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centrations of As in gro

Geothermal fluids and volcdn

originating ﬁ-um geoth rm -.

re important sources of arsenic (As), resulting in elevated con-
ace-water and soil, which may adversely affect the environment. Arsenic
and volcanic activities are common in Latin America forming a serious
5 of people. This review attempts to provide a critical overview of geo-

chemistry of As origil niliese sources in Latin America to understand what information exists and

Editor: Prosun Bhattacharya what needs to be e research. This study evaluated 15 countries in Latin America. In total, 423
sites were charactgs AS originating from geothermal sources, mostly related to present volcanic ac-

Keywords: g/L, mean: 36.5mg/L) and the transboundary Guarani Ac_;uifcr System
Geachexats ry ‘migan: 0.06 mgfL)._Many_ of the geothermal systems and volcanoes dlSGl:ISSEd in this
Geothermal systems populated cities, including Bogota, Managua, San José, Guatemala City and Mex-
Violosnie minissings oncentrations in natural ground- and surface- water exceeded the safe drinking wa-
Geogenic contaminants 0 OlmgfL, recommended by the World Health Orga.mzatlon (WHO} However, wide geo-
Environmental impacts of As in geothermal fluids and volcanic emissions of this region is by far not fully un-
Water resources development of geographical maps based on geographic information system (GIS) is an ur-
o understand the real nature of the problem. Studies on environmental risks assessment and
afhealth impacts are scarce or missing, hence, such existing gaps need to be addressed by fu-
sl The present holistic assessment of As originating from geothermal features and volcanic emis-

with its geochemistry, mobility and distribution would be a vital driving force to formulate a plan

for establishing 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
and volcanic emissions. The concentrations of As and other elements
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
gases tend to be discharged from magma chambers to the earth's sur-
face. Along this ascent, As undergoes several geochemical processes,

Arsenic (As) originating fro
emissions can have a great impact o

al fluids and volcanic
jacent aquifers, surface wa-
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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 1000km from

the Pacific coast in central Mexico to the Atlantic coast in southemn

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 7200 km 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 concen
tions range from 1.74 1o 73.6 mg/L (means for the individual fiel
2.09-26.0mg/L) (Ldpez et al., 2012). From South America As date
have been published in international journals, e.g. from El Tatio@yser
field with up to 50mg/L (Chile) (Ellis and Mahon, 1977), Goj

pecially if they are of small-scale; not considering
components within larger scale tectonic settings, thes
cant example described is Cerro Prieto, Mexico, wih
tions in geothermal waters vary widely (0.32-5.18;
al., 2014). Few As concentranon data are avaﬂab e fr

the WHO guideline value for As in drinki
(LAVALIN, 2008). | N
In geothermal systems related to attiye vol
tioning pathway between the volcamc ﬂul
not fully understood in Latin Ameriga"and’globally which is due to
lack of data regarding the occurgence ‘0fpAs in the melt and gaseous
phases (Lopez et al., 2012). It is generally agree
into meteoric waters from oit, rocks in such geothermal
h¥previous findings of laboratory exper-
iments reported by Ellis and Mahon®{@964, 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

.

gism, the As-parti-

T S R A e . L

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-
sociated with confirmed magma chambers (Batini
Bernard et al., 2011; Cortecci et al., 2005; Morte
Morteani et al., 2011). However, evidence of such
the source of As is still lacking (Guo et al., 2019),

content, but no data exist fmm Latin
2019; Herath et a]., 2{)18; Maher et a

ments.

Hemistry in Latin America. The chemical
ers and mixing zone of ground- and sur-

w de onstrate the progress of the studies on As in
igially during the last 10years, which would help

aintained by universities, env:ronmental orgamzatlons
gical survey organizations. This study includes 15 countries
mAmerica with high and low enthalpy geothermal sites related
ast and present active volcanism.

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 10 years 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 wn.h dlstmct ennc}nnent mechanisms

~ a1 Fo an_- "
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Fig. 2. Localities with arsenic presence related to geothermal and volcanic sources (red spots) in

Bautista Lond6, Baja California Sur, 14. Volcin de Colima, Colima (gas condensates), 15. Pop

Central Chihuahua, Chihuahua, 18. Independencia basin, Guanajuato, 19. Villa de Reye
reader is referred to the web version of this article.)

canic Belt, while up to 2mg/L were measured in petroleum re
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,
Azufres in Michoacan State. The latter two are located wi
Transmexican Volcanic Belt, and have reported the As p#

to their speciﬁc sources. The menﬁoned review by

bility in sedimentary type reservoirs, while tempera
250°C were found to pmwde favorable condm ons foRAs

cal characteristics of 1heae main geothermala
by Lopez et al. (2012). In this paper, presencg,
matic fluids input was not identif'ed as ‘afijessential’s
8 concentrations were
, and the highest in the
H igh As contents have also
e volcanic caldera of
ienta and Segovia, 2008).
Armienta et al. (2014) also rep 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

o: 1, Cerro Prieto, Baja California Norte, 2. Las Tres Virgenes, Baja Califor-
itzeo del Porvenir, Michoacdn, 8. Ixtapan de la Sal-Tonatico, Estado
Jalisco, 12, Bahia de Concepcitn, Baja California Sur, 13. San Juan
la and Morelos (crater lake), 16. El Chichén, 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 Arar6 hot
springs region in the northern Michoacén 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 (Alarcon-Herrera et al.,
2013). At Cuitzeo lake basin in Michoacdn State, As concentrations
(0.001 to 3.8 mg/L) were determined by HGAAS in thermal springs
and drinking water wells (P4ez-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, T an,Mﬁ, San Miguel, Conchagua, El Tigre), lakes (Coatepeque,
INopango, Olomega) and hydrothermal systems (Ahuachapdn and Berlin) of El Salvador. The level entration in water supply wells is shown in orange circles (mg/L).
(Courtesy of the Administracién Nacional de Acueductos y Alcantarillados de El Salvador - AND.
sured by HGAAS) were lower than those of IxS-T with up to same bay. Analyses were done by ICP-MS on the samples col-
0.046 mg/L in thermal wells. | using the displacement method. Sequential extraction of sedi-

ed near the discharge areas showed that As was adsorbed
ic oxyhydroxides. In addition, X-ray elemental maps of rocks
d adsorption of arsenate on calcite surfaces. Wurl et al.
) indicated the presence of high As contents in geothermal in-
ced groundwater in the San Juan Bautista Londé 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.

Although As presence in groundwater at the San Antonio-El Tri-
unfo mining district in Baja California Sur State has been linked wi
mining activities (Carrillo-Chavez et al., 2000), the geothermal wa
in the area may be another source of As. However, hydrogeochemiea
results showing As concentrations <0.008 mg/L in alkaline gg
mal waters with high concentrations of B and F~ led Wur
(2014) to conclude that hydrothermal fluids do not have a si
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 standardg((
and 23 wells had a mean temperature higher than
tent was explained by a geothermal component in

2.1.3. Arsenic in active volcanoes

0°C Arsenic concentrations have been measured in a few water and
e groundwater. gas samples from the currently most active volcanoes in Mexico
ntertidal hot spring (Colima and Popocatépetl), and from the crater lake of El Chichén,
ral“Gulf of Cali-  the volcano producing the most devastating eruption of the 20th cen-
oncentrations 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 Chichén crater
strong decrease was observed in the man, 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
ence of shallow hydrothermal Chichén lake water suggested a volatile input (Taran et al., 2008);
along the north-west coast of B however, since no strong enrichment was detected, Rouwet et al.
tions were 60mg/kg in the hydroth vents and 3.7mg/kg in sur-  (2009a) indicated the absence of a near-surface high temperature de-
er, principal component  gassing magma batch. Volcanic gas condensates from Colima vol-
statistical analysis confirmed the ce of hydrothermal input in cano had 0.53mg/L As (Lépez et al., 2012). Arsenic was also mea-
the sediments of the area close to the vents. Villanueva-Estrada et al. sured using HGAAS in the crater lake of Popocatépetl volcano
(2013) reported up to 0.78 mg/L of As in diffuse submarine vents and (1.20mg/L) that was present until 1994, before its disappearance due
in hydrothermal fluids at the intertidal zone (up to 0.36mg/L) of  to the commencement of its ongoing eruption in December that year.

fornia, was studied by Leal-Acosta et al. (
up to 111 mg/kg As (analyzed by HGAAS)
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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, conglo

Herrera et al., 2013). In centrai Chihuahua, rhyolites e
As (measured by ICP-MS) were found as a source of releasing’
the alluvial aquifer system (Reyes-Gomez et al., 2013). Hydrol
isotopic and hydrochemical techniques applied to thesst
dependencia aquifer in Guanajuato State enabled

sources and enrichment mechanisms of the groundwate

Dissolution of rhyolites-ignimbrites in th Al

nearly 35,000years increased the con ations As (up to
0.12mg/L) and fluoride (up to 16 mg/L) in'the groundwater. In addi-
tion, intense pumping has transported the deep ther-

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

olcano-sedimentary
is Potosi State. Arsenic con-
inking water guideline
pngruent dissolution of vol-

i DA 'ble trace elements during
magmatic differentiation is the pritiary 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).

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

semi-arid characteristics of the country along with the popu-
increase, social, economic and political causes have led to the
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-
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Province (E43-E44 Chachimbiro); Cotopaxi Province (E46-E48 Cotopaxi volcano); Pichicncha Province (E22 Pichincha volcano, ES0-ES1 A ). (B) Diagram with arsenic con-
centrations vs. relative proportion of chloride for the geothermal systems mentioned in (A).

-71.00 -70.00

-72.00

Fig. 6. Geological map and location of the geothermal systems in southern Peru, Sabancaya (.

(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 ang
2.0mg/kg (Goff et al., 1989). Other studies that have reported AS
concentration of about 0.015mg/L are from the public water sy
system (groundwater) of the municipality of Mixco (29km wes
Guatemala City), the origin of which is natural due to leachis
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 I and II (3542n

These geothermal systems are located in weste
cent to the active volcanic centers of Santa Maria
mado, inside a highly tectonic area, called the
fault zone strikes NE-SW and is cut by a g
ented fault system (Bennati et al.,, 2011;
2000). Samala River flows through the are

ther side by the Zunil fault zone (Bennatiyet a 1). This tectoni-
cally complex zone is parallel and close to theeastern border of Xela
caldera. Two regions of intense hydfoth ity, Zunil 1 and I,

et al., 1990). The geot-
ary and Tertiary volcanic
amorphic rocks (Adams et

are associated with these fault s

rocks underlain by older igng -
al., 1991; Foley et al., 1990). c and chloride waters are spatially
confined to springs, wells and streams”of the Zunil and Zunil-1T 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 70.00
L 4

region), Ubinas, Huaynapatina, Ticsani (Moquegua region) and Yucamane

(Table SM1). From the geothermometry of the neutral chloride type

, the temperature of subsurface fluids near the confluence
Samala and neighboring rivers is about 210°C, while the gas geot-
netry in fumarolic gases (Azufrales and Fuente Georginas) re-

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, pH5.7; 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 Tacand geothermal system

The Tacani geothermal system is situated on the northwestern
comer of the Central American Volcanic Arc at the Mexico and
Guatemala border. It is associated with the Tacand 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.1.), and bubbling degassing thermal springs near its
base (1000-2000ma.s.l.) (Rouwet et al., 2015). TDS values vary be-
tween 1400 and >2750 mg/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
etal., 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 @ o
noes, fumaroles and thermal springs (Armienta et al., 2008).“Ehis
high thermal activity is the result of the geological setting'of A
vador with the boundary between the Cocos and Caribbean plates
running parallel to the southern coast of the country and “the b
between the North American and Caribbean plates falling
Salvador's border with Guatemala (Motagua fault
vador, the active volcanic chain runs east to west @
numerous volcanoes, some of which have recentie
Ana, Tzalco, San Salvador and San Miguel yolea
centrations are detected in surface water and
al., 2004a, 2009) which is due to the
the volcanoes (e.g., Ahuachapén and Béglin

the magmatic gases from the activegandsdormas
corporate As to the groundwat
The highly faulted terrane can c !
throughout faults and contacts to the ¢ or to the hydrothermal

is is evident in the differ-

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", §0,%", CO, and CI (e.g. Taran et al., 1998) ThlS compo-

sition is the result of the interaction between magmétic syste

the groundwater environment. El Salvador has many g

tems that discharge fluids to the surface and atmosp

(ii) thermal springs located at the SW shofe ofi
are related to Coatepeque caldera; (jii)/t
associated with San Salvador volcano; 'h
Ilopango lake that are produced byshe

arbonate springs

form the largest bodies of resh
lems with the water supply systemig,i
sure in trying to make that \

geothermal fields are being exploited for
I'hef'geothermal energy company (LaGeo)
ymposition of the geothermal waters, includ-
2008) and Lopez et al. (2012) reported that
nal field waters contain As at concentrations in
121 mgfL, while for Berlin geothermal field, As

Ahuachapén afid
electricity genera
monitors the £h

ver of different lakes have volcanic mput and present hlgh

once ions of As: the waters of lake Coatepeque have concentra-
s'fanging 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.,

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. Yolcanic 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 differstihg
diagrams, all the As groups have been included. For mofe
are individually provided for each As class.

with low As concentrations to COl th the national As standard
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

2 fluids) of Latin America compiled in Table SM1 (not including the Guarani Aquifer System). Data have been
pefi) ternary main ion diagram (Cl-S04-HCO3) dia-gram and (B) according to the Giggenbach (1991) diagram. In these
arity and further providing the site numbers (in A), in the support-ing material (Figures SM1 and SM2), respective plots

San Salvador and to San Miguel volcanoes, two of the most active
volcanoes in the region. The four volcanoes that erupted during the
last 112years 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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Fig. 1. Simplified location map of Latin America, showing the countries included in
this paper and respective sections therein: North America: Mexico (2); Central Amer-
ica (3); South America (4): Colombia (4.1), Ecuador (4.2), Peru (4.3), Bolivia (4.4),
Chile (4.5), Argentina (4.6), Guarani Aquifer (4.7). The digital elevation model of the
world PLIA3388 (http://photojournal. jpl.nasa.gov) is courtesy of NASA/JPL-Caltech.

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 well
also has the highest temperature (66 °C) of all the wells reported with
high concentration of As, which suggests mixing of groundwater y
geothermal water containing As.

The location of water supply wells containing As suggesis,
high concentrations of As are observed in the hydrothermal wate:
El Salvador (e.g. Ahuachapan and Berlin geothermal fields
as in lower temperature waters of shallower aquifers 10
canic rocks at two of the most active volcanoes in the cou
Miguel and San Salvador volcanoes). ;

For the two geothermal systems being exploife
(Ahuachapéin and Berlin), the hot waste waters, afte
of the electrical energy, are injected back into
drothermal aquifer. Water injection sites are
can help to maintain the pressure, have a
perature, and decrease the environmental i
water and surface water systems. However,
geothermal fluids (e.g. from fumaroles and otis
concentrations and can contamina '
groundwater. It is expected that Ki :
iron hydroxide) in the river sedimen ameliorate and immobilize
As through sorption and reduce the As’Gontent in the water (Herbel
and Fendorf, 2006). However, xtent of the As contamination of
streams in El Salvador by hydro As has not yet been evalu-
ated.

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

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

mud pots, steﬂ.mmg gmund boiling sp
western and southern part of Honduras
to deep circulation of meteoric wat
al., 1991). The concentration of AS
hot spring sites (Platanares,
vana, 0.11 mg/L; San Ignacig
L; El Olivar <0.05mg/L)
othermal development d
global oil crisis (Goff et al.,
tigations indicates thatthe
sociated with s1hc'

Azacuaipa, 0.07mg/L; Pa-
0.05 mgll; Sambo Creck, <0.05mg/
emperatme were measured for ge-
'f late 1980s in response to the first
6)nGeologic evidence in these inves-

ism, which is abundant along the Central
ggl et al., 2006). Rather water circulates
ated conducﬁvely, and rises connectively
es. Despite negative exploration results for
mgeothermal resources for electricity genera-

ie Platanares geothermal system (700 to 1300ma.s.1.) is located
eloge to Santa Rosa de Copan, Western Honduras. It lies within a
raben that is complexly faulted and limited on the north by a high-
and 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,
0.33 mg/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
of 270°C and a mean of COz2 flux of 17 g/m*day, probably because of
the dominant silicate nature of the deeper reservoir.

3.3.2. Azacualpa geothermal system

Py T T ¥}
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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 (Z(fiiga 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
southern slope of the Momotombo volcano (Fig. SM4; Porras Cruz
2012). This field is characterized mainly by three fault system§
ning NW-SE, NE-SW and N-8, allowing the circulation of fluids if
the hydrothermal system (Porras et al., 2007; Porras Cruz, 20]2 the

centrations of 2.09mg/L (T: 79.7°C, pH8.3) anl TI
about 4932.3 mg/L (for three sites) in the Na-Cl wa
the Momotombo geothermal plant. The effect of actiye

high concen-
as As, B, Fe
et al., 2008).

geothermal Na-Cl brines, explain the high
tration of environmentally-relevant trace e
and Mn in the Momotombo geothermalysi
However, the release of As and other contarming ats (e.g. Ni, Cu) from
volcanic rocks into geothermal fluid§iogeurspredominantly along ac-
tive plate boundaries (Bundsch kash Maity, 2015; Parello et
al., 2008). '

3.4.2. Momotombo volcano
Managua region

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

1 Lo LS W - o~ 1 .

of the volcano, following hydrothermally active, NW-trending frac-
tures (Wohletz, 1992). Total As concentration in the fumarole con-
centrates is about 0.79 mg/L (T: 472-776°C) for 3 fumaroles (Table
SM1), with emission rates of As of about 150g/d ( '_-1- 2006)
Metals emission fluxes at the Momotombo volcand a
compared with the Masaya volcano, which has emissiong
Zn, Tl, Rb and Cd each in excess of 10kg/d (Mani
Wardell et al., 2004). According to Garofalo £
gases (containing e.g. As, Tl, Bi, Se, Mo, Sb, Hg,
are most likely to be of magmatic origin at 1.he Aon

00 s) collected a

Near to the Momotombo volcano, Pargll
few acidic samples (between Mt. Galas d the Asososca
Ledn volcano) with an As average of 0 (T: 45°C, pH6.6,

TDS 1184 mg/L for 4 samples) and _-_;_-

geper/longer circulation paths.
_peninsula, near Xilod lake),
Parello et al. (2008) found Agcongentratipns of 0.123mg/L (T: 47°C,
pH6.6, Eh 220 mV TDS 4932 mg/L for 4 samples) and composition
id{samples extracted from the Momo-
Bdominated groundwaters. The tem-
ilod lake shore are around 51°C,
under strongly reducing conditions
he interaction with CO2 and the H2S-rich

pH7.1,
(Eh<—300mV) i

n§ were also reported in SO,2 -dominated
ssand Na-Cl-waters in volcanic lakes. The
efs have an As concentration of about 0.021mg/
'DS 1202mg/L for 4 sites), while the volcanic

of 0.441mg/L (T: 30°C, pH7.9, TDS 3958 mg/L for 18
(Parello et al., 2008; Vaizquez-Prada Baillet et al., 2008).
igafaguan lakes are a part of the Central American Quaternary
ic belt, which is located at southwest of the Tertiary volcanic

.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-
mmed only for a few volcanoes of Costa Rma, in spltc of numerous

' ' # -
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noes (Turrialba and Poés) in the Central Cordillera of Costa Rica and
two important geothermal reservoirs (Rincoén 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). 1t 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 <5mg/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,O; (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 Cl~ 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. Pods volcano
Poéds 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 SOs-C
composition (Rodriguez and van Bergen, 2017). Acoordmg
Giggenbach and Corrales Soto (1992) and Truesdell (1992), the high
acidity of these waters is mainly caused by HSO, and HCl(aq){’
ucts of the input of the magma-derived gases HCIl and SO2. Ma

2008 to 16,000mg/kg on November 19, 1992 in the gfate
where the lake temperature varied between 22 and 95 °Cén

CI‘I‘.I.Z(2008) for the Vulcanological and Seismologi al:@bservato
Costa Rica (OVSICORI based on the initials i

va.ned durmg the Pods volcano's development
stages and lower in others, for example durin
4, 2008 (the later part of stage 5, in Martine:
tion), the concentration of As decreasedifrom @050 0.005mg/L in
the Pods crater lake, as well as those of Sb"and Mo. It may be sug-
gested that Mo, As, Sb are incorpofatédtifito™native sulfur or sulfide
pn:c:pna!e (Africano et al., 20074
trations in some ﬁlmarolic con eS v
Africano et al. (2007), cited in Keizer, 2014), and the highest values
(86 mg/L) were found in Nov 05,/2002 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 geochemical evolution of the acid crater

. i " i o - 1 Lo 1

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 n
Costa Rica inside the Guayabo caldera, which is a
of about 15 km diameter with an active hydrothermalys

etal., 1992; ICE-ELC, 1983). It is a typical high e liquid-
dommated reservoir (Gherardi et al., 2002; Ve]os Ruizl 2013). In-
31de the Guayabo caldera, four NW- SE N-8, and E—W trend-

2003a, 2003b). On the surface, different’
served, mainly NE-SW oriented (Aly aradio;
mal manifestation in the area is in/l
Miravalles volcano (Hammarlusg .-
mal manifestations are lakes, acid-Sullfa
fumaroles, small craters andémud

a and volcanic mud baths with
concentrations (usinglC

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

al'Springs (0.005-4.6 mg/L; T: 33.7-88.9°C),
.005-0.007 mg/L, T: 14.2-23.6°C, pH 6.6—

-S and E-W trending systems with N-S and E-W orienta-
ia, 2003a, 2003b). The origin of geothermal fluids may
water, sea-water, magmatic water or mixtures of these
itz and Karson, 1997; Giggenbach and Corrales Soto, 1992).
al 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
measured 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; Villagémez 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 (4020 ma.s.l.), 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 220 mV. Lake water is Na-SO, dominated and the origin of
SO,” is due to the adsorption of S-bearing gases (Fig. SMSB, 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, pH 6 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 Bo
Londofio, characterized by a higher proportion of C content and
higher proportion of CI', respectively (Group 1a; Fig. SM5C).

Arsenic concentration in the spring waters ranges from 0.009
2.75mg/L (this work), while those in the rivers varies from 0.000

ing pH in some springs, reaching the highest values in Hotel
Hotel 1 springs (As 2.6mg/L, T: 61°C, pH1.4) and thet
Botoro Londono mature water (As 0.93mg/L, T: 79.58€C;
(Table SM1). Moreover, Inguaggiato et al. (2015) identi

concentration of As with respect to the
minerals, probably alunite and jarosite
from near-neutral to alkaline were probab
Mn and therefore precipitated the
the SPM.

Waters of the Nevado del Rul
concentrations of As in comparis

al system show higher

tie waters in Azufral volcano
. r, more studies are necessary

on both geothermal systems in ordeffo

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 atsdeas
(Hall and Beate, 1991). The volcanoes are usugl
different domains following their physiograph
volcanoes lying in the western part of the cordillera; 2)

north of 2° 8 (Inguaggtato et al., 2010; Fig.
springs are divided in three zones: the nom
Pichinga provinces), the central regi
and Chimborazo); and the southwe 1a Elena province).
4.2.2. Imbabura province 4
Two geothermal sprin gs, himbiro and Pitzanzi, were sampled
[O)yifi’ Imbabura province. The chemical

ng water is of Na Cl type, while

Pitzanzi spring water_is
CI” and HCO, of @

s gharacterized by a higher temperature
Pitzanzi (31.8 °C). Arsenic concentrations in
anzi are 1.25 and 00069mgﬂ.. (this work), re-

* and CI” concentration compared to Pitzanzi, Cumbal
orted As concentrations up to 0.974mg/L in

. Pichincha geothermal province

“Nono spring, Aguas Caliente spring and Rio Quitasol waters were
sampled in Pichincha province. The former was classified as bicar-
bonate earth-alkaline water with Na* concentration of 22.3 mmol/L
and CI” concentration of 17.7 mmol/L, pH6.3, 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
(379.7 mg/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 Rwer and 2 sampl&s of the RJO 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.

Cumbeal 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 60623 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
0.004mg/L (this work), respectively. Cumbal et al. (2010) found A
concentrations in the range from 0.012 to 0.045 mg/L in springs
Altamira farm.

4.2.6. Tungurahua province
Three thermal waters (La Virgen, Santa Ana, El Salado) we
lected in Tungurahua province (Eastern Cordillera) and glassifi
CI-SO, earth alkaline waters, with HCO; _
(1599 mg/L) and Na* up to 24.19mmol/L (556 mg/if) (I
al., 2010). The waters have pH~ 6.5, electrical col
from 4.4 to 6.8 mS/cm and Eh values from —112%g
concentrations range From 0.07 to 0.30m thi

Cumbal et al. (2009) analyzed Agua S
and Cunungyacu (P48) and reported As conee
0.048 and 0.047 mg/L, respectively. More Vel
198. ngfkg (P47) was found in sediment o

cdyb Lhe sorptlon of the sohd
fiment of 128mg Fe g™ of
sediment) (Lopez et al., 2012)

4.2.7. Chimborazo province

Cu.nunyacu thermal water (47°C) was collected in Chimborazo
province and classified as Na-Cl type with Ca®" concentration of
68.98 mmol/L (2765 mg/L), pH of 8.4, electrical conductmty 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 Ca® content of

area and the water is likely to be heated up by th ;

due to deep circulation. The water of the spring8. i

mud baths (Beate and Salgado, 2010). '
In summary, the amount of As in the¥atefisa

Inguaggiato et al. (2{)10) in Ecuador

. ativehigh proportion of Cl™.
gifound in waters with a chemical
1% (Na-Cl type water), repre-

. [onged water-rock interaction in

trations of As are found in wate
The highest As concentrations
composition dominated by Na
senting the mature waters j#¥ith a
the hot deep geothermal resefyoir
is in agreement with previous studies
America, where mature

geothermal rese
etal., 2012; Om

olled by the geothermal gradient and the second system
eru, which is related to a number of volcanic centers.
™ Peruvian geothermal fields described are related to five
ive volcanic areas of Pleistocene age: the Sabancaya, (Arequipa
ion), 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-
desmc mtruston called Cotal[aulh whtle Pac!la (2179ma. . L) is em-
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River, which creates one of the deepest valleys of the Andes (Thouret
etal., 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 CI~, Na*, SO, with low Li. The mean
total As level in Calera spring water is 0.68mg/L, with CI”, 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
Sdnchez Cerro province, Mogquegua 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 Ullucén (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 oriented!

N-S, NW-SW, W-W and NW-SE. The first two systems are assoCid
ated with the Tambo River and the third and fourth systems consistgzof
a series of strike-slip faults, parallel to the Central Volcanic Zgn
the Andes. The sampled waters around the volcano host immature 4
kaline-chloride-sulfate waters and sulfate-chloride- alkalme vaters
possibly of magmatic origin with a deep reservoir at a temperaf
>200°C (according to the Na-K-Mg geothermometer). A
tion is around 28.1mg/L and it contains high Cl", Na',"@
low Li concentrations, with pH of 6.6 and temperatus
74°C. As concentration is around 28.1 mg/L and itfc
Na*, Ca®", S0,%, B and low Li concentrations, Wi
temperatures of around 74 °C.
The main thermal manifestations associatéd
cano are: Chuchumbaya, Putina Arriba an
volcanic rocks, that form the substram'm
roclastic flows were deposited, are conStitu
continental clastic sediments and rhyohtlc .
fault trends have been observed, ongWith"A
NNW SSB and WNW-ESE, andy

The Cuchumbaya hot sp'nng is lo@dted close to the town of Soque-
sane and the homonymous stream. The total As concentration is
around 2.5mg/L, pH6.2 and temperature about 50°C. The Putina Ar-
rl"ba hot sprmg is locatcd along the shore of the Putma nver It has an

e m 1 1 L POES

I'NE pH I TNE SPring water 1S /.3 and the Temperature 1s arouna yu™~

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 Cl™ (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, Ca
province, Tacna region
Eleven hot springs, including Yucamene

the Yucamane volcano, 4381mas 1.) and"
stream, 4324ma.s.l.) associated with the
volcanoes, have been sampled (Fig. 6)¢
desitic lava and pyroclastic flows, agseciate:
2018). Yucamane and other volcaf
are strongly fractured and ali ed irection NE-SW (Cruz et
sharge, circulation and discharge
2010a,°2010b). The average concen-
field ranges from 0.34 to 11.1mg/L
::'- d temperatures from 46 to 87°C,
18%the dominant ion of 1.hese waters.

d has the highest reservoir temperature
C. In the ternary diagram CI-SO,-HCO;
ows that the geothermal springs samples fall
ides 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-
giitrences and geochemistry of these thermal waters.

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

4.4.1. The Poopé 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, 1996c). 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

compnesswe stresses and are also affected by phases of plutomc 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 Poop6 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 Poopé 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(IIT) 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<0.006-0.23mg/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.

Itis 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
Late Tertiary and Early Quaternary. Principal rocks are basalts
dacites, rhyodacites, and andesitic lavas while colluvium, ally
and evaporites occur as valley fill deposits of the Quaterndr
(YPFB and GEOBOL, 1996). _

High As concentrations (up to 4.6 mg/L, with median of 0.034
L) were found in catchments draining from areas of ther

Arsenic in surface water is predominantly in the form_of
As(V) and evapo-concentration appears to furthef
centrations. A weak attenuation of As relative to
downstream in hydrochemical river profiles, probabl;
tion onto iron oxyhydroxide flocs, particula
(Banks et al., 2004).

4.5. Geothermal systems in Chile

Chile hosts 90 active volcanogs (|
45 are closely monitored by the Natig
vices (Sernageomin). >150 thermal
country and geothermal activiiis stly controlled by volcanism
and regional geologic structures suchia®'the Puchuldiza fault in north-
ern Chile (T3351 et al., 2010), the Infiemillo and San Ramén-Pocuro
fault systems in central Chile (Benavente et al, 2016), and the
Liquifie-Ofqui fault system in southern Chile (Aguilera et al., 2014;

Timsannm st d e AL o AT e imcmition AL

ron et al., 2015), of which
logical and Mining Ser-
springs exist throughout the

STUUICS TCIALCU 10 NUUSPrmgs 01 IIOTErm U ine ISOmEry e dl,, Zuud

; 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 el i
regions such as volcanoes, thermal springs, and
Nonetheless, an important difference between the re
and northermn-central Chile (until 35° S; Fig. 7) is
well-defined metallogenic belts. The Eocene-Oligocene
to porphyry copper deposits with important £
which are reflected in the copper concentrates :

sent along the eastern border of northerny
their highly enriched As geochemtca.l'
presence of As-rich minerals such as eng __:
et al., 1990). In southern Chile, thereqare ‘ot
posits that are being exploited sugh as it
region. 0ﬂ1er metal deposit types

High enthalpy geothermals
gion, including the Puyuh
of 3.8 mg/L (temperature 80°¢

values have been sg

_ f)geographically between the Central Vol-
canic Zone (CVS); :

ampean Flat Slab (PFS), and the Southemn
l¢ SM1; Fig. 7). In the Northern (AVZ)
WiAs concentrations) has been poorly docu-
ssent the geographical distribution. Statistical
rfelations were done using the compiled data of
'ngs in the CVZ, PFS, and SVZ, respectively.

e central volcanic zone: Puchuldiza geothermal field and
sers

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; Sénchez-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 suppon of thls idea, Agmlera 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 4§ MW (ENEL, 2017). In the vicinity of Cerro Pa-
bellén, As concentrations of up to 4% have been found in pyrites
(Romén 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-
pacd 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; Sénchez-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 (Sénchez-
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 the/
studied geothermal systems in Chile and is the principal {fatur
source of As for the Loa river, the main surface water resource inithe

2015). Loa is also used for the water supply of the cgas
Antofagasta (Romero et al., 2003) after As has been remoyéd
eral treatment facilities. The input of As from the Tatio,geyses
into Loa river is through its tributary the Salado Tiye

where it discharges into the Pacific Oceang
sorption of As onto solid materials, the conge
dissolved in the water of Salado river decrea:
still amounts 1.2 mg/L at its confluenceSgith T
2012; Romero et al., 2003). From there ondit
about 0.1 mg/L at its mouth at the PAGIfic"OE!

In the TFG, hydrothermal agtivityis
zones: the Upper, Middle, and Lower Basins, which collectively
cover an area ofapproxm:late / 30km (Alsina et al., 2014).

TS ls in the TGF has registered
two distinct ranges of As concen
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 conductwny ﬁ'om

PV - Ao O

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 66.4
3.0 to 7.4 (average 5.5), and conductivity from 0.481 fo 3.94
(average 2.010 mS/cm) (Cortecci et al., 2005; Risachegr

2008). These waters have lower As concentrationggvanying n 0.03
to 2.36 mg/L, and As is closely positively corri 0, and
HCO;™ (using data from Cortecci et al., 2005; Ri d Hauser,

2008; Table SM1). .
rmal fluids are con-
. mg processes as-
sociated with meteoric and local groung g bach, 19'}'8),
CO, or H,S, and hydrocarbon- nc nagm
2005).
Additionally, the TGF exhibifs sinel
sent as arsenate sorbed to hydrous ferfic oxlde in the form of nodular
arsenide microminerals (Alsifia efal., 2044). It is also found as cah-
nite (Ca,B,As,0,,+4H,0) ¥ yecipitates th:ough the evaporation
of thermal waters that are®highly enriched in As, B, and Ca**
(Nicolau et al., 2014). Studies of Splid-state partitioning in sediments
of this area have sho at As is rnost!y associated with carbonates
(Wilson, 2011).

actures where As is pre-

4.5.2. The Pampe
The Pampéa

Socos and Toro thermal springs
FS) is located between 27° and 33° 30’
edr segment of the Andes is found within the
of the PFS (Ramos and Folguera, 2009). In the Pam-
hetg’ are 17 poorly documented thermal springs
; Risacher and Hauser, 2008). Temperatures and As
variable and in general are similar to those of the
0.006 to 16.2mg/L, average 2070mg/L). Two examples lo-
d withimithe PFS are found in the Coquimbo region of north-cen-
Chile correspond to the Toro and Socos thermal springs.

.2.1, The Toro and the Socos thermal springs

Toro hot spring is located below the northem limit of the PFS
elevation of approximately 3500ma.s.l. The temperature of this
hot spring is 54.4°C on average, pH is near neutral (6.84), the electri-
al 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 1686 mg/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: CoRlaripe, Rollizos and Puyehue
thermal springs

The northern limit of the SVZ coincides with the subduction of
the Juan Ferndndez 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 actmty (Rmz and Morata, 201 6)

A o oo C SRR -
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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 CI”, 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 (jii) bi-
carbonate, with similar temperature and pH to those shown in Na-Cl

waters; however it exhibits the highest values of HCO; (>892 mg/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 Cofiaripe 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. Coriaripe thermal spring

The Cofiaripe 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. (average
1.31 mgfL), and As is directly correlated to temperature, CO _

and Br" (Table SM1). .
4.5.3.2. Los Rollizos thermal springs

Los Rollizos thermal springs are located in Los Lagbs Regie
southern Chile. These thermal springs are controlled byiilie
(Wrage et al., 2017) and have intertidal influence (Ruizya
2016).

Data of 10 samples of the Los Rollizos therma
that discharge temperature ranges from 23 to 35°CY@a

(Aguilera et al., &Te
Hauser, 2008). In this setting As concentratigns
0.01 to 0.05mg/L (?verage 0.02 mg/L) Ain, additions’A
to pH, HCO;, CO,*” and NO,™ (Table §

mal springs are located in

_ 2\in close proximity to each
other. These springs are controfled ' LOFS (Wrage et al., 2017).
Data of 15 samples of these geéoth€rmal 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 mSicm) (Hauser, 1997 Pérez 1999; Risacher

s 1 ' Anse.

senic concentrations range from 0.37 to 0.74 mg/L (average 0.51 mg/
L) and are directly positively correlated to pH, CO,”> 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 ne
acterize thermal springs in those areas. In northemgpC
springs are located at high altitudes and As vali

of As are related to Na-Cl water type and*volga:
thermal springs with intertidal influence
tions. In Chile, it is crucial to define theymai
and its species in the CVZ, SVZ, AVZ;and

of geothe'nna.l systems and active
sile). Subduction of the Nazca plate
as produced thousands of volcanic

volcanoes in Argentina (andi€
under the South American platée™
structures. _

Five zones located
ferent geothermal(s

ith high As concentrations in this study
arg considered in this study.

rmabfluids discharged from the Puna plateau
teau (part of the Andean highland) is located in the
CVZ, where the subduction of the Nazca plate

aly in the n:ndd[e crust between 22“8 and 24 5°S was in-

ag related to the presence of a ~1km thick sill-like igneous
yimafiamely  Altiplano Puna Magmatic Body (APMB)
iglowski 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
Amold 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 3.3mg/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-
uons have recently occurred (e 8 Bennude:z etal., 2002 Delpmo 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 Méaquinas, 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 Magquinitas, 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 CI”
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 concentra®

tions were measured in the crater lake (0.89-5.75mg/L), southern!
spring (4.192-4.392mg/L), northemn spring (2.864—6.437 mg/L)gof
the volcano and Agrio river (0.12-0.58mg/L) and Caviahug' lake
(0.022-0.039 mg/L); while in 1he thermal waters of Chanchoeo

pahue, mcludes a sophisticated rnedtca.l center for medl alfreath
combining baths with modemn balneotherapy having a da

for thousands of baths. Professional management and 1%
pervision is assured by doctors, kinesiologists, physi
teachers, balneotherapy auxiliaries, etc.

4.6.3. Arsenic in the Domuyo geothermal field
The Domuyo volcanic complex (Neuqu
giving rise to
fluids (JICA,
i‘eal. . Cerro Domuyo
(2. Sd:G 5 My) is a wide rhyoimc dorne unconfprmably emplaced in a
N-S oriented anticline (Folguera@@t™alj®2007; Groeber, 1947,
Llambias et al., 1978; Miranda et.al., 2606). Younger domes (720-
110 ky) extruded according to a subgirculdr geometry in the south-
western sector of Cerro Do uyo, whetéas a minor intrusive body,
generated by the last magmati s¢ in the Late Pleistocene
(Miranda et al., 2006), outcrops on thésouthern 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

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, AguafCali
Covunco, all tributaries of the Varvarco river. AltHoug

some hydrochemical studies of the thermal sources, th
tions are not published. However, data on the conten

the aquifers of many ---_
gentina (Nicolli et al., 2012).
mobilization in these.gr
vated pH and oxi ._

of the Chaco-Pampean Plain of Ar-
Wigus studies speculated that the As

fhesized as one of the possible sources of
et. This region has been deimeated to be a

5.280mg/L; Smedley et al., 2002) whereas
from other provinces show lower As concentrations:
ce (0.010-0.210mg/L), Tucumén province (0.011—

Santiago del Estero province (0.002-3.280mg/L),
vince (0.018-1.100mg/L), Santa Fe province (0.018-
ng/L), Buenos Aires province (0.010-1.300mg/L) (Nicolli et
012) and San Juan Province (0.009-0.357mg/L) (O'Reilly et al.,
2010). Due to the prevailing oxidizing conditions (Eh 100-525 mV)
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 (<dlI-
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 Cordén
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 0.14mg/L (Caselli and Péez, 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. SM8). 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, Piramboéla, Caturrita, Santa Maria (Brazil); and Tacuarembé
(Uruguay) (Aratjo et al., 1999; Carrién 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;-80,-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 thi
SW zone of the aquifer of Argentina, where salinity can be very high;
and in isolated areas of southern Brazil. Significant increases in izaee
elements have been found, especially F and more locally As, jin
tain areas of the aquifer (LEBAC, 2008; Foster et al., 2009),
highest fluoride contents seem to be associated with deep, s
groundwater with CI/SO,%", where fluorite may be the gbure
(Manzano and Guimaraens, 2012). Arsenic may bef teleasedmio
groundwater by desorption from iron oxides/hydroxides tasdre
the higher pH of the waters that underlie GAS units
centrations of Cr and U isotopes, radium and rado:
lated to high pH groundwaters (Foster et al., 2009; Gas
2010). The low-temperature geothermal sites, espegis
boundary between Argentina and Uruguay
and recreational facilities.

4.7.1. The thermal waters of Uruguay .

The geothermal potential of the north basi
lated to the Guarani Aquifer system{fwhere'thie sedi
the Early Devoman to Lhe Late Qus age (Morales and Pérez,
¢ triple border of Ar-
an intense economic thermal

In the area, there are several therr
drilled for oil exploration purposes many years ago but during the last
10 to 15years, the commercial exploration of thermal aquifers (30—
50 °C) along ‘me Argenhna and Uruguayan srdes of the Uruguay nver

Ansnn

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

0.023mg/L); Club Remeros, Salto (As 0.032
Quiroga (As 0.035mg/L); Termas Guaviya, Guavi
L); Termas Alrmrén, Guichén (As >0.01 mgfL) and: Tes

Paso U11estle obtain their water from deeper aqui
GAS rock formations (A. Manganelli, pers. comm

(temperature 40°C, pH9.1), and Arape
pH8.4) (LAVALIN, 2008; Quintana, 20j

thermal sites with major dimensions,in th
NW Uruguay This thermal well hias

levels above those recommg
(0.01 mg/L; Mafiay et al., :f.-"

The well was drilled in 1957 and
iyl have been in development during
Iocal national and intemationa]

the higher pH o 4
units that - i GAS and the pre-GAS (Carrién and Massa,
) 42010, 2012). Under natural conditions the

ward flows seems scarcely relevant but uncon-

: , 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
idm bicarbonate, sodic bicarbonate and sodium bicarbonate type
. Two of the 10 samples of the Mercedes aquifer in the vicinity
[“Nueva Palmira city contained As in concentrations of 0.05 and
D.06 mg/L, respectively (Manganelli et al., 2007a, 2007b). Arsenic
concentrations in Raigén 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: Coldén (As >0.01mg/L); Chajari
(As 0.02mg/L); Federaciéon (As 0.03mg/L); Concordia (As 0.04—
0.06 mg/L); Villa Elisa (As <0.01 mg/L) (Table SM2). These thermal
waters are of sodium bicarbonate-sodium chloride (e.g. Colén, 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 0.101mg/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
aqurfer comams groundwater of hrgh sahmty These warers are used

.t 1 At 1 Annn



Science of the Total Environment xxx (Xxxx) XXX-XXx 23

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 Parand 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 S3o 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 Paraguagu 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 Ameri
(428) are discussed. Most of the sites (~93%) are from active (e
Sabancaya, Villarrica, Copahue, Colima) and past (Platafares;
Azcualpa, Los Humeros) volcanic areas. These volcanic areds core
spond to the sites of geothermal springs (319), geothermal we lls 10
crater lakes (14), surface waters (lakes, rivers) (33) and fusmaroles
(Table SM1). Among all the sites, geothermal waters 1€l
tonic intrusions have been reported only from Cerro Prietoy
5.18 mg/L) in northern Mexico and have been includedsis
Data from geothermal waters not related to volcal
reported from Guarani Aquifer System are separate
SM2 (25 sites). All these data are used to dehmlt andyc

mal/volcanic systems in Latin Amefiea™The™ ast part of this section
evaluates the environmental impagts dueito h:gh levels of As in geot-
hermal fluids and volcanic emissionsigogethér with actions that need
to be taken to reduce such conse es) It must be considered that
the availability of data for each “or geothermal site is highly
variable with regard to the number 6F8amples 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 geolagie:
have been identified hosting As and release it tomdi
near environments through geothermal fluids an@
Thereby hydrothermal and volcanic systems cant

e Active volcanism (magmatic—volcanic types,voleant

canic emissions); _
e Past, mostly andesitic and basaltic, volcanis

e Geothermal reservoirs
circulating rneteonc ate

st udied group, including in respect to As.
idered that Latin America is a host of signif-

ermal sites in areas of past volcanism

mostly low-

(which cow: % since it follows as a belt behind the active
volcanic ‘plutofiic intrusions, and non-volcanic hydrothermal
system with very few exceptions - have not even been con-

ermal exploitation and much less for studying As.
for fossil hydrothermal systems, which are fonner

rsenic in geothermal reservoirs related to active volcanism

tin America, 11 countries (out of 20) including Mexico,
mala, El Salvador, Nicaragua, Costa Rica. Colombia, Ecuador,
Peru, Bolivia, Chile and Argentina count on areas of active volcan-
sm. 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: 0.59-20 mg/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: 20-380mg/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 la:g&st of
the geothermal plants globally (by installed capacity), located i in AN
extensional sedimentary basin with subsequent pluton intrusions

(“pull-apart” basin). This sedimentary reservoir has high tex
tures (280-350°C) similar to those in active volcanic zones buf’

canic rocks as host, containing As-rich minerals such as aigefic
In contrast to the sedimentary host rocks, geothermalsfluid gene
contams less As and the dlssolutlon by water-rock tion

voicamsm and plutonism
There are some other geothermal system W
volcanic or plutonic magmatism, THesesareTov -enmalpy hydrother-
mal systems heated through conductivetheat flux from the earth's in-
terior. They are typically found in areas, fe the earth's crust is thin
and the heat flow and geother adient significantly exceed those
Aent: st. High temperatures of gen-
erated geothermal reservoir and f#¥drable mineralogical and (hy-
dro)geochemical conditions can increase rock-water interactions
leading to increasing dissolution of mineral/rocks and As mobiliza-
tion. This for example is the case of (normally on regional scale)

ing As as found in the Guarani aquifer. This transboundary aquifer
system is shared between Argentina Brazil, Paraguay and Uruguay
(covering 1,200,000km?). Recharge area and discharge are
sands of kilometers apart from each other and groundw

thermodynamic processes. Their roles ¢
site and within the same site in the Tespe
structure (with high variability in horiz
canic center). They involve transpgr
phase changes), solutes, and heat

L (by duction and convection).
This mvolves uprising of geoth 1alif]

ids (water, gases) and interre-

and sediments. Th
sated volcamc o

and'Water quality. These processes can occur si-
sequently and As levels and their speciation de-
iC individual shares and the chemistry of the dif-

ate and gas components. A prmmpal As source is

aquatic phase is favored even at the earth's surface, in par-
Mgh temperatures or under acidic conditions. Input of As
jolcanic gases rising up from depth is another As source. In
n, there are volcanic exhalations of As-rich gases and particles
the atmosphere. The last involves volcanic ash particles on
thich 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<10 and As> 10mg/L.

The Cl—Na diagram (Fig. 8A) depicts a strong positive correla-
tion between Cl~ 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 ClI"/Na" ratio signifi-
cantly higher than 1. The 1:1 CI'/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
ClI', seawater is excluded as a significant As source. The reason is
that the content of As in seawater is very low (0.0026 mg/L) and it
would need an evaporative concentration increase by a factor of more
than about 400 to reach even 1mg/L of As.

Fig. 8B shows that for most of the sites with As >1mg/L, Na" and
K* concentratlons are hlgher than 2?5 and 10mgfL respectwely A

soxrtoan
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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; Mg”": 0.01-2520mg/L, mean: 177.7mg/L, median:

28.2mg/L; SO 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®*, Mg*": Na*, CI", SO,*, HCO,") and more

scattering of respective data when correlating them (data from Table
SM1). Fig. 8B shows that for As > 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
>1mg/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

TESETVOirs.

In the following sections (6.2.1-6.2.5), we applied the ternary Cl-
SO4-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 CI-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 cl
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 so
Most of the well known, and all high-enthalpy geothés
voirs of Latin America are found at several kilometers of"

tive volcanic systems along the Pacific coast between souther:
and northern Mexico and within the Trans-Mexicangye
Outside of these areas, the Las Tres Virgenes gegfh
6.7mg/L) is found in northwestern Mexico. In confras
volcanic areas, this site has been interpreted as ajsection
drothermal regime that has developed in a
zone (Birkle et al., 2016). An exception is
imentary geothermal reservoir of Cerro
which is the only known high enthalpy figld
to a plutonic intrusion, rather than magmah ol
ceptions, water samples collected ffom*tlieflimited number of geot-
hermal reservoirs where wells allowedigdirect access to geothermal
reservoirs contain typ:cally mat ar-neviral waters of Na-Cl wa-
; ited areas within geothermal
S IC1 gases have produced acid
Na-Cl waters as they are found in a%€ctor of the Miravalles geother-
mal field, Costa Rica (pH2.0-3.3. Reservoir waters have generally
high salinity (TDS: 4000-40,000mg/L), are high in Si (200-500 mg/
L) and have a hlgh CI7/SO," ratio (>10). An exception to thme is Los

N e

S A T

conient (mean: 331 mgL) simuar 1 me Omcr swaica geowmer-

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 thedZ1~
mature waters or in the ClI™ field (CI">350%) in the ferna
ion diagram (Fig. 9A). These waters are of (or close 10){F
rium with the reservoir host rock as shown in thesGi
gram (Fig. 9B). All reservoir waters have gengrz

tration ranging from several to several 10s of
amples of these are (in decreasing order of'g
Humeros, Los Azufres and Las Tres Vifgene
73.6, 29.5 and 6.7 mg/L, respectively), Mi
Vieja in Costa Rica (As: 25.4 and 10.0 mg,
Salvador (As: 11.7mg/L), Zunil, Guate
tombo, Nicaragua (As: 2.09mg/L)
tion of geothermal reservoir fluids,
larly on reservoir temperature_and¥

poneeRtrations depend particu-
host rock composition

yrite, arsenopyrite, Webster and
aly,2002a, 2002b) are evidences for

reservoirs compared to
Such other high-én
also have Na-Cl

)se of other geothermal reservoir types.
and mature geothermal reservoirs which
de Cerro Prieto (Section 2.1.1) where a
al“feservoir is heated from below by an in-
dgagma body. Due to the sedimentary charac-
eriital reservoir and respective lower availability
fluids contain only 0.32-5.18mg/L. of As. How-

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

igh and low-As geothermal Na— Cl reservoir fluids of varied

e 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 Cl™ 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,2” and
HCO; ™ content which fall still into the CI™ area (i.e. CI">50%) but
farther away from the CI” 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 Rincoén 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 38.0mg/L of As, as well as the Ullucan
spring, Peru with As concentration of 28.1mg/l. and the Araro
spring, Michoacén, 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
Pifiones, 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 temary
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-Cl waters falling in the “mature water” field (Fig.

9A). With the exception of the As content they do not differ from thef

previous high-As water group (>1mg/L). They have high TDS and}
do not differ in main, minor and trace element concentrations and

trast, the other samples in this low-As range (<0.05 mg/I)yfal
field of “immature”, most of them close to the Mg"'s rertex
of the geothermal fluids sampled from the wells dfffl
geothermal reservoirs have high As concentrations
L, itis unhkely that low-As waters are denved

waters are from geothermai springs o-- i
and Argentina (6). The sample number is noj
whether it is a regional issue. HowevéydifTetentseas
plain the low As contents: conduchvely or steas

ters in contact with halite-rich/conf@ifiing=Tocks,
ClI” sources not from the geothermal
and the waters are partially recalibr ed. A
tive volcanic areas, and in all ible geothermal reservoirs, the
high As content in water has beén,e ined by dissolution from host
rocks, it seems unlikely that As contéiifs 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-hydmthe
leases volcanic gases (CO,, SO,, H,S, HF, HCI,
volatiles, such as As tend to be partitioned from magma i
gases which can be transported through the hydrothérma
However, in Latin America (and globally) very littlexdata exis

available on As in condensates of volcanic igas
8.6mg/L), Colima (As: 0.53 mg/L), PopocatepetlifAs: 1.2

O 5505 can con-
igs or other geother-
/>C17, such as
s and Copahue vol-

mal manifestations (e.g. fumaroles)
Popocatepetl (Mexico) and Caviahue,
cano (Argentina) and TU12 and Tl
can also mix with shallow groundwatér or surface water bodies
Hipe). Thereby they can alter their

chemistry and enrich their wilteristrongly in H', SO,%, CI", F, Br~
and As. The impact of thése chémical changes depends on the de-
gassing dynamics, quantity (and species) of the gases released and
the type of the receiving freshwatérbody. Resulted waters are mostly
acidic (pH: 0—4). Thislow pH value can increase water-rock interac-
i i focks and other volcanic materials leading to an
"As into the water. The sites and
type of waters are separately listed in

additional mobili A
(physmo)chem' it

:__ Acrd waters in this diagram are identified by
y the Giggenbach diagram all fall at the Mg®®

safftpling points of Azufral Lake are combined and counted as
, 22 have waters exceeding 0.34 mg/L with a maximum of
@/l (Group 1). The rest of the sites with acid volcanic waters
hayé As concentrations of more than an order of magnitude lower
anging from 0.04 down to <0.001 mg/L (Group 2). In active volcanic
akes (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 Pods 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 Pods 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 SO,>” content (<10%) and variable CI” content of 0 to 50% (Fig.
9A). These waters correspond to peripheral waters in the anion frian-
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 ClI” and As content of
up to 0.1mg/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: 0.99mg/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 condensa#
tion layers which can heat up overlying aquifers by pure conduction?
(if there is no hydraulic connection to the overlying shallow aquifer
The chemistry of such conductively generated geothermal watg)
responds to the chemistry of the water from the heated aquifer

up and directly alter its chemistry, including adding c
volatile As. The condensed steam (hot water) confa
of sulfate but little chloride. So, in particular the {

water move along the SO,>-HCO,  base li

tex forming first HCO;-8O,, then SO,-H!
types. This explains the observed wide,
HCO{) of these steam-heated waters o

SO, and HCO, apexes. Most ofjjfliégeothermal waters (mostly
from springs) within the As<0.01zmng ss fall in the steam-heated
field limited by the 10% CI” isolin gver, with increasing As
content, the contents of Cl™ i ghing up to 30% in waters of

the 4 lowermost As concentration classes

SMO9A). This higher ClI™ content mayibe explained by the prmence 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 volcamc rocks or prempnates whlch a.lso may be responsi-

T T S

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
with volcanic ash. Thereby two potential transport met
to be distinguished: (i) volatile As species are condense
on the volcanic ash particles as it is typical for hydroge

eas in Latin America (Alarcén-Herrera gt
2015; Reyes-Goémez et al., 2013) ingl
Nicaragua and Chile. Present and past a8
ity can distribute As to areas close tothe €
thousands of kilometers away where
(corresponding to long-term volga
Andes) or short time (e.g. by a
ers or mixed with local sedipie

nic Activity’in a region, e.g. in the
volcamc event) as distinct lay-
pand Sgils. This can be expected to
ral regions in Latin America where,
e Chaco-Pampean plain (central and
Jawhere long-term deposition of vol-

! ., 2012; Nicolli et al.,
110 respective detailed studies have been
ish f€sulting from the Andean volcanism has
ions of years and mixed with local sediments
3 million km? An example for volcanic ash
ugh a gingle volcanic ash emission is the eruption of

gouthern Argentina; Section 4.6.2) in the year

of arsenic on environmental health

America, numerous sites with geothermal water and vol-

pufces, i.e. geothermal water and volcanic emissions can contami-

ate near-surface environments and freshwater resources vital for
inking 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;

® 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
Tala fAc: NN AT mall N Thic watar e an imnactant drinkina aac
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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; Loépez et al., 2012; Mufioz-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 cansbe

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 topast.a

ash-producing volcanic activity can have significant

close to the eruption site but also hundreds or thouss

far away. Aﬁcr the deposition of the ash from e a

several reg:ons in Latin America. However, his i
be researched in detail from the Cligeo=Pampean plain in Argentina
where millions of people are affegte Nigolli et al., 2012; Bundschuh
et al., 2012). In this region, ash resilting fron
i ars and distributed within

er 1 million km?, By dissolu-
tion of the volcanic glass under Té8pective 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

1 o

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, southg
contaminated the Caviahue Lake (used for drinking
and neighboring areas (see Section 5.2.3). The impactiof thi
event showcases the magnitude of impact considering,
tens of thousands or more of such events taking/pl
of years impacting the Chaco-Pampean plaj
known) As inputs in groundwater system in othet
gions and countries.

6. Future needs

ures and volcanic activities in

g as well as unpublished data
gientifigydepth of the existing infor-
bution and transformation of As over
phical and biological systems in this
aténfor a proper evaluation of its ad-
e environment and human health. Because
“and slightest attention on these aspects,

A ""- irectly and indirectly through drinking
nal spas with bathing pools as well as food
evelopment of geographical maps based on

dallyfimportant to minimize the human exposure to high amounts
As The dilution is the main mitigation strategy that has been
ld practiced to reduce the concentration of As in drinking and ir-
on 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.

Uncited references

Antayhua Vera et al., 2010
Birkle and Bundschuh, 2007
NOM-127, 2000

Wang et al., 2012

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

We want to thank Alberto Manganelli (CeReGAS), Valeria Del-
gado Q. (CIRA/UNAM, Managua), Hugo Estrada (University of El
Salvador) and Lorenzo Brusca (INGV) for their helpful contributio
with comments, figures and data during the elaboration of this m
script, as well as Silvana Hidalgo (Ecuador), Bemardo Be
(Ecuador), Viviana Burbano (Colombia) and Zoraida :
(Colombia) for field work. We also thank the comments of the z
mous reviewers during the revision of the manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found onli s://
doi.org/10.1016/.scitotenv.2019.135564.

References

http://permalink.lanl.gov/object/tr?what=info:lan]-
cessed 5 May 2019,
Africano, F., Van Bergen, M., Bernard, A.,
E., 2007. Trace Element Contents of Sulfi
nals of Volcanic Activity?. Utrecht Universil
Aguilera, F., Honores, C., I.mus, M, Nmra, H,

es in Acid Crater Lakes: Sig-

ps. In: Inform. Reg. No. IR-14-57,

Aguilera, F., Layana, S., Rodriguez- Df.az, A, G Sonza ez, C., Cortés, J., Inostroza, M.,
2016. Hydrothermal alteration, fumarolic deposits and fluids from Lastarria vol-
canic complex: a multidisciplinary study. Andean Geol. 43, 166-196.

Agusto, M., Tassi, F., Caselli, A.T., Vaselli, 0., Rouwet, D., Capaccioni, B., Caliro, S.,
Chiodini, G., Darrah, T., 2013. Gas geochemistry of the magmatic-hydrothermal

AIC, 2015, Monitoreo de arsénico en aguas superficiales de la Cuenca del Rio
Neugquén. Prop. Técn. y Metodol. Unidad de Gestién de Calidad del Agua, Ciudad
de Cipolletti, Argentina.

Aiuppa, A., Avino, R., Bursea, L., Caliiro, S., Chiodini, G., D’A]easm [0
R., Federico, C,, Gmevrs., W., Inguaggiato, S., Longo, M., Pecoral
M., 2006. Mmera.l control Df u.rscmc content: in thermal wnters

Alarcén-Herrera, M.T., Bundschuh, J., Nath, B., Niwlli, H.B

water of sen:li—n.rid regions in Lstin America: genesis, ]

Hazard. Mat. 262, 960-969.

Alfaro, C., Ponce, P., Monsalve, M.L., Ortiz, 1., Franco, V., Oriieg

rorAzufa geotherma] system,

225 April 2015, Mel-
bourne, Australia, Paper 11025.

Allmendinger, R.W., Jordan, T.E., Kay, S.M. Im ko
Altiplano- Punaplateau of the Central Andegpa
139-174.

Alsina, M.A., Zanella, L., Hoel, C., Pizagio
senic speciation in sinter mineralization
geothermal field, Chile. J. Hydro] B

Alvarado, G.E., 1989. The Volcanog
Costa Rica, 175.

(Masias Alvarez, P., 2010. Monitoreo sismico

mica d.e fumarolas y fuentes termales de volcdn
SBMMET, Lima, Peru, 4-63.

iter, P. E 1999. Hydrogeology of the Mercosul aquifer

e Pa.nmé basins, South Ameril:.a., and cumpanstm

era, A., Litter, M. (Eds.), Disb-ihucién del arsénico en

guez, R., Ceniceros, N., Cruz, 0., Aguayo, A., Morales, P,
2014 Gmtmdwmr quality and geothermal energy. The case of
ermal field, México. Renew. Energy 63, 236-254.

. Geothermal resources and development in Guatemala. In: Geother-

al Training Programme, Reykjavik, Iceland. pp. 1-6.

land, H., Smith, P.V., Mendez, C., Rodriguez, J., Huerta, A., Saether,

. Distribution, salinity and pH dependence of elements in surface wa-

catchment areas of the Salars of Coipasa and Uyuni, Bolivian Altiplano.

em. Explor. 84, 141-166.

., Cardona, A., Riide, T.R., 2012. Uranium and arsenic dynamics in vol-

-sedimentary basins - an exemplary study in North-Central Mexico. Appl.

chem. 27 (11), 2160-2172.

i, F., Carapezza, M.L., Cioni, R, Lelli, M., Menichini, M., Ranaldi, M., Ricci,

T., Tarchini, L., 2013. New geochemical investigations in Platanares and Aza-

cualpa geothermal sites (Honduras). J. Volcanol. Geoth. Res. 257, 113134,

Batini, F., Brogi, A., Lazzarotto, A., Liotta, D., Pandeli, E., 2003. Geological features
of Larderello-Travale and Mt. Amiata geothermal areas (southern Tuscany, Italy).
Episodes 26 (3), 239244,

Beate, B., Salgado, R., 2010. Geothermal Country Update for Ecuador, 2005-2010.
Proceedings World Geothermal Congress, 25-29 April 2010, Bali, Indonesia, (Pa-
per 0160).

Benavente, O., Tassi, F.,, Reich, M., Aguilera, F., Capecchiacci, F., Gutiérrez, F.,
Vaselli, 0., Rizzo, A., 2016. Chemical and isotopic features of cold and thermal
fluids discharged in the Southern Volcanic Zone between 32.5°S and 36°S: insights
into the physical and chemical processes controlling fluid geochemistry in geother-
mal systems of Central Chile. Chem. Geol. 420, 97-113.

Bennati, L., Finizola, A., Walter, J.A., Lopez, D.L., Higurea-Diaz, C., Schuetze, C,,
Barahona, F., Cartagena, R., Conde, V., Funes, R., Rios, C., 2011. Fluid circulation
in a complex-volcano-tectonic, inferred from self-potential and soil CO; flux sur-
veys: the Santa Maria-Cerro Quemado-Zunil volcanoes and Xela caldera (north-
western Guatemala). J. Volcan. Geotherm. Res. 199 (3-4), 216-229,

Bermiidez, A., Delpino, D., Lopez Escobar, L., 2002. Caracterizacién geoquimica de
lavas y piroclastos holocenos del voledn Copahue, incluyendo los originados en la
erupcion del afio 2000. In: Comparacidn con otros volcanes de la Zona Volcdnica
Sur de los Andes. XV Congreso Geolbgico Argentino, 23-26 April 2002, Califate,
Argentina. pp. 377-382.

Bernard, R., Taran, Y., Pennisi, M., Tello, E., Ramirez, A., 2011. Chloride and boron
behavior in fluids of Los Humeros geothermal field (Mexico): a model based on
the existence of deep acid brine. Appl. Geochem. 26 (12), 2064-2073.

Bia, G., Borgnino, L., Gaiero, D., Garcia, M.G., 2015. Arsenic-bearing phases in south
Andean volcanic ashes: implications for As mobility in aguatic environments.
Chem. Geol. 393-394, 26-35.

Birkle, P., Bundschuh, J,, 2007. High and low geothermal resources and potentials. In:



30 Science of the Total Environment xxx (Xxxx) 00x-xxx

Birkle, P., Bundschuh, J., Sracek, O., 2010, Mechanisms of arsenic enrichment in geot-
hermal and petroleum reservoirs fluids in Mexico. Water Res. 44 (19), 5605-5617.

Birkle, P., Portugal, E., Pinti, D.L., Castro, M.C,, 2016. Origen and evolution of geot-
hermal fluids from Las Tres Virgenes and Cerro Prieto fields, Mexico — co-genetic
volcanic activity and paleoclimatic constraints. Appl. Geochem. 65, 36-53.

Bonotto, D.M., Elliot, T., 2017. Trace elements, REEs and stable isotopes (B, Sr) in
GAS groundwater, Sdo Paulo state, Brazil. Environ. Earth Sci. 76 (265), 1-15.

Borrero, C., Toro, L.M., Alvardn, M,, Castillo, H., 2009. Geochemistry and tectonic
controls of the effusive activity related with ancestral Nevado del Ruiz volcano,
Colombia. Geofis. Int. 1, 149-169.

Bundschubh, J., Prakash Maity, J., 2015. Geothermal arsenic: occurrence, mobility and
environmental implications. Renew. Sust. Energ. Rev. 43, 12141222,

Bundschuh, J.,, Litter, M.L., Bhattacharya, P.,, Hoinkis, J., Kabay, K., Bundschuh, J.,
Hendry, B., Bryjak, M., Yoshizuka, K., Bhattacharya, P., Anag, S., 2010. The
global arsenic crisis—A short introduction. In: Global Arsenic Problem and Chal-
lenges for Safe Water Production. CRC Press, Boca Raton, FL, pp. 1-19.

Bundschuh, J., Litter, ML1., Parvez, F., Romén-Ross, G., Nicolli, H.B., Jean, J.-S,, Liu,
C.W., Lépez, D., Armienta, M.A., Guilherme, L.R., Cuevas, A.G., Cornejo, L.,
Cumbal, L., Toujaguez, R., 2012. One century of arsenic exposure in Latin Amer-
ica: a review of history and occurrence from 14 countries. Sci. Total Environ. 429,
2-35.

Calderdn, R., Lara, L., Silva, C., 2015. Riesgo volcdnico en Chile: Exposicin de la
poblacién y deteccién de ‘hotspots’ del impacto potencial. XIV Congreso
Geoldgico Chileno, 4-8 October 2015. Colegio de Gedlogos de Chile, La Serena,
Chile, 845-847.

Campos, V.L., Ledn, C., Mondaca, M.A., Yafiez, J., Zaror, C., 2010. Arsenic mobiliza-
tion by epilithic bacterial communities associated with volcanic rocks from Ca-
marones River, Atacama Desert, northern Chile. Arch. Environ. Contam. Toxicol.
61, 185-192.

Capaccioni, B, Tassi, F,, Renzulli, A., Vaselli, O., Menichetti, M., Inguaggiato, S.,
2014. Geochemistry of thermal fluids in NW Honduras: new perspectives for ex-
ploitation of geothermal areas in the southern Sula graben. J. Volcanol. Geotherm.
Res. 280, 40-52.

Cardoso, S., Grajeda, C., Argueta, S., Garrido, S.E., 2010. Experiencia satisfactoria
para la remoci6n de arsénico en Condado Naranjo, Mixco, Guatemala. In: Litter,
M.L, Sancha, A.M., Ingallinella, A.M. (Eds,), Tecnologias Econdmicas para ¢l
Abatimiento de Arsénico en Aguas. Edit. Programa Iberoamericano de Ciencia y
Tecnologia para el Desarrollo, Buenos Aires, Argentina, pp. 211-222,

Carr, M.J., Feigenson, M.D., Bennett, E.A., 1990. Incompatible element and isotopic
evidence for tectonic control of source mixing and melt extraction along the cen-
tral American arc. Contrib. Mineral. Petrol. 105 (4), 369-380.

Carr, M.J,, Patino, L.C., Feigenson, M.D., 2007. Petrology and geochemistry of lavas.
In: Bundschuh, J., Alvarado, G.E. (Eds.), Central America: Geology, Resources,
and Hazards, CRC Press, Boca Raton, FL, pp. 565-590.

Carr, M.J., Saginor, 1., Alvarado, G.E., Bolge, L.L., Lindsay, F.N., Milidakis, K., Tur-
rin, B.D., Feigenson, M.D., Swisher ITI, C.C., 2007. Element fluxes from the vol-
canic front of Nicaragua and Costa Rica. Geochem. Geophys. Geosyst. 8 (6), 1—
22.

Carrillo-Chévez, A., Drever, J.1., Martinez, M., 2000. Arsenic content and gro ate
geochemistry of the San Antonio-El Triunfo, Carrizal and Los Planes aquiférs
southernmost Baja California, Mexico. Environ. Geol. 39, 1295-1303.

recreativas de Uruguay. IAEA/INIS - Inst. Nuclear Inf. Syst. 45 (2),
Caselli, A., Péez, P., 2017. Analysis of Ash Leaching from Copahue Vol

lished Report National University of Rio Negro, Rio Negro, Argentina
Caselli, A., Agusto, M., Capaccioni, B., Tassi, F., Chiodini, G., Tardani,

mento témnw y wmpomclona] de las aguas cra.téncas del Volcé

Actas, Antofagasta, 441-442.

Caselli, A.T,, Agusto, M., Velez, M.L., Forte, P., Bengoa, C., Céip
The 2012 eruption. In: Tassi, F. Vasclh, 0. Case‘lh, S
Volcanoes of the World. Sprmger Verlag- B-w]m,

Casertano, L., Borgia, A., Cigolini, C., Morales, L.D.,
Fernandez, J.F,, 1987. An integrated dynamic
Poids volcano, Costa Rica. Bull. Volcanol. 49, 58

Chavarria, L., 2003. Miravalles geothermal field, Costa
evolution and a comparison of the mineralogy of
Geotherm. Training. Program., Rep. 6, 1-6

Chavarria, L., 2003. Miravalles Geothermal Figld
Evolution and a Comparison of the Mimeralog
Well. Geotherm. Training Prog., 6, The Unite
115-142.

Chiesa, S., Civelli, G., Gillot, P.Y., Mza,
cas asociadas con la formacién de 1aGaldera ayabo, Cordillera de Gua-
nacaste, Costa Rica. Rev. Geol. Amér. Central 14, 59-75.

Chiodini, G., Liceioli, C., Vaselli, O., Calabrese, S., Tassi, F,, Caliro, S., Caselli, A.T,,
Agusto, M., D'Alessandro, W., 2014. The Domuyo volcanic system: an enormous
geothermal resource in Argentina Patagonia. J. Volcanol. Geotherm. Res. 274, 71—
77.

p T ) e T S T S S P— PR o

sta Rica - Evidence of Thermal
pf an Acid Well and a Neutral
atipns Univ., Reykjavik, Iceland,

do, G.E., 1992, Rocas piroclasti-

Chong, G., Pueyo, J.J., Demergasso, C., 2010, The borate deposits in Chile. Andean
Geol. 27, 99-119.

Contrapunto, 2019. ANDA plantea usar Lago de Ilopango para proveer agua a 3 mu-
nicipios. http://www.contrapunto.com.sv/politica/gobierno/anda-p]
de-ilopango-para-proveer-agua-a-3 icipios/10145, publist

New chemical and original isotopic data on waters from El
northern Chile. Geochem. J. 39, 547-571.
Cruz, V., 2018. Chemical and Isotopic Composition of Hot pring
Region, Southern Peru. Techn. Rep. INGEMMET,
Cruz, V., Vargas, V., Matsuda, K., 2010. Geochemical char@igteriza
ters in the Calientes geothermal field, Tacna, south of Pem. In:
hermal Cangress, 25-29 Apnl 2010, Bali, Indonesig, Paper3301;

Cruz, V., Vargas, V., Matsuda, K., Soedx,Y 2013.'Ge
the Cnla.cna geothermal zone. Procedia Eaffing

Cumbal, L., Bundschubh, J., Aguirre, V., Myirg
The origin of arsenic in waters and sgd s from P
Bundschuh, J., Armienta, M.A., BirklejiR,, Bhattacharya, P., Matschullat, J.,
Mukherjee, A.B (Eds.), Natural 4 Groundwaters of Latin America —

Occurrence, Health Impact and/Remel Taylor & Francis Group, London,
UK, pp. 81-90.
Cumbal, L., Vallejo, P., Rodriguez Opez, D., 2010. Arsenic in geothermal sources

iEcuador: concentrations and mechanisms of
90310

St al settings of hydrothermal outflow: fracture

by faiilt propagation and interaction. J. Volcanol. Geot-

at the north-central Andean region
mobility. Environ. Earr.h Sci. 61 (2),
Curewitz, D., Karson, J. - L9
permeability maintaif
herm. Res. 79, 14 1

1002. La erupcién del volcén Copahue del afio 2000. Im-
matural. Provincia del Neuquén. In: Argentina. XV Con-
; Argentino, 23-26 April 2002, Calafate, Argentina. pp. 365-370.
2001. A new w estimate for present-day Cocos-Caribbean plate motion:
finslip along the central American volcanic arc. Geophys. Res. Lett.
6.

., Bonotto, D.M., 2017. Hydrogeochemical and isotopic indicators of vulnera-

and sustainability in the GAS aquifer, Sdo Paulo state, Brazil. J. Hydrology:

. Stud. 14, 130-149.

., Mahon, W., 1964. Natural hydrothermal systems and experimental hot-water/

ck interactions. Geochim. Cosmochim. Acta 28 (8), 1323-1357.

Ellis, A., Mahon, W., 1967. Natural hydrothermal systems and experimental hot water/

rock interactions (part IT). Geochim. Cosmochim. Acta 31 (4), 519-538.

Ellis, A.J., Mahon, W.A_J., 1977. Chemistry and Geothermal Systems. Academic
Press, University of Wisconsin-Madison, 392.

ENEL, 2017, Enel y ENAP Inauguran Cerro Pabellén, la primera Planta Geotérmica
de Sudamérica. Unpublished Report hitps://www.enelchile.cl/es/prensa/press/
d201709-enel-y-enap-inauguran-cerro-pabelln-la-primera-planta-geotrmica-de-
sudamrica.html, Accessed 14 August 2018,

Eppler, D., Baldridge, 8., Perry, F., Flores, W., Paredes, R., Finch, R., 1986. Geology
of the Azacualpa geothermal site. In: Los Alamos Nat. Lab. Rep. LA-10687-MS,
Los Alamos, NM.

Esteller, M.V,, Rodriguez, R., Cardona, A., Padilla-Sdnchez, L., 2012, Evaluation of
hydrochemical changes due to intensive aquifer exploitation: case studies from
Mexico. Environ. Monit. Assess. 184 (9), 5725-5741.

Farina, §., Vassolo, S., Cabral, N., Vera, S., Jara, S., 2004, Caracterizacién hidrologica
e hidrogeoquimica del Sistema Acuifero Guarani (SAG) en la regién oriental del
Paraguay al sur de la latitud 25° 30", Rev. Aguas Subterrineas, Sdo Paulo, Brazil.
1-24,

Federico, C., Inguaggiato, S., Chacén, Z., Londofio, J.M., Gil, E., Alzate, D., 2017.
Vapour discharges on Nevado del Ruiz during the recent activity: clues on the
composition of the deep hydrothermal system and its effects on thermal springs. J.
Volcan. Geotherm. Res. 346, 40-53.

Fercho, S., Perkin, D., Owens, L., Porras, E., Spielman, P., Rhodes, G., Delwiche, B.,
Walsh, P, 2017. Exploration and development of the Platanares, Honduras,
geothermal systems. In: Proceedings 42nd. Workshop on Geothermal Reservoir
Engineering, 1315 February 2017, Stanford, CA, SGP-TR-212. pp. 1-10.

Fernandez-Turiel, J.L., Galindo, G., Parada, , Gimeno, D., Garcia-Vallés, M., Saavedra
Alonso, J., 2005. Estado actual del conocimiento sobre el arsénico en el agua de
Argentina y Chile: origen, movilidad y tratamiento. In: http://digital.csic.es/handle/
10261!27257 Accessed 14 Apnl 2015.

w L L - ~a T



Science of the Total Environment xxx (Xxxx) XXX-XXx 31

Foley, D., Moaore, 1., Lutz, S,, Palma, J., Ross, H., Tobias, E., Tripp, A., 1990. Geology
and geophysics of the Zunil geothermal system, Guatemala. Geotherm. Res. Co.
14, 1405-1412. In: Davis, C.A. (Ed.), Transactions, Geothermal Resources Coun-
cil. http://pubs.geothermal-library.org/lib/gre/1002055. pdfAccessed 12 December
2018.

Folguera, A., Ramos, V., Zapata, T., Spagnuolo, M.G., 2007. Andean evolution at the
Guafiacos and Chos Malal fold and thrust belts (36°30'-37°8). J. Geodyn. 44,
129148,

Folguera, A., Rojas Vera, E., Vélez, L., Tobal, I., Orts, D., Agusto, M., Caselli, A.T,,
Ramos, V.A., 2016. A review of the geology, structural controls, and tectonic set-
ting of Copahue volcano, Southern Volcanic Zone, Andes, Argentina. In: Tassi, F.,
Vaselli, 0., Caselli, A. (Eds.), Copahue Volcano. Active Volcanoes of the World.
Springer Berlin, Heidelberg.

Foster, S., Hirata, R., Vidal, A., Schmidt, G., Gardufio, H., 2009. The Guarani Aquifer
Initiative-Towards Realistic Groundwater Management in a Transboundary Con-
text. Sustainable Groundwater Management. Lessons and Practice. Case Prof. Col-
lec. 9. The World Bank, 1-28.

Fuentes, G., Vifials, J., Herreros, 0., 2009. Hydrothermal purification and enrichment
of Chilean copper concentrates. Part 2: the behavior of the bulk concentrates. Hy-
drometallurgy 95, 113-120.

Garcia, M.A., Flores, W.C., Sandoval, S.A., 2017. Geochemical exploration in south-
em Honduras. GRC Trans 41, 1-12.

Garcia-Palomo, A., Magcias, 1., Tolson, G., Valdez, G., Mora, J., 2002. Volcanic stratig-
raphy and geological evolution of the Apan region, east-central sector of the
Trans-Mexican Volcanic Belt. Geofis. Int. 41 (2), 133-150.

Garofalo, K., 2006. Origin, Composition and Evolution of Fumarolic Fluids of Sub-
duction Zone Volcanoes in Nicaragua. PhD. Thesis Christian-Albrechts-Univer-
sitiit Kiel, Germany.

Gastmans, D., Veroslavsky, G., Chang, H.K., Marmisolle, J., Oleaga, A., 2010. In-
fluéncia do arcabougo hidroestratigrifico nas ocorréncias de arsénio em dguas sub-
terrineas ao longo do corredor termal do rio Uruguai (Argentina-Brasil-Uruguai).
Geociéncias 20 (1), 105-120.

Gastmans, D., Veroslavsky, G., Kiang Chang, H., Caetno-Chang, M.R., Nogueira
Pressinotti, M.M., 2012. Modelo hidrogeologico conceptual del Sistema Acuifero
Guarani (SAG): una herramienta para la gestién. Bol. Geol. y Min, 123, 249-265.

Gastmans, D., Mira, A., Kirchheim, R., Vives, L., Rodriguez, L., Veroslavsky, G.,
2017. Hypothesis of groundwater flow through geological structures i Guarani
aguifer system (GAS) using chemical and isotopic data. Procedia Earth and Plane-
tary Sci 17, 136-139.

Gherardi, F., Panichi, C., Yock, A., Gerardo-Abaya, J., 2002. Geochemistry of the sur-
face and deep fluids of the Miravalles volcano geothermal system (Costa Rica).
Geotherm 31, 91-128.

Giggenbach, W.F., 1978. The isotopic composition of waters from the El Tatio geother-
mal field, northern Chile. Geochim. Cosmochim. Acta 42, 979-988.

Giggenbach, W.F., 1988. Geothermal solute equilibria. Derivation of Na-K-Mg-Ca
geoindicators. Geochem. Cosmochim. Acta 52, 2749-2765.

Giggenbach, W.F., 1991. Chemical technigues in geothermal exploration, in: D'amore,
F. (coordinator), Applications of Geochemistry in Geothermal Reservoir Develop:
ment, UNITAR/UNDP publication, Rome, pp. 119-142.

Giggenbach, W.F., Corrales Soto, R., 1992, Isotopic and chemical compositionof
ter and steam discharges from volcanic-magmatic-hydrothermal systems of
Guanacaste geothermal province, Costa Rica. Appl. Geochem. 7, 309-332.

Goff, F., Grigsby, C.0., Shevenell, L.S., Gutierrez, J.W., 1986. Geochemigiry it
duran geothermal sites. Caribbean Basin Project. Los Alamos Sci. '@

Goff, F., Truesdell, A.H,, Janik, C., Adams, A., Roldan, A., Meeker, K 0. Hydro
chemical exploration of the Tecuanburro volcano region, Guatemals,

1989 (13), 141,

Goff, 8.1, Goff, F., Janik, C.J., 2003. Tecuamburro volcano, Gual
geothermal gradient drilling and results, Geotherm 21 (4), 48

Groeber, P., 1947. Observaciones geologicas a lo largo del mendi
muyo, Mari Mahuida, Huarhuar Co y parte de Epu Lauken. R
gentina 2 (4), 347—44]8

thioarsenic species in the hot sprmgs of the Rehai
Tengchong voleanic region, China. Chem. Geol. 4
Guo, Q., Planer-Friedrich, B., Liu, A, Yan, K.,
plaining the geochemical anomaly of very high
geothermal waters. Chem. Geol. 513, 32
Gutscher, M.A., Malavieille, J., Lallemand,
tion of the North Andean margin: i
Planet. Sci. Lett. 168, 255-270.
Hall, M.L., Beate, B., 1991, El Volcanismo Pli
Est. Geogr. 4. Corp. Edit. Naci i
Hammarlund, L., Pifiones, J., 2009, in Gegthermal Waters of Costa
Rica. TRITA-LWR MSc thesis A Min tudy, KTH, Stockholm, Sweden.
Hauser, A., 1989. Fuentes termales y minerales en torno a la carretera austral, Re-
giones X-XI, Chile. Rev. Geolég. de Chile 16 (2), 229-239.
Hauser, A., 1997. Catastro y caracterizacion de las fuentes de aguas minerales y ter-
males de Chile. Serv. Nac. Geol. and Miner. Bol. 50.

99. Tectonic segmmta-

io en los Andes del Ecuador.
r, 5-16.

Heiken, G., Duffield, W., 1990, An Evaluation of the Geothermal Potential of the
Tecuamburro Volcano Area of Guatemala. Los Alamos Nat. Lab. Rep. LA-UR-89-
2973.

Heiken, G., Eppler, D., Wohletz, K., Flores, W., Ramos, N., Ritchie,
of the Platanares Geothermal Site, Copan, Honduras. Los Alam
No LA-10634-MS Los Alamos, NM.

Heiken, G., Ramos, N., Duffield, W., Musgrave, J., Wohletz, K.,
Flores, W., Ritchie, A., Goff, F., Eppler, D., Escobar, C., 1991.
tanares geothermal Aaea, Departamento de Copan, Hondus
herm. Res. 45, 41-58. g

Herath, 1., Vithanage, M., Seneweera, S., Bundschuh, J., 2018.
natural systems: what is current, what is new and what néeds
ron, Int, 115, 370-386.

Herbel, M., Fendorf, S., 2006. Biogeochemical progg8ses
and transport of arsenic within iron coated sand:

Huaranca Olivera, W.R., Neumann-Redlin, C., 200€
ources of Bolivia, Uncia Quadrangle. Hydrog
CIA with Explanatory Note. Sergeote La

Hurtado-Jiménez, R., Gardea-Torresdey, J.E

Aldrich, J.,

J. Public Health 20 (4), 236
1llgs, Inform. Geo-Vulcanolégico. ELC,

glirquin, J., 2010. Geochemical and isotopic
termal fluids discharged from the Ecuadorian

volcanic arc. Geofluids 10, 525—
Inguaggiato, C., Censi, P., Zuddas, P., Lon ano, J.M., Chacon, Z., Alzate, D., Brusca,

L., D'Alessandro, W., 2048, Geochemistry of REE, Zr and Hf in a wide range of
it ig:Nevado del Ruiz volcanc-hydrothermal. Chem.

0, V., Rouwet, D., 2017. Geochemical processes
actionation at “Laguna Verde” acidic-sulphate

, Adams, A, Roldsn, A, Meeker, K., Trujillo Jr,
L., 1990. Hydrochemical exploration of the Tecuam-
gatemala, In: Heiken, G,, Dufficld, E. (Eds.), An Evalua-

, F.J., Torres, J.L., Pritchard, M.E., Macedo, O., Aguilar, V., 2015,
and seismicity near Sabancaya volcano, southern Peru, from 2002 to
hys. Res. Lett. 42 (8), 27802788,

. Argentina Republic. Final Report on the Northern Neuquen Geothermal

opment Project. First-Second Phase Survey, No 25, Buenos Aires, Ar-

a.

984. Argentina Republic. Final. Report on the Northern Neuguen Geothermal

lopment Project. Third Phase Survey, no 25, Buenos Aires, Argentina.

gizer, ML.J., 2014. Origin and Significance of Mobile Trace Elements in Volcanic

Lakes - a Case Study at Pods, Costa Rica. MSc thesis Utrecht, The Netherlands,

La Prensa Grafica, 2018. Extraen y venden sin control el agua de lago Coatepeque.
https://www.laprensagrafica.com/elsalvador/Extraen-y-venden-sin-control-el-agua-
de-lago-Coatepeque-20180617-0080.html. Published June 18, 2018, .

La Prensa Grafica, 2019. ANDA quitard el boro y arsénico al agua del lago de
Topango para hacerla potable. https://www.laprensagrafica.com/promociones/
ANDA -quitara-el-boro-y-arsenico-al-agua-del-lago-de-llopango-para-hacerla-
potable-20190618-0412 html. Published June 18, 2019. .

Laughlin, A.W., Goff, S.J., 1991. Recent geothermal investigations in Honduras: an
overview. J. Volcanol. Geotherm. Res. 45, 1-9,

LAVALIN, 2008. Proyecto de Proteccién Ambiental y Desarrollo Sostenible del Sis-
terna Acuifero Guarani. Hidrogquimica, resultados finales de laboratorio (SNC
LAVALIN). Zona Operativa Sur. Protocolo Base, Anexo 5.

Lavenu, A., Cembrano, J., 1999. Compressional and traspressional-stress pattern for
Pliocene and quaternary brittle deformation in fore arc and intra-arc zones (Andes
of central and southemn Chile). J.of Structural Geol. 21, 1669—1691.

Leal Acosta, M.L., Shumilin, E., Mirlean, N., 2013, Sediment geochemistry of marine
shallow-water hydrothermal vents in Mapachitos, Bahia Concepcion, Baja Califor-
nia peninsula, Mexico. Rev. Mex. de Ciencias Geolog. 30 (1), 233-245.

Leal-Acosta, M.L., Shumilin, E., Mirlean, N., Sapozhnikov, D., Gordeev, V., 2010. Ar-
senic and mercury contamination of sediments of geothermal springs, mangrove
lagoon and the Santispac Bight, Bahia Concepcién, Baja California peninsula.
Bull. Environ. Contam. Toxicol. 85 (6), 609-613.

LEBAC, 2008. Informe Final de Hidrogeologia do Projeto Aquifero Guarani. Final
Report — Conséreio Guarani.

Lehrberg, G., Morteani, G., 1989. Ore deposition associated with hot springs in the
central eastern cordillera of the Andes, Bolivia. Terra Abs 1, 400.

Lemus, C., Honores, C., Aguilera, F., Pérez, Y., Morales, D., Ciceres, D., Neira, H.,
2015 Eva.luaclén d.e Tos recursos geotérmicos de la Rnglén de Los Rios. In: In-

LT ST D T R



32 Science of the Total Environment xxx (Xxxx) 00x-xxx

Libbey, R.B,, William-Jones, A.E., Melosh, R.L., Backeberg, N.R., 2015, Characteri-
zation of geothermal activilty along the North American-Caribean Plate boundary
in Guatemala: the Joaquina geothermal field. Geotherm 56, 17-34.

Lima Lobato, E.M., Palma, J., 2000. The Zunil-II geothermal field, Guatemala, Central
America. In: Proceedings World Geothermal Congress, May 28-June 10, Kyushu-
Tohoku, Japan. pp. 21332138,

Llambias, E.J., Palacio, M., Danderfer, J.C., Brogioni, N., 1978. Petrologia de las rocas
igneas Cenozoicas del Volcdn Domuyo y dreas adyacentes. In: VII Congreso
Geolbgico Argentino, 9-15 April 1978, Neuguén, Argentina, Volume II. pp. 553—
568.

Longley, A.J., 2010. Estudio Hidrogeoldgico: Proyecto de Agua Potable, La Unidn,
Nuevo Amanecer y El Cortezal, Municipio de Telica. Nuevas Esperanzas, Leén
https://nuevasesperanzas.org/documents/Estudio-Hidrogeologico-La-Union-
Informe-Final.pdfAccessed 17 March 2019.

Lépez, D.L., Ransom, L., Perez, N., Hernandez, P., Monterrosa, J., 2004. Dynamics of
diffuse degassing at Ilopango caldera, El Salvador. In: Rose, W.1., Bommer, J.J.,
Lépez, D.L., Carr, M., Magjor, J.J. (Eds.), Natural Hazards in El Salvador. Geol.
Soc. of America Spec. Paper 375pp. 191-202,

Lépez, D.L., Padron, E., Magafia, M.1, Gémez, L., Barrios, L.A., Pérez, N.M.,
Hernédndez, P., 2004, Structural control on thermal anomalies and diffuse surficial
degassing at Berlin geothermal field, El Salvador. Geotherm. Res. Council Trans.
28, 477-483.

Lépez, D.L., Ransom, L., Monterrosa, J., Soriano, T., Barahona, F., Olmos, R., Bund-
schuh, J., 2009. Volcanic arsenic and boron pollution of llopango Lake, El Sal-
vador, In: Bundschuh, J., Armienta, M., Birkle, P., Bhattacharya, P., Matschullat,
J., Mukherjee, A.B. (Eds.), Natural Arsenic in Groundwater of Latin America.
Taylor & Francis, London, UK, pp. 129-143.

Lépez, D.L., Bundschuh, J., Birkle, P, Armienta, M.A., Cumbal, L., Sracek, O.,
Cornejo, L., Ormachea, M., 2012. Arsenic in volcanic geothermal fluids of Latin
America. Sci. Total Environ, 429, 57-75.

Lotter, J.T,, Lacey, S.E., Lopez, R., Socoy Set, G., Khodadoust, A.P,, Erdal, S., 2014.
Groundwater arsenic in Chimaltenango, Guatemala. J. Water Health 12 (3), 533—
542,

Liicke, O.H., Calderén, A., 2016. Characterization of the ashes from the 2014-2015
Turrialba volcano eruptions by means of scanning elecron microscopy and energy
dispersive X-ray spectroscopy. Rev. Geol. Amér. Central 54, 109-123.

Magaiia, M.I, Lopez, D.L., Barrios, L.A., Pérez, N.M., Padron, E., Henriquez, E.,
2004. Diffuse and convective degassing of soil gases and heat at the TR-6-Za-
potillo hydrothermal discharge zone, Berlin Geothermal Field, El Salvador. Geot-
herm. Res. Council Transact 28, 485-488.

Maher, W.A., Foster, S., Krikowa, F., Duncan, E., St John, A., Hug, K., Moreay, J.W.,
2013. Thio arsenic species measurements in marine organisms and geothermal wa-
ters. Microchem. J. 111, 82-90.

Maiiay, N., Piston, M., Céceres, M., Pizzorno, P, Biihl, V., 2019. An overview of envi-
ronmental arsenic issues and exposure risks in Uruguay. Sci. Total Environ. 686,
590-598, doi.org/https://doi.org/10.1016/j.scitotenv.2019.05.443,

Manganelli, A., Goso, C., Guerequiz, R., Ferndndez Turiel, J.L., Garcia, Vallés, Gi-
meno, D., Pérez, C., 2007. Groundwater arsenic distribution in South-Western
Uruguay. Environ. Geol. 53, 827-834.

Manganelli, A., Goso, C., Guerequiz, R., Fernéndez Turiel, J.L., Valls,
meno, D., 2007. Groundwater arsenic distribution in South-Western Ury,

Marinovich, N., Lahsen, A., 1984. Mapa de Calama, Regién de Antof
Nacional de Geologia y Mineria, Chile.
MARN, 2017. El Salvador and volcanic centers, In: http://www.binge
search?q=MARN%2c+2017+AND+EHSalvador+ AND+vgles
gpvi=MARNY%2c+2017+AND+El+Salvador+AND+volcani
FORM=VQFRML, Accessed 18 March 2019.
Marocco, R., del Pino, M., 1966. Geologia del Cuadringulo de Ie
A, Carta Geolég. Nacional 14. Ingemmet, Lima, P
Martin, R.S., Sawyer, G.M., Day, J.A., LeBlond, 1.8,
lution size distributions and emission fluxes of
cano, Nicaragua. J. Geophys. Res. 117, B0O8206.
Martinez Cruz, M., 2008. Geochemical Evolution‘af
cano (Costa Rica): Insights into Volcanic-H
Utrecht University, Utrecht, The Netherlands
Martinez, M., Fernindez, E., Valdés, ., Barbe
Malavassi, E., Sandnval L., Ba.nq

2012. High-reso-
Masaya vol-

ic Pollution at Coatepeque Lake, E1
Salvador. Senior Thesis, B.Sc. in Geology Ohio University, Athens, OH.

Melnick, D., Folguera, A., Ramos, V., 2006. Structural control on arc volcanism: the
Caviahue-Copahue complex, central to Patagonian Andes transition (38°S). J. 8.
Am. Earth Sci. 22, 66-88.

Meyer-Abich, H., 1956. Los volcanes activos de Guatemala y E1 Salvador (America
Central). In: Anales del Servicio Geolégico Nacional de El Salvador, San Sal-
vador, El Salvador.

Ministerio Salud Neuquen, 2015. Study of the Presence of Arsenic in
Sanitary Zone III (November 2015), (Unpublished report, Neuqué

Miranda, F., Folguera, A., Leal, P, Naranjo, J., Pesce, A., 2006. Upps
lower Pleistocene volcanic complexes and upper Neogene deformati
south-Central Andes (36°30"-38°S). In: Geol. Soc. Am. Spec

Molina, F., Marti, J., 2016. The Borinquen geothermal systemg(Canss.
Costa Rica). Geoﬂxem 64, 410-425.

Maller, P. Muﬁmm,G Dulski, P. Premfalk, C 2009 Vap

Pmncastagnmo geothermul ﬁeld, I:a]y‘ Geothermics

Complex, Mexu:o Guatm:nala ewdeucefor hig'
tern. 43 (3), 331-359.
Morales, E., Pérez, C., 2014, Geothermal potes
cuenet.ew/dms-files. phpTaction=doc&j
Morales, ., Villanueva-Estrada, R.E., Rodr 7 Fmienta, M.A., 2015. Geologi-
cal, hydrogeological, and geothermal*flietor§ associated to the urigm of arsenic,
fluoride, and groundwater tempegatuse i plcanic environment “El Bajio Guana-
juatense”, Mexico. Env. Earth 36
Morales-Arredondo, 1., Rodriguez R
2016. L'origine de I'arsenic et duflué
sédimentaire du Mexique Central™ gy
1029-1044.
Morales-Arredondo, J.1., Estelle
Martinez-FlorentinofT. A K

0r des eaux wutmmnm d'un bassin volcano-
pthése hydrochimique. Hydrog. J 24 (4),

2018. Chmctmzmg the hydmgeochennstry oftwo
in Central Mexico. J. Geochem. Explor. 185, 93—

104.

Morteani, G., Ruy eny P., Preinfalk, C., 2011. Geothermal mineralized
scales in the “the geothermal Piancastagnaio power plant (Mt. Ami-
ata geothe to understand the stibnite, cinnabarite and gold miner-

eiifral Italy), Mineral, Deposita 46 (2), 197-210.
A~ Manga, M., 2015, Geyser cruption intervals and interac-
Tatio, Atacama, Chile. J. Geophys. Res. Solid Earth 120,

¥ , E., 2004. The 2000 AD eruption of Copahue volcano. Southem
. Rev. Geol. Chile 31 (2), 279-292.
n, C.E.,d990. Bulk minable epithermal precious metal deposits of the Circum

mml, C., 1998. Azufral volcano, a geothermal resource for southem

siliceeus sinwr forrnation at the high-altimde El Tatio geothermal field, Chile. J.

lcanol. Geotherm. Res. 282, 60-76.

jcolli, H.B., Bundschuh, J., Blanco, M. del C., Tujchneider, O.C., Panarello, H.O.,

Dapefia, C., Rusansky, H.E., 2012. Arsenic and associated trace-elements in

groundwater from the Chaco-Pampean plain, Argentina: results from 100 years of

research. Sci. Total Environ. 429, 36-56.

NOM-127, 2000. Secretaria de Salud, Modificacién a la Norma Oficial Mexicana
NOM-127-S5A1-1994. Salud ambiental. Agua para uso y consumo humano.
Limites permisibles de calidad y tratamientos a que se debe someter el agua para
su potabilizacién, In: http://www.salud.gob.mx/unidades/cdi/nom/m127ssa14.html,
Accessed 20 January 2019.

Nuevas Esperanzas, 2010. Estudio Hidrogeolégico. Proyecto de Agua Potable La
Unidn. Nuevo Amanecer y El Cortezal, Municipio de Telica, Leén, Nicaragua.

OPS/OMS, Nuevas Esperanzas, 2011. Estudio de la Contaminacién del Agua por
Arsénico en el Municipio de Télica, Lebn, (Télica, Letn, Nicaragua).

O'Reilly, J., Watts, M.J., Shaw, R.A., Marcilla, A.L., Ward, N.I,, 2010. Arsenic conta-
mination of natural waters in San Juan and La Pampa, Argentina. Environ.
Geochem. Health 32, 491-515.

Ormachea, M., Bhattacharya, P,, Sracek, 0., Ramos, O., Quintanilla, J., Bundschuh, J.,
Prakash, J., 2015. Arsenic and other trace elements in thermal springs and in cold
waters from drinking water wells on the Bolivian Alfiplano. J. S. Am. Earth Sci.
60, 10-20,

Ortega-Guerrero, M.A., 2009. Presencia, distribucion, hidrogeoquimica y origen de
arsénico, fluoruro y otros elementos traza disueltos en agua subterrdnea, a escala
de cuenca hidrolégica tributaria de Lerma-Chapala, México. Rev. Mex, Ciencias
Geol 26 (1), 143-161.

Piez-Sénchez, A., Alfaro-Cuevas-Villanueva, R., Cortés-Martinez, R., Segovia, N.,
2013. Arsenic content and physicochemical parameters of water from wells and
thermal springs at Cuitzeo Lake Basin, Mexico. Int. J. Innov. Res. Sci., Eng.
Techn. 2 (12), 7731-7740.

Palacio, M., Llambias, E.J., 1978. Las fuentes termales del volcin Domuyo, Provincia
del Neuquen. In: VII Congreso Geol6gico Argentino, 9-15 April 1978, Neuquén,



Science of the Total Environment xxx (Xxxx) XXX-XXx 33

Parello, F., Aiuppa, A., Calderon, H., Calvi, F., Cellura, D., Martinez, V., Militello, M.,
Vammen, K., Vinti, D., 2008. Geochemical characterization of surface waters and
groundwater resources in the Managua area (Nicaragua, Central America). Appl.
Geochem. 23, 914-931.

Parker, S.R., G C.H., Ped F.L., Wood, S.A., 2008. Diel changes in metal
concentrations in a geogenically acidic river: Rio Agrio, Argentina. J. Volcanol.
Geotherm. Res, 178, 213223,

Pedrozo, F., Kelly, L., Dias, M., Teporetti, P, Baffico, G., Kringel, R., Friere, K.,
Mages, M., Gelle, W., Woelfl, S., 2001. First results on the water chemistry, algae
and tropic status of an Andean acidic lake system of volcanic origin in Patagonia
(Lake Caviahue). Hydrobiol 452, 129-137.

Peiffer, L., Taran, Y.A., Lounejeva, E., Solis-Pichardo, G., Rouwet, D., Bernard-
Romero, R.A., 2011, Tracin racing thermal aquifers of El Chichon volcano- hydrother-
mal system (México) with Sr/*%Sr, Ca/Sr and REE. J. Volcanol. Geotherm. Res.
205 (3-4), 55-66.

Peralta Arnold, Y., Cabassi, J., Tassi, F., Caffe, P.J., Vaselli, 0., 2017. Fluid geochem-
istry of a deep-seated geothermal resource in the Puna plateau (Jujuy Province, Ar-
gentina). J. Volcanol. Geotherm. Res, 338, 121-134.

Pérez, Y., 1999, Fuentes de aguas termales de la cordillera Andina del centro-sur de
Chile (39-42°S). Bol. 54. SERNAGEOMIN, Santiago de Chile, Chile.

Pérez, N.M., Salazar, ].M.L., Herndndez, PA., Olmos, R., Barahona, F., Cartagena, R.,
Soriano, T., Lopez, D.L., Notsu, K., 2004, Diffuse CO, and *’Rn degassing from
San Salvador volcano, El Salvador, Central America. In: Rose, W.1., Bommer, 1.J.,
Lépez, D.L., Carr, MLJ., Major, J.J. (Eds.), Natural Hazards in el Salvador. vol.
375, Geol. Soc. of America Spec. Paper, pp. 227-236.

Pesce, A.H., 2010. The development of the thermal centers along the border Ar-
gentina-Uruguayan. In: http://www.geothermal-energy.org/pdf/IGAstandard/EGC/
szeged/P-4-02.pdf, Accessed 5 May 2019.

Pesicek, J., Engdahl, E., Thurber, C., DeShon, H., Lange, D., 2012. Mantle subducting
slab structure in the region of the 2010 M8.8 Maule earthquake (30-40°S), Chile.
Geophys. J. Int. 191, 317-324,

Piazza, A.Di., Rizzo, A.L., Barberi, F,, Carapezza, M.L., Astis, G.De., Romano, C.,
Sortino, F., 2015. Geochemistry of the mantle source and magma feeding system
beneath Turrialba volcano, Costa Rica. Lithos 232, 319-335.

Planer-Friedrich, B., London, J., McCleskey, R.B., Nordstrom, D.K., Wallschldger, D.,
2007. Thioarsenates in geothermal waters of Yellowstone National Park: determi-
nation, preservation, and geochemical importance. Environ. Sci. Technol. 41,
5245-5251.

Pokrovski, G.S., Kara, S., Roux, J., 2002. Stability and solubility of arsenopyrite, As-
FeS, in crustal fluids. Geochim. Cosmochim. Acta 66, 2361-2378.

Pokrovski, G.S., Zakirov, L.V,, Roux, J., Testemale, D., Hazemann, J.L., Bychkov,
ALY, etal, 2002. Experimental study of ic speciation in vapour phase to
500°C: implications for As transport and fractionation in low-density crustal fluids
and volcanic gases. Geochim. C him, Acta 66, 3453-3480.

Porras Cruz, 1.A., 2012, Chemical Evolution of the Momotombo Reservoir and Silica
and Calcite Scaling Potential of the Fluid. Rep. 2012, 28, UNU, 1-9. 677-694.

Porras, E.A., Tanaka, T., Fujii, H., Ryuichi, L., 2007. Numerical modeling of the Mo-
motombo geothermal system, Nicaragua. Geotherm 36 (4), 304-329. .

Proyecto Piloto Oruro (PPO), 1996, Impact of the mining and industrial contamig
in groundwater (Impacto de la contaminacién minera e industrial sobre agu#s
terréneas). In: R-BOE-9.45-9702-PPO 9616, Ministerio de Desarrollo Sostgai
Medio Ambiente, Secretaria de Medio Ambiente, Swedish Geological AB,
Bolivia.

Proyecto Piloto Oruro (PPO), 1996. Mining Impact and the Mineral Prog
Rivers and Lakes (Impacto de la Minera Y el Procesamiento de Mil .
sos de Aguas Y Lagos). R-BOE-9.45-9703-PPO 9612, Ministerio de/DeSa
Sostenible y Medio Ambiente, Secretaria de Medio Ambiente, Swedish'G
AB, La Paz, Bolivia.

Metals in the Desaguadero Hydrologic System (Aspectos ambi
ales y metaloides en el sistema hidrolégico del Desaguadero)
rio de Desarrollo Sostenible y Medio Ambiente, Sq
Swedish Geological AB, La Paz, Bolivia.
Pulido, N., 2003. Seismotectonics of the northern An

cial Edition. pp. 69-76.
Qu.into, A, Saﬂt(’)’(’- E., Torres, V., Gﬂﬂ?ﬁl&, E., Castill
geoquimico-ambiental de los efluentes naturs
de Acoculco, Puebla. Ing. Hidrdulica en'™
Ramos, V.A., Folguera, A., 2009. Andeanjfla
Lond. Spec. Publ. 327, 31-54. https://
ary 2019).
Reyes-Gomez, V.M., Alarcén-He
ride and arsenic in an alluvial aquifer
levels, potential sources, and co-oce
1-15.
Risacher, F., Hauser, A., 2008. Catastro de las principales fuesntes de aguas termales
de Chile (No. 12302-1). IRD and SERNAGEOMIN, Santiago de Chile, Chile.
Rodriguez, A., van Bergen, M.J., 2017. Superficial alteration mineralogy in active vol-

b, D., 1995, Estudio
i '_ los en la zona geotérmica

ift'Chihuahua, Mexico: contaminant
Vater, Air, and Soil Poll 224 (1433),

Romaén, N., Reich, M., Leisen, M., Morata, D., Barra, F., Deditius, A., 2019. Geochem-
ical and micro-textural fingerprints of boiling in pyrite. Geochim. Cosmochim.
Acta 246, 60-85.

Romero, L., Alonso, H., Campano, P., Fanfani, L., Cidu, R., Dadea, C. eegan,T
Thornton, L. , Farago, M. » 2003, Arsenic enrichment in waters an,
Rio Loa (aacond region, Clnlc} Appl. Geochem. 18, 139914

Rouwet, D., Bellomo, S., Brusca, L., Inguaggiato, S., Jutzeler, M.}
2009. Major and trace element geochemistry of El Chichén volc:

monitoring. Geof. Intern. 48 (1), 55-72.
Rouwet, D., Inguaggiato, S., Taran, Y., Varley, N., Santiagg, S.

Volcanol. 71, 319-335.
Rouwet, D., Taran, Y., Inguaggiato, S., 2015. Fluidg
hydrothermal system. In: Scolamacchia, T., Magi
of Chiapas (Mexico): El Chichén and Tacan4. Spiri
Germany.,
Rowe, G.L., Brantley, S.L., Ferndndez, J.F. ro, J., Borgia, A., 1989, Observa-

.0 Dr"' & v 1 Yo
.), Active Volcanoes
dg Berlin, Heidelberg,

ciones preliminares del sistema hidrofe: ; i Pods, Costa Rica. Bol. Vul-
canol. 20, 23-31, OVSICORI-UNA.

Rowe, G.L., Ohsawa, S., Takano, B., Brantley Sil.., Fernéndez, J.F., Barquero, J.,
1992. Using crater lake chemisify Iganic activity at Pods volcano,
Costa Rica. Bull. Volcanol. 54,4

Ruiz, B,, Morata, D, 2016, H :
Lagos, Chile. [n 38th New Zeal i
2016, Auckland, New Zealand.

Sénchez-Yanez, C., Rmch MipLeisen, M., Morata, D., Barra, F., 2017. Geochemistry

ds 1in siligeous sinter deposits: implications for elemental

Appl. Geochem. 80, 112-133.

stematische Abdeckung von Know-how Defiziten

' glungslinder” — Nachhaltige Nutzung der

asservorkommen des Guarani- Aquer Systems.

ical characterization of thermal springs, Los
Geothermal Workshop, 23-25 November

ernany.
iganclli, A., 2018. The Guarani Aquifer System: from a bea-
mark in the governance of transboundary aquifers. J. Hy-

i, HB., !\«"[acdonald, D.M.J., Barros, A_J., Tullio, J.O., 2002. Hy-
i f arsenic and other inorganic constituents in groundwaters from
a Pampa, Argentina. Appl. Geochem. 17, 259284,

.R., 2004. Active Andean volcanism: its geologic and tectonic setting. Rev.
gica Chile 31, 161-206.

K., Swedish Geological Company, 1985. Trace Element Distribution in the

aragua Auriferous Deposits - a Reconnaissance Study. INMINE/SAREC-

icaragua, Managua, Nicaragua.

aboada, A., Rivera, L.A., Fuenzalida, A., Cisternas, A., Philip, H., Bijwaard, H.,

Olaya, J., Rivera, C., 2000. Geodynamics of the northern Andes subductions and

intracontinental deformation (Colombia). Tectonics 19, 787-813.

Tapia, J., Davenport, J., Townley, B., Dorador, C., Schneider, B., Tolorza, V., von
Tiimpling, W., 2018, Sources, enrichment, and redistribution of As, Cd, Cu, Li,
Mo, and Sb in the northern Atacama region, Chile: implications for arid water-
sheds affected by mining. J. Geochem. Explor. 185, 33-51.

Taran, Y., Fischer, T.P.,, Pokrovsky, B., Sano, Y., Armienta, M.A., Macias, J.L., 1998.
Geochemistry of the volcano-hydrothermal system of El Chichén volcano, Chia-
pas, Mexico. Bull. Volcanol. 59, 436449,

Taran, Y., Rouwet, D., Inguaggiato, S., Aiuppa, A., 2008. Major and trace element geo-
chemistry of neutral and acidic thermal springs at El Chichén volcano, Mexico,
Implications for monitoring of the volcanic activity. J. Volcanol. Geotherm. Res.
178 (2), 224-236.

Tassi, F., Martinez, C., Vaselli, O., Capaccioni, B., Viramonte, J., 2005. Light hydro-
carbons as redox and temperature indicators in the geothermal field of El Tatio
(northern Chile). Appl. Geochem. 20, 20492062,

Tassi, F., Aguilera, F., Darrah, T., Vaselli, O., Capaccioni, B., Poreda, R.J., Delgado
Huertas, A., 2010, Fluid geochemistry of hydrothermal systems in the Arica-Pari-
nacota, Tarapacd and Antofagasta regions (northern Chile). J. Volcanol. Geotherm.
Res. 192, 1-15.

Tassi, F., Vaselli, O., Caselli, A.T., 2016. Copahue Volcano: Active Volcanoes of the
World. Springer Verlag, Berlin-Heidelberg, Germany.

Thouret, J.C., Finizola, A, Fornari, M., Suni, J., Legeley-Padovani, A., Frechen, M,,
2001. Geology of El Misti volcano nearby the city of Arequipa, Peru. Geol. Soc.
Am. Bull. 113 (12), 1593-1610.

Thouret, J.C., Rivera, M., Wormer, G., Gerbe, M.C,, Finizola, A., Fornari, M., Gonza-
les, K., 2005. Ubinas: the evolution of the historically most active volcano in
southern Peru. Bull. Volcanol. 67, 557-559.

Thouret, J.C., Womer, G., Gunnell, Y., Singer, B., Zhang, X., Souriot, T., 2007.



34 Science of the Total Environment xxx (xxxx) xxx-xxx

Truesdell, A.H., 1992, Origin of acid fluids in geothermal regervoirs. Tn: Geothermal
Investigations with Isotope and Geochemical Techniques in Latin America. Pro-
ceedings of a Final Research Co-Ordination Meeting Held in San Jogé, Costa Rica,
12-16 November 1990. IAEA, TECDOC 641, Vienna, pp. 423438,

Ullrich, M.K., Pope, I.G., Seward, TM., Wilson, N, Planer-Friedrich, B., 2013, Sulfur
redox chemistry govems dinrnal antimony and amenic cycles at champagne Pool,
Waiotapu, New Zealand. J. Volcanol. Geotherm. Res. 262, 164177,

Vallgjos Ruiz, O., 2013. The Miravalles Geothermal System, Costa Rica. Geotherm.
Training Program. United Nations University, 1-27.

van Wyk de Vries, B., 1993. Tectonics and Magma Evolution of Nicaraguan Volcanic
Systems. PhD Thesis Open Univemsity, Milton Keynes, UK.

Varekamp, 1.C., 2008, The volcanic acidification of glacial Lake Caviahue, province of
Neunquen. Argentina J. Volcanol. Geotherm. Res. 178, 184-196.

Varekamp, 1.C., Quimette, A., Hermén, 8., Bermidez, A., Delpino, D,, 2001, Hy-
drothermal element flimes from Copahue, Argentina: a “bechive’” volcano in tur-
moil. Geology 29 (11), 1059-1062.

Varekamp, J.C., Ouimette, A P., Herman, S.W., Flynn, K.S., Bermudez, A., Delpino,
D., 2009. Naturally acid waters from Copahue volcano, Argentina, Appl.
Geochem. 24, 208-220.

Vaselli, O., Tassi, F,, Miniggale, A_, Montegrossi, G., Duarte, E., Feméindez, E., Berga-
maschi, F.,, 2003. Fumarole migration and fluid geochemistry at Pods volcano
(Costa Rica) from 1998 to 2001. In: Geol. Soc. London, Spec. Publ, 213. pp. 247—
262,

Vassolo, 8., 2005. Resultados de los andlisis hidrogeoquimicos e isotdpicos llevados a
cabo en el marco del proyecto SAG-PY, In: Inf. del proyecto, Taller del SAG-Py,
Asuncién, Paraguay. pp. 1-10.

Vizquez-Prada Baillet, D., Ortega, J., Marin, E.A,, Cerrato, D., Sanchez Navarro, J.A.,
2008. Estudio hidrolégico de 1a Laguna de Apoyo (Nicaragua) y propuestas para la
gestidn, Bol, Geol. y Minero 119 (1), 137-148.

Vieira, F.P.,, Guimardies, S.N.P., Hamza, M., 2015. Updated assessment of geothermal
resources in Brazil. In: Proceedings World Geothermal Congress, 19-25 April
2015, Melbourne, Australia, Paper 01069,

Villagémez, D., Spikings, R., Magna, T., Kammer, A, Winkler, W, Beltrén, A, 2011.
Geochronology, geochemisiry and tectonic evolution of the Western and central
cordilleras of Colombia. Lithos 125, 875-896.

Villanueva-Estrada, R.E., Prol-Ledesma, R. M., Rodriguez-Diaz, A.A,, Canet, C.,
Armienta, M.A_, 2013. Arsenic in hot springs of Bahia Concepcitn, Baja Califor-
nia peningula, México. Chem, Geol. 348, 27-36.

Vogel, T.A., Patino, L.C., Eaton, ] K., Valley, LW., Rose, W, Alvarado, G.E,, Viray,
E.L., 2006. Origin of silicic magmas along the central American volcanic front:
genetic relationship to mafic melts. J. Volcanol. Geotherm, Res. 156 (3-4), 217
228.

Walker, J.A,, Carr, M.J., Feigenson, M.D., Kalamarides, R.L, 1990. The petrogenetic
significance of interstratified high-and low-Ti basalts in Central Nicaragpa. J.
Petrol. 31 (5), 11411164,

‘Walker, J.A., Templeton, S., Cameron, B.I, 2006. The chemistry of spring waters and
fumarolic gases encircling Santa Maria volcano, Guatemala: Inzights into regional®
hydrothermal activity and implication for volcano monitoring. In: Rose, W.I.

, Bluth, G.1.S.., Carr, M.J,, Ewert, J.W., Patino, L.C., Vallance, J.W. (Eds.), Vol-
canic Hazards in Central America. G3A 3pec. Papers Geol. Soc. Of America, p.
412,
‘Wang, M., Li, 8., Wang, H., Xiao, T., Zheng, B., 2012. Distribution of
face water in Tibet. Environ. Sci. 33, 3411-3416.
Wang, Y., Li, P, Guo, Q., Jiang, Z., Lin, M., 2018. Environmental
high argenic geothermal fluids. Appl. Geochem, 97, 81-92,
Ward, K.M., Zandt, G., Beck, S.L., Christensen, D.H., McFarlin, H.,
imaging of the magmatic underpinnings beneath the Altiplgiicd]
plex from the joint inversion of surface wave dispersion's
Earth Planet. Sci. Lett. 404, 43-53.
Wardell, L.J., Peterson, A, Stix, J., McGonigle, A., 2004,
from the Gas Plume of Masaya Volcano, Micaragua, 4
stract, Montreal, Canada.
Webster, J.G., Nordstrom, D X_, 2003. Geothermal
ter, Springer, pp. 101-125,
Williams, H., McBirney, A R., 1969. Volcanic histo
Pub. Geol. Sci. 85. pp. 1-101,
Wilson, L.R_, 2011. Determination of Tracg{}
thern Chile, MSc thesis University of¥ h ¢
Witt, C., Bourgois, J., Michaud, F., OrdofiezM.
velopment of the Gulf of Guayaqui

Heiken, G. (Eds.), Volcanologyiand Feothermal Energy. UC Press E-Books Col-

lection Univ. California Press, Berkgley, CA, pp. 261295 hitp://ark.cdlib.org/ark:/

13030fﬂ6v19p151fAccessed23 Decetn]
Wrage, J., Tardani, D., ghpM., Daniele, L., Amnclbm G., Cembrano, J., Sinchez-

Alfaro, P, Morata, D] foreno, R., 2017 Geochemmtryofthu'malwatemm
the Southern Volcand — implications for structural controls on geot-
hermal fluid comp 4'Geol. 466, 545-561.

"e., Guo, W., Chen, Z,, She, W., Guo, Q., Dong,

mafion coupled with anaerobic arsenite oxidation by a
dgolated from a hot spring. Front, Microbiol. 8, 1336.
Cassassuce, F, Gutiémrez, G.M., Velizquez, E.R., 2013.
‘San Juan Bautista Londd aquifer, BCS, Mexico. Proc.

8 acids in geothermal water. Chem. Geol. 103 (1-4), 103—111.
, 1996, Geologic Map of Bolivia (Mapa Geoldgico de Bolivia), (La

).
. Leidig, M., Chmielowski, J., Baumont, I, Yuan, X., 2003, Seismic detec-
and characterization of the Altiplano-Puna magma body, Central Andes. Pure
and Geophys. Aki Symp 1-60, 789-807.
Ziofiiga, A., Sanchez, M., 2003. Thermal manifestations in Nicaragua. In: BHC Bul-
“Wletin, Sep. 2003. pp. 23-25.



	Arsenic in Latin America_Page_01
	Arsenic in Latin America_Page_02
	Arsenic in Latin America_Page_03
	Arsenic in Latin America_Page_04
	Arsenic in Latin America_Page_05
	Arsenic in Latin America_Page_06
	Arsenic in Latin America_Page_07
	Arsenic in Latin America_Page_08
	Arsenic in Latin America_Page_09
	Arsenic in Latin America_Page_10
	Arsenic in Latin America_Page_11
	Arsenic in Latin America_Page_12
	Arsenic in Latin America_Page_13
	Arsenic in Latin America_Page_14
	Arsenic in Latin America_Page_15
	Arsenic in Latin America_Page_16
	Arsenic in Latin America_Page_17
	Arsenic in Latin America_Page_18
	Arsenic in Latin America_Page_19
	Arsenic in Latin America_Page_20
	Arsenic in Latin America_Page_21
	Arsenic in Latin America_Page_22
	Arsenic in Latin America_Page_23
	Arsenic in Latin America_Page_24
	Arsenic in Latin America_Page_25
	Arsenic in Latin America_Page_26
	Arsenic in Latin America_Page_27
	Arsenic in Latin America_Page_28
	Arsenic in Latin America_Page_29
	Arsenic in Latin America_Page_30
	Arsenic in Latin America_Page_31
	Arsenic in Latin America_Page_32
	Arsenic in Latin America_Page_33
	Arsenic in Latin America_Page_34

