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Abstract

Purpose Gardening (especially food growing) in urban
areas is becoming popular, but urban soils are often very
contaminated for historical reasons. There is lack of
sufficient information as to the bioavailability of soil heavy
metals to plants and human in urban environments. This
study examines the relative leachability of Cr, Ni, As, Cd,
Zn, and Pb for soils with varying characteristics. The
speciation and mobility of these metals can be qualitatively
inferred from the leaching experiments. The goal is to use
the data to shed some light on their bioavailability to plant
and human, as well as the basis for soil remediation.
Materials and methods Selective and sequential chemical
leaching methods were both used to evaluate the speciation
of Cr, Ni, As, Cd, Zn, and Pb in soil samples collected from
New York City residential and community gardens. The
sequential leaching experiment followed a standard BCR
four-step procedure, while selective leaching involved
seven different chemical extractants.
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Results and discussion The results from selective and
sequential leaching methods are consistent. In general, very
little of the heavy metals were found in the easily soluble or
exchangeable fractions. Larger fractions of Cd and Zn can
be leached out than other metals. Lead appears predomi-
nantly in the organic or carbonate fractions, of which ~30—
60% is in the easily soluble organic fraction. Most As
cannot be leached out by any of the extractants used, but it
could have been complicated by the ineffective dissolution
of oxides by ammonium hydroxylamine. Ni and Cr were
mostly in the residual fractions but some released in the
oxidizable fractions. Therefore, the leachability of metals
follow the order Cd/Zn>Pb>Ni/Cr.

Conclusions Despite of the controversy and inaccuracy
surrounding chemical leaching methods for the speciation
of metals, chemical leaching data provide important,
general, and easy-to-access information on the mobility of
heavy metals in soils, which in turn relates to their potential
bioavailability to plant uptake and human health risk. Such
data can be used to guide risk assessment of different
metals and develop effective remediation strategies.

Keywords Chemical leaching - Garden soil -
Heavy metals - Speciation

1 Introduction

Soil is known as one of the most important biogeochemical
sinks for contaminants. Urban soils can often contain
dangerous levels of heavy metals, posing significant health
risks if not properly dealt with. For example, preliminary
survey in New York City based on about 250 garden soil
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samples yielded a median Pb concentration of 550 ppm
(Cheng and Shaw 2009), significantly higher than the
400 ppm limit set by the United States Environmental
Protection Agency for children’s play areas (USEPA, Toxic
Substances Control Act Section 403).

There is renewed interest in cultivating the small patches
of lands in urban settings for food, as the society is moving
to achieve a more sustainable urban environment and a
greener economy. Growing vegetables and fruits in resi-
dential backyards and community gardens not only produ-
ces much needed food, but also brings many aspects of
social, economical, health, and cultural benefits that cannot
be undervalued. These efforts are vital in helping munic-
ipalities build local food systems to reduce reliance on the
long, fossil fuel-dependent supply lines stretching from
centralized farms to local supermarkets. However, garden-
ing activities increase human’s contact with contaminants in
the soil, therefore the health risks need to be better
understood. Studies have shown that urban soils can be an
important pathway for heavy metal exposure (e.g., Mielke
and Reagan 1998; Mielke et al. 1999). In many cases,
children, who are among the group highly sensitive to
contamination, are encouraged to participate in gardening
activities. This has added to the urgency to understand the
link between soil contamination and associated risks in
urban settings.

Identification of the chemical forms, or namely specia-
tion, of heavy metals in soils is the first step in assessing
their mobility, bioavailability to plants, as well as toxicity to
animals and human. It is generally known that the total
concentration of a metal is not a good indicator of its health
risk. The risk only exists if the contaminant enters the body
via one of the exposure pathways, such as ingestion and
inhalation. The degree to which a metal can be uptake by
plants or absorbed by human body is dependent upon many
factors, and one of the most important controls is the phase
(s) where the metal resides. Metals reside in different
phases and vary in potential to be mobilized. Speciation can
be inferred by sequential extraction of the soil with
chemical reagents designed to extract the elements bound
in, or associated with, a particular soil phase (Kaplan and
Yaman 2009). Sequential extraction can be time and labor
intensive, often requires several days to complete a
sequence. By comparison, selective extractions are simple
and cost-effective methods for the investigation of labile
metals in soils. Although the selectivity of a certain reagent
is limited, many types of reagents can be used and the
results can be integrated to derive more detailed speciation
information.

It is generally recognized that the ability of chemical
leaching methods to predict soil heavy metal speciation is
limited. For urban soils in particular, many phases in soils
are anthropogenic and therefore may not behave similarly

to naturally present minerals or components. The chemicals
often attack several phases to various degrees rather than
being “selective.” The leaching rates of metals are
dependent upon time duration of leaching, soil to extractant
ratio, particle size, and whether equilibration has been
reached. In some cases, re-adsorption and precipitation of
the metals can even lead to false conclusions (Nirel and
Morel 1990; Scheckel et al. 2003). Many new techniques
have been developed in recent years that allow better and
more accurate understandings of the speciation of metals in
soil, mostly using instrumental methods for phase charac-
terization in soil (D’Amore et al. 2005; Rao et al. 2008).
These methods have advantages of identifying exact
mineral phases where the heavy metals reside, and can be
compared to chemical leaching to reach more precise
conclusions on metal speciation. However, better metal
speciation results still do not directly lead to better
bioavailability or bioaccessibility predictions. In fact,
chemical leaching may be a better predictor for bioavail-
ability because it is applied to bulk soil and reflecting the
overall leaching rate from multiple phases, which is closer
to real world situations. For human health risk assessments,
in vitro and in vivo experiments are commonly used. For
plant uptake, a new approach using “Diffusive Gradient in
Thin Film” was developed for in situ direct measurements.
In addition, Sinaj et al. (2004) used isotopic technique to
quantify and compare Zn that can be leached by various
chemicals (£ values) to actual plant uptake (L values).
Echevarria et al. (1998) used isotopic exchange kinetics to
study the pool of Ni in soil that was phytoavailable.

Despite of the obvious shortcomings and pitfalls
associated with some chemical leaching techniques for
metal speciation, they are easy to perform, affordable, and
have been widely used to assess the mobility of metal
contaminants in soils and sediments (e.g., Gomez et al.
2000; Joksi et al. 2005; Maiz et al. 1997). One of the most
commonly used sequential extraction procedures is the
BCR (Community Bureau of Reference of the European
Commission, now the Standards, Measuring and Testing
Programme) method. The BCR procedure aims to fraction-
ate metals into the operationally defined phases of acid-
extractable, reducible, oxidizable, and residual, with each of
the steps targeting metals in different phases (Table 1). This
procedure has been tested against reference standards and
several different matrices (e.g., Sutherland and Tack 2003;
Larner et al. 2000).

This study combines selective and sequential chemical
leaching techniques to investigate the speciation of heavy
metals in garden soils collected from the New York City
area. For historical reasons, multiple sources have contrib-
uted to the soil heavy metal contamination in New York
City, adding complications to metal distributions in differ-
ent phases. We used the original BCR procedure for the
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Table 1 Comparison of sequential

and selective leaching and their Fractions

Sequential leaching

Selective leaching

respective fractions

Exchangeable and weakly Step I (0.11 M acetic acid)

absorbed fractions
Carbonate fraction

Oxide/reducible fraction

Organic fraction

Step 1I (0.1 M NH,OHHCI, pH=2)

1.0 M KNOj; for exchangeable
and weakly absorbed fractions

1.0 M ammonium acetate, pH=4.8;
or 1.0 M CH3COOH for carbonate,
exchangeable, and weakly absorbed
fractions

0.04 M NH,OHHCI for Mn oxide
fraction (and some carbonate)

1.0 M NH,OHHCI for Fe oxide
fraction (and some carbonate)

Step III (8.8 M H,0, then 1 M NHyAc 0.1 M Na,EDTA for organic (and
at pH=2, for organic and oxidizable
fractions)

some carbonate?) bound fractions

0.2 M NayP,0; for easily soluble
organic bound and exchangeable
fractions

sequential leaching of eight soil samples of different types,
and seven reagents for the selective leaching of 16 samples.
The results from selective leaching and sequential leaching
are compared. The data is intended to provide general
insights into the speciation and mobility of these heavy
metals in garden soils. Implications on plant and human
bioavailability, as well as soil remediation strategies are
also discussed.

2 Methods

The soil samples used in this study were selected from a
collection of about 250 garden soil samples deposited at the
Environmental Sciences Analytical Center (ESAC) at Brooklyn
College. These soil samples represent a range of physical and
chemical properties (Electronic Supplementary Material) that
occur in urban garden soils. The pH, organic content, and salt
content ranged 5.1-7.0, 3.2-14%, and 41-627 ppm, respec-
tively. The soils are mainly loamy sand and sand. In general,
those with higher Pb content were selected, with total Pb
concentrations ranged from 423 to 2,586 ppm. Other metal
concentrations in the studied soil samples are given in
Supplementary Information.

These soil samples were sent to ESAC by gardeners
from the New York City area intended for heavy metal
screening. The samples were collected from surface to up to
25-30 cm (i.e., 6-8 in.) depth. The gardeners were
instructed to collect soil from several locations spread
within each garden, thoroughly mix them, and remove
stones and plant fragments, before packing about 200-
300 g into plastic bags and sending it to the lab for soil
testing. The samples were air dried and briefly disaggre-
gated, without further grounding or sieving before being
used for selective and sequential leaching experiments.
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2.1 Sequential extraction

A subset of eight samples was subject to sequential
extraction, using a slightly modified four-step procedure
recommended by BCR (European Commission 1997).

1. Exchangeable and carbonate fractions. Approximately
5 g of each soil was put into 50 mL centrifuge tubes,
into which 40 mL of 0.11 M acetic acid solution was
added. The centrifuge tubes were tightly capped, laid
on their sides and agitated on the shaker at room
temperature for 16 h, followed by centrifugation. About
10 mL of the supernatant was saved for analysis by an
Inductively Coupled Plasma Mass Spectrometer (ICP-
MS); the remaining solution was carefully poured off
and was discarded. About 20 mL of deionized water
was then added to the tube and shaken for ~20 min,
followed by centrifugation. Again about 10 mL of
supernatant was saved and the remaining supernatant
was carefully decanted.

2. Reducible fractions. Forty milliliters of a 0.1-M
hydroxylammonium chloride solution (pH adjusted to
2.0 with HCI) was added to the tubes with residual
samples and shaken at room temperature for ~17 h. The
samples were centrifuged and 10 mL of the leachate
was saved for ICP-MS analysis and the remaining
supernatant discarded. The samples were then washed
with 30 mL of deionized water followed by centrifugation.
Again 10 mL of supernatant was saved and the remaining
supernatant discarded.

3. Oxidizable and organic fractions. A total of 30 mL of
30% hydrogen peroxide was used for each sample to
flush the samples from the 50 mL centrifuge tubes into
Teflon beakers. The samples were then left at room
temperature, uncovered, for about 10 min before being
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placed into an 80°C water bath to evaporate to dryness.
The evaporation process took approximately 2.5-3 h.
Then 50 mL of the 1.0 M ammonium acetate solution
was used to flush the dried residue from the glass
beakers into 50 mL centrifuge tubes. The samples were
then left for about 16 h and were agitated briefly prior
to centrifugation. Then 10 mL of supernatant was saved
for ICP-MS analysis and the rest discarded. Each
sample residue was agitated with 20 mL of deionized
water and centrifuged, and 10 mL of supernatant was
saved and the remaining supernatant decanted.

4. Residual fraction. Twenty milliliters of a 1:1 solution of
15.8 M nitric acid and 30% hydrogen peroxide solution
was used to rinse the samples into glass beakers and the
beakers were put on a hotplate to evaporate. The
temperature of the hotplate started at 65°C and
eventually increased to 185°C. Twenty milliliters of
1.0 M HNOj solution was added to the dried residue
and used to wash any remaining material into 50 mL
centrifuge tubes from which a 1-mL aliquot was
centrifuged. Then 50 pL of the supernatant was diluted
for ICP-MS analysis.

2.2 Selective leaching

A total of 16 samples were selected for the selective
leaching experiments. Among them, four were different
size fractions (<120 um, 120-250 wm, 250-500 pum, and
0.5-2 mm) of the same soil sample (S0609-40). The
selective extracts were obtained by shaking 1.0 g of soil
sample with 5.0 mL of different reagents separately. Seven
different leaching solutions were used: (1) 1.0 M KNOs;; (2)
0.04 M NH,OH-HCI solution; (3) 1.0 M NH,OH-HCI
solution; (4) 0.1 M Na-EDTA; (5) 1.0 M acetic acid; (6)
0.2 M sodium pyrophosphate; and (7) ammonium acetate
with pH adjusted to 4.8. The target phases of these reagents
are listed in Table 1.

The mixtures of soil sample and extracting agent were
placed in 25 mL scintillation vials, tightly capped and
placed on a shaker for 4-5 h. This time duration for
equilibration was chosen because in previous experiments
we observed that the leaching rates of metals from soils by
10% HCI were dependent upon time of equilibration. The
equilibrium appeared to be reached by 4 h. A 1-mL aliquot
was then taken from each vial, centrifuged, and 0.1 mL of
the supernatant was then diluted for metal concentration
determination.

2.3 Total heavy metal analysis for soil samples

The total heavy metal concentrations of soil samples were
measured using an acid digestion method (adapted from US

EPA Method 3050B) followed by ICP-MS determination
(US EPA Method 6020A). Soil samples were first dried at
105°C, ground in a mortar, and passed through a 2-mm
sieve. The samples were then digested using mixed acids
(HNO;—HF-HCI]) in Teflon vessels on hotplate. A small
aliquot of the digest was centrifuged and the supernatant
was diluted for ICP-MS analysis. Standard Reference
Material NIST-2702 (inorganic marine sediment) was used
for external quality control.

2.4 ICP-MS determination

For leachates and digested samples, a Perkin Elmer
Dynamic Reaction Cell Inductively Coupled Plasma Mass
Spectrometer was used to measure the concentrations of Pb,
As, Cr, N1, Cd, Zn, Fe, and Mn. An internal standard
element Ge was used to correct for instrument drift.

3 Results and discussion

A comparison of the sequential and selective leaching
methods and their respective target fractions are given in
Table 1 to aid in the results presentation and discussion. For
each metal, the percent of recovery is calculated relative to
the amount in the air-dried soil sample. For sequential
leaching, a comparison of recovery rates for different
metals and different leaching steps are illustrated in
Fig. 1, where the mean and 1-o standard deviation of eight
samples are presented. For selective leaching, such compar-
isons are tabulated in Table 2 where the mean of recovery
rates for all 16 samples are shown, and in Fig. 2 where
boxplots of recovery rates are used to illustrate the
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Fig. 1 Mean percentage of heavy metals that can be leached during
the four-step sequential leaching. The mean was based on the eight
samples, with one standard deviation also indicated on the plot. For
each element, the four bars fiom lefi to right correspond to leaching
rates of the four sequential leaching steps in the modified BCR
method
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Table 2 Mean recovery rate (%)

of heavy metals by selective Fractions Pb As Cd Cr Ni Zn

leaching of different reagents
1.0 M KNO; 0.4 0.4 3 0.5 1.0 2.0
0.04 M NH,OH-HCl 0.1 0.8 4 0.1 0.8 2.3
1.0 M NH,OH-HCI solution 11 7 37 0.6 4 16
0.1 M Na-EDTA 72 17 49 7 12 33
1.0 M acetic acid 33 3 28 9 4 19
0.2 M sodium pyrophosphate 23 14 26 8 5 20
1.0 M ammonium acetate (pH adjusted to 4.8) 4 3 21 3 6 21

variations among samples. Significant variations exist
among samples, different metals, as well as different
leaching solutions and sequential extraction steps.

Finer fractions of the same soil contain higher contents
of studied metals (Table 3 and Electronic Supplementary
Material). It is interesting that, based on the results from the
four-step sequential leaching experiment, Pb recovery rates
are lower for the finer fractions (Table 3). Trends for other
metals, however, are not clear (Electronic Supplementary
Material). Lead has its unique anthropogenic sources (e.g.,
gasoline Pb, paint Pb) that could have contributed to the
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different leaching behavior than other metals. Madrid et al.
(2008) observed higher metal availability (extraction with
EDTA) for the clay fraction than the whole soil, while this
is not the case for bioaccessibility (SBET extraction).

3.1 Exchangeable or weakly absorbed fractions

The readily exchangeable fraction, also known as non-
specifically adsorbed fraction, can be released by equili-
brating with cations such as K*, Ca®", Mg2+, and NH," that
displace the metals weakly bound electrostatically on
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Fig. 2 Box plots of metal recovery rates for Cr, Ni, Zn, As, Cd, and Pb. The lines inside the boxes are mean values, and the lower and upper
boundaries of the box indicate 25 and 75 percentile of the sample size (n=16)
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Table 3 Comparison of Pb recovery rates during the four-step sequential leaching experiment for the four size fraction of the same soil sample

Sample ID Soil fractions TOC (%) Total Pb (ppm) Step 1 (%) Step 2 (%) Step 3 (%) Residual (%)
S0609-40A <120 pm 14 2,586 0.5 1.1 25 74
S0609-40B 120-250 pm 13 2,009 0.7 35 30 66
S0609-40C 250-500 pm 8.6 1,189 1.5 16.0 46 37
S0609-40D 0.5-2 mm 4.5 1,915 2.1 13.0 44 42

Soil pH is 6.7, salt content is 239 ppm

organic or inorganic sites (Rao et al. 2008). In the current
selective leaching experiment this fraction is estimated by
the 1 M KNOj solution. The mean percentages of metal in
this fraction are below 1% for all metals except for Cd and
Zn, which are still no more than 3% (see Table 2). It should
be noted that the mean for Cd and Zn are biased by three
samples that showed exchangeable or weakly absorbed
fractions as high as 15%, while for most other samples
these values are below 1%.

3.2 Carbonate fraction

The carbonate phase is a loosely bound phase and liable to
change with environmental conditions, in particular to low
pH. The time required for complete dissolution of carbo-
nates depends on several factors such as particle size and
type and amount of carbonate in the sample. According to
the BCR scheme, the first step of sequential leaching used a
weak acetic acid at 0.11 M for 16 h to dissolve the
carbonate and liberate the metals bound in this mineral. The
measured concentrations in leaching solutions should be a
combination of carbonate fraction and the exchangeable
and weakly absorbed fractions (see Table 1). Nevertheless,
the metal fractions that can be leached by 0.11 M acetic
acid are small (<5% on average), with the exception to Cd
(11%) and Zn (21%). In selective leaching, 1 M ammonium
acetate (pH adjusted to 4.8) and 1.0 M acetic acid were
both used to evaluate the fractions of carbonate-bound
metals in soil samples. The results from ammonium acetate
leaching are consistent with what is found with 0.11 M
acetic acid (see Table 2 and Fig. 2). However, with the | M
acetic acid much larger fractions of Pb (9-100%) are
released into the solution. Stronger acidity might have
leached out metals from other fractions such as oxides, but
it is also likely that the weaker acetic acid did not dissolve
all the carbonates. In urban environment some soils can
contain significant amount of carbonates (e.g., cement from
construction debris). In weaker acids the dissolution rates of
some carbonates can be very slow, and these carbonates can
contain significant amount of Pb. Several other studies also
found low recovery rates using ammonium acetate and
acetic acid (e.g., Kaplan and Yaman 2009; Larner et al.
2006).

3.3 Reducible fraction (Fe or Mn hydroxides)

The acidified NH,OHHCI (i.e., ammonium hydroxylamine
hydrochloride) solution at high concentrations releases the
metals from Mn and Fe oxides (Rao et al. 2008). The
amorphous oxyhydroxides of Fe and Mn strongly absorb
trace elements, initially in exchangeable forms, but with
time are increasingly transformed to less mobile, specifi-
cally absorbed forms. The original BCR method used a
0.1 M hydrolxylammonium chloride at pH=2 (as was used
for the sequential leaching in this study). However, it was
argued that such dilute NH,OHHCI (0.1 M) only releases
metals from Mn oxide phases with little attack on Fe oxide
phases. The optimized BCR method increased the hydrox-
ylamine chloride concentration to 0.5 M and decreased the
pH to 1.5. For selective leaching, we used a 1-M
NH,OHHCI to release metal fractions on the amorphous
Fe oxide phase. It should be noted that the low pH of
NH,OHHCI leaching solutions could also lead to the
dissolution of carbonate phases in soil, thereby releasing
metals in the carbonate fraction.

The results from sequential leaching of urban garden
soils indicate that heavy metals associated with the Mn
oxide phases are relatively small, with the exception of Cd
(19-46%) and Zn (12-35%; see Fig. 1). This is consistent
with what is observed for selective leaching with 0.04 M
NH,OHHCI (see Table 2). Increasing the NH,OHHCI
concentration to 1 M significantly increased the amount of
metals released into solution, especially for Pb (11%) and
As (7%; see Table 2 and Fig. 2). This suggests that there is
an appreciable fraction bound to amorphous Fe oxides.

In the sequential leaching, little Fe was released into the
solution (<4% of total soil Fe for all samples, with an
average of 1.7%) in comparison to the much higher fraction
of Mn being released (45-59%). In the selective leaching
experiment, similar observations can be made where
0.04 M solution released little Fe (0.1%) and on average
only 10% of Mn. In comparison, the 1 M NH,OHHCI
solution released on average 3% of Fe and 21-60% of Mn
(Fig. 3). In both cases the low percentages of Fe released
into the liquid phase suggest that the majority of Fe in the
soil is not in the easily reducible amorphous state. The
efficiency of Fe and Mn extractions by different concen-
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Fig. 3 Comparison of the fraction of metals that resides with Mn and
Fe oxides. Theoretically, the weaker hydroxylamine solution (0.04 M)
will dissolve the amorphous Mn oxide phases, while the more
concentrated reagent (1.0 M) will attack also the Fe oxide fraction

trations of NH,OHHCI is a measurement of how different
oxide phases are dissolved—which probably controls the
release of other metals associated with the oxides. There
was some question about the consistency of hydroxylamine
for the dissolution of Fe. Davidson et al. (2004) showed
that while ammonium oxalate offers superior dissolution of
iron-containing matrix components, it should not be used if
calcium or lead concentrations are to be measured due to
rapid precipitation of oxalates from solution.

3.4 Organic-bound fraction

The organic fraction released in the oxidizable step of the
sequential extraction is not considered as mobile or
available since it is thought to be associated with stable
high molecular weight humic substances that release small
amounts of metals in a slow matter. The sulfide phase can
also be oxidized and release heavy metals in its mineral
structure. It can be observed that during this step significant
amounts of Pb, Cr, and Ni are released, with mean fractions
at 36%, 36%, and 14%, respectively (see Figs. 1 and 2).
A 0.1-M Na—-EDTA solution was also used to evaluate
the organic-bound metal fractions (see Table 1). EDTA can
displace metals from insoluble organic and organometallic
complexes in addition to those absorbed on inorganic soil
components because of its strong complexing ability
(Kaplan and Yaman 2009). Metals in carbonate fractions
can potentially be displaced as well. In addition to Cd and
Zn, a high percentage of Pb (average 72%) is extracted by
Na—EDTA. Appreciable amounts of As (17%), Ni (12%),

and Cr (7%) were also leached out (see Table 2 and Fig. 2).

An alternative approach uses sodium or potassium
pyrophosphate (0.1 M at pH=10) to disperse colloidal
organic material by complexing the flocculating Ca, Al, or
Fe cations. This fraction is more selective for the easily
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soluble organic fraction, metals associated with humic and
fulvic acids (Kaplan and Yaman 2009). Figures 4 and 5
compare the fractions of Pb, Cd, and Zn that can be leached
out by 0.1 M EDTA and those with 0.2 M Na,P,0,. Good
correlations are observed for all three metals. Judging by
the linear relationships, 30-60% of organic and carbonate-
bound Pb is in the easily soluble organic fraction, while for
Cd and Zn this fraction is about 50%.

3.5 Comparison of mobility for different metals

Lead is rather immobile in natural conditions considering
the fact that little Pb can be found in the exchangeable or
weakly absorbed form. Most of the Pb can be extracted by
Na—-EDTA (37-100%), which suggests the dominance of
organic- and/or carbonate-bound fractions. The fact that a
large percentage of Pb is complexed by organics is
confirmed by the large amounts of Pb released (22-46%)
during the oxidizable step (Step III, see Table 1) of
sequential leaching, where organics were oxidized by
H,0, and Pb was subsequently displaced by NH4Ac.
Denys et al. (2007) suggest that in high carbonate samples
a significant fraction of Pb could be associated with the
sulfur compartment, and this fraction can be released in the
oxidizable step as well. The carbonate fraction of Pb
appears to be small based on the leaching with 0.1 M
acetic acid or ammonium acetate (pH=4.8). But as
discussed earlier the carbonate content of soils can vary
greatly, thereby stronger acids and longer time may be
required to obtain accurate assessment.

More than 85% of arsenic was left in the residual
fraction during sequential leaching. Similarly, only Na-
EDTA and Na4P,O, solutions can extract more than 10% of
As. Arsenic is the only oxyanion in the list of metals

60
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% Pb Leached by Na4P207

0 20 40 60 80 100 120
% Pb Leached by Na-EDTA

Fig. 4 Comparison of %Pb that can be leached out by 0.2 M Na-EDTA
solution (corresponds to organic fraction and carbonate fraction) and that
by 0.2 M NayP,0; solution (corresponds to easily soluble organic
fraction and exchangeable fraction)
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Fig. 5 Comparison of %Cd and %Zn that can be leached out by
0.2 M Na-EDTA solution (corresponds to organic fraction and
carbonate fraction) and that by 0.2 M NayP,0; solution (corresponds
to easily soluble organic fraction and exchangeable fraction)

examined in this study. Wenzel et al. (2001) also showed
that NH4NO3, NaOAc, NH,OH-HCI, and EDTA were not
effective in extracting As from urban soils. Instead, a 0.2-M
ammonium oxalate solution (pH=3.25) was used to
dissolve amorphous and poorly crystalline Fe and Al
oxides, while the same solution combined with ascorbic
acid was used to dissolve the crystalline Fe and Al oxide
phases. Their results showed that recovery of As from these
two sequential leaching steps were ~40% and ~30%,
respectively. Arsenate is very similar to phosphate in terms
of chemical properties; therefore it is strongly bound to Fe,
Mn, or Al oxides and cannot be displaced by nitrate,
acetate, or EDTA. The majority of As can only be released
when the oxides are dissolved. The relatively poor ability of
NH,OH-HCI solution for dissolving Fe and Mn oxides (as
discussed earlier) lead to the low recovery of As. Nevertheless,
Fe, Mn, and Al oxides are known to be a sink for arsenate and
arsenite, the two most common inorganic As forms. In
reducing environments As tends to be mobilized and trans-
ported by groundwater. It should also be noted that one of the
main sources for As is from pesticide application, where As is
often in the form of lead arsenate. Lead arsenate is a very stable
compound, where As likely will not be leached by any of the
above chemical solutions.

Much higher fractions of Cd and Zn are readily available
for ion exchange in comparison to other metals (see Fig. 1

and Table 2). Cd and Zn appear to be more evenly
distributed among carbonate, organic, and oxide fractions.
Half of the Na-EDTA extractable Cd and Zn are easily
soluble or exchangeable, suggesting relative high mobility
for these two metals. Gerard et al. (2001) used '*°Cd to
study the uptake of Cd by three different plants, and they
found that more than 50% of the total soil Cd was
isotopically exchangeable within 90 days even under a
high soil pH condition.

Cr and Ni in soils are generally in stable forms. Selective
leaching with Na—EDTA, 1 M acetic acid, or 0.2 M
Nay4P,0,4 can only release small amounts of Cr and Ni
(see Table 2 and Fig. 2). Echevarria et al. (1998) used
isotopic exchange method and also found that the quantity
of Ni available for plants, which can be estimated by DTPA
extraction, was rather low. However, the oxidizable step of
sequential leaching extracted on average 36% (range from
9% to 66%) of Cr and 14% (range from 7% to 25%) of Ni.
This could suggest that some Cr and Ni were in the sulfide
phase—which can be liberated by oxidizing rather than
complexing or competitive adsorption.

4 Implications
4.1 Plant uptake

Heavy metals can be accumulated in edible vegetables and
fruits that can pose a health risk to humans. On the other
hand, at high levels many heavy metals can be toxic to
plant growth. The rate of plant uptake of trace metals is
dependent on environmental, genetic, and toxicological
factors. Toxic metal ions are thought to be taken up in the
same way as essential micronutrients, like Cu®" and Mn*"
(Ross 1994), where the form of metal taken up by the plant
is the uncomplexed or free metal ion (M>"; Hamon 1995).

Our investigation of natural garden soils suggests that
very little of the heavy metals exist in readily exchangeable
or weakly adsorbed forms. It should be mentioned,
however, that the availability of metals to plants are also
dependent upon time, plant species, as well as soil
conditions. For example, isotopic exchange methods
revealed that Zn extracted by dilute neutral salts such as
NaNOs;, CaCl,, and KCI represent only small parts of soil
available Zn (Sinaj et al. 2004). The results also showed
that the quantity of isotopically exchangeable Zn can be
extrapolated up to 3 months (which is a period relevant to
the nutrition of annual crops) in acidic soils, while more
research is needed for alkaline soils.

Should environmental conditions change the release of
metals bound in certain phases can be appreciable. For
example, carbonate-bound metals can be mobilized under
low pH conditions, and metals associated with the Fe and
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Mn oxide phases will be released into soil solution under
reducing or low pH environments. Under normal soil
conditions, the bioavailability of heavy metals to plant
uptake is expected to be low. This is especially true in the
case of Pb, Cr, Ni, and As. Even for Cd and Zn, only in
very rare cases more than 10% of these metals are readily
available for uptake. It can be argued that plant uptake of
metals is a long-term process and over time the accumu-
lation can be significant, but measurements of toxic metals
in vegetables and fruits have generally revealed low
concentrations and are several orders of magnitude lower
than the soils. Hough et al. (2004) assessed potential risk of
heavy metal exposure from consumption of home produced
vegetables by urban populations, and concluded that food
grown on 92% of the urban area presented minimal risk to
the average person subgroup. Some plants do have
tendency to hyperaccumulate metals, however, likely
through a very different mechanism. A new approach using
“Diffusive Gradient in Thin Film” was developed for in situ
direct measurements of metal bioavailability to the plants
(International Network for Acid Prevention 2002). The
device is placed in equilibration with soil solution for
extended period of time—which simulates metal transfer
into soil roots.

4.2 Soil remediation

The fact that metals are unevenly distributed in different
phases in soil provides an opportunity to effectively
manage the soil to minimize their mobility. Immobilizing
the metal contaminants can lower plant uptake rates and
minimize the risk of groundwater pollution. To accomplish
this, remediation of the soil must limit the amount of
bioavailable, e.g., free ions or weakly sorbed forms and
transform them into precipitations or more stable com-
pounds. For example, maintaining a neutral to slightly basic
soil pH is important to ensure that the carbonate-bound
metals are held in check. Phosphate can bind most metals to
form compounds that are very stable. Clays and zeolites can
provide extra strong sorption sites to reduce the amount of
free ions in solution. Soil amendments showed promising
results in the laboratory and in some field studies (e.g.,
Gworek 1992; Mench et al. 1994; Rebedea and Lepp 1995;
Culligan et al. 2001; Querol et al. 2006; Kumpiene et al.
2008; Lee et al. 2009). On the other hand, to make
phytoremediation more effective, strong chelating reagents
such as EDTA has been used to mobilize Pb—which
mostly exists in the organic- and carbonate-bound fractions.

Increasing organic matter content can assist in binding
metals thereby reducing their mobility. For example,
Bassuk found that different types of organic material can
help to reduce lead uptake by lettuce (Bassuk 1986).
However, some other researchers suggested that organically

@ Springer

complexed and even inorganically complexed metals can
potentially cross the soil membrane, therefore increasing
the metals’ bioavailability. Lead introduced to plants as Pb—
EDTA entered plants more easily and was more mobile
within the plant compared to the unchelated, free metal ion
(Huang et al. 1997; Cunningham and Berti 1997). Addition
of mulch and compost has been a common practice to
mitigate soil contamination, and in the meantime in
addition to increase soil fertility. More research is clearly
needed to better understand the effects of organic content
on plant uptake of heavy metals.

4.3 Bioavailability and human health risk

The soil heavy metal speciation data suggest that soil
ingestion is probably a much more important pathway for
human health risk in comparison to the threat from eating
vegetables and fruits grown in contaminated soils. This
issue is likely to be very important to gardeners who have
extensive contact with contaminated soil, therefore have
higher probability to inhale, ingest, and breathe in soil dust.
Vegetables and fruits not washed thoroughly can also
contain appreciable amount of soil particles. In addition,
incidental ingestion is known to be a problem for children.
Soil dust is a significant source of Pb in urban environ-
ments. Our results, as well as several other recent studies,
showed that fine soil fractions, which are the main source
for dust, tend to have much higher concentrations of heavy
metals than bulk soil (Biasioli and Ajmone-Marsan 2008;
Wang et al. 2000).

When contaminated soil particles are ingested, they are
extracted sequentially by saliva, gastric fluid, intestinal
fluid, bile, and rigorous physical mixing and grinding in the
process. The low pH condition (pH=2 or lower) in gastric
acid is very favorable for the release of metals in the
carbonate, organic, and oxide phases. Our results show that
metals in these phases constitute the majority of Pb, Cd,
and Zn in the garden soil samples we analyzed (see Table 2
and Fig. 2). A new study has found that even the sulfide-
bound fraction of Pb (extracted with 7N HNO;3) can be
bioavailable (Denys et al. 2007). This means that a majority
of the heavy metals in ingested soil are biologically
accessible to human absorption.

In fact, many in vitro extraction experiments have
generally shown that large percentages of heavy metals in
soils can be bioavailable or bioaccessible. US EPA
considers that >75% of Pb in cerussite or oxide phases is
bioavailable. In vitro extraction (SBET method) of fine
particles of some urban soils by Madrid et al. (2008) also
showed high bioaccessibility for Pb (19-83%), Zn (24—
83%), and Ni (5-86%). In another study of urban
playground soils, As bioaccessibility ranged from 10% to
29% (Ljung et al. 2007).
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5 Conclusions

Despite of the controversy and inaccuracy surrounding
chemical leaching methods for the speciation of metals,
they provide important, general, and easy-to-access infor-
mation on the mobility of heavy metals in soils, which in
turn relates to their potential bioavailability to plant uptake
and human health risk. Large variability is observed among
different soil samples and among different elements for
metal speciation, but some general conclusions can be
drawn from the selective and sequential leaching experi-
mental data. In general, little heavy metals are exchange-
able or weakly adsorbed onto soil particles, suggesting that
metals in soil are generally not highly bioavailable in
nature. For Pb, organic and carbonate are the two most
dominant phases. Metals in these two phases can become
bioavailable if conditions are favorable. The percentages of
Cr and Ni that can be leached out are much less (<15% on
average), suggesting that they could reside in minerals of
natural origin (i.e., the serpentine bedrock in Brooklyn and
Staten Island) that have not been broken down. Similar to
Cd, significant fractions of Zn exists in carbonate, organic,
and Fe oxide phases. Therefore, based on the selective and
sequential leaching experiments, the mobility of metals in
soil is in the order of: Zn/Cd>Pb>Cr/Ni.
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