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Abstract Soil pH may influence speciation and
extractability of Pb, depending on type of vegetation
in urban soil environments. We investigated the
relationship between soil pH and Pb extractability at
forest and turf grass sites in Baltimore, Maryland. Our
two hypotheses were: (1) due to lower pH values in
forest soils, more Pb will be in exchangeable forms in
forested than in turfgrass soils and (2) due to the
greater lability of exchangeable Pb in equilibrium
with soil solution in forest soils, concentrations of this
form will increase with depth more so than in the
turfgrass soils, as related to organic matter content
and pH. Soil samples were collected from three
forested and three turfgrass sites to depths of 20 cm.
Lead forms were determined using a sequential
extraction technique. Soils under turfgrass and forest
vegetation differed in the extractability of soil Pb (P<
0.01) for the Mn(III, IV)- and Fe(III)(hydr) oxide
fraction. A greater Pb concentration was bound to this
fraction under turfgrass (211 mg kg−1, 69% of total

Pb) than forested soils (67 mg kg−1, 61% of total Pb),
perhaps due to soil pH differences of 5.9 and 5.0,
respectively. In the forested soils, as depth increased,
the ratio of exchangeable-to-total Pb increased and the
ratio of organically bound Pb-to-total Pb decreased.
The results suggest changes in pH and organic matter
content with depth affect the extractability of Pb, and
these soil properties are affected differentially by
grass versus tree vegetation in the urban soils
investigated.

Keywords Fractionation .Metals . Lead .
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Introduction

Lead is a toxic metal of social concern that is
routinely found in high concentrations in urban soils
(Mielke 1999). The primary sources of Pb in urban
ecosystems are lead-based paint and leaded gasoline
once used in internal combustion engines.

The soil Pb concentration patterns are closely
related to existing roads in Baltimore City and
therefore statistically suggest the major source of soil
Pb is from automobiles (Mielke et al. 1983). Lead-
contaminated soils that are spatially removed from the
potential impact of deteriorated lead painted houses,
suggest further contamination from the deposition of
lead from gasoline fumes. The use of leaded gasoline
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reached its peak in the 1970s and then declined until
Congress banned it in 1986. It is estimated that the use
of 5.9 million metric tons of Pb in gasoline left a
residue of 4 to 5 million metric tons in the environment
of the US (Mielke 1999). Soil Pb signatures should
persist due to the long residence times of Pb in urban
soils (Mielke 1999). As traffic increases toward the
center of the city, roadside Pb concentrations also
increase. It is well known that roadside soil Pb levels
are directly related to annual average daily traffic
(Lau and Wong 1982) and traffic density (Ward et al.
1977). Mielke et al. (1983) measured Pb concen-
trations in garden soils of Baltimore and found a
relationship between the older “inner” city of Balti-
more and elevated Pb concentrations.

The chemical changes that occur during transport
of Pb-rich particles from motor vehicles to soils have
been studied in some detail and are briefly outlined by
the following four steps. (1) Lead was used as an
antiknock additive which contains any or all of Pb
(CH3)4, Pb(CH3)3(C2H5), Pb(CH3)2(C2H5)2, Pb(CH3)
(C2H5)3, and Pb(C2H5)4. (2) Exhaust particles from
internal combustion engines using primarily tetraethyl
Pb consist mainly of Pb halides: PbBr2, PbBrCl, Pb
(OH)Br, (PbO)2PbBr2 and (PbO)2PbBrCl and as the
double salts with ammonium halides (e.g.,
2PbBrCl·NH4Cl; USEPA 1986). Robbins and Snitz
(1972) reported that up to 75% of the bromine is lost
from fresh automobile exhaust in the first 20 min after
emission. (3) These lead halides transform to lead
carbonates, oxides, and sulfates due to photochemi-
cally induced reactions during atmospheric transport
(Olson and Skogerboe 1975; USEPA 1986). (4) These
compounds are then deposited on the soil surface.
Lead sulfate was the most frequently observed Pb
compound in street dusts (Olson and Skogerboe 1975;
Biggins and Harrison 1980).

Lead also is deposited and distributed in the
environment from sources such as abraded tire
material; coal, plastic, and rubber factories; insecti-
cides; fertilizers and car batteries (Adriano 1986).
Once in the soil, Pb is assumed to be relatively stable
and immobile compared to other metals. However,
changes in soil chemical conditions, such as aeration
status, organic matter content, or acidity, may slowly
convert immobile forms of Pb to more biologically
available forms that are toxic to humans, especially
over long periods of time after deposition. Increased
exposure to Pb is particularly harmful to developing

nervous systems of young children and infants
(Ratcliffe 1981). According to the Centers for Disease
Control and Prevention, Pb is the most dangerous
environmental health hazard affecting children in the
USA (CDC 1991).

In urban areas, Pb is found in elevated levels
(Mielke et al. 1983; Kaminski and Landsberger 2000;
Madrid et al. 2002; Li et al. 2004) well above the
average concentration of uncontaminated soils of
18 mg kg−1 (Nriagu 1978). In the Baltimore, Mary-
land metropolitan area, background concentrations of
Pb range from 22 to 29 mg kg−1 for eastern and
central Maryland, respectively (Maryland Department
of the Environment 2001). The contemporary, median
concentration is 227 mg kg−1, and the maximum
measured is 5,391 mg kg−1 (Pouyat et al. 2007).
Moreover, the spatial pattern of soil Pb contamination
is correlated with proximity to major roads, suggest-
ing that historic automobile emissions may have been
the major source of soil Pb in Baltimore urban soils
(Mielke et al. 1983).

Once deposited from the atmosphere, Pb usually
remains in the surface 5 cm of the soil profile (Page
and Ganje 1970; Milberg et al. 1980). Lead moves
slowly in soil because of its tendency to bind to soil
mineral coatings, such as Mn(III, IV)- and Fe(III)
(hydr) oxide phase and to the soil organic fraction,
and to form insoluble precipitates or chemisorbed
forms. The Pb found in the Mn(III, IV)- and Fe(III)
(hydr) oxide phases will mostly be specifically or
chemisorbed. The Pb found in the organic fraction
will mostly be complexed by organic ligands. All of
these reactions are regulated by organic matter
concentrations, pH, cation exchange capacity, and
sesqui (hydr)oxide contents. The binding of Pb in
each of these fractions is regulated by the master
variable, pH.

Xian and Shokohifard (1989), Elsokkary (1992),
Elsokkary et al. (1995), Gupta et al. (1995) and
Shuman (1998) showed that Pb was bound primarily
to the organic phase (excluding the residual phase)
using Tessier’s (or a modification thereof) sequential
extractions. Similarly, Xian and Shokohifard (1989),
Elsokkary (1992), and Elsokkary et al. (1995) showed
the strong tendency of Pb to form stable complexes
with organic matter and sulfide minerals. Other
studies have shown that Pb binds to phases other
than the organic phase. Both Ramos et al. (1994) and
Yarlagadda et al. (1995) showed that Pb was most
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strongly associated with carbonate minerals and Mn
(III, IV)- and Fe(III)(hydr) oxide phases. The latter
study investigated three soils with CO3–C percent by
weight of 7.1, 1.8, and 5.4 that were from three
industrial sites.

The discrepancy between these studies may be the
result of the effect of different soil characteristics on
the binding mechanisms of Pb. For example, soil pH
varies widely among soils and with depth, and may
affect concentrations of exchangeable Pb forms.
Sauve et al. (1998) showed that the solubility of Pb
decreased linearly from pH 3 to 6.5 in soils amended
with organic matter, but it was independent of
concentrations of soil organic matter in this pH range.
By contrast, for pH values >6.5, the formation and
dissolution of organo-Pb complexes were promoted,
thereby increasing the solubility of Pb. Sauve et al.
(1998) concluded that higher organic matter content
resulted in higher concentrations of dissolved and
labile Pb for this pH range.

To determine the influence of soil pH on the binding
mechanism of Pb urban soils and how pH differences
with depth and between vegetation type might explain
the spatial variation of Pb contamination in urban areas,
we compared the forms of Pb in soils collected from
forest (deciduous mixed hardwoods, mostly Quercus
rubra, Liriodendron tulipifera, Carya tomentosa,
Fraxinus americana, Fagus grandifolia) and turf grass
(mostly tall fescue, Festuca arundinacea L., and
Kentucky blue, Poa pratensis L.) soils in Baltimore,
MD. These vegetation types were chosen because they
are the predominant cover types in Baltimore City, and
they delineate vegetation patterns and soil–plant
interactions in this urban area.

We hypothesized that differences in soil pH
between forest and grass sites would be associated
with different forms of Pb in the soil, operationally
defined by a sequential extraction procedure, and thus
potentially with its bioavailability and mobility in the
soil profile. The average pH of parkland soils,
transportation land use areas, and forest soils (0 to
10 cm) in Baltimore are 6.5±0.20 (n=10), 6.8±0.29
(n=7), and 5.7±0.16 (n=26; Kruskal–Wallis Test;
Pr>chi-Square 0.0022), respectively (Pouyat et al.
2007). The more acidic soil conditions under forest
vegetation suggest that concentrations of exchange-
able forms of Pb will be greater in forest soils than
under turfgrass. Chlopecka et al. (1996) found that
soil samples with pH values <5.6 contained a higher

percentage of exchangeable metals than soil samples
with pH>5.6, supporting the hypothesis that non-
exchangeable metal sorption may increase with
increasing pH (Puls et al. 1991). Specifically, we
hypothesized that due to lower soil pH’s in unman-
aged forest soils (typical of Baltimore forested sites),
more of the Pb is in exchangeable forms than in soils
under turfgrass. Due to the greater expected lability
between exchangeable and soluble Pb in forest soils,
concentrations of this form should increase with depth
to 20 cm in proportion to the other Pb forms in the
forest soils. High organic matter contents and the
accumulation of humic and fulvic acids in forest soil
organic horizons also would be expected to enhance
organic complexation of Pb2+ cations, thereby solu-
bilizing exchangeable Pb forested surface horizons.

Material and methods

Study design

In a previous study, 202 circular plots (each 0.04 ha in
area) were selected randomly and stratified by land
use throughout Baltimore to measure vegetation and
soil properties in order to create an urban forestry
effects model (UFORE; Nowak et al. 2004; Pouyat
et al. 2007). From these sites, we selected three grass
and three forest plots for the current research. These
sites were managed lawns and unmanaged forests
surrounded by neighborhoods and streets which were
chosen because concentrations of total Pb in the
surface 10 cm of soil were high relative to other forest
or grass plots in the study (Table 1). The depth of
0–10 cm was used in the earlier study for the purpose
of examining soil characteristics and not exclusively
metals. The forest sites were the Northern Parkway
(FOR-NPF), Cross Keys (FOR-CK), and Gwynns
Falls Park (FOR-GF). The grass sites were the
Northern Parkway (GRA-NPM), Mount Olivet Lane
(GRA-MtO), and Patterson Park (GRA-PP). At each
site, three parallel transects to the road were estab-
lished 20 m apart perpendicular to the nearest road if
a road existed near the site. The samples were
collected at each of the six locations using a shovel
to cut a square, a 15- by 15-cm hole to 15 cm depth,
so that the horizons were easy to view, and a knife
was used to separate the horizons. A bulk sample was
taken from each horizon at each transect. The FOR-
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NPF, GRA-MtO, and GRA-PP sites were sampled at
10, 30, and 50 m from the road. These distances were
chosen due to the expected trajectory of Pb from
exhaust. As traffic increases toward the center of the
city, roadside Pb concentrations also increase. Road-
side soil Pb levels are directly related to annual
average daily traffic (Lau and Wong 1982) and traffic
density (Ward et al. 1977). The rate of deposition
decreases rapidly with distance from the road (Jaradat
and Momani 1999). Rodriguez-Flores and Rodriguez-
Castellon (1982) showed that background levels were
not restored until approximately 60 m from the road.
For one site in this Puerto Rico study, which had a
traffic density of 13,680 vehicles per day, the soil Pb
concentration in the top 5 cm was 522 mg kg−1 at
3 m, 10.1 mg kg−1 at 10 m, 9.4 mg kg−1 at 20 m, and
5.5 mg kg−1 at 33 m. GRA-NPM, FOR-GF, and FOR-
CK were sampled differently. For example, GRA-
NPM, a road median strip about 7 m wide with two
eastbound lanes and two westbound lanes, was
sampled at three 15 m intervals. FOR-GF, an area in
the middle of a 486-ha patch of urban woodland
which is land covered with trees (mostly Quercus
spp.) and shrubs (mostly Viburnum spp. and Lindera

spp.) in an urban setting, was sampled and compos-
ited according to slope position of an approximately
5% slope, i.e., top, middle, and bottom of the hill. The
nearest road was approximately 300 m away. FOR-CK,
a forest area on a hilltop, was sampled at 80, 90, and
100 m from the road. The reason for the discrepancies in
sampling distances was because we wanted to overlap
with established UFORE plots to investigate relation-
ships between the soils and vegetation.

In this paper, horizons are referred to as the first,
second, and third with increasing depth because
traditional horizon descriptive units such as A, AB,
and B could not be confidently established in this
urban environment where there appeared to be evi-
dence of filling and cutting activities for the grass sites:
GRA-NPM, GRA-PP, GRA-MtO. The taxonomic
subgroups for the plots FOR-GF, FOR-CK, FOR-
NPF, GRA-NPM, GRA-PP, and GRA-MtO were Typic
Hapludalfs Relay silt loam, Ultic Hapludalfs Urban
land-Udorthents complex, Aquic Hapludalfs Jackland
silt loam, Aquic Hapludalfs Jackland-Urban land
complex, Typic Hapludults Sunnyside fine sandy
loam, and Ultic Hapludalfs Legore-Urban land com-
plex respectively (NRCS 1998). Horizons were deter-
mined by differences in color, texture, and rock fragment
for 42 horizons (not including the O horizons). The O
horizons of the forest soils were extremely decomposed
to non-existent and were incorporated into the first
horizons mainly by earthworms as evidenced by earth-
worm casts on the surface of the soil. There was very
little formation of an Oa or Oe horizon, indicating that the
flux of organic C into the surface mineral horizons was
high on an annual basis under deciduous trees. The
horizons were delineated, collected, and then the average
depths and standard errors were determined. The first
horizon was 0 to 8.6±0.72 cm for all the horizons of
forest and grass, the second was 8.6±0.72 to 17.4±
0.92 cm, and the third was 17.4±0.92 to 25±1.9 cm.

Soil samples were immediately stored in zip-lock
bags and kept in a cooler filled with ice packs at 4°C
to minimize the development of anaerobic conditions.
Field-moist samples (approximately −10 kPa water
potential) were used in the laboratory extraction to
prevent acidification and changes in the concentration
of soluble organic matter due to air-drying (Bartlett
and James 1980). Whole samples, before subsampling
for extraction, were passed through a 3-mm plastic
sieve with a wooden implement to facilitate sieving.
The samples were then weighed out for the speciation

Table 1 Soil test results for study sites

Plot name Cover Bulk
densitya

Textureb Pc Cac

(g cm−3) (mg kg−1)

Gwynns Falls
Park (FOR-GF)

Forest 1.4 Loam 160 1,975

Cross Keys
(FOR-CK)

Forest 0.9 Loam 197 406

Northern Parkway
(FOR-NPF)

Forest 0.9 Loam 298 1,838

Patterson Park
(GRA-PP)

Grass 1.2 Sandy L. 545 3,093

Mt. Olivet Lane
(GRA-MtO)

Grass 1.2 Sandy L. 571 3,398

Median of N.
Parkway
(GRA-NPM)

Grass 1.1 Loam 775 5,552

The samples were composited using a 2.5 cm-wide soil probe
to collect approximately 10 cores in an area of 0.04 ha to a
depth of 10 cm
aDetermined by the ring method (Blake and Hartge 1986)
b Texture done by the feel method
c Nitric acid digestion using a modified protocol of USEPA
Method SW-846 3050 (USEPA 1996)
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sequential extraction (SSE) methodology and placed
into centrifuge tubes and returned to the refrigerator
set at 4°C until processing. Samples were processed
as quickly as possible; however, some samples were
processed a couple of weeks after the first batch due
to logistical limitations.

Soil analyses

Three replicates per soil sample were used for soil pH
(1:2 soil-to-0.01 M CaCl2 ratio). Measurements were
made with an Orion® model 520A pH meter. The soil
and solution were stirred in a glass beaker for 15 s
and allowed to sit for 20 min until the particles
settled. A reading was taken after 2 min in the
supernatant liquid. Moisture content was determined
gravimetrically (105°C for 24 h). The oven-dried soil
was then ashed in a Thermolyne Type 48000®
furnace for 4 h at 450°C to determine organic matter
content operationally as loss-on-ignition (Davies
1974). Organic carbon was determined at the Univer-
sity of Maryland Soil Testing Lab with a Leco CHN
2000 Analyzer® with the assumption there were no
carbonates present.

Speciation sequential extraction method

We used the speciation sequential extraction (SSE)
method of Tessier et al. (1979) as modified by Rauret
et al. (1989). With this protocol, chemical extractants
(in parentheses) are used to define operationally four
fractions of Pb in the soil samples: exchangeable (1 M
MgCl2), bound to carbonates (1 M NaOAc–HOAc),
bound to Mn(III, IV)- and Fe(III)(hydr) oxides
(0.04 M NH2OH � HCl in (v/v) 25% HOAc), and
bound to organic matter (acidified H2O2).

Rauret et al. (1989) proposed multiple extraction
repetitions for a given step extraction until certain
conditions are met, e.g., the change in solubilized Fe
and Mn remains constant in the NH2OH � HCl step or
the change in Eh is <25 mV for the H2O2 step.
Rauret’s procedure addresses two problems encoun-
tered with selective extraction: redistribution and
readsorption of trace elements to different soil phases
and the inability of a chemical extractant to release
metals in soils with high concentrations of metals.
Ramos et al. (1994) showed that two successive
extractions were sufficient to characterize each frac-
tion of three differently textured soils: sand, silt and

clay. Of the extractions, the NH2OH � HCl (for the Mn
(III, IV)- and Fe(III)(hydr) oxide fraction) and 30%
acidified H2O2 (for organic matter-bound metals)
were the only steps carried out twice. The literature
shows that the organic fraction (Shuman 1998;
Elsokkary 1992; Elsokkary et al. 1995, Xian and
Shokohifard 1989; Gupta et al. 1995) and the Mn(III,
IV)- and Fe(III)(hydr) oxide fraction (Yarlagadda
et al. 1995; Ramos et al. 1994; Dawson and Macklin
1998; and Tra and Egashira 1999) contain the highest
concentrations of Pb compared to other fractions. All
extractions were centrifuged using polycarbonate
centrifuge tubes at 11,100×g for 10 min at 25°C.
The supernatant liquid was decanted into plastic
scintillation vials. The scintillation vials were imme-
diately refrigerated at 4°C. All extraction steps
followed the same centrifuging and decanting proto-
col. The extractants were analyzed using flame atomic
absorption spectrometry. The standards for Pb, Mn,
and Fe were prepared in the background chemical
reagents of each individual extraction step. The limit
of detection for Pb was 0.19 mg l−1 for this method.

All extractions were replicated three times. The
moist equivalent mass of 1.0 g oven-dry soil was used
to account for different moisture contents, e.g., 1.14 g
of moist soil equals 1.0 g of oven-dry soil. To ensure
the accuracy of moisture percentages, all sampled
soils were weighed immediately, placed in polycar-
bonate centrifuge tubes to prevent drying of the soils
within the plastic bags, and stored at 4°C for a period
of a day to up to 2 weeks. Methodology details such
as shaking times and temperatures can be found in
Tessier et al. (1979).

Sequential extraction caveats

Critical reviews have exposed the limitations of SSE
methods for soils, but also their value in operationally
defining how metals are bound in soils. Since the
extraction sequence of Tessier et al. (1979) is utilized
in more studies than any other method, it has been the
focus of many reviews. Some problems include
readsorption of metals following extraction (Gilmore
et al. 2001), reprecipitation (Calmano et al. 2001),
non-selectivity of chemical reagents, and soil/solution
ratio effects. Other problems may involve the se-
quence of the individual steps, specific “matrix
effects” such as cross-contamination of the metal,
and heterogeneity as well as physical associations (e.g.
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coatings) of the various solid fractions (Kersten and
Forstner 1989).

Lack of geochemical specificity was reported in
experiments where Kheboian and Bauer (1987)
studied metal spike recovery from calcite, iron
hydroxides, and iron sulfides (mackinawite (FeS),
greigite (Fe3S4)) created in the lab. Examining the Pb
spiked into calcite, measurements of extracts by
atomic absorption and inductively coupled plasma
indicated that Pb was not recovered in the 1 M
NaOAc (pH 5) phase. Most of the Pb (about 56%)
was recovered in the Mn(III, IV)- and Fe(III)(hydr)
oxide phase with about 3% in the carbonate phase.
This may be explained by the solubilization of Pb in
the 1 M NaOAc (pH 5) phase along with calcite and
the readsorption of Pb to the remaining phases.

Phosphorus can have an effect on the partitioning of
Pb within a soil. X-ray absorption spectroscopy has
shown that the addition of 1,000 mg kg−1 P of calcium
phosphate (CaHPO4 � 2H2O) amendment causes a
significant shift of extractable Pb to the residual phase
(Scheckel et al. 2003). Other studies have used 5,000–
32,000 mg P kg−1 of soil to investigate the formation
of pyromorphite (Pb5(PO4)3Cl) in Pb-contaminated
soils as a remediation method. The phosphorus
concentrations of the soils in our study are well below
these concentrations (Table 1). It has been shown that
the residual phase may contain up to 37% of the total
Pb concentration for soils such as Haplorthods and
Haplumbrepts (Chlopecka et al. 1996) and fluvisols
(Tra and Egashira 1999). The residual phase was not
analyzed in this study because it was not considered an
environmentally available Pb form. This fraction
should contain mainly silicates and primary and
secondary minerals. Although, relative to the available
fractions it may not be environmentally significant, it
may become environmentally available and mobilized
in certain circumstances. Furthermore, it may provide
useful information for comparison to bulk analysis.
Nevertheless, despite the inherent technique limitations
related to the SSE method, recovery of metals in this
procedure provides a potentially useful tool to opera-
tionally define the solid forms of metals and their
potential for release into the soluble forms that could
leach to groundwater or be bioavailable due to soil
chemical changes. They also allow a more realistic
assessment and simulation of plant and microbe-
induced releases of metals. To maximize the SSE’s
potential to extract Pb, we must understand the

chemical reactions between the reagents and soil
components, (e.g. effects of pH, colloidal surfaces,
and hydrous oxides), during extraction, and choose
standard procedures to ensure we are generating
comparable results for different soils. For the purposes
of this study, the extraction methods are appropriate
operational ways of making Pb form comparisons
between forest and turf grass soils.

Statistical analysis

We analyzed the data as a doubly repeated measures
ANOVA to avoid pseudo-replication for testing the
differences between cover types. A doubly repeated
measure was used because extraction was nested
within depth (horizon); and depth (horizon) was
nested within distance and distance is nested within
replication (plot). With a nested design the sampling
order cannot randomize, (i.e. the horizons cannot be
randomized in the experimental design), the first
horizon will always come before the second horizon.
We used the MIXED procedure of the SAS System
(SAS 1999) with the REPEATED option and its first-
order autoregressive covariance structure for data
analysis. The response variable modeled individually
was the concentration of Pb quantified from a
particular extraction. Since our models included
vegetation cover type, extraction method, and depth
as explanatory variables, we first examine the
significance of the three- and two-way interactions
and then we report and discuss the results of the main
or simple effects, accordingly. Spearman correlations
were run on Pb concentration (milligram per kilo-
gram) and other variables such as pH and organic
matter (SAS 1999).

Results and discussion

Vegetation cover type

For the purpose of accurate representation of the
extraction results, from this point on, the chemical
extractions will be referred to as the MgCl2, HOAc,
NH2OH, and H2O2 for which the majority of the Pb
released will be associated with the exchangeable
(1 M MgCl2), bound to carbonates (1 M NaOAc–
HOAc), bound to Mn(III, IV)- and Fe(III)(hydr)
oxides (0.04 M NH2OH � HCl in (v/v) 25% HOAc),

Environ Monit Assess (2008) 146:1–17 9



and bound to organic matter (acidified H2O2). The
soil metal concentration data and other parameters are
given in Table 2.

Grass soils had 2.6-fold more Pb than did forest soils.
Soils from forest and turfgrass sites differed significantly
(P<0.05) in the fraction of Pb bound to the NH2OH-
extractable phase. Lead concentrations were higher in
the NH2OH fraction in turfgrass soils (210±35 mg kg−1)
than in forest soils (67±9.2 mg kg−1). However,
concentrations of Mn (496±86 and 446±94 mg kg−1

for forest and grass soils, respectively) and Fe (3,600±
224 and 3,570±244 mg kg−1 for forest and grass soils)
did not differ significantly over all horizons or for the
surface horizons.

The interaction between vegetative cover and
NH2OH extractable Pb was significant (P<0.01). A
significant interaction shows that concentrations of Pb
in the NH2OH fractions are higher under grass than in
forest soils compared to the difference in Pb concen-
tration for the other three extractions (Fig. 1). These
results support our hypothesis that lower pH in forest
soils than in grass soils may inhibit binding of Pb by
Mn(III,IV)(hydr)oxides. For example, forest soils had
lower pH (P=0.001), but they did not have more Pb
in the MgCl2 form than in grass soils. However, grass
soils with a higher pH had significantly more Pb
associated with NH2OH phases than forest soils
(Fig. 1). While these results suggest a relationship
between soil pH and NH2OH extractable Pb, a more
direct analysis of the relationship between soil pH and
Pb form may be warranted. Ettler et al. (2005) found
that in conventionally tilled agricultural soils with pH

values in the range of 4.5–5.6, there was a greater
percentage of Pb found in the NH2OH phase using the
Tessier sequential extraction procedure. However, in
forest soils with pH values of approximately 3.5
under a spruce canopy, there was a greater percentage
of Pb found in the MgCl2 phase. Lead sulfate (PbSO4)
was found in these contaminated forest soils (concen-
trations up to 35,300 mg kg−1) by X-ray powder
diffraction. Also, Nguyen and Manning (2003) used
X-ray absorption spectroscopy on a predominantly
inorganic, mineral soil (fine-loamy, thermic, Typic
Haploxeralf, Fallbrook series) and determined that the
adsorption of Pb is strongly pH dependent. Lead
removal mechanisms from solution included adsorp-
tion primarily on inorganic mineral surfaces and
probably precipitation of Pb(OH)2 at pH>5.5.

It is possible that the Mn(III, IV)- and Fe(III)(hydr)
oxides in the grass soils is where the additional Pb is
bound, and this may be related to precipitation,
chemisorption, or complexation. For example, if the
forest soils had equivalent levels of total lead, they
could conceivably store the Pb in the same oxide
forms. However, it doesn’t negate a possible pH-
dependent charge effect on the Mn(III, IV)- and Fe
(III)(hydr) oxides (McBride 1994).

Soil pH effects

Combining the results of the three forest and three
grass sites, the Pb in each soil fraction was signifi-
cantly correlated (P<0.01) with pH (Table 3). Com-
bining the results of forest and grass is done to
examine the effect of pH and other soil characteristics
regardless of cover type. Soil pH can be considered a
master variable that controls complexation reactions,
ion exchange, reduction/oxidation, dissolution/precip-
itation, and adsorption reactions in soils (McBride
1994). In turn, these variables affect pH-dependent
charge, which influences the exchange capacity of Mn
(III, IV)- and Fe(III)(hydr) oxide and thus soil
retention mechanisms for Pb.

There was a significant correlation of NH2OH
extractable Pb and organic C. The correlation was low
at 0.39 even though it was highly significant. Possible
mechanisms for explaining the association between
organic C and NH2OH extractable Pb are that mixed
carbon–Mn(III, IV)–Fe(III)(hydr) oxides may exist in
the soils. Mn(III, IV) oxides may cause oxidation and
polymerization of simple phenolic acids as they

Fig. 1 The concentration of Pb (mg kg−1) for forest and grass
sites versus extraction steps averaged for all horizons and plots.
Different letters on the top of bars indicate significant differ-
ences according to LSD (P<0.05). Bars indicate one SEM
(standard error of the mean)
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become fulvic and humic acids, and as a result, the
Mn(III, IV) oxides, Fe(III)(hydr) oxides, and carbon
are mixed coatings on other soil particles. It must be
noted that for the purpose of looking for important
relations between variables, an r value of >0.75 is
usually used by scientists as a critical value. Even
though the P values may be significant, it does not tell
you whether the relation, however strong, is causal.
Significant r values, however, do help to distinguish
important explanatory variables for further consider-
ation and discussion.

The oxides and hydroxides of Al, Fe(II,III) and Mn
(III, IV) have little or no permanent surface charge but
produce cation- and anion-exchange capacity (CEC
and AEC) from the adsorption of protons and
hydroxyl ions as inner sphere species in which
hydration shell H2O molecules are displaced in the
binding process (McBride 1994). This adsorption
allows the binding of metal cations through chemi-
sorption or specific adsorption (McBride 2000).

Soil pH was positively correlated with NH2OH
extractable Pb concentrations (r=0.57; Table 3),
suggesting that the Pb extracted from the NH2OH
fraction might be related to variable charge. Support-
ing this explanation, Yong and Galvez-Cloutier
(1993) showed that as pH increases, the amount of
Pb retained increases (using a modification of the
Tessier procedure introduced by Belize et al. 1989).
Their study revealed that an increase in pH from 5 to
6 increased the amount of Pb retained by the NH2OH
phases of a montmorillinitic soil from ~20% of the
total amount of Pb (~0.20 cmol kg−1 soil) to ~35%

(~0.35 cmol kg−1). Figure 2a depicts a similar
relationship of pH and the concentration of Pb
released by the NH2OH solution.

The importance of the NH2OH extractable Pb in this
study warrants further investigation into the mecha-
nisms controlling the binding of Pb, particularly the
differential effects of Mn and Fe. Mn(III, IV)(hydr)
oxide concentrations were significantly correlated (P<
0.05) with extractable Pb in the MgCl2 (r=−0.35),
NH2OH (r=0.24), and H2O2 fractions (r=0.47;
Table 3). By contrast, the Fe(III)(hydr) oxide concen-
trations were not significantly correlated (P<0.05) with
extractable Pb for any of the four phases.

Because correlation values were higher for soluble
Mn than for soluble Fe, it would seem that Mn(III,
IV)(hydr) oxides play a more important role than Fe
(III)(hydr) oxides in binding Pb2+. The mechanism
responsible for the strong affinity of Mn(III, IV)(hydr)
oxides for Pb might be related to their low point of

Fig. 2 a X–Y scatter plots of pH and Pb percentages for the
NH2OH extraction step by cover type. b X–Y scatter plots of
pH and Pb concentrations (mg kg−1) for the NH2OH extraction
step by cover type

Table 3 Correlation coefficients (r) and respective p values for
Pb concentrations of given extraction related to pH, organic C,
and Mn(III, IV)- and Fe(III)(hydr) oxides for combined grass
and forest sites (n=49)

Pb
fractions

pH Organic
carbon

Mn (III, IV)
(hydr) oxidesa

Fe (III)
(hydr) oxidesa

Mg2Cl −0.51*** 0.02 −0.35** −0.04
HOAc 0.44*** 0.32** 0.07 −0.02
NH2OH 0.57*** 0.39*** 0.24* 0.06
H2O2 0.60*** 0.68*** 0.47*** −0.03

*P<0.1

**P<0.05

***P<0.01
a Quantity of Mn2+ and Fe2+ solubilized by 0.04 M NH2OH �
HCl were used to quantify the easily reducible portion of the
Mn(III, IV)- and Fe(III)(hydr) oxide concentrations
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zero charge (PZC). A low PZC results in a surface
charge that is strongly negative for the pH range for
most soils. For Mn(III, IV)(hydr) oxides, the PZC in
soils is at pH 2 to 4, compared to 5 to 7 for Fe(III)
(hydr) oxides. Another possible explanation for the
affinity of Pb2+ for Mn(III, IV)(hydr) oxides is the
oxidation of Pb2+ by Mn(III, IV) to Pb(IV), an
insoluble oxide, e.g., PbO2, (McBride 1994) forming
a separate PbO2 phase or binding Pb(IV) into oxide
structure. The negative correlation between Mn(III,
IV)(hydr) oxide concentrations and MgCl2 extractable
Pb2+ implies that as the concentration of Mn(III, IV)
(hydr) oxides increases, the amount of MgCl2
extractable Pb2+ decreases. Chorover and Sposito
(1995) found out of the all the soils tested for surface
charge characteristics of kaolinitc tropical soils, one
soil high in Mn oxides showed points of zero net
charge well below those of the other three soils, i.e. 2.3
compared to 3.0 to 3.5 at 0.01 mol kg−1 background
electrolyte concentration.

Examining forest and grass soils separately, the pH
is not well correlated with NH2OH extractable Pb (r=
0.07) on forest sites (pH of 5.0±0.11). However, for
grass sites with an average pH of 5.8±0.11, pH is
well correlated with NH2OH extractable Pb (r=0.70;
Table 4, Fig. 2b). The pH was significantly different
between cover types (P=0.001). This may suggest
that the variable charge for Mn(III, IV)(hydr) oxides
is becoming increasingly negative with an increase in
pH. Indeed, Mn (III, IV)(hydr) oxides have a strong
affinity for metal ions (McKenzie 1989). Dong et al.
(2000) concluded that Mn(III, IV)(hydr) oxide and
not Fe(III)(hydr) oxide dominated the adsorption of

Pb at pH 6.0. Furthermore, there is a strong
relationship between the H2O2 extractable fraction
and Mn(III, IV)(hydr) oxide concentration. This
maybe an indication of the non-specificity of the
extraction procedure and that a proportion of NH2OH
extractable Pb is readsorbed to be extracted using
H2O2 in the next step. Furthermore, it is known that
hydrogen peroxide dissolves Mn oxides especially at
low pH (Neaman et al. 2004).

Organic carbon

Soil organic carbon (SOC) is significantly correlated
with every phase of Pb except the MgCl2 phase,
though SOC concentrations did not differ significant-
ly between cover types. The strongest association
between SOC and extracted Pb was in the H2O2 phase
(P<0.01, r=0.68; Table 3). Extracted Pb from the
HOAc phase (r=0.32) and from the NH2OH phase
(r=0.39) also are significantly correlated with SOC.
In forest soils, SOC is strongly correlated with H2O2

extractable Pb (P<0.01, r=0.92; Table 4). The de-
crease in SOC from 140±29 g kg−1 in the O horizon to
17±3.9 g kg−1 in the third horizon corresponds to a
decrease in H2O2 extractable Pb from 25.3±6.1 mg
kg−1 in the O horizon to 4.0±2.3 mg kg−1 in the third
horizon. However, in grass soils SOC is weakly
correlated with H2O2 extractable Pb (r=0.37; Table 4).

These results suggest that in forest soils SOC is
more important for binding Pb in the H2O2 phase than
it is in grass soils. A possible mechanism that binds
Pb with SOC is proton displacement from acidic
functional groups (ligands), e.g., phenolic, carboxylic,

Table 4 Correlation coefficients (r) and respective p values for Pb concentrations of given extraction related to pH, organic matter,
organic carbon, and Mn(III, IV)- and Fe(III)(hydr) oxides for separate grass and forest sites

Pb fractions Forest Grass

pH Organic
carbon

Mn (III,IV) (hydr)
oxidesa

Fe(III) (hydr)
oxidesa

pH Organic
carbon

Mn (III,IV) (hydr)
oxidesa

Fe(III) (hydr)
oxidesa

Mg2Cl −0.64*** −0.21 −0.28 0.30 −0.65*** 0.37* −0.47** −0.57***
HOAc −0.05 0.43** 0.15 0.11 0.62*** 0.37* 0.36* −0.12
NH2OH 0.07 0.54*** 0.43** 0.29 0.70*** 0.35 0.52** 0.01
H2O2 0.45** 0.92*** 0.57*** 0.05 0.60*** 0.37* 0.51** −0.06

*P<0.1

**P<0.05

***P<0.01
a Quantity of Mn2+ and Fe2+ solubilized by 0.04 M NH2OH � HCl were used to quantify the easily reducible portion of the Mn(III,
IV)- and Fe(III)(hydr) oxide concentrations
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sulfhydryl, and other ligands (McBride 2000). The
CEC of humic substances depends on the dissociation
of H from –COOH and –OH groups (Oades 1989),
which creates a negatively charged surface to bind
cations such as Pb. Strawn and Sparks (2000) used X-
ray absorption fine structure and theoretical models to
show how soils without organic matter bound Pb using
oxygen and silicon (sodium-hypochlorite-treated
Typic Hapludult, Matapeake silt loam). However, the
soils with organic matter (Typic Hapludult, Matapeake
silt loam) bound Pb using oxygen and carbon. Baltimore
City soils contain average organic matter concentrations
of 61 g kg−1 (n=26) for forest, 51 g kg−1 (n=33) for
grass (medium-density residential areas) and 57 g kg−1

(n=10) for park using the loss-on-ignition method for
soil samples to a depth of 10 cm (Baltimore Ecosystem
Study unpublished data).

Lead levels with depth and distance

No significant differences were found for Pb concen-
tration with relation to distance from road. Furthermore,
total soil Pb concentrations did not consistently increase
or decrease with depth in the forest or grass plots. This
may be related to historic anthropogenic mixing of the
urban soils due to land grading, building, and other
human land disturbances (Table 5). Lead concentration
on the FOR-GF site decreased gradually as depth
increased (Table 5). The FOR-NPF site showed a
decrease in Pb concentration only after 20 cm.

Lead in the GRA-MtO site increased from 157 to
234 mg kg−1 from the first to the second horizon
(Table 5), likely due to mixing of enriched-Pb surface
horizons with deeper horizons as evidenced by human
artifacts at GRA-MtO, e.g., pieces of brick grout and
cement (urbic material), in the third horizon. Total Pb
in GRA-PP soils did not change as a function of depth
as expected, which also may be related to human
activity and mixing of soil horizons as evidenced by
disintegrated oyster shells in the third horizon of one
of the replications. By contrast, on the GRA-NPM
site, the Pb concentration fell sharply from 750 to
350 mg kg−1 from the first to second horizon
(Table 5).

Unlike the inconsistent relationship between depth
and total Pb concentrations, the ratio of H2O2

extractable Pb and MgCl2 extractable Pb-to-total Pb
exhibited a relationship with depth (Fig. 3) where
H2O2 extractable Pb decreased with depth and MgCl2

extractable Pb-to-total Pb increased with depth for
forest soils; however, this pattern was not expressed
for grass soils. It should be noted that the fraction of
total Pb dissolved by a given extractant (i.e., MgCl2)
is divided by the total Pb extracted, which is the sum
of the all extractions, excluding the residual. Using
the fraction-of-total Pb variable to compare vegetation
cover types normalizes the data. For example, grass
soils had an average of 211 mg kg−1 of Pb in the Mn
(III, IV)- and Fe(III)(hydr) oxide fraction across
depths versus only 67 mg kg−1 of Pb for forest soils.
However, the fraction-to-total Pb is 68 and 61% for
grass and forest soils, respectively.

There were significant differences between forest
and grass soils in the ratio of MgCl2 extractable Pb-
to-total Pb in the second and third horizons (P=0.01),
though differences were not significant in the first
horizon. For forest soils, the ratio of MgCl2 extract-
able Pb-to-total Pb increases with depth from the first

Table 5 Total Pb concentrations (mg kg−1) for each horizon at
each site

Site Horizon depth (cm) Total Pb
(±SEM; mg kg−1)

FOR-GFa O (3–0) 47
0–10 36±5.1
10–19 24±2.4

FOR-CKb O (3–0) 150±35
0–6 180±34
6–13 220±72
13–21 170±120

FOR-NPFc O (3–0) 90±17
0–10 100±12
10–16 90±37
16–28 45

GRA-PP 0–13 220±59
13–21 190±27
21–30 200±72

GRA-MtOd 0–6 157±9.2
3–8 66
8–20 234±54

GRA-NPM 0–7 750±60
7–14 350±52

a Horizon O (0–3 cm) only had one replication
b Horizon 6–13 cm is a combination of 5–10 and 6–15 cm
horizons; Horizon 13–21 cm is a combination of horizons 10–
20, 15–21, and 6–18 cm
cHorizon 16–28 cm only had one replication
d Horizon 3–8 cm is an inclusion; Horizon 0–6 is a combination
of horizons 0–3, 0–9, and 0–8 cm
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to third horizon, likely due to a decrease in pH from
5.0 to 4.1 (Fig. 3). For grass, no change in the ratio of
MgCl2 extractable Pb-to-total Pb was observed; this
result also may be related to pH, i.e., it remained
constant at 5.8 with depth from the first to third
horizon, with a slight increase (5.9) in the second
horizon which may be related to the assumption that
lawns were mixed and disturbed more that forest.

Many studies have shown that soluble Pb2+ or
exchangeable Pb is strongly related to soil pH
(Tsadilas et al. 1995; Sauve et al. 1997, 1998; Ge

et al. 2000). Chlopecka et al. (1996) found that soil
samples with pH<5.6 contained a higher percentage
of exchangeable metals than soil samples with pH>
5.6; this suggests that metal sorption may increase,
thus becoming nonexchangeable, with increasing pH
(Puls et al. 1991; Yoo and James 2002). The actual
sorption mechanism responsible for the change from
exchangeable to nonexchangeable forms of Pb could
be the binding to, and surface-induced hydrolysis of
Pb on Mn(III, IV)- and Fe(III)(hydr) oxides and
organic matter. Yoo and James (2002) showed that

Fig. 3 Evaluation of soil organic C (%) and Pb (mg kg−1) partitioning between H2O2 extracted Pb (organic C bound Pb) and MgCl2
extracted Pb (exchangeable Pb); Data points are means±1 SEM (standard error of the mean)
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these sorption mechanisms may have increased non-
exchangeable Zn at pH>5.8 due to the enhancement
of surface-induced hydrolysis.

In forest soil, the ratio of H2O2 extractable Pb-to-
total Pb decreases with depth. Under grass, the
fraction of H2O2 extractable Pb-to-total Pb remains
the same as depth increases (Fig. 3). This uniformity
with depth may be the result of site history rather than
the effect of grass cover. This uniform SOC concen-
tration with depth is not typical of native, undisturbed
soils of the Mid-Atlantic region. These grass soil
profiles are similar to a plowed agriculture field in
which the topsoil is mixed with the underlying soil to
create a homogenized horizon in the plow layer to a
depth of 10 to 20 cm. This suggests the importance of
human modifications of the upper soil horizons.

Conclusions

Our results indicate that differences in forest and grass
cover affected the amount of NH2OH extractable Pb
in the Baltimore soils studied. Soil Pb concentrations
were not significantly different in the MgCl2, HOAc,
and H2O2 fractions between forest and grass soils. A
possible explanation is the pH-dependent charge of
the Mn(III, IV)- and Fe(III)(hydr) oxides. Differences
in soil pH between forest and grass soils were used to
investigate the possible influence of pH-dependent
variable charge of Mn(III, IV)- and Fe(III)(hydr)
oxides in the binding of Pb. Manganese(III, IV)(hydr)
oxides should be more effective at binding Pb than Fe
(III)(hydr) oxides because its PZC is lower than that
in the latter.

Our results relating changes in Pb forms with depth
did not show conclusively that Pb decreases with
increased depth. However, when ratios (MgCl2
extractable Pb-to-total Pb) rather than concentrations
were analyzed, forest soils had a larger fraction of
total Pb in the MgCl2 phase for the second and third
horizons than the grass sites. Both SOC and pH
decreased with depth, resulting in an increase in the
fraction of MgCl2 extractable Pb to total Pb and a
decrease in the fraction of H2O2 extractable Pb to
total Pb.

Our results suggest that characteristics of an
individual soil, such as pH and concentrations of
Mn(III, IV)- and Fe(III)(hydr) oxides, can be impor-
tant in determining the form of Pb in soil and thus its

potential bioavailability to organisms and humans,
and that human exposure to Pb can be reduced by
manipulating soil pH and the status of Mn(III, IV)-
and Fe(III)(hydr) oxides in the soil. For example,
creating wetlands could increase the solubilization of
Mn(III, IV)- and Fe(III)(hydr) oxides under anaerobic
conditions and thus increase the solubility of Pb.
Another example is the liming of soils, which raises
soil pH. In this study, Pb began accumulating in the
NH2OH fraction at the expense of other fractions as
soil pH increased. Finally, soils contaminated with Pb
in an oxidized environment might be remediated by
adding amendments that are rich in Mn(III, IV)- and
Fe(III)(hydr) oxides to immobilize Pb, and thus
reduce its potential bioavailability.

Acknowledgments Funding support came from the USDA
Forest Service, Northern Global Change Program and Research
Work Unit (NE-4952), Syracuse, NY; Baltimore Ecosystem
Study’s Long Term Ecological Research grant from the
National Science Foundation (Grant No. 0423476); and the
Center for Urban Environmental Research and Education,
University of Maryland Baltimore County.

References

Adriano, D. C. (1986). Trace elements in the terrestrial
environment. New York: Springer.

Bartlett, R., & James, B. (1980). Studying dried, stored soil
samples – some pitfalls. Soil Science Society of America
Journal, 44, 721–724.

Belize, N., Lecomte, P., & Tessier, A. (1989). Testing read-
sorption of trace elements during partial chemical extrac-
tions of bottom sediments. Environmental Science &
Technology, 23, 1015–1020.

Biggins, P. D. E., & Harrison, R. M. (1980). Chemical
speciation of lead compounds in street dusts. Environmental
Science and Technology, 14, 336–339.

Blake, G. R., & Hartge, K. H. (1986). Bulk density. In A. Klute
(Ed.), Methods of soil analysis, part 1. Physical and
mineralogical methods (pp. 363–375). Madison, WI:
American Society of Agronomy-Soil Science Society of
America.

Calmano, W., Mangold, S., & Welter, E. (2001). An XAFS
investigation of the artefacts caused by sequential extrac-
tion analyses of Pb-contaminated soils. Fresenius’ Journal
of Analytical Chemistry, 371, 823–830.

CDC (1991). Preventing lead poisoning in young children: A
statement by the Centers for Disease Control. Report No.
99-2230. Atlanta, Georgia: US Department of Health and
Human Services, Public Heath Service.

Chlopecka, A., Bacon, J. R., Wilson, M. J., & Kay, J. (1996).
Forms of cadmium, lead, and zinc in contaminated soils
from southwest Poland. Journal of Environmental Quality,
25, 69–79.

Environ Monit Assess (2008) 146:1–17 15



Chorover, J., & Sposito, G. (1995). Surface charge character-
istics of kaolinitic tropical soils. Geochimica et Cosmochi-
mica Acta, 59, 875–884.

Davies, B. E. (1974). Loss-on-ignition as an estimate of soil
organic matter. Soil Science Society of America Proceed-
ings, 38, 150–151.

Dawson, E. J., & Macklin, M. G. (1998). Speciation of metals
in floodplain and flood sediments: A reconnaissance
survey of the Aire Valley, West Yorkshire, Great Britain.
Environmental Geochemistry and Health, 20, 67–76.

Dong, D., Nelson, Y. M., Lion, L. W., Shuler, M. L., &
Ghiorse, W. C. (2000). Adsorption of Pb and Cd onto
metal oxides and organic material in natural surface
coatings as determined by selective extractions: New
evidence for the importance of Mn and Fe oxides. Water
Research, 34, 427–436.

Elsokkary, I. H. (1992). Trace metals in sediments and water:
Case study from Egypt. In J. P. Vernet (Ed.), Impact of
heavy metals on the environment (pp. 355–379). Amster-
dam: Elsevier.

Elsokkary, I. H., Amer, M. A., & Shalaby, E. A. (1995).
Assessment of inorganic lead species and total organo-
alkyllead in some Egyptian agricultural soils. Environ-
mental Pollution, 87, 225–233.

Ettler, V., Vanek, A., Mihaljevic, M., & Bezdicka, P. (2005).
Contrasting lead speciation in forest and tilled soils heavily
polluted by lead metallurgy. Chemosphere, 58, 1449–1459.

Ge, Y., Murray, P., & Hendershot, W. H. (2000). Trace metal
speciation and bioavailability in urban soils. Environmen-
tal Pollution, 107, 137–144.

Gilmore, E. A., Evans, G. J., & Ho, M. D. (2001).
Radiochemical assessment of the readsorption and redis-
tribution of lead in the SM&T sequential extraction
procedure. Analytica Chimica Acta, 439, 139–151.

Gupta, S. K., Bhardwaj, V., & Sharma, A. K. (1995). Lead
status in soils. Indian Journal of Environmental Health,
37, 46–51.

Jaradat, Q.M., &Momani, K. A. (1999). Contamination of roadside
soil, plant, and air with heavy metals in Jordan, a comparative
study. Turkish Journal of Chemistry, 23, 209–220.

Kaminski, M. D., & Landsberger, S. (2000). Heavy metals in
urban soils of East St. Louis, IL, part I: Total concentration
of heavy metals in soils. Journal of the Air & Waste
Management Association, 50, 1667–1679.

Kersten, M., & Forstner, U. (1989). Speciation of trace
elements in sediments. In G. E. Batley (Ed.), Trace
element speciation: Analytical methods and problems.
Boca Raton, Florida: CRC Press.

Kheboian, C., & Bauer, C. F. (1987). Accuracy of selective
extraction procedures for metal speciation in model
aquatic sediments. Analytical Chemistry, 59, 1417–1423.

Lau, W. M., & Wong, H. M. (1982). An ecological survey of
lead contents in roadside dusts and soils in Hong Kong.
Environmental Research, 28, 39–54.

Li, X. D., Lee, S. L., Wong, S. C., Shi, W. Z., & Thornton, L.
(2004). The study of metal contamination in urban soils of
Hong Kong using a GIS-based approach. Environmental
Pollution, 129, 113–124.

Madrid, L., Diaz-Barrientos, E., & Madrid, F. (2002). Distri-
bution of heavy metal contents of urban soils in parks of
Seville. Chemosphere, 49, 1301–1308.

Maryland Department of the Environment (2001). Cleanup stan-
dards for soil and groundwater: Interim final guidance report.

McBride, M. B. (1994). Environmental chemistry of soils. New
York: Oxford University Press.

McBride, M. B. (2000). Chemisorption and precipitation
reactions. In M. E. Sumner (Ed.), Handbook of soil
science. Boca Raton, Florida: CRC Press.

McKenzie, R. M. (1989). Manganese oxides and hydroxides. In
J. B. Dixon & S. B. Weed (Eds.), Minerals in soil
environments (pp. 439–466). Madison, Wisconsin: Soil
Science Society of America.

Mielke, H. W. (1999). Lead in the inner cities. American
Scientist, 87, 62–73.

Mielke, H. W., Anderson, J. C., Berry, K. J., Mielke, P. W.,
Chaney, R. L., & Leech, M. (1983). Lead concentrations
in inner-city soils as a factor in the child lead problem.
American Journal of Public Health, 73, 1366–1369.

Milberg, R., Lagerwerff, J., Brower, D., & Biersdorf, G. (1980).
Soil lead accumulation alongside a newly constructed
roadway. Journal of Environmental Quality, 9, 6–8.

Neaman, A., Waller, B., Mouélé, F., Trolard, F., & Bourrié, G.
(2004). Improved methods for selective dissolution of
manganese oxides from soils and rocks. European Journal
of Soil Science, 55, 47–54.

Nguyen, Q. T., & Manning, B. A. (2003). Spectroscopic and
modeling study of lead adsorption and precipitation
reactions on a mineral soil. In Y. Cai & O. C. Braids
(Eds.), Biogeochemistry of environmentally important
trace elements (ACS Symposium Series) (pp. 388–403).
Washington, DC: Amer. Chemical Soc.

Nowak, D. J., Kuroda, M., & Crane, D. E. (2004). Tree
mortality rates and tree population projections in Balti-
more, Maryland, USA. Urban Forestry & Urban Green-
ing, 2, 139–147.

NRCS (1998). Soil survey of city of Baltimore, Maryland.
Washington, DC: Natural Resource Conservation Service.

Nriagu, J. O. (1978). The biogeochemistry of lead in the
environment. Amsterdam: Elsevier.

Oades, J. M. (1989). An introduction to organic matter in
mineral soils. In Minerals in soil environments (pp. 89–
160). Madison, Wisconsin: Soil Sci. Soc. Am. J.

Olson, K. W., & Skogerboe, R. K. (1975). Identification of soil
lead compounds from automotive sources. Environmental
Science and Technology, 9, 227–230.

Page, A., & Ganje, T. J. (1970). Accumulation of Pb in soils for
regions of high and low motor vehicle traffic density.
Environmental Science & Technology, 4, 140–142.

Pouyat, R. V., Yesilonis, I. D., & Russell-Anelli, J. (2007). Soil
chemical and physical properties that differentiate urban
land-use and cover types. Soil Science Society of America
Journal, 71, 1010–1019.

Puls, R. W., Powell, R. M., Clark, D., & Eldred, C. J. (1991).
Effects of pH, solid/solution ratio, ionic strength, and
organic acids on Pb and Cd sorption on kaolinite. Water,
Air, and Soil Pollution, 57–58, 423–430.

Ramos, I., Hernandez, L. M., & Gonzalez, M. J. (1994).
Sequential fractionation of copper, lead, cadmium and zinc
in soils from or near Donana National Park. Journal of
Environmental Quality, 23, 50–57.

Ratcliffe, J. M. (1981). Lead in man and the environment. New
York: John Wiley and Sons.

16 Environ Monit Assess (2008) 146:1–17



Rauret, G., Rubio, R., Lopez-Sanchez, J. F., & Casassas, E.
(1989). Specific procedure for metal solid speciation in
heavily polluted river sediments. International Journal of
Environmental Analytical Chemistry, 35, 89–100.

Robbins, J., & Snitz, F. (1972). Bromine and chlorine loss from
lead halide automobile exhaust particulates. Environmental
Science and Technology, 6, 164–172.

Rodriguez-Flores, M., & Rodriguez-Castellon, E. (1982). Lead
and cadmium levels in soils and plants near highways and
their correlations with traffic density. Environmental
Pollution, 4, 281–290.

SAS Institute (1999). The SAS system for Windows. Release
8.0. Cary, NC: SAS Inst.

Sauve, S., McBride, M. B., & Hendershot, W. H. (1997).
Speciation of lead in contaminated soils. Environmental
Pollution, 98, 149–155.

Sauve, S., McBride, M. B., & Hendershot, W. H. (1998). Soil
speciation of lead (II): Effects of organic matter and pH.
Soil Science Society of America Journal, 62, 618–621.

Scheckel, K. G., Impellitteri, C. A., Ryan, J. A., & Mcevoy, T.
(2003). Assessment of a sequential extraction procedure
for perturbed lead-contaminated samples with and without
phosphorus amendments. Environmental Science & Tech-
nology, 1892–1898.

Shuman, L. M. (1998). Effect of organic waste amendments
on cadmium and lead in soil fractions of two soils.
Communications in Soil Science and Plant Analysis, 29,
2939–2952.

Strawn, D. G., & Sparks, D. L. (2000). Effects of soil organic
matter on the kinetics and mechanisms of Pb(II) sorption
and desorption in soil. Soil Science Society of America
Journal, 64, 144–156.

Tessier, A., Campbell, P. G. C., & Bisson, M. (1979). Sequential
extraction procedure for the speciation of particulate trace
metals. Analytical Chemistry, 51, 884–850.

Tra, H. T. L., & Egashira, K. (1999). Sequential fractionation of
copper, nickel, lead, and zinc in agricultural soils and
river-sediment in Tuliem and Thanhtri districts of Hanoi
city, Vietnam. Journal of the Faculty of Agriculture,
Kyushu University, 43, 499–508.

Tsadilas, C. D., Matsi, T., Barbayiannis, N., & Dimoyiannis, D.
(1995). Influence of sewage sludge application of soil
properties and on the distribution and availability of heavy
metal fractions. Communications in Soil Science and Plant
Analysis, 26, 2603–2619.

USEPA (1986). Air quality criteria for lead, Rep. No. EPA 600/
8-83-018F. U.S. EPA.

USEPA (1996). SW-846 Method 3050B: Acid digestion of
sediments, sludges, and soils. In Test methods for
evaluating solid waste. Washington, DC: USEPA.

Ward, N. I., Brooks, R. R., Roberts, E., & Boswell, C. R. (1977).
Heavy metal pollution from automotive emissions and its
effect on roadside soils and pasture species in New Zealand.
Environmental Science & Technology, 11, 917–920.

Wilde, S. A., Voigt, G. K., & Iyer, J. C. (1972). Soil and plant
analysis for tree culture. Oxford and IBH Publishing Co.:
New Delhi, India.

Xian, X., & Shokohifard, G. (1989). Effect of pH on chemical
forms and plant availability of cadmium, zinc, and lead in
polluted soils. Water, Air, & Soil Pollution, 45, 265–273.

Yarlagadda, P. S., Matsumoto, M. R., VanBenschoten, J. E., &
Kathuria, A. (1995). Characteristics of heavy metals in
contaminated soils. Journal of Environmental Engineer-
ing, 121, 276–286.

Yong, R. N., & Galvez-Cloutier, R. (1993). Selective sequential
extraction analysis of heavy-metal retention in soil.
Canadian Geotechnical Journal, 30, 834–847.

Yoo, M. S., & James, B. R. (2002). Zinc extractability as a
function of pH in organic waste-amended soils. Soil
Science, 167, 246–259.

Environ Monit Assess (2008) 146:1–17 17


	Lead forms in urban turfgrass and forest soils as related to organic matter content and pH
	Abstract
	Introduction
	Material and methods
	Study design
	Soil analyses
	Speciation sequential extraction method
	Sequential extraction caveats
	Statistical analysis

	Results and discussion
	Vegetation cover type
	Soil pH effects
	Organic carbon
	Lead levels with depth and distance

	Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


