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re important sources of arsenic (As), resulting in elevated con-
ce-water and soil, which may adversely affect the environment. Arsenic
volcanic activities are common in Latin America forming a serious
f people. This review attempts to provide a critical overview of geo-
se sources in Latin America to understand what information exists and
esearch. This study evaluated 15 countries in Latin America. In total, 423
originating from geothermal sources, mostly related to present volcanic ac-
36.5mg/L) and the transboundary Guarani Aquifer System

Editor: Prosun Bhattacharya

[G{Zﬁfﬁgﬁgtw san: 0.06 mg/L). Many of the geothermal systems and volcanoes discussed in this
Geothermal systems populated cities, including Bogota, Managua, San José, Guatemala City and Mex-
Volcanic emissions ere tg oncentrations in natural ground- and surface- water exceeded the safe drinking wa-
Geogenic contaminants inc of 0 OImg/L recommended by the World Health Orgamzatlon (WHO) However, wide geo-
Environmental impacts ie of As in geothermal fluids and volcanic emissions of this region is by far not fully un-
Water resources hat, development of geographical maps based on geographic information system (GIS) is an ur-

nderstand the real nature of the problem. Studies on environmental risks assessment and
ealth impacts are scarce or missing, hence, such existing gaps need to be addressed by fu-
he present holistic assessment of As originating from geothermal features and volcanic emis-
g with its geochemistry, mobility and distribution would be a vital driving force to formulate a plan
shing a sustainable As mitigation in vulnerable areas of Latin America in the near future.

©2018.

1. Introduction ter bodies and other environments. This metalloide is commonly
found in geothermal reservoirs, spring discharges, fumarolic gases
Arsenic (As) originating fro €0 al fluids and volcanic and volcanic emissions. The concentrations of As and other elements
emissions can have a great impact o jacent aquifers, surface wa- associated with geothermal fluids are controlled by the type of host
rock, temperature, water chemistry, boiling and mixing processes,
and addition of vapor and volcanic gases into thermal waters (Aiuppa
et al., 2006; Ellis and Mahon, 1977; Yokoyama et al., 1993). Geother-
mal fluids can arise from deep geothermal reservoirs, and volcanic
* Corresponding author at: UNESCO Chair on Groundwater Arsenic within the 2030 gases tend to be discharged from magma chambers to the earth's sur-
Agenda for Sustainable Development, University of Southern Queensland, West Street, face. Along this ascent, As undergoes several geochemical processes,
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pending on thermodynamic conditions (pressure, and temperature), as
well as abiotic and biotic processes, including redox processes (oxi-
dation/reduction), methylation and As-S cycling (Wang et al., 2018).
The most important widely distributed geothermal fluids and volca-
noes with high-As emission levels occur along the boundaries of ac-
tive tectonic plates; accordingly, four principal types of geothermal
systems have been distinguished: (i) zones of active volcanism, (ii)
continental collision zones, (iii) continental rift system associated
with active volcanism and (iv) continental rift zones with active vol-
canism. In addition, geothermal systems having elevated As contents
can be found in areas of past volcanic activity and in areas without
any volcanic or plutonic activity, due to deep circulating groundwater
heated by terrestrial heat flow. In Latin America, the first type is by
far the most common one. It includes numerous active volcanic zones
mostly located along the active tectonic plate boundaries at the Pa-
cific coast of Latin America. In Mexico, it includes the Trans-Mexi-
can Volcanic Belt, which was created by the subduction of the Rivera
and Cocos plates beneath the North American Plate (Ego and Ansan,
2002; Garcia-Palomo et al., 2002) which extends over 1000 km from
the Pacific coast in central Mexico to the Atlantic coast in southern
Mexico. In Central America, the volcanic chain of the Central Ameri-
can Volcanic Arc extends over 1500km parallel to the Pacific coast,
from Guatemala to northern Panama. This volcanic arc is a result of
the subduction of the Cocos Plate beneath the Caribbean Plate. In
South America, the Andean Volcanic Belt is part of he 7200km long
Andean mountain chain (including several volcanic gaps), which is a
result of the subduction of the Nazca and Antarctic plates underneath
the South American Plate, from Ecuador in the north to the extreme
south of Argentinia and Chile. A large regional geothermal aquifer
which is not linked to active plate tectonics is the Guarani aquifer
system which is conductively heated from the earth interior. Despite
that there are thousansa of geothermal systems in Latin America,
most of which are related to active volcanism, there are only few of
them which have been researched for As. In thermal waters from
seven geothermal fields located within the Trans-Mexican Volcanic
Belt (Mexico) and the Central American Volcanic Arc, As concentr:
tions range from 1.74 to 73.6mg/L (means for the individual fieldss
2.09-26.0mg/L) (Lopez et al., 2012). From South America As data
have been published in international journals, e.g. from El Tatioggyset
field with up to 50 mg/L (Chile) (Ellis and Mahon, 1977), Gop
(Argentina) geothermal springs with 2.9-7.3mg/L of As (Varekamp
et al., 2009). In Latin America, geothermal systems ass e
continental rifts and plutonic intrusionses are rare or ng
pecially if they are of small-scale; not considering s
components within larger scale tectonic settings, the
cant example described is Cerro Prieto, Mexico,
tions in geothermal waters vary widely (0.32-5.18
al., 2014). Few As concentration data are available
ters of the Guarani aquifer, i.e., 0.000-0.11

the WHO guideline value for As in dripking w!
(LAVALIN, 2008).

In geothermal systems related to atti
tioning pathway between the volcanic flui
not fully understood in Latin Ame
lack of data regarding the occur

exceeding
r (0.0l mg/L)

m, the As-parti-
d the magma is still
ly which is due to
s in the melt and gaseous
ed that As is mobilized
rocks in such geothermal
indings of laboratory exper-
iments reported by Ellis and Mah 64, 1967) and this study con-
cluded that As mobilization from host rocks is a strong process and
the direct input of magmatic fluids is not necessary to explain As
concentrations in the reservoir waters (Birkle et al., 2010; Bundschuh
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cent studies have been performed in this aspect. Nevertheless, a mag-
matic As component cannot be fully excluded or neglected because
inputs of magmatic fluids into geothermal reservoirs occur at sites as-

Morteani et al., 2011). However, evidence of such
the source of As is still lacking (Guo et al., 2019
any places,

sulfidic geothermal systems), containing up to 80% of the total As
content, but no data exist from Latin i uo et al., 2017,
2019; Herath et al., 2018; Mabher et
2007; Ullrich et al., 2013; Wu et
on the analysis and identificatio
systems is scarce in Latin Americ globally. Therefore, better un-
derstanding the distribution geo al systems and volcanic
emissions in Latin Ameri t necessary to assess adverse im-
pacts of elevated levels o n adjacent environmental compart-
ments.

The present critica

species in geothermal

eview attempts to provide an extensive coun-

aters and mixing zone of ground- and sur-
geological settings are discussed. The data
onstrate the progress of the studies on As in
lly during the last 10years, which would help

face-water
used in tha

aintained by universities, environmental organizations
al survey organizations. This study includes 15 countries
erica with high and low enthalpy geothermal sites related
past and present active volcanism.

rth America
"1. Geothermal systems in Mexico

In spite of the presence of geothermal areas in many parts of Mex-
ico, with >2300 geothermal sites with low to medium temperatures
(Lopez et al., 2012), one of the largest geothermal power plant of the
world (Cerro Prieto), and the occurrence of nearly 25 active volca-
noes, few studies have reported As presence in geothermal fluids that
may be or not, related to volcanism. In addition, the interaction of
groundwater and surface water with volcanic rocks and sediments has
resulted in As concentrations above drinking water standards in sev-
eral aquifers used for human consumption in various areas of the
country (Alarcon-Herrera et al., 2013; Armienta and Segovia, 2008;
Ortega-Guerrero, 2009). An overview of published studies in Mexico
during the last 10years is presented here (Fig. 2). Although in most
cases As was analyzed by hydride generation atomic absorption spec-
trometry (HGAAS), to provide an overview, analytical methods for
As determination are reported here only for some of the studies. (See
Fig. 1.)

2.1.1. Arsenic in geothermal fluids

A review of As concentrations in geothermal and petroleum reser-
voir fluids in Mexico was reported by Birkle et al. (2010). Arsenic
occurrence was found related with distinct enrichment mechanisms
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Fig. 2. Localities with arsenic presence related to geothermal and volcanic sources (red spots) in
nia Sur, 3. Los Humeros, Puebla, 4. Los Azufres, Michoacén, 5. Acoculco, Puebla, 6. Araro, Mi
de México, 9. Santa Cruz de Juventino Rosas, Guanajuato, 10. El Triunfo, Baja California Sur,
Bautista Londo, Baja California Sur, 14. Volcan de Colima, Colima (gas condensates), 15. Pop:
Central Chihuahua, Chihuahua, 18. Independencia basin, Guanajuato, 19. Villa de Reyes,

reader is referred to the web version of this article.)

canic Belt, while up to 2mg/L were measured in petroleum rese
voirs. This summary reports As concentrations in the geothe
eas of Cerro Prieto, northern Baja California State, Las Tres Vi
in Baja California Sur State, Los Humeros in Puebla State, 4
Azufres in Michoacan State. The latter two are located wi
Transmexican Volcanic Belt, and have reported the As
to their specific sources. The mentioned review by
(2010) also indicates a distinct relation between As conce
havior with temperature in magmatic and sedimen

measured in Cerro Prieto wells (no
Los Humeros (volcanic) geothe
been reported in the spring wat
Acoculco, Puebla (Quinto et 1995;

, and the highest in the
igh As contents have also
e volcanic caldera of
ienta and Segovia, 2008).
ncentrations in geothermal
wells of the Cerro Prieto geothermal™field which is the most impor-
tant geothermal energy source of the country and one of the top five
of the world, ranging from 0.32 to 5.18 mg/L (measured by HGAAS)
corroborating the relatively low levels previously reported by Birkle

T

4
ico: 1. Cerro Prieto, Baja California Norte, 2. Las Tres Virgenes, Baja Califor-
uitzeo del Porvenir, Michoacan, 8. Ixtapan de la Sal-Tonatico, Estado
Jalisco, 12. Bahia de Concepcion, Baja California Sur, 13. San Juan
la and Morelos (crater lake), 16. El Chichon, Chiapas (crater lake), 17.
For interpretation of the references to colour in this figure legend, the

ow As levels (from <0.001 mg/L to 0.018 mg/L) were found in wells
neighboring agricultural zone (Armienta et al., 2014).

.1.2. Arsenic in geothermal springs and submarine hydrothermal
vents

Arsenic occurrence in groundwater due to the mixing of geother-
mal water in sub-aerial springs and hydrothermal vents has also been
studied in various sites of Mexico. One of them was the Araré hot
springs region in the northern Michoacan State with up to 3.8 mg/L
where the highest concentrations were measured at sites with temper-
atures close to the boiling point of water (Alarcén-Herrera et al.,
2013). At Cuitzeo lake basin in Michoacan State, As concentrations
(0.001 to 3.8 mg/L) were determined by HGAAS in thermal springs
and drinking water wells (Paez-Sanchez et al., 2013).

Presence and sources of As and F~ were investigated in the low-
temperature geothermal systems of Ixtapan de la Sal and Tonatico
(IxS-T) and Santa Cruz de Juventino Rosas (JR), both located in the
Trans-Mexican Volcanic Belt by Morales-Arredondo et al. (2018).
The main ions were Na* and CI” at IxS-T and Na* and HCO; at JR.
At IxS-T increasing concentrations of As and F~ were reported by
Morales-Arredondo et al. (2018) to correspond to the increase in
TDS, CI', HCO; and SiO,. Silicate alteration of volcanic rocks
(most probably rhyolites) and high temperature were associated with
As and F occurrence at JR by Morales et al. (2015) and Morales-
Arredondo et al. (2016). Concentrations up to 1.74mg/L were mea-
sured (by ICP-OES) in thermal springs at IxS-T, while non-thermal
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Fig. 3. Simplified map showing the volcanoes (Santa Ana, Izalcso, San Salvador, San Vicente, Tecap.

Tlopango, Olomega) and hydrothermal systems (Ahuachapan and Berlin) of El Salvador.

(Courtesy of the Administracion Nacional de Acueductos y Alcantarillados de El Salvador - AND

sured by HGAAS) were lower than those of IxS-T with up to
0.046 mg/L in thermal wells.

Although As presence in groundwater at the San Antonio-El Tri-
unfo mining district in Baja California Sur State has been linked wit
mining activities (Carrillo-Chavez et al., 2000), the geothermal wat
in the area may be another source of As. However, hydrogeochemi
results showing As concentrations <0.008 mg/L in alkaline ggo
mal waters with high concentrations of B and F~ led Wug 3
(2014) to conclude that hydrothermal fluids do not have a signi
impact on As occurrence in this area.

At the Los Altos de Jalisco area, western Mexico
lyzed by ICP-OES in 129 wells of the 17 municipal ¢
them exceeded the Mexican drinking water stand

fornia, was studied by Leal-Acosta et al. (
up to 111 mg/kg As (analyzed by HGAAS)
iments near the surface of geothermal
strong decrease was observed in the man
(0.7-2.6 mg/kg). Leal Acosta et al.
ence of shallow hydrothermal
along the north-west coast of Bah
tions were 60mg/kg in the hydrothe
face sediments of the adjace ever, principal component
statistical analysis confirmed the ce of hydrothermal input in
the sediments of the area close to the vents. Villanueva-Estrada et al.
(2013) reported up to 0.78 mg/L of As in diffuse submarine vents and
in hydrothermal fluids at the intertidal zone (up to 0.36mg/L) of

etermined the influ-
sediments at Mapachitos,
i6n. Average concentra-
vents and 3.7mg/kg in sur-

tan,Cynaeca, San Miguel, Conchagua, El Tigre), lakes (Coatepeque,

The level entration in water supply wells is shown in orange circles (mg/L).

. Analyses were done by ICP-MS on the samples col-
the displacement method. Sequential extraction of sedi-
ned near the discharge areas showed that As was adsorbed
ferric oxyhydroxides. In addition, X-ray elemental maps of rocks
icdfed adsorption of arsenate on calcite surfaces. Wurl et al.
) indicated the presence of high As contents in geothermal in-
nced groundwater in the San Juan Bautista Lond6 aquifer, in Baja
alifornia Sur state. Although the value of As concentration was not
reported, the authors indicated the importance of reducing the extrac-
tion rates to decrease groundwater contamination by thermal water.

2.1.3. Arsenic in active volcanoes

Arsenic concentrations have been measured in a few water and
gas samples from the currently most active volcanoes in Mexico
(Colima and Popocatépetl), and from the crater lake of El Chichén,
the volcano producing the most devastating eruption of the 20th cen-
tury in Mexico. Arsenic contents (analyzed by ICP-MS and HGAAS)
were reported in the springs near Popocatépetl (up to 0.05mg/L) and
El Chichén volcanoes (up to 0.244mg/L), and in El Chichon crater
lake water (up to 0.17mg/L) (Lopez et al., 2012; Peiffer et al., 2011;
Taran et al., 2008). The enrichment factor calculated for As in El
Chichon lake water suggested a volatile input (Taran et al., 2008);
however, since no strong enrichment was detected, Rouwet et al.
(2009a) indicated the absence of a near-surface high temperature de-
gassing magma batch. Volcanic gas condensates from Colima vol-
cano had 0.53mg/L As (Lopez et al., 2012). Arsenic was also mea-
sured using HGAAS in the crater lake of Popocatépetl volcano
(1.20mg/L) that was present until 1994, before its disappearance due
to the commencement of its ongoing eruption in December that year.
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2.1.4. Volcanic rocks as source for groundwater arsenic

Release of As from volcanic rocks, mainly rhyolites, has polluted

groundwater in several parts of Mexico. Igneous rocks, cong @@
0

ates and alluvium were proposed as the As source in aquifers
huahua, San Luis Potosi, Durango, and Sonora states (Alare
Herrera et al., 2013). In central Chihuahua, rhyolites e
As (measured by ICP-MS) were found as a source of re
the alluvial aquifer system (Reyes-Gomez et al., 2013).
isotopic and hydrochemical techniques applied to thegs

Dissolution of rhyolites-ignimbrites in th
nearly 35,000years increased the conc
¢ groundwater. In addi-
n the deep ther-
ifer. Uranium (U) and
olcano-sedimentary
Potosi State. Arsenic con-
rinking water guideline
ngruent dissolution of vol-

mal fractured aquifer to the granular upper
As presence in groundwater was s
aquifer of Villa de Reyes Graben

values pose a risk to the population.
canic glass that was enriche i ible trace elements during
magmatic differentiation is the source of U and As in
groundwater. In addition, As is mobilized from the sedimentary basin
fill by meteoric decarbonatization of playa lake sediments and des-
orption from Fe-(hydr)oxides (Banning et al., 2012).

ation from geothermal wells (green triangles) in northwestern Costa
rvicio Recursos Geotérmicos, Instituto Costarricense de Electricidad -
ersion of this article.)

semi-arid characteristics of the country along with the popu-
increase, social, economic and political causes have led to the

1 exploitation of aquifers in many parts of Mexico. Esteller et al.

012) remarked that the influence of this intensive aquifer exploita-
tion on water quality in Mexico, causes the increase of As contents.

3. Central America

Because of Central America's location within the Pacific Rim vol-
canic zone, all of its countries — with the exception of Belize — are
endowed with significant high- and low enthalpy convective geother-
mal systems related to active and past volcanism, receiving their heat
from magmatic bodies and to non-volcanic deep circulating hy-
drothermal systems. They are the basis for many geothermal develop-
mental activities for electricity generation, and direct uses of geother-
mal heat. Figure SM1 shows the Central American region with its
volcanological and geotectonic setting, including the present-day ac-
tive volcanic front, the secondary volcanic front and back-arc volca-
noes (BVF), the last group including CM: Cerro Mercedes, AZ:
Aguas Zarcas, GU: Guayacan and TO: Tortugero (Carr et al., 2007a).

3.1. Geothermal systems in Guatemala

Thirteen geothermal areas were identified in Guatemala during the
1981 survey (Asturias, 2008); two of them (Zunil and Amatitlan)
have been exploited (Fig. SM2). Other geothermal sources in north-

0 PR, W—— W— el eende b ——— il T — e



Science of the Total Environment XXX (XXXX) XXX-XXX

8000w 7800°W

Ni caragua

Panama Ver

Colombi

Ecuador 4 14
Sources: Esn, USGSNOAA, -
Sources: Esn, Garmin, USGS A =
g O

ORELLANA

2°0'0°8

4°00°8

100
B E37
L
Ed3
L
= E28
i B0
L]
E4
=
k=) ¢ oy
= El6
e P a
o 0 El4
= L ]
b= E2
2 [
=2 L
2
. 40
= [ ]
4
e E22
20 —eag
7 Eso
E6 ) @
E268 @ E25
47
ES
[
0 46
o 2 4 6

Arsenic [mg/L]

Fig. 5. (A) Location of sampled waters in Ecuador. Napo Province (E1-E3 PapallactaTerme, E4 Papallacta, E5-E6 Papallacta (up and down) of the terme, E13-E16 El Tambo Alto);
Tungurahua Province (E-25-E27 Tungurahua volcano); Chimborazo Province (E28 Chimborazo volcano); Santa Elena Province (E37 Peninsula de Santa Elena); Imbadura



Science of the Total Environment XXX (XXXX) XXX-XXX 7

Province (E43-E44 Chachimbiro); Cotopaxi Province (E46-E48 Cotopaxi volcano); Pichicncha Province (E22 Pichincha volcano, ES0-ES1 Atacazo). (B) Diagram with arsenic con-

centrations vs. relative proportion of chloride for the geothermal systems mentioned in (A).

-17.00

-72.00

(Tacna region).

mal system, where As concentrations range between 0.11 and
0.02mg/L (Libbey et al., 2015) and the Tecuamburro volcano region
in southeastern Guatemala with As contents between <0.05 an
2.0mg/kg (Goff et al., 1989). Other studies that have reported A
concentration of about 0.015mg/L are from the public water
system (groundwater) of the municipality of Mixco (29km
Guatemala City), the origin of which is natural due to leaching
volcanic rocks (Bundschuh et al., 2010, 2012; Cardoso et
and the municipality of Chimaltenango (western Guatem
concentrations of 0.06 mg/L (Lotter et al., 2014).

3.1.1. Geothermal systems of Zunil 1 and II (3542
These geothermal systems are located in westg

NNW-SSE ori-
o and Palma,

fault zone strikes NE-SW and is cut by a
ented fault system (Bennati et al., 2011;

1). This tectoni-
tern border of Xela
vity, Zunil 1 and I,
ey et al., 1990). The geot-

caldera. Two regions of intense hy
are associated with these fault sy:
hermal system lies on a surface o and Tertiary volcanic
rocks underlain by older igngous and amorphic rocks (Adams et
al., 1991; Foley et al., 1990). and chloride waters are spatially
confined to springs, wells and strea f the Zunil and Zunil-II geot-
hermal fields on the flanks of the Cerro Quemado dome complex
(Walker et al., 2006). According to Adams et al. (1991), As concen-
tration ranges between 0.31 mg/L in geothermal waters to 4.8 mg/L in

-71.00 00

-17.00

wUs,
US| L om

2 5
T_ﬁ'_l_l:@o mcﬁ’:@
e 031 yYucamane

-70.00

s, the temperature of subsurface fluids near the confluence
Samala and neighboring rivers is about 210°C, while the gas geot-
e etry in fumarolic gases (Azufrales and Fuente Georginas) re-
d temperatures of 230 to 290°C (Lima Lobato and Palma,
000).

3.1.2. Tecuamburro geothermal system

This geothermal system is located 50km southeast of Guatemala
City, on the northern flank of the Tecuamburro volcano, a large an-
desitic composite cone with a complex geological history (Asturias,
2008). The region contains several volcanic centers of the Pleistocene
age that are associated with seismically active faults and a wide vari-
ety of hot springs and fumaroles and an acid crater lake (Laguna Ix-
paco). North- and WNW- trending normal faults are common within
the Tecuamburro graben, with many thermal manifestations located
along them. Vents of the Tecuamburro dome complex are aligned
along the WNW trend and electrical resistivity data defines a WNW-
trending conductive zone that passes through Laguna Ixpaco and fu-
maroles located west of the lagoon (Heiken and Duffield, 1990).
Three types of thermal waters are distinguished in the area: steam-
heated springs, acid-sulfate springs and neutral-chloride springs. The
water of steam heated springs in the northern highlands within the
graben have As concentrations of <0.06 mg/L (T: 69.1°C, pHS5.7; for
4 samples). Those of the acid-sulfate springs in the Laguna Ixpaco
(Chupadero crater) area have As concentrations of 0.05mg/L (T:
55.3°C, pH3.3; for 9 samples). The neutral-chloride springs along
the course of Rio Los Esclavos have As concentrations of about
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3.1.3. Joaquina geothermal system

The Joaquina geothermal system is classified as a non-magmatic,
deep circulation-type, akin to Platanares and Azacualpa geothermal
systems in Honduras (Libbey et al., 2015). The most prominent struc-
tures in the Joaquina area are steeply dipping, NE striking, left-lateral
faults and moderately to steeply dipping ESE-WNW striking normal
faults (Libbey et al., 2015). Arsenic concentrations in thermal springs
can reach up to 0.7mg/L (T: 74.5°C, pH8.3; for 7 sites) (Libbey et
al., 2015). Meteoric waters penetrate deep into the subsurface and are
heated to temperatures of around 180°C. Geothermal fluids are Na-
bicarbonate (sulfate) type with low CI™ content, reflecting the lack of
input of magmatic HCI and a chemical composition corresponding to
the metamorphic host rocks (Libbey et al., 2015).

3.1.4. The Tacana geothermal system

The Tacana geothermal system is situated on the northwestern
corner of the Central American Volcanic Arc at the Mexico and
Guatemala border. It is associated with the Tacana volcano
(4100ma.s.l.), which hosts an active volcano-hydrothermal system
(Rouwet et al., 2009b). The Tacand complex rises above Mesozoic
metamorphic and Tertiary plutonic and volcanic rocks (Mora et al.,
2004), cut by three fault systems striking NW-SW, NE-SW and N-S.
The last and youngest fault system may play an important role in the
activity of the volcano (Mora et al., 2004). The Tacand geothermal
system is characterized by high temperature fumaroles in the summit
(3600-3800ma.s.l.), and bubbling degassing thermal springs near its
base (1000-2000ma.s.l.) (Rouwet et al., 2015). TDS values vary be-
tween 1400 and >2750mg/L (hottest springs). Arsenic concentration
in thermal spring waters ranges between 0.03 and 0.13mg/L (T: 32—
63°C, pH6.3-6.5; 6 samples), (Rouwet et al., 2009b, 2015). These
thermal waters have also high contents of Sr, Fe, Mn and Al (Rouwet
et al., 2009b). High CI” concentrations, in all springs, in particular for
the hottest springs, probably derive from a deep geothermal aquifer
hosting Na-Cl type waters (Rouwet et al., 2015).

3.2. Geothermal systems in El Salvador
The territory of El Salvador is characterized by numero

high thermal activity is the result of the geological setting
vador with the boundary between the Cocos and Cari
running parallel to the southern coast of the country and
between the North American and Caribbean plates falli
Salvador's border with Guatemala (Motagua faul
vador, the active volcanic chain runs east to west
numerous volcanoes, some of which have rece
Ana, Izalco, San Salvador and San Miguel
centrations are detected in surface water a
al., 2004a, 2009) which is due to the hydro
the volcanoes (e.g., Ahuachapan and i
high concentration of As is likely to be pro
the magmatic gases from the actiy,

ent diffuse gas degassing studies that have been carried out in El Sal-
vador (Lopez et al., 2004b; Magaiia et al., 2004; Pérez et al., 2004).
Geothermal waters discharging at the surface are generally rich in
B, As, Li, SO,>, CO, and CI (e.g. Taran et al., 1998) This compo-
sition is the result of the interaction between magmati
the groundwater environment. El Salvador has many
tems that discharge fluids to the surface and g
Some of them are: (i) Ahuachapan and Chipildj
that are associated with the Concepcion de Ataco caldera and the La-
guna Verde, Laguna de las Ninfas and Hoyo de aj volcanoes;
(ii) thermal springs located at the SW she
are related to Coatepeque caldera; (iii)
associated with San Salvador volcano;
Ilopango lake that are produced byghe

position of the geothermal waters, includ-
008) and Lopez et al. (2012) reported that
field waters contain As at concentrations in
21 mg/L, while for Berlin geothermal field, As

of different lakes have volcanic input and present high
s of As: the waters of lake Coatepeque have concentra-
g from 0.09 to 1.19mg/L and two hot springs to the S of
lake have As concentrations of 3.09 and 1.5mg/L (Lépez et al.,
cCutcheon, 1998). For the waters of Lake Ilopango, the As
ntration ranges between 0.29 and 0.78mg/L (Lopez et al.,
2009). Only one sample has been taken at Lake Olomega and the
oncentration has been reported as 4.21 mg/L, which is the highest As
concentration measured in El Salvador (Armienta et al., 2008).

3.2.1. Volcanic rocks, arsenic and aquifers in El Salvador
Groundwater resources in El Salvador are formed by 71 aquifers
of different size, with the more productive aquifers associated with
volcanic centers in the country (MARN, 2017). The reason for this
association is that the volcanic rocks normally present good hydroge-
ological properties due to fractures and easy water infiltration in
blocky lava flows. Blocky flows occur in lavas of high silica content
such as basaltic andesites and rhyolites. Basaltic andesites and an-
desites are common volcanic rock types in El Salvadorean volcanoes
(Meyer-Abich, 1956). Some of the volcanoes that have extensive
groundwataquifers nested in the volcanic rocks are: Apaneca, Santa
Ana, Izalco, San Salvador, San Vicente, Tecapa, Usulutan, El Tigre,
Chinameca, San Miguel and Conchagua volcanoes (MARN, 2017).
Some of the well waters from these aquifers which are widely
used for drinking water supply contain As concentrations higher than
the standard for drinking water in El Salvador (0.010mg/L), accord-

Fig. 7. Arsenic concentrations in surficial thermal water and their latitudinal distribution. (A) Arsenic concentrations in relation to the Central (CVZ) and Southern (SVZ) volcanic
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plotted accord-ing their As concentration in diffe
diagrams, all the As groups have been included. For

d related fluids) of Latin America compiled in Table SM1 (not including the Guarani Aquifer System). Data have been
oul rnary main ion diagram (C1-SO4-HCO3) dia-gram and (B) according to the Giggenbach (1991) diagram. In these
larity and further providing the site numbers (in A), in the support-ing material (Figures SM1 and SM2), respective plots

are individually provided for each As class.

ing to data provided by ANDA
ductos y Alcantarillados en El Salva
containing high As levels i
with low As concentrations to
for drinking water. Fig. 3 shows the locations of the wells and the
concentration of As determined using atomic absorption spec-
troscopy. It can be observed in Fig. 3 that the majority of the wells
with high As concentration is located in the aquifers related to

is case, such well water
water from another well

San Salvador and to San Miguel volcanoes, two of the most active
volcanoes in the region. The four volcanoes that erupted during the
last 112 years are Santa Ana, Izalco, San Salvador, and San Miguel.
For the volcano aquifers of San Miguel and San Salvador, As inputs
from the magmatic system can reach the shallower aquifers that are
exploited for the water supply systems for the large cities of San Sal-
vador and San Miguel. Arsenic concentrations for San Miguel's vol-
canic wells range from 0.013 to 0.031 mg/L. For San Salvador's vol-
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canic wells, the range of As concentrations is 0.015 to 0.064mg/L.
However, the highest As concentration of 0.073 mg/L is reported for
a well located close to the town of Santa Rosa de Lima. This we
also has the highest temperature (66 °C) of all the wells reported wit
high concentration of As, which suggests mixing of groundwater,
geothermal water containing As.

The location of water supply wells containing As sugg
high concentrations of As are observed in the hydrothermal w
El Salvador (e.g. Ahuachapan and Berlin geothermal fi
as in lower temperature waters of shallower aquifers
canic rocks at two of the most active volcanoes in the
Miguel and San Salvador volcanoes).

For the two geothermal systems being exploife
(Ahuachapan and Berlin), the hot waste waters, &
of the electrical energy, are injected back into regi

al discharges of
rings) have high As
ater and shallow
ntrations of iron (e.g. as
ameliorate and immobilize
ntent in the water (Herbel

concentrations and can contami
groundwater. It is expected that Ki

streams in El Salvador by hydrot!
ated.

In some shallow volcanic aquifers, groundwater seems to be af-
fected by As contamination such as is the case for the aquifers associ-

1 As has not yet been evalu-

ior suggests that As is not only incorporated in the deeper geothermal
system but it can be transferred by the mixing of As rich geothermal/
magmatic fluids to shallower aquifers and even to the surface as in
fumaroles and hot springs.

3.3. Geothermal systems in Honduras

of the country. However, several surfa
mud pots, steaming ground, boiling sp
western and southern part of Hondu;

05 mglk; Sambo Creek, <0.05mg/
¢ temperature were measured for ge-
2 late 1980s in response to the first
eologic evidence in these inves-

deep into the
along faults

d conductively, and rises connectively
Despite negative exploration results for

.1. Platanares geothermal system
Tlie Platanares geothermal system (700 to 1300ma.s.l.) is located
to Santa Rosa de Copan, Western Honduras. It lies within a
raben that is complexly faulted and limited on the north by a high-
nd of Paleozoic metamorphic rocks in contact with Cretaceous-Ter-
tiary redbeds. These are unconformable, overlain by Tertiary an-
desitic lavas, rhyolitic ignimbrites, and associated sedimentary rocks
(Heiken et al., 1986, 1991). This system is controlled by normal
faulting within an active extensional tectonic setting, which has re-
sulted in fractures that enable boiling fluids to reach the surface along
the graben, depositing silica and altering preexisting rocks (Fercho et
al., 2017). According to Barberi et al. (2013), the average total As
(analyzed by ICP-OES) concentration in these fluids varies from 0.01
to 0.5mg/L (boiling hot springs, 0.45mg/L; non-boiling hot springs,
0.16 mg/L; cold meteoric water, 0.14mg/L; exploration core hole,
0.33mg/L), showing temperatures from 26.4 to 97.8°C and pH val-
ues from 6.0 to 9.5 (Table SM1). Evaluation of all the data collected
during the 1985 survey suggests that there are two levels of the geot-
hermal reservoir at Platanares: a shallow (<700m, 160-165°C), and a
deeper (>1.2km, 225 °C) reservoir (Laughlin and Goff, 1991). This is
confirmed by Barberi et al. (2013), who found that the geochemical
geothermometers indicate a temperature for the deeper part of the ge-
othermal reservoir close to 200 °C although it can reach temperatures
0f 270°C and a mean of CO2 flux of 17 g/m*day, probably because of
the dominant silicate nature of the deeper reservoir.

3.3.2. Azacualpa geothermal system

I VRS VNSRS W—";- W— VIV N -V VS TV ¥ S —
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this area, the predominant rock types are limestones of the Creta-
ceous age, red clastic strata, with minor volcanic rocks and a microdi-
oritic intrusion of the Tertiary age (Finch, 1972). The most recent de-
posits are fluvial loose gravels and sands (Barberi et al., 2013). La
Cueva spring is the main spring site in the Azacualpa thermal site,
which is located at the interception of the Zacapa fault with the Jai-
tique River (Barberi et al., 2013; Capaccioni et al., 2014; Eppler et
al., 1986). This N-NE-trending fault is one of the bordering faults of
the Santa Barbara graben. The main branches of the Zacapa fault and
their subsidiary fractures serve as conduits for thermal waters surfac-
ing in the gorge of the Jaitique River (Eppler et al., 1986). The aver-
age total of As (analyzed by ICP-OES) is 0.08 mg/L (boiling springs
0.15mg/L, non-boiling springs 0.08mg/L, cold meteoric water
0.014mg/L), with temperatures up to 98°C and a pH of 7.2-9.0 and
the geochemical geothermometers indicate a temperature for the
deeper part of the geothermal reservoir between 150 and 170°C and a
CO:2 soil flux of 163 g/m? flux per day (Barberi et al., 2013).

3.4. Geothermal systems in Nicaragua

Nicaragua has an active volcanic belt that extends along the Pa-
cific coast and comprises a NW-SE trending chain of volcanoes
within the Nicaragua Depression, formed by the subduction of the
Cocos Plate beneath the Caribbean plate along the Central America
trench (DeMets, 2001; Carr et al., 2007b). The composition of the
volcanic products varies from tholeiitic basalts to calc-alkaline acidic
and intermediate rocks (van Wyk de Vries, 1993; Walker et al., 1990).
The ignimbrite complexes represent the youngest structural surfaces
located within the Nicaraguan Depression (Garofalo, 2006). In this
volcanic range several important geothermal resources of high and
low enthalpy have been identified but As data are sparse although hot
springs, mud pots, gas discharges, zones of rock alteration are abun-
dant in the Nicaraguan Depression (Zufliga and Sanchez, 2003).

3.4.1. Momotombo geothermal plant
The Momotombo geothermal plant, is situated about 40km N
of the city of Managua, on the NE shore of Lake Managua and t
southern slope of the Momotombo volcano (Fig. SM4; Porras Ciuz
2012). This field is characterized mainly by three fault syste :@

ning NW-SE, NE-SW and N-S, allowing the circulation of {]
the hydrothermal system (Porras et al., 2007; Porras Cruz, 2012):

there is a strong decline in temperature as a result of
infiltration (Porras Cruz, 2012). Parello et al. (2008).g

about 4932.3mg/L (for three sites) in the Na-Cl
the Momotombo geothermal plant. The effect of a
hyper-saline
d high concen-
as As, B, Fe
., 2008).
ts (e.g. Ni, Cu) from
ominantly along ac-
ash Maity, 2015; Parello et

geothermal Na-Cl brines, explain the high
tration of environmentally-relevant trace e
and Mn in the Momotombo geotherm
However, the release of As and other conta
volcanic rocks into geothermal flui
tive plate boundaries (Bundschu
al., 2008).
3.4.2. Momotombo volcano a ighboring geothermal areas in the
Managua region

The Momotombo volcano (1297ma.s.l.) is located on the NW
shore of the Managua Lake, not far from the city of Leon (Fig. SM4).
The volcano is an active old basaltic- andes1t1c stratovolcano. Surface

R R . T T . I TR TR TEREEERRI™,

of the volcano, following hydrothermally active, NW-trending frac-
tures (Wohletz, 1992). Total As concentration in the fumarole con-
centrates is about 0.79mg/L (T: 472-776°C) for 3 fumaroles (Table

compared with the Masaya volcano, which has emis

Zn, Tl, Rb and Cd each in excess of 10kg/d (Manti
Wardell et al., 2004). According to Garofalo
gases (containing e.g. As, Tl, Bi, Se, Mo, Sb,
are most likely to be of magmatic origin at the

Leon volcano) with an As average of 0
TDS 1184 mg/L for 4 samples) and hig
in HCO; -dominated groundwatex

rock interaction as a consequeng

pH7.1,
(Eh<=300mV), ifid

strongly reducing conditions
interaction with COz and the H2S-rich
e nearby fumaroles.

were also reported in SO,> -dominated
nd Na-Cl-waters in volcanic lakes. The
have an As concentration of about 0.021 mg/
S 1202mg/L for 4 sites), while the volcanic

Arsenic
waters in

f 0.441mg/L (T: 30°C, pH7.9, TDS 3958 mg/L for 18
rello et al., 2008; Vazquez-Prada Baillet et al., 2008).
guan lakes are a part of the Central American Quaternary
canjc belt, which is located at southwest of the Tertiary volcanic
angej following the axis of the Nicaraguan Depression (McBirney
illiams, 1965).

"4.3. Telica municipality (Nicaragua depression)

Communities in the vicinity of the volcanic complex of Telica-
Rota, located in the Nicaragua Depression, are supplied with ground-
water in which in since 2006 elevated As concentrations have been
found (Unién Espafia, Nuevo Amanecer; Nuevas Esperanzas, 2010).
Exploration for water supply in 2010, more wells with elevated As
concentrations; 59 well water samples, 20 (34%) exceeded the regu-
latory limit of 0.010mg/L set for drinking water (6, i.e. 10% were
above 50pg/L). A subsequent study in other communities (Bella
Vista, Ocotén and Los Cementos — located north of Telica municipal-
ity analyzed As from 154 wells and springs; As concentrations
ranged from 0.010 to 0.325mg/L (OPS/OMS, Nuevas Esperanzas,
2011). The origin of the As has been attributed to geothermal activi-
ties in the region and As-rich thermal water locally ascending and
mixing with the shallow groundwater; as indicated by local tempera-
ture anomalies in the shallow groundwater and the fact that waters
sampled from the shallow groundwater with >50 pg/L of As also have
elevated temperatures exceeding 33 °C.

3.5. Geothermal systems in Costa Rica

Arsenic concentrations in volcanic emissions have been deter-
mined only for a few volcanoes of Costa Rica, in spite of numerous
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noes (Turrialba and Poas) in the Central Cordillera of Costa Rica and
two important geothermal reservoirs (Rincéon de la Vieja and Mi-
ravalles) under exploitation for electricity generation in northwestern
Costa Rica (Fig. 4).

3.5.1. Turrialba volcano

Turrialba volcano (3.349ma.s.l.) is an active basaltic-stratovol-
cano and represents the southernmost volcanic edifice of Costa Rica
(Fig. 4). It is part of the Irazi-Turrialba massif, the largest volcanic
complex of Central America (Carr et al., 1990). Major and trace ele-
ment geochemistry of selected volcanic rocks of Turrialba shows As
concentrations of <Smg/L, indicating that most of the observed
chemical variability can be explained using a fractional crystalliza-
tion process (Piazza et al., 2015). Liicke and Calderén (2016) identi-
fied As and CI™ concentrations in ashes from the 2014-2015 Turri-
alba volcano eruptions by means of Scanning Electron Microscopy
(SEM) and Energy Dispersive X-Ray Spectroscopy (EDX). Quantita-
tive analysis of the clay coating of a sample (LQf2) showed an anom-
alously high content of As,O5 (4910mg/kg), suggesting that the dust
fraction (non-rinsed) of the volcanic ash may be enriched in As due
to pervasive hydrothermal alterations. However, As and CI™ are ab-
sent on the rinsed samples, which may indicate that they are associ-
ated with the dust fractions or that they are coating the coarser grains
and may be removed by as a result of lixiviation. On the basis of this
study, the authors concluded that no As is present imbedded in the
matrix of the 2.7 diameter (0,15mm) fraction of the ashes. Further
geochemical studies are necessary to understand As mobility and fate
in the Central Valley of Costa Rica, where most of the country's pop-
ulation is concentrated.

3.5.2. Poas volcano

Poas volcano (2325ma.s.l.) is a broad, basaltic-andesitic strato-
volcano (Fig. 4). The 1.3km wide active crater hosts an acidic lake,
known as Laguna Caliente (Casertano et al., 1987; Martinez Cruz,
2008). The acid sulfate waters of Laguna Caliente have a SOa-C
composition (Rodriguez and van Bergen, 2017). According
Glggenbach and Corrales Soto (1992) and Truesdell (1992), the high

er 7 and June
008 classifica-
0.005mg/L in
Mo. It may be sug-
ve sulfur or sulfide
izer, 2014). Arsenic concen-
trations in some fumarolic con ere also reported by
Africano et al. (2007), cited in Keizer, 2014), and the highest values
(86mg/L) were found in Nov r 0542002 at 122°C. During this
stage, enhanced subaqueous fum: discharge induced increased
lake temperature, conductivity and concentration of dissolved chemi-
cal species, as well as a steady drop in pH throughout 2005 (Martinez
Cruz, 2008) Details of the geochemlcal evolution of the ac1d crater

S —

tion), the concentration of As decrease
the Poas crater lake, as well as those of S
gested that Mo, As, Sb are incorp
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et al. (2000), Martinez Cruz (2008), and Africano et al. (2007) cited
in Keizer (2014).

3.5.3. The Miravalles geothermal system

The Miravalles geothermal field lies in the northiwestefn part of
Costa Rica inside the Guayabo caldera, which is a ¢ e structure
of'about 15km diameter with an active hydrothera Chiesa
etal., 1992; ICE-ELC, 1983). It is a typical hig re liquid-
dominated reservoir (Gherardi et al., 2002; Va 2013). In-
side the Guayabo caldera, four NW-SE, N-S, and E-W trend-

ing structural systems have been defing
cantly to the permeability of the geo
2003a, 2003b). On the surface, differen

stems (Chavarria,
nts have been ob-
. The largest ther-

portant geothermal nature-close
auna and volcanic mud baths with
and simple lodging options. Arsenic

(11.9-29.1 mg/L),
and cold surface

em lies on the Pacific slope of the Rincon de
e the Canas Dulces caldera, northwest Costa

¢ water, sea-water, magmatic water or mixtures of these

rewitz and Karson, 1997; Giggenbach and Corrales Soto, 1992).

rmal manifestations are characterized by fumaroles, silicified

, soils and thermal springs, mainly found in the sectors of Las

Patlas and Borinquen. Arsenic concentrations (using ICP-OES) were

easured for the geothermal wells (7.8-13.0mg/L), thermal springs

(0.005-10.9mg/L; T: 26.0-91.0°C) and cold surface waters

(0.005mg/L, T: 27.1°C, pH6.01) (Hammarlund and Pifiones, 2009).

Three type of waters are distinguished in the area: sulfate, bicarbon-
ate and chloride waters (Molina and Marti, 2016).

4. South America
4.1. Geothermal systems in Colombia

The Colombian Andes are the result of the interaction between the
Nazca plate, the Caribbean oceanic plate and the South American
plate (Borrero et al., 2009; Pulido, 2003; Taboada et al., 2000). The
country has 15 active volcanoes produced by the eastward subduction
of the Nazca plate below the South American plate. Two main signif-
icant fault systems have been identified: the Romeral Fault System in
the Central Range and the Frontal Fault System in the Eastern Range
(Pulido, 2003; Villagéomez et al., 2011). (Fig. SM5A), which play an
important role in the landforms of the country.

4.1.1. Azufral geothermal system
The Azufral geothermal system is associated with the active
Azufral volcano (4020ma.s.1.), located in the Western Cordillera of
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and Bernal, 1998). The volcano is characterized by an acidic lake
(Laguna Verde) inside the caldera. The geothermal surface manifesta-
tions are: thermal springs, acidic alteration zones and fumarolic activ-
ity (Alfaro et al., 2015).

Inguaggiato et al. (2017) collected 15 acidic lake waters along the
shoreline of the lake and 1 near-neutral thermal spring (FT1) dis-
charging its water into the lake. Arsenic concentrations in the lake
range from 0.0005 to 0.001 mg/L (this work), with pH values around
2.2, total dissolved solids (TDS) around 0.7g/L and Eh" values
around 220mV. Lake water is Na-SO, dominated and the origin of
S0,% is due to the adsorption of S-bearing gases (Fig. SM5B, Table
SM1). The physico-chemical parameters and the chemical composi-
tion of the lake water were constant in the samples collected along
the shoreline. In Figure SM5B is showed the comparison of the lake
water to the spring waters (FT1) of Na-HCO; type. Arsenic concen-
tration in the thermal spring (FT1) is 0.0022 mg/L (this work), with a
temperature of about 56.5°C, pH6 and Eh 35mV.

4.1.2. Nevado del Ruiz geothermal system

Nevado del Ruiz geothermal system is associated with the Nevado
del Ruiz volcano (5311 ma.s.l.), which is located in the northern part
of the Andes chain in the Central Cordillera. The volcanic rocks are
calc-alkaline ranging from andesitic to dacitic in composition
(Borrero et al., 2009). In this area, 7 springs and 5 rivers were sam-
pled (Federico et al., 2017; Inguaggiato et al., 2015). The waters in
the studied area have highly variable pH (1-8.8), electrical conduc-
tivity (0.2 to 33.3 mS/cm) and temperature (6.8 to 79.5°C) (Table
SM1). Most of the waters with acidic pH values (<3.3) are steam-
heated waters (Group 2a, 2b, Fig. SM5C; sulfate dominated), accord-
ing to the classification of Giggenbach (1988), which can be ex-
plained by condensation of sulfur-bearing acidic gases (Federico et
al., 2017) (Fig. SM5C). The most acidic samples are those with high-
est temperature and mineralization, the latter probably due to the in-
tense leaching of the host rocks favored by the higher temperatures
and water acidity. The near neutral waters are rio Molinos and Boter:
Londofo, characterized by a higher proportion of C content and
higher proportion of Cl, respectively (Group 1a; Fig. SM5C).

Botoro Londono mature water (As 0.93mg/L, T: 79.58
(Table SM1). Moreover, Inguaggiato et al. (2015) identi
ture of the suspended solid matter (SPM) in the spri
ters of Nevado del Ruiz. The highest As concen
Group 2b (acidic waters) (Fig. SM5C), where
(2015) did not identify SPM on the filter 0.
waters in the field. However, acidic wate;

from near-neutral to alkaline were probab
Mn and therefore precipitated the
the SPM.

ydroxides found in

al system show higher
concentrations of As in comparison to waters in Azufral volcano
(Laguna Verde lake and FT1)“Hewevep more studies are necessary
on both geothermal systems in or understand better the nature
of As.

4.2. Geothermal systems in Ecuador

4.2.1. Geothermal fluids in Ecuador

The geodynamics of Ecuador are ruled by the sul
Nazca plate beneath the South American plate (Guts
Witt et al., 2006). This process generated the magm
dean volcanic arc, characterized in Ecuador by a
(Hall and Beate, 1991). The volcanoes are us
different domains following their physiograp

4.2.2. Imbabura province
Two geothermal sprin mbiro and Pitzanzi, were sampled
Imbabura province. The chemical

g water is of Na—Cl type while

anzi (31.8°C). Arsenic concentrations in
i are 1.25 and 0.0069 mg/L (this work), re-

“and CI” concentration compared to Pitzanzi. Cumbal
ported As concentrations up to 0.974mg/L in

centration data presented here (Table SM1). Moreover,
tions reported in two sediment samples in Chachimbiro

. Pichincha geothermal province

ono spring, Aguas Caliente spring and Rio Quitasol waters were
ampled in Pichincha province. The former was classified as bicar-
bonate earth-alkaline water with Na* concentration of 22.3 mmol/L
and Cl™ concentration of 17.7mmol/L, pH 6.3, electrical conductivity
4.0 mS/cm and temperature 28 °C (Inguaggiato et al., 2010) and As
concentrations of 3.95mg/L (this work). Aguas Caliente and Rio
Quitasol are classified as bicarbonate alkaline waters with tempera-
tures of 10.5 and 21.4°C, pH of 6 and 8, electrical conductivity of 2.7
and 0.2 mS/cm and Eh of 7.6 and 132mV, respectively. Aguas
Caliente spring has higher As concentrations (0.99mg/L) than Rio
Quitasol (0.008 mg/L). Nono spring is characterized by As concentra-
tion (3.95mg/L; this work) higher than Aguas Caliente and Rio
Quitasol (Table SM1).

Cumbal et al. (2010) reported As concentrations in seven geother-
mal water localities in Pichincha province: Aracuco (<0.002mg/L),
El Tingo (0.1mg/L), La Merced (0.101mg/L), La Cununyacu
(0.405mg/L), Merced de Nono (0.403mg/L) and Ilalo (0.272mg/L)
and San Guillermo (0.048mg/L) springs. High As concentrations
(379.7mg/kg) were found in the sediments at Merced de Nono spring
(Cumbal et al., 2009).

4.2.4. Napo province
Four (4) thermal springs (Papallacta Terme), 3 thermal springs lo-
cated in the Tambo River and 2 samples of the Rio Papallacta were
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springs are characterized by temperatures spanning between 47 and
61°C, pH from 6.2 to 7.1 and electrical conductivity from 2.2 to 6.8
mS/cm.

Papallacta Terme springs are Na-Cl dominated with variable con-
centrations of Ca**, SO, and HCO,". Three thermal springs close to
the Tambo River have a chemical composition of Na—Cl dominated,
temperatures spanning between 40.5 and 64.6°C, pH ranging from 6
and 6.5, electrical conductivity between 3.3 and 5.6 mS/cm and Eh
values ranging from negative to positive (36.5<Eh<—-125mV). The
2 samples of Papallacta river show a major chemical composition
that is Ca-HCO; dominated (Table SM1).

Arsenic concentrations in the water of the Papallacta thermal
springs changes from 0.66 to 3.203 mg/L, with the higher As concen-
tration in the Jamanco sample characterized by slightly negative Eh
values (—39mV) and higher electrical conductivity (6.8 mS/cm) than
those of the other thermal springs. Arsenic concentrations range from
2.7 to 5.7mg/L (this work) in the geothermal springs close to the
Tambo River. The Cachiyacu terraza de travertino and Cachiyacu
campamento springs have higher As concentrations than the Cachiy-
acu Cueva spring and are characterized by higher temperature and
Na' and CI” concentrations. The Papallacta river shows much lower
As concentrations (0.001-0.02mg/L; this work) with respect to the
thermal springs previous mentioned.

Cumbal et al. (2009) characterized Papallacta Lake and the ther-
mal springs in its vicinity. Arsenic concentrations were reported be-
tween 1.09 and 7.9mg/L in the thermal springs, between 0.22 and
0.37mg/L in the Papallacta Lake and between 0.233 and 0.698 mg/L
in the Tambo River (Cumbal et al., 2009). Moreover, As concentra-
tions in the sediments of Tambo river and Papallacta Lake vary from
20 to 128 mg/kg and 60-623 mg/kg respectively (Cumbal et al., 2009)
impacting on aquatic life.

4.2.5. Cotopaxi province

Two springs (El Salitre and Hummocks) were sampled by
Inguaggiato et al. (2010), which are classified as bicarbonate alkaline
waters. Arsenic concentrations in both springs are 0.009 a
0.004 mg/L (this work), respectively. Cumbal et al. (2010) found As
concentrations in the range from 0.012 to 0.045mg/L in springs
Altamira farm.

4.2.6. Tungurahua province

Three thermal waters (La Virgen, Santa Ana, El Sala
lected in Tungurahua province (Eastern Cordillera) and
Cl-SO, earth alkaline waters, with HCO;"
(1599 mg/L) and Na" up to 24.19 mmol/L (556 mg/i
al., 2010). The waters have pH~ 6.5, electrical ¢

highest concentration in El Salado spring (

Cumbal et al. (2009) analyzed Agua Sa
and Cunungyacu (P48) and reported
0.048 and 0.047 mg/L, respectively. More
198.7mg/kg (P47) was found in th
hermal spring, and can be explain
phases (ferric oxide concentrationsii
sediment) (Lopez et al., 2012)

s concentration of
the El Salado geot-
the sorption of the solid
nt of 128 mg Fe g ! of

4.2.7. Chimborazo province

Cununyacu thermal water (47°C) was collected in Chimborazo
province and classified as Na-Cl type with Ca®*" concentration of
68.98 mmol/L (2765mg/L), pH of 8.4, electrical conductivity of 4.3
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4.2.8. Santa Elena province
Another geothermal area, San Vicente, is located in the Santa
Elena peninsula in the SW of the country (Fig. 5). This thermal
spring water was classified as Na-Cl type with C content of
68.9mmol/L (2761 mg/L), temperature of 38 °C, pH
conductivity of 19.7 mS/cm. Arsenic concentratlon
thermal spring is 0.004 mg/L. No recent volcanisi
area and the water is likely to be heated up by the
due to deep circulation. The water of the spring
mud baths (Beate and Salgado, 2010).

In summary, the amount of As in the,
Inguaggiato et al. (2010) in Ecuador s
concentrations ranging from 0.001 to 5.
As concentrations versus the relatiye

es collected by
variability of As
ig. 5B shows the

America, where ma
trations due to the

rn Peruvian geothermal fields described are related to five
1ve volcanic areas of Pleistocene age: the Sabancaya, (Arequipa
, the Ubinas, the Huaynaputina and Ticsani (Moquegua re-
and Yucamane (Tacna region). This Quaternary volcanic range
in Southern Peru belongs to the Central Volcanic Zone of the Andes,

here several geothermal manifestations can be found such as hot
springs, fumaroles and geysers. The hot springs related to these vol-
canoes have an average of As of 0.17-10.8 mg/L, with a pH of 2.7-
7.6 and temperatures from 27 to 94 °C (Table SM1; Fig. 6).

Antimony has also been analyzed in the southern Peru hot springs.
Antimony behaves in a similar manner as As in the environment, e.g.
these two elements are commonly found together in point sources and
in downstream waters for example in New Zealand, Iceland and the
USA (Yellowstone) (Stauffer and Thompson, 1984; Welch and Stol-
lenwerk, 2003).

4.3.1. Sabancaya geothermal field, Caylloma province, Arequipa
region

The thermal waters of Caylloma province are found around the
Sabancaya volcano (Fig. 6), which is a dacite to andesite stratovol-
cano located in the Andean Central Volcanic Zone of southern Peru.
The volcano is surrounded by an extensive system of active faults
and lineaments. The regional tectonic setting of this area is character-
ized by E-W trending normal faults, but a link to the magmatic sys-
tem is possible (Jay et al., 2015). The most important hot springs
sampled around the Sabancaya volcano are Calera and Paclla. Calera
hot spring (3625ma.s.l.) discharges water that is heated by an an-
des1t1c intrusion called Cotallaulli, while Paclla (2179ma s.l.) is em-
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River, which creates one of the deepest valleys of the Andes (Thouret
et al., 2007). The mean total As concentration of the spring water is
around 1.42mg/L, with a temperature of 94°C and a pH of 7.6. The
main geothermal elements are C1~, Na”, SO427 with low Li. The mean
total As level in Calera spring water is 0.68mg/L, with Cl", Na" as
the major ions, and low B and Li contents. The spring water has a
temperature of about 65 °C and a pH of 6.4.

4.3.2. Ubinas, Huaynapatina and Ticsani geothermal fields, General
Sanchez Cerro province, Moquegua region

Several thermal manifestations are associated with the Ubinas,
Huaynapatina, and Ticsani volcanic areas (Fig. 6). Ubinas volcano is
historically the most active volcano in southern Peru. It is a compos-
ite cone with a roughly circular shape formed by Oligo-Miocene ign-
imbrites and intrusive rocks of the upper Tertiary age (Marocco and
del Pino, 1966). The edifice has been developed mainly in Lower-
Middle to Late Pleistocene times but has been persistently active to
the present. The boundary of the thermal system is elongated towards
the NNW, suggesting that the hot body (magma or hot fluid rising
system) follows a regional NNW trend (Thouret et al., 2001). NNW-
SSE fractures have been observed across the summit caldera wall and
the SSE flank of the volcano, which may act as a path for fluid circu-
lation (Thouret et al., 2001, 2005). Ubinas and Logen thermal springs
have been sampled around the Ubinas volcano. Ubinas spring water
(3329ma.s.l.) rises up to the surface at a temperature of 28°C. The
total As concentrations in the spring reach around 0.17mg/L and con-
tain CI” and Na" as the major elements while the springs contain low
amounts of Li. Logen springs (4475ma.s.l.) are emplaced in the vol-
canic plains and show several thermal manifestations. The total As
concentrations of these springs are 0.46mg/L with temperatures of
around 31 °C and pH of 4.2.

The thermal waters of Ullucan (2814ma.s.l.) are associated with
the Huaynaputina volcano, which is a stratovolcano with several fu-
maroles in the crater and thermal waters discharging around the vol
cano. It is characterized by 4 fault systems and lineaments oriente
N-S, NW-SW, W-W and NW-SE. The first two systems are asso
ated with the Tambo River and the third and fourth systems consistge
a series of strike-slip faults, parallel to the Central Volcanic Zg
the Andes. The sampled waters around the volcano host im
kaline-chloride-sulfate waters and sulfate-chloride-alkaline wa
possibly of magmatic origin with a deep reservoir at a te:
>200°C (according to the Na-K-Mg geothermometer).
tion is around 28.1 mg/L and it contains high Cl, Na’,
low Li concentrations, with pH of 6.6 and temperatuse
74°C. As concentration is around 28.1 mg/L and it
Na*, Ca?*, SO,*, B and low Li concentrations,
temperatures of around 74 °C.

The main thermal manifestations associ
cano are: Chuchumbaya, Putina Arriba a
volcanic rocks, that form the substratum 0
roclastic flows were deposited, are co
continental clastic sediments and rhyolitic
fault trends have been observed, o
NNW-SSE and WNW-ESE, and

direction NW-SE,
with NNE-SSW and NE-

The Cuchumbaya hot spring is d close to the town of Soque-
sane and the homonymous stream. The total As concentration is
around 2.5 mg/L, pH 6.2 and temperature about 50 °C. The Putina Ar-
riba hot spring is located along the shore of the Putina river. It has an
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C. The Secolaque hot spring is located along the shore of the Putina
river. It has As concentration of about 2.17mg/L and the main chemi-
cal tracers are CI” (491.0mg/L) and Na* (321.0mg/L), This spring
has a pH of 6.8 and the temperature is 71 °C.

4.3.3. Yucamane and Tutupaca geothermal field, Can e
province, Tacna region

Eleven hot springs, including Yucamene
mal system, ~4361ma.s.l.), TU45 (volcanic
TUO3 (Turun geothermal system, 4010 ma.s.1.
the Yucamane volcano, 4381 ma.s.l.) and
stream, 4324mas1) associated With t

d has the highest reservoir temperature
. In the ternary diagram CI-SO,-HCO;
s that the geothermal springs samples fall
s waters group, typical of geothermal deep

numerous hot springs were have been studied, which
in different ecosystems within the Bolivian Altiplano
rtheless, only a few scientific publications describe As oc-
ences and geochemistry of these thermal waters.

Tlie BA is an intra-mountain basin, enclosed by the eastern and
rn Cordillera of the Andes, which have different geological set-
tings. High concentrations of As in hot springs and fumaroles were
ound in two different catchments; the Poopd lake catchment and the
Coipasa and Uyuni salt plains catchment (Fig. SM6).

4.4.1. The Poopd lake catchment geothermal resources

The Poopd lake catchment (3686 ma.s.l.) is a large plateau located
in the central Bolivian Altiplano (PPO-3, 1996a, 1996b, 1996¢). The
Eastern Cordillera comprises Paleozoic and Mesozoic rocks, which
were deposited on the Precambrian basement and deformed by multi-
ple orogenic cycles from Paleozoic to Cenozoic. Principal rocks are
Ordovician limestones, quartzites, slates and schists with low angle
faults. Within the Poopd lake catchment, hot springs occur at the Alti-
plano border of the Eastern Cordillera (Huaranca Olivera and
Neumann-Redlin, 2000). Structurally, the Altiplano corresponds to a
graben-type continental basin that resulted from the displacement and
uplift of the Paleozoic block of the Eastern Cordillera (Huaranca
Olivera and Neumann-Redlin, 2000). The occurrence of hot springs
near the border of Eastern Cordillera and the Altiplano corresponds to
the face of a very deep fault line. The product of a normal heat flow
at depths of 2000-3000m, these hot waters take advantage of this
fracture zone to rise up to the earth's surface. The origin of the ther-
mal waters in the Eastern Cordillera is related to the complex struc-
tural setting of the Andes. The Andes have been subjected to several
compressive stresses and are also affected by phases of plutonic mag-
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folded Paleozoic strata and linked to local faults and fractures. There
is no evidence of a direct relationship between geothermal waters to
igneous bodies at the surface; although such a relationship is inferred
to exist at depths such as magmatic chambers or heat-emitting nuclei
(Huaranca Olivera and Neumann-Redlin, 2000). Large deposits of
black or reddish sediments in the Poopd catchment area suggest the
ongoing precipitation of sulfides and hydroxides from the thermal
water of the springs (Lehrberg and Morteani, 1989).

Physicochemical characteristics of sixteen thermal water samples
collected within the Poop6 lake catchment showed a pH ranging from
6.3 to 8.3 (average 7.0) and a redox potential from +106 to +204mV
(average+172mV). Temperature varies from 40 to 75°C (average
56 °C and electrical conductivity ranges from 1.8 to 75 mS/cm (aver-
age 13 mS/cm). Predominant major ions are sodium, chloride and bi-
carbonate. The thermal waters are of Na-Cl (37.5%) and Na-Cl-
HCO; (37.5%) types that confirm both the influence of the geological
formations dominated by carbonate and evaporate rocks and water
uprising from deep geothermal reservoirs (Ormachea et al., 2015).
Arsenic concentrations ranged from 0.008 to 0.07mg/L and As speci-
ation indicates the predominance of As(III) over As(V) species; how-
ever, thiolated As species have not been considered. Sediments col-
lected from the outlets of thermal waters show a high iron content
where ferric oxides and hydroxides are assumed to be the principal
mineral phases for As attenuation by adsorption/co-precipitation
processes. Arsenic concentrations (range<0.006-0.23 mg/L) in sam-
ples of groundwater used for drinking water supply collected from
shallow drinking water wells are higher than those found in thermal
springs.

It is likely that thermal water discharge is not the main source of
high As content in the shallow aquifer waters, as they are very imma-
ture and may only have a small component corresponding to the deep
reservoir (Ormachea et al., 2015).

4.4.2. Salars of Coipasa and Uyuni geothermal resources

Both Uyuni and Coipasa salt plains are located near the Western
Cordillera, which is dominated by volcanoes, as well as extensiv
lava fields mainly comprising volcanic material accumulated in t
Late Tertiary and Early Quaternary. Principal rocks are bas

and evaporites occur as valley fill deposits of the Quate
(YPFB and GEOBOL, 1996).

High As concentrations (up to 4.6 mg/L, with median
L) were found in catchments draining from areas of thg
and native fumarolic sulfur mineralization in the Weste
Arsenic in surface water is predominantly in the e
As(V) and evapo-concentration appears to furthe
centrations. A weak attenuation of As relative t
downstream in hydrochemical river profiles, proba
tion onto iron oxyhydroxide flocs, particulat tings Of precipitates
(Banks et al., 2004).

4.5. Geothermal systems in Chile

Chile hosts 90 active volcano, ron et al., 2015), of which
45 are closely monitored by the logical and Mining Ser-
vices (Sernageomin). >150 thermal ings exist throughout the
country and geothermal acti is mostly controlled by volcanism
and regional geologic structures s he Puchuldiza fault in north-
ern Chile (Tassi et al., 2010), the Infiernillo and San Ramoén-Pocuro
fault systems in central Chile (Benavente et al., 2016), and the
Liquifie-Ofqui fault system in southern Chile (Aguilera et al., 2014;
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; Fernandez-Turiel et al., 2005; Campos et al., 2010); however its
quantification in central and southern Chile has not received particu-
lar attention despite numerous natural sources of this element in those
regions such as volcanoes, thermal springs, and vg@lcanic rocks.
Nonetheless, an important difference between the regi
and northern-central Chile (until 35° S; Fig. 7) is
well-defined metallogenic belts The Eocene Olige

their highly enriched As geochemicalfsi
presence of As-rich minerals such as enau
et al., 1990). In southern Chile, thergsa

values have been
canic Zone (CV
Volcanic ZonegS

pean Flat Slab (PFS), and the Southern
SM1; Fig. 7). In the Northern (AVZ)
W As concentrations) has been poorly docu-
nt the geographical distribution. Statistical
lations were done using the compiled data of
ings in the CVZ, PFS, and SVZ, respectively.

is is believed to be due to geological differences as well
thickness which varies as a function of latitude.

4.5.1.1. Arsenic in hot springs of the central volcanic zone

The CVZ of Chile is located between latitude 14°S and 27°S

(Stern, 2004). Most geothermal fields are located west of the CVZ at

high elevations of generally >3000ma.s.l. and are structurally con-
trolled by N-S and N-W trending grabens (Marinovich and Lahsen,

1984), as well as volcanic activity. The geology along the geothermal

fields of this segment is relatively homogeneous and is constituted by
Lower Miocene-Pleistocene ignimbrite deposits and andesitic-rhy-
olitic volcanic products that are overlying Middle Cretaceous-Upper

Miocene volcano-sedimentary sequences (Marinovich and Lahsen,

1984; Tassi et al., 2010).

In this zone, water characteristics have been compiled for 48 ther-
mal springs in which the temperature varies from 19.3 to 80.7°C (av-
erage 38.7°C), pH from 2.1 to 9.0 (average 7.1), and conductivity
ranges from 0.095 to 32.20 mS/cm (average 1.511 mS/cm), (Hauser,
1997; Cortecci et al., 2005; Chong et al., 2010; Sanchez-Yanez et al.,
2017). In general, thermal springs of the CVZ are enriched in As
when compared to the other geological settings in Chile (0.005 to
26.0mg/L, average 1.95mg/L; Table SM1), and As is mostly found
in its oxidized form As(V) (Fernandez-Turiel et al., 2005).

The As-enrichment of these thermal springs might be related to
the crustal thickness of the CVZ which reaches over 70km (Stern,
2004), facilitating conditions for geothermal fluids to be enriched in
other elements as well. In support of this idea, Agullera et al. (2016)
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ally, saline precipitates near the rio Negro hot springs (Tapia et al.,
2018) and sinter structures (Nicolau et al., 2014; Sanchez-Yanez et
al., 2017) of thermal springs of this segment contain increased values
of As.

The only operational geothermal plant of Chile and South Amer-
ica is Cerro Pabellon, which is located in the CVZ segment of the
Andes, specifically within the Antofagasta Region, at an elevation of
4500ma.s.l. Operations at this plant began in 2017 and it has an in-
stalled capacity of 48 MW (ENEL, 2017). In the vicinity of Cerro Pa-
bellon, As concentrations of up to 4% have been found in pyrites
(Roman et al., 2019).

Two important geothermal fields in this segment of the Andes are
the Puchuldiza geothermal field and Tatio geysers field.

4.5.1.2. Puchuldiza geothermal field

The Puchuldiza Geothermal Field (PGF) is located in the Tara-
paca Region of northern Chile at an elevation of 4200ma.s.l.
(Sanchez-Yanez et al., 2017). This field covers an approximate area
of 1km? and geothermal activity in the area is controlled by NW-SE
reverse fault and NNE-SSW normal strike-slip fault systems that con-
tain the Churicollo, Puchuldiza, and Tuja faults (Tassi et al., 2010).

In the PGF, 11 thermal water samples have discharge temperatures
ranging from 54.4 to 87.8 °C (average 81°C), pH from 6.2 to 8.8 (av-
erage 7.7) and, conductivity of 6.780 mS/cm (Hauser, 1997; Risacher
and Hauser, 2008; Sanchez-Yanez et al., 2017). The PGF waters are
of alkali-chloride type (Sénchez-Yanez et al., 2017). Arsenic values
range from 10.7 to 13mg/L (Hauser, 1997; Risacher and Hauser,
2008; Sanchez-Yanez et al., 2017), and As concentrations are posi-
tively correlated with K, Li" and Br" (using the data of Hauser,
1997; Risacher and Hauser, 2008; Sanchez-Yanez et al., 2017).

Additionally, in the PGF, there are sinter structures where As and
B* are predominantly enriched in the amorphous phases (Sanchez-
Yanez et al., 2017). Water and gas geothermometry show that the ge-
othermal reservoir at Puchuldiza has high equilibrium temperatures
(up to 270°C) and is considered to be a promising geothermal field
(Tassi et al., 2010).

4.5.1.3. The Tatio geyser field
The Tatio-Geyser Field (TGF, 4300ma.s.l.) is one of th
studied geothermal systems in Chile and is the principal {8

eral treatment facilities. The input of As from the
into Loa river is through its tributary the Salado ri

er (Lopez et al.,
2012; Romero et al., 2003). From there o decreases further to
about 0.1 mg/L at its mouth at the P

In the TFG, hydrothermal agti
zones: the Upper, Middle, and
cover an area of approximately 30km

The surface water of geyse in the TGF has registered
two distinct ranges of As concen s based on the present geo-
logic units. The first sample group, found above ignimbrites, presents
discharge temperatures ranging from 49.8 to 82.3°C (average
73.4°C), pH from 5.9 to 7.6 (average 7.8), and conductivity from
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sina et al., 2014).
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over 20mg/L of As (data from Cortecci et al., 2005; Risacher and
Hauser, 2008) which is closely positively correlated with Si and F .
The second group, found above alluvial deposits, presents discharge
temperature ranging from 36.2 to 80.7°C (average 66.
3.0 to 7.4 (average 5.5), and conductivity from 0.481
(average 2.010 mS/cm) (Cortecci et al., 2005; Risac
2008). These waters have lower As concentratio
to 2.36 mg/L, and As is closely positively corrg
HCOj; (using data from Cortecci et al., 2005;
2008; Table SM1).

Isotopic data of the TGF indicate that

fluids are con-
Xing processes as-

2005).
Additionally, the TGF exhibj

ecipitates through the evaporation
ly enriched in As, B, and Ca®'
id-state partitioning in sediments

B.(PFS) is located between 27° and 33° 30’
segment of the Andes is found within the
S (Ramos and Folguera, 2009). In the Pam-

; Risacher and Hauser, 2008). Temperatures and As
variable and in general are similar to those of the

the PFS are found in the Coquimbo region of north-cen-
correspond to the Toro and Socos thermal springs.

.2.1. The Toro and the Socos thermal springs

Tlie Toro hot spring is located below the northern limit of the PFS
elevation of approximately 3500 ma.s.l. The temperature of this
hot spring is 54.4°C on average, pH is near neutral (6.84), the electri-
1 conductivity corresponds to 7.660 mS/cm and As concentrations
are on average 16.2mg/L (Hauser, 1997; Risacher and Hauser, 2008).
On the contrary, the Socos thermal spring is one of the few geother-
mal expressions in this segment of Chile that is located far from the
Andes Mountains and at low elevations (88ma.s.l.). The water tem-
perature is close to 27°C and is alkaline (pH9.74). In addition, the
conductivity is 1686mg/L and measured As concentrations are low
(0.006 mg/L on average) (Hauser, 1997; Risacher and Hauser, 2008).

4.5.3. Southern volcanic zone: Coniaripe, Rollizos and Puyehue
thermal springs

The northern limit of the SVZ coincides with the subduction of
the Juan Fernandez ridge while the southern limit corresponds to the
Chile Rise (Stern, 2004).

The thermal springs found in the SVZ are controlled by regional
fault systems, namely the NNE Liquifie Ofqui Fault System (LOFS;
Ruiz and Morata, 2016; Wrage et al., 2017) and the WNW Andean
Transverse Faults (ATF; Ruiz and Morata, 2016; Wrage et al., 2017).
The LOFS is related to thermal springs located in the intertidal zone
that have undergone a minor interaction with saline water and conti-
nental hot springs which exhibit important cation exchanges (Ruiz
and Morata, 2016). Thermal springs controlled by the ATF are influ-
enced by volcanic activity (Rulz and Morata, 2016).
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from 2.4 to 9.7 (average 7.7), and conductivity ranges from 0.124 to

52.100 mS/cm (average 4.556 mS/cm), respectively (Hauser, 1989,

1997, Pérez, 1999; Risacher and Hauser, 2008; Aguilera et al., 2014;

Lemus et al., 2015; Wrage et al., 2017). In the thermal springs, three
water types have been identified: (i) Na-Cl, the predominant water

type, which is characterized as alkaline, with low temperatures (aver-
age 55°C), controlled by water-rock interactions, and with important
amounts of C1~, Na®, As, Li and Cs; (ii) acid-sulfate, which is related

to volcanoes, is acidic (pH<4), and exhibits high temperature (85°C

average) and high concentration of SO,*", Mg®" and Ba; and (iii) bi-
carbonate, with similar temperature and pH to those shown in Na-Cl

waters; however it exhibits the highest values of HCO; (>892mg/L)
and contains elevated concentrations of most cations (Ca>*, K*, Na*,

Mg?!, Ba?", Sr**; Wrage et al., 2017). The geothermal fields of this

segment of the Andes in general present lower As concentration than

the northern segments, ranging from 0.003 to 6.127mg/L (average:

0.331mg/L). The lower values of As in the SVZ could be related to
the lower crust thickness (30 to 40km) as well as to higher rates of
precipitation which could act to dilute As concentrations at the sur-
face.

Three different examples of thermal springs in the SVZ corre-
spond to Cofaripe which is controlled by the ATF, Los Rollizos
which has intertidal influence and is related to LOFS, and the Puye-
hue-Aguas Calientes geothermal system that is associated with LOFS
in a continental setting.

4.5.3.1. Conaripe thermal spring

The Conaripe thermal springs are located in the Los Rios region
of southern Chile. These thermal springs are controlled by ATF
(Wrage et al., 2017), and as suggested by Ruiz and Morata (2016),
they are influenced by volcanic activity.

The data of 6 samples from the Cofiaripe hot springs indicate that
the discharge temperature ranges from 62.0 to 77.5°C (average
69.7°C) , pH from 7.1 to 8.5 (average 7.8), and electrical conductiv-
ity from 0.496 to 0.532 mS/cm (average 0.511 mS/cm) (Lemus et al.,
2015; Pérez, 1999; Risacher and Hauser, 2008; Wrage et al., 2017),
In this case, thermal waters are of Na-Cl type (Wrage et al., 201
while As concentrations varied from 0.94 to 2.09mg/L (averag
1.31mg/L), and As is directly correlated to temperature, CO5f
and Br' (Table SM1).

4.5.3.2. Los Rollizos thermal springs

Los Rollizos thermal springs are located in Los Lag
southern Chile. These thermal springs are controlled b
(Wrage et al., 2017) and have intertidal influence (Ruizpa
2016).

Data of 10 samples of the Los Rollizos the
that discharge temperature ranges from 23 to 35°
pH from 6.4 to 7.8 (average 7.2) and, con
(Aguilera et al., 2014; Hauser, 1997; Pé
Hauser, 2008). In this setting As concentrat

1 springs are located in
in close proximity to each
OFS (Wrage et al., 2017).

Data of 15 samples of these g al springs indicate that the
discharge temperature ranges from 48 to 66 °C (average 58.3 °C), pH
from 6.9 to 8.6 (average 7.8) and conductivity from 0.562 to 0.844
mS/cm (average 0.703 mS/cm) (Hauser, 1997; Pérez, 1999; Risacher
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senic concentrations range from 0.37 to 0.74mg/L (average 0.51 mg/
L) and are directly positively correlated to pH, CO32’and F.

4.5.4. Summary of thermal springs in Chile

In summary, the geothermal fields of the PFS
poorly studied, therefore additional research is need
acterize thermal springs in those areas. In northe
springs are located at high altitudes and As valu
exhibiting the maximum value at El Tatio geys

thgl/AVZ are

tions. In Chile, it is crucial to define thi
and its species in the CVZ, SVZ, AV,

The geotectonic setting i
des is favorable for the py
volcanoes in Argentina (an
under the South American plate
structures.

Five zones locg
ferent geotherma

¢ of geothermal systems and active
¢). Subduction of the Nazca plate
s produced thousands of volcanic

ely Altiplano Puna Magmatic Body (APMB)
miglowski et al., 1999; Ward et al., 2014; Zandt et al., 2003).
chemical and isotopic features of thermal fluids discharged
five zones located in the high altitude Puna plateau (Jujuy
ince between S22°20'-23°20" and W66°-67°), namely Granada,
Vilama, Pairique, Coranzuli and Olaroz were reported by Peralta
Arnold et al. (2017). The highest values of As were measured in the
Na-Cl type waters and they were dominated by Fe, As and Ba (9.62,
6.17 and 3.3 mg/L, respectively).

4.6.2. Arsenic in the Copahue volcano and adjacent geothermal
areas

Copahue volcano is located in the Southern Volcanic Zone of the
Andes, and although it is not aligned to the volcanic arc, its geology
and local structural controls do not differ from the other nearby active
volcanic centers (Fig. SM7; Folguera et al., 2016). Its particular geo-
logical record and eastern longitudinal position indicate that Copahue
was probably part of the Late Pliocene-Pleistocene Arc mostly devel-
oped in the axial and eastern Andes (Pesicek et al., 2012). Reasons
for this long-lived eruptive history at Copahue volcano could be re-
lated to the particular geometry of the active Liquifie-Ofqui dextral
strike-slip fault system that runs through the arc front from S to N
where it penetrates the back-arc area at the latitude of Copahue vol-
cano (Lavenu and Cembrano, 1999; Melnick et al., 2006).

Copahue volcano is one of the most active volcanoes of the cen-
tral sector of the volcanic chain along the border between Argentina
and Chile (Fig. SM7A). Frequent phreatic to phreato-magmatic erup-
tions have recently occurred (e.g. Bermudez et al., 2002; Delpino and
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to 63 °C) and low pH (<1), although in the last two decades these two
chemical-physical parameters have shown strong variations probably
related to the changes of the volcanic activity (Agusto et al., 2013;
Tassi et al., 2016; Varekamp, 2008; Varekamp et al., 2001). Two ther-
mal springs located on the eastern flank of the volcano, at a short dis-
tance from the active crater rim, discharge hot (up to 80°C) and
acidic (pH=1-2) water giving rise to the Agrio river that flows down
to the Caviahue lake (Parker et al., 2008; Varekamp et al., 2001,
2009). On the other hand, there are five different areas on the north-
ern and northeastern sectors of the external flanks of the volcanic edi-
fice: Las Maquinas, Las Maquinitas, Termas de Copahue, Anfiteatro,
and Chanco-Co. These natural manifestations have discharge temper-
atures (up to 95°C) approaching that of boiling water at the altitude
of the emissions (2000ma.s.l.), with the exception of one jet fuma-
role at La Maquinitas, where temperatures up to 140°C were mea-
sured. The hydrogeochemical studies carried out in the crater lake,
thermal springs, Agrio river and adjacent geothermal areas have not
been focused on As, resulting in little concentration data on As. Wa-
ter samples collected between March 1997 and November 2004 from
the thermal springs (northern and southern springs) vary between 7.3
and 2.91 mg/L of As, reaching a value of 10.98 mg/L a month before
the 2000 eruption (Varekamp et al., 2009). These authors also ana-
lyzed samples taken near the mouth of the Agrio river (in the Villa
Caviahue) and in the Caviahue lake, yielding values between
0.04 and 0.64 mg/L and 0.03-0.04 mg/L, respectively. The As and C1™
concentrations correlate positively, suggesting close to conservative
behavior from the thermal springs to Caviahue lake. Arsenic behaves
conservatively from the very concentrated thermal waters to the
rather dilute Caviahue lake waters. Only three water samples of the
crater lake and one thermal spring sample show evidence for As loss,
probably through precipitation and/or adsorption (Varekamp, 2008).
The hydrogeochemical studies carried out in geothermal areas be-
tween May 2004 and April 2005 (not published) indicate values of
As of 0.002-0.011mg/L, 0.004-0.011mg/L and 0.005-0.017 mg/L
for Las Maquinas, Las Maquinitas and Termas Copahue, respectively
(Caselli, pers. commun., 2008). For the same period, As concentr
tions were measured in the crater lake (0.89-5.75mg/L), southe
spring (4.192-4.392mg/L), northern spring (2.864-6.437 mg/L
the volcano and Agrio river (0.12-0.58 mg/L) and Caviahug

combining baths with modern balneotherapy having a
for thousands of baths. Professional management an
pervision is assured by doctors, kinesiologists, p
teachers, balneotherapy auxiliaries, etc.

4.6.3. Arsenic in the Domuyo geothermal field
The Domuyo volcanic complex (Neuqué
the most promising geothermal systems o
thermal manifestations discharging hot a
1983, 1984; Chiodini et al., 2014; Tasst
(2.54+0.5 My) is a wide rhyolitic dome unc
N-S oriented anticline (Folguer
Llambias et al., 1978; Miranda
110 ky) extruded according to a s
western sector of Cerro Domuyo, wh
generated by the last magmatic pulse in the Late Pleistocene
(Miranda et al., 2006), outcrops on uthern flank (Fig. SM7B).
Geothermal resources related to the possible occurrence of two
hydrothermal aquifers are located at depths of <600 and 2000—
3000m. The Domuyo geothermal field is recognized as the site of

osts one of
giving rise to
fluids (JICA,
. Cerro Domuyo
ably emplaced in a
. Groeber, 1947,
6). Younger domes (720—
geometry in the south-
s a minor intrusive body,

an important hydrothermal activity characterized by four thermal
spring discharges: El Humazo, Los Tachos, Las Olletas and Agua
Caliente (Palacio and Llambias, 1978). These thermal manifestations
are linked to the streams Manchana Covunco, Agu
Covunco, all tributaries of the Varvarco river. Al
some hydrochemical studies of the thermal sources, t
tions are not published. However, data on the con

varco river were 0.47, 0.66, 0.403 mg respegtively (Ministerio

Salud Neuquen, 2015).

4.6.4. Volcanic ashes impactin water on a regional scale with
arsenic

Groundwater with hig

centrations is known to occur in
the aquifers of many regi f the Chaco-Pampean Plain of Ar-
gentina (Nicolli et al., 2012). Previgus studies speculated that the As
mobilization in these groundwaters was a direct result of their ele-

esized as one of the possible sources of
. This region has been delineated to be a
of Andean orogenic belt. Volcanism in the

ce (0.010-0.210mg/L), Tucuman province (0.011—
Santiago del Estero province (0.002-3.280mg/L),
rovince (0.018-1.100mg/L), Santa Fe province (0.018-
80mg/L), Buenos Aires province (0.010-1.300mg/L) (Nicolli et
2) and San Juan Province (0.009-0.357 mg/L) (O'Reilly et al.,
. Due to the prevailing oxidizing conditions (Eh 100-525mV)
most As is present as As(V). Arsenic concentrations in groundwater
are positively correlated to electrical conductivity (0.112-23.800 mS/
cm) and those of U (<dl-0.515mg/L), Se (<dl-0.498), Mo (<dI-
6.280mg/L) and V (<dl-430mg/L), which indicate a common pri-
mary source, i.e. the volcanic ash (Bundschuh et al., 2012; Nicolli et

al., 2012).

As mentioned above, volcanic ashes have been traditionally con-
sidered important carriers of As to aquatic environments affected by
volcanic ash fall. Low As concentrations have also been measured in
aqueous leachates of tephras. Samples of volcanic ashes collected af-
ter eruptions of the Hudson (1991), Chaitén (2008) and Cordon
Caulle-Puyehue (2011) volcanoes (Bia et al., 2015) showed that As-
bearing phases were closely linked with the release of this element to
the aqueous media. The most available species are those concentrated
onto the grain surface, consisting of thin coatings of As(III)-S com-
pounds, probably arsenian pyrite, and As(V)-O compounds, present
as adsorbed/precipitated arsenate species. The most stable As-bearing
phase is Al-silicate glass, where As is included within the structure.
The release of As from this phase at the pH conditions dominating
the aqueous reservoirs represents <1% of the total As measured in the
bulk samples, while more mobile surficial phases may release up to
6% (Bia et al., 2015). Arsenic concentrations were also measured in
aqueous leachates of tephras emitted by the Copahue volcano in No-
vember 2016, giving a value of 0.14 mg/L (Caselli and Paez, 2017).
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4.7. The Guarani aquifer geothermal system (Uruguay, Argentina,
Paraguay, Brazil)

The Guarani Aquifer System (GAS) is situated in the eastern and
southern central portion of South America (Fig. SMS). It consists of a
sequence of sandy layers of Triassic-Early Cretaceous age, deposited
in continental, eolic, fluvial and lagoon environments, above a re-
gional erosional surface and below an extensive layer of Cretaceous
basalts (Sindico et al., 2018). This Aquifer system (GAS) represents
one of the most important transboundary aquifers in South America
shared by four countries: Uruguay, Argentina, Paraguay and Brazil
(Bonotto and Elliot, 2017; Elliot and Bonotto, 2017; Foster et al.,
2009; Gastmans et al., 2017; Manzano and Guimaraens, 2012;
Sindico et al., 2018), and its waters are used extensively for potable
supply. Several tectonic structures and numerous volcanic dikes cut
through the GAS rock sequence (Foster et al., 2009; Manzano and
Guimaraens, 2012). The aquifer consists of several geological units,
including the formations: Misiones (Argentina and Paraguay); Botu-
catu, Pirambdla, Caturrita, Santa Maria (Brazil); and Tacuarembo
(Uruguay) (Araujo et al., 1999; Carriéon and Massa, 2010; Sindico et
al., 2018), which have been developed due to complex episodes of
geologic and tectonic activity (Carrién and Massa, 2010; Gastmans et
al., 2012; Manzano and Guimaraens, 2012).

According to Manzano and Guimaraens (2012), geochemical evo-
lution of GAS groundwater could be summarized in three main fa-
cies, which are found downstream from the outcropping recharge ar-
eas towards the confined sectors in the center of the basin: facies A
(Ca-HCO; and Mg-HCO; water), facies B (Na-HCO; type water),
and facies C (Na-HCO;-SO,-Cl to Na-Cl or Na-SO, type water); a
fourth facies, D (Ca-Cl and Mg-Cl type water) has been identified in
southern GAS in urban areas. Types A and B are slightly mineralized
and most of the type C groundwaters are mineralized to a moderate
degree. Several studies, for example LEBAC (2008), Foster et al.
(2009), Manzano and Guimaraens (2012), Sindico et al. (2018) and
others, found that water quality analysis of diverse wells in GAS are
of good quality for human consumption, except in regions such as th
SW zone of the aquifer of Argentina, where salinity can be very high]
and in isolated areas of southern Brazil. Significant increases in traee
elements have been found, especially F and more locally As, 4
tain areas of the aquifer (LEBAC, 2008; Foster et al., 2009}
highest fluoride contents seem to be associated with deep
groundwater with CI/SO,>", where fluorite may be the g6
(Manzano and Guimaraens, 2012). Arsenic may be
groundwater by desorption from iron oxides/hydroxide
the higher pH of the waters that underlie GAS units

2010). The low-temperature geothermal sites, esp
boundary between Argentina and Uruguay se
and recreational facilities.

4.7.1. The thermal waters of Uruguay

The geothermal potential of the northe
lated to the Guarani Aquifer syste
the Early Devonian to the Late

sin of Uruguay is re-
dimentary fill is of
age (Morales and Pérez,
he triple border of Ar-
intense economic thermal
sce, 2010).

In the area, there are severa al artesian wells that were
drilled for oil exploration purposes many years ago but during the last
10 to 15years, the commercial exploration of thermal aquifers (30—
50 OC) along the Argentina and Uruguayan sides of the Uruguay river
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mal wells including GAS and pre-GAS aquifers are: Arapey (As
>0.01 mg/L); Dayman, Salto (As 0.04mg/L); Fuente Nueva, Salto
(As 0.032mg/L); Posada del Siglo XIX, Salto (As 0.034mg/L); San
Nicanor, Salto (As 0.044mg/L); Perf. OSE Salto, Sal
0.023mg/L); Club Remeros, Salto (As 0.032
Quiroga (As 0.035mg/L); Termas Guaviyt, Guaviy
L); Termas Almirén, Guichon (As >0.01 mg/L) 2
doned, Paso Ullestie (As >0.01 mg/L) (Table

pH8.4) (LAVAL[N 2008; Qumtana 2
thermal sites with major dimension, [
NW Uruguay. This thermal well lia
of 1032mg/L, and EC is 1.198 41

(0.0l mg/L; Mafiay et al.,
since then, the Termas de yu have been in development during

e local, national and international

units that un AS and the pre-GAS (Carrion and Massa,

010, 2012). Under natural conditions the

trolled
to the

. , pH8.0, T: 17.0°C for 14 samples) and Chui (As

21mg/L, pH8.0, T: 21.5°C) aquifers (SW Uruguay), which have
igm bicarbonate, sodic bicarbonate and sodium bicarbonate type
. Two of the 10 samples of the Mercedes aquifer in the vicinity
ueva Palmira city contained As in concentrations of 0.05 and
0.06 mg/L, respectively (Manganelli et al., 2007a, 2007b). Arsenic
concentrations in Raigon and Chuy aquifers may be due to the fluvial
and marine influence of the sediments.

4.7.2. The thermal waters of Argentina

The most important wells in the different levels of the Guarani
aquifer and underlain aquifers are: Colon (As >0.01 mg/L); Chajari
(As 0.02mg/L); Federacion (As 0.03mg/L); Concordia (As 0.04—
0.06mg/L); Villa Elisa (As <0.01mg/L) (Table SM2). These thermal
waters are of sodium bicarbonate-sodium chloride (e.g. Colon, Cha-
jari, Federacion), sodium bicarbonate (e.g. Concordia) and sodium
sulfate-sodium chloride (Villa Elisa) type. There are other thermal
waters including Aguas Claras Termas, Concepcion de Uruguay (As
0.04 mg/L); Tambo Vecino Termas, Maria Grande (As 0.06 mg/L);
Molino Vecino Termal (As 0.114mg/L); En Predio Termal, Maria
Grande (As 0.07mg/L); Termas San José (As 0.101 mg/L) and Pri-
vado Termal, Maria Grande (As 0.06 mg/L), which are not mentioned
in the cited literature, but are considered in the present work because
they contain concentrations of As >0.01 mg/L (Table SM2; LEBAC,
2008). As mentioned previously, there is an extensive area in the
southwest of the aquifer in Argentina, where the confined GAS
aqulfer contains groundwater of high salinity. These waters are used
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4.7.3. The thermal waters of Paraguay

The Guarani Aquifer in Paraguay comprises layers of Permian
and Triassic (Misiones Formation) sandstones, which are confined by
Cretaceous basalts (Alto Parana Formation) (Farina et al., 2004). In
the 2004 survey carried out by Vassolo (2005), some wells for water
supply were sampled in the southern part of the Guarani-Aquifer in
Paraguay. These wells showed elevated As concentrations of 0.02—
0.05mg/L in some locations in the southwestern part of the Guarani
aquifer, where the Triassic and Permian sandstones crop out. Accord-
ing to Vassolo (2005), As is released in consequence of the reduction
of goethite, to which As was sorbed. Similar geochemical behavior is
found in the state of Sdo Paulo (Brazil). Most waters of this aquifer
system are classified as HCO;-Ca-Mg-type or HCO;-Na type
(Schmidt, 2005). In the surroundings of Ciudad del Este, the sand-
stone is confined by very thick layers of basalt leading to artesian
boreholes with highly saline thermal waters of sulfate-sodium-chlo-
ride type, with a high content of fluoride (Farina et al., 2004).

4.7.4. The thermal waters of Brazil

Few geochemical studies have reported the concentration of As in
the geothermal fluids in Brazil, however, geochemical studies carried
out in the GAS (tube wells drilled in 10 cities) in Sdo Paulo state dur-
ing 2009, have reported increased concentrations of Al, Li, F, Br, As
(As 0.02mg/L) and Mo in hyperthermal waters (T: >38°C) from the
Paraguacu Paulista, in comparison with cold/hypothermal waters
(25-33°C). These cold/hypothermal waters showed lower B and Sr
contents in the site (Bonotto and Elliot, 2017). The identified hyper-
thermal waters exceeding the maximum allowable As and F concen-
trations for drinking water in Paraguacu Paulista site are used for
recreation purposes (thermal swimming pools) and they have also po-
tential for industrial and space heating (Vieira et al., 2015).

5. Results and discussion

In this section, compiled data related to geochemical aspects of A
in geothermal fluids and volcanic emissions from Latin Americ
(428) are discussed. Most of the sites (~93%) are from active
Sabancaya, Villarrica, Copahue, Colima) and past (Platafia
Azcualpa, Los Humeros) volcanic areas. These volcanic are

spond to the sites of geothermal springs (319) geothermal w lls

America through geothermal and volcanic
This section further elaborates on diff

mal/volcanic systems in Latin Am
evaluates the environmental imp
hermal fluids and volcanic emissio
to be taken to reduce such c

part of this section
high levels of As in geot-
with actions that need
It must be considered that
r geothermal site is highly
variable with regard to the numbe mples and frequency of sam-
pling, completeness of parameters and chemical species assessed,
quality and accuracy of analyses, etc. in particular, the absence or
limitation of data for minor and trace elements, redox potential and

pose. Therefore, results and conclusions, comparisons in particular,
need to be interpreted with due caution.

5.1. Geoenvironmental and geothermal settings contai

In Latin America, different types of principal ge;
have been identified hosting As and release it i
near environments through geothermal fluids an

reservoirs in predominantly andesitic
canic emissions);

e Past, mostly andesitic and basaltic
reservoirs with remaining hot m
geothermal springs or volcanig systems);

bodies which heat up overly-

ing sediments (i.e. non-vi gntary reservoirs); and

e Geothermal reservoirs

judied group, including in respect to As.
d that Latin America is a host of signif-

thermal sites in areas of past volcanism
since it follows as a belt behind the active

very few exceptions - have not even been con-
thermal exploitation and much less for studying As.

.1. Arsenic in geothermal reservoirs related to active volcanism
InfLatin America, 11 countries (out of 20) including Mexico,
emala, El Salvador, Nicaragua, Costa Rica. Colombia, Ecuador,
Peru, Bolivia, Chile and Argentina count on areas of active volcan-
m. From this area, about 170 active volcanoes are known where
corresponding geothermal reservoirs can be formed at depths of a few
kilometers under favorable conditions. These show respective vari-
able chemical compositions due to variable host rock materials; how-
ever, all can be considered as mature systems with chemical equilib-
rium between the host rock and the geothermal fluids of the reservoir.
These areas are related to subduction zones along the Pacific coast
where oceanic plates are subducted below continental plates. These
processes are the origin of active volcanism generating numerous
high- and low-enthalpy geothermal systems. These are characterized
by high temperature and pressure which favors rock-water interac-
tions resulting in high As concentrations in geothermal fluids (2.09-
73.6mg/L). These geothermal fluids, and the volcanic emissions,
which release gases or solid particles, can form important sources of
As and respective release impacts different close-surface environ-
ments. Surface manifestations of these geothermal systems include
geothermal springs, fumaroles and steam fields.

5.1.2. Arsenic in areas of past volcanism: present and fossil
geothermal reservoirs

Geothermal reservoirs are also found in formerly active volcanic
systems where magma bodies still contain residual heat able to warm
up water. These geothermal reservoirs are of low-enthalpy and due to
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mal systems of this type are generally found in the areas behind those
of active volcanism, i.e. in the east of the present active volcanic
zones of Latin America's active volcanic front. Geothermal manifes-
tations, in particular thermal springs where deep circulating meteoric
water emerges are frequent. Examples from Honduras are Platanares
(boiling hot springs and exploration well, As: 0.45 and 0.35mg/L),
Azacualpa springs (As: 0.08 mg/L) and from Chile is the Tatio geyser
field (As: 0.59-20mg/L).

In addition, in these areas of former volcanism, there is another
important potential As source related to this past volcanic activity.
This source is the fossil geothermal/volcanic systems which include
precipitated As-rich minerals. These can locally form important min-
eral deposits such as gold ore deposits. Here rocks have been altered
by fossil geothermal systems, thermal spring deposits and stock-
works, volcanic sulfide deposits, and epithermal veins or vein-brec-
cias where geothermal fluids have formerly entered faults and shear
structures carrying As, Hg, and Sb (Nelson, 1990). High As concen-
trations in veins and stockworks have for example been reported from
Nicaraguan deposits: Matagalpa (As: 39-91 mg/kg), La Libertad (As:
<20-41mg/kg), Bonanza (As: 20-380 mg/kg), and Siuna-Rosita (As:
<20-120mg/kg (Sundblad and Swedish Geological Company, 1985).
Through natural dissolution or accelerated by mining activities they
can impact ground- and surface water, leading to important enrich-
ment of As in groundwater and other environments.

5.1.3. Arsenic in geothermal reservoirs of plutonic intrusions

In addition to geothermal reservoirs related to volcanic magmatic
intrusions, plutonic intrusions can also lead to the formation of geot-
hermal reservoirs. Heat is generated by minerals of the intrusions of
granites or other acidic rocks, which possess high contents of ra-
dioactive elements such as uranium (U), thorium (Th), and potassium
(K). These intrusions can form important geothermal reservoirs if a
sealing cover such as sedimentary rocks is present. Further, water in
fractured sedimentary rocks overlying the intrusive body can itself be
heated by conduction from below and form a geothermal reservoir.
The last is the case at Cerro Prieto (Mexico) which is the largest o
the geothermal plants globally (by installed capacity), located in &
extensional sedimentary basin with subsequent pluton intrusien
(“pull-apart” basin). This sedimentary reservoir has high tefiperd
tures (280-350°C) similar to those in active volcanic zones buflowg
As contents ranging from 0.32 to 5.18 mg/L. This is mainly due toithe

tems. The geothermal reservoirs in active volcanic z
canic rocks as host, containing As-rich minerals such as
In contrast to the sedimentary host rocks, geothe
contains less As and the dissolution by water-rock A

geothermal system can result in geothermal spring
in most cases, such geothermal systems are
5.1.4. Arsenic in hydrothermal basins whiclhare not related to
volcanism and plutonism

There are some other geothermal system
volcanic or plutonic magmatism.

significantly exceed those
of the respective average cont . High temperatures of gen-
erated geothermal reservoir an able mineralogical and (hy-
dro)geochemical conditions can increase rock-water interactions
leading to increasing dissolution of mineral/rocks and As mobiliza-
tion. Th1s for example is the case of (normally on regional scale)
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ing As as found in the Guarani aquifer. This transboundary aquifer
system is shared between Argentina Brazil, Paraguay and Uruguay
(covering 1,200,000 km?). Recharge area and discharge area are thou-

thermodynamic processes. Their roles
site and within the same site in the
structure (with high variability in hog

phase changes), solutes, and heét
This involves uprising of geothe
lated chemical processes su
controlled by thermodyna

esses and contact time. Cooling
ic gases. These uprising fluids in-
g, to or at the earth's surface, e.g.

and sediments. The
sated volcanic
ater quality. These processes can occur si-
ntly and As levels and their speciation de-
dividual shares and the chemistry of the dif-
and gas components A principal As source is

uatic phase is favored even at the earth's surface, in par-
h temperatures or under acidic conditions. Input of As

e atmosphere. The last involves volcanic ash particles on
additionally As-containing gas can condensate and be trans-
ported in the atmosphere over large distances.

Fig. 8 shows various effects of the presence of other metal ions
(Na*, CI', Na*, K*, etc.) on the occurrence of As in geothermal and
related waters of Latin America (excluding the waters from the
Guarani Aquifer System). In this scattered plot, the data summarized
in Table SM1 are plotted in different ranges of As: As<0.01 (WHO
guideline for drinking water), 0.010<As<0.05, 0.05<As<0.1,
0.1<As<0.5,0.5<As<1,1<As<10and As>10mg/L.

The Cl—Na diagram (Fig. 8A) depicts a strong positive correla-
tion between CI” and Na' at high CI” and Na® concentrations
(>10meq/L) with a normal ratio of 1:1 for those samples with a high
As concentration of >1mg/L (n=80). Exceptions in this concentra-
tion range (>10meq/L) are 4 samples with a CI/Na* ratio signifi-
cantly higher than 1. The 1:1 C1/Na" ratio indicates a large seawater
component for these elements in the geothermal reservoir waters. The
additional CI” enrichment in the geothermal reservoir fluids may
come from host rock-interactions, and/or dissolution of magmatic
HCI gas. Despite the observed positive correlation between As and
CI, seawater is excluded as a significant As source. The reason is
that the content of As in seawater is very low (0.0026mg/L) and it
would need an evaporative concentration increase by a factor of more
than about 400 to reach even 1 mg/L of As.

Fig. 8B shows that for most of the sites with As >1mg/L, Na" and
K" concentrations are higher than 275 and 10mg/L, respectively. A
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groups (>1.0mg/L) shows the following concentrations for the other
main ions (Ca®: 1.2-1250mg/L, mean: 202.8mg/L, median:
105.2mg/L; Mg2+: 0.01-2520mg/L, mean: 177.7mg/L, median:
28.2mg/L; SO427: 3.0-64,000mg/L, mean: 2139mg/L, median:
178 mg/L; HCO; : 9.8-1980mg/L, mean: 389 mg/L, median: 170 mg/
L). In contrast, waters with lower As concentrations (<1 mg/L) are
characteristic with generally lower concentrations of the aforemen-
tioned main ions (Ca®", Mg2+: Na®, CI', SO427, HCO, ) and more
scattering of respective data when correlating them (data from Table
SM1). Fig. 8B shows that for As >I mg/L, B and Li concentrations
are higher than 3.0 and 0.1 mg/L, respectively. Exceptions are four
samples where especially B is depleted to <0.13mg/L even at As
>1 mg/L. These depleted B values can be explained by differences in
the host rocks or previous removal of the highly soluble B (e.g. from
rocks in contact with the geothermal water). Water-rock interactions
(leaching) is the principal mechanism of the enrichment of these ions;
and the positive correlation of B and Li with As concentrations indi-
cates that rock-leaching is the main source for As in geothermal
TeServoirs.

In the following sections (6.2.1-6.2.5), we applied the ternary CI-
SO,-HCO; diagram to classify the samplers from 398 sites (Table
SM1) compiled from Latin America (not included the Guarani
Aquifer System). These comprise: geothermal wells (n=10,
2.09<As <73.6mg/L), springs (n=319, 0.0004 <As<63.0mg/),
lakes (n=19, 0.0005 <As<0.80mg/L), rivers (n=14,
0.001 <As<2.86mg/L), crater lakes (n=14, 0.17<As<3.9mg/L),
fumaroles/condensates/gases (n=1, As=0.79mg/L) and (fresh)water
wells (n=21, 0.02<As<0.44mg/L). In addition, the same samples
were subjected to the Giggenbach diagram (Na-10K-Mg®® ternary
diagram) to obtain information relating to their equilibrium state for
given temperatures. Both diagrams distinguish the samples according
the previously mentioned As concentration classes in which they fall
to obtain insights in geological controls in order to explain their As
content. Fig. 9A and B show the plots of C1-SO,-HCO; and Giggen-
bach diagrams. These two plots combine data points of all respective
As ranges, respectively. However, the data plotted for each As clas
individually are included in the supplementary material (Fig. SM9
and B, respectively). In addition, in Fig. SM9A, the sampling si
are numbered according to Table SM1.

5.2.1. The deep geothermal reservoirs as a principal arsenic sou
Most of the well known, and all high-enthalpy geot
voirs of Latin America are found at several kilometers g
tive volcanic systems along the Pacific coast between soO
and northern Mexico and within the Trans-Mexicaa

6.7mg/L) is found in northwestern Mexico. In co
volcanic areas, this site has been interpreted as @
drothermal regime that has developed in a
zone (Birkle et al., 2016). An exception is
imentary geothermal reservoir of Cerro P
which is the only known high enthalpy
to a plutonic intrusion, rather than magmati
ceptions, water samples collected
hermal reservoirs where wells
reservoirs contain typically mature
ter type. The exceptions of t
reservoirs where degassing o 1 gases have produced acid
Na-Cl waters as they are found in or of the Miravalles geother-
mal field, Costa Rica (pH2.0-3.3. Reservoir waters have generally
high salinity (TDS: 4000-40,000 mg/L), are high in Si (200-500 mg/
L) and have a high CI” /SO427rat10 (>10). An exception to these 1s LOS
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ed number of geot-
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al waters of Na-Cl wa-
ed areas within geothermal
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content (mean: 331 mg/L) similar 10 the other studied geotner-

mal reservoirs. Fluid from this reservoir varies significantly from
those of other evaluated geothermal reservoirs which can been ex-
plained in terms of different host rocks. With the exception of the Los
Humeros, all geothermal reservoir waters plot into theC1™ corner of

ion diagram (Fig. 9A). These waters are of (or close
rium with the reservoir host rock as shown in
gram (Fig. 9B). All reservoir waters have geng
tration ranging from several to several 10s of
amples of these are (in decreasing order o

i Mex1c0 (As:
shand Rincon de la
ively), Berlin, El
As: 48mg/L) Momo-

73.6, 29.5 and 6.7mg/L, respectively),
Vieja in Costa Rica (As: 25.4 and 10.0
Salvador (As: 11.7mg/L), Zunil,
tombo, Nicaragua (As: 2.09 mg/
tion of geothermal reservoir fluig

servoir is heated from below by an in-
gma body. Due to the sedimentary charac-
| reservoir and respective lower availability

nd) and the Chile, e.g. El Tatio well (As: 26.4mg/L),
.2 and 4.5.1.3, respectively).

.2.24High and low-As geothermal Na— ClI reservoir fluids of varied
is
he geothermal waters described in Section 5.2.1 can rise up (e.g.

ong tectonic faults and fractures) from the deep geothermal reser-
voir and emerge as thermal springs at the earth surface. If the ascent
is fast without significant loss of heat (or there is only limited heat
loss by conduction) as well as if reactions with the rocks or gases
along the pathway can be neglected, their chemical composition will
remain un-altered. In short, their chemical composition corresponds
to those in the deep geothermal reservoir. Thermal waters migrate lat-
erally and discharge at significant distance from the geothermal field
or volcanic center. They can be considered as practically pure reser-
voir water if they are of neutral Na-Cl type, are high in Si and As,
and have a C17/SO,” ratio>1. In the ternary main anion diagram
(Fig. 9A), most waters with As >10mg/L fall in the “mature waters”
field or close to the CI™ vertex. Waters with As concentrations of 1—
10mg/L are also concentrated in the field of “mature waters” and
close to the CI” vertex but there are some with higher SO,*~ and
HCO;  content which fall still into the CI™ area (i.e. CI >50%) but
farther away from the Cl™ vertex. All the aforementioned geothermal
springs, where mature Na-Cl water with these properties emerges,
have the same As concentration as the geothermal reservoir. This can
be demonstrated in the sites where geothermal reservoir water as well
as water from geothermal Na-Cl springs could be sampled and com-
pared. This was for example the case at Rincon de La Vieja in Costa

Rica where similar As contents in geothermal reservoir waters (7.8—
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eas without access to the geothermal reservoir itself, at sites with
thermal springs with mature (or close to) Na-Cl water, it can be ar-
gued that their As concentrations correspond to those of the geother-
mal reservoir. This assumption is further reinforced if a correlation
between As and a suite of elements/ions is found which are typical
for geothermal reservoirs (e.g. B and Li). However, these types of ge-
othermal waters are exceptions to emerge at the earth's surface. So,
from the 319 listed springs from volcanic zones in Latin America,
only 12 correspond to such types with highly saline mature Na-Cl
waters (where the respective main anion concentrations are avail-
able), high As content (>1 mg/L) and the other mentioned characteris-
tics. Latin America's geothermal springs with the highest As contents
belong to this group of 12 thermal springs. Two of them discharge
water with >10mg/L (El Tatio, Chile: 26.4mg/L and Puchuldiza in
Chile: 12.09mg/L). Capur spring, Chile plots very close to the “ma-
ture water” field and contains 38.0 mg/L of As, as well as the Ullucan
spring, Peru with As concentration of 28.1mg/L and the Araro
spring, Michoacan, Mexico with 63.0mg/L of As. This group also in-
cludes the springs Salitral las Lilas 1 and 2 from Rincén de La Vieja,
Costa Rica (As: 10.9 and 10.6 mg/L, respectively) (Hammarlund and
Pifones, 2009).

Most of the geothermal fluids undergo physicochemical changes
(e.g. loss of heat and pressure and related elemental fractionation,
steam loss together with rock-water interactions) along their pathway
during their ascent to the surface. This results in different water types
discharging at or found in the area near the surface. In the Giggen-
bach diagram (Fig. 9B), water of mixtures of geothermal water (fully
equilibrated) and local groundwater fall in the field of “partially equi-
librated” which also includes mixed waters. Mixing Na-Cl waters
from the deep geothermal reservoir with HCO;™ type waters of shal-
low aquifers is very common, much more frequent than high-As Na-
Cl springs. These mixed waters are labelled in the main anion ternary
diagram as peripheral waters (see Section 5.2.4). However, as the an-
ion triangle illustrates, there is another — in respect to As clearly dis-
tinct — group of Na-ClI waters falling in the “mature water” field (Fig.
9A). With the exception of the As content they do not differ from th
previous high-As water group (>1mg/L). They have high TDS an
do not differ in main, minor and trace element concentrations
physicochemical parameters, as far as the limited data availab
cate. However, their As contents is by two orders of magnitud

tinguished cluster in the Giggenbach diagram. All samples a’ll i

trast, the other samples in this low-As range (<0.05mg
field of “immature”, most of them close to the Mg ye

geothermal reservoirs have high As concentratios
L, it is unlikely that low-As waters are derived

7 of all sites)
(7), Chile (3)

-heated shallow wa-
i.e. other Na* and

plain the low As contents: conductively or
ters in contact with halite-rich/co
CI sources not from the geother

geothermal reservoirs, the
d by dissolution from host
rocks, it seems unlikely that As co in host rocks differs greatly,
resulting in the low concentrations observed in this geothermal water
group.

5.2.3. Mixing of volcanic gases with surface-close waters (volcanic
waters)

The degassing of the active magmatic-hydrothe
leases volcanic gases (CO,, SO,, H,S, HF, HCI,
volatiles, such as As tend to be partitioned from mag;
gases which can be transported through the hydro
However, in Latin America (and globally) very li

€sc gases can con-
s or other geother-
>Cl1, such as
and Copahue vol-

mal manifestations (e.g. fumaroles)
Popocatepetl (Mexico) and Caviahue

surface water bodies
¢). Thereby they can alter their
in H", SO,>, CI', F, Br
ical changes depends on the de-
species) of the gases released and
the type of the receiving freshwatégbody. Resulted waters are mostly
acidic (pH: 0—4). Thisgdow pH value can increase water-rock interac-

0 other volcanic materials leading to an
As into the water. The sites and
ype of waters are separately listed in
on triangle, these waters fall in the field of
the SO,* vertex and the 50% CI  isoline

. 9A and SM9A. With regard to the As contents, two
r groups can be distinguished. From the 38 sites (here
ling points of Azufral Lake are combined and counted as
e site), 22 have waters exceeding 0.34mg/L with a maximum of
(Group 1). The rest of the sites with acid volcanic waters
As concentrations of more than an order of magnitude lower
ranging from 0.04 down to <0.001 mg/L (Group 2). In active volcanic
kes (with water of meteoric origin) which have no outflow (except
in some cases, where they discharge acid waters into rivers or creeks,
the solutes can be accumulated (degassing from the water and evapo-
ration is their only sink). In Latin America, evaluated acid crater
lakes have high As concentrations (0.34-3.90mg/L; Group 2) and
very low pH values of <1.1. Due to the highly variable gas dynamics
values of As vary considerably in time. Examples are the crater lakes
of the Poas volcano in Costa Rica (As: varies from 0.84 to 3.9mg/L
with increasing temperature from 27 to 55°C), and the Copahue vol-
cano, Argentina (As: 0.87mg/L, T: 29°C). Some of these acidic
crater lakes discharge rivers or creeks with acid water and — depend-
ing on the mixture ratio with other water bodies — can significantly
impact water quality on long distances along their courses. For exam-
ple, the Rio Agrio which originates from the Copahue volcano crater
lake, 2.86 mg/L of As and afterwards discharges into Caviahue Lake,
which has other river inlets and therefore As concentration is reduced
to 0.58 mg/L). The high sulfate contents of the river and the lake can
be attributed to sulfuric acid generated by the uptake of sulfurous
gases in the crater lake of Copahue volcano (Pedrozo et al., 2001). At
other volcanoes, water from crater lakes filtrates through the flanks of
the volcano and emerges as springs with acidic water and high As
concentrations (e.g. the Poas volcano, Costa Rica with As values of
3.9mg/L; the Copahue volcano, Argentina with As of up to 4.5mg/
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are highly variable depending on their flow dynamics. In surface wa-
ter bodies with naturally very low salinity, a low amount of condens-
ing volcanic gases is enough to significantly impact its water. This
can be shown by the acidic Lake of Azufral (pH: 2.2) and the Rivers
Rio Lagunillas (pH: 3.6) and Rio Azufrado (pH: 3.4) in Colombia
(Table SM3). Here, however, the component of volcanic gases is not
high enough (or do not contain sufficient volatile As) to increase As
contents which are <0.001 mg/L. The same applies for some of the
acidic geothermal springs (Table SM3).

5.2.4. Mixing of deep geothermal waters with surface close waters
and formation of peripheral HCO;~ waters

There is a group of bicarbonate waters (HCO; >50%) with very
low SO427 content (<10%) and variable Cl ™ content of 0 to 50% (Fig.
9A). These waters correspond to peripheral waters in the anion trian-
gle diagram which are most likely to be cold HCO; -rich groundwa-
ter containing a small component of Na-Cl water from the deep geot-
hermal reservoir which explains the elevated CI" and As content of
up to 0.1 mg/L of As. There are 2 samples which also fall into the
field of “peripheral water” but have higher As contents than previ-
ously mentioned waters. These are: the Nono spring at Pichincha vol-
cano (As: 3.95mg/L) and the Aguas Caliente river at Atacazo vol-
cano (As: 0.99 mg/L) both in Ecuador.

5.2.5. Steam-heated and purely conductively heated shallow
groundwater

Bicarbonate waters from shallow aquifers tend to be heated
through a deep heat source (geothermal reservoir) via S-rich steam or
purely conductive heat transport which heats up ‘cold’ local ground-
water (i.e., no transport of geothermal water from depth). In the anion
triangle, these waters fall in the “steam-heated” field (Fig. 9A). This
may result in local groundwater temperature anomalies or geothermal
springs. Two mechanisms can be distinguished. The first is that the
steam condenses locally at shallow depth and can form hot condens
tion layers which can heat up overlying aquifers by pure conductio
(if there is no hydraulic connection to the overlying shallow aquife
The chemistry of such conductively generated geothermal watg
responds to the chemistry of the water from the heated aquife
ever, the increased temperature can result in increased rock
actions and respective increased concentrations of chemi
including As. The second case is where a hydraulic conn
so the condensed steam can mix with the shallow ground
up and directly alter its chemistry, including add

the SO,* ver-
lly SO, water
(in SO,* and
ing area in between
al waters (mostly
ss fall in the steam-heated
er, with increasing As
ing up to 30% in waters of

types. This explains the observed
HCO;") of these steam-heated waters oc
SO,* and HCO; apexes. Most
from springs) within the As<0.0
field limited by the 10% CI isoli
content, the contents of C1 i
the 4 lowermost As concentr up to 0.5mg/L (Fig. 9A,
SM9A). This higher CI” content m explained by the presence of
a small component of water from the deep geothermal reservoir or by
water-rock interactions between the thermal spring water and the sur-
rounding volcanic rocks or precipitates wh1ch also may be responsi-
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5.2.6. Arsenic mobilization through ash-producing volcanic eruptions

Arsenic emissions through volcanic gases have already been ad-
dressed in Section 5.2.3 in context with the genesis of “volcanic wa-
ters”. In the present section we discuss the transport gf' As together
with volcanic ash. Thereby two potential transport
to be distinguished: (i) volatile As species are conde
on the volcanic ash particles as it is typical for hyd

eas in Latin America (Alarcon-Herrera g
2015; Reyes-Gomez et al., 2013) i
Nicaragua and Chile. Present and past 4
ity can distribute As to areas close togthe
thousands of kilometers away w!
(corresponding to long-term vo

, Morales et al.,
exico, Argentina,
g volcanic activ-
ite or hundreds or

ons of years and mixed with local sediments
million km?. An example for volcanic ash

deposited.
. Impact\of arsenic on environmental health

America, numerous sites with geothermal water and vol-
ic emissions have been outlined and characterized as result of the
review. There are different pathways through which these As
es, i.e. geothermal water and volcanic emissions can contami-
near-surface environments and freshwater resources vital for
drinking and irrigation. The principal pathways of which the first two
are the most important ones when considering Latin America as
whole are:

e By deep As-rich geothermal fluids (with several or several 10s mg/
L of As) ascending through faults or fractures mixing with and
contaminating freshwater resources (groundwater and surface wa-
ter) which are used for drinking and irrigation of agricultural areas;

e Ash emitted by volcanoes and deposited close or far from the re-
spective volcano site and subsequent mobilization into water, espe-
cially into groundwater;

5.3.1. Geothermal fluids contaminating freshwater sources

5.3.1.1. Surface water

Geothermal discharges of As-rich water into surface water bodies
have been reported in several places across Latin America. Most eas-
ily, they can be detected where water emerging from geothermal
springs discharges into creeks, rivers and lakes. There are several ex-
amples, in particular in the volcanic areas of Latin America including
Papallacta Lake (Ecuador; Section 4.2.4) where As from geothermal
springs (As: 0.7-3.2mg/L; Section 4.2.4) discharges first into the

Tambo river (As: 2.7-5.7mg/L) which then flows into Papallacta
Talke (Ac: 01270 AT ma/l N\ Thic water ic an imnartant drinkino wa_
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ter resource for the region with an As contaminant level above the
WHO guideline limit of 0.01 mg/L and required mitigation methods.
Sediments of river lake are further adversely impacted by the As
from the geothermal springs Loa river (northern Chile, Section
4.1.5.3) and its sediments is impacted by geothermal waters discharg-
ing from the Tatio geyser field, with As concentrations exceeding
20mg/L in thermal discharges being the principal As source which
severely increases — together with other natural As sources in the
river's recharge area - the As concentration of river water and sedi-
ments. Loa river is the main surface water resource or the region and
also supplies the regional capital of Antofagasta at the Pacific coast
(Alsina et al., 2014; Lopez et al., 2012; Muioz-Saéz et al., 2015;
Romero et al., 2003) and had required installation of drinking water
treatment plants. The environmental impact of As-rich sediments
through Loa river into the Pacific Ocean is a further environmental
concern. When the geothermal water is discharged directly in the un-
derground into the surface water body, the process often remains un-
recognized and only few examples have been described.

5.3.1.2. Groundwater

In several regions of Latin America, geothermal water with high
As concentrations discharges into freshwater aquifers used for drink-
ing water supply and/or irrigation have been identified or found most
likely to be the reason for elevated As concentrations observed in the
respective groundwater bodies. Since there are no surface manifesta-
tions, this process is difficult to recognize and in most cases it is
overseen or misinterpreted. Some examples where the process has
been recognized are in: Los Altos de Jalisco area (western Mexico)
(As: 0.015-0.102mg/L; Section: 2.1.2), where groundwater contain-
ing a geothermal component (as indicated by elevated temperatures)
is predominantly used for irrigation (Hurtado-Jiménez and Gardea-
Torresdey, 2006). In 34% of the sample, exceed the national drinking
water limit for As (0.025mg/L) and 92% exceeded the WHO guide-
line value (0.010mg/L). Another example is the vicinity of the San
Salvador and San Miguel volcanoes (El Salvador, Fig. 3; Section
3.2.1), where wells used for drinking water supply including those o
large cities as the capital San Salvador and San Miguel, partly conta;
As in concentrations exceeding the 0.010mg/L limit, which can
explained by As inputs from the magmatic system of these volc

drinking purposes (Longley, 2010) is another example.

5.3.2. Volcanic ash emissions contaminating freshwater
As described in Section 5.2.6, volcanic ash due togas

close to the eruption site but also hundreds or tho
far away. After the deposition of the ash from tf

phous) itself can adversely impact drinking
tive water supplies (predominantly ground
soils and crops. This can be expected
several regions in Latin America. However,
be researched in detail from the C
where millions of people are affe

ant process in
issue so far has only
plain in Argentina
1li et al., 2012; Bundschuh
the Andean volcanism
rs and distributed within
1 million km?. By dissolu-
tion of the volcanic glass under ctive favorable geochemical
conditions, mobilization of As from volcanic glass and/or secondary
formed As oxyhydroxides of Fe and Mn into groundwater exposes
millions of people to As (Section 4.6.4). However, it does not require
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ment but are generally limited in space and duration of impact. Nor-
mally their impacts are of short duration. For example, during the Co-
pahue volcano eruption (year 2002), volcanic ash (As: 0.18-113 mg/
kg) accumulated in the Rio Agrio watershed, sout Argentina,

contaminated the Caviahue Lake (used for drinki
and neighboring areas (see Section 5.2.3). The i impa
event showcases the magnitude of impact cons'

known) As inputs in groundwater system in othe
gions and countries.

6. Future needs

and volcanic activities in
g as well as unpublished data
depth of the existing infor-
ion and transformation of As over
ical and biological systems in this
or a proper evaluation of its ad-

g directly and indirectly through drinking
spas with bathing pools as well as food
evelopment of geographical maps based on
statistical, social, and economical informa-

ation purposes have been reported in a few sites of this

at identification of more affected water resources is of
portant to minimize the human exposure to high amounts

. The dilution is the main mitigation strategy that has been

idel§y practiced to reduce the concentration of As in drinking and ir-
igafion water in this region. However, this approach is unacceptable

and not strong enough for reaching the demands of higher population.

erefore, the application of sustainable As mitigation strategies such

as, large scale water purification systems, rain water harvesting sys-
tems, constructed wet lands, and safe drinking water tube wells

would be more reliable to provide As-free drinking water for the pop-
ulation of this region. Furthermore, future research needs to be more

inclined towards developing modern analytical instruments for the

analysis of complexed As species including thio-As as well as other
co-existing toxic metalloids (Se, Sb, etc.) present in geothermal flu-
ids, volcanic emissions and affected aquifer sediments. Overall, the

contents of this review would make a scientific sound to draw atten-
tion of local and international political communities which will pave

the way to preserve the social and economical values of Latin Ameri-
can countries in near future.

7. Conclusion

This review paper critically deliberates the geochemical aspects of
As in different geological and tectonic settings in Latin America in
order to provide a rational assessment of what is existing and what
needs to be done in future research. A large-scale As contamination
of ground- and surface-water in these regions has placed this metal-
loid into the focus of public and scientific attention during the present
decade. Hence, this study evaluated 15 countries in Latin America in-
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tonism (1 country) and geothermal systems not related to volcanism
(4 countries). Geothermal waters with the highest As levels were
found to be of Na-Cl type. In these waters, the concentrations of geot-
hermal As positively correlate with high concentrations of other toxic
contaminants such as Fe, Mn, Pb, Zn, Cd. Although the presence of
As in geothermal fluids and volcanic emissions is a well-known fact,
its wide geographical appearance and potential environmental im-
pacts are often neglected or underestimated. Environmental impacts
of the contamination of freshwater sources by As-rich geothermal
fluids and their mixing, e.g. with shallow groundwater have only
been investigated in a few areas, including Jalisco in Mexico and the
Managua area in Nicaragua. However, this process exists possibly in
many other sites. In overall conclusion, holistic assessments of As
derived from geothermal fluids and volcanic emissions are crucial in
order to define and execute As mitigation strategies which will lead
to the supply of As-safe drinking and irrigating water for the popula-
tion of Latin America.
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