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problem of As contamination in water is known in 14 out of 20 countries: Argentina, Bolivia, Brazil, Chile,
Colombia, Cuba, Ecuador, El Salvador, Guatemala, Honduras, Mexico, Nicaragua, Peru and Uruguay.
Considering the 10 pg/L limit for As in drinking water established by international and several national
agencies, the number of exposed people is estimated to be about 14 million. Health effects of As exposure

f:ﬁ;v‘;\rﬁféﬁca were identified for the first time already in the 1910s in Bellville (Cérdoba province, Argentina). Nevertheless,
Geogenic arsenic contamination of As in waters has been detected in 10 Latin American countries only within the last 10 to
Arsenic occurrence and mobilization 15 years. Arsenic is mobilized predominantly from young volcanic rocks and their weathering products. In
Groundwater alluvial aquifers, which are water sources frequently used for water supply, desorption of As from metal
Surface water oxyhydroxides at high pH (>8) is the predominant mobility control; redox conditions are moderate reducing
Mining to oxidizing and As(V) is the predominant species. In the Andes, the Middle American cordillera and the

Transmexican Volcanic Belt, oxidation of sulfide minerals is the primary As mobilization process. Rivers that
originate in the Andean mountains, transport As to more densely populated areas in the lowlands (e.g. Rimac
river in Peru, Pilcomayo river in Bolivia/Argentina/Paraguay). In many parts of Latin America, As often occurs
together with F and B; in the Chaco-Pampean plain As is found additionally with V, Mo and U whereas in areas
with sulfide ore deposits As often occurs together with heavy metals. These co-occurrences and the
anthropogenic activities in mining areas that enhance the mobilization of As and other pollutants make more
dramatic the environmental problem.

© 2011 Elsevier B.V. All rights reserved.

* Corresponding author at: Faculty of Engineering and Surveying, University of Southern Queensland, Toowoomba, Queensland 4350, Australia.
E-mail addresses: jochenbundschuh@yahoo.com (J. Bundschuh), litter@cnea.gov.ar (M.L Litter), mp844@columbia.edu (F. Parvez), gabriela.roman@udg.edu (G. Roman-Ross),
hbnicolli@arnet.com.ar (H.B. Nicolli), lcw901015@gmail.com (C.-W. Liu), lopezd@ohio.edu (D. Lépez), victoria@geofisica.unam.mx (M.A. Armienta), guilherm@dcs.ufla.br
(LR.G. Guilherme), alinagomezcuevas@hotmail.com (A.G. Cuevas), lorenacp@uta.cl (L. Cornejo), luis.cumbal@espe.edu.ec (L. Cumbal), toujague@yahoo.com (R. Toujaguez).

0048-9697/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.scitotenv.2011.06.024


http://dx.doi.org/10.1016/j.scitotenv.2011.06.024
mailto:jochenbundschuh@yahoo.com
mailto:litter@cnea.gov.ar
mailto:mp844@columbia.edu
mailto:gabriela.roman@udg.edu
mailto:hbnicolli@arnet.com.ar
mailto:lcw901015@gmail.com
mailto:lopezd@ohio.edu
mailto:victoria@geofisica.unam.mx
mailto:guilherm@dcs.ufla.br
mailto:alinagomezcuevas@hotmail.com
mailto:lorenacp@uta.cl
mailto:luis.cumbal@espe.edu.ec
mailto:toujague@yahoo.com
http://dx.doi.org/10.1016/j.scitotenv.2011.06.024
http://www.sciencedirect.com/science/journal/00489697

J. Bundschuh et al. / Science of the Total Environment 429 (2012) 2-35 3

Contents

1. INtroduCtion . . . . . . . . o o L e e e e e e e e e e e e e e e e e e e 3
Arsenic species and mobilization in groundwater of Latin America . . . . . . . . . . . L. e e e e e e e e e e 7

200 AISENIC SPECIES . . . v v v v e e e e e e e e e e e e e e e e e e e e e e e e s e 7

2.2.  Mechanisms of arsenic mobilization . . . . . . . L L L oL e e e e e e e e e 8

3. Arsenic in the Precolumbian Era . . . . . . . L L Lo Lo e e e e e 8
4, Few findings until the 1960s . . . . . . . . . . L e e e e e e e e e e e e e 8
4.1. Arsenic detection in groundwater of Argentina . . . . . . . . . . .. ... e e e e e e e e e e e e e e e 10

4.2.  Arsenic discoveries in groundwater of MeXico. . . . . . . . . . . .. e e e e e e e e e e e e 14

43.  Arsenic detections in surface water and groundwater of Chile . . . . . . . . . . . . . L. L 15

5. Arsenic: from the 1970s to the 20th century. . . . . . . . . . . . . L e e e e e e e e e e e e e 16
5.1.  Arsenic detection in groundwater and surface water resources of Peru . . . . . . . . . . . . ... e e e 16

6. Arsenicin the 2TSt CENLUTY . . . . . . . . . L o ottt e e e e e e e e e e e e e e e e e e e e e 18
6.1.  Central AMETICa. . . . . . . . o it e e e e e e e e e e e e e e e e e e e e 18
6.1.1.  Guatemala . . . . . . . e e e e e e e e e e 18

6.1.2.  Honduras . . . . . . . . e e e e e e e e e e e e 19

6.1.3.  ElSalvador. . . . . . . . L s 20

6.1.4.  NICAragua . . . . . . v e e e e e e e e e e e e e e e 21

6.1.5.  CostaRica . . . . . . . e e 22

6.2.  Caribbean. . . . . .. L e e e e e e e e e e 22
6.2.1.  Cuba. . . . .. 22

6.3.  South AMETiCa . . . . . . . . o i e e e e e e e e e e e e 23
6.3.1.  Colombia. . . . . . . . e e e e 23

6.3.2.  Ecuador . . ... e e e e s 24

6.3.3.  Bolivia . . . . .o e e e 24

6.34.  Brazil . . ..o e 28

6.3.5.  Uruguay . . . . . . . . o e e e e e e e e e e e e e e e 28

7. ConclUSIONS . . . . . . . L e e e e e e e e e e e e e 29
Acknowledgments. . . . . . . . . L e e e e e e e e e e e e e e 29
References . . . . . . . o e e e e e 29

1. Introduction

Recent studies from northern Chile have showed that the
indigenous population of Latin America' may have suffered arseni-
cism 7000 years ago caused by high arsenic (As) exposure of geogenic
origin in drinking water and in food (Arriaza et al., 2010; Byrne et al.,
2010; Rivadeneira et al., 2010, see Section 3). However, it was not
until 1913 when the first cases of human As poisoning were described
from the locality of Bell Ville in the Chaco-Pampean plain in Argentina
and related to As in drinking water from groundwater (Goyenechea,
1917). There were few studies in the Chaco-Pampean plain in the
following decades. However, it took until the end of the 1950s and the
beginnings of the 1960s that the problem of ground- and surface
water contaminated predominantly by geogenic As was detected in
other Latin American countries, i.e. in Mexico and Chile. However, at
the beginning of the 21st century, the findings of high As
concentrations in water resources in Latin American countries
increased sharply. Contamination has been detected for the first
time in 10 Latin American countries only within the last 10 to
15 years. As by today, high As levels have been detected in ground-
and surface water in 15 of the 20 Latin American countries (2011)
(Fig. 1). Much of the As contamination was detected and/or described
within the last 10 to 15 years, but in many cases, these data were
published much later or never in the international literature.
Examples of countries where As was detected in waters (not including
the geothermal ones) detected or reported since the end of the 1990s
are El Salvador (1998), Nicaragua (1996/2000), Brazil (1998/2000),
Bolivia (2001), Cuba ((1985) 2002), Ecuador (2005), Honduras

1 In this paper, Latin America will be referred to as the region comprising those
countries in the Americas where the Spanish or Portuguese languages prevail: Mexico,
all countries of Central America with the exception of Belize, all South American
countries (with the exception of Guyana, Suriname and Trinidad and Tobago) and, in
the Caribbean, Cuba, Dominican Republic and Puerto Rico.

(2006), Uruguay (2005/06), Colombia (2007), and Guatemala
(2007) (Bundschuh et al., 2009).

In most mid-sized and large urban areas with centralized water
supply, the problem of As-contaminated drinking water resources has
been mitigated by the installation of water treatment plants or
tapping alternative water resources. In Latin America, accommodation
to the allowable limit of As in drinking water has been a step-by-step
approach where limits were set-up according to the affordable
technology in each country at that moment. Nowadays, the tested
methods are able to reach the 10 pg/L limit recommended by the
WHO. The technologies used are based mainly on coagulation—
flocculation-filtration and reverse osmosis (RO) (Bundschuh et al.,
2010; Litter et al., 2010a,b, 2012). Conventional large-scale As
removal plants using coagulation methods and reverse osmosis
were installed in some places. In northern Chile, plants were installed
in Antofagasta (since 1970), Calama (since 1978), San Pedro and other
cities (Fig. 2). Currently, four plants working with a coagulation-based
technology using ferric chloride for low to medium production
capacity (30 to 520L/s) are operative and achieve As removals
complying the Chilean regulation (Sancha, 2003). As described, in
Chile the problem has been partially solved by installation of plants in
some large and medium cities; however, the problem persists at the
north of the country, typically associated to small rural communities.
Solutions for these areas are proposed in the paper of Litter et al.
(2012).

In Argentina, plants using a coagulation-adsorption-filtration
process with polyaluminum chloride (PAC) or ferric chloride,
followed by a double filtration, allowed the simultaneous removal of
As and F~, achieving also concentrations in accordance with national
and international regulations (Fernandez et al., 2009). Although
several RO plants have been installed in Argentina to remove As and
salinity in the last decades, the high levels of solids and the high silica
content cause severe fouling and scaling problems (Ferniandez and
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NORTH AMERICA:
Mexico: Baja California st.
(1) Cerro Prieto geothermal area,
(2) San Ignacio-Mulegé, Sierra Guadalupe,
(8) Sierra El Mechudo, communities of San
Juan de la Costa and Punta Coyote, (4) San
Antonio-El Triunfo; Sonora st. (5) Caborca,
Magdalena, (6) Hermosillo, (7) Yaqui river water-
shed, (8) Etchojoa (9) Colorado river delta;
Chihuahua st.: (10) Santa Barbara mining area,
(11) Meoqui, Delicias, Julimes, Camargo, Jimenes;
Nuevo Ledn st. (12); Zacatecas st.: (13) Zacatecas;
Durango and Coahuila states: (14) Comarca
Lagunera; Durango state: (15) Valle del Guadiana
(Durango city and vicinity); San Luis Potosi st.:
(16) Santa Ma. de la Paz, (17) Morales in San Luis
Potosi city, (18) Rio Verde; Hidalgo st.: (19) Zimapan;
Aguascalientes state (20); Puebla state: (21) Acoculco
geothermal area, (22) Los Humeros geothermal area;
Michoacdn st.: (23) Los Azufres geo-thermal area; Jalisco
state: (24) Altos de Jalisco; Guanajuato st.: (25) Salamanca,
(26) Acambaro, (27) Independencia; Morelos state

st.: (31) Oaxaca; Tabasco st.: (32) Cactus-Sitio Grande,
(33) Luna-Sen, (34) Jujo-Tecominoacan, (35) Pol-Chuc
-Abkatun.

CENTRAL AMERICA: Guatemala: (36) Chinautla and
Mixco; El Salvador: (37) Coatepeque lake, (38), llopango
lake, (39) Olomega lake,; Honduras: (40) Valle de Siria;
Nicaragua: (41) Cerro Mina de Agua, (42) El Charco, Santa
Rosa del Pefén, (43) Santa Cruz de la India, (44) Kinuma,
(45) Zapote, (46) Llano La Tejera (47) Tipitapa geothermal
area; Costa Rica: (48) Rincon de la Vieja, (49) Miravalles,
(50) Chocosuela-Platanar area.

CARIBBEAN: Cuba: (51) Isla de la Juventud,
(52) Cienfuegos, (53) Moa, (54) Santa Lucia Mine.

SOUTH AMERICA: Colombia: (55) Barbacoas Bay (Sucre
dep.), (56) Bolivar dep., (57) Antioquia dep., (58) Yacopi
(Cundinamarca dep), (59) Caldas dep., (60) Marmato mining

o

(28); Guerrero st.: (29) Taxco, (30) Tlamacazapa; Oaxaca ;

®)

district(Caldas dep.), (61) Valle de Cauca dep., (62) Narifio dep.,

SOUTH AMERICA (cont.): (63) El diamante
gold mine; Caldas dep.; Ecuador: (64) Tambo
river and Papallacta lake area (Quijos county,
Napo prov.), (65) Guayllabamba, (66)
Tumbaco, (67) Geothermal waters from El
Carchi, Imbabura, Pichincha, Cotopaxi, and
Tungurahua prov.; Peru: (68)Morococha mining
region/La Oroya smelting complex (Yauli prov,
Junin dep.), (69) Rimac river basin, (70)
. “®¥ Huaytara prov. (Huancavélica dep.), (71) Puno
L4 (Puno dep.), (72) Locumba valley (Tacna dep.;
llo city water supply), (73)Tacna area (Sama
Quebrada de la Yarada, localities:
[y “ Amopaya, Sama, Inclan; Tacna
" dep.); Chile: (74) Arica area
(Lluta and Azapa
. valleys, (75) Quebrada
- »de Camarones,

0° —

(76) Loa river
basin/Atacama
desert, (77) Tatio™|
geothermal springs,

(78) Coquimbo,
Valle del Elqui,
(79) Maipu river basin;
Bolivia: (80) El Alto
(La Paz), (81) Oruro,
(82) Poop6 basin, (83) North of
Potosi dept., (84) Upper Pilcomayo
river basin; (85) Lipéz and south of
Potosi dep.; Argentina: (86) NW
Argentine Andean highland, e.g.
San Antonio de Los Cobres and
many other localities, (87) Chaco plain,
(88) Pampa plain, (89) Copahue,
(90) Garayalde and Camarones
(Chubut prov.); Uruguay: (91) San José
Q%a dept.; Brazil: Minas Gerais st.: (92) ™=,
72" "Nova Lima dist., (93) Santa Barbara
dist., (94) Ouro Preto/Mariana dist.

@9

Fig. 1. Latin America: distribution of aquifers and surface water bodies with high concentrations of dissolved As as known today. Compiled from Armienta et al. (2008), Bundschuh et

al. (2008, 2009 a,b, 2010) and from unpublished information available to the authors. Abbre:
model digital model of the world PIA3388 (http://photojournal.jpl.nasa.gov) is courtesy of

Ingallinella, 2010). Examples of As removal plants have been reported
in Guatemala (Bundschuh et al., 2010) and in Peru (Castro de Esparza,
2006). The Latin American experience provides valuable information
that could be used to solve this problems in other regions of the world,
especially in countries of Asia where the first option is to find other
water sources not contaminated with As. Finally, treatment plants for
As immobilization and stabilization in industrial effluents, as the case

viations: st: state, prov.: province, dep.: department, dist.: district. The digital elevation
NASA/JPL-Caltech.

of copper and gold mining and metallurgical operations in Chile and
Brazil (Pantuzzo and Ciminelli, 2010), respectively, are also described.
Coprecipitation technologies with iron salts have demonstrated to
provide mineral forms with a high geochemical stability on the
environment as landfills (Pantuzzo and Ciminelli, 2010), In Argentina,
similar action was taken in some cities and big towns of the provinces
of La Pampa, Santa Fe and Santiago del Estero (all in the Chaco-
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Fig. 2. Geomorphological setting of Argentine, Paraguay Chile and southern Bolivia. The digital elevation model digital model of the world PIA3388 (http://photojournal.jpl.nasa.gov)

is courtesy of NASA/JPL-Caltech.

Pampean plain, Fig. 2) and fortunately many plants are presently
operating since the 1990s in Santa Fe, Salta, San Juan and Buenos Aires
provinces. In Guatemala, a first conventional As treatment plant was
installed in 2008 in Mixco, close to Guatemala City (Fig. 1), and gave
excellent results: an effluent with As concentration below 10 pg L™ !
was obtained, in accordance with the water quality standard of
Guatemala (Bundschuh et al., 2010; Litter et al., 2010a,b). In Peru, a
treatment plant in the city of Ilo, built in 1982, used initially massive
doses of 90% lime (Ca0), but many difficulties were encountered and

it was necessary to use new methods in order to reduce costs, increase
efficiency and improve the quality of the treated water. After
laboratory and pilot trials, the solution taken was based on the use
of ferric chloride or ferric hydroxide and sulfuric acid, removing As at
high pH through coagulation and flocculation with natural Mg(OH),
(Castro de Esparza, 2006).

In contrast to these urban areas, practically no solutions were
provided for As mitigation in isolated Latin American rural and
periurban populations (not connected to a centralized water supply
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system). In another article of this issue and in other publications,
some small-scale and household methods to remove arsenic from
water for drinking purposes in Latin America have been reviewed
(Litter et al., 2012; Bundschuh et al., 2010; Litter et al., 2010b).

Most of the inhabitants of rural and urban poor communities
affected by As problems in Latin America are typically not aware of the
toxicity of As. In this paper, we will not address remediation actions
taken to reduce As in drinking water. These have been discussed in
different recent review papers (Bundschuh et al., 2010; Litter et al.,
2010a,b) and in a paper of this special issue (Litter et al., 2012).

In 1993, the World Health Organization (WHO) provisionally
lowered the As guideline value for drinking water from 50 to 10 ug/L
(WHO, 2003). This reduction resulted in a several fold increase of the
number of population exposed to As. In Latin America, this new As
provisional guideline value became law (in chronological order) in
Honduras (1995), Costa Rica (1997), El Salvador (1997), Colombia
(1998), Guatemala (1998), Nicaragua (1999), Panama (1999), Bolivia
(2004), Brazil (2005), Argentina (2007), and Chile (2008). Other Latin
American countries such as Uruguay, Peru, and Venezuela still
maintain the 50 pg/L limit; Mexico has a regulatory limit of 25 ug/L
(2005). It must be stated that in Argentina the national limit is not
applied to all provinces but they regulate the permissible As
concentration by their own norms. However, the national limits for

Table 1

other uses of water are often much higher in the different Latin
American countries. National limits in irrigation water vary signifi-
cantly from 10 pg/L in Chile to 200 pg/L in Peru; in some countries,
they further depend on the type of plant, e.g. whether it is applied for
irrigation of vegetables, fruits, forage, etc. and whether the plants are
consumed raw or cooked. In addition, the limit of As in water for
animal husbandry is regulated individually in some Latin American
countries; the national limits vary between 10 pg/L (Chile) and
500 pg/L (Argentina). Table 1 gives an overview of respective
regulations of some of the Latin American countries. To our
knowledge, no national regulations for irrigation water and water
for animal husbandry exist in Nicaragua, El Salvador and Guatemala.

Toxic manifestations and health impacts due to human As
exposure have been reported from many areas in Latin America.
However, at present it is not possible to precisely assess the number of
persons potentially exposed to As. Castro de Esparza (2009) estimates
that in Latin America at least 4.5 million people are exposed to
drinking water with more than 50 pg/L of As. However, if we consider
the 10 pg/L limit, adopted by most of the Latin American countries,
then the number of exposed people estimated by the authors would
increase by a factor 3-4 to around 14 million.

Numerous studies from Latin America have reported an array of
adverse health effects including cancer, reproductive outcomes,

National regulations for permitted arsenic concentrations in irrigation water and water for livestock of selected countries of Latin America.

Use of water Limit  Regulation®
(ng/L)

Mexico

Agricultural irrigation 100 Criterios Ecoldgicos de Calidad del Agua. CE-CCA-001/89.

Animal husbandry 200 12-13-89. Secretaria de Desarrollo Urbano y Ecologia.

Wastewater discharged into rivers used for irrigation NOM 001-ECOL-1996 NOM 001-ECOL-1996. SEMARNAT. Limites maximos permisibles de
contaminantes en las descargas de aguas residuales en aguas y bienes nacionales

Monthly average 200

Daily average 400

Venezuela

Water used for agriculture 50 DECRETO No. 883, FECHA: 11 de Octubre de 1995

Ecuador

Agricultural water 100 Texto Unificado de Legislacion Ambiental Secundaria (TULAS, 2003), Ecuador

Water for animal husbandry or cattle 200

Peru

Irrigation of vegetables of crude consumption 200 Ley General de Aguas, Decreto Legislativo No.17,752 y modificatorias a los Articulos 81y 82 de los
Reglamentos de los Titulos I, Il y III introducidos por el DS No. 007-83-S.A.

Animal husbandry 200

Bolivia

Water for irrigation 50 Ley 1333 (Ley de Medio Ambiente de 27 de abril de 1992)

Chile

Water for irrigation 100 NCh1333. of 1978 MOD.1987. Requisitos de calidad del agua para diferentes usos

Animal husbandry 10 Norma chilena oficial NCh1333.0f1978 MOD.1987 (referenciado a la NCh409/1.0f2005).
Requisitos de calidad del agua para diferentes usos

Brazil

Irrigation of vegetables that are consumed raw and fruits grown in 10 Resolugdo CONAMA no. 357, de 17 de margo de 2005: Dispde sobre a classificagdo dos corpos de

soils and consumed raw without skin dgua e diretrizes ambientais para o seu enquadramento, bem como estabelece as condigoes e

padroes de lancamento de efluentes, e da outras providéncias.

Irrigation of vegetables, fruit plants and parks, gardens, sport and 10 and

leisure fields with what people can have direct contact Deliberagdo Normativa Conjunta COPAM/CERH-MG n° 01, de 05 de maio de 2008: Dispde sobre a

classificagdo dos corpos de dgua e diretrizes ambientais para o seu enquadramento, bem como
estabelece as condigoes e padrdes de lancamento de efluentes, e da outras providéncias.

Aquiculture 10

Irrigation of trees, cereals and forages 33

Watering of animals 33

Argentina

Agricultural irrigation water 100 Decreto Nacional 831/93, Reglamentario de la Ley 24.051

Animal husbandry 500

NCh = Norma chilena oficial = Official Chilean norm.
2 NOM = Norma Oficial Mexicana = Official Mexican Norm.
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cardiovascular, lung diseases, and cognitive impairment in children
from high As exposure. Epidemiological investigations from As-endemic
areas of Antofagasta in Chile and Cérdoba province of Argentina have
consistently linked high levels of As exposure with elevated risk of
bladder and lung cancer mortality (Hopenhayn-Rich et al., 1996; Smith
etal., 2006; Marshall et al,, 2007; Bates et al., 2004a). A few studies from
the same region have also documented As-induced kidney, liver and
skin cancer (Hopenhayn-Rich et al., 1998; Yuan et al., 2010). Studies
from Latin American countries revealed that smoking, male gender, long
latency period, exposure at early life and incomplete metabolism of As,
considerably increase cancer risk (Ferreccio et al,, 2000; Marshall et al.,
2007; Smith et al.,, 2006; Steinmaus et al., 2010). Higher mortality and
inductance from pulmonary and cardiovascular diseases have also been
observed within relatively shorter period of peak exposure (Smith et al.,
2006; Yuan et al., 2007). A few years ago, a study among Andean women
showed that arsenic crosses into placenta (Concha et al, 1998a,b).
Subsequently low birth weight, and neonatal mortality from As
exposure was observed (Hopenhayn-Rich et al., 2000). Studies from
Mexico reported that in children cognitive development is impacted by
As exposure (Rocha-Amador et al., 2007; Calderon et al., 2001). An
in-depth review of the health effects, biomarkers, genetic susceptibility,
and mechanistic studies from Latin American countries is included in
this issue of the journal (McClintock et al., 2012).

In this paper we will give a short overview on As mobilization and
As species in groundwater followed by an overview on the discoveries
of As in Latin America made during the last 100 years related to
geogenic As contamination of water resources. Thereby, more focus
would be paid to those countries where the As problem is
internationally less known compared to the countries where the
problem has been already described in the international literature for
several decades. We discuss the countries in chronological order
when the occurrence of As in water resources and related health
effects have been made. After a short description of the relevance of As
already in the Pre-Columbian Era, we address the findings in
Argentina at the beginning of the 20th century, followed by the
discoveries in Mexico and Chile at the end of the 1950s and beginning
of the 1960s, respectively. In the next section we address the countries
where the problem of As in water resources has been made from the
1970s to the end of the 20th century comprising only the country
Peru. The last section describes the explosive findings of areas with As
in water resources made in the 20th century comprising 10 countries
(Guatemala, Honduras, El Salvador, Nicaragua, Cuba, Colombia,
Ecuador, Bolivia, Brazil and Uruguay).

Concerning As-rich geothermal waters, which mix with aquifers
used for water supply or which flow into surface water bodies,
constitute an important additional source of geogenic As at several
sites in Latin America, especially in Mexico, Central America, Ecuador,
Chile and Argentina. This topic will be not discussed in this article
because it is described in detail in the paper of Lépez et al. (2012).
Although in the present paper the most relevant human health related
studies will be mentioned, the topic will be presented in detail by
McClintock et al. (2012). Regarding the release of As from geogenic
sources through As-contaminated water and soil into plants and
animals and into the human food chain, we refer to the paper of
Bundschuh et al. (2012).

2. Arsenic species and mobilization in groundwater of Latin
America

2.1. Arsenic species

In natural waters (not considering geothermal waters), dissolved
As is generally present in inorganic forms either as oxyanions or as
neutral species. Depending on Eh and pH of the water, inorganic As is
found in different species of As(V) and As(IIl). Arsenate is present as
H3AsQy; its corresponding anions are HpAsO;, HAsO;~ and AsOz~

with dissociation constants of pKa; = 2.3, pKa, = 6.8 and pKas; =11.6,
respectively, whereas arsenite occurs as H3AsOs; and its hydrolysis
products are H4AsO3", H,AsO3", HAsO3 ™~ and AsO3 ~ with dissociation
constants pKa; =9.2 and pKa,=12.7, respectively (Smedley and
Kinniburgh, 2002; Adriano, 2001; Lillo, 2003). Under oxidizing
conditions, As(V) predominates and is found in the common pH
range of most natural ground- and surface waters as the oxyanions
H,AsO; (pH<6.8) and HAsO;~ (pH>6.8). In water with reducing
conditions, As(Ill) is the predominant oxidation state and, in most
reduced natural waters, the neutral species H3AsO3; predominates
(pH<9.2) (Yan et al.,, 2000).

In Latin America there are only very few data about As speciation in
groundwater (not considering geothermal waters). Smedley et al.
(2002) studied the As speciation in the northern part of La Pampa
province (Chaco-Pampean plain, Argentina). These authors found total
As concentrations of 7-5280 pg/L (mean 4= SD: 429 + 925 pg/L, median:
171 pg/L, n=108). The As(lll) concentrations were <4.4-136 pg/L
(mean4SD: 20.4426.8 ug/L, median: 11.1pug/L, n=108); in the
water samples with As(Ill)>4.5 ug/L (detection limit), the percentage
of As(Ill) referred to total As was 1.5-42.2% (mean -+ SD: 4.0 4-5.4%,
median: 2.8%, n = 60). Another study from the Chaco-Pampean plain is
those of Claesson and Fagerberg (2003) and Bejarano Sifuentes and
Nordberg (2003), who studied the As speciation in groundwater of the
Rio Dulce cone (Santiago del Estero Province, NW Argentina). They
analyzed n=74 samples and reported total As concentrations of
7.0-14,969 pg/L (mean =4 SD: 800 + 2596 pg/L, median: 108 ug/L). The
As(Ill) concentrations were 1.2-8991.2 ug/L (mean+SD: 296 +
1216 pg/L, median: 17.4 pg/L); the percentage of As(Ill) referred to
total As was 1.9-73.6% (mean4+SD: 26.1+17.6%, median: 19.2%),
which is significantly higher than that found by Smedley et al. (2002). In
the western part of Nicaragua, As speciation was studied in 7 areas in
alluvial sedimentary aquifers composed by weathering products of
volcanic rocks and hydrothermal alterations (Barragne-Bigot, 2004).
Total As concentrations of n =76 samples were 0.40-106 pg/L (mean +
SD: 11.4420.8 ug/L, median: 3.65 pg/L). The As(Ill) concentrations
were 0.1-56.4 ug/L (mean £ SD: 3.9410.9 pg/L, median: 1.1 pg/L);
the percentage of As(IlI) referred to total As was 4.8-100% (mean + SD:
27.8 £23.9%, median: 18.7); these values are similar to those of
the Rio Dulce aquifer groundwater. The Eh values in the 3 regions
were 131-492 pug/L (mean4SD: 330+ 374 pg/L, median: 325 pg/L),
177-362 pg/L (mean+ SD: 274442 pg/L, median: 289 pg/L) and
40-331 pg/L (mean £ SD: 182 + 72 pg/L, median: 184 ng/L), respec-
tively. In all the studied areas from Argentina and Nicaragua, there
was no correlation between the percentage of As(Ill) and the Eh
value; the respective correlation coefficients (r) were 0.08, 0.03,
—0.07 for La Pampa, Rio Dulce cone and Nicaragua, respectively. It
can be recognized that the percentage of As(Ill) species is quite
different in the La Pampa and the Rio Dulce aquifers despite that
the redox conditions are similar. On the other hand, it can be seen
that the percentage of As(Ill) in the Rio Dulce and Nicaraguan
aquifers is similar, although the redox potential in the Nicaraguan
case is significantly lower compared to that of the Rio Dulce
aquifer. This indicates that no redox equilibria exist between the
different As species.

Although total As concentrations have been measured in various
parts of Mexico, few studies report the redox states of As in water. At
Comarca Lagunera, about 90% of As in groundwater correspond to As(V)
(Del Razo et al., 1990; Rosas et al., 1999); however, no redox potentials
were given in these studies. A similar predominance of As(V) (more
than 95%) was measured in the most As-polluted samples from an
alluvial and a fractured limestone aquifer in Zimapan Valley (Armienta
et al, 2001). Differences in oxidation state predominance were
measured in the Rio Verde basin; a higher proportion of As(Ill) was
measured in the aquifer within lacustrine deposits compared to fluvial
sediments where most of the As occurs as As(V) (Planer-Friedrich et al.,
2001).
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2.2. Mechanisms of arsenic mobilization

The concentration of As dissolved in ground- and surface-water
bodies is a function of space and time and depends on the available
primary and secondary As sources, the fluid properties (pH, redox
potential, ions present, ionic strength, contents of organic matter, etc.)
and interfacial processes between solid and fluid which comprise:
(i) chemical processes such as dissolution/precipitation, (ii) microbi-
ological transformations and (iii) physicochemical processes such as
adsorption/desorption and ion exchange. The As mobilization is
governed by (i) the As source and (ii) site- or zone-specific
hydrogeochemical conditions that may result in extremely heteroge-
neous lateral and vertical distributions of As in groundwater, as
typical for different parts of Latin America such as the Chaco-
Pampean plain, Argentina (Smedley et al., 2005; Bundschuh et al.,
2004; Bhattacharya et al., 2006), and Sébaco Valley, Nicaragua
(Altamirano Espinoza and Bundschuh, 2009).

In Latin America, the processes relevant for As mobilization and re-
mobilization are:

* Sulfide oxidation in mineralized areas: (hydrothermal deposits,
sulfide ore deposits).

Formation of secondary As minerals: metal oxyhydroxides (as
principal As source in many sedimentary aquifers) are formed by
different geogenic processes such as sulfide oxidation, and generally
dissolution/leaching of rocks and minerals followed by precipitation
of these secondary minerals as a function of local hydrochemical
conditions (especially redox and pH) on sediment particles of
sedimentary aquifers.

As remobilization from metal oxides and oxyhydroxides, by (i)
dissolution of metal oxyhydroxides under very acid conditions and
(ii) by desorption of As from metal oxyhydroxides at high pH (>8)
and oxidizing conditions.

Sulfide oxidation, especially those of pyrite and arsenopyrite,
forms an important mechanism for As mobilization in all areas with
sulfide mineralization (non-authigenic As source). Hence, this is a
very common process found in the Andes, the Middle American
cordillera and the Transmexican Volcanic Belt with volcanism or
plutonism-related mineralization, which can release substantial
amounts of As into the groundwater. These oxidation processes are
often catalyzed by abiotic microbe activity, which increases the
reaction rate (Nordstrom and Southam, 1997; Nordstrom and Alpers,
1999). The Fe released by the oxidation reaction tends to precipitate
as sulfate, oxide or oxyhydroxide with re-adsorption and co-
precipitation of As and forms an important reduction of As mobility.
However, under very acidic conditions, the Fe oxyhydroxides are
unstable.

Oxides and oxyhydroxides of Fe, Mn and Al form the principal
secondary As minerals, which can act - depending on the present
geochemical conditions - as sources and sinks for dissolved As. The
retention/release of As by oxides and oxyhydroxides is predominantly
controlled by sorption and precipitation/dissolution. These processes
can explain the concentrations of many arseniferous aquifers,
especially those formed by unconsolidated and consolidated sedi-
ments. Desorption is the principal control of dissolved As concentra-
tions in many aquifers composed of consolidated and unconsolidated
sediments.

Adsorption of ions on the solid phase surface depends on the
surface charge of the solid. Generally, the metal oxides and
oxyhydroxides have a variable surface charge, which is function
of its mineral-specific pH point of zero charge (pHp,.) where the
mineral surface has no net charge on its surface, and the pH of the
water (pHy). If pHw<pHp, the mineral surface is positively
charged and can adsorb As if present as oxyanions (adsorption
capacity increases with decreasing pH,,). Highest adsorption
affinity of As(V) on metal oxides and oxyhydroxides ranges

according to their pH,,. between 7 and 9 (Dzombak and Morel,
1990; Sigg and Stumm, 1981; Davies and Kent, 1990; Fuller et al.,
1993). Iron oxides and oxyhydroxides are considered as principal
adsorbents of As(V) in many sand and silt aquifers (Smedley and
Kinniburgh, 2002). The kinetics of these adsorption processes is
fast (range of minutes), which allows a fast adaptation, e.g. if water
flows within an aquifers with variable geochemical conditions
(Fuller et al., 1993).

3. Arsenic in the Precolumbian Era

In northern Chile, there are evidences that chronic arsenicosis has
affected human populations for more than 7000 years; mummies of
the Chinchorro culture, whose individuals lived between about BC
7000 and BC 2000 in the coastal zone of northern Chile and southern
Peru (between Ilo and Antofagasta, about 17-22° S; Fig. 3) presented
typical manifestations due to As ingestion. Most of the mummies were
found in zones rich in minerals containing As and most of the water
resources in the region contained high As concentrations (200-
5000 pg/L). This culture developed a complex funeral by including an
intricate process of mummification of its defuncts (Arriaza et al., 2010;
Rivadeneira et al., 2010), which permitted its conservation and
provides material for analyses on bones, skin and hair of the mummies
(Table 2) (Byrne et al., 2010). Arsenic concentrations in hair are very
variable from one site to the other. High As mean values are reported
from Morro, Iquique and Camarones, whereas the mean contents
from the other sampling sites are much lower. The highest average As
contents in hair were found at Morro Sanitary Station, close to Arica
(696 mg/kg).

Throughout time, the funeral preparations of the Chinchorro
culture have undergone various variations which have led behind
different types of mummies: the black, the red, the bandaged, and the
mud-coated mummies (Uhle, 1917, 1919; Arriaza, 1995a,b; Arriaza
and Standen, 2008; Bittmann, 1982; Guillén, 1992; Schiappacasse
and Niemeyer, 1984; Standen, 1991, 1997). The study of the external
paints of 6 black mummies (Table 3) from the city of Arica (Fig. 3)
resulted in an ample range of As contents of 31-6891 mg/kg whereas
6 red mummies, also from Arica, indicated a smaller range (1172-
5392 mg/kg) but higher average values (Table 3). The only black
mummy from Playa La Lisera (~2.5 km S of Arica) presented high As
concentration (1771 mg/kg) within As concentrations range of paint
from the black mummies of Arica. The As concentrations in external
paints of mummies from the Camarones valley (250 km southeast of
Arica) is very different for black and red mummies (black:
116 mg/kg; red: 7299 mg/kg); reasons may be the changes of the
construction of the mummies or the different geological sources of
the primary materials used for paints (Table 3). The clayey materials
with which the 5 black mummies were filled have very variable As
contents in the different sectors from where the mummies are
coming (Table 3); this is probably due to different As contents in the
clays of the different sites. In the area of Arica city, As contents are
low (6.0-51.6 mg/kg) compared to those from Playa La Lisera
(66.8 mg/kg) and Caleta Camarones (Camarones cave)
(73.0 mg/kg); however, the limited number of studied mummies
does not allow to establish tendencies for the individual areas (Parra,
2007; Mella, 2007; Gutierrez, 2007).

4. Few findings until the 1960s

From the beginning of the 19th century to the 1960s, only few
discoveries of natural As contaminations of water resources were
reported from Argentina, Chile and Mexico. In this section, these
findings will be described and the updated knowledge of levels of As
in water resources in these countries will be presented.
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Table 2

Arsenic contents (AsH) of mummy hair from different burial sites in Atacama desert
area (northern Chile) and arseic concentrations in water resources.

Modified from Byrne et al., 2010.

Burial site (total n=46) AsH?® (mg/kg)  Total As in water® (mg/L)

Camarones (n=10) Average 37.8448.0 1.00 (Camarones River)
Range 1475—-19

Morro (n=9) Average 58.8+103.8 <0.01 (Azapa river)
Range 2622 —0.8¢

Iquique (n=6) Average 45.7+925 -
Range 2343 -26

Yungay (n=28) Average 2.8 +3.6 <0.01 (Azapa river)
Range 11.4—0.8°

Azapa (n=12)¢ Average 6.9 +9.9 <0.01 (Azapa river)
Range 37.7—-0.8°

Morro Sanitary Station®  Average ~696+ 151 <0.01 (Azapa river)

2 AsH average for each burial site+standard deviation; AsH concentrations
>20.5 mg/kg were estimated.

b Current nearest water course.

¢ Below the detection limit <0.8 mg/kg.

4 Post-Chinchorro agriculture community.

€ This mummy was first reported by Max Uhle in 1922.

4.1. Arsenic detection in groundwater of Argentina

Argentina was the first country in Latin America from where As
occurrence in groundwater has been reported. In the beginning of the
20th century, in the locality of Bell Ville (Cérdoba province, central
Chaco-Pampean plain, Fig. 2), the toxic effects of As on the public
health were mentioned in several publications during the years 1913-
1917. The Argentine physician Dr. Mario Goyenechea described in
1913 for the first time skin lesions in his work “About a new disease
detected in Bell Ville” (published in Spanish as “Sobre una nueva
enfermedad descubierta en Bell Ville”) (Goyenechea, 1917) and related
it to As in drinking water and for food preparation. From here, the new
illness was termed as “Bell Ville disease”. In 1917/18, Dr. Abel Ayerza
described exhaustively the cardiovascular and cutaneous manifesta-
tions of this disease and named it “Chronic Endemic Regional
Arsenicism” (in Spanish: “Arsenicismo Regional Endémico”) (Ayerza,
1917a,b, 1918). Ayerza (1917a,b) found that 1300 (15%) of the 8534
inhabitants in the rural area of Bell Ville town suffered from the
homonymous disease. Trelles et al. (1970) transcribed the data
statistics of patients registered by the regional hospital of Bell Ville in

Table 3
Content of total arsenic (mg/kg) in exterior paint and internal clay fillings of Chinchoro
mummies from northern Chile.

Material type Arica city Playa La Lisera Caleta (cave)
(sector south of Arica city) Camarones
Black mummies
Clayey material 6.04£05(n=1) 668468 (n=1) 73.0+0.9
(internal filling) (n=1)
200406 (n=1)
51.6+19(n=1)
Black paint 31131 (n=1) 1771£245(n=1) 116+£5.5
(exterior) (n=1)
4585+163 (n=1)
68914164 (n=1)
3328+68 (n=1)
4104952 (n=1)
Red mummies
Black paint 11724£101 (n=1) - 7299 + 306
(exterior) (n=1)

36474151 (n=1)
2116484 (n=1)
364+35 (n=1)
53924239 (n=1)
28874225 (n=1)

Each sample was analyzed in triplicate, given are the respective means and standard
deviation.

the years 1934-1944 and found 511 patients affected by arsenicism.
Later, in 1921, Reichert and Trelles discovered As in groundwater in
many agricultural areas of the Chaco-Pampean plain (Reichert and
Trelles, 1921), and found the highest concentration in the ground-
water of the Rio Tercero river basin (Cérdoba province, Fig. 2), and in
the north of the Santa Fe province (Fig. 2). In the early 1950s, the
physician Prof. Dr. Enrique E. Tello introduced in his work “Chronic
Endemic Regional Hydroarsenicism (CERHA), its Clinical Manifesta-
tions” (published in Spanish as “Hidroarsenisismo Crénico Regional
Endémico (HACRE), Sus Manifestaciones Clinicas”) a new name for the
disease that relates it to its source water (Tello, 1951). Three decades
later, Tello described the health effects of 339 registered patients
originating from the provinces of Buenos Aires, Cérdoba, Chaco, Santa
Fe and Salta (Tello, 1986, 1988). In the 1990s, Biagini et al. (1995)
reported that between 1972 and 1993, 87 persons affected by As-
related health effects were predominantly from the northern part of
the Chaco-Pampean plain (provinces Santiago del Estero, Chaco and
Salta, Fig. 2). The Chaco-Pampean plain comprises the principal
cattle-raising areas of Argentina, which is the largest milk producer in
the world; the evaluation of As content in bovine milk and the
biotransference from As-contaminated water intake carried out by
Pérez Carrera and Fernandez Cirelli (2007) in the Cérdoba province
and by Sigrist et al. (2010) in the Santa Fe province, acquire thus
special significance (see Bundschuh et al., 2012). The Chaco-Pampean
plain is the largest one in Latin America and one the largest
geographic units in the world affected by As-contaminated ground-
water, as will be discussed in detail in a paper of this special issue
(Nicolli et al., 2012).

In the next few decades, new regions with high concentrations of
As in groundwater were identified, mostly in the Chaco-Pampean
plain, and some in the Andean highlands (e.g. Astolfi et al., 1981,
1982; Nicolli et al., 1985; Smedley et al., 2005; Bundschuh et al., 2004,
2008, 2009). In Argentina, until the end of the 20th century, As-rich
groundwater and, to some extent, surface water from the provinces of
Cérdoba, Tucuman, Santa Fe, La Pampa, Santiago del Estero, Salta,
Chaco and Formosa in the Chaco-Pampean Plain, and from the
provinces of Jujuy and Salta in the Andean highlands were found to
have high levels of As (Table 4, Fig. 2). Furthermore, the problem of As
in groundwater was detected in several other provinces, mostly in
smaller alluvial basins at the Andean foothills in the provinces of
Mendoza, San Luis, San Juan, La Rioja, Catamarca, and in Patagonia
(Chubut province, Fig. 1) from where only few data have been
reported (Table 4, Fig. 2) (Ministerio de Salud, 2005). In Copahue area
(Neuquen province), As is released from the crater lake of the
Copahue volcano into a river, but no report on the adjacent
groundwater has been published (Fig. 2).

The about 1 million km? covering Chaco-Pampean plain of Argen-
tina is the largest identified area in the world with high As
concentrations in groundwater (e.g., Nicolli et al., 1989, 2001a,b, 2004,
2009a,b; Smedley et al., 2002, 2005; Bhattacharya et al., 2006; Farias et
al., 2003; Bundschuh et al., 2004, 2008, 2009). The plain is very uniform
regarding morphology, sedimentological composition and regional
groundwater recharge in the Andean regions and their foothills to the
west. The redox conditions of the aquifers are moderately reducing to
oxidizing, and As(V) is the predominant As species (for discussion of As
species see Section 2.1). Arsenic and other trace elements such as V, Mo,
U, and minor elements such as B and F are assumed to have their original
source in volcanic ash (originating from the volcanism in the Andes),
which is contained to 5-25% in the loess-type sediments of the Chaco-
Pampean plain. The volcanic ash, contains over 90% glass of rhyolitic
composition, which has generally As concentrations of 5-8 mg/kg; due
to its amorphous structure it is highly soluble in water (Nicolli et al.,
1989; Smedley et al., 2002, 2005; Bundschuh et al., 2004). In geological
time spans, this As was dissolved under favorable conditions and
precipitated or adsorbed on Fe, Al, Mn oxyhydroxides from where
desorption can occur as a fast process, according to changing
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Table 4

Overview of arsenic concentrations in groundwater of different areas of Argentina obtained in the principal studies performed. n>L gives number of samples exceeding 10 pg/L and
percentage of n. Studies with only punctual arsenic data are not included. [ many cases the original data of the mentioned studies were used rather than the data presented in the
references.dat.

Location® Area Depth Spec. As range As SD median n n>L References of
(km?)  (mbs.) (ng/L) mean (ng/L) study
(ng/L)

Chaco-Pampean Plain
SE Salta prov. (Chaco-Saltefia plain) 10,000 na t-As  50-3200 na na na na na Farfan Torres et al. (2006)
Flooded lowlands (limit between Salta and Chaco

provinces)

shallow-medium levels na 12-90 t-As  200-1500 na na na na na Rodriguez de Sastre et al.

(1993)

deep na 190-220 t-As  130-270 na na na 24 24(100%) Farfan Torres et al. (2006)

Chaco prov. 33,200 Shallow t-As  10-5000 na na na 79 56 Osicka et al. (2002)

(11 departments of central Chaco region: Comdte.
Ferndndez, Independencia, Quitilipi, Maipd,
Almirante Brown, Gral. Belgrano, 9 de Julio, 25 de
Mayo, 12 de Octubre, Mayor Jorge Fontana and San

Lorenzo )
W Chaco prov. na
shallow 4-20 28
deep 20-100 tAs 6-250 61.5 na na 13 38(93%)  Blanes et al.(2006)
Centre-W Chaco province na
Shallow 4-20 tAs  3-180 48 na 33 na 37 (86%) Blanes and Giménez
(2004)
Deep 20-100 tAs 11-246 68 na 23 na 19 (95%) Blanes and Giménez
(2004)
W Santiago del Estero prov.
(1) Copo dep. (disperse rural communities) 3000 Ministerio de Salud
(2005)
Lujan na” t-As  515-697 618 94 643 3
La Firmeza na® t-As  <10-651 173 237 40 14 10
Monte Quemado na® t-As <10-710 112 264 10 7 2
Santos Lugares na” t-As  133-519 376 146 401 5 5
Urutat na® t-As  <10-84 13 15 10 24 5
Las Termas na® t-As  <10-278 57 100 10 7 2
San Bernardo na” t-As 450 - - - 1 1
Venado Solo na® t-As 926 - - - 1 1
Malvinas na® t-As 37 - - - 1 1
(2) Rio Dulce alluvial cone 1500
Robles dep. 6-13 t-As  2-2400 172 391 45 65 47 (72%)  Bundschuh et al. (2004)
La Banda and Robles dep. 3-10 t-As  7-14,969 732 2640 54 40 39 (98%) Claesson and Fagerberg
(2003)

As-llI 1.2-1813 125 371 99 40 -
La Banda and Robles dep. 1.9-10 t-As  11.5-13,494 520 2008 81 58 58 (100%) Bejarano Sifuentes and
Nordberg (2003)

As-IlI  6.8-8991 498 1740 41 34 -
62-70 t-As  9.0-10.0 9.5 29 9.5 2 0 (0%)
Banda dep. 4-10 t-As  10-1900 432 153 30 19 18 (63%) Mellano and Ramirez
(2004)
Capital, Robles, and Silipica dep. 6-17 t-As  6.6-3278 289 707 56 26 25 (96%) Lindback and Sjolin
(2006)
S Santa Fe prov. 40,000 na 100-700 na na na na na Madiec et al. (2000)
Center-north Santa Fe prov. 12,000 0.60-110 t-As  0.015-780 97.8 94 70.6 141 139 (99%) Nicolli et al. (2008a,b,
2009b)
Central Santa Fe Prov., Las Colonias dep. 224 8-12 t-As  6-201 58 40 46 82 2 Ministerio de Salud
(2005)
SE Cérdoba prov. 10,000 2-22 t-As  103-3810 390 712 150 54 54 (100%) Nicolli et al. (1985, 1989)
SE Cérdoba prov. 10,000
Shallow 3-15 t-As  80-4500 1100 14 na 19 19 (100%) Pérez Carrera and
Fernandez Cirelli (2004)
Deep 80-150 t-As  <20-200 40 0.04 na 18 na Pérez Carrera and
Fernandez Cirelli (2004)
S Cérdoba prov. Phreatic
Los Jagtieles basin na 2-10 t-As  <20-500 173 137 100 na na Cabrera et al. (2005)
Vicufia Mackena na 2-10 t-As  <20-300 809 96.6 50.0 na na Cabrera et al. (2005)
Alejo Ledesma rural zone na 2-10 t-As  5-1700 412 417 300 na na Cabrera et al. (2005)
San Basilio-Monte de los Gauchos na 2-10 t-As  50-400 150 110 100 na na Cabrera et al. (2005)
Rio Cuarto rural zone na 2-10 t-As  <20-750 84 162 na na na Cabrera et al. (2005)
Moldes rural zone na na 2-10 t-As  <20-250 63 57 50 na na Cabrera et al. (2005)
El Barreal Stream basin na 2-10 t-As  <20-900 108 176  45.0 na na Cabrera et al. (2005)
La Colacha basin na 2-10 t-As  27-239 935 57.7 776 na na Cabrera et al. (2005)
Chajan Stream basin na 2-10 t-As  <20-400 136 116  70.0 na na Cabrera et al. (2005)
S Cérdoba prov.
El Barreal Stream basin 10-15 t-As  0.5-900 89.7 146 35.0 49 na Matteoda et al. (2007)
Coérdoba, B. Aires, Santa Fe, San Luis prov. 150,000 Phreatic t-As  10-593 108 127 67 66 66 Farias et al. (2003)
SE Buenos Aires prov. 6000 na t-As  100-2000 na na na na na La Dymas (1975)

(continued on next page)
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Table 4 (continued)

Location® Area Depth Spec. As range As SD median n n>L References of
(km?) (m b.s.) (ug/L) mean (ug/L) study
(ng/L)
S Buenos Aires prov, Bahia Blanca area 31,400 2-40 t-As  <10-4000 na na na 79 56 (71%) Blanco et al. (2003)
46,000 3-35 t-As  0-4000 na na na 93 48 (52%)  Fiorentino et al. (1998)
N La Pampa prov. 8000 2-130 t-As  <4-5280 372 847 137 111 102 (92%) Smedley et al. (2002,
2009)
General Pico-Dorila 2930 0.60-4 t-As  <100-400 100 na na 1370 (>90%) Medus et al. (2005)
Andean Highlands
W Juyuy (Tumbaya, Susques in Cochinoca dep.) 5000 Phreatic t-As  6-9770 625 2181 30 36 32 (89%) Farias et al. (2009)
NW Salta prov. (San Antonio de Los Cobres in Los Andes - na t-As  179-248 209 35 200 3 3 (100%) Farias et al. (2009)
dep.)
Subandean Valleys/Andean Foothills (alluvial fills)
S Jujuy prov. (Manuel Belgrano, Palpald in San Antonio 3200 na t-As  5-10 6.8 1.8 6.0 6 0 (0%) Farias et al. (2009)
dep.)
Tucuman prov.
Sali River basin 7300
Shallow 3-15 t-As  12.2-1660 159 349 4538 42 42 (100%) Nicolli et al. (2001a,
2004)
Deep 30-150 t-As  11.4-107 379 202 337 26 26 (100%) Nicolli et al. (2001a,
2004)
Artesian 200->400 t-As  16.2-76.9 364 182 265 17 17 (100%) Nicolli et al. (2001a,
2004)
Burruyact basin 2700
Shallow 3-15 t-As  15.8-1610 160 363 43.2 20 20 (100%) Nicolli et al. (2001b,
2009a)
Deep 30-150 t-As  13.8-36.6 250 83 223 21 21 (100%) Nicolli et al. (2001b,
2009a)
Artesian 200->400 t-As  15.7-144 411 351 284 28 28 (100%) Nicolli et al. (2001b,
2009a)
Burruyact basin, Los Pereyra (shallow) t-As  19.7-758 418 na 185 31 na Warren (2001)
Burruyact basin, Los Pereyra (deep) 208-477 t-As  0.25-70 12 na 8.9 25 na Warren (2001)
S part of Sali River basin (NW of Guasayan ranges) t-As  27-76 520 na na 9 Garcia et al. (2009)
N Mendoza prov. (departament of Lavalle) 10,212 2-5 t-As  <12-584 102 125 290 25 23 (92%) Pérez Carrera et al.
(2008)
N Mendoza prov. (department of Lavalle) na na t-As  <10-822 125 190 48.0 37 34 (92%) Cac\eres et al. (2005))
S and E San Luis prov. (dep. Coronel Pringles, na na t-As  >50 na na na na na Gonzalez et al. (2003,
Gen. Pedernera, Gob. Dupuy) 2004)
na na t-As  43-170 na na na na na Gonzalez et al. (2003,
2004)
Buena Esperanza: (13 wells)
S San Luis prov. Quinto River basin na
shallow 10-12 t-As  11.1-103 345 na na 11 11(100%) Galindo et al. (2007)
La Rioja prov. (alluvial fan of La Rioja city) 1000 Martinez and Carrillo-
Rivera (2006)
Group I: N and NE of La Rioja city na t-As <38 na na na na na
Group II: S of La Rioja city na t-As <380 na na na na na
Group III: W of La Rioja city; groundwater with origin na t-As  7-12 na na na na na
at Sierra de Velasco
Group IV: SE of La Rioja city corresponding to na t-As 127 na na na na na
regional groundwater flow
San Juan prov. na na t-As  <10-280 29.7 400 185 60 44 (73%)  Caceres et al. (2005)
(12 departments:Jachal, Iglesia, Rawson, Pocitos,
Zonda, Rivadavia, Caucete, Ullum, Valle Fértil,
Calingasta, 25 de Mayo, Sarmiento).
San Juan prov. (25 de Mayo dep.) na na t-As  10-280 80.8 942 395 6 5 (83%) Caceres et al. (2005)
Patagonia
Chubut prov, (public system of water supply of 27 18,088
localities)
Garayalde (Florentino Ameghino dep.) na t-As  30-100 na na na na na Sandali and Diez (2004)
Camarones (Florentino Ameghino dep.) na t-As  50-100 na na na na na Sandali and Diez (2004)
Other 25 localities (Florentino Amrghino dep.) na t-As <20 na na na na na Sandali and Diez (2004)

na: not available.

2 G: geothermal; M: mining; dep. Department; prov. province; Gen: General.; Gob: Gobernador; n: number of samples. t-As: Total arsenic.
> Water source not stated for the individual water samples, but in most cases well water from the phreatic aquifer (30-40 m depth) with few deeper perforations and few

rainwater harvesters.

geochemical conditions in time and space. Such changing conditions
results in a very patchy distribution of concentrations of dissolved As on
short distance with so-called “hotspots” (Bundschuh et al., 2004;
Bhattacharya et al.,, 2006), as we can also find in other areas of Latin
America, e.g. in Sébacco valley (Nicaragua; Altamirano Espinoza and
Bundschuh, 2009).

The hot spots are characterized by presence of Na-HCOs type
groundwater and high pH (>8), whereas low concentrations of
dissolved As are found in zones with Ca-HCOs type of groundwater
with about neutral pH. Ion exchange (due to longer residence time in
these sections of the aquifer) where Na from the solid phase is
exchanged by Ca®>* and Mg?* from the groundwater, and further by
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dissolution of carbonates, can explain the genesis of these NaHCO;
type groundwater and the pH increase, which favors As desorption
from oxyhydroxides of Fe, Al, and Mn (pH of water becomes more
positively depleted versus pHy,. of the adsorbent). However, other
processes must be considered as co-acting As mobility controls such
as the presence of ions competing for the As adsorption sites: anions
and oxyanions of V, Mo, PO~ and HCOs". This process is favored
within As hot spots due to the often highly mineralized groundwater
and high concentrations of V and Mo. Additionally, evaporative As
concentration increase is locally of importance, especially in small
internal drainage systems, leading to an increasing concentration of
dissolved As toward depressions without flushing, which are very
common all over the Chaco-Pampean region (Nicolli et al., 1989;
Nicolli et al., 2010; Smedley et al., 2002, 2005; Bundschuh et al., 2004;
Bhattacharya et al., 2006).

In the following, we compile the concentrations of As, V, Mo, U, B
and F for five study areas A; to As of Chaco-Pampean plain, which are
described in detail by Nicolli et al. (2012): (i) northwestern Chaco-
Pampean plain (Sali and Burruyaca basins: A;); (ii) Central areas of
the Chaco-Pampean plain comprising Rio Dulce cone (A;); (iii) the
area in the east of the Cérdoba province (As); (iv) eastern areas of the
Chaco-Pampean plain comprising the northern part of the Santa Fe
province (A4); and (iv) southern areas of Chaco-Pampean plain
comprising the northern part of the La Pampa province (As). More
details about the individual areas and the aquifers can be found in
Table 4. In total 633 data sets were compiled from different resources
(A1: Nicolli et al. (2004, 2009a); A,: Claesson and Fagerberg (2003),
Bejarano Sifuentes and Nordberg (2003), Mellano and Ramirez
(2004), Bundschuh et al. (2004), Lindbdck and Sjélin (2006); As:
Nicolli et al. (1985); A4: Nicolli et al. (2009b); As: Smedley et al.
(2002)). The compilation shows the following concentrations: As:
<1-14,969 pg/L (mean+SD: 294 + 1067 pug/L, median: 65.6 pg/L,
n=633), V: 0.1-3550.0 pg/L (mean=+SD: 177 £ 316 pg/L, median:
90 pg/L, n=497), Mo: <1-6280 ug/L (mean=+SD: 88.2+341 pg/L,
median: 21.1 pg/L, n=488), U: <1-515ug/L (mean+SD: 25.6+
37.0 pg/L, median: 15.8 pg/L, n=413), B: 34.0-18,865 pg/L (mean +
SD: 1702 £1777 pg/L, median: 1230 pg/L, n=362) and F: <1-
24,382 pug/L (mean+SD: 1308 +2122 ug/L, median: 758 pg/L,
n=477), aquifers indicate moderate reducing to oxidizing conditions;
respective Eh data are: 90-570 mV (mean 4 SD: 325 4- 70 mV, median:

328 mV, n=483). The mobilization and re-precipitation of these
elements have led to secondary minerals; for example, the Fe, Al, and
Mn oxyhydroxides, which coprecipitated and/or adsorbed As, constitute
important secondary As minerals, which - under alkaline conditions
(pH>8) - release As into the water due to desorption. In the Chaco-
Pampean plain, high pH waters generally correspond to Na-HCO;
waters whose genesis can be explained by high residence time in the
aquifer, which favored ion exchange where Na from the solid phase is
exchanged for Ca®" and Mg?™ from the liquid phase. This explains the
positive correlations between As and pH and between As and Na as well
as the negative correlations between As and As and Mg concentrations
in the water. However, since many processes interact to very different
extent in the different studied areas, the correlation is very variable in
the different areas as well as within the individual areas themselves (e.g.
related to different geochemical conditions and occurring processes
within different vertical and horizontal zones); the correlation (as r) is
therefore moderate but clearly existing: As with pH: 0.18, 0.12, 0.33,
0.51 and 0.47; As with Na: 0.55, 0.16, —0.01, —0.12 and 0.01; As with
Ca:0.16, —0.15, —0.25, —0.29 and — 0.21 and As with Mg: 0.10, —0.15,
—0.23, —0.25 and —0.19 for the areas A; to As, respectively.

This also explains the correlation of As with the previously
mentioned elements, which can be observed in many regions of the
Chaco-Pampean plain (Nicolli et al., 1989; Nicolli et al., 2010;
Smedley et al., 2002, 2005; Bundschuh et al., 2004; Bhattacharya et
al.,, 2006). Despite of the described uniform regional pattern
(sediments, regional groundwater flow, regional recharge, etc.),
local processes, especially local groundwater recharge may result in
local deviations and can explain why the previous correlations are not
observed in all areas of the plain. Since mobilities of the elements V,
Mo, U, B, and F are different, the process of aquifer flushing and related
changes of the geochemical conditions (especially of pH and Eh) can
lead to mobilization or sequestration of the mentioned elements; the
mode and grade depends thereby on the individual element. This can
explain why the correlation between As and the other specific
elements is dissimilar in the different regions of the Chaco-Pampean
plain. In the following, we compare relations of concentrations of As
and other elements for the previously mentioned areas A; to As.
Correlation coefficients (r) for the correlation of As with V, Mo, U, B
and F are as follows: As with V: 0.66, 0.58, 0.57, 0,86, 0.85; As with Mo:
0.64, 0.62, —0.02, 0.76, 0.26; As with U: 0.60, 0.22, 0.42, 0.30, 0.32: As

Table 5
Reported arsenic concentrations in groundwaters (except otherwise stated) of Mexico and possible sources (for locations see Fig. 1).
Location Maximum As concentration (pg/L) Origin References
Comarca Lagunera 800 Geogenic; Alluvial aquifer Del Razo et al., 1990; Cebrian et al., 1994; Rosas et al., 1999;

(Durango, Coahuila, Chihuahua)

Hermosillo, Sonora 305 Geogenic
Zimapan, Hidalgo 1100

Baja California Sur 410 Mining residues
Rio Verde, San Luis Potosi 50 Geogenic

Villa De la Paz, San Luis Potosi 265 (reservoir)
5900 (channels)

Acoculco, Puebla 206 Geogenic (geothermic)
Valle de Guadiana, Durango 167 Geogenic (volcanic rocks?)
Guanajuato 80 (Acambaro) Anthropogenic and geogenic

300 (EI Copal)

180 (Salamanca)

220 (Cueramaro)

120 (Independencia aquifer)

Anthropogenic

Los Azufres, Michoacin 24,000 Geogenic (geothermal)
Aguascalientes 14.5 Geogenic

Zacatecas 500 Unknown?

Jalisco 263 Geogenic (geothermal)
Oaxaca 178 Geogenic?

Chihuahua 170 (Las Virgenes reservoir)

Geogenic (geothermal)
Geogenic, possible mineralization

Anthropogenic and geogenic
474 Geogenic, mineralization

Ortega-Guerrero, 2003; Molina, 2004; Gutierrez-Ojeda, 2009

Wyatt et al., 1998

Geogenic and anthropogenic; Mining zone Armienta et al., 1997, 2001; Sracek et al., 2010

Carrillo-Chavez et al., 2000
Planer-Friedrich et al., 2001

Anthropogenic and geogenic; Mining zone Castro-Larragoitia et al., 1997; Yafiez et al., 2003; Razo et al.,

2004a,b

Quinto et al., 1995

Alarcén-Herrera et al., 2001
http://proteccioncivil.guanajuato.gob.mx/atlas/
sanitario/acambaro.php

Rodriguez et al., 2006

Mejia et al., 2007

Martinez and Garcia, 2007

Mabhlknecht et al., 2004

Birkle, 1998, Birkle et al. 2010

Trejo-Vazquez and Bonilla-Petriciolet, 2002
Leal-Ascencio and Gelover-Santiago, 2006
Hurtado-Jiménez and Gardea-Torresdey, 2009
Caballero-Gutiérrez et al., 2010
Hernandez-Garcia, 2007

Reyes-Cortés et al., 2006; Mahlknecht et al., 2008
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with B: 0.54, 0.75, 0.78, 0.28, 0.27; As with F: 0.38, 0.87, na, 0.83, 0.70,
for the areas A; to As, respectively (na: not available).

Though there are many sites with As contamination of ground-
water resources in Argentina, there are relative fewer epidemiological
and risk assessment studies, which described the health effects of As
exposure from the provinces of Cérdoba (e.g., Hopenhayn-Rich et al.,
1996, 1998), Chaco (e.g., Concha et al., 1998a,b; Medina et al., 2004)
and Santa Fe (e.g., Corey et al., 2005) in the Chaco-Pampean plain, but
also in the Andean Highlands in the areas of San Antonio de Los Cobres
(Salta province; e.g., Concha et al., 1998a,b) and in the province of
Jujuy (Fig. 2) (e.g., Farias et al., 2003, 2009). A nationwide assessment
was performed by the Argentine Ministry of Health (Ministerio de
Salud, 2005). These studies will be discussed in detail together with
others in this volume (McClintock et al., 2012).

It has been estimated that between 1.2 and 2 million people are
exposed to As considering the safe limit of 50 ug/L in drinking water.
However, the number of people chronically exposed would increase
somewhat between 3 and 8 million if the safety limit is considered to
be the 10 pg/L introduced in 2007 in Argentina.

4.2. Arsenic discoveries in groundwater of Mexico

In Mexico, the chronic exposure to As from groundwater
originating from sedimentary aquifers was identified in 1958 from
the Lagunera region, in the northern part of the country (Durango and
Coahuila states, Fig. 1; Cebrian et al.,, 1994; Armienta and Segovia,
2008).1In 1962, 40 cases and one fatality were reported from the urban
area of Torre6n (Comarca Lagunera, Coahuila state, Fig. 1) (Castro de
Esparza, 2009). Since then, an increasing number of studies related to
As in the environmental, health and geochemical sciences were
undertaken in Mexico. Today, As in supplied water have been found in
13 out of the 31 Mexican states including Durango, Coahuila,
Zacatecas, Morelos, Aguascalientes, Chihuahua, Sonora, Puebla,
Nuevo Le6n, Jalisco, Oaxaca, Guanajuato and San Luis Potosi (Fig. 1,
Table 5). From these locations, an estimated 450,000 people are found
to be exposed to >50 pg/L of As (Castro de Esparza, 2009; Armienta
et al, 2008). However, if the current national regulatory limit
(25 pg/L) is used, the number of exposed people would increase by
several folds.

Most of the research on As in Mexico was focused on the
identification of signs and symptoms of chronic As poisoning. Studies
dealing with the environmental assessment of As contamination in
specific areas, although less abundant, is growing. However, research
focused on the recognition of specific processes releasing As to
groundwater was only performed in certain zones. Development of
treatment alternatives to remove As from water had started since the
last decade. An overview of toxicological studies, treatment options,
co-occurrence of As and F in groundwater, and As in geothermal areas
of Mexico is presented in other articles of this special volume
(Armienta and Segovia, 2008; Litter et al., 2012 and Lopez et al., 2012).
Arsenic on fluids of high-enthalpy volcanic and low-enthalpy
geothermal systems of petroleum reservoirs are discussed in a review
paper by Birkle et al. (2010). This paper will focus on the information
not included in other papers, mainly on research dealing with the
environmental fate and identification of As sources in contaminated
zones.

Studies on the behavior of As in the environment started with the
determination of total As concentrations in drinking water of zones
where As health effects were observed in the population (Chavez
et al,, 1964; Cebrian et al., 1994). Later on, speciation determinations
and research to determine specific As sources in polluted areas were
also included (Del Razo et al., 1990). At Comarca Lagunera (Fig. 1), the
first publications reported pesticides used in cotton fields, extensively
raised since 1930, as one of the causes of groundwater As pollution. A
natural source related with an extinct hydrothermal system was also
proposed, based on the co-occurrence of boron, fluoride and lithium

in As-polluted water (Gonzalez-Hita et al, 1991). Subsequent
hydrogeological, geological and hydrogeochemical studies led to the
recognition of other natural processes like evaporation, dissolution of
Fe and Mn oxides and sulfides oxidation, as causes for groundwater As
enrichment (Ortega-Guerrero, 2003; Molina, 2004; Gutierrez-Ojeda,
2009). About 400,000 people were considered to be exposed to As
concentrations >50 pg/L in that zone (Cebrian et al., 1994). Comarca
Lagunera is one of the most important cattle-raising areas of Mexico.
The evaluation of As content in cow-milk and the translocation factors
from polluted water intake carried out by Rosas et al. (1999) has thus
special significance (see Bundschuh et al., 2012).

The As concentration in groundwater was also determined at other
zones in northern Mexico, such as Sonora and Chihuahua states
(Wyatt et al., 1998; Alarcon-Herrera et al., 2001) (Fig. 1). A geogenic
origin of As was assumed based on the correlation between As and
fluoride concentrations in Chihuahua water samples, and also on the
geology and hydrogeology of the Guadiana valley in Durango state
(Fig. 1) (Alarcén-Herrera et al., 2001).

Detailed hydrogeological and hydrogeochemical studies were also
performed at other zones like the Independencia aquifer, the Rio Verde,
and the Zimapan valleys in Central Mexico (Fig. 1), which recognized
natural As water sources (Armienta et al., 1997, 2001; Planer-Friedrich
et al,, 2001; Mahlknecht et al., 2004; Ortega-Guerrero, 2009).

Arsenic pollution in aquifers, superficial water bodies, soils and
wastes were studied in several mining zones of the country. Natural
and anthropogenic origin of As in groundwater was identified at
certain locations (Castro-Larragoitia et al., 1997; Armienta et al., 1997,
2001; Carrillo-Chavez et al., 2000; Razo et al., 2004a; Rodriguez et al.,
2005). At Zimapan, central Mexico, hydrogeochemical modeling
jointly with mineralogical and chemical analyses of rock formations
showed arsenopyrite oxidation and scorodite dissolution as plausible
processes releasing As to the fractured deep limestone aquifer
(Armienta et al., 1997, 2001). Isotopic and chemometric studies
revealed a distinction between the characteristics of deep wells
contaminated by natural sources, and those of shallow wells polluted
by tailings (Sracek et al., 2010). In Santa Maria de la Paz, San Luis
Potosi state (Fig. 1), Castro-Larragoitia et al. (1997) determined As
contents in soils, water and tailings. Further studies by Razo et al.
(2004a) proposed arsenopyrite oxidation and natural dissolution of
sulfides under high alkalinity and anaerobic conditions to cause the
presence of As in groundwater. Carrillo-Chavez et al. (2000) measured
high As contents in groundwater near mine waste piles in San
Antonio-El Triunfo Area Baja California Sur (Fig. 1), and identified
main geochemical processes of As along the flow-path. An overview of
the information on groundwater As presence in Mexico may be found
in Armienta et al. (2008) and Armienta and Segovia (2008).

Environmental impact of mine wastes and smelter dust and fumes
including As dispersion was also addressed in various zones of San
Luis Potosi, Hidalgo, Chihuahua, Guerrero, Sonora, Guanajuato and
Baja California states (Fig. 1). These studies included the determina-
tion of heavy metals and As mobilization processes in tailings, based
mainly on chemical and mineralogical characteristics (Talavera et al.,
2005; Gutiérrez-Ruiz et al., 2007; Romero et al., 2006, 2008).
Geochemical mobility of As was assessed by means of physico-
chemical and mineralogical and sequential fractionation determina-
tions of diverse tailing waste piles at Hidalgo and Guanajuato states
(Méndez and Armienta, 2003; Garcia-Meza et al., 2004, 2006; Ramos-
Arroyo and Siebe, 2007). Leachate analyses, leaching experiments and
geochemical modeling were carried out to determine As and heavy
metals mobility from tailing piles and smelter slags at Guanajuato,
Taxco and Santa Maria de la Paz mining districts (Fig. 1) (Manz and
Castro, 1997; Carrillo-Chavez et al., 2003; Talavera et al., 2006;
Mendoza Amézquita et al., 2006).

Arsenic contents in soils contaminated by tailings and smelting
operations were also assessed at several sites. Ongley et al. (2007)
determined the influence of old smelters and tailings on As
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concentration and distribution in soils at Zimapan mining district
(Fig. 1), and studied its liability and concentration variations with
depth. Gutierrez, 2007) measured total and soluble contents of As and
heavy metals in soils to assess the influence of inactive tailings in the
mining district of Santa Barbara in Chihuahua state (Fig. 1). Naranjo-
Pulido et al. (2002) determined As contents in an abandoned mining
zone of Baja California Sur. Bioaccessibility experiments in soils of the
mining district of Santa Maria de la Paz in San Luis Potosi state,
developed by Razo et al. (2004b), showed more than 4 times As
bioaccessibility determined by the PBET method (simulation of the
human digestion process) in soils impacted by a smelter with respect
to those impacted by mine wastes.

Arsenic concentration, sources and mobility were studied also in
some rivers and coastal sediments including Sonora, Hidalgo,
Guerrero, Chihuahua and Baja California states. Coastal sediments of
the La Paz lagoon and the Sonora state did not show As contamination
(Shumilin et al., 2001; Jara-Marini and Garcia-Rico, 2006). However,
sediment cores from the Colorado river remnant delta (Fig. 1) showed
a probable contamination of As from pesticides used in the first half of
the past century (Daesslé et al.,, 2009). River sediments at mining
zones reflected the influence of mines and tailings settled on their
shores (Garcia et al., 2001; Gutiérrez-Ruiz et al., 2007; Gutiérrez and
Carredn, 2008). Studies on As fractionation evidenced a predomi-
nance of As in the fractions with the lowest environmental mobility
(residual, and oxides and hydroxides of iron) (Garcia et al., 2001;
Gutiérrez-Ruiz et al.,, 2007). Concentration of As in sediments and
water of three storage lakes of Chihuahua state (La Boquilla, El
Granero, Las Virgenes) was measured in 2005 and 2006. Average As
contents in sediments ranged from 9.11 to 16.62 mg/kg without
significant differences among the lakes or the seasons (Hernandez-
Garcia et al., 2008). Average As concentrations in water ranged from 6
to 21 pg/L except for the sample taken from Las Virgenes in spring that
had 170 pg/L (Hernandez-Garcia, 2007). Arsenic concentrations in
other water reservoirs in Chihuahua have also been determined:
Chuviscar, El Rejon, San Marcos and Chihuahua. Sediments collected
in spring, summer and autumn of 2008 contained from 3.147 to
7.307 mg/kg As on average; the highest water As concentration in
water (10 pg/L) was measured in Chuviscar storage lake in winter
(Cano de los Rios, 2010; Pérez-Vargas, 2010). While the input of
residual waters has been suggested as the origin of As in the storage
lakes (Hernandez-Garcia, 2007), agrochemicals may also be impor-
tant source. Further As mobilization of acid igneous rocks and sulfide
mineralization may be a further source.

4.3. Arsenic detections in surface water and groundwater of Chile
As already reported in Section 2, in northern Chile, in the wider
area of Atacama Desert (Figs. 2 and 3), the inhabitants have been

exposed to As from drinking water and food for a long time as found in
mummies of the Chinchorro culture (Arriaza et al., 2010; Byrne et al.,

Table 6

2010; Rivadeneira et al.,, 2010). However, it was not until 1962 that
first cases of As-related health effects were reported from the city of
Antofagasta (Fig. 2). In Antofagasta, As exposure was a consequence of
the new drinking water supply introduced in 1958 that pumped water
from the Loa river and its tributaries containing high As (average
800 pg/L; Bundschuh et al., 2008, 2009). Arsenic in river water is
predominantly released from volcanic rocks and sulfide ore deposits
and their weathering products at the Andean volcanic chain. Here, it is
mobilized by snow melt and rain and transported into the rivers and
springs. These rivers were the only freshwater resource in northern
Chile at that time (Romero et al., 2003; Bundschuh et al., 2008, 2009).
Additionally, geothermal manifestations are locally important sources
of As, as the geothermal springs from El Tatio (Fig. 2) (Landrum et al.,
2009), which will be discussed in another paper of this special issue
(Loépez et al., 2012).

In northern Chile, the first skin lesion cases were detected in the
beginning of the 1960s, especially in children and, later on, other As-
related health effects were described. At that time, a total of 500,000
people were exposed in northern Chile to As by drinking water
(Castro de Esparza, 2009). In the city of Antofagasta, 130,000
inhabitants were exposed from 1958 to 1970 (12 years) to high As
levels in drinking water. In Calama (Fig. 2), the second largest city of
the affected area, a removal plant was installed in 1978. These As
removal plants solved the problem in Antofagasta, Calama and in
some other larger urban areas (Rivara et al., 1997; Cortina et al.,
2012). At present, additional several seawater desalination plants are
operating in northern Chile to provide drinking water (Bundschuh
etal,, 2010; Cortina et al., 2012). The well-defined exposure time to As
allowed to study extensively the epidemiological aspects of the
Chilean As case through the following decades (e.g., Borgofio and
Greiber, 1972; Pizarro and Balabanoff, 1973; Puga et al., 1973; Klohn,
1974; Borgoiio et al., 1977; Smith et al., 1998; Karcher et al., 1999;
Ferreccio et al., 2000; Sancha and Frenz, 2000; Sancha et al., 2000;
Hopenhayn-Rich et al., 2000; Bates et al., 2004b; Christian and
Hopenhayn, 2004; Caceres et al., 2005).

However, in many smaller towns, villages and isolated houses in
northern Chile, water with As is still used for drinking and irrigation
purposes. For example, the Chiu Chiu area (Fig. 2) (Smith et al., 2000)
and some rural settlements in the region of Arica and Parinacota (XV
Region) (Fig. 3), where the population still suffers from chronic
arsenicism as a consequence of As exposure through water and soil
(Table 6), and transference to animal fodder and human food (Lara
etal,, 2006; Cornejo et al., 2006a,b, 2008; Bundschuh et al., 2008). This
was shown by high As accumulation in human hair, nails and urine.
Yafez et al. (2005) took samples from two communities, Esquifia and
Illapata, located in the Camarones valley (Fig. 3). The population of
Esquifia consumes drinking water coming from small waterfalls (As:
12.2-74.0 pug/L), whereas the population of Illapata consumes drink-
ing water from the Camarones river and waterfalls (As: 48.7 and
1252 pg/L, respectively: 92.0-99.5% as As(V)), though river water is

Contents of total arsenic in water and soil of the valleys of the region Arica and Parinacota (northern Chile); for locations see Fig. 3.

Modified from Bundschuh et al., 2008.

Site Location (Latitude, Longitude) As in water® (mg/L) As in soil* (mg/kg)
Rio Lluta 18.39400° S, 70.29047° W 0.20+£0.010 40+2

Rio Azapa 18.51317° S, 70.21317° W 0.02 +0.001 8+1

Rio Lluta (Puente Chacabuco) 18.40883° S, 70.10742° W 0.28 4-0.002 38+2

Rio Lluta (Humedal) 18.40319° S, 70.32303° W 0.03 +£0.001 32+2

Rio Caritaya 18.94197° S, 69.41497°W 5.1040.030 489+15

Rio Camarones (Illapata) 18.94144° S, 69.50856° W 1.24 +£0.090 30047

Rio Camarones (Taltape) 19.00211° S, 69.81958° W 1.10+£0.020 105+6

Rio Camarones (Camarones town) 19.00356° S, 69.85656° W 1.04+0.010 100+8

Rio Camarones ( embouchure into Pacific) 19.18197° S, 70.27047° W 0.9240.020 120+6

@ Each value corresponds to the mean value and the standard deviation from three determinations.
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Table 7

Arsenic species in hair of the Esquifia and Illapata populations; for locations see Fig. 3.

Modified from Yaiiez et al., 2005.

Village Population As in hair (mg/kg) average (min-max.)
As (IlI) DMA MMA As(V)
Esquifia (n=22) Children (n=11) 0.40 (nd-1.53) nd 0.01 (nd-0.02) 0.15 (nd-0.37)
Adults (n=11) 0.13 (0.02-0.71) nd 0.02 (nd-0.03) 0.17 (nd-0.41)
SD 0.37 0.01 0.11
Average Esquifia 0.26 nd 0.02 0.15

Illapata (n=21) Children (n=38) 2.15 (0.56-3.24)
Adults (n=13) 474 (0.23-13.72)
SD 3.87

Average Illapata 3.75

0.18 (nd-0.35) 0.02 (nd-0.03) 0.18 (0.1-0.47)
0.07 (nd-0.07) 0.05 (nd-0.15) 0.614 (0.21-1.52)
0.11 0.04 038

0.16 0.04 0.45

nd: not detected. For calculation of averages, only values over the detection limits were considered.

preferred by the population (Yafiez et al., 2005). The authors found
that the average total As (AsT) contents in hair from 21 individuals of
Esquifia and 22 individuals from Illapata were 0.7 and 6.1 mg/kg,
respectively (Table 7). Most of the As (98%) corresponds to inorganic
As (Asl); respective mean As(Ill) contents were 0.25 and 3.75 mg/kg
in Esquifia and Illapata, and the respective mean As(V) contents were
0.15 and 0.45 mg/kg. The analyzed organic species, DMA(V) and
MMA(V) amount to less than 2% of the extracted AsT. The study found
that the contents of AsT, As(IIl) and As(V) in hair depend on the age of
the exposed individuals from Illapata (r=20.65, 0.69, 0.57, respec-
tively) and on the exposure time, which corresponds to the residence
time in Illapata (r=0.54, 0.71 and 0.58, respectively). In another
study, As contents in water, urine, hair, and nails (Fig. 4) were studied
in people from the same localities (Cornejo et al., 2008). In this study,
the As concentration of drinking water from Esquifia and Illapata were
found to be 50 and 1090 pg/L, respectively. Total As concentrations in
the two villages were 0.20 and 1.10 pg/L in urine, 0.30 and 3.8 mg/kg
in hair, and 3.2 and 11.2 mg/kg in nails, respectively (Fig. 4),
confirming the influence of the As levels in both geogenic sources.
Another study in northern Chile is from the region of Coquimbo, in
Elqui valley (9800 km?) (Fig. 1). Elqui river and its tributaries, which
rise in the Andes at 3500-4000 m above mean sea level (a.s.l.), drain
areas with important hydrothermal alterations and epithermal ore
deposits; these include As-rich copper dikes at the well-known
locality of El Indio (gold mining at El Indio-Tambo district; 29.32028°
S 70.02778° W). Recent studies found that As in the sediments of the
valley amounts to 55-485 mg/kg (202 445 mg/kg, n=14) in river
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Fig. 4. Total arsenic content in urine, hair and nails of residents from Illapata and
Esquifia (Camarones valley, northern Chile).
Modified from Cornejo et al., 2006b.

sediments and 119-2.344 mg/kg (747 + 544 mg/kg, n=14) in Holo-
cene lake sediments, mostly associated to iron oxides and iron
oxyhydroxides (Oyarzun et al., 2004). Since the enrichment of As is
found not only in the river sediments, which are influenced by mining
activities, but also in the Holocene lacustrine sediments (BP 9640 +
40, Oyarzun et al., 2004), the authors conclude that the As
contamination of Elqui valley arises not only from mining activities
but also from erosion and natural leaching. A high erosion is caused by
heavy rainfalls related to the El Nifio (Oyarzun et al., 2004).

Due to the same geological setting (volcanic mountain chain of the
Andes, geothermal activities, mining operations), it is expected that
As concentrations can be at elevated levels in other areas of Chile.
Thus, the Maipu river basin (SE of Santiago de Chile (Fig. 2), which
drains the area of San José and Tupungatito volcanoes, contains
geothermal springs with predominantly NaCl-type water and As
concentrations between 300 and 1300 pg/L, which affect the river
water quality (Mohammad Ayaz Alam, personal communication).

5. Arsenic: from the 1970s to the 20th century

After the description of the first identification of As in water
resources in Argentina, Mexico, and Chile, As problem was detected
from 1970s to 1990s in an increasing number of regions in these and
in new countries. For example, the problem was described in Peru in
the 1970s from Ilo valley (Kirchmer and Castro, 1979; Castro de
Esparza, 2009; Bundschuh et al., 2008, 2009) and later from Rimac
river basin in the east of Lima, capital of Peru (Castro, 1993; Infante
Fernandez and Sosa Palomino, 1994; MEM-DGAA, 1997; Bedregal
et al., 2001; Juarez Soto, 2006; Bundschuh et al., 2008). In Mexico,
Argentina, and Chile, new regions were found (Sections 4.1, 4.2 and
4.3). In the following, the detections in Peru, where the As problem
has been reported in the period from the 1970s on and followed by
the studies performed until today will be described.

5.1. Arsenic detection in groundwater and surface water resources of
Peru

In Peru, there are several sites where water resources are affected
by high As concentrations (Figs. 1 and 3). In most cases, As is of
geogenic origin and released predominantly in the Andean region by
natural weathering and by mining activities. From Andean region, As
is transported predominantly by water and river sediments to the low
lying semi-desertic, more densely habited areas. These waters are
used there for irrigation before being discharged into the Pacific
Ocean. In 2000, it was estimated that in Peru at least 250,000 people
drink water with As concentrations exceeding 50 ug/L, the current
national regulatory limit (2011) (Sancha and Castro de Esparza, 2000;
Castro de Esparza, 2002, 2010). The rural population that relies on
untreated water is the most exposed to high As in Peru.

In 2002, elevated concentrations of As were reported in the
Locumba river basin (200-400 pg As/L, Castro de Esparza, 2002)
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(Fig. 3). In the homonymous valley, the population living along the
river is exposed to As from drinking water exceeding the national
regulations (50 ug/L). At present, the population is supplied by
drinking water from a cistern; however, the As-contaminated water
is still used for other purposes including irrigation and animal
husbandry. Though the population in the Locumba valley consumed
drinking water with toxic As concentrations for a long period, no
visual evidence of health effects can be found (Castro de Esparza,
2002, 2003).

Ilo city uses water from the Locumba river basin (Fig. 3), which is
conducted by a channel to Ilo. The water from the Locumba river and
its tributaries contains 400-1500 pg As/L (CEPIS, 1975). Kirchmer and
Castro (1979) investigated different technologies for As removal and,
in 1982, a treatment plant for As removal was installed in Illo
(Siveroni, 1989; Castro de Esparza, 2009; see also Cortina et al., 2012).
The tributaries of the Locumba river, the Collazas and Salado rivers,
having As concentrations of 640 and 1680 pg/L, respectively, pass
through the area of the Yucamane volcano (Fig. 3), where As
mobilization from volcanic rocks and pyroclastic materials occurs.
These rivers discharge As-contaminated water into the Aricota lake
(Siveroni, 1989).

From December 2004 to September 2006, As contents were
studied in samples of the basins of Sama and Quebrada de la Yarada
rivers (a wider area of Tacna city, Fig. 3) (Jorge et al., 2006). Here, in
the localities of Amopaya, Sama and Inclan, As concentrations in the
range of 140-230 pg/L were found in river water with an As(III)/As(V)
ratio of 0.1.

In the area of Puno (Andean highland, Fig. 3), 44% of the
groundwater wells installed to provide the population microbiolog-
ically safe drinking water, As concentrations exceeded the provisional
WHO guideline value and 10% exceed the Peruvian regulatory limit
(Castro de Esparza et al., 2005; Castro de Esparza, 2010). The highest
observed As concentration was 180 pg/L.

In 1999, a study of As in drinking water was performed in Huaytara
(the largest province of the Huancavélica department) (Fig. 1). The

average As concentration of the 31 analyzed samples was 246 ng/L;
the highest values were from Pachac, probably due to anthropogenic
contamination by As-based fertilizers and pesticides (Flores, 1999).

Other As sources exist in the Morococha mining region and in the
La Oroya smelting complex (Yauli Prov, Junin Department; Fig. 1),
which influence the water of the Yauli river, where As concentrations
of up to 460 pg/L have been found (Zenitagoya et al., 2004).

The Rimac river basin (Figs. 1 and 5), situated east of Lima, at the
occidental flank of the Andes, is also contaminated by As. The
contamination originates predominantly from mining activities in the
middle and upper part of the basin and from natural leaching of
Andean volcanic rocks and sulfidic ore deposits (Infante Fernandez
and Sosa Palomino, 1994; MEM-DGAA, 1997). Arsenic is mined as
arsenopyrite and orpiment (Méndez, 2005). The Rimac river basin
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Fig. 6. Mean arsenic concentrations by year in surface water of Rimac river basin
performed by SEDAPAL (1997-2004) and DIGESA (2000-2001). The vertical bars
represent the standard deviation. The 200 ng/L concentration line corresponds to the
regulatory limit established in Peru for As in irrigation water.

Modified from Juarez Soto, 2006.
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Table 8

Mean arsenic concentrations in river water by year and part of the Rimac watershed
basin in the years 1997-2004 (in mg/L); for location see Figs. 1 and 5.

Modified from Judrez Soto (2006).

Year As (ug/L)
Upper basin Middle basin Lower basin

1997 100+ 40 50+10 60+10
1998 80+20 30+<10 40+10
1999 50410 130+10 100+ 10
2000 220+80 360+ 60 240 +30
2001 190+ 140 504+<10 40+10
2002 1160+ 1000 410430 290+ 40
2003 40+10 50+<10 60420
2004 20+£<10 30+<10 30+£<10

Each value corresponds to the mean value and the standard deviation from three
determinations.

(3300 km?) is one of the most important Peruvian hydrographic
basins, with an average width of 16 km and extending over 200 km
from the Andes to the area of Lima. This river provides 71.8% of the
drinking water to Lima through the La Atarjea Drinking Water
Treatment Plant (SEDAPAL, 2004). The Rimac river basin includes the
Santa Eulalia (1098 km?) and Rio Blanco (194 km?) sub-basins
(Fig. 5). The geological units that crop out in the basin are
sedimentary, metamorphic, volcanic and intrusive rocks; a large
number of mines that exploit polymetallic deposits containing zinc,
copper, silver and lead, are located in the upper part of the Rimac river
watershed (Méndez, 2005). The presence of As adversely influences
the quality of water and the soils and vegetables in the lower part of
the basin, and constitutes a severe human health risk (Castro, 1993;
Infante Fernandez and Sosa Palomino, 1994; MEM-DGAA, 1997,
Bedregal et al., 2001; Juarez Soto, 2006). The first investigations were
performed in 1994, where As concentrations were determined in 53
samples of drinking water, river, well and spring water. It was found
that 84.9% (Infante Ferndndez and Sosa Palomino, 1994) of the
samples exceeded the limit recommended by the WHO. Nevertheless,
no cases of As poisoning have been recorded.

The water quality of the Rimac basin is periodically monitored by
the Water and Sewage Service of Lima (Servicio de Agua Potable y
Alcantarillado de Lima, SEDAPAL), and by the General Division of
Environmental Health (Direccién General de Salud Ambiental, DIGESA).
Using data from both institutions, Juarez Soto (2006) studied the
spatial and temporal historical data on the water quality of the Rimac
river basin.

The annual average As concentrations in 1997, 1998, 1999, 2001,
2003 and 2004 were <200 pg/L (acceptable for irrigation according to
national regulations) (Fig. 6). However, in 2000 (260 pg/L; SEDAPAL and
710 pg/L, DIGESA), 2001 and 2002, the 200 pg/L limit was exceeded.
There are large spatial variations. This can be seen considering the year
2000 (average 260 pg/L SEDAPAL, 710 pg/L DIGESA), when the highest
concentrations (1630 pg/L As) were detected in Puente Santa Rosa, and
for 2001 (average 130 pg/L SEDAPAL, 100 ug/L DIGESA), when the
highest As concentrations (1330 pg/L) were reported from Aruri river,
area of Toma Tamboraque (650 pg/L) and Santa Rosa bridge (380 pg/L)
(Fig. 5). The highest As concentrations of 9160 pg/L were measured in
the river water in the area close to the mining center Fortuna (Centro
Minero Fortuna; sulfide ore deposits; Fig. 5). High As concentrations are
generally found in river waters of the upstream area of Rimac river basin
(Table 8); however, temporal variations of As concentrations are high in
the entire area. All the annual average As concentrations from the upper,
middle and lower part of Rimac watershed exceed the provisional WHO
guideline value of 10 pg/L (Table 8). Within the observation 1997-2004
period, the years with the highest concentrations were 2000-2002. This
indicates that the enforced environmental regulations of Peru resulted
in a significant reduction of As released by mining activities into the
Rimac river basin. However, the large amounts of As, uptaken especially

in the years 2000-2002 by the soils in the lowest part of the basin,
extensively used for agriculture, constitute a severe problem and
require periodical future monitoring by the respective authorities. The
As contamination of vegetables in the Carapongo irrigation area (lower
Rimac basin, Lurigancho-Chosica district; Fig. 5) was investigated by
Juérez Soto (2006) and is discussed in this special issue (Bundschuh
et al, 2012).

Méndez (2005) investigated the influence of mining activities on
water and riverbed sediments in Rimac river watershed. River water
and sediment samples were taken in October 2004 from 10 sites. At
most (60%) sampled locations in Rimac watershed, As exceeds the WHO
provisional guideline value of 10 pg/L but not the Peruvian regulatory
limit of 50 pg/L (Fig. 5). Arsenic concentrations are the lowest at Blanco
river (<2 pg/L, detection limit) and the highest at Parac creek (31 pg/L)
(Fig. 5); the median was 13 pg/L. In riverbed sediment, As contents
ranged from 21 to 1543 mg/kg (median: 245 mg/kg). Eight sediment
samples had high As contents (148-1543 mg/kg); the highest value was
found at Parac creek (1543 mg/kg), the lowest at Blanco river
(21 mg/kg) (Fig. 5).

6. Arsenic in the 21st century

In 10 of the 14 Latin American countries where high As
concentrations in groundwater and surface waters (not including
geothermal aquifers) are known today (Fig. 1), this problem was
detected/described since the turn of the 20th century in Nicaragua
(1996/2000), El Salvador (1998), Brazil (1998/2000), Bolivia (2001),
Venezuela (2005), Ecuador (2005), Honduras (2006), Uruguay
(2005/06), Colombia (2007), Guatemala (2007), and Costa Rica
(2005/2009) (Bundschuh et al., 2009). These new findings show
that at least 94 localities in Latin America (Fig. 1) are affected by high
As levels in a significant manner. The increased number of sites with
As also suggests that many other sites of similar geological settings
may have high As in ground- and surface water.

6.1. Central America

High levels of As were detected in surface water and groundwater
used for drinking and irrigation purposes in several places in Central
America. In most cases, the origin of As is natural due to the tectonic
setting of the Pacific coast at a subduction zone with numerous
volcanoes. Leaching predominantly from volcanic rocks and hydro-
thermal vents and their weathering products are common sources for
As in freshwater resources. Geothermal fluids, often rich in As, are
another important As source. The presence of faults and contacts
between different rock types channelize the circulation of hydrother-
mal fluids surrounding the magmatic chambers of active and dormant
volcanoes (e.g. Lopez et al., 2004; Pérez et al., 2004; Birkle and
Bundschuh, 2007a,b); this allows geothermal fluids emerge toward
the earth's surface (fumaroles, hot springs). Geothermal fluids may
contaminate groundwater and surface water resources that are used
for water supply. Arsenic of geothermal origin will be discussed in this
issue in detail in the paper by Lopez et al. (2012). Furthermore, there
are several sites where As is released into the environment from
mining activities and related metallurgical processing. With exception
of Nicaragua, no epidemiological studies have been performed yet in
Central America. To our knowledge, As in the food chain was only
studied rudimentarily in Nicaragua and El Salvador, where As
contents in fishes were investigated (see Bundschuh et al., 2012).

6.1.1. Guatemala

In June 2007, there were several announcements in the mass
media about the presence of As in the public water supply system
(groundwater) in different areas of the municipality of Mixco (Fig. 1)
in the department of Guatemala whose origin is natural due to
leaching from volcanic rocks (Cardoso et al., 2010). The average As
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concentration in the well was 15 pg/L (Garrido Hoyos et al., 2007;
Garrido Hoyos and Avilés Flores, 2008; Bundschuh et al., 2010;
Cardoso et al., 2010).

In a recent study, Archer and Elmore (2010) investigated the
release of As from ceramic pot filters in the region of Antigua and, they
found that the source of As contamination was the clay itself. They
stated that some clay sources in Guatemala have been excluded from
use because they could release more than WHO standard for As
exposure of 10 pg/L.

Other water quality studies by Elmore et al. (2005) at the village of
San Sebastian de Lemoa, located at the Guatemala Highlands, did not
show As concentrations above the detection limit. The test kit used
here was “ArsenicCheck for Water” manufactured by Hybrivet
Systems, Inc. This procedure has a detection limit of 10 pg/L (Elmore
etal., 2005). However, the geology of Guatemala with a chain of active
volcanoes and geothermal systems (see Lopez et al., 2012) and the
presence of ore deposits containing arsenopyrite (e.g. the Sb-W-Au
deposits at Ixtahuacan, Guillimette and Williams-Jones, 1993) suggest
that As could be a water quality problem in Guatemala that has not
been fully assessed.

The health and environmental impacts produced by the Marlin
Mine have been studied recently by researchers from the Physicians
for Human Rights at the University of Michigan (Basu and Hu, 2010).
The study includes analysis of water samples from Tzala and Cuilco
rivers above the mine, Tailings creek (a discharge from the tailings)
that discharges into Quivichil Creek, and at Quivichil Creek. In-
habitants from five communities around the mine were also
investigated. The results of this research show that individuals
residing closer to the mine had higher levels of urinary mercury,
copper, arsenic, zinc when compared to those living in villages away
from the mine. For the 23 individuals that participated in the study,
the range of As concentration in blood samples was 3.20-8.50 pg/L
(mean <+ SD: 4.18 4+-1.14 pg/L). The range of As concentration in urine
samples was from 0.04 to 16.71 pg/L (mean+ SD: 3.22 +4.81 pg/L).
Arsenic levels in the river waters were 0.160, 0.060, 0.400, and
0.050 pg/L for samples from the Tzala river, the Tailings creek, the
Quivichil Creek, and the Cuilco river, respectively. For the sediment in
the same order, the concentrations were 830, 520, 310, and 880 pg/kg.
In addition, levels of blood aluminum, manganese, and cobalt were
elevated with values ranging from 16.5 to 107.1, 7.3 to 24.3,and 0.2 to
1.5 pg/L, and median values of 52, 13.2, and 0.4 pg/L, respectively.
These values are high in comparison to established reference ranges
or thresholds of 16, <1, and <2 pg/L, respectively (Basu and Hu, 2010).
Besides, for the river water and sediments, several metals such as

aluminum, manganese and cobalt were found at elevated levels in the
river water and sediment sites adjacent to the mine when compared
to the farther sites. This suggests that human exposures to certain
metals may be elevated near the mine but it is not clear if these
elevations pose a significant threat to health yet because the
concentrations are still relatively low. The recommendation is to
conduct more investigation and to communicate between the
different water governing bodies actively involved in remediation
this problem.

In another more comprehensive study (E-Tech International,
2010) of the Marlin Mine site, the quality of the water studied
included long term monitoring and several databases (e.g. Ministry of
Environment and Natural Resources in Guatemala (MARN), the
mining company (Goldcorp)). Problems with the initial environmen-
tal impact assessment of the mine prior to exploitation are reported,
as well as failures to comply with regulations during the 5 years of
exploitation of the mine. The concentration of As in Quebrada Seca
(they give this name to Tailing Creek in Elmore et al. study) was
120 pg/L at the end of April or early May, 2009. The large difference
between the values encountered by Basu and Hu (2010) and the E-
Tech International report can be explained by the seasonal variations
in rainfall in Guatemala. With 2 seasons (rainy from May to October,
and dry from November to April) and often the first heavy rains early
at the end of the dry season. Data from two recently installed wells to
monitor the groundwater downgradient from the tailing impound-
ment showed As concentrations of 261 and 46 pg/L, respectively. The
authors report that the concentration of the supernatant in the tailing
impoundment was only 38 pg/L in 2006 making the interpretation of
the data not clear. However, seasonal effects could also explain this
inconsistency because large seasonal variations in concentrations are
observed in the data reported for other ions, suggesting that the
tailings could be a variable source of contaminant input to the
groundwater.

6.1.2. Honduras

Arsenic in Honduras has not been fully studied to understand the
magnitude of the problem. Bibliographic references, if they exist, are
not accessible. However, two types of industries have been identified
that have the potential to contaminate the environment with As:
geothermal energy exploitation and gold mining. Goff et al. (1986b)
studied the geochemistry of springs in seven geothermal sites in
Honduras and detected As in four of them: Azacualpa, Pavana,
Platanares, and Vanes Caldera, presenting concentrations of As of 70,
110, 1260, and 1160 pg/L, respectively. However, only one sample is
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reported for each one of these sites. The Honduran geothermal field
with more information about the water chemistry is that of Platanares
(Goff et al., 1986a; Janik et al., 1991). There, Arsenic was not detected
in the cold waters; the mixed geothermal waters had As concentra-
tions ranging from <50 to 7100 pg/L (mean 4 SD: 940 4 150 pg/L, for
the 14 samples with detectable As), and, for geothermal well waters,
concentrations ranged from 800 to 1260 pg/L (mean4-SD: 4704
200 pg/L).

With respect to contamination from gold mining, the San Martin
gold mine in central Honduras has been operating since 1999. During
many years, communities close to the mine in Siria Valley have
complained about pollution problems in local rivers, forest destruc-
tion, and impacts on the local aquifers. A study done by Environmen-
tal Law Alliance Worldwide (ELAW; http://www.elaw.org/node/1285
accessed 9/30/2010) found water quantity and quality problems
associated with the mine and soil sediments of the San Martin mine.
Data showed As levels exceeding limits set by the Honduran
government and international organizations (>10 pg/L). According
to ELAW, the government of Honduras imposed a US $55,500 penalty
on the mining company for polluting and damaging activities.

6.1.3. El Salvador

High concentrations of As have been detected in surface and
ground waters in El Salvador (e.g. McCutcheon, 1998; Léopez et al.,
2009). In most cases, the origin of this As is from natural sources due
to the tectonic setting of El Salvador at a subduction zone with
numerous volcanoes and geothermal surface manifestations (fuma-
roles and hot springs) (e.g. Lopez et al., 2004; Pérez et al., 2004; Birkle
and Bundschuh, 2007a,b) (Figs. 1 and 7). Geothermal energy
exploration in El Salvador started in the nineteen sixties and in
1976 exploitation begun with the Ahuachapan geothermal power
plant, and later, in 1992 the Berlin geothermal power plant took up
operation (Fig. 7). Investigations in these geothermal fields and other
geothermal areas of the country produced evidence of the existence of
geothermal groundwaters with high As concentrations (e.g. Raymond
et al, 2005) and possible contamination of shallower aquifers. At
Berlin geothermal field, As concentrations in the Na-Cl waters of the
geothermal wells range from 7750 to 16,700 pg/L (mean: 11,710 pg/L,
n=>5) (Raymond et al., 2005). However, Raymond et al. (2005) is the
only reference in the peer-reviewed literature about As in geothermal
wells of El Salvador. Data from geothermal wells are not public in El
Salvador and are classified information that cannot be accessed and
are handled by the national geothermal energy company (LaGeo).
Arsenic of geothermal origin will be discussed in this issue in detail in
the paper by Lépez et al. (2012). Information in the ISOHIS data base
of the International Atomic Energy Agency (IAEA) shows that water
from springs and domestic wells located in the Ahucahapan
geothermal field has concentrations of 20-210 pg/L, and at springs
and domestic wells in the Berlin geothermal field of 2-285 pg/L. As
concentrations in groundwater of Las Burras and Obrajuelo aquifers
are 164 pg/L and 16-330 pg/L, respectively.

It is not known when the first As-rich waters were identified in El
Salvador. However, other systems in El Salvador (in addition to
geothermal reservoirs) present high concentrations of As, such as the
three larger lakes in the country: llopango and Coatepeque, hosted in
volcanic calderas (Lépez et al., 2009; McCutcheon, 1998), and
Olomega lake, in the eastern part of the country (Fig. 7). In
Coatepeque lake, As concentrations in water ranged from 90 to
3090 pg/L (McCutcheon, 1998). In the waters of Ilopango lake, As
concentrations ranged from 290 to 780 pg/L (Ransom, 2002; Lépez
et al, 2009). The Olomega lake water has an As concentration of
4210 pg/L and it is the highest As concentration determined in surface
waters of El Salvador (analysis from early 2000; Vides and Castillo de
Heskes, personal communication).

It is important to note that the three lakes mentioned above are
the largest reservoirs of surface water in El Salvador but, due to its

high As concentration, they are not used for centralized water
supply systems. However, they are used by the people living in the
watersheds of these lakes for domestic purposes. It is estimated that
around 200,000 people could be consuming waters high in As in the
llopango area. However, it is difficult to estimate the number of
people exposed for the other areas. These water resources are
important because of the high population of El Salvador, more than
7 million inhabitants, in a small surface area (21,000 km?). This high
population density has produced an overexploitation of groundwa-
ter resources and associated problems for the distribution of clean
water to the population (US Army Corp of Engineers, 1998).
Unfortunately, data of As concentrations in water supply systems
is not public in El Salvador.

Arsenic contamination in Lempa river (the major river in the
country) and its tributary Acelhuate (Fig. 7) was assessed by
Monterrosa (2003). In this study, water samples were analyzed for
As and heavy metals. The Acelhuate river is the anthropogenically
most polluted river in El Salvador because it transports the waste
waters from the capital city to the Lempa river. However, the highest
concentration of As detected in these waters was only 26 pg/L at
Acelhuate river. Similar results were obtained in a wide survey of
different rivers in the country (Esquivel, 2007), where only three
rivers were found with relatively high concentrations of As; they
were: Paz river with up to 36 pg/L, Sucio river with up to 32 pg/L, and
Jiboa river with up to 123 pg/L (Fig. 7). Waters from these rivers are
used for irrigation and domestic uses. llopango lake discharges into
Desagiie river, which is a tributary of Jiboa river (Fig. 7). Arsenic data
(Esquivel, 2007) shows a clear attenuation of As concentration from
780 pg/L at llopango to 123 pg/L in Jiboa river, as the water runs away
from the lake, suggesting sorption or co-precipitation processes that
transfer the As from the water to the sediment or organic matter.

In 1998, the Hurricane Mitch hit Central America with devastating
consequences for Honduras, Nicaragua, and El Salvador. The National
Oceanic and Atmospheric Administration (NOAA) of the USA, in
collaboration with local authorities, investigated waters, sediments
and biota of the Gulf of Fonseca (Fig. 7) with the purpose of assessing
contamination problems and the impact produced by the hurricane in
this important body of water shared by the three countries (Matta et al.,
2002). Arsenic in river waters discharging at the Gulf of Fonseca had an
average (£SD) of 2+2ug/L (n=18), (maximum value 7 pg/L).
Sediments were also analyzed in this study, and an average value
(£SD) of 1.2804+2.154 mg/kg (n=18), (maximum value
6.360 mg/kg) was found. In addition, the As content of crabs and catfish
was analyzed, and an average value (4SD) of 6.325 4 12.343 mg/kg
(n=14), (maximum value 48.145 mg/kg) was found. These data
suggest that As is preferentially retained in the sediments and
incorporated from there into the food chain.

In 2008, the Ministry of the Environment in El Salvador carried out
an investigation of contamination of three important aquifers
(Hidrodesarrollo S.A. de C.V., 2008): Zapotitan-Opico, Apanchacal
river aquifer in Santa Ana, and Rio Grande de San Miguel river aquifer
in San Miguel (Fig. 7). For these three aquifers, average values (£ SD)
for As are: 6 £8 ug/L (n=29) (maximum value 38 pg/L); 4+ 1 pg/L
(n=19) (maximum value 7 pg/L); and 11425 pg/L (n=41) (max-
imum value 162 pg/L), respectively. These data show that the highest
risk is for the people using the water from the San Miguel aquifer.

With respect to contamination of groundwater supply systems in
El Salvador, samples are collected and analyzed by the National
Administration of Aqueducts and Sewage (Administracion Nacional de
Acueductos y Alcantarillados, ANDA), the major government agency
that exploits and sells potable water in El Salvador. It is widely known
that there are As problems in groundwater of El Salvador and that
ANDA has a special unit working in that kind of contamination.
However, ANDA does not share the information about As in
groundwater with the public. Water treatment for As removal has
not been implemented in any water supply system in El Salvador.
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2011.

Because of other health, social and economic problems in El
Salvador, the problem of As in water is not a priority within the
government. Moreover, the public of El Salvador is not well informed
of As contamination in their water supply because ANDA does not
release this information. Only the As contamination of the three lakes
mentioned above is widely known. The government has not put
enough attention to the possible health effects of As contamination,
and epidemiologic studies have not been done in the country yet.

6.1.4. Nicaragua

In Nicaragua, the contamination of groundwater with As was
detected in May 1996 in water of an artesian well from the community
El Zapote, in the Sébaco valley (municipality of San Isidro) (Figs. 1 and 8),
which contained 1320 pg As/L (Aguilar et al, 2000). From then on,
different institutions have performed studies that confirmed the
extension of the problem into the neighboring communities and into
other regions of the country (INAA, 1996; Gonzélez et al., 1997; CARE,
2002; PIDMA-UNI, 2001; PIDMA-UNI-USAID, 2001; PIDMA-UNI,
UNICEF, 2002; Barragne-Bigot, 2004; PAHO/WHO/UNICEF, 2005).
Medical evaluations of the population exposed have been carried out in
the communities of El Zapote (municipality of San Isidro), Kinuma
(municipality of La Libertad), and in La Curva and Puertas del Paraiso
(municipality of San Pedro del Lévago) (Aguilar et al., 2000; Gémez,
2000, 2004, 2009; Gémez and Aguilar, 2000 ) (Figs. 1 and 8).

Between 1996 and 2001, a number of studies of As in water of
springs, dug wells and tubewells at El Zapote and adjoining
communities in the Sébaco valley have been performed by the
Nicaraguan Institute of Aqueducts and Sewer Systems (Instituto
Nicaragiiense de Acueductos y Alcantarillados, INAA), the Center of
Investigations and Studies on Health (Centro de Investigaciones y
Estudios de la Salud, CIES), the University of Engineering (Universidad
de Ingenieria, UNI) and the CARE International (NGO). They found that
the As concentration of 32 from 98 samples (33%) exceeded the
10 pg/L national regulatory limit (INAA, 2001). The maximum value

detected was of 289.2 ng/L in a well drilled at El Zapote (INAA, 1996;
Gonzalez et al., 1997; PIDMA-UNI, 2001; CARE, 2002).

Though the Sébaco valley is one of the most fertile agricultural
areas of Nicaragua, which produces a significant portion of vegetables
consumed by the population of northwestern Nicaragua, the CIES
study ruled out that the As contamination in water is by agrochem-
icals (Gonzdlez et al., 1997). Subsequently, the source of As was
identified to be geogenic (Barragne-Bigot, 2004). The high As
concentration in water was correlated with high As contents in
rocks and soils (14.98 and 57.19 pg/kg respectively) (Altamirano
Espinoza and Bundschuh, 2009).

During 2001, within the Research Program and Teaching in
Environment (Programa de Investigacion y Docencia en Medio
Ambiente, PIDMA) - University of Engineering (Universidad de
Ingenieria, UNI) - Environmental Health Program (EHP) of the
USAID, 124 dug wells and tubewells were sampled outside of the
Sébaco valley, in the north and northwest of Nicaragua (Departments
of Madriz, Esteli, N. Segovia and Chinandega; Fig. 8). The study found
that the water in 6 of the 124 wells (4.8%) had As concentrations
exceeding 10 pg/L (PIDMA-UNI-USAID, 2001).

The population of El Zapote that was exposed from 1994 to 1996 to
high As concentrations in drinking water (1320 pg/L) comprised 125
individuals (Gémez, 2009). In the other 15 communities of the Sébaco
valley where As contamination was also detected in water resources,
3225 inhabitants are potentially at risk to As exposure. Studies on As-
affected population of El Zapote and some communities of Chontales
department (Fig. 8) confirmed the different level of damage that As
caused on health of many persons (Gémez, 2000, 2004, 2009; Gémez
and Aguilar, 2000). Health effects of As exposure in Nicaragua has
been discussed in the paper by McClintock et al. (2012).

In 2002, PIDMA-UNI and UNICEF studied the groundwater quality
in Nicaragua. Arsenic and heavy metals were analyzed in water
samples collected from 106 dug wells, tubewells and springs located
close to tectonic structures with hydrothermal mineralization that are
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parallel to the tectonic depression of Nicaragua. In 5.7% of the samples,
the As concentration exceeded 10 pg/L (PIDMA-UNI-UNICEF, 2002).
The sites where the water samples exceeded 10 pg/L were resampled
in a new, more ample study comprised 7 areas in western Nicaragua.
The As concentrations in the 77 groundwater samples ranged from 0.4
to 106 pug/L (mean4SD: 11.4+20.8 ug/L, median: 3.65 pg/L); 22
water samples (28%) exceeded the national and WHO limit of
10 pg/L (Barragne-Bigot, 2004). Arsenate is the dominant As species,
the percentage of the more toxic As(IIl) related to total As is 4.8—-100%
(mean4-SD: 27.84-23.9%, median: 18.7 pg/L). Furthermore, it was
observed that the As concentration did not depend on the hydro-
chemical type of the groundwater; no correlation with the hydro-
thermally mineralized structures was found (Barragne-Bigot, 2004).
In the community of Kinuma (municipality of La Libertad, Chontales
department; Figs. 1 and 8), where Barragne-Bigot (2004) found
higher As(Ill) percentages of 8-97.1% (mean=+SD: 35.54+31.1%,
median: 28.9 pg/L), the population consumed As-contaminated
water (54.4-255 pg/L) during 12 years (1992-2004); dermatological
health effects are reported by Gémez (2004), which will be addressed
in this special issue in the paper of McClintock et al. (2012).

The largest water quality study (1488 wells) was carried out by
UNICEF and the Pan American Health Organization (PAHO) during
2004-2005. Eighteen of the 46 studied municipalities had water with
As concentrations higher than 10 pg/L, most of them in the northern
part, and the maximum As concentration (161 pg/L) was found in a
tubewell of San Juan of Limay (department of Nueva Segovia, Fig. 8)
(PAHO/WHO/UNICEF, 2005).

In the Jinotega municipality, Empresa Nicaragiiense de Acueductos y
Alcantarillados (ENACAL) and other institutions detected 33 of 44 dug
wells (75%) had As >10 pg/L in Llano La Tejera (semirural area at the
periphery of Jinotega city; Figs. 1 and 8) in 2005 (ENACAL, 2005). The
water of 13 of these wells had As concentrations >100 pg/L (ENACAL,
2005). In Llano La Tejera, 714 people consumed water from 33 dug
wells containing As in concentrations exceeding the national norms
(Altamirano Espinoza and Bundschuh, 2009). Despite of the fact that
the authorities have prohibited the consumption of water of the wells
affected by As, the population still uses them because of the lack of
alternative water sources.

Fig. 8 shows the 29 municipalities where groundwater resources
with As concentrations exceeding the national limit for drinking
water (10 pg/L) were found until present (2011). All of them are
located in the western and central mountainous areas of Nicaragua
(Chontalefia cordillera, Esteli plateau) where young volcanic rocks
and their weathering rocks prevail as sources for As.

6.1.5. Costa Rica

From Costa Rica, only data on geothermal As were published and
no effects on groundwater or surface water resources, used for
drinking water purposes, have been reported. These occurrences will
be discussed in the paper of Lopez et al. (2012). Shallow groundwater
was studied at several sites where geothermal activities and leaching
from predominantly volcanic rocks and their weathering products did
not caused significant As concentrations. Hammarlund and Pifiones
(2009) found low As concentrations of 5-6 pg/L in springs from
shallow non-geothermal aquifers in the Miravalles and Rincén de la
Vieja geothermal areas (Fig. 1).

6.2. Caribbean

6.2.1. Cuba

Arsenic in the environment has been studied in a few sites in Cuba.
Information reported in three sites is presented in this section: Isla de
la Juventud, Manzanillo Bay, and Cienfuegos Bay (Fig. 1).

6.2.1.1. Isla de Juventud. At the Isla de la Juventud, As is released from
tailings of the gold mine Delita, which closed in 1997. The geology of

the mining area is predominantly mica schist rich in arsenopyrite,
which releases As as it oxidizes in the near surface environment or in
the tailing deposits. Toujague et al. (2003) studied the contamination
(As, Fe, Cu, Zn, Cd, and Pb) of the surface waters in an area about
38 km? around the Delita mine and in nearby streams. The mining
area is located on the watershed of the El Soldado river. Nine sampling
points were located at wells and springs within this watershed and at
the nearby watersheds of the Majagua, Itabo, and Los Indios rivers.
The results of the study indicate that only the spring located close to
the mine (La Mina spring) show high concentrations of As
(25,250 pg/L), Fe (248.7 mg/L), and Zn (5.53 mg/L). These values are
considerable higher than the WHO limits for drinking water (10 pg/L,
0.3 mg/L, and 3.0 mg/L, respectively). Previous studies (Bustamante
et al., 1985) found similar results with 33 mg/L of Fe, and As ranging
from 5000 to 7000 pg/L. Four stations had pH lower than the Cuban
norm of 6.9 for the preservation of aquatic life (La Mina spring, Punto
Jeep, Los Blanquitos and Malva wells). High Fe content which implied
reducing conditions and low pH suggest that the dominant As species
in the groundwater is As(III), that is probably transformed to As(V) at
the surface. Note that the points that do not present As concentrations
are located more than 1km from La Mina spring. Attenuation
processed throughout the conversion of As(Ill) to As(V), and further
sorption on iron minerals could explain the lack of As in the farther
points.

In order to identify previous exposure to As (over the years of
activity at the mine), a preliminary survey of clinical data of the local
population was performed in the Batey da La Mina community where
16 families live, about 3 km upstream of the mine (Toujague et al.,
2006a). In this village, an increasing trend in the mortality rate due to
cerebrovascular diseases was observed between 1994 and 1999,
considerable greater than in the rest of the country (Robles and
Morillo, 2001). The first cause of death in adults in the Isla de la
Juventud during the period 1990-2000 was malignant tumors,
especially lung cancer (2000-2001). Premature mortality also showed
an increasing trend in this decade with respect to the rest of the
country (Robles and Morillo, 2001).

The historical data of As in surface water and groundwater in the
area of influence of Delita demarcates a stage of danger area of 72 km?
in which the transport time and the return of those local waters of the
mine is 13 years (Molerio, 2002). The first increase in stroke mortality
was observed in 1994, just 13 years after the initial studies to evaluate
the ore in Delita. In 1982, the surficial drainage from the mine to the
sea stopped probably because it infiltrated the ground, suggesting
some relationship between the contamination of the groundwater
and the appearance of the illnesses 13 years later (Toujague et al.,
2003).

To verify the actual exposure to As and heavy metals, a risk
assessment study of As, Pb and Cd in the Delita gold region was carried
out in the period 2006-2008 (Massahud, 2008), in order to apply for
the first time in Cuba the “environmental inspection phase” of the
methodology for risk assessment of the Pan American Health
Organization (PAHO) (Diaz-Barriga, 1999). The study included the
watersheds El Soldado, Pino, Majagua, Los Indios, Itabo and Rio del
Medio-Las Nuevas. The calculation of non-carcinogenic risk (target
population: children aged 3-6 years) showed that there is risk of non-
cancerous diseases suggested to be due to As for children who were
supplied water of wells V-28 (Los Indios basin), S-7 (Itabo basin) and
well drizzle Airport Siguanea, which showed risk quotients (RQ>1) of
1.93, 3.05 and 20.8, respectively. The As concentrations in water of
these points (11.6, 15 and 18.8 ug/L, respectively) in all cases
exceeded the guideline value of WHO for As in drinking water
(10 pg/L), and the maximum As value guide security (4.2 pg/L) for
assessment of environmental media (EMEG). The three piles of
mining waste arranged in the mine (R-1 R-2 and R-3) and soil (R-5),
old mine tailings that fills the groundwater flow path to Playazo El
Soldado, exceeded the permissible limit of As (75 mg/kg) and Pb
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(840 mg/kg) (R-1 and R-3) for disposal of sewage sludge on soil (EPA,
1993), and should be removed from the site or treated to their proper
destination. This is especially important for the soil (the path to
Playazo El Soldado), where gastric bioaccessibility studies (protocols
IVG) showed 40.5 £ 1.95% of bioacessibility of As (Toujague et al.
2006Db). For assessing cancer risk, future studies in the region should
evaluate these tailings and consider the analysis of biological material
of exposed populations in areas at risk from this study.

6.2.1.2. Manzanillo Bay. Increasing industrial growth around the city of
Manzanillo (Fig. 1) has raised concern about increases in metal
contamination in the bay and its impact on the marine ecosystem.
Several studies have been carried out (Emilson and Tapanes, 1971;
Suarez and Pergd, 1979; Arencibia and Perigd, 1985; Amat et al.,
2002). The bay presents a temperature, salinity, and density profile
characteristic of low salinity shallower layer produced by the input of
river waters to the bay and deeper more marine water; the bottom
sediments are characteristic of deltaic environment with coral and
crystalline submerged rocks (Amat et al., 2002). In the last study,
Amat et al. (2002) sampled seven stations for bottom sediments and
macroinvertebrates. The large oyster specie Crassotea rhizophora, a
sediment filtration specie that lives in mangrove forest, was selected
for sampling and metal analysis. Arsenic was below detection limits
(0.002 pg/g) in the oysters. In the sediments, the As contents were in
average 28.3 mg/kg (range 10-85 mg/kg, median 22.5 mg/kg). Arse-
nic was the element that presented the highest geoaccumulation
index (Igeo =log 2(Cn/1.5Bn), where Cn is the actual content, and Bn
is the background content in the sediments) for the seven sampling
sites. The highest indices of urban contamination (sum of concentra-
tions of Cu, Pb, and Zn) correspond to sites in the deltas of rivers Yara,
Felipe, and Gud, which are also the sites with the highest As contents.
The fact that a factory of batteries is discharging its wastewaters in
Yara river suggests that this is the cause of the observed contamina-
tion (Amat, 2000; Ginarte, 1999).

6.2.1.3. Cienfuegos Bay. Cienfuegos Bay (Fig. 1) has a long history of
heavy metal contamination due to industrial development around the
bay. However, this situation got worse due to the spill of a high pH
solution containing inorganic oxides of As in 2001, for which the
Empresa de Fertilizantes Nitrogenados de Cienfuegos, a plant producing
nitrogen-fertilizers, was responsible. Castellanos et al. (2005) deter-
mined the levels of As contamination in macroalgae living on the
natural banks of the bay with the purpose of starting an effective bio-
monitoring program. Only As is reported in this study. Results of this
study showed levels of As between 0.044 mg/kg for Enteromorpha
flexuosa and 11.834 mg/kg for Gracilaria biodgetti. Due to its high As
bioaccumulation, this last specie was suggested as an excellent choice
as bioindicator. The spatial distribution of the data indicates an
accumulative effect of this metal in the algae, with the highest values
close to the spill point.

6.2.1.4. Santa Lucia Mine. The chemical composition of the mine waste
and the mine drainage of the inactive Zn-Pb mine of Santa Lucia, in
western Cuba, was investigated, as well as the water quality of the
streams impacted by this mine (Romero et al., 2010). The study found
high total concentrations of potentially toxic elements Fe, Ba, Pb, Zn,
As, and Cu in the solid waste of this mine, with an average value of
1724 mg/kg for As. Acid mine drainage is discharged from this mine
due to the oxidation of sulfide minerals in the mine-waste dumps and
in the open pit. The acidic waters have pH ranging from 2.5 to 2.6 and
are enriched in dissolved sulfate (up to 6754 mg/L), Fe (up to
4620 mg/L) and Zn (up to 2090 mg/L). However, the concentration of
the toxic elements Ba, Pb, and As decreased with distance from the
mine. The concentration of As for the three samples taken from the
mine effluent decreased from 0.293 mg/L for the point closest to the
mine waste dump to 0.005 mg/L for a point only 300 m downstream.

In a similar way, the As concentration in four samples taken from
impacted streams around 1500 m and 1700 m away from the mine
ranged from 0.004 to 0.024 mg/L. In comparison, the concentration of
two sediment samples in the same area was 327 and 320 mg/kg. The
authors analyzed the mineralogy of the sediments and mine waste
and found lead-bearing barite and beudantite as well as Fe-
oxyhydroxides, jarosite, anglesite and plumbojarosite. They conclude
that the low solubility of barite and beudantite under acidic
conditions suggests that these minerals are controlling the mobility
of As, Ba, and Pb, and that due to the relative high solubility of Fe-
oxyhydroxides at the reported pH range, they cannot be responsible
for the immobilization of these three elements.

6.3. South America

6.3.1. Colombia

The geology of Colombia indicates the existence of rocks with As
minerals, specially in the mining areas (e.g. Bustos Rodriguez et al.,
2007; Gaeta Tassinari et al., 2008). However, very few studies exist
about As contents in rocks, soils, sediments, and water in Colombia.
Prieto and Gonzalez (1998) studied the chemical composition of ore
bodies, tailings, and waters of six gold mining districts located in
Narifio, Antioquia, Bolivar, Valle de Cauca, and Caldas departments.
They found that the presence of arsenopyrite is common in these
deposits, but concentrations of As in water are not reported in this
study. Similarly, the presence of arsenopyrite in El Diamante gold
mine in the Narifio department (Fig. 1; Bustos Rodriguez et al., 2005;
Bustos Rodriguez et al,, 2007) and in the Mamarto mining district
(Caldas department) (Fig. 1; Gaeta Tassinari et al., 2008) has been
reported. However, the As contamination produced by the exploita-
tion of these mines has not been reported. Alfaro-Valero (2005)
investigated As and heavy metal contents in sixty hotsprings of
Cundinamarca department. Only the concentration of the hot spring
with the highest As concentration is reported in this study. Hot
springs with the highest salinity in Yacopi (Fig. 1) show the highest
concentration of As and Sb, 37 and 4.8 pg/L, respectively.

Only two studies have been reported in the referenced literature
that contain data on As in water: i) heavy metal contents of estuarine
waters of Barbacoas Bay (Mazo-Gray et al., 1997), and ii) heavy metals
derived from gold-bearing minerals in the Marmato district (Gaeta
Tassinari et al., 2008). The locations of these two sites are presented in
Fig. 1. A summary of these two studies is presented next.

6.3.1.1. Arsenic and heavy metal content in the estuarine waters of
Barbacoas Bay. Barbacoas Bay is located south of the city of Cartagena
(Fig. 1) on the Atlantic coast of Colombia. The bay receives water from
the Canal del Dique, a 117 km channel constructed by the Spaniards to
connect the port of Cartagena with the Magdalena river. The Covado
shrimp farms are adjacent to the bay. The purpose of the study was to
evaluate if heavy metal contamination could be the cause of a 30%
decrease in shrimp production. Sampling stations were located on the
Canal del Dique (2), at points entering the shrimp farms (4), and at
points exiting the farms (5). Water samples were taken at the surface
and at 1 m depth. Total concentrations of As, Ti, Mn, Fe, Co, Ni, Cu, Zn,
and Pb (soluble plus suspended metals) were analyzed. Iron was the
metal found at the highest concentrations in the waters of the Canal
del Dique (1.5-11.0 mg/L), and the lowest for the water entering or
exiting the shrimp farms, with a range of 0.8 to 2.9 mg/L (mean:
1.2 mg/L). According to the authors, the decrease in iron concentra-
tions is due to flocculation and deposition processes produced by
mixing of the river waters with the more saline bay waters. In
comparison, As levels in the Canal del Dique waters were below the
detection limit (60 pg/L) and the highest values were observed at the
bay (range: 310-620 pg/L, mean 4 SD: 500 4 120 pg/L). Water enter-
ing the farms had the lowest As concentrations (range: 230-410 pg/L,
mean+ SD: 310£80pg/L), and the waters exiting the farms had
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intermediate values (range: 170-690 ng/L, mean+SD: 460+
120 pg/L). Copper and zinc were also high in the bay and shrimp
farm waters. Several possible sources are proposed for the contam-
ination of the bay and shrimp farms: i) contaminated ballast water
from old oil tankers arriving to the port of Cartagena, i) contaminants
picked up along the Central America coast and carried by the north-
east currents of the Caribbean along the Colombian coast (Darien
counter-current), iii) contaminants discharged from the Covefias oil
terminal about 65 km to the south of the bay, and iv) mine waters
from the Cerramotoso nickel mine that are discharged into the Sind
river. This river discharges on the ocean about 80 km to the south of
the bay. The discharge shows seasonal variations with a salinity
decrease in the farm channels from December to March due to
variations in precipitation.

6.3.1.2. Arsenic in the Marmato mining district. The Marmato mining
district is located on the east side of the Western Cordillera, in western
Colombia, northwest of Caldas department (Fig. 1). Metamorphic,
igneous, and sedimentary rocks are present in this area with a Tertiary
sequence of volcanic and pyroclastic rocks that have been intruded by
porphyritic andesite bodies. Gold mineralization occurs in dacite-
andesite porphyry rocks (Marmato stock) that outcrop in the area.
The type of ore deposit is a gold-silver epithermal-mesothermal vein
associated to sulfide minerals such as pyrite, iron-rich sphalerite,
galena, arsenopyrite, chalcopyrite and pyrrhotite. The purpose of the
study was to evaluate the contamination on the Marmato river and its
tributaries as well as the Cauca river, where Marmato river discharges.
Surface waters, river bed sediments, and suspended sediments were
collected for analysis of major cations and anions and metals (As, Cu,
Pb, Zn, Cd, Ag, Hg, Sb, and Cd). Samples were collected during the dry
and the rainy season. Results of the study showed that the Marmato
river waters carry high levels of metals, especially As, Zn, Cd, and Cu,
as well as high levels of cyanide, making these waters unsuitable for
irrigation, aquatic life, drinking, and other uses. Arsenic is enriched in
the sediments of the Marmato river ranging from 10 to 850 mg/kg
during the dry season sampling and from 440 to 1400 mg/kg during
the wet season. Mixing of the Marmato water reduces As concentra-
tions, with the Cauca river waters having As levels that range from 4 to
90 mg/kg in the rainy season, and 10-256 mg/kg in the wet season.
Bioavailability of As is one of the lowest, with only Hg and Sb having
lower bioavailability. Arsenic bioavailability ranges from 6 to
74 mg/kg in the dry season to 4-32 mg/kg in the wet season.
Bioavailability of As in Cauca river is lower than the detection limit
(2 mg/kg) at most sampling sites, with only 2 sites presenting
detectable levels in the dry season and 1 site in the wet season. Active
mines at Marmato district have sulfides that oxidate and produce acid
mine drainage.

6.3.2. Ecuador

Gold mining in the south of Ecuador has brought about serious
environmental problems. The main contaminants present in mines
were cyanide, heavy metals and mercury. The sources of these
contaminants are the aqueous effluents that are directly discharged
into rivers and creeks and caused the extinction of superior life in some
sectors of rivers (PRODEMINCA, 1998). Besides, the poor quality of the
water of the rivers impairs its usage for irrigation, fisheries or as a source
of drinking water (Cumbal et al., 2009a). Arsenic associated with mining
activities has been rarely monitored and, as a consequence, no
management or treatment program has ever been implemented. In
2003, As contamination on natural waters was found during the
remediation of a crude oil spill in the Papallacta lake (Fig. 1), due to the
rupture of the Transecuatorian pipeline. De la Torre et al. (2004)
reported As concentrations between 39 and 10,560 pg/L in thermal
waters and rivers in the lake watershed. This study also reported that As
concentrations in the Papallacta lake were in the range of 390-670 pg/L.
In 2006/07, Cumbal and other researchers performed a more detailed

study on the Papallacta lake basin. They found 62 to 698 ng/L of As along
the Tambo river (Fig. 1), the main tributary of the lake. On the surface of
the Papallacta lake, the distribution of As varied from 220 to 359 pg/L in
summer, but, in winter, As values were lower and oscillated in the range
of 86-177 pg/L. Besides, As levels found for geothermal waters at the
Papallacta basin were in the range of 1090-7852 pg/L (Cumbal et al.,
2009b). In 2007/08, Cumbal and his graduate students examined the As
contamination in geothermal sources of the north-central Andean
region of Ecuador. This region includes five provinces: El Carchi,
Imbabura, Pichincha, Cotopaxi, and Tungurahua (Fig. 1). Geothermal
springs in the Carchi province showed concentrations of As in the range
of 2-684 pg/L. In the Imbabura province, As fluctuation on geothermal
waters was even higher; it varied from 995 to 4969 pg/L. The
concentration of As on the geothermal water of the Pichincha province
were 11-405 pg/L, while in the Cotopaxi province, As concentrations
were lower; they varied from 4 to 47 pg/L. In the southern province of
this region (Tungurahua province), As ranged 6-114 pg/L. On the other
hand, surface waters from El Angel river (El Carchi), Cachiyacu
Quebrada (Imbabura), San Pedro river and Ilalo Quebrada (Pichincha),
which receive thermal waters, reached As concentrations up to 166 pg/L.
Of these water bodies, San Pedro river showed the lowest As levels
(2-23 pg/L) and the highest were found in the Cachiyacu Quebrada
(86-166 pg/L) (Cumbal et al., 2010). Although according to Ecuadorian
regulations, water from Cachiyacu Quebrada should not be used for
irrigation as it exceeds the national regulatory limit of 100 pg/L total As
(TULAS, 2003), it is used however for this purpose because it is the only
water source for agricultural developments.

In 2006, wells used as drinking water sources serving Tumbaco
and Guayllabamba towns (Fig. 1) were found contaminated with As.
The concentration ranged from 9 to 126 pg/L (EI Comercio, 2006).
Under demands of the community of Tumbaco, the municipality
named a special health committee to deal with the As problem. The
committee collected hair samples taken from the residents of
Tumbaco of different age and sex and sent them to a laboratory
from Canada for As analysis. Results indicated that only 3% of the
samples were above 1 pg/g, the As normal content in hair (Hindmarsh
et al., 1999), thus As was not apparently being accumulated on
Tumbaco residents; however, further research is needed to elucidate
this issue. Next, the municipal enterprise for potable water installed
As treatment plants for two wells of Tumbaco whose water has As
concentrations exceeding the Ecuadorian (10 pg/L) (INEN, 2006). The
treatment plants included an oxidation stage with chlorine, followed
by a filtration unit loaded with ArsenX"P, the As sorbent material
manufactured by SolmeteX Inc. using the procedure developed at
Lehigh University (SenGupta and Cumbal, 2005). Unfortunately,
water matrixes were not properly characterized, and thus the
treatment systems were not well designed, with very poor perfor-
mances. Under this circumstance, the municipality decided to shut
down the wells in 2007 and drinking water is being supplied now to
Tumbaco from an As-free treatment plant through a long pipeline. In
Guayllabamba, a low flow filter using a mixture of sand and ferric
oxide as media was installed. No data on As concentrations of this
drinking water have been reported yet.

6.3.3. Bolivia

In the Bolivian Highlands and the Eastern and Western Cordillera
of the Andes, comprising the departments of La Paz, Oruro and Potosi
(Fig. 3), As is naturally released into the environment by leaching
from predominantly volcanic rocks, from geothermal surface mani-
festations such as geothermal springs and fumarolic activity, and by
sporadic volcanic exhalations. Several mining areas, especially in the
Eastern Cordillera, have been exploited intensively for five centuries,
predominantly from sulfide ore deposits. Mine tailings, acid mine
drainage and wastes, and atmospheric emissions from abandoned and
active mining areas and metallurgical operations resulted in severe
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contamination of water resources, soils, plants and animals by As and
heavy metals, and entered the human food chain.

6.3.3.1. The Pilcomayo river basin. The Pilcomayo river and its
tributaries, which rise in the Western Cordillera of the Andes mostly
at heights of 4000-5300 m a.s.l., flow through the Cerro Rico de Potosi
precious metal-polymetallic tin deposits and other mining areas in
the Potosi department (southern Bolivia; Fig. 2). Historic intensive
mining activities starting in the 15th century and present-day mining
activities have caused contamination of the sediments and water of
the Pilcomayo river for at least 200 km downstream of the mines
(Miller et al., 2004).

From the Potosi area, the Pilcomayo river flows toward the SE
reaching after about 700 km close to the town of Villa Montes (Fig. 2),
the lowland of the Chaco-Pampean Plain. At Villa Montes, its average
discharge is 80 m3/s in the dry season and 3600 m>/s during floods
(Wilkinson and Mohler, 1995). Near its headwaters, the Pilcomayo river
drains the large Cerro Rico de Potosi and other smaller mining area.
There are several sources of metals from both historic and ongoing
mining activities in the Potosi region to the headwaters of the Pilcomayo
river (Hudson-Edwards et al., 2001; MMDEC, 1999). Most significant
sources from present-day mining activities are the 30-40 ore mills that
release As-rich flotation effluents and tailings into the Rio de La Ribera
river, which is a headwater tributary to the Pilcomayo river; effluents
from the mills are 1300-1800 tons per day (Hudson-Edwards et al.,
2001; Miller et al., 2004). The dark gray color of these effluents can be
still observed 175 km downstream at the community of Sotomayor
(Miller et al., 2004).

Hudson-Edwards et al. (2001) investigated the river channel
sediments along the course of the Pilcomayo river starting from the
Cerro Rico de Potosi mining area. The authors found that the channel
sediments in Pilcomayo river between Potosi mining area and Icla,
located 203 km downstream, contain high contents of sulfides
(predominantly pyrite). The As concentration in river channel
sediments declines from the mining area toward the lower Pilcomayo
basin in different steps resulting from tributaries which are discharging
along the course of the Pilcomayo river and partly dilute this water.
Close to the mining area, effluents from the mines contain the following
As concentrations: (i) in low-water channel sediments and tailings
effluent: upstream of the Palaya river confluence (about 100 km
upstream of Villa Montes) 210-7200 mg/kg (mean 2500 mg/kg,
n=26), downstream of the Palaya river confluence 15-18 pg/kg (mean
16 mg/kg, n=2); (ii) in high water channel sediments: upstream of the
Palaya river confluence 22-790 mg/kg (mean 160 mg/kg, n=11),
downstream of the Palaya river confluence (Fig. 2) 5-37 mg/kg (mean
18 mg/kg, n=_8). Arsenic concentrations in the river water are
42-100 pg/L in the Pilcomayo river upstream of the Palaya river
confluence and 25-30 pg/L downstream of this confluence; all samples
exceed the provisional WHO guideline value.

Together with water from other sources, river water is used by the
communities along the Pilcomayo river for drinking and irrigation
purposes as well as for animal husbandry. Miller et al., 2004 analyzed
As concentrations (August to September 2001) from three commu-
nities in the upstream area of Pilcomayo river comprising Mondragén,
Yocalla and Sotomayor (Fig. 2). Arsenic concentrations in the river
water at these 3 communities were 13.5 pg/L at Yocalla (before the La
Ribera river discharges into Pilcomayo river), 21.0 ug/L at Mondragén
and 13.9 pg/L at Sotomayor (Miller et al., 2004).

Sotomayor is an example of an agricultural community in the
Pilcomayo valley (Fig. 2), which uses river water for irrigation; this
constitutes a potential risk to As exposure. Cadin(2006) studied As
and heavy metals in water, soils and vegetable samples taken in
September 2005 of the 260 ha covering agricultural land of this
community. In soils, As contents range from 5.7 to 82.7 mg/kg (mean +
SD: 25.3+21.6 mg/kg, median: 19.0 mg/kg, n=19). In the water
sources, As concentration ranges from 50 to 70 pg/L in the Pilcomayo

river (57 pg/L) and in the irrigation channels (50 and 68 pg/L), with the
exception of a secondary irrigation channel, whose water has 200 pg/L.
That means that As contents are just at the allowed national limit of As
concentrations in irrigation water (50 pg/L) or exceed this value. Water
used for public water supply for drinking has 4 ug As/L and is therefore
safe. In vegetables cultivated on the irrigated land, As contents are
relative low. The As contents on dry weight base (dw) were in carrot
0.010-0.299 mg/kg (mean+SD: 0.203 4+ 0.076 mg/kg, median:
0.200 mg/kg, n=>5), in beet 0.040-0.160 mg/kg (mean4-SD: 0.083 +
0.067 mg/kg, median: 0.048 mg/kg, n=3) and in bean 0.040-
0.060 pg/kg (n=3; two other samples were<0.025 mg/kg) (see also
Bundschuh et al., 2012).

In the upper part of the Pilcomayo watershed, a series of mining
accidents happened, causing momentaneous releases of large vol-
umes of mining effluents and affect the Pilcomayo watershed; an
example which received worldwide attention is that of the Porco
mine in the upper part of the Pilaya river, a tributary to the Pilcomayo
river (Fig. 1). Here, a breach of a tailings dam occurred on 29 August
1996 and until 1 September 235,000 m> As-rich tailings were released
together with fluid into Pilaya rivers tributaries. Macklin et al. (1996)
found that As concentrations reduce rapidly in the first 200 km
downstream from the spill site. On 9-10 November 2006, these
authors took 35 samples of contemporary fine-grained (<2 mm) river
sediment, material from floodplain, river terraces, and mine tailing
ponds from 14 sites in the Pilaya and, for comparison, also from
Pilcomayo catchment areas. In the contemporary river sediments, As
contents decrease downstreams as follows. In Pilaya watershed, As
contents were 2446, 1234, 642, and 225 and 100 mg/kg in 10, 15, 60,
130, and 200 km distance, respectively, from the Porco mine. In the
Pilcomayo watershed, As contents in the same type of sediments were
17,127, 6806 and 62 mg/kg in distances of 0, 40 and 104 km,
respectively, from the Potosi mining area. Arsenic contents in the
main tailings were 2893-3260 and 5614 mg/kg in the Porco mine and
the Potosi mines, respectively. As outcome of their investigations, the
authors state that the Porco mine spill created serious contamination
but that other mines that dump As-rich waste directly into rivers
constitute a more serious long-term environmental threat in the
Pilcomayo watershed.

Several studies were performed in the Pilcomayo river basin to study
the As contents in fish, mainly in sdbalo (Prochilodus platenses;
synonym: Prochilodus lineatus), which is not only an important food
for the local population, but also marketed within different other
departments in Bolivia (e.g., Macklin et al., 1996; Quevillon et al., 1996;
Stassen and van de Ven, 2007); some of their results are discussed in the
paper of Bundschuh et al. (2012) together with the impact of As-rich
irrigation water on vegetables and other edible plants.

Studies on human exposure to As were performed by Smolders
et al. (2006) in the downstream area of the Pilcomayo river (Bolivian
Chaco plain), which is not significantly contaminated by As, and by
Archer et al. (2005) in the upstream areas of Pilcomayo in the Andes.
Smolders et al. (2006) found, in 2003 and 2004, As concentrations in
scalp hair of inhabitants of the village of Villa Montes (Fig. 2) and of
both indigenous villages San Antonio and Tres Pozos, toward the
southeast, (Fig. 2), whose principal diet are fish catched in the
Pilcomayo river. As concentrations in samples from Villa Montes were
0.47 mg/kg (n=18), from Tres Pozos 0.70 mg/kg (n=34) and from
San Antonio 0.45 mg/kg (n=25). For comparison, the value of the
Potosi area is given (0.64 mg/kg, n =4) and, as reference, values from
Sweden (0.09 mg/kg, n=112) and Canada (0.05 mg/kg, n=45).
Archer et al. (2005) investigated As exposure in 5 riverside
communities of Pilcomayo up to 150 km downstream of Potosi.
Samples taken in 2003 (dry season) and 2004 (wet season) have As
concentrations of 0.2-112, 0.6-329 and 0.9-12.8 pg/L in drinking,
irrigation and river water, respectively. In hair and urine, the contents
were 0.037-2.114 mg/kg and 11-891 pg/L, respectively. For discus-
sion, see the paper of McClintock et al. (2012).
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A holistic study of As was performed by researchers of the Instituto de
Tecnologia de Alimentos (ITA, 2006), who sampled in October 2005 water,
soil, river sediment, fish, vegetables, human blood, and animal blood
from 12 sites in the Chuquisaca department (middle part of the
Pilcomayo watershed). Arsenic concentration ranges were 2-101 pg/L
(mean + SD: 40 + 34 pg/L, median: 36, n = 11) in water, 4.5-20.8 mg/kg
(mean + SD: 9.1 £4.5 mg/kg, median: 9.0 mg/kg, n=11) in soil and
4.5-32.7 mg/kg (mean 4 SD: 14.4 4 10.1 mg/kg, median: 9.6 mg/kg) in
river sediments. In muscles of edible fish As contents were based on fresh
weight (ww) 0.14-18.3 mg/kg (mean + SD: 2.70 4 6.30 mg/kg, median:
0.59, n=29). In vegetables, (onion, carrot, tomato, bean, lettuce, chard,
cabbage, maize, beet) As contents (ww) 0.35-12.6 mg/kg (mean + SD:
3.73 +3.27 mg/kg, median: 2.60 mg/kg, n=21). As concentrations in
human blood ranged from (ww) 50 to 1260 pg/L (mean+ SD: 828 4+
191 pg/L, median: 880 pg/L, n=299: all based on ww). In animal blood
(cow, goat, sheep, donkey, pig) As concentrations ranged from (ww) 20
to 3560 pg/L (mean 4 SD: 1087 4- 569 pg/L, median: 950 ug/L, n=76).
This study will be discussed in more detail by Bundschuh et al. (2012).

Stassen and van de Ven (2007) present data of As contents in
water, suspended load, riverbed sediments and fishes from the upper
(Andes) and middle part (Bolivian Chaco plain) of the Pilcomayo
watershed. This report compiled data obtained from October 2005 to
October 2006. In water of Pilcomayo, mean As concentrations from 3
sites were 14.6, 17.4 and 31.2 pg/L, whereas in the Chaco plain, values
were significantly lower (3.9 pg/L at Villa Montes and Ibibobo
sampling sites). In riverbed sediments, concentrations were 1.25,
2.41 and 9.74 mg/kg at the same sampling sites in the upstream area
and 4.18 mg/kg and 14.03 at Villa Montes and D'Orbigny in the plain.
At Villa Monte, As concentrations in river water (n=300) ranged
from 0.5 to 5pg/L in filtered (mean 3.9 pg/L) and 1-20pg/L in
unfiltered samples (October 2005-October 2006), with short-term
fluctuations but without any seasonal fluctuations, as such being
observed for heavy metals such as Pb, Cu, Cd and Zn. The suspended
load of the Pilcomayo river in this period ranged from 0.01 to 80 g/L
(average 1 g/L); contents in the rainy season (October-April) are by
factor 100 higher compared to the dry season (May-September).
Arsenic contents in suspended load are 2.79-86.97 mg/kg (mean
32.23 mg/kg, median 24.70 mg/kg). In the dry season the contents are
by factor 4 higher than in the rainy season. Using these data, it is
possible to conclude that As transport by suspended load is about 10
times higher than by water. Unfortunately no corresponding river
discharge data are available which would allow to determine As fluxes
in river water and suspended load. Samples from 12 different fish
species were obtained from Villa Montes (n=100) and other parts
(n=20). In muscle the mean As contents varied in the different
species from (dw) 0.02-0.54 mg/kg. The highest value corresponds to
the species Pimelodus clarias (Bagre amarillo, n=2) and the lowest in
Schizodon fasciatum (salmon, n=2). P. lineatus (sdbalo, n=29), as
said the most consumed and marketed fish, had 0.13 mg/kg. However,
it must be mentioned that only total As was determined and not the
toxicity-relevant inorganic share, which would allow an appropriate
evaluation of the human health risk. For more details on As in fish
obtained in this study see Bundschuh et al. (2012).

6.3.3.2. Titicaca-Desaguadero-Poop6-Salt pans (TDPS) basin. The
endorheic Titicaca-Desaguadero-Poopd-Salt pans (TDPS) basin
(Figs. 1 and 7) comprises the Titicaca lake in the north, which drains
through the Desaguadero river and stretches 398 km over the Andean
Highland plateau before splitting in two channels, one discharging
directly into the Poop6 lake (Montes de Oca, 1997) and the other one
first into the Uru-Uru lake before reaching the Poopd lake (PPO,
1996a) (Fig. 3). During years with headwaters and consequently high
water levels in Poop6 lake, water from this lake drains to the south
into Lacajahuira river and then into the Coipasa salt pan (Fig. 3).
Additionally to the Desaguadero river, there are about 20 smaller
rivers that rise mostly in the Eastern Cordillera (Fig. 7). Poopdé and

Table 9

Arsenic concentrations in rivers of Poop6 basin for the wet and dry season. With
exception of the Lacajahuira River who drains Poop6 Lake, all rivers are flowing into
Poop6 lake; for locations see Fig. 3).

Modified from Quintanilla et al., 2009.

Sampling site As (ug/L)

Dry period Wet period Intermediate period
Sora-Sora river 163 14 -
Poop6 river 11,140 834-725 4666
Antequera river (Pazna) 60 212 203
Juancané river <10 20 <10
Juchusuma river 5500 <10 <10
Huari river 807 <10 <10
Desaguadero river <190 <190 993
Toledo bridge - - 2888
Caracilla river - - 700
Espafiol bridge - 5455 -
Cortadera river 1220 1783 -
Lacajahuira river 1850 2456 4040
Poop6 lake <10 31.8-34.7 <10

Uru-Uru lakes are shallow (0.5-2.5 m, average 1.4 m; UNEP/OEA,
1996). In the semiarid climate, this causes a strong evaporative
concentration increase of dissolved chemical species including As. In
TDPS, there are natural and anthropogenic As sources (SERGEOMIN,
1999). The principal natural sources are located in the Western
Cordillera, Eastern Cordillera and the Andean Highlands, where As is
released from leaching of predominantly volcanic rocks and their
weathering products, and locally by geothermal manifestation
(SERGEOMIN, 1999; Banks et al., 2004). Geothermal manifestations
in the Western Cordillera are considered by Banks et al. (2004) (see
also Lopez et al., 2012) as principal As contributors to surface waters
in streams feeding salt pans of Coipasa and Uyuni (Fig. 3) reaching
their As concentrations up to 4600 pg/L. Arsenic is released into the
environment in the Eastern Cordillera, from predominantly sulfidic
ore deposits, other rocks, and main tailings. In the plain westwards of
the Eastern Cordillera, there are located several metallurgical
industries, which additionally contribute to As release ino the
atmosphere, pedoshere and hydrosphere (SERGEOMIN, 1999; PPO,
1996b).

The “Binational Autonomous Authority of the Titicaca Lake”
(Autoridad Binacional del Lago Titicaca, ALT) “Alliance of the lake
Titicaca” (ALT, 1999) performed a comprehensive evaluation of the
mining activities on the environment in the entire watershed of the
Titicaca lake. The general environmental conditions in the northwest
of the Oruro province (including the Poopé lake) were studied from
1992 to 1996 in the project “Pilot Project Oruro” (PPO, 1996a,b,c).
Several mining activities and related metallurgical industries such as
foundries were found to be responsible together with natural
processes (geothermal water and leaching from rocks contributing
to release of As into the environment) for environmental contamina-
tion by As.

Quintanilla et al. (2009) performed a preliminary assessment of
the status of As contamination in groundwater, surface water and soils
in the departments of La Paz and Oruro of the Bolivian highland
(Fig. 3), its relation to geology, present-day and historical mining,
related metallurgical industrial activities, and implications on human
health. In La Paz, in the suburb of Lima II (El Alto, where 18,000 people
are living), three foundries (Calbol, Hormet and Bustos) and 3 more in
the Vinto-Oruro area (Vinto 1, 2 and 3) (Fig. 3) contribute to
atmospheric As contamination resulting in high As contents in soils.
Details about production data and materials used can be found in
Quintanilla et al. (2009). In the Vinto-Oruro area (Fig. 3), soils contain,
depending on the distance to the smelters, 39-793 mg/kg of As, which
is about 5-90 times higher than the background (8.4-8.6 mg/kg)
(Quintanilla et al., 2009). In the atmospheric dust of residential areas,
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the highest As contents of 290 and 297 mg/kg were found in Vinto 1
and Vinto 2 (ranges 142-613 mg/kg, n=6 and 224-385 mg/kg,
n=4), which is about 4 times higher than the natural background
(71.5 mg/kg) (Quintanilla et al., 2009).

In the Poop6 sub-basin, several studies of As concentrations in water
resources were performed, most of them during the last 10 years. A first
major environmental assessment study of the lake Poopd subbasin
commenced in 1993 (Oruro Pilot Project; PPO, 1996a,b,c). The annual As
influx into the Poopd basin has been estimated to be about 66 tones; 15%
are estimated to be of anthropogenic release by mining activities (PPO,
1997). The most significant As influx into the Poop6 lake comes from the
Desaguadero river (Fig. 3), whose principal channel has As concentra-
tions of 588-1180 pg/L (average 740 pg/L); the respective As flux is 0.9-
1.8 x 10° kg/year (PPO, 1996b). Additionally, mining effluents from San
Juan de Sora Sora, Poopé and Antequera (or Paziia) (Fig. 3) and other
river catchment areas, contribute to the As influx into Poopd lake
(Table 9). The river water contains <170 pg/L of As most of the time, but
there are significant seasonal and short-term sporadically variations, the
last due to operation activities in the mining installations and seasonal
changes of water discharge. Thus, the As concentrations were 118 pg/L
in the dry season (July 2001) and decreased in the wet season to 14 pg/L,
before increasing again in the next wet season to 163 pg/L (August
2003) (Quintanilla et al., 2009). The As concentrations in different rivers
of Poop6 basin and seasonal variations are given in Table 9.

Garcia Moreno (2006) and Garcia and Bundschuh (2006) studied
the control mechanisms of the seasonal variation of dissolved As in
the surface waters of the Poop6 subbasin, where surface waters from
rivers and the Poopé lake have between 0.09 and 0.14 mg As/L in
areas not affected by mining activities and up to 2.0 mg As/L in rivers
influenced by mining activities. Sediments from rivers and lakes
contain similar As concentrations in both the rainy and the dry season.
In the Poopd lake, the highest As concentrations correspond to the dry
season (210-220 pg/L versus 20 pg/L in the rainy season), whereas in
most other rivers, maximum As values belong to the rainy season
(10-380 pg/L versus 10-50 pug/L in the dry season). This different
behavior can be explained by different dominating As-mobility
controls in rivers and lakes. In the Poopé lake, evaporation and a
possible uptake by biological sinks are the principal controls that
explain the As maximum in dry season, whereas increased erosion
and dissolution of weathered solids and transport into rivers
explain the As maximum in the rivers in the rainy season.

Selander and Svan (2007) studied the As concentrations in water
and sediments of the lake Poopd. These authors took 19 water and 19
sediment samples (the top 15 cm of the lake bottom) collected from 3
areas (El Choro at the northern end of the lake, Llapallapani in the
southeast and Pampa Aullagas in the southwest (Fig. 3)) during two
field trips in autumn 2006. Mean As concentrations (+ SD) were 6.7 +
4.3 pg/L in the northern part of the Poopo lake (2.4-13.8 ug/L, n=7).
They increased by factor 23.5 to 157.5427.7 ug/L toward the
sampling sites in the SE and SW of the lake (89.8-202.3 pg/L,
n=12). The same trend could be observed for the sediment samples.
The mean As value (4SD) in sediment was 1187.8 4+-348.7 mg/kg in
northern part of the lake (756.1-1673.3 mg/kg, n=7) and increased
by factor 1.8 to 2167.14+-304.9 at the sampling sites in the south
(1459.5-2662.2 mg/kg, n=12). The ratio between mean As contents
in sediment to As in water is highest in the north (177.3) and lowest
(13.8) in the SE and SW area. This may be explained by an increasing
mobilization of As, from north to south, from the sediments into the
aqueous and at the same time occurring evaporative concentration
increase; this contributes to generally higher As concentrations
toward the south, whereas in the north the river is recharged
permanently by inflowing water from the Desaguadero river.

Milkus (2008) used numerical modeling of chemical reactions to
study the infiltration of river water through a groundwater system
toward a well, and the transport of As(V) and As(Ill) species using
field data taken from the rivers Poop6 and Totoral (a tributary of the

Antequera river) (Fig. 3) with the aim of studying how As transport
may vary in different geochemical environments. In the Poopé river,
alkaline geothermal water infiltrates into the underground. Here, after
a simulation of 4 years, 45% of As(lll) and 60% of As(V) of the
infiltrated As leave the system at the well; the rest remains adsorbed
or otherwise bound in the underground, becoming there increasingly
accumulated. In the case of the Totoral river, which is influenced by
mine drainage influents, acidic water infiltrates into the underground;
50% of As(IIl) and 21% of As(V), which infiltrated from the river, leave
the system in the well.

Ormachea et al. (2010) studied the occurrence of As in 16
geothermal springs (one sample each) located to the east of the
Poopé lake (Fig. 3). The geothermal water is 40-75 °C warm water,
moderately reducing (4106 to 4204 mV, mean: +172mV) and
slightly acid to alkaline (6.3-8.3, mean: 7.0). It is commonly used for
consumption, irrigation and recreation purposes. The geothermal
springs discharge in rivers and the geothermal fluids reach finally the
Poop6 lake. Dissolved As concentration in the thermal springs ranged
from 7.8 to 65.3 pg/L (mean: 23.2 pg/L; 81% of them exceed the WHO
10 pg/L limit). Arsenic (III) is the prevailing As species in most samples
(9 samples, 56%); in two samples (13%) As(IIl) and As(V) are found in
similar concentrations whereas in the rest (5 samples, 31%), As(V)
was the dominant species (for details see Lopez et al., 2012).

Rosenberg and Stalhammar (2010) studied the As concentrations in
surface water and groundwater (22 sampling points) of the catchment
areas of the Poop6 and Antequera rivers (Fig. 3), which are part of the
Poop6 subbasin, to access the As input due to mining activities, natural
weathering from rocks and geothermal springs. Sampling was
performed in the dry season (September to November 2009). The
Poopd river rises about 10 km upstream of the homonymous village in
the Eastern Cordillera, and the Antequera river originates on the
hillsides about 13 km north-east of the village Pazia (Fig. 3) and
discharge into the Poop6 lake; most of the tributaries are seasonal.
Rosenberg and Stalhammar (2010) authors found that the As
concentration in water from the Poopd river is mainly affected by
geothermal water discharges. The As concentration in the upper part of
the catchment area is low (<5.6 pg/L, detection limit). The discharge of a
geothermal spring (As: 27 and 47 pg/L in September and October,
respectively) resulted in an increase of the As concentration in the river
water just downstream of the confluence (22 pg/L during both sampling
series). Further downstream, the influx of mine tailing discharging mine
drainage water with 43 pg/L of As resulted in October 2009 to a further
increase in the As concentration of the river water downstream of the
mine drainage inlet (33 pg/L), whereas in September 2009, when the As
concentration of mine drainage was less (17 pg/L), a decrease of the As
concentration in the river water could be observed; this indicates that
the influx of mine drainage occurs only occasionally. The maximum As
concentration in the downstream parts of the Poop6 river reached only
33 pg/L, which is in contrast to the findings of Lilja and Linde (2006),
who reported extremely high As concentrations in the downstream part
of the river (5000-12,000 ug/L). This could be explained by an
occasional disturbance by mine water discharges. The same explains
the high As concentrations in the Poop6 river, which were reported by
Garcia Moreno (2006) and Garcia and Bundschuh (2006). These last two
studies found that As concentrations are higher in the dry season, when
the share of the water from the geothermal spring is higher; the authors
conclude that most of the As in the river comes from natural sources,
weathering of rocks and input from the geothermal spring, in agreement
with the previously mentioned results of Rosenberg and Stdlhammar
(2010) and Lilja and Linde (2006), who found that the Poop6 river is
influenced to some extent by mining activities, but most of As has
natural origins. Groundwater samples taken by Rosenberg and
Stalhammar (2010) at 8 sites in the Poopd catchment area in two
depths (5 and 10 m) from the shallow groundwater, showed As
concentrations varying <5.6-119pg/L (mean in September 2009:
35 pg/L, in October 2009: 27 ng/L); although there is no significant
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correlation between As concentration and depth, there is however an
increase of As concentrations in downstream direction.

The upper part of the Antequera river basin (Fig. 3), around the
communities of Avicaya, Totoral and Bolivar, has evidence of As
contamination from mining activity. Rosenberg and Stalhammar
(2010) reported low As concentrations in river water (<5.6 ug/L,
detection limit) from sampling sites upstream of a large mine tailings
deposit. Mine drainages contained 14 (September 2009) and 7 pg/L
(October 2009) of As. The As concentrations in the river downstream
of the tailings deposit were 21 and 29 pg/L, respectively. However, it
remains unclear whether the As concentration increase from the
upstream to the downstream area of Antequera river is predomi-
nantly due to natural leaching from rocks/sediments or from mining
effluents whose concentration may vary significantly in time. The As
concentrations of shallow groundwater in Antequera basin sampled
from 5 to 10 m deep piezometers are 6-32 pg/L (mean: 25 and 18 pg/L
in September and October 2009, respectively). These findings are in
agreement with previous studies by Quino Lima (2006) and Lépez
Cortés (2006). Quino Lima (2006) found a low As concentration of
14 pg/L in groundwater from a 5-8 deep wells close to the community
of Pazfia in the downstream area of Antequera river basin. Lopez
Cortés (2006) found, in surface waters, increasing contamination in
downstream direction; although pH decreases from 7.35 to 2.8, As
concentrations are low (1-13 pg/L). This author found two areas with
As concentrations of up to 18 pg/L in groundwaters: (i) the area close
to the community of Totoral, in the upstream part of the Antequera
river basin, and (ii) the area around Bolivar mine, where water is
drawn from a confined aquifer.

6.3.4. Brazil

Past and present mining activities and related metallurgical
industries in the Iron Quadrangle (Minas Gerais state, Fig. 1), one of
the most important long-term mineral resource regions of the world,
have led to significant environmental impacts. Nova Lima, Santa
Barbara, and Ouro Preto/Mariana (Fig. 1) are the most important
districts where large amounts of iron and gold have been mined from
hydrothermal mineralizations since about 300 years. The impacts of
As mobilization into different environments were assessed in a large
interdisciplinary research project which ran from 1998 to 2007
(Matschullat et al., 2007). This research project forms a significant
case study for assessing mining-related As problems in a holistic way.
Intense studies have been performed on hydrosphere (water and
sediments), pedosphere (soils), biosphere (plants and humans,
human biomonitoring) as well as mitigation, which comprise
remediation technologies and approaches such as environmental
education, hygiene training, etc. The details of the project and its
outcomes are published in the books by Deschamps and Matschullat
(2007) in Portuguese, and an English version is in preparation
(Deschamps and Matschullat, 2011). Individual results are given in
several publications (e.g., Matschullat et al., 2000, 2007; Deschamps
et al., 2009). Arsenic in air, soil, surface water, groundwater,
suspended particulates, unconsolidated sediments, home-grown
vegetables, home dust, human urine and hair, and private water
supplies has been determined (Matschullat et al., 2007). In the
following, only a short overview on As in geological environments and
water resources will be given, whereas epidemiological aspects and
As in the food chain will be addressed in this issue by McClintock et al.
(2012) and Bundschuh et al. (2012).

In the Iron Quadrangle, the presence of As is associated with primary
gold deposits where it is contained predominantly in sulfidic minerals
such as arsenopyrite and pyrite (Borba et al., 2003). The ratio As/Au in
the primary gold deposits varies from 300 to 3000 (Deschamps et al.,
2002). The total gold production of the region exceeds 1300 tons, which
translates into a mass of 390,000-3,900,000 tons of As. In soils, the
lowest values are below 10 mg/kg, which can be considered as natural
background value (Deschamps et al., 2002). However, values of up to

60 mg/kg have been reported as natural values and result from natural
leaching of rocks and soils (Deschamps et al., 2011). Such values are in
agreement with those reported by Campos et al. (2007) for non
contaminated Brazilian oxisols (average 5.92 mg/kg; maximum
31.7 mg/kg). In areas close to gold mines, As contents in soil are
150-390 mg/kg, whereas close to old mining tailing deposits values
exceed generally 1000 mg/kg (Deschamps et al., 2002). In the period
1900-1940, about 3 10° tones of tailings were deposited in valleys
along the Cardoso creek, a tributary to the Rio das Velhas river (Nova
Lima district, Fig. 1); after the deposits were full, the tailings were
discharged directly into the local drainages, corresponding to an
estimated As release of 390,000 tons of As (total as of the beginning of
mining) (Borba et al, 2000). Extreme As concentrations in surface
waters, in particular of Cardoso creek, show values of 260-1710 pg/L
(Vasconcelos et al., 2011). Studies on surface water along the entire
valley of the Rio das Velhas river were performed by the Instituto Minero
de Administracion de Aguas (IGAM). Highest As concentrations
(450 pg/L) were found at the site where Cardoso creek discharges into
the Rio das Velhas river. Here, the largest of six old tailing deposits is
located (containing on average 14,500 mg/kg of As) (IGAM, 2005). In
groundwater, influenced by the old tailing deposits, very high mean
values of 7000 pg/L were found under reducing conditions (IGAM,
2005).

Studies of surface water and sediments of the Iron Quadrangle in
areas close to the gold mineralizations reach up to 4500 mg/kg in the
sediments and up to 350 pg/L in water (Borba et al,, 2003). Water
samples collected from subsurface mines and rock outcrops in the area
of Ouro Preto and Mariana show As concentrations of 2-2.980 pg/L
(1-86 pg/L as As(Ill)) (Borba et al., 2003). Out of the Iron
Quadrangle but still in Minas Gerais state, Ono et al. (2010) have
reported up to 2666 mg/kg of As in pond tailings from a gold mine
area located close to the district of Paracatd, whereas natural
concentrations found in a Private Natural Reserve (native Cerrado
vegetation) inside the mine area ranged from 25 to 35 mg/kg. It is
noteworthy to mention, however, that IVG protocols revealed that
the bioacessibility of As on such tailings was very small (close to
4%).

6.3.5. Uruguay

In the framework of the Guarani Aquifer System Project (Proyecto
Sistema Acuifero Guarani, PSAG) to improve the water supply for
agriculture and industry in different regions of Uruguay, financed by
the Worldbank between 1998 and 2002, over 10,000 wells were
drilled (depth: 30-80 m) without making any assessment of the
water quality. Additionally, there exist other studies on the Guarani
and Raigdn aquifers (IAEA, 2004); however, none of them considered
the analysis of As and other trace elements. In the Raigén aquifer,
about 3500 wells were drilled for agricultural purposes (irrigation and
cattle watering), which has led to an overexploitation of the aquifer
(Bundschuh et al., 2008).

In Uruguay, the presence of geogenic As in groundwater has been
studied since 2005, and the first results have been reported from the
south of the San José department in southwestern Uruguay (Guéréquiz
et al, 2006, 2008, 2009; Fig. 1). In an area of 1800 km?, which is
predominantly used for agriculture and cattle breeding and where about
47,000 people are living, investigations by these authors found an
average As content between 25 and 50 pg/L in groundwater, predom-
inantly of sodium-bicarbonate type and very variable mineralization
(TDS: <100 to >1500 mg/L). Guérequiz et al. (2006) assume that the
occurrence of As in the Raigén aquifer (located within the Formation of
the same name) which has a maximum thickness of 45 m, is related
to the same source: continental sediments containing volcanic ash, as
in the nearby province of Santa Fe (Argentina) and the Puelche
aquifer (Buenos Aires province). This assumption is supported by the
positive correlations (r>0.90) between the contents of arsenic,
vanadium and other associated trace elements, which are typical
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elements of this source (Guérequiz et al, 2009). At some sites,
decimeter-thick volcanic ash layers are intercalated in the Raigén
aquifer. The Raigén Formation is covered by deposits of the Libertad
Formation, predominantly composed by clay, clayey silt and loess
with carbonate concretions and, at some sites, with decimeter-thick
intercalations of volcanic ash. The analysis of 22 groundwater samples
from the Raigbn aquifer gave a mean As concentration of 18 ug/L; at
some localities, values of about 30 pg/L were found (Guérequiz et al.,
2006).

Manganelli et al. (2007) presented data on As concentrations in
groundwater from three aquifers in southwestern Uruguay, and
evaluated the horizontal and vertical concentration variation. Elevat-
ed As concentrations were found in the Chuy (0.1-41.9 pg/L), Raigén
(3.1-189 pg/L) and Mercedes (9.9-58 pg/L) aquifers. The Chuy
aquifer is located in the Pleistocene Formation of the same name,
composed by litoral clastic sediments from transgressive interglacial
cycles. The Raigdn aquifer comprises a sequence of fluvial and deltaic
sediments of the homonymous Raigdn Formation (Plio-Pleistocene).
The Mercedes aquifer is located in the Mercedes Formation (Upper
Cretassic), composed by continental sediments (conglomerates,
sandstones and pelites).

From the social point of view, the population seems not interested
or concerned about the topic, since the waters of Uruguay are
considered to be of good quality. However, recently the topic of
human exposure to As from anthropogenic sources has received
increased attention in Uruguay media (Guéréquiz et al., 2006; Diario
El Pais, 2007).

7. Conclusions

This review, based on a large number of accessible sources of
information on As contamination in groundwater and surface water
resources from the Latin American continent, suggests that both
drinking and irrigation water sources contain As levels that affect a
large number of people, especially in areas without central water
supply systems.

At present, As problems have been described in 94 principal
regions in 14 out of 20 countries comprising (in alphabetical order):
Argentina, Bolivia, Brazil, Chile, Colombia, Cuba, Ecuador, El Salvador,
Guatemala, Honduras, Mexico, Nicaragua, Peru, and Uruguay. The
mitigation of the As-related problems is a huge challenge for this
continent.

Arsenic sources are in most cases natural, and the release is largely
from leaching of volcanic rocks, sulfidic ore bodies, hydrothermal
alterations and their weathering products, and also from local
geothermal fluids and volcanic exhalations. Furthermore, mining
activities and related metallurgical industries are important local
contributors to As in water resources and other environments.

The occurrence of high As concentrations in groundwater and
surface water can be attributed to specific typical geological settings
and climatic conditions. Therefore, it is possible to use certain
geological settings and/or climatic conditions, which are known to
have high As contamination, for exploring areas with potential As
contamination in another country or region with similar geological
and climate conditions. This approach can be useful to explore and
delimit the potential high and low risk areas with As contamination.
For example, in western Nicaragua, As is found in a few limited spots
in groundwater of alluvial aquifers. The aquifer material is derived
from weathering products of volcanic rocks and hydrothermal
alterations. The similar geological conditions found in large parts of
Nicaragua and in the neighboring countries make probable the finding
of other As-impacted aquifers in these vast regions.

This approach is also valid if one focuses on the Argentine
Chaco-Pampean plain and its extension into the neighboring countries
of Bolivia, Paraguay and Uruguay. In the entire plain, sediments derived
from the Andes are found. In Argentina, until today, aquifers with

elevated As concentrations have been found at many sites in 16 out of 23
provinces within the Chaco-Pampean plain and adjacent areas. Here,
the similar geological conditions, for example the presence of loess
deposits and intercalated or disperse distributed volcanic (the most
important primary As source in this area), makes probable the detection
at other sites of the Chaco-Pampean plain and the adjacent plains in
Bolivia, Paraguay, and Uruguay. Therefore, it is not surprising that in
2005, nearly 100 years after the detection of the problem in Bell Ville, As
was found in the groundwater of the San José department in SW
Uruguay, which belongs to the same sedimentary basin.

Arsenic contamination of surface, groundwaters and soils in
mining areas of various Latin American countries also present
similarities. Solid waste deposits and acid drainage from sulfide ore
processing have polluted sediments and waters in many areas of
Bolivia, Brazil, Chile, Colombia, Ecuador, Guatemala, Honduras and
Mexico. Natural and anthropogenic sources coexist in the same zones
and have affected crops and human health. Specific remediation
measures must be developed to remediate the anthropogenic
polluted areas. This implies identification of the sources and
environmental pathways of As.

Arsenic assessment must be a standard parameter for drinking
and irrigation water, and uniform international guideline values
should be adopted by all countries. Multidisciplinary research on
As in Latin America has to be strengthened by national researchers
and by international interdisciplinary cooperation, to build-up a
robust Latin American network to investigate the occurrence and
mobilization pathways of As release into the environment, and to
create an on-line database, periodically updated, containing
information regarding As-related topics to allow better access to
information on regional and international base. These measures
will allow to develop alternatives based on water treatment
procedures or on the substitution of water sources to eradicate
As exposure of Latin American inhabitants.
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