD) reaching the rivers and streams in the area. This
source of As is originally associated with the Cenozoic volcanism and is
further enhanced by human activities.

To the north of the COT structure, in the Northern Puna (Alonso
et al., 1984), the Coranzuli and Morro Grande ignimbrites related to
caldera systems (Guzman et al., 2020) also have high As concentrations
with mean values of 15.3 mg/kg and 34.6 mg/kg respectively (No.
33-34, Table 2, Fig. 2, Gorustovich et al., 1989). In this area, there is also
an active geothermal system with As concentrations between 4.8 and 90
pg/L and temperatures around 20 °C (Peralta Arnold et al., 2017).
Legacy mining activities associated to Miocene dacitic domes are also
present in Northern Puna (Mina Pan de Azicar). The source of As is also
related to the oxidation of pyrite and arsenopyrite in tailings dams and
dumps, and the As concentrations released into waters can be as high as
44,600 pg/L (Murray et al., 2014, 2021).

Northwards, the concentrations of As in the Altiplano of Bolivia and
Chile vary from 1.1 to 110 mg/kg (No. 1-32, Table 2, Fig. 2), with the
highest values associated with polymetallic deposits (i.e., La Joya, Kiri
Kollo, and San José).
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In contrast, the volcanic centers situated in the Southern Puna (No.
52-58, Table 2, Fig. 2) show lower As contents such as the ignimbrites of
Cerro Blanco volcanic complex and San Buenaventura Cordillera with
mean As concentrations of 1 mg/kg and 1.7 mg/kg, respectively. For
instance, Vicuna Pampa volcanic complex have mean As contents of 1
mg/kg, and Alto de Las Lagunas ignimbrites show a mean value of 1.6
mg/kg. In Luingo caldera, the mean values are of 1.8 mg/kg. In the case
of the Peinado stratovolcano situated in the western part of the Southern
Puna, it shows a higher mean value of 7.4 mg/kg which is mostly related
to high As concentration in glass-rich components as ashes and pumices
(43.2-69.6 mg/kg), while the As concentration in lavas varies between
<0.5 mg/kg and 4.7 mg/kg.

5. Discussion
5.1. Factors controlling As concentrations in volcanic rocks

Based on the compiled data, three main factors were found that can
explain the relatively high As concentrations in volcanic rocks: i) the
source and composition of the magmas (related to the area in which
magmas were first generated, the possible assimilation of As-enriched
crustal rocks, and the final composition of the evolved volcanic prod-
ucts); ii) the eruptive dynamics, particularly in those deposits related to
explosive eruptions; iii) the post-emplacement enrichment processes of
volcanic deposits by hydrothermal alteration and/or exsolution of vol-
atiles from the active magmatic reservoir. Each factor is explained in
detailed below.

i) The source and composition of the magmas: it is known that As
concentration in the mantle, where some magmas are originated, is low
(0.068 mg/kg; Palme and O’Neill, 2014 Table 1). This value increases
from the lower to the middle continental crust (0.2 to 3.1 mg/kg), while
the upper continental crust is highly enriched in As with a value of 4.8
mg/kg (Fig. 6; Table 2 Rudnick and Gao, 2014). In the Altiplano-Puna
plateau, at upper crustal levels two large magma bodies are inter-
preted as feeding magma chambers of volcanoes. These main bodies are
known as the Altiplano-Puna Magma Body (APMB, Zandt et al., 2003)
and the Southern Puna Magma Body (SPMB, Bianchi et al., 2013). The
APMB is situated between the Northern Puna and the Bolivian Altiplano
and is one of the largest active continental crustal magma body on Earth
(Perkins et al., 2016). The SPMB is of smaller dimensions and is situated
in the Southern Puna. In these magma bodies MASH (melting-assimi-
lation-storage-homogenization of the crust; Hildreth and Moorbath,
1988; Fig. 6) processes occurs (e.g. de Silva and Kay, 2018 and refer-
ences therein). Moreover, these melted magma bodies receive inputs of
mantle-derived magmas that underlie the volcanic region (e.g. de Silva
and Kay, 2018 and references therein).

The chemical compositions of the ignimbrites situated above the
APMB and geochemical modeling of trace elements and radiogenic
isotopes show a roughly equal contribution from crustal and upper
mantle sources (e.g. Kay et al., 2010; Perkins et al., 2016). As described
in Section 4.4, the volcanic outcrops situated in the Northern Puna of
Argentina present higher As concentrations than those situated in the
Southern Puna maybe indicating the effect of As assimilation from the
originally As-enriched continental crust. In the northern and central
region of the Puna, the basement has a strong component of shales-type
deposits with very low metamorphic grade (i.e., the Acoite Formation)
that contains high As concentrations (7-124 mg/kg; Bierlein et al.,
2006) and a strong gold mineralization with high As content (Rodriguez
et al.,, 2001; Rodriguez and Bierlein, 2002). Remarkably, Kay et al.
(2010) indicated that in the most peraluminous ignimbrites of the
Granada-Orosmayo-Cusi Cusi, Vilama, Panizos, and Coranzuli magmas,
the highest isotopic 8 Sr/3Sr ratios (0.712-0.720) fit with a shale-type
component. From these set of rocks, available As data are those from
Coranzuli ignimbrites which contain an average of 15.3 mg/kg of As
(No. 33, Table 2). Toward the Chilean Altiplano, the andesitic magmas
of the Apacheta-Aguilucho stratovolcanoes and nearby domes (with 5.4
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mg/kg of As) (No. 26, Table 2) were affected by a process of assimilation
and fractional crystallization during their ascent through the upper
crust, which is composed of Eocene-Miocene basement (sequence of
andesitic lava flows, conglomerates, breccias, sandstones, limestones,
and gypsum formations) (Taussi et al., 2019). Also, the magmas that
originated the high-K andesitic lavas outcropping in the vicinity of the
Ollagiie mafic center (with 5.7 mg/kg of As) (No. 22,Table 2) are mantle
derived and were contaminated with the Paleozoic basement (gneiss and
metabasites) during a rapid uprising through the thick crust, without
any storage and differentiation in magma chambers (Mattioli et al.,
2006). Crustal assimilation as a source of As in magmatic arcs was hy-
pothesized by Mukherjee et al. (2019). By assessing the case studies in
which evolution patterns of magmas are known from the literature, and
where the type of assimilated material has been identified, we suggest a
strong correlation between assimilation of shale-type sediments and
high As concentrations in volcanic rocks. Furthermore, this important
process of crustal assimilation is enhanced in the Altiplano-Puna plateau
and Central Volcanic Zone of the Andes where the crust is extremely
thick (up to >70 km) favoring the development of large magma bodies
where MASH process take place (Fig. 6).

A contrasting example to As-enriched magmas is provided by the As-
depleted monogenetic volcanoes whose magmas are connected to
mantellic-lower crust sources (Fig. 6) and experienced rapid ascents
with low crustal contamination such as El Pais lava flow field (Torres
et al., 2021). The mean As content of this monogenetic unit is of 2.8 mg/
kg (No. 38, Table 2).

In the case of volcanic rocks situated along the COT lineament, which
is an important tectonic transfer zone for magmas and circulation of
geothermal fluids (Section 4.4), the rhyolites of the Ramadas mono-
genetic center (6 mg/kg of As) (No. 44, Table 2) have an origin in a
silicic crystal-mush reservoir which show mixtures of mantle-derived
magmas with crustal melts containing meta-pelitic components (Coira
et al., 2018; Bardelli et al., 2021). Also, the Tocomar rhyolitic ignim-
brites, with very high As concentrations (94.7 mg/kg of As) (No. 45,
Table 2), show a significant contribution of crustal shale-type compo-
nents in the magma (Petrinovic et al., 2006). The presence of regional
structures, the circulation of geothermal fluids, and the thickened crust
have been proposed as main factors controlling high As concentrations
in the Puna-Altiplano of Chile (Tapia et al., 2021; Tapia et al., 2022).

Toward the Southern Puna, As concentrations in the volcanic prod-
ucts decrease (Section 4.4). The lower As concentrations could be
related to the change in the type of the assimilated crustal rocks of the
basement, in which the shale-component (richer in As concentration;
Bierlein et al., 2006) is less abundant. The pyroclastic centers within the
Southern Puna preferably overlie rigid granitic-metamorphic basement
(Guzman et al., 2014) while granoitoids biotite gneiss-like, and gabbroic
rocks are interpreted (through geochemical modeling) to dominate the
composition of crustal materials assimilated by melts (Kay et al., 2010;
Guzman et al., 2011). These type of rocks generally contain lower As
concentration (Table 1 and Welch et al., 1988; Smedley and Kinniburgh,
2002; Plant et al., 2014). Therefore, the lower As concentrations in
comparison to the Northern Puna volcanic rocks maybe related to the
assimilation of As depleted crustal rocks.

ii) Eruptive dynamics: in the previous section we have discussed the
relationship between As content and magma composition. In this section
we discuss how eruptive dynamics (highly influenced by magma
composition) can influence As concentrations in volcanic deposits.

Generally, more silicic magmas lead to more explosive eruptions,
which are those that can fragment the magma in smaller particles.
During explosive volcanic eruptions pyroclasts, volcanic gases, and
aerosols are liberated into the atmosphere forming (together with air) an
eruption column. A large proportion of gas containing volatiles, such as
As, maybe lost into the atmosphere by outgassing (Edmonds and Woods,
2018). In the Altiplano-Puna region As concentrations up to 1234 mg/L
were measured in fumarolic gas of magmatic origin at 328 °C in the
Lastarria stratovolcano (Aguilera et al., 2016).
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During eruptions ashes play an important role in the sorption of
volatiles phases (e.g. Ahmaruzzaman, 2010). Volatile As compounds can
be sorbed onto ash particles, which are rich in highly reactive glass and
have the smallest grain size and hence the largest surface area for re-
actions between permeating fluids and particles (e.g. Brown and
Andrews, 2015). Several examples of As detected in volcanic ashes
belong to eruptions such as Eyjafjallajokull volcano in Iceland, and
Copahue, Lonquimay, Chaitén, Llaima, Puyehue, Hudson, Calbuco, and
Cordén Caulle Volcanic Complex in the Southern Andes (Ruggieri et al.,
2011; Ruggieri et al., 2012; Daga et al., 2014; Baccolo et al., 2015). Bia
et al. (2015) measured As in volcanic ashes from Southern Andes vol-
canoes and found that As is mainly enriched in the surface of the ash
particles forming sulfide or oxide compounds. In a recent work, Bia et al.
(2022) also indicate that the concentration, speciation, and mobility of
As in fresh Patagonian volcanic ash depend on the silica content of
source magmas. The main As host in volcanic ash is Al-silicate glass and
ashes have a trend of increasing As concentration with increasing silica
(Bia et al., 2022). Gomez et al. (2002) measured the fractionation of As
by particle size from the Copahue volcano ashes, describing As enrich-
ment with decreasing grain size. Moreover, the finer particles are those
which can reach the furthest distances from the emission centers. The
extended Chaco-Pampean plain in Argentina is considered as one of the
most important worldwide examples of high As concentrations in
groundwater caused by the presence of rhyolitic ashes coming from
distal Andean volcanic eruptions (Smedley et al., 2002; Nicolli et al.,
2012). In eastern Patagonia, As concentrations in groundwaters of
Peninsula de Valdez vary between 0.01 and 0.40 mg/L (Alvarez and
Carol, 2019). This region is situated at >1000 km to the east of the
Andean volcanic arc. Aquifer sediments are dominated by volcanic lithic
fragments, volcanic glass shards and quartz, plagioclase, pyroxenes and
magnetite clasts being the highest concentrations of As associated with
volcanic shards and iron oxides (Alvarez and Carol, 2019). Considering
that finer ashes are emitted from the most explosive eruptions and that
high explosivity is usually observed in the most evolved compositions, it
is expected that higher contents of As would be associated with fine
ashes from intermediate to silicic compositions linked to highly explo-
sive events.

In the Southern Puna, the correlation between eruptive dynamics,
geochemical composition of the volcanic rocks, and particle sizes is
observed at the Peinado stratovolcano (No. 55, Table 2, Fig. 2). Com-
ponents from the most explosive eruptions of this volcano, i.e., pumices
and ashes, are richer in As when compared to deposits generated by
effusive eruptions. The rhyolitic pumice has the highest As concentra-
tion (69.6 mg/kg) within all the volcanic deposits. Next highest are
rhyodacitic ashes (43.2 mg/kg) and trachyandesitic pumice (23.3 mg/
kg); lavas have the lowest As concentrations (<0.5-6.7 mg/kg; data
from Grosse et al., 2022). Calderas produced the most voluminous and
thick deposits in the Altiplano-Puna plateau and consist of deposits of
pyroclastic density currents (such as ignimbrites) and much less exten-
sive fall deposits. Ignimbrites in the Altiplano-Puna contain one of the
highest concentrations of As (Table 6) that may be favored by their
formation after the development of low altitude eruptive columns or
fountains that characterize many of the calderas of this region. Often,
caldera collapses lead to very explosive eruptions with the development
of high eruption columns that interact greatly with the atmosphere.
However, most collapse calderas from the Altiplano-Puna plateau pro-
duce low eruptive columns in which the highly concentrated eruptive
fountains out of the rim as highly concentrated pyroclastic density
currents (e.g. Soler et al., 2007; Guzman and Petrinovic, 2010; Guzman
et al., 2017c Guzman et al., 2020; Petrinovic et al., 2021; Béez et al.,
2020) that may be related to very high mass flow rate (Cas et al., 2011;
Seggiaro et al., 2019) and relatively low velocity (Sulpizio et al., 2014;
Guzman et al., 2020). Thus, the possible explanation of why these ig-
nimbrites contain high amounts of As is related to the persistent
occurrence of these type of eruptions that produce dense pyroclastic
density currents after the development of low altitude columns that do
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not allow much air entrainment into the flow and hence efficiently
maintain temperatures (e.g. Guzman and Petrinovic, 2010) retaining As
released from volatiles. Therefore, As released from volatiles may
remain for longer time in the emplacing pyroclastic density currents and
can be sorbed onto ash particles, resulting in deposits with a higher As
concentration.

iii) Post-emplacement processes that enhance As enrichment of the
deposits:

Exsolution of volatiles from the magmatic reservoirs that can lead to
As enrichment in the previously erupted volcanic rocks, requires a
continuous source of heat and volatiles and is therefore connected to the
lifespan of a volcano, its size, and the depth of the magma. The lifespan
of volcanoes is considered as the time interval between the oldest and
youngest ages available for each volcano (Grosse et al., 2018). It is
highly variable as a function of the type of volcanic edifice, which in turn
are related to the size of the magma chambers feeding eruptions. Then,
the higher lifespan and shallower position of magma chambers may be
indicative of an active volcanic system that extends for a long period of
time releasing volatiles and maintaining elevated temperatures around
the vent area. An increasing magma chamber size is observed going from
monogenetic volcanoes (in most cases directly linked to the magma
generation source without temporal storage places), to stratovolcanoes
(with lifespans that are particularly high in the central Andean volcanic
arc, reaching 2 m. yr.; Grosse et al., 2018 and references therein), and
collapse calderas. For the latter, lifespans of ca. 6 m. yr. were interpreted
at the Cerro Galan Volcanic Complex (Kay et al., 2011) and 7 m. yr. for
the Aguas Calientes caldera (Petrinovic et al., 2010). Regarding the
correlation between magma chambers depth and types of volcanic edi-
fices. Those that feed mafic monogenetic centers are usually very deep in
the crust or even in the mantle (e.g. Marti et al., 2016; Fig. 6), even if
some shallower-sourced magmas can also be involved (Smith and
Németh, 2017). Depths of magma chambers that feed stratovolcanoes is
highly variable from 5 to 20 km (Worner et al., 2018; Fig. 6), while for
collapse calderas magma chambers are usually located at relatively
shallow depths (between 3 and 8 km depth for the Altiplano-Puna; e.g.,
de Silva and Kay, 2018 and references therein; Fig. 6). The continued
exsolution of gases from magma chambers may be a very important
source of As enrichment that feeds hydrothermal fluids and gases,
altering previously erupted volcanic rocks during the non-eruptive
phases. This relationship is evident in some volcanoes of the world,
where non-altered and altered volcanic rocks show an extremely high
difference in As concentrations (e.g. Fulignati et al., 1999). Accordingly,
rhyolitic rocks with silicic alteration can have As concentrations of up to
1997 mg/kg while other samples from the same volcano show As con-
tents as low as 3 mg/kg. This huge gradient indicates that the highly
elevated As enrichment of volcanic rocks may be related to the
non-explosive phases of a volcano’s life. An exceptional example in the
Altiplano-Puna is found at the Aguas Calientes caldera in which the
non-altered ignimbrites have an As content of 12.5 mg/kg (No. 48;
Table 2), while the altered ignimbrites hosting sulfide mineralization
reach up to 7147 mg/kg of As (No. 49; Table 2).

5.2. Influence of volcanism on as enrichment in waters and sediments in
the Altiplano-Puna

The volcanism in the Altiplano-Puna plateau strongly increases the
As mobility in the upper crust and is a good example of a natural process
enhancing As dispersion and availability in the hydrosphere (Nord-
strom, 2012; Tapia et al., 2022). As mentioned in Section 1, As is found
in all water types of the Altiplano-Puna plateau over a wide range of
concentrations and in most cases the original source is related to the
Cenozoic volcanism. For instance, sulfide veins emplaced in dacitic
volcanic domes release high As concentration in acid rock drainages
after the oxidation of sulfides such as As-rich pyrite, arsenopyrite, and
other As reach sulfides from mining wastes (Murray et al., 2014, 2021;
Sanci et al., 2020). In geothermal waters, As content is related to the
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leaching of volcanic rocks at high temperature (as described by Ellis and
Mahon, 1964 and Ewers, 1977) by heated meteoric waters at depth
(Peralta Arnold et al., 2017). In others volcanic centers such as Lastarria
(Aguilera et al., 2016) the As concentrations in fumarolic vents could be
associated to a mixture between meteoric and magmatic vapors as
described by Valentino and Stanzione (2003). Once As is released from
its volcanic sources, the distinctive characteristics of the region such as
the semiarid climate, strong evaporation, the close basin hydrological
systems, alkaline pH of waters, and predominance of Na-HCO3 water
types (due to competition of As with HCOg3 for adsorption sites in sedi-
ments) promotes high As concentrations in surface and groundwaters (e.
g. Ormachea Munoz et al., 2013, 2015, 2016; Murray et al., 2019; Tapia
et al., 2022).

Regarding the As anomalies in the fluvial sediments of the Altiplano-
Puna, they have a mean As content of 107 mg/kg (Table 2, Tapia et al.,
2019), which is close to the mean value for the volcanic rocks of 96 mg/
kg (considering altered and non-altered samples, Table 2). These values
are around 20 times higher than the upper continental crust (4.8 mg/kg;
Table 1; Rudnick and Gao, 2014) showing a considerable enrichment.
Volcanic rocks cover a wide surface of the Altiplano-Puna plateau, ig-
nimbrites outcrops situated mainly between 18° and 28°S, cover an area
of 44,000 km?, representing at least 10% of the surface (Petrinovic et al.,
2010). For instance, stratovolcanoes in the Western Cordillera and
southern Altiplano of Bolivia cover >24,000 km? (USGS and SGBO (U.S.
Geological Survey and Servicio Geologico de Bolivia), 1975). Our
calculation of the area covered by all type of Cenozoic volcanic rocks
indicates approximately 108,554 km?, which represents 22% of the total
surface of the Altiplano-Puna (500,000 km?). Therefore, volcanism
could be considered as a regional As source that contributes to the
regional anomaly of As in the sediments and waters.

The population in the Altiplano-Puna is in most cases affected by the
presence of As in drinking water with values above the recommended
limit (10 pg/L), especially in rural areas where access to good water
quality is limited. An extraordinary example of how volcanism affects
the As concentrations in water and the population of the region can be
observed in the area of the COT lineament. The prime example is the San
Antonio de los Cobres town where concentration of As in drinking water
reached ~ 200 pg/L (Concha et al., 1998; Concha et al., 2010; Hudson-
Edwards and Archer, 2012; Sanci et al., 2020). Other examples in the
Altiplano-Puna are described in (Tapia et al., 2019).

6. Conclusions

Volcanic rocks are the main regional source of geogenic As in waters
in the Altiplano-Puna plateau. Arsenic concentrations in volcanic rocks
without hydrothermal alteration present a mean value of 9.1 mg/kg
which is almost 2 times higher than the upper continental crust. The As
concentration in volcanic rocks increases with silica concentration, with
the highest enrichments in dacites and rhyolites. Arsenic concentrations
increases between different types of volcanic edifice from mafic
(monogenetic centers as scoria cones and lava flows), toward interme-
diate (stratovolcanoes), and silicic (calderas and ignimbrite fields). The
fact that peraluminous volcanic rocks show higher As concentration
indicates that the assimilation of upper crustal rocks such as sedimen-
tary rocks and especially shale-type sediments are an important source
of As to the magmas. In comparison to other volcanic zones in the An-
dean arc, crustal assimilation is enhanced in the Central Volcanic Zone
of the Andes and therefore in the Altiplano-Puna plateau because the
crust is extremely thick (up to >70 km), favoring the development of
large magma bodies where significant MASH process takes place. A
possible explanation for the high As concentration in deposits of pyro-
clastic density currents derived from collapse calderas of the Altiplano-
Puna is their common origin from low-eruption columns. These types of
eruptions may hinder an easy release of volatiles to the atmosphere (a
portion of them is trapped in the dense pyroclastic density currents) and
favor their retention during compaction and cooling of pyroclastic
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deposits, further enriching them with As.

Hydrothermal alteration and sulfide mineralization are also impor-
tant post-emplacement processes that increase the As content in volcanic
rocks from continued input of As-rich volatiles sourced from underlying
magmatic systems and/or transfer of As in hydrothermal systems. Hy-
drothermal alteration and sulfide mineralization increase up to 100
times the As enrichment in volcanic rocks (957 mg/kg).

The presence of regional structures and lineaments acting as zones of
tectonic transfer for magmas and hydrothermal fluids circulation such as
in the COT lineament enhance the transfer of As from the enriched melts
to the surface, and therefore to different type of waters and nearby
population.

The Cenozoic volcanism in the Altiplano-Puna plateau favors As
availability in the upper the crust and the dispersion in the interface
with the hydrosphere. Coupled with the intrinsic characteristics of the
region such as strong evaporation, closed basin hydrology, alkaline pH,
and Na-HCOg3 water type, the As anomaly is highly enhanced making of
this a strongly As enriched region in the world. Groundwaters in the
region should be tested and treated for geogenic As (and potential B, Cs,
F, and Li) before being used as drinking water supply.
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