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The quality of the urban environment is of growing concern
as its human population continues to dramatically increase. X-ray
absorption spectroscopy (XAS) and SEM have been used to
study the solid-phase speciation of Phin urban road dust sediments
(RDS) in Manchester, UK. XANES analysis and linear
combination modeling indicate that PbCrQ, and Pb-sorbed
goethite occur in 1000—500 xm, 250—125 ym, 63—38 xm, and
<38 um size fractions, collectively representing between
51—67% of the contributing Pb-phases. XANES analysis suggests
that Pb0, PbCl,, and Pb carbonates are also present. EXAFS
modeling for all grain size fractions gives best fit models with a
first shell of two oxygen atoms at 2.29—2.32 A, which
corroborate the possible presence of Pb-sorbed goethite, and
also suggest the presence of Pb phosphates and Pb oxides.
Second shell Pb—Fe and second and third shell Pb—Ph scattering
distances confirm Pb-sorbed to Fe oxide, and PbCl, and
PbCr04, respectively. Many of the XAS models are corroborated
by SEM observations. The Pb-phases may pose a risk to
human health if inhaled or ingested, with insoluble phases
such as PbCr0O, potentially causing inflammation in the lungs,
and soluble phases such as Pb0 potentially being the most
bioaccessible in the digestive tract.

Introduction

Over 50% of the global population currently lives in urban
areas (I), a figure set to increase considerably over the coming
decades. Therefore, the quality of urban environments is a
matter of global concern. Accumulations of particulates on
road surfaces (referred to here as road dust sediment, RDS)
are major sources of both water-borne and atmospheric
particulates in urban environments and are commonly highly
contaminated by metallic elements such as Pb (2). Lead is
highly toxic to humans, with excessive intake causing anemia
and diseases of the kidneys, heart, immune, nervous,
reproductive, and gastrointestinal systems (3). Humans are
exposed to Pb through natural and anthropogenic pathways
that include RDS.
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Although RDS is often highly enriched in Pb (2, 4, few
studies have been carried out to investigate its solid-phase
speciation. Duggan and Williams (1977) used chemical
extraction methods (dilute hydrochloric acid) to estimate
the bioavailibility of Pb in RDS within Greater London (4).
Biggins and Harrison (1980) used X-ray diffraction (XRD) to
investigate RDS, and identified six crystalline Pb species,
including PbSO, (5). They concluded, however, that as
crystalline compounds only accounted for a small percentage
ofthe total Pb there was a need to seek alternative techniques
to more thoroughly understand the solid-phase Pb speciation.
Such an understanding would also enable better estimates
of the bioavailability of Pb in RDS to be made, since this is
related to the stability and solubility of the Pb species.

Numerous studies have demonstrated that a synergistic
approach that combines many mineralogical and spectro-
scopic techniques is highly effective for characterizing the
solid-phase speciation of metallic elements in environmental
materials such as soils, dredged sediment, and soils (6, 7).
Techniques such as X-ray diffraction, transmission and
scanning electron microscopy, and especially, X-ray absorp-
tion near-edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) spectroscopies are used
to give information about the composition, crystallinity, and
bonding environments of the metallic elements and their
hosts. In this paper, we use such an approach to characterize
the solid-phase speciation of Pb in RDS from a well-used
urban road in Manchester, a major city in NW England.

Experimental Methods

RDS was collected from Oxford Road, situated within the
university area of the City of Manchester, in November 2004,
four years after leaded-petrol was banned in the UK. It is an
anthropogenically active site, with a residual population
amplified daily and seasonally by commuters, students, and
visitors. In the preliminary stages of this research, the
chemical composition of RDS from the Oxford Road site over
atransect of 550 m was characterized, and rigorous statistical
analysis of these data reveal no significant compositional
variability (Barrett, unpublished data). Hence, one statistically
representative sample site (British national Grid Reference:
SJ843973) was selected for the in-depth analysis reported
here (limitations on synchrotron beamtime dictated this
approach). A 10 kg RDS sample was collected from a traffic
island site using a plastic dust pan and brush, as recom-
mended by Charlesworth and Lees (8). Due to the large
accumulation of RDS at this site, and the ability to sample
coherent agglomerations, we believe that any loss of fines
was minimal.

The sample was air-dried in soil bags at an average
temperature of 21 °C. Constant mass was attained after 14
days. Ten percent of the dried bulk sediment sample was
retained as an archive. A meshed sieve was used to remove
material >2000 ym from the remaining sediment sample.
The <2000 um sediment sample was then dry sieved into
seven grain size fractions using standard sieve methods (see
Supporting Information (SI) Table S1 for mass fractions by
grainsize). Recovery of sediment was determined to be 99.5%.
Storage and handling of all sediments samples was carried
outin such a way as to minimize atmospheric contamination.

Pseudototal Pb concentrations in each grain-size fraction
were estimated using open-vessel digestion in aqua-regia at
85 °C for 2 h. To allow for the inhomogeneous character of
RDS 6 replicas of 0.5 + 0.02 g per grain size fraction were
digested. Resulting solutions were analyzed for Pb and 18
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other elements using a Varian Vista AX CCD simultaneous
ICP-OES with echelle optics, with aqua-regia as matrix and
rinse agent (see SI Table S2 for full data). The number of
reagent blanks was set at 10% of the total number of samples.
Certified reference material LGC6139 (certified for aqua-regia)
was digested and analyzed to determine the reliability of the
method. The precision, estimated through the coefficient of
variance, and trueness, estimated by bias analysis, were
determined to be 7.9% and —1.8% (n=19) for Pb, respectively.
The pseudototal median Pb concentrations and mass load-
ings (in brackets; means of six replicates) for the four grain
size fractions analyzed by XAS (1000—500 #m, 250—125 um,
63—38um, and <38 um) are 41.4 ugg' (5%), 72 ug g~ (31%),
280 ug g (11%), and 380 ug g ! (10%), respectively (see SI
Table S1 for full data).

For scanning electron microscopy analysis of grains within
the RDS, subsamples of each grain size fraction were mounted
in epoxy resin in a vacuum oven, cured, cut, and polished
with diamond paste, and carbon coated. Observations were
made with a Jeol 6400 SEM equipped with a backscattered
electron detector. The microscope was operated at 20 kV, 2
nA and at a working distance of 15 mm. The presence of
Pb-bearing grains was determined qualitatively using an
energy dispersive X-ray microanalysis (EDAX) system. X-ray
diffraction analysis on both untreated and heavy-liquid
concentrated subsamples of each grain-size fraction was
undertaken using a Philips X-Pert PW3719 diffractometer
with Cu Ko radiation. Mineral identification was based on
26 peak positions. No quantification was undertaken.

Four grain size fractions (1000—500 ym, 250—125 um,
63—38 um, and <38 um; this limit dictated by beamtime
constraints) were selected for X-ray absorption spectroscopy
to represent street dust material that remains on street
surfaces or is removed by sweeping (the coarsest two
fractions), and those fractions most readily entrained in water
(63—38 um) and air (<38 um). X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine
structure (EXAFS) spectroscopies were used to determine
the local bonding environment of Pb in the RDS. For bulk
analysis, X-ray absorption spectra at the Pb Ly;-edge were
collected using air-dried unground samples of each of the
grain-size fractions that were mounted in aluminum holders,
on station 16.5 at CCLRC Daresbury synchrotron radiation
source. Operating conditions were 2 GeV with an average
current of 140 mA, and a vertically focusing mirror and a
sagitally bent focusing Si(220) double crystal monochromator
detuned to 80% transmission were used to minimize
harmonic contamination. Data were collected in fluorescence
mode using an Ortec 30 element solid state Ge detector.
Experiments were performed at ambient temperature, av-
eraging multiple scans for each sample (8—24 depending on
Pb concentration). X-ray absorption spectra were also
collected in fluorescence mode for Pb-sorbed goethite, and
in transmission mode (double scan) at the Pb Ly;-edge for
asuite of Pb model compounds (PbCrO,4, PbO-orthorhombic,
(PbCO3)2.Pb(OH),, PbSO,, PbCl,, Pbs[Cl(PO,);], PbNOs,
Pb(C,H30,),) to allow comparison with experimental data
for the natural samples. With the exception of Pb-sorbed
goethite, the model compounds were chemical standards of
98% purity or greater. Goethite was synthesized in the
laboratory and Pb sorbed to it using standard published
methods (9). Model compounds were selected to include
those previously suggested as important Pb-species within
either RDS or contaminated soils and sediments (15, 10, 11).

XANES data were fitted using a linear combination of
XANES spectra collected from the model systems. For this
study the contribution of individual compounds in a best fit
linear combination is considered to be correct to within £5%
of the total metal content. However, the level of uncertainty
may be affected by inhomogeneities in the samples as well
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as the signal-to-noise ratio (12). The combination of low
signal-to-noise ratio that characterizes the Pb experimental
XANES spectra and the inherent heterogeneity of RDS matrix
are likely to result in an estimated error that is greater than
+5% of the total metal content quoted. Therefore, we place
less confidence in individual contributions of reference
compounds determined to be <10% of the total Pb content.
Background-subtracted EXAFS spectra were analyzed in
EXCURV98 using full curved wave theory (13, 14). Phaseshifts
were derived in the program from ab initio calculations using
Hedin-Lundqvist potentials and von Barth ground states (15).
Fourier transforms of the EXAFS spectra were used to obtain
an approximate radial distribution function around the
central Pb atoms (the absorber atoms); the peaks of the
Fourier transform can be related to “shells” of surrounding
back scattering atoms characterized by atom type, number
of atoms in the shell, the absorber-scatterer distance, and
the Debye—Waller factor, 20? (a measure of both the thermal
motion between the absorber and scatterer and of the static
disorder or range of absorber—scatterer distances). The data
were fitted for each sample by defining a theoretical model
and comparing the calculated EXAFS spectrum with the
experimental data. Shells of backscatterers were added
around Pb and by refining an energy correction E; (the Fermi
energy), the absorber—scatterer distance, and Debye—Waller
factor for each shell, a least-squares residual (the R-factor,
ref 16) was minimized. The statistical significance of each
added shell was tested using a reduced chi-squared test.

Results and Discussion

SEM and XRD Observations. Iron-oxide grains were identi-
fied by SEM in all four grain-size fractions (Figure 1a) and
are similar to Pb-bearing iron oxides using electron micro-
probe analysis on other RDS materials (17). In addition, Pb-
and Cr-bearing grains were noted in the <38 ym fraction
(Figure 1b), and Pb in association with P (Figure 1c) and in
association with Cl (Figure 1d) was noted in the 63—38 ym
and 250—125 um fractions, respectively. XRD traces show
that quartz is the dominant crystalline phase all in grain-size
fractions. Iron oxide (hematite or magnetite), calcite and
felspathic minerals (albite and microcline) are a minor
component in all size fractions, and the phyllosilicates
kaolinite and chlorite are also minor phases in the 63—38 um
and <38 um fractions. Trace amounts of anglesite (PbSO,),
Pb-apatite, Pb basic carbonate and Pb oxide chloride are
indicated by the XRD data for the heavy mineral separate
fractions from all grain fractions (with the exception of the
<38 um fraction), and this is consistent with other published
data for RDS (5).

X-ray Absorption near Edge Structure (XANES) and
Linear Combination Fitting. The Pb-L;;-edge XANES spectra
for the four grain-size fractions of the Manchester RDS and
the selected Pb reference compounds are shown in Figure
2. The four experimental spectra are similar in profile, phase
and amplitude, with edge crests occurring between 13 057
and 13 060 eV. Additionally, a broad high energy peak
between 13 080 and 13 120 eV is observed in each of the four
spectra. Careful scrutiny of the 250—125 um, 63—38 um, and
<38 um spectra suggests the presence of weak shoulder
structures and edge peaks. The high noise evident in the
1000—500 um grain-size spectrum means that the discrimi-
nation of similar edge structures is severely restricted.

The Pb-Li-edge XANES spectra of Pb(II) compounds are
known to be sensitive to the first-shell coordination envi-
ronments, with clear differences in the XANES spectra arising
from slight variations in the level of distortion and number
of oxygen in the first shell of Pb(II) complex (18, 19). Therefore,
the similarity of the four experimental spectra suggests, with
respect to Pb(II) compounds, that the first neighbor coor-
dination environments are similar. Edge width and line shape



FIGURE 1. Backscatter electron images of grain types associated with Pb within the Manchester RDS. (A) Iron oxide grain (250—125
pm fraction). (B) Pb- and Cr-rich particles (bright areas) (<38 zm fraction). (C) Pb- and P-rich grain (bright area) (63—38 xm fraction).

(D) Pb- and Cl-rich grain (250—125 zm fraction).
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FIGURE 2. Experimental Pb-L,-edge XANES spectra of the four grain-specific fractions and for the nine model compounds used in

the best fit linear combination analysis.

are influenced by the symmetry of the Pb site and the
dominance of covalent bonding in the Pb complex, with a
tendency for edge widths to be narrower for Pb sites
characterized by high point group symmetry (20). The general
shape and width of edge of the experimental spectra (Figure
2) suggests that the symmetry of Pb complexes in the
Manchester RDS is not significantly influenced by Pb(Il) sites
with high symmetry. Equally, the broad shape may reflect
covalent bonding in Pb compounds in the RDS matrix.
Differences in edge widths noted between individual grain-
size spectra are likely to arise due to subtle differences in the

symmetry of Pb(II) sites and the degree of covalency exhibited
by Pb complexes.

The XANES linear combination best fits are reported in
Table 1. These suggest that Pb in Manchester RDS is
complexed predominately to inorganic ligands. It is only in
the finest fraction that organic ligands, in the form of Pb
acetate, appear to make a contribution (13.4%). Lead-sorbed
goethite (24—51%) is found in all grain-size fractions, and is
the dominant Pb phase in the three finest fractions. XANES
fitting suggests that PbCrO, (9—34%) is also common to all
grain-size fractions. PbO¢me is identified as a major
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TABLE 1. Summary of the Percentage Contributions of Model Compounds Using Best Fit Linear Comhination Analysis for the
1000—500 zm, 250—125 gm, 63—38 xm, and <38 xm Grain-Size Fractions of the Manchester RDS Samples®

grain-size PbhO (PbCOs3),.
(pm) Pb-goethite PbCrO, (orthorhombic)  Ph(OH),
1000—-500 24.1 34.1 29.8 0
250—-125 42.5 9.3 0 11.1
63—38 51.0 15.8 0 33.1
<38 44.9 21.1 12.9 0

PbS0,

PbCL,  Phs[CI(PO,);] PbNO;  Ph(C,H;0,), R (%)
12.0 0 0 0 0 0.051 (0.022)
30.4 6.8 0 0 0.015 (0.007)
0 0 0 0 0.015 (0.007)
7.7 0 0 0 13.4 0.011 (0.005)

2 Note: R (%) is the comparative goodness of fit. ¥? is the measure of the absolute goodness of fit.

component of the theoretical XANES fit for the 1000—500
um spectrum, but makes little to no contribution to the fitting
of the 250—125 um, 63—38 um and <38 um experimental
spectra. Lead basic carbonate ((PbCOs),.Pb(OH),) only
contributes to the fit of the 63—38 um grain size fraction
(33%) and to a lesser extent in the 250—125 um grain-size
fraction (11%). Lead sulfate is only a component in the
coarsest and finest fractions, where its contribution to
the XANES fit is <12%. Pb;s[CI(PO,);] contributes uniquely to
the fitting of the 250—125 um fraction, although only as a
minor component. PbCl, makes a considerable contribution
to the fit of the 250—125 um grain-size fraction (30%).

The possible absence of reference compound spectra
leading to the misidentification of components in the
experimental sample (11, 12) cannot be ruled out. However,
the confirmation of the presence of the modeled species
through SEM observations adds to the confidence in the
interpretation.

Extended X-ray Absorption Fine Edge Structure (EXAFS).
Figure 3 shows k*-weighted EXAFS Pb Ly;-edge spectra and
fits with the corresponding Fourier transforms (FTs) for the
best statistically justified fit for the four grain-size fractions.
The FTs for all the grain-size fractions (Figure 3 e—h) are
dominated by a large Pb-scatterer peak at about 2.3 A, with
less intense peaks from outer atomic shell contributions
between 2.80—4.30 and 4.00—6.10 A. Manceau et al. (1996;
ref 21) suggested that the intensity of the outer shell peaks
may correspond to the degree of structural order surrounding
a Pb atom, and that peaks of low or weak amplitude indicate
a variety of structural environments and greater structural
disorder around the central Pb atom. The low intensity of
the second and third shell contributions in the FTs of the
current study may be similarly interpreted. Experimental Pb
EXAFS data were modeled using a number of different
scatterers in the outer shells. The best fits for each grain-size
fraction are reported in Table 2. The quality of the fit is
determined using the R and chi-squared (4?) values. The short
EXAFS k-range for the 1000—500 um fraction means that
fitting of the grain-size data can only be justified to the first
shell. By contrast, fitting of the experimental data for the
250—125 um fraction was justified to three shells (Table 2).
For the two finest fractions the best statistically justified fits
for the experimental data were attained with a two shell
model, with a first shell of lighter scatterers such as O atoms
at approximately 2.3 A and a second outer shell of heavier
scatterers (e.g., Pb) at approximately 5.0 and 4.6 A (63—38
and <38 um, respectively). For the 250—125 and 63—38 ym
samples modeling the data with scatterers of either Fe or Pb
in the outermost shells gives comparable R-value. Consid-
eration of the y?-values, however, allows differentiation
between the two fits and for both of these grain-size fractions,
the best fit involves Pb (or atoms of similar backscattering
properties) in the third and second shell, respectively, and
only these models are shown in Table 2 and Figure 3.

The fitted Pb—O distance and low coordination numbers
of the first shell data are consistent with those reported for
Pb(ID)-sorbed species on goethite and hematite (19). There
is also similarity to Pb(II)-sorbed species on aluminum oxides
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(18), the Mn-oxide birnessite (11) and feldspar and mica (22).
Within the limits of error (+0.04 A) for Pb first shell scattering
distances, similarities were noted between the modeled
EXAFS data and the Pb-O distances of anumber of phosphate
phases, including pyromorphite (Pbs[CI(PO,);]), previously
identified in contaminated soils and sediments (10, 23). The
Pb—O distances in the EXAFS models for the Manchester
RDS are consistent with Pb—O distances reported for Pb
oxides (tetragonal PbO, Pb tetroxide, Pb;O,, Pb,03, and Pb,0)
(24—28).

The EXAFS-derived second shell Pb—Fe backscattering
distance (3.27 A) for the 250—125 ym fraction is comparable
to second shell Pb—Fe separations reported for Pb sorption
complexes on Fe oxides, and in particular goethite and
hematite (19, 29, 30). The derived Pb—Fe distance is also
consistent with Pb edge-sharing complexes, but too short
for corner sharing sites (=3.9 A) and conversely, too long for
face-sharing adsorption (2.9—3.1 A) (19, 30). Comparison of
the EXAFS with second neighbor coordination number and
Pb—Fe distances determined for Pb—FeOg octahedra com-
plexes (30) suggests that Pb sorbed species in the Manchester
RDS are likely to bind as bidentate or tridentate edge-sharing
complexes.

The Pb EXAFS data for second shell scatterers show
similarities between the 63—38 um and the Pb—Pb scattering
distances recorded for tetragonal PbO and Pb dioxide (PbO,)
(27, 28). Although no comparability is apparent for the
oxysalts PbCrO,, Pb(NOs), and PbSO, (31—33), similarity is
noted between the experimental Pb—Pb scattering distances
and the basic carbonate phase plumbonacrite (34). For the
<38 um fraction close similarities are evident between the
experimental Pb—Pb scattering distances and data presented
for PbCrO, (38).

The third shell Pb—Pb scattering distances for the 250—125
um fraction show clear comparability with tetragonal PbO,
plumbonacrite, and PbCl, (28, 34, 35).

Comparison of XANES dData, EXAFS Models, and SEM
Observations. EXAFS modeled Pb—O distances 0f 2.29—2.32
A for the first shell in all grain-size fractions support the
presence of Pb species sorbed on goethite. This is cor-
roborated by the Pb—Fe second shell scatterer distance of
3.27 A in the 250—125 um grain-size fraction, XANES fitting
and the SEM-detected presence of Fe oxide grains within the
RDS. EXAFS fitting only indicates PbCrO, in the <38 ym
fraction, despite linear combination XANES fitting suggesting
it exists in all of the size fractions analyzed. The XANES
analysis suggests that PbCl, contributes significantly to the
linear combination fit of the 250—125 um fraction. While no
confirmatory Pb—Cl scattering distances of 2.87—3.08 A (35)
are discerned in the EXAFS fits, the third shell Pb—Pb
distances reported for the best fit may reflect PbCl, in the
RDS matrix, and this is further indicated by the presence of
Pb—Cl grains in SEM observations. Similarly, second shell
Pb—Pb modeled distances are consistent with a basic Pb
carbonate phase, as indicated in linear combination XANES
fitting.

Implications for Speciation Assessment. Previous au-
thors, using chemically based selective sequential extraction
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FIGURE 3. EXAFS spectra (a—d) and Fourier transform (e—h) (phase corrected for first shell scatterers; for comparative purposes k-
range set at 8 A) of Ph in Manchester RDS; theoretical fit using absolute goodness of fit (y2) parameters (Table 2) is given by dashed

black lines. EXAFS experimental results are given by solid lines.

techniques (SSE), including data from samples from the site
studied in this paper, have proposed the carbonate fraction
and the Fe/Mn oxide fraction to be important hosts for Pb
(36, 37). The contributions made by Pb-sorbed on goethite
to the theoretical XANES fits of four grain-specific fractions
would appear to confirm that Fe oxides play an influential
role in the speciation of Pb in the RDS matrices. Similar
agreement between conventional Pb speciation data and our
XANES analysis is not evident for the carbonate fraction.
Carbonate ligands are only seen to be a significant component

in the 63—38 um fraction in the Manchester RDS. It is likely
that discrepancies between the two approaches arise due to
overestimation of Pb in the carbonate phase due to non-
selectivity of the reagents used in the SSE (38). Consequently,
the amount of Pb partitioned in the carbonate phase may
be overestimated. PbCl, and PbCrO, phases are not recog-
nized in the SSE schemes, highlighting the limitations of
chemical approaches.

Implications for Environmental Quality and Human
Health. We have shown that EXAFS and XANES analysis can
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TABLE 2. Parameters Used in Fitting Ph L,-EXAFS Data for the 1000-500 z#m, 250—125 gm, 63—38 xm, and <38 xm Grain-Size

Fractions of the Manchester RDS?

grain-size
(um) Knax shell scatterer

1000—-500 6.50 1 0
250—-125 9.80 1 0

2 Fe

3 Pb
63—38 8.80 1 (0}

2 Pb
<38 8.00 1 (0}

2 Pb

NNNNDW-=_NDN 2

distance

R(A) 202 (R) R factor 72
2.32 0.022 58.22 202.16
2.29 0.015

3.27 0.016

5.08 0.010 49.13 26.51
2.32 0.027

5.03 0.018 61.35 46.76
2.30 0.027

4.64 0.013 39.94 24.52

“Notes: N is the EXAFS derived coordination number (£15% for inner shells; £25% outer shells). R is the interatomic
distance in Angstroms (+0.04 A for inner shells; £0.05 A outer shells). 202 is the Debye-Waller factor (+£15% for inner
shells; +25% outer shells), a measure of both the static disorder of absorber-scatterer distances and the thermal motion
between absorber and scatterer. R-factor is the least squares residual from fitting the theoretical fit to the experimental
spectrum. y2 is the measure of the absolute goodness of fit. The independent variables refined were a single energy
correction Ef, and two variable (r and 202) for each shell in the final.

characterize the Pb-phases within urban road dusts. Such
data allow for better assessment of Pb mobility in the urban
environment and provide novel data to inform assessments
of potential human health impacts. The environmental and
human health impacts of the Pb-phases depend largely on
their solubility, which in turn depends on the mineral form,
particle size, encapsulation by other phases, solution pH, Eh
and inorganic and organic composition, and the action of
biological agents (39, 40). For example, the Pb-bearing iron
oxides that are dominant in most of the RDS size-fractions
(Table 1) will be relatively insoluble and stable in oxic road
surface environments (41), but will likely dissolve in anoxic
urban gulley pots (42), sewers, and aquatic sediments,
releasing their sorbed Pb. The detected PbCrO,, PbSO,, PbCl,,
and Pbs[CI(PO4);] (Table 1) have low solubility at most pH
and Eh ranges typical of urban environments (ref 39, and
references therein), and thus will likely persist. By contrast,
PbO and Pb acetate are soluble in most natural waters (39, 43),
and will likely transform to other phases, possibly releasing
Pb. As solubility increases with decreasing particle size, the
PbO and Pb acetate in the <38 um fraction, which forms 12.9
and 13.4% of the total Pb, respectively (Table 1), will likely
be the most susceptible to dissolution.

Humans are exposed to RDS through inhalation and
ingestion pathways. Uptake through the former generally
involves very fine-grained fractions, herein represented by
the <38 um size fraction. Insoluble phases in urban air
particulates have been shown to have the highest inflam-
matory impacts in lungs (44), but the water-soluble fractions
can also disrupt lung function (45). All of the Pb-phases
identified in the Manchester RDS therefore have the potential
to have adverse effects when inhaled. The relatively insoluble
PbCrO,, for example, has been associated with cancers of
the respiratory tract (44, 46). If ingested, the Pb-phases will
pose a risk if they are dissolved during passage through the
digestive tract. Based on their solubility (e.g., ref 39), the
predicted order of bioaccessbility of the RDS phases in all
grain-size fractions is PbO > Pb acetate > (PbCOs3),+Pb(OH),
> Pbclg > PbSO4 > PbCrO4 > Pb-goethite > Pb5 [CI(PO4)3], but
this will depend on the pH and composition of the digestive
fluids. In vitro bioaccessibility tests representing the respira-
tory tract (47) and stomach (48) on these Pb-phases and on
bulk Pb-bearing RDS are required to give more detailed
information on the potential uptake of Pb and risk to human
health through the inhalation and ingestion pathways.
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