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Abstract: Different fractions of Ni, Zn, Cu and Pb were determined in metal-spiked forest soils
derived from four parent materials using three extractants (H2O, CaCl2 and diethylenetriaminepen-
taacetic acid (DTPA)). It is important to determine how parent materials and soil properties affect
the retention of these metals in order to predict their behavior and act accordingly in the event of
accidental spillage, for example. The extraction of fractions was not sequential (before carrying out
the extractions, the soil samples were divided into three parts), so the CaCl2 fraction also included the
H2O one, and the DTPA fraction contained the other two. With the results, we developed models to
predict the extraction of each fraction employing the physicochemical characteristics of the soil (e.g.,
pH, organic matter content and texture values) and the amount of metal added. The objective of this
work was to determine how the properties of the soil would influence the fractioning of the metals
considered, and through these characteristics create models to predict the behavior of each metal
fraction. We found correlations between the different fractions of Ni and Zn, suggesting that there
are soil properties that condition the retention of both metals. Pb and Cu showed different behavior
than Zn or Ni, since the proportions extracted by H2O and CaCl2 were much lower. Regarding the
DTPA fraction, unlike the case of Ni or Zn, the extraction of Cu and Pb was more homogeneous;
they did not show great variation in different soils, even when considering the results of extraction
in limestone soils. This may be due to the fact that the soil properties do not exert an important
effect on their availability, or these two metals are considerably sensitive to the effect of pH, and no
differences were observed because the extraction of the DTPA fraction was conducted with a buffered
solution. For each fraction of metal used, we obtained a model with R2 always greater than 0.65.
Considering these results, we can conclude that it is possible to predict Zn, Ni, Cu and Pb availability
in soils developed on different parent materials. This can be achieved by identifying some basic soil
characteristics and applying the developed equations.

Keywords: heavy metals; soluble; exchangeable; bioavailable; prediction; model

1. Introduction

Soil contamination by heavy metals can be produced by natural geological sources,
given the presence of certain metals in some rocks, or caused by human activities [1,2].
Increasing industrialization has turned the issue of metal contamination into a global prob-
lem. Soil pollution by heavy metals affects the growth of crops, since it reduces the uptake
of nutrients and water by plants and inhibits the mitosis of root meristems [3]. Therefore, it
affects productivity and constitutes a risk for human health and food security [4].

Soil has the capacity to filter metal contaminants and can buffer their effects, but above
a certain concentration, retained metal has a toxic effect on organisms that inhabit the
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soil. The latter is conditioned by the chemical form of the metal. For this reason, the total
amount of pollutants that soil has or can store is not as important as the chemical forms of
these pollutants, as well as their mobility and availability. Endogenous metals, which come
from the alteration of rocks and minerals present in the soil, usually appear in solid form,
while metals that come from anthropogenic sources appear mostly in reactive species [4].

Bioavailability is the capacity of a pollutant to reach the receptors of a living organ-
ism [5]. This feature, in the case of metals, will be conditioned by the characteristics of the
metal itself, the type of vegetation and the physicochemical properties of the soil in which
it is found, including pH, organic matter and electrical conductivity, among others [6]. A
fundamental part of the characterization of soils is identifying the parent material from
which the soil was developed, since it will determine the types of clay that form the soil, its
characteristics and its cation exchange capacity, as well as the way that heavy metals are
retained in the soil [7].

When studying the fractions of metals present in soil, extractants of increasing reactiv-
ity are usually used to obtain increasingly stable fractions [1]. To study the bioavailability
of metals, researchers try to reproduce the characteristics of the rhizosphere. To achieve
this aim, it is common to use extractants formed by weak organic acids with low molecular
weight, similar to those produced by roots in the form of exudates or those generated
by the action of bacteria and fungi [8,9]. Diethylenetriaminepentaacetic acid (DTPA) and
ethylene-diamine tetra-acetic acid (EDTA) are synthetic chelates widely used for this pur-
pose because of their capacity to form very stable soluble metal complexes [10,11]. Both
chelates are widely used to determine plant availability, but their use is conditioned by the
environment: EDTA offers more precision in acidic media, while DTPA is used for more
alkaline soils.

Another way to obtain the amount of bioavailable metals is to use water to determine
soluble metals or to carry out ion exchange extractions. Exchangeable fractions of metals
remain in the soil adsorbed to particles, such as clays or organic matter residue, so salt
solutions such as CaCl2 or NaNO3 [12] are used to replace adsorbed ions and make them
pass to the solution [11].

The effectiveness of the extraction methods mentioned above depends on the charac-
teristics of the soil. Therefore, modifying some of the properties can make it possible for
soil to store and immobilize a greater quantity of metals and prevent them from reaching
plants or other ecosystems [4]. In recent years, methods based on the physicochemical
modification of soil have been developed in order to immobilize a greater quantity of
metals, for example, adding livestock manure or biochar to the soil [13].

Therefore, to properly apply remediation methods, i.e., to identify when the metals
reach toxic levels and the amount that should be extracted so that it does not constitute a
problem, it is essential to determine the properties of the soil and the natural availability of
contaminants in it. In this work, we analyzed the ability of a series of soils to immobilize
Cu, Ni, Pb and Zn after a spiking procedure performed under laboratory conditions,
with the following objectives: (i) to determine how the properties of the soil affect the
bioavailability of the mentioned metals; (ii) to look for patterns and relationships that
would allow us to develop models and predict the behavior of these metals in the soil, and
to detect contamination problems or carry out remediation tasks after spillage.

2. Materials and Methods
2.1. Soil Sampling and Analyses

The sampling was carried out in soils from 10 forests in the north-west of Spain. The
soils were located in areas not contaminated by heavy metals (with natural levels, i.e., back-
ground values or geochemical baseline concentrations (GBCs), of these compounds) and
developed over different parent materials: granite, limestone, schist and amphibolite. We
determined their parent materials using geological maps of the area for their location [14].
These materials were selected because they present different levels of heavy metals in their
crystalline structure, and at the same time, the soils developed over them present different
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physicochemical characteristics. The sampling was performed to obtain great variability,
especially in terms of pH and organic matter. The characteristics of the parent materials of
the area can be found in Paz-González et al. [15].

At the selected locations, surface soil samples (0–20 cm) were taken with an Edelman
probe. Subsequently, the samples were homogenized, air-dried, sieved (<2 mm) and stored
in polypropylene jars.

The samples were analyzed using a series of techniques to determine, among other
properties, the distribution of particle size (sand, silt and clay); the amounts of organic
matter (OM), dissolved organic carbon (DOC), total carbon and total nitrogen; pH (in
water and KCl); available phosphorus; exchangeable cations (Ca, Mg, Na, K and Al); and
different species of Fe and Al (associated with organic matter, non-crystalline inorganic
oxy-hydroxides and crystalline forms). A summary of the characteristics obtained for each
soil sample is shown in Tables 1 and 2. For more information about the soil characterization
methodology, see Campillo-Cora et al. [16,17] or the Supplementary Materials.

Table 1. Summary of main characteristics of soils used in this study [17].

SAND
(%)

SILT
(%)

CLAY
(%)

USDA
TEXTURE PH PHK

P
(MG KG−1)

OM
(%)

C
(%)

N
(%)

DOC
(G KG−1)

1 71.1 12.6 16.3 Sandy Loam 3.96 2.97 18.7 13.6 7.0 0.5 0.62
2 61.9 19.0 19.1 Sandy Loam 4.63 3.80 105.5 14.1 6.7 0.4 0.70

3 50.2 24.7 25.1 Sandy Clay
Loam 4.79 4.23 6.5 11.6 8.2 0.6 0.33

4 47.3 35.3 17.4 Loam 4.85 4.47 2.0 12.0 3.7 0.3 0.14
5 68.2 16.2 15.7 Sandy Loam 4.85 4.24 101.1 11.2 5.0 0.4 0.30
6 19.1 67.1 13.8 Silt Loam 6.35 5.76 11.7 14.4 6.5 0.5 0.56
7 20.4 51.9 27.7 Clay Loam 7.47 6.85 2.9 14.8 5.5 0.4 0.53
8 31.5 36.8 31.7 Clay Loam 5.04 4.54 3.0 10.0 6.7 0.4 0.27
9 45.5 35.1 19.4 Loam 4.70 4.32 5.2 19.6 10.3 0.8 0.25

10 31.0 45.4 23.7 Loam 4.93 4.44 6.2 29.1 14.3 1.0 0.44

Table includes particle size distribution analysis, texture, determination of pH in water and KCl, amount of phosphorus, proportion of
organic matter (OM), amount of carbon, nitrogen, and dissolved organic carbon (DOC). On the left side are soil ID numbers assigned
(randomly) to each soil sample.

Table 2. Summary of other characteristics of soils used in this study [17].

PARENT
MATERIAL

ECEC
(CMOLC KG−1)

FEOM
(MG KG−1)

FEIA
(MG KG−1)

FEC
(MG KG−1)

ALOM
(MG KG−1)

ALIA
(MG KG−1)

ALC
(MG KG−1)

1 Granite 8.0 799 47 526 1186 225 391
2 Granite 9.0 2086 <d.l. 544 2937 <d.l. 396
3 Schist 5.8 4343 2123 17,592 11,440 <d.l. 5037
4 Amphibolite 3.0 4631 2052 24,556 8993 1141 12,239
5 Granite 1.8 927 48 588 4239 <d.l. 936
6 Limestone 23.4 907 2555 37,397 3323 5268 <d.l.
7 Limestone 29.0 1531 3670 32,209 1530 2954 <d.l.
8 Amphibolite 4.0 6567 2161 45,893 10,724 3506 6503
9 Amphibolite 6.7 5559 2757 50,229 11,027 3787 <d.l.

10 Amphibolite 6.8 4359 1367 47,501 16,966 7224 <d.l.

Table includes parent material, effective cation exchange capacity (eCEC), amount of iron and aluminum forms associated with organic
matter (FeOM and AlOM, respectively), amount of amorphous inorganic iron and aluminum forms (FeIA and AlIA, respectively), and
amount of crystalline iron and aluminum forms (FeC and AlC, respectively). On the left side are soil ID numbers assigned (randomly) to
each soil sample. <d.l., below detection limit.

2.2. Spiking Procedure

Each dry soil sample was distributed in 8 centrifuge tubes, and we used 8 spiking
concentrations. These soil samples were moistened to reach the 50–70% of their water-
holding capacity with a series of salt solutions of the metals considered in the study. The
following salts were used: Cu(NO3)2·3 H2O (for copper); Zn(NO3)2·6 H2O (for zinc);
Ni(NO3)2·6H2O (for nickel); and Pb(NO3)2 (for lead). The final concentration of each
metal in the soil, in mg kg−1 of soil, was 2000, 1000, 500, 250, 125, 62.5, 31.25 and 0. The
salt solutions were added to the soil and mixed manually with a spatula to achieve a
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homogeneous mixture. The concentrations used ranged from natural values in soils to
extreme values in contaminated areas [18]. After spiking, the resulting soil samples were
incubated at 22 ◦C in the dark for 50–60 days.

Table includes parent material, effective cation exchange capacity (eCEC), amount of
iron and aluminum forms associated with organic matter (FeOM and AlOM, respectively),
amount of amorphous inorganic iron and aluminum forms (FeIA and AlIA, respectively),
and amount of crystalline iron and aluminum forms (FeC and AlC, respectively). On
the left side are soil ID numbers assigned (randomly) to each soil sample. <d.l., below
detection limit.

2.3. Metal Extraction

After the incubation time, three subsamples of 1 g each were weighted. A one-step
single extraction procedure was used with three extracting agents: H2O, CaCl2 and DTPA.
The H2O fraction is the most labile and the DTPA is the most recalcitrant, while the
CaCl2 fraction usually shows intermediate values [19]. Similar procedures were used by
Kashem et al. [20].

To extract the H2O fraction, 10 mL of distilled water was added to 1 g of spiked
soil [21]. The mixture was stirred for 2 h on a mechanical shaker (0.73 g) and centrifuged at
2000× g for 15 min, and then the supernatant was filtered through acid-washed paper.

To extract the CaCl2 fraction, 10 mL of CaCl2 0.01 M was added to each gram of
soil [22]. The same shaking, centrifugation and filtering procedure used for the H2O
fraction was followed.

For extraction of the DTPA fraction, an extractant solution composed of DTPA 0.005 M,
triethanolamine 0.1 M and CaCl2 0.01 M was prepared [23], with a pH of 7.3 adjusted
with HCl 6 M (1:10 soil/solution ratio). The same shaking, centrifugation and filtering
procedure used for the other two fractions was followed.

The metal concentration in each extract was measured through atomic absorption
spectrophotometry (AAnalyst 200, PerkinElmer, Boston, MA, USA).

2.4. Data Processing and Statistical Analysis

For each soil sample, we obtained data from 3 extractions of 4 metals using 7 con-
centrations and 1 control sample (unspiked). The control data were used to discuss the
presence of metal naturally in the soil (background level). This control value (for each
metallic fraction) was subtracted from the quantity extracted so that only the added and
extracted proportions were taken into account in the final results. Throughout the paper,
all correlations between variables were analyzed using the Pearson method.

The data in milligrams of metal per kilogram of soil were converted to proportions
with regard to the added dose. These proportions were used to discuss the extracted
fractions; through this method, it is easier to see the effect of the added concentration, and
we can easily compare the results obtained for different metals in different soils. Moreover,
to easily represent the results, the average of the proportions obtained for each soil sample
was calculated, reducing each metal to 3 variables (1 per fraction) of 10 data points each
(1 per soil).

To facilitate the method development, these proportions were transformed by using
standard scaling [24]. With standard scaling, each individual value of a variable is trans-
formed by subtracting the average value (of that variable) and dividing the result by the
standard deviation (of that variable). As a result, the mean of the transformed variable
will be equal to zero and the standard deviation will be equal to one. That is, values below
zero are below the mean, and values above zero are over the mean. However, scaling will
not influence the interpretation of models. The parent materials were also included in the
models in the form of dummy variables, which were also transformed by standard scaling
using the same procedure [25].

Model development was conducted using the Python 3.0 language [26], employing
the Numpy [27], Pandas [28], Matplotlib [29] and ScikitLearn [24] libraries. With these
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tools, we tried to develop multiple linear regression models (using backward stepwise
regression) for each fraction of each metal. To develop the models, we used 75% of the
data, and the remaining 25% was used for validation. In addition, since we included the
added concentration as a variable, we added a stratification step, selecting (for model
development) 75% of the data from each concentration. It is important to note that in some
models we only considered part of the data, since for low added concentrations (usually
below 250–500 mg kg−1), the extracted amounts of some metals, such as H2O lead and
H2O copper, were below the detection limits. These values (below the detection limit)
appear in soils where the immobilization of metals is very efficient and do not present
toxicity problems and are not of interest in the present study.

The developed models have a predictive purpose, but they were also developed in
order to analyze the properties of soil and its effect on metal availability. When applying
these models, we have to consider some important points: first, it is necessary to apply
standard scaling to the samples (before entering the data in the models); second, in some
cases, it is important to know the parent material, since some materials, such as granite
or schist, will condition the fractionation of certain fractions; and third, it is important to
know the amount of total metal that is in the soil or has reached it (in the event of a spill,
for example, it is essential to know the amounts of Zn, Ni, Cu and Pb that have ended up
in the soil).

3. Results and Discussion
3.1. Background Levels

Most of the studied metallic fractions presented levels below the detection limit. There
are only two exceptions: in most of the soil samples, we were able to extract copper and
lead with DTPA. The values of background DTPA copper range from 0.8 to 3.9 mg kg−1,
slightly lower than those obtained in other works [30]. The average extracted amounts of
DTPA Cu, regarding the different parent materials, were 2.3 ± 0.3 mg kg−1 for limestone
soils, 1.9 ± 2.0 mg kg−1 for granite soils, 1.9 ± 0.8 mg kg−1 for amphibolite soils and
1.3 mg kg−1 for schist soil. Regarding background DTPA lead, in studies carried out in
the same region, Paz-González et al. [15] detected between 0 and 23.2 mg kg−1 of Pb by
using EDTA. They also found that soil with more lead had high levels of organic matter
and had developed on granite and near urban areas, which suggests that anthropogenic
contamination is one of the major sources of this metal. The average extracted amounts of
DTPA Pb, regarding the different parent materials, were 1.7 ± 0.2 mg kg−1 for limestone
soils, 1.1 ± 1.2 mg kg−1 for granite soils and 1.1 ± 0.5 mg kg−1 for amphibolite soils. We
could not extract any DTPA Pb from the schist soil.

The metals Cu and Pb are more difficult to extract in natural conditions; since they are
less bioavailable (as will be seen in the following sections), they seem to be less susceptible
to being washed, and that is why they are found in higher proportions.

3.2. Zinc: Extraction Results and Model Development

All data obtained from the extraction of zinc are shown in Supplementary Table S1.
Considering the average proportions of all concentrations, H2O Zn was extracted in a
smaller proportion (compared with the other two fractions), reaching its maximum in
schist soil (#3, 10.94 ± 5.81%) and amphibolite soils (between 4.50 ± 2.29% and
9.02 ± 4.55%) (Figure 1A). In granite soils, the proportion was slightly lower, and in
limestone soils extraction of this fraction was minimal (below 0.14%). CaCl2 Zn was ex-
tracted in a bigger proportion from granite soils, reaching its maximum (41.94 ± 2.47%)
(Figure 1A). The amounts of DTPA-extracted Zn were lower in limestone and in schist
soil (between 24.75 ± 5.30% and 32.75 ± 6.77%) compared to amphibolite or granite soils,
in which the average extraction reached 79.97 ± 3.13% (#1) (Figure 1A). This order was
maintained for the rest of the metals studied: the H2O fraction was extracted in the smallest
proportion, followed by CaCl2 (since it included the H2O fraction), and finally the DTPA
fraction was extracted in the greatest proportion [31]. This trend was maintained consid-
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ering only the lower (31.25 mg kg−1) and higher (2000 mg kg−1) spiking concentrations
(Figure 1B,C).
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Figure 1. (A) Average proportion of Zn fractions extracted in different soils; (B) proportions extracted
using spiking concentration of 31.25 mg Zn kg−1 of soil (with H2O, amount extracted remained
below detection limit in all samples); and (C) proportions extracted using spiking concentration of
2000 mg Zn kg−1 of soil. Numbers on the left represent IDs of soil samples and parent materials.
Black bars represent standard error, calculated considering values of proportions extracted at different
concentrations using same soil. All data are shown in Supplementary Table S1.
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In some cases, the usual extraction trend (for Zn, Ni and Cu) can be modified by the
extraction conditions or the soil properties. For example, in some soils, we extracted more
Zn with H2O than with CaCl2. This may be because CaCl2, despite being a widely used
non-buffered extractant, is not very efficient and there is slight re-absorption [32]. In our
case, this occurred, above all, in those soils that presented a greater amount of clay and
silt (clay is included in the CaCl2 Cu and Zn models). On the other hand, in some soils,
extraction with DTPA and CaCl2 is quite similar, or even more efficient with CaCl2, which
may be because of experimental error (not more than 5% of metal is extracted with CaCl2),
or because DTPA has a slightly basic pH and favors metal precipitation.

When modelling, we tried to use a sample size of 70 (considering all soils and all metal
concentrations), but in the case of H2O Zn, we had to reduce it to 30, which corresponded
to samples that were enriched with more than 500 mg kg−1. At that level, the extracted
H2O Zn values were below the detection limit, and the metal has less importance from a
contamination point of view.

The model obtained, with an adjusted R2 of 0.77 (F-value = 15.02, sig. = 0.00), was
the following:

H2O Zn = (0.87 ± 0.15)ZnT +(0.32 ± 0.16)Schist −(0.67 ± 0.16)pH
(p < 0.01) (p = 0.07) (p < 0.01)

−(0.52 ± 0.18)Granite −(0.39 ± 0.16)K (1)
(p = 0.01) (p = 0.02)

where ZnT is the Zn concentration added to the soil, Schist and Granite are dummy
variables for the parent materials, pH is the pH measured in water and K is the amount of
exchangeable potassium.

ZnT is an essential variable in this model, since the amount of added zinc will condition
the availability of all zinc fractions. This is because the soil has a limited capacity to store
metals, and since the same amount of soil is always used in all experiments, the more zinc
added, the more it will be in solution. The second variable that has great importance in the
solubility of Zn is pH. As discussed above, at low pH, Zn remains in ionic form in solution,
while at high pH, this element precipitates and becomes insoluble [17,33]. Regarding the
parent material, if we compare granitic soils with soils developed on schist, we see that
they have similar characteristics (pH, OM, eCEC, etc.) (Tables 1 and 2), but the schist soil
has a greater amount of iron and aluminum associated with organic matter. Therefore,
in the schist soil, organic matter has a greater facility to form organometallic complexes,
thereby increasing the solubility of Zn. As for the amount of potassium, this element has a
negative relationship with the H2O zinc, since it is a metal that appears in great quantity
in limestone soils, whose characteristics favor the precipitation of Zn. Potassium is also
associated with higher eCEC, and the solubility of Zn is conditioned by the ability of soil to
adsorb substances [17,34].

The model obtained for the CaCl2 zinc (n = 70, adjusted R2 = 0.68, F-value = 28.39,
sig. = 0.00) is the following:

CaCl2 Zn = (0.29 ± 0.08)ZnT −(0.52 ± 0.09)pH −(0.32 ± 0.09)Clay
(p < 0.01) (p < 0.01) (p < 0.01)

−(0.38 ± 0.09)K (2)
(p < 0.01)

where ZnT is the Zn concentration added to the soil, pH is the pH measured in water, Clay
is the percentage of clays and K is the amount of exchangeable potassium.

This model is quite similar to the one obtained for H2O Zn, but according to a pre-
vious study, extraction carried out with non-aggressive extractants, such as CaCl2, better
represents the bioavailable Zn and is most sensitive to the effects of soil properties, such as
pH, texture and organic matter [35]. CaCl2 Zn is more retained in clayey soils; therefore,
the relationship we obtained between the CaCl2 Zn and the amount of clay has a negative
slope [35]. Since CaCl2 zinc also includes H2O zinc, parameters such as pH and K will
have some weight in its modelling.
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The model obtained for the diethylenetriaminepentaacetic acid (DTPA) zinc (n = 70,
adjusted R2 = 0.72, F-value = 27.70, sig. = 0.00) is the following:

DTPA Zn = (0.31 ± 0.07)ZnT + (0.83 ± 0.12)Mg + (0.47 ± 0.11)Amphibolite
(p < 0.01) (p < 0.01) (p < 0.01)

−(0.59 ± 0.08)pH −(0.58 ± 0.09)K (3)
(p < 0.01) (p < 0.01)

where ZnT is the Zn concentration added to the soil, Mg is the amount of exchangeable
magnesium, Amphibolite is the parent material, pH is the pH measured in water and K is
the amount of exchangeable potassium.

The predictor variables ZnT, pH and K can be explained in the same way as for
H2O and CaCl2 zinc, since the DTPA fraction includes both. Concerning the amount of
magnesium, this element competes with zinc for exchange sites, so a greater quantity of Mg
will favor the availability of Zn [36]. As for amphibolite soils, these present average DTPA
Zn values (compared to the other soils), since they have a low pH that favors availability,
but a higher amount of organic matter that enhances retention. This is seen more clearly if
we compare the different amphibolite soils: soils 4 and 8 show greater DTPA Zn release,
since they have 10 and 12% OM, respectively, lower than the 20 and 29% presented by
soils 9 and 10.

3.3. Nickel: Extraction Results and Model Development

All the data obtained from the extraction of nickel are shown in Supplementary
Table S2. As with the previous metal (Zn), it was found that limestone soils best stored
all fractions of Ni (Figure 2A–C). In all soils, DTPA Ni was extracted in a bigger pro-
portion, with average values ranging from 13.88 ± 2.33% to 61.41 ± 1.88%, followed by
CaCl2 Ni (0.38 ± 0.27% to 45.08 ± 6.15%) and, to a lesser extent, H2O Ni (0.08 ± 0.08%
to 14.02 ± 5.73%). H2O and CaCl2 Ni were extracted slightly better than the same frac-
tions of Zn, but DTPA showed the opposite behavior, and only in the schist soil was the
bioavailability of Ni greater.

To model H2O Ni, we used only those data with added Ni (NiT) concentration greater
than 125 mg kg−1. Thus, with n = 40 we obtained an adjusted R2 of 0.72 (F-value = 19.95,
sig. = 0.00) with the following model:

H2O Ni = (0.71 ± 0.11)NiT + (0.95 ± 0.28)Sand + (0.38 ± 0.23)FeOM
(p < 0.01) (p < 0.01) (p = 0.11)

−(0.73 ± 0.34)Granite (4)
(p = 0.05)

where NiT is the total amount of Ni added to the soil, Sand is the proportion of sand in
the samples, FeOM is the amount of iron associated with organic matter and Granite is the
parent material.

The influence of NiT and granite in the H2O Ni is very similar to that found for Zn:
the first variable directly influences the amount of available Ni in the soil, while granite
has a large amount of organic matter but little AlOM and FeOM, which means it is likely
to contribute little to the formation of soluble complexes with Zn, but does have a high
capacity to retain it. The latter is reinforced by the inclusion in the model of FeOM. Finally,
the influence of the amount of sand is explained by its small specific surface area and low
capacity to retain cations [37]. Sand is a variable that has the same (positive) relationship
with the three Ni fractions.

The model obtained for the CaCl2 Ni (n = 70, adjusted R2 = 0.84, F-value = 90.57,
sig. = 0.00) is the following:

CaCl2 Ni = (0.62 ± 0.02)NiT + (0.34 ± 0.06)AlC −(0.64 ± 0.06)pH (5)
(p < 0.01) (p < 0.01) (p < 0.01)

where NiT is the total amount of Ni added to the soil, AlC is the amount of crystalline
aluminum forms and pH is the pH measured in water.
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Figure 2. (A) Average proportion of Ni fractions extracted in different soils; (B) proportions extracted
using spiking concentration of 31.25 mg Ni kg−1 of soil (with H2O, amount extracted remained below
detection limit in almost all samples); and (C) proportions extracted using spiking concentration
of 2000 mg Ni kg−1 of soil. Numbers on the left represent IDs of soils and parent materials. Black
bars represent standard error, calculated considering values of proportions extracted at different
concentrations using same soil. All data are shown in Supplementary Table S2.
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When developing models to predict CaCl2 Ni, there is a crucial parameter: the amount
of crystalline aluminum (AlC). AlC is usually related to the amount of exchangeable Al
extracted with CaCl2, since those exchangeable metals can be adsorbed to the crystalline
forms of aluminum [38]. This is not the case here (considering the scaled proportions,
r = 0.16; p < 0.05), but AlC has an influence when modelling CaCl2 nickel. These forms of
Al are capable of adsorbing and releasing large amounts of trace metals, conditioning their
concentration and mobility [39,40], and are considered important Ni deposits [41]. This
variable has some importance in the case of DTPA Ni, as well as in the modelling of some
fractions of copper and lead.

The model obtained for the DTPA nickel (n = 70, adjusted R2 = 0.81, F-value = 54.45,
sig. = 0.00) is the following:

DTPA Ni = (0.26 ± 0.06)NiT + (0.62 ± 0.06)AlC + (0.69 ± 0.06)Al
(p < 0.01) (p < 0.01) (p < 0.01)

−(0.28 ± 0.06)Clay (6)
(p < 0.01)

where NiT is the total amount of Ni added to the soil, AlC is the amount of crystalline
aluminum forms, Al is the amount of exchangeable aluminum and Clay is the percentage
of clays.

The first part of the equation is similar to that obtained for CaCl2 Ni, since DTPA
Ni also includes CaCl2 Ni (there is a significant correlation between the two fractions,
r = 0.76; p < 0.05), and its retention is conditioned by similar variables. However, in
modelling the fractionation of this element, it is clearly seen how the weight of the to-
tal added concentration (NiT) decreases as the extractant used is more aggressive: the
coefficient is 0.73 for H2O Ni, 0.54 for CaCl2 Ni and 0.29 for DTPA Ni, indicating that
other factors are gaining weight. This happens to a greater or lesser extent with the other
metals studied. Texture is also included in this model, since the amount of clay favors
the retention of cations. It also must be taken into account that the sand content presents
a positive relationship with the extracted DTPA Ni (considering the scaled proportions,
r = 0.72; p < 0.05). Exchangeable aluminum is more present in limestone and amphibo-
lite soils, which have more clayey and loamy textures that favor nickel retention. In a
previous work, Campillo-Cora et al. [17] found positive relationships between the CaCl2
amount of nickel and parameters that determine eCEC, such as Mg and Al. Related to this,
Burachevskaya et al. [42] determined that the Al+3 that remains in exchange positions is an
element that can be replaced by metal cations.

3.4. Copper: Extraction Results and Model Development

All the data obtained from the extraction of copper are shown in Supplementary Table
S3. The average amount of H2O Cu extracted was less than 5% of the Cu added in all
cases (Figure 3A). In the limestone soils, no amount of H2O copper was extracted, and the
highest percentage of this fraction (4.53 ± 2.75%) was obtained in schist soil (Figure 3A).
For the lowest added concentration of Cu (32.25 mg Cu kg−1 of soil), we were unable to
extract any of the soluble fraction of this metal (Figure 3B). However, when using a spiking
concentration of 2000 mg Cu kg−1 of soil, we extracted more than 10% in some samples
(Figure 3C).

Average CaCl2 Cu presented a similar trend to H2O Cu, but the extraction percent-
ages were slightly higher (Figure 3A). DTPA Cu was easily extracted (compared to the
other two fractions), and the average values do not present a lot of variation depend-
ing on the parent material. The lowest average value extracted from this fraction was
found in an amphibolite soil (#10, 21.86 ± 1.19%), and the highest in a granite soil (#1,
40.07 ± 3.07%) (Figure 3A). However, as can be seen in Figure 3C, when using the highest
spiking concentration, the percentage extracted in soil 1 reached 50%.
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Figure 3. (A) Average proportion of Cu fractions extracted in different soils; (B) proportions extracted
using spiking concentration of 31.25 mg Cu kg−1 of soil (with H2O and CaCl2, amount extracted
remained below detection limit in almost all samples); and (C) proportions extracted using spiking
concentration of 2000 mg Cu kg−1 of soil. Numbers on the left represent IDs of soils and parent
materials. Black bars represent standard error, calculated considering values of proportions extracted
at different concentrations using same soil. All data are shown in Supplementary Table S3.
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As can be seen in Supplementary Table S3, in most soils, the proportions of H2O and
CaCl2 copper remained below the detection limit for added Cu concentrations of 1000 and
500 mg kg−1, respectively. As with the previous metals, these values are not of interest
since they do not cause contamination problems. The H2O copper model was developed
with n = 20, and we obtained an adjusted R2 of 0.80 (F-value = 11.90, sig. = 0.00). The
model is as follows:

H2O Cu = (0.67 ± 0.20)CuT + (0.52 ± 0.21)AlC + (0.40 ± 0.19)Schist
(p < 0.01) (p = 0.04) (p = 0.07)

−(0.48 ± 0.16)FeC −(0.49 ± 0.20)DOC (7)
(p = 0.01) (p = 0.04)

where CuT is the total amount of copper added, AlC is the amount of crystalline aluminum
forms, Schist is the parent material, FeC is the amount of iron in crystalline form and DOC
is the amount of dissolved organic carbon.

The amount of added copper will determine the amount of H2O, CaCl2 and DTPA, as
happened with all metals studied. As with H2O Zn, schist as a parent material influences
the amount H2O Cu and the explanation is the same: it is a parent material whose properties
favor the availability of metals, and it also has a significant number of iron and aluminum
forms associated with organic matter. AlC also plays an important role in the retention
and release of metals, which was already seen in the case of nickel. The case of iron was
explained by Bibak [43]: crystalline iron has significant weight in the retention of copper by
acting as a sorbent of this element. FeC has a strong affinity for copper [44], which explains
its relation with H2O Cu and DTPA Cu. Regarding the amount of carbon, its effect depends
a lot on the soil conditions: texture, pH and iron, manganese and aluminum oxides, among
others [45]. In the formula, it presents a negative value because the conditions of soils
with more carbon favor immobilization. Furthermore, DOC, which could form organic–
copper complexes, appears inversely related to the amount of AlOM and FeOM, because
the affinity of aluminum and iron for dissolved organic carbon limits the amount of this
material, preventing the formation of organic–copper complexes.

To model CaCl2 copper, we used n = 30, and we obtained an adjusted R2 of 0.77
(F-value = 15.38 sig. = 0.00) with the following model:

CaCl2 Cu = (0.66 ± 0.14)CuT + (0.75 ± 0.16)AlC + (0.64 ± 0.14)Al
(p < 0.01) (p < 0.01) (p < 0.01)

−(0.19 ± 0.15)Clay −(0.17 ± 0.16)C (8)
(p = 0.22) (p = 0.33)

where CuT is the total amount of copper added, AlC is the amount of crystalline aluminum
forms, Al is the amount of exchangeable aluminum, Clay is the proportion of clays and C
is the proportion of carbon in the samples.

A higher copper concentration contributes to the release of CaCl2 Cu, as does AlC, a
material that, as seen, stores large amounts of cations and releases them depending on the
soil conditions (moisture, pH and OM content, among others). However, exchangeable
Al has a greater weight, since it is a cation that can displace and be displaced by zinc
and copper cations [42]. The relationship of metal and texture follows what Harter [46]
demonstrated: loamy and clayey soils retain cations more strongly than sandy soils. As
for the proportion of carbon, it is a reflection of the amount of organic matter in the soil, a
material that shows a great affinity for copper [47].

Cu extracted by DTPA involves H2O and CaCl2 Cu, and also Cu bound to carbonates
and oxides and part of it bound to organic matter [48]. The DTPA copper model was made
using all of the samples (n = 70), and an adjusted R2 of 0.65 (F-value = 20.00, sig. = 0.00)
was obtained.
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DTPA Cu = (0.52 ± 0.10)CuT −(0.57 ± 0.14)FeC −(0.49 ± 0.13)P
(p < 0.01) (p < 0.01) (p < 0.01)

−(0.52 ± 0.10)Schist −(0.35 ± 0.11)O.M. (9)
(p < 0.01) (p < 0.01)

where CuT is the total amount of copper added, FeC is the amount of iron in crystalline
form, P is the amount of available phosphorus, Schist is a parent material and OM is the
proportion of organic matter in the samples.

This model, in addition to presenting a slightly worse adjustment, introduces a vari-
able that has not been used until now. CuT and FeC have the same effect as in H2O Cu,
and OM favors retention, causing an effect similar to that produced by carbon on the
availability of CaCl2 Cu. The case of schist soil can be explained by the pH: it is a soil with
little organic matter that usually presents H2O and CaCl2 Cu fractions in great proportions
(compared with other soils studied) (Figure 3C), but since the extraction is performed with
a DTPA solution (pH = 7), Cu can precipitate or be retained in the large amount of AlC
present in this soil. Regarding phosphorus, Ali et al. [49] pointed out interactions between
this element and copper, perhaps due to the appearance of insoluble forms of this metal as
copper phosphates.

3.5. Lead: Extraction Results and Model Development

Of all the metals studied, lead was extracted to a lesser extent with H2O and CaCl2
(Figure 4A–C). All of the data obtained from the extraction of lead are shown in Supple-
mentary Table S4. H2O Pb is extracted in a small proportion in all amphibolite soils, and in
a very small proportion, in schist soil and in some granite soils (Figure 4A,C). In soil 10, the
maximum average extraction of this fraction was obtained (1.71 ± 0.16%), which was much
higher than that found in the other soils (Figure 4A). In limestone soils, the extraction of
H2O lead was below the detection limit. Kabala and Singh [45] pointed out that even in
contaminated soils, the proportion of H2O lead is below 0.5 mg kg−1 of soil. CaCl2 Pb had
slightly higher values than H2O Pb, although far from DTPA Pb, especially considering the
highest spiking concentration (Figure 4C). As in the case of H2O Pb, we could not extract
any amount from limestone soils (Figure 4A–C). In the other soils, the average values
for this fraction ranged from 0.23 ± 0.13% to 1.76 ± 0.64%. DTPA Pb was the fraction
extracted in the highest proportion, with average values ranging from 21.46 ± 1.45% of
soil 10 (amphibolite) to 49.96 ± 1.95% of soil 1 (granite).

H2O Pb could not be modelled, since there were too many soils from which we were
not able to extract this fraction and considering that the amount of H2O Pb in soil 10 was
very high (two standard deviations over the average). This soil has also a much larger
amount of organic matter. If we do not consider these data, we see that H2O lead is directly
related to the amount of FeOM and AlOM and inversely related to DOM, which seems to
indicate the formation of organometallic compounds that hinder the precipitation of this
element [50].

To model the extraction of CaCl2 lead, we used the values of those soils spiked with
more than 250 mg kg−1. With n = 30 we obtained an adjusted R2 of 0.69 (F-value = 10.31,
sig. = 0.00) using the following model:

CaCl2 Pb = (0.52 ± 0.15)PbT + (0.40 ± 0.21)AlC −(0.40 ± 0.15)pH
(p < 0.01) (p = 0.08) (p = 0.02)

−(0.70 ± 0.22)FeC −(0.74 ± 0.24)P (10)
(p < 0.01) (p < 0.01)

where PbT is the total amount of lead added, AlC is the amount of crystalline aluminum
forms, pH is the pH measured in water, P is the amount of available phosphorus and FeC
is the amount of iron in crystalline form.
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Figure 4. (A) Average proportion of Pb fractions extracted in different soils; (B) proportions extracted
using spiking concentration of 31.25 mg Pb kg−1 of soil (with H2O and CaCl2, amount extracted
remained below detection limit in all samples); and (C) proportions extracted using spiking concen-
tration of 2000 mg Pb kg−1 of soil. Numbers on the left represent IDs of soils and parent materials.
Black bars represent standard error, calculated considering values of proportions extracted at different
concentrations using same soil. All data are shown in Supplementary Table S4.
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The added lead, as with the previous metals, had an important effect on both CaCl2
and DTPA fractions (as we will see below), and the pH had a negative value since it favors
precipitation. In addition, the rest of the variables that explain CaCl2 Pb behaved similar to
what was observed in the copper fractions. For example, phosphorous presented the same
sign when modelling DTPA Cu, since it favors the appearance of insoluble phosphates. On
the other hand, it has been shown that phosphorus acts as a bonding element between some
metals and organic matter, and also slows down the desorption of metals such as Zn [51].
AlC and FeC showed the same signs for H2O Cu, since both metals have similar behaviors.
This seems a little contradictory, but those forms of aluminum and iron are sorbents that
have different effects depending on the pH, the type of oxide, and the type of bond that
is formed [40]. The effect of crystalline aluminum has been widely studied [52], and it
has been determined that there are multiple mechanisms that condition lead retention,
including diffusion into micropores before sorption and surface precipitation. Therefore, it
seems that the FeC forms managed to store the Pb cations more strongly. This theory is
reinforced by the fact that crystalline forms of iron have a strong affinity for Pb [44].

We were able to extract DTPA lead in all soils, so n = 70 was used. An adjusted R2 of
0.79 (F-value = 32.74, sig. = 0.00) was obtained with the following model:

DTPA Pb = (0.19 ± 0.07)PbT +(0.39 ± 0.09)AlC +(0.65 ± 0.09)Na
(p < 0.01) (p < 0.01) (p < 0.01)

−(0.95 ± 0.09)AlOM −(0.51 ± 0.11)P −(0.46 ± 0.08)pH (11)
(p < 0.01) (p < 0.01) (p < 0.01)

where PbT is the total amount of lead added, AlC is the amount of crystalline aluminum
forms, Na is the amount of exchangeable sodium, AlOM is the amount of aluminum
associated with organic matter, P is the amount of available phosphorus and pH is the pH
measured in water.

In this case, the added lead did not have as much weight as the AlC or the Na, a
variable that did not appear in any of the previous models. The amount of exchangeable
sodium is a value that contributes to the eCEC of the soil, and Campillo-Cora et al. [17]
found relationships between the amounts of Na, Mg and Ca, and CaCl2 Pb. In this model,
as in the previous one, the amount of phosphorus and the pH had a negative sign [53] for
the same reasons, but the AlOM also contributed in the modelling. However, this variable
can be closely related to pH, since, if we exclude limestone soils, pH and amount of AlOM
present a fairly good relationship (considering the scaled proportions, r = 0.67; p < 0.05).

3.6. Relations between Metal Fractions

Nickel and zinc showed similar behavior in the studied soils. Considering the scaled
proportion obtained for each sample, there are significant correlations between the H2O
(r = 0.92; p < 0.001), CaCl2 (r = 0.48; p < 0.001) and DTPA (r = 0.78; p < 0.001) fractions
extracted from both elements (Table 3). This agrees with what was stated in previous
works [54,55], affirming that the two elements have similar mobility, maybe because they
are both divalent metals that occupy similar exchange positions [55]. Furthermore, it was
found that both metals share the same absorption pattern in some plants [56]. We found
that this relation was maintained even in soils developed over different parent materials.

On the other hand, the amount of CaCl2 copper recovered was much less than the
amount of zinc or nickel, which is in agreement with what was found by Hodgson et al. [57].
However, there are some relationships between these three elements. For example, H2O
Cu is directly related to H2O Zn and H2O Ni (Table 3).

A small amount of lead was extracted with H2O and CaCl2, and we were able to extract
more DTPA Pb than DTPA Cu. H2O Pb correlates with H2O Cu and Zn, and CaCl2 Pb
shows a significant linear correlation with almost all fractions of the other metals. Moreover,
DTPA Pb correlates quite well with DTPA Cu, Ni and Zn fractions. This indicates that soil
properties, such as pH, eCEC, texture and amount of aluminum and iron forms, determine
the bioavailability of the four elements [58], even when considering soils developed over
different parent materials.
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Table 3. Pearson correlation coefficients for fractions of metals analyzed (n between 20 and 70). Correlations were obtained
using transformed data (by using standard scaling method). CaCl2 Pb and DTPA Pb columns were removed since they did
not provide any information.

H2O ZN CaCl2 Zn DTPA Zn H2O Ni CaCl2 Ni DTPA Ni H2O Cu CaCl2 Cu DTPA Cu H2O Pb

H2O ZN 1
CACL2 ZN 0.20 1
DTPA ZN 0.38 * 0.57 *** 1
H2O NI 0.92 *** 0.16 0.28 1

CACL2 NI 0.76 *** 0.48 *** 0.62 *** 0.76 *** 1
DTPA NI 0.46 ** 0.46 *** 0.78 *** 0.45 ** 0.76 *** 1
H2O CU 0.90 *** 0.04 0.24 0.74 *** 0.66 ** 0.42 1

CACL2 CU 0.83 *** 0.38 ** 0.49 *** 0.71 *** 0.81 *** 0.59 *** 0.79 *** 1
DTPA CU 0.15 0.42 ** 0.48 *** 0.24 0.45 *** 0.39 ** 0.01 0.51 *** 1
H2O PB 0.51 * −0.30 0.04 −0.11 −0.13 0.21 0.84 *** −0.06 −0.2 1

CACL2 PB 0.76 *** −0.01 0.25 0.57 *** 0.87 *** 0.56 ** 0.81 *** 0.78 *** 0.25 0.58 *
DTPA PB 0.03 0.37 ** 0.74 *** 0.07 0.45 *** 0.64 *** 0.03 0.31 * 0.55 *** −0.16

*, **, *** Correlation significant at the 0.05, 0.01 and 0.001 level, respectively.

3.7. Models: Usage and Goodness of Fit

When using the models, it is necessary to make a standard scale of the variables
considered beforehand, as indicated in the Materials and Methods section. This way, the
variables are independent of the units. It is also possible to make an inverse conversion
from the scaled data; for this, it is necessary to multiply each scaled value by the standard
deviation (of the non-scaled variable) and add the mean (of the non-scaled variable).
Through this method, we were able to recalculate the amount of each fraction extracted
(Figure 5).
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Regarding the goodness of fit of the models, in Figure 5, we can see a comparison
between real and estimated values (in mg kg−1 of soil). In the case of Zn, both H2O Zn and
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DTPA Zn fit the model quite well (Figure 4A); however, CaCl2 Zn presents some values
(for high concentrations) that deviate a bit from the model. Regarding Ni, the data do not
fit the model so well, particularly the two values of H2O and CaCl2. Both were obtained
from the same amphibolite soil, which appears to have a greater capacity to retain nickel
than what was predicted by the model. It is important to consider that the Ni models were
developed from few variables, and organic matter was not included. OM is a factor that
varies greatly in amphibolite soils and could have an important weight in the retention. As
for Cu (Figure 5C), the DTPA fraction fits the model quite precisely, but the model slightly
underestimates H2O and CaCl2 Cu. Finally, the Pb fractions (Figure 5D) can be predicted
quite accurately using the developed models.

4. Conclusions

Fractionation of metals present in the soil will condition their toxicity to organisms
that live in the soil. To achieve this aim, it is essential to determine how the soil properties
affect fractionation and to develop models that allow making predictions so that we know
how to proceed with remediation tasks in case of accidental spillage.

We can divide the metals studied into two groups: Zn and Ni on the one hand, and
Cu and Pb on the other. Extraction of the first two metals was much more heterogeneous
than that of the others, that is, the soil characteristics greatly conditioned the fractionation.
On the other hand, the extraction of Pb and Cu was more homogeneous in all soils.

When developing models for different fractions, the concentration added to the soil
is a fundamental parameter. This variable appears in all models and has greater weight
for H2O fractions than for CaCl2 or DTPA fractions. pH also has great importance and
presents a negative correlation with all metal fractions. The amount of crystalline forms
of aluminum has a lot of weight in the availability of the metals studied and is always
included in the models with a positive sign, indicating that it favors the mobilization of
metals in the studied soils, especially the CaCl2 and DTPA fractions. Something different
happens with the amount of crystalline forms of iron, which seem to favor immobilization,
especially of metal fractions for which it shows affinity, such as copper or lead. Texture
also has weight in the models, since fine particles (clays) favor immobilization, a similar
effect to that caused by phosphorus or organic matter.

In this study, we concluded that it is possible to contribute to the prediction of heavy
metal behavior in the context of pollution problems, i.e., toxicity issues caused by high
levels of certain metals (generated by incorrect fertilization or spillage, for example) through
models such as those presented in this work, based on knowledge from a very manageable
number of physicochemical properties. Additionally, this is applicable to soils developed
on different parent materials. For example, in the case of zinc, if spillage occurs, we
can know how much of this material will be available to plant organisms (DTPA Zn)
by determining the magnitude of the spill, the soil pH, the amount of magnesium and
potassium, and the parent material. This knowledge can then be used in remediation
works: we can determine how much zinc has to be extracted so that it does not present a
problem for plants in the area.
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