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• In historical glass wastes Pb and Mn did
not correlatedwith other PTEs andmag-
netic parameters.

• Magnetic parameters are helpful in un-
derstanding of the relationship of PTEs
with various forms of iron.

• Up to 43% of Zn occurred in ionic form,
associated with iron oxides only by sur-
face adsorption forces.

• Considerable part of Ni, Co and Cu was
associated with ferrimagnetic iron ox-
ides in less mobile fractions.

• Some part of Zn, Ni, Co and Cu occurred
also in the form of inclusions in alumi-
nosilicates or was enclosed in glassy
phases.
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A geophysical survey conducted in the remote forest glade, located in the IzeryMountains (SWPoland), revealed
the existence of an anthropogenic layer of historical glasswastes dumped in this area during the activity of a glass
factory in the 18th and 19th centuries and domestic wastes dumped during the second part of the 20th century.
The aim of the study was assessment of potential ecological risk related to the release of potentially toxic ele-
ments to the soil, groundwater and surfacewaters. The assessmentwas done on the base of classical geochemical
analysis supported by calculation of environmental indices as well as on mobility of elements (leaching test and
BCR sequential extraction). As an innovative aspect in the geostatistical interpretation of the data, somemagnetic
parameters (magnetic susceptibility-χ, χ/Fe ratio) were also used. It allowed for a better understanding of the re-
lationship of PTEs with various forms of iron. The BCR sequential extraction found that among the PTEs, only Zn
(up to 43%)was in a potentiallymobile fraction probably occurring in ionic form, associatedwith iron oxides only
by surface adsorption forces. The leaching has shown a slight increase in Zn and Cu content in the surfacewaters;
however, itwas not considered to be a real ecological threat because the pHof thewastematerial and soil cover is
N6.0 and the scenario of a radical decrease in pH is rather unrealistic. The other PTEs were associated with more
stable E2, E3 and E4 fractions. Zinc, similar toNi, Co andCu inwaste samples,was highly correlatedwithmagnetic
parameters (χ and χ/Fe). It means that a considerable part of thesemetalswas associatedwith ferrimagnetic iron
oxides, although they can also occur in the form of inclusions in aluminosilicates and enclosed in glassy phases.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction
Former studies conducted in the mountain forest glade of Orle, lo-
cated in theWestern Sudetes (SWPoland), revealed the existence of an-
thropogenic layers of buried wastes consisting of slags, sinters,
fragments of ceramics and ash, as well as sharp-edged sinters. These
wastes are result of the ca. 100 years of glassworks activity in this area
over the 18th and 19th centuries. The anthropogenic layer of historical
wastes is partly mixed with modern bottom ashes and construction
waste dumped here during the second part of the 20th century. The an-
thropogenic layer was detected by applying of soil magnetometry dur-
ing the field survey in 2015, as the anthropogenic material has
different magnetic properties than the natural geological background
consisting of granites and gneisses. For this reason and also by using
geophysical methods, it was possible to determine the depth of the bur-
ied waste layer as well as its spatial distribution in the forest glade. A
geochemical study also revealed the high contents of Cu, Ni, Pb, Sn
and Zn in the topsoil and subsoil samples taken in the area of magnetic
anomaly (Zawadzki et al., 2016; Magiera et al., 2019).

Generally, ashes and slags, regardless of their source, contain ele-
vated levels of potentially toxic elements (PTEs) that may pose a poten-
tial threat to soil and groundwater, especially during long time of
storage (Parsons et al., 2001; Kierczak et al., 2009, 2013; Ettler et al.,
2016; Schindler, 2014). The threat can be related to the leaching of ele-
ments to the ground and surfacewaters, especially if the anthropogenic
wastes have a direct contact with streams, rivers or water reservoirs. In
many cases, historical slags and wastes stored for tens and hundreds of
years display even a lower residual content of potentially toxic elements
(PTEs) compared to those observed inmodern slags (Potysz et al., 2016)
because the process of slow release of elements occurring in thefirst pe-
riod after their deposit led to a decrease in their content. On the other
hand, some authors have reported that, in slags, PTEs (mostly metals)
were largely encased in droplets and remained protected by the glassy
matrix, which was relatively resistant to weathering processes
(Veselská and Majzlan, 2016).

The literature on the impact of pollutants emitted by glassworks on
the soil environment is not very extensive; however, several studies
based on currently active glassworks have been conducted in Europe
(Giusti and Polo, 2002; Rampazzo et al., 2008; Rossini et al., 2010;
Udatný et al., 2014). For example, centuries of glass-making activity re-
vealed high levels of trace elements in marine waters, sediments and
mussels around the Murano Island in Italy (Giusti and Zhang, 2002).
The increased content of As, Cd, Pb and Zn in soils around glasswork
or related glasswork dumps were also reported in the Czech Republic
(Udatný et al., 2014) and Sweden (Jani and Hogland, 2017, 2018;
Mutafela et al., 2020); however, the increased Pb content in soils around
crystal glasswork in South-Eastern Sweden was earlier interpreted as
natural geogenic enrichment (Zhang et al., 1999). Other studies con-
ducted in South-Eastern Sweden reported the high content of a mobile
fraction of Al, As, Fe and Pb in soils around an art glass factory as well as
in leachates, where the concentrations was higher than the local guide-
line values for safe drinking water (Augustsson et al., 2016; Rai et al.,
2019). This part of the country (Kalmar County) is regarded as one of
the most contaminated spots in Sweden due to the 150 years of glass-
work activity (Jani and Hogland, 2018). The negative effect of glasswork
activity on soils and native flora has also been reported from India
(Varun et al., 2012).

The Karlsthal glasswork on Orle glade in the IzeraMts. (South-West-
ern Poland) was founded in 1754, and in the beginning it produced
white and coloured glass, chandeliers, retorts and pharmacy utensils,
but there is lack of information about detailed production technology.
From 1795, the Karlsthal glassworks started producing transparent
crystal glass with a high lead oxide content. In some crystal and art
glass, the weight content of Pb was up to 32% (Hynes et al., 2004). The
production of crystal glass was associated with the emission of gases
and dust containing lead compounds (e.g., cerussite-PbCO3) and the
generation of solid waste (cullet, sinters, slags). Since the 1840s, the
glasswork started the production of coloured glass, coloured with ox-
ides of various metals. The Karlsthal glass was particularly known for
the production of crystal and millefiori glass, as well as for adventure,
purple and ruby glass. For the ruby glass production, copper oxides
were used as colouring substances (Tichy, 1928). There is lack of infor-
mation about technologies and colouring substances used in production
of other kinds of glass.

This study aimed to investigate the level of pollution related to the
anthropogenic layer of historical glasswork wastes mixed with much
later bottom ash and domestic wastes, located on a remote mountain
glade, and also to conduct an ecological assessment of potential ecolog-
ical risk related to the release of potentially toxic elements to the soil,
groundwater and surface waters. The assessment was done on the
basis of conventional geochemical analysis of total elements content,
supported by calculation of environmental indices aswell as onmobility
of elements (leaching test and sequential extraction). As an innovative
aspect in the geostatistical interpretation of the data, somemagnetic pa-
rameterswere also used. It allowed for a better understanding of the re-
lationship of PTEs with various forms of iron found in the studied waste
and the adjacent soil layers.
2. Materials and methods

2.1. Study area and sampling procedure

The investigated historical wastes were found in the remote for-
est glade Orle located on the altitude of 840 m in the Izera Moun-
tains on the South-Western edge of Poland (Fig. 1). The eastern
part of the glade cuts through Kamionek Creek, which is a tributary
of the Izera river. The wastes are located in the northern part of the
glade, directly on the bank of the creek, forming an uncovered es-
carpment rising a few metres above the shore. The rest of the
waste is under the soil cover with meadow vegetation. The area on
the western bank of the Kamionek creek is generally flat but uneven,
intersected by small hollows and dry channels as a result of gully
erosions. Currently, only a tourist station consisting of four buildings
is located in the glade, but in the past, from the middle of the 18th
century until the end of the 19th century, the Karlsthal glassworks
operated here, and a related settlement for ca. 100 glass workers
was located in the glade (Süss-Karwiński, 2004). The natural soil of
the glade is a shallow initial soil, which is formed on detritus of gran-
ite, which is the part of Izera granite–gneisses complex (Różycka
and Migoń, 2017).

Of the nine waste samples, four (G1, G2, G3, G7) were taken from a
depth of 0.5 m using a manual soil borer, along the 100 m long section
A-B (Figs. 1 and 2). Geoelectrical measurements were carried out in
the same transect to precisely locate the anthropogenic waste layer
(Magiera et al., 2019). The samples G1, G2 and G3 were collected be-
tween the 10th and 30thm of the profiles, whereas G7was sampled be-
tween the 50th and 60th m of the same transect. Sample G8 was
collected in the same point as G7 but from the depth of 1 m. Sample
G9 consisted of large pieces of slags collected from layer of 0.5 m in
point G9 (Fig. 2). Sample G4 contained the bottom sediment from
Kamionek Creek near the escarpment, whereas G5 was collected from
the surface on the foot of escarpment. G6was collected from the surface
of the escarpment on the bank of the creek. Also, 5 topsoil (0–5 cm) and
5 subsoil (10–20 cm) samples were collected from the soil that covers
the waste layer. Additionally, five samples from C horizon of soil from
theOrle gladewere collected. Theywere used as the background for cal-
culation of Igeo and PI indices. Also, four water samples from Kamionek
Creek were collected in September in conditions of low-water flow:
W1- upstream of the Orle glade, W2 and W3-near the escarpment,
where the creek cuts throughwaste layer,W4-in the forest downstream
of the Orle glade.



Fig. 1.The study area on the contourmapof Poland,with detailed location of study area (transect A–B), samplingpoints and the objects of local infrastructure. Basemap from “Google Earth
Pro” (https://www.google.com/intl/pl/earth/versions/#earth-pro).
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2.2. Geochemical measurements

Air dried samples collected from the topsoil, subsoil and C horizon
and samples of anthropogenic waste material were sieved to b0.2 mm
fraction. The content of Fe, Mn and 17 PTEs (As, Cd, Co, Cr, Cu, Ga, Hg,
Mo, Ni, Pb, Rb, Se, Sn, Th, U, W and Zn) was determined after extraction
in aqua regia. The extraction procedure was done according to the PN-
ISO 11466 methodology. 3 g of sample was digested in 28 mL of aqua
regiawithin 16 h in room temperature than boiling for 2 h. In case of de-
terminations of metal contents inwaste samples, the atomic absorption

https://www.google.com/intl/pl/earth/versions/#earth-pro


Fig. 2. Resistivity tomographyprofile (ERT)withmarked location of samples collected along theprofile. The location of anthropogenicmaterial ismarkedbydash line. Anomaly around the
70th m of the profile is related to remains of old foundations latter used as bonfire place (Magiera et al., 2019).
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spectrometry (AAS) technique was applied for Mn, Fe, Co, Cr, Cu, Ni, Pb
and Zn. Themeasurement was conducted on a Perkin Elmer 1100 B ap-
paratus at the chemical laboratory of the Institute of Environmental En-
gineering, Polish Academy of Sciences in Zabrze (Poland). For soil and
water samples, themore precise ICP-MS techniquewas applied tomea-
sure Fe, Mn and 17 PTEs. The quality control procedures were con-
ducted by using soil certified reference materials (NCS DC 73319, NCS
DC 73323 and NCS DC 73325). The percentage recovery for the nine in-
vestigated elements ranged from 91 to 106%.

2.3. Mobility of PTE

2.3.1. Leaching test
The batch testwith deionisedwater (H2O batch test) was performed

using the liquid:solid (L:S) ratio of 2:1 and 10:1 according to PN-EN
12457-1 (2006) and PN-EN 12457-2 (2006). The solid sample was
shaken for 24 h in deionised water in an end-over-end shaker at
10 rpm. Then the liquid is separated by centrifugation for 20 min at
12,850g using a centrifuge with JA-20.1 rotor and a temperature control
unit (AVANTI J 25, BECKMAN COULTER), and then supernatant was
filtrated by 0.2-μm filters (Millipore, Billerica, MA, USA) to remove the
fine particles from the solution.

Analysis of Cr, Co, Cu, Fe,Mn, Ni, Pb and Zn contentwasmeasured by
the ICP-OES (AVIO 200 spectrometer, Perkin Elmer) in the laboratory of
the Institute of Environmental Engineering, Polish Academy of Sciences
in Zabrze (Poland).

2.3.2. Sequential extraction procedure BCR
In order to determine the strength of the binding of Fe,Mn, Co, Cr Cu,

Ni, Pb and Zn and their potential leachability and bioavailability, which
can pose an environmental threat, the 3-step sequential chemical ex-
traction procedure was used. It is modified procedure of sequential ex-
traction proposed by the Community Bureau of Reference now known
as the BCR sequential extraction method (Sutherland and Tack, 2002,
2003; Kaasalainen and Yli-Halla, 2003; Joksič et al., 2005). The proce-
dure was preceded by a deionised water desorption test with water at
the water to solid phase ratio of 10:1 (E0), and after completion of the
sequential extraction procedure, the residual content of metals (E4)
was determined.

Step 0 (E1): Loosely-bound fraction, metals mainly in pore solution.
Use of deionised water at solid phase to water ratio 1:40 during 2 h in
room temperature.

Step I (E1): It is so called “extractable fraction” or “acid exchangeable
fraction” related to metal ions in mobile forms (exchangeable ions and
bound to carbonates), obtained by application of 0.11 M CH3COOH at
pH 2.85, with solution ratio (solid to water ratio) 1:40 and contact
time 16 h at room temperature.

Step II (E2): Easily reducible fraction related to metal ions in
mobilisable forms bound to Fe and Mn oxides. In this step, 40 mL of
0.5 M NH2OH•HCl adjusted to pH 1.5 with HNO3 were added to the
solid residue from the first step, and theflaskwas shaken for 16 h at lab-
oratory temperature.
Step III (E3): Oxidisable fraction usually interpreted as a fraction
connected with organic matter or/and sulphides. During this step,
there were two times extractions using 10 mL of 8.8 M H2O2 acidified
to pH 2–3 for 1 h at 85 °C each and then the sample was extracted
with 1 M CH3COONH4 at pH 2.0, in room temperature at solid:solution
ratio 1:50 and shaking time of 16 h.

Step IV (E4). The residual fraction was connected mostly with sili-
cates or aluminosilicates. Digestion of residual fraction was performed
with aqua regia 3HCl+HNO3, after cooling to room temperature the di-
gest filtered and diluted to 50 mL with 0.1 M HNO3.

After each extraction step, separation was performed by centrifuga-
tion at 10,000 rpm for 10 min, and the supernatant was filtered using a
0.45 μm syringe filter.

The metals concentration after each step were analysed with ICP-
OES (AVIO 200 spectrometer, Perkin Elmer). Analytical grade reagents
were used.

The modified BCR procedure differs from the original one in the
higher concentration of hydroxylammonium chloride (NH2OH•HCl)
and lower pH of the reagent in E2 step, as well as an effect for release
of Pb. It was observed that a modified reagent provides better attack
on the iron oxyhydroxide phase, whereas the original reagent attacked
only hydrous oxides of manganese. Additionally, Pb was not released
from soil in the original BCR procedure until the residual (aqua regia)
(Mossop and Davidson, 2003). The accuracy of the BCR SEP method
was checked using Certified Reference Material CRM BCR 483 (IRMM),
providing indicative values (only for Zn, not for Ba) for the concentra-
tions of the solutions obtained from four steps of SEP and also the sum
of these values.

2.4. Environmental indices

To assess the accumulation of PTEs in the waste and soil cover over
the anthropogenic layer, two environmental indices that are commonly
used in soil pollution study were calculated. The Igeo allows for the as-
sessment of PTE soil contamination based on the ratio between the cur-
rently measured content of the PTEs (in topsoil, subsoil and the waste
layer) and the content of the same elements in the bedrock or a specific
geochemical background for metal (Kowalska et al., 2018; Müller,
1969).

Igeo is defined by the following equation:

Igeo ¼ log2 CEL=1:5 Cbackground
� �

where
CEL - PTE's current content in the studied component of the environ-

ment (topsoil, subsoil and the waste layer).
Cbackground - content of PTE in the bedrock or reference geochemical

background. In this case the content of element in C horizon of natural
soil in Orle glade (outside the waste deposition area) were proposed
as a background values.

1.5 - constant, allowing the analysis of fluctuations of PTE content as
a result of natural processes.
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The second calculated environmental index was Single Pollu-
tion Index (PI). The PI is helpful in the assessment of the most dan-
gerous PTE among the studied elements (Gong et al., 2008;
Kowalska et al., 2018).

PI = C/Bwhere
C - determined PTE content in the layer, and
B - content of PTE in the bedrock or reference geochemical back-

ground (C horizon of natural soil in Orle glade).

3. Results

3.1. Chemical analysis

The content of Fe, Mn and some PTEs in soil samples collected over
the anthropogenic layer as well as from the C horizon of soils in the
Orle glade outside of the anthropogenic layer is presented in Table 1.
The iron content in organic and mineral horizons was not so high, be-
tween 1.0 and 1.8%, and was lower than in the geological background,
where in some samples, Fe contentwas over 2.0% (Table 1). Themanga-
nese content was more variable, ranging in the organic horizon from
112 to 1512 mg/kg and in the mineral horizon from 167 to 815 mg/kg.
A much smaller variability of Mn content was measured in the geologi-
cal background, where its average contentwas 189mg/kg. Compared to
this value, a significant increase in theMn content in the upper soil layer
can be seen. In relation to the local geological background (C horizon), a
high increase of Cu, Ni, Pb and Znwas observed in the soil cover over the
anthropogenic layer. In the case of Cu, the mean content in organic ho-
rizon (25.68mg/kg) ismore than four times higher than themean value
in C horizon of Orle glade soil, whereas themaximummeasured content
in this horizon is over six times higher than the maximum background
value. In the mineral horizon, the Cu variability is lower and the mean
concentration is only two times higher than the background value. In
turn, Zn showed higher mean and maximum contents in the mineral
horizon (74.16 and 189.84 mg/kg, respectively) than in the organic
one (67.16 and 110.88 mg/kg, respectively), where its increase was
three times higher in relation to the geological background. The abso-
lute Ni content in the topsoil is low (mean for organic 5.41 mg/kg and
mean for mineral 7.17 mg/kg), but in relation to the local geological
background (0.22mg/kg), the concentration ofNi in themineral soil ho-
rizon is over 30 times higher. Higher Ni content is observed in the min-
eral horizon than in the organic one. The opposite situationwas found in
Table 1
Descriptive statistics of the total concentration of Fe, Mn and potentially toxic elements (PTE) in
(C horizon outside the anthropogenic layer) as well as pH values for the samples collected on

Element Organic horizon 0–5 cm (mg/kg) n = 5 Mineral horizo

Mean Min. Max. Mean

Fe 10,300 5060 16,000 11,700
Mn 657 112 1510 479
As 13.9 6.5 26.8 10.3
Cd 0.38 0.09 0.69 0.37
Co 2.4 1.5 3.6 3.9
Cr 16.6 8.3 26.3 16.8
Cu 25.7 9.6 58.7 15.3
Ga 7.4 5.3 9.9 7.2
Hg 0.31 0.02 0.96 0.17
Mo 0.47 0.31 0.59 0.42
Ni 5.4 3.8 7.2 8.4
Pb 130 22.7 322 80.8
Rb 39.7 28.7 50.9 40.7
Se 0.36 0.18 0.51 0.39
Sn 2.37 1.49 3.73 3.05
Th 13.5 11.8 15.8 15.1
U 4.8 3.5 6.2 6.1
W 0.19 0.04 0.61 0.19
Zn 67.2 32.2 111 74.2
pH glade 5.48 5.04 6.04 5.01
pH forest 4.59 4.43 5.22 4.29
the case of Pb. Considerably higher mean contents of Pb were deter-
mined for the organic (130.37 mg/kg) compared to themineral horizon
(80.75mg/kg). In relation to the value of the geological background, this
means a 4.5 times increase in the organic horizon and 2.8 times in the
mineral horizon. ThemaximumPb contentmeasured in organic horizon
reached 322.18mg/kg. Also, slightly increased content of As, Cd, Hg,Mo,
Sn and W in the topsoil was observed; however, the absolute contents
of these elements were not high. The contents of elements such as Co,
Cr, Rb, Se, Th and U in both the organic and mineral horizons of topsoil
were similar to those measured for the geological background.

The total content of Fe, Mn and PTEs in waste samples is given in
Table 2. The total iron content in the waste samples was between 1.22
and 6.36%. The highest contents (N5.0%) were observed in the G1 sam-
ple collected from the 0.5m depth and samples collected on the surface
of escarpment. The lowest Fe content was detected in sample G7 col-
lected in the central part of the A-B transect at the depth of 0.5. Defi-
nitely the highest manganese content was observed in the sample at
point G7/G8, in the central part of the transect (2170 mg/kg at a depth
of 0.5 and as much as 7450 at a depth of 1.0 m). In the same G8 sample
taken from the1.0mdepth, the highest Pb content (472mg/kg)wasde-
tected. The lowest Mn and Pb content was detected in creek sediment
and in samples collect from the escarpment (G4 and G6 in case of Mn
and G4 and G5 in case of Pb). The total Zn content in the waste samples
was between 83 mg/kg (in the creek sediment) and 1400 mg/kg in G7
(sample from0.5mdepth of the central part of the transect). In addition
to the highest Zn content, the G7 sample also had the highest Cu
(247 mg/kg), Ni (216 mg/kg) and Co (80 mg/kg) contents. The lowest
content of Cu (17 mg/kg and Co b20 mg/kg) was observed in G4
(creek sediment), whereas the lowest content of Ni was observed in
G4, G8 and G9 (b25 mg/kg). The highest content of chromium (similar
to Fe) was observed in sample G1, collected in the northern part of
the A-B transect. The lowest content of Cr (b50 mg/kg) was detected
in samples G2, G4, G6 and G8. Magnetic susceptibility of these samples
is very diverse, from paramagnetic values (χ = 20 × 10−8m3kg−1) to
high ferromagnetic N1000 20 × 10−8m3kg−1 (samples G1 and G5)
and even 2537 20 × 10−8m3kg−1 in sample G7 collected from the
depth of 0.5 m in the central part of the transect. It is the same sample
where the highest values of Pb and Mn were measured.

Results of the leaching test for the samples ofwastematerial are pre-
sented in Table 3. Most of the investigated samples in aqueous solutions
showed a neutral or slightly alkaline reaction in the pH range 6.6–7.9. A
soil over the anthropogenic layer of wastematerial and in the local geological background
the Orle glade and surrounded forest.

n 10–20 cm (mg/kg) n = 5 C horizon (mg/kg) n = 5

Min. Max. Mean Min. Max.

6890 17,700 14,700 5870 23,700
167 815 189 134 279

2.1 18.3 6.3 4.2 8.1
0.05 0.97 0.12 0.07 0.18
1.9 7.6 2.2 1.2 3.7
4.5 31.1 20.8 14.0 27.1
6.7 31,5 6.1 3.3 9.7
4.6 8.0 10.1 9.4 10.7
0.00 0.39 0.08 0.04 0.17
0.10 0.71 0.22 0.13 0.43
3.1 16.7 0.2 0.1 0.4

13.0 189 28.3 17.4 68.9
35.8 50.6 56.7 46.8 75.5
0.20 0.58 0.38 0.28 0.45
0.59 8.89 1.31 1.17 1.41

12.6 17.6 16.0 14.8 16.8
3.6 13.0 5.9 4.2 9.7
0.03 0.38 0.05 0.01 0.12

31.1 190 25.5 19.5 38.3
4.27 5.75 6.04 5.74 6.34
4.27 4.50 5.51 4.72 6.31



Table 2
Content of Fe, Mn, some potentially toxic elements (PTE) andmass specific magnetic susceptibility (χ) of wastes used for sequential extraction procedure. Standard deviation in brackets.

Sample Fe Mn Co Cr Cu Ni Pb Zn χ

% mg/kg ×10−8 m3/kg

G1 6.36 (±0.28) 1250 (±58) 54 (±2) 137 (±2) 180 (±6) 129 (±2) 114 (±2) 952 (±21) 1006 (±27)
G2 2.80 (±0.07) 1170 (±19) 21 (±1) 46 (±1) 47 (±1) 27 (±1) 105 (±2) 378 (±7) 263 (±7)
G3 4.35 (±0.15) 1160 (±22) 22 (±1) 66 (±2) 116 (±1) 47 (±3) 100 (±4) 1230 (±34) 526 (±14)
G4 3.08 (±0.21) 578 (±16) b20 46 (±1) 17 (±1) 22 (±1) 19 (±1) 83 (±3) 20 (±1)
G5 6.22 (±0.40) 1160 (±17) 66 (±2) 142 (±5) 165 (±1) 170 (±2) 73 (±3) 435 (±37) 1056 (±43)
G6 5.44 (±0.25) 653 (±12) b20 44 (±1) 132 (±3) 42 (±1) 192 (±4) 750 (±23) 501 (±8)
G7 1.22 (±0.04) 2170 (±50) 80 (±3) 105 (±2) 247 (±7) 216 (±6) 149 (±4) 1400 (±42) 2537 (±53)
G8 2.24 (±0.10) 7450 (±253) b20 38 (±2) 103 (±3) 19 (±2) 472 (±13) 607 (±10) 323 (±5)
G9 2.90 (±0.11) 1250 (±24) b20 47 (±1) 60 (±2) 20 (±1) 227 (±6) 257 (±4) 138 (±2)
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slightly acidic reaction pH 6.1–6.3 was found only in the sample of
waste taken from a depth of 1 m (central part of transect A–B). The
highest conductivity in water solution of waste samples was measured
for all samples collected from the 0.5mdeep layer of anthropogenicma-
terial. It was in the range of 370–420 μS/cm in S/L phase 1:2. The con-
centration of Cr, Co and Pb in leacheates was below or close to the
detection limit. In case of Pb, even in sample G8 with the highest total
concentration of Pb (472 mg/kg) in leacheate, its content was
b1.0 μg/L. In sample G7, taken directly above G8 from the depth of
0.5m, the Pb contentwas 6 μg/L. Slightly higher contentswere observed
in case of Ni (2–14 μg/L) and Cu (1–24 μg/L). In both cases, the highest
contents were measured in sample G7, where the highest total content
of these metals was also observed. In the same sample, the highest con-
tent of Zn (116 μg/L) was also detected. The content of Fe and Mn in
leacheates is variable. In S/L ratio 1:2, the measured concentrations of
Fe and Mn were 38–722 μg/L and 22–362 μg/L, respectively, whereas
in S/L ratio 1:10, the concentrations were 21–474 μg/L and 11–75 μg/L,
respectively.

The content of PTEs in creek water was low. The highest concentra-
tions were measured for Cu at 0.40–0.82 μg/L, Ni at 0.25–0.37 μg/L and
for Pb at 0.26–0.28 μg/L. For all elements except lead, a slight enrich-
ment was observed at the place where the creek passed through the
waste layer and further downstream. The Pb content was almost the
same at all measurement points (Table 4).

Sequential extraction analysis revealed that most of the investigated
elements (Co, Cr, Ni and Fe) in samples collected between the 10th and
30thm of the A-B transect at the depth of 0.5m exhibit a similar pattern
(Fig. 3). In case of Co, Cr and Ni, over 60% of these elements were asso-
ciated with the residual fraction. In the case of Fe, over 80% was associ-
ated with the residual fraction. In sample G1, Zn was distributed almost
Table 3
Leaching of potentially toxic elements from waste samples collected in Orle glade. Test perfor
brackets.

Sample pH conductivity Co Cr Cu

μS/cm μg/L

G1 1:2 7.74 429 (±12) 4.3 (±0.6) b1.0 7.3 (±0.6)
1:10 7.73 183 (±5) 1.7 (±0.6) b1.0 5.3 (±0.6)

G2 1:2 7.85 409 (±11) 1.3 (±0.6) b1.0 7.3 (±0.6)
1:10 7.80 184 (±6) b1.0 b1.0 5.3 (±0.6)

G3 1:2 7.93 38 (±3) 2.3 (±0.6) b1.0 10.2 (±1.1)
1:10 7.71 140 (±8) 1.7 (±0.6) b1.0 6.3 (±0.7)

G4 1:2 6.78 103 (±5) 1.7 (±0.6) b1.0 25.0 (±1.4)
1:10 6.34 32 (±3) 1.7 (±0.6) b1.0 11.5 (±1.2)

G5 1:2 7.35 156 (±5) 2.3 (±0.6) b1.0 18.5 (±1.5)
1:10 6.65 42 (±4) 1.7 (±0.6) b1.0 10.2 (±0.8)

G6 1:2 6.85 125 (±6) 1.7 (±0.6) b1.0 11.8 (±0.9)
1:10 6.85 54 (±4) 1.7 (±0.6) b1.0 6.2 (±0.7)

G7 1:2 7.45 375 (±9) 1.7 (±0.6) b1.0 24.0 (±2.5)
1:10 7.12 119 (±5) 1.7 (±0.6) b1.0 21.0 (±1.5)

G8 1:2 6.12 65 (±4) 2.3 (±0.6) b1.0 2.7 (±0.6)
1:10 6.31 24 (±3) 1.7 (±0.6) b1.0 1.7 (±0.6)

G9 1:2 7.69 196 (±7) 1.7 (±0.6) b1.0 6.3 (±0.6)
1:10 7.53 74 (±5) 1.7 (±0.6) b1.0 3.3 (±0.6)
evenly between the E1, E2 and E3 fractions, but going south, the propor-
tion of the “acid exchangeable fraction” (E1) fraction increased from
27% (sample G1) to almost 43% (sample G3), at the expense of fractions
E2 and E3. The largest amount of Mn at G1 and G3 was bound in the E2
fraction (42% and 36%, respectively), although the sample of G3was the
same as the residual fraction (E4). In sample G2, however, over 50% of
Mn was associated with the residual fraction. Similar differences be-
tween samples G1 and G3 on the one hand and G2 on the other can
be seen in the Pb analysis. In samples G1 and G3, lead associated with
the E2 fraction dominated (58% and 43%, respectively), while in the
G2 sample, most Pb was associated with the E3 fraction, although the
residual fraction share was also significant (41%). In samples G1 and
G3, the share of Pb associated with the E3 fraction was 28 and 34%, re-
spectively. The Pb and Cu content in the E0 and E1 fractions was mar-
ginal. Copper in sample G1 was evenly distributed into the E2 and E3
fractions (42 and 43%, respectively); in sample G2, the E3 fraction was
definitely dominant (59%), and in sample G3, similar amounts of Cu
were associated with the E3 and E4 fractions (44% each) (Fig. 3).

In samples G4, G5 and G6, the Co contents were evenly distributed
into fractions E1, E2, E3 and E4. In the case of Cr, this occurred mainly
in the residual fraction (N50%), although its share in the E3 fraction
was also significant (between 27 and 44%) (Fig. 4). In the case of Cu in
the bottom sediment from the creek (sample G4), it was mostly de-
tected in both the G2 andG4 fraction (46 and 47%, respectively). In sam-
ple G5, taken from the surface at the foot of the escarpment, the Cu
share in fractions E2, E3 and E4 was similar (36, 33 and 29%, respec-
tively), and in sample G6, the E3 fraction was dominated (42%), al-
though the fractions of E2 and E4 were also significant (23 and 30%,
respectively). Nickel was evenly distributed between fractions E1, E2,
E3 and E4 in samples G4 and G6, but in sample G5, N70% Ni was present
med in two ratios of liquid phase to solid phase: S/L 1:2 and 1:10. Standard deviation in

Fe Mn Ni Pb Zn

50 (±4) 362 (±16) 7.3 (±0.6) b1.0 56 (±4)
98 (±6) 69 (±8) 5.3 (±0.6) 3.3 (±0.6) 31 (±3)
68 (±5) 41 (±5) 6.0 (±0.6) b1.0 23 (±2)
53 (±4) 13 (±1) 2.3 (±0.6) 3.3 (±0.6) 20 (±2)
38 (±3) 22 (±2) 4.3 (±0.6) b1.0 21 (±2)
112 (±9) 14 (±1) 2.3 (±0.6) 2.3 (±0.6) 23 (±2)
304 (±13) 50 (±5) 2.3 (±0.6) b1.0 20 (±2)
337 (±15) 35 (±2) 4.3 (±0.6) 4.3 (±0.6) 23 (±2)
718 (±21) 52 (±5) 6.3 (±0.6) 4.7 (±0.6) 47 (±4)
473 (±16) 75 (±6) 7.6 (±0.6) 2.3 (±0.6) 42 (±3)
745 (±25) 72 (±6) 7.3 (±0.6) 1.7 (±0.6) 65 (±5)
475 (±18) 13 (±1) 5.3 (±0.6) b1.0 39 (±4)
418 (±13) 128 (±11) 12.3 (±0.6) 6.3 (±0.6) 117 (±7)
421 (±14) 35 (±2) 14.7 (±0.6) 2.3 (±0.6) 82 (±5)
51 (±4) 223 (±11) 3.3 (±0.6) 1.3 (±0.6) 33 (±3)
21 (±2) 52 (±4) 4.3 (±0.6) b1.0 19 (±2)
98 (±5) 25 (±1) 5.3 (±0.6) 2.3 (±0.6) 20 (±2)
82 (±4) 11 (±1) 2.3 (±0.6) b1.0 11 (±1)



Table 4
Content of potentially toxic elements in thewater of Kamionek creek:W1 - above theOrle glade,W2 andW3 - near the escarpment, where the creek cuts throughwaste layer,W4 – in the
forest below the Orle glade. Standard deviation in brackets.

Sampling point Co Cr Cu Ni Pb Zn

μg/L

W1 0.021 (±0.002) 0.11 (±0.03) 0.40 (±0.04) 0.25 (±0.05) 0.27 (±0.03) b0.25
W2 0.025 (±0.002) 0.15 (±0.03) 0.72 (±0.08) 0.37 (±0.08) 0.25 (±0.03) b0.25
W3 0.036 (±0.004) 0.16 (±0.04) 0.53 (±0.06) 0.30 (±0.06) 0.28 (±0.03) b0.25
W4 0.032 (±0.003) 0.15 (±0.03) 0.82 (±0.09) 0.30 (±0.06) 0.26 (±0.03) b0.25
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in fraction E4. In case of Pb, the E2 fraction was definitely dominant (52
to 77%) in all three samples, with the remainder being associated with
the E3 fraction. Pb's share in the remaining factions was marginal. The
remaining three metals (Zn, Mn and Fe) in sample G4 (sediment)
were mostly associated with the residual fraction (62, 82 and 96%, re-
spectively). In surface samples from the escarpment, Zn was more
evenly distributed between fractions E1, E3 and E4. In the case of Mn,
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Fig. 3.Distribution of potentially toxic elements among the fractions E0–E4 in samples G1,
G2 and G3 of anthropogenic waste materials collected in Orle glade from the depth of
0.5 m. between 10th and 30th m of A-B transect.
the E5 fraction dominated in the G5 sample (38%), and the E3 domi-
nated in the G6 sample (38%) (Fig. 4).

In samples G7, G8 and G9, collected from the central part of the A-B
transect, most of Fe and Co was associated with the residual fraction
(E4) (Fig. 5). The majority of Cr in samples G8 and G9 was also associ-
ated with the E4 fraction, but in sample G7, the E3 fraction predomi-
nated (54%) and the residual fraction was only 36%. In the case of Cu,
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Fig. 4. Distribution of potentially toxic elements among the fractions E0–E4 in samples of
anthropogenic waste materials collected in the Orle glade: G6 - sediment from the creek,
G5- on the foot of escarpment, G6 from the surface of the escarpment.
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in sample G7, the E3 fraction constituted as much as 63% and E4 only
26%. In samples G8 andG9, Cu (like Cr, Co and Fe)wasmainly associated
with the residual fraction (approx. 50%), however also fraction E3 con-
stituted 25–30%. In samples G8 and G9, Ni was mainly found in the re-
sidual fraction, while in sample G7, it was evenly distributed in
fractions E2, E3 and E4 (29, 29 and 40%, respectively). Lead behaved
quite differently. In sample G7, 65% Pb was in the E2 fraction, and in
samples G8 andG9, it was evenly distributed among the G2 andG3 frac-
tions. About 90% of Pbwas present in both of these fractions.Most of the
Zn in sample G7 was associated with fractions E1 and E2 (38 and 35%,
respectively), while in sample G8, taken from a depth of 1 m, N90% of
Zn was associated with fraction E4 and E3 (32 and 59%, respectively).
In sample G9, fractions E3 and E4 together also accounted for N60%,
but the proportion of the E1 fraction was also significant (26%). In sam-
ple G7, Mn was mainly associated with the E2 fraction (57%), but the
proportion of the E1 fraction (18%) is also significant. In sample G8,
Mn is found mainly in three factions: E2, E3 and E4 (38, 25 and 35%
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Fig. 5. Distribution of potentially toxic elements among the fractions E0–E4 in samples of
anthropogenicwastematerials collected in theOrle glade between 50th and60thmofA-B
transect: G7 - from the depth of 0.5 m; G8 - from the depth of 1.0 m; G9 - pieces of slags
collected from layer of 0.5 m.
respectively), and in the G9 sample, over 60% Mn is associated with
the residual fraction (Fig. 5).

4. Discussion

The content of investigated PTEs in soil cover and anthropogenic
layer in Orle glade was much lower than found in soils and glass
waste samples around the Swedish glassworks (Jani and Hogland,
2018; Mutafela et al., 2020). Analyzing the total content of PTEs in the
anthropogenic layer from Orle, which is a mixture of historical waste
(ashes, slags and cullet after glass production, bottom ash and domestic
wastes), shows that the potential threat to the soil and water environ-
ment can only be associated with lead and zinc (Table 2), the contents
of which, in some samples, exceeded or were close to the threshold
values set for forest, shrubland and wasteland soils at the level of
500 mg/kg for Pb and 1000 mg/kg for Zn (Regulations of the Minister
of the Environment…, 2016). In samples G3 and G7 the concentrations
of Zn were higher than the thresholds and in sample G1, the Zn content
was close to this value. In sample G8 the Pb content (472 mg/kg) was
also close to the threshold. The values of the geoaccumulation index cal-
culated for Zn andCuwere similar (3.9 and3.7, respectively) and are the
highest among Igeo indexes calculated for the PTEs in the anthropogenic
layer in relation to average values measured for the C horizon of the soil
in Orle glade (excluding the area of waste location) (Table 5). Also, the
pollution index values are the highest for these two metals (23.9 for Zn
and 18.9 for Cu).

Themaximal total concentration of Cumeasuredwaste sampleswas
detected in sample G7 (247mg/kg), and it is only 72% of threshold value
for soil (Table 2). The maximum content of Cu measured in soil in the
Orle glade was b60 mg/kg, and it was detected for the organic horizon
(Table 1). In the mineral horizons, the Cu content was lower (Table 1),
and the same pattern was observed for the whole glade (Zawadzki
et al., 2016). The content of Cu in topsoil is rather the result of airborne
deposition from local sources (historical) and is a current effect of long
range transport. In topsoil, Cu content is highly correlated with χ and
contents of elements, such as As, Cd,Hg, Nb,Ni, Pb, Sb, Sn and Zn, usually
considered as typical for airborne deposition (Strzyszcz and Magiera,
1998; Magiera et al., 2006; Cao et al., 2015; Zawadzki et al., 2016). The
same was found for the topsoil developed over the anthropogenic
layer; Cu, Zn and Sn are highly correlated with χ values (Fig. 6) and
are mostly connected with the same source.

In the case of copper, the anthropogenic layer seems to not be a real
ecological threat. The Cu content in leachates was low, only in sample
G7 atN20 μg/L (Table 3). Also, in creekwater, the contentwas low; how-
ever, a definite increase in Cu content can be seen near the waste es-
carpment and downstream. In most waste samples, Cu was associated
with an easily reducible fraction, including potentially mobilisable
ionic forms (E2) and oxidisable forms boundedwith crystalline iron ox-
ides (E3) (Figs. 3, 4 and 5). In all samples, except for stream sediment
and the sample taken from depth 1.0 m, these fractions together ac-
count for 50 to 85%. Copper, similar to Ni, Co and Zn in waste samples
was highly correlated with χ and χ/Fe (Table 6, Fig. 7) values; that
means that a considerable part of these metals is associated with ferro-
magnetic iron oxides.

More problematic seems to be Zn, for which Igeo is equal to 3.9
and PI is 23.9 (Table 5) and its total content in waste samples is
Table 5
Background values (Background) of elements (mg/kg) measured in C horizon of soils
around Orle glade as well as geoaccumulation index (Igeo) and pollution index (PI) with
values given as median of 9 waste samples.

Fe Mn Co Cr Cu Ni Pb Zn χ

Background 14,700 188 2.2 22.7 6.1 5.3 28.3 25.5 12.6
Igeo 0.5 2.0 2.6 0.6 3.7 2.4 1.6 3.9 4.7
PI 2.1 6.2 9.2 2.3 18.9 7.9 4.7 23.9 39.7



Fig. 6. Principal component analysis (PCA) of potentially toxic elements present in soils
developed on anthropogenic layer of wastes in Orle glade.

Fig. 7. Principal component analysis (PCA) of potentially toxic elements present inwastes
forming the anthropogenic layer in Orle glade.
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higher than other PTEs. In addition, Zn seems to be more mobile. Se-
quential analysis showed that although most of Zn in the examined
waste, similar to Cu, is associated with the phases E2 and E3
(40–73%), the share of phase E1 is significant (18–43%) (Figs. 3, 4
and 5). This means that a considerable part of Zn is associated with
the acid exchangeable fraction, which can be extracted even by
weak organic acids. In practice, a decrease of soil pH can release
larger amounts of Zn into environment. A leaching test in distilled
water at pH 6.1–7.9 showed Zn content in leacheate from 20 to
65 μg/L, and this metal was the third largest element after iron and
manganese in the leacheate (Table 3). Currently, the process is not
active, as in Kamionek Creek water the Zn content was very low
(Table 4), but the increased concentration of Zn in the place where
the creek is passing through the waste escarpment was visible.
Udatný et al. (2014) have found in soils around the glasswork in
Ore Mountains (Czech Republic) that Zn represented a medium en-
vironmental risk in the upper horizons (litter and A) and a high
risk in the B horizon under the beech forest stand.

Zinc shows lower coefficients of correlation with χ value in compar-
ison to Cu (Table 6, Fig. 7), and probably a significant part of this ele-
ment occurs in the ionic form, associated with iron oxides only by
surface adsorption forces. In topsoil, the main source of Zn is surely air-
borne deposition (Fig. 6); however, the Zn content in soil cover over the
Table 6
Correlation matrix of investigated waste samples (n = 9; correlation coefficients in bold are si

Co Cr Cu Fe Mn

Co 0.63 0.90 −0.34 0.67
Cr 0.63 0.73 0.52 −0.23
Cu 0.90 0.73 0.17 0.07
Fe −0.34 0.52 0.17 −0.41
Mn 0.67 −0.23 0.07 −0.41
Ni 0.99 0.86 0.89 0.14 −0.13
Pb 0.38 −0.39 −0.18 −0.37 0.98
Zn −0.12 0.37 0.80 −0.02 0.08
χ 0.84 0.65 0.91 −0.13 −0.01
%Fe in E2 + E3 0.93 0.20 0.61 0.19 −0.18
χ/Fe 0.68 0.32 0.72 −0.50 0.08
anthropogenic layer increases downward, and the waste material can
also be the source of this metal in the mineral horizon.

The total content of Pb in only one waste sample (G8) was close to
the threshold value, and other measured concentrations were much
lower (73–227 mg/kg) (Table 2). Also, the Igeo and PI factors were rela-
tively low (1.6 and 4.7, respectively), indicating that pollution by Pb in
the anthropogenic layer was rather low. This is the opposite situation
to what was found in the topsoil, where the Pb content was the highest
of all investigated PTEs. The average Pb content within the investigated
area exceeded 130 mg/kg, and the maximum values exceed 300 mg/kg
(Table 1). However, within the entire Orle glade, the Pb content in indi-
vidual samples even exceeded the threshold value reaching 600 mg/kg
(Zawadzki et al., 2016). In themineral horizon, the content was consid-
erably lower. Thismeans that the environmental threat related to the Pb
is the effect of historical airborne deposition rather than historical waste
storage. This high depositionmay be related to the operation of the his-
torical Karlsthal glassworks in Orle glade or the generally high deposi-
tion of heavy metals in the entire Izera Mts. as a result of long-range
transport from the so-called “Black Triangle” area, which is the result
of intense industrial activity within the last 100 years.

The surface of glass particles present in the anthropogenic layer
may be subject to weathering due to permanent contact with mois-
ture, CO2, SO2 and NOx (Li et al., 2014). The weathering mechanism
gnificant with p b 0.05).

Ni Pb Zn χ %Fe in E2 + E3 χ/Fe

0.99 0.38 −0.12 0.84 0.93 0.68
0.86 −0.39 0.37 0.65 0.20 0.32
0.89 −0.18 0.80 0.91 0.61 0.72
0.14 −0.37 −0.02 −0.13 0.19 −0.50

−0.13 0.98 0.08 −0.01 −0.18 0.08
−035 0.56 0.93 0.41 0.73

−0.35 −0.15 −0.25 −0.31 −0.13
0.56 −0.15 0.73 0.40 0.64
0.93 −025 0.73 0.48 0.92
0.41 −0.31 0.40 0.48 0.40
0.73 −0.13 0.64 0.92 0.40
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covers water adsorption by the glass surface, ion exchange of hydro-
gen ions mainly for alkali ions in the glass, followed by formation of
particular hydroxides and, in the end, the production of a salt solu-
tion. The considerably increased concentration of these salts leads
to extensive damage to the glass surface (Rebroš et al., 2006). The
Pb and other metal ions leached from crystal glass waste may be
bound by components of other wastes and/or Pb may precipitate in
the hydroxycarbonates. Pb in the studied waste samples was ex-
tracted in the “reducible” (E2) and “oxidizable” (E3) fractions
(58–97%), using strongly acidic extractants (pH near 1.5) of the
BCR method. In surface samples collected on the escarpment, almost
whole Pb (97%) was associated with these fractions. These results do
not provide much information of the likely forms of Pb in the wastes
and in the soils. The results of Tai et al. (2013) indicated that forms of
Pb uptake with surface adsorption centres of solid phases or precip-
itated in hydroxycarbonate or phosphate minerals are bounded in
the “reducible” fraction, and hydroxylamine hydrochloride
(NH2OH·HCl) extractant at very low pH has poor selectivity for the
Pb forms. Moreover, low pH of NH2OH·HCl rather than its reduction
potential causes the release of Pb (Mossop and Davidson, 2003).
Under long-term aging, in the solid phase and in presence of phos-
phorus and chloride ions, Pb can form stable lead phosphate, pyro-
morphite (Pb5(PO4)3Cl), which is weakly susceptible to release.
The other interesting fact is the lack of correlation between Pb and
Fe contents as well as between Pb and magnetic parameters. This
suggests that lead is not only associated with iron oxides (Table 6,
Fig. 6). Mobility of Pb is much lower than Zn and Cu. In leacheates,
its content is very low and, in some cases, even below the detection
limit (b1 μg/L). The maximum concentration 6 μg/L was observed
in sample G7 with the highest total Pb content (Table 3). Also, the
content of Pb in the creek water is low and stable upstream and
downstream from the waste escarpment (Table 4). This is in agree-
ment with finding of Augustsson et al. (2016), who stated relatively
low source zone leachability of Pb, in spite of fact that he has mea-
sured, in samples of well water from South-Eastern Sweden, the Pb
mean concentration of one order of magnitude higher. For this
same region Rai et al. (2019) have found that b10% of Pb in the soil
was found in the water-soluble leachates.

In waste material, Pb was strongly correlated with Mn (r = 0.98),
and also, a positive correlation between these twometals was observed
in the topsoil (Table 6, Fig. 6). This is not often observed in environmen-
tal pollution studies (Wang and Qin, 2006; Kapička et al., 2008; Duan
et al., 2010; Naimi and Ayoubi, 2013; Bourliva et al., 2017; Rachwał
et al., 2017a, 2017b). Usually, Mn is associated with geogenic sources,
whereas Pb is controlled by factors related to pollution sources (Wang
et al., 2005). The maximum Mn contents were detected in the same
samples (G7 and G8), where the high Pb content was observed
(Table 2). The Igeo and PI indices (2.0 and 6.2, respectively), calculated
for Mn were even higher than for Pb (Table 5). In waste, Mn is also as-
sociatedmostly with the E2 and E3 fractions (30–73%); however, unlike
Pb, 18% of Mn is also associated with the acid exchangeable fraction
(E1). This means that some part of Mn can be relatively easy to release
to the environment. The leaching test revealed a considerable amount of
Mn in leacheates. In samples G1, G7 and G8, it was over 100 μg/L, but
toxicity of manganese is relatively low andMn is usually not considered
among the PTEs (Håkanson, 1980; Mazurek et al., 2019).

The phenomena of such high correlation between Pb andMn can be
explained by the fact that lead oxides were used (and they are still use)
in the production of crystal glass to improve refractive indices (Hynes
et al., 2004) and Mn is one of the colouring agent in glass production.
Depending on oxidation state, Mn is used to produce violet (Mn III) or
yellow-brown (Mn II) glass (Srinivasarao and Veeraiah, 2001; Pant
and Singh, 2014). There is no information on the technology used to
manufacture glass at the Karlsthal glassworks in the 18th and 19th cen-
turies, but both crystal glass and purple glass were among the basic
products of the glassworks that can now be seen in local museums.
While the Pb and Mn compounds were used for glass production at
the Karlsthal glassworks, the increased content of these elements also
had to occur in both dust emissions and wastes from this source.

It is also necessary tomention the lack of correlation between Fe and
the other parameters presented in Table 6, in particular, between Fe and
magnetic parameters (χ and χ/Fe). According to the results of sequential
analysis in waste samples, 62 to 95% of iron was associated with the re-
sidual fraction (F4) (Fig. 3.4 and 5) and, therefore, occurs mainly in alu-
minosilicates that have paramagnetic properties. Moreover, BCR
extraction results indicated that that despite the use of NH2OH•HCl
with a higher concentration and a lower pH than in the originalmethod,
a high Fe contentwas found in E3. The results of the studies indicate that
some Fe compounds are not extracted in E2.

The hydroxylamine hydrochloride reagent in nitric acid couldn't ef-
fectively dissolve the iron oxide phase, even after several consecutive
extractions (Leermakersa et al., 2019). Despite these limitations, the
BCR procedure is a simple (3-step) method and allows for the determi-
nation of the mobility and bioavailability of the metals bound in soils. It
should be remembered that the more degrees of extrusion, the greater
the total error of the analysis because the concentration of metals in
the leachate is calculated to the initial mass of the sample despite its
change during the analysis due to dissolution of different fractions.

Ferromagnetic iron oxides, which are carriers of themagnetic signal,
are mainly associated with the E2 and E3 fraction, although they can
also occur in the form of inclusions in aluminosilicates and enclosed in
glassy phases (this mainly applies to cullet, sinters and slags). In indus-
trial dusts and fly ash, they are often found in silicate or aluminosilicate
coatings (Magiera et al., 2011). As a result, magnetic particles can be
scattered among different fractions of sequential analysis. The E2 and
E3 fractions are mainly associated with amorphous and poorly crystal-
line forms of iron or in fine particles (maghemite, hydroxides), which
usually have paramagnetic or antiferromagnetic properties. Hematite
also exhibits antiferromagnetic properties. The metals associated with
it, as well as with the fine-crystalline ferrimagnetic magnetite, should
be released in the E3 fraction.

5. Conclusions

The investigated anthropogenic layer is currently not a considerable
source of emission. Only Zn and Pb content in anthropogenic material
was close to or slightly exceed the national threshold values for soil.
Probably a significant part of Zn occurs in the ionic form, associated
with iron oxides only by surface adsorption forces. However, Zn is not
considered a very toxic element, and currently Zn leaching is not consid-
ered to be a real ecological threat. The increased Pb content do not pose
an ecological risk as its mobility is much lower, and the BCR extraction
revealed that most Pb is associated with fractions E2 and E3, which
are rather stable in the soil environment. This shows that wastes from
glass industry, including also production of lead glass can be relatively
safely storage underground even if the total Pb content is close to or
slightly exceed the threshold value for soil.

Zinc, similar to Ni, Co and Cu inwaste samples, was highly correlated
with magnetic parameters (χ and χ/Fe). This means that a considerable
part of these metals is associated with ferrimagnetic iron oxides. The
same was found for the topsoil developed over the anthropogenic
layer; Cu, Zn and Sn are highly correlated with χ and these simple to
measure magnetic parameters can be used as a tracers of their occur-
rence in the topsoil.

The application of some simply magnetic parameters is useful and
should be used more often for the better understanding of results of se-
quential analysis. It should also be widely used for all buried anthropo-
genic layers containing materials produced at high temperatures (e.g.
processingwastes, ashes, slags etc.). If high portion of the total iron is as-
sociatedwith the residual fraction, a correlation between Fe content and
magnetic parameters is not observed, but high positive correlation coef-
ficients can be observed between χ and some other elements (e.g. Cu,
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Ni, Zn), as these elements are associatedwith ferromagnetic iron oxides
produced duringmany high temperature technological processes. If the
correlation between PTEs and Fe percentage associated with the sum of
fractions E2 and E3 is slightly lower than for χ/Fe it suggests that ferri-
magnetic iron can also occur in the form of inclusions in aluminosili-
cates and/or enclosed in glassy phases. In this case, they will be
associated with the residual fraction (usually paramagnetic) increasing
their χ value. This is a specific situation that should be taken into ac-
count when analyzing glass waste and slags after glass production, as
well as other anthropogenic materials containing a significant percent-
age of enamel. This is a specific situation that should be taken into ac-
count when analyzing glass waste and slags after glass production, as
well as other anthropogenic materials containing a significant percent-
age of enamel.

CRediT authorship contribution statement

Tadeusz Magiera:Conceptualization, Project administration, Meth-
odology, Writing - original draft.Joanna Kyzioł-Komosińska:Method-
ology, Validation.Agnieszka Dzieniszewska:Investigation, Formal
analysis.Małgorzata Wawer:Formal analysis, Visualization.Bogdan
Żogała:Investigation.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

The study was funded by the National Science Centre (NCN), Poland
in the frame of scientific project: No: 2015/17/B/ST10/03335. The au-
thors would like to thank the professional Proof-Reading-Services.com
for language corrections.

References

Augustsson, A., Söderberg, T.U., Jarsjö, J., Åström, M., Olofsson, B., Balfors, B., Destouni, G.,
2016. The risk of overestimating the risk-metal leaching to groundwater near con-
taminated glass waste deposits and exposure via drinking water. Sci. Tot. Environ.
566, 1420–1431. https://doi.org/10.1016/j.scitotenv.2016.06.003.

Bourliva, A., Papadopoulou, L., Aidona, E., Giouri, K., Simeonidis, K., Vourlias, G., 2017.
Characterization and geochemistry of technogenic magnetic particles (TMPs) in con-
taminated industrial soils: assessing health risk via ingestion. Geoderma 295, 86–97.
https://doi.org/10.1016/j.geoderma.2017.02.001.

Cao, L., Appel, A., Rosler, W., Magiera, T., 2015. Efficiency of stepwise magnetic-chemical
site assessment for fly ash derived heavy metal pollution. Geophys. J. Int. 203,
767–775. https://doi.org/10.1093/gji/ggv318.

Duan, X., Hu, S., Yan, H., Blaha, U., Roesler, W., Appel, E., Sun, W., 2010. Relationship be-
tween magnetic parameters and heavy element contents of arable soil around a
steel company, Nanjing. Sci. China Earth Sci. 53 (3), 411–418. https://doi.org/
10.1007/s11430-009-0165-1.

Ettler, V., Kvapil, J., Šebek, O., Johan, Z., Mihaljevič, M., Ratié, G., Garnier, J., Quantin, C.,
2016. Leaching behaviour of slag and fly ash from laterite nickel ore smelting
(Niquelândia, Brazil). Appl. Geochem. 64, 118–127. https://doi.org/10.1016/j.
apgeochem.2015.09.019.

Giusti, L., Polo, M.C., 2002. A review of the glass-making industry of Murano (Venice,
Italy) under an environmental perspective. Environ. Manage. Health 13, 40–54.
https://doi.org/10.1108/09566160210417813.

Giusti, L., Zhang, H., 2002. Heavy metals and arsenic in sediments, mussels and marine
water from Murano (Venice, Italy). Environ. Geochem. Health 24 (1), 47–65.
https://doi.org/10.1023/A:1013945117549.

Gong, Q., Deng, J., Xiang, Y., Wang, Q., Yang, L., 2008. Calculating pollution indices by heavy
metals in ecological geochemistry assessment and a case study in parks of Beijing.
J. China Univ. Geosci. 19, 230–241. https://doi.org/10.1016/S1002-0705(08)60042-4.

Håkanson, L., 1980. An ecological risk index for aquatic. pollution control: a sedimentological
approach.Water Resour 14, 975–1001. https://doi.org/10.1016/0043-1354(80)90143-8.

Hynes, M.J., Forde, S., Jonson, B., 2004. Element migration from glass compositions con-
taining no added lead. Sci. Tot. Environ. 319 (1–3), 39–52. https://doi.org/10.1016/
S0048-9697(03)00409-1.

Jani, Y., Hogland, W., 2017. Reduction-melting extraction of trace elements from hazard-
ous waste glass from an old glasswork’s dump in the southeastern part of Sweden.
Environ. Sci. Pollut. Res. 24 (34), 26341–26349. https://doi.org/10.1007/s11356-
017-0243-4.
Jani, Y., Hogland, W., 2018. Chemical extraction of trace elements from hazardous fine
fraction at an old glasswork dump. Chemosphere 195, 825–830. https://doi.org/
10.1016/j.chemosphere.2017.12.142.

Joksič, A.S., Katz, S.A., Horvat,M.,Milačič, R., 2005. Comparisonof single and sequential extrac-
tion procedures for assessingmetal leaching from dredged coastal sediments. Water Air
Soil Pollut. 162, 265–283. https://doi.org/10.1007/s11270-005-7031-3.

Kaasalainen, M., Yli-Halla, M., 2003. Use of sequential extraction to assess metal partitioning
in soils. Environ. Pollut. 126, 225–233. https://doi.org/10.1016/S0269-7491(03)00191-X.

Kapička, A., Petrovský, E., Fialová, H., Podrázský, V., Dvořák, I., 2008. High resolution
mapping of anthropogenic pollution in the Giant Mountains National Park using
soil magnetometry. Stud. Geophy. Geod. 52 (2), 271. https://doi.org/10.1007/
s11200-008-0018-y.

Kierczak, J., Néel, C., Puziewicz, J., Bril, H., 2009. The mineralogy and weathering of slag
produced by the smelting of lateritic Ni ores, Szklary, southwestern Poland. Can. Min-
eral. 47, 557–572. https://doi.org/10.3749/canmin.47.3.557.

Kierczak, J., Potysz, A., Pietranik, A., Tyszka, R., Modelska, M., Néel, C., Ettler, V., Mihaljevič,
M., 2013. Environmental impact of the historical cu smelting in the Rudawy
Janowickie Mountains (south-western Poland). J. Geochem. Explor. 124, 183–194.
https://doi.org/10.1016/j.gexplo.2012.09.008.

Kowalska, J.B., Mazurek, R., Gąsiorek, M., Zaleski, T., 2018. Pollution indices as useful
tools for the comprehensive evaluation of the degree of soil contamination–a re-
view. Environ. Geochem. Health 40 (6), 2395–2420. https://doi.org/10.1007/
s10653-018-0106-z.

Leermakersa, M., Mbachoua, B.E., Hussonb, A., Lagneaub, V., Descostes, M., 2019. An alter-
native sequential extraction scheme for the determination of trace elements in ferri-
hydrite rich sediments. Talanta 199, 80–88. https://doi.org/10.1016/j.
talanta.2019.02.053.

Li, X., Li, M., Wang, M., Liu, Z., Hu, Y., Tian, J., 2014. Effects of neodymium and gadolinium
on weathering resistance of ZnO-B2O3-SiO2 glass. J. Rare Earths 32, 874–878. https://
doi.org/10.1016/S1002-0721(14)60156-3.

Magiera, T, Jabłońska, M, Strzyszcz, Z, Rachwał, M, 2011. Morphological andmineralogical
forms of technogenic magnetic particles in industrial dusts. Atmospheric Environ-
ment 45, 4281–4290. https://doi.org/10.1016/j.atmosenv.2011.04.076.

Magiera, T, Strzyszcz, Z, Kapička, A, Petrovský, E, 2006. Discrimination of lithogenic and
anthropogenic influences on topsoil magnetic susceptibility in Central Europe.
Geoderma 130, 299–311. https://doi.org/10.1016/j.geoderma.2005.02.002.

Magiera, T., Żogała, B., Szuszkiewicz, M., Pierwoła, J., Szuszkiewicz, M.M., 2019. Combina-
tion of different geophysical techniques for the location of historical waste in the
Izery Mountains (SW Poland). Sci. Tot. Environ. 682, 226–238. https://doi.org/
10.1016/j.scitotenv.2019.05.180.

Mazurek, R., Kowalska, J.B., Gąsiorek, M., Zadrożny, P., Wieczorek, J., 2019. Pollution indi-
ces as comprehensive tools for evaluation of the accumulation and provenance of po-
tentially toxic elements in soils in Ojców National Park. J. Geochem. Explor. 201,
13–30. https://doi.org/10.1016/j.gexplo.2019.03.001.

Mossop, K.F., Davidson, C.M., 2003. Comparison of original and modified BCR sequential
extraction procedures for the fractionation of copper, iron, lead, manganese and
zinc in soils and sediments. Anal. Chim. Acta 478, 111–118. https://doi.org/10.1016/
S0003-2670(02)01485-X.

Müller, G., 1969. Index of geoaccumulation in sediments of the Rhine River. Geojournal 2,
108–118.

Mutafela, R.N., Mantero, J., Jani, Y., Thomas, R., Holm, E., Hogland, W., 2020. Radiometrical
and physico-chemical characterisation of contaminated glass waste from a glass
dump in Sweden. Chemosphere 241, 124964. https://doi.org/10.1016/j.
chemosphere.2019.124964.

Naimi, S., Ayoubi, S., 2013. Vertical and horizontal distribution of magnetic susceptibility
andmetal contents in an industrial district of central Iran. J. Appl. Geophys. 96, 55–66.
https://doi.org/10.1016/j.jappgeo.2013.06.012.

Pant, D., Singh, P., 2014. Pollution due to hazardous glass waste. Environ. Sci. Pollut. Res.
21 (4), 2414–2436. https://doi.org/10.1007/s11356-013-2337-y.

Parsons, M.B., Bird, D.K., Einaudi, M.T., Alpers, C.N., 2001. Geochemical and mineral-
ogical controls on trace element release from the Penn Mine base-metal slag
dump, California. Appl. Geochem. 16, 1567–1593. https://doi.org/10.1016/
S0883-2927(01)00032-4.

PN-EN 12457-1, 2006. Part 1 Characterisation of Waste. Leaching. Compliance Test for
Leaching of Granular Waste Materials and Sludges. One Stage Batch Test at a Liquid
to Solid Ratio of 2 l/kg for Materials With High Solid Content and With Particle Size
Below 4 mm (Without or With Size Reduction).

PN-EN 12457-2, 2006. Part 2 Characterisation of Waste. Leaching. Compliance Test for
Leaching of Granular Waste Materials and Sludges. One Stage Batch Test at a Liquid
to Solid Ratio of 10 l/kg for Materials With Particle Size below 4 mm (Without or
With Size Reduction).

Potysz, A., Kierczak, J., Fuchs, Y., Grybos, M., Guibaud, G., Lens, P.N.L., van Hullebusch, E.D.,
2016. Characterization and pH-dependent leaching behaviour of historical and mod-
ern copper slags. J. Geochem. Explor. https://doi.org/10.1016/j.gexplo.2015.09.017.

Rachwał, M., Kardel, K., Magiera, T., Bens, O., 2017a. Application of magnetic susceptibility
in assessment of heavy metal contamination of Saxonian soil (Germany) caused by
industrial dust deposition. Geoderma 295, 10–21. https://doi.org/10.1016/j.
geoderma.2017.02.007.

Rachwał, M., Wawer, M., Magiera, T., Steinnes, E., 2017b. Integration of soil magnetometry
and geochemistry for assessment of human health risk from metallurgical slag
dumps. Environ. Sci. Pollut. Res. 24 (34), 26410–26423. https://doi.org/10.1007/
s11356-017-0218-5.

Rai, N., Sjöberg, V., Forsberg, G., Karlsson, S., Olsson, P.E., Jass, J., 2019. Metal contaminated
soil leachates from an art glass factory elicit stress response, alter fatty acid metabo-
lism and reduce lifespan in Caenorhabditis elegans. Sci. Tot. Environ. 651, 2218–2227.
https://doi.org/10.1016/j.scitotenv.2018.10.067.

http://Proof-Reading-Services.com
https://doi.org/10.1016/j.scitotenv.2016.06.003
https://doi.org/10.1016/j.geoderma.2017.02.001
https://doi.org/10.1093/gji/ggv318
https://doi.org/10.1007/s11430-009-0165-1
https://doi.org/10.1007/s11430-009-0165-1
https://doi.org/10.1016/j.apgeochem.2015.09.019
https://doi.org/10.1016/j.apgeochem.2015.09.019
https://doi.org/10.1108/09566160210417813
https://doi.org/10.1023/A:1013945117549
https://doi.org/10.1016/S1002-0705(08)60042-4
https://doi.org/10.1016/0043-1354(80)90143-8
https://doi.org/10.1016/S0048-9697(03)00409-1
https://doi.org/10.1016/S0048-9697(03)00409-1
https://doi.org/10.1007/s11356-017-0243-4
https://doi.org/10.1007/s11356-017-0243-4
https://doi.org/10.1016/j.chemosphere.2017.12.142
https://doi.org/10.1016/j.chemosphere.2017.12.142
https://doi.org/10.1007/s11270-005-7031-3
https://doi.org/10.1016/S0269-7491(03)00191-X
https://doi.org/10.1007/s11200-008-0018-y
https://doi.org/10.1007/s11200-008-0018-y
https://doi.org/10.3749/canmin.47.3.557
https://doi.org/10.1016/j.gexplo.2012.09.008
https://doi.org/10.1007/s10653-018-0106-z
https://doi.org/10.1007/s10653-018-0106-z
https://doi.org/10.1016/j.talanta.2019.02.053
https://doi.org/10.1016/j.talanta.2019.02.053
https://doi.org/10.1016/S1002-0721(14)60156-3
https://doi.org/10.1016/S1002-0721(14)60156-3
https://doi.org/10.1016/j.atmosenv.2011.04.076
https://doi.org/10.1016/j.geoderma.2005.02.002
https://doi.org/10.1016/j.scitotenv.2019.05.180
https://doi.org/10.1016/j.scitotenv.2019.05.180
https://doi.org/10.1016/j.gexplo.2019.03.001
https://doi.org/10.1016/S0003-2670(02)01485-X
https://doi.org/10.1016/S0003-2670(02)01485-X
http://refhub.elsevier.com/S0048-9697(20)33043-6/rf0130
http://refhub.elsevier.com/S0048-9697(20)33043-6/rf0130
https://doi.org/10.1016/j.chemosphere.2019.124964
https://doi.org/10.1016/j.chemosphere.2019.124964
https://doi.org/10.1016/j.jappgeo.2013.06.012
https://doi.org/10.1007/s11356-013-2337-y
https://doi.org/10.1016/S0883-2927(01)00032-4
https://doi.org/10.1016/S0883-2927(01)00032-4
http://refhub.elsevier.com/S0048-9697(20)33043-6/rf0155
http://refhub.elsevier.com/S0048-9697(20)33043-6/rf0155
http://refhub.elsevier.com/S0048-9697(20)33043-6/rf0155
http://refhub.elsevier.com/S0048-9697(20)33043-6/rf0155
http://refhub.elsevier.com/S0048-9697(20)33043-6/rf0160
http://refhub.elsevier.com/S0048-9697(20)33043-6/rf0160
http://refhub.elsevier.com/S0048-9697(20)33043-6/rf0160
http://refhub.elsevier.com/S0048-9697(20)33043-6/rf0160
https://doi.org/10.1016/j.gexplo.2015.09.017
https://doi.org/10.1016/j.geoderma.2017.02.007
https://doi.org/10.1016/j.geoderma.2017.02.007
https://doi.org/10.1007/s11356-017-0218-5
https://doi.org/10.1007/s11356-017-0218-5
https://doi.org/10.1016/j.scitotenv.2018.10.067


12 T. Magiera et al. / Science of the Total Environment 735 (2020) 139526
Rampazzo, G., Masiol, M., Visin, F., Rampado, E., Pavoni, B., 2008. Geochemical character-
ization of PM10 emitted by glass factories in Murano, Venice (Italy). Chemosphere
71, 2068–2075. https://doi.org/10.1016/j.chemosphere.2008.01.039.

Rebroš, M., Jamnický, M., Lokaj, J., Kadleèíková, M., 2006. Weathering of the crystal glass
in moist and polluted atmospheres. Ceram. Silikaty 50, 44–50.

Regulation of the Minister of the Environment from September 1, 2016 on soil and land
quality standards, 2016. Journal of Laws No. 2016, Item 1395, September 5.

Rossini, P., Matteucci, G., Guerzoni, S., 2010. Atmospheric fall-out of metals around the
Murano glass-making district (Venice, Italy). Environ. Sci. Pollut. Res. 17, 40–48.
https://doi.org/10.1007/s11356-009-0122-8.

Różycka, M., Migoń, P., 2017. Tectonic geomorphology of the Sudetes Mountains (Central
Europe) – a review and re-appraisal. Ann. Soc. Geol. Pol. 87, 275–300. https://doi.org/
10.14241/asgp.2017.016.

Schindler, M., 2014. A mineralogical and geochemical study of slag from the historical
O’Donnell Roast Yards, Sudbury, Ontario, Canada. Can. Mineral. l 52, 433–452.
https://doi.org/10.3749/canmin.52.3.433.

Srinivasarao, G., Veeraiah, N., 2001. Study on various physical properties of PbO–As2O3

glasses containing manganese ions. J. Alloy. Compd. 327 (1–2), 52–65. https://doi.
org/10.1016/S0925-8388(01)01559-6.

Strzyszcz, Z., Magiera, T., 1998. Magnetic susceptibility of forest soils in Polish - German
border area. Geol. Carpath. 49 (4), 241–242.

Süss-Karwiński, M., 2004. Historia hut szkła Orle i Józefina w Szklarskiej Porębie, Lubań
(In Polish).

Sutherland, R.A., Tack, F.M., 2002. Determination of Al, Cu, Fe, Mn, Pb and Zn in certified
reference materials using the optimized BCR sequential extraction procedure. Anal.
Chim. Acta 454, 249–257. https://doi.org/10.1016/S0003-2670(01)01553-7.

Sutherland, R.A., Tack, F.M.G., 2003. Fractionation of Cu, Pb and Zn in certified reference
soils SRM 2710 and SRM 2711 using the optimized BCR sequential extraction proce-
dure. Adv. Environ. Res. 8, 37–50. https://doi.org/10.1016/S1093-0191(02)00144-2.
Tai, Y., McBride, M.B., Li, Z., 2013. Evaluating specificity of sequential extraction for chem-
ical forms of lead in artificially-contaminated and field-contaminated soils. Talanta
107, 183–188. https://doi.org/10.1016/j.talanta.2013.01.008.

Tichy, H., 1928. Die alte Glasshütte Karlsthal. Wanderer im Riesengebirge 9, 127–141 (In
German).

Udatný, M., Mihaljevič, M., Šebek, O., 2014. Release of mobile forms of hazardous ele-
ments from glassworks fly ash into soils. Environ. Geochem. Health 36 (5),
855–866. https://doi.org/10.1007/s10653-014-9604-9.

Varun, M., D’Souza, R., Pratas, J., Paul, M.S., 2012. Metal contamination of soils and plants
associated with the glass industry in North Central India: prospects of
phytoremediation. Environ. Sci. Pollut. Res. 19 (1), 269–281. https://doi.org/
10.1007/s11356-011-0530-4.

Veselská, V, Majzlan, J, 2016. Environmental impact and potential utilization of historical
Cu-Fe-Co slags. Environmental Science and Pollution Research 23 (8), 7308–7323.
https://doi.org/10.1007/s11356-015-5861-0.

Wang, X.S., Qin, Y., 2006. Use of multivariate statistical analysis to determine the relation-
ship between the magnetic properties of urban topsoil and its metal, S, and Br con-
tent. Environ. Geol. 51 (4), 509–516. https://doi.org/10.1007/s00254-006-0347-5.

Wang, X.S., Qin, Y., Sang, S.X., 2005. Accumulation and sources of heavy metals in urban
topsoils: a case study from the city of Xuzhou, China. Environ. Geol. 48 (1),
101–107. https://doi.org/10.1007/s00254-005-1270-x.

Zawadzki, J., Szuszkiewicz, M., Fabijańczyk, P., Magiera, T., 2016. Geostatistical discrimination
between different sources of soil pollutants using a magneto-geochemical dataset.
Chemosphere 164, 668–676. https://doi.org/10.1016/j.chemosphere.2016.08.145.

Zhang, C., Selinus, O., Kjellström, G., 1999. Discrimination between natural background
and anthropogenic pollution in environmental geochemistry—exemplified in an
area of south-eastern Sweden. Sci. Tot. Environ. 243, 129–140. https://doi.org/
10.1016/S0048-9697(99)00368-X.

https://doi.org/10.1016/j.chemosphere.2008.01.039
http://refhub.elsevier.com/S0048-9697(20)33043-6/rf0190
http://refhub.elsevier.com/S0048-9697(20)33043-6/rf0190
http://refhub.elsevier.com/S0048-9697(20)33043-6/rf0195
https://doi.org/10.1007/s11356-009-0122-8
https://doi.org/10.14241/asgp.2017.016
https://doi.org/10.14241/asgp.2017.016
https://doi.org/10.3749/canmin.52.3.433
https://doi.org/10.1016/S0925-8388(01)01559-6
https://doi.org/10.1016/S0925-8388(01)01559-6
http://refhub.elsevier.com/S0048-9697(20)33043-6/rf0220
http://refhub.elsevier.com/S0048-9697(20)33043-6/rf0220
http://refhub.elsevier.com/S0048-9697(20)33043-6/rf0225
http://refhub.elsevier.com/S0048-9697(20)33043-6/rf0225
https://doi.org/10.1016/S0003-2670(01)01553-7
https://doi.org/10.1016/S1093-0191(02)00144-2
https://doi.org/10.1016/j.talanta.2013.01.008
http://refhub.elsevier.com/S0048-9697(20)33043-6/rf0245
http://refhub.elsevier.com/S0048-9697(20)33043-6/rf0245
https://doi.org/10.1007/s10653-014-9604-9
https://doi.org/10.1007/s11356-011-0530-4
https://doi.org/10.1007/s11356-011-0530-4
https://doi.org/10.1007/s11356-015-5861-0
https://doi.org/10.1007/s00254-006-0347-5
https://doi.org/10.1007/s00254-005-1270-x
https://doi.org/10.1016/j.chemosphere.2016.08.145
https://doi.org/10.1016/S0048-9697(99)00368-X
https://doi.org/10.1016/S0048-9697(99)00368-X

	Assessment of elements mobility in anthropogenic layer of historical wastes related to glass production in Izera Mountains ...
	1. Introduction
	2. Materials and methods
	2.1. Study area and sampling procedure
	2.2. Geochemical measurements
	2.3. Mobility of PTE
	2.3.1. Leaching test
	2.3.2. Sequential extraction procedure BCR

	2.4. Environmental indices

	3. Results
	3.1. Chemical analysis

	4. Discussion
	5. Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


