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Abstract
Purpose Heavy metals are natural soil constituents; however,
the intense use of agrochemicals can increase total contents
above background levels as well as the available fractions of
the more toxic elements. In this study, the occurrence of some
metals was investigated in agricultural soils from an intensely
farmed rural area of Greece (Argolida) aiming to evaluate the
various available pools and examine their relationship with the
reactive and pseudototal soil fraction.
Materials and methods Thirty soil samples were selected
from a large database of a previous geochemical survey in
the study area. The pseudototal (aqua regia), reactive
(0.43 M HNO3), potentially phytoavailable (0.05 M EDTA),
mobilizable (0.43 M HAc), and mobile (0.01 M CaCl2) pools
of Cu, Zn, Cd, and Mn were determined. Soil properties were
also examined including pH, total organic carbon, calcium
carbonate content, and amorphous Al, Mn, and Fe oxides. In
order to combine all geochemical information and elucidate
the association between available metal pools and soil chem-
ical characteristics, multiple linear regression was employed.
The various proportions of available metal pools (%) were
expressed as a function of the pseudototal or reactive metal
content and general soil properties.

Results and discussion The mobile pool of trace elements in
the studied soils was quite low, while notable amounts of Cu
were released by EDTA indicating a greater tendency for com-
plexation. The acetic acid extraction yielded increased per-
centages of Cd and Mn and for these elements the reactive
pools were quite representative of the pseudototal content.
Extractable amounts of Zn by all the applied reagents were
very low indicating that a considerable part of this metal is of
geogenic origin. The empirical regression models showed that
prediction of the available pools of Cu, Zn, and Cd from the
pseudototal and reactive content is feasible. Although pH is
known to be a key factor of at least exchangeable metal pools,
its narrow range blurs its influence in the present study.
Conclusions The relatively low extraction yields of the stud-
ied elements show that the potential hazard of metal transfer to
plants in the area is minimal despite some elevated
pseudototal concentrations. The geochemical reactive and var-
ious available pools of Cu, Zn, and Cd in Mediterranean cal-
careous citrus soils can be determined by a single soil extrac-
tion test using dilute nitric acid.

Keywords Calcareous soil . Chemical extractions .

Heavymetals . Mobility . Soil contamination

1 Introduction

Heavy metals are natural constituents in soil, originating from
the weathered parent rocks. However, their extensive use in
various anthropogenic activities and applications sometimes
leads to significant increase in the soil content (Lv et al. 2015;
Rodríguez Martín et al. 2015; Sungur et al. 2015). Agricultur-
al soils are threatened by metal contamination either due to
rapidly expanding urban and industrial areas or because of the
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extensive use of agrochemicals for crop protection, e.g., Cu-
based fungicides, and the enhancement of growth, e.g., to
counteract Zn deficiency (Behera et al. 2011; Rodríguez Mar-
tín et al. 2013; Shan et al. 2013; Jiao et al. 2014).

Many trace metals such as Cu, Mn, and Zn are essential for
plant and animal growth and participate inmetabolic functions
in certain concentrations while others, e.g., Cd, have no
known positive effects and are undeniably toxic in concentra-
tions above tolerance limits. Essential metals can also cause
toxic effects above certain limits and lead to crop yield de-
crease. The accumulation of heavy metals in plant tissues and
subsequent transfer through the food chain can pose a risk to
the health of animals and eventually of humans (Dudka and
Miller 1999; Rodrigues et al. 2010).

The common practice in risk assessment is to compare the
total or pseudototal (aqua regia) content of heavy metals in
soil with regulatory concentration limits. Although the Euro-
pean legislation limits refer to total concentrations (e.g., Di-
rective 86/278/EEC), it is widely accepted that the total con-
tent of heavy metals is not necessarily related to potential
risks. Thus, an approach that includes the total (inert plus
reactive), the reactive, and the available metal pools has been
suggested in assessing the potential risk by exposure to con-
taminated soil (Gupta et al. 1996; Peijnenburg et al. 2007;
Römkens et al. 2009). The reactive fraction represents precip-
itates of metals or metal ions reversibly sorbed on binding
sites located on surfaces of soil organic matter, amorphous
metal oxides, and clay. Metals in the inert pool are strongly
bound within the crystalline matrix of the solid phase and are
virtually unavailable for transport or plant uptake since they
are released only in aerobic soils by slow weathering process-
es in a time frame of years. The available pool can be related to
the uptake of metals by soil organisms and plants and their
potential leaching to groundwater (Römkens et al. 2009; Ro-
drigues et al. 2010). The relationship between the available
pools and the reactive metal pools in agricultural soil has not
received much attention, except for the paddy fields in Taiwan
(Römkens et al. 2009) and some low-polluted calcareous soils
from a periurban area in Madrid, Spain (de Santiago-Martín
et al. 2015).

In the last decades, several chemical extraction methods
have been developed and modified with the aim to understand
the interaction of heavy metals with the soil. Commonly ap-
plied extractants include neutral salts, mild acids, and
complexing agents trying to simulate the chemical reactions
that are responsible for metal mobilization to the solution
phase, such as changes in soil pH, temperature, redox poten-
tial, and organic matter decomposition (Peijnenburg et al.
2007). Although the application of mild extracting solutions
usually yields low values of metals, the usefulness of single,
selective extractions is recognized for providing rapid indica-
tion on remobilization processes and potential risks for the
environment (Sahuquillo et al. 2002).

Copper-based fungicides and chemical fertilizers have
been traditionally used in vineyards and orchard soils through-
out the world for preventing downy mildew and promoting
crop growth. Their long-term application has resulted into
extensive accumulation of Cu and other heavy metals in the
receiving soils (Komárek et al. 2008; Kelepertzis 2014). There
are concerns about the risks that the accumulation of metals in
these soils may pose not only to human health but also to the
long-term sustainability of agricultural land. It has been sug-
gested that metals introduced in the soil by anthropogenic
activities have increased potential availability and reactivity
compared to naturally occurring metals (Fernández-Calviño
et al. 2008). Furthermore, most studies concerning metal con-
tamination in agricultural fields where Cu-based fungicides
have been used are principally based on the analysis of total
and available content only of Cu. In this sense, the various
available pools of other anthropogenic metals associated with
the application of agrochemicals have not received the appro-
priate attention.

In this work, we have studied the occurrence and distribu-
tion of Cu, Zn, Cd, and Mn in various operationally defined
fractions in agricultural soil samples from the rural area of
Argolida, Greece. In this area, we observed an accumulation
of Cu, Zn, and Cd in the citrus soils due to diverse manage-
ment practices including applications of fungicides, pesti-
cides, and fertilizers. However, no general pattern in the use
of specific amendments could be recognized based on infor-
mation acquired by the local farmers. Manganese was evalu-
ated to exhibit a mixed source from both the local parent
materials and the applied agrochemicals (Kelepertzis 2014).
For a detailed discussion on the contribution of agrochemicals
on soil geochemistry in Argolida, supported by maps and
statistical analysis, the reader is referred to previously pub-
lished work (Kelepertzis 2014). Our present assessment is
based on several widely used single extraction procedures
for evaluating the heavy metal availability; their yield is com-
pared with the reactive and pseudototal (aqua regia) content.
Furthermore, soil properties were also examined including
pH, total organic carbon, calcium carbonate content, and
amorphous Al, Mn, and Fe oxides. In order to combine all
geochemical information and produce a better understanding
of the soil factors that influence metal availability, we follow
the empirical approach suggested recently (Luo et al. 2012;
Rodrigues et al. 2013; Kelepertzis and Argyraki 2015). Spe-
cifically, the various proportions of available metal (%) are
expressed as a function of the pseudototal and reactive metal
content and general soil properties by applying multiple linear
regression on the analytical data.

The aims of our study were (a) to evaluate the various
available pools of Cu, Zn, Cd, and Mn in the rural agricultural
soil of a typical Mediterranean environment (Argolida,
Greece) and (b) to ascertain the relationship between opera-
tionally defined available pools of metals and their respective
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reactive or pseudototal content. Since the aqua regia is a stan-
dard method for assessing heavy metals in soil, exploring the
relationship between this extraction and metal availability by
milder chemical reagents is of great interest for metal assess-
ment in agricultural soil.

2 Materials and methods

2.1 Sample selection

Thirty soil samples (0–20 cm depth) were selected from the
sample database of a previous detailed soil geochemical sur-
vey (Kelepertzis 2014). The samples were collected from a
rural area surrounding Argos town (∼22,000 inhabitants) in
Peloponnese, Greece. This area has been subjected to intense
cultivation of oranges and mandarins during the last five de-
cades. The site is typical of aMediterranean climate with rainy
winters and warm, dry summers. The selection of the investi-
gated samples was based on Cu concentrations because this
metal represents the typical marker of anthropogenic inputs in
citrus cultivated soils (Kabata-Pendias and Pendias 2001;
Fernández-Calviño et al. 2008). Samples with pseudototal
(aqua regia-extractable) Cu content higher than 80 mg kg−1

were included in the present study in order to ensure the in-
clusion of soils that have been influenced by fertilizer use and
Cu-based fungicides. The soil samples had been air-dried,
disaggregated, and sieved to <2 mm fraction. Representative
portions of each soil sample had been further sieved through a
nylon 100-μm sieve and stored in room temperature.

2.2 Methods

2.2.1 Selection of extracting agents for the evaluation of heavy
metal availability

Among the numerous extraction schemes, we chose in this
study to use the 0.01 M CaCl2, 0.43 M CH3COOH (HAc),
and the 0.05 M EDTA extracting agents for assessing the
availability of Cu, Zn, Mn, and Cd in the studied agricultural
soils. These chemical extractions are not selective in terms of
providing specific chemical forms of metals having an opera-
tionally defined character but have been widely applied with
the aim to evaluate the availability of metals in agricultural
soils (Schramel et al. 2000; Mirlean et al. 2007; Duplay et al.
2014; Qasim et al. 2015). The neutral salt extractant provides
the most useful indication of metal plant uptake exhibiting an
ionic strength similar to that of typical soil solutions (Menzies
et al. 2007). The acetic acid chemical reagent represents one of
the most abundant organic acids present in the rhizosphere of
many plants (Meers et al. 2007). Furthermore, EDTA is be-
lieved to simulate complexing behavior of root exudates
extracting organically bound metal fractions (Sahuquillo

et al. 2002). The buffering at pH 7.0 provides the exclusion
of effects involving carbonate dissolution (Meers et al. 2007).
Additionally, the above three chemical procedures have been
validated at the laboratory level by two certified reference
materials (BCR 483 and BCR 484) aiding to monitor pitfalls
that may occur during the performance of the soil extraction
protocols (Quevauviller et al. 1997). The metal fractions ob-
tained by the CaCl2, HAc, and EDTA chemical extractions
were operationally defined as mobile (Gupta et al. 1996),
mobilizable (Gupta et al. 1996; Sahuquillo et al. 2003), and
potentially phytoavailable (Komárek et al. 2008), respectively.

2.2.2 Laboratory procedures

The pH of the samples was determined on the <2 mm soil
fraction using a Jenway bench top pH meter with a glass
electrode in a 1:5 (v/v) suspension of soils in ultrapure Milli-
Q water according to the ISO 10390 1994 procedure. Exper-
imental work described belowwas performed on the <100μm
soil fraction. Total organic carbon (TOC) was determined
using a modified method based on Walkley and Black
(1934) and Gaudette et al. (1974). Between 0.25 and 0.5 g
of soil sample is treated for 2 h with potassium dichromate
(1 N) and concentrated sulfuric acid at room temperature. This
treatment oxidizes all of the organic material and the excess
potassium dichromate is subsequently titrated using ammoni-
um iron (II) sulfate. The result is expressed as percent organic
carbon. Each sample was analyzed in duplicate. The carbonate
content of the soils was estimated using a modification of the
procedure described in Loring and Rantala (1992). Approxi-
mately 1 g of soil was treated with HCl 6 M for 1 min and the
percent carbonate content was calculated by the mass differ-
ence before and after the treatment. Amorphous Fe oxides
(Feox), Mn oxides (Mnox), and Al oxides (Alox) were deter-
mined by the acid ammonium oxalate extraction in the dark
(Schwertmann 1964). Iron, Mn, and Al concentrations in the
filtrates were analyzed by flame atomic absorption spectrom-
etry (FAAS) at the Laboratory of Environmental Chemistry,
University of Athens. The pseudototal content of the investi-
gated metals was determined after the aqua regia digestion
protocol at the Acme Analytical Laboratories Ltd of Canada
using inductively coupled plasma-mass spectrometry (ICP-
MS). Replicates, in-house reference materials, and reagent
blanks were used for quality control.

The chemical extractions described below were performed
at the Laboratories of Environmental Chemistry and Econom-
ic Geology and Geochemistry, University of Athens. Pro
Analysis-grade chemicals and ultrapure Milli-Q water were
used. The following cleaning procedures were adopted in or-
der to avoid contamination. All glass laboratory utensils for
metal analysis were washed with detergent, then soaked for at
least 24 h in 10 % HNO3 acid solution and rinsed repeatedly
with ultrapure Milli-Q water. Single-use plastic ware

J Soils Sediments (2015) 15:2265–2275 2267



(centrifuge tubes and bottles for the extracts) were also soaked
for at least 24 h in 10 % HNO3 acid solution and rinsed re-
peatedly with ultrapure Milli-Q water. The potentially
phytoavailable fraction was obtained from subsamples of
2.5 g of soil leached with 25 ml of 0.05 M EDTA solution
(adjusted to pH 7) for 1 h at room temperature (Ure et al.
1993). The mobilizable pool was determined by treating 1 g
of soil sample with 40 ml of 0.43 M HAc solution for 16 h at
room temperature (Quevauviller et al. 1997). The mobile
amounts (CaCl2 extraction) were obtained following the
methodology described by Novozamsky et al. (1993). The
reactive forms of metals were extracted by mixing 1 g of soil
material with 40ml of a 0.43MHNO3 solution and shaken for
2 h at room temperature.We modified the proposed 1:10 (w/v)
ratio of Rodrigues et al. (2010) because of the calcareous
nature of the investigated soils ensuring that pH values of
the final extraction fluids were within the range 0.8–1.0. All
the mixtures from these extractions were shaken in a mechan-
ical and end-over-end shaker at 25 rpm. The extracts were
separated from the solid residue by centrifugation at
3500 rpm for 10 min. A portion of the supernatant was sub-
sequently removed by using a disposable syringe and filtered
(Millipore 0.45 μm filters using a small filtration device).
Concentrations of Cu, Zn, Cd, and Mn were measured by
flame (Varian SpectrAA 200) and graphite furnace (Varian
SpectrAA 640Z with Zeeman background correction) atomic
absorption spectrometers at the facilities of Laboratory of En-
vironmental Chemistry, University of Athens.

Procedural blanks and three analytical duplicates were in-
cluded in each analytical batch (batches were based on chem-
ical extraction) for quality control purposes. The relative per-
cent difference (RPD) was calculated for each pair of dupli-
cates as an indication of method precision revealing mean
RPD values lower than 20 % for all the considered elements.
To assess the accuracy of the EDTA, HAc, and CaCl2 extrac-
tions, two certified reference materials (BCR 483 and BCR
484) for extractable trace element concentrations
(Quevauviller et al. 1997) were included in duplicate in each
batch. Average recovery percentages of the different elements
were 96 % (Cu), 105 % (Zn), and 89 % (Cd) for the EDTA
extraction; 83 % (Cu), 88 % (Zn), and 89 % (Cd) for the HAc
extraction; and 123% (Cu), 128% (Zn), and 85% (Cd) for the
CaCl2 extraction.

2.3 Statistical analysis

The data were summarized using mean, range, median, and
standard deviation values. Available metal concentrations in
relation to their respective reactive and pseudototal content
were plotted on box-and-whisker diagrams. The length of
the box indicates the interquartile range and the horizontal line
inside the box indicates the median. The whiskers extend to
the maximum and minimum data point within 1.5 box heights

from the top or the bottom of the box. The star characters are
the maximum and minimum values and the square sign rep-
resents the mean value.

Multiple linear regression analysis was performed to exam-
ine the relationship between available metal pools and their
respective pseudototal or reactive content and basic soil prop-
erties. To overcome the influence of extreme values on the
regression analysis and the non-normality of the chemical
data, the logarithms of the original chemical data were used
(Reimann et al. 2008). The first approach consisted of
selecting the most significant parameters to describe the metal
availability. The Pearson correlation coefficients between each
of the explanatory soil chemistry variables, i.e., pseudototal
and reactive concentrations and soil properties (pH, TOC,
total CaCO3, Feox, Mnox, Alox), and the dependent variable
(available metal concentration) were tested to select the soil
parameters with the strongest linear relationship with the
available metal pools. Empirical regression models were de-
rived by stepwise selection of explanatory variables. In this
way, the most salient parameters that influence the metal avail-
ability remained in the equation. The least significant param-
eters, defined by their largest p value, were discarded until all
the remaining variables (including the intercepts) contributed
significantly to the regression model at the 95th percentile
confidence level (p<0.05).

3 Results and discussion

3.1 Physicochemical characteristics of the studied soils

The descriptive statistics of physicochemical properties and
aqua regia-extractable concentrations of heavy metals for the
studied soil samples are presented in Table 1. All soil samples
are slightly alkaline (median 7.6) with relatively low organic
carbon content ranging from 1.0 to 2.7 %. Notable variations
were observed in Fe, Mn, and Al amounts extracted by the
ammonium oxalate dissolution (1030–3640, 252–2970, and
795–3680 mg/kg, respectively). The citrus soils yielded sig-
nificant differences in their CaCO3 content with percentages
fluctuating between 2.2 and 17.5 % probably indicating the
variable contribution of the surrounding carbonate rocks to
soil mineralogy.

The pseudototal content of Cu, Zn, Mn, and Cd exhibited
the following concentration ranges: 83–275, 75.2–289, 557–
3495, and 0.41–6.10 mg/kg, respectively. The content of Cu
falls within the range of values reported in the literature for
agricultural fields affected by application of Cu-based fungi-
cides (Fernández-Calviño et al. 2008; Komárek et al. 2008;
Fan et al. 2011). The Zn and Cd concentrations from our study
are also comparable with data obtained for similarly affected
soils from other countries (Mirlean et al. 2007; Duplay et al.
2014). In most cases, the investigated soils displayed
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concentrations lower than the maximum values of 140 mg/kg
for Cu, 300 mg/kg for Zn, and 3 mg/kg for Cd allowed by the
European Union for sewage sludge application on agricultural
soils of pH between 6 and 7 (CEC 1986). The only deviation
was the Cu and Cd contents for three and two soil samples,
respectively. Manganese, a metal that has been rarely investi-
gated in similar soil surveys, demonstrated a significant en-
richment (median 1494 mg/kg) that has been previously as-
cribed to both the application of agrochemicals and the sur-
rounding geological formations comprising serpentinized ul-
tramafic rocks (Kelepertzis 2014).

3.2 Evaluation of heavy metal extractability

The chemical results of single extractions for Cu, Zn, Mn, and
Cd are shown in Table 2. Results were also expressed as per-
centages of amounts dissolved by the CaCl2, EDTA, HAc, and
HNO3 chemical procedures over the pseudototal content
(Fig. 1) and as ratios of the various available pools to the
reactive content (Fig. 2). The median extractability ratios in
relation to the pseudototal pools in decreasing order are Zn
(0.35 %)>Cd (0.31 %)>Cu (0.24 %)>Mn (0.07 %) for the
mobile fraction, Cd (27 %)>Cu (24 %)>Mn (10 %)>Zn
(6 %) for the potentially phytoavailable fraction, Cd
(40 %)>Mn (21 %)>Zn (5 %)>Cu (4 %) for the mobilizable
fraction, and Mn (72 %)>Cd (55 %)>Cu (39 %)>Zn (18 %)
for the reactive fraction. The size of the available metal pools
relative to the reactive content decreases in the order Zn
(2.01 %)>Cu (0.63 %)>Cd (0.53 %)>Mn (0.09 %) for the
mobile fraction, Cu (62 %)>Cd (49 %)>Zn (32 %)>Mn (13)
for the potentially phytoavailable fraction, and Cd (69 %)>
Mn (29%)>Zn (28%)>Cu (9%) for the mobilizable fraction.

In general, the extractable concentrations presented various
patterns depending on the element and the specific reagent
used. The only exception is the CaCl2 soil test for which

extractable concentrations were low for all four studied ele-
ments representing <0.5 % of the pseudototal metal content in
the soil. Similarly, the mobile pools represent only a minor
fraction of the reactive content in the soil (Fig. 2). Such low
leachate amounts are consistent with Sahuquillo et al (2003)
and Li et al (2014) who highlighted the low extraction yields
of CaCl2 extraction, especially in the pH range characterizing
the studied soils (Fan et al. 2011).

The EDTA yielded notable proportions of the pseudototal
content for Cu and Cd (Fig. 1), indicating that these two ele-
ments are prone to complexation. Indeed, roots can also re-
lease soluble organic compounds into the rhizosphere which
are capable of complexing Cu and, hence, to increase its po-
tential uptake by plants (Rajkumar et al. 2012). Thus, in con-
taminated soils, extraction with organic complexing agents
such as EDTA are reported to be better adapted for estimating
Cu bioavailability (Schramel et al. 2000; Brun et al. 2001),
especially in slightly alkaline soils (Komárek et al. 2008). For
Zn and Mn, a minor fraction is released by the EDTA extrac-
tion demonstrating their incorporation to more stable mineral
phases and highlighting that these elements are not sensitive to
complexation processes. The EDTA-extracted amounts of Cu
can be as high as 84 % of the reactive fraction, reflecting the
fact that a significant portion of the reactive fraction of this
metal is in a potentially phytoavailable form for the studied
agricultural soils.

The mildly acidic leaching by acetic acid is notably less
effective for Cu and Zn than for the other two studied elements
(Figs. 1 and 2). A considerable increase in the ratios of the
mobilizable amounts of Zn, Mn, and Cd relative to the

Table 1 Statistical summary of physicochemical properties and aqua
regia-extractable concentrations of heavy metals for the agricultural soils
of Argolida (n=30)

Parameter Mean Median Minimum Maximum Standard
deviation

pH 7.6 7.6 7.0 7.9 0.19

TOC (%) 1.8 1.8 1.0 2.7 0.45

Total CaCO3 (%) 8.0 6.6 2.2 17.5 3.94

Feox (mg/kg) 2122 2030 1030 3640 622

Mnox (mg/kg) 987 922 252 2970 527

Alox (mg/kg) 1474 1318 795 3680 618

Cu (mg/kg) 114 107 83.0 275 35.6

Zn (mg/kg) 104 92.9 75.2 289 39.3

Mn (mg/kg) 1607 1494 557 3495 570

Cd (mg/kg) 0.98 0.65 0.41 6.10 1.21

Table 2 An overview of the heavy metals pools (mg/kg) as determined
by 0.01 M CaCl2, 0.05 M EDTA, 0.43 M HAc, and 0.43 M HNO3

chemical extractions

Mean Median Minimum Maximum

Cu CuCaCl2 0.29 0.27 0.12 0.55

CuEDTA 30.5 24.2 7.4 119

CuHAc 4.6 3.9 1.7 18.2

CuHNO3 47.3 39.1 25.0 172

Zn ZnCaCl2 0.38 0.36 0.23 0.82

ZnEDTA 9.4 5.4 1.8 81.7

ZnHAc 7.7 4.5 1.8 50.5

ZnHNO3 24.5 16.9 8.3 167

Mn MnCaCl2 1.1 0.93 0.20 3.1

MnEDTA 171 141 87.7 999

MnHAc 359 328 166 658

MnHNO3 1161 1139 508 1927

Cd CdCaCl2 0.003 0.002 <0.001 0.015

CdEDTA 0.38 0.16 0.10 3.6

CdHAc 0.39 0.28 0.18 2.6

CdHNO3 0.75 0.38 0.21 5.7
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reactive content is observed compared to the pseudototal frac-
tion. The physical significance of this observation is that the
mobilizable patterns that are sensitive to changes in the pH of
the soil system are modulated by the action of the reactive
metal phases. The low HAc-extractable Cu compared to the
EDTA is attributed to the fact that acetic acid is hardly able to
attack the strong copper-humic acid complexes (Schramel
et al. 2000). Manganese and Cd seem to be prone to soil
acidification, a problem linked to prolonged use of ammoni-
umN fertilizer (Bouman et al. 1995; Fan et al. 2011) or a result
of acid rain. The most striking feature of the mobilizable

fraction is the high liberated Cd amounts (up to 63 % and up
to 100 % of the pseudototal content and reactive content,
respectively) attributed to its association with labile ion-
exchangeable soil components and easily soluble hydrous ox-
ides (Meers et al. 2007; Rodrigues et al. 2013). The high
mobilizable pools of Cd signify the necessity of maintaining
the alkaline nature of the studied soils by controlling the type
of applied fertilizers (e.g., ammonium fertilizers produce more
acidity than nitrate fertilizers). Considering that metal mobili-
zation with acetic acid is basically attributed to carbonate dis-
solution (Sahuquillo et al. 2003) that is not taking place during

Fig. 1 Extractable amounts (%)
of heavy metals (Cu, Zn, Mn, and
Cd) by various single extractants
(CaCl2, EDTA, HAc, and HNO3)
relative to the pseudototal fraction
for the studied agricultural soils

Fig. 2 Available amounts (%) of
heavy metals (Cu, Zn, Mn, and
Cd) as determined by single
extractants (CaCl2, EDTA, and
HAc) relative to the reactive
fraction for the studied
agricultural soils
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the pH conditions of the EDTA extraction (pH 7.0), it may
also be inferred that some Cd and Mn reside in the carbonate
fraction of the studied soils.

The dilute nitric acid extracted significant proportions of
the pseudototal content of elements with the exception of Zn
which is mostly present in chemically inert mineral phases
(Fig. 1). This probably reflects Zn that is included in minerals
(e.g., oxides and silicates), highlighting that despite its accu-
mulation in Argolida soil (Kelepertzis 2014), a considerable
part of this metal is of geogenic origin. Higher chemical ex-
tractabilities of HNO3 compared to other extractants are due to
its capacity to dissolve Fe and Mn oxides (Römkens et al.
2009). Especially for Mn and to a lesser extent for Cd, the
reactive pools are quite representative of the pseudototal con-
tent (Fig. 1) indicating that the geochemically active fraction
for these metals is almost equal to the pseudototal content in
the soil.

3.3 Soil geochemical characteristics controlling metal
availability

The influence of pseudototal content on metal availability is
shown in Fig. 3 and Table 3. With respect to the concentra-
tions extracted by CaCl2, only the pseudototal Cu content was
found to exert some control on predicting the respective mo-
bile amounts as evidenced by their strong correlation (r=0.61,
p<0.001; Fig. 3). In particular, 35.6 % of the total variability
in the mobile Cu concentrations is explained by a linear re-
gression model with pseudototal Cu content as predictor var-
iable (logCuCaCl2=−2.51+0.950 log CuAR). Regression

equations (Table 3) demonstrated that the variations in the
potentially phytoavailable and mobilizable pools of metals
were explained by the pseudototal content in the soil
(48.7 % for CuHAc up to 91.4 % for CdEDTA). Indeed, the
influence of total metal contents on corresponding extractabil-
ities has been expressed in the literature (Wu et al. 2010; Luo
et al. 2012; Li and Zhang 2013). The influence of pseudototal
content is significantly more pronounced for Cd available
pools explaining 88.1 % of variance for CdHAc and 91.4 %
for CdEDTA.

In Table 4, results of multiple regression analysis for the
investigated metals are presented using the reactive content as

Fig. 3 Available and reactive
concentrations of the studied
metals as a function of the
pseudototal content in the soil.
The Pearson correlation
coefficients (r) between the
extractable and pseudototal metal
pools are also shown based on
their log-transformed values

Table 3 Multiple regression equations for the available (EDTA- and
HAc-extractable) pools of the investigated heavy metals against the
respective aqua regia content

Regression equation R2
adj

EDTA

Cu CuEDTA=−1.98+1.66 logCuAR 52.2

Zn ZnEDTA=−4.27+2.53 ZnAR 73.2

Mn MnEDTA=−1.23+1.07 MnAR 57.0

Cd CdEDTA=−0.492+1.32 CdAR 91.4

HAc

Cu CuHAc=−2.65+1.59 CuAR 48.7

Zn ZnHAc=−3.81+2.27 ZnAR 63.9

Cd CdHAc=0.972+1.08 CdAR 88.1

All parameters shown are based on log-transformed values. It is noted that
MnHAc is not correlated with MnAR
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the independent variable. Relationships between the reactive
content and the available pools are also graphically shown in
Fig. 4. The use of HNO3 results to significantly higher R2

adj

values for the potentially phytoavailable and mobilizable
amounts of both Cu and Zn indicating that the reactive pools
provided better predictions of the available contents of these
elements. The same pattern was also seen for the mobile Cu
amounts for which the explained variance reached 43 % of
total based on the reactive Cu fraction (logCuCaCl2=−1.59+
0.625 log CuHNO3). This can be explained by the fact that aqua
regia extracts the inert fraction of the soil components that is
not related to the available chemical forms (Römkens et al.
2009), for instance the fraction of Cu and Zn that is occluded

in the crystal matrix or is bound to crystalline metal oxides.
Another explanation could be driven by the chemical forms
that are mobilized by these soil extractions. All EDTA, HAc,
and dilute HNO3 are known to extract soluble organic metal
complexes that are weakly adsorbed to soil surfaces through
weak forces of attraction; the chemical nature of the aqua regia
extraction that is able to destroy the strongest chemical bonds
of metals with organic matter may blur the influence of
pseudototal fraction on the availability of Cu and Zn. Interest-
ingly, the available pools of Cd were described more accurate-
ly by the pseudototal content in the soil. This observation
indicates that pseudototal fraction of Cd includes a geochem-
ical phase that is in equilibrium with its available pools

Table 4 Multiple regression equations for the available (EDTA- and HAc-extractable) pools of the investigated heavy metals against the respective
reactive content and soil properties

Regression equation R2
adj(a) R2

adj(b)

EDTA

Cu CuEDTA=−0.524+1.19 CuHNO3 75.7

Zn ZnEDTA=−0.546+1.19 ZnHNO3−0.216 Total CaCO3 95.0 96.4

Cd CdEDTA=−2.84+0.879 CdHNO3+0.79 Alox 74.9 82.6

HAc

Cu CuHAc=0.719+1.14 CuHNO3−0.631 Alox 72.3 88.6

Zn ZnHAc=−0.767+1.17 ZnHNO3 91.3

Cd CdHAc=−0.255+0.786 CdHNO3 80.0

All parameters shown are based on log-transformed values. R2
adj(a) corresponds to the variance explained only with respect to the respective reactive

content and R2 adj(b) corresponds to the variance explained taking into account all the considered variables. It is noted that MnEDTA and MnHAc are not
correlated with MnHNO3

Fig. 4 Available concentrations
of the studied metals as a function
of the reactive content in the soil.
The Pearson correlation
coefficients (r) between the
available and reactive metal pools
are also shown based on their log-
transformed values
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(Römkens et al. 2009). Another reason for this pattern could
be spectral interferences deriving from the sample matrix
composition in the determination of Cd that affect the mea-
surements and blur the statistical relationship between the re-
active and available fractions.

Inspecting Figs. 3 and 4, it is evident that the pseudototal
and reactive contents of Cu, Zn, and Cd appear rather concen-
trated, especially because the highest isolated values concern
the same samples. In general, extreme values take on a special
importance in regression analysis because their presence away
from the apparent trend in the data can strongly influence the
final regression results (Reimann et al. 2008). Nevertheless,
for the present data set, the removal of the two outliers from
the regression analysis does not influence the output results.
This may be ascribed to the usage of the log-transformed
values that reduces the influence of extreme values. Only the
influence of pseudototal and reactive fraction of Cd on its
availability is lowered, but the close association of soil
pseudototal content to Cd available pools still remains.

The contribution of some soil properties only slightly
improved the performance of models for individual avail-
able metal pools (Table 4). A dubious effect of Alox on the
potential phytoavailable pools of Cd and the mobilizable
pools of Cu was observed since the partial correlations are
both positive and negative. Especially, the negative corre-
lation coefficient is difficult to explain considering the ex-
pected adsorption of Cu to active forms of metal oxides
(Rodrigues et al. 2010) highlighting the difficulties of sta-
tistical models to overcome the complex interactions of
metals with the soil components. For the studied soils,
the influence of pH and TOC on the available metals pools
is not so crucial as in other studies (Wu et al. 2010; Behera
et al. 2011; Kelepertzis and Stathopoulou 2013; Sungur
et al. 2014). This may be due to the limited range of pH
and TOC values characterizing the citrus soils from
Argolida that does not allow the importance of these prin-
cipal soil properties in governing metal availability to be
expressed.

In particular, soil pH is one of the most important factors
controlling the availability of heavy metals to plants. The
studied soils have a calcareous character and this is probably
a limiting factor of metal uptake. This is particularly important
considering the relatively high pseudototal concentration of
Cu in the soil. Although Cumobility and solubility is expected
to be remarkably high in acidic soils (Chaignon et al. 2003),
Cu phytotoxicity has also been documented for agricultural
plants grown on calcareous soils (Michaud et al. 2007). This is
possible as the rhizosphere pH is often more acidic than that of
the bulk soil, and thus larger amounts of heavy metals are
dissolved and possibly taken up in the vicinity of the root.
However, in view of the relatively low extraction yields of
the studied elements, it is suggested that the potential hazard
of plant toxicity in the area is not significant and that despite

their elevated pseudototal concentrations, heavy metals are
effectively retained in soil phases. Further experimentation is
needed to clarify the role of additional soil parameters such as
crystalline Fe and Mn oxides and cation exchange capacity in
controlling the heavy metal availability for the studied agri-
cultural system.

4 Conclusions

Various single extraction procedures were used to evaluate the
heavy metal (Cu, Zn, Mn, Cd) extractability in citrus agricul-
tural soils from Argolida, an area carrying a long history of
application of Cu-based fungicides and fertilizers. The
pseudototal, reactive, potentially phytoavailable, mobilizable,
and mobile fractions of these metals were determined. Among
the protocols used for the determination of available metal
pools, the highest Cu extractability was observed by EDTA.
Greater amounts of both Cd and Mn were solubilized by the
HAc soil test compared to the EDTA, whereas the extraction
efficiencies for Zn were low in all the applied chemical re-
agents. Although the application of agrochemicals is an im-
portant source of accumulated heavy metals in the studied
soils, their available concentrations are not always high as a
result of their presence in less mobile solid fractions and the
alkaline nature of the studied soil. Differences in the available
pools of Cu, Zn, and Cd could be mostly explained by their
respective pseudototal or reactive content in the soil while
available Mn is not correlated to either chemical methods.
We conclude that a single soil extraction test by dilute nitric
acid can be applied for the estimation of both geochemical
reactive and various available pools of Cu, Zn, and Cd in
Mediterranean calcareous citrus soils.
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