
Abstract The sequential extraction methods according
to Tessier et al. [1], Borovec et al. [2], Zhang and Moore
[3] and Hall et al. [4] have been tested for their suitability
for arsenic fractionation in samples of artificially prepared
mineral mixtures. Mixtures containing different amounts
of As-containing phases were prepared so that their com-
positions corresponded to weathering products on As-bear-
ing ore deposits. A comparison of different procedures 
on simple mineral mixtures containing calcium arsenate
(CaHAsO4·H2O), As-bearing goethite (FeOOH) and ar-
senopyrite (FeAsS) showed that only the results of the Hall
method satisfactorily correspond to the expected arsenic
distribution. A detailed verification of the Hall method
was subsequently carried out on most complex synthetic
mineral mixtures with varying amounts of As-containing
kaolinite and carbonate, calcium arsenate, As-bearing goe-
thite and arsenopyrite. The results confirm that the Hall
method cannot be fully employed for an accurate As spe-
ciation but may be applied for a route identification of As
distribution between “labile”, “medium-labile” and “resid-
ual” forms in heavily polluted soils.

Keywords Arsenic · Fractionation · Sequential
extraction · Synthetic mineral mixtures

Introduction

Because of its teratogenic and mutagenic effects on living
organisms, arsenic is one of the most dangerous metal-

loids in the environment. Regarding other trace elements
in soils and sediments, determination of the total As con-
centration represents only the first step of the environ-
mental study. In fact, the environmental availability of As
depends on its chemical speciation, i.e. on its bonding to
the individual soil/sediment mineral components. The ad-
sorption of As on amorphous or crystalline hydrous ferric
oxides (HFO) is a key scavenging process in both natural
and contaminated environments [5, 6]. Metallic arsenates
commonly crystallise during treatment of mine processing
effluents or industrial wastes with a Ca(OH)2 solution [6,
7]. Calcium arsenates were found in the oxidation zones
in the As-containing ore districts [8, 9] and as oxidation
products of As-bearing mineral wastes [10].

Sequential extraction procedures based on the original
work of Tessier et al. [1] represent a powerful tool for de-
termination of chemical speciation of metal cations. Only
a few studies, however, have been performed on the suit-
ability of sequential extraction procedures for oxyanions
such as As [11]. The evaluation of As forms in soil/sedi-
ment using extraction techniques is complicated by the oc-
currence of As in extracts in the form of anionic complexes
formed as H3AsO4 dissociates. In acidic medium AsO4

3–

ions can be easily adsorbed on the surface of solid phases,
commonly on HFO [12]. The goal of present study is to
test the efficiency of four original sequential extraction
procedures of Tessier et al. [1], Borovec et al. [2], Zhang
and Moore [3] and Hall et al. [4] on synthetic mineral
mixtures and to evaluate their possible application to soils
heavily contaminated by As, which are commonly found in
the oxidation zones of ore deposits. The described extrac-
tion methods were chosen with respect to the differences
in reagents used, reaction time and temperature of equili-
bration.

Materials and methods

As a first step, a comparison of the efficiency of the four cited ex-
traction procedures was carried out using two artificially prepared
samples (samples A and B) with defined amounts of different As-
bearing phases and exactly known As concentrations. The mineral
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composition and amount of As in these model samples corre-
sponded to those found in weathered zones above As-containing
gold deposits. In a second step, a detailed verification of the suit-
ability of the use of Hall method was tested on another four syn-
thetic samples with different As bonding (samples C, D, E and F).

Reagents and samples

Chemicals of pro-analyse quality were employed for synthetic
phases preparation and for extraction steps. HF, HClO4, HCl and
HNO3 of Suprapur quality (Merck, Germany) were used for min-
eral decomposition and for preparation of all extraction solutions.
All solutions were prepared using MilliQ-Plus (Millipore, USA)
deionised water.

Synthetic mineral mixture preparation

Sample A represents a soil with no primary As mineral content.
Arsenic is bonded to iron(III) hydroxide oxide (goethite, FeOOH)
and is partially present as a “secondary” mineral, calcium arsenate
(haidingerite, CaHAsO4·H2O). Synthetic goethite was prepared by
the reaction of 200 mL of 2.5 M NaOH with 825 mL of a 0.15 M
solution of Fe(NO3)3 [13]. Prior to addition of the hydroxide, the
ferric nitrate was enriched in As so that 1 g of the goethite formed
contained about 100 µg As. The As source was a 1 g L–1 calibration
standard As solution (Astasol, Analytika CZ). Crystallisation of
goethite (ageing of the suspension) occurred at a temperature of 
80 °C. During ageing (40 h), the suspension formed was rinsed with
deionised water. The sodium hydroxide-free suspension was dried
at a maximum temperature of 105 °C to constant weight (approxi-
mately 2 h). Calcium arsenate was prepared by the reaction of so-
dium hydrogen arsenate with calcium chloride following the scheme
proposed by Pierrot [8]; 102 g Na2AsO4·7H2O was mixed with 35 g
CaCl2 then dissolved in 200 mL deionised water. Then 40 mL of con-
centrated HCl was added and NH4OH was carefully added drop-
wise to the solution. The precipitate formed was separated by fil-
tration. The overall process of calcium arsenate crystallisation pro-
ceeded for 7 days at room temperature. Powder X-ray diffraction
analysis (XRD, Dron 2.1 diffractometer) revealed the presence of
haidingerite (CaHAsO4·H2O). The mineral composition of the fi-
nal sample was completed by weighing and adding the other con-
stituents (crushed quartz, muscovite and feldspar) (Table 1).

Sample B contains only primary arsenopyrite (FeAsS) and cor-
responds to unweathered sediments. Sediments with similar As spe-
ciation occur in the mine tailings of old gold mines in the Bohemian
Massif, Czech Republic [9]. The final mineral composition of the
sample was prepared by addition of quartz, muscovite and feldspar
(Table 1).

In sample C, arsenic is bonded to the clay mineral kaolinite
(Al2Si2O5(OH)4) and synthetic calcium carbonate (CaCO3). Arsenic-
enriched kaolinite was prepared from a suspension of kaolinite en-

riched with a 1 g L–1 standard As solution (Astasol, Analytika CZ).
Following rinsing and drying, kaolinite contained 600 mg kg–1 As.
Synthetic CaCO3 was prepared with 22 g CaCl2 stirred in 100 mL
deionised water and enriched with a standard solution of As, so that
the final concentration was 1000 µg As in 1 g CaCO3. The CaCO3
was precipitated in 200 mLof 1 M Na2CO3 solution. The suspen-
sion was aged at room temperature for 2 days, then dried at 105 °C
to constant weight and ground in an agate mortar.

In sample D, arsenic is bonded to clay mineral, carbonate and
synthesised goethite. Sample E represents a mixture of synthetic
haidingerite, clay mineral, carbonate and synthesised goethite. Sam-
ple F has the identical composition as sample E, but also contains
primary arsenopyrite.

Following weighing of the individual phases (As-bearing phases,
quartz, muscovite and feldspar), the prepared mineral mixtures
were homogenised and pulverised in an agate ring mill. The ap-
proximate grain size of mineral mixture was less than 60 µm.

After preparation of As-bearing and other mineral phases, the
As content in each mineral was determined. Mineral powder (0.2 g)
was digested in a PTFE closed beaker (Savillex, Minetonka, USA)
with 10 mL HNO3 and 5 mL HF overnight on a hotplate (150 °C).
After opening the vessels and evaporation to near dryness, the
residue was dissolved in 2% HNO3 and transferred into a 100-mL
volumetric flask. The stock solution was diluted 10–100 times be-
fore ICP MS measurement. Certified reference materials GXR 1,
GXR 2 and GXR 3 (USGS) were analysed for quality control of an-
alytical data of each prepared As-bearing mineral. Expected values
of As in the different extraction steps were calculated from mineral
content in the mixture and from concentration of As in each mineral.

The mineralogical composition and corresponding As concen-
trations are given in Table 1.

Sequential extractions

For a comparison of efficiency in As extraction, the methods of
Tessier et al. [1], Borovec et al. [2], Zhang and Moore [3] and Hall
et al. [4] were selected. The successive chemical extraction steps
of each sequential procedure are summarised in Table 2. To facili-
tate the comparison of different extraction techniques, the extrac-
tion steps were combined in four groups: (i) exchangeable ions,
carbonates and calcium arsenates (AEC fraction – adsorbed/ex-
changeable/carbonate), (ii) Fe- and Mn-oxyhydroxides, (iii) organic
matter and sulphides, and (iv) residual minerals. Calcium arsenates
are relatively soluble (from 4.1×10–2 to 9×10–3 mol L–1 [10]) and
will probably dissolve during the first step of the extraction proce-
dures. For this reason, results concerning the dissolution of cal-
cium arsenate were ranged into the AEC fraction.

The Tessier method was carried out according to the original
work, with only a change in the volume of the extraction agent
from 8 mL to 20 mL. The Borovec extraction method was carried
out exactly according to the original work. The original definition
of individual fractions (soluble, reducible, oxidisable, organic, resid-
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Table 1 Mineral fraction in synthetic samples (in wt.%) and corresponding arsenic contents (in µg g–-1±1σ)

Sample A Sample B Sample C Sample D Sample E Sample F

% As % As % As % As % As % As

Kaolinite – – – – 5.36 29.4±3.2 5.2 28.5±3.1 5.06 27.7±3.0 5.23 28.6±3.1
Calcite – – – – 4.84 44.7±5.3 8.32 76.9±9.1 4.46 41.2±4.9 4.77 44.1±5.2
Haidingerite 0.224 937±28 – – – – – – 0.29 1214±36 0.2 837±25
Goethite 11.8 114±9.6 – – – – 4.73 45.5±3.8 4.7 45.3±3.8 4.93 47.5±4.0
Arsenopyrite – – 0.5 1342±83 – – – – – 0.12 322±20
Feldspar 30.3 <1.5 35.3 <1.5 – – – – – – – –
Muscovite 16.7 <1.5 11.7 <1.5 – – – – – – – –
Quartz 41.1 <1.5 52.8 <1.5 89.8 1.88±0.31 81.74 1.72±0.28 85.51 1.79±0.3 84.75 1.78±0.3
Σ 1054 1345 75.9 153 1330 1281



ual) given by Zhang and Moore [3] were readjusted to agree with
the terminology used in the Tessier, Borovec and Hall methods.
The Zhang and Moore method was carried out according to the
original work. The Hall extraction technique was also carried out
according to the original work, except that the KClO3 recom-
mended for oxidation of the organic matter and sulphides was re-
placed by H2O2 in acidic medium, i.e. according to the Tessier
method to maintain approximately the same solid/liquid ratio for
oxidation of arsenopyrite.

The initial mass of synthetic mineral mixture was 1.000±0.001 g
for every extraction procedure. After each extraction step, the solu-
tion was separated from the solid phase by centrifugation (4000 rpm,
time 20 min). The solution was transferred into a volumetric flask
and the undissolved residue was rinsed with 20 mL of deionised
water. Following centrifugation, the rinse solution was added to
the original solution. Blanks were run simultaneously at all stages
of the procedure, and all the extraction methods were carried out in
triplicate. In addition, the concentrations in the individual extracts
were also determined in triplicate. The results are given as the
arithmetic mean. The total concentration of As in the “residual
fraction” and in individual synthetic mixtures was determined by
dissolution of solid samples in a mixture of HF and HClO4 in a ra-
tio of 5:1. It was found that residual mineral components (quartz,
muscovite, feldspar) also contained small amounts of As (Table 1).

Analysis of solutions

All the solutions were stabilised with concentrated hydrochloric
acid (final HCl concentration 2% v/v). The element concentrations
were determined using flame atomic-absorption spectrometry
(FAAS, Varian SpectrAA 200HT) in an acetylene–nitrous oxide
flame under the conditions recommended by the manufacturer with
matrix-matched calibration. The detection limit of As was 10 µg g–1.

Solutions with low As concentrations were prepared in 2% v/v
HNO3 and analysed by inductively coupled plasma mass spec-
trometry (PQ 3 VG Elemental, GB) with a glass concentric nebu-
liser, water-cooled spray chamber and peristaltic pump. Lenses and
gas flows of the ICP MS were tuned using 50 µg L–1 As and 20 µg L–1

In solutions. Arsenic external calibration standards (1, 10, 50 µg L–1)
were used; the internal standard (20 µg L–1 In solution) was mixed
with measured solutions using a Y junction. An RF power of 1350 W,
the pulse count mode of the detector, three points per peak, the peak
jump mode and three replicates of 30 s acquisition time were used
for measuring the isotopes 75As and 115In. The LOD of ICP MS
measurement was 1.5 µg g–1 As.

Results and discussion

Release of metals from AEC fraction

The AEC fraction comprises As adsorbed and bound in an
exchangeable position, As in carbonates and easily solu-
ble arsenates. Comparison of the different sequential ex-
traction procedures shows that the amount of As released
from the AEC fraction is significantly underestimated by the
Tessier, Borovec and Zhang and Moore methods (Table 3,
Fig. 1). For sample A, a good agreement between the re-
sults of the first step of the Hall method and expected val-
ues was observed (Table 3, Fig. 1). Thus, the acidity of ex-
traction agents and especially the reaction time are the
most important factors influencing As recovery from the
AEC fraction. It was found that the highest amounts of As
were released during the first steps of the Hall and the
Borovec methods with a sufficiently long extraction inter-
val (reaction times of 12 and 8 h, respectively) (Table 3,
Fig. 1). This is in agreement with Wenzel et al. [11], who
quote the importance of a sufficiently long time for the
first steps of selective extraction. Less than 1.5 µg g–1 As
was released using 0.25 M NaCl (Zhang and Moore
method), probably due to the short reaction time and weak-
ness of the extraction agent (Table 3, Fig. 2). The higher
amount of As released from exchangeable positions by the
Borovec method can possibly be linked with the prepara-
tion of goethite; the subsequent treatment of the mineral
mixture (especially grinding) leads to a shift in the indi-
vidual forms towards more labile bonding and part of the
As enters exchangeable positions. During the first extrac-
tion steps, As was also released from sample B with ar-
senopyrite content; this phenomenon was observed espe-
cially in slightly acidic extraction agents at pH~5 (Table 3,
Fig. 1) and confirms that sulphides are reactive even in the
intermediate pH range [14].
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Table 2   Schemes of the four compared sequential extraction procedures

Tessier et al. (1979) Borovec et al. (1993) Zhang and Moore (1997) Hall et al. (1996)

Exchangeable 1 M MgCl2 (pH=7),
20 mL, 1 h

1 M NH4OAc (pH=8.3),
20 mL, 8 h

0.25 M NaCl, 20 mL, 2 h 1 M NaOAc (pH=5),
20 mL, 12 h

Bound to carbonates 1 M NaOAc (pH=5),
20 mL, 1 h

1 M NH4OAc (pH=4.8),
20 mL, 5 h

Bound to
Mn-oxyhydroxides

1 M NH2OH·HCl,
100 mL, 12 h

0.1 M K2HPO4, 20 mL,
2 h

Bound to amorphous
Fe-oxyhydroxides

0.18 M (NH4)2C2O4 in
H2C2O4, 100 mL, 24 h

1 M Na2S2O3, 10 mL,
4 h ultrasonic bath

0.25 M NH2OH·HCl in
0.25 M HCl, 20 mL, 2 h
and 0.5 h, 60 °C

Bound to crystalline
Fe-oxyhydroxides

0.04 M NH2OH·HCl,
20 mL, 95 °C, 6 h

1 M NH2OH·HCl in 25%
HOAc, 20 mL, 3 h and
1.5 h, 90 °C

Bound to sulphides
and organic matter

15 mL 30% H2O2 and
3 mL 0.02 M HNO3, 2 h,
85 °C; 3.2 M NaOAc,
5 mL, 85 °C, 3 h

15 mL 30% H2O2 and
3 mL 0.02 M HNO3,
2 h, 85 °; 3.2 M NaOAc,
5 mL, 85 °C, 3 h

5% NaClO4, 20 mL, 2 h 15 mL 30% H2O2 and
3 mL 0.02 M HNO3,
85 °C, 2 h; 3.2 M NaOAc,
5 mL, 85 °C, 3 h

Bound to silicates HF, HClO4 HF, HClO4 HF, HClO4 HF, HClO4



The Hall method seems to be the best for determining
the speciation of As in synthetic soils with high amounts
of calcium arsenates, which are commonly found in oxi-
dation zones of ore districts. However, the first step of this
method initiates the release of As from soils with a high
amount of primary arsenopyrite.

Effect of the reducing agent 
(Fe- and Mn-oxyhydroxide fraction)

Hydroxylammonium hydrochloride (NH2OH·HCl) is one of
the most frequently employed extraction agents with reduc-
ing properties (Table 2). The use of this reagent should
lead to the reduction of synthetic goethite in sample A. If
the contribution of As from the previous steps is neglected,
the amount of As released by this reagent depends primar-
ily on the reaction temperature and the acid concentration
in the NH2OH·HCl solution that helps to maintain a con-
siderable amount of released As in the extract. Compari-
son of the selected extraction procedures shows that in the
case of sample A containing As-doped goethite, the Tessier,
Borovec and Zhang and Moore methods significantly over-
estimate the As released (Table 3, Fig. 1). The recovery of
As in this extraction step of the Tessier method is five
times higher than expected values. It is probable that such
an elevated release of As is caused by late dissolution of
calcium arsenate, which was not dissolved in previous ex-
traction steps due to the weakness of extraction agents or
insufficient reaction time. As well as in previous fractions,
the Hall method seems to give the best fit for As concen-
trations bound on Fe- and Mn-oxyhydroxides (Table 3,
Fig. 1). Small amounts of As were released from sample B
by the extraction steps of the Tessier, Borovec and Hall
methods (Table 3, Fig. 1). This phenomenon is probably
linked with dissolution of newly formed alteration prod-
ucts (hydrous ferric oxides, HFO) formed on the surface
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Fig. 1 Efficiency of different sequential extraction procedures em-
ployed for simple mineral mixtures A and B



of the arsenopyrite during its exposure to extraction media
in the first steps of each sequential procedure. Wang et al.
[14] found that in alkaline solutions, the oxidation of ar-
senopyrite produces ferric hydroxide on the arsenopyrite
surface. Such processes can be taken into account in the
Tessier and Borovec methods using neutral and alkaline
media, respectively, in the first extraction steps (Table 2).
It is probable that in slightly acidic media, the oxidation of
arsenopyrite and subsequent HFO precipitation will also
take place especially when the extraction steps are rela-
tively long (Table 2).

Effect of the oxidising agents 
(sulphide and organic fraction)

The strong oxidising action of H2O2 in acidic medium is
frequently employed for oxidation of organic material and
sulphides in sequential extraction (Table 2). Although the
design of this extraction step in the Tessier, Borovec and
Hall methods is identical, the extraction results are differ-
ent as a result of the efficiency of previous extraction steps
(Table 3, Fig. 1). Sample A was prepared so that it would
not contain any As bound to sulphides or organic matter.
However, some As from these fractions was released by
all the methods used (Table 3, Fig. 1). In particular, the
Tessier method showed a significant release of As; this
fact is probably related to the late dissolution of goethite
and/or calcium arsenate, which were not completely dis-
solved in previous extraction steps. The lowest amount of
As is released by the extraction step of the Hall method
(Table 3, Fig. 1). A comparison of the selectivity of the ex-
traction methods for As in sample B (arsenopyrite) shows
a good fit of the Hall method with the expected values
(Table 3, Fig. 2). Conversely, the Tessier, Borovec and
Zhang and Moore methods significantly underestimate the
As available in this extraction step (Table 3, Fig. 2). As a
result, the extraction step of the Hall method was found to
be the best for the speciation of As bound to sulphides and
organic matter.

Metals in the residual fractions

Although the As contents in the silicate fractions are envi-
ronmentally insignificant, knowledge of the As release by
this extraction step is relatively important, because it indi-
cates the efficiency of the previous extraction steps. In the
case of sample A, all the mineral phases should be decom-
posed in the HFO fraction. However, the recoveries from
the residual fraction are significantly overestimated and the
amount of As released by the Tessier, Borovec and Zhang
and Moore methods indicates the inadequate efficiency of
the extraction agents used in previous steps (Table 3, Fig. 1).
In contrast, relatively low As contents in the residual frac-
tion in the Hall method indicate that the mineral phases
were decomposed during the previous extraction steps with
a sufficient efficiency of extraction agents used (Table 3,
Fig. 1).

For sample B, high recoveries of As were determined
in the residual fraction by the final extraction step of the
Tessier, Borovec and Zhang and Moore methods (Table 3,
Fig. 2). The elevated As content in this fraction in the
Tessier and Borovec methods indicates that the arsenopy-
rite was insufficiently oxidised in sample B in the previ-
ous extraction steps. In contrast, the amount of As deter-
mined in the residual fraction by the Hall method indi-
cates efficient action of the oxidising agents on the ar-
senopyrite dissolution (Table 3, Fig. 2).

Detailed study of the Hall method

The Hall method was found to be the most suitable for
mineral mixtures A and B. Subsequently, a detailed study
of the extraction on more complex mineral mixtures C, D,
E and F was performed. The results of this verification are
shown in Table 4 and Fig. 2. Besides the As concentra-
tions in individual extraction steps, concentrations of Ca
and Fe were also determined in order to confirm the dis-
solution of calcium arsenate and HFO as the extraction
proceeded (Table 4, Fig. 2). The Ca content decreases
rapidly in the AEC fraction and remains constant in the
subsequent steps (approx. 100 µg g–1). The dissolution of
calcium arsenate and CaCO3 in the initial steps of the ex-
traction experiments is apparent from variations in the Ca
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Fig. 2 Verification of the Hall se-
quential extraction method on com-
plex mineral mixtures C, D, E and F



concentration (Fig. 2). It follows from the variation in the
Fe concentration that the Fe in the samples containing
kaolinite is extracted in the initial steps. The dissolution
of goethite also leads to the formation of the correspond-
ing peak in the reduction of crystalline HFO in samples D,
E and F (Fig. 2). Oxidation of arsenopyrite was not sig-
nificantly manifested on the plot of concentration of Fe
(Fig. 2); thus, the oxidation of arsenopyrite probably occurs
throughout the entire experiment.

In sample C, As is only bound on kaolinite and car-
bonate. However, only about half (44 µg) is extracted in
the AEC extraction step and the remainder is released in
the following extraction steps, especially in the residual
silicate fraction (Table 4, Fig. 2). In sample D, the As is
present in the AEC fraction and in goethite. Similarly to
the previous sample, only half of the As is extracted in the
AEC fraction and the remainder is extracted together with
the fraction of crystalline HFO (Table 4, Fig. 2). The low
As recovery in the AEC fraction could be caused by re-
adsorption of As ions by kaolinite whose pH zero point of
charge (ZPC) value is close to the pH of the extraction
agent employed (pH~5) [15]. In the HFO extraction step,
where the reducing solutions have a sufficiently low pH,
As is present as H3AsO4, which significantly limits its re-
adsorption so it can be sufficiently extracted from the re-
maining solid phase (Table 4). Again, the fraction of As
recovered from the residual minerals is slightly overesti-
mated (Table 4, Fig. 2). In sample E, As is present in the
AEC fraction, as well as in calcium arsenate and goethite.
The recovery from the AEC fraction is slightly lower than
the expected value; the high amount of As released from
the amorphous HFO fraction corresponds to the complete
dissolution of calcium arsenate (Table 4, Fig. 2). In addi-
tion to previous synthetic mineral mixtures containing
goethite, As recovery from the crystalline HFO fraction is
overestimated (Table 4, Fig. 2). Part of the As which was
not sufficiently mobilised in the first three extraction steps
is released by the strong mineral acids used for dissolution
of the residual fractions (Table 4). In sample F, with the
exception of the dissolution of arsenopyrite, the recover-
ies for the individual fractions were overestimated (Table 4,
Fig. 2). Arsenopyrite was probably slightly oxidised in pre-
vious extraction steps. Again, the As recovery from the
amorphous HFO fraction probably corresponds to the dis-
solution of calcium arsenate.

With the exception of sample F, the As recoveries from
the AEC fraction are underestimated with respect to the ex-
pected values (Table 4, Fig. 2). On the other hand, the re-
covery of As from subsequent fractions of the crystalline
HFO is generally twice that of the expected value (about
200%, Table 4, Fig. 2); this phenomenon probably corre-
sponds to the inefficient reaction during the first extrac-
tion step. The high As recovery in the amorphous HFO
fraction observed in samples E and F corresponds either
(i) to residual dissolution of calcium arsenate which was not
completely dissolved during the first extraction step (sam-
ples E and F) or (ii) to the dissolution of newly formed
amorphous HFO, which may form during the rapid alter-
ation of arsenopyrite grains (sample F). Another common
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phenomenon is a strong As leaching in the residual sili-
cate fraction, which was observed in all the samples stud-
ied. This fact is likely to be related to the inefficient ex-
traction in previous steps (Table 4, Fig. 2). However, the to-
tals of extracted As during the Hall procedure correspond
well to the expected values (Table 4).

The origin of material (soils, stream sediments), min-
eral composition, grain size, Eh and pH of the interacting
solution must be considered before the application of the
sequential extraction procedure. The synthetic mixtures
used for the extraction experiments corresponded to soils
formed in oxidising and slightly alkaline conditions above
sulphidic ores with carbonates. However, the amount of
As extracted from real soils may be significantly lower,
because the soil fraction <2 mm typically used for sequen-
tial extraction corresponds to a lower reactive surface
area. Compared to our synthetic samples, the real soils
may contain larger mineral grains, which require longer
extraction time for their complete dissolution (carbonate
and sulphide grains). This would result in an underestima-
tion of the leached amount of As in the carbonate and sul-
phide extraction step. On the other hand, a comparison of
our experimental data with real soils may be satisfactory
for the HFO fraction. In soils, HFO are often present in
very thin coatings on mineral grains and, having a large
reactive surface, they can be more easily dissolved. To
compare synthetic and real natural samples, the same frac-
tion (i.e. <60 µm) should be used.

Conclusions

Synthesis of artificial phases with admixtures of As was
found to be a successful way for testing the extraction
method. The use of extraction procedures for trace elements
occurring as anionic complexes under normal conditions
encounters considerable difficulties. On simple mineral mix-
tures containing calcium arsenate, As-bearing goethite and
arsenopyrite, it was found that the extraction methods of
Tessier et al. [1], Borovec et al. [2] and Zhang and Moore
[3] are not suitable for the determination of As speciation.
Quantitative oxidation of arsenopyrite did not occur using
the oxidation agents recommended by these procedures.
On the contrary, a good fit between observed and ex-
pected extractions was found for the method of Hall et al.
[4] performed on simple mineral mixtures. Subsequent

detailed study of the Hall method was carried out on more
complex synthetic mineral mixtures with varying amounts
of As-containing kaolinite, carbonate, calcium arsenate,
As-bearing goethite and arsenopyrite. Although such a
method cannot be employed for an accurate differentia-
tion amongst adsorbed As and As bound to arsenates and
carbonates in the first extraction step, the results show
that it is relatively suitable for the route identification of
As distribution in similar heavily polluted soils or sedi-
ments found in real environments. Using the Hall method,
a current differentiation between “labile”, “medium-labile”
and “residual” forms of As can be performed and subse-
quently used for further environmental evaluation.
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