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Abstract Excessive arsenic concentrations above the
Argentinean and WHO guidelines for drinking water
(10 pg LY affects shallow aquifers of the southern
Pampean Plain (Argentina) hosted in the Pampean and the
Post Pampean formations (loess and reworked loess; Plio-
Pleistocene—Holocene). Health problems related to high
As concentrations in drinking waters are known as
Endemic Regional Chronic Hydroarsenicism. Hydro-
chemistry of shallow groundwaters and soil geochemistry
were investigated aiming to (1) understand the partition of
As in the solid phase and its relationship with unaccept-
able As concentrations in waters, (2) identify the provi-
sion source of As to groundwaters. Only 5% of the
samples had As concentrations <10 pg L™'; in 27% As
concentrations ranged from 10 to 50 pg L™' and in
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58% it reached 60-500 ug L™'. The coarse fraction
(50-2,000 um) hosts about 27% of the total As in the
solid phase, being positively correlated to Ba (p < 0.01;
r» = 0.93). About 70% is included in the <2 pm fraction
and had positive correlations of As-Fe (p < 0.05;
r» = 0.85) and As—Cr (p < 0.05; * = 0.68). Soils and
sediment sand fractions of vadose zones are the primary
sources of As in shallow groundwater while adsorption—
desorption processes, codisolution—coprecipitation, and
evaporation during the dry seasons raise As concentra-
tions in waters exceeding the guideline value for drinking
water.
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Introduction

Drinking water is probably the main arsenic input placing
human health at risk. Populations where the only source of
water has high (>10 pug L™") arsenic concentrations have a 1%
higher chance of developing some types of cancer (Morales
et al. 2000). These effects may be apparently developed after
5-15 years consuming daily doses of As from 10 pg kg™ per
day and from 0.5 to 3 years at doses higher than 40 pg kg™'
per day (Batthacharya et al. 2003). However, not all persons
consuming As-contaminated waters will suffer from arsenical
pathologies; however, according to environmental character-
istics they could potentially expose to develop arsenical dis-
eases over time (>20 years; Chowdhury et al. 2000). In terms
of the actual number of people atrisk, this means a serious need
to carry out basic research and more knowledge about the
origin and mobility of this toxic trace element so that remedial
actions could be taken. In recent years a considerable amount
of literature has been published reporting new areas around the
world with high As concentrations in groundwater used for
human consumption (Welch and Stollenwerk 2003) and par-
ticularly in Argentina, where arsenical pathology was detected
the first time early in the twentieth century, and in the neigh-
boring Uruguay (Ayerza 1917a, b, 1918; Galindo et al. 2007;
Manganelli et al. 2007; Francisca and Carro Perez 2009). Skin
lesions, skin cancer, soft tissues cancer, neuropathy and vas-
cular pathologies are strongly linked to As-water consumption
for long periods (Ratnaike 2006). Many areas in Argentina are
not investigated for As in their aquifers, and thus the people
may not realize that they are consuming As-toxic waters. As
more studies are developed, this contaminant is detected in
increasing risk areas and revealing an important public health
problem since development of As-symptoms may be delayed
for more than 20 years.

Phreatic groundwaters are mostly utilized, being exploi-
ted by wells at a shallow depth that reach the upper section of
the Pampean and the Post Pampean formations built up of
aeolian loess (Plio-Pleistocene) or re-worked loess sedi-
ments (Holocene). The quality of drinking water pumped
from shallow aquifers of the southern Pampean Plain
(Argentina) is affected by natural arsenic concentrations
higher than the limit laid down in the Argentine Food Stan-
dards Code (CAA 10 pg L™") and by the guideline value of
World Health Organization (1995) exposing a wide section
of the rural population to health hazards. Industrial effluents
and mining spills or any other anthropic activities do not
provide As to aquifers of the SW pampean region; hence,
excessive As is exclusively naturally originated. Health
problems related to high As concentration in drinking water
from the Chaco-Pampean Plain are known as Endemic
Regional Chronic Hydroarsenicism (in Spanish: HACRE)
acronym for HidroArsenicismo Crénico Regional Endémico
(Tello 1951). Conceptual models proposed to analyze the
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arsenic path to groundwaters accounting for the health
As-hazard in Bangladesh, West Bengal, India, certainly do
not explain groundwater contamination in the Chacopam-
pean region of Argentina in view of profound environmental
differences and of their contrasting geopedogenetic evolu-
tion. In the south Asian region, the modes of As release from
lithology to waters range from the oxidative or reductive
degradation of As-bearing solids to competitive ligand dis-
placement by phosphate, being reductive dissolution of
Fe(Ill) (hydr)oxides, the most widely accepted explanation
of arsenotoxicity (McArthur et al. 2001; Anawar et al. 2002;
Polizotto et al. 2005).

The As concentrations in groundwater in the southern
Pampean Plain are mainly related to the geology of saturated
and vadose zones of aquifers, the latter including loess sedi-
ments, parent materials, and loess-derived soils. The regional
evaluation of the arsenic content in soils and sediments and its
spatial distribution contribute to understanding the geo-
chemical background, the identification of sources, and its
geoavailability. According to Gatuszka (2007), the geo-
chemical background is a theoretical natural concentration of
a substance in a specific environmental sample or medium
considering the spatial and temporal variables. Knowledge on
natural background indicates the base level of an element that
permits to distinguish acceptable contents from those toxic
either natural or anthropic origin in a given area.

The working hypothesis is that arsenic distribution in the
studied region appears to be closely related to its partition
in the different subfractions of the loess’ solid and aqueous
phases in every landscape position. In order to reach deeper
insight into these relationships, a geochemical study was
performed in Holocene soils developed in calcareous loess
and in lacustrine sediments identified in different landscape
segments of the southern Pampa where shallow ground-
waters show high As concentrations.

Thus, this was developed to investigate the distribution
of arsenic in the different particle size fractions making up
the soils and sediments of the southern Pampa region with
a view to understanding the soil-water relationship and its
contribution to natural arsenic in the phreatic aquifers.

Antecedent studies and regional setting

The study region is situated in the south of the Pampean
Plain and comprises a region settled in the southern section
of Buenos Aires Province, Argentina, approximately
150 km NE of Bahia Blanca city. The area is part of the
Positive Morphostructural Domain of Ventania. It is a
typical plain landscape of the Western Subventanic Plain
(WSP) of Buenos Aires that extends from the hilly area of
Sierra de la Ventana towards the Atlantic coast (Gonzalez
Uriarte 1984). This unit is dissected by several main rivers
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(Sauce Grande, Sauce Chico, Naposta Grande, Saladillo
Dulce and Saladillo de Garcia) and presents several
depressions containing lakes that behave as local discharge
areas during the rainy season and as evaporative surfaces in
the dry season. The climate is temperate subhumid transi-
tional to semiarid. Pedoclimate changes from udic to ustic
to the south of the 600-mm mean annual rainfall isoline.
Locally, the water table is very close to the surface con-
tributing to the development of hydromorphic processes.
The native vegetation cover includes mainly steppe and
prairie species (“Pastizal pampeano”, Stipa, Piptochae-
tium, Aristida, Melica, Briza, Eragrostis and Po; Cabrera
1976).

Very few studies have been carried out on sediment—
groundwater interaction in this region of Argentina (Blanco
et al. 1999b; Morras et al. 2002); natural concentrations
including arsenic depend on the geology of sediments and
soils. Downward movement of the aqueous phase may
transport As through the vadose zone to groundwater
accounting for the As-toxicity of waters (Blanco et al.
2006; Galindo et al. 2007; Heredia and Fernandez Cirelli
2009). A close relation of the environment to public health
does exist, mainly in the wide rural and urban sectors of the
population without access to uncontaminated drinking
water.

Methods and materials

The study area is located in the Coronel Dorrego District
(Buenos Aires Province, Argentina) between 38°18’,
38°58'S and 61°31’, 61°43'W. Aiming to a hydrochemical
characterization, to determine As concentrations ([g LY
and to analyze their spatial distribution to detecting ele-
vated As concentrations in groundwater samples (n:111)
were collected from the phreatic aquifer during humid and

dry seasons. Water was accessed by wells and perforations
and three replicates were collected at every sampling site.
The geographic distribution of sampling sites is shown in
Fig. 1. As concentrations were determined by HG-ICP-
OES (detection limit 0.33 ppb). A map of isolines was
drawn (Surfer V. 8) to visualize the regional distribution of
As in the phreatic aquifer. Groundwater in contact with the
studied soils yielded high As-concentrations (LGyaeer
250 pg L~ !and SDyacer 100 pg L_l); parent materials are
Holocene aeolian loess in the plains and lacustrine sedi-
ments in the depressions. Disturbed soil samples (0-30 cm,
LGI; 30-60 cm, LG2; 60-90 cm, LG3; 90-120 cm, LG4,
120-150 cm, LG5 and 0-30 cm, SDI1; 30-60 cm, SD2)
and three replicates were collected at every site. Texture
was determined; the sand fraction (50-2,000 pum; wet
sieving), the silt fraction (2-50 um) and <2 um clay
fraction (Robinson pipette method) were collected sepa-
rately. In the sand and in the clay particle size fractions,
As and 29 trace elements were determined by INAA
(in ACTLABS; Ontario—Canada, detection limit:
0.5 mg kg~ "). Simple linear correlations were performed
among the variables studied at the 5 and 1% significance
levels.

Results and discussion
Arsenic concentrations in shallow groundwater

Hydrochemistry and As concentrations in phreatic waters
are shown in Table 1. Shallow aquifers host highly min-
eralized waters with As concentrations in the range of
50-500 pg L™!, which exceed the WHO guideline value
(10 pg L™"; World Health Organization 1995). Rainfall
recharges the aquifer at Sierra de la Ventana hilly system
and is distributed into the extended WSP plain (1%

Fig. 1 Groundwater and soils-
sediments sampling sites "
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Table 1 Spatial and seasonal variability of hydrochemistry and As concentrations in shallow groundwaters

SEC (dS m™") pH As (ng L7 F (ppm) B (ppm) PO,>~ (ppm) DO (mg L™
Recharge
Humid season 0.12 7.5 - 0.10 0.14 - 13.0
Dry season 0.40 7.9 - 0.10 0.10 0.10 9.0
Discharge
Humid season 0.80 7.9 30 0.91 0.85 - 13.0
Dry season 0.87 8.4 180 1.60 1.00 0.10 14.0

Total number of samples: n: 111. Figures are arithmetic means

SEC Specific Electric Conductance, As Arsenic, F Fluoride, B Boron, PO}~ Phosphate, DO Dissolved oxygen

gradient) S, SW, SE direction discharging at the Atlantic
coast where high As-concentrations were determined in
groundwater (Paoloni et al. 2005).

Groundwater in the recharge is Ca-bicarbonate type, has
an almost neutral to slightly alkaline reaction either in the
rainy and the dry season, and is devoid of As being
acceptable as drinking water. At the aquifer discharge, the
waters are Na bicarbonate type and As-enriched above
the threshold (humid season: 30 pug L™'; dry season:
180 ug L") and are associated with an elevated pH,
respectively, from 7.9 in the humid season up to 8.4 in the
dry season. The general trend of groundwater shows As
increments exceeding 10 pg L™' from the recharge to the
discharge in the Atlantic coast. However, the aquifer
anisotropy conducted gradual and discrete local changes
according to rainfall input, basin morphology, flow veloc-
ity, loess characteristics, soil type, and land use. In agree-
ment, although groundwater is ever hosted in loess
sedimentary sequences, the relationship between rainfall
and As concentration was inverse in the same direction
(Blanco et al. 2006). The most influencing environmental
variables of As occurrences are soil pH, hydraulic con-
ductivity, soil type, aquifer type, well depth, elevation,
sand, silt and clay fractions, mean annual precipitation,
temperature, and land use (Blanco et al. 2006; Camacho
etal. 2011). Although phosphate concentration appears as a
control factor of As in groundwaters, this component was
not analyzed in this study.

At the recharge, despite the elevated rainfall, the high
topographic gradient determined a slow weathering rate
owing to a short period of contact between loess sediments
and waters, yielding to acceptable As in groundwater.
Here, the solid phase remains stable in a mild hydro-
chemical environment of neutral pH and oxidizing char-
acteristics, silicate hydrolisis being the main mechanism of
As release from the loess to the phreatic aquifer. The
amount of released As is low and does not reach toxic
levels.

Spatial predictions on As concentrations cannot be
achieved; however, the plain landform towards the
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aquifer’s discharge causes a slow flow velocity and flush-
ing, a more aggressive hydrochemistry, and a longer resi-
dence time of water that drives an increase up to excessive
As towards the discharge zones, close to the coast. A
similar variability was demonstrated too in both the humid
and the dry seasons for surface waters (Table 1). The As-
concentration isolines are widely separated and show an
almost parallel pattern (Fig. 2), indicative of gradual spa-
tial changes in As concentrations. Nevertheless, patches
with the highest As-concentrations that had no apparent
relation to regional discharge flux are detected. Specific
electrical conductance (SEC) varied between 0.9 and
5dSm™" and showed a comparable trend though with a
more irregular distribution pattern. Water infiltration and
vertical movements predominate as a consequence of the
plain relief and the high evapotranspiration during the dry
season. Evaporation rises As concentrations up to exces-
sive levels. Only 15% of the analyzed samples have As
concentrations <10 pg L™'; in 27% of samples they range
between 10 and 50 pug L™', and in 58% of the samples
between 60 and 500 pg L™". As is positively correlated to
high F, B, and V (Paoloni et al. 2005), though these ions do
not exhibit an analogous spatial distribution pattern as
described in other sectors of the Pampean region (Nicolli
et al. 1989; Smedley et al. 2002, 2005; Galindo et al. 2007).
A positive As and V correlation was already found
in Coronel Dorrego district in 58.7% of water samples
(Fiorentino et al. 2007). Sorption—desorption is influenced
by changes in the pH of water, which may promote As
attachment or detachment from clay particles; this last
process caused high arsenic concentrations (USGS 2000;
Partey et al. 2009).

Arsenic and associated elements in loess soils
and sediments

Soils developed in loess parent materials of the distal inter-
fluve plains and of the proximal extremes of the WSP include
detrital grains of quartz (11-29%), feldspars (orthoclase
11-27%), plagioclase (7-12%), volcanic glass (9-19%),
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Fig. 2 As-isocentrations
expressed in mg L~ "in phreatic
waters of Coronel Dorrego
District Buenos Aires province,
Argentina
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phytoliths (3—14%), biotite (1-5%), muscovite (1-2%), and
lithic fragments (15-30%) in their light fractions. In the
heavy mineral suite, frequent opaque minerals (20-30%),
scarce tourmaline (1-3%), zircon (1-4%), rutile (1-4%),
common olivine (5-7%), epidote (5—17%), augite (5-20%),
hypersthene (1-9%), lithic fragments (12-28%), green
hornblende (18-40%), a little brown hornblende (1-9%),
biotite (2-13%) and scarce muscovite (1-5%) were identi-
fied (Blanco et al. 1997). Volcanic glass consists of small
shards of acidic and basic composition, mostly fresh
although there appear some particles with a linear, irregular
and surface pattern of weathering with increased frequency
towards the proximal sectors of Ventania Hills in accordance
with the udic soil moisture regime.

Alteration developed 2:1 clays (Blanco and Sanchez
1995). Illite, illite/smectite, chlorite/smectite and amor-
phous are the most abundant clay minerals that may
influence As behavior, coexisting with other silicate min-
erals such as quartz, microcline, orthoclase and plagioc-
lases with pyroxene or amphibole, ilmenite, and apatite
particle size <2 pm (Blanco and Séanchez 1994; Blanco and
Amiotti 2001; Blanco et al. 2003). No discrete As minerals
were identified petrographically in any of the studied
fractions, from which it may be surmised that arsenic is
hosted in the crystalline structure of some primary minerals
by isomorphic substitution.

The loam to heavy loam soil texture is uniform
throughout, indicating a uniform lithologic source. The
texture of soils is shown in Fig. 3. In general terms, sand

AN AN ANA A
‘ r A

Y/ AVAVAVAVAVAVAVAV/
TR0
v t'Aé ¢ v v

> B B v v @

+—— Sand Separate, %

Fig. 3 Textures of the studied soils and sediments

content ranged from 41.9 to 58.9%; the fine fraction has
17.9-32.7% silt and 19.6-34.0% clay. The very fine sand
particle size predominates in the sand fraction.
Contribution of Ventania System rocks to As-contami-
nation through weathering of mainly quartzites is nil, but
loess plays a role in regional arsenic distribution since the
phreatic aquifer interacts with loess-derived soils and
sediments containing from 4.3 to 7.8 mg kg~ ' of As in the
sand fraction of LG soil, and slightly higher from 7.8 to

@ Springer
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Table 2 Arsenic and other trace elements contents in the sand fraction (50-2,000 pm)

LGl LG2 LG3 LG4 LG5 SDI1 SD2
As mg kg™ 43 49 5.1 73 7.8 7.8 8.3
Ba mg kg™ 510 490 535 640 640 625 625
Br mg kg™~ 0.5 15 12 29 0.5 0.5 0.5
Ca (%) 3 2 3 6 3 2 3
Co mg kg™! 6 7 8 10 9 6 5
Cr mg kg™ 27 25 21 30 25 25 18
Cs mg kg™ 3 4 3 4 4 3 2
Fe (%) 2.43 2.30 2.69 2.96 2.84 2.15 1.75
Hf mg kg~' 3 4 4 4 4 4 3
Mo mg kg™ 4 2 1 2 1 1 2
Na (%) 3.03 2.98 3.03 2.80 3.01 3.02 291
Ni mg kg~' 30 94 31 34 35 30 29
Rb mg kg™ 64 75 66 58 93 44 43
Sb mg kg™ 0.6 0.6 0.5 0.8 0.5 0.5
Sc mg kg™! 7.3 7.7 9.4 10.0 11.1 7.6 6.6
Th mg kg™ 5.7 5.2 5.7 6.6 5.7 49 49
U mg kg™ 1.4 1.7 2.1 22 1.8 1.6 1.1
Zn mg kg~! 49 48 77 266 433 48 47

8.3 mg kg~ ! in that of SD soil (Table 2). Considering the
50- to 2,000-um fraction of LG soil, the top soil had the
lowest arsenic content (LG1, 4.3 mg kg™") of all samples.
The highest content was found in LG5 (7.8 mg kg™ ).
Approximately 27% of arsenic in the solid phase occurs in
the sand fraction.

Most (approximately 70%) of the arsenic occurs in the
<2 um fraction. The clay fraction contains 8.9-
29.8 mg kg~ ' of As and shows a higher vertical heteroge-
neity than the sand fraction, which may be attributed to its
reactive character and to the occurrence of adsorption—
desorption processes (Table 3). The <2 um fraction
belonging to the SD1 top soil solid phase, affected by an
oscillating water table, and subjected to periodic waterlog-
ging, has a lower As content (SD1: 15.6 mg kg~ ') than the
underlying horizon (SD2: 29.8 mg kg™ '). The latter content
is the highest detected in the present study; however, all of
them are normal values in soils and sediments. As enrichment
in SD2 can be explained by the higher water-holding capacity
of the pores owing to the higher 2:1 clays content than SD1
(SD1, 19.6%; SD2, 30.1%) and to the longer residence time
of the water in the soil because of the flat-to-concave
characteristics of the local geomorphic environment.

Other trace elements determined in high amounts in the
solids although not evaluated in groundwater were Fe, Ba,
Zn, Cr, Co, Br, Rb, and Ni (Tables 2, 3). The clay fraction
of LG soil contains 165-400 mg kg~ ' of Ba, whereas the
clay fraction of SD soil has significantly less (SD1 = SD2
49 mg kg~ '). Ba occurs in the structure of feldspars and
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their weathering products; it can be recognized in the light
subfraction of the loess mineral association.

Zinc content in the sand fraction of LG soil ranged from
48 to 441 mg kg™, the highest quantity being found at
depth. In the SD sand fraction significant less Zn contents
occur (47-48 mg kg "); however, the SD clay fraction had
smaller Zn contents than LG (LG: 49-441 mg kg~ '; SD:
46-47 mg kg™ h).

Cobalt content amounted to 6-10 and 9—17 mg kg™' in
the sand and clay fractions of LG soil, respectively. In SD
soil, 5-6 mg kg~ was determined in the sand fraction and
12-13 mg kg~ in the fine fraction. The Cr content of the
sand and clay fractions of LG soil and in the sand fraction
of SD soil was found to be similar (LG sand
21-30 mg kg, LG clay 22-32 mg kg™, SD sand 18-25
and 14-18 mg kg™ "); in the SD clay fraction Ni content
was: LG sand 30-94 mg kg~ ', LG clay 45-54 mg kg™ ';
SD sand 29-30 mg kg~', SD clay 42-45 mg kg™'.

The source of Zn, Co, Cr, and Ni can be traced to sul-
fides and ferromagnesian silicates of the loess heavy min-
eral fraction (Rankama and Sahama 1962). Cr evolution
follows Fe in the process of magmatic fractionated crys-
tallization; Cr is also found in olivine and in the Fe oxide
phases. Similarly, Ni can be incorporated into olivine
crystalline structure through isomorphic substitution. Rb
(LG soil sand 58-93 mg kg™ ', clay 14-113 mg kg~ '; SD
soil sand 43—44 mg kg™, clay 14-54 mg kg™ ') is associ-
ated with the presence of K-feldspars and is found in both
the sand and clay fractions.
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Table 3 Arsenic and other trace elements content in the clay fraction (<2 pm)
LGI LG2 LG3 LG4 LGS SD1 SD2

As mg kg_1 11.6 8.9 10.6 20.6 15.9 15.6 29.8
Ba mg kgfl 400 227 165 250 49 49 49
Br mg kg™ 24.9 42.3 13.5 9.4 6.3 4.0 12.3
Ca (%) 0.9 0.9 0.9 0.9 0.8 1.0 3.0
Co mg kg™ 17 17 14 13 9 12 13
Cr mg kg™ 32 32 28 25 22 18 14
Cs mg kg™ 7 7 8 7 6 4 4
Fe (%) 4.60 4.11 3.58 2.76 2.71 3.25 1.20
Hf mg kg~' 3 4 2 2 2 2 4
Mo mg kg™ 5 1 1 4 1 1
Na (%) 6.11 5.01 5.87 6.04 7.80 5.22 5.90
Ni mg kg™ 49 45 48 50 54 42 45
Rb mg kg~ 43 84 73 113 14 55 14
Sb mg kg~ 0.5 0.6 0.8 0.6 0.4 0.4 0.4
Sc mg kg™! 18.2 22.1 20.2 15.5 13.6 10.3 12.7
Th mg kg~ 4.9 6.5 8.3 8.1 7.9 6.5 4.1
U mg kg ! 0.5 0.5 2.0 0.5 14 0.5 0.5
Zn mg kg™ 49 74 441 256 48 46 47

Both fractions of all the studied soils contain U (LG 10
sand 1.4-2.2 mg kg~ ' and SD sand 1.1-1.6 mg kg~ '; LG ~ 8
clay 0.5-2.0 mg kg~ ' and SD1 = SD2 clay, 0.5 mg kg™ ). % 6
Such contents are lower than in Quaternary loess of north E 4
and northeastern Argentina (U: Esperanza 2.65 mg kg™ '; 2 2 As= -7£1=;.o§g2 Ba
Villa Trinidad 2.79 mg kg™ '; Nicolli et al. 2001). U does o4 ' ' ' '
not appear to fit well in any mineral structure due to its 450 500 550 600 650
large size. It has been identified in low-temperature pres- Ba (mg/kg)

sure minerals that are late in forming. The abundance of U
tends to increase with silica content. U can also be abun-
dant in certain accessory minerals (Bea 1999). In the
present case, rock fragments and the accessory zircon,
apatite, and titanium silicates found in loess materials
could supply U to the sand and clay fractions.

A highly significant positive correlation was observed
between As and Ba in the sand fraction (p < 0.01;
» =0.93) and significant inverse correlations exist
between As and Cr (p < 0.05; 2= 0.68) and between As
and Fe (p <0.05; r*=0.85) in the <2 pm fraction
(Figs. 4, 5, 6). Comparable correlations were found by
Nicolli et al. (2009). All these elements are found in the
Holocene aeolian loess and/or loess-derived sediments
reworked by fluvial or aeolian processes. Hence, they could
be affected by precipitation—hydrolysis—dissolution reac-
tions releasing As and Fe and introducing too minor
amounts of these elements into mineral structures formed
by coprecipitation (i.e., Fe-oxides) in the geochemical
environment. On the other hand, codissolution controlled
by mineral stability gives rise to As release from the

Fig. 4 Simple linear regression of As versus Ba in the sand fraction
(50-2,000 pm), (p < 0.01)

40
;ﬁ 30 . As = 37,22 -0,86 Cr
) ”0 R? = 0,68**
£
N
g 10
0+ ; ; ,
10 20 30 40

Cr (mg/kg)

Fig. 5 Simple linear regression of As versus Cr in the clay fraction
(<2 pm), (p < 0.05)

coprecipitated solid phase and mobilization into water
leading to lower As contents in the mineral structure and,
consequently, an increase of As in solution (Litter et al.
2008). Coprecipitation/codissolution mechanisms could be
an argument in favor of the inverse correlation As—Fe
found in the <2 pm fraction.
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Fig. 6 Simple linear regression of As versus Fe in the clay fraction
(<2 pm), (p < 0.05)

Spatial distribution of As in phreatic groundwaters

There is no apparent regional trend in the arsenic ground-
water distribution in the Pampa region of Argentina (Pao-
loni et al. 2000; Smedley and Kininburgh 2002; Smedley
et al. 2002; Bundschuh et al. 2004; Galindo et al. 2007). A
similar highly irregular geographic configuration in the
spatial distribution pattern of groundwater arsenic, gener-
ally found in patches, has been observed in a wide area in
the extreme south of the Pampa region, comprising the
SW-SE section of Buenos Aires Province (Paoloni et al.
2000, 2003). The detailed studies based on a higher density
of sampling points also show variable distribution in more
restricted areas of Buenos Aires Province such as the
Coronel Dorrego district. The wide variation in As levels
even within short distances as well as the concentration
increases towards the discharge areas are likely to depend
on local factors such as geomorphology and landscape
position, relief and slope characteristics, texture and sedi-
mentary sorting, the residence time of the water, and the
aggressiveness of the microenvironment in the vicinity of
the mineral grains (Blanco et al. 1999b; Nicolli et al. 2006).

Sources of As to groundwaters

It has been generally accepted that the high arsenic con-
centrations in water are related to the presence of volcanic
glass, commonly making up between 15 and 30% of the
mineral constituents of the sand fraction of the Quaternary
loess sediments covering the Pampean plains. To date, the
direct dissolution of volcanic glass has been considered the
major source of arsenic in Pampean aquifers (Nicolli et al.
1989; USGS 2000; Smedley and Kininburgh 2002;
Smedley et al. 2002; Galindo et al. 2007; Ruggieri et al.
2010). However, in addition to volcanic glass there are
other sources in the loess sediments (Blanco et al. 1999a, b;
Smedley et al. 2002; Bundschuh et al. 2004). The sand
fraction of loess soils and sediments of the SW Pampean
region contains between 6.4 and 22.0 mg kg_1 of As
(Blanco et al. 1999a). These amounts are similar to those
determined in: (1) soil and sediments from different loca-
tions of the Pampean region known to receive sedimentary
contributions from several sources (3-27 mg kg™ '; Morras
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et al. 1998), (2) acidic volcanic ash (6 mg kg_l; Bund-
schuh et al. 2004), and (3) volcanic glass (6 mg kg*1 in
average, range 2.2-12.2 mg kg™'; Smedley and Kinni-
burgh 2000; Smedley et al. 2002, 2005). Furthermore, both
the light and heavy sand sub-fractions belonging to soils
developed in loess exhibit variable quantities of arsenic,
ranging from 8.8 to 29.0 mg kg~ ' in the light and from
15.0 to 26.0 mg kg_1 in the heavy fraction.

As a whole these data indicate a certain degree of
ambiguity on the precise source of the As found in
groundwater. It can, therefore, be held that (1) the high As
concentrations in groundwater do not originate exclusively
in the volcanic glass clasts found in the light sand sepa-
rately, (2) other mineral constituents of both soil and sed-
iment sub-fractions contribute to As concentrations, (3)
adsorption—desorption processes onto the clay particles, (4)
codissolution—coprecipitation largely control mobility and
therefore As-concentrations in groundwater flux paths
(Partey et al. 2009), and (5) evaporation during the dry
seasons rises As concentrations in waters up to an excess.

The amount of arsenic in groundwater in the study
region largely exceeds the WHO and the Argentinean
guidelines for drinking water of 10 pg L' (LGyater
250 pg L' and SDyue, 100 ng L~'; World Health
Organization 1995). LG water samples were collected from
a well located in a rural school with no access to public
water supply, obviously constituting a high risk to children
using the well water for drinking purposes. There is cur-
rently no monitoring mechanism in place to control water
quality in the area. Previous studies showed a seasonal
variation in the amount of As in surface water. During the
humid season the As concentration is lower than the critical
threshold in all sections of the studied basins, whereas
during the dry season high As concentrations were
observed mainly in the lower basins (Fiorentino 1999).
Hence, the direct evaporation is another mechanism con-
tributive to As concentration along the flow pathway (Gao
et al. 2007).

Conclusions

The partition of arsenic in the soil coarse and fine grain size
fractions and in water is critically related to its source and
its capacity to be conserved in or driven from the aquifer.
Arsenic is first removed from the minerals of the loess
psammitic fraction (50-2,000 pm) in view of the occur-
rence of mineral weathering reactions, mainly hydrolysis of
silicates and carbonate dissolution controlled by the local
geochemical factors: pH, Eh, alkalinity, salinity, predom-
inant anions and cations, and competition with other
ions. The subsequent complex behavior of arsenic is
affected by processes occurring in the fine fraction as
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adsorption—desorption, codisolution—coprecipitation, com-
petition for adsorption sites, and oxide-reduction. Desorp-
tion processes and the increase of arsenic concentration in
the aquifers are controlled by groundwater pH. Hydrog-
eochemical evolution to alkaline pH can favor As desorp-
tion. The ion exchange properties of the pelitic fraction
(<2 um) provide the means to explore mechanisms of
adsorption and desorption of arsenic ions in groundwater.
The clay fraction can apparently behave either as a source
or as a sink of arsenic. Evaporation is another mechanism
that accounts to concentrate As in solution above the guide
value. The population usually drinks As-affected phreatic
waters and in most cases they are not aware of the con-
sequences of long-term consumption of potentially toxic
waters. In the future, a great impact may be expected in
child population since seven of the eight schools of the
studied area have high As-concentrations in their ground-
water supply. Future research should focus on improving
the systematic examination of the spatial variability of
geological and edaphic materials and their linkage to hy-
drogeochemical characteristics with a view to filling the
knowledge gap regarding arsenic speciation processes in
the groundwater of the region.
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