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Abstract A study was undertaken using urban soils in
Detroit, MI and reference materials (cerussite, anglesite,
pyromorphite, apatite, goethite, calcite, pyrolusite, and
peat) to determine which geochemical forms of Pb mea-
sured by sequential extraction analysis are bioaccessible.
The results suggest that the water soluble (Pb-fulvic acid
complexes), exchangeable, and part of the carbonate-
occluded fractions are bioaccessible. The Fe oxide-
occluded, Mn oxide-occluded, and higher molecular
weight component of the organically bound fraction are
not bioaccessible. Sequential extraction predicts the pres-
ence of detectable levels of bioaccessible Pb in the rhi-
zosphere when the summed total is ≥90 mg kg−1 and
labile Pb is ≥30 mg kg−1. Cerussite (paint-Pb) and angle-
site (auto-Pb), recovered mainly in the carbonate-
occluded fraction, may cause an overestimation of
calcite-Pb. Pyromorphite and apatite Pb (bone) may
cause an overestimation of Fe oxide-occluded Pb.

Keywords Anthrosol . Pollution . Sequential extraction .

Bioaccessibility

1 Introduction

Sequential extraction analysis (SE) is a method which
has been used for many years to determine the geo-
chemical partitioning of Pb (and other trace metals)
using a selective dissolution approach (Laing 2010).
SE has been applied widely in studies of Pb-
contaminated soils in residential, industrial, and road-
side urban settings (e.g., Harrison et al. 1981; Howard
and Sova 1993; Ruiz-Cortes et al. 2005; Mielke et al.
2007; Madrid et al. 2008; Li et al. 2009; Malik et al.
2010; Mahanta and Bhattacharyya 2011). There is
general agreement that the fractionated forms of Pb
obtained by SE are operationally defined because
extractants are not entirely selective, i.e., some disso-
lution on nontargeted phases is inevitable (Beckett
1989; Filgueiras et al. 2002). Inaccuracies are also
introduced by resorption of Pb by undissolved phases
during any given step although this can be minimized
perhaps by adding a chelating agent to the extracting
solution (Howard and Shu 1996; Raksasataya et al.
1997; Howard and Vandenbrink 1999). SE often
involves a determination of a labile (water soluble
and exchangeable) fraction, as defined here, which is
generally regarded as the most mobile (leachable) and
bioavailable, but bio-uptake will also certainly result
from partial dissolution of other geochemical forms
given the strongly acidic environment of the human
stomach (pH 1.0–2.5). A different approach is the
bioaccessibility (BA) method, which utilizes an
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Capsule The bioaccessible fraction corresponds to the water
soluble, exchangeable, and part of the carbonate-occluded
fraction.

J. L. Howard (*) :B. R. Dubay
Department of Geology,Wayne State University, Detroit, MI
48202, USA
e-mail: jhoward@wayne.edu

S. P. McElmurry : J. Clemence
Department of Civil and Environmental Engineering,Wayne
State University, Detroit, MI 48202, USA

W. L. Daniels
Department of Crop and Soil Environmental Sciences,
Virginia Polytechnic Institute and State University,
Blacksburg, VA 24061, USA



extractant that mimics the human gastric system (Ruby
et al. 1993, 1996, 1999; Rodriguez et al. 1999; Thums
et al. 2008). Unfortunately, much of the previous work
done with the BA method utilized mine wastes con-
taining exceptionally high levels of Pb (e.g., Ruby et al.
1993, 1996; Hettiarachchi and Pierzynski 2004), in
contrast to the comparatively low levels found in typ-
ical urban soils. Madrid et al. (2008) made a compar-
ison between the SE and BA methods using urban
soils, but the focus of their study was on particle size
effects, and the labile fraction was not measured. It
remains to be determined how SE may be fully utilized
for risk assessment of urban soils.

The purpose of this study was to determine which
geochemical forms measured by SE are extracted by the
BA method. The two methods were tested and com-
pared using urban soils, reference minerals, and peat.
Previous work suggested that artifact weathering can
have an ameliorating effect on Pb-polluted urban soils
(Howard and Olszewska 2011). Thus, a chronological
sequence of demolition site soils was studied to test the
hypothesis that the geochemical forms and bioaccessi-
bility of Pb will change over time as a function of
humification, earthworm activity, artifact weathering,
etc. Reference materials were studied to determine
which geochemical forms of Pb identified by SE are
bioaccessible. It has been suspected for many years that
Pb mineral species may be important sinks for Pb, but
identification of these phases in urban soils has been
problematic (Cotter-Howells 1996; Hettiarachchi and
Pierzynski 2004). Therefore, reference samples of those
Pb minerals thought to be most common in urban soils
were targeted for special study. There has been much
recent interest in the bio-uptake of trace metals by earth-
worms (Sizmur and Hodson 2009; Sizmur et al. 2011;
Fraser et al. 2011), hence, a preliminary assessment of
the bioaccessibility of Pb in earthworm casts was also
carried out at one site.

2 Materials and Methods

2.1 Field Work and Sampling

The chronological sequence of nine demolition site
soils previously investigated (Howard et al. 2013) in
downtown Detroit City (Fig. 1) was used for this study.
Soils ranging in age from 3 to 92 years were described
morphologically in hand-dug pits using standard

USDA-NRCS methods (Soil Survey Staff 2010a, b)
and the proposals of the International Committee on
Anthropogenic Soils (Galbraith 2011). Thus, anthro-
pogenic horizons developed in artificial fill (human-
transported material) are designated by a “^” and those
containing artifacts by “u.” At all sites studied,
nineteenth century buildings of brick-and-mortar con-
struction had been demolished. The ages of the soils
were obtained from historic records obtained from the
Burton Historic Collection at the Detroit Public
Library and the City of Detroit Department of
Dangerous Buildings and Demolition. Most sites are
characterized by an artifact-rich profile comprised of
an ^Au horizon, overlying a ^Cu or ^Cdku horizon,
developed in a layer of fill less than 1 m thick resting
on native soil. The soils are all formed on a nearly level
landscape from mixed calcareous glacial sand and
clayey diamicton parent materials (Howard 2010) un-
der grass vegetation. Previous work shows that the
soils are loamy, basic (pH 7.4–8.0), and enriched in
organic carbon, carbonate, Fe oxides, and Mn oxides
(Table 1), compared with native soils (Howard et al.
2012, 2013). Artifacts found in the soils (Table 2) are
mainly brick, mortar, concrete, nails, glass, asphalt,
lineoleum, wood, and ceramic materials (e.g., tile,
pipe, electrical parts). Plaster was found only at site 9
below the ^Cu horizon. Carbonaceous artifacts in the
form of bituminous waste (coal, asphalt, carbonaceous
shale) are ubiquitous, except at site 3, where ferrugi-
nous waste is dominant. Soils were sampled in hand-
dug pits. One kilogram samples of ^Au horizons and
rhizosphere samples were collected in uncontaminated
plastic bags. Soil samples were air-dried, sieved to
obtain the less than 2 mm fraction, thoroughly mixed,
and subsamples collected using the cone-and-quarter
method for all analyses. Earthworms were collected
from 1 m2 of ^Au horizon to a depth of 12 cm and
transported to the lab in the soil. Worms were separated
by wet sieving, washed, counted, and placed on a moist
paper towel in the dark for 3 days to empty their guts by
defecation. The paper was changed each day to prevent
coprophagy. The worms were dried, weighed, frozen,
and stored in an ice box until analysis. Worm casts
were collected from worm burrows in the ^Cu horizon
(site 9) by hand-picking under a binocular microscope
and stored at 4 °C until analysis. Mineral reference
samples of Pb-carbonate (cerussite), Pb-sulfate
(anglesite), Pb-phosphate (pyromorphite), calcite, py-
rolusite, goethite, and apatite were obtained from the
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Fig. 1 Location of the study area in southeastern Michigan and locations of urban soil sampling sites in Detroit, Michigan
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Wayne State University Geology department. A com-
mercially available sample of peat was also used.

2.2 Soil Characterization

Standard methods were used to determine particle size
distribution (pipette method), pH (1:1 soil/solution),
organic matter content (loss on ignition method), cation

exchange capacity, exchangeable bases, and percentage
of base saturation (Singer and Janitzky 1986).
Carbonate content was determined following Tessier
et al. (1979) by measuring Ca using 1.0 g samples and
20 ml of 1M NaOAc, shaken for 5 h on a wrist-action
shaker (reported as CaCO3). Amorphous Fe oxide con-
tent was determined by analyzing Fe using 250 mg
samples of finely ground soil and 50 ml of 0.2M NH4-

Table 1 Physical, chemical and mineralogical properties of ^Au horizons in the demolition site soils studied in downtown Detroit,
Michigan. See Fig. 1 for site locations

Site Soil age
years

pH Texture Sand
wt%

Silt
wt%

Clay
wt%

Org. Mat.
wt%

Carbonate
weight

FeOx
(total)

FeOx
(amorph)

MnOx
(total)

1 3 8.0 scl 66 14 20 6.3 2.15 1.21 0.121 0.0005

2 24 7.9 sl 53 34 13 4.4 2.30 1.03 bdl 0.0016

3 32 7.5 l 51 30 19 6.0 4.39 2.03 0.043 0.0023

4 39 7.7 l 53 32 15 6.8 1.85 0.97 0.040 0.0022

5 58 7.4 l 48 30 22 5.8 1.97 1.13 0.046 0.0013

6 63 7.7 sl 64 23 13 4.1 0.60 1.24 0.020 0.0010

7 67 7.4 l 50 31 19 6.2 5.21 1.18 0.010 0.0021

8 68 7.5 sl 76 15 9 5.1 1.68 0.80 0.044 0.0011

9 92 7.2 sl 64 26 10 8.1 1.91 1.47 0.026 0.0017

scl sandy clay loam, sl sandy loam, l loam, bdl below detection limit

Table 2 Characteristics of artifacts found in the urban soils studied in Detroit, Michigan and mineral solubility products (Ksp)

Artifact Description Principal
component

Ksp References

Brick Unglazed (19th century) Illite 10−38.9–10−77.0 Reesman 1974

Glazed (since 1920s) Glass Insoluble on historic
timescale

Kaplan and Mendel 1982

Mortar Nineteenth century natural hydraulic
cement

Portlandite 10−5.2 Duchesne and Reardon 1995

Twentieth century Portland cement Calcite 10−9.7 Hettiarachchi and Pierzynski
2004

Nails Nineteenth century, corroded,
hand-forged, wrought-iron

Ferrihydrite 10−38.0 Schwertmann and Cornell 2000

Goethite 10−42.0 Schwertmann and Cornell 2000

Bone Nineteenth century farm animals Apatite 10−10.2 Hettiarachchi and Pierzynski
2004

Plaster Nineteenth century walls and drywall
(since 1960s)

Gypsum 10−4.7 Al-Barrak and Rowell 2006

Concrete Twentieth century Portland cement Calcite 10−9.7 Hettiarachchi and Pierzynski
2004

Paint Domestic interior and exterior, Pb-bearing Cerussite 10−4.65 Lindsay 1979

Glass Manufactured for window pane, bottles,
etc.

Glass Insoluble on historic
timescale

Kaplan and Mendel 1982

Cinders Coal combustion product Glass Insoluble on historic
timescale

Kaplan and Mendel 1982
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oxalate, shaken in the dark for 2 h on a wrist-action
shaker (Hodges and Zelazny 1980). Free (total) Fe oxide
content by analyzing Fe using 0.5 g of finely ground soil
equilibrated with 40 ml of 0.3M Na-citrate, 5 ml of 1M
NaHCO3, and 1 g of Na-dithionite by shaking overnight
(modified DCB method of Mehra and Jackson 1960).
Mn oxide content was determined by analyzing Mn
using the extracts from step 4 in the sequential extrac-
tion procedure (described below).Mn oxide contents are
reported as MnO2 and Fe oxide contents as Fe2O3.

2.3 Chemical Analyses

All chemical analyses were done using duplicate or
triplicate samples of finely ground soil and supernatants
acidified to pH<2.0 with HNO3, stored at 4 ° C until
analysis, and measured by flame atomic absorption
spectrophotometry using a Perkin–Elmer AAnalyst
700 spectrometer equipped with a deuterium lamp back-
ground correction. Relative standard deviations of the
analytical results were <10 %. Detection limits were
0.1 mg kg−1 (Pb), 0.1 mg kg−1 (Mn), 0.7 mg kg−1

(Fe), and 0.3 mg kg−1 (Ca). Linear regression analysis
was carried out using the KaleidaGraph program, and
the statistical significance of correlation coefficients (r)
was tested using the standard t test method (Davis
1986).

2.3.1 Sequential Extraction Analysis of Pb

The sequential extraction procedure used is modified
after Chao (1972), Tessier et al. (1979), and Miller et al.
(1986). Samples were analyzed in duplicate using 2.5 g
samples of finely ground soil, 20 ml of extracting solu-
tion, and a wrist-action shaker. The targeted forms,
extracting solutions, and equilibration times, respectively,
were as follows:

Step 1 (water soluble): distilled–deionized H2O, 16 h
Step 2 (exchangeable): 1M MgCl2, 1 h
Step 3 (carbonate-occluded): 1M NaOAc, 5 h
Step 4 (Mn oxide-occluded): 0.1M NH2OH-HCl+

0.01 M HNO3, 30 min
Step 5 (organically bound): 0.1M K4P2O7, 24 h
Step 6 (Fe oxide-occluded): 1M NH2OH-HCl+25 %

(v/v) HOAc, 4 h

Each of the extracting solutions above also contained
400 mg kg−1 of nitrilotriacetic acid to prevent resorption
(Howard and Shu 1996; Howard and Vandenbrink

1999). Sequential extraction of lead reference minerals
was done using the same method as above.

2.3.2 Bioaccessibility Analysis

The bioaccessibility of Pb was determined using a phys-
iologically based extraction test (Ruby et al. 1996;
USEPA 2007a). Thus, a batch extraction yields an
in vitro bioavailability level (termed bioaccessibility)
which is used as a proxy for an in vivo test level
(bioavailability). Studies have demonstrated a strong cor-
relation (r2=0.924) between bioaccessibility and bioavail-
ability as well as high reproducibility (Drexler and Brattin
2007). A 1-g soil sample was placed in a 50-ml centrifuge
tube containing 20 ml of 0.4M glycine at pH 2.5. The
tube was heated at 37ºC in a water bath and periodically
shaken for 1 h. The supernatant was removed by centri-
fugation, filtered to remove particulates, and analyzed for
Pb. Worm casts were analyzed for bioaccessible Pb using
the same method. Bioaccessibility analysis of cerussite,
anglesite, and pyromorphite was done similarly using
4.0 g of sample and 40 ml of 0.4 M glycine/HCl (38 %
v/v) solution placed in a 50-ml centrifuge tube and shaken
by a wrist-action shaker at 100 rpm for 2 h at 25 °C. A pH
of 2.5±0.05 was maintained using trace metal grade HCl
if necessary. The effect of glycine extraction on Pb sorbed
by reference minerals was done using 1 g of mineral and
20 ml of spiking solution containing 20 mg kg−1 of Pb.
Samples were shaken for 24 h and centrifuged, and the
supernatants were collected for elemental analysis. The
samples were then washed three times with distilled–
deionized water, and the glycine extraction carried out
as described above.

2.3.3 Total Pb Analysis

Total Pb analysis was performed according to USEPA
method 3051a (USEPA 2007b). Briefly, 0.5 g of soil
and 10 mL of concentrated trace metal grade nitric acid
(68 %v/v) were combined in a Teflon tube and heated
to 175 °C in a CEMMars Xpress microwave digestion
unit. Each sample was then diluted to ∼40 mL, centri-
fuged, and the supernatant was analyzed for Pb by
flame atomic absorption according to Standard
Method 3111b (Clesceri et al. 1998). In addition to
analyzing soil samples collected, a blank sample and
a sample with a known concentration of lead, standard
reference material (SRM), were also tested to ensure
method reproducibility (NIST 2008). Sample blanks
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were low, less than 1 mg kg−1 (in most cases non-
detectable), and the concentrations of SRMs were
found to be within ±5 % of known values. After thaw-
ing, earthworms were heated overnight in an oven at
150 °C and then digested in 4 ml of HNO3 and 0.5 ml
of 20 % H2O2. The digestion was brought to a final
volume of 25 ml with distilled–deionized water and
then analyzed for total Pb.

3 Results and Discussion

3.1 Sequential Extraction of Urban Soils

All of the ^Au horizons studied are contaminated with
Pb (Table 3), averaging more than six times the local
background level. These results are similar to those of
previous work, indicating that Pb contamination is
widespread in soils of downtown Detroit (Howard
and Sova 1993; Detroit Free Press 2003; Franklin
2005; Marin 2007; Howard and Olszewska 2011).
Most of the Pb is in organically bound (O) and Fe
oxide-occluded (F) forms, but water soluble (W) and
exchangeable (E) forms are elevated, with an average
labile (L) Pb content of ∼22.3 % of the summed total.
The average Mn oxide-occluded (M) level exceeds that

of the carbonate-occluded (C) form. In relative order of
average abundance, the predominant geochemical
forms of Pb are O>L>F>M>C. An average of 50.9 %
of summed total Pb is O+L.

All forms of Pb obtained by SE tend to show a
positive correlation with soil age (Table 3) but only
that of W-Pb is statistically significant (Table 4).
Despite clear evidence in the field of progressive
weathering of iron and calcareous artifacts (Howard
et al. 2013), most of the soil properties measured show
a poor correlation with soil age. Likewise, except for
the statistically significant correlations between Fe ox-
ide and Mn-oxide contents, and Mn oxide-occluded
Pb, there is a poor correlation between soil component
mass and the associated level of Pb measured by SE.
This suggests that the random effects of the demolition
process and variations in parent material are outweigh-
ing the effects of time on the geochemical partitioning
of Pb. The poor correlations between organic matter
content, organically bound Pb, and soil age are attrib-
uted to the presence of both soil organic matter and
carbonaceous artifacts such as coal and soot, which are
ubiquitous in the soils studied (total organic carbon
was measured by the loss on ignition method). There
is a highly statistically significant negative correlation
between pH and soil age, which can be attributed to

Table 3 Sequential extraction analysis of Pb in ^Au horizons (^Cu horizon at site 1) of the chronological sequence of demolition site
soils studied in Detroit, Michigan

Site Soil age Targeted form

Water soluble Exchangeable Carbonate-
occluded

Mn oxide-
occluded

Organically
bound

Fe oxide-
occluded

Summed totala

years mg kg−1 % mg kg−1 % mg kg−1 % mg kg−1 % mg kg−1 % mg kg−1 % mg kg−1

1 3 6.6 12.1 bdl – bdl – 11.8 21.2 15.7 28.2 20.6 40.0 54.7

2 24 7.6 16.4 bdl – bdl – 11.2 24.2 9.8 21.2 17.7 38.2 46.3

3 32 24.2 9.8 21.0 8.5 65.9 26.6 33.0 13.3 74.3 30.0 29.4 11.9 247.8

4 39 18.5 11.8 25.1 16.0 34.3 21.8 23.0 14.6 34.8 22.1 21.6 13.7 157.3

5 58 14.9 17.0 6.8 7.8 5.4 6.2 15.1 17.3 26.5 30.3 18.7 21.4 87.4

6 63 20.5 22.4 11.6 12.7 bdl – 14.4 15.8 23.3 25.5 21.5 23.5 91.3

7 67 8.2 9.9 9.0 10.9 13.0 15.7 14.7 17.8 18.8 22.7 19.1 23.1 82.8

8 68 18.7 9.5 10.8 5.5 27.6 14.0 16.3 8.3 98.0 49.7 25.7 13.0 197.1

9 92 56.2 19.3 33.7 11.6 60.2 20.7 31.7 10.9 80.9 27.8 27.8 9.6 290.5

Average 19.5 14.2 13.1 8.1 22.9 11.7 19.0 15.9 42.5 28.6 22.6 21.6 139.5

See Fig. 1 for site locations

bdl below detection limit
a Local background level=20 mg kg−1 (Kessler-Arnold and O’Hearn 1989)

1678, Page 6 of 13 Water Air Soil Pollut (2013) 224:1678



progressive weathering of calcareous artifacts in ^Au
horizons, leaching and reprecipitation to form ^Cku
horizons with increasing soil age (Howard et al.
2013). Weathered wrought-iron nails are also common
in the soils. Amorphous Fe oxides have a greater
specific adsorption affinity for Pb than their crystalline
counterparts (Schwertmann and Taylor 1977), which
accounts for the relatively high levels of F-Pb in the
two youngest soils (∼40 % of summed total). The
decrease in F-Pb levels with increasing soil age may
be explained by the fact that goethite and crystalline
ferrihydrite comprise corroded nails after only 3 years
of weathering (Howard et al. 2013).

The highly significant decrease in pH with increasing
in soil age (Tables 3 and 4) suggests that the
corresponding increase in W-Pb may be ascribed simply
to a decrease in pH-dependent cation exchange capacity.
However, previous studies have shown that Pb is not
soluble in elemental form under oxidizing conditions.
Above pH 6–7, most Pb which is mobile and phytoavail-
able is complexed with low molecular weight humic
substances (McBride et al. 1997; Antoniadis and
Alloway 2002; Halim et al. 2003; Kim et al. 2010;
Tack 2010). For example, Kaste et al. (2005) found water
soluble Pb-organic complexes with molecular weights
>5,000 Da, which is in the range of fulvic acid
(Stevenson 1982). Hence, the increase in W-Pb is prob-
ably explained better by the fact that Pb-fulvic acid
stability constants decrease with decreasing pH
(Schnitzer and Skinner 1967; Stevenson 1982). Note that
the youngest soil studied lacks an ^Au horizon, hence
complexation with water soluble soil organic matter does

not appear to account for the significant level of W-Pb
there. Amrhein et al. (1992) suggested that when soils are
dried for analysis, the death of microbes and plant roots
can release significant water soluble organic carbon with-
out the aromatic structure typical of soil humus. This may
explain the presence of W-Pb in the two youngest soils
studied, which have little or no E-Pb, and relatively low
levels of O-Pb (Table 3). The further increase in W-Pb
with time may reflect humification associated with pro-
gressive ^Au horizon development and, in the oldest
soils, the presence of water soluble humic substances
produced by weathering of coal and other carbonaceous
artifacts (Howard et al. 2013).

3.2 Bioaccessible Pb in Urban Soils

The results obtained using the BA method show that bio-
accessible Pb was found only in the most heavily contam-
inated soils, and when summed, total Pb is greater than
about 90 mg kg−1 (Table 5). This fact, and the highly
significant correlations between BA-Pb and summed total
Pb (Table 4), suggests that total Pb is useful as a general
indicator of soils in downtownDetroit containing detectable
levels of mobile and bioavailable Pb. Our results are also
consistent with the Canadian trigger level of ≥100mg kg−1.
Data from theMichigan Department of Community Health
show that the annual average blood Pb level in young
children has decreased over time since the Pb poisoning
epidemic of the 1970s (Bickel 2010). However, there is still
great concern over bioaccumulation in humans resulting
from long-term exposure to low levels of particulate Pb
derived from resuspended urban soil (Clark et al. 2006,

Table 4 Correlation coefficients for pairs of soil parameters and their statistical significance

Parameter

W-Pb E-Pb L-Pb C-Pb M-Pb O-Pb F-Pb Summed total Soil age

Soil age 0.77** 0.55 0.58 0.55 0.42 0.38 0.38 0.50 –

pH −0.64* −0.64* −0.62* −0.59* −0.57 −0.60* −0.47 −0.66* −0.87***
%om 0.03 0.64* 0.26 0.62* 0.63* 0.31 0.40 0.57 0.25

Fe-ox 0.39 0.40 0.74** 0.62* 0.71** 0.24 0.13 0.49 0.06

Mn-ox 0.22 0.56 0.19 0.61* 0.72** 0.17 0.26 0.42 0.21

Carb 0.20 0.01 0.16 0.57 0.23 0.02 0.10 0.07 0.09

BA-Pb(A)a 0.58 0.78** 0.87*** 0.91*** 0.90*** 0.68* 0.90*** 0.94*** 0.35

BA-Pb(R) 0.91*** 0.93*** 0.96*** 0.81** 0.80** 0.57 0.74** 0.89*** 0.46

Summed total 0.85*** 0.87*** 0.87*** 0.95*** 0.92*** 0.90*** 0.93*** – 0.50

aA ^Au horizon; R rhizosphere

*p=0.10 (somewhat significant); **p=0.05 (significant); ***p=0.01 (highly significant)
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2008; Laidlaw and Filippelli 2008; Zahran et al. 2013).
Given that total Pb levels in downtownDetroit are generally
>400 mg kg−1 (Detroit Free 2003), our results agree with
the proposed soil-to-air-to-child pathway of urban Pb ex-
posure, i.e., resuspension of dry urban soil during the dry
season may be contributing to ongoing elevated blood Pb
levels observed in children of Detroit.

There is a poor correlation between BA-Pb and soil
age (Table 4), suggesting that the distribution of BA-Pb is
governed more by the random effects of building demo-
lition than duration of weathering. Thus, soil age does not
appear to be a useful predictor of BA-Pb. There is a
highly significant positive correlation between L-Pb and
BA-Pb (Table 4). However, L-Pb is generally significant-
ly higher than BA-Pb (Table 5). L-Pb may be overesti-
mated because nitrilotriacetic acid, used to inhibit resorp-
tion during SE, solubilized some Pb from nontargeted
phases. Alternatively, BA-Pb may be underestimated
because of pyromorphite precipitation during BA extrac-
tion. Farm animal bones are common at some sites,
especially site 9, but the nature and extent of soil phos-
phate minerals are unknown. L-Pb is a better indicator of
the presence of BA-Pb in the rhizosphere than in the bulk
^Au horizon (Table 5), but the reason for this is un-
known. SE predicts the presence of detectable levels of
BA-Pb in the rhizosphere when W-Pb is ≥20 mg kg−1

and L-Pb is ≥30 mg kg−1 (Table 5).

At site 9 (Fig. 1), an extensive system of earthworm
burrows is present in anthrosols formed by 92 years of
pedogenesis under an artificial irrigation system that
operated from 1918 to 1988. A count showed a popula-
tion density of approximately 100–133 worms m−2,
about 75 % of which were probably mature animals.
This is comparable to the results of worm counts of
forest soils (Lee 1985). A sample of Lumbricus terrest-
ris there contained ∼7 mg kg−1 Pb. This level is within
the range (2.2–10.4 mg kg−1) reported previously by
Franklin (2005) for earthworms in roadside soils of
Detroit. The amount of BA-Pb (5.6 mg kg−1) measured
in earthworm casts from the burrows is much lower than
that in the corresponding bulk samples of ^Au horizon
and rhizosphere (Table 5). Although it is reasonable to
expect lower levels of bioaccessible Pb in soil as a
consequence of earthworm uptake, these results contrast
with those of previous studies which have found the
opposite relationship (Udovic and Lestan 2007; Sizmur
et al. 2011; Ruiz et al. 2011). It is well established that
earthworms bioaccumulate Pb in their tissues (Morgan
and Morgan 1988; Corp and Morgan 1991; Nahmani
et al. 2007) although the amount of uptake varies with
species (Ernst et al. 2008). Perhaps the discrepancy is
the result of differences in the earthworm species being
compared or to the fact that the casts in the burrows are
older and more degraded than those at the surface.

Table 5 Comparison of labile and bioaccessible Pb in ^Au horizons and rhizospheres measured by sequential extraction and
bioaccessibility methods

Site Soil age Summed total

^Au horizon Rhizosphere ^Au horizon

Water soluble MgCl2-
exchangeable

Labile Pb K4P2O5-
extractable

Bioaccessible Bioaccessible Summed total

years mg kg−1 %a mg kg−1 % mg kg−1 % mg kg−1 % mg kg−1 % mg kg−1 % mg kg−1

2 24 7.6 16.4 bdl – 7.6 16.4 9.8 21.2 bdl – bdl – 46.3

3 32 24.2 9.8 21.0 8.5 45.2 18.2 74.3 30.0 27.4 11.1 8.6 3.5 247.8

4 39 18.5 11.8 25.1 16.0 43.6 27.7 34.8 22.1 3.8 2.4 11.8 7.5 157.3

5 58 14.9 17.0 6.8 7.8 21.7 24.8 26.5 30.3 bdl – bdl – 87.4

6 63 20.5 22.4 11.6 12.7 32.1 35.2 23.3 25.5 bdl – 2.4 2.6 91.3

7 67 8.2 9.9 9.0 10.9 17.2 20.8 18.8 22.7 bdl – bdl – 82.8

8 68 18.7 9.5 10.8 5.5 29.5 15.0 98.0 49.7 11.1 5.6 7.8 4.0 197.1

9 92 56.2 19.3 33.7 11.6 89.9 31.0 80.9 27.8 37.5 12.9 23.4 8.1 290.5

See Fig. 1 for site locations
a% of summed total

bdl below detection limit

1678, Page 8 of 13 Water Air Soil Pollut (2013) 224:1678



3.3 Sequential Extraction and Bioaccessibility of Lead
Mineral Species

In terms of bulk chemical composition, cerussite, py-
romorphite, and anglesite reference samples contain
51.0, 35.4, and 19.1 % Pb, respectively. However, the
relative magnitude of summed total Pb recovered by SE
(Table 6) is in the order: cerussite (Ksp=10−4.7)>anglesite
(Ksp=10−7.8)>pyromorphite (Ksp=10−84.4). These summed
total concentrations are in accordance with mineral solubil-
ity (Lindsay 1979; Ruby et al. 1994) rather than bulk total
Pb content. Very little Pb was soluble in water and the
relative amounts extracted correspond to total Pb contents.
Little Pb was extracted byMgCl2, with anglesite producing
the greatest amount of E-Pb. K4P2O5 generally recovered
about 1/3 of the Pb extracted from reference minerals.
Otherwise, cerussite and anglesite were mostly extracted
by NaOAc during the operationally defined carbonate-
occluded step, whereas pyromorphite was mainly solubi-
lized along with Fe oxides during the harshest acid
extraction. These results differ somewhat from those of
Harrison et al. (1981) who found that PbSO4 was
extracted primarily by MgCl2. However, this may be
due to weathering of crystalline anglesite in the soil
environment to form a more readily solubilized noncrys-
talline PbSO4 (Chaney et al. 1988). The BA method
extracted the most Pb from cerussite (Table 5), ∼52 % of
the summed total, much less from anglesite (∼11 %),
and almost none from pyromorphite (∼1 %). The Pb
concentrations recovered by BA correspond to differen-
ces in mineral solubility.

Lead carbonate extracted by NaOAc during SE is
not necessarily present as a discrete cerussite phase
because trace metals may be sorbed or precipitated
onto the surface of calcite (McBride 1979; Bailey
et al. 2005). In the urban soils studied, therefore, the
carbonate-occluded fraction (Table 3) very likely
includes Pb associated with pedogenic calcite pro-
duced by the weathering of calcareous artifacts. The
results in Table 6 suggest that the carbonate-occluded
fraction may also include Pb derived from weathered
cerussite and anglesite. Cerussite was the main component
of Pb-based house paint (“white lead”), and anglesite (or
noncrystalline PbSO4) may have accumulated in urban
soils as a result of airborne deposition of auto-Pb (Olsen
and Skogerboe 1975; Harrison et al. 1981) although it is
thought to be too soluble to persist in soil for long time
periods (Lindsay 1979). The solubilities of gypsum and
cerussite are very similar (Table 2); hence, pedogenic T
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anglesite could form hypothetically by dissolution and
reaction of plaster (or drywall) and paint as follows:

CaSO4 I 2H2Oð Þ þ PbCO3→PbSO4↓þ CaCO3↓þ 2H2O

ð1Þ

However, the pH range of the soils studied is above
the anglesite stability field (Adriano 2001). The soil pH
values are within the “recrystallization window” (be-
tween pH 7.6 and 8.1) wherein bone apatite dissolves
and reprecipitates as a more insoluble form of hydroxyl-
apatite (Berna et al. 2004). Previous work (Ma et al.
1993, 1995) and the results of this study (described
below) suggest that anthropogenic Pb can be sorbed or
precipitated onto the surface of apatite crystals. Although
the soils studied are calcareous, previous work shows that
the pH of microsites surrounding plant roots can be lower
than that of the bulk soil by several pH units (Maier et al.
2000). Under those conditions pyromorphite could form
in the rhizosphere (Chaney et al. 2010). If so, our results
suggest that pyromorphite and bone-Pb were recovered
in the Fe oxide-occluded fraction during SE.

Based on the relative mineral solubilities of princi-
pal constituents (Table 2) and field observations, the
artifact weathering stability sequence in the urban soils
studied is Glass=Cinders=Glazed brick>Unglazed
Brick>Nails>Bone>Concrete>Mortar>Plaster or
Drywall=Paint. The above results, indicating that ce-
russite is extracted primarily by NaOAc, and the data in
Table 3 showing that no Pbwas detected in theMgCl2 and
NaOAc extractions of the two youngest soils, may indicate
that significant weathering of house paint (cerussite)
requires more than ∼24 years in the basic soils studied.
This inference is consistent with both thermodynamic
calculations, indicating that the solubility of cerussite (or
hydrocerussite) increases rapidly below pH 7.0 (Scheetz

2004), and the results of a laboratory weathering experi-
ment (Dubay 2012), showing that the equivalent of
30 years of leaching, was required to dissolve away gyp-
sum (drywall) in a simulated urban soil. It is also consistent
with petrographic data, suggesting that significant dissolu-
tion of portlandite in mortar artifacts required more than
39 years of weathering when buried in soil (Howard et al.
2013). The presence of plaster or drywall can apparently
inhibit the dissolution of calcite comprising calcareous
artifacts through the common ion effect (Dubay 2012).

3.4 Bioaccessibility Tests of Spiked Reference
Materials

Calcite, pyrolusite, and peat sorbed almost all (∼95 %) of
the Pb spike (Table 7), whereas apatite sorbed ∼42 % and
goethite only sorbed ∼11 %. This is consistent with previ-
ous work, indicating that calcite, Mn oxides, and peat have
a very strong affinity for Pb (e.g., Howard andVandenbrink
1999). The amount of Pb sorbed by pyrolusite that was
subsequently recovered by the BA method was below
detection limits and very little was also recovered from peat
and apatite. In contrast, calcite yielded about half, and
goethite nearly all, of the Pb sorbed although the “shock
loadings” used in this study may be overestimating how
much is bioaccessible under natural conditions. Thus, the
results of this study suggest that little or no Pb associated
with Mn oxide, peat, and apatite is bioaccessible, whereas
significant amounts of Pb associated with calcite will dis-
solve in the human stomach. It is interesting that despite the
fact that Fe oxides are well-known for their specific adsorp-
tion affinity for Pb, little fixation of Pb by goethite occurred.
Instead, Pb was apparently sorbed by exchange sites on the
mineral surface. Thus, exchangeable Pb on the goethite
surface is bioaccessible but that occluded inside the mineral
is not. The data imply that it is primarily freshly precipitated

Table 7 Amount of Pb sorbed by different reference materials after spiking and amount recovered subsequently by bioaccessibility
method

Sorbent phase Concentration sorbed Concentration bioaccessible

mg kg−1 % of spike total mg kg−1 % of amount sorbed

Calcite 379.5 94.9 196.6 51.8

Pyrolusite 378.0 94.5 bdl 0

Goethite 44.2 11.1 41.7 94.4

Peat 379.3 94.8 49.9 13.2

Apatite 167.7 41.9 40.3 24.0

bdl below detection limit
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amorphous ferrihydrite that immobilizes Pb by specific
adsorption and that occlusion of Pb in goethitemust happen
early during the chemical weathering process. It is well
established that Mn oxide has an extremely high affinity
for Pb, and our data suggest that it can continue immobiliz-
ing Pb even as chemical weathering proceeds over time.
These laboratory results agree with our field data (Table 3),
indicating that F-Pb is abundant only in the two youngest
soils, whereas M-Pb is significant throughout the chrono-
logical sequence of demolition site soils studied.

4 Conclusions

Despite clear evidence in the field of humification, artifact
weathering and earthworm activity, the only statistically
significant trends with increasing soil age are a positive
correlation with water soluble Pb and a negative correla-
tion with pH. Generally speaking, there is no statistically
defined evolution in either the geochemical partitioning or
bioaccessibility of Pb with increasing soil age. Instead, the
random effects of the demolition process on variations in
parent material outweighed the effects of time in the urban
soils studied. There is a reasonable correlation between
labile Pb measured by the sequential extraction and bio-
accessibility methods. However, the results of both tech-
niques should perhaps be regarded as semiquantitative
because of uncertain artificial effects inherent in the ex-
traction procedures themselves. Sequential extraction pre-
dicts operationally the presence of detectable levels of
bioaccessible Pb in the rhizosphere when the summed
total is ≥90 mg kg−1 and labile Pb is >30 mg kg−1. The
bioaccessible fraction corresponds to the water soluble,
exchangeable, and part of the carbonate-occluded fraction.
The water soluble fraction is inferred to be comprised of
Pb complexed with lower molecular weight humic sub-
stances and possibly other organic compounds comprising
soil microbes. The Fe oxide-occluded, Mn oxide-occluded,
and higher molecular weight component of the organically
bound fraction are not bioaccessible. Pb occlusion by Fe
oxides occurs early (<3 years) during the chemical weath-
ering process, whereas specific adsorption by Mn oxides is
ongoing. Inaccuracies introduced in SE by selectivity and
resorption problems are further compounded by the pres-
ence of artifacts in urban soils. Cerussite comprising house
paint and anglesite derived from auto-Pb or pedogenic
reactions between plaster and paint can contribute signifi-
cantly to the carbonate-occluded fraction, thereby resulting
in an overestimation of Pb presumably associated with

pedogenic calcite. Pyromorphite of rhizospheric origin
and bone-Pb can contribute to the Fe oxide-occluded frac-
tion leading to an overestimation of Pb specifically
adsorbed by ferrihydrite and goethite. The preliminary
analysis of the effect of earthworm activity on Pb bioacces-
sibility was inconclusive.
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