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Abstract Arsenic is the most important contaminant of
the environment in northern Chile. Soil samples and plant
organs from three native plant species, Pluchea absin-
thioides, Atriplex atacamensis and Lupinus microcarpus,
were collected from arid zones in order to determine the
total and bioavailable arsenic concentrations in soils and to
assess the bioconcentration factor (BCF) and transport
index (Ti) of arsenic in the plants. Total arsenic concen-
trations in soils (pH 8.3-8.5) where A. atacamensis and
P. absinthioides were collected, reached levels considered
to be contaminated (54.3 & 15.4 and 52.9 4+ 9.9 mg kg™ ',
respectively), and these values were approximately ten
times higher than in soils (pH 7.6) where L. microcarpus
was collected. Bioavailable arsenic ranged from 0.18 to
0.42% of total arsenic concentration. In the three plant
species, arsenic concentration in leaves were significantly
(p < 0.05) higher than in roots. L. microcarpus showed
the highest arsenic concentration in its leaves (9.7 £
1.6 mg kgfl) and higher values of BCF (1.8) and Ti (6.1),
indicating that this species has a greater capacity to accu-
mulate and translocate the metalloid to the leaf than do the
other species.
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Natural hydrogeological characteristics and the presence of
volcanoes and mining activity are the most important
sources of arsenic pollution in the water and soil in the
Antofagasta Region of Chile (Queirolo et al. 2000). This
region is dominated by arid soils, whose main character-
istics include the absence of surface horizons and very low
organic matter content. Arsenic concentrations in soils of
this region can vary from 50 to 70 mg kg~' (Mufioz et al.
2002). However, in general, the natural As concentration in
soil varies between 5 and 6 mg kg~

The normal As concentration in plants is usually
<1 mg kg~ " and generally the As concentration in the root
is higher than in the leaf (Madejon and Leep 2007; Moreno
et al. 2008). Plants absorb As when it is in a bioavailable
form. The bioavailable As fraction is chemically soluble,
labile and readily available to plants; it is also makes up a
small fraction of the total As concentration. Bioavailable
As concentration depends on soil pH, organic matter con-
tent and oxides of Al, Fe, Mn and clay minerals (Fayiga
et al. 2007).

Pluchea absinthioides, Atriplex atacamensis and Lupinus
microcarpus are important native plants that constitute part
of the desert scrub community of the pre-Andean area of the
Antofagasta Region. In general, there are few published
studies that have investigated the accumulation of As by the
native vegetation growing in contaminated soils (Madejon
and Leep 2007).

The objectives of the study were to: (1) Determine total
and bioavailable arsenic concentrations in arid soils col-
lected from different pre-Andean zones in Chile; and (2)
Assess the ability of native plant species that grow in these
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soils (P. absinthioides, A. atacamensis and L. microcarpus)
to accumulate As.

Materials and Methods

Native plants and soil samples were collected from three
pre-Andean zones in the Region of Antofagasta (Chile)
during December 2004. These zones were: (1) Chiu Chiu
(22° 20'S, 68° 39'W, 2,526 m above sea level); (2) Lasana
(22° 16'S, 68° 38'W, 2,667 m above sea level) and (3)
Ayquina (22° 16'S, 68° 19'W, 3,005 m above sea level),
located at 33, 45 and 74 km to the northeast of Calama
city, respectively, (Fig. 1). The climate of the study zones
is characterised by extreme aridity throughout the year
(rainfall 5.7 mm per year) with very low relative humidity
(average 33%); the average temperature is 20°C in summer
and winter. Due to these unfavourable conditions, the
presence of vegetation is scarce and therefore the number
of individuals collected was limited.

Surface soil samples (0-20 cm depth) were collected in
quadruplicate from the area adjacent to the plant roots. The
pH was determined in aqueous extract 1:5. Percentage slit-
clay was determined by weighing the soil retained on a
sieve with a diameter >0.080 mm. Organic matter was
determined by a colorimetric method using K,Cr,O-,
H,S0, and saccharose solution as standard solutions. For a
determination of total mineral elements, soil samples were
dried at 40°C to constant weight, sieved to particle size of
2 mm and digested with aqua regia (HNO3;-HCI, 1:3).
Total Ca, K, Mg, Cu, Fe, Mn and Zn concentrations were
determined by atomic absorption spectrometry (AAS). To

Fig. 1 Study areas, near the
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determine total N, the Kjeldahl method was used. Total P
and S were determined by elemental analysis. Boron con-
centration was determined using a colorimetric method
with azomethine after extraction with hot water. For
determining total As concentrations in the soil, dry ashing
mineralisation and quantification by flow injection hydride
generation atomic absorption spectrometry (FI-HG-AAS)
were employed. Bioavailable As concentration was mea-
sured by FI-HG-AAS after extraction with NaHCOs.
Detection limit of the apparatus is 0.006 pg g=' dw.
Accuracy for Montana Soil (certified standard) found
value = 98.19 + 0.03 ug g~ (certified value = 105 =+
8 g g™

Three native plant species were collected in triplicate
from their natural habitat: Pluchea absinthioides was col-
lected from Chiu Chiu, Atriplex atacamensis was collected
from Lasana and Lupinus microcarpus was collected from
Ayquina. Plants were separated into leaves, stems and roots,
dried at 60 £ 5°C until constant weight and then ground and
sieved. Later samples were calcined and total As concen-
tration was determined by FI-HG-AAS. All results are
expressed in dry matter. The bioconcentration factor (BCF)
and transport index (Ti) of As to the leaf were calculated
using the following equations: BCF = As concentration in
leaf/total As concentration in soil (mg kg™"); and Ti = As
concentration in leaf/As concentration in root (mg kg™").

The data were analyzed using single-factor ANOVA in
the statistical program SPSS version 13.0. To test differ-
ences in bioavailable As concentrations between soil
samples and total As concentrations between leaves, stems
and roots, Duncan’s test was used with a significance level
of p < 0.05.
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Results and Discussion

The pH for Chiu-Chiu and Lasana soil samples was similar
(pH 8.5 and pH 8.3, respectively), while Ayquina soil had
the lowest pH (pH 7.6; Table 1). Ayquina soil contained a
higher percentage of silt—clay (4.33%) than soils from Chiu
Chiu (2.66%) and Lasana (3.66%). In general, all of the
soils were dominated by a sandy texture. Ayquina soil had
a higher concentration of organic matter and of Ca, N, P
and Fe than did Chiu-Chiu and Lasana soils. L. microcarpus
is a nitrogen-fixing legume, which could explain the higher
concentration of N in this soil. Levels of B, Cu, Mn and Zn
are low in the three soils.

Total As concentration in soils ranged from 41.12 to
65.72 mg kg~ (mean: 52.98 mg kg~") for Chiu-Chiu, from
32.59 to 68.23 mg kg~ (mean: 54.34 mg kg~ ") for Lasana
and from 4.24 to 7.28 mg kg~' (mean: 5.58 mg kg™") for
Ayquina. These results indicate that Chiu-Chiu and Lasana
soils are contaminated with As, whereas Ayquina soils, with
levels of As <6 mg kg™, are consistent with values for
uncontaminated soils.

Bioavailable As concentrations in Chiu-Chiu and
Lasana soils were 0.22 and 0.15 mg As kg™, respectively,
which represented 0.42% and 0.27% of the total As con-
centrations, respectively. In Ayquina, the soil bioavailable
As concentration was 0.01 mg kg™', which represented
0.18% of the total As concentration (Table 1). Chemical
reactivity of As in solution is primarily controlled by sur-
face reactions, specifically complexation with oxides/
hydroxides of Al, Mn and especially Fe (Fitz and Wenzel

Table 1 Main physico-chemical soil characteristics and total and
bioavailable arsenic concentrations (mg kg™~' dry matter) in soils

Zones

Chiu-Chiu Lasana Ayquina
pH 85+03 83 +£03 7.6 +0.3
Slit-clay (%) 266+ 15 366+15  433+1.1
Ca (%) 0.50 £ 034 0.87 £036 1.40 & 0.14
K (%) 0.06 £ 0.02 1.04+001 1.1240.16
Mg (%) 0.78 £ 033 155+ 028 0.98 & 0.03
N (%) 0.03 +£0.02 0.02+001 0.13 + 0.07
P (%) 0.04 = 0.01 0.04 £0.02 0.12 + 0.02
As (mg kg™ " 52.98 4+ 9.91 54.34 4+ 1543 5.58 + 1.04
Bioavailable As 022 +0.09 0.15+0.05 0.01 & 0.005

(mg kg™ ")

B (mg kg™ 0234015 0.11 +£001 0.02 £ 0.01
Cu (mg kg™") 1.63 £1.18 027 £0.06 1.03 4 0.32
Fe (mg kg™ ") 13.63 £ 949 9.73 +£5.22 16.66 + 2.89
Mn (mg kg™ ") 454 £0.60 423 +£1.00 3.50 + 1.04
Zn (mg kg™ ") 1.00 £ 0.44 1.06 £0.64 0334021

Values are means =+ standard deviations, n = 4

@ Springer

2002). Fe oxides are the primary adsorption sites for As in
most soils and sediments, thereby decreasing its avail-
ability (Visoottiviseth et al. 2002). pH also is one of the
main factors determining the bioavailability of As in con-
taminated soils (Fayiga et al. 2007). In general, high pH
values (pH 8.6) increased bioavailable As in soil solution
(Vazquez et al. 2008). In some cases, arsenic soil retention
was observed to increase when organic matter (Balasoiu
et al. 2001) and clay content were higher. The lowest
bioavailable As concentration found in Ayquina soils may
be associated with the low total concentration of As and
higher organic matter and clay content than in Chiu Chiu
and Lasana soils.

Table 2 shows the dry weight and As concentration in
leaves, stems and roots of P. absinthioides, A. atacamensis
and L. microcarpus collected in different zones. Dry weight
was similar between the species. Arsenic concentration in
all species was significantly higher in leaves than in roots
(»p < 0.05). These results are uncommon because most
plants preferentially accumulate As in their roots, and, even
if they absorb high levels, transport of the metalloid to the
aerial parts is minimal (Jedynak et al. 2009).

In general, As levels found in leaves of P. absinthioides,
A. atacamensis and L. microcarpus (5.9-9.7 mg kg~ ') are
high compared to other species. For example, in the her-
baceous species Cameroon angustifolium, Cirsium ssp. and
Reseda luteola, which were collected from soils (pH 7.3)
with As levels similar to those found in Chiu Chiu and
Lasana soils, As concentrations in leaves were between
1.01 and 2.90 mg kg~' (Madejon and Leep, 2007).
The highest As concentration in leaves was found in
L. microcarpus (9.7 £ 1.6 mg kg™ '). However, As con-
centrations in Ayquina soils, where this plant species was
collected, were lowest. Other researchers have also found
high As levels in plants collected from soils with low As
levels (Visoottiviseth et al. 2002).

Bioconcentration factor (BCF) was considerably higher
in L. microcarpus (1.8) and >1 (Table 2), indicating that
this species has an interesting ability to accumulate As.
Some researchers have suggested that phytoextraction is
feasible when the BCF is >1 (McGrath and Zhao 2003).
Transport index (Ti) of As to leaves was >1 in all species,
therefore plants accumulated As in the leaves (Table 2).
L. microcarpus also reached the highest Ti, showing a
remarkable ability to translocate As to the leaf.

The results indicate that total arsenic concentrations in
arid soils of Lasana and Chiu-Chiu, where Atriplex ata-
camensis and Pluchea absinthioides were collected,
respectively, reached pollutant levels. By contrast, in
Ayquina soils, where Lupinus microcarpus was collected,
As levels did not indicate pollution. The bioavailable
arsenic concentration in Ayquina soils was lower than in
Chiu-Chiu and Lasana soils; however, Lupinus microcarpus
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Table 2 Dry weight (g) and As concentration (mg kg~' dry matter), bioconcentration factor and transport index of As to the leaves
Native plant species Plant organ Dry weight (g) As (mg kg™ BCF Ti
P. absinthioides (Chiu-Chiu zone) Leaf 27402 59+ 1.0a 0.1 1.7
Stem 28 £09 5.1+ 04a
Root 2.6 £0.7 34 £0.2b
A. atacamensis (Lasana zone) Leaf 21+£09 6.3 £0.7a 0.1 3.7
Stem 28+ 0.7 25+ 0.7b
Root 25+0.7 1.7 £ 0.4b
L. microcarpus (Ayquina zone) Leaf 234+03 9.7 + 1.6a 1.8 6.1
Stem 24405 2.5+ 0.9b
Root 1.5+02 1.6 £+ 0.4b

BCF bioconcentration factor, Ti transport index. Values are means =+ standard deviation, n = 3. Different letters, in columns, indicate significant
differences among organs of native plants species for As concentration, according to Duncan’s test p < 0.05

showed the highest leaf As concentration (9.7 +
1.6 mg kg~ dry matter). For all three native plants, As
concentrations were significantly higher in the leaves than
in the roots. Lupinus microcarpus had the highest biocon-
centration factor and transport index of arsenic to the leaf
and therefore had a greater capacity to accumulate and
translocate the metalloid. It would be interesting in future
studies to evaluate the response of Lupinus microcarpus to
soils contaminated with arsenic and to investigate its pos-
sible use in phytoextraction.
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