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a b s t r a c t

The extent of metal contamination in Sydney residential garden soils was evaluated using data collected
during a three-year Macquarie University community science program called VegeSafe. Despite
knowledge of industrial and urban contamination amongst scientists, the general public remains under-
informed about the potential risks of exposure from legacy contaminants in their home garden envi-
ronment. The community was offered free soil metal screening, allowing access to soil samples for
research purposes. Participants followed specific soil sampling instructions and posted samples to the
University for analysis with a field portable X-ray Fluorescence (pXRF) spectrometer. Over the three-year
study period, >5200 soil samples, primarily from vegetable gardens, were collected from >1200
Australian homes.

As anticipated, the primary soil metal of concern was lead; mean concentrations were 413 mg/kg
(front yard), 707 mg/kg (drip line), 226 mg/kg (back yard) and 301 mg/kg (vegetable garden). The
Australian soil lead guideline of 300 mg/kg for residential gardens was exceeded at 40% of Sydney homes,
while concentrations >1000 mg/kg were identified at 15% of homes. The incidence of highest soil lead
contamination was greatest in the inner city area with concentrations declining towards background
values of 20e30 mg/kg at 30e40 km distance from the city. Community engagement with VegeSafe
participants has resulted in useful outcomes: dissemination of knowledge related to contamination
legacies and health risks; owners building raised beds containing uncontaminated soil and in numerous
cases, owners replacing all of their contaminated soil.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Urban agriculture in the form of city farms, community gardens
and verge gardens, are rapidly growing in popularity in many cities
across the world (Alaimo et al., 2008; Keisling and Manning, 2010;
Bugdalski et al., 2013; Mitchell et al., 2014; City of Sydney, 2016;
City of West Hollywood, 2016). While the motives for urban agri-
culture may be diverse, the social and mental health benefits of
urban green spaces and community involvement are well
e by Charles Wong.
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established (Alaimo et al., 2008; Wise, 2014). In Australia, 89% of
the population live in cities (World Bank, 2013), with almost half
(48%) of all households inmetropolitan areas growing some form of
edible produce (Wise, 2014). A recent Australian survey by Wise
(2014) found most food gardens are located in either front or
back yards (74%),13% of participants grow food on street verges,12%
on balconies or in container gardens and only 1% from community
gardens. In Sydney, food gardens are often located in older, heavily
urbanized suburbs and are harvested from both above ground, and
in ground vegetable plots.

Urban soils are notorious sinks for lead (Pb) and other metal and
metalloid (hereafter referred to as metal) contaminants as a result
of industrial and historic traffic emissions, waste incineration and
application of paint containing Pb (hereafter referred to as Pb paint)
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(Birmili et al., 2006; Szolnoki et al., 2013; Laidlaw et al., 2014;
Kristensen, 2015). In Sydney alone, approximately 34,000e41,000
tonnes of Pb were emitted from the tailpipes of motor vehicles in
the metropolitan area during 70 years of leaded fuel use
(Kristensen, 2015). Widespread application of Pb paint (1e50 wt%
Pb) on houses built pre-1970 was common with the majority of
houses built during this period being painted with Pb paint at some
point (NSW EPA, 2016a).

Metal contamination in residential garden soils is well docu-
mented. Contaminated garden soils are a global problem: Canada
(Hendershot and Turmel, 2007), Denmark (Warming et al., 2015),
France (Douay et al., 2013), Hungary (Szolnoki et al., 2013), Italy
(Ferri et al., 2015) and the United States (Finster et al., 2004; Clark
et al., 2008; Cheng et al., 2011; Mitchell et al., 2014; Filippelli et al.,
2015). Despite a range of industrial metals being present in garden
soils (Birmili et al., 2006; Szolnoki et al., 2013), Pb is typically the
metal of most concern due to its toxicity, persistence and abun-
dance in the urban environment (Lanphear et al., 1998; Mielke
et al., 1999). To address this pervasive issue, screening programs,
such as the New York State Department of Health soil screening and
outreach program (New York State Department of Health, 2016),
have been set up to raise awareness of soil Pb contaminationwithin
communities.

Widespread environmental Pb contamination has been previ-
ously documented in Sydney and its suburbs (Laidlaw and Taylor,
2011). A study by Fett et al. (1992) measured garden soils at 18
inner Sydney residential properties (hereafter referred to as
homes) and found soil Pb concentrations up to 5400 mg/kg, with a
median of 1944 mg/kg. A further study by Olszowy et al. (1995)
showed that soils with the greatest mean (379 mg/kg) and me-
dian Pb (225 mg/kg) concentrations were from older Sydney sub-
urbs with higher traffic density. The lowest soil Pb concentrations
were from newer Sydney suburbs with lower traffic density. In the
inner-Sydney suburb of Glebe, Markus and McBratney (1996)
analyzed 219 soil samples from home gardens, parks, and nature
strips and found 50% of soil samples exceeded the Australian resi-
dential Pb guideline of 300 mg/kg. Recent studies of urban soils by
Snowdon and Birch (2004) and Birch et al. (2011) identifiedmedian
soil Pb of 203 mg/kg (n e 374) in the Sydney Iron Cove catchment
and 150 mg/kg (n e 491) in Port Jackson (Sydney harbour) estuary
catchment, respectively. In contrast, studies that specifically
investigate vegetable garden soil contamination in Australian
homes are scarce. Kachenko and Singh (2006) measured metals in
food-growing soils and vegetables from 24 sites within the Sydney
basin, and despitelow soil metal concentrations (Pb 2.8e198 mg/
kg), 32% of vegetables exceeded the allowable Pb levels set by the
Australian and New Zealand Food Authority, respectively.

Previous studies in Sydney have often focused in publicly
accessible areas (e.g. street verges, open spaces and parks), mainly
due to the difficulties of accessing a large number of private
properties for a suitable sample size. Metals found in public open
spaces may not be representative of contamination at homeswhere
different sources and soil practices exist (Mielke et al., 1983;
Schwarz et al., 2012). Deterioration of Pb paint from old buildings
(Gulson et al., 1995; NSW EPA, 2016a) along with the domestic use
of pesticides (Kessler, 2013; Szolnoki et al., 2013) are sources of
copper (Cu), zinc (Zn), and arsenic (As) contamination in domestic
gardens.

1.1. Public access to soil metal screening via the VegeSafe program

To assist urban gardeners in Sydney and Australia more broadly
to understand their soil environment, we initiated a free soil metal
screening program called VegeSafe in 2013 (VegeSafe, 2015) to
delineate, evaluate, and advise about potential risks arising from
metal contamination (ABC, 2014, 2015). This community focused
program provides free soil metal screening to participants using
field portable X-ray Fluorescence (pXRF). The program provides
participants with a formal report on their soil metal results and
advice about ‘what to do next’ in the event of soils containing
elevated concentrations of metals (VegeSafe, 2015). Participants
provide a signed consent form with their samples permitting the
use of their de-identified data in research. Similar programs, such
as the Safe Urban Gardening Initiative in Indianapolis, USA, have
been successful in engaging urban gardeners to better understand
metal contamination in an urban setting (Filippelli et al., 2015). As
of September 2016, VegeSafe has provided >5200 free soil metal
tests to >1200 homes and community gardens across Australia,
representing unprecedented access to the otherwise largely inac-
cessible private soil environment of Australia. The program aims to
encourage participants to grow their own food in the knowledge
that their soils contain metals below what are considered to be
acceptable thresholds for gardening. Hence, this study investigates
soil metal concentrations at Sydney homes using data obtained
through the VegeSafe program. Discussion of Pb sources in the
urban environment is also presented.

2. Methods

2.1. Sample collection and preparation

Samples were collected by VegeSafe participants from up to four
areas around their homes including; front yards, drip lines (adja-
cent to houses), back yards (non-food growing soil) and vegetable
gardens (food growing soil). Participants followed a sampling
protocol that involved sampling soil at 0e2 cm depth and placing
into labelled zip-lock plastic bags (Supplementary Fig. 1). Partici-
pants completed consent forms (Supplementary Fig. 2) and also
provided metadata including sample location, age of house and
presence of exterior painted surfaces. Samples were received via
mail parcels to the University or at one of various VegeSafe events
across Sydney (VegeSafe, 2015). For this study, 410 soil samples
were selected from 203 homes within a pre-defined area consisting
of 22 local government areas (LGAs) of Sydney (Fig. 1). The study
area was determined using soil metal results from previous studies
in public areas (e.g. Olszowy et al., 1995; Birch et al., 2011) as well as
from the VegeSafe program to focus on homesmost likely impacted
by metal contamination. Twenty six reference samples were
collected from eight semi-rural properties outside of this study area
to represent soil concentrations inwhat were estimated to be areas
largely unaffected by metal contamination (Fig. 1).

Samples were air dried at 40 �C for 72 h, crushed using a mortar
and pestle and sieved through a 2 mm stainless steel sieve to
remove coarse debris before passing through a 500 mm sieve.
Composite sample preparation was carried out when multiple
samples of the same type (i.e. 3 vegetable garden samples) were
collected from the same home. Equipment was cleaned between
samples with ethanol and KimWipes. Samples were thoroughly
mixed by turning the sample bags over for 180 s each prior to
packing in XRF cups. Approximately 10 g of <500 mm soil sample
were packed in 35 mm open ended PANalytical XRF cups using
3.6 mm Chemplex Mylar Thin-Film for analysis.

2.2. Field portable X-ray Fluorescence (pXRF) analysis

An Olympus Premium Innov-X XRF Analyser fitted with a 50 kV,
4 W Ta anode X-ray tube and a silicon drift detector was used for
the measurement of Mn (manganese), Cu, Zn, As and Pb concen-
trations in soils. Operational procedures followed throughout this
study included: dailymeasurements of an energy calibration check,



Fig. 1. Sample site locations of 203 homes within the sampling area of 22 Local Government Areas. Eight reference homes are also displayed towards the outer Sydney metropolitan
area. Note: this image was generated prior to New South Wales council amalgamation in 2016 (Local Government New South Wales, 2016).
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measurements of a silicate (SiO2) blank at the beginning and end of
daily sample analysis to ensure no instrument contamination had
occurred, and measurement of National Institute of Standards and
Technology certified reference materials (CRMs: NIST 2586, 2587,
2709a, 2710a, 2711a) every 20e25 samples to monitor instrument
performance. Soil samples and CRMs were measured at 60 s per X-
ray beam (180 s total measurement time) using the proprietary soil
mode. A matrix matched calibration was applied to the pXRF using
the method defined in Rouillon and Taylor (2016) to optimize
analytical performance for metal-contaminated silicate-based soils.



Table 1
Summary of detection limits, precision and accuracy achieved by pXRF. CRM values
and instrument detection limits are displayed as mg/kg. Relative standard deviation
of ten CRMsa and ten <500 mm soil samplesb. Recovery was calculated as (pXRF
value/reference value� 100), relative proximity as (absolute (100e recovery value))
and the relative standard deviation as (standard deviation/mean � 100).

Mn Cu Zn As Pb

Minimum CRM value 229 19 103 9 17
Maximum CRM value 2140 3420 4180 1540 5520

Instrument detection limits 9 4 5 3 3
Analytical precisiona 0.8% 2.4% 0.8% 7.3% 1.8%
Analytical precisionb 1.0% 2.8% 0.7% 9.4% 0.8%
Sample homogeneity 5% 4% 4% 18% 4%

Recovery 102% 108% 99% 106% 99%
Relative proximity 3% 8% 5% 12% 3%
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The pXRF instrument was operated in a shielded test stand to
eliminate radiation exposure associated with extensive pXRF use
(Rouillon et al., 2015).

2.3. Quality assurance and quality control

Ten CRMs of similar compositional matrix and trace element
concentration were selected to assess the quality of pXRF mea-
surements (cf. Rouillon and Taylor, 2016). The CRMs were mixed
thoroughly in their bottles by shaking prior to packing in 35 mm
open ended PANalytical XRF cups using 3.6 mm Chemplex Mylar
Thin-Film. Instrument detection limits, analytical precision, sample
homogeneity, mean recoveries and relative proximity (RP) of each
element are provided in Table 1. Analytical precision was deter-
mined from the relative standard deviation (RSD) calculated from
the five measurements that used for determining each measure-
ment mean. Sample homogeneity was measured through triplicate
preparation and analysis of ten soil samples. An additional valida-
tion step for the pXRF analytical datawas obtained by processing 49
soil samples in a four acid sample decomposition (HClO4, HNO3, HF
and HCl acid) and analysed using a Varian 725-ES inductively
coupled plasma atomic emission spectrometer (ICP-AES) for their
‘near total’ metal concentrations (ALS, 2009). Three procedural
laboratory blanks returned mean concentrations of <2 mg/kg for
Cu, Zn and Pb and <5 mg/kg for Mn and As. Excellent agreement
between pXRF datawith CRM (r2 0.999) and ICP-AES data (r2 0.999)
demonstrates pXRF was a robust alternative to ICP-AES for the
measurement of metals in soils (Supplementary Fig. 3; Rouillon and
Taylor, 2016).

3. Results and discussion

3.1. Soil metal concentrations

Soil metal data for Sydney soils are presented in Table 2. Soil
concentrations were benchmarked against reference values deter-
mined from control sites at outer Sydney homes (Fig. 1) and the
Australian health investigation level for residential soils (HIL-A)
(NEPM, 2013). The mean Mn concentration within the sampling
area (306 mg/kg) was not significantly different (p > 0.05) to the
reference mean (360 mg/kg) despite the brief use of methyl-
cyclopentadienyl manganese tricarbonyl (MMT) as an additive in
Pb replacement petrol (2001e2004) during the phasing out of
leaded petrol (Australian Government, 2005; Cohen et al., 2005).
These findings are consistent with work by Bhuie and Roy (2001)
who found no significant increase in soil Mn away from high-
ways, despite 25 years of MMT use in Canada. Similarly, Gulson
et al. (2014) found no significant relationships between traffic
proximity and Mn concentrations in soil. The maximum Mn con-
centration of 1040 mg/kg was well below the Australian HIL-A
guideline of 3000 mg/kg (Table 2) and subsequently was not
investigated further.

Concentrations of Cu, Zn and As were significantly greater
(p < 0.001) than reference values. This is not unexpected given the
widespread use of Cu, Zn and As in a range of industrial products
including pesticides (Szolnoki et al., 2013), paints (Gulson et al.,
1995; NSW EPA, 2016a), and motor-vehicles (Wuana and
Okiemen, 2011). The maximum concentration of Cu (717 mg/kg)
and Zn (2880 mg/kg) did not approach the Australian HIL-A
guideline of 7000 and 8000 mg/kg, respectively. By contrast,
several homes had soil As concentrations near the Australian
guideline value of 100 mg/kg. While no samples exceeded the HIL-
A guideline for As, the data demonstrates that almost half (46%)
would exceed the more conservative Canadian soil guideline of
12 mg/kg (CCME, 2013). Even though none of the metal concen-
trations other than Pb exceeded the Australian HIL-A guideline, this
does not preclude potential adverse health effects from exposure to
these contaminants at lower levels (Aelion et al., 2009).

The mean Pb concentration within the study area was 415 mg/
kg, considerably greater than the reference mean of 33 mg/kg
measured in outer Sydney soils, and the mean geogenic Pb con-
centration (<30 mg/kg) established in the literature (Olszowy et al.,
1995; Kachenko and Singh, 2006; Wu et al., 2016). Maximum soil
Pb concentrations were 2460 mg/kg (front yard), 6490 mg/kg (drip
line), 1810 mg/kg (back yard), and 3080 mg/kg (vegetable garden)
(Table 2). Forty percent of homes within the study area contain soil
in excess of the Australian HIL-A guideline of 300 mg/kg for Pb in
one or more garden areas; 21% exceeded this value in two or more
garden areas. Soil Pb concentrations >1000 mg/kg were identified
at 30 of 203 (15%) Sydney homes.

3.2. Spatial distribution of Pb (home scale)

Soil metal concentrations varied significantly across homes.
Median soil Cu, Zn, As and Pb concentrations were greatest at drip
line locations and typically decreased towards the other three
garden locations sampled (Table 2). Median soil Pb concentrations
were 174 mg/kg in front yards, 345 mg/kg in drip lines, 126 mg/kg
in back yards and 135 mg/kg in vegetable gardens. This trend of
increasing soil Pb concentrations towards building structures is
consistent with previous studies. Mielke et al. (1983) found soil Pb
concentrations greatest adjacent to buildings in inner city Balti-
more, USA, attributing it to airborne leaded petrol emissions.
Similarly, Schwarz et al. (2012) demonstrated a near exponential
increase in soil Pb concentrations towards buildings in their study
of 61 homes in Baltimore. These studies suggested two primary
contributors to the high soil Pb concentrations found adjacent to
buildings: 1) buildings provide a surface for airborne Pb particles to
adhere to and ultimately deposit on to adjacent soil and 2) dete-
riorating Pb paint. The data from this study demonstrates a similar
trend for soil Zn concentrations, and to a lesser extent Cu and As,
suggesting these metals have been deposited in a similar manner
around homes. Surprisingly, vegetable gardens had slightly higher
Zn and Pb concentrations than back yard soils, despite typically
being located furthest from houses in Australia. Industrial sources
of Zn include traffic emissions, paint, and galvanized coated roofing,
gutters and stormwater pipes. The presence of existing vertical
structures (e.g. fences and trees) along the boundaries of homes can
enhance the deposition of atmospherically sourced metals (Mielke
et al., 1983; Schwarz et al., 2012). This may be more relevant for
older homes where long-standing fences or trees have retained
undisturbed soil for many years. Urban gardeners who grow veg-
etables in plots beneath the drip lines of their house, are likely to be



Table 2
Soil Mn, Cu, Zn, As and Pb concentrations (mg/kg) from front yard, drip line, back yard and vegetable garden areas. Values are displayed up to 3 significant figures.

Mn Cu Zn As Pb Mn Cu Zn As Pb

Front yard Drip line

Number detected 92 92 92 92 92 Number detected 97 97 97 91 97
Minimum 85 36 72 3 32 Minimum 83 32 50 2 15
10th percentile 154 43 113 6 47 10th percentile 155 46 154 6 58
25th percentile 209 51 174 7 69 25th percentile 183 56 242 9 163
Median (50%) 291 67 262 10 174 Median (50%) 266 77 472 15 345
75th percentile 403 90 439 24 542 75th percentile 340 120 739 26 752
90th percentile 482 121 793 31 1190 90th percentile 425 149 1080 41 1480
Maximum 1040 413 1240 76 2460 Maximum 743 233 2880 97 6490

Aus soil guidelinea 3000 7000 8000 100 300 Aus soil guidelinea 3000 7000 8000 100 300
% > guidelinea e e e e 32% % > guidelinea e e e e 57%

Mean 317 80 349 16 413 Mean 282 90 574 21 707
Reference mean 301 46 142 6 31 Reference mean 397 54 178 10 35

Back yard Vegetable garden

Number detected 80 80 80 79 80 Number detected 141 141 141 140 141
Minimum 81 29 64 3 22 Minimum 91 33 50 3 14
10th percentile 151 42 110 5 36 10th percentile 174 48 129 5 34
25th percentile 203 49 152 6 48 25th percentile 224 59 196 7 60
Median (50%) 274 68 238 11 126 Median (50%) 304 73 284 10 135
75th percentile 369 98 418 17 339 75th percentile 383 96 469 18 334
90th percentile 452 129 777 24 705 90th percentile 480 132 736 32 745
Maximum 686 646 1790 55 1810 Maximum 813 717 2020 92 3080

Aus soil guidelinea 3000 7000 8000 100 300 Aus soil guidelinea 3000 7000 8000 100 300
% > guidelinea e e e e 24% % > guidelinea e e e e 26%

Mean 299 89 367 14 266 Mean 319 88 387 15 301
Reference mean 297 41 101 7 29 Reference mean 412 55 163 7 36

a Australian health investigation level for soils under category residential Ae garden/accessible soil (home grown produce <10% fruit and vegetable intake (no poultry), also
includes childcare centres, preschools and primary schools) (NEPM, 2013).
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doing so in contaminated soils; 57% of drip line samples exceeded
the Australian HIL-A guideline for soil Pb of 300 mg/kg.

3.3. Spatial distribution of Pb (city scale)

Spatial distribution of soil Pb data are displayed in Fig. 2, while
soil Mn, Cu, Zn and As data are provided in Supplementary
Figures 4-7 respectively. The greatest soil Pb concentrations were
located to the west and south-west of the Sydney central business
district in an area known as the Inner West (Fig. 2). This area is
dominated by old medium-high density housing and high traffic
roads, which has been contaminated by thewidespread historic use
of leaded petrol and paints (Markus and McBratney, 1996; Laidlaw
and Taylor, 2011). Low soil Pb (<99 mg/kg) concentrations were
found predominately towards the outer parts of the study area,
demonstrating a trend of decreasing soil Pb concentrations away
from the older, inner areas of Sydney (Fig. 2). However, low soil Pb
concentrations were also observed throughout inner Sydney, most
likely a result of clean soil introduction, particularly for the planting
of vegetable gardens.

The majority of high soil Pb concentrations were located within
three LGAs: City of Sydney, Leichhardt Municipal Council and
Marrickville Council (Figs. 1 and 2). Mean soil Pb concentrations in
these council areas were 883 mg/kg, 960 mg/kg and 689 mg/kg
respectively. A significant proportion (74%) of homes within these
LGAs contain soil Pb in excess of the Australian guideline; one third
of these homes recorded >1000 mg/kg Pb in one or more garden
samples. There are >150,000 houses within the boundaries of the
City of Sydney, Leichhardt and Marrickville LGAs (ABS, 2011), and
although this study examines 161 samples from 74 homes in these
areas, the consistency of the results reveals a concerning pattern of
environmental Pb contamination. Homes within these LGAs are
some of the first built during the central Sydney expansion
between 1788 and 1917 (Kelly, 1987). As a result they have a higher
proportion of Pb paint surfaces, which are known to correlate
strongly with high soil Pb concentrations (Mielke, 1999; Schwarz
et al., 2012).

3.4. House age, and contribution of leaded petrol and paint to soil
Pb

Leaded paint and petrol are the two most dominant sources of
Pb in the residential environment of Sydney over the last century
(Markus and McBratney, 1996; Laidlaw and Taylor, 2011), with
minor contributions from former and present industries. In
Australia, Pb paint contained up to 50 wt% Pb during its early use
and was incrementally reduced to 1.0 wt% and 0.1 wt% Pb by 1970
and 1997, respectively (Australian Government, 2014). Following
the reduction of Pb in paint, houses were painted with titanium- or
zinc-based paints. The median age of homes within the study area
is 80 years, while the median age of reference homes is 30 years.
The increase of soil Pb concentrations due to the age of house and
prevalence of Pb paint have been documented previously (e.g.
Sutton et al., 1995; Jacobs et al., 2002; Schwarz et al., 2012). There is
an absence of research, however, examining the relationship be-
tween age of house, soil Pb concentrations and the presence or
absence of exterior painted surfaces, especially in Australia.

Painted homes have greater median soil Pb concentrations
(366 mg/kg) than non-painted homes (130 mg/kg). Consequently,
painted homes have a higher proportion of soil exceeding the HIL-A
guideline of 300 mg/kg (60% for painted versus 19% for non-
painted). Soil Pb concentrations increase with age of house for
both painted and non-painted homes, but at different rates (Fig. 3).
Soil Pb concentrations at non-painted homes gradually increase at
an average rate of 22 mg/kg per decade until median concentra-
tions plateau at 226 mg/kg for homes built pre-1914. In contrast,



Fig. 2. Soil Pb concentrations of front yard (n ¼ 92), drip line (n ¼ 97), back yard (n ¼ 80) and vegetable gardens (n ¼ 141) areas in Sydney homes, Australia. Distributions of soil Mn,
Cu, Zn and As data are provided in Supplementary Figures 4-7, respectively.
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median soil Pb concentrations at painted homes increase by an
average of 76 mg/kg per decade from 45 mg/kg for post-1975
homes to 806 mg/kg for homes built pre-1895 (Fig. 3). Soil from
older painted homes are more likely to exceed the 300 mg/kg soil
guideline than younger painted homes; 85% of painted homes built
between 1895 and 1914 had one or more soil samples in excess of
this guideline compared to 43% of painted homes built between
1955 and 1975. The withdrawal of Pb from paints can be seen in
Fig. 3. Comparable median soil Pb concentrations at painted
(45 mg/kg) and non-painted (50 mg/kg) homes built after 1970
suggests the additional Pb loading from Pb paints has been eradi-
cated in modern homes.

Source apportionment in environmental investigations is typi-
cally estimated using elemental isotopic ratios (e.g. Gulson et al.,
1995; Kristensen et al., 2015). However for this study, we esti-
mate the contributions of three main Pb sources using metadata
collected as part of the VegeSafe program. Source contributions to
soil Pb are estimated using median soil Pb data from non-painted
and painted homes applying the assumption that soil from non-
painted homes is comprised of geogenic Pb (conservative
estimate of 30 mg/kg for the Sydney Basin, see Wu et al., 2016) and
leaded petrol emissions. Soil from painted homes are assumed to
have similar contributions with an additional input from Pb paint.
The temporal shifts in Pb contribution from these three Pb sources
for soils at painted homes over the last 120 years are estimated in
Fig. 3. According to the data, the dominant source of soil Pb for older
painted homes is Pb paint, most likely a function of its early use,
combined with a longer time period for deterioration of painted
surfaces and deposition into adjacent soil. However, improper
removal of these paints by blasting, sanding and scraping can
expedite generation of Pb rich dust particles that have been
demonstrated to contaminate nearby homes (Gulson et al., 1995;
Jacobs et al., 2003). This could explain why a few non-painted
homes had abnormally high soil Pb concentrations; for example a
70 year old double brick (unpainted exterior) Marrickville home
had soil Pb up to 3220 mg/kg. Marrickville is an suburb of Sydney
where ‘do it yourself’ renovations of old homes are increasingly
common, with approximately 320 development applications for
alterations and additions each year (New South Wales Department
of Environment and Planning, 2015).



Fig. 3. Estimated Pb contributions from geogenic, leaded petrol emissions and Pb paint
sources to median soil Pb concentrations of painted Sydney homes based on household
construction era. The Australian health investigation level (HIL-A) for soil Pb is 300 mg/
kg and is displayed as the red dashed line (NEPM, 2013). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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The lowering of Pb concentration in both petrol emissions and
Pb paint, and the eventual removal of both products is reflected by
estimated decreased anthropogenic contributions to soil Pb at
newer homes (Fig. 3). These findings are further supported by Wu
et al. (2016), who showed that anthropogenic Pb isotopic signatures
shifted to more geogenic signatures in lichens (used as environ-
mental proxies) during the phasing out of leaded petrol in the
Sydney basin.

There are estimated over 3.5 million homes in Australia built
pre-1971 (Berry et al., 1994), the majority of which were likely
coatedwith Pb paint at some stage. The impact of Pb paint is further
demonstrated by the difference in median soil Pb concentrations
between painted and non-painted homes across the four garden
areas in Fig. 4. The distribution of soil Pb around homes (Fig. 4) is
broadly consistent with cross sectional schematics presented in
Olszowy et al. (1995) and Mielke (1999). However, this study
demonstrates a marked shift of median soil Pb concentrations from
non-painted to painted homes built pre-1970 (Fig. 4), supporting
the estimated Pb loading from paints in Fig. 3.
Fig. 4. Cross section schematic of a typical inner Sydney residential home with median
soil Pb concentrations for painted pre-1970 homes, non-painted pre-1970 homes, post-
1970 homes and reference homes. The vegetable garden is displayed at the rear of the
back yard, as this was the case for the majority of homes.
3.5. Public health implications

Soil, including that used for edible produce, forms part of the
exposure pathway for Pb absorption (Paustenbach et al., 1997; Hunt
et al., 2006; Spliethoff et al., 2016). In Australia, exposure risks are
assessed using the formal environmental health risk assessment
system (Enhealth, 2012). In addressing the risk, strategies to
eliminate hazardous exposures before they occur (i.e. primary
prevention) could be supported with this and other relevant
datasets (e.g. Birch et al., 2011; Laidlaw and Taylor, 2011; Gulson
et al., 2014). Lanphear et al. (2005) and Lanphear (2015) identi-
fied two relevant salient facts about primary prevention: (1) the
effects of Pb toxicity has its greatest relative impacts at <10 mg/dL of
blood Pb and (2) the majority of population IQ points are lost from
Pb exposure below the current United States and Australian
acceptable maximum blood Pb level of 5 mg/dL. The data show that
soil from painted pre-1970 homes have higher Pb concentrations
than non-painted pre-1970 homes, likely due to the additional
loading from Pb paints (Figs. 3 and 4). Many pre-1970 Sydney
homes still contain paint with up to 50 wt% Pb on exterior walls,
fences, eves, doors and window frames. As a result, these homes
still have the potential to further contaminate the surrounding
environment through the deterioration or improper removal of
these paints. Over time, deterioration or deliberate removal of Pb
paint increases remobilization into soils and household dusts.

This risk is evidenced by Australian blood Pb notification data
which identify the primary causes of non-occupational Pb expo-
sures are associated with Pb paints. For instance, in 2003, 78% of
Queensland notifiable blood Pb cases (>15 mg/dL) were attributed
to Pb paint. Childrens (0e4 years of age) blood Pb concentrations
ranged 15e49 mg/dL (median 26 mg/dL) (Queensland Health, 2003).
Indeed, more than half (55%) of all non-occupational Pb exposures
in Queensland between 2000 and 2011 were related or directly
attributed to Pb paints (Queensland Health, 2011). The equivalent
Pb exposure data for New South Wales (NSW) was obtained from
NSW Health. The dataset could not be used because it contained
incomplete entries on blood Pb exposures cases. Blood Pb assess-
ment of Sydney residents primarily occurs as a result of individuals
requesting a blood Pb test (unlike Australian mining and smelting
communities where there is ongoing testing of children under 5
years of agee e.g. Taylor et al., 2011, 2014). As a result, any such data
from cities is likely to represent only a fraction of actual Pb expo-
sure cases in Australia (Taylor et al., 2012).

To demonstrate the importance of lead-safe paint removal,
Jacobs et al. (2003) presented a case study from New Orleans, USA,
where the improper, uncontained sanding of Pb paint from the
exterior walls of a house led to the death of a Labrador retriever
(blood Pb 177 mg/dL), lead poisoning of three children who were
immediately hospitalized and over US$195,000 in Pb contamina-
tion cleanup costs. The professional painting contractors did not
determine the Pb content of the painted walls prior to sanding and
did not use lead-safe practices during the 6 week renovation
(Jacobs et al., 2003). As a result of such cases, the United States
Environmental Protection Agency (US EPA) introduced the ‘Reno-
vation, Repair and Painting’ rule where contractors involved in the
renovation, repair or painting projects, that disturb Pb paint from
homes built pre-1978, must be certified and follow explicit work
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practices to prevent further Pb contamination and exposure (HUD,
2016a). The rule also states that all contractors must provide Pb
hazard information pamphlets (see US EPA, 2013) to all pre-1978
homes where children (0e6 years) live. In addition, the United
States introduced the ‘Lead Disclosure’ rule in 1996where the seller
or lessor of a house built pre-1978 must disclose any known in-
formation regarding Pb paint or Pb hazards before the sale or lease
of the property (HUD, 2016b). Non-compliance of either rule can
result in fines issued by the US EPA (e.g. Harrington, 2012). These
legislative instruments were implemented to prevent further Pb
contamination and exposures associated with high-risk housing
coated with Pb paint. Unfortunately in Australia, there are no leg-
islations in place remotely similar to the ‘Lead Disclosure’ or
‘Renovation, Repair and Painting’ rules implemented in the United
States. This is despite knowledge of the widespread use of up to
50 wt% Pb in paints until 1970 and the high proportion of Pb paint-
related blood Pb cases in children (Queensland Health, 2011).

This study identified 40% of Sydney homes and >70% of inner
city homes contain soil in excess of the Australian HIL-A guideline
for Pb. However, amendments to relevant policies are unlikely to
occur without further evidence of existing sources (e.g. Pb paint)
directly causing numerous elevated blood Pb cases in urban com-
munities. The true number of elevated blood Pb cases in Sydney and
other major cities are likely to be much greater than the available
data indicates. Applying Pb exposure rates (>5 mg/dL) in children in
the United States, Taylor et al. (2012) estimated approximately
100,000 Australian children aged 0e4 years may have blood Pb
concentrations in excess of the current national intervention
guideline of 5 mg/dL. Such an estimation is certainly plausible given
the high soil Pb concentrations found at Sydney homes. A sys-
tematic blood Pb survey of children living in high-risk areas, such as
inner city suburbs with high soil Pb concentrations, would be a
more accurate representation of current Pb exposures. The only
national Australian blood Pb survey was in 1995 (Donovan, 1996).
Available resources should be focused on informing the community
on Pb paint hazards, as was recommended by Gulson et al. (2014).

3.6. How can residents become further informed about possible
lead contamination at home?

As part of the VegeSafe program, each participant receives a
formal report with their soil metal results, a table of relevant
Australian soil metal guidelines to benchmark results and further
information on the best ways to mitigate soil metal contamination
(Supplementary Fig. 8). Typical advice varies between participants
depending on the severity of soil Pb contamination in their yards,
however some common guidance is given in most cases. For
example, if Pb concentrations exceed the 300 mg/kg guideline in
non-food growing soil, such as the front yard or drip line locations,
VegeSafe recommends maintaining year-round coverage of lawn or
mulch to minimize potential dust generation. However, if the
300 mg/kg guideline is exceeded in food growing soil, such as a
vegetable garden, we recommend replacing the existing soil with
new, uncontaminated soil or simply relocating the food growing to
an above ground vegetable plot.

The information and advice VegeSafe provides to the commu-
nity supports the NSW EPA fact sheets on Pb safety (NSW EPA,
2016b), which have been distributed to major hardware stores,
childcare centers, and home and renovation shows across NSW.
However, further outreach is required to distribute such informa-
tion directly to residents living in areas with high soil Pb contam-
ination. In this regard, it is recommended that local councils should
become more involved in circulating such information. VegeSafe
participants also have recommended the program to neighbours,
family and friends, particularly those living in high-risk areas such
as the inner city. Such endorsements promote discussion of envi-
ronmental health throughout communities, resulting in the public
becoming better informed about how to mitigate sources of metal
contamination in gardens. This assists the public in utilizing their
urban space more safely, hence VegeSafe's motto ‘carry on
gardening’.

3.7. Limitations

While we are confident our sampling instructions were detailed
and repeatable, we acknowledge our sample collection method
could not guarantee consistent sampling between participants. The
VegeSafe program collected soil from participating homes across
Sydney and subsequently did not produce a systematic coverage of
the entire city. Additionally, VegeSafe participants were not
required to submit soil samples from every garden area, rather we
suggested that participants sample from the following four loca-
tions: front yards, drip lines, back yards and vegetable gardens. We
acknowledge that obtaining samples from every garden area per
home would have improved the consistency of the sample collec-
tion method.

Typically, Pb source apportionment is carried out using Pb iso-
topic composition ratios (e.g. Chiaradia et al., 1997). However, we
estimated source contributions to soil Pb loading using metadata
provided by each VegeSafe participant. We acknowledge there are
limitations of this approach, such as the generalization of painted
houses to contain Pb paint if constructed prior to 1970. However,
the overall results from this study correspond to the timing of the
withdrawal of Pb from paint and petrol providing support for, and
confidence in our conclusions.

4. Conclusions and recommendations

This study found soil Pb concentrations in excess of the
Australian health guideline of 300 mg/kg at 40% of Sydney homes.
Fifteen percent of sampled homes contain soil Pb >1000mg/kg. Soil
metal concentrations were typically greatest at drip line locations
around homes in the inner city, with concentrations decreasing
with distance away from the city center. Median soil Pb concen-
trations at painted homes were significantly greater than non-
painted homes of a similar age (Fig. 3), demonstrating a signifi-
cant contribution to soil Pb loading from Pb paint. The removal of
leaded petrol and the reduction in Pb concentration in exterior
paints (to <0.1 wt%) are also reflected within our dataset, demon-
strating the efficacy of eliminating such products from use. Unfor-
tunately, Pb paint is still present on countless homes in Australia
and has the potential to further contaminate the home environ-
ment through deterioration and its improper removal.

The VegeSafe program has provided >5200 free soil metal tests
to Australian residents and subsequently has re-focused the com-
munity's attitude towards environmental contamination, largely
because their properties have been directly impacted. Our data
demonstrates Pb paint is a major source of Pb contamination
around Sydney homes, particularly in the inner city. Young families
are increasingly moving into older homes that often require reno-
vation, and frequently are not informed on Pb paint hazards. We
recommend further effort is required by local councils and regu-
latory bodies to adequately inform families living in Pb prone areas
of the dangers of soil contamination and Pb paint hazards in the
home environment. Additionally, this study demonstrated the
effectiveness of crowd sourced sample collection of private resi-
dential soils through a community science program and should be
replicated in other major cities around theworld. Adaptation of this
citizen science approach could also be applied to other environ-
mental investigations of traditional and emerging contaminants.
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