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Aging refers to the processes by which the mobility and
bioavailability/toxicity of metals added to soil decline with
time. Although long-term aging is a key process that
needs to be considered in the risk assessment of metals
in field soils, the long-term aging of Cu added to soils has
not been studied in detail. In this study, the effects of
aging on Cu isotopic exchangeability, total Cu in soil pore
water, pore water free Cu2+ activity, and “available” Cu
measured by the technique of diffusive gradient in thin film
(DGT-Cu) were investigated in 19 European soils at two
total Cu concentrations shown to inhibit plant (tomato) growth
by 10 and 90%. After addition of Cu, the soils were
leached, incubated outdoors, and sampled regularly over
a 2-year period. The results showed that when water soluble
Cu was added to soils, concentrations of Cu determined
by each of the techniques tended to decrease rapidly initially,
followed by further decreases at slow rates. Soil pH
was a vital factor affecting the aging rate of Cu added to
soils. The relatively low solubility products and low
isotopic exchangeabilities of Cu in calcareous soils
immediately after addition of soluble Cu2+ suggested Cu2+

probably precipitated in these soils as Cu2(OH)2CO3
(malachite) and Cu(OH)2. Isotopic dilution was found to be
a robust technique for measuring rates of long-term
aging reactions. A semi-mechanistic model was developed
to describe the rate and extent of Cu aging across soils
as affected by soil pH and other physicochemical parameters.
Although not measured directly, it is inferred from soil
physicochemical controls on Cu aging that processes of
precipitation/nucleation of Cu in soils and hydrolysis of Cu2+

followed by a diffusion process controlled the decrease
in Cu availability with time. The model was validated by
testing it against field soils with different contamination
histories and was found to successfully predict the isotopic
exchangeability of Cu added to soils based on two
parameters: soil pH and time.

Introduction
After soluble Cu is added to soil, several reactions may occur
which change the concentration of Cu in the soil pore water
and the fraction of added Cu available to organisms. After
the initial partitioning of soluble Cu between solid and
solution phases, it is usually observed that there is a
continuing, but slow, reaction of soluble Cu with soil that
slowly reduces availability to organisms over time. We term
these reactions as “aging” reactions to distinguish them
operationally from reversible partitioning reactions.

Working on whole soils, Hogg et al. (1) studied the
desorption of added Cu at a small addition rate (+7 mg kg-1)
with time of soil-Cu contact varying from 24 h to 12 weeks
and found increasing the period of soil-Cu contact reduced
desorption of added Cu. For Cu, the extractability and
bioavailability/toxicity have been shown to decrease with
time after Cu addition (2, 3). For instance, a series of Cu
toxicity studies performed in Danish soils showed that the
toxicity of Cu to plants or invertebrates in laboratory-
contaminated soils was higher than that observed in field-
contaminated soils, with the difference attributed to the
effects of aging on the toxicity of added Cu (4-6).

The decrease in metal availability that occurs with time
after metal addition to soil has generally been attributed to
micropore diffusion, cavity entrapment, occlusion in solid
phases by coprecipitation and co-flocculation, and surface
precipitation/crystal growth (7-10). In a preceding paper
(10), we indicated that the relatively low apparent solubility
products and low isotopic exchangeability of Cu in calcareous
soils immediately after addition of soluble Cu suggested Cu2+

probably precipitated in these soils as Cu2(OH)2CO3 (mala-
chite) and Cu(OH)2. Cavity entrapment of Cu in swelling
silicates, such as montmorillonite, has been noted after
heating of soil minerals (11). With time, added Cu is likely
to be retained by swelling silicates, and like Zn (12), diffuses
into interlayers (13) and becomes entrapped in pseudo-
hexagonal cavities at ambient temperature. The diffusion of
ions has been extensively studied in microporous pure solids,
such as zeolite, layer silicates, and oxides (14, 15). Although
there is no direct evidence from spectroscopic and micro-
scopic studies for diffusion of added metals into micropores
in clays and soils, the slow processes following rapid
adsorption by these materials can be described by a diffusion
equation, which suggests that diffusion is the rate-limiting
process occurring (13, 16-19).

Since long-term aging reactions modify Cu availability
and toxicity over time, they are important in considering the
risk from diffuse or point source additions of Cu to soil.
However, current environmental criteria and protocols for
risk assessment of metals in soils do not consider the effect
of aging on availability and toxicity of metals in soils (20-
23), and few data are available for Cu in this regard. If the
aging processes of Cu added to soil are significant and rapid,
then exposure and risks associated with slow incremental
additions of Cu to soil may be overestimated by investigations
based on spiking of soils with soluble Cu and assessing
ecotoxic effects immediately after spiking (24). In this study,
we complement our previous work on short-term (over 30
days) aging of Cu in soil (10) with findings from a new
experiment where the long-term aging of Cu (up to 2 years)
added to 19 European soils incubated outdoors. We also
developed a semi-mechanistic model for long-term aging of
soluble Cu added to soils based on incubation time and soil
pH. The model was validated using field-contaminated soils.
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Materials and Methods
Soil Samples and Treatments. A set of 19 soils covering a
range of soil properties was collected from nine European
countries. Selected chemical and physical characteristics of
the soils are reported in Table 1. Soil pH was measured in
0.01 M CaCl2 (soil:solution ratio 1:5), soil organic carbon was
measured by dry combustion, and soil clay content was
determined using a standard pipet method. The amount of
carbonate in soil (as CaCO3) was determined by treating each
soil with HCl and measuring the liberated CO2. The “total”
concentration of Cu in the soils was determined using an
aqua regia (a fresh mixture (1:3) of concentrated HNO3 and
HCl) digestion followed by elemental analyses using induc-
tively coupled plasma optical emission spectroscopy (ICP-
OES). The analystical procedures are described in detail by
Oorts et al. (25).

Samples equivalent to 1.5 kg oven-dried soil were dosed
with soluble Cu at two concentrations, which were pre-
determined as the total Cu concentrations that would
decrease plant growth by 10 and 90% in each soil (EC10 and
EC90), respectively (26). Addition of Cu was conducted by
dispensing 75 mL CuCl2 over the soil sample with a pipet,
in which the Cu concentrations ranged from 0.2 to 13 g Cu
L-1 for the EC10 treatments and from 2 to 48 g Cu L-1 for the
EC90 treatments. After Cu addition, the soils were thoroughly
mixed and then leached with simulated rainwater, following
the procedure described by Oorts et al. (27), in order to avoid
salt effects on metal partitioning (28). The total Cu concen-
trations in the soils after leaching are reported in Table 1.
After leaching, the soil samples were incubated outdoors in
Canberra, Australia, where the climatic conditions are
intermediate between those of Southern and Northern
European countries. Periodically, soil samples were collected
from the pots (as a column from soil surface to bottom). All
samples were air-dried and passed through a 2 mm sieve.

Extraction and Analysis of Soil Pore Water. Soil samples
(air-dried, two replications) were placed in 1 L glass jars, and
the amount of deionised water required to bring the soil
water potential to pF 2.0 (log 100 cm water suction) was
added and thoroughly mixed. After mixing, the wetted soil
was then stored for 3 days in darkness in an incubation room
at 20 °C. The soil sample was transferred to a 50 mL plastic
syringe filled previously with 0.5 cm quartz wool following
the method of Thibault and Sheppard (29). Solution pH,
electrical conductivity, and free Cu2+ activity were measured
immediately on an aliquot of the separated solution. The pH

in the soil pore water was measured using an Orion pH meter
(model 420). The electrical conductivity in the soil pore water
was measured using a conductivity meter (CDM 210). The
concentration of Cu in the soil pore water was measured by
ICP-OES or graphite furnace atomic absorption spectroscopy
(GF-AAS, Perkin-Elmer, AAnalyst 600). This analysis was
performed at day 4, 90, and 180 after spiking of the soils (at
EC10 level).

Determination of Free Cu2+ Activity. Cupric ion activity
in soil pore water was measured using a cupric ion selective
electrode (Cu-ISE, Orion 94-29) coupled with a reference
electrode (Orion 900200) and a mV meter (Orion 720). The
method was fully described by Oliver et al. (30). Free Cu2+

concentrations were calculated from free Cu2+ activities, with
the activity coefficients calculated from the Davies equation.
Pore water ionic strength (IS) was calculated from EC using
an empirical relationship developed previously for Australian
soils (31): IS ) 0.014 × EC - 4 × 10-4, where units for IS and
EC are mol L-1 and mS cm-1, respectively. This analysis was
performed at day 4, 90, and 360, and 540 after spiking of the
soils (at EC10 level).

Determination of DGT-Cu. Diffusive gradient in thin film
(DGT) devices, from DGT Research Ltd (UK), were deployed
on soils spiked at EC10 level and equilibrated for 4, 90, and
180 days. The concentration of DGT-extractable Cu in soils
was measured using the technique of Hooda et al. (32). Briefly,
appropriate amounts of MilliQ water were added to soil
samples (20 g, air-dried, sieved <2 mm, 2 replications) to
obtain the water potential at pF 0, then maintained at 20 °C
for 24 h. One standard cylindrical DGT unit was deployed in
each Petri dish with the incubated soil for 24 h at 20 °C. After
deployment, the DGT units were retrieved from the soil and
rinsed with MilliQ water. The resin gel was retrieved and
placed into a clean plastic vial. The Cu in the resin layer was
determined by eluting with 1 M HNO3 (1 mL) for 24 h and
then analyzed by ICP-AES or GF-AAS. The concentration
of metal measured by DGT (CDGT) was calculated using the
following equation (33):

where M is the mass accumulated in the resin gel, ∆g is the
thickness of the diffusive gel (0.8 mm) plus the thickness of
the filter membrane (0.13 mm), D is the diffusion coefficient
of Cu in the gel (5.42 × 10-6 cm2 sec-1 at 20 °C), which was
measured using a diffusion cell (34), t is deployment time,

TABLE 1. Soil Properties and Total Cu Added to Soils at Two Effective Concentrations (EC10 and EC90)

soil no. soil location pH
clay
(%)

organic C
(%)

CaCO3
(%)

total Cu
(mg kg-1)

EC10
(mg kg-1)

EC90
(mg kg-1)

1 Gudow (Germany) 2.98 7 5.12 <0.5 1.7 59.8 463
2 Nottingham (UK) 3.36 13 5.20 <0.5 17.3 70.0 442
3 Houthalen (Belgium) 3.38 5 1.86 <0.5 2.4 10.3 93.0
4 Rhydtalog (UK) 4.20 13 12.94 <0.5 13.8 300 1191
5 Zegveld (The Netherlands) 4.75 24 23.32 <0.5 69.7 620 1993
6 Kövlinge I (Sweden) 4.76 7 1.63 <0.5 6.2 140 474
7 Souli (Greece) 4.80 38 0.41 <0.5 31.0 100 365
8 Kövlinge II (Sweden) 5.06 9 2.35 <0.5 8.5 130 528
9 Montpellier (France) 5.18 9 0.76 <0.5 4.6 125 477
10 Aluminusa (Italy) 5.44 51 0.87 <0.5 21.1 230 592
11 Woburn (UK) 6.36 21 4.40 <0.5 21.8 250 1497
12 Ter Munck (Belgium) 6.80 15 0.98 <0.5 16.0 180 700
13 Vault de Lugny (France) 7.29 38 2.19 10.3 21.1 160 1500
14 Rots (France) 7.38 27 3.04 14.9 14.0 650 1800
15 Souli (Greece) 7.38 46 8.05 47.4 33.6 80 350
16 Marknesse (The Netherlands) 7.52 26 2.47 10.0 17.6 500 2000
17 Barcelona (Spain) 7.49 21 2.34 6.3 88.0 160 1500
18 Brécy (France) 7.51 50 3.63 15.8 31.0 100 2400
19 Guadalajara (Spain) 7.52 25 4.00 36.5 7.3 450 1800

CDGT ) M∆g/(DtA)
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and A is the exposure area (A ) 3.14 cm2). The value of CDGT

reflects supply from both solid phases and solution.
Determination and Modeling of Cu Lability. The lability

(E value or isotopically exchangeable pool) of Cu in the soil
samples was determined using a radioactive 64Cu isotope
dilution technique. The procedures and calculation details
were previously given in Nolan et al. (35). E values were
measured for soils spiked at both EC10 and EC90 and
equilibrated for 21, 90, 180, and 360 days. We also attempted
a semi-mechanistic modeling of the changes in Cu lability.
The rationale for choosing this availability parameter is due
to two main considerations. First, this technique allows a
direct assessment of Cu in equilibrium with the soil solution
(and therefore potentially available) and Cu non-isotopically
exchangeable, and therefore, is well suited to be described
with a semi-mechanistic model that is based (see below) on
processes that remove Cu from the exchangeable pool
(namely micropore diffusion and precipitation). Second, the
E value dataset was the most extended (including soils spiked
at both EC10 and EC90). The theoretical considerations that
were made to develop a semi-mechanistic model of Cu lability
follow. When water soluble Cu is added to soils, it partitions
quickly between solution and solid phases, followed by
further, slow processes that gradually decrease the isotopic
exchangeability of the added Cu. The fast processes operative
at high pH, which led to decreased isotopic exchangeability
of the added Cu (Eadd value) (10, 36), can most likely be
attributed to the precipitation/nucleation of Cu-bearing
minerals in soils. Short-term adsorption reactions would not
decrease the Eadd value since the adsorbed Cu would still be
isotopically exchangeable. This precipitation/nucleation
process is considered to be related to the formation of
Cu(OH)+ in clay minerals and Fe oxides in soils (13, 37, 38).
The reaction (eq 1), expressed as follows:

where the forward reaction is promoted upon pH increase.
Furthermore, proton dissociation from water molecules often
takes place more readily on the surfaces of soil solids than
in bulk solutions (39). The proportion of Cu(OH)+ to total Cu
ions (Cu(OH)+ plus Cu2+) can be expressed by the following
equation (eq 2):

It is further postulated that the fast processes (precipitation/
nucleation) are linearly related to the proportion of Cu(OH)+

to total Cu ions (Cu(OH)+ plus Cu2+) in solution and can be
described as follows (eq 3):

where Y1 represents the change (%) in Eadd value of added
Cu due to the fast processes (precipitation/nucleation); B is
a coefficient which is considered to be related to the effect
of precipitation/nucleation; t is aging time (day); pK° is the
first hydrolysis constant of Cu; the reciprocal power expo-
nential equation tC/t (C is a constant) is used to describe the
kinetics of these relatively fast processes; and pH is the soil
pH measured in 0.01 M CaCl2.

In a previous work describing the short-term aging of Cu
in soil (10) we used a function in which the decrease in E
values (%) due to diffusion processes was proportional to
the xt (40, 41). However, after the initial stage of the
diffusion processes that are linearly related to the square
root of time, the diffusion processes can be described by the

simplified Elovich equation (42). In this case the diffusion
process is linearly related to the natural logarithm of time.
In order to predict the long-term change in the isotopic
exchangeability of Cu added to soils, especially for the long-
term field soils, the model was further developed as follows
(eq 4):

where F is a coefficient which is considered to be related to
the effect of micropore diffusion.

The parameters in the model were optimized by mini-
mizing the sum of the squares of the residual variation of the
data points from the model.

Validation of the Model. A number of field soils con-
taminated with Cu salts were selected from seven long-term
sites to validate the model described above (Table 2). For
each site, soils spanning a gradient in total Cu concentration
were sampled, together with an uncontaminated control soil
(used for determined the Cu background concentration and
lability). Hygum soils, which were contaminated 78 years
ago by a wood impregnation facility in Denmark (43), were
sampled at intervals of approximately 8 meters in a linear
transect starting from the edge of the field and moving toward
the centre. Wageningen soils were sampled from plots of a
long-term field experiment with four levels of copper addition
(0, 250, 500, and 750 kg Cu ha-1 as CuSO4) in 1982 (44).
Woburn soils (sandy loam) (45) were sampled from plots of
a long-term field experiment for Cu (added as CuSO4 from
1995 to 1997) contamination in UK (46). The soils from
Hungary (calcareous silty clay loam) were collected from
plots of a long-term field experiment in Nagyhörcsök with
810 kg Cu ha-1 added as CuSO4 in 1991 (47). The Italian soils
were sampled in Trentino from a vineyard, which was over
80 years old and had been contaminated with Cu due to the
application of Cu-containing fungicides (as CuSO4).

Statistical Analyses. Statistical analyses, including analysis
of variance and regression analysis were conducted using
the Genstat 6.1 for Window (48).

Results and Discussion
Soil Pore Water. The electrical conductivity (EC) in pore
water in EC10-treated soils varied from 0.08 to 6.87 mS cm-1

and decreased with leaching and incubation time for all soils.
The mean pore water EC values in the EC10-treated soils
were initially 3.30 mS cm-1, but decreased with time to 1.47
(90 days), 1.15 (360 days) and 0.66 mS cm-1 (540 days). The
initial pH of soil pore water in the EC10-treated soils was on
average 0.7 units lower than that in the soils leached and
incubated for 90 days.

Total Cu in soil pore waters in the unleached EC10-treated
soils ranged from 0.03 mg L-1 to 3.72 mg L-1. After incubation
and leaching the total Cu in pore waters ranged from 0.03

TABLE 2. Model Parameters and Regression Coefficients (R2)
Derived from 19 Soils with Four Different Incubation Times
and Two Effective Cu Concentrations (EC10 and EC90) When
pK° was Fixed at 7.7

Eadd value ) 100 - B

10( pK°-pH) + 1
× tC/t - F × ln (t)

Cu added B C F R2a

EC10 86.7 0.1 5.19 0.75
EC90 98.8 1 4.59 0.79
EC10 and EC90 89.8 1 4.92 0.76

a indicates significance at P e 0.001.

Ln-model: Eadd value (%) )

100 - B

10( pK°-pH) + 1
× tC/t - F × ln (t) (4)

[Cu(H2O)n]2+ ) [Cu(OH)(H2O)n-x-1]+ + xH2O + H+

(pK° ) 7.7) (1)

[Cu(OH)+]

[Cu(OH)+] + [Cu2+]
) 1

10( pK°-pH) + 1
(2)

Y1 ) B

10( pK°-pH) + 1
× t C/t (3)
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mg L-1 to 1.03 mg L-1 at 90 days, and from 0.02 mg L-1 to
1.15 mg L-1 at 180 days. Therefore, as can be noted from
Figure 1, the decreases in total Cu in soil pore water from
unleached soil to the soil leached and incubated for 90 days
occurred mostly in the soils with pH e 6.4 (soil 1-11, except
for soils 4 and 8), in other cases there was not a significant
decrease in soil pore water Cu after leaching and incubation.

Free Cu2+ Activity. Upon addition of water soluble Cu to
the soils, the free Cu2+ activity in soil pore waters was high
(low pCu2+) (Figure 2). The free Cu2+ activity in the soils with
low pH (<5.5) and with high organic matter (nos. 4 and 5)
was not significantly affected by incubation time. For the
other soils, the free Cu2+ activity in soil pore water decreased
with incubation time, as evidenced by the linear correlation
coefficient between pCu2+ () -log Cu2+ activity) and
incubation time (r ) 0.325, e 0.01). Similar results for changes
in free Zn2+ activity in soils with incubation time were
reported by Tye et al. (49). Also, McBride et al. (50), using a
Cu-ISE to study the time-dependent solubility of free Cu2+

ions in suspensions of natural organic matter and iron oxide
(FeOOH), discerned a clear aging effect on free Cu2+ activity.
In the EC10-treated soils the initial high free Cu2+ activities
were attributed to higher water soluble Cu concentrations
and lower pH caused by Cu salt addition. After Cu addition,
a downward trend of free Cu2+ activity in soil pore water
could be attributed to shifting pH and aging effects, although

there were also minor effects on the free Cu2+ activity in soil
pore water from changes in electrical conductivity and total
soluble Cu.

The free Cu2+ activity in soil pore water measured using
Cu-ISE was found to be in good agreement with that
predicted by the equilibrium speciation program WHAM
model VI (51). The pCu2+ in pore waters in EC10-treated
soils ranged from 5.8 to 12.7, and was influenced mainly by
soil pH (Figure 2). The slope of the pCu2+/pH relationship
varied with incubation time from 0.62 to 1.41 for the soils
with incubation times from 4 to 540 days. The slopes of pCu2+/
pH reported in the literature vary and include 2.0 (52), 1.79
(51), 1.40 (53), 1.07 (54), and 1.2-2.0 (55). The observed
differences in pCu2+ - pH relationships may be related
to both the nature of the processes controlling free Cu2+

activity (such as adsorption-desorption and precipitation-
dissolution) and other factors (such as pH, exchangeable
cation compositions in soils and organic matter contents).

A solubility diagram was plotted according to equilibrium
constants of Cu minerals (52) in order to determine if the
solutions were supersaturated with respect to any known
pure mineral phases of Cu. In such diagrams, two partial
atmospheric pressures of CO2 in soil pore water were assumed
as 0.03 and 0.0003 atm (52, 56). When viewed in comparison
to Cu minerals displayed in these diagrams, the calcareous
soils in this study (13-19, pH g 7.3) were, in general,
undersaturated with respect to CuCO3, but the solubility
products in the calcareous soils often approached the
solubility product of Cu2(OH)2CO3 and Cu(OH)2 (Figure 2).
This suggests that added Cu2+ may have precipitated in these
soils as Cu2(OH)2CO3 (malachite) and/or Cu(OH)2. Clay or
carbonate mineral surfaces in these soils probably acted as

FIGURE 1. The total Cu concentration in soil pore water extracted
after 4, 90, and 180 days of incubation from EC10-treated soils.

FIGURE 2. Free Cu2+ activity (pCu2+) in pore water in the EC10-
treated soils as a function of pore water pH and time. The solid
lines are solubility limits for Cu2(OH)2CO3 (malachite) assuming 0.03
(line A) and 0.0003 (line B) CO2 partial atmospheric pressures and
for Cu(OH)2 (line C).

FIGURE 3. Free Cu2+ as a percentage of total Cu in soil pore water
as a function of soil pH.

FIGURE 4. The concentration of Cu measured by DGT (CDGT) in
EC10-treated soils as a function of time. Vertical lines on top of bars
represent standard errors.
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nucleation sites for precipitating Cu2+ (9), thereby reducing
the apparent solubility product in much the same way that
pure clays appear to reduce the solubility products by surface
adsorption (57). It is possible that when water-soluble Cu
was added to these calcareous soils, the Cu ions were quickly
adsorbed on solid surfaces and precipitated, with further
decreases in free Cu2+ activity in the soils occurring due to
ongoing slow reactions (such as micropore diffusion). After
incubation for 540 days, the solubility products of soil Cu in
the calcareous soils were far from the solubility product of
Cu2(OH)2CO3 and Cu(OH)2 (Figure 2), which suggested that
the free Cu2+ activity in soil pore water was not controlled
by Cu2(OH)2CO3 and Cu(OH)2 in the long-term incubation,
even though their precipitation may have occurred initially.

The percentages of free Cu2+ concentration to total Cu in
pore water were estimated from free Cu2+ activity, the activity
coefficient, and total Cu concentration in soil pore water.
The activity coefficients were calculated from the Davies
equation and pore water ionic strength. The results (Figure
3) showed free Cu2+ concentrations as percentages of total
Cu in pore water ranged from 29.2% to 0.001%, which were
affected significantly by soil pH. The results are similar to
that reported by Vulkan et al. (51) and Nolan et al. (56).
However, in the calcareous soils (pH g 7.3), the free Cu2+

concentration as a percentage of total Cu in pore water varied
across 4 orders of magnitude.

DGT-Cu. The concentrations of Cu in EC10-treated soils
measured by DGT (CDGT) varied from 4.4 to 309 µg L-1 (Figure
4). When the soil pH was e 6.4, the initial concentrations of
Cu in soils measured by DGT (CDGT) were significantly higher
than those in the soils leached and incubated for 90 and 180
days. From 90 to 180 days, CDGT concentrations were generally
constant, with only three soils showing any significant
reduction after 90 days. CDGT has been used previously to
predict Cu phytoavailability (33), where it was found that the
Cu concentrations in plants (Lepidium herophyllum) were
linearly related and highly correlated with CDGT, but were
more scattered and nonlinear with respect to free Cu2+

activity, EDTA extraction, or soil solution concentrations.
Isotopically Exchangeable Cu. In untreated control soils,

the concentrations of isotopically exchangeable Cu (E value)
ranged from 0.6 to 14 mg kg-1, with a mean of 3.7 mg kg-1

across all soils. For the Cu-treated soils, the E values varied
from 6.2 to 422 mg kg-1, with a mean of 132 mg kg-1 for EC10
treatments, and from 60 to 1950 mg kg-1, with a mean of 580
mg kg-1, for EC90 treatments. The isotopic exchangeability
(lability) of added Cu (Eadd) expressed as a percentage of
total Cu added was calculated by subtracting the E value of
the untreated control soil from the total E value measured
in the respective soils with added Cu, and dividing by the

measured Cu dose (total Cu in spiked soil minus total Cu in
control soil). The coefficient of variation of the E values were
less than 10.2% with an average of 3.7% which was considered
to be low since these values are the result of several
independent measurements. The Eadd values (%) varied from
20.1 to 99.6% for EC10-treated soils and from 29.3 to 100.3%
for EC90-treated soils (Figure 5).

Modeling of Isotopically Exchangeable Cu. The semi-
mechanistic model based on the processes of Cu precipita-
tion/nucleation and micropore diffusion was used to describe
the aging processes which led to the decrease in the isotopic
exchangeability of Cu added to soils. When the data were
fitted by the model using the Solver function in Microsoft
Excel, the parameters B and C were subjected to the
constraints: 0 e B e 110 and 0.1 e C e 1, with 0.000001
precision, 5% tolerance and 0.0001 convergence. The re-
ciprocal power exponential equation tC/t (C is a constant)
was used to describe the fast processes of precipitation/
nucleation. When C e 1, tC/t is nearly stable when time is
greater than 30 days. The parameters in the models are shown
in Table 2. The regression coefficients (R2) for the models
were 0.75-0.79. The coefficient (B) for EC10-treated soils
was lower than that for EC90-treated soils and the difference
was significant at P e 0.01. These results suggest a greater
possibility of precipitation/nucleation of Cu when added at
higher concentrations (EC90). However, the difference
between the two Cu doses could be ignored in order to
simplify the model, as below:

FIGURE 5. The Eadd values (% of total added Cu) for added Cu measured in the EC10- and EC90-treated soils incubated for different times
(symbols) and the curves predicted by the semi-mechanistic model.

FIGURE 6. The measured Eadd values (%) of added Cu in the EC10-
and EC90-treated soils incubated for different times up to 1 year
versus the Eadd values (%) estimated by the semi-mechanistic model.

Eadd value (%) )

100 - 89.8

10( pK°-pH) + 1
× t1/t - 4.92 × ln (t) (5)
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The value of the first hydrolysis constant of Cu in bulk solution
(pK°) was fixed at 7.7 in the models in accordance with the
value reported in the literature (52, 58). When the pK°
parameter in the models was optimized, the model was
improved and R2 increased marginally. The values of pK°
ranged from 6.89 to 7.14, all of which are lower than the first
hydrolysis constant of Cu in bulk solution (7.7). The results
were in agreement with the results of the hydrolysis of Cu
ions in soils promoted by soil solid surfaces (39, 57, 59).
However, to keep fewer variables in the model, the first
hydrolysis constant of Cu (pK°) in the models was kept
constant at 7.7.

The measured Eadd values as a function of incubation time
and soil pH and the Eadd values estimated by the model (using
the parameter for combined EC10 and EC90 values) were
linearly related (P < 0.00001) with the correlation coefficient
R2 ) 0.76 (Figures 5 and 6). It can be seen that the isotopic
exchangeability of Cu added to soils decreased rapidly after
addition, especially at high pH. The aging rate was fast initially
and then decreased with increasing incubation time. Al-
though the slow aging processes could take years to attain
equilibrium, the decrease in isotopic exchangeability of added
Cu was less than 1% per year after 5 years.

In the model, when soil pH < 5 only slow aging processes
(likely diffusion) occurred, with the fast processes (likely
precipitation/nucleation) in soils insignificant (<0.3%). The
isotopically exchangeable Cu species retained by soils at pH
< 5 is likely to be Cu2+ (both in solution and sorbed). The
decrease in Eadd values due to precipitation/nucleation was
only 2.0% at pH 6, however, these fast processes of precipi-
tation/nucleation were significantly increased at pH > 6,
and at pH 7.5 they were the predominant processes leading
to decreases in Eadd values. Above pH 7.7, Cu(OH)+ would be
the dominant species of Cu in soil solution. The threshold
value of pH 6 observed here above which isotopic exchange-
ability decreased with increased pH is higher than that noted
in the studies of Cu retention by ferric hydroxide coated
sands (pH 4.5) (37). Any effect of pH on diffusion of Cu into
micropores was ignored in the semi-mechanistic model.
However, soil pH and precipitation/nucleation processes
affect the diffusion process by controlling the amount of
diffusible Cu in soil solution and the Cu species present on
solid surfaces. The model also allows for redissolution of Cu
precipitation/nucleation products when solution Cu de-
creases due to the continual diffusion of Cu into micropores.

Model Validation. The measured Eadd values from field-
contaminated/incubated soils were in good agreement with
those predicted by the model (Figure 7), with the difference
between measured and predicted values being less than 10%
(range 0.07-9.6%, 4.2% on average), except for the field soils

F1, F9, and F12. In these three soils, the difference between
the measured and predicted Eadd values of exogenous Cu
were found to be 13.2% for soil F1, 12.9% for soil F9, and
16.5% for soil F12. The total Cu concentrations in these soils
(F1, F9, and F12) were generally lower than in other soils
(Table 3), and this may have led to the discrepancy between
the modeled and measured Cu aging. In such soils, Cu ions
may migrate from non-labile forms to the labile pool, driven
by the depletion of Cu from continued long-term uptake by
plants or leaching, at a slower rate than the initial diffusion
into micropores. This process has been suggested to occur
for P in soils (60). Thus a hysteresis in the rate of the forward
and reverse processes of micropore diffusion may be the
cause of measured Eadd values being lower than values
predicted by the model in soils with “low” total Cu. However,
the predictive power of this simple model (based only on pH
and time) is satisfactory, particularly when considering that
long-term aging of Cu in the soils investigated occurred at
widely varying soil moisture contents, temperatures, and
under different long-term leaching and plant uptake rates.

FIGURE 7. The measured and the predicted Eadd values of exogenous Cu in the field soils contaminated with Cu salts for more than 8
years. Vertical lines represent standard errors where they exceed the height of columns.

TABLE 3. Soil pH, Total Cu (mg kg-1), E Values (mg kg-1) and
Time (yr) Since Soil Field-Contamination with Cu Salts
(C1-C7: Uncontaminated Control Soils).

soil no. location soil pH total Cu E value time

C1 Hygum 0 5.43 21.1 7.1 -
F1 Hygum 1 5.43 114.4 41.1 78
F2 Hygum 2 5.53 191.2 75.3 78
F3 Hygum 3 5.63 436.9 201.0 78
F4 Hygum 4 5.49 561.4 298.2 78
F5 Hygum 5 5.62 573.6 304.5 78
F6 Hygum 6 5.48 681.7 337.1 78
F7 Hygum 7 5.42 752.2 406.4 78
F8 Hygum 8 5.19 824.8 463.6 78
C2 Woburn 0 6.36 14.0 13.8 -
F9 Woburn 1 6.36 86.3 45.6 8
F10 Woburn 2 6.36 167.9 89.8 8
F11 Woburn 3 6.36 203.4 115.6 8
C3 Wageningen A0 4.34 19.0 5.8 -
F12 Wageningen A1 3.86 74.1 27.5 22
F13 Wageningen A2 3.87 102.7 45.4 22
F14 Wageningen A3 3.98 103.6 44.9 22
C4 Wageningen D0 5.01 19.0 6.6 -
F15 Wageningen D1 5.43 90.2 46.0 22
F16 Wageningen D2 5.14 102.0 55.5 22
F17 Wageningen D3 5.48 142.1 71.2 22
C6 Italy 0 7.14 27.2 3.0 -
F18 Italy 1 7.14 206.6 60.2 40
F19 Italy 2 7.14 389.4 121.8 40
C7 Hungary 0 7.30 21.0 <0.5 -
F20 Hungary 1 7.30 140.4 40.5 13
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The model was able to predict the isotopic exchangeability
of soluble Cu added to soils (Eadd value) for time periods up
to 80 years (which is well outside the time frame used to
calibrate the model, i.e., 1 year), and for soils of widely
differing physicochemical characteristics. A limitation of the
model is that it is not dynamic, i.e., one aging period was
used for the calculation even though, such as in the case of
the vineyard soil, Cu additions in the field often occur
repeatedly over time. However, even in these situations the
model seemed to accurately describe the overall aging of
added Cu. The model is less likely to accurately predict the
aging of Cu applied to soils in other forms (such as Cu in
sewage sludge, organic manure, and mining wastes) because
different sources of Cu, due to matrix effects, will most likely
exhibit different behavior and have different fates in soils.
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