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a  b  s  t  r  a  c  t

Studies  of  magnetic  monitoring  for assessing  air pollution  have  been  proposed  as  alternative  and  com-
plimentary  of  chemical  methods.  Such  magnetic  studies  provide  measurements  at  low  cost  and  relative
promptness.  In this  work,  we  present  and  apply  a  methodology  to build  an interval  fuzzy  model,  which
calculates  the Tomlinson  pollution  load  index (PLI).  The  input  variables  for the model  are  magnetic  param-
eters  relative  to magnetic  concentration,  grain  size  and  mineralogy.  The  model  aims  to two  purposes,  on
one hand,  to calculate  the values  of  PLI  only  using  magnetic  variables  and,  on  the  other  hand,  to  analyze
the  relationship  between  magnetic  and chemical  variables.  The  studied  dataset  was  obtained  from  mea-
agnetic parameters
ollution

surements  of  the biomonitor  Tillandsia  recurvata  L.  in a Mexican  urban  area  (Santiago  de  Querétaro).  The
best model  was  selected  from  a  total  of about  half  a million  possible  models  using a  fitness  measure  (RIF).
The  model  yields  a satisfactory  approximation  of  the  PLI  data  and  it was  concluded  that  PLI increases
with  relation  to:  an  increase  in  concentration  of  magnetic  materials,  an  additional  contribution  to the
magnetic  signal  of  paramagnetic  materials,  and  an  increase  in size  of  magnetic  grains.

© 2015  Elsevier  Ltd.  All  rights  reserved.
. Introduction

The use of magnetic parameters represents a complementary
nd alternative tool for magnetic monitoring to assess pollution
n areas of interest. It is noteworthy that low cost and relative
romptness are features of magnetic methods unlike those of other
ethods.
The association of the presence of magnetic fractions of atmo-

pheric dusts and ashes generated from industrial combustion or
ehicles and the generation of magnetic particles and heavy metals
as been shown by several authors (Kapicka et al., 1999; Petrovský
t al., 2000; Kukier et al., 2003; Evans and Heller, 2003). Studies
f air pollution based on the magnetic properties of vegetation
amples – tree leaves, needles, tree ring cores, mosses, lichen –
ave been carried out since the 1990s (Flanders, 1994; Matzka and

aher, 1999; Jordanova et al., 2003; Moreno et al., 2003; Hanesch

t al., 2003; Gautam et al., 2005; Lehndorff et al., 2006; Maher,
008; Zhang et al., 2008, 2012; Jordanova et al., 2010; Fabian et al.,

∗ Corresponding author at: CIFICEN-CONICET,-UNCPBA, Exactas, Pinto 399,
uenos Aires, 7000 Tandil, Argentina. Tel.: +54 249 4439661; fax: +54 249 4439669.

E-mail address: chaparromauro76@gmail.com (M.A.E. Chaparro A.E.).

ttp://dx.doi.org/10.1016/j.ecolind.2015.02.018
470-160X/© 2015 Elsevier Ltd. All rights reserved.
2011; Salo et al., 2012; Chaparro et al., 2013; Castañeda-Miranda,
2014; Aguilar-Reyes et al., 2012). These works have demonstrated
their potential as passive dust collectors and therefore for magnetic
monitoring in areas of interest.

In this contribution, data obtained from the epiphytic Tillandsia
recurvata L. was selected due to its availability in the metropolitan
area of Santiago de Querétaro, Mexico. The epiphytic plants are effi-
cient air pollution biomonitors because they obtain their nutrients
from the atmosphere and have minimum contact with the earth
(Wannaz et al., 2006).

The relationship between magnetic parameters and chemical
elements have been studied by several authors in lake sedi-
ments (Petrovský et al., 1998; Chaparro et al., 2008), soils (Spiteri,
2005; Chaparro et al., 2007; Morton-Bermea et al., 2009), stream
sediments (Desenfant et al., 2004; Chaparro et al., 2006), biomon-
itors (Georgeaud et al., 1997; Fabian et al., 2011; Salo et al.,
2012; Chaparro et al., 2013), atmospheric dusts (Ng et al., 2003;
Castañeda-Miranda et al., 2014) and automobile emission (Lu et al.,
2005; Marié et al., 2010). These studies indicate that the relation-

ship may  not be generalized but is particular for each environment
studied. In particular, in our previous studies (Chaparro et al.,
2011, 2012), multivariate statistical analyses and fuzzy tools were
used for magnetic monitoring in soils, stream and river sediments,

dx.doi.org/10.1016/j.ecolind.2015.02.018
http://www.sciencedirect.com/science/journal/1470160X
http://www.elsevier.com/locate/ecolind
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolind.2015.02.018&domain=pdf
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Fig. 1. Study area. Sampling sites 

evealing a link between magnetic and chemical variables. There
re scarce studies that employed fuzzy tools to analyze such rela-
ionships previous to 2010. For example, Hanesch et al. (2001) used
uzzy c-means clustering to determine polluted sites in Austria, on
he other hand, Kuncheva et al. (2000) proposed a fuzzy model to
alculate an index of pollution based on 10 heavy metals loading
ut they do not used magnetic parameters.

Chaparro et al. (2012) reported a methodology for building an
nterval fuzzy model for the pollution index PLI (Tomlinson et al.,
980), which was applied to two cases of study, one with soil sam-
les from Antarctica and the other with road-deposited sediments
ollected in Argentina. The study showed not only satisfactory
greement between the estimation interval and data, but also pro-
ided valuable information from the rule analysis, which allows
or understanding the magnetic behaviour of the studied variables
nder different conditions. The work was the first interval model
hat allows us to calculate the values of index pollution using only

agnetic measurements in that sites. Recently, Xia et al. (2014) and
ang et al. (2014) obtained similar results to Chaparro et al. (2011,

012), but they do not build a mathematical model, they applied
uzzy clustering and principal component analysis to investigate
he levels of magnetic and heavy metal contamination of topsoils
n China. Their studies reveal a relation between parameters related
o magnetic concentration, grain size and mineralogy.

Chaparro et al. (2013) studied lichen species as air pollution
iomonitors in urban areas and assessed their potential for mag-
etic monitoring in cities. They found that samples with industrial

nfluence (heavily polluted sites) showed the highest values in mag-
etic concentration and coarser magnetic grains. On the contrary,
amples from control sites showed the lowest magnetic concentra-

ion values, as well as the highest values of grain-size-dependent
arameters and hence finer particles.

Mathematical models allow us to derive a more complete
nd global knowledge from a case study. Fuzzy tools usually are
tiago de Queretaro city (México).

appropriated to combine quantitative (measurements) and quali-
tative (gained experience) knowledge; this weighted combination
enriches the quality of the outcome, giving a better fit between data
and modelled results.

Our previous results (Chaparro et al., 2012) encourage us to build
a new mathematical model for biomonitors. Thus, in this work, con-
tinuing and improving our previous studies, we  propose analyzing
the relationship between magnetic and chemical variables through
the construction of a mathematical model of “fuzzy interval” type
or “interval fuzzy model” (IFMo). These types of models are based
on fuzzy logic and arithmetic of fuzzy numbers.

2. Materials and methods

2.1. Study area

The Santiago de Querétaro city is the capital of Querétaro de
Arteaga state from Mexico. The urban area is about 741 km2 and
has ∼800,000 inhabitants (SEDESU, 2006). Based on limited data,
there are two  hypothesis of the main cause of air pollution in Queré-
taro, attributed to the vehicles of the city (INEGI, 2003) and to the
local industry (Gasca, 2007). The city is located on the intersection
of two  of the most important routes in Mexico. Highway 57 accom-
modates most of the north-south traffic between Mexico City and
the US border, including also the city of Monterrey. Highway 35D
drives traffic in an east-west direction between Mexico City, the
Bajío region and the Pacific coast. The city is also host to five large
industrial areas which are located in the urban area (Fig. 1). Mean
annual precipitation is low, averaging about 570 mm.  Vegetation

cover is also low; it is composed mostly of steppe shrubs, cacti, and
phreatophytes. Wind intensities and directions are also strongly
seasonal, with monthly mean velocities of 4 m/s  throughout the
year. Winds are from the E or NE about 37% of the year, and from
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he SW,  W or NW about 25% of the time. Winter months may  be
ffected by polar-continental air masses.

.2. Dataset

The dataset under study was recently submitted for publication
o Ecological Indicators.  Such dataset was obtained by sampling indi-
iduals of T. recurvata from 26 sites according to their availability
n three areas of interest from Querétaro city: industrial, urban and
he outskirts. Samples were collected at a height of >1.5 m to avoid
he influence of urban soil particles. The material was  collected in

arch 2012, packed in paper bags and stored at room temperature
n the laboratory for different magnetic and additional studies. A
otal of 73 samples of 26 sites were studied.

.3. Magnetic measurements

The rock-magnetic measurements of biological material were
arried out in the laboratory of Paleomagnetism and Rock-
agnetism at Centro de Geociencias (UNAM). The material was

sed for measuring the following parameters:

The volumetric (�)and mass-specific (�) magnetic susceptibility
were measured using a KLY-3 Kappabridge meter (AGICO).
The anhysteretic remanent magnetization (ARM) and the anhys-
teretic susceptibility (�ARM) were determined from the ARM
acquired in an alternating field (AF) of 100 mT and a DC bias
field of 71.58 A/m (corresponding to an induction of 90 �T). The
remanent magnetization was imparted using a laboratory built
AF demagnetizer and measured using the magnetometer JR-5.
The saturation of isothermal remanent magnetization
(SIRM = IRM2T) was also produced using a pulse magne-
tizer, applying a DC field of 2 T, and measured using the
above-mentioned magnetometer JR-5.
The magnetic hysteresis loops and remanent magnetizations
were measured in fields between −2 and 2 T at room tempera-
ture using a Princeton Measurement Corporation Micromag 2900
AGM system. Among hysteresis parameters and ratios of interest,
the saturation magnetization (Ms), saturation remanence (Mrs),
coercive force (Hc), remanent coercivity (Hcr) and the high-field
magnetic susceptibility (�hf) were calculated.

In addition, some ratios of interest like as: �ARM/� ARM/SIRM
IRM/� SIRM/�, Hcr/Hc Mrs/Ms, the relative contribution of para-
agnetic and diamagnetic minerals to the Ms  (para/diamag. cont.)

nd S-ratio (=−IRM−300mT/SIRM) were calculated.
On the other hand, the output chemical variable is a composite

ndex of 24 trace and major element concentration.
The Tomlinson pollution load index was calculated with the con-

entration of 9 heavy metals: Pb, Cr, V, Sn, Sb, Ba, Cu, Zn and Mo,
sing the following definition:

LI = n

√√√√ m∏
i=1

(
CHM,i/Cbaseline,i

)

here CHM,i is the concentration of each heavy metal and Cbaseline,i
s the baseline value for each element (Tomlinson et al., 1980).
n this case, the values of baseline were obtained from the min-

mum values of the dataset for each heavy metal. The values for
ach chemical element are 41.5 �g/g (Cr), 18.9 �g/g (Ni), 23.4 �g/g
Cu), 144.7 �g/g (Zn), 3.1 �g/g (Mo), 2.9 �g/g (Sn), 1.9 �g/g (Sb),
64.7 �g/g (Ba), 14.0 �g/g (Pb) (Sites A72–73 and A22–24).
 Indicators 54 (2015) 238–245

2.4. The model, construction and selection methods

2.4.1. Interval fuzzy model, an overview
An interval fuzzy model is a model based on the fuzzy logic and

fuzzy set theory. An IFMo consists of two  parts basically, “fuzzy sets”
and “base of rules”.

This theory was developed by Zadeh (1965); it is particularly
useful for the representation of vague expert knowledge and impre-
cise information about systems.

The fuzzy set theory is based on an extension of the classical
meaning of the term “set”.

In classical set theory an element “x” of an universe X either
“belongs” or “does not belong” to a set A. This concept is represented
by the classical “characteristic function �A”:

�A (x) =
{

1, i x ∈ A

0, otherwise

The fuzzy set theory rests on the idea that “belongs or does not
belong” are particular cases; all elements belong (or do not belong)
to a grade of membership. Therefore fuzzy set theory replaces the
�A with a “membership function” �A(x) that represents the degree
of membership of x to A.

�A : X → [01]

x �−→
�A (x)

The set of pairs A =
{

(x, �A (x)) , x ∈ X
}

is called “fuzzy set”.
The fuzzy sets allow a partition of input and output vari-

ables in situations that the expert or modeller has certainty
about the problem. The type of membership function repre-
sents the uncertainty around these values. Some commonly used
membership functions are showed in Fig. 2. For example, in
the trapezoidal functions the certainty is along one interval.
In case of the triangular or Gaussians function the certainty is
on only point but, in the Gaussian function the uncertainty is
smoother than the triangular function. The membership func-
tions have two purposes, one is to represent the certainty
through the central parameters of functions and the other is
to model the uncertainty through of the membership function
type.

The other basic part is the base of rules. Each rule is the result
of modelling linguistic labels by fuzzy sets. The simplest rules are
those

“if x is A then y is B”

If the membership functions or rules are not adequate, the
assessment of the model will be poor.

2.4.2. The model
The selection of variables was carried out according to the

empirical knowledge and relevance of parameters in magnetic
monitoring. According to magnetic characteristics, we assumed
that three “general” groups of all variables (measured and cal-
culated) are possible to distinguish magnetic group related to:
Concentration (�, ARM, Ms, SIRM); Grain Size (�ARM, �arm/�, SIRM/�,
ARM/SIRM) and Mineralogy (Hcr, Hc, �hf). We  consider that a
model should be built using at least one variable of each mag-
netic group. Therefore, the parameters selected by the experts
were:

Magnetic concentration: mass-specific magnetic susceptibil-
ity and the saturation magnetization were selected. The � is,

perhaps, the best and the most used parameter for assessing mag-
netic concentration in environmental samples, assuming uniform
mineralogy and consideration of paramagnetic and diamagnetic
components (Peters and Dekkers, 2003). The Ms is considered as
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Fig. 2. Membership functions commonly used in fuzzy inference systems.
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ne of five of the most important hysteresis parameters, which is
he magnetization induced in the presence of a large (>1 T) mag-
etic field.

Magnetic mineralogy: the �hf is the susceptibility in saturat-
ng fields (i.e., the high-field slope) and it is frequently used as a
roxy for the non-ferrimagnetic contribution to susceptibility, i.e.
he combined paramagnetic and diamagnetic contributions.

Magnetic grain size: the �ARM/�-ratio is a grain size sensitive
arameter (Dunlop and Özdemir, 1997; Peters and Dekkers, 2003),
or example, values of �ARM/� greater than 5 are indicative of the
resence of very small magnetite grains.

The membership functions and rules are built through an unsu-
ervised clustering algorithm that allows finding several partitions
mbiguously called fuzzy c-means clustering (FCC).

The operations between the fuzzy set are defined by t-norm
inimum and t-conorm maximum for intersection and union

espectively. The fuzzy implication or inference is defined by t-
orm minimum (Mamdani’s inference). It is noteworthy that the
utput of fuzzy inference is a fuzzy set. For practical applications

 crisp value is calculated, this process is called defuzzification.
t is important to quantify the uncertainty of the process that is

odelled. Therefore, we think that useful information is lost in
lassical defuzzification process; for this reason and to achieve
etter results, a fuzzy interval was calculated instead of a crisp
utput. The fuzzy arithmetic is used in order to obtain this
nterval.

A fuzzy interval was defined by a fuzzy set A satisfying the fol-
owing: (a) A is normal; (b) The support {x: A(x) > 0} of A is bounded;
c) The �-cuts of A are closed intervals.

Fuzzy arithmetic is based on two properties of fuzzy numbers:
ach fuzzy number can fully and uniquely be represented by its �-
uts and the �-cuts of each fuzzy number are closed intervals of

eal numbers for all  ̨ > (0, 1) (Klir and Yuan, 1995). These proper-
ies enable us to define arithmetic operations on fuzzy numbers,
n terms of operations on closed intervals (Chaparro et al., 2012).
he possible results of the model are based on the testing of all
rules. These rules must be combined in some manner in order to
make a decision. The aggregation method is the process by which
the fuzzy sets, which represent the outputs of each rule, are com-
bined into a single fuzzy set. In our model the aggregation method is

defined by the average fuzzy interval (or number):X̄fz = 1
n

n∑
i=1

˛iÃi =

1
n

n∑
i=1

ai

(
xInf

i
, xC inf

i
, xC sup

i
, xSup

i

)
where Ãi is a fuzzy set and ˛i is the

grade of membership of answer i-th fuzzy set.
From this interval fuzzy output, the interval width represents

the estimation uncertain. Thus, the model is based on the following
hypothesis:

“The response interval width tends to zero when the model is
fit”.

The inference rules are built using piece of information from
the fuzzy partition. From the samples, the maximum member-
ship degree (if above 0.60) of each input and output variables
is considered to build a rule. If the membership value is below
0.60, this datum is not used for the rules. It is necessary for all
the variables of a sample to have membership grades above 0.60;
otherwise the sample will not be used in the model. According
to Chaparro et al. (2012), each “useful” sample is identified and
labelled using its corresponding fuzzy set with maximum member-
ship. Thus, the rule is established by the label of each set for each
variable.

2.4.3. A criterion to select the best model
The all possible models for samples were made up using 23

points of the data pool. For each sample the model architecture

was varied from 3 to 5 and 3 to 12 membership functions to input
variables and output variables respectively. Therefore the simplest
model has 3 input membership functions for the variables �, Ms,
�arm/�, and �hf.
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Fig. 3. Membership functions for all variables (input and output). The labels or
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Table 1
Statistics resume for the obtained groups by fuzzy c-means clustering. The values
between brackets are the member number of each fuzzy set.

Centroid (n) d.e. Min Max

�
�1 13.04 (5) 5.64 1.77 15.32
�2  37.49 (11) 8.18 19.29 44.12
�3  65.05 (5) 7.57 46.01 64.54
�4  112.40 (5) 34.59 81.05 171.54

Ms

Ms1 65.12 (5) 22.66 25.70 82.60
Ms2 166.81 (14) 42.77 91.90 211.50
Ms3 343.96 (4) 28.10 301.60 367.00
Ms4 552.73 (3) 94.09 498.30 665.90

�ARM/�
�ARM/�1 3.47 (3) 0.41 2.89 3.69
�ARM/�2 4.14 (14) 0.48 3.17 4.68
�ARM/�3 6.96 (7) 1.54 2.50 7.38
�ARM/�4 13.08 (2) 3.18 8.73 13.23

�hf

�hf1 −0.88 (11) 1.14 −2.10 1.05
�hf2 2.27 (8) 0.78 1.52 3.39
�hf3 7.38 (7) 1.72 5.02 9.00

PLI
PLI1 2.21 (8) 0.60 1.06 2.94
PLI2 3.74 (12) 0.40 3.18 4.44
PLI3 5.57 (4) 0.49 4.77 5.92

ship functions type “Z” and “S” were used for extreme values of

F
t

ames for each membership functions are according to the values of the centroid.

The fitness measure of the model was defined in order to com-
are all models. It is defined by the following formula:

IF = 1
Ni

N∑
i=1

(
2 − �Xi

(xi)
)

d fuzz (Xi, xi)

here Ni is the number of points that fall into the interval, dfuzz(.,.)
s the distance between to fuzzy numbers (Appendix A), and �Xi

(·)
s the membership function of fuzzy output Xi.
When the fitness is perfect, the value of RIF equals 0. Then, the
odel is selected from the one that takes the lowest value of RIF.

ig. 4. The outcome of applying the model for the input dataset. The PLI data (•) from th
he  overestimation interval(◦–*) and underestimation interval(*–◦).
PLI4 7.73 (2) 0.40 7.45 8.02

3. Results

In order to find the best model a total of 460,000 models were
built and tested. The lowest value of fitness yielded an RIF = 0.2064,
corresponding to a model that has 19 rules and 4 membership
functions for the input variables �, Ms, �ARM/�, and 3 functions for
the input variable �hf. The output variable PLI has 4 membership
functions.

The parameters of the membership function for each variable
were determined by a FCC. The group centroids (for each variable)
were taken like as the maximum membership value. The member-
centroids (minimum and maximum) and the Gaussian functions
were fitted for middle centroids. This procedure was  carried out

e input set. The center of the fuzzy interval is denoted with a black line ( ) and
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Table  2
Type and parameters of the membership functions. The labels or names for each membership functions a roid (value of maximum membership) for each partition; e.g. the
centroid  of PLI1 is lower than PLI2 and so on for all variables.

Name Type Parameters Name Type Parameters

INPUT A b OUTPUT a b c

� �1 Z(�,�) 13.04 37.49 PLI PLI1 Tri(a,b,c) 1 2.21 3.41
�2 Gauss(a,b) 13.01 37.49 PLI2 Tri(a,b,c) 2.54 3.74 4.94
�3  Gauss(a,b) 18 65.05 PLI3 Tri(a,b,c) 4.37 5.57 6.77
�4  S(a,b) 65.05 112.4 PLI4 Tri(a,b,c) 6.53 7.73 8.93

Ms Ms1 Z(a,b) 65.12 166.81
Ms2 Gauss(a,b) 18.02 166.81
Ms3 Gauss(a,b) 18.05 343.96
Ms4 S(a,b) 343.96 552.73

�ARM/� �ARM/�1 Z(a,b) 3.47 4.14
�ARM/�2 Gauss(a,b) 0.8 4.14
�ARM/�3 Gauss(a,b) 0.8 6.96
�ARM/�4 S(a,b) 6.96 13.08

o
p

(

w
b
s
m
T
d

i
t
d

4

fi
p
a

T
B

�hf �hf1 Z(a,b) −0.88 2.27
�hf2 Gauss(a,b) 0.9 2.27
�hf3 S(a,b) 2.27 7.38

nly for input variables. The triangular functions were used for out-
ut variable. The parameters for these functions were defined by:

centroid − 2 × sd, centroid, centroid + 2 × sd)

here “sd” is the maximum standard deviation of all group
elonging to the variable output. All membership functions are
hown in Fig. 3 and the centroid, size, standard deviation and
inimum–maximum values of each group are summarized in

able 1. All parameters and type of membership functions are
etailed in Table 2.

The base for this model is made up of 19 rules; they are showed
n Table 3. The set of rules allows us the analysis of, in general terms,
he features of samples regarding different levels of pollution, i.e.
ifferent values of PLI.

. Discussion
The outcome of applying the model is shown in Fig. 4. In this
gure, the PLI data, modelled values are displayed for comparison
urpose. This model has the lowest value of fitness among a total of
bout half million possible models, which comprised 19 rules and

able 3
ase of rules for the interval fuzzy model.

Input Output

If �1∧Ms1∧�ARM/�4∧�hf1 (1141) Then PLI1 (lowest
values)�1∧Ms2∧�ARM/�2∧�hf2 (1222)

�2∧Ms1∧�ARM/�3∧�hf1 (2131)
�2∧Ms2∧�ARM/�3∧�hf1 (2231)
�2∧Ms2∧�ARM/�3∧�hf2 (2232)
�4∧Ms2∧�ARM/�3∧�hf1 (4231)

If �1∧Ms2∧�ARM/�2∧�hf1 (1221) Then PLI2
�2∧Ms1∧�ARM/2∧�hf1 (2121)

�2∧Ms2∧�ARM/�2∧�hf1 (2221)
�2∧Ms2∧�ARM/�2∧�hf2 (2222)
�2∧Ms3∧�ARM/�2∧�hf3 (2323)
�3∧Ms2∧�ARM/�2∧�hf2 (3222)
�3∧Ms4∧�ARM/�2∧�hf3 (3423)
�4∧Ms2∧�ARM/�2∧�hf2 (4222)

If �1∧Ms2∧�ARM/�2∧�hf1 (1221) Then PLI3
�2∧Ms1∧�ARM/2∧�hf1 (2121)

�2∧Ms2∧�ARM/�2∧�hf1 (2221)

If �1∧Ms2∧�ARM/�3∧�hf2 (1232) Then PLI4 (highest
values)�4∧Ms3∧�ARM/�2∧�hf3 (4323)
11 membership functions for the input variables (�, Ms, �ARM/�,
�hf.) and the output variable (PLI).

The interval model contained 96% of PLI values. If we  called
“overestimation interval” to interval with limit Linf, CenterInf;
“underestimation interval”: CenterSup, Lsup; and “center”: Cen-
terInf, CenterSup (Fig. 4). The values of samples were distributed
mostly in the center, that is,

• Overestimation interval: (≈11.5%) A25; A53–54; A72–73.
• Center: (≈53%) A22–24; A53–54; A58–60; A38–40; A61–63;

A26–28; A7–9; A19–21; A16–18; A67–68; A13–15; A29–31;
A50–52; A1–3.

• Underestimation interval: (≈35.5%) A41–43; A44–46; A55–57;
A10–12; A69–71; A47–49; A64–66; A32–34; A35–37.

Besides calculating the value of PLI, the model allows us to do a
description and classification of samples in magnetic terms based
on the fuzzy rules. As observed in Table 1, the samples with the
lowest PLI values (PLI1) (samples A72–73 and A22–24) show low
values of magnetic concentration-dependent parameters (�1–2 y
Ms1), fine magnetic grains (�ARM/�3–4) and low values of high-field
magnetic susceptibility (�hf1). It is worth mentioning that this �hf
value is related to the concentration of diamagnetic/paramagnetic
minerals.

The low-moderate values of magnetic concentration-dependent
parameters (�2 and M 2) and slightly coarser (than the previous
s

samples) magnetic grain size (�ARM/�2–3) characterize the samples
(A55–57, A47–49, A4–6, A67–68, A10–12, A69–71 and A29–31)
with moderate PLI values (PLI2). In this case, the variable �hf does

Fig. 5. A conclusion about the PLI increasing. An analysis using the base of rules for
the  interval fuzzy model.
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ot show a particular feature, all fuzzy sets were observed for this
LI value, i.e. �hf1–2–3.

All samples with higher PLI values (PLI3 and PLI4) showed higher
alues of high-field magnetic susceptibility (�hf3) and high values
f magnetic concentration-dependent parameters (�3–4 and Ms3).
n addition, most of the samples have coarser magnetic grain sizes
�ARM/�1–2).

. Conclusions

The model is a very good approximation of the case of study that
llows the use of magnetic parameters for future biomonitoring
tudies at low cost.

The model yields a satisfactory approximation of (measured)
ata for PLI. This fact is reflected in results of RIF indicator (0.2064)
sed.

The interval model contained 96% of PLI values. These values
ere distributed in the overestimation interval (≈11.5%), center:

≈53%) and underestimation interval: (≈35.5%).
After analyzing the rules, it was concluded that the PLI increases

ith relation to:
an increase in concentration of magnetic materials and
an additional contribution to the magnetic signal of paramagnetic
materials and
an increase in size of the magnetic grains (Fig. 5).

Thus the model allows us to identify how the magnetic variables
ere affected, in the transition, from unpolluted to more polluted

ites.
It is expected that the accuracy of the model (interval width) will

e improved adding new samples to the dataset. In particular, it is
ery important to include “extreme” samples (i.e.: samples belong-
ng to pristine zones and with high pollution loading) in order to
einforce the base and strengthen the features of these samples. It
s worth notice that in this dataset only two samples take a PLI < 2
A22–24 and A72–73). Despite this fact, the obtained rules for these
LI values are according to previous studies (Chaparro et al., 2011,
012).

A  final observation about the position of the samples: it is
bserved that the samples with low PLI values correspond to zones
ith fluid vehicular traffic (high speed highways). The samples cor-

esponding to the highest PLI values are located in industrials zones
r zones with high vehicular traffic at low speed (e.g. city center or
chool zones).
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ppendix A. Distance between two trapezoidal fuzzy

d (A, B) =
∫ 1

0

f (˛) d2 (A˛,

∫ 1

0

˛
(

((LA + ˛ (CLA − LA)) − (LB + ˛

= ((AC − AL) − (BC − BL))2

4
+ ((AC − AS) − (BC − BS))2

3
+ (AL − 

2

umbers

Definition 1: Let A a fuzzy set is called “trapezoidal fuzzy number”
f:
 Indicators 54 (2015) 238–245

(1) ∀  ̨ ∈ [01] ,  A˛ is a convex set on R.
(2) The membership function of A is:

�A (x) =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

x − LA

−CLA − LA
when LA ≤ x ≤ CLA

1 when CLA ≤ x ≤ CSA

SA − x

SA − CSA
when CSA ≤ x ≤ SA

0 otherwise

where AL, AC1, AC2, AR are the parameters of A.
Definition 2: Let A and B two flat fuzzy numbers. The distance

between two  fuzzy numbers is defined by:

d (A, B) =
∫ 1

0

f (˛) d2 (A˛, B˛) d˛

where d2 (A˛, B˛) =
(

A˛ − B˛

)2 +
(

Ā˛ − B̄˛

)2
and A˛ =

a
(

Ac1 − AL
)

+ AL; Ā˛ = As − ˛
(

As − AC2
)

.
The f(˛) is a monotonously increasing function at [0,1], and

f (0) = 0;
∫ 1

0 (˛) d  ̨ = 1
2 (Bing-Yuan Co, 2006).

Proposition: Let A and B two  trapezoidal fuzzy numbers with
membership functions according to Definition 1. Then according to
Definition 3, if f (˛) = ˛. The distance between trapezoidal fuzzy
numbers is defined by:

d (A, B) = 2 (SA − SB) ((CSB − CSB) − (SA − SB))
3

+ ((CLA − CLB) − (LA − LB))2

4
+ ((CSA − CSB) − (SA − SB))2

4

+ (SA − SB)2 + (LA − LB)2

2

+ 2 (LA − LB) ((CLB − CLB) − (LA − LB))
3

Proof:
The ˛-cut to trapezoidal fuzzy number is define by A˛ =

[
A˛, Ā˛

]
where

A˛ = L + ˛ (CLA − LA) and Ā˛ = SA + ˛ (CSA − SA)

Applied the definition 2 the expression of the distance is:

 =
∫ 1

0

˛

((
A˛ − B˛

)2
+
(

Ā˛ − B̄˛

)2
)

d  ̨ =

 LB)))2 + ((SA + ˛ (CSA − SA)) − (SB + ˛ (CSB − SB)))2
)

d˛

(AS − BS)2 + 2 (AL − BL) ((AC − AL) − (BC − BL))
3

+ (AS − BS) ((AC − AS) − (BC − BS))

Appendix B. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.ecolind.
2015.02.018.
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haparro, M.A.E., Nuñez, H., Lirio, J.M., Gogorza, C.G.S., Sinito, A.M., 2007. Magnetic
screening and heavy metal pollution studies in soils from Marambio station,
Antarctica. Antarct. Sci. 19 (3), 379–393.

haparro, M.A.E., Chaparro, M.A.E., Marinelli, C., Sinito, A.M., 2008. Multivari-
ate  techniques as alternative statistical tools applied to magnetic proxies for
pollution: cases of study from Argentina and Antarctica. Environ. Geol. 54,
365–371.

haparro, Mauro, Chaparro, Marcos, Sinito, Ana, 2011. A fuzzy model for estimating
heavy metals in an antartic soil. Latinmag Lett. 1 (2), 1–6 (D34, Proceedings
Tandil, Argentina).

haparro, M.A.E., Chaparro, M.A.E., Sinito, A.M., 2012. An interval fuzzy model for
magnetic monitoring: estimation of a pollution index. Environ. Earth Sci. 66 (5),
1477–1485.

haparro, M.A.E., Lavornia, J., Chaparro, M.A.E., Sinito Ana, M.,  2013. Biomonitors
of  urban air pollution: magnetic studies and SEM observations of corticolous
foliose and microfoliose lichens and their suitability for magnetic monitoring.
Environ. Pollut. 172, 61–69.
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