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Abstract: Concentrations of four heavy metals (Cr, Cu, Ni, and Zn) were measured at
1,082 sampling sites in Changhua county of central Taiwan. A hazard zone is defined in
the study as a place where the content of each heavy metal exceeds the corresponding
control standard. This study examines the use of spatial analysis for identifying multiple
soil pollution hotspots in the study area. In a preliminary investigation, kernel density
estimation (KDE) was a technique used for hotspot analysis of soil pollution from a set of
observed occurrences of hazards. In addition, the study estimates the hazardous probability
of each heavy metal using geostatistical techniques such as the sequential indicator
simulation (SIS) and indicator kriging (IK). Results show that there are multiple hotspots
for these four heavy metals and they are strongly correlated to the locations of industrial
plants and irrigation systems in the study area. Moreover, the pollution hotspots detected
using the KDE are the almost same to those estimated using IK or SIS. Soil pollution
hotspots and polluted sampling densities are clearly defined using the KDE approach based
on contaminated point data. Furthermore, the risk of hazards is explored by these
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techniques such as KDE and geostatistical approaches and the hotspot areas are captured
without requiring exhaustive sampling anywhere.

Keywords: kernel density estimation (KDE); indicator Kriging (IK); sequential indicator
simulation (SIS); heavy metal; soil contaminant

1. Introduction

Unfortunately, as a result of industrial activities, improper disposal of wastes, pollution of
agricultural soils with heavy metals has become an increasingly serious problem throughout the
world [1-4]. To understand the contamination risk, monitoring is a necessary and prohibitively costly
process. Risk assessment at unsampled locations is of significant importance for the delineation of
contamination areas [5-9]. However, the accuracy of risk estimation depends on the methodology used
and various related factors.

Geostatistical analysis considers the concentration of a potentially hazard in soil as a regionalized
variable in space. Geostatistics was developed as a means to describe spatial patterns of soil pollution
by semivariograms and to predict the values of soil attributes at unsampled locations [10].
Geostatistical models could be used to estimate the spatial patterns of soil contaminant without
measuring soil data in an entire area. The degree of contamination and hotspot areas for soils may vary
with the methods used. For delineating hazardous areas, indicator kriging (1K) determines the spatial
probability distribution of soil pollution in fields [6,11-16]. IK provides a non-parametric distribution
estimated at an unsampled location directly using fixed thresholds and qualifies the spatial patterns of
a hazardous risk. Moreover, stochastic simulation methods such as sequential indicator simulation
(SIS), have been recently proposed to overcome the inherent limitations of IK [17-19]. The stochastic
simulation method is based on a probabilistic model, and does not require any assumption for the
shape of the conditional distribution and the systematically adds a stochastic noise component into the
kriging model. Simulation with multiple realizations offers significant improvements over kriging
techniques at sites with high data variations.

Hotspot mapping is used to help identify where soil pollution exists and comes from. Recently,
Kernel density estimation (KDE) is one of the methods for analyzing the first order properties of a
point event distribution [20-22], in part because it is easy to understand and implement. KDE has been
widely used for hotspot analysis and detection. The objective of KDE is to produce a smooth density
surface of point events over space by computing event intensity as density estimation [22-24].
Moreover, Schnabel and Tietje [23] applied the KDE method to spatially distributed heavy metal soil
data and compared it with ordinary kriging. The results represent the interdependence between various
heavy metal concentrations and additional site characteristics. Furthermore, the method could be a
valuable supplement for the geostatistical uncertainty assessments.

The purpose of this study was to propose alternative approaches in searching for pollutant hotspots.
The primary objective of the present work was to investigate proposals for delineating soil pollutant
hazards. First, KDE identifys the hotspots of soil pollutions based on the hazardous metal sampling
data. Then, IK and SIS generate a hazard probability map based on the samples for management. A



Int. J. Environ. Res. Public Health 2011, 8 77

study case from a field survey is provided to estimate the probability maps for hazard delineation. It is
expected that results can give references for identification of hazardous areas.

2. Methods and Materials

Kernel density estimation is used to identify the location, spatial extent and intensity of soil
pollution hotspots. Moreover, the spatial patterns of hazardous probability for heavy metals are
estimated using geostatistical methods. The three methods are used for visualization of hotspots of soil
pollutions in the case study. Study area and sampling of heavy metals will be discussed in the
following sections.

2.1. Study Area and Soil Sampling

The study area is in Changhua County, which is a critical agricultural region in Taiwan. Changhua
city is in the east area and Lugang town lies to the west. Approximately 106 industrial plants are
clustered in study area. Most industrial plants in the study area involve metalwork, electroplating,
textile and metal surface treatment industries (Figure 1). The industrial plants have been suspected of
discharging wastewater into irrigation channels in this study area [8,12,25]. The data of 1,309 topsoil
(0-15 cm) samples containing concentrations of Cr, Cu, Ni, and Zn were obtained by the soil heavy
metal investigation project carried by Taiwan’s Environmental Protection Administration (EPA),
between February and August 2002. The sampling sites are shown in Figure 1.

Figure 1. The study area and sampling sites.

Factories
e Sampling ® Dyeing and finishing e Metalwork o Livestock @ Eletroplating /\/ irrigation systems
4 Others © Surface treatment « Textile  © Tannery B Road Build-up

Approximately 1 kg of soil was collected for each sample using a stainless steel spade and a plastic
scoop and then stored in a plastic food bag. After air drying at room temperature, 3 g of each soil
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sample were disaggregated, sieved to 0.85 mm and ground to a fine 0.15 mm powder. Each 3 g milled
sample was then digested for 2 h at room temperature with 7 mL HNO3 and 21 mL HCI (aqua regia,
1:3) to slowly oxidize organic matter in the soil. Next, the digest was filtered and made up to 100 mL
with distilled water [15,16]. The levels of heavy metals in the samples were determined by Inductively
Coupled Plasma-Optical Emission Spectrometers (ICP-OES).

2.2. Kernel Density Estimation (KDE)

The general form of a kernel density estimator in a 2-D space, termed KDE in the rest of this paper,
is given by [22]:
5 1 dis
A8 =25 k(T 1)

i1 7
where A(s) is the density at location s, r is the search radius (bandwidth) of the KDE, n is the number
of sampling points, k is the weight of a point i at distance d to location s. k is usually modeled as a
kernel function of the ratio between d,, and r. In this study, we used a kernel with a Gaussian function
given by:
2

1 - .
d; ——exp(——=), if
0, otherwise

O<dg<r )

To identify the soil pollution hotspots, the KDE package based on ArcGIS software was used in
the study.

2.3. Indicator Kriging (IK)

The IK estimates the probability that the concentration of a pollutant exceeds a specific control
value at a given location [8,17]. The data (z(s)) are transformed into an indicator as follows:
if z(s)<z,

(5= {O’, otherwise )

If the concentration of heavy metal [ z(s) ] exceeds z, then the indicator is 0, otherwise it is 1 [11].
The expected value of 1(s;z_ |(n)), conditional on n surrounding data, can be expressed as:

E[l1(s;z [ (n))] = prob[z(s) < z. | (n)] (4)
The hazardous probability that exceeds z_ can be expressed as:
prob[z(s) > z. | (n)] =1— prob[z(s) < z. | (n)] (5)
This ordinary indicator kriging estimator is:
prob[z(s,) < z, | ()] = Zn;ﬂa 1(5,52,) (6)
where 1(s,;z.) represents the indicator values at x,; a¢=1---,n; A_is the kriging weight of

I(s,;z.)determined by solving the following kriging system:
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S A (S0 —$,32) + = 7,(S, —S0i2.) (7)
=
34, =1 (8)
=

where g is the Lagrange multiplier; y,(s, —s,;z.) is the indicator variogram between indicator
variables at the «™ and " sampling points; y,(s, —S,;z.) is the variogram between the indicator
variables, i.e., the «™ sampling point and Sgs a=1---,n.

2.4. Sequential Indicator Simulation (SIS)

In sequential indicator simulation, modeling of the N-point conditional cumulative distribution
function (ccdf) is a sequence of N univariate ccdfs at each grid cell along a random path [25,26]. The
SIS requires the following steps [17,25,26]:

1. Define a random path that visits each location of the domain once, in which all nodes
{s,,i =1,---,N}discretizing the interest domain. A random visiting sequence ensures that no
spatial continuity artifact is introduced into the simulation by a specific path visiting N nodes.

2. Atthe first visited nodes (s, ):
A. Model, using either a parametric or nonparametric approach, the local ccdf of z(s,)

conditional on n original data {z(s,),a =1,---,n}:
I:z (31; 21|(n)) = prOb{Z(Sl) < Z1|(n)} (9)

B. Generate, via the Monte Carlo drawing relation, a simulated value z® (s,) from this ccdf
F, (s;; zl|(n)) , and add it to the conditioning data set, now of dimension n+1, to be used
for all subsequent local ccdf determinations.
3. Atthei" node s, along the random path:
A. Model the local ccdf of z(s;) conditional on n original data and the i —1 near previously
simulated values:

{z0(s;), j=1--,i-1: F,(s;;z|(n+i-1)) = prob{z(s;) < z;|(n+i -1} (10)

B. Generate a simulated value z(s;) from this ccdf, and add it to the conditioning data set,
now of dimension n+i.
4. Repeat step 3 until all N nodes along the random path are visited.
The probability of soil heavy metal at s exceeding the control standard (z,) can be denoted by
prob[z(s) > z.][18,19]:

prob[z(s) > z.]= n(s) (11)

1000

where n(s) is the number of realizations if z(s) is higher than the control standard in the 1000
SIS realizations.
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3. Results and Discussion
3.1. Basic Statistics

Table 1 summarizes the descriptive statistics of the investigated four heavy metals (Cr, Cu, Ni, and
Zn) from the original 1,082 samples. In Taiwan, the pollution control standards (maximum allowable
concentrations) for the investigated heavy metals are as follows (in mg/kg): Cr 250, Cu 200, Ni: 200
and Zn 600. Table 1 lists 286 samples for Cr, 395 samples for Cu, 622 samples for Ni, and 336
samples for Zn over the control standards. Moreover, the high variability of the pollutant
concentrations at various heavy metals requires a detailed evaluation and interpretation. The
application of various methods is an efficient tool in achieving better understanding of the hazardous
state of the soil pollution. It seems recommendable to combine various approaches instead of relying
only on one of them to gain better information of the pollutions, such as the KDE, geostatistical
methods (i.e., the IK and SIS).

Table 1. Descriptive statistics of heavy metals for 1,082 samples.

Control Number of
standards observances over
(mg/kg) control standards

Min Median Max  Average SD
(mg/kg) (mg/kg) (mg/kg) (mgl/kg)  (mg/kg)

Cr 22.6 119.0 3,070.0 194.0 2125 250 286
Cu 11.0 116.0 3,810.0 194.7 222.7 200 395
Ni 21.3 189.2 4,020.0 2713 259.0 200 622
Zn 60.5 3370 7,850.0 526.4 549.6 600 336

Min: minimum; Max: maximum; SD: standard deviation.
3.2. Point Pattern Analysis Using Kernel Density Estimation (KDE)

Figure 2 shows the hotspot patterns of soil pollutants on the kernel density map. The Kernel Density
Estimation (KDE) transforms a dot pattern into a continuous surface, providing a more useful
representation of soil pollution distributions, allowing for easier detection of possible pollution
hotspots [24]. Results show that the hotspots associated with the four heavy metals in the study area
are often multiple. We found that soil pollution hotspots were more clearly defined using KDE,
probably because of the clustered distribution of soil pollution occurrences. The spatial patterns also
reveal Cr hotspots near industrial plants and irrigation systems in the study area. The areas with Cu
hotspots are in the central and eastern parts of the study area in the vicinity of the industrial plants and
irrigation systems. Hotspots of Ni are particularly highly distributed throughout the northeast part of
the studied area. The areas with Zn hotspots are close to the industrial plants and irrigation systems in
the northwest. However, there are potentially contaminated sites that are hidden, especially in the areas
where the history of land use is complicated and the sources of imported soils are usually
unknown [27]. The maps show that the area with high susceptibility of pollution is along the industrial
plants and the irrigation systems. The KDE results match the previous studies showing that the
distributions of background heavy metals and pollution sources correlated with industrial plants and
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irrigation channels [15]. These industrial plants are suspected of discharging wastewater into irrigation
systems in the study area [12,15,16,25].

Figure 2. The kernel density maps (stretched to min-max range) of (a) Cr (b) Cu
(c) Ni (d) Zn.
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3.3. Sampling Density and Spatial Interpolation of Probability Exceeding Control Standards Using the
IK and SIS Approaches

The hazardous probability that heavy metal concentrations exceed control standards at any of the
unsampled sites is determined by geostatistical methods (i.e., IK and SIS). Moreover, the spatial
distribution of hazardous probability can be characterized by an indicator variogram. The variance is
estimated as a function of a variogram model, where the variogram is calculated using the relative
locations of the samples. Table 2 lists the parameters of indicator variograms for the four heavy metals.
In the indicator variograms, the fitted ranges, the nugget effects and the sills are 120-249 m,
0.0206-0.0251 and 0.187-0.235 (Table 2), respectively. The results show that the sill value for Ni is
the largest one. Based on the cases, the higher sill corresponds to greater variability in the probability
map. Spatial structure analysis has been identified to be a useful tool in illustrating the spatial patterns
of variables, and a necessary basis for a number of other spatial analysis procedures, such as kriging
analysis [28]. Furthermore, SIS realizations are performed based on the indicator variogram models for
the 25th, 50th, and 75th percentiles of the sample distribution (Table 3) of original samples for Cr, Cu,
Ni, and Zn in the study area.

Table 2. Indicator variogram models for heavy metals.

T(hnr]:;zg;d Model Co C+C  R(M)  RSS 2
Cr 250 EXp. 00237 01874 120 252E-04 0.859
Cu 200 EXp. 00251 02202 135 3.08E-04 0.904
Ni 200 EXp. 00206 02352 249 3.39E-03 0.723
Zn 600 EXp. 00221 02042 147  6.05E-04 0.808

Exp.: Exponential model; Co: Nugget; Co+C: Sill; R: Range; RSS: Residual Sum of Squares;
r2. Coefficient of determination

Table 3. Indicator variogram models for the 25th, 50th, and 75th percentiles of heavy
metals in 1,082 samples.

Parameters 2
Heavy metal Model c, CotC R(m) RSS r
25% Exp. 0.020 0.184 216 1.730E-03 0.722
Cr 50% Exp. 0.026 0.247 171 1.202E-03  0.807
75% Exp. 0.025 0.190 120 2.075E-04  0.852
25% Exp. 0.017 0.184 240 2.008E-03  0.737
Cu 50% Exp. 0.025 0.247 186 7.016E-04  0.899
75% Exp. 0.024 0.190 108 5.293E-04  0.663
25% Exp. 0.015 0.179 222 2.614E-03 0.634
Ni 50% Exp. 0.022 0.237 228 3.608E-03 0.671
75% Exp. 0.018 0.183 159 5.723E-04  0.805
25% Exp. 0.024 0.190 222 1.464E-03  0.768
Zn 50% Exp. 0.028 0.250 171 3.795E-04  0.936
75% Exp. 0.021 0.189 144 8.077E-03  0.710

Exp.: Exponential model; Cy: Nugget; Co+C: Sill; R: Range; RSS: Residual Sum of Squares;
r?. Coefficient of determination.
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Figures 3 and 4 show the probability maps for sites where Cr, Cu, Ni, and Zn exceed the control
standards based on the 1K and 1000 SIS realizations (by Equations 5 and 11).

Figure 3. The probability maps of (a) Cr (b) Cu (c) Ni (d) Zn using indicator kriging based
on 1,082 samples.
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Figure 4. The probability maps of (a) Cr (b) Cu (c) Ni (d) Zn in 1000 realizations using
sequential indicator simulation based on 1,082 samples.
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The results demonstrate that the hotspots of hazard probability for Cr and Cu are similar. The
spatial patterns of hazard probability also reveal hotspots of Cr near industrial plants and irrigation
systems in the study area. The Cu hotspots are located in the central and east-northern parts of the
study area in the vicinity of industrial plants and irrigation systems. The hotspots of Ni are distributed
throughout the study area, except for the south-western part; and the areas with high concentrations of
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Zn are close to industrial plants and irrigation systems in the north-western part. Furthermore, all
probability maps show that the multiple hotspots of hazard probability are close to industrial plants and
irrigation systems in the study area.

Table 4 shows that polluted sampling density value is subjected to SIS probability exceeding
regulatory thresholds with given critical probabilities ( p.= 0.9, 0.8, 0.7 and 0.6) in the Cr, Cu, Ni, and
Zn content of soil. Results show polluted sampling density increases as the critical probability
increases. The polluted sampling density could be detected using KDE when delineating
contaminations based on the original samples. In the study area, polluted sampling density range from
0.00023 to 0.00036 (L/m?) However, density values for heavy metal Ni are the lowest among the four
heavy metals. For long-term pollution monitoring, the Ni pollution sampling points could be increased
primarily. Based on these results, the KDE method is an effective approach to make sure of sampling
density in delineating heavy metal pollutions for further monitoring.

Table 4. Polluted sampling density value based on SIS probability criteria.

Critical Number of grid which Density value (L/m?)

probability( p,) value is over p, Mean Range

0.6 591 0.00028 0.00066

Cr 0.7 467 0.00031 0.00066
0.8 373 0.00033 0.00066

0.9 310 0.00034 0.00066

0.6 851 0.00029 0.00082

cu 0.7 643 0.00032 0.00081
0.8 505 0.00034 0.00080

0.9 403 0.00036 0.00080

0.6 2,157 0.00023 0.00071

Ni 0.7 1,554 0.00027 0.00070
0.8 1,099 0.00030 0.00067

0.9 773 0.00032 0.00067

0.6 709 0.00028 0.00079

7n 0.7 560 0.00030 0.00079
0.8 453 0.00032 0.00079

0.9 379 0.00033 0.00079

3.4. Comparisons of Hotspot Visualizations by Various Methods

These techniques such as KDE, IK and SIS are commonly used in exploratory spatial analyses and
pattern resolution for soil pollution visualization of heavy metals. All three visualization methods that
we used to explore the soil pollution intensity patterns showed similar results (Figures 2-4) near
factories and irrigation systems. These methods showed generally consistent results, but differences
existed. KDE is an efficient means of detecting soil pollution hotspots based on point data. Results
show the pollution hotspots are consistent in the other two approaches (i.e., IK and SIS). The KDE
results also show multiple hotspots in the study area and may under-emphasized areas with heavy
metal pollution. However, the hotspots when determined based on KDE are more conservative than the
ones estimated by IK and SIS. Results imply that the KDE multiple hot spots may be
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under-emphasized heavy metal pollution zones in the study area (Figure 2). Estimation results indicate
that the hazard probability patterns estimated by the SIS are less fragmented than those estimated by
IK (Figures 3 and 4). SIS takes into account not only the spatial variation of observed data at sampled
locations but also the variation in estimations at unsampled locations which kriging estimation ignores
those factors [18,25]. In addition, the simulation approach modifies the failure of IK to reproduce
clusters of large concentrations above the tolerable maximum [18]. Simulation generates equally likely
sets of values for a variable, which are consistent with available in-situ measurements. This usually
implies that the simulated values have the same mean and variogram as the original data; they may
also have to coincide with the original data at sampling points [29]. Furthermore, the local uncertainty
information obtained by the IK is not sufficient to quantify the uncertainty at several locations
simultaneously. Future work could assess multi-location uncertainties using SIS for the delineation of
soil pollution. In addition, several investigators have published evidence of dynamics in environmental
management [30-33]. In the future study, the temporal analysis of pollutant concentrations could be
further explored.

4. Conclusions

This study utilizes KDE and geostatistical techniques with 1,082 samples to delineate hazardous
zones and quantify the risk of multiple pollutants in a contaminated area. Various methodologies show
generally consistent results, but differences exist. The results demonstrate that KDE is an alternative
means of determining hazardous hotspots of soil pollutants only using hazardous point data in the
preliminary investigation. The polluted sampling density could be detected by using KDE with SIS
delineation. Moreover, the geostatistical models are approaches for identifying the risk of hazard
delineation and are highly promising for use in evaluating the susceptibility of heavy metals without
surveying soil concentrations over an entire study area. All proposed methods can be extended to show
that soil pollution is closely related to pollution sources such as industrial factories and the irrigation
system in the study area. According to the spatial maps, model assessment of soil pollution hotspots
enables remediation planners to help identify hazardous pollution areas. Integrating KDE and
geostatistical methods, the KDE method is an effective approach to determine sampling density when
delineating heavy metal pollutions by geostatistical methods. The information of spatial sampling
density and hotspot pattern could be useful for long-term monitoring and assessment.

Acknowledgements

The authors wish to thank the anonymous reviewers for their valuable comments and suggestions.
The authors would like to thank the National Science Council of the Republic of China, Taiwan, for
financially supporting this research under Contract NSC-97-2628-H-002-026-MY 3, NSC 89-2621-B-
002-004 and NSC 87-2621-P-002-012.

References and Notes

1. Yu, H.; Wang, J.L.; Fang, W.; Yuan, J.G.; Yang, Z.Y. Cadmium accumulation in different rice
cultivars and screening for pollution-safe cultivars of rice. Sci. Total E. 2006, 370, 302-309.



Int. J. Environ. Res. Public Health 2011, 8 87

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Hossain, M.F. Arsenic contamination in Bangladesh—an overview. Agr. Eco. Env. 2006, 113, 1-16.
Rehman, W.; Zeb, A.; Noor, N.; Nawaz, M. Heavy metal pollution assessment in various
industries of Pakistan. Envir. Geol. 2008, 55, 353-358.

Shomar, B. Sources and build up of Zn, Cd, Cr and Pb in the sludge of Gaza. Env. Mon. Ass. 2009,
155, 51-62.

Goovaerts, P. Geostatistical modelling of uncertainty in soil science. Geoderma 2001, 103, 3-26.
van Meirvenne, M.; Goovaerts, P. Evaluating the probability of exceeding a site-specific soil
cadmium contamination threshold. Geoderma 2001, 102, 75-100.

Amini, M. Mapping risk of cadmium and lead contamination to human health in soils of Central
Iran. Sci. Total E. 2005, 347, 64-77.

Lin, Y.P. Multivariate geostatistical methods to identify and map spatial variations of soil heavy
metals. Envir. Geol. 2002, 42, 1-10.

Hassan, M.M.; Atkins, P.J. Arsenic risk mapping in Bangladesh: a simulation technique of
cokriging estimation from regional count data. J. Environ. Sci. Health A 2007, 42, 1719-1728.
Goovaerts, P. Geostatistics in soil science: state-of-the-art and perspectives. Geoderma 1999, 89,
1-45.

Goovaerts, P. Kriging vs. stochastic simulation for risk analysis in soil contamination. In geoENV
|—Geostatistics for Environmental Applications; Soares, A., GAnez-Hernandez, J., Froidevaux,
R., Eds.; Kluwer Academic Publishers: Dordrecht, The Netherlands, 1997; pp. 247-258.

Lin, Y.P.; Chang, T.K.; Shih, C.W.; Tseng, C.H. Factorial and indicator kriging methods using a
geographic information system to delineate spatial variation and pollution sources of soil heavy
metals. Envir. Geol. 2002, 42, 900-909.

Brus, D.J.; de Gruijter, J.J.; Walvoort, D.J.J.; de Vries, F.; Bronswijk, J.J.B.; Romkens, P.F.A.M.;
de Vries, W. Mapping the probability of exceeding critical thresholds for cadmium concentrations
in soils in the Netherlands. J. Envir. Q. 2002, 31, 1875-1884.

Huang, S.S.; Liao, Q.L.; Hua, M.; Wu, X.M.; Bi, K.S.; Yan, C.Y.; Chen, B.; Zhang, X.Y. Survey
of heavy metal pollution and assessment of agricultural soil in Yangzhong district, Jiangsu
Province, China. Chemosphere 2007, 67, 2148-2155.

Lin, Y.P.; Cheng, B.Y.; Shyu, G.S.; Chang T.K. Combining a finite mixture distribution model with
indicator kriging to delineate and map the spatial patterns of soil heavy metal pollution in
Chunghua County, central Taiwan. Environ. Pollut. 2010, 158, 235-244.

Chu, H.J.; Lin, Y.P,; Jang, C.S.; Chang, T.K. Delineating the hazard zone of multiple soil
pollutants by multivariate indicator kriging and conditioned Latin hypercube sampling. Geoderma
2010, 158, 242-251.

Deutsch, C.V.; Journel, A.G. GSLIB, Geostatistical Software Library and User 5 Guide; Oxford
University Press: New York, NY, USA, 1992,

Juang, K.W.; Chen, Y.S.; Lee, D.Y. Using sequential indicator simulation to assess the uncertainty
of delineating heavy-metal contaminated soils. Environ. Pollut. 2004, 127, 229-238.

Zhao, Y.C.; Shi, X.Z.; Yu, D.S., Wang, H.J.; Sun, W.X. Uncertainty assessment of spatial patterns
of soil organic carbon density using sequential indicator simulation, a case study of Hebei
province, China. Chemosphere 2005, 59, 1527-1535.

Bailey, T.C.; Gatrell, A.C. Interactive Spatial Data Analysis; Longman: Essex, UK, 1995.



Int. J. Environ. Res. Public Health 2011, 8 88

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

Silverman, B.W. Density Estimation for Statistics and Data Analysis; Chapman Hall: London,
UK, 1986.

Xie, Z.X.; Yan, J. Kernel Density Estimation of traffic accidents in a network space. Comput.
Environ. Urban 2008, 32, 396-406.

Schnabel, U; Tietje, O. Explorative data analysis of heavy metal contaminated soil using
multidimensional spatial regression. Envir. Geol. 2003, 44, 893-904.

Serra-Sogas, N.; O’Hara, P.D.; Canessa, R.; Keller, P.; Pelot, R. Visualization of spatial patterns
and temporal trends for aerial surveillance of illegal oil discharges in western Canadian marine
waters. Mar. Pollut. Bull. 2008, 56, 825-833.

Lin, Y.P.; Chu, H.J.; Hwang, Y.L.; Chen, B.Y.; Chang, T.K. Modeling spatial uncertainty of heavy
metals content in soil by conditional latin hypercube sampling and geostatistical simulation.
Environ. Earth Sciences 2010, (in press).

Kyriakidis, P.C. Geostatistical models of uncertainty for spatial data, In Spatial Uncertainty in
Ecology: Implications for Remote Sensing and GIS Applications; Hunsaker, C.T., Goodchild, M.F.,
Friedl, M.A., Case, T.J., Eds.; Springer-Verlag: New York, NY, USA, 2001; pp. 175-213.

Zhang, C.; Tang, Y.; Luo, L.; Xu, W. Outlier identification and visualization for Pb concentrations
in urban soils and its implications for identification of potential contaminated land. Environ.
Pollut. 2009, 157, 3083-3090.

Wang, X.J.; Qi, F. The effects of sampling design on spatial structure analysis of contaminated soil.
Sci. Total Environ. 1998, 224, 29-41.

Lin, Y.P.; Chang, T.K. Geostatistical simulation and estimation of the spatial variability of soil zinc.
J. Environ. Sci. Health A 2000, 35, 327-347.

Chang, L.C.; Chu, H.J.; Hsiao, C.T. Optimal planning of a dynamic pump-treat-inject groundwater
remediation system. J. Hydrol. 2007, 342, 295-304.

Telesca, L.; Caggiano, R.; Lapenna, V.; Lovallo, M.; Trippetta, S.; Macchiato, M. The Fisher
information measure and Shannon entropy for particulate matter measurements. Phys. Stat. Mech.
Appl. 2008, 387, 4387-4392.

Telesca, L.; Caggiano, R.; Lapenna, V.; Lovallo, M.; Trippetta, S.; Macchiato, M. Analysis of
dynamics in Cd, Fe and Pb particulate matter by using the Fisher-Shannon method. Water Air Soil
Pollut. 2009, 201, 33-41.

Yu, H.L.; Chu, H.J. Understanding space-time patterns of groundwater systems by empirical
orthogonal functions: a case study in the Choshui River Alluvial Fan, Taiwan. J. Hydrol. 2010,
381, 239-247.

© 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



