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a b s t r a c t

In this paper we studied the As content in natural contaminated soils, classified as Dystric Leptosol,
Chromic Luvisol, Eutric Cambisol and Mollic Leptosol. In soil samples, sieved (<2 mm), total As was deter-
mined by XRF and chemical speciation by sequential extraction. As-bearing minerals were concentrated
from fine sand fraction of soil (200–20 �m) using heavy liquid. In this fraction, mineralogical speci-
ation was studied by X-ray microfluorescence, XRD with Göbbel mirror and SEM–BEI–EDX. Total As
contents ranging from 61.00 to 131.00 mg kg−1. The results of the sequential extraction showed that As
was, mainly, in the residual fraction (52.51–98.76 mg kg−1) and in the fraction bound to iron oxyhydrox-

−1

-ray microfluorescence
EM–BEI–EDX
ineralogical speciation

ides (0–36.5 mg kg ). Mapping of As with X-ray microfluorescence show strongly relationship between
Fe and As. Iron (III) oxyhydroxides (FeOHs) (lepidocrocite and goethite), scorodite, angelellite, schultenite
and dussertite were identified by XRD analysis as most likely mineral phases. The contents of As, Fe, Pb
and Ba obtained with EDX-microprobe, confirmed the results of XRD. The results of sequential extraction
and X-ray microfluorescence indicate that As is strongly bound to the soils because the identified As-

e ver
hese
bearing mineral phases ar
of As can be assumed in t

. Introduction

Arsenic is a trace element of great interest for scientists who
tudy the environment due to its high risk to human health [1,2].
rsenic can be released into the environment either by natural pro-
esses (volcanism or alteration of the rock) or by anthropogenic
ources (e.g. mining, metal ores processing, agricultural, pesticide
anufacture, etc.) [3–6].
There are several works devoted to understand the behavior of

rsenic in soils [6–10]. However, few authors treat arsenic pollution
rom natural sources [11–14]. In environmental law this is of great
mportance to establish the threshold value from which a soil is
onsidered contaminated.

Generally, the arsenic soil content depend on various param-
ters such as mineralogical and chemical composition of parent
aterial, soil forming processes, texture, mineralogy of clay

raction, organic matter content, carbonate, iron oxyhydroxides
ontent, aluminum and manganese, etc. [15–18]. Therefore, the

rsenic content varies significantly from one location to another.
n recent years, the chemical fraction of arsenic in soil has become
ery important, since its toxicity depends on the chemical and min-
ralogical forms.

∗ Corresponding author. Tel.: +34 9544 864 64; fax: +34 9544 864 36.
E-mail address: mtmoral@us.es (M. Tejada).

039-9140/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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y stable at the pH conditions of studied soils. Consequently, a low mobility
soils.

© 2011 Elsevier B.V. All rights reserved.

In recent literature there are different analytical techniques
that allow to determine the chemical fractionation [19–21] and
mineralogy of arsenic [6,22,23]. These techniques are helpful in
determining the easily mobilizable arsenic and the risk of arsenic
contamination in soils. The chemical fractionation raises some
problems related to the specificity of the reagents used and the
arsenic solubilization. On the other hand, mineralogical speciation,
mainly determined by XRD and scanning electronic microscopy
(SEM) with microprobe [10,22,24], provides direct information on
the amount of adsorbed arsenic, as well as mineral phases found in
the metal. Therefore, analytical techniques to determine the miner-
alogical species can help to asses labile fractions of trace elements
like arsenic and consequently the degree of mobility.

The two main objectives of this study were: (1) propose a
methodology based on the use of instrumental techniques for
studies on mineral speciation of arsenic in soil and thus help to
determine the labile fraction of this element, and (2) to compare
the data obtained in the sequential extraction with the results of
mineralogical studies.

2. Material and methods
2.1. Site description and soil sampling

The study area is located in the “Valle de los Pedroches”
(northern province of Córdoba, Spain). This area consists of a
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Fig. 1. Localization of samples. Geologic a

Table 1
Soil samples identification.

Soil classification Soil profile Depth Soil identification

Dystric Leptosol Co-33 1 Co-33-1
Chromic Luvisol Co-150 1 Co-150-1

2 Co-150-2
Eutric Cambisol Co-138Co 1 Co-138-1

2 Co-138-2
Co-142 1 Co-142-1

2 Co-142-2
Co-153 1 Co-153-1

2 Co-153-2
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2.2. Soil analytical determinations

T
T

Mollic Leptosol Co-107 1 Co-107-1

epth: 1 (0–20 cm); 2 (20–40 cm).

ranitic batholith with NW–SE direction. This batholith is com-
osed of granites, granodiorites and diorites with porphyrites,
icrogranitic, microdioritas and aplite [25].
Fig. 1 shows the geologic and mineralisation maps of the study

rea, as well as, the localization of samples. In the easterly region of
he batholith, a zoned Cu–Pb–Sb mineralisation is developed. The

opper lodes are chiefly chalcocite–chalcopyrite–quartzcarbonate
earing and are located preferentially in the biotite granite. The
rgentiferous lead lodes contain a gangue of mainly quartz and local
arites and are situated chiefly in the northern margin of the gran-

able 2
otal content, bioavailability and sequential extraction [19] of arsenic in soils (mg kg−1).

Sample Total Acid water (pH 1) EDTA Exchangeable Ca

Co-33-1 80.00 <0.03 <0.03 <0.03 <0
Co-107-1 131.00 <0.03 <0.03 <0.03 <0
Co-138-1 76.00 <0.03 <0.03 <0.03 <0
Co-138-2 63.00 <0.03 <0.03 <0.03 <0
Co-142-1 109.00 <0.03 <0.03 <0.03 <0
Co-142-2 99.00 <0.03 <0.03 <0.03 <0
Co-150-1 91.00 <0.03 <0.03 <0.03 <0
Co-150-2 88.00 <0.03 <0.03 <0.03 <0
Co-153-1 61.00 <0.03 <0.03 <0.03 <0
Co-153-2 61.00 <0.03 <0.03 <0.03 <0
nd metalisations map of study area.

ite and country rocks. Antimony sulphides and oxides in quartz
veins outcrop in the country rocks north of the batholith. Sn–W
lodes in association with As, Cu, U, Ag, Bi, Ni, Co, and Pb miner-
alisation are located mainly near the margins of the batholith. In
the central regions of the batholith there is considerable tin, cop-
per, lead and bismuth mineralisation. The bismuth mineralisation
is of economic or sub economic importance and is located with
Ni–Co–As–Ag–Au assemblages in dominantly NNE–SSW trending
fissure veins cutting contact hornfelses.

Sampling sites were conducted in soils with high content in As
The samples were taken at two depths (0–20 and 20–40 cm). For
Leptosols we only sampled the topsoils (0–20 cm). In total, 10 sam-
ples were selected corresponding to 6 soil profiles, classified as:
Dystric Leptosol (Co-33), Chromic Luvisol (Co-150), Eutric Cam-
bisol (Co-138, Co-142 and Co-153) and Mollic Leptosol (Co-107)
(Table 1) (FAO-ISRIC-ISSS [26]).

After air drying, soil samples were ground to pass a 2-mm sieve
and stored in sealed polyethylene bags until analysis.
2.2.1. Determination of pH
pH was determined with distilled water in 1:2.5 soil:water ratio

[27]

rbonates Fe and Mn oxides Organic matter Residual fraction

.03 27.49 <0.03 50.51

.03 32.04 <0.03 101.16

.03 <0.03 <0.03 77.90

.03 <0.03 <0.03 62,17

.03 36.42 <0.03 70.58

.03 36.35 <0.03 63.65

.03 <0.03 <0.03 91.64

.03 <0.03 <0.03 87.20

.03 <0.03 <0.03 61.39

.03 <0.03 <0.03 61.54
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Table 3
Content in amorphous and total iron of soil samples.

Element Feo Fet

Co-33-1 0.44 5.23
Co-107-1 0.35 5.98
Co-138-1 0.27 3.89
Co-138-2 0.24 4.13
Co-142-1 0.31 5.17
Co-142-2 0.28 5.63
Co-150-1 0.35 8.75
Co-150-2 0.30 9.86
Co-153-1 0.22 4.76
Co-153-2 0.24 5.31

Table 4
Chemical analysis (wt%) of samples with highest arsenic contents using EDX.

Element Co-107 Co-142-1 Co-142-2 Co-150-1 Co-150-2

O 49.61 41.40 47.62 30.79 20.85
Mg 0.70 ND ND ND ND
Al 6.30 3.49 5.74 2.86 1.99
Si 7.42 4.85 4.6 2.55 2.13
P 0.81 ND 2.52 0.47 0.93
S ND 1.11 ND ND ND
K 0.30 0.52 0.18 0.16 0.15
Ca 0.56 1.28 0.28 0.89 0.81
Ti 0.70 1.14 0.2 0.41 0.4
Mn 0.12 ND ND 0.42 0.58
Fe 32.62 25.94 26.33 39.12 47.6
Cu 0.21 0.68 0.26 0.46 0.44
Zn ND ND 0.36 ND ND
As 0.65 4.50 3.17 18.9 21.33
Pb ND 15.08 8.75 ND ND
Ba ND ND ND 2.97 2.79

ND: not detected.

Table 5
Arsenic contents in the fraction of 200–50 �m determined by X-ray microfloures-
cence (spot diameter, 300 �m).

Sample As (%)

Co-33-1 0.30
Co-107-1 0.75
Co-138-1 0.15
Co-138-2 0.25
Co-142-1 0.65
Co-142-2 0.59

2

2
2
t

T
V

Co-150-1 0.52
Co-150-2 0.53
Co-153-1 0.1
Co-153-2 0.09

.2.2. Determination of amorphous iron
Amorphous iron was determined by Shwertman method [27]
.2.3. Chemical fractionation

.2.3.1. Total arsenic. Twelve grams of soil were ground in a plane-
ary ball mill FRITSCH Pulverisette 6 with a bowl of milling (grinding

able 6
alues of pH in water (1:2.5 soil:water ratio).

Sample pH

Co-33-1 5.5
Co-107-1 4.8
Co-138-1 4.8
Co-138-2 4.6
Co-142-1 5.3
Co-142-2 5.0
Co-150-1 4.8
Co-150-2 4.6
Co-153-1 5.1
Co-153-2 5.4
ta 84 (2011) 853–858 855

bowl) and WC balls. Subsequently, the soil was sieved to 100 �m.
The total arsenic content was determined by XRF spectrometer
with X-ray fluorescence Panalytical AXIOS model.

2.2.3.2. Extraction with EDTA and acidic water. These fractions
determine the arsenic mobility in soils [28,29].

To determine the fraction extractable with EDTA, 2.5 g of soil
were shaken with 25 mL of 0.05 M EDTA (pH 7). For the acidic water-
extractable fraction is produced in the same way but using 25 mL
of water adjusted to pH 1 with HNO3.

2.2.3.3. Sequential extraction. Sequential extraction was performed
using the Tessier et al. [19] method. Several authors [30,31] have
used the Tessier et al’s method for metal studies in soils. This
method separates the following fractions:

- Fraction 1. Exchangeable. 1 g air-dry soil was extracted at room
temperature for 1 h with 8 mL of MgCl2 1 M.

- Fraction 2. Bound to carbonates. The residue from the fraction 1
was leached at room temperature for 5 h with 8 mL of 1 M NaOAc
(pH 5).

- Fraction 3. Bound to Fe–Mn oxides. The residue from the fraction
2 was extracted for 6 h with 20 mL of 0.04 M NH2OH HCl in 25%
(v/v) HOAc.

- Fraction 4. Bound to organic matter. To the residue from the frac-
tion 3 were added 3 mL of 0.02 M HNO3 and 5 mL of 30% H2O2
(pH 2 with HNO3) and the mixture was heated to 85 ± 2 ◦C for 2 h
with occasional agitation. A second 3-mL aliquot of 30% H2O2 (pH
2 with HNO3) was then added and the sample was heated again to
85 ± 2 ◦C for 2 h with intermittent agitation. After cooling, 5 mL of
3.2 M NH40Ac in 20% (v/v) HNO3 was added and the sample was
diluted to 20 mL and agitated continuously for 30 min.

- Fraction 5. Residual. The residue from (iv) was digested with a
HF-HC104 mixture according to the procedure described below
for total metal analysis.

All extraction were conducted in a vibrator stirrer model
“Selecta Rocking Mixer Vibromatic”. The extracts were centrifuged
at 10,000 rpm for 15 min. The supernatant was filtered with What-
mann no. 42 filter paper.

The arsenic content in each of the fractions was determined by
ICP–AES using an atomic emission spectrometer ICP plasma Fisons-
ARL 3410.

2.2.4. Mineralogical speciation
Mineralogical speciation was carried out with samples that

showed a higher total arsenic.
Firstly, the fine sand fraction (200–20 �m) were separated by

sieving. Subsequently, the heavy minerals were separated with
bormoform (d = 2.89 g cm−3). In this fraction the following deter-
minations were made:

2.2.4.1. Arsenic mapping. Iron and arsenic mapping was performed
in the soil samples with highest arsenic contents using X-ray
microfluorescence (EDAX Eagle III model). The objective of this
mapping was to obtain the spatial distribution of both elements
to establish possible associations between them.

2.2.4.2. X-ray diffraction analyses (XRD). A diffractometer Bruker
D8 C equipped with Göbel mirror, with the following conditions
was used: CuK� radiation, 40 kV, 40 mA, step size 0.03◦/s in the

range of 3–70◦ 2�. For the identification of mineral phases XPowder
ver. 2004.04.46 PRO and PDF-2 database were used.

2.2.4.3. Scanning electron microscopy and energy dispersive X-ray
microanalysis. Images were obtained from selected soil samples
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Fig. 2. Microfluorescence mapping. White points indicate spatial distribution of iron (a) and arsenic (b) content in samples.

Fig. 3. XRD: (a) Co-33; Co-107-1; Co-138-1; Co-138-2; Co-153-1; Co-153-2; Co-138-1; Co-138-2; (b) Co-142-1; Co-142-2; C0-150-1; Co-150-2. Ang: Angelellite; G: Goethite;
L: Lepidocrocite; Sc: Scorodite; Sch: Schultenite; Dus: Dussertite.
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ig. 4. Backscattering electronic image of samples with highest arsenic contents. (a)
o the presence of element with high atomic number.

sing a scanning electron microscope JEOL 6460LV, operating at
0 kV and equipped with backscattered electron detector (BEI).
ith this detector, the clearer areas correspond to those with a

igher concentration of heavy elements. Subsequently, energy dis-
ersive X-ray (EDX) microanalysis was performed.

. Results and discussion

Table 2 shows the data for the sequential extraction, as well
s, total and labile fraction of arsenic in soils. The results indicate
hat arsenic is distributed in the residual fraction from sequential
xtraction and the fraction bound to iron and manganese oxides.
he percentages of amorphous iron are shown in Table 3. We can
bserve that the values of amorphous iron respect to total iron are
ery low. These results indicate the low mobility of arsenic in the
oils studied.

The data obtained by XRD (Fig. 3) shows the presence of goethite
nd lepidocrocite as iron mineral phases. The values obtained by
DX (Table 4) confirm the results of XRD. According to Filippi et al.
10], Appelo et al. [32] and Manaka [33], crystalline and amorphous
orms of iron affect the degree of adsorption of arsenic. Fuller et al.

34]) found that the adsorption of arsenic by more amorphous
orms (e.g. ferrihydrite) is higher than the crystalline forms (e.g.
oethite and hematite). However, Filippi et al. [10] found that these
rystalline forms were stable when the Fe/As ratio were higher.
ur results are in agreement with these authors, where mineral
7; (b) Co-142-1; (c) Co-142-2; (d) Co-150-1; (e) Co-150-2. Lighter areas correspond

phases (goethite and lepidocrocite) indicate a very high Fe/As ratio
(Table 4).

The X-ray microfluorescence mapping shows strong relation-
ship between Fe and As (Fig. 2). The punctual data of arsenic
percentages obtained with this technique (Table 5) allowed to
chose the samples with highest arsenic contents in the fraction
of 200–50 �m The next step was the study by SEM–EDX of the
selected samples to verify the presence of secondary minerals of
arsenic found by XRD. These secondary minerals are arsenates of
iron (scorodites and angelellite), lead arsenate (schultenite) and
iron and barium arsenate (dussertite) (Fig. 3).

Table 4 shows the values of chemical analysis by EDX. To select
an area to perform the microprobe analysis, images from differ-
ent regions of the soil samples using the backscattered electron
detector were obtained (Fig. 4). The lighter areas indicate higher
concentration of elements with higher atomic numbers. The arsenic
content ranging from 0.65% to 21.33%. These values, with those con-
tained in lead, iron and barium, confirming the results obtained by
XRD. The lowest As percentages (0.65%), with high Fe and O con-
tents suggest that arsenic is combined with iron oxy(hidr)oxides
phases [29]. The highest As percentages (18.9% and 21.33%) seem to

favour the hypothesis of presence of iron arsenates (scorodites and
angelellite) [30]. On the other hand, the As intermediate contents
(4.50% and 3.17%) could be related to iron and lead arsenates

Only in the Co-142-1 sample the presence of sulfur is observed
(Table 4) probably due to the presence of arsenopyrite, although the
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iffractograms does not show the characteristic diffraction peaks
Fig. 3). This may be because the percentage is very low. The pres-
nce of these sulphides is related to reducing redox conditions [35].
he oxidation of arsenopyrite originates scorodites [36].

Filippi et al. [10], Drahota and Filippi [13], Mahoney et al. [37]
nd Mains et al. [38] found that under acidic conditions, as is the
ase of sample studied (Table 6), scodorite is the most common
rsenic secondary mineral, both in naturally contaminated soils, as
ell as, those contaminated by industrial and mining activities.

Scorodite solubility has been studied by many authors [39–41].
angmuir et al. [40] studied the relationship between the scorodite
olubility and soil pH, finding the lowest levels of arsenic at pH 2.5.
arvey et al. [39] found that this concentration of arsenic in soil
ecreased if there were many iron oxyhydroxides (ferrihydrite and
oethite), being lower in the case of ferrihydrite. However, Bluteau
nd Demopolus [41] found that the scorodite solubility was very
ow in a pH range from 5 to 9, which is precisely the pH of the
tudied soils (Table 6).

Angelellite was found in subsurface samples (Co-138-2 and Co-
42-2). This mineral has a relatively low solubility in a wide range
f soil pH conditions [42,43].

Finally, we have also found diffraction peaks corresponding
o schultenite and dussertite (Fig. 3). Both minerals are found in
elatively small quantities and only in some samples (Co-142-1, Co-
42-2, Co-150-1 and Co-150-2) (Fig. 4 and Table 4). The schultenite
as low solubility in soils with pH less than 5 and high concentra-
ions of Pb (II) and As (V) [44].

. Conclusions

The result of the sequential extraction shows that arsenic is dis-
ributed between the iron oxides and residual fraction. This implies
hat arsenic is not very mobile and therefore it can be considered
hat a risk on this contaminated must not be assumed.

The study of heavy minerals, separated from the 200–20 �m
raction, by X-ray microfluorescence indicates the relationship
etween arsenic and iron oxides. In this respect, the analysis by
RD shows the existence of goethite and lepidocrocite as the main

ron oxides and the presence of secondary minerals of arsenic
scorodites, angelellite, schultenite and dussertie). These minerals
ave a low solubility, responsible for the low availability of arsenic

n the study area. This confirms the findings obtained from the
equential extraction results.

The use of SEM with backscattered electron detector allowed to
efine more clearly areas with higher concentrations of elements
ith high atomic number. The EDX microanalysis of these areas

onfirmed the association between iron and arsenic and revealed
he existence of lead and barium in some cases. The results obtained
ith this technique confirmed the existence of minerals observed

y XRD.
The proposed methodology, using together microfluorescence

nd SEM–BEI with EDX has shown great efficiency in the identifi-
ation of mineral forms of arsenic in soils.

The proposed combination of methods can be used to identify
ineral phases of arsenic in any sample, including those with low

ontent of arsenic bound to the residual fraction. This methodol-
gy also allows to determine the arsenic bound to different soil
ractions, as well as, easy mobilizable arsenic. Therefore, these tech-
iques can be used to establish the level of arsenic contamination
isk in soils.
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