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a  b  s  t  r  a  c  t

Some  epiphytic  species  accumulate  airborne  particles  and  are  suitable  biological  indicators  for  monitoring
urban and  industrial  pollution.  The  species  Tillandsia  recurvata  L. was  studied  as  a monitor  of  air  pollution
in  an  urban  area  from  Mexico.  Individuals  were  collected  in  25  sites  which  are  exposed  to  different
pollution  degree  and  sources.

The  magnetic  particle  concentration,  particle  size,  and  mineralogy  were  determined  and  compared
with  chemical  contents  for  all samples.  The  highest  values  of  magnetic  concentration  dependent  param-
eters  were  observed  in industrial  and  heavy  traffic  sites  (e.g.,  mass  specific  magnetic  susceptibility  of
up  to  171.5  × 10−8 m3 kg−1). In contrast,  sites  with  low  or without  vehicular  traffic  reached  low  values
(e.g.,  mass  specific  magnetic  susceptibility  of down  to 1.8 × 10−8 m3 kg−1).  The  integrated  magnetic  anal-
ysis  (King’s  and Day’s  plots,  remanent  magnetization  parameters  and  thermomagnetic  measurements)
revealed  the presence  of ferromagnetic  minerals,  mostly  magnetite-like  with  fine  grain  sizes (0.1–1  �m)
and  subordinate  presence  of  high-coercivity  minerals.  Selected  samples  were  observed  by  SEM  and  EDS
analysis  and  revealed  the  presence  of  Fe-rich  particles,  as  well  as  trace  elements,  among  others,  As,  Sb,
S,  Cr,  Mo,  V, Zn,  Ba,  Hg,  Pt and  Cu.  Most  of the  elements  detected  by EDS  were  also  quantified  by  ICP-MS
measurements.
Multivariate statistical  analyses  prove  a high  correlation  between  magnetic  parameters  and  elements,
as  well  as  allow  us  classifying  sites  in  clusters  (fuzzy  c-means  clustering)  with  different  pollution  degree.
These  results  demonstrate  the usefulness  of the  species  T.  recurvata  L. as a passive  pollution  monitor,
with  an affordable  and  immediate  application.  This  species  is  abundant  not  only  in  Mexico,  but  also  in
other  cities  from  America.
. Introduction

Magnetic monitoring is an appropriate technique to assess, as
rst approach, the influence of anthropogenic pollution in areas of

nterest (Petrovský and Elwood, 1999). In general, the atmospheric
usts in urban/industrial areas are collected using filters. This tech-
ique requires a strategic distribution of several devices in the area,
hich need to be maintained resulting in high cost and time invest-
ent. Environmental magnetism studies of dust collected by filters
ave been reported in European (Muxworthy et al., 2001; Sagnotti
t al., 2006), Asian (Xie et al., 2001; Shu et al., 2001), and American
Castañeda-Miranda et al., 2014) cities.

∗ Corresponding author. Tel.: +54 249 4385661; fax: +54 249 4385669.
E-mail address: chapator@exa.unicen.edu.ar (M.A.E. Chaparro).
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© 2015  Elsevier  Ltd. All  rights  reserved.

In contrast, biological monitors are an advantageous alterna-
tive to monitor the air quality in urban areas. In particular, they
do not need any special care and their collection time may  vary
between days to years according to the species used. Recently, sev-
eral authors have demonstrated the capacity of some biomonitors
(needles, tree leaves, tree ring cores, mosses and lichens) to suit
as dust collectors, and they were used for magnetic monitoring of
air quality (Lehndorff et al., 2006; Maher et al., 2008; Zhang et al.,
2008; Jordanova et al., 2010; Fabian et al., 2011; Salo et al., 2012;
Chaparro et al., 2013).

Tillandsia recurvata L. is an epiphytic plant of about 8 cm radius
in average, which has a basic root system and usually has a spheroid

shape (Madison, 1977). These plants have foliar trichomes that
allow absorbing water, nutrients and dusts from the air (Rzedowski,
1981); they can colonize trees and cables and are available and
well distributed in America, from the southern United States to the

dx.doi.org/10.1016/j.ecolind.2015.06.025
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http://www.elsevier.com/locate/ecolind
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outh Argentina and Chile (Correll and Johnston, 1970). The north-
rnmost limit of its natural occurrence is coastal Georgia (where
t is listed as a State “Special Concern” species), although it has
een introduced into coastal South Carolina on landscaping trees. It
as been reported in nature from Georgia, Florida, Louisiana, Texas,
rizona, Mexico, most of Central and South America, and many of

he islands in the West Indies (Weakley, 2010). These character-
stics and the distribution of the species allow studying its ability
s collector of different pollutants, such as toxic elements, partic-
late matter (e.g., Shacklette and Connor, 1973; Schrimpff, 1984;
righigna et al., 1997; Graciano et al., 2003; Fonseca et al., 2007;
oix et al., 2013) and magnetic oxides. Monitoring studies using

ransplanted individuals of Tillandsia spp. reported by different
uthors trace element accumulation for minimum time periods of 4
eeks (Pellegrini et al., 2014), as well as for 3–9 months (Bermudez

t al., 2009; Abril et al., 2014).
In this study, the T. recurvata was investigated as collector of

tmospheric dusts (magnetic particles and toxic elements) and its
uitability for monitoring an urban area by measuring their mag-
etic properties. Among other available collectors in cities (e.g.,
rban soils, filters, river sediments, etc.), this biological species has
iamagnetic properties at difference to industrial/urban pollutants
para, antiferro and ferrimagnetic properties). This fact makes it
s an interesting recorder of magnetic pollutants. In addition, it is
ell-known that magnetic particles produced by pollution (indus-

rial/urban) sources can act as host of heavy metals and other
on-magnetic pollutants including them onto its crystalline struc-
ure or on its surface (e.g., Kukier et al., 2003; Chaparro et al.,
010). Therefore, magnetic measurements may  be able to assess
he adverse effects of anthropogenic activities over time. Our work
s focused on the use of T. recurvata as an alternative bioindica-
or in cities, and to determine relevant parameters for magnetic

onitoring. It is worth mentioning that the magnetic monitoring
s a fast and low cost methodology applicable wherever the species
an be recollected, and this way allows identifying contamination
otspots and critic areas for further complementary studies (e.g.,
öhm et al., 1998; Moreno et al., 2003; Chaparro et al., 2013).

In particular, this work aims to investigate: (1) the potential
se of T. recurvata as suitable dust collector, including magnetic
articles; (2) the relationship between magnetic particles and
hemical elements accumulated in this species; (3) the use of mag-
etic parameters measured in Tillandsias for spatial and temporal
iomonitoring in urban areas.

. Sampling and laboratory methods

.1. Study area

Santiago de Querétaro (or Querétaro for short) city is the capi-
al of Querétaro de Arteaga state from Mexico. It is located in the
entral Mexico volcanic highlands (20◦ 36′ N; 100◦ 24′ W)  at about
820 m a.s.l. (INEGI, 2006). The urban area covers about 741 km2

nd has ∼800,000 inhabitants but neighboring municipalities raise
he population of the urban area to approximately one million
SEDESU, 2011).

The main sources of air pollution comprise vehicular traffic
automobiles and trucks), contributing about 75% of pollutants.
or the city, registered vehicles reached 195,000 in 2010, with an
nnual growth rate of about 8% (INEGI, 2010). The higher abun-
ance of Fe particles in the city center and the higher magnetic
usceptibility values observed there suggest that vehicle emis-

ions are an important source of pollution (Castañeda-Miranda
t al., 2014). In addition, the industrial activities also contribute
o air pollution according to Gasca (2007). Additional information
s available in Supplementary data.
al Indicators 60 (2016) 125–136

2.2. Sampling

About three individuals of T. recurvata were collected from 25
sites (a total of 70 samples) from the urban area and the outskirts,
some of them with higher pollutant loadings, as well as influenced
by different pollution sources (Fig. 1). For the sampling design, the
city was subdivided into 25 squares of 4 km2, including industrial,
urban and outskirt areas. Within each square, a sampling point was
chosen according to the availability of Tillandsias.  Most of the sites
are located along main streets and avenues where T. recurvata were
often found on the Prosopis laevigata and Acacia farnesiana trees
planted on the sidewalks (less common on Shinus molle and Bursera
fagaroides trees). Both are endemic species and have a high relative
abundance (25%) in Querétaro city (Castañeda-Miranda, 2015).

Samples were collected at a height of >1.5 m to avoid the
influence of urban soil particles; moreover plastic scrapers and
disposable gloves were used to avoid possible contamination with
tools and between collection sites. As this plant is a composite of
leaves of different ages, specimens of similar age were collected in
order to avoid important differences in exposure periods, by choos-
ing about 10–12 cm diameter size. All material was collected in
March 2012, packed in paper bags and stored at room temperature
in the laboratory before magnetic and other studies.

2.3. Magnetic measurements

Biological material was packed into nonmagnetic plastic
containers (8 cm3) and weighed (up to 3.2 g) for magnetic mea-
surements. All rock-magnetic measurements were carried out in
the Laboratory of Paleomagnetism and Rock-magnetism at Centro
de Geociencias (UNAM).

A small amount of plant material (<50 mg)  was used to mea-
sure magnetic hysteresis loops and remanent magnetizations in
fields between −2 and 2 T at room temperature using a Princeton
Measurement Corporation Micromag 2900 AGM system. Before the
experiments, the material was  dried and weighed to allow for calcu-
lation of mass-corrected hysteresis parameters. Among hysteresis
parameters and ratios of interest, the saturation magnetization
(Ms), saturation remanence (Mrs) and coercive force (Hc) were cal-
culated. In addition, the high-field magnetic susceptibility (�hf) and
the relative contribution of paramagnetic and diamagnetic miner-
als to the Ms (para/diamag. cont.) were calculated. From remanent
measurements, IRM acquisition curves and the saturation of IRM
(SIRM = IRM2T) were determined using forward DC fields equally
spaced on a logarithm scale. Remanent coercivity (Hcr), S-ratio
(=−IRM−300mT/SIRM), ARM/SIRM and SIRM/�  ratio were also cal-
culated.

Selected samples (of about 100–220 mg)  were studied in a
laboratory built horizontal magnetic balance to produce ther-
momagnetic curves. The induced field was  chosen at 0.5 T, and
ramp-rates during heating and cooling were 30 ◦C min−1. Samples
were heated in air to a temperature of about 700 ◦C and subse-
quently cooled to room temperature (RT). The relative values of
induced magnetization (M/MRT) are of interest in this study; hence
the M/MRT − T curves are presented.

Measurements of low-field magnetic susceptibility, volumetric
(�) and mass-specific (�), were carried out using a KLY-3 meter
(AGICO). Also, the frequency-dependence of magnetic suscepti-
bility �FD% (�FD% = 100 × [�0.47 − �4.7]/�0.47) was computed from
measurements with a MS2  (Bartington Instruments Ltd.) instru-
ment linked to the MS2B dual frequency sensor (0.47 and 4.7 kHz).

Anhysteretic remanent magnetization (ARM) was imparted

using a laboratory built alternating field (AF) demagnetizer by
superimposing a DC bias field of 90 �T to an alternating magnetic
field of 100 mT  amplitude, and the ARM was  measured with an
induction magnetometer (JR-5, AGICO). Anhysteretic susceptibility
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Fig. 1. Map  of Querétaro area (México). The main traffic street ways (highway

�ARM) was estimated from the ARM acquired in this DC bias field.
he �ARM/�-ratio and the King’s plot (�ARM versus �, King et al.,
982) were also studied.

Saturation of isothermal remanent magnetization (SIRM) was
lso produced using a pulse magnetizer by applying a field of 2 T,
nd measured using the JR-5 magnetometer.

.4. Microscopy and elemental studies

Several samples of unmodified Tillandsias were examined by
canning electron microscopy (SEM) using a Phillips microscope,
odel XL30. This microscope also allowed to analyze the elemental

omposition of each specimen by X-ray energy dispersive spec-
roscopy (EDS) with an EDAX model DX4 (detection limit 0.5%).
race element data were obtained by inductively coupled plasma
ass spectrometry (ICP-MS) using the Thermo ScientificTM iCAPTM

c ICP-MS at the Centro de Geociencias at the UNAM, following
he sample preparation and measurement procedures described
y Mori et al. (2009) (detailed information in Supplementary data).
.5. Multivariate analysis

Multivariate statistical analyses were performed using the free
oftware: R version 2.15.0 (2012). Twenty-five samples were used
 streets), industrial zones, urban areas and 25 sampling sites area are shown.

for this investigation and the data set included 13 magnetic vari-
ables (�, ARM, SIRM, Ms,  �ARM/�, ARM/SIRM, SIRM/�, Hc, Hcr, Hcr/Hc,
Mr/Ms, para/diamag cont. and �hf) and 11 chemical variables (V, Cr,
Co, Ni, Cu, Zn, Mo,  Sn, Sb, Ba and Pb). The descriptive statistics and
Pearson’s correlation coefficients for all variables and data were
calculated as a first step. Then, the fuzzy c-means clustering (FCC)
method was  used to determine clusters (see Chaparro et al., 2012).

3. Results and discussion

3.1. Magnetic properties

Results of magnetic concentration and mineralogy dependent
parameters are listed in a Table as Supplementary data. For each
site, mean value (s.d.) of �, ARM, SIRM, �ARM, �ARM/�, ARM/SIRM
and SIRM/�  were computed to obtain a representative value.

Mass specific magnetic susceptibility and remanent magnetic
parameters are significantly correlated (e.g., R = 0.976, p < 0.01 for
�-SIRM; R = 0.949, p < 0.01 for �-ARM) revealing that the magnetic
signal is produced mainly by ferromagnetic materials. The mag-

netic concentration dependent parameters show wide variations,
e.g., � values varied from 1.8 (0.2) to 171.5 (13.0) × 10−8 m3 kg−1,
for site A41-43 and A1-3, respectively; these sites are charac-
terized by different pollution sources. The influence of different
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ig. 2. Characteristic hysteresis curves for selected sites. Corrected (adjusted) curv
o  monitoring sites close to the industrial zone: site A1-3 (a), in the city center: s
gures  a and b in contrast to the diamagnetic contribution for figure c.

ollution sources is observed in the magnetic hysteresis signal of
hree selected samples belonging to industrial, urban and control
ites. Hysteresis curves from a site close to a factory (Fig. 2a, site
1-3) and another one influenced by high traffic (Fig. 2b, site
-10-12), both show a predominant ferrimagnetic component

Hc = 13.4–13.9 mT)  and a paramagnetic contribution of 11.5–4.3%
t 1 T. A control site (site A22-24) far away from factories and the
rban area shows evidence of a lower magnetic moment (Fig. 2c)
han other sites, and is dominated by the natural characteristics
f the biological material with an important diamagnetic contri-
ution (−24.2% at 1 T). In this case, the lithogenic contribution is
ainly ferrimagnetic (Hc = 14.3 mT)  and the diamagnetic matrix

corresponding to the Tillandsia spp.) is clearly evident in the
ncorrected hysteresis curves.

The high-field susceptibility is a parameter related to the dia-
nd/or paramagnetic mineral phases, with �hf values ranging from
2.1 to 9.0 × 10−8 m3 kg−1. These values correspond to the occur-

ence of diamagnetic materials (minerals and plant material) from
ess polluted and paramagnetic (e.g., Fe-rich) materials from pol-
uted sites.

According to the remanent coercivity values
Hcr = 35.3–43.9 mT), the ferrimagnetic phase corresponds to

agnetite/maghemite minerals. While this parameter varied

ithin a narrow range, there is a notable increase in sites with
igh magnetic concentration, Possibly the presence of a subordi-
ate magnetic mineral and/or changes in the particle grain size
istribution are responsible for this increase.
the paramagnetic and diamagnetic contributions are in black. Samples correspond
0-12 (b) and control site: site A22-24 (c). Note the paramagnetic contribution for

Both possibilities seem possible according to additional
data available. Thermomagnetic curves show the dominance of
magnetite-like minerals for all samples (Fig. 3), but samples from
sites close to factories also evidenced a phase corresponding to
hematite with a high Curie temperature (TN ∼ 675 ◦C), which also
has a high-coercivity Hcr. This additional magnetic phase may
explain the Hcr variation between sites affected to different degree
by pollution. Moreover, this phase seems to be a characteristic
magnetic phase from industrial sources as it was also reported
by Chaparro et al. (2013) in Argentina using lichens as biomoni-
tors.

The magnetic grain size distribution can be appreciated in Fig. 4.
In the Day’s plot (Fig. 4a) all samples fall into the field of pseudo
single domain (PSD) grains, but it is evident that they correspond to
different mixture of SD and MD particles, with a MD  contribution
ranging between 70 and 85% (as based on the SD-MD mixing curves
of Dunlop, 2002a,b). Three previously heated samples which were
used for thermomagnetic measurements are also shown in Fig. 4a
(identified as: ih, iih, iiih), which allows to estimate heating induced
changes of the magnetic minerals. All data points move toward the
SD part of the mixing curves and thus suggest a reduction of particle
grain size.

Analyzing the King’s plot (Fig. 4b) we suggest that coarser

magnetic grains seem to be associated to higher values of �. Assum-
ing the dominance of magnetite-like minerals, they would vary
between <0.1 and 1 �m and thus comprise a breathable frac-
tion with potentially adverse consequences for human health.
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ig. 3. Thermomagnetic curves for two selected samples from sites close to the ind
hat  of magnetite. Units are arbitrary, M/MRT indicate the relative magnetization co

ariations in magnetic grain sizes are also observed from the ratios
ARM/� and ARM/SIRM, with coarser grains in polluted sites (see for
xample A1-3, A10-12, A19-21 and A32-34) compared to control
ites (e.g., A22-24 and A41-43). This trend between magnetic con-
entration and grain size is also supported by significant correlation
actors: R = −0.556, p < 0.01 for � − �ARM/�; R = −0.552, p < 0.01 for
-ARM/SIRM.

.2. SEM observations and elemental content

Particles from T. recurvata differed in size, aspect and morphol-
gy depending on the degree of pollution, as shown by SEM and EDS
nalyses of 82 particles from six sites. Fig. 5a,b and d show Fe-rich

rregularly spherical particles (ca. 2 �m)  from sites A19-21 (high),
69-71 (moderate) and A22-24 (low pollution). Smaller spherules

about 1–2 �m and 1–3 �m)  were found at the urban sites A19-21
nd A47-49 (Fig. 5d and e, respectively) and industrial sites (A1-3,

ig. 4. (a) Day’s plot (modified from Dunlop, 2002a,b), although all samples belong to the PS
re  70–85%; (b) King’s Plot (�ARM versus �) for all samples. Coarser magnetic grain sizes (
l zone (A32-34) and the city center (A10-12) showing Curie temperatures close to
d to the initial one at room temperature.

Fig. 5f). These latter sites had also irregular particles and wide size
distribution (1–4 �m)  and up to 20–40 �m for site A19-21.

Fe-rich particles are present in all sites, but its abundance
increases in the following order: A19-21, A1-3, A38-40, A47-
49, A69-71 and A22-24. The compositional analysis of EDS also
revealed the presence of toxic elements: As (Fig. 5h), Sb (Fig. 5h),
Cr, Mo  (Fig. 5l), V, Zn (Fig. 5g), Ba (Fig. 5i), Hg (Fig. 5j), Pt (Fig. 5k),
Cu (Fig. 5j), Au, Ce, Tb and Ta, which are product of urban/industrial
contamination as reported in literature (Kukier et al., 2003; Thorpe
and Harrison, 2008; Chaparro et al., 2010).

Most of these elements were found in site A19-21, close to an
industrial area. Sites more affected by traffic pollution (A1-3, A47-
49 and A69-71) show the presence of S, Mo,  V, Zn, Ba, Hg, Cu (Fig. 5j)
and Ce.
Elemental contents for all sites are detailed in a table as Sup-
plementary data and the corresponding descriptive statistics is
shown in Fig. 6. Most of the elements detected by EDS were con-
firmed and quantified by ICP-MS. Some elements of interest and

D region, if a mix  between SD and MD grains are considered, MD(SD) concentrations
about 1 �m)  correspond to the most affected sited.
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Fig. 5. SEM observations on Tillandsias samples with different pollution influence: (a) site A19-21 with dense population and high vehicular traffic, (b) site A69-71 with
moderate vehicular traffic, (c) site A22-24 with low population and vehicular traffic. (d–e) Fe-rich spherules (about 2–3 �m)  from sites A19-21 and A47-49 respectively. (f)
Fe-rich irregular particle (∼2 �m) from site A1-3. Examples of: (g) Zn-rich irregular particle (∼1.5 �m)  from site A19-21, (h) As-rich irregular particle (∼4 �m)  with high Sb
content  from site A19-21, (i) Ba-rich irregular particle (∼1 �m)  with high Fe and S contents from site A1-3, (j) Fe-rich irregular particle (∼2 �m) with high Hg and Cu contents
from  site A1-3, (k) Fe-rich irregular particle (∼2 �m)  with high Ti and Pt content from site A38-40, (l) Fe-rich irregular particle (∼3 �m × 2 �m)  with Mo  content from site
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69-71.

f adverse impact, e.g., Pb, Cr, V, Sn, Sb, Ba, Cu, Zn and Mo  have
een previously reported in studies using naturally grown spec-

mens of Tillandsia spp. used for trace metal monitoring. Among
hem, Shacklette and Connor (1973) analyzed Tillandsia usneoides
amples from southern USA including a wide variety habitats (road-
ides, industrial and urban areas, forest locations, beaches and
gricultural areas). They conclude that samples from industrial
nd highway locations are characterized by greater-than-average
ontents of As, Cd, Cr, Co, Cu, Pb, Ni and V. Most of the reported
verage element contents are lower than in our study, except
or Pb.

Brighigna et al. (1997) studied Tillandsia caput medusae samples
n San José (Costa Rica) where the main source of pollution is vehic-
lar traffic, and they reported Pb (2–179 ppm) and Cu (2–69 ppm)

alues comparable to the present study. Schrimpff (1984) studied
n situ T. recurvata samples in Cali and Medellín, the two largest
ities (1.2 and 1.6 million inhabitants respectively, in 1981) in
olombia. He identified vehicular and industrial pollution sources;
and the reported mean values for Zn (119 and 379 ppm), Pb (41 and
26 ppm), Cu (53 and 31 ppm), Ni (12 and 53 ppm) and Cr (26 and
124 ppm) are comparable to the Querétaro’s values.

On the other hand, samples grown in situ in Querétaro show
higher elemental contents compared to studies on transplanted
T. usneoides (Pellegrini et al., 2014) and Tillandsia capillaris (Abril
et al., 2014). Such differences may  be explained by variations of the
pollution loadings, as well as from different accumulation periods
affecting the plants.

Average Cu values in rocks from our study area are 22 ppm (Mori
et al., 2007). Sample A72-73 shows such a value, but most sites
have higher values, ranging between 59 and 215 ppm, which are
therefore associated to anthropogenic Cu-rich particles. The high-
est values correspond to A1-3, A32-34 and A64-66 (Supplementary

data) and seem to be mainly produced by metallurgy indus-
tries (steel production). Among these particles, covellite (CuS),
spherulites of Cu and Cu associated to Ni and Zn, are the most
abundant ones.
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Fig. 6. Elemental composition of all sites (n = 25). Variability of some selected element contents (in mg/kg, except for Ti in g/kg). The box delineates interquartile range
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Antimony (Sb) is found in rocks from the study area with con-
entration of 0.03 ppm (Mori et al., 2007). Although similar or lower
alues were observed at some sites (e.g., A22-24 and A72-73), much
igher concentrations of up to 29 ppm were observed in polluted
ites, such as A1-3, A29-31, A32-34 and A64-66. The identified
b particles were metallic antimony and antimony oxide (asso-
iated to Fe) which generally are not found in nature. Therefore,
hese particles also seem to be of anthropogenic origin, i.e., traffic-
erived emissions (Weckwerth, 2001) and/or industrial activities
e.g., Arditsoglou and Samara, 2005). According to Pellegrini et al.
2014) several parts of vehicles contain Sb alloys and others Sb
ompounds.

Ba is found in rocks (in concentration between 270 and
00 ppm), but it has also been identified as an important tracer
or vehicular activities (Monaci et al., 2000). Several Querétaro
ites surpassed the natural concentration, with A1-3, A29-31,
32-34, A47-49 and A69-71 showing the highest concentrations

1003–1526 ppm). Both mineral (BaSO4) and anthropic barium
ere observed from SEM–EDS. The latter is mainly generated by

rake lining system wear (Chan and Stachowiak, 2004; Mosleh
t al., 2004), as well as by industries related to the automobile sector
nd glass/pigment (BaCO3) production.

Zn and Pb are present in rocks from the study area with con-
entrations of 88 ppm and 5 ppm, respectively (Mori et al., 2007).
ll sites show higher values of Zn and Pb than in nature, with A1-
, A32-34, A47-49, A50-52 and A64 -66 ranging between 628 and
87 ppm for Zn and between 109 and 155 ppm for Pb. Most of the

dentified Pb-rich particles have irregular form, which are metallic
ead, lead oxide (most abundant), lead sulfide and some particles
re associated to various elements: S, Sn, Sb, Cu and Fe. Zn and Pb
articles can also come from multiples sources: vehicular traffic
nd industries.

Differences between sites are evident from detailed data (see the
upplementary data). Some of the elements of interest, such as Ba,

u, Sb and Zn, have been reported as tracers of traffic-derived emis-
ions (Amereih et al., 2005; Thorpe and Harrison, 2008) or industrial
ctivities. According to Weckwerth (2001) and Arditsoglou and
amara (2005), the Cu/Sb concentration ratio is distinctive of
lues are shown using whiskers, as well as the mean value with an open square.

vehicle-derived sources (Cu/Sb ∼ 5), metallurgical/cement industry
activities (Cu/Sb > 10) or typical crustal rocks (Cu/Sb ∼ 125). Most of
the polluted Querétaro sites have lower ratios of Cu/Sb about 6–11
than less affected sites.

3.3. Multivariate analysis

The samples were classified using FCC analysis but previously
the bivariate statistical analysis (Pearson’s correlation coefficients)
was calculated. Significant correlations between magnetic and
chemical variables are given in Table 1. Concentration-dependent
magnetic parameters (�, ARM, Ms and SIRM) are directly corre-
lated with most of the elements (R between 0.400 and 0.653),
being the most significant (at the 0.01 level) correlations with Sc,
Ti, V, Cr, Co, Ni, Zn, Ga, Y, Zr, Mo,  Sn, Sb, Ba and Pb. Direct signif-
icant correlations (R between 0.427 and 0.715) are also obtained
between the parameters para/diamagnetic contribution and �hf
with the elements: Be, Sc, Ti, V, Cr, Co, Ni, Cu, Zn, Ga, Sr, Y, Zr,
Nb, Mo,  Sn, Sb, Ba and Pb (Table 1). On the other hand, magnetic
grain size-dependent parameters (�ARM/�, ARM/SIRM and SIRM/�)
are inversely correlated (R between −0.398 and −0.676) with the
elements. Among these parameters, ARM/SIRM has significant (at
the 0.01 level) correlation with Sc, Ti, V, Co, Zn, Ga, Y, Zr, Mo,  Sb
and Pb.

It is interesting to note that significant correlations with trace
elements such as V, Cr, Co, Zn, Sb, Mo  and Pb have already been
reported for vehicle-derived and industrial pollution studies. For
vehicle-derived pollution studies, significant correlations between
� and Sb (Amereih et al., 2005), between SIRM and Pb (Maher et al.,
2008) and between magnetic concentration parameters (� and
ARM) and elements Cr and Co (Marié et al., 2010) were reported.
On the other hand, for industrial pollution, Zhang et al. (2011)
found significant correlations between concentration-dependent
magnetic parameters and V, Cr, Mo,  Zn, Pb, Cd and Cu among other

heavy metals.

Results corresponding to the fuzzy partition are detailed in
Table 2 and represented in Fig. 7. Three clusters were determined
by FCC and each sample was  classified regarding its corresponding
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Table  1
Bivariate statistical analysis for Tillandsias from Querétaro (n = 25).

� ARM SIRM Ms �ARM/� ARM/SIRM SIRM/� Para/diamag. cont. �hf

Li −0.443*

Be 0.420* 0.447* −0.458* 0.469* 0.482*

Sc 0.516** 0.518** 0.575** 0.562** −0.567** 0.522** 0.667**

Ti 0.565** 0.586** 0.630** 0.573** −0.570** 0.553** 0.677**

V 0.490** 0.466* 0.541** 0.501* −0.605** 0.438* 0.581**

Cr 0.604** 0.621** 0.617** 0.523** −0.466* 0.549** 0.710**

Co 0.543** 0.543** 0.597** 0.542** −0.585** 0.527** 0.674**

Ni 0.508** 0.510** 0.507** −0.402* 0.478*

Cu −0.437* 0.427* 0.505**

Zn 0.520** 0.416* 0.490* 0.439* −0.485* −0.621** 0.542** 0.603**

Ga 0.482* 0.512** 0.541** 0.557** −0.512** 0.535** 0.616**

Sr −0.482* 0.511**

Y 0.483* 0.505** 0.541** 0.603** −0.533** 0.531** 0.630**

Zr 0.494* 0.522** 0.552** 0.565** −0.520** 0.565** 0.622**

Nb 0.411* 0.456* 0.476* 0.549** −0.483* 0.516** 0.574**

Mo  0.653** 0.519** 0.601** 0.489* −0.610** −0.676** −0.447* 0.445* 0.577**

Sn 0.579** 0.569** 0.581** 0.530** −0.398* −0.501* 0.516** 0.715**

Sb 0.622** 0.505** 0.624** 0.452* −0.499* −0.670** 0.529** 0.670**

Ba 0.509** 0.458* 0.521** 0.430* −0.486* 0.452* 0.639**

Tl 0.415* 0.456*

Pb 0.540** 0.516** 0.570** 0.518** −0.426* −0.637** 0.480* 0.574**

U 0.400* 0.444*

* Significant Pearson’s coefficient at the 0.05 level is detailed.

m
o
m
l
w
f
a
I
a
c
C
(

F
h

** Significant Pearson’s coefficients at the 0.01 level is detailed.

embership value (Fig. 7). In this graph, it is interesting to rec-
gnize the “transition” from F-cluster 1 characterized by higher
agnetic and elemental concentrations to the F-cluster 3 with

ower concentrations. Such discrimination can be noted in Table 2,
here centroids for each F-cluster and for each variable accounted

or it. The F-cluster 1 has the highest magnetic (i.e., �, Ms, ARM
nd SIRM) and elemental concentrations opposed to F-cluster 3.
n general, most of the sites show a clear difference in aver-

ge concentration values, with samples from F-cluster 1 having
entroid values about 2–3 times (for �, ARM, SIRM, Ms, Pb, Cr,
o, Ni, Cu, Zn, V, Mo,  Sn Sb and Ba) higher than the F-cluster 3
sites with low pollution loading). These results show well-defined

ig. 7. Membership values for all samples from FCC analysis. Three F-clusters (using ma
ighest  values of concentration-dependent magnetic and elemental variables.
differences between groupings if concentration variables are taking
into account.

Among magnetic mineral-dependent parameters, �ARM/�
ARM/SIRM and SIRM/�  show moderate differences indicat-
ing that coarser magnetic grains are associated to higher
concentrations. However, the parameters para/diamagnetic
contribution and �hf (calculated from hysteresis loops) also
shows clear differences among F-clusters, being the para-

magnetic contribution (to the ferromagnetic signal) dominant
for high-concentration samples (F-cluster 1) and conversely, the
diamagnetic contribution controls low-concentration samples
(F-cluster 3).

gnetic and chemical variables) are represented. The F-cluster 1 corresponds to the
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3.4. Magnetic monitoring

Three parameters were selected from multivariate statistical
studies and represented in Fig. 8 to investigate their spatial dis-
tribution: �, �ARM/� and �hf.

Magnetic susceptibility � is one of the most used parameter
in magnetic monitoring, as it is well-known, measurements are
easy, prompt and cost-effective to carry out (Petrovský and Elwood,
1999). As proven by a great number of authors, it allows us to assess
in a qualitative way  the contamination of small scale areas (e.g.,
Kapicka et al., 1999; Chaparro et al., 2007; Zawadzki et al., 2012),
as well as of large scale areas (e.g., Heller et al., 1998; Boyko et al.,
2004; Blundell et al., 2009).

The distribution of mass specific susceptibility in Querétaro
shows the highest values close to the industrial sites and princi-
pal traffic ways. These samples correspond to F-cluster 1 which
is characterized by the highest magnetic and element concentra-
tions. According to Fig. 8a, sites with high � are closely grouped
within a radius of about 1 km and most of the sites are asso-
ciated to coarser magnetic grain sizes, i.e., lower �ARM/� values
(Fig. 8b).

Different to the low-field magnetic susceptibility, high-field
magnetic susceptibility �hf is a parameter which is not commonly
used in magnetic monitoring. Most of the magnetic monitoring
studies have focused on � because the ferrimagnetic contribu-
tion is mainly controlling the magnetic signal; however, additional
or alternative magnetic parameters may  have to be considered
in different study cases (Chaparro et al., 2012). From statistical
analyses, the �hf yields significant results with most elements;
its distribution can be appreciated in Fig. 8c. As mentioned
above, this parameter is associated with non-ferrimagnetic min-
erals, that is, mainly diamagnetic and paramagnetic minerals, but
unsaturated antiferromagnetic minerals of high coercivity (e.g.,
hematite, goethite) may  be also contributing. The �hf distribution
reveals a clear difference between sites classified as F-cluster 1 with
a paramagnetic contribution and F-cluster 3 sites (low pollution
influence) with a predominant diamagnetic contribution.

Moreover, we observe a preferential distribution of high values
of � and �hf along the W–E/SW–NE direction; which agrees with the
prevailing SW–NE wind direction for Querétaro during the winter
season (in March, see Supplementary data). As mentioned, wind
intensities and directions are also strongly seasonal, being from
the E or NE about 37% of the year (INEGI, 2012).

In general, samples from F-cluster 2 (intermediate values of con-
centration and finer magnetic particle) are well distributed within
the urban area, and most of the samples are in the city center and
areas with high vehicular traffic, having moderate higher values of
�ARM/� (finer magnetic particles). Probably, these sites are affected
by industrial and vehicle-derived pollutants with different mag-
netic grain size population. Although the discrimination between
coarser/finer magnetic grains is of general interest, it is important
to bear in mind that all estimated particle sizes <1 �m (Fig. 4b) are
known to be harmful to the human health. According to samples
A32-34, A50-52 and A19-21, a high concentration of coarser mag-
netic particles seems to come from the industrial area; however,
these sites also have an important vehicular flux. The vehicular
influence is clearly noted from some sites on (or close to) main
streets and routes, such as, sites A1-3, A10-12, A16-18, A19-21 and
A32-34.

Most of the sites (corresponding to F-clusters 1 and 2) show a
clear difference in concentration values (Fig. 8a), where higher and
relatively higher values are associated to areas with an important

and continuous pollution loading (end-products emitted by indus-
trial and traffic sources). While both pollution sources have to be
considered, most of the highly polluted sites seem to be affected
mainly by traffic-derived pollutants. This observation is supported
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Fig. 8. Spatial distribution of (a) the concentration-dependent magnetic parameter: mass-specific susceptibility; and (b) the magnetic grain size-dependent parameter:
�
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ARM/�. (c) the high-field magnetic susceptibility parameter.

y data that highlight Cu and Sb as reliable tracers of non-exhaust
articles from road traffic (Thorpe and Harrison, 2008).

. Conclusion

The analysis of different magnetic parameters reveals the pre-
ominance of PSD magnetite or a corresponding mixture of SD and
D particles accumulated in T. recurvata L. Magnetic grains size

stimations show the widespread presence of ultrafine and fine
articles (<0.1–1 �m)  which are breathable and harmful for health.
he magnetic concentration dependent parameters show wide
ariations related to the influence of different pollution sources,
.e., industrial and urban activities, or their absence.

Multivariate analyses showed significant correlations between
agnetic and trace elements of vehicle-derived and industrial par-

icles that validate the use of magnetic parameters as proxies of
ollution.

FCC analysis allowed classifying sites in three F-clusters
ith different pollution degree. It is observed that the para-
agnetic contribution to the ferromagnetic signal is dominant for

igh-concentration samples (F-cluster 1) and the diamagnetic con-

ribution controls low-concentration samples (F-cluster 3). Areas
ith important and continuous pollution loading (by industrial

nd/or traffic sources) show higher values of magnetic concen-
ration and coarser magnetic grain sizes. Thus, it is important to
not restrict the use of the magnetic susceptibility � for monitoring
just because its measurement is easy, prompt and cost-effective to
carry out on Tillandsias,  but also the complementary use of other
magnetic parameters.

The magnetic and non-magnetic studies show that the T. recur-
vata is capable of intercept and collect atmospheric dusts in its
diamagnetic matrix. Dusts collected by 7 high volume active air
samplers with high instrument maintenance costs, with similar
properties, were already reported by Castañeda-Miranda et al.
(2014). This fact allows the inexpensive use of Tillandsias for future
spatial and temporal biomonitoring in many places around the
world where these species are present.
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