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Comparing the Classification of Copper
Concentrations in Taiwan Farmland Soils by Baseline
Method and Finite Mixture Distribution Model
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ABSTRACT

The baseline method (BM) is typically adopted to determine the background
concentration of heavy metals in soils. The long-range transport of contaminants makes
the sampling of undisturbed or unaffected soil difficult, thus making it difficult to

determine the background concentration, especially in urban and industrial areas. This
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study adopted the finite mixture distribution model (FMDM) not only to classify Cu
concentrations based on 918 representative Taiwan farmland soil samples, but also to
compare the results with those obtained using a traditional BM. The parameters and
classes of FMDM were obtained; the proportion of each soil in each class, and the hit rate
of each class were calculated. The results showed that FMDM was more effective than
BM in describing Cu distribution in soils, and the goodness of fit of FMDM could be
evaluated, but that of BM could not. In addition, FMDM effectively overcame the
difficulty of defining the background site. In particular, from the perspective of
environmental risk assessment, BM underestimates the proportion of contaminated soil

included during sampling; however, FMDM can effectively separate most of the

contaminant soils from soil samples.
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INTRODUCITON

Copper (Cu) is an essential element in plants
in which Cu functions as a member a prosthetic
groups of enzyme systems and as a facultative
activator of enzyme systems (Alloway, 1995). Cu
exhibits a great capacity to interact chemically with
mineral and organic components of soil, and to
readily precipitate with various anions such as
sulfide, carbonate and hydroxide (Kabata-Pendias
and Pendias, 2001).

The immobile characteristic of soil profiles is
such that Cu has great affinity to accumulate in
surface soils. The regularity of the distribution of
Cu in soils is governed by two main factors - the
parent material and the soil formation processes.
While this factors the initial distribution of Cu in
soil, bioaccumulation and anthropogenic sources
most strongly affect the concentration of Cu in
surface soils. The utilization of Cu-containing
material and agricultural or industrial emissions
contaminate soil with Cu. The corrosion of Cu
alloy construction materials causes the local or
incidental input of Cu into soils, and metal smelters

contribute to the global long-distance pollution of

the atmosphere (Kabata-Pendias and Pendias, 2001).

Also, the application of sewage sludges, municipal
composts, pig and poultry slurries to agricultural
land causes the deliberate non-point pollution of
agricultural soils. Such practices are a greater
threat than point source pollution to sustained food
and fiber production, because their extent and
impact are greater but less evident until plant
growth becomes visually retarded and exhibits
symptoms of metal toxicity (Alloway, 1995).

The background values of elements are critical
to regulatory agencies in estimating the extent of
pollution and assessing risk. In some contexts, the

full description of the term ‘“background

concentration” could be “natural background
concentration”, which refers to the soil that is
naturally present at sites that have not been
disturbed or affected by human activities (Gough,
1993; Portier, 2001).

in a developed area is difficult, so indirect estimates

However, finding such a site

of concentrations have been made, such as in
remote areas, and in ancient or historical materials
(Fergusson, 1990).

concentration” called “anthropogenic background”

Another type of “background

is the concentration typically observed in a region,
resulting from human activities but not associated

with a specific contamination activity. The Cu
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concentration in general Taiwanese farmlands soil
belongs to the latter type.

The anthropogenic soils that form as a result
of various human activities transport small
quantities of chemicals and deposit them thinly
over a broad area. The concentrations of elements
in such soils are expected to exceed those in
background soils. The contaminant soils that are

generated by the point source releases of
contaminants are geographically constrained in
scope and exhibit intense enhancement (Portier,
2001).

In recent years, some methodologies have
been proposed to determine the thresholds for
determining the concentrations of heavy metals in
soils. The baseline concentration, expressing an
expected range of concentrations around a mean, is
usually used to describe elemental concentrations in
soils (Gough et al., 1988; Dudka, 1993; Gough,
1993).

an anthropogenic one is difficult, because the

However, certifying a background site as

activities that cause anthropogenic enhancement
cannot be easily identified. A statistical approach,
“finite mixture distributions”, has in recent years
been developed and discussed (Portier, 2001; Yang
and Chang, 2005).

A frequency distribution that comprises more
than one component distribution frequency is
defined as a finite mixture distribution (Everitt,
1996).

element in soil can be specified as a probability

The degree of the contamination of an

distribution function with three parts — background,

anthropogenic and contaminant soils (Portier, 2001).

Yang and Chang (2005) applied the finite mixture
distribution model to determine the concentration
This study

classified Cu concentrations in Taiwan farmland

of cadmium in Taiwan farmland soil.

soils using the baseline method (BM) and the finite
mixture distribution model (FMDM) and studied

whether these classifications can effectively

distinguish anthropogenic and contaminant soils

from background soil.
MATERIALS AND METHODS

The database of Cu concentrations herein was
established by the
Agency, Executive Yuan (1989).

Environmental Protection
The database
contains 918 geographically representative 1600
hectare farmland plots in Taiwan. The soil was
extracted using 0.IN HCI solution. The metal
concentration in the extracted solution was
analyzed using a Perkin-Elmer 305A atomic

absorption spectrophotometer.
THEORY AND MODELS

Two methods were adopted to classify the Cu

concentrations in this study.

Baseline Method (BM)

The baseline method was applied to the
samples as a whole, regardless of background or
whether the anthropogenic or contaminant com-
ponent distribution of the sample is of interest.
The central tendency and variation of data were
expressed as geometric mean (GM) and geometric
standard deviation (GSD).
concentrations, which included 95% of the sample
population, was between GM/GSD* and GM x
GSD? (Dudka et al., 1995; Chen et al., 1999). The

upper baseline concentration, defined as 97.5% of

The range of baseline

the top of the log-normal distribution, was used as a
background value to evaluate soil samples to
determine

possible contamination by heavy

elements (Chen et. al, 2002).

Finite Mixture Distribution Model (FMDM)
According to Yang and Chang (2005), the
of Cu

concentration in soil has three components and can

probability density function (p.d.f.)

be expressed as Eq. (1).
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where m,, T, and m; are the relative abundances of
components as proportions of the total population,
and must satisfy the constraints 0<7m, 71, <I.
All of the components, f(x), f2(x) and f3(x), follow
two-parameter log-normal distributions (Ames and
Prych, 1995; Ames and Hawkins, 1997); 6;, 6,
and 6; represent background, anthropogenic and
contaminant soils, respectively. Then, two points
of intersection, X; and X,, of the three functions,
f1(x), f2(x) and f3(x), are given by Egs. (2) and (3).

70£1(X1]6)) =155 £2(X1]6,)

T f>(X,|62) = 113 f3(X,)6,)

X, is defined as the threshold of Anthropogenic
Class, and X, is defined as the threshold of
Contaminant Class.

The relative proportion F; of soil type i
classified as soil Class j can be calculated using Eq.

4.

Fy 08y = i 18 ~Fy Xy 6)] et
i=1,2,3,j=12,3
where

0 nx—
Fi(x|9i) :ll:j+erf§1_“y%
2§ “He2 {
x=exp (y)
In this study, X, = 0 and X; = « are set. The

hit rate of Classj is given by Eq. (5) (Chow, 2002).

j T e
l'ZlF;-j(X)
i=1,2,3

where F; is the proportion of soil type j classified in
the same soil Class j. The likelihood-ratio )(2
test is given by Eq. (6), to evaluate the goodness of
fit:

)(2 has (m-k-1) degrees of freedom, where m is the
number of classes of the original population and &
is the number of estimated parameters (Krebs, 1999;
Liu et al., 2002). In this study, a software package
called the

Maximum Likelihood approach to estimate the

“Rmix” was used to implement
parameters and perform the )(2 test of the model

(Du, 2002).

RESULTS AND DISCUSSION

For BM, GM and GSD yielded Cu con-
centrations in soil of 4.05 and 0.33 mg/kg, and the
threshold for the Contaminant Class was obtained
as 37.19 mg/kg. Figure 1 presents the observed
probability distribution and Classes of BM.

For FMDM, the soil samples were classified
into three parts according the degree of Cu
contamination - background, anthropogenic and
contaminant with respective proportions of 87.78%,
10.66% 1.56%; Cu
concentrations of 5.77, 12.06 and 27.47 mg/kg, and

and arithmetic  mean
arithmetic standard deviations of 4.21, 2.75 and
0.34 mg/kg. Equations (2) and (3) yield the
thresholds of 12.00 and 26.29 mg/kg for Anthro-
pogenic and Contaminant Classes, respectively.
Figure 2 plots the observed and predicted
probability distributions and Classes.

For the goodness of fit, the x? value and the
degrees of freedom were 4.48 and 9, respectively.
Then, the p-value of FMDM was 0.8894, exceeding
0.05, which indicated that FMDM did not differ
significantly from the sample distribution and was
appropriate in representing the Cu concentration in
farmland soils in Taiwan.

Nine hundred and eighteen samples were
classified by applying the thresholds of BM and

FMDM. Table 1 presents the results. BM yielded
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Tab. 1. The numbers of samples and proportions of Background, Anthropogenic, and Contaminant

Classes by BM and FMDM
Method Background Class  Anthropogenic Class Contaminant Class Total
BM Number of samples 908 * 10 918
Proportion (%) 98.91 * 1.09 100.00
FMDM Number o'f samples 797 104 17 918
Proportion (%) 86.82 11.33 1.85 100.00

* There was no Anthropogenic Class in BM.

Tab. 2. The calculated proportions of background, anthropogenic, and contaminant soils in Background,

Anthropogenic, and Contaminant Classes

Background Class (%)  Anthropogenic Class (%) Contaminant Class (%) | 7 (%)
background soil 81.29 6.12 0.37 87.78
anthropogenic soil 5.71 4.95 0 10.66
contaminant soil 0 0 1.56 1.56
Total 87.00 11.07 1.93 100.00
Backround Class Contaminant Class Background ~ Anthropogenic  Contaminant
Class Class Class
35
The observed probability 10 The obsedped probabilty
25t 0= The predifted probability of background soil
=t~ The ibted abi of antt enic soil
& 25 -0-The y of soil
< 201 = — The predifted probability of FMDM
2 > 20
% 15 The threshold of z s
'g 10+ Contaminant Class 2 Zhehthreshold of Ehetthre_sholdLulf
= = ic “ontaminant Class
= 37.19 mg/kg =10 Class 12.00 merke| ~ |26.29 ek
5
0 . . . . . A e
0 5 10 15 20 25 30 35 40 45 50 0,

Copper Concentration (mg/kg)
Fig. 1. Observed distribution and threshold of BM

10 and 908 samples in the Background and Con-
taminant Classes, respectively. FMDM yielded 17,
104 and 797samples in Background, Anthropogenic
and Contaminant Classes, respectively.

Table 2 reveals that the proportion of soil
samples classified in the Contaminant Class by BM
was 1.09%, which was lower than that, 1.56%,
determined by FMDM. Almost one-third of the
contaminant soil was misclassified as background,
because when the contaminant soils were included
in the soil samples, GM and GSD were

overestimated, so the BM was overestimated and

0 10 20 30 40 50
Copper Concentration (mg/kg)

Fig. 2. Observed and predicted probability distri-
bution of FMDM

the proportion classified in the Contaminant Class
was underestimated.

According to Table 2, the proportions of
Background, Anthropogenic and Contaminant
Classes, according to FMDM, were 87.00%,
11.07% and 1.93%, respectively. Table 3 presents
the proportions of soils in the various classes,
according to Eq. (4). The calculated proportions
of Background, Anthropogenic and Contaminant
Classes were 86.82%, 11.33% and 1.85%, respec-

tively, which data were tallied with the former
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results.

According to Table 3, the hit rates of
Background, Anthropogenic and Contaminant
Classes were separately calculated as 93.43%,
44.70% and 80.90% using Eq. (5). The high hit
rate of the Background Class shows that most of the
background soils were classified in the Background
Class.

was only 44.70%, because the predicted probability

The hit rate of the Anthropogenic Class

distribution distributions of the background and
anthropogenic soils were very close to each other in
the range 7 to 20 mg/kg. This finding indicated
the difficulty of identifying the background site as
sampling (Gough, 1993; Portier, 2001). The hit
rate of the Contaminant Class reached 80.90%,
because some of the background soil was classified
in the Contaminant Class. However, the most
important result was that all of the contaminant soil
was classified in the Contaminant Class. From the
perspective of environmental risk assessment, this

fact ensures public health.
CONCLUSIONS

This work supports the following conclusions.
(i) FMDM was more accurate and flexible than BM
in describing the concentration distribution of
The goodness of fit of FMDM

can be evaluated by the calculated proportion of

elements in soil.

each soil in each Class and the hit rates, but that of
BM cannot. (ii) BM must satisfy the constraint that
the sample sites must not have been disturbed or
affected by human activities; however, this is a
difficult requirement to satisfy for sampling in
developed areas. The proportions of background,
anthropogenic and contaminant soils could be
estimated by FMDM from field samples, even
when the soil samples could be mixed from natural
and anthropogenic areas because of the difficulty of
defining background sites. (iii) From the viewpoint

of environmental risk assessment, BM underesti-

mates the proportion of the contaminant soil, when
the anthropogenic and contaminant soils were
sampled; however, FMDM separates all of the
contaminant soils from the samples to ensure public
health.
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