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Abstract
Four soil samples were collected in areas adjacent (sanitary zone) to the Gtogow Copper Plant in Poland.
They were mostly acidic (pH 4.55 - 4.71) and the total varied widely in their total copper content from 17.03
to 44.07 cMc/kg. The basic copper fractions were determined according to the McLaren and Crawford
sequential extraction method. Copper of the solution (intensity) expressed as the equilibrium activity ratio,
ARoCu when Cu was neither gained nor lost (that is ∆Cuo = 0) as well as labile Cu (LCu) was related to the
solid soil phase (quantity) considered as the buffering capacity (BCCu) of the given soils were calculated. The
Q/I parameters were estimated at two ionic strengths: 0.005 and 0.010M CaCl2 It was found that all
parameters depended on the ionic strength and higher values were obtained at 0.010M CaCl2. An adverse
case occurred for the energy of replacement of calcium by copper (∆F). Soil properties primarily influenced
the magnitude of the Q/I parameters and secondly the high levels of exchangeable and labile soil copper.
The low affinity of these soils for copper estimated by the Gapon selectivity coefficients (KG) supported this
assumption.
Keywords: Copper fractions, activity ratio, buffering capacity, contaminated soils

Introduction
Heavy metal accumulation in agricultural soils due to
atmospheric fallout or other sources can directly or indirectly affect the quality of land and agricultural products. Plant uptake of heavy metals from soils may cause
yield reduction and serious deterioration of its quality
with a risk to human health, especially when keeping in
mind the long-term persistence of heavy metals in soils
even after closure of a plant [10, 20].
Since the early 1970's Poland has been one of the
world's leading copper producers. Copper mining and
processing has created a serious health hazard to local
human populations [19]. Anthropogenic copper in soils is
usually characterized by different states of solubility,
* Corespondence to: Diatta J.B.

which in turn may greatly influence its phytoavailability
or general biological toxicity.
A major pool of Cu in relatively less contaminated
soils was found to be mostly associated with the residual
soil fraction [14, 16], organically bound [8]. The level of
exchangeable copper fractions may be very high in some
conditions (for example near a copper plant). This fraction considered, as potentially phytoavailable does not
provide any detailed information about the activity of the
metal in the soil solution. Some attempts aimed at assessing any relationships between copper of the soil solid
phase and that in the solution were made [1]. For any
cation activity it is convenient to refer to capacity (less
available) and intensity (readily available forms). Quantity-intensity (activity) studies have been earlier carried
out for elements such as K+ [3, 21, 27, 29], Mg2+ [2], Zn2+
[17, 22, 31], Na+ [13, 24] and also NH4+ [4, 28] as well. In
the case of copper such reports are scarce presumably
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because Cu is generally present in soils in relatively
smaller amounts except areas under anthropogenic pressure. Nevertheless, some reports on copper-calcium thermodynamic evaluation are available [5]. Investigations
dealing with some eventual copper toxicity in areas markedly contaminated will be fully carried out with the inclusion of intensity parameters.
The purpose of this work was to investigate i) the
distribution of copper fractions in the soils, and ii) the
possibility of using Cu-(Ca) exchange isotherm as a
simple procedure in soil contamination studies and to
point out the usefulness of some exchange parameters for
environmental and metal contamination assessment.

Materials and Methods
The investigated soil samples (4) were collected in
areas adjacent (sanitary zone) to the Glogow Copper
Plant in Poland. They were sieved (< 2 mm) and soil
particle size was determined areometrically [15] and textural soil classes were established according to Soil Survey Division Staff procedure [25]. Organic carbon was
determined by dichromate wet oxidation according to
Tiurin, [30] and soil pH in 0.01M CaCl2 was potentiometrically measured in suspension [23]. Copper fractions as
well as iron and manganese oxides were determined according to McLaren and Crawford [16], whereas the cation exchange capacity (CEC) was assessed by a modified
Mehlich (pH 8.2) method [12]. Some of these properties
are reported in Tablel. Here and after the particular soils
will be designated as No. 1, 2, 3 and 4.
Equilibrium and Copper Activity Studies
The equilibrating solutions used for the study were
5 x l0-3 and 1 x 10-2 M Ca(Cl)2 per liter with different
amounts of copper in the range of 1.2 10-5 to 4.9 10-4 M/L
as Cu(Cl)2 Two grams of appropriate soils and 20 ml of
equilibrating solutions (in duplication) shaken for 1 hour
and the suspensions were allow to settle for 24 hours
(t = 25ºC) preceding filtration. Copper fractions, Fe, Mn
as well as equilibrium Cu, Ca and Mg were determined
by AAS method (Atomic Absorption Spectrophotometry, Varian Spectra 250 plus). The difference
between Cu concentration of the initial (Co) and equilibrium (Ce) solution represents the amount of Cu gained

Table 1. Physical and chemical properties of the investigated soils.

(+∆Cu) or lost (-∆Cu) by the soil and is expressed as
a quantity factor. The single-ion activities for Cu2+ and
Ca2+ (as a single divalent cation because calcium and
magnesium behave similarly in cation exchange reactions) were calculated based on the respective coefficients reported by Tan Kim [26]. Copper activity ratio,
designated as ARCu (intensity factor) was calculated by
plotting the latter one against the gain or loss of Cu by
the soil (±∆Cu) on the basis of the procedure reported
by Fischer and Niederbudde, [6] adapted for Cu:

where:
αCa and αcu represent molar activities of Cu2+ and Ca2+ in the
equilibrium solution. The equilibrium activity ratio ARoCu
when Cu was neither gained nor lost (that is ∆Cuo = 0)
as well as labile Cu (LCU) and buffering capacity (BCCu)
were obtained from the plots ±∆Cu vsARCu in their linear
portion. The ARoCu value, geometrically is the intersection
point of the regression line with the abscissa (OX),
whereas the labile Cu (LCU) is the intersection point of
the regression with the ordinate (OY). Buffering capacity
is obtained from the ratio LCU/ARoCu. The energy of
replacement of calcium by copper was calculated on the
basis of the equation, as reported by Kotur and Rao,
[13].
where:

∆F - is the free energy of replacement of calcium by
copper, (cal K-1 M-1),
AR o Cu - represents equilibrium copper activity ratio,
(M/L).

Results and Discussion
Soils under threat of contamination generally hold
physical and chemical properties that directly or indirectly may qualify these soils for moderate to intensive crop
production. The properties of the soils investigated herein are reported in Table 1. It may be observed that acidity
seems to be a serious problem since the pH varied slight-
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ly and was in the range 4.55 - 4.71. The relative quality of
the soils that was roughly estimated by organic carbon
(Corg.) and clay content, as modifiers of the magnitude
of the cation exchange capacity (CEC), is relatively low.
Organic carbon content did not show any marked variations and was in the limits of 7.80-9.60 g/kg. This relatively low level had a direct influence on the buffering
capacities of the soils expressed as CEC, which in turn
were comprised within the interval 3.81-5.36 cMc/kg.
These general properties uniformly elucidate the low potential of the soils for intensive agriculture and also their
susceptibility to chemical and physical degradation.
Copper Fractions of the Soils
The mentioned properties are not the unique parameters depressing the entire soil quality. Soils of these
areas have been threatened for a long time by metals,
mainly copper from copper plant activity. The Table 2 reports copper fractions of four soils with different total
copper content varying from 17.03 to 44.07 cMc/kg that is
541.0 to 1400.0 mg/kg, respectively. Within all considered
Cu fractions, the organically bound one represented the
highest share from 34.0 to 52% of total Cu despite the
relatively low organic carbon content of these soils.
A share of about 50% or more was earlier pointed out by
Grzebisz et al. [8]. Copper is usually found to develop
a high affinity to organic substances present in the soil
environment. It may be adsorbed either through electros-
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tatic bonds (non specific-exchangeable) or by surface
complexation (specific adsorption) as reported by Kabata-Pendias and Pendias, [11], Vieira e Silva et al., [31].
The great pool of copper in organic bonds may be an
ecological threat, especially for soils poor in organic matter as in the presently studied case. The instability and
the release of this organically bound copper fraction may
closely be related to soil temperature and additionally to
aeration conditions both enhancing the rate of mineralization processes. The exchangeable and weakly bound
fractions both quite equally shared in the total Cu content. It was found to be more expressive to report the
relative values of their sum, these varying on average
from 26 to 35% of total Cu. The markedly high share of
these fractions together with that organically bound both
directly reflect the real scale of copper contamination,
hence a serious threat to be taken into consideration.
The water-soluble copper pool directly supports this assumption. The biologically available copper being simultaneously assigned as the threshold value is suggested by
Gupta and Haeni [9] to amount to 0.7 mg/kg (i.e. 0.022
cMc/kg). This level was exceeded several times (from 3 to
9-fold) when referring it to water-soluble copper listed in
Table 4. Any increase of calcium (Ca+2) ions in the soil
solution may consistently lead to an additional release of
"active" copper as shown by the relative values of labile
Cu in the water-soluble one at 0.0 lOAf CaCl2, that is from
139.8 to 306.7%. This state incontestably expresses a potential copper toxicity since, as it is well known, the
water-soluble copper fraction (commonly labile copper)

Table 2. Copper fractions determined according to McLaren and Crawford (1973), (cMc kg-1).

Table 3. Copper quantity-intensity parameters and free energy of replacement of calcium by copper.
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Fig. 1. The effect of calcium concentration on copper equilibrium activity ratio, ARoCu of soils No. 1 and No. 2.

may be directly assimilated by microorganisms and
plants. The behaviour of copper in the soil is undoubtedly dependent on soil pH [18] and the type of calcium
used. Acidic soils are neutralized by the application of
alkalizing materials such as CaO, CaCO3 or others. In
similar conditions the "active" soil copper as well as calcium may behave differently in comparison to the calcium type herein applied. These assumptions are greatly
over the scope of this paper.
Quantity-Intensity Relationship
The use of quantity-intensity approach for assessing
exchange reactions of highly contaminated soils is complex. There is no fully satisfactory reason for assuming
that copper toxicity or bioavailability depends only on its
"concentration" in the soil solution. The important quantity of soluble copper may be examined in terms of ion
activity. Table 3 sums up the quantity-intensity parameters of the soils equilibrated at two ionic strengths
(0.005 and 0.01M CaCl2). All the calculated values depended closely on the equilibrating medium: the higher
the calcium concentration of the solution the highest the

appropriate copper exchange parameters, with exception
for the free energy of replacement of calcium by copper.
The Q/I curves in the various soils are shown in Figures
1 and 2. As it could be observed in all these soils the
curves lack the lower curved' part that is observed in
typical Q/I curve, irrespective of the calcium background.
The lack of curvature can be assigned to two possible
reasons:
1) the soils may lack specific exchange sites which can
hold copper more strongly,
2) the soils may contain a large amount of exchan
geable copper such that the effect would not be noticed.
These two points were widely outlined by the great level
of the loosely bound copper fractions reported earlier in
Table 2. Such a behaviour could be expected since the
buffering properties of all soils were sensitively low. The
share of copper in the cation exchange capacity expressed
as the buffering capacity (BCCu) was in the average of
30% for the lower calcium ionic strength (0.005M CaCl2),
but varied from 41 to 69% in the case of the higher ionic
medium.
In terms of direct metal impact on the soil environment it seems more useful and practical to manage the
labile copper pool (Lcu) and the appropriate Cu2+ equi-
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Fig. 2. The effect of calcium concentration on copper equilibrium activity ratio, ARoCu of soils No. 3 nad No. 4

librium activity (ARoCu) in the soil solution. Both parameters were obtained from the Q/I system. The first one
is a mean of the amount of copper that is potentially
phytoavailable (bioavailable). The labile Cu pool
changed accordingly to the concentration of Ca in the
equilibrating solution and varied from 0.048 cMc/kg (1.52
mg/kg) to 0.166 cMc/kg (5.28 mg/kg) for the 0.005M
CaCl2 concentration, irrespective of the soils. A range of
0.115 cMc/kg (3.64 mg/kg) to 0.405 cMc/kg (12.87 mg/kg)
was found for the respective soils at 0.010M CaCl2. This
pool may be potentially subject to leaching processes in
conditions similar to these herein presented and additionally as listed in Table 4 mainly for the high share of
Lcu in the water-soluble fraction. The relative activity of
copper (Cu2+) to calcium (Ca2+) ions at the equilibrium
state was expressed by their ratio ARoCu. The higher the
ARoCu values the biggest the Cu pool in the equilibrating
solution, the probable copper toxicity occurrence. It is
worth mentioning that ionic strength also influenced the
magnitude of the equilibrium activity ratio similarly as in
the case of LCu.
The energy of replacement (AF) of calcium by copper
was found to be related both to the level of copper of the
soils and to the equilibrating medium. The higher the

Table 4. Percentage share of the labile Cu pool in water soluble
and exchangeable copper fractions determined according to
McLaren and Crawford [16] at two calcium chloride levels.

total Cu level the lowest the replacement energy values,
irrespective of the equilibrating medium. The decrease of
AF values with increasing the ionic strength from 0.005 to
0.010M CaCl2 was similar for soils No. 1 and 2 (11%), soil
No. 3 (5%) and about 0.4% for soil No. 4. According to
Woodruff [32] a dilute electrolyte may be viewed as an
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excellent instrument with which to evaluate the energetics of cationic exchange for soils. This was unrealistic in
our case since the level of labile and even exchangeable
copper was high enough to give a concentrated electrolyte that could greatly influence the magnitude of the
energies of replacement of calcium by copper. The energy values for potassium reported by Woodruff [32]
ranged widely from - 2000 to - 4000 calories/mol, whereas the values obtained by Terelak [27] with potassium
changes in soil were in the interval of 1800 to about 3000
calories/mol. We obtained relatively low values which depended closely on the ionic strength and the soil copper
level (Table 3). Then the weaker the ionic strength the
highest the ∆F values and the higher the soil Cu content
the lowest the energy of replacement of calcium by copper.
The relative affinity of the soils for copper was also
estimated by the use of the Gapon selectivity coefficient
KG = BCCu /CEC, after Thompson and Blackmer, [28]
and Egashira et al., [4]. The calculated values were relatively low and varied less for 0.005A/ CaCl2 (between 0.24
and 0.28 L M -l ) than for 0.010M CaCl 2 (0.41 - 0.69
L M -l ). Such a low affinity of copper to the soil solid
phase could be expected and be attributed both to the
low organic matter content and additionally to the weak
buffering capacities (CEC) of all the soils. Another explanation of this state could be a high saturation of most
of active sorption sites as a consequence of the great
anthropogenic copper input. The high labile and exchangeable copper level of the soils supports this assumption.

4.

5.

6.

7.

8.

9.

10.

11.

Conclusions
1. Investigated soils were acidic and additionally char
acterized by markedly low organic matter content and
cation exchange capacity.
2. Copper in organic bonds was found to represent the
highest copper pool among other fractions. This share
varied from 34 to 52% of total copper for all soils.
3. Equilibrium activity ratio (ARoCu), buffering capac
ity (BCCu), labile copper (Lcu) were related both to the
levels of soil copper and the ionic strength of the equilib
rating solution. Lower values were obtained at 0.005M
and higher at 0.010 M CaCl2.
4. Copper affinity (KG) to the soils was relatively low.
This could be attributed to the low organic matter con
tent and buffering capacities and to the high levels of
total soil copper as well.
5. The energy of replacement of calcium by copper
(∆F) varied in relatively short limits between the lowest
and the highest ionic strength. The higher the total soil
copper level the lowest the AF values.
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