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Abstract: Public recreation areas in cities may be constructed on land which has been contaminated
by various processes over the history of urbanisation. Charles Veryard and Smith’s Lake Reserves
are adjacent parklands in Perth, Western Australia with a history of horticulture, waste disposal and
other potential sources of contamination. Surface soil and soil profiles in the Reserves were sampled
systematically and analysed for multiple major and trace elements. Spatial analysis was performed
using interpolation and Local Moran’s I to define geochemical zones which were confirmed by means
comparison and principal components analyses. The degree of contamination of surface soil in the
Reserves with As, Cr, Cu, Ni, Pb, and Zn was low. Greater concentrations of As, Cu, Pb, and Zn were
present at depth in some soil profiles, probably related to historical waste disposal in the Reserves.
The results show distinct advantages to using spatial statistics at the site investigation scale, and for
measuring multiple elements not just potential contaminants.

Keywords: urban soil; parkland; contaminants; trace elements; metals; spatial autocorrelation;
arsenic; chromium; copper; nickel; lead; zinc

1. Introduction

A number of studies have documented the potential for contaminant additions to
soils from a range of urban activities. Horticultural activities are known to leave a legacy
of soil contamination related to use of fertilisers, manures, and other materials [1–3]. The
disposal of metalliferous and other wastes is known to cause soil contamination with
trace elements [4]. Excavation of peaty and/or sulfidic subsoils is known to result in
contamination of soils with acidity and metals [5,6]. Public facilities such as vehicle and
storage depots and electrical substations are also potential contaminant sources known
to have caused soil pollution [7,8]. Finally, building construction is a likely source of soil,
sediment, and water contamination [9].

Smith’s Lake and Charles Veryard Reserves are public recreation spaces in metropoli-
tan Perth, Western Australia (WGS84 115.8505◦ E, 31.9319◦ S), with a complex history of
land use change that is typical of many urban areas worldwide [10].

Spatial statistical techniques represent useful tools for identifying and describing
soil contamination. For example, the use of variogram and/or spatial autocorrelation
analysis can be used to quantify the degree of spatial dependence between contaminant
concentrations in soil samples [11]. In addition, use of local spatial autocorrelation statistics
such as Local Moran’s I can be used to categorize locations, or clusters of locations, using
the statistical significance and the magnitude of the response variable, such as in Local In-
dicators of Spatial Association (LISA) analysis [12]. Use of these techniques to study urban
soil contamination has been limited so far to citywide spatial scales (tens of kilometers),
covering multiple current land uses [11,13,14]. On whole-city scales, clusters of positively
autocorrelated samples with higher concentrations are interpreted to represent “regional
hotspots” of contamination. Conversely, isolated samples of higher concentration showing
negative autocorrelation with surrounding low-concentration samples (“high-low” points
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in the LISA framework) are interpreted as being “isolated hotspots”, potentially caused
by point sources [14]. Very few published studies have used autocorrelation statistics to
analyse spatial patterns of soil contamination at scales of a few hundred metres, with a
single or restricted range of land use, which are typical of environmental site investigations
where contamination is suspected. At smaller spatial scales, a reasonable hypothesis is
that clusters of positively autocorrelated, high concentration points (“high-high” points in
LISA) are more likely to represent point source contamination, whereas isolated “high-low”
points will have less significance.

This study therefore had multiple objectives. The potential contaminants of primary
interest were the trace elements As, Cr, Cu, Ni, Pb, and Zn, due to their known effects on
human health and ecosystem functioning. This set of elements is relevant to urban soil
contamination in many cities globally, and also represents a range of geochemical behaviour
with As and Cr often existing as oxyanions in soils in contrast to the cationic metals Cu,
Ni, Pb, and Zn. In addition, a range of mobilities would be expected, with Cr and Pb
commonly showing low mobility in soils in contrast with Zn and As which are usually
more mobile. The major elements Al, Ca, and Fe, and soil pH and EC, were of interest to
support and explain the trace element data. The scientific objectives, therefore, were first:
to characterize the concentrations and spatial distributions of potential contaminants in
soil in the Smith’s Lake and Charles Veryard Reserve area. The second objective was to
identify any spatial patterns in the data over scales of a few hundred metres, and match
these to the known history of the sites. The final aim was to evaluate the findings from
spatial analysis of surface sampling as indicators of subsoil contamination. The research
approach evaluates the utility of spatial analysis to provide more quantitative evidence of
zones of contamination in urban soils and should therefore be applicable to other urban
soil environments at similar spatial scales.

2. Materials and Methods
2.1. Study Site

Smith’s Lake and Charles Veryard Reserves are situated in the historical location
of Three Island Lake and associated water bodies, on land that was drained from the
1870s to allow the establishment of horticulture. The area has experienced multiple
land uses, including market gardening (1920s–1950s), dumping of rubbish, and recre-
ation/parkland [15]. The Claise Brook Main Drain was changed from an open drain to an
underground stormwater pipe in the mid-1970s, and the present Smith’s Lake was also
constructed as a stormwater-compensating basin at this time. The 1970s were also a time of
substantial residential development in this area. The 2000s saw urban gentrification and
infill occurring in the area; a local government depot to the east of Smith’s Lake Reserve
was redeveloped to residential land in 2000–2002. A large sports centre building in the
south of Smith’s Lake Reserve was demolished and rehabilitated to parkland in 2008, with
conversion of some larger residential lots to allow construction of higher density housing
also occurring around 2008.

While the land around Smith’s Lake Reserve is currently residential, several previous
facilities and activities adjacent to the current reserve had the potential to modify fluxes of
a range of contaminants. These include the land uses described above, and: the burial of
the Claise Brook Main Drain, the Council Works Depot and its subsequent redevelopment,
the demolition and rehabilitation of the sports centre, and the electrical supply substation
constructed in the 1960s (and upgraded in 2001) adjacent to the north-west corner of the
reserve. Smith’s Lake itself was rehabilitated by a community group in 1999 [16], with
construction of a path approximating the line of the underground main drain in 2010–2011.
Floodlight pylons were installed in Charles Veryard Reserve in 2016, involving excavation
of potential acid sulfate soil material (based on maps from [17]).
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2.2. Sampling

Sampling of soil at Smith’s Lake and Charles Veryard Reserves was conducted on two
occasions: in March 2017 (a grid of surface samples) and March 2018 (profile sampling
at selected locations). In 2017, surface soil sampling locations were pre-selected prior to
sampling using a randomised-within-grid sampling strategy (Figure 1) using a 52 × 52 m
grid to maximise site coverage, and two samples per grid square, with the objective
of sampling the grassed areas within the Reserves without statistical bias. In the field,
preselected sample locations were located using handheld GPS. If randomised sample
coordinates were too close to paved surfaces, water, structures, etc., the location was moved
by approximately 5 m and the revised coordinates were recorded. For subsequent analysis,
the sampling area was divided into zones based on exploratory data analyses (Figure 2).
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Figure 2. Simplified map showing sampling zones at Smith’s Lake and Charles Veryard Reserves.
CVR is Charles Veryard Reserve; SLR is Smiths Lake Reserve.

Surface soil was sampled in cylindrical cores from 0–10 cm depth using a stainless
steel corer. Triplicate cores at each location were bulked to achieve a sample mass of ca.
500 g, and stored in zip-lock plastic bags prior to transport back to the laboratory. Soil
sample cavities were re-filled with clean soil supplied by the sampling team.

In 2018, a second sampling of soil profiles to up to 100 cm depth was conducted using
Garret-style augers. Separate samples were collected for each of eight profiles (Figure 1) in
10 cm depth increments.

Soil samples were air-dried in a laminar air-flow drying cabinet at 40 ◦C and sieved
through a 2 mm aperture prior to analysis.

2.3. Chemical Analysis

The electrical conductivity (EC; proportional to soluble salt content) of soil samples
was determined on 1:5 solid: Deionised water suspensions using a calibrated conductivity
cell electrode. The pH was measured on the same suspensions using a glass-reference pH
electrode after a 2-point buffer calibration [18].

The near-total concentrations of 26 elements (Al, As, Ba, Ca, Cd, Ce, Cr, Cu, Fe, Gd, K,
La, Mg, Mn, Mo, Na, Nd, Ni, P, Pb, S, Sr, Th, V, Y, and Zn) were measured on samples by
inductively-coupled plasma optical emission spectrometry (ICP-OES) following digestion
of soil in concentrated nitric and hydrochloric acids (i.e., aqua regia) at ca. 130 ◦C [19]. Aqua
regia digestion is commonly used to determine environmentally significant concentrations,
since it largely excludes elements within the matrices of silicates and other recalcitrant
minerals. Before acid digestion, samples were ground to .50 µm using ceramic mortars
and pestles. Reagent blanks, and grinding blanks composed of acid-washed silica sand,
were included in analytical runs to check for contamination. The standard reference stream
sediment material STSD-2 [20] was analysed identically to samples to assess analytical
accuracy. Measurement precision was assessed using analytical duplicates on ca. 10%
of samples.
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The lower limits of analytical detection were calculated, where possible, from 3× the
standard deviation of multiple reagent blank concentrations [21]. Concentrations lower
than mean blank values, or below calculated lower detection limits, or both, were deleted
from the dataset.

2.4. Statistical and Numerical Analysis

Data management and transformation of variables was conducted using Excel® (Ver-
sion 2016, Microsoft, Redmond, WA, USA) Statistical and graphical analyses of data
were performed in the statistical computing environment ‘R’ [22] and associated pack-
ages. Skewed variables (identified with the Shapiro-Wilk test for normality) were log10-
transformed, or power-transformed based on the Box-Cox algorithm and re-checked
for normality.

A general inability of variables to be transformed to yield normal distributions dictated
the use of the non-parametric Spearman correlations, and Wilcoxon or Kruskal-Wallis tests
for mean comparisons. If Kruskal-Wallis tests showed a significant difference, the R package
‘PMCMR’ [23] was used to apply the post-hoc Conover’s test for pairwise comparisons
of mean rank sums. Simple regression models were fitted using the log10-transformed
variables. The potentially misleading effects of compositional closure were addressed
using transformations to centred log-ratios [24], which were used for principal components
analyses. Principal components analyses were conducted using only variables having
minimal or no missing observations.

Distribution maps were constructed using the ‘OpenStreetMap’ package [25] with
elevation contours interpolated from a dense grid of land elevations from Google [26]
generated using the R package ‘googleway’ [27] and interpolated using the R package
‘akima’ [28]. Spatial autocorrelations were assessed using global and local Moran’s I
statistics, calculated using the R package ‘lctools’ [29]. Local Moran’s I values showing
significant association (p ≤ 0.05) were categorised using high-low notation, based on the
point measurement relative to the median and the sign of the Local Moran’s I statistic.
Spatial interpolations were achieved using an inverse distance weighting method using
the R packages ‘sp’ [30] and ‘gstat’ [31]. Preliminary analysis showed that inverse-distance
interpolation gave similar results to simple kriging, but kriging interpolation was not
used, based on the requirement of ≥100 observations to generate a reliable experimental
variogram [32].

A composite estimate of soil contamination was calculated from the concentrations of
As, Cu, Pb, and Zn as the Integrated Pollution Index, IPI [33], shown in Equation (1):

IPI =

(
n

∑
i=1

(
Ci
Si

))
/n, (1)

In Equation (1), ∑ means the sum of terms 1 to n, Ci = the measured concentration of
th i-th element, Si = the background concentration of the i-th element, n = the number of
elements. The Si values used (in mg/kg: As = 1.5, Cr = 10, Cu = 2, Pb = 5, Zn = 6) were
published ambient background concentrations for the Perth region [34], but this report
suggests a zero-background concentration for Ni. In this study 1 mg Ni/kg was used for
background, which is the lowest (most conservative) 25th percentile concentration among
similar datasets (e.g., [35]).

3. Results
3.1. Bulk Chemical Analyses of Surface Soil

Substantial variability in the concentrations of major elements and basic soil proper-
ties (Table 1), including potential trace element contaminants (Table 2), was observed in
surface soils at Smith’s Lake and Charles Veryard Reserves. In most cases, the maximum
concentrations were at least five times the minima. Much greater variability was observed
for calcium (Ca, maximum/minimum ≈ 108); cadmium (Cd), copper (Cu), magnesium
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(Mg), manganese (Mn), neodymium (Nd), nickel (Ni), phosphorus (P), lead (Pb), sulfur
(S), strontium (Sr), and zinc (Zn) all had maximum/minimum ratios between 20 and 90.
Soluble salt content measured by EC showed a maximum/minimum ratio of ≈29, and
there was a relatively large, ≈3.4 units range in pH across the Reserves. Except for zinc,
which exceeded the interim Ecological Investigation Level (EIL; National Environment
Protection Council, 1999) in three samples, no other soil thresholds were exceeded by any
element (Table 2).

Table 1. Summary of pH, EC, and major element concentrations in surface (0–10 cm) soil and in
vertical soil profile samples at Smith’s Lake and Charles Veryard Reserves. EC and pH were measured
in 1:5 solid: deionised water suspensions; element concentrations were measured using aqua regia
digestion followed by ICP-OES.

Statistic pH
EC Major Element Concentration (mg/kg)

(µS/cm) Al Ca Fe K Mg Na P S

Surface soil (random-in-grid samples, 2017)
Mean 6.92 183 2667 5083 2695 161 425 130 244 309
Std. Dev. 0.63 146 758 7082 939 75.3 285 69 123 186
Minimum 5.28 29.1 396 283 1205 41.1 57.3 27.8 18.5 43
Median 6.84 151 2637 1813 2530 150 347 118 221 280
Maximum 8.63 835 4722 30,472 5640 424 1471 410 596 1293
No of valid analyses 73 58 68 68 68 68 68 68 68 68

Soil profiles to ≤ 100 cm (2018)
Mean 7.67 116 3214 11,061 4430 173 548 148 146 518
Std. Dev. 1.96 61 2168 14,254 3358 100 505 100 137 334
Minimum 4.48 7.92 149 38 218 26 14 11 4 48
Median 7.98 83 2880 7894 3593 134 450 127 140 293
Maximum 9.40 860 10,353 57,265 22,180 655 2365 513 386 4929
No of valid analyses 84 83 85 85 85 85 85 85 85 83

Table 2. Summary of minor/trace element concentrations in surface (0–10 cm) soil and in vertical
soil profile samples at Smith’s Lake and Charles Veryard Reserves. Element concentrations were
measured using aqua regia digestion followed by ICP-OES.

Concentrations (mg/kg)

Statistic As Ba Cd Cr Cu Mn Mo Ni Pb Sr V Zn

Surface soil (random-in-grid samples, 2017)
Mean 2.58 15.7 0.11 7.33 8.69 39.5 0.23 2.58 25.7 27.8 5.38 55.2
Std. Dev. 1.09 7.38 0.1 2.29 11 23.7 0.1 2.83 31.7 40.3 1.66 56.5
Minimum 0.9 6.2 0.02 1.17 2.13 2.68 0.07 0.25 3.23 2.4 1.28 5.59
Median 2.3 14.5 0.08 7.32 5.25 34.5 0.22 2.13 14.7 10.3 5.35 34.7
Maximum 5.86 41.7 0.66 13.8 67.5 127 0.6 21.3 174 186 10.6 304
No of analyses 68 68 62 68 68 68 68 68 68 68 68 68
No > HIL(C) 1 0 - 0 0 0 0 - 0 0 - - 0
No > EIL 3 0 0 0 0 0 0 - 0 0 - 0 3

Soil profiles to ≤ 100 cm (2018)
Mean 3.28 25.2 0.18 9.09 41.4 28.0 0.48 5.39 72.7 62.3 8.38 117
Std. Dev. 2.79 26.2 0.31 6.96 66.6 21.7 0.81 20.7 98.8 85.1 5.56 191
Minimum 0.6 1.9 0.01 0.2 2.8 1.5 0.06 0.6 3.5 1.8 0.3 3.3
Median 2.5 15.3 0.06 8.1 15.1 24.3 0.21 1.97 32.2 34.3 7.2 43.2
Maximum 14.6 139 1.6 34.4 356 97.9 5.63 181 568 391 30.4 1155
No of analyses 83 85 79 85 67 85 78 75 84 80 85 84
No > HIL(C) 1 0 - 0 0 0 0 - 0 0 - - 0
No > EIL 3 0 0 0 0 8 0 - 1 1 0 0 14

1 Health Investigation Level C (Recreational) [36]; 3 Ecological Investigation Level (interim urban) [37].

3.2. Spatial Distributions in Surface Soil

The measurements of primary interest (pH, EC, Al, As, Ca, Cu, Fe, Pb, Zn) generally
showed significant overall spatial patterns across the study area, shown by p values ≤ 0.05
for Global Moran’s I. The exceptions were Al, Ca, Cr, and Ni for which the Global Moran’s



Soil Syst. 2021, 5, 46 7 of 18

I values were close to zero (Table 3). The spatial patterns and clusters of points with
significant local autocorrelation are shown in Figures 3–6, and summarised in Table 3.

Table 3. Global Moran’s I, p-values simulated by Monte-Carlo randomization, and information on
local spatial autocorrelation for the variables of principal interest in surface soil at Smith’s Lake and
Charles Veryard Reserves. Variables except pH were log10-transformed before calculation. IPI is
integrated pollution index (Equation (1)).

Variable Moran’s I p-Value
Number of Points with

Significant Local
Moran’s I

Location (and Number of Points)
of High-High LOCAL Moran’s I

Clusters a

pH 0.440 >0.001 13 CVR-SW (2), CVR-SE (3), SLR-S (4)
EC 0.157 0.035 7 SLR-S (3)
Al 0.014 0.691 4 CVR-SE (2) b

As 0.228 0.002 6 CVR-SE (4)
Ca 0.074 0.254 6 SLR-S (2)
Cr 0.016 0.672 4 CVR-SE (1)
Cu 0.331 >0.001 9 CVR-NE (3), CVR-SE (5)
Fe 0.142 0.044 11 CVR-NE (1), CVR-SE (5)
Ni 0.047 0.426 5 CVR-SE (1) b

Pb 0.324 >0.001 11 CVR-SE (5), SLR-N (2)
Zn 0.209 0.004 10 CVR-NE (2), CVR-SE (4)
IPI 0.257 >0.001 10 CVR-NE (1), CVR-SE (5)

a CVR is Charles Veryard Reserve; SLR is Smiths Lake Reserve; NE is north-east; NW is north-west; SE is
south-east; SW is south-west; N is north; S is south; E is east; b not associated with main CVR-SE cluster.
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Arsenic (As) showed a broad concentration peak in soil in the south-east of Charles
Veryard Reserve, with scattered local maxima in a few other locations (Figure 3). The As
peak in the south-east of Charles Veryard Reserve was co-located with samples having
significant (p ≤ 0.05) high-high local Moran’s I. Two points in Smith’s Lake Reserve had
significant low-high local Moran’s I (i.e., isolated low As concentrations).

Copper (Cu) showed peaks in the north-east and south-east of Charles Veryard Re-
serve, with no other obvious maxima (Figure 3). Samples in both peaks in Cu concentration
were significantly spatially autocorrelated (high-high, local Moran’s I p ≤ 0.05). One point
in north-west Charles Veryard Reserve had significant low-high local Moran’s I (i.e., an
isolated low Cu concentrations).

Lead (Pb) showed peaks in concentration in soil in the south-east of Charles Veryard
Reserve and the north of Smith’s Lake Reserve, with scattered local maxima in Pb concen-
tration in a few other locations (Figure 5). The Pb peak in the south-east of Charles Veryard
Reserve was co-located with samples having significant (p ≤ 0.05) high-high local Moran’s
I. A broad area of low Pb concentrations in Smith’s Lake Reserve coincided with significant
(p ≤ 0.05) low-low local Moran’s I, and instances of significant high-low and low-high local
Moran’s I values represented isolated high and low Pb concentrations.

Zinc (Zn) showed peaks in the north-east and south-east of Charles Veryard Reserve,
with a few other subtle maxima (Figure 5). Samples in both clear peaks in Zn concentration
were significantly spatially autocorrelated (high-high, local Moran’s I p ≤ 0.05). An area
of low Zn concentrations in Smith’s Lake Reserve coincided with significant (p ≤ 0.05)
low-low local Moran’s I. Similar to Pb, instances of significant high-low and low-high local
Moran’s I values in Smith’s Lake Reserve represented isolated high and low Zn.

Soil pH showed a cluster of lower values in the north-west of Charles Veryard Reserve
with significant low-low spatial autocorrelation (Moran’s I p ≤ 0.05). In contrast, significant
clusters of higher pH values were present in the west of Charles Veryard Reserve, the
south-east of Charles Veryard Reserve, and the south of Smith’s Lake Reserve (Figure 6).

Finally, the derived Integrated Pollution Index (IPI) had a maximum in the south-east
of Charles Veryard Reserve, with a minor maximum in the north-east (Figure 6). A cluster
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of samples in the south-east IPI peak were significantly spatially autocorrelated (high-high,
local Moran’s I p ≤ 0.05). An isolated low IPI value (low-high local Moran’s I, p ≤ 0.05)
was present to the east of Smith’s Lake.

A comparison of mean values of the variables of interest between samples from the
different zones in Figure 2 reinforced the qualitative results from spatial interpolation
(Table 4). The highest mean values for several potential contaminants (As, Cr, Cu, and
Pb) were observed in the south-east of Charles Veryard Reserve (no significant effect of
sampling zone was found for Ni or Zn).

Table 4. Comparison of pH, EC (1:5 soil: water extract), element concentrations, and IPI in distinct Zones of Smith’s Lake
(SLR) and Charles Veryard (CVR) Reserves. Mean values in a row are different if no superscript letters are shared (p ≤ 0.05,
Conover’s pairwise test with Holm’s correction).

Variable
P

(K-W) 1
Mean in Each Zone 2

CVR-Centre CVR-NE CVR-NW CVR-SE CVR-SW SLR-N SLR-S Other

pH 0.0001 6.58 a 6.65 ab 6.24 a 7.34 bc 7.35 bc 6.88 abc 7.38 c 6.66 abc

EC 0.013 155 ab 90.7 ab 273 a 159 ab 232 a 68.1 b 265 ab 143 ab

Al 0.028 2530 ab 2857 ab 2285 a 3373 b 2621 ab 1960 ab 3011 ab 2489 ab

As 0.004 1.91 a 2.46 ab 1.96 a 3.79 b 2.17 a 2.99 ab 3.04 ab 2.38 ab

Ca 0.004 1766 abc 3511 abc 4534 abc 6710 abc 7472 ab 3570 ac 11,450 b 1343 c

Cr 0.020 6.98 ab 8.47 ab 6.62 a 9.42 b 7.18 ab 5.85 ab 7.51 ab 6.20 a

Cu 0.010 5.10 ab 16.7 ab 3.57 a 17.6 b 5.36 ab 8.43 ab 8.34 ab 4.52 ab

Fe 0.041 2377 ab 2936 ab 2071 a 3623 b 2418 ab 2680 ab 2861 ab 2535 ab

Ni 0.300 ns ns ns ns ns ns ns ns
Pb 0.043 11.7 a 31.2 ab 15.4 ab 56.9 b 15.3 ab 47.8 ab 15.7 a 16.5 ab

Zn 0.255 ns ns ns ns ns ns ns ns
1 Overall p-values from Kruskal-Wallis test; 2 CVR is Charles Veryard Reserve; SLR is Smiths Lake Reserve; NE north-east; NW north-west;
SE south-east; SW south-west; N north; S south.

3.3. Relationships between Soil Elements

Several significant positive correlations existed between elements across the soil data
from Charles Veryard and Smith’s Lake Reserves (Table S1, Supplementary Material).
Calcium, Mg and Sr were very highly correlated (r = 0.80–0.96), and Ca and Sr were the
only elements significantly correlated (r = 0.66) with pH. The major elements Na, K, and
Mg were all highly correlated (r ≥ 0.7), as were P, K, Mn, and S. High correlations also
existed between iron (Fe) and As, Ba, Cu, Pb, and V. Many potential contaminants were
also highly correlated with one another, e.g.,: Cu with Ba, Pb, and Zn; Pb with Cd, Cu, and
Zn; Cr with V.

Principal components analysis (Figure 7) showed grouping of Cu, Pb, and Zn in PC1-
PC2 space, associated with some of the samples from north-east and south-east where peak
concentrations of these elements were observed (Figures 3 and 5). Arsenic plots at similar
values of PC2, but has an association with Fe and Cr at small positive PC1 values. No
obvious element associations were observed using PCA for Ni. The principal components
analysis also identifies an association of Ca with Sr and Ba, an association of nutrient
elements (S, P, K) with the central Charles Veryard Reserve samples, and clustering of rare-
earth and related elements (Ce, Gd, La, Nd, Y). Additional results derived from principal
components analysis are available in Tables S2–S4 in the Supplementary Materials.
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Figure 7. Principal components biplot for the first two principal components based on elemental
composition in surface soil at Charles Veryard and Smith’s Lake Reserves. Observation scores
are identified by sampling Zone (see Figure 2). Concentrations were transformed using centered
log-ratios before PCA, to avoid spurious effects of compositional closure.

In surface soil, there was a weak negative relationship between lead and vanadium
concentrations and minimum (Euclidean) distance from any road surrounding or bisecting
the reserves (Figure 8). No other contaminant of primary interest showed a significant
trend in relation to distance from roads.
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Figure 8. Weak trends in (a) Pb and (b) V concentrations in surface soil with distance from roads in
Charles Veryard and Smith’s Lake Reserves. Solid blue lines are log-linear models.

3.4. Depth Distributions of As, Cr, Cu, Ni, Pb, and Zn

Depth profile plots for As, Cr, Cu, Ni, Pb, and Zn are presented in Figures 9–11.
Depth profiles of As, Cr, Cu, Ni, Pb, and Zn frequently showed maximum concentrations
in subsurface soil samples. High maximum concentrations of Pb (376 mg/kg) and Zn
(1155 mg/kg) were measured at 30–40 cm in core 4.2 (Figure 11), on the eastern side of
Charles Veryard Reserve south of the Macedonia Place car park. Core 3.2 also contained
568 mg/kg Pb at 50–60 cm. Core 4.2 also contained the maximum concentration of As
(14 mg/kg at 20–30 cm), Cd, Mn, and Ni. The greatest concentration of Cu (356 mg/kg)
was observed in the adjacent core 4.1 (Figure 9).
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Figure 9. Depth profiles of (a) arsenic (As) and (b) copper (Cu) in soil cores collected from Smith’s
Lake and Charles Veryard Reserves, City of Vincent, Western Australia. Core locations from Figure 1.
Ecological investigation limits (EIL) are shown as vertical dashed lines where relevant.
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Figure 10. Depth profiles of (a) chromium (Cr) and (b) nickel (Ni) in soil cores collected from Smith’s
Lake and Charles Veryard Reserves, City of Vincent, Western Australia. Core locations from Figure 1.
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Figure 11. Depth profiles of (a) lead (Pb) and (b) zinc (Zn) in soil cores collected from Smith’s Lake
and Charles Veryard Reserves, City of Vincent, Western Australia. Core locations from Figure 1.
Ecological investigation limits (EIL) are shown as vertical dashed lines where relevant.

There was a tendency for pH to increase with increasing depth, and EC to decrease
with increasing depth, and the trends in Fe with depth were very similar to those for As
(Figure S1, Supplementary Material).

4. Discussion
4.1. Concentrations of Potential Contaminants

Surface soils in the Charles Veryard and Smith’s Lake Reserves were largely uncon-
taminated with any of the elements measured. No potential contaminant in surface soil or
subsoil exceeded any relevant human health guideline for recreational/public open space
land use (Table 2). This may reflect rehabilitation of the site to parkland using techniques
as simple as covering with clean fill, which is known to suppress the surface expression
of soil contamination [38]. In surface soil, the only element to exceed a guideline value
was Zn, which had concentrations greater than the 200 mg/kg EIL threshold [37] in the
southeast (two samples) and northeast (one sample) of Charles Veryard Reserve. More
subsoil than surface soil samples exceeded EIL thresholds (Table 2).

The exceedance of EIL guideline values by Zn in a few surface soil samples and several
subsoil samples in the eastern zones of Charles Veryard Reserve (Figures 9–11) reflects
the common occurrence of zinc in urban environments, especially building materials and
road traffic, and export of Zn into soil environments [39,40]. Very few toxicological studies
exist on the effects of zinc on typical sports turf plants or the microbial ecology in these
environments; the likelihood that this Zn represents anthropogenic additions means that
the bioavailability of Zn would therefore also be expected to be greater than for native soil
Zn [36,41].

4.2. Spatial Patterns of Potential Contaminants in Surface Soil

Although the incidence of actual surface soil contamination was low at Charles Ver-
yard and Smith’s Lake Reserves, the zone in which most enrichment of potential contami-
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nants (As, Cr, Cu, Pb, and Zn) occurred coincided with the greatest subsoil concentrations
of these elements (Figures 9–11). This was the CVR-SE zone, in which the greatest number
of point-variable combinations had significant high-high local Moran’s I statistics (Table 3),
confirming the visualizations generated by inverse-distance interpolation (Figures 3–6).
Based on these analyses, the south-east corner of Charles Veryard reserve, an area approxi-
mately 40 m N-S and 20 m E-W (ca. 800 m2), is contaminated with As, Cu, Pb, and Zn, a
finding supported by the Integrated Pollution Index (Figure 6b). Based on a single sample
with significant high-high Local Moran’s I, and weak evidence of subsoil enrichment, Cr
contamination may also be present in this location. However, the Global Moran’s I statistics
for Cr and Ni could not reject the null hypothesis of no spatial pattern, and no local Moran’s
I values were significant for Ni, so it is unlikely that either Cr or Ni have been added by
contamination processes at the study site. Both Cr and Ni also had significant isolated high
concentrations (significant high-low local Moran’s I; Figure 4)) which were not co-located;
no isolated high concentrations were observed for As, Cu, Pb, or Zn.

The CVR-SE zone was the location of soil cores showing the greatest concentrations of
As, Cr, Cu, Ni, and Zn, and the most exceedances of each element’s ecological investigation
limit (EIL) concentrations (Figures 9–11). Pb concentrations in subsoil at this location were
also high, although the greatest concentration occurred in Core 3.2 in the west of Charles
Veryard Reserve. The co-location of surface soil contamination identified by spatial analysis
with subsoil contaminant maxima confirms the south-east Charles Veryard Reserve area as
the only location of significant contamination.

4.3. Associations of Potential Contaminants

Despite the minimal surface soil contamination, the identification of distinct soil zones
based on their geochemical properties (Figures 3–6) suggested that these different zones
may represent the signatures of past activities or construction at the Charles Veryard and
Smith’s Lake Reserves. The element associations identified in the soil zones were supported
by the Principal Components Analysis (Figure 7).

The associations identified by Principal Components Analysis are consistent, and
also make geochemical sense. The nutrient elements K, P, and S probably represent a
common source from historical horticulture [42]. The grouping of Ca, Mg, Sr, and Ba
includes elements which are all commonly associated with carbonates and/or cement-
based materials [35]. The metal contaminants Cu, Zn, and Pb often have a common source
such as building materials or roads and traffic [43]. Finally, Fe, As, Cr, and V reflect the
commonly-observed associations of As, Cr, and V with iron oxides in soils [44], and Cr and
V are used with Fe in manufacture of some steel products [45].

The association of Cu, Pb, and Zn in PC1-PC2 space, and to some extent As and
Cr in the second principal component dimension, validated the calculation of the In-
tegrated Pollution Index (IPI) from these elements. The IPI values are unusually high
(range 6–28), reflecting the somewhat low values used for background concentrations.
Reliable background concentrations for trace elements in soils of the Swan Coastal Plain
around metropolitan Perth are still subject to uncertainty and obtaining these should be a
priority for local research.

The low pH and low concentrations of many elements in the north-west of Charles
Veryard Reserve most likely reflect a very sandy (i.e., poorly buffered) soil material which
has been subject to minor acidification. This acidification may have originated from
historical or recent disturbance of the underlying peaty acid sulfate soil material (e.g., by
light pylon installation), given the classification of much of the Charles Veryard and Smith’s
Lake Reserves area as being high to moderate risk of acid sulfate soil within 3 m of the
land surface (Figure 1).

Elevated concentrations of Cu, Pb, and Zn in the north-east of Charles Veryard Reserve
most likely represent contributions from construction (the Macedonian Centre, buildings on
Albert Street) and possibly road traffic [39,46]. A road traffic origin for Pb is supported by
the significant negative relationship of Pb with distance from roads (Figure 8). Construction
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and historical waste disposal sources are likely to have contributed Cu, and Pb to the south-
east of Charles Veryard Reserve. The Charles Veryard Reserve south-east soil zone also has
elevated pH, Al and Fe, however, so background concentrations may be naturally higher
due to greater clay and/or iron oxide content of soils [44]. The greater concentrations of
arsenic are most likely due to retention on Fe oxides, since there are no obvious sources of
contamination and As concentrations are generally low. The greater concentrations of Al
and Fe may themselves represent contamination from disposal of metalliferous wastes.

Soil in the south-west of Smith’s Lake Reserve is characterized by higher pH and
concentrations of Ca, Sr, Na, and P (and possibly K, S, and Mn). The high pH and
elevated Ca and Sr are likely to represent additions of limestone or cement-based building
materials [47]. Such additions are plausible given the relatively recent (2008) demolition
of the Len Fletcher Sports Pavilion in the south of Smith’s Lake Reserve.Enrichment with
the nutrient elements P, K, and S, and also Na, may reflect historical market gardening
at the site and associated use of fertilisers, or organic amendments such as composts or
manures [1].

The weak but significant trend in lead and vanadium concentrations as a function of
distance from roads (Figure 8) suggests that road traffic was a significant source of these
elements, in agreement with previous studies [48]. Since leaded fuels are no longer used in
Australia and numerous other countries, the inputs of Pb are likely to represent a historical
legacy of Pb accumulation in roadside soils. The abrasion of road surfaces by traffic is a
potential source of vanadium from bituminous materials used as asphalt binders [49].

Concentrations of Cu, Pb, and Zn in soil profiles exceeded Ecological Investigation
Limits (EILs) in several samples, especially for Zn (Figures 9 and 11). Most of these higher
concentrations, however, were in deeper subsoil samples, so the risk to biota (mainly plant
and microbial uptake) would therefore be expected to be minimal.

The existence of subsoil maximum concentrations at some locations may represent
burial of waste material or drain sediment, or an evaporation/redox front resulting in accu-
mulation of some elements. Given that that waste disposal at the Smith’s Lake and Charles
Veryard Reserves site is known to have been widespread [50,51], waste material would
seem the most likely source. The relatively high subsoil concentrations of trace elements
may represent a health risk, for example if dust is generated during excavation [52]. The
potential risk should be considered in the context of a children’s playground adjacent to
the most contaminated surface soils and soil profiles.

5. Conclusions

An important conclusion from the initial concentration data is that the surface soil
and subsoil sampled in this study at Smith’s Lake and Charles Veryard Reserves is not
contaminated with As, Cr, Cu, Ni, Pb, or Zn levels of concern from a human health
perspective. There was, however, multiple exceedance of ecological investigation trigger
limits (EIL) for Zn in surface soil and Cu, Pb, and Zn in subsoil. The spatial analysis showed
that, on the basis of global and local Moran’s I, distributions of most elements were not
random but showed clustering. In line with the initial hypothesis, this significant clustering
of adjacent higher concentrations in surface soil allowed identification of a specific area
which, at the scale of sampling design, represented inputs from a point source of As, Cu,
Pb, and Zn. At this site, the specific area of surface soil contamination was co-located with
the most significant subsoil contamination, but this may not be a general result.

The combination of multivariate geochemical analysis with spatial information al-
lowed both identification of realistic associations of elements, including potential contami-
nants. In particular, there was a consistent association of the dominant contaminants (Cu,
Pb, and Zn) in the south-east of Charles Veryard Reserve which could be deduced from
univariate spatial autocorrelation analysis, a composite contamination index (IPI), and
multivariate principal components analysis.

In this study, the location and significance of potential contamination in the soil
of urban public open space has been assessed thoroughly by measurement of multiple
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parameters, and rigorous spatial and statistical analysis. It is recommended that any such
study uses a similar approach if soil contamination is suspected, especially given the
global tendency for urban populations to increase and for redevelopment of, and increased
population density in, inner-city precincts.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/soilsystems5030046/s1. Figure S1: ‘Depth profiles of pH, EC, and Fe in soil cores collected
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‘Matrix of Spearman correlation coefficients for pH, EC, and elemental composition of soil samples
from Smith’s Lake and Charles Veryard Reserves. Values in bold type indicate a significant correla-
tion (p ≤ 0.05, using Holm’s adjusted p-values for multiple comparisons)’. Table S2. ‘Component
Loadings for PC1-PC8’. Table S3. ‘Summary of Principal Components’. Table S4. ‘Eigenvalues
(variances) for the first 8 components’.
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