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This article presents evidence demonstrating that the historical use of leaded gasoline and lead (Pb) in
exterior paints in Australia has contaminated urban soils in the older inner suburbs of large cities such as
Sydney and Melbourne. While significant attention has been focused on Pb poisoning in mining and
smelting towns in Australia, relatively little research has focused on exposure to Pb originating from
inner-city soil dust and its potential for childhood Pb exposures. Due to a lack of systematic blood lead
(PbB) screening and geochemical soil Pb mapping in the inner cities of Australia, the risks from envi-
ronmental Pb exposure remain unconstrained within urban population centres.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

In the United States (US) and Australia there is a substantial
body of evidence of widespread soil lead (Pb) contamination in
large inner-city areas (Mielke et al., 2007, 2010b; Olszowy et al.,
1995) and in centres for metal mining and smelting (see Taylor
et al., 2010). In this paper, US and Australian research related to
urban soil Pb distributions, studies of the association between soil
Pb and PbB, PbB screening practices and PbB prevalence are pre-
sented. The US soil Pb exposure research is presented alongside
relevant Australian research because it provides direct parallels to
the Australian situation. In addition, international urban soil Pb
exposure prevention methods and the current urban Pb poisoning
exposure paradigm are presented. Finally, this article presents
a review of the evidence of toxicity from low-level exposure
(<10 pg/dL) in children typically due to chronic soil Pb dust expo-
sure and makes recommendations to improve the long-term public
health of inner-city children in Australia.
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2. Urban soil lead distribution — United States

In the US, motor vehicles used gasoline containing tetramethyl
and tetraethyl Pb additives from the 1920s to 1995 (Mielke et al.,
2010a). By the 1950s, Pb additives were contained in virtually all
grades of gasoline. By 1986, when leaded gasoline underwent
arapid phase-down, 5—6 million metric tons of Pb had been used as
a gasoline additive, and about 75% of this Pb was released into the
atmosphere (Chaney and Mielke, 1986; Mielke and Reagan, 1998).
Thus, an estimated 4—5 million tons of Pb has been deposited into
the US environment by way of gasoline-fueled motor vehicles
(Mielke, 1994). Accumulation of soil Pb created by leaded gasoline
is considered proportional to highway traffic flow (LaBelle et al.,
1987; Mielke et al., 1997). About the same quantity of Pb (5—6
million metric tonnes) was also used in production of Pb based
paint in the US (Mielke and Reagan, 1998), which has added to the
burden of environmental Pb in urban soils.

In the 1970s, the presumed dominant source of soil Pb
contamination was Pb-based house paint (Ter Haar and Aronow,
1974). A subsequent study of garden soils conducted in metropol-
itan Baltimore, Maryland, began to raise questions about that
assumption (Mielke et al., 1983). Soil around Baltimore’s inner city
buildings, predominantly unpainted brick, exhibited the highest
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amounts of Pb, while soils outside of the inner city, where buildings
were commonly constructed with Pb-based paint on wood siding,
contained comparatively low amounts of Pb. These findings indi-
cated that Pb based house paint could not account for the observed
pattern of soil Pb (Mielke et al., 1983).

The quantity and distribution of soil Pb have been studied in
numerous places in the US (e.g. Mielke et al., 2010b; Laidlaw and
Filippelli, 2008; Burgoon et al., 1995; USEPA, 1996, 1998). The U.S.
cities exhibited the same distance decay pattern with high soil Pb
concentration values in the inner city and decreasing contamination
towards the outer parts of the urban area (Mielke et al., 1983;
Laidlaw, 2010). Urban soil Pb patterns are well understood. As
Fig.1 indicates, soil Pb decays exponentially away from the roadside,
with the concentration proportional to historical traffic volume
(LaBelle et al., 1987; Filippelli et al., 2005; Lejano and Ericsson,
2005). A large percentage of the Pb emitted from automobiles has
been deposited within approximately 50 m of the roadside. Soil Pb
also decays exponentially with distance away from the house-side
towards the roadside (see Fig. 1). In homes that used exterior Pb-
based paint, the Pb in the house garden soil is a mixture of vehicular
Pb and paint Pb (Linton et al., 1980), with automotive Pb concen-
trated in the finer grain size (<44 um), which is susceptible to re-
suspension (Clark et al., 2006). Houses are impacted by vehicular Pb
when exhaust emission particles came into contact with the house-
side and are deposited in the soils adjacent to the house (see Fig. 1).
This is evidenced by elevated Pb concentrations being found
adjacent to brick homes facing roadways (Mielke et al., 1983;
Olszowy et al., 1995).

3. Australian inner-city soil lead contamination

The problem of environmental lead exposure in children from
paint and dust was first identified over a century ago by the
Queensland doctors Gibson (1904) and Turner (1909). However, it
appears that their warnings about environmental lead exposure
went largely unheeded and leaded petrol was introduced in
Australia in August 1932 (Cook and Gale, 2005). Unleaded petrol
was introduced in 1996, and the Pb content of leaded petrol
declined from 0.84 g/L in 1990 to 0.2 g/L in 1996, until it was ban-
ned in 2001 (Queensland Health, 2008). Lead levels in Australian
paint were up to 50 % before the 1950s but thereafter several
reductions were mandated bringing the allowable concentration to
0.1% in 1997 (Taylor et al., 2010).

A review of the literature indicates that some of the soils from
the inner-city suburbs of Sydney, Australia, have become contam-
inated with a range of metals including Pb. It is likely that these
soils have been contaminated due to the use of Pb in gasoline and
Pb in exterior paints. The median and mean background soil lead
concentrations in the Sydney region are 15.5 mg/kg and 21.3 mg/kg,
respectively (Olszowy et al., 1995). In Balmain, an Inner Sydney
suburb located 2.5 km north-west of Sydney, a soil Pb survey of 41
samples found that 68 % of residential housing samples exceeded
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Fig.1. A schematic cross-section through a residential suburban setting demonstrating
typical urban soil Pb patterns (modified from Olszowy et al., 1995).

the National Environmental Protection Council (NEPC, 1999)
300 mg/kg residential soil lead guideline (Royal Prince Alfred
Hospital and Central and Southern Sydney Area Health Service,
1988). Fett et al. (1992) analysed soil Pb concentrations at 18
homes in the inner Sydney suburbs and observed a median and
mean “sink” (garden) soil Pb concentrations of 1237 mg/kg and
1944 mg/kg (range = 123 to 5407 mg/kg), respectively. In addition,
at 24 inner Sydney suburban homes, Fett et al. (1992) observed
a median and mean “play” area soil Pb concentration of 380 mg/kg
and 627 mg/kg, respectively. Fifty-four % of all soil samples excee-
ded the NEPC 300 mg/kg residential soil Pb guideline (NEPC, 1999).

Skinner et al. (1993) collected seven soil samples from Bradfield
Park (beneath the Harbour Bridge) and three samples at distances
up to 350 m from the park. Four sites were sampled farther north at
distances of 50—300 m from the major arterial Warringah Freeway
in North Sydney. The median values for the two areas were
708 mg/kg (range = 19 to 1451 mg/kg) and 637 mg/kg (range =216
to 1269 mg/kg), respectively. Olszowy et al. (1995) analysed 80
surface soil samples from residential properties in Sydney and
found that about 40% of soil samples exceeded the residential
300 mg/kg soil Pb guideline. Snowdon and Birch (2004 ) analysed Pb
concentrations in 274 soil samples in Iron Cove Catchment in Syd-
ney (located approximately 2.5 km west of Sydney). They observed
that 33% of the samples exceeded the NEPC (1999) guideline for Pb.
Further, the mean bioavailability of the Iron Cove Catchment soils
was 70 % using an EDTA extraction (Snowdon and Birch, 2004).
Markus and McBrantney (1996) analysed 219 surface soil samples
for Pb and other heavy metal concentrations in Glebe, a suburb
located approximately 1 km south-west of Sydney, and found that
greater than 50 % of Pb concentrations exceeded the 300 mg/kg
residential soil Pb guideline. Cattle et al. (2002) reported that 41% of
807 surface soil samples in Glebe and Camperdown (located
immediately west of Glebe) exceeded the 300 mg/kg residential soil
Pb guideline. Cattle et al. (2002) also tested four geostatistical
techniques to determine which methods were best able to delineate
between soil Pb concentrations above and below the 300 mg/kg
guideline in Camperdown and Glebe. Markus and McBrantney
(2001) compiled a brief review of Australian soil Pb studies prior
to 2001. Pb in Australian urban inner city soils is highly bioavailable
(Snowdon and Birch, 2004) with bioavailability likely to be posi-
tively correlated with total Pb concentration (Wu et al., 2010). upon
the NEPC (1999) 300 mg/kg residential soil guideline and a range of
other studies showing a relationship between soil Pb and PbB. This
suggests that soils in large areas of inner Sydney may potentially
pose a toxic threat to children and adults (Table 1).

In addition to exterior soil Pb contamination in Sydney, dusts
collected from vacuum bags, the interiors of some homes and
ceiling cavities are also contaminated by Pb. For example, Gulson
et al. (1995) collected vacuum bag bulk dust samples in five homes
in Sydney (locations not indicated) which were analysed for Pb
concentration. Results indicated Pb concentrations ranged
between 460 and 2950 mg/kg, with a median of 1202.5 mg/kg and
an average of 1344 mg/kg. Chattopadhyay et al. (2003) completed
Pb dust sampling in 82 residential homes in the Sydney metro-
politan area. Results showed statistically significant differences of
Pb levels by region in Sydney but not for other metals. Large
variations in Pb levels were found in household dust (Ran-
ge =16—16,600 mg/kg; Mean =389 mg/kg; Median = 76 mg/kg),
with the inner-west area associated with significantly higher Pb
levels (P<0.001) compared with other regions (Table 2).
Chattopadhyay et al. (2003) also observed that household dust Pb
levels have remained constant over the past decade despite
substantial improvements in air quality. Gulson et al. (1995)
collected ceiling dusts at 38 locations in the greater Sydney area.
Results indicated median ceiling dust Pb concentrations of
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Table 1
List of Sydney and Sydney Suburbs Soil Pb Studies.

Author(s) Suburb

Outcome of soil lead assessment

Olszowy et al. (1995) Sydney Region

Royal Prince Alfred Hospital and
Central and Southern Sydney
Area Health Service (1988)

Fett et al. (1992) Sydney Suburbs

Skinner et al. (1993)

Olszowy et al. (1995)
Gulson et al. (1995)

Sydney Suburbs
Inner Sydney Suburbs

Markus and McBrantney (1996) Glebe (1 km southwest of Sydney)

Snowdon and Birch (2004)
Gulson et al. (2006)

Balmain (2 km north-west of Sydney)

North Sydney (3 km north of Sydney)

Iron Cove Catchment (2.5 km west of Sydney)
Sydney Suburbs (located at varying distances
from major traffic thoroughfares in Sydney)

Soil Pb Background: median = 15.5 mg/kg,
mean = 21.3 mg/kg

68 % of 41 samples exceeded the

300 mg/kg guideline

Pb median in garden soil = 1,237 mg/kg. 54 %

of soil samples (all types) exceeded the

300 mg/kg residential soil Pb guideline.

(n=22 homes)

Median value of two groups of samples were

708 mg/kg (n=10; range = 19 to 1451 mg/kg)

and 637 mg/kg (n =4; range =216

to 1269 mg/kg)

40 % of 80 samples exceed 300 mg/kg guideline

Five houses were sampled with 11 total samples
collected (average = 1217 mg/kg, median = 1135 mg/kg
and range = 37—3130 mg/kg).

50 % of 219 samples exceed 300 mg/kg residential

soil Pb guideline

33 % of 274 samples exceed 300 mg/kg guideline

In a large study in Sydney, Gulson et al. (2006) observed
that the Pb concentration in soil was a significant
predictor for Pb in the house dustfall, and dustfall was
a significant predictor of PbB concentrations.

1960 mg/kg in the industrial area (n=10), 1022 mg/kg in the
semi-industrial area (n = 17), 621 mg/kg in the non-industrial area
(n=10) and 145 mg/kg in the rural area (n=1).

In Brisbane, Olszowy et al. (1995) observed that about 40% of soil
samples from residential properties in old areas near busy roads
exceeded the 300 mg/kg residential soil Pb guideline. In Adelaide,
Tiller et al. (1987) analysed about 600 surface samples for Pb from
a 90 x 20 km study area extending from the metropolitan area of
Adelaide, South Australia, to rural areas. The Pb content of surface
soils showed petrol-Pb emitted within Adelaide from automotive
exhausts has measurably contaminated the rural landscape to about
50 km downwind of the city. Soil Pb concentrations in Adelaide
(Tiller et al., 1987) were digested using EDTA and are not comparable
to soil Pb concentrations in other Australian cities which are based on
total extractable Pb concentrations. Gulson et al. (1981) measured
lead isotopes in surface soil near Adelaide and concluded that Pb
from gasoline was the main source of Pb in surface soil.

In New South Wales, Queensland, Victoria and South Australian
cities, Olszowy et al. (1995) observed the following relative soil Pb
gradient concentrations for various city areas: Old High Traffic > Old
Low Traffic > New High Traffic > New Low Traffic > Rural. These
findings are, in effect, similar to those of Mielke et al.’s (1997) work
in the USA. Even in the old areas with low traffic flow in Brisbane,
Sydney and Melbourne approximately 20% of samples were found
to exceed the investigation threshold for Pb (Olszowy et al., 2005).

Soils in some areas of regional cities such as Newcastle are also
contaminated with Pb. Devey and Jingda (1995) analysed Pb in 108

Table 2

Geometric mean interior house dust Pb concentrations in Sydney by region (after
Chattopadhyay et al., 2003). Note that the Sydney mean Pb dust concentration is
389 mg/kg and the median is 76 mg/kg (n = 82).

Location Geometric mean interior house
dust Pb Concentration (mg/kg)

CBD and Eastern Suburbs 106

North Shore 66

Inner west 260

South West 110

North West 46

South 92

surface soil samples from public parks and playgrounds in New-
castle, New South Wales (NSW). This study found that soil Pb
concentrations ranged from 25 to 2400 mg/kg and that 21% of
samples had concentrations higher than the 300 mg/kg residential
soil Pb guideline. This assessment excluded the areas of Boolaroo
and Argenton, which have been severely impacted by the former
Pasminco Pb smelter (now closed) (Willmore et al.,, 2006; NSW
Environmental Protection Authority, 2003).

4. Emerging soil Pb exposure paradigm

The emerging PbB poisoning paradigm is that children in cities
unaffected by Pb mining and smelting are also exposed to soil Pb
dust, which can be traced to the use of Pb in gasoline and exterior
Pb paint (Filippelli and Laidlaw, 2010). Contaminated dust is
tracked into homes by shoes (Hunt et al., 2006), family pets, and
also via resuspension and deposition of Pb dust, which penetrates
interiors of homes and settles onto contact surfaces (Layton and
Beamer, 2009; Laidlaw and Filippelli, 2008). Analysis of interior
house dusts indicates that a large percentage of interior house dust
most probably originates from outdoor soils (see Table 3). This
illustrates the significance of the soil reservoir as significant
potential exposure pathway for childhood Pb poisoning.

Fig. 2 shows a conceptual diagram depicting the movement of
contaminated soil and airborne particulates into a residence,
subsequent mixing by the organic matter in floor dust, redistribu-
tion indoors via resuspension, and removal by cleaning and exha-
lation with building vented air (Layton and Beamer, 2009). Once Pb
has been tracked into homes, exposure to interior house dust then

Table 3
Estimates of the relative contribution of exterior soil to house dust (Paustenbach
et al,, 1997).

Environmental soil and dust Pb study % House dust

from soil
Hawley (1985) >80
Thornton et al. (1985) 20
Camann and Harding (1989) 50
Fergusson and Kim (1991) 30-50
Calabrese and Stanek (1992) 20-78
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Fig. 2. Conceptual diagram depicting the movement of contaminated soil and airborne
particulates into a residence, subsequent mixing with organic matter in floor dust,
redistribution indoors via resuspension, and removal by cleaning and exhalation with
building vented air (Source — adapted from Layton and Beamer, 2009).

occurs via hand-to-mouth behaviour. Acute exposure occurs typi-
cally via ingestion of paint chips from indoor and outdoor Pb paint,
which is most prevalent when children are aged approximately
18—24 months. At this age children are at an exploratory phase of
their development and the ingestion of non-nutrient substances
may result in accidental ingestion of poisons (e.g. Pb rich soil, paint
chips, or paint from toys), leading to clinical or sub-clinical toxic-
ities (Ko et al., 2007). In addition, another potentially important
exposure pathway for Pb into humans may be via ingestion of
contaminated vegetables (Finster et al., 2004; Kachenko and Singh,
2004, 2006).

5. Association between soil lead contamination
and children’s blood lead levels

Howard Mielke of Tulane University and colleagues have ana-
lysed the relationship between PbB and soil Pb in Louisiana (Mielke
et al., 1997, 2007). The PbB response of children to soil Pb is curvi-
linear in New Orleans, Louisiana (Mielke et al., 1997, 2007). Johnson
and Bretsch (2002) also observed a similar curvilinear relationship
between soil Pb and children’s PbB in Syracuse, New York. The most
recent New Orleans urban soil Pb and PbB study shows the following
results: below 100 mg/kg soil Pb children’s PbB response is steep at
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Fig. 3. Median Soil Pb and PbB Curves in New Orleans, Louisiana — 1995 and
20002005 (Mielke et al., 2007).

1.4 pg/dL per 100 mg/kg, while above 300 mg/kg soil Pb children’s
PbB response is a more gradual 0.32 pg/dL per 100 mg/kg (see Fig. 3;
Mielke et al., 2007). It may be hypothesised that similar soil Pb and
PbB responses of children are expected in all urbanized areas
because the physiological response to exposure is broadly uniform.
However, in the USA and Australia, data have shown that African
Americans (Lanphear et al, 1996) and Aboriginals (Queensland
Health, 2008) tend to have higher PbB than Caucasian children.

The relationship between soil Pb concentrations and blood Pb
concentrations have also been modelled using the United States
Environmental Protection Agency Mechanistic Exposure Uptake
Biokinetic Model for Pb in Children (IEUBK) model (USEPA, 2010).
Gulson used the IEUBK model to predict PbB concentrations for
a range of children’s ages and soil Pb concentrations (Fig. 4; Davis
and Gulson, 2005).

The IEUBK soil — PbB slope (Fig. 4) predicts a child PbB level of
between 4 and 5 pg/dL following exposure to soil with a Pb
concentration exceeding the 300 mg/kg NEPC guideline. Mielke
et al.’s (2007) empirical soil and PbB relationship slopes (Fig. 3)
predict a PbB level of between 5 and 9 pg/dL for an exposure to soil
with a concentration exceeding the 300 mg/kg NEPC (1999)
guideline. It is noted that the slope for Mielke et al.’s (2007)
empirical model is steeper than the IEUBK model for the first
300 mg/kg.

Soil Pb can also be associated with PbB concentrations greater
than 10 pg/dl at soil Pb concentrations lower than suggested by the
IEUBK model or Mielke et al.’s (2007) soil Pb—PbB curves. For
example, Malcoe et al. (2002) found that logistic regression of yard
soil Pb >165.3 mg/kg (OR, 4.1; CI, 1.3-12.4) were associated inde-
pendently with PbB’s greater than or equal to 10 pg/dL. Similarly,
the Texas Department of Health (2004), using a large database from
El Paso, Texas Area, found an odds ratio 4.5 (1.4, 14.2) for the rela-
tionship between a 500 mg/kg increase in soil Pb above back-
ground level and childhood blood lead levels > 10 pg/dL.

Laidlaw and Filippelli (2008) performed a review of multiple
study designs used to analyse the association between soil Pb and
PbB. The study designs included cross-sectional, ecological spatial,
ecological temporal, prospective soil removal, and isotopic studies.
Sedman (1989) also reviewed multiple American studies published
prior to 1989 that demonstrated an association between soil Pb and
PbB. In both of these reviews and examples it was shown that
PbB in the various studies examined was associated with soil Pb.

The link between soil Pb and PbB was demonstrated recently
in New Orleans, where sediments in floodwater from Hurricanes
Katrina and Rita (HKR) were deposited onto Pb contaminated
soils (Zahran et al., 2010). High density soil surveying conducted
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For Various Soil Pb Concentrations
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Fig. 4. IEUBK model of children’s PbB concentrations give a full range of soil lead
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in 46 census tracts before HKR was repeated after the flood.
Paired t test results show that soil lead decreased from 328.54 to
203.33 mg/kg post-HKR (t =3.296, p < 0.01). Decreases in soil Pb
are associated with declines in children’s PbB response (r = 0.308,
p <0.05). Zahran et al. (2010) found that declines in median PbB
were largest in census tracts with >50% decrease in soil Pb.

Multiple studies in Australia have also shown an association
between soil Pb concentrations and PbB concentrations. In Sydney,
Fett et al. (1992) found that blood lead concentrations were corre-
lated significantly with concentrations of Pb in yard soil (r = 0.555,
p=0.026) and play area soil (r = 0.492, p = 0.016). Young et al. (1992)
also observed that soil Pb levels were significantly correlated with
PbB levels near the Southern Copper smelter near Wollongong and
Bellambi in NSW, Australia. In North Lake Macquarie, NSW near the
former Pasminco smelter (Boolaroo, NSW), Willmore et al. (2006)
observed that geometric mean PbB was statistically significantly
higher for residential soil Pb concentrations greater than 300 mg/kg.
In a large study in Sydney, Gulson et al. (2006) observed that the Pb
concentration in soil was a significant predictor for Pb in the house
dustfall, and dustfall was a significant predictor of PbB. Dustfall
accumulation was also observed to be a significant predictor for Pb
concentration in handwipes.

6. Australia and United States — PbB screening

Universal blood Pb screening is not performed in Australia
(NHMRC, 2009). In 1993, the National Health and Medical Research
Council (NHMRC) stated that its specific goal was to achieve for all
Australians a blood Pb level of below 10 pg/dL (NHMRC, 1993). This
document also recommended a graduated response to PbB levels
for both individuals (children of all ages over 15 pug/dL) and

communities where >95% of one-to-four-year-old children were
below 25 pg/dL, but >5% were above 15 ng/dL. This guideline was
rescinded in 2005. In 2009, the NHMRC published an information
paper titled Blood Lead Levels for Australians (NHMRC, 2009). The
document once again supported a 10 pg/dL PbB level guideline and
suggested that representative samples of children aged 1—4 living
in high and low Pb exposure areas should be screened for PbB.
However, while such a blood lead study has been recommended,
this has not been undertaken in the inner cities of Australia to date.
Currently, due to the lack of universal screening, it is not known
what the spatial distributions and incidence levels are of children
with elevated PbB levels. Therefore it is difficult to establish the
exact nature of the risk in urban city areas.

In the US, the current PbB screening practices were described by
Cole and Windsor (2010), who stated: “....lead screening practices
are created at the state level, with each state identifying and agreeing
on its own lead screening guidelines. States vary widely in their
approach to lead screening. Most states have a plan targeting children
under the age of 6, but these plans vary greatly. Some states advocate
universal screening (ex. Tennessee, Connecticut) while some advocate
risk-based screening (ex. Illinois, Florida). Risk-based screening is
usually accomplished through a parent questionnaire that identifies
children who may be at higher risk for lead exposure and then only
testing those at-risk. In addition, some states test children of certain
SES designations, or who live in lower income areas or in older
housing.”

7. Australian and United States blood lead prevalence

In comparison to PbB studies in mining towns (see Taylor et al.,
2010), there have been few PbB prevalence studies completed in
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inner city areas of Australia. Fett et al. (1992) determined the
distribution of PbB levels in 158 preschool children in inner Sydney
and observed that 50.6 % of the children had PbB levels > 10 pg/dL,
171 % had PbB levels > 15 ug/dL, and 2.5 % had PbB’s > 25 ug/dL. In
a PbB survey of 718 children in central and southern Sydney,
Mira et al. (1996) observed that 25 % of the children had
PbB > 10 pg/dL and 7 % had PbB > 15 pg/dL. The only nationwide
survey of PbB concentrations was conducted on 1575 children in
1995 (Donovan, 1996). Donavan found that the geometric mean PbB
concentration in 1995 in 1—4 year-olds was 5.1 ug/dL, with 7.3 %
exceeding 10 pg/dL and 1.7 % exceeding 15 ng/dL. A PbB prevalence
study in Fremantle (Willis et al., 1995) of 120 children from day-
care centres and 44 hospital inpatients observed that 25.6 % had
PbB’s > 10 pg/dL. A recent five-year longitudinal study of 113 chil-
dren living in Sydney, aged six months to 31 months at recruitment,
showed a mean PbB concentration of 3.1 ug/dL (range = 0.6—19.0
pg/dL) (Gulson et al,, 2006). A PbB survey of 100 participants in
Fremantle Western Australia in 2008 (Guttinger et al., 2008) found
that none had PbB’s >10 pg/dL. It is likely that PbB levels in Fre-
mantle (Willis et al., 1995; Guttinger et al., 2008) have declined due
to the elimination of Pb in petrol. However, it must also be noted
that PbB prevalence studies with low sample numbers of around
100—150 subjects, as was done in Fremantle by Guttinger (2008)
and in Sydney by Gulson et al. (2006), are not likely representative
of the geographic distribution of PbB levels of large populations. For
example, in Mt. Isa, Australia, Queensland Health determined that
a sample size of 400 (approximately 25% of the Mount Isa pop-
ulation of children aged one to four) was required to have sufficient
power to provide reliable information on PbB levels (Queensland
Health, 2008). A city the size of Sydney would require a much
larger sample to be statistically significant compared to Mount Isa.

The United States Center for Disease Control (CDC) indicates
that the prevalence of PbB < 10 pg/dL in the US during 1999—2002
survey period for children aged 1-5 years was 1.6 % (CDC, 2005).
However, the national results are arguably misleading because of
the emerging evidence of the effects of low levels Pb exposure
(Canfield et al., 2003; Schnaas et al., 2006; Surkan et al., 2007;
Chiodo et al., 2007; Lanphear et al., 2005; Miranda et al., 2007;
Chandramouli et al., 2009; Zahran et al., 2009; Nigg et al., 2010).
The National Health and Nutrition Examination Survey (NHANES)
[II 1999—-2002 database indicates that approximately 2.4 million
children aged 1-5yrs old have PbB levels between 5 and 9.9 pg/dL
(Igbal et al., 2008). Within the population sample with blood Pb
levels of 5pug/dL or higher, the prevalence was 47% for non-
Hispanic black children, 28% for Mexican American children, and
19% for non-Hispanic white children (Bernard, 2003). Further, the
distribution of affected children is highly spatially skewed. The
prevalence of PbB poisoning > 10 pg/dL in inner cities of the US
exceeds 10 to 20% in many cities. For example, the city of Mil-
waukee, Wisconsin, which has a population of approximately 1.7
million, has soils in the central city area contaminated with Pb
(mean = 640 mg/kg, median =280 mg/kg) (Brinkmann, 1994).
Milwaukee’s childhood PbB levels peak in the summer and early
autumn and have been correlated to particulate matter less than
2.5 um (Havlena et al., 2009). The seasonal variation of PbB was
hypothesised by Havlena et al. (2009) to be related to the avail-
ability of dust and airborne particulates during summer months.
Fig. 5 shows the distribution of Milwaukee’s 36,856 children with
PbB poisoning (i.e. >10 pg/dL) between 1996 and 2006. In 2008
the citywide prevalence rate for PbB >10 pg/dL was 4.8 %, but was
much higher in some neighbourhoods as indicated on a PbB
incidence map on Fig. 5 (after Wisconsin Department of Health,
2010a). This demonstrates that while average PbB levels may be
relatively low, the incidence of PbB poisoning exceeding 10 pg/dL
(or even 5 pg/dL) may be elevated and represent large numbers of

children in the inner-cities. It is notable that the soil Pb concen-
trations in some of the inner Sydney suburbs are higher than those
in Milwaukee. This might suggest at least an equal or greater
risk than that which has already been demonstrated to exist in
Milwaukee.

8. Toxicity of low level Pb exposure typically caused
by exposure to Pb in soil dust

The current Pb guideline in Australia is a PbB concentration of
10 pg/dL (NHMRC, 2009). However, emerging evidence (see below)
suggests that the definition of Pb poisoning in Australia may need
to be reduced to 5 pg/dL, or even lower at 2 pg/dL (Taylor et al.,
2010). In Australia, this could result in the emergence of a large
number of Pb poisoned children. Low PbB levels (<10 ug/dL) typi-
cally associated with urban soil Pb exposure are associated with
a myriad of health outcomes. Low PbB levels (<10 ug/dL) are
associated with Attention-Deficit Hyperactivity Disorder (ADHD)
(Nigg et al., 2010), a reduction in children’s tests scores for reading
(odds ratio = 0.51, p = 0.006) (Chandramouli et al., 2009), writing
(odds ratio = 0.49, p = 0.003) (Chandramouli et al., 2009; Miranda
et al., 2007) and mathematics (Miranda et al., 2007). Canfield et al.
(2003) observed that when lifetime average PbB concentrations in
children increased from 1 to 10 pg/dL, the intelligence quotient (IQ)
declined by 7.4 points. Jusko et al. (2008) observed that compared
with children who had lifetime average PbB concentrations < 5 pg/
dL, children with lifetime average concentrations between 5 and
9.9 ng/dL scored 4.9 points lower on Full-Scale IQ (91.3 vs. 86.4,
p =0.03). Similarly, Surkan et al. (2007) observed that children with
5—10 pg/dL had 5.0 (S.D. 2.3) points lower IQ scores compared to
children with PbB levels of 1-2 pg/dL (p=0.03). Interestingly,
multiple studies have shown that that the strongest Pb effects on IQ
occurred within the first few micrograms of PbB (Schnaas et al,,
2006; Canfield et al., 2003; Lanphear et al., 2005). Low PbB levels
(<10 ug/dL) have also been associated with various physiological
outcomes such as kidney damage (Fadrowski et al., 2010), dental
caries (Moss et al., 1999), puberty delay in boys (Williams et al.,
2010) and girls (Selevan et al., 2003) and cardiovascular outcomes
in adults (Navas-Acien et al., 2007).

9. Urban soil lead exposure prevention

Although the currently acceptable soil Pb guideline for resi-
dential housing is 300 mg/kg Australian, (NEPC, 1999), in Norway
the soil Pb guideline for children’s play areas is 100 mg/kg, and in
California the draft soil Pb guideline is 80 mg/kg (California, 2009).
Currently, a full-scale national program is underway in Norway to
reduce soil Pb values below 100 mg/kg at all childcare centres,
elementary schools and parks in the 10 largest cities (Ottesen et al.,
2008). The driver of this cleanup was that in 2005 the Norwegian
government promised that every child between the age of 1 and 6
years should have access to daily care in day-care centres, if desired
by their parents. As a result, many new day-care centres were
established, especially in the cities, and about 75% of all children in
this age group spend 6—9 hours in such centres on work-days.
Studies of soil pollution in day-care centres in Norway's three
largest cities, Trondheim, Bergen and Oslo between 1996 and 2007
revealed the need for soil remediation (including Pb) in up to 38 %
of locations (Ottesen et al., 2008). Given the known relationship
between environmental Pb and traffic and its impacts on adjacent
soils and dusts (LaBelle et al., 1987; Laidlaw and Filippelli, 2008), it
is quite probable that schools and day care centres on high traffic
volume streets in Sydney and other larger Australian cities may also
require remediation similar to that conducted in Norway.
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In Australia, precedent for the remediation/isolation of urban
soils has been set in Boolaroo NSW near the location of the former
Pasminco smelter. The NSW Department of Environment and
Climate has approved a soil Pb abatement strategy for approxi-
mately 4000 properties surrounding the former Pasminco smelter
at Boolaroo (Lake Macquarie Council, 2009). Soils with Pb concen-
tration ranging between 300 mg/kg and 2500 mg/kg will be
covered with clean soil and areas where soil concentrations exceed
2500 mg/kg the top 5 cm of soil will be removed. In the US, Mielke
et al. (2006) demonstrated that exposure to Pb contaminated urban
soils can be prevented by covering contaminated soils with about
15 cm of low Pb (median ~5 mg/kg) soil. To achieve that, clean soil
is simply graded over the old soil layer, hydroseeded (a slurry of
seeds and moisture-retaining fill mixture sprayed onto the ground),
and left to grow into a lawn. This approach “caps” the Pb-contam-
inated soils, and prevents children from coming into contact with
soil-borne metals. Yard remediation has been demonstrated to
effectively reduce PbB levels. For example, Maisonet et al. (1997)
found that yard soil remediation was a protective factor for
elevated PbB levels in children (odds ratio, 0.28; confidence interval,
0.08—0.92).

10. General comparisons — Australia and the United States

Differences in climate, urban space and socio-economic, ethnic,
and racial make-ups may affect exposure to Pb in soil dust in the
US and Australia. The climates in the two counties are highly
diverse geographically. Sydney has a climate similar to San Diego
California, but with more precipitation, Melbourne is located in
a climate similar to North Carolina, Adelaide and Perth have
similar climates to Los Angeles or San Francisco and Brisbane has
a climate similar to the state of Florida. It appears that the garden
or lawn spaces in the US inner city areas are larger than in
Australian inner cities due a higher building density in Australian
cities. Some areas of Australian older inner cities have minimal
garden or lawn spaces. This may reduce exposures to lead in soil
dust compared to US inner cities. The socioeconomic makeup in
the inner cities in the US is also different. In Australia, the inner
city residents are comprised primarily of Caucasian, Asian and
other ethnic groups with relatively higher socioeconomic status
than their US counterparts. In the US, large portions of the inner
cities are of lower socioeconomic status consisting of African
American, Latino and lesser numbers of Caucasians. The behav-
iours of people of different socioeconomic levels and racial groups
could result in different exposure patterns. Furthermore it is
possible that the contribution to PbB caused by exposure to
interior Pb paint may be different between the countries due to
different physical properties of the paint.

11. Blood lead prevalence

It is not possible to quantify the number of children with blood
lead poisoning in Australian inner cities because no recent statis-
tically adequate blood lead prevalence studies have been con-
ducted. The soil lead concentrations in Sydney, presented above,
may be roughly similar to the soil lead concentrations in New
Orleans or Milwaukee. The blood lead prevalence in New Orleans in
2005 was 10.7 % for PbB > 10 png/dL and 94.1 % for PbB > 2 pg/dl
(Howard Mielke, personal communication). In Milwaukee the
citywide prevalence for PbB > 10 ng/dL was 4.8 % in 2008. However,
PbB prevalence rates > 10 pg/dL are insufficient indicator of risk
due to the clear toxicity of PbB concentrations > 5 pg/dL. The 2002
NHANES data indicated that in the US, that for every case of
PbB >10 pg/dL (CDC, 2005), there were approximately 7.7 PbB cases
between 5 and 9.9 pg/dL (Igbal et al., 2008).

12. Summary

A review of the scientific literature from Australia and the US
indicates that some of the inner-city soils in both countries are
variously contaminated with Pb and that soil Pb correlates with
children’s PbB levels. However, unlike the US, the spatial and
temporal pattern of children’s PbB levels in Australian inner-city
children remains poorly characterised, with the exception of a few
limited non-systematic studies. Similarly, the soil Pb distribution in
large and regional Australian cities is also characterised by ad-hoc
non-systematic studies. Therefore, it is argued here that the risks
from low-level Pb exposure from urban soils, the likely predomi-
nant Pb reservoir, are unconstrained. Consequently, it is not
possible to determine what the health risks are or what appropriate
prevention strategies ought to be, although the data point to the
potential for a high prevalence of PbB poisoning (>5 ug/dL) in some
older inner-city areas of Australia’s major cities.

Lead concentrations in some inner-city Sydney areas indicate
that soils are highly contaminated and approach the soil Pb
concentrations near the former Pb and zinc smelter in North Lake
Macquarie (Willmore et al., 2006). We suggest that there is an
urgent need for high density soil Pb mapping and universal PbB
screening in older areas of large Australian cities with a history of
high traffic volumes. Widespread soil Pb remediation should also
be evaluated as a method of preventing children’s exposure to soil
and dust containing Pb in Australia’s large inner cities. This is
necessary if Australia is to take a precautionary approach to the
risks of environmental Pb exposure (Taylor et al., 2010).

13. Recommendations

1) High density soil Pb mapping should be performed in the inner
cities of Australia (see Mielke, 1991, 1994; Mielke et al., 2005);

2) On completion of soil Pb mapping in large Australian inner
cities, we recommend that an initial PbB screening be targeted
in areas where soil Pb concentrations exceed the 300 mg/kg
guideline. The PbB screening should be sampled during the
summertime because PbB is known to be highest during the
summertime (Laidlaw et al., 2005; Laidlaw and Filippelli, 2008;
Laidlaw, 2010). Following the initial PbB screening, targeted
screening should be terminated in areas that exhibit a low
percentage of PbB>5 pg/dL. However in areas with high
percentages of children with PbB > 5 pug/dL, PbB screening
should continue until the Pb source or sources are remediated
and PbB levels reduced below 5 pg/dL for at least 95% of the
children. A PbB concentration of >5 pg/dL was used as the
intervention PbB level in Esperance (Western Australia
Government Committee of Inquiry Education and Health
Standing Committee, 2007). This has recently (2007) become
the default action level for children < 5 years old for Western
Australia. In addition to remediating soil sources in these areas,
it would also be prudent to seal indoor and outdoor flaking Pb
paint to prevent further interior particle contamination and
exterior soil contamination (Gulson et al., 1995); and

3) For transparency, we recommend that all PbB cases > 5 pg/dL
be plotted on a GIS map of each city and be made available on
the Internet as has already been done by the Wisconsin
Department of Health (2010b). In addition, the proposed high
density soil lead maps of the large Australian cities should be
placed in the same location on the internet. This will allow
residents to monitor evidence of progress in the elimination of
children’s PbB levels and will allow current and future resi-
dents to make an informed choice about any potential risks
with respect to choices of homes and schools.

Please cite this article in press as: Laidlaw, M.A.S., Taylor, M.P,, Potential for childhood lead poisoning in the inner cities of Australia due to
exposure to lead in soil dust, Environmental Pollution (2010), doi:10.1016/j.envpol.2010.08.020




8 M.AS. Laidlaw, M.P. Taylor / Environmental Pollution xxx (2010) 1-9

References

Bernard, S.M., 2003. Should the centres for disease control and prevention’s
childhood lead poisoning intervention level be lowered? American Journal of
Public Health 93, 1253—1260.

Brinkmann, R., 1994. Lead pollution in soils in Milwaukee County. Wisconsin
Journal of Environmental Science and Health, Part A Environmental Science and
Engineering 29, 909—920.

Burgoon, D., Brown, S., Menton, R., 1995. Literature review of sources of elevated
soil-lead concentrations. In: Beard, M., Iske, A. (Eds.), Lead in Paint, Soil and
Dust: Health Risks, Exposure Studies, Control Measures, Measurement Methods
and Quality Assurance, ASTM Publication Code Number 04-01226. ASTM STP
1226. Philadelphia, PA.

Calabrese, E.J., Stanek III, EJ., 1992. What proportion of household dust is derived
from outdoor dust? Journal of Soil Contamination 1, 253—263.

California, 2009. Office of Environmental Health Hazard Assessment Revised California
Human Health Screening Level for Lead (Review Draft) May 14, 2009. http://oehha.
ca.gov/risk/pdf/Lead CHHSL51809.pdf (accessed 1.12.09).

Camann, D.E., Harding, HJ., 1989. Evaluation of Trapping of Particle Associated
Pesticides on Air by Polyurethane Foam. United States Environmental Protec-
tion Agency 68-02-4127, Research Triangle Institute, Research Triangle Park, NC.

Canfield, RL., Henderson Jr, CR. Cory-Slechta, D.A., Cox, C., Jusko, TA.,
Lanphear, B.P,, 2003. Intellectual impairment in children with blood lead
concentrations below 10 microg per deciliter. New England Journal of Medicine
348, 1517—1526.

Cattle, J.A., McBratney, A.B., Minasny, B., 2002. Kriging method evaluation for
assessing the spatial distribution of urban soil lead contamination. Journal of
Environmental Quality 31, 1576—1588.

CDC, 2005. Blood lead levels — United States, 1999—2002. Morbidity and Mortality
Weekly Report Recommendations and Reports Weekly 54 (20), 513—516. http://
www.cdc.gov/mmwr/preview/mmwrhtml/mmb5420a5.htm.

Chandramouli, K., Steer, C.D., Ellis, M., Emond, A.M., 2009. Effects of early
childhood lead exposure on academic performance and behaviour of school
age children. Archives of Disease in Childhood 94, 844—848. do0i:10.1136/
adc.2008.149955.

Chaney, R.L., Mielke, H.W., 1986. Standards for soil lead limitations in the United
States. Trace Substances in Environmental Health 20, 357—377.

Chattopadhyay, G., Lin, K.C., Feitz, AJ., 2003. Household dust metal levels in the
Sydney metropolitan area. Environmental Research 93 (3), 301-307.

Chiodo, LM., Covington, C., Sokol, RJ., Hannigan, J.H., Jannise, ]., Ager, ].,
Greenwald, M., Delaney-Black, V., 2007. Blood lead levels and specific attention
effects in young children. Neurotoxicology Teratology 29 (5), 538—546.

Clark, H.E,, Brabander, D.J., Erdil, R.M., 2006. Sources, sinks, and exposure pathways
of lead in urban garden soil. Journal of Environmental Quality 35, 2066—2074.

Cook, D.E., Gale, S.J., 2005. The curious case of the date of introduction of leaded fuel
to Australia: implications for the history of Southern Hemisphere atmospheric
lead pollution. Atmospheric Environment 39 (14), 2553—2557.

Cole, C., Windsor, A., 2010. Protecting children from exposure to lead old problem, new
data, and new policy needs. Society for Research in Child Development 24 (1). http://
www.srcd.org/index.php?option=com_content&task=view&id=232&Itemid=1.

Davis, J.J., Gulson, B.L., 2005. Ceiling (attic) dust: a “museum” of contamination and
potential hazard. Environmental Research 99, 177—-194.

Devey, P, Jingda, L., 1995. Soil lead levels in parks and playgrounds: an environ-
mental risk assessment in Newcastle. Australian Journal of Public Health 19 (2),
189—-192.

Donovan, J., 1996. Lead in Australian Children: Report on the National Survey of
Lead in Children. Australian Institute of Health and Welfare, Canberra.

Fadrowski, J.J., Navas-Acien, A., Tellez-Plaza, M., Guallar, E., Weaver, V.M., Furth, S.L.,
2010. Blood lead level and kidney function in US adolescents: the third national
health and nutrition examination survey. Archives of Internal Medicine 170 (1),
75—-82.

Fergusson, J.E., Kim, 1991. Trace elements in street and house dusts: sources and
speciation. Science of the Total Environment 100 (Spec), 125—-150.

Fett, M.J., Mira, M., Smith, ]., Alperstein, G., Causer, ]., Brokenshire, T., Gulson, B.,
Cannata, S., 1992. Community prevalence survey of children’s blood lead levels
and environmental lead contamination in inner Sydney. Medical Journal of
Australia 157, 441—445.

Filippelli, G.M., Laidlaw, M., Latimer, ]., Raftis, R., 2005. Urban lead poisoning and
medical geology: an unfinished story. Geological Society of America (GSA)
Today 15, 4—11.

Filippelli, G.M., Laidlaw, M.A.S., 2010. The elephant in the playground: confronting
lead-contaminated soils as an important source of lead burdens to urban
populations. Perspectives in Biology and Medicine 53 (1), 31—45.

Finster, M.E., Gray, A.K,, Binns, H., 2004. Lead levels of edibles grown in contaminated
residential soils: a field survey. Science of the Total Environment 320, 245—257.

Gibson, J.L,, 1904. A plea for painted railings and painted walls of rooms as the
source of lead poisoning amongst Queensland children. Australian Medical
Gazette 23, 149—153.

Gulson, B.L., Tiller, K.G., Mizon, KJ., Merry, R.H., 1981. Use of lead isotopes to identify
the source of lead contamination near Adelaide, South Australia. Environmental
Science and Technology 15, 691-696.

Gulson, B.L.,, Davis, ].J., Bawden-Smith, J., 1995. Paint as a source of recontamination
of houses in urban environments and its role in maintaining elevated blood
leads in children. Science of the Total Environment 164, 221-235.

Gulson, B., Mizon, K., Taylor, A., Korsch, M., Stauber, J., Davis, ].M., Louie, H., Wu, M.,
Swan, H., 2006. Changes in manganese and lead in the environment and young
children associated with the introduction of methylcyclopentadienyl manganese
tricarbonyl in gasoline — preliminary results. Environmental Research 100,
100—-114.

Guttinger, R., Pascoe, E., Rossi, E., Kotecha, R., Willis, F., 2008. The Fremantle lead
study part 2. Journal of Paediatric Child Health 44, 722—726.

Havlena, J., Kanarek, M.S., Coons, M., 2009. Factors associated with the seasonality
of blood lead levels among preschool Wisconsin children. Wisconsin Medical
Journal 108 (3), 151—-155.

Hawley, J.K., 1985. Assessment of health risk from exposure to contaminated soil.
Risk Analysis 5 (4), 289—302.

Hunt, A., Johnson, D.L,, Griffith, D.A., 2006. Mass transfer of soil indoors by track-in
on footwear. Science of the Total Environment 370, 360—371.

Igbal, S., Muntner, P., Batuman, V., Rabito, F, 2008. Estimated burden of blood lead
levels in 1999—2002 and declines from 1988 to 1994. Environmental Research
107 (3), 305-311.

Johnson, D.L., Bretsch, J.K., 2002. Soil lead and children’s blood lead levels in Syr-
acuse, NY, USA. Environmental Geochemistry and Health 24, 375—385.

Jusko, T.A. Henderson Jr, CR., Lanphear, B.P, Cory-Slechta, D.A., Parsons, PJ.,
Canfield, R.L,, 2008. Blood lead concentrations < 10 pg/dL and child intelligence at
6 years of age. Environmental Health Perspectives 116, 243—248. d0i:10.1289/
ehp.10424,

Kachenko, A., Singh, B., 2004. Heavy metals contamination of home grown vegetables
near metal smelters in NSW, SuperSoil (2004), Sydney. http://www.regional.org.
au/au/asssi/supersoil2004/s3/oral/1537_kachenkoa.htm (accessed 28.02.10).

Kachenko, A.G., Singh, B., 2006. Heavy metals contamination in vegetables grown in
urban and metal smelter contaminated sites in Australia. Water, Air and Soil
Pollution 169, 101—123.

Ko, S., Schaefer, P.D., Viacario, C.M., Binns, H., 2007. Relationships of video assess-
ments of touching and mouthing behaviors during outdoor play in urban
residential yards to parental perceptions of child behaviors and blood lead
levels. Journal of Exposure Science and Environmental Epidemiology 17, 47—57.

LaBelle, S.J., Lindahl, P.C., Hinchman, R.R., Ruskamp, ]., McHugh, K., 1987. Pilot Study of
the Relationship of Regional Road Traffic to Surface—soil Lead Levels in Illinois.
Ar gonne National Laboratory, Energy and Environmental Systems Division,
Center for Transportation Research. Publication ANLYES-154.

Laidlaw, M.A.S., Mielke, H.W., Filippelli, G.M., Johnson, D.L., Gonzales, C.R., 2005. Sea-
sonality and children’s blood lead levels: developing a predictive model using
climatic variables and blood lead data from Indianapolis, Indiana, Syracuse,
New York, and New Orleans, Louisiana (USA). Environmental Health Perspectives
113, 793—-800.

Laidlaw, M.A.S., Filippelli, G.M., 2008. Resuspension of urban soils as a persistent
source of lead poisoning in children: a review and new directions. Applied
Geochemistry 23, 2021-2800.

Laidlaw, M.A.S., 2010. Association between soil lead and blood lead — evidence.
http://www.urbanleadpoisoning.com/ (accessed 19.07.10).

Lake Macquarie City Council, 2009. Draft managing land contamination policy —
09RE009. http://www.lakemac.com.au/downloads/Draft%20Managing%20Land
%20Contamination%20Policy%20_4_.Report.pdf.

Lanphear, B.P, Hornung, R. Khoury, ], Yolton, K, Baghurst, P, Bellinger, D.C,
Canfield, RL, Dietrich, KN, Bornschein, R. Greene, T., Rothenberg, S].,
Needleman, H.L, Schnaas, L., Wasserman, G., Graziano, J., Roberts, R., 2005. Low-
level environmental lead exposure and children’s intellectual function: An
international pooled analysis. Environmental Health Perspectives 113, 894—899.

Lanphear, B.P,, Weitzman, M., Eberly, S., 1996. Racial differences in urban children’s
environmental exposures to lead. American Journal of Public Health 86,
1460—1463.

Layton, D., Beamer, P., 2009. Migration of contaminated soil and airborne particu-
lates to indoor Dust. Environmental Science and Technology 43, 8199—8205.

Lejano, R.P, Ericsson, J.E., 2005. Tragedy of the temporal commons: soil bound lead
and the anachronicity of risk. Journal of Environmental Planning Management
48, 299-318.

Linton, RW.,, Natusch, D.S.F, Solomon, R.L, Evans, C.A., 1980. Physicochemical
characterization of lead in urban dusts. A microanalytical approach to lead
tracing. Environmental Science and Technology 14, 159—164.

Maisonet, M., Bove, FJ., Kaye, W.E., 1997. A case—control study to determine risk
factors for elevated blood lead levels in children, Idaho. Toxicology and
Industrial Health 13 (1), 67—72.

Malcoe, LH., Lynch, R.A., Keger, M.C., Skaggs, V.J., 2002. Lead sources, behaviors, and
socioeconomic factors in relation to blood lead of Native American and white
children: a community-based assessment of a former mining area. Environ-
mental Health Perspectives 110 (Suppl 2), 221-231.

Markus, J.A., McBrantney, A.B., 1996. An urban soil study: heavy metals in Glebe,
Australia. Australian Journal of Soil Research 34, 453—465.

Markus, J.A., McBrantney, A.B., 2001. A review of the contamination of soil with lead
II. Spatial distribution and risk assessment of soil lead. Environment Interna-
tional 27 (5), 399—411.

Mielke, H.W., 1991. Lead in Residential soils: background and preliminary results of
New Orleans. Water, Air & Soil Pollution 57-58, 111—-119.

Mielke, H.W., 1994. Lead in New Orleans soils: new images of an urban environ-
ment. Environmental Geochemistry and Health 16, 12—128.

Mielke, HW., Powell, E.T., Gonzales, C.R., Mielke Jr., PW., Ottesen, R.T., Langedal, M.,
2006. New Orleans soil lead (Pb) cleanup using Mississippi River alluvium: need,
feasibility, and cost. Environmental Science and Technology 8, 2784—2789.

Please cite this article in press as: Laidlaw, M.A.S., Taylor, M.P,, Potential for childhood lead poisoning in the inner cities of Australia due to
exposure to lead in soil dust, Environmental Pollution (2010), doi:10.1016/j.envpol.2010.08.020



http://oehha.ca.gov/risk/pdf/LeadCHHSL51809.pdf
http://oehha.ca.gov/risk/pdf/LeadCHHSL51809.pdf
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm5420a5.htm
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm5420a5.htm
http://www.srcd.org/index.php%3Foption%3Dcom_content%26task%3Dview%26id%3D232%26Itemid%3D1
http://www.srcd.org/index.php%3Foption%3Dcom_content%26task%3Dview%26id%3D232%26Itemid%3D1
http://www.srcd.org/index.php%3Foption%3Dcom_content%26task%3Dview%26id%3D232%26Itemid%3D1
http://www.srcd.org/index.php%3Foption%3Dcom_content%26task%3Dview%26id%3D232%26Itemid%3D1
http://www.srcd.org/index.php%3Foption%3Dcom_content%26task%3Dview%26id%3D232%26Itemid%3D1
http://www.srcd.org/index.php%3Foption%3Dcom_content%26task%3Dview%26id%3D232%26Itemid%3D1
http://www.regional.org.au/au/asssi/supersoil2004/s3/oral/1537_kachenkoa.htm
http://www.regional.org.au/au/asssi/supersoil2004/s3/oral/1537_kachenkoa.htm
http://www.urbanleadpoisoning.com/
http://www.lakemac.com.au/downloads/Draft%20Managing%20Land%20Contamination%20Policy%20_4_.Report.pdf
http://www.lakemac.com.au/downloads/Draft%20Managing%20Land%20Contamination%20Policy%20_4_.Report.pdf

M.A.S. Laidlaw, M.P. Taylor / Environmental Pollution xxx (2010) 1-9 9

Mielke, HW., Anderson, J.C., Berry, KJ., Mielke Jr., PW., 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.

Mielke, H.W., Dugas, D., Mielke Jr., PW., Smith, K.S., Smith, S.L., Gonzales, C.R., 1997.
Associations between soil lead and children’s blood lead in urban New Orleans
and rural Lafourche Parish of Louisiana. Environmental Health Perspectives 105,
950—-954.

Mielke, HW., Reagan, P.L, 1998. Soil is an important pathway of human lead
exposure. Environmental Health Perspectives 106, 217—229.

Mielke, H.W., Gonzales, C., Powell, E., Mielke, P.W., 2005. Changes of Multiple Metal
Accumulation (MMA) in New Orleans Soil: preliminary evaluation of differ-
ences between Survey I (1992) and Survey II (2000). International Journal of
Environmental Research Public Health 2 (2), 84—90.

Mielke, H.W., Gonzales, C.R., Powell, E., Jartun, M., Mielke Jr., PW., 2007. Nonlinear
association between soil lead and blood lead of children in metropolitan New
Orleans, Louisiana: 2000—2005. Science of the Total Environment 388 (1-3), 43—53.

Mielke, H., Laidlaw, M.A.S., Gonzales, C., 2010a. Lead (Pb) legacy from vehicle
traffic in eight California urbanized areas: continuing influence of lead dust
on children’s health. Science of the Total Environment. doi:10.1016/
j.scitotenv.2010.05.017.

Mielke, H., Laidlaw, M.A.S., Gonzales, C. 2010b. Estimation of leaded (Pb) gasoline’s
continuing material and health impacts on 90 US urbanized areas. Environment
International, doi: 10.1016/j.envint.2010.08.006.

Mira, M., Bawden-Smith, ]J., Causer, ]., Alperstein, G., Karr, M., Snitch, P., Waller, G.,
Fett, M., 1996. Blood lead concentrations of preschool children in central and
southern Sydney. Medical Journal of Australia 164 (7), 399—402.

Miranda, M.L, Kim, D., Galeano, M.A.,, Pau, CJ., Hull, A.P., Morgan, S.P., 2007. The
relationship between early childhood blood lead levels and performance on
end-of-grade tests. Environmental Health Perspectives 115, 1242—1247.

Moss, M.E., Lanphear, B.P., Auinger, P., 1999. Association of dental caries and blood
lead levels. JAMA 281 (24), 2294—2298.

National Environmental Protection Council (NEPC). 1999. National Environmental
Protection Measure (Assessment of Site Contamination): Schedule B (7a) Guide-
line on Health-Based Investigation levels.

Navas-Acien, A., Guallar, E., Silbergeld, E.K., Rothenberg, S.J., 2007. Lead exposure
and cardiovascular disease—a systematic review. Environmental Health
Perspectives 115, 472—482. doi:10.1289/ehp.9785.

Nigg, J.T., Nikolas, M., Knottnerus, G., Cavanagh, K., Friderici, K., 2010. Confirmation
and extension of association of blood lead with attention-deficit/hyperactivity
disorder (ADHD) and ADHD symptom domains at population-typical exposure
levels. Journal of Child Psychology and Psychiatry 51 (1), 58—65.

NHMRC, 1993. Revision of the guidelines for lead in blood and lead in ambient air:
extract from the 115th Session of Council, June 1993. http://www.nhmrc.gov.au/_
files_nhmrc/file/publications/synopses/withdrawn/eh8.pdf (accessed 1.03.10).

NHMRC, 2009. Information paper: blood lead levels for Australians. http://www.
nhmrc.gov.au/_files_nhmrc/file/publications/synopses/gp02-lead-info-paper.pdf
(accessed 1.03.10).

NSW Environmental Protection Authority, 2003. Remediation order — Pasminco
Cockle Creek Smelter Pty. Limited. http://www.planning.nsw.gov.au/asp/pdf/
06_0184_vol1_8_.pdf (accessed 23.07.10).

Olszowy, H., Torr, P, Imray, P., 1995. Trace element concentrations in soils from Rural
and Urban Areas of Australia. Contaminated sites series No. 4. Department of
Human Services and Health, Environment Protection Agency, South Australian
Health Commission. http://www.urbanleadpoisoning.com/Trace%20Elements%
20Surface%20Soils%20Urban%20onurbna.pdf.

Ottesen, R.T., Alexander, ]., Langedal, M., Haugland, T., Heygaard, E., 2008. Soil pollution
in day-care centres and playgrounds in Norway: national action plan for mapping
and remediation. Environmental Geochemistry and Health 30, 623—637.

Paustenbach, D.J., Finley, B.L., Long, T.F, 1997. The critical role of house dust in
understanding the hazards posed by contaminated soils. International Journal
of Toxicology 16, 339—-362.

Queensland Health (Queensland Government), 2008. Mount Isa Community Lead
Screening Program 2006—7: a report into the results of a blood-lead screening
program of 1—4 year old children in Mount Isa, Queensland, Environmental
Health Services of the Tropical Population Health Network, Northern Area
Health Service, Queensland Health, 50 p. http://www.health.qld.gov.au/ph/
documents/tphn/mtisa_leadrpt.pdf (accessed 28.02.10).

Royal Prince Alfred Hospital and Central and Southern Sydney Area Health Service,
1988. Environmental Lead Investigation: An Interim Report. Environmental
Health Unit.

Schnaas, L., Rothenberg, SJ., Flores, M.E, Martinez, S., Hernandez, C., Osorio, E.,
Velasco, S.R,, Perroni, E., 2006. Reduced intellectual development in children with
prenatal lead exposure. Environmental Health Perspectives 114 (5), 791-797.

Sedman, R.M., 1989. The development of applied action levels for soil contact:
a scenario for the exposure of humans to soil in a residential setting. Envi-
ronmental Health Perspectives 79, 291—-313.

Selevan, S.G., Rice, D.C., Hogan, K.A., Euling, S.Y., Pfahles-Hutchens, A., Bethel, J.,
2003. Blood lead concentration and delayed puberty in girls. New England
Journal of Medicine 348, 1527—1535.

Skinner, J., Baxter, R., Farnbach, E., Holt, D., 1993. Does lead paint from the Sydney
Harbour Bridge cause significant pollution to areas nearby? New South Wales
Public Health Bulletin 4, 54—55.

Snowdon, R, Birch, G.F,, 2004. The nature and distribution of copper, lead, and zinc
in soils of a highly urbanised sub-catchment (Iron Cove) of Port Jackson, Syd-
ney. Australian Journal of Soil Research 42, 329—338.

Surkan, PJ., Zhang, A., Trachtenberg, F., Daniel, D.B., McKinlay, S., Bellinger, D.C.,
2007. Neuropsychological function in children with blood lead levels <10 pg/dL.
Neurotoxicology 6, 1170—1177.

Taylor, M.P,, Schniering, C.A., Lanphear, B.P, Jones, A.L.,, 2010. Lessons learned on
lead poisoning in children: one-hundred years on from Turner’s declaration.
Journal of Paediatrics and Child Health. doi:10.1111/j.1440-1754.2010.01777.x.

Ter Haar, G., Aronow, R., 1974. New information on lead in dirt and dust as related to
the childhood lead problem. Environmental Health Perspectives 7, 83—89.

Texas Department of Health, 2004. Health consultation. Analysis of risk factors for
childhood blood lead results. El Paso, Texas. http://www.dshs.state.tx.us/epitox/
consults/elppasblpbgisfinal4_23.pdf (accessed 20.05.10).

Thornton, I, Culbard, E., Moorcroft, S., Watt, ]J., Wheatley, M., Thompson, M.,
Thomas, ].EA., 1985. Metals in urban dusts and soils. Environmental Technology
Letters 6, 137—144.

Tiller, K.G., Smith, LH., Merry, R.H., Clayton, P.M., 1987. The dispersal of automotive
lead from metropolitan Adelaide into adjacent rural areas. Australian Journal of
Soil Research 25, 155—166.

Turner, AJ., 1909. On lead poisoning in childhood. British Medical Journal 1,
895—897.

U.S. Environmental Protection Agency, 1996. Sources of Lead in Soil: A Literature
Review Volume 2: Study Abstracts. Environmental Protection Agency, Wash-
ington, DC. EPA 747-R-98-001b.

U.S. Environmental Protection Agency, 1998. Sources of Lead in Soil: A Literature
Review. Environmental Protection Agency, Washington, DC. http://www.epa.
gov/lead/pubs/r98-001a.pdf 747-R-98-001a (accessed 18.06.10).

U.S. Environmental Protection Agency, 2010. Software and users’ manuals. http://
www.epa.gov/superfund/lead/products.htm (accessed 26.07.10).

Western Australia Government Committee of Inquiry Education and Health Standing
Committee, 2007. Inquiry into the Cause and Extent of Lead Pollution in the
Esperance Area. Perth: Legislative Assembly, Parliament of Western Australia;
2007. Report No. 8 in the 37th Parliament. State Law Publisher, Perth, Western
Australia. Available from:. http://www.parliament.wa.gov.au/web/newwebparl.
nsf/pgFrameset?openpage&fcontent=http://www.parliament.wa.gov.au/Parliament/
commit.nsf/(ReportsAndEvidence)/6F072B9AFODE627AC825734E000ADCDB?
opendocument, p. 339 (accessed 7.05.10).

Williams, PL. Sergeyev, O., Lee, M.M.,, Korrick, S.A., Burns, ].S., Humblet, O.,
DelPrato, J., Revich, B., Hauser, R., 2010. Blood lead levels and delayed onset of
puberty in a longitudinal study of Russian boys. Pediatrics 125 (5), 1088—1096.

Willis, ER,, Rossi, E., Bulsara, M., Slatter, M.J., 1995. The Fremantle lead study. Journal
of Paediatric Child Health 31 (4), 326—331.

Willmore, A., Sladden, T., Bates, L., Dalton, C.B., 2006. Use of a geographic information
system to track smelter-related lead exposures in children: North Lake Mac-
quarie, Australia, 1991-2002. International Journal of Health Geographics 5, 30.

Wisconsin Department of Health, 2010a. http://dhs.wi.gov/lead/Data/Maps/
2viewmaps/Milwaukee.pdf (accessed 8.02.10).

Wisconsin Department of Health, 2010b. http://dhs.wi.gov/lead/Data/Maps/
2viewmaps/index.HTM (accessed 8.02.10).

WL, ], Edwards, R., He, X, Liu, Z., Kleinman, M., 2010. Spatial Analysis of bioavail-
able soil lead concentrations in Los Angeles, California. Environmental Research
110 (4), 309—-317.

Young, A.R.M., Bryant, E.A., Winchester, H.P.M., 1992. The Wollongong lead study:
an investigation of the blood lead levels of pre-school children and their rela-
tionship to soil lead levels. Australian Geographer 23 (2), 121-133.

Zahran, S., Mielke, H.W., Weiler, S., Berry, KJ., Gonzales, C., 2009. Children’s blood
lead and standardized test performance response as indicators of neurotoxicity
in metropolitan New Orleans elementary schools. NeuroToxicology 30,
888—897.

Zahran, S., Mielke, HW.,, Gonzales, C., Powel, E.T., Weiler, S., 2010. New Orleans
before and after Hurricanes Katrina/Rita: a quasi-experiment of the association
between soil lead and children’s blood lead. Environmental Science and Tech-
nology. doi:10.1021/es100572s.

Please cite this article in press as: Laidlaw, M.A.S., Taylor, M.P,, Potential for childhood lead poisoning in the inner cities of Australia due to
exposure to lead in soil dust, Environmental Pollution (2010), doi:10.1016/j.envpol.2010.08.020



http://www.nhmrc.gov.au/_files_nhmrc/file/publications/synopses/gp02-lead-info-paper.pdf
http://www.nhmrc.gov.au/_files_nhmrc/file/publications/synopses/gp02-lead-info-paper.pdf
http://www.nhmrc.gov.au/_files_nhmrc/file/publications/synopses/gp02-lead-info-paper.pdf
http://www.nhmrc.gov.au/_files_nhmrc/file/publications/synopses/gp02-lead-info-paper.pdf
http://www.planning.nsw.gov.au/asp/pdf/06_0184_vol1_8_.pdf
http://www.planning.nsw.gov.au/asp/pdf/06_0184_vol1_8_.pdf
http://www.urbanleadpoisoning.com/Trace%20Elements%20Surface%20Soils%20Urban%20onurbna.pdf
http://www.urbanleadpoisoning.com/Trace%20Elements%20Surface%20Soils%20Urban%20onurbna.pdf
http://www.health.qld.gov.au/ph/documents/tphn/mtisa_leadrpt.pdf
http://www.health.qld.gov.au/ph/documents/tphn/mtisa_leadrpt.pdf
http://www.dshs.state.tx.us/epitox/consults/elppasblpbgisfinal4_23.pdf
http://www.dshs.state.tx.us/epitox/consults/elppasblpbgisfinal4_23.pdf
http://www.epa.gov/lead/pubs/r98-001a.pdf
http://www.epa.gov/lead/pubs/r98-001a.pdf
http://www.epa.gov/superfund/lead/products.htm
http://www.epa.gov/superfund/lead/products.htm
http://www.parliament.wa.gov.au/web/newwebparl.nsf/pgFrameset?openpage&amp;fcontent&equals;http://www.parliament.wa.gov.au/Parliament/commit.nsf/(ReportsAndEvidence)/6F072B9AF0DE627AC825734E000ADCDB?opendocument
http://www.parliament.wa.gov.au/web/newwebparl.nsf/pgFrameset?openpage&amp;fcontent&equals;http://www.parliament.wa.gov.au/Parliament/commit.nsf/(ReportsAndEvidence)/6F072B9AF0DE627AC825734E000ADCDB?opendocument
http://www.parliament.wa.gov.au/web/newwebparl.nsf/pgFrameset?openpage&amp;fcontent&equals;http://www.parliament.wa.gov.au/Parliament/commit.nsf/(ReportsAndEvidence)/6F072B9AF0DE627AC825734E000ADCDB?opendocument
http://www.parliament.wa.gov.au/web/newwebparl.nsf/pgFrameset?openpage&amp;fcontent&equals;http://www.parliament.wa.gov.au/Parliament/commit.nsf/(ReportsAndEvidence)/6F072B9AF0DE627AC825734E000ADCDB?opendocument
http://www.parliament.wa.gov.au/web/newwebparl.nsf/pgFrameset?openpage&amp;fcontent&equals;http://www.parliament.wa.gov.au/Parliament/commit.nsf/(ReportsAndEvidence)/6F072B9AF0DE627AC825734E000ADCDB?opendocument
http://dhs.wi.gov/lead/Data/Maps/2viewmaps/Milwaukee.pdf
http://dhs.wi.gov/lead/Data/Maps/2viewmaps/Milwaukee.pdf
http://dhs.wi.gov/lead/Data/Maps/2viewmaps/index.HTM
http://dhs.wi.gov/lead/Data/Maps/2viewmaps/index.HTM

	Potential for childhood lead poisoning in the inner cities of Australia due to exposure to lead in soil dust
	Introduction
	Urban soil lead distribution – United States
	Australian inner-city soil lead contamination
	Emerging soil Pb exposure paradigm
	Association between soil lead contamination and children’s blood lead levels
	Australia and United States – PbB screening
	Australian and United States blood lead prevalence
	Toxicity of low level Pb exposure typically caused by exposure to Pb in soil dust
	Urban soil lead exposure prevention
	General comparisons – Australia and the United States
	Blood lead prevalence
	Summary
	Recommendations
	References


