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Abstract

Air particle pollution is a current issue that can cause adverse problems to human health and the
urban environment. A fraction of these emitted particles is magnetite and iron-rich materials,
which may be accumulated by biological indicators and effectively characterized by

environmental magnetism methods. Thus, we studied this emitted particle fraction using the



epiphytic species Tillandsia capillaris growing in northwestern Argentina’s urban, suburban, and
rural areas. The accumulated airborne magnetic particles’ properties revealed valuable
information regarding potentially toxic elements, magnetic mineralogy, sizes, morphology, and
concentration. Magnetite was detected in samples from all studied areas, and its remanent
coercivity values (H¢ = 32.1 — 42.6 mT) in (sub)urban sites are similar to other reported cities in
Latin America. The concentration of these airborne magnetic particles AMP varied between
urban sites (mean and (s.d.) values of in situ magnetic susceptibility i = 16.2 (9.4) x10° SI, and
specific magnetic susceptibility y = 61.9 (31.4) x10® m*kg™) 2~ zuburban sites (iis = 13.9 (9.9)
x107° SI, and y = 43.9 (32.2) x10® m*g™), and it was disti ~tively higher than in clean sites. The
spatial distribution of AMP was analyzed using a geo.*atistical model for the concentration-
dependent magnetic parameter ki, Which st.-wed zones with high magnetic particle
accumulation associated with vehicular tr ffic in the city and industrial emission in a suburban
site. Among concentration-dependent m«netic parameters, the «;js is recommended for magnetic
biomonitoring because Tillandsi» species’ individuals are not processed for laboratory
measurements, preserving them >nd allowing us the possibility of measurements over time.
Keywords: biomonitor; ~~ostlstical methods; magnetic biomonitoring; magnetite; particle
pollution

1. Introduction

Air particle pollution is an increasing concern in cities because of the influence of different
anthropogenic activities, i.e., the daily activities of the inhabitants (e.g., vehicular traffic) and
external activities (e.g., industrial processes), since they emit dangerous particles into the
atmosphere. Emissions from vehicles with internal combustion engines are particularly

interesting in all cities since they contribute much particulate matter (PM) from private and



public transportation (Karagulian et al., 2015). Many of these products from vehicular traffic
contain fine (< 0.1 — 2 um) and ultrafine (< 0.1 um) particles (Palmgren et al., 2003; Nyir6-Kdsa
et al., 2022). Identifying and quantifying these respirable particles, which may be incorporated
into the body and dangerously affect health in urban habitats (WHO, 2021), appears vital.
Among the main adverse consequences of (ultra-) fine particles are respiratory tract disorders
(such as asthma, chronic obstructive pulmonary disease, acute respiratory infection ARI, and
respiratory allergies), headache, irritability, character changes, pa *ial amnesia, cardiovascular
problems, possible mental disorders, as well as carcinogenic c~ri.2quences (Brauer et al., 2002;
Pope & Dockery, 2006; Song et al., 2019). According to . Yuxworthy et al. (2022), the ultrafine
magnetic fraction of PM has been underestimated in seve. =« works. Their study of air filters from
London (UK) showed that the total concentraticv. o. ultrafine magnetite particles was 7.5%,
significantly higher than previously repor'ad. These ultrafine magnetite particles are capable of
causing irreversible damage to vital orga.s, such as the heart, by causing cell damage (Calderén-
Garciduenias et al., 2019). Kletetch-ka =t al. (2021) point out that these magnetite nanoparticles
in the human brain can be assoc. ‘ted with diseases such as Alzheimer’s.

Since the 2000s, magnetic hio.,m4nitoring studies have been reported using plant species in urban
and industrial areas. It ‘s possible to use different biological indicators or biomonitors of
pollution, such as mosses (Salo et al., 2012; Vukovi¢ et al., 2015), lichens (Chaparro et al., 2013;
Winkler et al., 2020), Tillandsia spp. (Castafieda Miranda et al., 2016; Mejia-Echeverry et al.,
2018), leaves and tree bark (Lehndorff et al., 2006; Chaparro et al., 2020). The marked contrast
in magnetic composition between airborne magnetic particles (AMP) and plant tissues provides
clear advantages for magnetic biomonitoring. This methodology also provides a low-cost

alternative in urban sites for establishing an environmental monitoring network of AMP.



Magnetic biomonitoring allows for establishing a monitoring network of air particle pollution at
a low cost, taking advantage of natural resources in cities and their surroundings. The exposure
time of biomonitor transplants can be established, and the contents of magnetic particles on
transplants can be approached with in situ magnetic susceptibility measurements (Chaparro,
2021). In situ magnetic biomonitoring preserves species and allows the monitoring of magnetic
particles over time, a methodology proposed by Marié et al. (2018) and improved by Chaparro
(2021).

Among PM and other compounds, airborne magnetite is ubia':i*a.2 «n cities because of vehicular
emissions and, possibly, due to industrial ones. This wo." hypothesizes that in situ magnetic
susceptibility measurements may adequately estimate *i1s magnetite accumulated in urban
biological indicators. Therefore, this study aims &* cthr. following objectives: a) to determine the
usefulness of native Tillandsia capillaris “or raagnetic biomonitoring in an urban and suburban
area of northwestern Argentina; b) to de.~rmine the magnetic, compositional, and morphological
properties of particles accumulater in the plant tissues; ¢) to quantify the contents of AMP in
Tillandsia sp. tissues using a si "ole and cost-effective magnetic method, and d) to identify the
most impacted areas by AMP o~.Jution in urban and suburban sites in the studied cities.

2 Methods

2.1. Study area and species sampling

The study area is located in San Salvador de Jujuy city and its surroundings, the province’s
capital, at 1259 m a.s.l, and Palpala city at 1130 m a.s.l., pinpointed in northwestern Argentina
(Fig. 1a). Both cities are placed in a mountainous relief conditioned by the surrounding mountain
ranges. The growth of the two localities, which tends to unite, is done around the road axes and

the main river that connects them. Their sprawl is partly conditioned by the mountainous context



in which they are located. The current urban sprawl coincides with minor slope areas on the
terraces of the Grande River, but in some areas, it has started to invade the slopes of the
mountains. The area (Departamento Dr. Manuel Belgrano and Departamento Palpald) has a
population of around 378,400 inhabitants (Censo nacional de poblacién, hogares y viviendas,
2022).

The climate is characterized as subtropical with dry seasons (winter). Summers are warm and
rainy (Torres & Pereira, 2018). For 1991-2020 (Servicio Meteordiogico Nacional, 2023), annual
precipitations reached a mean of 716 mm yr?, and the >n.:al minimum and maximum
temperatures ranged between 6-19°C and 20-31°C, re-oectively (Fig. S1, Supplementary
Material).

Based on reported magnetic biomonitoring stucie: in Latin America (Castafieda-Miranda et al.,
2016; Mejia-Echeverry et al., 2018) and the abundance of Tillandsia spp. in the study area,
individuals of Tillandsia capillaris (ki 1b) with similar size (= 5 cm in diameter) were
collected in March 2022 in the urb~n a.=~s (sites SS, San Salvador de Jujuy, n = 24, Fig. 1c), the
suburban areas (sites J, Jujuy a1 Paipald, and RB, Rio Blanco, n = 7), and “clean” areas (Sites
O, PP and TIL, i.e., Finca =! C“3po, Planta Potabilizadora Reyes, and Tilquiza, respectively, n =
6) far away from down.>wn. Individuals of T. capillaris living on urban trees were collected
from a minimum height of 1.5 — 2 m to avoid the influence of re-suspended soil particles. Each
sample was put in a paper bag and stored. First, in situ magnetic susceptibility measurements
were done on fresh individuals. Since these in situ measurements on biomonitors offer a valued
and time-saving methodology for biomonitoring magnetic particles simply and effectively
(Chaparro, 2021), this new methodology was performed on collected individuals and

complemented with routine measurements of environmental magnetism. After that, each plant of



T. capillaris was dried at 38°C for 24 hr. in an electronically controlled oven. About 0.7 g of
crushed material was firmly pressed and placed into plastic containers of 8 cm® for routine
magnetic measurements at the laboratory. In addition, two samples of dust deposited on roofs

were collected for comparison purposes, one sample (P-T) at Palpala and another (P-A) at San

Salvador de Jujuy (downtown).

Fig. 1. Sampling sites in northwestern Argentina. (a) San Salvador de Jujuy (urban sites SS, 24°
11.624'S; 65° 18.041'W), Alto Comedero, Rio Blanco, and Palpala (suburban sites J and RB) and
clean areas (sites O, PP, and TIL). (b) Individuals of Tillandsia capillaris; (c) Collection of

samples in urban sites SS.



2.2. In situ magnetic biomonitoring

In situ magnetic susceptibility (ki) measurements were done using an SM 30 high-resolution
range portable meter (ZH Instruments Ltd., Czech Republic), which works at an operating
frequency of 8 kHz and has a measurement sensitivity of 1x10 'SI. Ten (n = 10) readings were
performed using the protocol proposed by Chaparro (2021) and Buitrago Posada & Chaparro
(2022). Corrected values of «js were averaged, obtaining a rep-esentative value with low
dispersion similar to the instrument sensitivity. The mentioneZ i ctocol allows measuring «js on
species to quantify (sub) micron-sized magnetite particles. The AMP content is quantified using

the magnetite’s calibration line proposed by Chaparro (20. 1),

Contents of AMP = 0.1 - ——5— 3
2.07540.007

where Contents of AMP are in mg and «;s in *"® S units.

Also important, this methodology prezarves species, allowing repeat measurements of exposed
individuals over time. Since liche.’s thallus measured by Chaparro (2021) are flat, ;s
measurements were performe b," direct contact between the thallus and the portable meter
(DCM). Because Tillardsie. capillaris has a spheroidal shape (Fig. 1b), two measuring
methodologies were pror osed and tested by Buitrago Posada & Chaparro (2022), i.e., i)
measurements by DCM: direct contact between the plant and the meter, and ii) measurements by
contact between the portable meter and a Petri plastic dish where the plant is pressed with a
block of wood to increase the plant’s surface contact and also increase the mass which is
effectively measured (PWM, Fig. 2). The PWM methodology was used in this work because
PWM (s.d. = 0.4 x107 — 1 x10°SI, Buitrago Posada & Chaparro, 2022) evidenced low

dispersion results comparable to the instrument sensitivity (1 x10™ SI). Caution is recommended



when measuring outdoors because thermal drift may affect ks readings, e.g., breeze and airflow
must be avoided. Although each individual may be measured in the laboratory (Fig. 2a) and re-
located to its exposure site, it is possible to reduce the plant’s stress if the «js readings are
performed in a closed environment, e.g., inside a car, as shown in Figure 2b, near each exposure

site.

Fig. 2. In situ magnetic susc~oubility measurements (k;) using the protocol proposed by
Chaparro (2021) and Btitraco Posada & Chaparro (2022). Ten readings were performed by
contact between a high-re,olution range portable meter SM 30 (ZH Instruments Ltd.) and a Petri
plastic dish where the plant is pressed with a block of wood to increase the plant’s surface

contact (PWM). «;s readings at the laboratory (a) and inside a car (b) close to the sampling site.

2.3. Magnetic measurements
In the Laboratory of Environmental Magnetism at the CIFICEN (UNCPBA, Tandil, Argentina),

mass-specific magnetic susceptibility () was measured at an operating field and frequency of 80



A m? 0992 and 16.032 kHz, respectively. Percentage frequency-dependent magnetic
susceptibility Xene,16) (= (100 X (x0.992kHz — X16.032kHz) | Y0.992kHz) / (In 16032 — In 992)) and
Xre16) (= In 10 x Xena,16) (Hrouda, 2011) were determined at the two detailed operating
frequencies, using an SM-150 L/H magnetic susceptibility meter (ZH Instruments Ltd., Czech
Republic). The parameter Xrg(1,16) Was calculated for comparison purposes with the well-known
parameter yrp% (= 100% X (y0.465kHz — Ya4.65kHz) / X0.465kHz). Anhysteretic and isothermal remanent
magnetization (ARM and IRM, respectively) were imparted to san.»les using: i) a partial ARM
device coupled with an alternating field (AF) demagnetizer (M.2!s:%: Ltd., England), superposing
a DC bias field of 50 and 90 uT to a peak AF of 100 .nT, and ii) an ASC Scientific Pulse
Magnetizer (Narragansett, USA) model IM-10-30, in ste,.= exposing samples to acquisition- and
back-fields from 1.7 — 2470 mT. The remanent 'naynetizations were measured using a JR-6
spinner magnetometer (AGICO Inc., Cz .ch Republic). Among parameters and ratios, mass-
specific anhysteretic susceptibility (yarm, calculated using linear regression for ARM acquired at
DC bias fields of 50 and 90 p™ orhysteretic ratio yarm/y, Saturation of IRM (SIRM =
IRM2470mT), remanent coercivity (H, which is the required back-field to remove the SIRM, or
SIRM = 0), S-ratio (= -IR™ 3,_,,v / SIRM, where IRM 3ot IS the acquired IRM at a back-field
of 300 mT), HIRM (= 0.2 * [SIRM + IRM_3p0mt]) and L-ratio (= [SIRM + IRM_3pomt] / [SIRM +
IRM.100mt]) Were measured and calculated. Magnetic hysteresis measurements were done at the
CGeo (UNAM, Querétaro, México) using a MicroMag™ 2900 magnetometer (Alternating
Gradient Magnetometer, Princeton Measurements Corporation, USA). The ratios of remanent
saturation to saturation magnetization (M,/Ms) and remanent coercivity to coercivity field
(He/He) were also determined. The temperature dependence of high-field magnetization

(magnetic field of 0.5 T), i.e., M-T thermomagnetic measurements, was measured using a



laboratory-made horizontal magnetic translation balance (Escalante & Bohnel, 2011). About 100
mg of bulk material was placed in a special container for detailed thermomagnetic
measurements. These measurements were performed in the air, heating samples up to a
temperature of 720°C (heating run) and then cooling to room temperature (RT, cooling run) with
a controlled heating/cooling rate of 30°C min*. The temperature was controlled, and the force
exerted by the gradient field of the magnet on the sample was compensated and recorded with a
sensor that generated an output voltage. Such voltage is recorded usi.~q a PicoLog® recorder.

2.4. Microscopy observations

Trapped airborne magnetic particles were observed a~d examined by scanning electron
microscopy using a Phillips microscope model XL30. 7 his microscope also allowed us to
analyze the elemental composition of single pa+t.~«es by X-ray energy dispersive spectroscopy
with an EDAX model DX4 (detection lim? 0.5 %).

2.5. Statistical analysis

Descriptive statistics and correlaticm a~2,ysis between magnetic parameters were conducted. A
nonparametric one-way analvs.> o1 variance, the Kruskal-Wallis test (Conover, 1999), was
performed to determine si~niicant (at the 0.05 level) differences between the site’s magnetic
parameters medians. An cxploratory analysis of «;js data was carried out to construct geostatistical
models, analyzing the existence of spatial autocorrelation with the Moran Global Index. An
Ordinary Kriging was performed to construct prediction maps. It is the most popular
interpolation spatial method because it considers knowledge of the spatial variation as
represented in the variogram function and does not require additional information than the
measurement values and their geographical coordinates. All statistical and multivariate analyses

were performed using the R free software (R Core Team, 2022).



3. Results

Magnetic measurements of natives Tillandsia capillaris collected from the urban, suburban, and

clean sites from the Jujuy area are detailed in Table 1.

Table 1. Magnetic measurements of Tillandsia capillaris samples from the study area (Jujuy,

NW Argentina).

S-|L-
ARM/ |SIR ra|ra
Sample X
SIRM |M/y | |ti |t
o |o
10° ¢ ‘10'd
m*kg™ |mkg" | ~m%k KA/
! m
Urban sites: San Salvador de|
Jujuy
. 10. ]0.
SS-1 50.4 0.024 7.5 98 |05
1. |0.
SS-2 38.3 0.026 |7.7 00 (00
SS-3 27.9 0.033 |8.3 1. |0.




0 {0000
0.4 .10. |0.
SS-4 40.4 137.8 |185.2146.8 |9.0 |0 |09 |1.3/0.016 |6.5 9122
0.0 .10. |0.
SS-5 16.1 46.1 |117.3(88.7 (35 |5 [27 2510025 |7.6 97 |08
l0.: .10. |o.
SS-6 9.3 76.6 |153.311251 |5.. |4 |23 [2.010.021 |7.9 95|13
|
0.0 .10. |o.
SS-7 8.6 274|727 %96 |23 |9 |25 |27(0.025 |85 93 (21
0.1 .10. |o.
SS-8 17.5 436 |975 (803 |37 |0 (2.8 (210022 |79 95 | 14
0.0 .10. |o.
SS-9 21.3 948 [139.5(117.1 |59 |4 |[2.4 |15(0.020 |6.2 99 |03
0.0 .10. |o.
SS-10 13.5 729 (1282|964 |42 |5 |1.6 |1.8(0.023 |57 98 | 06




3

0.0 6. 0. |0.

Ss-11 12.7 |439 |101.9/838 |35 (4 |6.8 |2.3]0.024 |7.9 |0 |97|08
4

0.0 0. |1. |o0.

SS-12 5.5 441 |101.7/835 |31 [0 4.1 |2.3]0.027 |7.0 |5 |00|00

SS-13 149 |- - |- - S P B SR R U
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01 | 8.10. |0.

SS-14 204  |84.1 |157.1|1400 |74 'a |25 [1.9]0.019 |87 |5 |96|11
Y 3

0.0 9. 0. |0.

$S-15 9.8 205 (434 |528 |15 |7 |39 (210021 |76 |9 [91|23
"/ 3

0.0 6. 1. |0.

SS-16 17.3 |57 1043|876 |36 |0 |35 (1.8]0.025 (6.2 |7 |00|01
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0.0 6. 1. |0.
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4

0.0 0. 1. |0.

SS-18 155 [39.2 |76.2 |657 |26 |0 [6.0 [1.9(0.026 |65 |5 |00|00

SS-19 424  [143.2 |219.6(161.1 |96 |05 (2.4 [1.5[0.017 [6.7 [4 |0. |O.




0 . 190 |25
0.0 1. |0.
SS-20 17.4 67.2 |129.7 1116 (4.3 0 (42 (19 |0.026 |6.4 00 |00
0.0 . 10. |0.
SS-21 27.0 726 |128.6|101.4 (4.4 2 2.2 ..81]0.023 |6.1 99 |02
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Comedero & Palpala
0.0 1. |0.
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2 . 191122
0.0 .11. 10.
J-02 32.6 110.8 {133.6109.9 9.3 0 0.3 1.2 |0.012 |84 00 (00
0.0 .11, 10.
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0.1 |11. .10. 10.
PP-02 1.7 225 |113.1|110.7 |35 3 |6 1500032 |154 92|21
0U .10.]0.
TIL-01 2.0 11.2 |40.6 (413 |13 5 |32 [36(0.031 |12.1 93|20
0.1 .10.]0.
TIL-02 2.8 15.1 [59.2 |o24 |22 1 |44 139(0.029 (144 89 |30
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3.1. Magnetic mineralogy

The magnetic properties of arcumulated AMP on tissues of T. capillaris evidence a dominant

ferrimagnetic phase that rc.~heu their saturation IRM at fields < 300 mT and the S-ratio values

varied between 0.90 — 1 (/9r urban sites), 0.88 — 1 (for suburban sites), and 0.80 — 0.97 (for clean

areas, see Table S1, Supplementary Material). A very low contribution of a high-coercivity phase

is observed through the IRM acquisition curves, and the HIRM, i.e., mean and (s.d.) values of

HIRM were 0.09 (0.13) x10° m3kg™ for urban, and 0.07 (0.10) x10° m®kg™ for suburban sites

(Table S1, Supplementary Material). Since HIRM is significantly (p < 0.01) correlated with L-

ratio (R = 0.79 for urban sites and R = 0.97 for suburban sites), the HIRM may not provide

quantitative information on the absolute concentration of high-coercivity minerals (Liu et al.,




2007) for this study. The Hc values for all sites, i.e., H, = 32.1 — 42.6 mT, correspond to
magnetite-like minerals as reported in the literature, e.g., Peters & Dekkers (2003).
Thermomagnetic measurements shown in Figure 3 confirm that magnetite was present through
its characteristic Curie temperature of 580 °C. For heating runs, most samples showed a constant
decrease in magnetization with temperatures up to 520 °C. A different behavior was observed for
samples J-07, SS-22, SS-19, and J-01, where a magnetization increase from =~ 420 — 560 °C is
observed. After the cooling runs, new formation of magnetic mine«..'s was observed through 1 <
M/MgT < 2 for samples with the highest concentration-depenr'z . agnetic parameters (SS-4 and
J-02) and the lowest ones (0-01, O-02, and PP-01, Fig. 3). Moderate to high values of M/Mgt =
2 — 7, indicating a higher neoformation of magnetic mine.=us, were observed for both urban (SS-

10, SS-16, SS-19, SS-20, and SS-22) and suburbai .J-J1 and J-07) samples.
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Fig. 3. Thermomagnetic measurements of Tillandsia capillaris samples from the Jujuy area
(urban sites SS, suburban sites J, and clean sites O and PP). Magnetization (M) was normalized

by magnetization at room temperature (Mgry); its changes with temperature were recorded for



heating (heat.) and cooling (cool.) runs.

The grain size-sensitive magnetic parameters and ratios, Xrg(116), Xarm/x, SIRM/y, and
ARMY/SIRM, showed differences between (sub)urban and clean sites (Table S1, Supplementary
Material). Mean and (s.d.) values of X116 Were 4.1 (2.6)% for urban and 3.5 (2.1)% for
suburban sites, indicating a minimum contribution of superparamagnetic (SP) particles (Dearing,
1999). However, the contribution of SP particles seems importa.* for clean sites O and PP,
where mean and (s.d.) values of Xrg(1,16) Were 4.5 (1.9)% an~ 9.C {3.7)%. In addition, the mean
values of yarwm/x, SIRM/y, and ARM/SIRM are lower fo- (sub)urban than clean sites, which
indicates coarser magnetic particles in the city and sceroundings. The magnetic grain size
estimation of accumulated AMP was below 5 j:n. as shown in Figure 4a. Samples from urban
and suburban sites had coarser particles ti an Clean sites, with values falling between 1 — 5 pum,
0.2—-1pum, and 0.1 — 0.2 um (Fig. 4b). re~oectively. The Kruskal-Wallis test showed significant
differences at the 0.05 level betw:e.> sies (urban—suburban, urban—clean, and suburban—clean)
through median values of partcic size-dependent magnetic parameters, i.e., yarm/y, ARM/SIRM
(only between urban—clean sues), and SIRM/y (Table S2, Supplementary Material). Among
suburban sites, T. capilla~is (J-02) and dust (P-T) samples from the Palpaléd site had coarser
particles of 5 um (Figure 4a), which was expected from its industrial activity developed in the
area of the sampling. The ratios M/Ms and Hc/H. from magnetic hysteresis measurements are
displayed in the modified Day’s plot (Figure 4c). Samples are located in the regions of
magnetite’s pseudo-single domain (PSD) and the SP + PSD. The SS samples tend to the right, an
SP + PSD region (Dunlop, 2002). Mixtures of magnetite were more evident for urban samples

SS than others from the mixing curves for single domain size (SD) + multidomain (MD) and the



mixing curves for SP + PSD (Figure 4c). Two magnetic hysteresis loops of urban (SS-10) and

suburban (J-02) sites are shown in Figure 4d.
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Fig. 4. Particle size-dependent magnetic parameters of AMP on Tillandsia capillaris and (urban



sites SS, suburban sites J and RB, and clean sites O, PP, and TIL) and dust samples (P-A at
downtown sites SS, and P-T at Palpald): (a) parameters yarm and y are represented, the indicated
samples SS-19 and J-02 were observed by SEM-EDS; (b) the anhysteretic ratio yarm/y,
calibration lines are based on data reported by King et al. (1982); (c) parameters from magnetic
hysteresis measurements, i.e., Ms/Ms and H¢/H., and mixing lines for SD-MD, SD-SP, and SP-
PSD (Dunlop, 2002); and (d) magnetic hysteresis measurements of samples SS-10 and J-02 are

also represented.

3.2. Morphology and elemental composition

Samples SS-19 (urban site) and J-02 (suburban site) werc ubserved by SEM-EDS to analyze the
particle’s morphology and elemental compositici. ~errimagnetic and fine AMP comprised
(sub)micron-sized magnetites accumulate t or. tissues of Tillandsia capillaris, as observed in
Figure 5a. These images show T. capinoris leaves where shiny Fe-rich particles are spread on
flat trichomes of about 200 um dir™mei>r (Fig. 5b). The observed particles in urban (Fig. 5¢ and
5d) and suburban (Fig. 5e ana ~f) sites were irregular and spherical. The mean (s.d.) sizes of
trapped Fe-rich particles w=2re 2 5 (0.8) um for SS-19 and 2.4 (2.3) um for J-02, which agree with
magnetic estimation (Fiy 4a) from magnetic susceptibility measurements on bulk samples. For
irregular particles and spherules, the sizes were 1.5 (0.8) um (SS-19) and 1.9 (1.8) um (J-02),
and 0.8 (0.3) um (SS-19) and 2.7 (2.7) um (J-02), respectively. Larger particles were observed in
the suburban site J-02 (Palpald) because of the industrial activity in this site. One of Argentina’s
most important steelmaker complexes (Aceros Zapla S.A., ex “Altos Hornos Zapla”) was
established in Palpala and has been working since 1945 (Perez, 2019). Similar results, spherules

ranging between 1 — 5 um, were detected by Chaparro et al. (2013) in biomonitors living on trees



near a metallurgical factory in Tandil (Buenos Aires province, Argentina).

The analyzed AMPs were Fe-rich particles, spherules, and irregular particles (often emissions
from general corrosion and brake lining system wear) emitted by traffic emissions (Lu et al.,
2005; Chaparro et al., 2010; 2020; Winkler et al., 2020) and often spherules from industrial
activities (Chaparro et al., 2013; Paoli et al., 2017). Fe contents ranged from 10 — 91 wt% (mean
and (s.d.) values of 56 (27) wt%) for SS-19 and 6 — 97 wt% (mean and (s.d.) values of 66 (30)
wt%) for J-02. Among the major elements and potentially toxic elen.~nts (PTE), Mg, Al, Si, P, S,
K, Ca, Ti, Mn, Fe, Zn, Br, and Pb were determined by EDS. ! . rich particles containing some
of these PTE are shown in Figures 5¢—5f.

3.3. Magnetic particle concentration and spatial distribu.-n

The parameters «js, %, and SIRM depend on *h: A'VIP concentration (Fig. 6). Among these
parameters, the «;s Is used to quantify thc AMIP contents following the magnetite’s calibration
line proposed by Chaparro (2021). It 1s worth highlighting that the organic matter (biological
tissues) has a diamagnetic matriv w.*h contrasting magnetic values regarding ferrimagnetic
AMP. According to Dearing (159), weak negative y values for organic matter (= -9 x10™° m*kg"
1) are lower than for ferrimag,~.ic materials (= 0.4 — 1.1 x10° m*kg™). Their values varied for
each site, i.e., urban, su.'rpan, and clean sites, and between them. Mean values of «js, 7, and
SIRM were found in the following order: urban sites (16.2 x10® SI, 61.9 x10® mkg™, and 4.5
x10° Am?kg™, respectively), suburban sites (13.9 x10° SI, 43.9 x10® m*g?, and 4.1 x107
Am?kg™, respectively), and clean sites (1.6 — 2.4 x10° SI, 5.6 — 13.9 x10® m®kg™, and 1.1 — 2.7
x10° Am®kg™?, respectively, Table S1, Supplementary Material). Among the clean sites, the
lowest magnetic particle concentration values were found for site O, located in a rural area

farther from cities than sites PP and TIL (Fig. 1a). These relatively higher values recorded in



Tillandsia sp. from sites PP and TIL might be related to the site’s proximity to a main road.
Hence, caution is recommended for the sites’ selection if plant collection for transplants needs to

be carried out in the future.
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Fig. 5. SEM-EDS analysis of AMP trapped by Tillandsia capillaris from Jujuy. (a, b) images
show trichomes covering the leaves entirely in T. capillaris; shiny Fe-rich particles are observed

on trichomes. (c, d) urban site SS-19. (e, f) suburban site J-02.
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The modeled distribution of AMP in the urban site (San Salvador de Jujuy) is represented in
Figure 7, where the prediction map of «js IS based on spatial autocorrelation and the Ordinary
Kriging method. Among concentration-dependent magnetic parameters, the «js was chosen for
modeling because it is a novel parameter for in situ magnetic biomonitoring. As detailed in Sect.

2.2., in situ magnetic susceptibility allows quantifying magnetic particles effectively and



performing repeat measurements over time because the individuals are preserved. Values of «is
range between 2.8 — 42.4 x10°® S| (Table 1), and its mean (s.d.) value is 16.2 (9.4) x10° SI
(Table S1, Supplementary Material). Two outliers were observed with «;s values of 40.4 and 42.4
x10°® SI, which were excluded from the construction of the geostatistical model. Moran’s index
test under the normality assumption was used to evaluate the spatial autocorrelation. A p-value =
0.038 was obtained; therefore, a positive autocorrelation is observed. The maximum distance
between sampling points was 2138 m. The variogram was construc:2d considering a distance of
1000 m. The empirical variogram was fitted to an exponentia’ mudzi (nugget: 2 = 1 x10, range:

@ =487, and sill: 6% = 3.29 x10") using weighted least squa.=s.
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Fig. 7. (a) Prediction map of AMP distribution in San Salvador de Jujuy city (urban sites SS)
using measurements of in situ magnetic susceptibility «kis on native Tillandsia capillaris. (b)

Sampling sites in San Salvador de Jujuy (24° 11.624°S; 65° 18.041°W), urban sites SS.

4. Discussion
4.1. Properties of airborne magnetic particles

The influence of airborne (sub)micron-sized magnetite on urban air is an increased awareness



issue (Muxworthy et al., 2022). Urban and suburban samples from Jujuy comprised magnetite
with remanent coercivities (mean and (s.d.) values of H, = 38.5 (2.0) and 36.1 (2.2) mT,
respectively, Table S1, Supplementary Material) associated with vehicular emissions mainly,
similar to other Latin American cities, i.e., Tandil (Argentina, H = 37.8 (1.3) mT, Chaparro et
al., 2013), Querétaro (Mexico, He, = 39.4 (2.6) mT, Castafieda-Miranda et al., 2016), Valle de
Aburra (Colombia, Her = 35.0 (3.2) mT, Mejia-Echeverry et al., 2018), La Plata (Argentina, He; =
36.3 (1.6) mT, Castafieda-Miranda et al., 2018), Ushuaia (Argentiria, Her = 42.4 (6.2) mT, Avalo,
2019), Mar del Plata (Argentina, He = 38.2 8 (1.3) mT, G2ncz et al,, 2021), and Medellin
(Colombia, Her = 36.5 (3.1) mT, Buitrago Posada et al., 20.).

This airborne magnetite is mainly ubiquitous in all citicz because of traffic emissions (Nyir6-
Koésa et al., 2022) and (in some cases) industri~s t)o (Mejia-Echeverry et al., 2018). Their
influence on an urban area will depend < n r.ultiple factors, such as the distance between the
source and target area and meteoroloy:~al conditions. In this study, fine magnetite ranging
between 1 — 5 um (urban sites) anc 1.z - 1 um (for suburban sites, except J-02, 5 um, Fig. 4a) is
spread through the Jujuy’s air. These estimated magnetic grain size ranges are based on the
magnetite’s calibration lir.: p.oposed by King et al. (1982) and agree with SEM observations.
These airborne magnetiw.s are not only risky for their (sub-)micron sizes (such particles can
travel long distances) but also because PTEs may be adsorbed on their surface or absorbed into
their structure (Kukier et al., 2003). Most of the PTEs detected by EDS have been reported in
industrial and vehicle emission-related studies (Lin et al., 2005, and reference therein). Mn, Zn,
Ca, Mg Ba, Fe, Co, Cd, Pb, Li, Sr, Cr, Ni, and Cu are metal-based additives detected in fuels and
lubricating oils (Lim et al., 2007). PTE emissions from vehicles comprise diesel/gas-soot,

general corrosion, engine wear, and brake lining system wear where Ba, Zn, Ni, Fe, Mn, C, O,



Cr, Cu, Co, Cd, Br, Pb Al, Si, Ca, S, Sh, and Mo are indicatory elements (Mosleh et al., 2004;
Sanders et al., 2003; Lin et al., 2005; Maher et al., 2008). In this study, they follow the order: Fe
>Si>Al>Ca>S>K>Ti,andFe>Al>Si>Ca>Br>Mn>Zn>K>P>Mg>S>Pb>Ti
for SS-19 (urban site) and J-02 (suburban site with industrial activity), respectively. As
mentioned in Sect. 1, these AMPs are breathable and may adversely influence human health
(Mabher et al., 2016; Calderén-Garciduefias et al., 2019; Qi et al., 2023).

4.2. Air magnetic particle pollution

Particulate matter is one of the concerning pollutants in ~t.22 considered for air quality
assessment (WHO, 2021). However, high investment ana maintenance costs spatially limit this
monitoring coverage in urban environments (Hofmar =t al., 2017). Among PM, airborne
magnetic particles are relevant to monitor bec~u:~: ¢ their potential health risk to vulnerable
populations (Gonet et al., 2021). The M’'’s quantification contributes to the air quality
assessment in cities, mainly where exp~nsive PM monitoring networks are unavailable. The
studied area (San Salvador de Juji=) i~ une of the cities around the world where no air quality
data is available. Although rou.ine \neasurements (e.g., PMi, PM,s, PMyg) are required for a
complete air quality repor*, u.*= work proposes a complementary methodology to sort out this
deficiency, providing vai.*able data and a helpful approach to air particle pollution.

The in situ and mass-specific magnetic susceptibility were measured using different sample
preparation and sensors (see Sect. 2.2). Although both are vital parameters for magnetic
biomonitoring, in situ measurements (kjs) are more convenient because plants may be preserved
and monitored over time (Chaparro, 2021). Therefore, the relationship between them was
examined, observing a linear trend for these data (Fig. 6a), where both parameters «;js and y are

significantly correlated (R = 0.89, p < 0.01). A linear regression model with all data (urban,



suburban, and clean samples) was fitted, resulting in the following expression (2),

Kis = 0.268 X 2

All assumptions have been adequately validated, including the intercept significantly equal to
zero, the normality of errors, and the homoscedasticity of variance, establishing the model as
valid. SIRM is only dependent on ferromagnetic minerals, and this parameter is significantly
correlated with y (R = 0.94; p < 0.01), as shown in Figure 6b. Thus, in this study case, the well-
known magnetic susceptibility parameters, i.e., x and «js, mainly \~dicate the concentration of
ferrimagnetic particles or magnetite. Equation 2 establishc~ & iinear relationship between
volumetric and mass-specific magnetic susceptibility fc- this study and may be used for
estimating y (and SIRM) in new magnetic biomonitoring _*udies.

Differences in kijs in the prediction map (Fig. 7a «"‘ov. identifying two main AMP accumulation
zones, i.e., at the NW and SE areas (ki > 20 <10™ Sl and > 16 x10°° S|, respectively, Fig. 7a).
The NW zone (SS-14, SS-21, and SS-22) is located on Avenues Senador Pérez and Santibafiez
and the SE zone (SS-9 and SS-4) i~ Averue 19 de Abril; they evidenced higher accumulation of
AMP regarding vehicular partic.= eniission. Conversely, the central area (SS-23 and SS-24, Fig.
7b), which comprises the »i<t. > downtown, evidences the lowest k;s values (< 10 x10°® SI) and
hence the lowest AMF contents. Notably, these AMPs on individuals of native Tillandsia
capillaris were accumulated over their lifetime, which may cover several years of an AMP input.
Thus, although the rate deposition of AMP cannot be determined for these native species, the
accumulated content of AMP can be quantified following equation (1) by Chaparro (2021). The
mean (s.d.) values of AMP content in clean sites (0.10 (0.02) mg) are lower than in suburban
sites (0.67 (0.48) mg) and urban sites (0.78 (0.46) mg). Significant differences (at the 0.05 level)

in AMP contents between (sub)urban and clean sites are observed through the Kruskal-Wallis



test (Table S2, Supplementary Material).

These recorded ks values with T capillaris in urban (kis = 2.8 — 42.4 x 10°° SI) and suburban
sites (iis = 4.8 — 32.6 x 10°° SI) are lower than other available data of in situ magnetic
biomonitoring carried out with lichens in Tandil city, Argentina (kjs = 11 — 95 x 107° SI,
Chaparro, 2021) and tree barks in Mar del Plata city, Argentina (s = 2 — 202 x 10°® S,
Chaparro et al., 2020). All clean sites in the present study O, PP, and TIL have lower «;s values
than the Tandil and Mar del Plata biomonitoring studies. Howe, =r, caution for this «js-data
comparison should be considered because different specics may involve different AMP
accumulation mechanisms. Further studies on biomonitors >re needed to shed light on this issue.
Among the urban and suburban sites, SS-4, SS-19 (Fig. (1, and J-02 (Fig. 1, an industrial site at
Palpald, Table 1) evidenced the highest «ijs valuss; ae'ice, a more significant pollution influence
IS expected.

Biomonitoring allows us to take advantae of natural resources, especially in urban ecosystems.
Tillandsia spp. are distributed in se*verc! American cities, from Argentina and Chile to the south
of the USA (Gouda, 2020). The accurrence of these species (and others, e.g., lichens) from the
southern to northern he™ischere enables spatial-temporal measurements for establishing
complementary AMP mc ~itoring networks at a low cost. Since this species’ individual is easy to
collect, it offers the possibility of transplants for in situ magnetic biomonitoring. The
methodology is sustainable because the species’ individual is preserved for future ;s
measurements. This methodology contributes to overcoming one of the barriers in
biomonitoring, i.e., the sample destruction for laboratory measurements. In situ magnetic
biomonitoring allows quantifying AMP contents over time through exposure periods and

estimating their accumulation rate. In addition, it may provide AMP data in cities and locations



where traditional air quality monitoring is absent or difficult to operate.

5. Conclusion

Like other American cities, airborne magnetic particles in San Salvador de Jujuy and Palpala
cities and their surroundings comprised magnetite mainly emitted by vehicular traffic. A
suburban site at Palpal& with industrial activity also emits magnetite spherules into the air. These
magnetic particles are irregular and spherical magnetites emitted by traffic and industrial
emissions between 0.2 — 5 um with potentially toxic elements (Fe - Al > Si > Ca > Br > Mn >
Zn>K>P>Mg>S>Pb>Ti) absorbed or adsorbed.

The spatial distribution of airborne magnetite accumulatea . native Tillandsia capillaris may be
monitored using various concentration-dependent magne..~ parameters such as «js, ¥, ARM, and
SIRM, which are in situ and at the laborator- '-te:mined. These parameters showed higher
magnetic accumulation zones at the NW :nd the SE areas of San Salvador Jujuy’s urban area,
where vehicular traffic in Avenues Senau~r Pérez, Santibafiez, and 19 de Abril seems significant.
In addition, the suburban site of Pa!~ald also evidenced a high concentration of airborne
magnetic particles due to indusu ‘al emissions from a steelmaker complex. The quantification of
such particles gives signif:cn. Zifferences in AMP contents between (sub)urban areas and clean
sites, i.e., mean (s.d.) cu.tents of AMP of 0.78 (0.46) mg for urban sites, 0.67 (0.48) mg for
suburban sites, and 0.10 (0.02) mg for clean sites.

Since «js IS in situ measured by simple contact between the sensor and the biomonitor, this
parameter is preferred for airborne magnetic particle biomonitoring because plants’ sampling
procedures for laboratory measurements are not required, hence the preservation of Tillandsia
capillaris’ individuals. Therefore, magnetic biomonitoring may be continued over time using

native individuals or transplants exposed to air particle pollution, and the AMP accumulation rate



could be estimated.
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Table captions

Table 1. Magnetic measurements of Tillandsia capillaris samples from the study area (Jujuy,
NW Argentina).

Table S1. Descriptive statistics of magnetic measurements of T !lan Isia capillaris samples from
Jujuy, NW Argentina. Results are detailed for urban sites (s.:2< 3S), suburban sites (sites J and
RB), and clean sites (sites O, PP, and TIL).

Table S2. Kruskal-Wallis test of Tillandsia capil’ar.s samples from urban, suburban, and clean
sites. Statistical differences in median vau>s >f yarm/x, ARM/SIRM, SIRM/y, and AMP
contents are indicated. YES indicates that difte.ences are significant at the 0.05 level.

Figure captions

Fig. 1. Sampling sites in northw2s.>rn Argentina. (a) San Salvador de Jujuy (urban sites SS, 24°
11.624’S; 65° 18.041°W), ~lto “omedero, Rio Blanco, and Palpala (suburban sites J and RB)
and clean areas (sites Q. P and TIL). (b) Individuals of Tillandsia capillaris; (c) Collection of
samples in urban sites So.

Fig. 2. In situ magnetic susceptibility measurements (ki) using the protocol proposed by
Chaparro (2021) and Buitrago Posada & Chaparro (2022). Ten readings were performed by
contact between a high-resolution range portable meter SM 30 (ZH Instruments Ltd.) and a Petri
plastic dish where the plant is pressed with a block of wood to increase the plant’s surface
contact (PWM). ks readings at the laboratory (a) and inside a car (b) close to the sampling site.

Fig. 3. Thermomagnetic measurements of Tillandsia capillaris samples from the Jujuy area



(urban sites SS, suburban sites J and RB, and clean sites O and PP). Magnetization (M) was
normalized by magnetization at room temperature (Mgr); its changes with temperature were
recorded for heating (heat.) and cooling (cool.) runs.

Fig. 4. Particle size-dependent magnetic parameters of AMP on Tillandsia capillaris samples
(urban sites SS, suburban sites J and RB, and clean sites O, PP, and TIL) and dust samples (P-A
at downtown sites SS, and P-T at Palpald): (a) parameters yarm and y are represented, the
indicated samples SS-19 and J-02 were observed by SEM-EDS; (Ib) the anhysteretic ratio yarm/y,
calibration lines are based on data reported by King et al. (1©2?,, {.) parameters from magnetic
hysteresis measurements, i.e., Ms/Ms and H¢/H., and mix.~q lines for SD-MD, SD-SP, and SP-
PSD (Dunlop, 2002); and (d) magnetic hysteresis measu.=ments of samples SS-10 and J-02 are
also represented.

Fig. 5. SEM-EDS analysis of AMP trapg2d ry Tillandsia capillaris from Jujuy. (a, b) images
show trichomes covering the leaves ctirely in T. capillaris; shining Fe-rich particles are
observed on the surface. (c, d) urbe= si.» 53S-19. (e, f) suburban site J-02.

Fig. 6. Concentration-depender.. maynetic parameters of AMP on Tillandsia capillaris samples
(urban sites SS, suburban -ite: © and RB, and clean sites O, PP, and TIL): (a) in situ magnetic
susceptibility «;s and ma.=-specific magnetic susceptibility y, (b) saturation isothermal remanent
magnetization SIRM and .

Fig. 7. (a) Prediction map of AMP distribution in San Salvador de Jujuy city (urban sites SS)
using measurements of in situ magnetic susceptibility «js on native Tillandsia capillaris. (b)

Sampling sites in San Salvador de Jujuy (24° 11.624°S; 65° 18.041°W), urban sites SS.
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Highlights
Tillandsia capillaris is efficient for monitoring airborne micron-sized particles

Airborne magnetic particle AMP contents here are ordered as urban>suburban>clean sites

In situ magnetic susceptibility of biomonitors allows the AMP quantification



