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Abstract

In the presented study, three methods of copper fractionation — Tessier et al., BCR, and Zeien-Briimmer
— were compared. The object of experiments comprised soil samples collected from the drilling level (0-25
cm) of soils situated at two transects (eastern and western) and at different distances from the source of emis-
sion (i.e. shaft furnace chimneys) near the Legnica Copper Smelter. Copper content was determined by the
AAS method using appropriate reference materials.

A significant dependence was found in the copper concentration at a distance from the emitter that
declined markedly at points more distant from it. Mean values of copper in individual fractions as well as con-
fidence intervals exhibited a higher similarity between Tessier et al. and Zeien-Briimmer methods. In the case
of all methods, copper quantities in fraction B (associated with Fe and Mn oxides) and C fractions (associat-
ed with organic matter) were similar. In the remaining fractions, i.e. A (easily exchangeable and carbonate) and
D (residual), considerably greater differences were determined. The performed solubility indices analysis
(fraction A/X fraction A+B+C+D) revealed that the results obtained using the Tessier et al. method differed
considerably from those obtained by employing BCR and Zeien-Briimmer procedures.
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Introduction

Generally speaking, soils situated in the neighborhood
of non-ferrous metal smelters exhibit considerable
amounts of heavy metals [1-4]. In the case of copper mills,
the environment is contaminated, primarily by high quan-
tities of copper and lead [5-7]. Legnica Copper Smelter,
operating since the 1960s, emitted huge quantities of met-
alliferous dusts (about 8000 Mg/year) in the 1980s that
contained the above-mentioned heavy metals. At the pre-
sent time, following introduced technological changes,
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quantities of these mineral xenobiotics released into the
atmosphere and then finding their way into soil are much
lower. This is confirmed by the fact that quantities of emit-
ted copper declined almost 15 times in the course of the
last 30 years (from about 1000 Mg/year in 1980 to about
70 Mg/year at the present time) and those of lead — even 30
times (from about 1700 Mg/year in 1980 to about 50
Mg/year at the present time) [8]. The amount of accumu-
lated metals, mainly in top layers of the soil, depends on
the distance from shaft furnace chimneys, wind direction
and physico-chemical properties of soil pedons. The pres-
ence of higher copper and lead concentrations in soils
poses increased hazards of their dangerous migrations into
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ground and underground waters and transfer into the bio-
mass of plants growing in these soils. Apart from the total
heavy metal content used, as a rule, as a basis for the deter-
mination of the degree of soil contamination, quantities of
so-called potentially mobile forms that may easily pass
into soil solution and then percolate into deep soil horizons
play an exceptionally important role. The presence of dif-
ferent forms of heavy metals in soils can be determined
with the assistance of so-called speciation methods [9-11],
which consist of sequential extraction of a soil sample
using chemical solutions characterized by various degrees
of aggressiveness.

The objective of this article was to compare the results
of copper forms (fractions) obtained by treating the same
samples with reagents in accordance with the three most
commonly applied procedures of sequencing extraction
methods, namely of Tessier et al. [12], BCR [13], and
Zeien-Briimmer [14]. This referred, in particular, to the
comparison of methods regarding fractions associated with
individual soil components as well as the so-called solubil-
ity indices calculated on the basis of the ratio of the most
easily soluble fractions to total copper content.

Object and Methods

Our investigations included humic diluvial soils as well
as black and brown earths situated on two transects in the
neighborhood of the Legnica Copper Smelter. They derived
from accumulative-humic horizons (0-25 cm) and consti-
tuted pooled samples collected in a given spot from the sur-
face of approximately 25 m’ as individual samples with the
assistance of a soil stick. Samples designated with numbers
1 to 4 derived from the first transect, east of the smelter,
whereas samples numbered 5-9 were collected west of the
copper smelter. Distances of individual test sites from the
source of emissions are shown in Table 1.

Table 1. Soil taxonomy, distance and direction from the source
of emission.

Soil Distance
sample Type of soil to emitter | Direct
designation (m)

1 500 E
Diluvial soils

2 Phaeozems acc. to WRB [16] 1000 E

3 1500 E
Black earths,

4 Phacozems acc. to WRB [16] 2000 E

5 200 W

6 400 w
Brown soils

’ Cambisols acc. to WRB [16] 600 W

8 800 W

9 1100 W

E — eastern, W — western

Table 2. Metal fractions and fractionation procedures in the Tessier et al., BCR, and Zeien and Briimmer methods.
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Table 3. Texture of soil (%).
Soil sample Sand Silt Clay Textural group
designation 2.0-0.05 mm 0.05-0.002 <0.002 PTG* USDA**
1 19 73 8 pye SiL
2 31 57 12 pye SiL
3 31 56 13 pyi SiL
4 21 64 15 pyi SiL
5 29 62 9 pyg SiL
6 26 63 11 pyg SiL
7 36 53 11 pyg SiL
8 58 30 12 gl SL
9 60 29 11 gl SL
* PTG — Polish Society of Soil Science
** USDA — United State Department of Agriculture
The following properties were determined in the col- Table 4. Content of organic matter and reaction.
lected material: .
. Core. Organic matter i
» Texture composition by hydrometer method [15] imli Sfll:tlip lg * Re;ctlon
+  Soil reaction in 1M KCI by potentiometric method [15] csignato gkg’ Plker
*  Organic carbon concentration by Tiurin method [15] 1 111 19.1 6.92
» Copper speciation by the Tessier et al. [12], BCR [13],
and Zeien-Briimmer [14] methods 2 23.6 40.7 5.76
A diagram of copper fractionation procedures is pre- 3 20.6 355 533
sented in Table 2. Copper content was determined by the
AAS method using appropriate reference materials. The 4 149 251 437
obtained results were subjected to statistical analysis using 5 41.1 70.9 5.8
Statistica 7 software.
6 16.0 27.6 7.40
7 17.1 29.5 7.16
Results and Discussion
8 10.1 174 6.67
From the point of view of texture (Table 3), the ana- 9 9.0 15.5 6.16

lyzed soil samples belonged — according to classification by
the Polish Society of Soil Science — [17] to dust formations
(loamy or silty) or light clays, whereas according to inter-
national criteria [18], to silt loam (SiL) and sandy loam
(SL), respectively. Despite distinct differences in sand (¢ 2-
0.05 mm) and silt (¢p 0.05-0.002 mm) fraction content, the
quantities of the clay (¢ <0.002 mm) fraction in the exam-
ined fractions were more homogenous, which can exert an
important influence on heavy metal sorption through the
mineral part of their solid phase.

The content of organic carbon and, consequently,
organic matter exhibited slightly lower differentiation
(Table 4). All in all, it should be said that the examined soils
were fairly rich in organic matter and, therefore, should
accumulate significant quantities of copper. Soil reaction is
among important parameters determining copper soil
mobility (solubility); together with the increase of its acidi-
ty, more easily soluble forms of the metal, i.e. those that are
more mobile and accessible to plants, are released in the
soil. The majority of the analyzed soil samples revealed
slightly acid reaction, although samples with neutral and

alkaline reaction also occurred (Table 4). Hence, varying
quantities of copper fractions of different degree of solubil-
ity should be expected in the analyzed material.

Copper concentrations in individual fraction deter-
mined using the adopted methods are presented in Table 5.
It should be emphasized that for purposes of certain unifi-
cation facilitating the interpretation of the obtained results,
some fractions were combined according to the diagram
shown in Table 6. The adoption of such a form made it pos-
sible to calculate and compare copper content in individual
fractions determined by the adopted methods. On the other
hand, percentage proportions of individual copper fractions
with respect to the total content of this metal in accordance
with the Tessier et al., BCR, and Zeien-Briimmer methods
are illustrated in Figs. 1-3.

In the Tessier et al. method (Fig. 1), the percentage pro-
portion of individual Cu fractions most frequently assumes
the following sequence: Fr. 1> Fr. IV>Fr. Il > Fr.I>Fr. V.,
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Table 5. Content of different fractions (Cu) (mg-kg"' +SD).

Syrnbol Method
of fraction 1 2 3 4 5 6 7 8 9
Tessier et al. method
A 1369.9+76.2 | 373.04£31.2 | 229.0+£19.8 | 404.3+£23.1 | 1508.5+130 | 260.34£25.3 | 75.9+6.3 45.344.3 47.844.6
B 514.34£36.1 | 151.3£13.6 | 74.246.5 87.9+£7.6 | 344.2+26.2 | 96.2+8.7 33.3+2.9 22.142.3 25.142.6
C 25294232 | 281.0421.4 | 197.6+£15.6 | 129.8+11.3 | 514.1£39.3 | 154.2+13.6 | 103.4+7.4 53.94+4.9 44.844.3
D 28.14£2.65 38.84£3.7 41.0£3.7 27.542.6 89.1+7.8 26.542.5 23.242.2 15.5¢1.4 15.1£1.6
Total 2165.2+155 | 844.1+75.1 | 541.8446.2 | 649.5+61.3 | 2455.9+160 | 537.2+51.2 | 235.7+18.9 | 136.8+12.6 | 132.849.8
BCR method
A 1311.9491.2 | 138.449.8 59.1+4.9 | 177.3£14.6 | 806.7£70.3 | 73.2+6.2 19.3+1.8 17.7£1.8 23.942.1
B 552.4450.9 | 243.1£19.6 | 158.5+14.2 | 212.8+18.4 | 728.3+69.8 | 148.7£12.1 | 51.7+4.9 352429 30.3£2.9
C 173.2+16.3 | 216.9+20.2 | 152.9+13.8 | 90.8+8.7 335429 | 131.9£10.7 | 66.1£5.8 27.6+2.4 24.3£2.5
D 33.842.8 52.9+4.8 41.843.7 252424 110.6+9.8 29.3£2.8 24.1£2.5 11.9+1.3 10.3£1.2
Total 2071.3+150 | 651.3+54.3 | 412.3+36.1 | 506.1447.3 | 1679.1+147 | 383.1+25.1 | 161.2+153 | 92.4+8.6 88.8+6.8
Zeien-Briimmer method
A 1040.7495.2 | 161.5+14.6 | 87.0+7.3 | 319.0+27.3 | 830.9+71.2 | 110.8+8.9 26.1+2.6 19.4+2.1 25.3+2.4
B 667.14£51.3 | 221.6+15.3 | 144.7+10.6 | 178.1+14.2 | 366.6+27.1 | 148.3+12.1 | 59.545.3 45.5+3.7 52.6+4.8
C 417.1+38.6 | 440.0£36.2 | 334.8422.8 | 187.4+16.1 | 696.9+57.3 | 254.6+14.8 | 139.0+11.2 | 69.3+6.2 59.245.2
D 100.249.11 56.4+4.6 45.0+£3.9 49.5+4.4 99.2+7.8 66.7+5.1 26.3+2.4 20.6+1.9 14.4+1.6
Total 2225.1+161 | 879.5+£75.2 | 616.5+53.1 | 734.0+61.2 | 1993.6+153 | 580.4+43.1 | 250.9+21.3 | 155.0+£11.3 | 151.5+12.3
although in some samples the above regularity is somewhat Table 6. Scheme of specification.
different. The percentage proportions of the fractions deter- Method
: . : ; 1 etho
mined according to the BCR method differ slightly. In the Nan:)ef ?rr:ig(})’;nbo : : -
majority of samples, the exchangeable fraction and the frac- Tessieretal. | BCR | Zeien-Briimmer
tion associated with carbonates (Fr. I), and with Fe and Mn Weak soluble and . I e
oxides (Fr. I) are dominant (in total, from 43% to 91%). carbonates — A
The amount of copper associated with organic matter occu- Bound to Fe and
pies an intermediate position, whereas copper built into the Mn oxides — B I II M+V+Vvl
mineral crystalline network .(Fr. IV)is characterlged by 'the Bound to organic
smallest percentage proportion. The results obtained using matter — C v 1 v
the Zeien-Briimmer procedure indicate unequivocal domi- -
nation of copper fractions associated with organic matter Residual - D v v Vi

(Fig. 3). Proportions of other fractions vary considerably
and fail to indicate a clear trend.

It is evident from the data in Table 5 that total quantities
of copper constituting the determined fractions vary great-
ly for the examined samples and range from 88.8 to 2225.1
mg-kg' soil. Points situated closest to the source of emis-
sions are characterized by distinctly highest values. In gen-
eral, the degree of soil contamination in the neighborhood
of the Legnica Copper Smelter allows their inclusion into
formations classified according to criteria elaborated by
TUNG-PIB in Putawy as moderately contaminated (III°) to
strongly contaminated (V°) soils [19]. According to the cri-
teria currently in force in Poland [20], the majority of ana-
lyzed soil samples also exceeded acceptable copper soil

concentrations (600 mg-kg™), classifying them as contami-
nated. Similar regularities with respect to the extent of cop-
per contamination were reported by other researchers [21-
24]. Fractionation of copper in soils of the copper smelter
protection zone using the McLaren-Crawford method [25]
proved the domination of the Cu form associated with
organic matter as it constituted about 40-60% of the total
content of this metal [6].

By the use of two-way analysis of variance the hypothe-
ses about the influence of the place of sample collection
(distance), the employed analytical method and appropriate
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fractions, as well as the interaction between fraction and
method, were tested. It is clear from the data that copper
content depended to a considerable extent on distance from
emitters (p<0.01) and on the determined fraction (p<0.01).
On the other hand, these data fail to show any significant
difference between the Tessier et al., BCR, and Zeien-
Briimmer methods (p=0.53).

The dependence of the copper content on the distance
from emitters is obvious. It is worth emphasizing the fact
that up to a distance of 1000 m in eastern direction (E) and
400 m in the western direction (W), no significant differ-
ences were found between mean copper concentrations
(Fig. 4).

No indicator was found for interactions between the
analyzed fractions and methods used during laboratory
analyses (p=0.15).

The analysis of variance for solubility indices, which
expresses the share of fraction A to total copper content,
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shows that both the distance from emitters as well as the
applied analytical method exerted a highly significant
impact on values of this index. This is also visible in Fig. 5.
Results obtained using the Tessier et al. method differ from
the results obtained with the assistance of the remaining
methods for which solubility indices are similar.

Conclusions

The above-presented results made it possible to put for-

ward the following generalizations:

Sequential extraction carried out using three methods
confirmed the existence of significant differences of
copper content in individual fractions.

Nevertheless, mean copper values in individual frac-
tions as well as confidence intervals exhibited greater
similarity between Tessier et al. and Zeien-Briimmer
methods.

In all the applied methods, Cu quantities in the fraction
associated with Fe and Mn oxides were similar. The Cu
fraction associated with organic matter between Tessier
et al. and BCR was also similar.

The performed analysis of solubility indices indicated
that the results obtained by the Tessier et al. method dif-
fered significantly from the results recorded using the
BCR and Zeien-Briimmer methods.
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