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Abstract Lead from historical mining and mineral process-
ing activities may pose potential human health risks if mate-
rials with high concentrations of bioavailable lead minerals
are released to the environment. Since the Joint Expert
Committee on Food Additives of Food and Agriculture
Organization/World Health Organization withdrew the
Provisional Tolerable Weekly Intake of lead in 2011, an
alternative method was required for lead exposure assessment.
This study evaluated the potential lead hazard to young chil-
dren (0–7 years) from a historical mining location at a semi-
arid area using the U.S. EPA Integrated Exposure Uptake
Biokinetic (IEUBK) Model, with selected site-specific input
data. This study assessed lead exposure via the inhalation
pathway for children living in a location affected by lead
mining activities and with specific reference to semi-arid
conditions and made comparison with the ingestion pathway
by using the physiologically based extraction test for gastro-
intestinal simulation. Sensitivity analysis for major IEUBK
input parameters was conducted. Three groups of input pa-
rameters were classified according to the results of predicted
blood concentrations. The modelled lead absorption attributed
to the inhalation route was lower than 2% (mean±SE, 0.9 %±
0.1 %) of all lead intake routes and was demonstrated as a less

significant exposure pathway to children’s blood, compared
with ingestion. Whilst dermal exposure was negligible, diet
and ingestion of soil and dust were the dominant parameters in
terms of children’s blood lead prediction. The exposure as-
sessment identified the changing role of dietary intake when
house lead loadings varied. Recommendations were also
made to conduct comprehensive site-specific human health
risk assessment in future studies of lead exposure under a
semi-arid climate.

Keywords Lead . Health risk assessment . Inhalation .
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Introduction

Lead (Pb) is one of the most widespread heavy metal contam-
inants globally and can cause significant impacts on humans
and biota (JECFA 2011). Inorganic lead is primarily absorbed
by the human body through ingestion and inhalation and
minimally via the dermal route (<0.3 %) (JECFA 2011;
ATSDR 2007). Lead exposure is associated with a range of
health effects, including neurological, mortality due to cardio-
vascular diseases, impaired renal function, hypertension, im-
paired fertility and adverse pregnancy outcomes, reduced
sexual mutation and effects on dental health (ATSDR 2007;
JECFA 2011). Neurodevelopmental effects have been identi-
fied as pivotal data for the risk assessment for children because
of the low dose–response relationship and children’s vulnera-
bility to lead exposure (Bierkens et al. 2011; Jusko et al. 2008;
Lanphear et al. 2000; JECFA 2011).

Lead is derived from mining and processing of its
mineralised forms. Sustainable development of lead mining
requires sound understanding of the potential environmental
and health risks associated with its potential impacts on sur-
rounding communities (ICMM 2007). Risk assessment is the
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key process for developing management and communication
tools provide better control of the adverse effects of lead on
the population (Ricci 2006). Usually, a dose−response analy-
sis is used within the health risk assessment framework
(enHealth 2012b). In 2011, the Joint Expert Committee on
Food Additives (JECFA) of Food and Agriculture
Organization/World Health Organization withdrew the
Provisional Tolerable Weekly Intake (PTWI) for lead and
concluded that the previous lead PTWI level (0.025 mg/kg
b.w. per week) could no longer be considered health-
protective (WHO 2011). This action was taken because the
dose–response analysis of lead was deemed to lack an indica-
tion of a threshold for the key effects on people. In order to
assess the health risk associated with lead exposure for young
children, the currently available Integrated Exposure Uptake
Biokinetic Model (IEUBK) (U.S. EPA 2010) was utilised in
this study. The IEUBK Model is a simulated site-specific risk
assessment tool for rapid estimation of the aggregate lead
exposure, uptake and biokinetic parameters for young chil-
dren <84 months (7 years) (U.S. EPA 2010). It allows calcu-
lation of the risk associated with elevated blood lead in the
population and provides the potential contributions from dif-
ferent lead exposure pathways (U.S. EPA 2010). Good corre-
lations have been reported between measured blood lead test
and IEUBK predicted blood lead for children living in differ-
ent sites, such as USA (Hogan et al. 1998),Mexico (Carrizales
et al. 2006) and Europe (Glorennec and Declercq 2007;
Tristan et al. 2000), when sufficient data about lead exposure
are given. It should also be noted that the IEUBK model is
expected to yield more accurate prediction on a population
level than for single individuals (Lewandowski 2009).

Lead absorption via inhalation is a less important pathway
compared with lead from ingestion of various exposure
sources in urban environments (ATSDR 2007; Pizzol et al.
2010), but this may not necessarily apply to arid or semi-arid
mining locations which are characterised by low relative
humidity during the dry season and increased resuspended
soil dust into the atmosphere (Mitchell et al. 2010). Globally,
there are numerous semi-arid areas where dusts care generated
and dispersed by wind over large distances (Bryant 2013). An
example of such a dry area is Lake Eyre Basin in continental
Australia (Leys et al. 2011) from which continental dusts is
dispersed over long distances to the main population centres
on the east coast (Radhi et al. 2010). Whilst exposure via
ingestion is well understood for city environments, little work
has been undertaken to assess inhalation as an exposure path-
way at mining communities in arid and semi-arid locations,
including Australia. Particulate matter with a size <10microns
(PM10) is a mixture of solid particles and liquid droplets found
in the air and transported long distances on the continental
scale and can be inhaled and captured by the nasopharyngeal
region of the human respiration system (U.S. EPA 2007a).
Airborne PM10 released from ore materials transporting, the

smelters and the resuspension of fine particles from the sur-
face are recognised as important sources of fine particulate
matter that contains various metallic compounds (Sobanska
et al. 1999) and primary lead pathways in lead−zinc mining
and mineral processing activities described in several studies
(McMichael et al. 1985).

Since it is easier for airborne lead-containing particles to be
mobilised and dispersed in an area with low precipitation,
high potential evapotranspiration rate and periodic dry storm
events (McTainsh et al. 2005), this study sought to test the
hypothesis that the contribution of lead intake via the inhala-
tion route and the soil and dust ingestion routes may be
significantly higher at the locations near lead mining and
mineral processing activities under such semi-arid climate
condition. The following aspects will be examined to test the
stated hypothesis and improve the understanding of lead ex-
posure by: (1) investigating the potential sources for lead
exposure to young children (0–7 years) from lead intake
pathways via inhalation and ingestions routes; (2) evaluating
the potential health risk of total lead exposure to young
children living at the study site; and (3) using the IEUBK
model to quantify the relative contribution of inhalation and
ingestion pathways to the total lead exposure in the context of
a site-specific human health risk assessment for children living
at a semi-arid zone mining community in Australia. It was
assumed that the dermal exposure pathway was negligible for
this study as reported in the literature (ATSDR 2007). This
paper considers the prediction of lead exposure within the
constraints of the IEUBK model from the overall contri-
bution of mine source plus natural background and
historical additions (lead in paint, petrol, batteries and
other minor sources). The authors, however, explored an
approach to estimate the potential lead contribution from
a relative background site. The direct relationship be-
tween dust generated from the mining activities and
those found in the residential area is not within the
scope of this paper.

Materials and methods

Study sites

The study area is located at the edge of the Lake Eyre Basin in
the semi-arid region of continental Australia with historical
and current lead mining (open pit) and smelting activities. The
total lead emission to air, land and water from basic non-
ferrous metal manufacturing at the study area during 2009–
2010 was over 100,000 kg (NPI 2012). The lead
mineralisation is enriched in a geological sequence, which is
also exposed at the surface in part of the residential area. At
the study, the primary lead ore product from deep mining is
galena (PbS).
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A comprehensive residential house-sampling program was
conducted to select representative houses across different
locations in the residential area of the study site. The residen-
tial house sampling program was conducted at 23 sites to
ensure (1) an even geographical spread of house across the
study area; (2) representative houses from a range of housing
types and living standards; and (3) locations close to potential
lead sources, such as the mining and mineral activities, natural
outcrops and others to be sampled (Fig. 1). The majority of
residential houses were located at approximately 0.5−6 km
upwind of mining and mineral processing activities. The
meteorology information showed that the prevailing annual
winds (Fig. 1) are from east, south east and south directions at
the study area (BOM 2012).

Sample collection

Air PM10, soil and carpet dust samples were collected during
the dry season to evaluate the actual lead exposure for children
living at each of the study area sites.

Samples of airborne particulate matter with size <10 mi-
cron (PM10) were collected from different locations across a
city residential area, including eight indoor sites and 12 out-
door sites. The wind speeds were typically <30 km/h during
the air particulate sampling periods with the mean wind
speeds of approximately 14 km/h measured daily at a local
meteorological monitoring site. Air PM10 collections were
performed using membrane filters (PALL PVC disc mem-
brane filter GLA 5000, 25 mm size, 5 μm pore size) in
cyclones (SKC® Conductive Plastic Respirable Dust

Cyclones, Cat. No. 225-62-25). The cyclones were set up in
a pump system and run at sampling sites for approximately
7 days, with an air flow of ∼2.2 L/min. The cyclones were
placed at a height of about 1.8 m above ground and equipped
with SKC® PCXR4 pumps that produced a constant flow rate
of air (Fig. 2). The membrane filters were weighed with an
electronic balance in the laboratory (Model C-38, ATI Cahn
balance) to 0.01 mg following conditioning within the labo-
ratory for “time” prior to weighing. Samples and blank filters
were weighed and stored separately in new clean Petri dishes
(MS ® polystyrene, 50 mm in diameter).

Five sites across the community were equipped with high-
volume air particulates (HVA) samplers for routine monitor-
ing purposes. HVA samples were collected over 24-h periods
on a 6-day cycle. The total concentration data of lead in HVA
samples were available for comparative purpose from the state
regulatory authority.

Particles <250 μm are expected to have a higher chance of
contributing to exposure through hand-to-mouth activity via
the ingestion pathway (Ruby et al. 1996; Ng et al. 2013) and
therefore are significant in terms of younger children. This
<250 μm fraction was collected from soil and house dust
samples for this study. Representative soil samples (0.5 kg)
were taken from the garden of each study site (n =23). The
samples were a composite collected at each site and made up
of bare soil from surface (0–10 cm depth) selected from up to
ten different points of each garden. The samples were collected
using a stainless steel scoop and placed in a new sample

Fig. 1 Map of sampling sites (circles in the map indicating sampling sites)
Fig. 2 SKC® cyclone and sampling configuration in the backyard of a
house for outdoor PM10 collection
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polyethylene plastic bag. Thewhole of each soil sample collected
was dried in the laboratory at 40 °C overnight and sieved to
<250 μm (Ng et al. 2013). The samples were stored in 120 mL
clear polypropylene container (SARSTEDT Australia, South
Australia) and kept at room temperature until analysed.

Indoor carpet dust samples that had accumulated in the
carpets in houses were collected within the areas of the house
frequently accessed by children, such as bedrooms, dining
rooms and toy rooms, as recommended by U.S. EPA (2008).
A carpet area of 10 m2 was carefully cleaned with a Dyson
stowawayDC-23-MOTORHEAD vacuum cleaner. Dust sam-
ples were then stored in a new 120 mL clear propylene
(SARSTEDT Australia, South Australia) container. Indoor
carpet dust samples were finer than 2mm and were not sieved.
As much of the lint/fluff as possible was removed manually
from the sample before storage. A fresh wipe tissue was
placed over the screen of the vacuum cleaner exit filter to
prevent contamination. The vacuum cleaner was cleaned ex-
tensively with wipes between sample collections at different
houses. The amount of dust collected at each site was weighed
following collection.

Total concentration in samples following aqua regia digestion

All reagents used for sample digestion were obtained after
double-distillation of analytical grade (Sigma-Aldrich
Chemie GmbH, Steinheim, Germany) unless otherwise stat-
ed. Air particulate membrane filters were cut into four equal
quarters using a stainless steel scissor. One quarter of each
filter was then digested with 2 mL aqua regia (HNO3/HCl=
1:3) at 140 °C in a hot plate overnight. The concentrations
of lead in PM10 were determined by using Inductively
Coupled Plasma–Mass Spectrometry (ICP-MS, Thermo
Elemental X7 series, Waltham, USA). Approximately 1 g
of prepared soil and indoor carpet dust samples were
weighed and digested in aqua regia following the U.S.
EPA method 200.2 (U.S. EPA 1994). The total concentra-
tions of lead in soil and carpet dust were determined by
inductively coupled plasma optical emission spectroscopy
(Varian Vista, CA, USA).

Blanks and replicates from each batch were analysed for
quality control purpose. Precision (as relative standard de-
viation) of the analysis was determined, based on duplicate
analyses of duplicate sampling and analysing for selective
samples. The RSDs for lead in eight replicates (n =2) were
<11 %. Analytical accuracy was determined using a certi-
fied material NIST SRM 1648a (urban particulate matter,
NIST, Gaithersburg, USA). About 77 % of lead from NIST
SRM 1648a with RSD 7 % (n =5) was recovered by the
aqua regia digestion procedure. Detection limits (3 times
standard deviation, n =18) for ICP-MS for lead was 10 ng/
L. Measurements of all blank filters (n =3) were lower than
178 ng/g for lead.

Lead total concentration analyses were carried out in the
geochemistry laboratories of the School of Earth Sciences,
The University of Queensland, for air particulate membrane
filters and Queensland Health Forensic & Scientific Services
(NATA accredited laboratories against ISO 17025) for soil and
carpet dust.

In vitro bioaccessibility measurements using simulated
gastro-intestinal fluid

The in vitro bioaccessibility (BAc) of lead in collected soil and
carpet dust samples was examined using the comprehensive
physiologically based extraction test (PBET) to simulate lead
ingestion via the gastrointestinal tract conservatively (Ruby
et al. 1993; Bruce et al. 2007). The analytical sequence com-
prised a 1-h gastric phase extraction and a 2-h intestinal phase
in a water bath (37 °C) with oxygen-free conditions created by
pumping argon gas into the simulation system (Table 1).
Hydrochloric acid (reagent grade, 10 M) was used to adjust
pH (1.3, 2.5 and 4.0) when making the gastric solution. One
molar NaH2CO3 were added drop by drop to adjust the pH to
7 for the intestine extraction to mimic the different gastro-
intestinal phases (Table 1). Extracted solutions were taken
from reaction vessels at 20 min, 40 min and 1 h after initiation
of reaction at gastric phase. The final extracted solutions from
both gastric and intestinal phases were filtered using dispos-
able 0.45 μm syringe filters and diluted for analysis of lead by
ICP-MS (Agilent 7500, CA, USA). The final BAc results
reported in the current project were the average of both gastric
and intestinal phases at different time frames (20, 40 and
60 min for gastric phase; 2 and 3 h for intestinal phase after
initiation of reaction). The final extracted solutions were fil-
tered using disposable 0.45 μm syringe filters and diluted for
analysis of lead by ICP-MS (Agilent 7500, CA, USA). For
each analytical batch, procedural blanks and replicates were
included for quality control purposes. The certified reference
material (TM 28.3, Environment Canada, Canada) was used
to assess accuracy and precision of calibration standards.
Reproducibility of bioaccessibility analysis (percent) for lead
using PBET was 40 % RSD for the in-house quality control
material (n =18), and procedural blank levels of lead were
below detection limits. Lead bioaccessibility analyses
using PBET for soil and indoor dust samples were
conducted at the laboratory of the National Research
Centre for Environmental Toxicology, The University
of Queensland.

Data processing and analysis

All data were recorded and processed with Microsoft Office
2010 for Windows. The normality test (Shapiro-Wilk test) and
non-parametric tests were conducted using the STATISTICA
11 program.
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The prediction of blood lead level for children (0–7 years
old) was conducted with IEUBKwin v1.1 developed by U.S.
EPA (2010). The IEUBK model inserts default values when-
ever site-specific information was not used (Table 2). The
additional site-specific parameters that were used for the blood
lead simulation of the study sites are summarised in Table 2.
These included parameter inputs on air quality for the study
area, dietary lead intake calculated based on the recent
Australian total diet study (FSANZ 2003) in the case of no
dietary survey conducted in the study area and lead concen-
tration in drinking water for the study area (Table 2).

The site-specific blood lead evaluation using IEUBK also
required concentration data from each sampled site, and these
outputs are demonstrated in the next section. The term “age-
specific” estimation for IEUBK in Table 2 was related to
different lead exposure scenarios due to physical and behav-
ioural differences for each age group. That included the dif-
ferences in time spent outdoor, ventilation rate, dietary lead
intake, water consumption, daily soil and dust intake, alterna-
tive lead sources and other input details that all related to
differences associated with children between the ages of 0
and 7 years. The input values of total lead concentrations and
bioaccessibilities for different environment samples (soil,
dust, water, food, air) were assumed to be the same for all
0–7-year age groups in terms of IEUBK prediction at each
sampling site. The predicted blood lead concentration output
was presented for each age group and the geometric mean of
results for 0 to 7 age years for each sampled house.

Results

Lead concentrations in environmental media

The Shapiro-Wilk test results (p <0.05) indicate that the total
concentration of lead in garden soil and indoor carpet dust
showed non-parametric distributions for data sets from all the
sampling sites. Total concentration and bioaccessibility
(%BAc) of lead in garden soil and indoor carpet dust from
23 sampling sites are given in Table 3. The total lead

concentrations in soil samples ranged from 41 to 597 mg/kg
(median milligrams per kilogram). Five out of twenty-three
samples sites had total lead concentrations above the
Australian National Health Investigation Level A (Health
Investigation Level A) soil guidelines of 300 mg/kg Pb in
soils from residential houses with garden or accessible soil,
and schools (NEPC 1999). Three of the sites that exceeded
HIL A criterion of lead were located less than 1 km away from
the major industrial activities but upwind (Fig. 1). Two of the
exceeding houses were located within the lead-enriched shale
sequence that is part of the economic mineralisation. The total
lead concentrations in indoor carpet dust samples varied from
150 to 3,400 mg/kg. The median total lead concentration
(Table 3) in the indoor carpet dust samples was four times
higher than that of the soil samples collected from the same
house except for two of the samples sites where the lead
concentration in carpet dust was over 30 times higher than
that in the respective soils. The median lead concentration of
all carpet dusts collected from 23 houses was used for IEUBK
prediction for four of sampling sites which had no indoor
carpet available.

The bioaccessibility adjusted lead concentrations were less
than 125 mg/kg for soil and 389 mg/kg for indoor carpet dust
samples from all sites (Table 3). The bioaccessibility adjusted
lead concentrations had a maximum level of 125 mg/kg for all
the soil samples and did not exceed HIL A criterion. The
mean(±SE) lead bioaccessibilities were 20 %(±1 %) for soil
samples and 16 %(±1 %) for indoor carpet dust samples.

The median level of lead in the total suspended particulate
(TSP) from an air monitoring program collected for over
5 years from five monitoring sites across the residential area
was 0.07μg/m3(Table 4). Thismedian total lead concentration
in TSP was applied in the IEUBK model (Table 4). The lead
total concentrations in indoor air PM10 ranged from 0.01 to
0.25 μg/m3, with the mean value of 0.05 μg/m3 (Table 4). The
ratio of lead concentrations between indoor and outdoor air
PM10 varied between 21 % and 93 % (Table 4). The median
level of the indoor/outdoor lead total concentration ratio
(59 %) was used in the IEUBK blood lead prediction in this
study (Table 4).

Table 1 Phases of gastro-intestinal simulations using PBET and their pH

Phases Gastric phase Intestinal phase

Fasted-solution 1 Mean-solution 2 Fed-solution 3 Small intestine
pH 1.3 2.5 4.0 7.0

Gastric solution
component

1.25 g of pepsin (activity of 800–2,500 units/mg),
0.50 g citrate (Fisher Chemical Co), 0.5 g of malate
(Aldrich Chemical Co), 420 μL of lactic acid (Sigma
Chemical), 500 μL of acetic acid (Fisher Chemical Co)
to 1 L Milli-Q water.

Add 0.07 g bile salts (porcine) and
0.02 g pancreatin (porcine) to each
reaction vessel containing gastro
phase solution after pH adjustment

8408 Environ Sci Pollut Res (2013) 20:8404–8416
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IEUBK blood lead prediction

The blood lead level predictions for young children (0–7 years)
using IEUBK for all sampling sites are given in Fig. 3. The
geometricmean of the predicted blood lead levels varied between
1.5 and 7.1μg/dLwith a mean level of 3.5μg/dL (95%CI, 3.0–
4.0). None of the sites indicated blood lead levels exceeding
10 μg/dL, as recommended by the Australian Government
(NHMRC 2009). There were also slight variations in age-
specific blood lead predictions for different age groups. The
younger age groups, i.e. 0.5−1 year-, 1–2 year- and 2–3 year-

old children, were the most vulnerable groups, as found in an
epidemiological study (Lyle et al. 2006).

The IEUBK model simulates a standard normal distribu-
tion using the calculated geometric mean and selected geo-
metric standard deviation (GSD). To derive the distribution
around the geometric mean, the IEUBK model uses the
GSD—a value describing the spread around the geometric
mean (GM) of blood lead concentration. GSD measures the
relative variability in PbB of children of a specified age, or
children from a hypothetical population whose Pb exposures
are known. It also encompasses biological and behavioural
differences, measurement variability from repeat sampling,
variability as a result of sample locations and analytical vari-
ability. The recommended default value for GSD (1.6) was
derived from empirical studies with young children where
both blood and environmental lead concentrations were mea-
sured (U.S. EPA 2007b). From the standard normal distribu-
tion, the IEUBK model also calculates the probability that a
child’s blood lead level will exceed a user-selected PbB level
of concern (10 μg/dL in this study) according to the equation
z=(ln(10)– ln(GM)/ln(GSD), shown as “Exceedance” in
Fig. 3.

An effort was made to identify the more important expo-
sure route contributing to the blood lead for young children
based on assessing the influence of input data on the magni-
tude of predicted blood lead concentration using the IEUBK
model. The input sources of lead in the IEUBK program were
air, diet, water and ingestion of soil and dust (U.S. EPA
2007b). The contributions from these five input sources to
the site-specific risk assessment in the study area were plotted
based on the IEUBK prediction for all 23 sampling sites
(Fig. 4). The median contributions of lead intake from the
diet, soil and dust sources compared with total lead exposure
were 24 %, 21 % and 54 %, respectively (Fig. 4). In contrast,
lead from water and air routes only showed median levels of
1.1% and 0.9%, respectively, to predicted blood lead levels in
children (Fig. 4).

Table 3 Summary table of sensitivity analysis of IEUBK

IEUBK input
parameter

IEUBK
default value by
U.S. EPA

Sensitivity
indexa

Group

Indoor/outdoor lead concentration
ratio (dimensionless)

30 0.00 C

Outdoor air value (μg/m3) 0.1 0.17 B

Dietary intake (μg/day) 1.95 – 2.26 0.65 B

Water lead (μg/L) 4 0.59 B

Soil lead concentration (mg/kg) 200 1.95 A

Dust lead concentration (mg/kg) 200 2.00 A

Maternal blood lead concentration
at childbirth (μg/dL)

1 0.05 C

Alternative lead intake (μg/day)b Not given 1.2 A

Soil bioaccessibility (%) 30 0.42 B

Dust bioaccessibility (%) 30 0.32 B

Water bioaccessibility (%) 50 0.14 B

Diet bioaccessibility (%) 50 0.16 B

a The sensitivity index are the standard deviation of predicted blood lead
ratios when the scale of certain input parameter increase to ten times of the
default value or decrease to 1/10 of the default value, assuming no
changes in other parameters but IEUBK default values
b Indicates the prediction using 50% bioavailability of the alternative lead
source

Table 4 Summary statistics for
lead levels in residential exposure
media

a Lead bioaccessibility of soil and
indoor carpet dust was estimated
for gastrointestinal simulation
using PBET method

Lead total concentration
(mg/kg)

Lead bioaccessibility -adjusted
concentration (mg/kg)a

Lead bioaccessibility (%)

Soil Indoor carpet
dust

Soil Indoor carpet
dust

Soil Indoor carpet
dust

n 23 19 23 19 23 19

Mean 208 873 44 122 20 16

SD 147 657 35 75 5 7

Minimum 41 150 5 28 11 6

25th percentile 115 515 17 70 15 13

Median 186 650 30 124 20 14

75th percentile 224 993 59 146 22 19

Maximum 597 3,400 125 389 30 38
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Sensitivity analysis of IEUBK model (This follows IEUBK
blood lead prediction

Sensitivity analysis is a used to determine how “sensitive” a
model is to changes in the value of the parameters of the
IEUBKmodel. It was conducted for the pharmacokinetic param-
eters used in the IEUBK model (Dong and Hu 2012). The
geometric standard deviation of IEUBK predicted blood lead
levels for young children was U.S. EPA recommended default
value of 1.6 %, which was derived from empirical studies with
young children where both blood and environmental lead con-
centrations were measured. In this study, the authors tested the
sensitivity of the key IEUBK input parameters to help in
characterising uncertainties of blood lead prediction using the
IEUBKmodel, as shown in Table 5. Based on the sensitivity
index, the IEUBK input parameters were divided into
three groups: (1) Group A is the most sensitive group in
which parameters include soil and dust total concentra-
tions and alternative lead ingestion if applicable in a

study area; (2) Group B in which the parameters show
moderate sensitivities to changes, including outdoor air
concentrations, dietary intake, lead concentration in
drinking water and bioaccessibilities of lead containing
materials; and (3) Group C in which predicted blood
lead levels have insignificant changes when the values
of the parameters in this groups decrease or increase.
These include indoor/outdoor lead concentration ratio
and maternal blood lead concentration at childbirth.

Discussion

Potential sources of lead and the relevant risks

This study used the approach of a site-specific human
health risk assessment in the context of total lead exposure
for children 0–7 years old that are relevant to assess lead
exposure at the semi-arid study site. It considered lead

Table 5 Summary table
of lead in air particulates

a 95 percentile level

Lead total concentration
in outdoor PM10 (μg/m

3)
Ratio of indoor lead/outdoor
lead total concentration (%)

Historical lead total concentration
in TSP for 5 year (μg/m3)

n 12 8 1,353

Mean 0.05 59 0.39

SD 0.08 24 0.86

Minimum 0.01 21 0.001

25th percentile 0.01 39 0.03

Median 0.02 59 0.07

75th percentile 0.03 74 0.35

Maximum 0.25 93 1.98a

Fig. 3 IEUBK predicted blood
lead level geometric mean
(micrograms per deciliter) for
individual age group (0–1, 1–2,
2–3, 3–4, 4–5, 5–6 and 6–7 years
old) and probability of
exceedance
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intakes from all possible sources, including air, drinking,
dietary, soil, dust and alternative sources with the excep-
tion of dermal exposure. Since the study sites were located
close to mining and mineral processing activities in the
semi-arid area, it is important to separate the relevant risks
from the natural background and the disturbances evoked
by the anthropogenic activities.

There were no blood lead surveys for children living at the
study site prior mining activities at this and other semi-arid
mining communities in Australia. It is, therefore, impossible
to compare the blood lead concentrations of pre- and post-
mining activities directly. However, the predicted blood lead
levels for samples from the background sites can be used to fill
this gap. The Australian central desert dust is characterised by
high Al/Si and Fe/Si ratios that indicate a continental origin of
dust (Radhi 2010; Radhi et al. 2010). Comparison of the Pb/Si
and Si air particulate concentrations for Lake Eyre dust (Radhi
2010) with Pb air particulate concentrations from this study
showed that the lowest measured Pb values at the study site
approached continental Pb air particulate concentrations. This
comparison gave an indication of lead air particulate back-
ground on a regional scale. A summary of total Pb concentra-
tions in the natural outcrop and sediments from dry fluvial
material at upstream background sites reflect a low natural
background, with the mean (SD) total lead concentration of
8.4 (2.7)mg/kg ranging from 5 to 11 mg/kg (n =4) and median
8.9 mg/kg. The maximum background lead level of 11 mg/kg
may generate blood lead geometric mean of 1.1 μg/dL (GSD
1.6 %) based on IEUBK modelling following a site-specific
parameter setting (Table 2). The sampled house with mini-
mum lead exposure had predicted blood lead level of 1.5 μg/
dL (GSD 1.6 %). These two site-specific predictions for
background sites indicated likely blood lead levels under
lead-mining free condition at an arid zone location if the
children experience certain lead intake as shown in Table 2.

Alternative lead intake sources for children living in the
study area could be lead consumption of homegrown food and
the lead-containing house paint. The IEUBKmodel prediction
of blood Pb in this study was calculated based on a national
intake average as reported in the Australian dietary survey
(2003). For children who regularly consumed food grown
from home gardens where the lead concentrations in soil were
elevated, the lead exposure risk from the dietary route could
be higher than the findings in this study. Homegrown food
items including vegetables and fruits are not commonly fea-
tured in this semi-arid study site, and they were not tested.
However, this can be considered should the residential setting
change in the future. Unleaded petrol was introduced to
Australia in 1986, and leaded-petrol was phased out nationally
in 2002 after its first presence in Australia in 1935 (Australian
Government 2009). The lead content in domestic paint in
Australia was reduced to 1 % in 1965, 0.25 % in 1992 and
further decreased to 0.1 % in 1997 from the initial level of
50 % before 1965 (Australian Government 2012). Since most
of the houses in the study area were built after late 1960s or
renovated in recent times, leaded-paint as an alternative source
was not considered.

Potential health risk of total lead exposure to young children

The predicted blood lead levels in the study site (Fig. 4) can be
further fit in the following groups: (1) Group PbB >10 μg/dL
(above the Australia level of concern); (2) Group PbB 5–
10 μg/dL (above U.S. CDC blood lead reference level); and
(3) Group PbB<5 μg/dL. The maximum predicted blood lead
level was 7.1 μg/dL, and no site was in Group (1). There was
one site that exceeded U.S. CDC reference blood level of
5 μg/dL representing Group (2). The majority of sampled
sites (95 %) in this study were from Group (3).

Decrements in intelligence quotient (IQ) have been report-
ed (JECFA 2011). Recent cohort studies reported children had
impaired intellectual function with blood lead concentrations
below 10 μg/dL (Jusko et al. 2008; Lanphear et al. 2005). The
exposure level of 0.3 and 1.9μg/kg b.w. per day are associated
with a population decrease of 0.5 IQ point and 3 IQ points
(JECFA 2011). The average estimated IQ point decrements
were 3.9 (95 % CI, 2.4–5.3), 1.9 (95 % CI, 1.2–2.6) and 1.1
(95 % CI, 0.7–1.5) associated with an increase in blood lead
concentrations from 2.4 to 10, 10 to 20 and 20 to 30 μg/dL,
respectively (Lanphear et al. 2005). It was also identified that
children with a maximal blood lead level <7.5 μg/dL showed
greater lead-associated intellectual decrement compared with
those with a maximal blood lead level ≥7.5 μg/dL (Lanphear
et al. 2005). No safe blood lead level in children has been
determined, and children are generally more vulnerable than
adults (ATSDR 2007; JECFA 2011).

The last national blood lead survey for Australians was
conducted in 1995, and the geometric mean for 1−4-year-old

Fig. 4 Lead source allocations of IEUBK blood lead prediction for
sampling sites (solid line=median, boxes =lower and upper quartile and
whiskers =maximum and minimum values)
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children (n =1,575) was 5.05 μg/dL (Donovan 1996). There
were significant decreases in blood lead concentrations glob-
ally after the phase-out of leaded-petrol (U.S. CDC 2013;
Schuhmacher et al. 1996; Strömberg et al. 2008; Wu et al.
2011). The comparisons of blood lead levels for children
living at the study site and international sites were made in
Table 6. The geometric mean and 95 percentile of IEUBK
predicted blood lead levels in this study at a mineral-rich
region site were relatively higher than the results from recent
U.S.A and Canada national blood lead surveys and some
European countries (Table 6). The arithmetic mean of
IEUBK predicted blood lead levels was much lower than
the blood lead test results for children living in arid area like
Karachi, Pakistan and a subtropical area like Durban in
South African (Table 6). Semi-arid and arid Australia central
desert area has been identified as the continental dust source
to other cities on the coast (Leys et al. 2011; McTainsh et al.
2005). The spatial relationship between aridity and dust
storm activities was also established (McTainsh et al. 1989;
Ekström et al. 2004). The significant role of desert was
identified to be the strongest source of different dust storms
in Australia history (Shao et al. 2007; Knight et al. 1995;
Aryal et al. 2012; McTainsh et al. 2005). Conditions with
severe soil moisture deficits and reduced vegetation cover
were created due to a severe drought and periods of high
temperature anomalies prior to the dust events (Shao et al.
2007; McTainsh et al. 2005; Leys et al. 2011; Gabric et al.
2010). The maximum dust load associated the 22–23
October 2002 dust event in Australia was around 5 Mt based
on the model estimations, moderate size compared with the
magnitude of a northeast Asian dust storm (Shao et al. 2007;
McTainsh et al. 2005). These studies indicated that signifi-
cant dust materials are very likely to be generated at the
study area. The relatively higher site-specific blood lead
predictions at the study site, compared with the results from
recent U.S.A and Canada national blood lead surveys under
urban conditions (Table 6), are likely to be associated with
the dust from anthropogenic activities in the context of semi-
arid climate condition where more airborne particulates can
be generated.

Lead source allocations of IEUBK prediction

The lead source allocation calculated using the IEUBK
program to estimate children’s blood lead level is given in
Fig. 4. Lead absorption via inhalation was demonstrated to
be less significant compared with the ingestion pathway.
Lead from the inhalation pathway showed <2 % of contri-
butions to IEUBK predicted blood lead levels in children for
all sampling sites, with a mean of 0.9 % (SE 0.08%) (Fig. 4).
It highlighted the dominant role of the ingestion pathway
(soil and dust ingestion) over the inhalation pathway at the
study area, despite it being characterised by semi-arid dusty T
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climate conditions with active lead mining and mineral pro-
cessing activities. Limited data for urban scenarios described
lead contributions from the inhalation route that were normal-
ly less than 6 % of the total (Davies et al. 1990; Dong and Hu
2012). The IEUBK default value for bioavailability of lead via
the inhalation pathway is 32 %, which was applied in this
study, as shown in Table 2. The application of a site-specific
bioaccessibility data was achieved but did not indicate that
this is a sensitive parameter of lead total exposure for young
children according to sensitivity analysis (Table 3).

The relative contribution of ingestion routes, i.e. water,
diet, soil and dust, varied within the same sampling site.
Lead from water showed insignificant contributions
(<2.6 %) to the predicted blood lead levels in children for all
sampling sites (Fig. 4). The other three parameters of lead
exposure, namely, diet, soil and dust were the dominant inputs
to children’s blood lead predictions, as indicated from sensi-
tivity analysis (Table 3). The highest contributions of lead
from the diet, soil and dust sources for the different sampling
sites were 54 %, 44 % and 80 %, respectively (Fig. 4). The
contribution of diet changed for all sampling sites depending
on the lead loading in the house, as discussed in previous
section. The contribution of diet exceeded that of soil or
surface carpet dust for 14 sampling sites (n =23) whereas there
were relatively lower lead levels in environmental matrices
(soil and indoor carpet dust).

It is worth noting that the contribution of dietary Pb was
comparable to that of soil and dust, with a median level of
24 % (Fig. 4). The site which showed the maximum lead
contribution from diet (54 %) had 41 % of lead contribution
from soil and dust ingestion and only 2 % via inhalation. In
comparison, the houses with higher predicted blood lead levels
were generally associatedwith a lesser diet contribution fromdiet
and more significant contribution from soil and dust. The site
with minimum lead contribution from diet (0.4 %) had 89 % of
lead contribution from soil and dust ingestion. In the case of
background site, dietary intake contributed 81 % of total lead
exposure, compared with 11 % from the background soil itself.
The contributions of diet with maximum and minimum levels
were correlated with the lowest and highest predicted blood lead
levels for all sampling sites, respectively. In particular, the con-
tribution of dietary compared with the total lead intake ranged
from 24 % to 54 % for the predicted blood lead group of 1.5–
3.2 μg/dL, which is lower than the median blood lead level
predicted by IEUBK. For the group higher than 3.2 μg/dL, the
contribution of dietary took only 10 % to 22 %.

The site with maximum dietary Pb contribution also had the
lowest contributions from soil and dust ingestion. It also had the
lowest predicted blood lead levels for children. Meanwhile, the
sites with relatively higher blood lead prediction levels are likely
to be linked with higher bioavailable lead concentrations in
environmental media. It is therefore clear that the highest chil-
dren’s blood lead levels are driven by lead exposure to

environmental media via the ingestion pathways (soil and indoor
dust materials), particularly for those houses with heavy lead
loadings. The finding from this study further highlights the
important role of personal hygiene and house environment in
the context of semi-arid climate with particular reference for
surface dust for all the residences, especially for children.

Conclusion

The study successfully investigated and quantified the potential
lead exposure to young children (0–7 years) living in a mining
community in a semi-arid zone from five different lead intake
pathways (air, diet, water, soil, and dust) using the IEUBKModel
in the absence of the PTWI for lead. The results showed that the
ingestion of soils and settled dusts is the driving factor in terms of
lead exposure by children in a semi-arid industrial residential
location. The lead source contributions from water were lower
than 2.6 % of all intake pathways for all sampled houses. The
dietary intake of lead contributed up to 54 % of blood lead for
children living in the houses with low lead exposure conditions,
compared with only <0.4 % for the houses with heavy dust and
soil loading of lead, which would normally correlate with higher
blood lead levels in children. In particular, the lead absorption via
the inhalation pathway was lower than 2 % of the total exposure
for all sampling sites.

The following novel aspects were also addressed that relate
to the semi-arid condition:

1. The understanding is improved of the lead sources and
their contributions to children’s blood lead level at a semi-
arid location with the presence of current mining and
mineral processing activities. Total lead exposure assess-
ment showed that the ingestion of soils and settled dusts is
the driving factor in terms of lead absorption by children
living at the study site. The dominant contribution of the
ingestion pathway to the blood lead concentrations for
children living in a semi-arid area like the study site was
not clear or well documented until the results of this study
were generated. Lead intakes via diet, soil and dust were
the dominant inputs to children’s blood lead prediction.
The inhalation exposure is demonstrated as a less indica-
tive factor of children’s blood lead level.

2. It identified the role of dietary to lead intake for children
who are exposed to various levels of lead loadings.

3. An approach was explored to estimate the potential lead
contribution from the background sites when no blood
lead surveys were conducted before mining started at the
study area.

4. A sensitivity analysis was conducted for major IEUBK
input parameters and identified three levels with various
sensitivities when the input values were adjusted at dif-
ferent scenarios.
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Assessment of lead exposure via the inhalation route under
the site-specific health risk assessment framework is still rec-
ommended because, under a shift of the chemical and physical
properties of lead-containing particles, it can become more
bioavailable and therefore the resulting contributions from
inhalation routes can potentially be increased. For a sound
understanding of lead exposure via both inhalation and oral
ingestion pathways and the influence of bioaccessibility, how-
ever, it is recommended to conduct a comprehensive site-
specific human health risk assessment by including a survey
of local dietary and behaviour profile of children. Personal
hygiene and regular house cleaning and maintenance are high-
ly recommended for children living at such study areas. Under
a site-specific human health risk assessment framework, a
better understanding of the indoor lead levels in the commu-
nity, the characteristics of the potential fugitive lead-containing
dust from the mine site and natural mineralisation sites in the
study area should be considered in future studies considering
the higher dust level in this semi-arid area.
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