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Abstract

In the present study, a multianalytical approach was used to characterize arsenic (As) polluted soils.
Arsenic speciation and speciation were studied by combining X-ray based techniques (WDXRF,
UXRF and XRPD) with field emission scanning electron microscopy equipped with microanalysis
(FE-SEM-EDX) and sequential extraction procedure (SEP) coupled to total reflection X-ray
fluorescence (TXRF) analysis. This approach was applied to three contaminated soils and one mine
tailing collected near the gold extraction plant at the Crocette gold mine (Macugnaga, VB), in the
Monte Rosa mining district (Piedmont, Italy). The As concentration in the samples was measured
with WDXRF and ranged from 145 to 40200 mg/kg. XRPD showed the presence of jarosite and the
absence of any As-bare mineral suggesting a high weathering grade and strong oxidative conditions.
However, small domains of scorodite were identified by combining uXRF with FE-SEM-EDX.

SEP results revealed that As was mainly associated to amorphous Fe-oxides/hydroxides (50/80%)



and the combination of XRPD and FE-SEM-EDX suggested that this phase can be shwertmannite.
On the basis of the soils and tail characteristics, As is scarcely mobile, even if a consistent As
fraction (1-3 g As per kg of soil) is still potentially mobilizable. Such multianalytical approach
could be used as a standard strategy for risk assessment evaluation of As contaminated soils,

requiring only commercial laboratory equipment.
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1. Introduction

Arsenic (As) is a natural constituent of the earth crust and it can occur in concentration of 0.1-500
mg/kg according to the rock or soil genesis (Mandal and Suzuki, 2002). However, in some cases it
can reach very high concentration due to industrial or mining activities (Vaughan, 2006). The
chronic exposure by ingestion of As is dangerous for human and animal health (Eisler, 2004;
Hopenhayn, 2006). For this reason particular attention has been paid on the assessment of its
bioavailability (Allegretta et al., 2017; Kim et et., 2014; Niazi et al., 2011; Porfido et al., 2016) and
restrictions have been imposed for the total concentration of As in water and soils (Decree of the
Italian Ministry Council, 2006; WHO, 2011). However, the As total concentration does not reflect
the real potential risk of the element since not all the As forms are mobile and bioavailable.
Depending on pH and redox potential, the two most common forms of As in soils are the
dissociation products of H3AsO,4 and H3AsO3; (Mandal and Suzuki, 2002; Morin and Calas, 2006;
Smedley and Kinninburgh, 2002). These arsenate and arsenite species, as secondary As-bare
minerals (i.e. scorodite, arsenolite and claudetite), are usually the oxidation products of primary
minerals such as arsenopyrite, orpiment and realgar (Drahota and Filippi, 2009). Arsenic mobility
depends strictly on pH and redox conditions (Masscheleyn et al., 1991; Smedley and Kinninburgh,

2002; Zobrist et al., 2000), but other parameters such as the chemical and mineralogical
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composition of the soil (Lenoble et al., 2002; Violante and Pigna 2002) and the microbial activity
(Fendorf et al., 2008; Lloyd and Oremland, 2006) can influence it as well. Due to the complexity
and heterogeneity of the soil system, a correct characterization and mobility assessment of As can
be done only using multianalytical approaches (Haffert and Craw, 2008; Kocourkova-Viskova et
al., 2015; Lu and Zang, 2005; Marabottini et al., 2013). Among all the available analytical
techniques, X-ray based spectroscopies proved to be useful tools for the investigation of polluted
soils. In particular, X-ray fluorescence spectroscopy (XRF) is a fast, non destructive and reliable
technique for the determination of As concentration (Parson et al., 2013; Radu and Diamond, 2009).
X-ray diffraction (XRD) is widely used to study the mineralogical composition of soils and,
combined with X-ray absorption spectroscopy (XAS) or X-ray photoelectron spectroscopy (XPS),
provides information about As-minerals or its oxidation forms (Arcon et al., 2005; Drahota et al.,
2009; Javed et al., 2014; Kim et al., 2013; Lumsdon et al., 2001; Savage et al., 2000; Strawn et al.,
2002). Finally, pXRF and scanning electron microscopy coupled with energy dispersive x-ray
fluorescence spectroscopy (SEM-EDX) give information about the elements distribution in the
sample and its microstructure (Haffert and Craw, 2008; Strawn et al., 2002).

In most of these studies, synchrotron X-ray based techniques have been adopted, thus making them
not easily reproducible, especially for those scientists not having access to these facilities. Although
these techniques cannot directly assess As mobility, they are often used to predict it. Moreover,
their integration with sequential extraction procedures (SEP) can give a deeper understanding of the
As mobility in polluted soils (Drahota et al., 2009; Javed et al., 2014; Kim et al., 2013; Lu and
Zang, 2005).

In the present work we used a multianalytical approach combining laboratory X-ray based
techniques (WDXRF, pXRF and XRPD), field emission scanning electron microscopy coupled
with microanalysis (FE-SEM-EDX) and a sequential extraction procedure (Wenzel et al., 2001) to
characterise As-polluted soils and assess As speciation. In addition, a new hyperspectral XRF data

analysis method was used for the first time on soil samples.
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As a case study, three soils and a mine tailing, sampled from the abandoned gold mining site of
Crocette (Monte Rosa, Piedmont, Italy), were investigated. Such multianalytical approach allowed
to understand the actual concentrations and the dominant chemical forms of As, as well as the
mechanisms controlling its mobility and bioavailability. This type of information is of paramount
relevance in environmental risk studies and cannot be gathered by simple standard analytical
methodologies. The multianalytical approach presented in this study is proposed for all those
studies aiming at understanding the evolution and the risks associated to As in abandoned mining

sites which can still endanger the surrounding environment.

2. Materials and methods

2.1 Sampling and preliminary analyses

The samples (three soil and one mine tailing samples) were collected near the remains of the plant
for gold extraction located at Crocette (1400 m s.l.m.), along the Quarazza creek, flowing in a small
lateral valley on the right side of the Anzasca valley (Macugnaga, Piedmont, Italy) (Fig. 1). The
plant, established in 1936, was definitively closed and dismissed in 1953. The plant, as well as
some dumped mine tailings and flotation sediments, are located on a steep slope on the left side of
the creek, mostly occupied by regosols and leptosols developing on metamorphic and igneous rocks
of the Western Italian Alps (Costantini and Dazzi, 2013). Forest trees and herbaceous vegetation are
covering almost completely the site. No data about As pollution are available in the literature about
this specific site.

In order to collect the As-bearing samples, the element concentration was estimated in situ using a
NITON XL3t 900 portable ED-XRF spectrometer (Thermo Scientific) equipped with a Ag target
(40 kV, 50 pA). Three different soils (S1, S2 and S3) and one mine tailing (S4) were chosen for

their different As content and sampled. The S1 sample was collected as a control sample on the
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right side of the creek, much less affected by the activity of the plant than the soils on the left side.
The soil samples S2 and S3, as well as the mine tailings, were collected around the plant within 50
m from it. After removing the organic undecomposed litter, the first 15-20 cm of soil (roughly
corresponding to the soil A horizon) were collected. The samples were stored in plastic containers
and transported to the laboratory where they were air dried. After quartering, textural, chemical and
mineralogical analyses were carried out.

Soil texture was analysed using the pipette method (Indorante et al., 1990), pH was measured in
double-distilled water and total organic carbon (TOC) was estimated using the Walkley-Black
method (Sparks, 1996).

Major elements (Si, Al, Na, Mg, Ca, K, Ti, Mn, Fe, S and P) and As concentration were determined
with WDXRF using a Supermini200 (Rigaku Corporation, Tokyo, Japan) spectrometer equipped
with a Pd X-ray tube (50 kv, 4 mA) operating under vacuum (< 12 Pa). The instrument was
calibrated using geological standards provided by SARM (Service d'Analyses des Roches et des
Minéraux, CRPG-CNRS, Vandoeuvre-les-Nancy, France).

Mineralogical analysis was performed via XRPD using a Miniflex 11 (Rigaku Corporation, Tokyo,
Japan) X-ray diffractometer equipped with a Cu tube (Cu Ka, 30 kV, 15mA). Data were acquired
between 3 and 70 ° 20 with a step width of 0.02° 20 and a counting time of 3 s per step. The
incident beam passed through a 0.3 mm Soller slit, 1.25° divergent slit, a 10 mm mask and emerged

after a 1.25° antiscattered slit.

2.2 Sequential extraction procedure (SEP)
In order to assess the potential mobility of As in the studied soils, a five-step sequential extraction
procedure (SEP), proposed by Wenzel et al. (2001), was applied. This SEP consists of the following
steps:

1. non-specifically adsorbed As extracted with (NH4),SO4 0.5 M for 4 h at 20 °C;

2. specifically-sorbed As on minerals extracted with NH4H,PO, 0.5 M for 16 h at 20 °C;
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3. As adsorbed on amorphous and scarcely ordered Fe and Al oxides and hydroxides
extracted with NH4-oxalate 0.2 M for 4 h at 20 °C;
4. As adsorbed on well-crystallized Fe and Al oxides and hydroxides extracted with NH,-
oxalate 0.2 M and ascorbic acid 0.1 M for 30 min at 96 °C;
5. residue treated using microwave digestion with HNO3 and H,0..
After each extraction step the suspension was centrifuged for 15 min at 1700 x g and the solution
was filtered through 0.45 um cellulose acetate filters. The As concentration in the extracted solution
was quantified via total reflection X-ray spectroscopy (TXRF) using a S2 Picofox spectrometer
(Bruker Nano GmbH, Berlin, Germany) equipped with a Mo target (50 kV, 600 pA), a multilayer
monochromator and a XFlash® silicon drift detector (energy resolution was less than 150 eV at 5
keps at Mn Ka). In order to quantify As, 10 pl of Ga (100 mg/l) were added to 1 ml of filtered
solution as internal standard. After vortexing, 10 pl of solution were pipetted onto a quartz carrier
and left drying on a hot plate at 50 °C in a laminar flow hood. The analysis were done in triplicate

and each sample was measured for 1000 s.

2.3 uXRF and FE-SEM-EDS analyses

In order to study the element distribution, uXRF analyses were carried out on petrographical thin
sections of the sampled soils. For this purpose, a M4 Tornado spectrometer (Bruker Nano GmbH,
Germany, Berlin) was used. The analysis were conducted with a Rh target (50 kV, 600 uA) and
polycapillary optics having a spot size of 25 um. The secondary x-ray fluorescence was collected by
two XFlash® silicon drift detectors (FWHM < 140 eV at the Mn Ko) with an active area of 30 mm?
placed at 45° to the X-ray source. The analysis were carried out under vacuum (20 mbar), using a
sampling step of 20 um for 10 ms. X-ray fluorescence hyperspectral data were processed using
PyMca 5.1.3 (Sole et al., 2007) and Datamunchen (Alfeld and Janssens, 2015) softwares. A FE-
SEM Zeiss Xigma 300 VP (Zeiss Oberkochen, Germany) working at 15 kV and equipped with an

energy dispersive spectrometer (EDS) C-Max" SDD with an active area of 20 mm? (Oxford
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Instruments, Oxford, United Kingdom) was used to study the microscopic and submicrometric

structure of the soils as well as the element association at this scale.

3. Results and discussion

3.1 Physicochemical and mineralogical characterization of the soils

Physical and chemical properties of the soils and mine tailing samples were determined and the
results are reported in Table 1. All the samples are acid soils with a pH ranging from 3.6 to 4.3.
They have a sandy loam texture with a sand fraction ranging between 56.0 and 65.7 %, a silt
component between 24.9 and 33.3 % and a clay fraction of 9.4-15.0 %. They differ for the organic
matter (OM) content which is higher in S1 (10.9 %) than in the other samples, in particular if
compared with S4, where OM is only 2.5 %.

The chemical characterization of the soils and the tail from Crocette gold mine, performed with
WDXREF, is reported in Table 2. Soils and tail show quite the same concentration of major elements
(expressed as oxides) except for Fe,O3 and SO3, much higher in S4 and S3. The As concentration in
the three soils is different and increases from S1 (145 mg/kg) to S3 (13300 mg/kg), while in the
mine tail (S4) it is 40200 mg/kg. All these values strongly exceed the Italian legislation limit for As
in soils which is 20 mg/kg (Decree of the Italian Ministry Council, 2006). The As concentration is
related to the sampling area. In fact, the mine tailing, which has the highest As concentration, was
collected close to the abandoned factory (Fig. 1). The As concentration is lower in S2 and S3, which
were collected 33 and 45 m from the abandoned mine factory. Finally, S1, which was collected on
the other side of the creek, 130 m far from the factory, shows an As concentration three orders of
magnitude lower than S2 and S3. Both Fe,O3 and SOj3 increase from S1 to S4 with As concentration
(Table 2).

The mineralogy of the samples is mainly characterized by soil silicates and aluminosilicates: quartz,

microcline, albite, illite and kaolinite (Fig. 2).



Smectite is clearly visible in S2 and weakly present in S1 while a weak hump of the 100%
diffraction peak of sepiolite is observed in S2. Moreover, in sample S4, weak reflections at d =
3.11, 3.08, 5.09, 5.74 and 5.94 A can be attributed to Jarosite (KFe3(SO4)2(OH)s) (Warshaw, 1956),
which usually forms from the oxidation of pyrite (or arsenopyrite) in presence of Kand in very acid
environments (Fanning et al. 2002;Kim et al., 2014; Savage et al., 2000). No primary As-bearing
minerals (e.g. arsenopyrite, orpiment, realgar) or secondary phases (e.g. Fe arsenates and
sulphoarsenates) were detected in the samples by XRPD. Two small peaks at d = 2.54 and 1.51 A
could be attributed to scarcely ordered Fe-oxides/hydroxides, and in particular they could belong to
ferrhydrite (FesHOg'4H,0) or shwertmannite (FesOg(OH)sSO4). Although the mineral
identification cannot be done univocally, due to the absence of the weakest reflections and the low
intensity of the main peaks, schwertmannite seems to be the most probable Fe-mineral since it
forms at pH = 3 - 4 in presence of high concentration of sulphates. Despite the weakness of the
diffraction peaks of these Fe-oxides/hydroxides, they are present in the soils and tail in very high
amounts (see next paragraph), most probably as not well crystallized forms. The presence of short-
range ordered Fe-oxides/hydroxides phases could be due to the high sulphate concentration which
hinders their crystallization from amorphous Fe-oxides/hydroxides (Langmuir et al., 1999).

The absence of both arsenopyrite and pyrite, the occurrence of poorly crystalline to amorphous Fe-
oxides/hydroxides and small amount of jarosite testify the high degree of weathering of these

samples, which surely occurred under oxidizing conditions.

3.2 As distribution in the soils

MXRF chemical maps (Fig. 3) show that the As signal increases moving from S1 to S4 and the same
is observed for Fe and S. All these three elements are generally found in the same sample areas,
excluding some spots in which there is only the co-presence of As and Fe. It can be noticed that As
and Fe are always present in the same regions and form aggregates around silicates or

aluminosilicates (Si map). The correlations between Fe and As are clearly visible in Fig. 4a. The
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scatterplot (obtained by plotting the K-lines signals of As and Fe) shows that three different As/Fe
ratios can be identified. Excluding the blue group, (Fig. 4a) which represents Fe-rich domains, the
largest part of the points belongs to the As/Fe ratio represented by the red area (Fig. 4b). Moving
from low As-concentration to high As-concentration soils, the areas which show such As/Fe ratios
increase at the expenses of Fe-rich components (blue group). Only few sampled points show a
higher As/Fe ratio (marked with the green lines). However, the domains belonging to this ratio are
very small (< 100 um) and were detected only in S3 and S4 (Fig. 4c). At a higher resolution, FEG-
SEM-EDX analyses (Fig. 5) show that the sample areas which belong to the As/Fe ratio in the "red
regions” of Fig. 4 are mainly soil aggregates whose composition is variable. Iron is the major
element followed by As. However, in some cases S is also detected. This variable composition can
explain the point dispersion of the red group (Fig. 4a). As an example, Fig. 5a reveals that darker
grey regions (characterized by Fe and As) are covered by brighter particles rich in Fe and S and
where the As signal is sensibly reduced (Fig. 5b and 5d). However, these objects do not show a
fixed chemical composition and therefore their nature cannot be clearly defined. XRPD reveals no
As-Fe mineral but, looking at SEP data (Table 3) this variable composition could be due to the
adsorption of As on amorphous and/or scarcely ordered Fe-oxides/hydroxides, which represent 50-
80 % of the total As (see next paragraph). On the contrary, FEG-SEM-EDX analysis on the "green
areas" of Fig. 4 (Fig. 6a) evidenced the presence of very few bright minerals of 20-50 um whose
composition is fixed and characterized by the presence of As and Fe. Semiquantitative EDX (Fig.
6b) analysis of this mineral suggest that it is probably scorodite and, due to its low concentration, it
is not detected via XRPD. Scorodite could form at pH < 3 (Drahota et al., 2009; Langmuir et al.,
2006) and the kinetic of formation increases with the decrease of pH (Patnurk et al., 2008). In the
case of the soils and mine tailing form Crocette, the pH ranges between 3.6 and 4.3 (Table 1 ) which
is higher than the stability range of scorodite and, according to Patnurk et al. (2008), in this pH
range the Kinetics for scorodite formation is very slow. This justifies its scarse presence in soils and

mine tailing samples. On the contrary, the pH of the samples is more suitable for the formation of
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Fe oxides/hydroxides (which require a pH > 3 and oxidative conditions) after the weathering of
pyrite and arsenopyrite, hindering the crystallization of jarosite which, in fact, is weakly present

only in S4 (it requires a pH < 3.5) (Fanning et al. 2002).

3.3 Prediction of As mobility

Arsenic mobility is closely connected to As speciation and to the soil phases to which it is bound.
Important information on the mobility of As can be derived from SEP data (Table 3). Each step of
the SEP can be linked to a particular soil fraction to which As is bound (or adsorbed) and the
strength of As interactions with the soil phases increases at higher extraction steps.

Excluding S1, more than 90% of the total As in S2, S3 and S4 samples is extracted in the first three
steps. The mine tailing (S4) is the sample which has the largest exchangeable As fraction (step 1,
11.7 % of total As), corresponding to soluble As forms. This means that 4.7 g of As per kg of
tailing are potentially highly mobile. This fraction is less relevant in soils S2 and S3, where it
accounts only to 0.6 and 0.2 %, respectively, which corresponds to 27 mg of As per kg of soil (in
both samples), suggesting a sudden, strong decrease in soil As mobility when moving away from
the tailing dump.

The As specifically adsorbed to soil particles (step 2) ranges from 6.7 to 25.2 % of the total As,
which means that 1-3 g of As per kg of soil could be mobilized by phosphates. However, even by
assuming that the total amount of phosphate-extractable As in the sample is mobile (which is far
from reality), still only a little part of As could be mobilized.

As mentioned in the previous section, the As adsorbed on amorphous Fe-oxides/hydroxides is the
most represented fraction and is likely to be scarcely mobile (in particular in presence of
schwertmannite), especially in such oxidizing environment. In fact, a number of As immobilization
strategies exploit amorphous Fe-oxides/hydroxides for reducing the risks associated with As
pollution (Drahota et al., 2009; Nazari et al., 2016). Moreover, amorphous Fe-oxides/hydroxides are

stable in a wide pH range, which make them more appropriate for As stabilization than other
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minerals, like scorodite (Burton et al., 2009; Nazari et al., 2016). The mobility of As bound to Fe-
oxides/hydroxides depends on pH and redox potential and could be increased by either a desorption
of As from these phases or the hydrolysis of Fe-oxides/hydroxides. In the first case, the desorption
of As from Fe-oxides/hydroxides is observed under oxidizing condition at pH > 8 (Lumsdone et al.
2001). Only when the concentration of Fe-hydroxides is lower than 1 %, the As desorption can
occur at lower pH (about 6) (Lumsdone et al. 2001). All the studied samples have a low pH and in
oxidizing conditions the As extracted in this step could be assumed to be non-mobile. In the studied
field conditions, the most stable As form is H,AsO4 (Smedley and Kinniburgh, 2002). However, if
the environmental conditions would change from oxidizing to reducing, the reductive dissolution of
the iron (hydr)oxides could induce As release in solution (Smedley and Kinniburgh, 2002), and the
concurrent reduction of arsenate to arsenite, that is poorly retained by clay minerals and Al oxides
(Martin et al., 2014).

The hydrolysis of Fe-oxides/hydroxides could occur at pH < 2 (Bigham et al., 2002; Cornell et al.,
1989; Fanning et al., 2002) but this condition is hardly reached in soils.

Another factor which affect the stability of Fe oxides/hydroxides is the reducing soil organic matter.
Soluble organic matter can cause the hydrolysis of Fe-oxides/hydroxides due to the complexation of
Fe** (Lindsay, 1991). Moreover, organic matter can compete with As for the adsorption on Fe
oxides/hydroxides (Bauer and Blodau, 2006). This parameter could influence mobility of As in
particular the in sample S1, where the TOC exceeds 10 %.

According to the literature (Kim et al., 2014; Niazi et al., 2011), the As extracted during the third
step should be considered bioavailable, since amorphous Fe-oxides/hydroxides are considered non-
stable phases. However, the potential bioavailability of this As fraction is not a consequence of its
solubility, rather, it regards physiological strategies adopted by certain living organisms to mobilize
iron from soil. This is observed for example with plants coping with iron deficiency that excrete

protons and low molecules weight organic compounds to promote iron availability by solubilizing
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in particular Fe-amorphous phases, thus increasing, among the others, As availability (Mimmo et
al., 2014; Terzano et al., 2015).

The As extracted in steps 4 and 5 is important only in sample S1 where it represents the 27.9 and
9.4 % of the total As, respectively. However, the As associated to these two steps can be considered
very stable because sorbed to crystalline phases (e.g. well-crystallized Fe-oxides/hydroxides, step 4)

or included it in their lattice structure (e.g. sulphides, step 5).

4. Conclusions

In this study, a combination of different X-ray based analytical techniques (WDXRF, EDXRF,
TXRF, XRD, uXRF), FE-SEM-EDX and a 5-step SEP was used to study As-polluted soils and
tailings. In particular, samples from the abandoned gold mining site of Crocette (Italy) were
investigated as a case study.

The combined approach allowed to get detailed information about As speciation and mobility in this
site, otherwise not obtainable with conventional analytical methods.

Specifically, a strong weathering of the As-bearing minerals in the topsoil under oxidising and
acidic conditions was observed, as evidenced by the absence of pyrite and arsenopyrite together
with the occurrence of amorphous Fe-oxides/hydroxides and small amount of jarosite (in the mine
tailing). .

No As-bare minerals were detected by XRPD. However, the combination of uXRF hyperspectral
data analysis and FE-SEM-EDX allowed to identify small domains of Scorodite. In addition, by
combining X-ray and microanalytical data with SEP additional information about As speciation
and interaction with soil components was obtained. Arsenic was found mainly associated with
poorly ordered Fe-oxides/hydroxides, which are known to limit the risk of As leaching and
metalloid bioavailability (as evidenced by the growth of a plant coverage on the site despite of the

very high As concentrations). However, an important amount of As was still potentially mobilizable
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(1-3 g of As per Kg of soil) and should therefore be considered in environmental risk analyses and
to foresee appropriate remediation actions.
A similar approach, based only on laboratory equipments, could be used systematically to study

metal and metalloid pollutants in highly contaminated soils and sediments.
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Figure caption list

Fig. 1 The mining area of “Crocette” and identification of the sample sites S1, S2, S3 and S4.

Fig. 2 X-ray diffraction patterns of soils and mine tail from ”Crocette” gold mine. Letters and
symbols refer to illite (1), kaolinite (K), quartz (Q), microcline (M), albite (A), smectite (S),

sepiolite (Spl), jarosite (J), Fe-oxides/hydroxides (*).

Fig. 3 As, Fe, S and Si distribution in the four samples acquired with uXRF.

Fig. 4 As vs Fe scatterplot made using K-lines signal (a) which allows to identify three different
As/Fe ratios: sites rich in iron (blue group), medium As/Fe ratio (red group) and high As/Fe ratio
(green group). The area in which these ratios have been measured are identified (b) using Si map
(gray scale) as background (each side of the map measured 1 cm). A magnification of S4 put in

evidence a sample portion having a As/Fe ratio of the green group (c).

Fig. 5 Backscattered electron image (a) and chemical maps of As (b), S (c) and Fe (d) of the area

characterized by As/Fe ratio of the red group in Figure 4. As and Fe occupied the same sites while

As and S are uncorrelated.

Fig. 6 Backscattered electron image of the area where the As/Fe ratio of the green group were

identified (a). EDX analysis demonstrates that the bright mineral is scorodite (b).

Table caption list

Table 1 Physical and chemical properties of soils and mine tailing.
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Table 2 WDXREF results of major elements and As concentration in the samples.

Table 3 Percentages of total As quantified in each fraction of the Wenzel et al. (2001) sequential

extraction procedure (SEP).
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Table 1

Table 1 Arsenic and major elements concentration of the soil (S1-83) and tailing (S4) samples. Some physical and chemical properties are also
reported

Sample As 8i0, ALO; Na0O MgO K,0 CaO TiO, Mn,0 Fe,0O; S0O; P,0; pH TOC Sand Silt Clay
(mg/ (%) (%) ) B (B (o (") (%) (%) (%) (%) HO) (") (%) (B (B
kg)

S1 145 66.17 1295 4.53 109 208 050 045 0.02 3.10 026 015 43 109 596 254 150

S2 4640 63.28 1350 336 100 4.08 059 032 004 3.86 026 015 3.7 54 599 283 119

S3 13,300 5223 12,16 193 052 512 050 035 003 6.37 065 026 43 4.7 657 249 94

S4 40,200 53.62 9.51 223 029 3,69 041 031 0.02 9.61 1.59 022 36 25 56.0 333 107

Table 2
Extraction step Description S1 S2 S3 54
% of total As
1 Non-specifically sorbed 22102 06+02 02=+0.1 03+0.1
2 Specifically sorbed 10.7 £ 2.1 25227 119+23 7.6+3.9
Associated to amorphous 498 £0.8 672+£29 855+ 1.5 87.1+48
Fe oxides/hydroxides
4 Associated to well crystalline 279+ 1.1 1.6+03 14+0.8 47+1.2
Fe oxides/hydroxides
5 Residual 94+12 54x1.1 1.0+ 0.6 03+02
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