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Abstract

Geogenic metal contaminations in soils are intensely discussed in waste management, as the recyclability of excavated soil
is regulated by limit values for pseudo-total contents in Austria. However, the use of pseudo-total contents overestimates the
release of some contaminants such as metals into the environment. Sequential extraction provides an empiric tool to better
assess the mobility of metals and predicts their bonding type in individual fractions, but the relation between the obtained
fractions and the exact mineralogical bonding is often unclear. Electron microprobe analyses provide detailed mineralogical
insights, but do not yield direct information about the mobility of elements. A combination of both methods has been used
a few times in soil sciences in general, but never to Styrian soils. Thus, six geogenic contaminated Styrian soils and one
compost soil were investigated by a method combination of sequential chemical extraction and electron microprobe analyses.
Sequential extraction suggested that Cr in five substrates and As and Ni in one substrate each are bound in stable crystalline
minerals, whereas Pb in four samples and Cu in two samples are adsorbed to iron and manganese hydroxides. Elemental
mappings obtained by electron microprobe analyses confirmed sequential chemical extraction results and specified that Cu
and Pb are bound to manganese (hydr)oxides, As to Fe~Cu—Sb—S compounds, Cr to spinels and Ni to olivine. In summary,
the current study gives new information about the mobility and mineralogy of metals in six Styrian soils which is relevant
for their possible recycling despite exceeded limit values for pseudo-total content.
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Introduction

Excavated soil is the largest waste stream in Austria mak-
ing up 32 m tons and more than 50% of the overall waste
in 2017 (Federal Ministry for Sustainability and Tourism
2019). Twenty-five metric tons or 78% are landfilled which
means that valuable soil functions for humans and the envi-
ronment (Drobnik et al. 2018) get lost instead of being main-
tained when used for recultivation purposes, e.g. through the
production and application of compost soil, i.e. a synthetic
soil substrate produced from compost and excavated soil
(Wellacher et al. 2018). This is partly due to limit values
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regarding pseudo-total and leachable contents of metals and
certain other parameters for the recycling of excavated soil
(Federal Ministry for Sustainability and Tourism 2017). In
this generalized expert opinion, in fact, pseudo-total contents
derived by aqua regia digestion are given to define three
classes intended for different recycling purposes, such as
agricultural or non-agricultural use, A1, A2 and BA.

Thus, in Austria these limit values decide whether an
excavated soil can be recycled or must be landfilled. Limit
values for pseudo-total contents shift a huge amount of geo-
genically contaminated soils towards landfills where these
soils lose their multitude of valuable functions, no matter
these soils have been naturally grown and functioned over
centuries.

Contrary, in other regions like Flanders, not the total
contents, but only the emissions in air, surface water and
groundwater are regulated (Cappuyns 2014). Consequently,
the question arises if pseudo-total contents as limit values
are the best way to assess the release of contaminants into
the environment. This approach follows the precautionary
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principle that “where there are threats of serious or irrevers-
ible damage, lack of full scientific certainty shall not be used
as a reason for postponing cost-effective measures to prevent
environmental degradation” (The United Nations Confer-
ence on Environment and Development 1992). On the other
hand, firstly, the release of contaminants from materials is
limited by thermodynamic and kinetic restrictions like disso-
lution/precipitation or desorption/adsorption equilibria and
reaction rates, respectively (Hollen et al. 2017). Secondly,
positive recycling effects in terms of resource efficiency and
maintenance of soil functions are gaining more attention and
are suggested to outweigh the rather hypothetical threads
without compromising environmental safety. This knowl-
edge suggests that according to the European Commission
which states that “the measures may have to be modified or
abolished by a particular deadline, in the light of new scien-
tific findings” (Commission of the European Communities
2000), pseudo-total contents of metals as limit values might
be abolished if new findings reveal that only a minor fraction
can be released into the environment.

Sequential chemical extraction (SCE) has been suggested
and widely used as a tool to determine the mobility, avail-
ability, distribution and possible toxicity of chemical ele-
ments in soil already for 40 years (Tessier et al. 1979). It
consists of a series of chemical extractions performed on the
same sample using specific reagents to target individual frac-
tions of chemical elements. In SCE, each reagent has a dif-
ferent chemical nature (e.g. a diluted acid, reducing or oxi-
dizing agent) and the steps are performed roughly in order
of increasing “vigor” (Rao et al. 2008). However, different
SCE techniques vary in terms of significant aspects such
as the choice and order of the extraction agent, the dura-
tion of the process and the solid/liquid ratio as well as the
preparation and conservation of the samples (Filgueiras et al.
2002). Alternative concepts like parallel chemical extrac-
tion use different reagents for the initial soil sample (Quian
et al. 1996). Another approach to assess metal mobility is
electro-ultrafiltration (Jelecevic et al. 2019). Although such
and several other alternatives like pH-dependent leaching
tests combined with hydrogeochemical modelling (Dijkstra
et al. 2004) exist, which may provide a deeper insight in the
mechanisms of contaminant release, SCE is still and often

used in environmental sciences (Rodgers et al. 2019) though
its future has been discussed controversially already more
than a decade ago (Bacon and Davidson 2008). Tessier et al.
(1979) linked the individual fractions obtained to mineral-
ogical bonding (Table 1).

However, the minerals and organic compounds which
were suggested to control the leaching of metals by either
adsorption/desorption or precipitation/dissolution equi-
libria represent manifold groups of dozens to hundreds of
phases whose individual members differ with respect to
sorption capacity and solubility. Consequently, for a deeper
understanding of metal mobility in soils a more profound
knowledge about their mineralogical bonding is required.
Eventually, this complex nature can be approached only by
hypotheses, starting with simplified ones.

In contrast to Tessier et al. (1979) more recent research
suggests that besides structurally incorporated metals, either
by substitution or in stoichiometric phases, also recalcitrant
organic compounds and resistant anthropogenic phases like
elementary metals and vitreous phases can contribute to the
so-called inert fraction (Young 2013) which corresponds to
Tessier’s residual fraction. However, Young (2013) defines
also a “non-labile” metal fraction which is not bound revers-
ibly, which can be the case for structurally incorporated met-
als, but also for surface complexes or nanoparticles. Conse-
quently, the fact of structural incorporation alone does not
allow the attribution to distinct mobilization behaviour.

Structural incorporation of metals in uncontaminated
soils is limited to the substitution for main elements in min-
eral phases, as strong adsorption forces limit the availability
of freely dissolved species, and organic acids might prevent
the precipitation of e.g. chloropyromorphite [Pb5(PO,);Cl]
(Lang and Kaupenjohann 2003; Young 2013). Although
distinct metal phases have been found in some soils, e.g. Zn
in franklinite (ZnFe,04) and sphalerite (ZnS) in a smelter-
influenced soil (Roberts et al. 2002), these have been sug-
gested not to control metal mobility (Degryse et al. 2009).
However, it is still not completely clear if a solubility con-
trol of a metal might be valid for other cases, as amorphous
FeAsO, (Arcon et al. 2005), metallic Pb, PbCrO, (Jensen
et al. 2006), PbO,, Pb;P,0,5, Zn(OH),, ZnO and Cd(OH),
(Hrsak et al. 2000) have been found as stoichiometric

Table 1 Fraction/mineralogical Fraction/mineralogical bonding

Extractants

bonding and extractants
according to Tessier et al.

Exchangeable
1979)

Bound to carbonates
Bound to Fe-Mn oxides

Bound to organic matter

Residual =incorporated in minerals

1 M MgCl,, pH 7 or 1 M NaOAc, pH 8.2, room temperature, 1 h
1 M NaOAc, pH 5.0 (adjusted by HOAc), room temperature, 5 h

0.3 M Na,S,0,+0.175 M Na-citrate + 0.025 M H-citrate or
0.04 M NH,0H-HCl in 25% (v/v) HOAc, 90-95 °C, 6 h
0.02 M HNO; +30% H,0,, pH 2 (by HNO;), 85 °C, 2 h; addi-
tion of NH,OAc after cooling to prevent adsorption
HF-HCIO, mixture

<
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metal-containing minerals in contaminated soils, and solu-
bility control has been demonstrated to be a possible leach-
ing controlling mechanism in other anthropogenic materials
like steel slags (Hollen et al. 2017).

Several attempts have been taken to link the heavy mobil-
ity obtained by SCE to the mineralogical bonding of heavy
metals in soil samples. Moral et al. (2005) found that Cd, Ni,
Cr, Co, Ag, Pb, Cu, Mn and Zn in Spanish soils were mostly
present in the residual, reducible and carbonate-sorbed form,
but could not locate them by scanning electron microscopy
using energy-dispersive X-ray spectroscopy (SEM-EDX)
which suggests general dispersion throughout the soil
matrix. Beesley and Marmiroli (2011) used SEM/EDX to
illustrate a relative concentration decrease in As, Cd and Zn
from soil during leaching tests, but could also not identify
the exact mineralogical bonding of these metals. These stud-
ies indicate that methods with lower detection limits than
SEM-EDX are required for this purpose.

Cerqueira et al. (2011) combined time of flight second-
ary ion mass spectrometry (TOF-SIMS) and high resolution
transmission electron microscopy with energy-dispersive
X-ray spectroscopy (HR-TEM/EDX) to show that Cu®*
and Pb*" in a luvisol soil were associated with haematite,
gibbsite, vermiculite and chlorite. Cerqueira et al. (2012)
used HR-TEM to prove the incorporation of Cr and Cu into
haematite and of Pb and Cu in jarosite and schwertmannite.
Arenas-Lago et al. (2014) found, investigating soils from a
depleted mine in Lugo, Spain, that the majority of the Cd,
Pb and Zn proportion is in the residual fraction of the soil
using TOF-SIMS to confirm results of sequential chemical
extraction. Field emission secondary electron microscopy
(FE-SEM) images also showed the presence of residual Zn
associated with Fe oxides and Pb>* deposited on calcite and
microcline.

As the detection limit of SEM-EDX is often too high and
the costs for TOF-SIMS are too high, electron microprobe
analyses (EMPA) represent an intermediate method to deter-
mine the mineralogical bonding of chemical elements in soils
and to compare it to SCE. Borgigno et al. (2006) compared
SCE and EMPA with respect to phosphorous and showed that
Ca- and Fe-bound phosphate species represent the largest frac-
tions. With respect to heavy metals, Basu and Schreiber (2013)
found Fe hydroxides as the main As fraction according to SCE,
but could show by EMPA that weathering of arsenopyrite to
As-bearing hydroxides occurs via the formation of scorodite.
Byrne et al. (2017) found that Cr was bound in the residual
fraction of urban sediments according to SCE and specified by
EMPA that it is bound to Fe oxides and alumino-silicate glass.
Kierczak et al. (2008) successfully combined SCE and EMPA
with respect to the mobility and speciation of Cr, Ni and Zn,
but could not identify the mineralogical bonding of the mobile
elements Cu and Pb due to low concentrations. Fleming et al.
(2013) combined SCE with EMPA for Pb and As and found

them to be present as in discrete particles along with P and Fe.
Finally, Nielsen et al. (2015) successfully combined SCE and
EMPA to show the association of Cu with organic matter in a
contaminated soil in Denmark.

For Austrian soils, both SCE (Hseu et al. 2017) or EMPA
(Sedlazeck et al. 2017) were used separately to investigate
the speciation of heavy metals, but only one study (Lombi
et al. 2000) combined these methods and found by both
methods that As was bound to Fe hydroxides in the investi-
gated samples. No studies on the combination of SCE and
EMPA with respect to the mobility of other elements were
found for Austrian soils, and none of the investigated soils
from Lombi et al. (2000) was from the province of Styria.

Consequently, the aim of the present study is to character-
ize the mobility of metals in geogenically contaminated soils
from the Styria in which contaminations from non-ferrous
metal mining and metallurgy are quite abundant (Krainer
1999) by SCE and to test the link between mineralogical
bonding and SCE. The novelty of this study, i.e. the differ-
ence to other papers, is not the method combination itself,
but its application to a specific set of samples in a specific
context which has two dimensions.

Firstly, the number of possible mineralogical bonding
forms of a metal is higher than the number of SCE fractions,
especially with respect to the residual fraction. This means
that a metal which is mainly bound to the same SCE frac-
tion in two soils may be incorporated in different minerals
though. Consequently, application of the suggested method
combination for a large number of soils is required for a
deeper understanding of the relation between mineralogy
and mobility of metals in soils, and the additional case stud-
ies from Styria present here are an important novelty.

Secondly, the waste legislation varies between different
countries. Austria is a country which regulates pseudo-total
contents of metals for the recycling of excavated waste. This
inhibits the recycling of excavated soil, especially in regions
with geogenic enrichments and a mining history like Sty-
ria. Austrian waste legislation does neither consider SCE
nor EMPA as tools to assess the recyclability of excavated
soils. Therefore, the application of the method combination
in this specific waste management context represents a sig-
nificant novelty. Consequently, one objective of this study
is to deliver arguments to the authorities to replace pseudo-
total-content limit values for excavated soil recycling by a
mobility-based approach.

Materials and methods
Materials

Seven Styrian soils (L1, L2, L3, L5, L7, L11 and L12) and
one artificial compost soil (L22) have been sampled. All soil
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samples except L3 are geogenically contaminated with met-
als (Fig. 2). L3 served as reference soil without any metal
contents exceeding limit values. Soil samples were collected
according to ONORM L1056 (Austrian Standards Interna-
tional 2004) by taking at least 25 individual samples at each
sampling site with a ‘“Piirckhauer” and merging them to a
mixed sample from a depth of 10-30 cm. The compost soil
sample was prepared by mixing serpentine sand <4 mm with
compost and excavated soil in the weight ratio 69:11:20 and
taken according to ONORM S2127 (Austrian Standards
International 2011). If the samples were not prepared right
away after sampling, they were stored at 0—4 °C.

Methods
Physico-chemical characterization

Samples were pre-treated based on EN 16179, i.e. dried at
4 °C until constant weight, divided by the quartering method,
manually disaggregated and sieved (2 mm). Only the frac-
tion <2 mm was used for all analyses and experiments.

For chemical analyses, samples were grinded (ball mill,
Retsch S 1000) and dried at 105 + 3 °C [drying oven, accord-
ing to ONORM EN 14346 (Austrian Standards International
2007)] prior to microwave digestion with a mixture of HF,
HNO; and HCI according to ONORM EN 13656 (method A)
(Austrian Standards International 2002a). At the same time,
an aqua regia digestion according to ONORM EN 13657
(method B) (Austrian Standards International 2002b) was
conducted. The digested samples were analysed by induc-
tively coupled plasma mass spectroscopy (ICP-MS, Agilent
7500ce) according to ONORM EN ISO 17294-2 (Austrian
Standards International 2017) for total contents of As, Pb,
Cd, Cr, Cu, Ni and Hg.

Soil-specific physico-chemical analyses were conducted
at the Agricultural Testing Facility of Styria (LwVzSt)
in Graz. Samples were prepared according to ONORM L
1053 (Austrian Standards International 2012b). pH was
determined according to ONORM EN 15933 (Austrian
Standards International 2012a), the specific electric conduc-
tivity according to ONORM L 1099 (Austrian Standards
International 2015), the plant-available P and K accord-
ing to ONORM L 1087 (Austrian Standards International
2019a), the total N using the Kjeldahl method according
to ONORM EN 16169 (Austrian Standards International
2012c), the carbonate content using the Scheibler method
according to ONORM L 1084 (Austrian Standards Interna-
tional 2016), the total organic carbon (TOC) according to
ONORM L 1080 (Austrian Standards International 2013)
and the particle size distribution according to ONORM L
1061-2 (Austrian Standards International 2019b).

* @ Springer

Sequential chemical extraction

SCE experiments were conducted for each of the investi-
gated samples in duplicate or triplicate according to Tessier
et al. (1979) in four steps:

1. Four grams of each sample was placed in a centrifuge
beaker, 32 mL 1 M MgCl, extraction solution was added
and samples were shaken for 1 h at room temperature.
Solids were separated from remaining solutions (fraction
1) by centrifugation at 5500 rpm for 15 min. The super-
natant was pipetted, and the solid residue was washed
with at least 10 mL of deionized water and centrifuged
again for 15 min. This time the supernatant liquid was
discarded, the solid was dried, weighed and used for the
next step.

2. The solid fraction remaining after step 1 was mixed with
32 mL 1 M sodium acetate solution and shaken for 5 h
at room temperature. Again, centrifugation was used to
separate solids from the solution and washing, weighing
and drying were carried out.

3. The solid fraction remaining after step 2 was mixed with
80 mL of a 1 M NH,OH-HCI solution (adjusted to pH 5
by AcH) and heated at 96 + 3 °C for 6 h. A watch glass
was used on top of the water bath to allow the evolving
gases to escape. After cooling, solids were separated
from the solution by centrifugation, etc.

4. The solid fraction remaining after step 3 was mixed
with 12 mL of a 0.02 M HNO; solution and 20 mL of
a 30% H,0, solution and heated at 85+2 °C for 3 h.
Another 12 mL of a 30% H,O, solution were added and
the extraction continued for 3 h. After cooling, 20 mL
of a 3.2 M NH,OAc in 20%(v/v) HNO; were added and
the mixture was shaken for 30 min. Again the sample
was centrifuged to separate solids from the liquid.

5. The residue of step 4 was weighed and digested using
hydrofluoric acid and analysed (method A).

In each SCE run a reference sample (L3) was simulta-
neously treated to guarantee the reproducibility of method
and results. All obtained aqueous solutions were analysed
by inductively coupled plasma mass spectroscopy (ICP-MS,
Agilent 7500ce) according to ONORM EN ISO 17294-2 for
As, Pb, Cd, Cr, Cu, Ni and Hg. Concentrations of individual
elements in the solutions are converted to the weight of the
dry matter of the initial sample.

Electron microprobe analyses

One polished section was prepared from each sample (apart
from L3, as all considered metal contents were below
50 mg/kg) and analysed by electron microprobe analyses
(EMPA, Superprobe Jeol JXA 8200, U=15kV, A=10nA).
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Table 2 Physico-chemical properties of investigated soils

pH EC (uS/

Sand (%) Silt (%) Clay (%) CaCO; (%) Available P Available K Kjeldahl-N TOC

Soil type

Former use

Origin

Soil

cm)

(mg/kg

DS)

(mg/kg DS)  (mg/kg DS)  (g/kg DS)

1.8 2.8 6.9 225

<39

46 41 13 0.1

Cambisol

Pb—Zn mining, processing,

Deutschfeistritz/

Rabenstein

L1

metallurgy

7.6 294
7.3 151
74 301

7.1

39
24
3.6

102 143

38 10 15
47

52

Cambisol

Pb—Cu—Ag mining

Oberzeiring
Kraubath

L2

4.6

179

132

44
26

Cambisol
Gley

Agriculture, grass land

L3

54

<39

Pb-Zn—Ag mining and metal- 64 10

Deutschfeistritz/

L5

lurgy
Agriculture

Arzwaldgraben

72 213
6.3 161
59 156

39
34

53 2.1

0.4
0.1

62
37
29

30

Cambisol

Zeltweg

L7

2.1

<39
107

Alluvial soil 54

Cu-As mining

Radmer

L11

14

5.9

16

0.2

11

60

Gley

Cu—As mining

Johnsbach

L12

10000

g
- 1000 mLl
[
;:D mL2
£ 100 .3
-
é 10 mL5
c mL7
o
°© 1 WLl
2 L12
ke

0.1 122

As cd Cr Cu Hg Ni Pb
Element

Fig. 1 Total contents of metals in investigated soil samples. Where no
bars are drawn the concentration was below the detection limit

% 10000
o
& 1000
2 mLl
w _
£ 100 =2
= - mL3
g 10
= uis
8 1 mi7
‘TB mL11
2 o1
o 112
-g 0.01 122
§ As cd cr Cu Heg Ni Pb

Element

Fig.2 Pseudo-total contents of metals in investigated samples, black
lines indicate the range of limit values. Where no bars are drawn the
concentration was below the detection limit

Backscattered electron (BSE) images of each sample were
taken. Elemental mappings using wavelength-dispersive
x-ray spectroscopy (WDX) were made for the metals As,
Cr, Cu and Ni as well as for the main elements Fe, Mn, Si,
Al Ca, Mg, Na, K, O and S in order to identify the miner-
alogical composition and attribute the individual metals to
individual mineral phases. Selected individual particles were
analysed for qualitative chemical composition by energy-
dispersive X-ray spectrometry (EDX).

Results and discussion
Physico-chemical analyses

General physico-chemical parameters are summarized in
Table 2:

All investigated samples (<2 mm) are dominated by the
sand and silt fraction, whereas the clay fraction accounts
for only 10%. The samples L5 and L7 have the significantly
higher silt contents than the others, whereas the sample L.12
has the highest sand content. The available P contents in the

* @ Springer



3668 International Journal of Environmental Science and Technology (2020) 17:3663-3676

As
100%
80%
60%
40%
20%
0%
L1 L2 L3 L5 L7 L11 L12 L22

HStepl MStep2 mStep3 MStep4 M Residue

Cu
100%
80%
60%
40%
20%
0% = = =

L2 13 15 L7 L1 12 122

L1

Relative Percentage [%]

Relative Percentage [%]

EStepl MStep2 mStep3 MStep4 M Residue

Pb
100%
80%
60%
40%
20%
0% l -
L2 L3 L5 L7 L11 L12 L22

L1

Relative Percentage [%]

mStepl mStep2 mStep3 MmStep4 mResidue

Relative Percentage [%]

Cr
100%
80%
60%
40%
20%
0%
L1 L2 L3 L5 L7 L11 L12 L22

HStepl MStep2 mStep3 MStep4 M Residue

Ni
100%
80%
60%
40%
20%
., H B - =
L1 L2 L3 ) L7 L12 L22

L11
EStepl MWStep2 mStep3 MStep4 M Residue

Relative Percentage [%]

Cd

100%
o || I I
60%
40%
0%

L1 L2 L3 L5 L7 L11 L12 L22

Relative Percentage [%]

mStepl mStep2 mStep3 mStep4 mResidue

Fig.3 Sequential chemical extraction of individual metals from soil (L1 —L12) and compost soil (L22) samples. Relative percentages of total

concentrations are presented

samples L2 and L3 are one order of magnitude above those
of the other samples and also the K contents are about three
times higher. The soil L12 has a much higher TOC content
than the other samples. The pH of the samples is in the near-
neutral range, and the electric conductivity varies between
150 and 300 pS/cm.

Chemical analyses of investigated samples (Fig. 1) indi-
cate that Cr, Cu, Ni, As and Pb are present in total contents
(method A) between 10 and 1000 mg/kg, whereas Cd and
Hg occur mostly in concentrations below 1 mg/kg. Varia-
tions between individual samples are mostly in the range of
one order of magnitude. A specific observation for Cr and
Ni is that here only sample L22 shows significantly higher
concentrations than other samples which are in the same
range. Sample L3 is characterized by the lowest contents of
all considered metals.

Pseudo-total contents (method B) were determined for
comparison with limit values from legislation (Fig. 2).

Four samples, i.e. L5 (Pb), L11 (Hg), L12 (Cu) and
L22 (Ni), exceed the highest limit value for the respective
element and might not be recycled at all according to the

* @ Springer

current Austrian legislation. L1, L2 and L7 keep the high-
est limit value for all elements, but exceed the lowest limit
value for at least one parameter, thus suffer restrictions in its
recyclability, whereas L3 fulfils even the lowest limit values
for all elements. This is in agreement with the fact that L3
was taken as a reference sample where no contaminations
were suspected.

Sequential chemical extraction

SCE analyses generally indicate that the same elements in
different samples follow the same trend (Fig. 3). Arsenic, Cr
and Ni follow a progressive trend, i.e. the larger portion of
these metals is bound to less mobile fractions. In average,
87 +8% of Cr, 80 + 11% of As and 74 +9% of Ni are bound
to the residual fraction. Consequently, Cr was found to be
the least mobile metal.

In contrast, Cd and Pb show a degressive behaviour,
i.e. that the larger portion of those metals is more mobile.
However, compared the enrichment in the largest fraction
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Table 3 Comparison of metal contents in the investigated samples before and after SCE (dl: detection limit)

L12

L11

L7

L5

L3

L2

L1

After Before After Before After Before After Before After Before After Before After

Before

(mg kg™' DS)

166
103
0.31
56

165
115

19
18

17 31 29 23

17

2.7

1.7
25

101
561

87
455

0.07
292
1.7
117

55

<dl
285
1.6

As

860 777 140 130 18
2.7

2.5

25

Pb

0.36
54

0.20
74

0.23
101

0.12
115
46
67

0.19
125
47

0.02
44

0.17
52
11

25

1.33
85
71

0.70
94
68

Cd

141
61

140
40
58

100
47

Cr

1826
44

2030

36

228
47

200
46

14
28

Cu

63

59

47

58

60

56

Ni

0.39 0.83 0.83 <dl 0.25 2.8 0.24 <dl <dl <dl 0.08 0.59 0.59

0.39

Hg

is less pronounced. 42 + 12% of Pb are extracted within the
third fraction and 26 +15% to the residue. Cd is the most
mobile element with 35 +20% bound to the first fraction
and 30+ 12% to the third fraction as the fractions with the
biggest load.

Copper shows an intermediate behaviour with rather even
distribution among the fractions (e.g. each 30% in the third
and fifth fraction), although 48 +23% are extracted within
the residual fraction in average.

Mercury could not be detected in most of the fractions so
that its behaviour in SCE cannot be described adequately.
This was probably due to the vaporization of almost all Hg
during the high temperature steps 3 and 4.

SCE analyses furthermore show that different elements
in the same sample behave differently.

Comparing the trend for individual metals in soils with
high and low contents of these metal, e.g. in the case of As,
shows no difference in the behaviour between the sample
groups. Sample L2, which has the by far highest CaCO; con-
tent (Table 2), does not show a higher fraction of the heavy
metals bound to the carbonate fraction than other samples
do. This demonstrates that the simple presence of carbonates
does not mean that heavy metals are bound to carbonates. In
case of elements showing a progressive trend, it is suggested
that the solubility of the heavy-metal-bearing minerals in the
residual fraction is so low that the resulting dissolved con-
centrations are not sufficient for the precipitation of heavy
metal carbonates. In case of elements showing a degressive
behaviour, the high share of exchangeable fractions indi-
cates the presence of highly soluble heavy metal species.
The presence of carbonates does not seem to represent a
secondary sink for these elements during the first extraction
step of TCE. This suggests that the incorporation of heavy
metals into the pre-existing carbonates is either too slow
(e.g. due to slow diffusion) or thermodynamically inhibited
(e.g. due to too low pH).

The reproducibility of SCE results was confirmed by
measuring the sample L3 as a reference sample in each SCE
series. RSD of the cumulatively extracted fractions including
the final HF digestion of the residue between all L3 samples
is in the range of 10 to 20% for most metals.

The validity of SCE results was confirmed by compar-
ing the total contents in each sample with the cumulatively
extracted amounts including final HF digestion which devi-
ated only 10 to 20% from each other (Table 3). In general,
recovery rates are in the range of 100%, i.e. the mass balance
is correct. Significant deviations occur for metals which are
present in concentrations below 10 mg/kg for some cases,
e.g. for As in L3, Cd in L2 and L3, whereas in other cases
the contents before and after the experiments match very
well despite low contents, e.g. for Cd in L1, L5, L11 and
L12.
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(right) of a wider area of sample L2

SCE results are in rough agreement with a study on soil
reference materials (Li et al. 1995). Cr was predominantly
bound to the residual fraction in their used reference material
SO-1-4 (89%) and in the investigated samples (87 +8%). Ni
is more mobile than Cr as the share in the residual fraction
was lower both in reference material USGS MAG-1 (65%)
and the investigated samples (74 +9%). Cu is less mobile in
USGS MAG-1 as 73 to 91% were bound to the residual frac-
tion, compared to only 48 +23% in our samples. The higher
Cu mobility in the investigated samples might be explained
by the presence of sulphide minerals like tetrahedrite whose
weathering releases Cu in the advanced state (Majzlan et al.
2018). Contrary, Pb is more mobile in the investigated sam-
ples where it is predominantly (42 + 11%) bound to the third
fraction, whereas it is dominant (53 to 62%) in the resid-
ual fraction in USGS MAG 1. This suggests that in USGS
MAG-1 primary Pb minerals might control the mobility,
whereas the investigated soils might have been infiltrated by
dissolved Pb. SCE data for Hg were not presented as care-
ful assessment of the analyses and experimental procedures
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suggested that Hg might have vaporized during heating in
steps 3 and 4 of the SCE.

The order of mobility of elements in this study
(Cd>Pb>Cu>Ni>As>Cr) is in general agreement with
literature data. The rapid mobilization of Cd in soils and the
slower oxidation and trapping of Pb in clay minerals have
been described in detail (Kabata-Pendias and Pendias 2001).
The orders Cd >Pb > Ni and Cu> Cr were also found in
floodplain soils along the Elbe river in Germany (Rinklebe
and Shaheen 2014; Shaheen and Rinklebe 2014). In flood-
plain soils along the Pinios river (Greece) and the Nile river
(Egypt), a smaller amount of Cd, Cu, Ni and Pb was found in
the mobile fraction (Shaheen et al. 2015). The relatively low
mobility of Ni with a larger portion in the residual fraction
and smaller fractions of acid-soluble Ni are in agreement
with data for serpentine soils (Hseu et al. 2017).
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Electron microprobe analyses

EMPA results indicate the mineralogical bonding of at least
one metal in all investigated samples apart from L11. How-
ever, only the mineralogical bonding of one element could
be determined for L1 (Cr), L2 (Pb) and L5 (Pb) and of two
elements for L7 (Cr, Pb), L12 (As, Cu) and L22 (Cr, Ni).

EMPA results show that Pb and Mn occur together in
sample L2 (Fig. 4). It is proposed that the Si peak which
is also visible in the EDX spectrum is due to the adjacent
quartz grain at the top left. The other peaks are only from Pb
and Mn. As neither O nor H can be identified by EDX, but
oxygen can be seen at the corresponding area in WDX, the
presence of a Pb—Mn (hydr)oxide can be deduced. However,
despite partly high Pb contents in sample L1 (285 mg/kg),
neither elemental mappings nor EDX analyses of individual
particles could reveal the mineralogical bonding of Pb in
those samples.

Copper is present in a complex Cu-Fe—-Ni—Sb-As-S
compound in sample L12 (Fig. 5) as these elements were
identified in the same grain according to EDX measure-
ments. However, as no distinct phase with this composition
could be found in the literature, it is suggested that this grain
is composed of different phases from the large group of sul-
fosalts. Unfortunately, for all other investigated samples, the
mineralogical bonding of Cu could not be revealed although
its total content in sample L11 was 200 mg/kg. Arsenic was
also identified in the same compound in sample L12.

Chromium is incorporated in spinels [(Fe,Mg)(AlCr),0,4]
in samples L1, L7 and L22 (Fig. 6). Again, although some
other samples showed higher total Cr contents than those

* @ Springer
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(e.g. L5: 140 mg/kg), the mineralogical bonding of Cr could
not be determined in them. For Ni, EMPA results reveal that
it is present as olivine, which has the stoichiometric formula
[(Fe,Mg),SiO,4], but can incorporate some Ni instead of Fe
or Mg (Santos et al. 2015). As all other samples have total Ni
contents of maximum 63 mg/kg, it is consistent that EMPA
could not reveal its mineralogical bonding therein.

EMPA results generally confirm the hypothesis of SCE
regarding the mineralogical bonding of investigated samples
and give more precise information about the exact phase
the metals are bound to (Table 4). On the other hand, SCE
results suggest also the mineralogical bonding of minor frac-
tions of metals, whereas EMPA only show one host phase
for each metal.

Pb, which is mostly present in fraction 3, i.e. suggested
to be bound to Fe and Mn (hydr)oxides according to SCE,
in samples L2, L5 and L7, is confirmed to be present as
Pb—Mn phase. Regarding the identification of Pb—Mn
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hydroxides in sample L2, the presence of the Pb—Mn sili-
cate yangite, PbMnSi;O4-H,O (Downs et al. 2016), can-
not be excluded. Due to the drying process of the sample
during sample preparation, it cannot be distinguished if
Pb is adsorbed to a Mn (hydr)oxide or incorporated in its
structure, as during the drying process precipitation of
adsorbed species would have occurred. Furthermore, it is
not clear if the Pb-bearing phase is an oxide or a hydroxide
as hydrogen cannot be determined. Possible Pb—Mn (hydr)
oxides are cesarolite, Pb(Mn“J“)3O6(OH)2 (Pechiazzi et al.
2008), quenselite, PbMnO,(OH) (Rouse 1971) and various
amorphous phases.

Copper, which is predominantly bound to fraction 3 in
sample L12, is, however not bound to rather simple Fe—Mn
(hydr)oxides like suggested by SCE, but is associated with
a complex Cu—Fe-Ni—Sb—As—S compound. Interestingly,
As is also identified in the same compound in sample L12
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Table 4 Metal contents, dominant mineralogical bonding of metals in the investigated samples according to SCE and EMPA

As Cr Cu Ni Pb
L1 0mgkgDS 100 mg/kg DS 47 mg/kg DS 56 mg/kg DS 285 mg/kg DS
SCE: Fraction 1: SCE: Residue=bound to ~ SCE: Residue=bound to  SCE: Residue=bound to  SCE: Fraction 3: Fe and
exchangeable crystalline phases crystalline phases crystalline phases Mn (hyd)oxides
EMPA: n.a. EMPA: Chromian spinel ~EMPA: n.d. EMPA: n.d. EMPA: n.d.
(Fe,Mg)(ALCr),0,
L2 87 mg/kg DS 94 mg/kg DS 68 mg/kg DS 58 mg/kg DS 455 mg/kg DS
SCE: Residue=bound to  SCE: Residue=bound to  SCE: Residue=bound to  SCE: Residue =bound to  SCE: Fraction 3: Fe and
crystalline phases crystalline phases crystalline phases crystalline phases Mn (hyd)oxides
EMPA: n.a. EMPA: n.d. EMPA: n.d. EMPA: n.d. EMPA: Pb—Mn (hydr)
oxide
L5 17 mg/kg DS 140 mg/kg DS 40 mg/kg DS 58 mg/kg DS 860 mg/kg DS
SCE: Residue=bound to ~ SCE: Residue=bound to ~ SCE: Residue=bound to  SCE: Residue=bound to  SCE: Fraction 3: Fe and
crystalline phases crystalline phases crystalline phases crystalline phases Mn (hyd)oxides
EMPA: n.d. EMPA: n.d. EMPA: n.d. EMPA: n.a. EMPA: Pb—Mn (hydr)
oxide
L7 31 mg/kg DS 125 mg/kg DS 47 mg/kg DS 63 mg/kg DS 140 mg/kg DS
SCE: Residue=bound to  SCE: Residue=bound to  SCE: Residue=bound to  SCE: Residue =bound to  SCE: Fraction 3: Fe and
crystalline phases crystalline phases crystalline phases crystalline phases Mn (hyd)oxides
EMPA: n.a. EMPA: Chromian spinel ~ EMPA: n.d. EMPA: n.d. EMPA: Pb—Mn (hydr)
(Fe,Mg)(ALCr),0, oxide
L11 23 mg/kg DS 101 mg/kg DS 200 mg/kg DS 46 mg/kg DS 18 mg/kg DS
SCE: Residue=bound to  SCE: Residue=bound to  SCE: Fraction 3: Feand = SCE: Residue=bound to =~ SCE: Fraction 3: Fe and
crystalline phases crystalline phases Mn (hyd)oxides crystalline phases Mn (hyd)oxides
EMPA: n.a. EMPA: n.d. EMPA: n.d. EMPA: n.d. EMPA: n.d.
L12 165 mg/kg DS 54 mg/kg DS 2030 mg/kg 36 mg/kg DS 115 mg/kg DS
SCE: Residue=bound to  SCE: Residue=bound to  SCE: Fraction 3: Feand = SCE: Residue=bound to = SCE: Residue =bound to
crystalline phases crystalline phases Mn (hyd)oxides crystalline phases crystalline phases
EMPA: Cu—Fe—-Ni—Sb- EMPA: n.d. EMPA: Cu-Fe—Ni-Sb- EMPA: n.a. EMPA: n.d.
As-S compound As-S compound
L22 0 mg/kg DS 455 mg/kg DS 26 mg/kg DS 615 mg/kg DS 22 mg/kg DS
SCE: no As detected SCE: Residue=bound to  SCE: Residue=bound to  SCE: Residue=bound to  SCE: Residue =bound to
EMPA: n.a. crystalline phases crystalline phases crystalline phases crystalline phases

EMPA: Cr spinel (Fe,Mg)
(AL,Cr),0,

EMPA: n.d.

EMPA: Olivine
(Fe,Mg,Ni),Si0,

EMPA: n.d.

n.d. not detected, n.a. not analysed

in EMPA, although it behaves differently in SCE as it was
predominantly present in the residual fraction.

Chromium, which is suggested to be present in crystalline
phases by SCE, as it is enriched in the residual fraction, is
confirmed to be incorporated in spinels [(Fe,Mg)(AlCr),0,4]
by EMPA in samples L1, L7 and L22. Incorporation of Cr
in spinels (L1, L7, L22) is in agreement with studies show-
ing the presence of Cr in spinels in serpentine soils and an
incongruent dissolution progressively enriching the spinel
towards the chromite endmember (Oze et al. 2004).

For Ni, which is also suggested to be incorporated into
crystalline phases, EMPA results reveal one exact mineral-
ogical bonding in sample L.22, where it is present as olivine,
which has the stoichiometric formula [(Fe,Mg),SiO,4], but
can incorporate some Ni instead of Fe or Mg.

With respect to the origin of the metals, neither SCE
nor EMPA results yield unambiguous information. Firstly,
anthropogenic metal contents can be mobile (e.g. Sb in

municipal solid waste incineration bottom ashes (Cornelis
et al. 2006)] or immobile [e.g. Cr in steel slags (Aldrian
et al. 2015)], but also geogenic metal contents can be mobile
[e.g. Cd in soils (Liu et al. 2013)] or immobile [e.g. Cr in
ultramafic rocks (Altenburger et al. 2015)]. Secondly, many
natural minerals possess synthetic analogues with the same
composition and crystal structure, e.g. wuestite (FeO) or
members of the spinel and melilite group (Neuhold et al.
2019). In the investigated samples L1, L7 and L22 Ni-bear-
ing olivine and Cr-bearing spinels are likely to be anthro-
pogenic, as both minerals are common in the Kraubath
complex in the investigated region (Kollegger et al. 2007).
The complex compound found in sample L.12 could not be
identified as a naturally occurring mineral, but this might
be due to fine intergrowths of different mineral phases and
does not indicate an anthropogenic source. In case of met-
als which are sorbed onto Pb—Mn hydroxides, their primary
source is completely unclear and it cannot even be said if
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they entered the soil from the surface or were mobilized
from the substrate underneath the soil.

Conclusion

The aim of the present study, the assessment of the mobil-
ity of metals in Styrian soils and the understanding of this
mobility by the mineralogy, by a method combination of
SCE and EMPA was reached.

Although the exact mechanisms of release are not com-
pletely clear, SCE predicted quite well the mineralogical
bonding of Cr, Ni and As, to the groups given by Tessier
et al. (1979). The mobility of metals from the investigated
Styrian soil samples was not known before and represents a
major finding of this study. Additionally, these novel findings
could be explained by identifying distinct mineral phases
which host the respective metals and limit their availability.
In particular, the finding of the complex As phase in sample
L12 adds a new piece of information to the As mineralogy
in Styrian soils. Minor deviations between SCE and EMPA
results, e.g. in case of Cu bonding, do not contradict the use
of SCE, as especially in this case the diverse speciation of
Cu is indicated.

Regarding mineralogical investigations, the suggested
sorption mechanisms onto Fe or Mn (hydr)oxides, the added
value of EMPA results is limited, as sorption and incorpo-
ration cannot be distinguished. In situ spectroscopic tech-
niques like X-ray adsorption spectroscopy (Nevidomskaya
et al. 2016) might be a suitable tool, but are highly complex
and not suitable for quality control in compost soil produc-
tion. Another challenge is the quite high detection limit of
EMPA which prevented the identification of the mineral-
ogical bonding of Hg and Cd. Laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) might be
used for this purpose, but spatial resolution is worse than for
EMPA. Recently, the authors have tested secondary ion mass
spectrometry on the nanoscale (nanoSIMS) and obtained
interesting results regarding the incorporation of metals in
slags, but differentiation between sorption and incorporation
is still not possible as long as samples have to be dried prior
to analyses.

With respect to the objective to give further arguments
to the authorities to replace pseudo-total contents as limit
values for the recycling of excavated soils, the current study
indicates that a combination of SCE and EMPA yields addi-
tional information to the mobility of metals in (excavated)
soils which is relevant for their possible recycling despite
exceeded limit values for pseudo-total content.

However, for standardization in waste management,
both SCE and EMPA might be too complex methods and
more simple methods need to be investigated. In this con-
text it has to be mentioned that in certain legislations, a

* @ Springer

difference is made between geogenic and anthropogenic
metal contaminations. Since SCE will not give any infor-
mation about a geogenic or anthropogenic origin of a
metal there is need to further examine methods for such
a distinction. Wellacher et al. (2018) proposed to use the
comparison of metal contents in different soil depths as
well as in different size fractions. However, more research
is needed for this distinction.
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