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The Chaco-Pampean plain, Argentina, is a vast geographical unit (1,000,000 km2) affected by high arsenic
(As) concentrations in universal oxidizing groundwater. The socio-economic development of the region is re-
stricted by water availability and its low quality caused by high salinity and hardness. In addition, high As and
associated trace-elements (F, U, V, B, Se, Sb, Mo) concentrations of geogenic origin turn waters unsuitable for
human consumption. Shallow groundwater with high As and F concentrations (ranges: b10–5300 μg As/L;
51–7,340 μg F/L) exceeding the WHO guideline values (As: 10 μg/L; F: 1,500 μg/L) introduces a potential
risk of hydroarsenicism disease in the entire region and fluorosis in some areas. The rural population is af-
fected (2–8 million inhabitants). Calcareous loess-type sediments and/or intercalated volcanic ash layers
in pedosedimentary sequences hosting the aquifers are the sources of contaminant trace-elements. Large
intra and interbasin variabilities of trace-element concentrations, especially between shallow and deep
aquifers have been observed. All areas of the Chaco-Pampean plain were affected in different grades: the
Chaco-Salteña plain (in the NNE of the region) and the northern La Pampa plain (in the center-south) have
been shown the highest concentrations. The ranges of As and F contents in loess-sediments are 6–25 and 534–
3340 mg/kg, respectively in the Salí River basin. Three key processes render high As concentrations in shallow
aquifers: i) volcanic glass dissolution and/or hydrolysis and leaching of silicates minerals hosted in loess; ii) de-
sorption processes from the surface of Al-, Fe- and Mn-oxi-hydroxides (coating lithic fragments) at high pH and
mobilization as complex oxyanions (As and trace elements)in Na-bicarbonate type groundwaters; and iii) evap-
orative concentration in areas with semiarid and arid climates. Local factors play also an important role in the
control of high As concentrations, highly influenced by lithology–mineralogy, soils-geomorphology, actual
climate and paleoclimates, hydraulic parameters, and residence time of groundwaters.

© 2012 Published by Elsevier B.V.
1. Introduction

The presence of As and associated minor and trace elements of
geogenic origin in groundwater is mainly controlled by four factors:
i) the primary source; ii) the processes of mobilization and retention
at the solid-water interphase; iii) the transport in solution; and iv) the
: +54 11 5786 0080.
,
o@criba.edu.ar (M.C. Blanco),
.uba.ar (H.O. Panarello),

sevier B.V.
concentration in groundwater under arid to semiarid conditions.
These factors determine which As species are present in groundwater
and its transport in the aqueous phase.

The Chaco-Pampean plain is a vast area in Argentina (over
1×106 km2), extending from the Paraguay border in the North to the
Patagonian Plateau in the South, lying East of the Pampean Hills up to
the Paraná and de la Plata rivers (Fig. 1). One of the greatest obstacles
for the socioeconomic development of the region is the availability
and quality of the groundwater for the peri-urban and rural population.
Groundwaterswith high salinity and/or hardness are the only water re-
sources inwide areas. In addition, highAs and trace-element concentra-
tions (F, V, U, B, Se, Sb,Mo, etc.) often render themunsuitable for human
consumption (Nicolli et al., 1985, 1989, 2000, 2012; Smedley et al.,
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Fig. 1. The Chaco-Pampean plain with location of some study areas mentioned in this paper. A: Chaco-Salteña plain; B) Burruyacú basin (Eastern plain of Tucumán Province); C: Salí
River basin (Eastern plain of Tucumán Province); D: Southeastern plain of Córdoba Province; E: Central-northern plain of Santa Fe Province; F: Central-northern Pampa plain of
Buenos Aires Province; G: Southern Pampa plain of Buenos Aires Province; H: Plain of northern La Pampa Province. The digital elevation model of the world PIA3388 (http://
photojournal.jpl.nasa.gov) is courtesy of NASA/JPL-Caltech.
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2002, 2008; Bundschuh et al., 2004, 2008; Ministerio de Salud, 2011).
Shallow groundwater with high As and F concentrations exceeding
WHO guideline values (2011; As: 10 μg/L; F: 1,500 μg/L) causes water-
health problems in many Chaco-Pampean areas.
From the beginning of the 20th century to 1913, this As related
illness was known as “Bell-Ville disease” because in this city, in central
Argentina (see Fig. 1), the majority of recognized cases were found.
That year, Dr. Mario Goyenechea proved by chemical analysis that
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arsenic caused the disease, a fact described by Ayerza (1917a, 1917b,
1918). Skin-pigmentation disorders and the increase of neoplasms, par-
ticularly of the skin (squamous-cell carcinoma), bladder and digestive
tract were reported (Besuschio et al., 1980; Astolfi et al., 1981, 1982).
These health problems are regionally known as HACRE, the Spanish ac-
ronym for Endemic Regional Chronic Hydro Arsenicism (Tello, 1951).
Bladder cancer mortality associated with arsenic in drinking water
was reported in Córdoba Province, central Argentina (Hopenhayn-
Rich et al., 1996) and other studies concerned with skin cancer
(Cabrera and Gomez, 2003) and bladder and lung cancer in relation to
direct arsenic exposure (Bates et al., 2004; Steinmaus et al., 2010). In
addition, high fluoride concentrations in these waters were associated
with dental and bone fluorosis (de la Sota et al., 1997). Arsenic and fluo-
ride related diseases affect potentially 2–8 million inhabitants in
Argentina (Bundschuh et al., 2012, this issue).

Moreover, the high salinity with the presence of excessive con-
centrations of As and F in irrigation waters pose a strong limita-
tion to agricultural production in the region. Highly saline waters
with high concentrations of potentially toxic anions (As>200 μg/L;
F>2000 μg/ L) could lead to a risk in animal consumption andmay af-
fect meat and milk quality. The environmental impact due to other
trace elements present in high concentrations and exceeding WHO
guideline values assigned for health reasons is not known.

Nowadays, remarkable efforts of several scientific groups are devot-
ed to identify natural and anthropic As-sources, to quantify the As con-
tent and its partition into the solid phase, to understand the processes of
As-mobility aswell as the spatial variability in the Chaco-Pampean plain
and other regions of Latin-America. All of them were compiled in more
than 120 Argentinian publications during 1990–2010. The organization
406RT0282 IBEROARSEN Thematic Network joined recent results on
the presence of As, F and other trace elements in aquifers of Latin
America (Morgada et al., 2008; Bundschuh et al., 2008; Nicolli et al.,
2008c).

Important studies have been analyzing the factors controlling the
high As-concentrations in groundwaters from wide areas with arid or
semiarid climates, for example the Atacama desert, northern Chile
(Borgoño and Greiber, 1972; Bundschuh et al., 2008), the aquifers of
the Carson desert, Nevada, USA (Fontaine, 1994; Welch and Lico, 1998)
the southern San Joaquin valley, California, USA (Fujii and Swain, 1995;
Swartz, 1995: Swartz et al., 1996) and the Chaco-Pampean plain,
Argentina (Nicolli et al., 1985, 1989, 2010, 2012; Bundschuh et al.,
2000, 2004, 2008; Smedley et al., 2002, 2005, 2008; Bhattacharya et al.,
2006).

The aim of this paper is to present a compilation of the literature on
high concentrations of As in aquifers on the Chaco-Pampean plain, their
sources and mobility, taking into account the main features of general
interest to make the comparison with other world areas easier.

2. Regional hydrogeology

The aquifers of the Chaco-Pampean plain are included in sequences
of several hundred meters composed of clastic sediments forming a
multilayer interconnected aquifer system overlying a crystalline im-
pervious basement, which is usually faulted with ascended and des-
cended blocks of granites, metamorphic rocks (gneisses, schists and
metaquartzites) and basalts that act as aquifuge. At the base, the hy-
drological system comprises thick marine pelitic sediments (green
clays from Miocene: aquiclude), hosting very saline Na-sulfate-
chloride type waters. This is superposed, at a regional scale, by very
thick and heterogeneous deposits of aeolian loess and loess-like sedi-
ments from the Pampa Formation (Plio-Pleistocene). Productivity of
aquifer levels hosted in the Pampa Formation, conformed by an
aquitard at the base and a shallow aquifer near ground surface,
depends on direct recharge by rainfall in landforms favoring infil-
tration (reaching 10–30 m3/h in the northeastern areas of Buenos
Aires Province; http://www.alhsud.com) and water storage. In the
northeastern areas of the Chaco-Pampean plain, the flow direction
usually is W-E, whereas runoff is NE-SE in the southern areas towards
the aquifer discharge zone (Tujchneider et al., 1998, 2002; Bonorino et
al., 2001; Kruse and Zimmermann, 2002; Paoloni et al., 2002; Paris,
2008).

Towards the northeastern areas, aquifer levels are also included in
sediments of the Puelches Formation, which is not clearly identified to-
wards the southern areas of the Chaco-Pampean plain. The Puelches
aquifer is recharged by rainfall and from the Pampean aquitard, exten-
ding into the central and northern Pampean areas. This aquifer level
yields from 30 to 160 m3/h in the northeastern areas of Buenos Aires
Province.

The erosion–sedimentation processes related to climate changes,
particularly thosewhich occurred during the Quaternary and especial-
ly in the Holocene, modeled the actual river basins and influenced
their hydric regimes (dominant dry climates in arid/semiarid zones
referred to present day and paleoclimates). They are the main factors
controlling the aquifer hydrochemistry and the As and other trace-
element concentrations in groundwater (Nicolli et al., 2010). The
differences between the Puelches and the Pampean aquifers are re-
markable. Those characteristics are discussed in point 4.2.

3. Sources of arsenic in the Chaco-Pampean aquifers

In the northern parts of the Chaco-Pampean plain, the volcanic
and the hydro-geothermal areas of the Andes Ranges are sources for
As, associated to B and F. There, As concentrations range from 470
to 770 μg/L in groundwaters and from 50 to 9,900 μg/L in geothermal
sources. In the central areas of the region, the main sources of the
above mentioned minor and trace elements found in groundwater
are the Quaternary loess sediments which have been reworked by
aeolian and fluvial processes and which fill all the basins. Textural
analyses showed that the dominant sediment fraction corresponds
to a clayey silt and in some places to a silty clay (Nicolli et al., 1989,
2010).

Among light minerals (>10 μm grain size), the main components
are feldspars (plagioclases and K-feldspars) and volcanic glass. The sed-
iments are predominantly composed by feldspars (usually 45–70%) and
volcanic glass shards (usually 25–50%; exceptionally up to 63% of the
light fraction>10 μmsize). Lower amounts of quartz, muscovite, calcite
and lithic fragments have been found; some of them occur within Al-,
Mn- and Fe-oxide coatings found on sediment particles. With an irreg-
ular distribution, opal and chalcedony were present in lesser propor-
tions. In the fraction corresponding to the 0.5–0.05 mm size, the most
abundant heavy minerals (usually b5%) are pyroxenes and amphiboles
(hypersthene, enstatite, hornblende, lamprobolite). Biotite, epidote and
Al-, Fe- and Mn-oxides and hydroxides are less abundant, and garnet,
tourmaline, apatite, zircon, chlorite, and rutile are scarce (Nicolli et al.,
2010).

The X-ray diffraction analysis of the clay fraction discloses the pres-
ence of low-crystallinitymineralswith illite prevailing over smectites in
the central-northern areas and smectites prevailing in the southern
areas (north La Pampa Province: Smedley et al., 2002). Dominant
interstratified illite-montmorillonite has been determined, as well as
scarce pure montmorillonite, kaolinite, and interstratified chlorite-
montmorillonite. Usually, the fine grain-size fractions show variable
amounts of amorphous material (volcanic glass shards: Nicolli et al.,
2004).

The average chemical composition of the loess-type sediments usu-
ally corresponds to that of a dacite, or an andesite, or a trachyandesite,
rocks of common occurrence in the Southern Andes (see Tables 2 and
3: Nicolli et al., 1985, 1989, 2009). The volcanic glass separated from
loess shows a typical ryolitic composition (see also Tables 4 and 5 for
trace-element contents: Nicolli et al., 2004, 2010). Contents of loess

http://www.alhsud.com


Table 1
Overview of As concentrations in groundwater and hydrogeological characteristics of aquifers located at different basins or areas in the Chaco-Pampean plain, Argentina (n.a.: not available).

As in groundwater (µg/L)    
Studied 

areas 
Aquifer Depth (m) pH range 

As in sediments 

(mg/kg) 

range (median) Min. Max. 
Aritm.

mean
Median

Water type Landscape Climate 

Parent

material -

sediments 

Clay

mineralogy
References 

N
o

rt
h

e
rn

a
re

a
s

C
h

a
co

 S
a

lt
e

ñ
a

 p
la

in

P
a

m
p

e
a

n
 

Shallow: 

30;

semi-

confined:

80;

deep: 300 

7 to >8 n.a. 10 210 100 n.a.
Na-SO4- 

HCO3

Plain 

reworked

by alluvial

activity to

lowlands

Subtropical

to semiarid

with

seasonal 

rainfall

Yuxtaposed

aeolian and 

alluvial

Tertiary and

Quaternary

sediments

Mixed clays 

Smedley and 

Kinniburgh,

2002; Osicka et

al., 2002; 

Fernández Turiel

et al., 2005;     

Blanes et al.,

2006; Blanes and 

Giménez, 2007

Shallow 

aquifers 
2-40 7.16-8.60 6-14 (9.8) 15.8 1610 160 43.2 

Alluvial/ 

aeolian fine

textured 

loess 

Deep

aquifers 
80-180 7.15-8.20 6-25 (10) 13.8 36.6 25.0 22.3

Alluvial

sediments

mantled by

loess 

B
u

rr
u

y
a

cú
 b

a
si

n
 

Flowing

artesian 

aquifers 

>200-350 7.56-8.80 n.a. 15.7 144 41.1 28.4 
Silty clay 

loess 

Illite

prevailing 

over 

smectites; 

Fe- and Al-

oxi-

hydroxides 

Shallow 

aquifers 
3-15 6.28-8.72 7-14 (10) 12.2 1660 159 45.8 

Alluvial/ 

aeolian fine

texture and 

loess 

Deep

aquifers 
60-180 6.72-9.24 n.a. 11.4 107 37.9 33.7 

Alluvial

sediments

mantled by

loess 

S
a

lí
 R

iv
e

r 
b

a
si

n
 

Flowing

artesian 

aquifers 

200-425 6.79-8.93 n.a. 16.2 76.9 36.4 26.5

Na-HCO3,

Na-SO4 or

Na-Cl in

more saline 

waters

Extended 

and 

dissected

plain with

modern

deposits 

and large 

alluvial fans

Rainfall

variable 

with

altitude

from 2000-

250 m a.s.l. 

(>2000-

<500 mm). 

Rainy 

spring-

summer 

period and 

cold dry 

winter 

Silty clay

loess 

Low

crystallinity

minerals 

and illite

prevailing 

over 

smectites; 

Fe-, Al- and 

Mn-oxi-

hydroxides

Nicolli et al.,

2000, 2001a, 

2001b, 2004, 

2005a, 2005b,

2007, 2008a, 

2010, 2012 

<10 n.a. n.a. 500 1660 111 100 

E
a

st
e

rn
 p

la
in

 a
re

a
s,

  T
u

cu
m

á
n

 P
ro

v
in

ce

Leales 

25 n.a. n.a. 300 1300 96.0 100 

n.a. 
Plain, 300-

500 m a.s.l. 

Subtropical

with

summer 

rainfall

n.a. n.a. 
Guber et al., 2009 

(continued on next page)
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As in groundwater (µg/L)    Studied

areas 
Aquifer Depth (m) pH range 

As in sediments 

(mg/kg) 

range (median) Min. 
Aritm.

mean 
Median 

Watertype Landscape Climate 

Parent 

material -

sediments

Clay 

mineralogy
References 

Robles 

county
>2 6.8-8.8 6 2 2400 172 n.a. Na-HCO3

Aeolian

plain 

Rainy

summer, 

cold dry

winter

Loess; 

alluvial 

reworked

sediments

2:1 clays and 

Fe-oxi-

hydrates 

Claesson and 

Fagerberg, 

2003;

Bundschuh et

al., 2004, 2008 

Río 

Dulce 

alluvial 

cone 

3-9 6.4-9.3 6 7 15000 7.43 54.0

Na-Ca-

HCO3-SO4-

Cl; dominant

Na-HCO3

Plain 
Warm,

semiarid

Sandy silt

silty clay,

aeolian and 

alluvial 

sediments

Amorphous,

imogolite

Bhattacharya et

al., 2006

S
a

n
ti

a
g

o
 d

e
l 

E
st

e
ro

 P
ro

v
in

ce
 

Río 

Dulce 

basin 

7-17 6.4-9.3 7-14 4 3280 707 56
Na-HCO3-

SO4-Cl

Alluvial 

plain 

Continental 

subtropical 

Loess and 

alluvial 

sediments

Mixed

Mellano and 

Ramírez, 2004;   

Lindbäck and 

Sjölin, 2006

Shallow 

aquifers
2- 22 7.7-8.5 5.5-37 (n.a.)

Vesti-

ges

Sandy and 

silty 

aeolian loess

Illite

Middle 

aquifers
100-150 >7 n.a. <10 

1500 300 100 Na-HCO3

150 60 n.a.
Ca-Na-HCO3

Na-SO4-Cl 

Alluvial,

lacustrine 

and  loess 

sediments

Illite

Deep 

confined 

aquifers

200-350 >7 16.7-37.3 (n.a.) 
Vesti-

ges
n.a. n.a. n.a. 

Saline in

flow 

direction

Aeolian, 

alluvial and 

lacustrine 

plains

affected by

tectonics

Temperate, 

subhumid 

with

seasonal 

rainfall 
Sands and 

gravels 

limited by

silt layers 

Mixed

S
o

u
th

 o
f 

C
ó

rd
o

b
a

 P
ro

v
in

ce
 

Río 

Cuarto 

basin 

>6 7-8.8 >6 (n.a.) <20 300 100 100 Na-HCO3

Extended

plain 

Temperate

semiarid

Reworked

loess 
Illite

Farías et al.,

2003;

Blarasin, 2003;

Pérez Carrera 

and Fernández

Cirelli, 2004; 

Cabrera et al.,

2005a, 2005b;

Pérez Carrera et

al., 2005

0-74 7.0-9.4 5.51-37.3 103 3810 390 255 
Nicolli et al.,

1985, 1989 

3-15 80 4500 1100 n.a. 

C
e

n
tr

a
l 

a
re

a
s

S
E

 o
f 

C
ó

rd
o

b
a

 P
ro

v
in

ce
 

P
a

m
p

e
a

n

80-90 

7.4-9.2 n.a. 

<20 2000 200 n.a. 

Na-HCO3-

SO4-Cl

Extended

plain;

faulting 

developed in

the 

crystalline

basement

affecting 

drainage 

pattern

Temperate, 

subhumid to

semiarid; 

spring/

summer

rainfall 

period 

Reworked

clayey silt, 

silty and 

silty clay 

loess;

abundant

pyroclastic 

material 

Illite

prevailing 

over  

smectites;

low

crytallinity 

minerals 

Farías et al.,
2003; Pérez 

Carrera and 

Fernández

Cirelli, 2004;    

Pérez Carrera et
al., 2005

Max. 

Table 1 (continued)
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As in  groundwater (µg/L) 
Studied areas Aquifer Depth (m)  pH range

As in sediments 

(mg/kg) 

range (median) Min. Max.
Aritm .

mean 
Median 

Parent

material-

sediments 

Clay

mineralogy
References 

Shallow 

aquifers
1.40-32 7.62-7.87 17.9 780 114 84.2 

Flat plain being 

complex to the 

E by alluvial 

activity 

Clayey silt, 

silty and 

silty/clay

Pampean

loess 

Illite, 

interstrat.

montmorill-

onite,

kaolinite,

amorphous,

iron oxides

and volcanic
glass 

C
e

n
te

r-
n

o
rt

h
 a

n
d

 c
e

n
te

r-
w

e
st

e
rn

a
re

a
s 

o
f 

S
a

n
ta

 F
e

 P
ro

v
in

ce

Deep 

aquifers
50-132 7.03-9.26 

5.1-14.3 (8.0) 

Na-HCO3; 

Na-SO4 or 

Na-Cl in

more saline

waters

Plain to low 

lands 

Temperate,

subhumid to

semiarid/arid; 

spring/ 

summer 

rainfall period

Alluvial 

Puelches

sands 

Low 
amount of

clay 
minerals

Nicolli et al., 2008b, 2009 

E
a

st

P
a

m
p

e
a

n

W
e

st
 

Shallow 

1.40 – 29 

Middle 

32-50.3 

Deep 

110-132 

6.9- 8.7

6.2-10.3, 

increasing W-N 

up to 14.3 

19.5 53.6 35.1 37.2 

19.5 12.2 14.3 n.a. 

15 780 97.8 n.a. 

Na-HCO3

Flat plain being 

complex to the 

E by alluvial 

activity 

Temperate,

subhumid 

Silty and clay

Pampean

loess 

Illite, 

interstrat.

montmorill-

onite,

kaolinite,

amorphous,

iron oxides

and volcanic
glass 

Filí et  al.,1999; 

Tujchneider et al., 

1998, 2002; Fresina, 2001; 

Kruse and Zimmerman, 

 2002; Paris, 2008 

C
e

n
tr

a
l 

a
re

a
s 

S
o

u
th

e
rn

 a
re

a
s 

o
f 

S
a

n
ta

 F
e

 

P
ro

v
in

ce

Puelches >130 6.6-8.5 Low <10 n.a. n.a.
Plain to low 

lands 

Temperate

subhumid 

Alluvial 

Puelches

sands 

Low 

amount of

clay 

minerals

Filí et al., 1999 

N
 L

a
 P

a
m

p
a

P
ro

v
.

P
a

m
p

e
a

n

5.5-140 6.99-8.66 8-37 <4 
52

80 

Lowlands;

plain, terraced, 

sand dunes 

Temperate 

semiarid 

to arid

Loess and 

loess like

Pampean

sediments 

Dominant 

smectite, 

illite, and 

volcanic

glass 

Smedley et al., 2002, 2005, 

2008; Medus et al., 2005; 

Schulz et al., 2005 

P
a

m
p

e
a

n

1- >30 6.15-8.05 

6.4 -22  tot; 

8.9-29.8 (fine 

fraction) 

10 
13

00 

Plain dissected 

by alluvial 

activity 

Temperate

semiarid 

Loess and 
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Fig. 2. Hydrogeological map of the Burruyacú basin (Tucumán Province) showing groundwater flow path, alluvial fans and sampling location (groundwater and sediments). Up-
lands (El Cadillal ridge, Del Nogalito range, La Ramada range, Del Campo range), main towns and roads are also given. Compiled from Nicolli et al. (2008a) and original data of
this study. See also Fig. 1 (B).
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sediments from the southern Buenos Aires Province ranges from
6.4 mg/kg (Tertiary loess, Pampa Formation) to 22 mg/kg (Holocene
loess-derived alluvial sediments), being slightly higher than the average
content in the earth's crust (Blanco et al., 2006). Partition of As in the
different loess particle size fractions is a critical factor related to As
source, to its geo-availability in the sedimentary sequences, and to its
transference to groundwaters (Morrás et al., 2000; Blanco et al., 2006;
2011).
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4. Arsenic and associated trace‐elements in the Chaco Pampean
aquifers: mobilization and accumulation processes

Table 1 summarizes the regional climatic and geomorphological
differences, the main hydrogeological features of aquifers from differ-
ent subregions of the Chaco-Pampean plain and the distribution of As
concentrations in the sources and in groundwaters.

The average chemical composition of the loess-type sediments is
similar to dacites, andesites, or trachyandesites. Volcanic glass inter-
bedded in layers at different levels is mainly of rhyolitic composition
(Nicolli et al., 1989, 2000, 2010, 2012). Many sequences contain abun-
dant secondary carbonate forming calcrete layers (locally named as
“tosca”) which may reach a thickness of one meter (or concretions
and veins) indicative of paleo-climates more arid than the present
(Smedley et al., 2002, 2005, 2008; Nicolli et al., 2008c, 2009, 2010).
The basins of the central part of the Chaco-Pampean plain are poorly
drained, structured by N–S faults. Reworked aeolian and fluvial sedi-
ments are hosting a multilayered shallow aquifer of variable water
quality underlined by sandy layers (Puelches sands). Rainfall infiltra-
tion, evaporation in a temperate-hot semiarid climate and pumping
are evidenced in the hydrochemistry and variability of As concentra-
tions in groundwater (Tujchneider et al., 1998; 2002; Kruse and
Zimmermann, 2002; Paris, 2008; Nicolli et al., 2008a, 2009). Puelches
Fig. 3. Hydrogeological map of the Salí River basin (Tucumán Province) showing groundwate
(Sierras del Aconquija, Cumbres Calchaquíes, Sierra de Guasayán), main towns and roads ar
Fig. 1 (C).
groundwaters are mostly of the Na-bicarbonate type (Na b200 mg/L;
Asb10 μg/L; F b1500 μg/L), except towards the discharge areas where
salinity increases significantly (Filí et al., 1999).

The groundwaters from the Chaco-Pampean plain in the studied
areas are mainly oxidizing and of Na-bicarbonate type. In aquifers
with high TDS towards the discharge zones, the Na-sulfate and Na-
chloride types are important. The pH ranges fromneutral to highly alka-
line (up to 9.24) and the As concentrations spans over four orders of
magnitude, with high and variable associated trace-element concentra-
tions (F, V, U, B, Se, Sb, Mo). Regionally, compiled data reflected a large
variability in total As in spatial aswell as in depth variability in the range
of b10–5300 μg/L (median: 60 μg/L); the highest concentrations was
detected in the North La Pampa Province (Smedley et al., 2002, 2005).
Generally, spatial distribution of As concentrations is correlated with
pH and HCO3, and to a lesser significance with F and B. No regional
trend can be attributed to groundwater flow or a high As content in
the hosting sediments (Nicolli et al., 2000, 2001a, 2008a, 2009, 2010;
Blanco and Amiotti, 2001; Blanco et al., 2006; Paoloni et al., 2002,
2005; Fiorentino et al., 2007; González et al., 2009). Close to the dis-
charge into the Atlantic coast, more than 90% of groundwaters have
high As (As: 100–390 μg/L), which is associated to F, V, and higher SEC
values (Paoloni et al., 2002, 2005; Blanco and Amiotti, 2001; Blanco et
al., 2006). Evaporation also contributes to As groundwater enrichment.
r flow path, alluvial fans and sampling location (groundwater and sediments). Uplands
e also given. Compiled from Nicolli et al. (2004) and original data of this study. See also



Fig. 4. WNW–ESE lithostratigraphic-hydrogeological cross-section of the Burruyacú basin, Tucumán Province. Modified from Nicolli et al. (2008a). See also Fig. 2.
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4.1. Main hydrogeochemical characteristics of each subregion

Fig. 1 indicates the location of different study areas mentioned in
this paper and characterized by high As concentrations.

4.1.1. Chaco-Salteña plain
The Chaco-Salteña plain is limited by the Paraguay River in the

North, the Salado river in the South, and the Paraguay and Paraná
rivers in the East (Fig. 1A). The aquifers are hosted in superposed
sequences of aeolian and fluvial sediments of the Tertiary and
Quaternary ages. Arsenic concentrations in groundwater varying from
10 to 800 μg/L affect the peri-urban and rural population (about
311,500 inhabitants) in the centre-western part of the Chaco Province.
They are positively correlated with F (r=0.66, pb0.001) (Osicka et al.,
Fig. 5. Hydrogeological section A-A’ located in the southern part of the Salí River
2002; Blanes and Jiménez, 2006). The town of Taco Pozo is an emblem-
atic case, becauseAs concentrations in the blood of local patients ranged
from 9.1 to 11 μg/L after a long-term consumption of groundwater
containing >200 μg As/L.

4.1.2. Tucumán eastern plain (Burruyacú and Salí River basins)
The eastern plain of Tucumán Province comprises two hydro-

geological basins (Tineo and Galindo, 1984; Tineo et al., 1999): the
Burruyacú (Figs. 2 and 4) and the Salí River basins (Figs. 3 and 5).
Geophysical studies allowed to distinguish three geohydrological envi-
ronments: i) at the base a well-developed lower hydraulic system
(depth 200–425 m) with thermal aquifers (up to 41.5 °C) in fine to me-
dium quartz sands of the Tertiary age (Pliocene); ii) a middle hydraulic
system at depths between 60 and 180 m, composed of confined aquifers
basin, Tucumán Province. Modified from Nicolli et al. (2005b). See also Fig. 3.



Table 3
Statistical summary for analytical data of loess sediments from the southeastern plain,
Córdoba Province (from Nicolli et al., 1985, 1989) (n: 54 samples).

Trace elements Minimum Maximum Geometric mean

As 5.81 37.3 16.7
Se 1.10 2.30 1.53
U 1.25 8.00 2.89
Sb 0.25 0.88 0.54
Mo 2.20 5.20 3.40
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hosted in gravels and coarse sands with natural artesian pressure at the
distal position of the alluvial fans; iii) an upper system of shallow or
semi confined aquifers (depth: 3–15m) which have a low permeability
and are hosted in silty loessic sediments; the groundwater supply is
commonly used by the rural population. All aquifers are recharged at
the eastern piedmont of the Sierras del Aconquija and Cumbres
Calchaquíes (Southern Andes).

Groundwater quality varies widely according to trace-element con-
centrations (Table 2). Evaporation close to the earth´s surface increases
the TDS from 146 to 9240 mg/L, giving rise to a high salinity in the
shallow layers. Aquifers(b15 m depth) at the Los Pereyra site display
the highest As concentration in groundwater (1660 μg/L) while con-
centrations decrease significantly towards the deeper groundwater
levels (60–180 m depth) with a median value of 33.7 μg/L and a range
from 11.4 to 107 μg/L of As. Shallow groundwaters are neutral to
alkaline (pH median: 7.71, range: 6.28–8.72), oxidizing and of the
Na–HCO3 type (Na median: 218 mg/L, range: 4.7–2,270 mg/L;
HCO3 median: 465 mg/L, range: 50–1260 mg/L). Deep groundwa-
ters are also neutral to high alkaline (pH median: 7.73, range:
6.72–9.24) and display a significant decrease in Na and HCO3 con-
centrations (Na median: 40.0 mg/L, range: 4.97–261 mg/L; HCO3

median: 160 mg/L, range: 72.6–439 mg/L).
Table 3 shows the trace-element contents in loess sediments and

in the volcanic glass of rhyolitic composition in the Salí River basin
(Nicolli et al., 2004, 2010). A general trend was not observed in the
regional hydrochemistry of the aquifers. Small variations on the
local slope and flow velocity or spatial variability of texture and/or
loess mineral composition due to sedimentary processes may also
play a main role in accumulation of As and associated trace elements
in groundwaters. The highest concentrations of As, B, F and other
trace elements were found at the Los Pereyra site (Nicolli et al.,
2004); the loess sediments were sampled from a hand-dug well (for
location see Fig. 2), where the highest As concentrations in shallow
groundwater have been found. All the samples were taken from the
surface down to the groundwater table (−10.20 m). Fig. 6 shows var-
iations in mineralogical composition (light fraction). It is very inter-
esting to point out the increase of the amount of volcanic glass in
levels near the water table.

Comparable amounts of As were found in the smaller Burruyacú
basin. Similar genesis processes for As concentration were reported
(Nicolli et al., 2001a, 2008a).
Table 2
Loess-sediment chemical composition of samples from the centre-north of Santa Fe Provin

Const. Unit Esperanza bore hole (13 samples)

Min. Max. A.M.

SiO2 % 61.0 71.9 65.3
Al2O3 % 11.5 15.8 13.6
Fe2O3 (t.) % 3.51 5.72 4.71
MnO % 0.09 0.11 0.10
MgO % 0.68 1.20 1.10
CaO % 0.98 4.53 2.06
Na2O % 1.16 1.67 1.44
K2O % 2.13 2.85 2.47
TiO2 % 0.74 0.90 0.82
P2O5 % 0.10 0.16 0.13
LOI % 6.42 10.7 8.23

Trace elements
F % 0.02 0.06 0.03
As mg/kg 6.20 10.3 8.00
V mg/kg 64 90 80.3
U mg/kg 2.34 3.24 2.65
Se mg/kg b3 b3 –

Sb mg/kg b0.2 7.70 2.16
Mo mg/kg b2 b2 –

Const.: Constituents; Min: Minimum value; Max: Maximum value; A.M.: Arithmetic mean;
Fe2O3(t.): Total Fe; LOI: Loss on ignition at 925 °C.
4.1.3. Plain of Santiago del Estero Province
In central areas of the Chaco-Pampean plain at Santiago del Estero

Province, the pedosedimentary sequence shows at its base a crystalline
basement (aquifuge) superposed by fine textured sediments followed
by Pleistocene loess sediments with intercalated volcanic ash layers
covered by alternating alluvial and aeolian sediments (gravels, sands,
silts and clays). Generally, the unconfined to semi confined aquifers
are exploited. The groundwater quality is conditioned by the low re-
gional slope, the fine textured sediments, a high evaporation and a sea-
sonal rainfall, which gives rise to a salinity increase in the summer
season. The plain is saline, vast and extremely flat, formed by silty
loess and later modeled by river basins.

Two main areas have been investigated. The first covered the
Dulce River basin at Robles County, which is affected by a temperate
semiarid climate and an ustic thermic pedoclimate (Bundschuh et
al., 2004, 2008). The second was studied by Claesson and Fagerberg
(2003), Bejarano Sifuentes and Nordberg (2003), Mellano and
Ramirez (2004) and Lindbäck and Sjölin (2006).

The Dulce River basin is filled with aeolian loess sediments, in-
cluding minerals of volcanic origin covered by alternating alluvial
and aeolian sediments (Bhattacharya et al., 2006). A volcanic ash
layer is identified in several areas (0.53-1.35 m thickness) having
devitrified volcanic glass, quartz and orthose, and lower amounts of
hornblende, hypersthene, augite and pellicular iron oxides over min-
eral grains. As content is 6 mg/kg and other trace elements are V
(21 mg/kg), U (20 mg/kg), Mo (3 mg/kg). High Ba contents were
also measured, although this does not deteriorate water quality.
Groundwater composition is predominantly of Na-bicarbonate type,
and had 2–4780 μg/L of As, associated to F (100–4700 μg/L), V
ce (from Nicolli et al., 2009).

Villa Trinidad bore hole (9 samples)

Med. Min. Max. A.M. Med.

64.6 56.0 66.1 60.9 61.2
13.6 13.4 15.8 14.3 14.2
4.70 4.27 5.44 4.90 4.93
0.09 0.09 0.14 0.10 0.10
1.17 1.00 1.64 1.47 1.46
1.53 1.28 5.65 3.08 2.73
1.42 1.59 1.92 1.75 1.76
2.46 2.42 2.74 2.61 2.64
0.82 0.73 0.78 0.75 0.75
0.13 0.15 0.22 0.18 0.18
7.90 8.60 12.7 9.93 9.31

0.04 0.03 0.06 0.05 0.06
7.85 5.90 14.3 10.6 12.2
81.5 64 95 82.3 83.0
2.59 2.41 3.95 2.79 2.71
– b3 b3 – –

1.50 b0.2 20.6 4.28 3.30
– b2 b2 – –

Med.: Median;



Fig. 6. Los Pereyra (Tucumán Province) section of a hand dug showing contents of light mineral variations in loess sediments. The diagram shows light mineral content (%) in ab-
scises and depth from ground level in ordinates. Note the increase of volcanic glass in the lower levels. Modified from Nicolli et al. (2007).
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(20–3550 μg/L), U (2-520 μg/L), and a pH ranging between 6.8 and
8.8 (Bundschuh et al., 2004, 2008).

4.1.4. Southern plain of Córdoba Province
In central Argentina, high As concentrations in groundwaters have

been detected at the southern area of Córdoba Province in a basin
Fig. 7. Sketch map showing As distribution in shallow aquifers from southeastern plain, Cór
See also Fig. 1 (D).
(about 10,000 km2) filled up with predominantly aeolian sediments
from the Paleozoic to the present, and fluviatile and palustrine sedi-
ments. Deep confined aquifers (180–240 m: Cabrera et al., 2005a,
2005b) are hosted in Miocene marine sediments (green clays inter-
bedded with sandstones) in the East, and into continental sediments
toward the West. This last one exhibits a large variability in water
doba Province. Main towns and roads are also given. Data are from Nicolli et al. (1985).
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quality; both are flowing to south-eastern direction. Important fluvi-
atile sequences (fine sands to coarse gravels, correlated to Puelches
Formation) are deposited over areas of the Tertiary–Quaternary
boundary. The upper section of the column embraces fluviatile, lacus-
trine and aeolian sediments and includes both the semi confined and
the shallow unconfined aquifers.

The aeolian loess-sediments are clearly predominant except in the
Río Cuarto fluviatile basin where paleochannels were found together
with varied changes in sediment characteristics. The groundwater
quality is excellent, with very low As (b10 μg/L) and low F (b800 μg/L)
concentrations (Blarasin, 2003). The regional hydrodynamic is charac-
terized by a NW–SE flow; groundwater evolves from Ca and/or Na-
bicarbonate to Na-sulfate and Na-chloride type waters towards the
discharge zone where salinity reaches up to 15,000 mg/L. Regional
faulting causes a drainage divide that separates the Cuarto River basin
and minor rivers from the systems draining into the southern part of
the Sierra de Comechingones (Fig. 8). Discharge is into extended wet-
lands and lakes hosted in the depressed blocks. At the south of Córdoba
Province, the highest As concentrations (40–300 μ/L;mean70 μ/L) and F
(100–11,500 μg/L; mean 3,900 μg/L) occur in loess aquifers with low
velocities of groundwater circulation, high pH (7.70-8.50), oxidizing
Fig. 8. NW–SE lithostratigraphic and hydrogeological sections of the so
conditions (DO: 5–8 mg/L) and Na-bicarbonate type waters (Blarasin,
2003).
4.1.5. Southeastern plain of Córdoba Province
The shallow aquifers (2–22 m depth) in the SE plain of Córdoba

Province are developed in clayey silt loess sediments. Groundwater
composition is highly heterogeneous with a wide range of TDS
(556–10,800 mg/L) and As (b10-3,810 μg/L). In 50% of the samples,
the highest concentrations of trace-elementswere associated to alkaline
Na-bicarbonate type groundwaters, ranging from: As (100–316 μg/L),
F (618–3,160 μg/ L), V (100–316 μg/L), Mo (46.4–464 μg/L), and U
(15.9–100 μg/L) (Nicolli et al., 1985, 1989). TDS values increased signif-
icantly in some areas where sulfate and chloride are the dominant an-
ions. There, the process is related to difficulties in the drainage system
and to an extended residential time of groundwater, significantly
influenced by the deep fault system and the relative movements of
blocks (uplifting, sinking, tilting: Nicolli et al., 1989; see also Fig. 7). A
wide range and very high As concentrations (b10–4550 μg/L) were
measured in groundwaters from this area (Nicolli et al., 1985, 1989;
Pinedo andZingarán, 1998; Farías et al., 2003; Pérez Carrera et al., 2005).
uthern plain of Córdoba Province. Modified from Blarasin (2003).



Table 4
Statistical summary of analytical data of volcanic glass separated from selected samples
of loess sediments from the southeastern plain, Córdoba Province (from Nicolli et al.,
1985, 1989) (n: 10 samples).

Trace elements Minimum Maximum Arit. mean Median

As 6.83 10.4 8.60 8.57
Se 1.11 2.56 1.76 1.68
U 2.56 5.69 4.04 3.97
Sb 0.204 0.559 0.331 0.298
Mo b3 4.45 3.12 3.50
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Loess sediments and hosted volcanic glass are main sources of As
and associated trace-elements. As contents range from 5.81 to
37.3 mg/kg in loess and from 6.83 to 10.4 mg/kg in volcanic-glass
shard (Tables 4 and 5).

4.1.6. Central-northern plain of Santa Fe Province
Fig. 9 corresponds to the central-northern plain of Santa Fe

Province. The aquifer system comprises, at its base, a sequence of
marine sediments (Miocene, saline, Na sulfate-chloride type ground-
waters) being constituted of green clays (aquiclude), grey sands
(confined aquifer) and down the sandy layers by a semi confined al-
luvial aquifer (Pliocene). The last one is also known as “Puelches
sands” and usually hosts good quality groundwaters of the Na-
bicarbonate type; these comprise the main water supply sources for
the population (Tujchneider et al., 1998). Upwards, the stratigraphic
column continues with swamp or lacustrine sediments and with
the Quaternary aeolian loess deposits of the Pampean Formation
(Pleistocene to Holocene) that include a shallow aquifer (3–15 m
thickness) of low production and a variable water quality. Between
the Puelches sands and the Pampean Formation, silty and clay layers
(3 m average thickness) act as an aquitard (Nicolli et al., 2009). The
aquifer system is multilayer; the section belonging to the Pampa
Formation is directly recharged by rainfall in landforms that favor in-
filtration and flow concentration (in morphological depressions). The
aquifer hosted in the Puelches sands follows the W-E regional flow.
Vertical groundwater movement prevails via infiltration and evapora-
tion (Tujchneider et al., 1998, 2002; Kruse and Zimmermann, 2002;
Paris, 2008). Regionally, the area is a plain of low morphogenetic po-
tential, with poorly integrated drainage and more complex geomor-
phology to the East, caused by fluvial activity.

Hydrochemistry is strongly affected by seasonal changes that via
evapotranspirationmodify piezometric levels and control CaCO3 dynam-
ics in the unconfined aquifer. A strong variability of groundwater chem-
istry occurs from the center area (Esperanza city) to centre-northern
areas of Santa Fe Province (Table 6). TDS range 1150–1560 mg/L (medi-
an: 1260 mg/L) at Esperanza area increase to 671–11,100 mg/L (median:
Table 5
Trace-element contents in loess sediments and separated volcanic glass from the Salí River

Loess sediments (mg/kg, 25 samples)

Min. Max. Aritm. mean Median

F 534 3340 908 791
As 6 25 11 11
V 51 165 87 86
U 3.34 16.0 6.04 4.76
B 42 128 68 66
Sb 0.3 1.0 0.8 0.8
Mo b 2 5 – –

Cr 27 81 46 45
Cu 13 32 22 24
Zn b30 158 90 81
Sr 186 344 278 310
Ba 299 582 510 534
2030 mg/L) towards the centre-northern-western areas, and As con-
centrations increase from 19.5–53.6 μg/L (median: 37.2 μg/L) to 15.0–
780 μg/L (median: 70.6 μg/L). Associated trace-element concentrations
also show significant differences (Nicolli et al., 2009). Table 7 shows
the loess-sediment chemical composition in two areas hosting different
groundwater compositions and exhibiting significant differences in As
concentrations: relatively low in Esperanza city (central area) and high
in Villa Trinidad (northern area).

Saturation indices (SI: Table 8) were calculated for the groundwa-
ter samples from Esperanza (As concentrations in groundwater:
19.5–53.6 μg/L) and the center-west area (sample SF-92, the highest
As concentration in groundwater from Santa Fe: 780 μg/L) applying
the PHREEQC program (version 2: Parkhurst and Appelo, 1999).
Esperanza groundwater presents 15 oversaturated mineral phases
while 12 phases were recognized at the center-west. Other main dif-
ferences are the occurrence of supersaturated mineral phases with
larger amounts of clays, oxides and hydroxides of Fe and Al in
Esperanza with respect to those of the center-west samples. Evapora-
tion under the semiarid climates that affect these landscapes contrib-
utes to the increase of As and associated trace-elements, particularly
in the northern and western areas, where dry climates prevail. With
the exception of F that had a low spatial variability, positive incre-
ments of 178% for As, 106% for V, 168% for U and 62% for B at the
center-north areas were found (Nicolli et al., 2009).
4.1.7. Pampa plain of Buenos Aires Province
The Pampean plain of the Buenos Aires Province (Fig. 10) show

hosted multilayered aquifers: post-Pampean (shallow; depth: 2–10 m),
Pampean (phreatic/aquitard; depth 20–30 m) and Puelches (semicon-
fined/confined; depth: 20–50 m; thickness: 30 m average). The deep
basement of Precambrian metamorphic rocks at the NNE and the
Paleozoic rocks at the SSW form the impervious basement of the shallow
aquifer (depth: 2–3 up to 30 m). The Pampean aquifer, recharged by
rainfall, covers a verywide area of the southern Pampean region, where-
as the Puelches aquifer is extended mostly from the central towards the
northern areas. It is recharged by rainfall and by groundwater filtrated
from the Pampean aquitard; on the other hand, the Puelches aquifer
may supply the Pampean aquifer through pumping. Water flows SW–

NE, discharging into the Paraná river, de la Plata river and small river
basins.

The contaminationwith As–F has beenwell documented in ground-
waters from the center-southern areas of Buenos Aires Province. There,
the plain,flat landforms are alternative discharge areas inwhichAs con-
centrations increase by direct surface evaporation (Paoloni et al., 2002,
2005; Blanco et al., 2005). The flat areas restrict water circulation,
creating anoxic environments favorable to gleying, salinization and in-
creased vulnerability, with As reaching 100–1300 μg/L (Blanco et al.,
2005, 2006).
basin (from Nicolli et al., 2004, 2010).

Volcanic glass (mg/kg, 13 samples)

Min. Max. Aritm. mean Median

109 1020 545 722
b5 8 6 6
b5 17 8 8
4.3 27.7 15.0 10.6
35 101 59 55
0.6 1.9 1.3 1.4
2 3 3 3
b 20 273 – –

b10 74 22 14
36 107 59 53
21 2710 601 167
48 4050 1060 554



Fig. 9. Sketch map showing distribution of As concentrations in aquifers from centre-northern plain, Santa Fe Province. Main towns and roads are also given. Data are compiled from
Nicolli et al. (2009b). See also Fig. 1 (E).
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4.1.8. Northern plain of La Pampa Province
The stratigraphic column in the northern areas of La Pampa

Province (Figs. 11 and 12) comprises a crystalline basement covered
by clastic sediments (low permeability, fine texture aquifer from
Miocene) underlying the thick heterogeneous loess sequences
(aquitard-aquifer, Plio-Pleistocene/Holocene) buried by the loess,
loess like and sandy post-Pampean sediments (Holocene to Present).
Groundwaters of Na-bicarbonate type, oxidizing, neutral to alkaline
(pH 7.0–8.7), with a high salinity and high concentrations of As, F,
B, Mo, Se and U are hosted in upper Tertiary and Quaternary loess
and Aeolian silty loess sediments. A 99% of the samples exceeded
the WHO guideline value (10 μg/L As) and spatial distribution is
heterogeneous and apparently shows no relation to regional hydro-
geology. The groundwater composition is of high variability: As ranges
from b4 to 5300 μg /L in coexistence with F (30–2900 μg/L), B
(500–14,000 μg/L), V (20–5400 μg/L), Mo (2.7–990 μg/L) and U (6.2–
250 μg/L) (Smedley et al., 2002, 2005, 2008).

4.2. Hydrochemical differences between Pampean and Puelches sediments

The hydrochemistry of the multilayered aquifers are defined by a
heterogeneous lithostratigraphy and the local geomorphological fea-
tures exhibited in the north-eastern groundwater discharges zones
into Paraná and de La Plata rivers andminor water courses. The Atlantic
Ocean and endoerreic basins are the discharge areas of the southern
aquifers. Pampean groundwaters are changing from Ca-bicarbonate
type to Na-bicarbonate type along the flow. As concentrations show a
great variability within and among subregions, reaching up 1300 μg/L
in the Buenos Aires Province, with a maximum of 5300 μg/L in the
North La Pampa Province, significantly associated to F reaching up to
14,000 μg/L. Other trace elements were also found in high concentra-
tions: B, V, U, Mo, Se and Sb in the center-north plain of Santa Fe
Province (Nicolli et al., 2008b, 2009).
Remarkable hydrochemical differences do exist between the
Pampean and the Puelches aquifers: i) the Pampean groundwaters
are Ca-bicarbonate to Na-bicarbonate type waters from the recharge
area to the discharge in the Atlantic coast, with increasing concentra-
tions of As and other trace elements (B, V, Mo, Cr, U, Sn, Zn and Cu) in
the same direction. Near Bahía Blanca City, As concentrations vary
from 50 μg/L to 130 μg /L, (median: 39 μg/L); Cl− values range from
6 to 1688 mg/l (median: 132 mg/l); ii) the Puelches show good qual-
ity groundwaters of Na-bicarbonate type (Nab200 mg/L; Asb10 μg/L;
Fb1500 μg/L) with high chloride and increasing salinity towards the
discharge zone; iii) Arsenic contents range between 6.4 and 22 mg/kg
in the Pampean loess sedimentswhile the Puelches silicic sands present
a significantly lower amount (1.2–2.2 mg/kg).

The Puelches aquifer has a better groundwater quality, predominant-
ly of the Na-bicarbonate type (Nab200 mg/L), with lower As concentra-
tions (usuallyb10 μg/L: Blanco et al., 2006) and F reachingb1500 μg/L,
although it is affected by saline intrusion of deep groundwater and by
nitrates from landfills and agrochemicals (1.02–1020 mg/L) in Santa Fe
Province (Nicolli et al., 2009). However, in contrast to expectations in
view of the siliceous composition of Puelches Formation, in urban and
rural areas of Junín (N of Buenos Aires Province) groundwaters exhibit
As exceeding the WHO GV (Hernández et al., 2006; WHO, 2011).

4.3. Isotopic studies in the hydrogeological systems of the
Chaco-Pampean plain

Local changes in the groundwater recharge, the groundwater flow
direction, and the surface water–groundwater relationship were in-
vestigated by using hydrochemical and isotopic information. Since
1980, the INGEIS (Institute of Geochronology and Isotope Geology)
has performed many studies applying environmental isotopic tech-
niques in the Chaco-Pampean plain. In order to define the input func-
tion to the hydrological system, a careful registration of the isotopic



Table 6
Groundwater composition of samples from Esperanza district and centre-north-western areas, Santa Fe Province (from Nicolli et al., 2009).

Param./Ion Unit Esperanza district (26 samples) Centre-northern areas (141 samples)

Min. Max. AM Med. Min. Max. AM Med.

Temp. °C 18.2 19.9 19.5 19.8 15.7 23.4 20.3 20.3
SEC μS/cm 1110 1690 1330 1230 567 13100 2950 2070
OD mg/L 7.03 9.26 8.03 8.08 1.15 9.51 5.43 5.02
pH 7.62 7.87 7.76 7.77 6.90 8.72 7.70 7.69
Eh mV 383 402 390 387 289 525 382 377
Hardness mg/L 63.3 101 75.0 73.5 10.8 2130 222 121
Ca mg/L 16.0 25.5 18.8 17.7 2.76 439 51.5 29.3
Mg mg/L 5.42 9.04 6.82 6.78 0.95 252 22.8 11.3
Na mg/L 269 398 326 307 58.3 2960 697 510
K mg/L 15.6 20.6 18.0 17.0 6.57 137 34.9 24.8
CO3 mg/L 0 0 0 0 1.20 25.2 9.12 6.60
HCO3 mg/L 603 694 654 653 233 1750 791 761
SO4 mg/L 107 217 150 131 21.8 4850 502 228
Cl mg/L 43.1 127 73.1 56.6 3.50 2650 381 127
NO3 mg/L 5.59 25.1 12.8 6.18 1.02 1020 87.2 41.9
NO2 μg/L 8 62 42 43 b5 238 92 23
SiO2 mg/L 64.0 67.3 65.4 64.6 19.6 86.1 63.7 64.1
TDS mg/L 1150 1560 1330 1260 671 11100 2640 2030
CO2 mg/L 9.65 19.0 15.6 17.2 4.09 104 25.0 19.4

Trace elements
F μg/L 681 902 795 783 171 2840 781 681
As μg/L 19.5 53.6 35.1 37.2 15.0 780 97.8 70.6
V μg/L 42.4 120 72.2 70.0 b5 590 149 130
U μg/L 6.19 12.9 9.48 10.5 0.08 80.6 25.5 21.1
B μg/L 1250 1870 1450 1340 284 6380 2360 2210
Se μg/L b0.2 b0.2 – – b0.2 63.0 3.27 0.10
Sb μg/L 0.5 0.12 0.08 0.08 0.02 0.39 0.13 0.12
Mo μg/L 43.6 69.8 58.2 59.7 3.00 635 53 31.8
Al μg/L 13 31 21.8 19.0 10 4600 96.6 22.0
Fe μg/L 20 50 30 20 5 3290 110 50.0
Mn μg/L 0.80 23.7 8.32 3.60 0.50 513 18.9 2.20

Param./Ion: Physicochemical parameter or ion; Min.: Minimum value; Max.: Maximum value; AM: Arithmetic mean; Med.: Median; Temp.: Temperature; SEC: Specific electrical
conductance; DO: Dissolved oxygen; pH: measured in situ; Eh: Redox potential; Hardness: as CaCO3; TDS: Total dissolved solids.
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composition of the rain water in the main recharge zones were car-
ried out (Panarello and Albero, 1983; Dapeña and Panarello, 2007,
2008; González et al., 2009). From a hydrological point of view the
Pampean hydrological system is characterized by a predominance of
vertical water movements (evaporation–infiltration) over horizontal
flow and it shows a strong relationship between groundwater and
surface water. It works like a multilayered aquifer and the different
interbedded aquifer layers are recharged locally by infiltration of
rain water. Stable and radioactive environmental isotopes (2H, 18O,
13C, 34S, 3H, 14C) as well as chemical analyses were applied in a
study of recharge dynamic and salinization at La Plata City and sur-
roundings in Buenos Aires Province (Panarello et al., 1995; Dapeña
and Panarello, 2007). Table 9 shows a summary of the isotopic results.

5. Discussion

The Chaco-Pampean plain ismodeled by erosion–sedimentation pro-
cesses related to climate changes of greater and lessermagnitude, partic-
ularly those which occurred during the Quaternary and mainly in the
Holocene. This factors shaped the river basins, influenced their hydric re-
gimes (dominant dry climates in arid/semiarid zones referred to present
day and paleoclimates), the aquifer hydrochemistry and, consequently,
the As and other trace elements concentrations in groundwater.

Recent volcanism in the Southern Andes is the primary source of the
As found in the Chaco-Pampean plain hosting universally oxidizing
aquifers (100 mVbEhb525 mV). The weathering products of volcanic
rocks, mainly the volcanic ash transported from there over hundreds
of kilometers by aeolic processes and redistributed by aeolic-fluviatile
processes contribute to loess deposits into the basins of the Chaco-
Pampean plain. High pH values (i.e. from near 7.00 up to 9.24) favor
the processes of dissolution of volcanic glass shards and the leaching
of themineral species in loess sediments at universally oxidizing condi-
tions (DO concentrations in groundwater are up to 9.51 mg/L and Eh
values up to 525 mV: Nicolli et al., 2009, 2010).

The volcanic-glass dissolution and leaching processes of loess
sediments may give rise to the formation of oxy-anion species.
The dissolved species of arsenic are H3AsO4 (stable in a wide
theoretical range of pH: 2–13); other As-species, H2AsO3

−, H2AsO4
−

and H2AsO4
2− may occur. Species of As III (arsenite) may co-exist in

oxidizing groundwater with As V (arsenate) in important proportions.
In the northern plain of La Pampa Province contains 3–10% of the total
As (median: 3%: Smedley et al., 2002); at the Dulce River alluvial
cone, Santiago del Estero Province, the As III is extremely variable
ranging from 1.9% to 65.9% of the total As concentration. The associ-
ated trace-elements show B(OH)3 and B(OH)4; HVO4

2− and H2VO4
−;

[UO2(CO3)2.2H2O]34− and UO2(CO3)34− species. The mobilization of
F is favored by the formation of F- complexes with B, Fe III and Al in
similar environmental features (Nicolli et al., 2010).

All reactions are regulated by silicate hydrolysis and carbonate equi-
libria. As noted above, secondary CaCO3 concretions in the sediment
(calcretes) and also as nodules, layers or cement were found. The
CaCO3 content may be estimated in the range between 4.5% and 10.7%
(LOI range 6.42–12.7%, median: 9.31%). A carbonate reaction as:

CaCO3ðsÞ þ CO2 þ H2O→ Ca
2þ þ 2 HCO3

is an important processwhich generates high pH values due to CO2 con-
sumption and correspondingly lower pCO2 values.

Solubilization processes of volcanic glass and intensive leaching of
minerals hosted in loess sediments during the rainy–summer period
in a subtropical climate give rise to an efficient weathering that af-
fects water-rock interactions and contribute to an increasing amount



Table 7
Saturation indices calculated for chemical composition of groundwaters from Esperanza (19.5-53.6 μg/L As concentration) and centre-west Santa Fe Province, SF-92 (780 μg/L As
concentration) (from Nicolli et al., 2009).

PHASE Sample: Esperanza Sample: SF-92

SI Log IAP Log KT SI Log IAP Log KT

Al(OH)3(a) Al(OH)3 −1.89 9.28 11.17 −6.11 5.04 11.15
Albite NaAlSi3O8 0.31 −18.05 −18.36 −7.06 −25.41 −18.35
Alunite KAl3(SO4)2(OH)6 −4.42 −5.13 −0.71 −30.14 −30.87 −0.73
Anhydrite CaSO4 −2.44 −6.78 −4.34 −2.59 −6.93 −4.34
Anortite CaAl2Si2O8 −2.81 −22.68 −19.87 −7.77 −27.63 −19.87
Aragonite CaCO3 0.08 −8.22 −8.30 0.00 −8.30 −8.30
Ca-montmorillonite Ca0.165Al2.33Si3.67O10(OH)2 3.12 −42.71 −45.83 −14.86 −60.67 −45.80
Calcite CaCO3 0.23 −8.22 −8,45 0.15 −8.30 −8.45
Chalcedony SiO2 0.32 −3.30 −3.62 −2.29 −5.91 −3.61
Chlorite(14A) Mg5Al2Si3O10(OH)8 −3.48 66.99 70.47 20.81 91.20 70.39
Crisotile Mg3Si2O5(OH)4 −4.49 28.40 32.90 14.62 47.49 32.87
CO2(g) CO2 −1.92 −3.32 −1.40 −10.69 −12.10 −1.40
Dolomite CaMg(CO3)2 0.32 −16.64 −16.96 −0.43 −17.39 −16.96
Fe(OH)3(a) Fe(OH)3 1.47 6.36 4.89 −1.27 3.62 4.89
Fluorite CaF2 −1.89 −12.56 −10.67 −1.16 −11.83 −10.66
Gibbsite Al(OH)3 0.85 9.28 8.42 −3.37 5.04 8.41
Goethite FeOOH 7.16 6.36 −0.80 4.42 3.62 −0.81
Gypsum CaSO4x2H2O −2.20 −6.78 −4.58 −2.35 −6.94 −4.58
H2(g) H2 −28.60 −31.73 −3.13 −36.49 −39.62 −3.13
H2O(g) H2O −1.66 −0.00 1.65 −1.65 −0.00 1.65
Halite NaCl −6.36 −4.79 1.57 −6.24 −4.67 1.57
Hausmanite Mn3O4 −10.79 51.62 62.42 20.65 83.02 62.37
Hematite Fe2O3 16.31 12.73 −3.58 10.83 7.23 −3.60
Illite K0.6Mg0.25Al2.3Si3.5O10(OH)2 2.85 −38.17 −41.02 −11.18 −52.17 −40.99
Jarosite-K KFe3(SO4)2(OH)6 −5.09 −13.87 −8.78 −26.35 −35.14 −8.80
K-feldspar KAlSi3O8 1.46 −19.54 −21.00 −5.93 −26.92 −20.98
K-mica KAl3Si3O10(OH)2 8.74 22.26 13.52 −7.10 6.39 13.49
Kaolinite Al2Si2O5(OH)4 4.03 11.95 7.92 −9.64 −1.74 7.90
Manganite MnOOH −3.37 21.97 25.34 8.41 33.75 25.34
Melanterite FeSO4×7H2O −11.15 −13.43 −2.28 −26.70 −28.97 −2.28
O2(g) O2 −0.66 −3.60 −2.93 −1.07 −4.00 −2.94
Pirocroite Mn(OH)2 −7.53 7.67 15.20 0.31 15.51 15.20
Pirolusite MnO2 −6.00 36.27 42.28 9.76 52.00 42.24
Quartz SiO2 0.76 −3.30 −4.06 −1.85 −5.91 −4.06
Rodocrosite MnCO3 −1.30 −12.41 −11.11 −2.24 −13.35 −11.11
Sepiolite Mg2Si3O7.5OHx3H2O −2.47 13.44 15.91 5.91 21.82 15.90
Sepiolita(d) Mg2Si3O7.5OHx3H2O −5.22 13.44 18.66 3.16 21.82 18.66
Siderite FeCO3 −4.01 −14.87 −10.86 −19.48 −30.34 −10.86
SiO2(a) SiO2 −0.54 −3.30 −2.76 −3.15 −5.91 −2.76
Talc Mg3Si4O10(OH)2 −0.23 21.80 22.04 13.66 35.68 22.01

SI: Saturation Index; IAP: Ion Activity Product; KT: temperature dependent constant
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of As and associated trace-elements in groundwater, from the adja-
cent highlands of the piedmont areas (recharge areas) toward lower
zones in the plain with maximum concentrations in the distal areas
and/or alluvial fans at the discharge zones (Smedley et al., 2002;
Szramek et al., 2004; Nicolli et al., 2004, 2009, 2010, 2012). Arsenic
and other oxyanion species of trace-elements under circum-neutral
pH conditions are adsorbed onto the surface of Al- Fe- and Mn-oxides
and hydroxides (mainly hematite, goethite, Fe(OH)3(a), magnetite
and gibbsite) which are hosted as cement or as a coating in lithic
fragments of loess sediments. It is a mechanism of regulation of the
phenomena (Nicolli et al., 2008a, 2010, 2012).

When pH values in groundwater increase, environmental con-
ditions change and desorption processes may occur mainly from hy-
drous ferric oxide and goethite (Dzombak and Morel, 1990; Manning
and Goldberg, 1996; Hiemstra and Van Riemsdijk, 1996). Consequently,
oxyanion species may pass to the groundwater geochemical cycle
and contaminant trace-elements may increase its concentrations. The
above described phenomenon is very common at the main basins and
was quantified. This mechanism is the key process responsible for the
control of As and associated trace-element mobility (Nicolli et al.,
2000, 2008a, 2008b, 2008c, 2009, 2010, 2012). Desorption reactions
are likely to be enhanced by mutual competition between oxyanion
species for available adsorption sites on the oxides present (Manning
and Goldberg, 1996; Smedley et al., 2002). Moreover, the intense
evaporation process in shallow aquifers close to the ground surface
contributes to the increase of As and TDS (Nicolli et al., 2007, 2010,
2012). Cation-exchange processes also contribute to the increase of
Na, K and trace-element concentrations. Other factors and processes,
which may influence the dissolved As concentrations in ground-
and surface waters are specific patterns of climate, geomorphology,
geological/tectonic setting, groundwater-surface water interactions
and groundwater exploitation. Local factors also play an important
role in the control of high As concentrations in groundwaters, highly in-
fluenced by lithology-mineralogy, soils-geomorphology, actual climate-
pedoclimate and paleoclimates, hydraulic parameters and residence
time of groundwaters.

In addition, redox-reactions occur (Sracek et al., 2004). Besides that,
climate plays an important role, affecting dissolved As through evapora-
tion during the dry season or in arid or semiarid regimes with a low an-
nual rainfall and a high evaporation (Nicolli et al., 2010). Moreover,
poorly drained flat plains, lowlands and closed depressions that con-
centrate shallow unconfined groundwater, in turn being affected by a
slow drainage and a delayed runoff, are preferential landforms for
As-accumulation.

6. Conclusions

- Progressive knowledge during the last 100 years on hydro-
arsenicism in Argentina lead to the development of a conceptual
model to explain the geogenic enrichment of As and F, U, B, Se,



Table 8
Trace-element concentrations (μg/L) in different hydrogeological units of groundwa-
ters in the Salí River basin, Tucumán Province (from Nicolli et al., 2004).

Min. Max. Arit. mean Median

Shallow aquifers, depths: 3–15 m (42 samples)
F 50 3790 780 621
As 12.2 1660 159 45.8
V 30.7 300 95.6 77.3
U 0.03 125 24.4 14.2
B 34 9550 1590 490
Se 0.20 9.00 2.30 2.10
Sb 0.04 0.46 0.18 0.17
Mo 0.20 727 70.4 10.9
Cr 79.9 232 161 164

Deep aquifers, depths: 60–160 m (26 samples)
F 51 7340 563 229
As 11.4 107 37.9 33.7
V 48.4 113 74.7 72.4
U 0.11 13.2 3.76 3.27
B 35 1400 304 216
Se 0.20 3.50 2.10 2.10
Sb 0.04 0.30 0.11 0.10
Mo 0.4 93 11.1 4.0
Cr 129 250 197 199

Artesian aquifers, depths: 200–425 m (17 samples)
F 133 2170 569 214
As 16.2 76.9 36.4 26.5
V 44.8 162 77.5 63.8
U 0.10 6.19 1.78 1.29
B 60 904 302 225
Se 0.20 3.60 2.10 2.10
Sb 0.03 0.29 0.11 0.09
Mo 0.40 29.9 10.1 5.50
Cr 110 218 178 178

Fig. 10. Sketch map of southern Pampa plain of Buenos Aires Province showing As distributio
are also given. The isolines are taken from Paoloni et al. (2002). See also Fig. 1 (G).
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Sb, Mo, V, etc., mainly in shallow groundwaters hosted in the
Chaco-Pampean oxidizing aquifers (fine textured calcareous
Quaternary loess-type sediments).

- These sediments (and interbedded discrete volcanic-ash layers)
are the main primary source of As and associated trace-elements.
Volcanic-glass dissolution and leaching of loess-type sediments
provoke As (and associated trace-elements) translocation to the
groundwater cycle, a process favored by high pH values (neutral
to 9.25) in Na-bicarbonate type waters, which also favor the for-
mation of oxyanion complexes of the mentioned trace-elements.

- Sorption processes of this species onto the surface of Al-, Fe- and
Mn-oxides and hydro-oxides may occur, although in groundwater
with high pH values desorption processes occur, giving rise to a
significant increase of As and associated trace-element concentra-
tions. Those are the key processes of contaminant trace-element
enrichment of the aquifers.

- As concentrations spans fromb10 to >5000 μg/L with maximum
concentrations in shallow groundwaters from La Pampa Province.
Many of the groundwaters have high alkalinity and the weathering
of albite and volcanic glass leads to high pH values, carbonate disso-
lution and ion exchange. As(V) predominates over As(III).

- Local scale phenomena, such as small slope changes or variations in
the grain-size and texture, play a significant role in trace-element
concentrations. In some basins, a high grade of spatial variability in
groundwater chemistry over short distances indicates restricted
groundwater flow with poor mixing and lack of homogenization,
due to low permeability in loess sediments, mainly in shallow levels.
Evaporation may also contribute to As-concentration.

- High concentrations of As, F and other trace-elements, and high
salinity (and/or hardness) limit the water use in peri-urban and
rural areas and render it toxic for human consumption. Conse-
quently, hydro-arsenicism illnesses (locally known as HACRE) de-
velop, sometimes associated with dental and/or skeletal fluorosis
n. Main cities and towns, coastal sand dunes, and province and department boundaries



Fig. 11. Sketch map of northern La Pampa Province showing distribution of As concentrations, main towns, department boundaries (Rancul, Conhelo, Trenel and Maraco), roads and
sampling groundwater locations. Locations of the cored boreholes (Talleres Norte and Tamagnoni) are also given. Modified from Smedley et al. (2002). See also Fig. 1 (H).
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(2–8 million inhabitants potentially affected). The affected areas
in Argentina are four times larger than the Bengal-basin area
(India and Bangladesh) where authorities must promote preven-
tive activities for preserving public health.

- Future research on Chaco-Pampean aquifers must include system-
atic characterization of shallow and deep groundwaters and
environmental-isotopic studies with the aim of identification of
recharge zones, with high priority mainly in some areas with
lack of this information like the Chaco-Salteña plain,

- Moreover, the identification of As species in groundwaters of
various areas must be performed, mainly in the eastern plain of
Calcrete

Fault

Recharge

Groundwater l

Pampean aquifer
(Quaternary)
Pampean aquitard
(Quaternary)
Pre-Pampean formations 
(upper and middle Tertiary)

Metamorphic b
(Precambrian-

?

W

La Maruja

Ing.

?
?

?

Altitude
(m a.s.l.)

300

200

100

Foster

0

Fig. 12. W-E hydrogeological section of northern La Pampa plain. Model of groundwater fl
zones of discharge in low-lying areas. The distribution of pre-Pampean formation is poor
Pampean sediments. Elsewhere in the section, the Pampean is underlain Tertiary sediment
Tucumán Province and other areas with important faulting and
movement of blocks as southeastern plain of Córdoba Province
and center-northern plain of Santa Fe Province. Such studies
should include speciation of associated trace-elements.

Acknowledgements

Arturo J. Barros was responsible of chemical analyses of waters,
sediments and volcanic glass. The authors wish to acknowledge CON-
ICET (Argentine Scientific Research Council) for additional funds from
PIP No. 5775. The authors thank the CYTED Project IBEROARSEN
10 km

evel

asement
Upper Paleozoic)

Forest

Groundwater flow path

Sand dunes

? ?

(horizontal scale)

?

Evaporation
Eduardo
Castex

E

?

100

0

ow in the Pampean and deeper aquifers showing regional flow gradient and localized
ly characterised. In the west (Ing. Foster area) sediments of Triasic age underlie the
s. Modified from Smedley et al. (2002).



Table 9
Summary of the isotopic data on recharge dynamic and salinization of groundwaters from La Plata city and surrounding (Buenos Aires Province).

Well Aquifer SEC (μS/cm) δ18O (‰) ± 0.2 δ2H (‰) ± 1 d (‰) ±2 3H [TU] 14C δ13C (‰) ± 0.2

P1 Pa+Pu PA 743 −4.9 −25 14 2.6±0.7 100±3 −16.2
P2 Pa PA 1090 −5.4 −29 15 b1.3 104±3 −13.2
P3 Pa+Pu PA 812 −5.4 −28 14 b0.9 91±3 −14.3
P4 Pu PB 20500 −2.8 −18 4 b1.0 36±3 −7.6
L1 Pu PB −2.7 −15 7 - - -
P6 Pu PA 1157 −5.6 −30 15 1.6±0,7 92±3 −13.6
P7 Pu PA 748 −5.3 −29 13 b0.7 80±3 −10.4
R5 R −5.2 −36 6 23.9±1.7 – –

PA: High plain; PB: Low plain; R: river; SEC: Specific electrical conductance; d: deuterium excess; Pa: Pampean aquifer; Pu: Puelches aquifer.
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