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ARTICLE INFO ABSTRACT

Article history: Atmospheric pollution in megacities has a major impact on human health and environmental quality. Air
Received 16 October 2015 quality bioindicators may have some advantages over standard devices such as impactors or filters. In this
Received in revised form 18 January 2016 study we evaluated the reliability of Tillandsia sp. versus passive filters for monitoring the atmospheric
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Available online 25 April 2016 deposition of metal(loid)s in an area affected by anthropogenic activities. We aimed to gain insight into the

composition and origin of atmospheric particles and their fate after deposition on the plant. Three zones
with different contamination levels were monitored for five months in 2012. For the highly contaminated
area, a linear increase in metal(loid) accumulation was found in passive filters, whereas for transplanted
Passive filters Tillandsia capillaris the increase was almost linear for As, Cd, Hg, and Sn, but not for Ag, Pb, Sb, and Zn.
Air quality For the moderately contaminated zone, the results showed that the exposure time was not sufficient for
Biomonitoring metal(loid) concentrations to increase in either the plants or filters. However, natural specimens provided
Mining area some indications of the levels of metal contamination. Metal particles were observed on the plant surface
and also in the central disc underneath tillandsia trichomes, suggesting that this is a possible pathway
for metals to enter the plant. X-ray absorption spectroscopy demonstrated chemical transformation for
Pb and As, both in filters and plants. For Pb, sorbed Pb and/or cell wall complexes were identified in
the plants. No As''-S species, indicative of As detoxification, were identified in the plant. Arsenic was
oxidized from As'! to AsV in both plants and filters. Thus, in the present study, passive filters proved
more reliable than T. capillaris transplants, although natural specimens provided some insights into local
contamination. Particulate contaminants underwent chemical transformation after being trapped in the
plant, but there was no clear evidence of internalization and detoxification.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction Qian et al,, 2014; Timmermans et al., 2013; Vanos et al., 2014).
In emerging Latin America countries, sources of contamination in

Atmospheric pollution in megacities is becoming a crucial envi- rapidly growing cities include industrial and mining activities, as
ronmental and health issue (Gao et al., 2011; OiNeill et al., 2013; well as traffic (Romero-Lankao et al., 2013). Beside new regula-
tions on emissions, air pollution monitoring is increasingly needed.

In many areas in the world, standard techniques for air monitor-
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been suggested as low cost alternatives (Ares etal.,2012; Bermudez
et al., 2009; Szczepaniak and Biziuk, 2003; Grangeon et al., 2012).
Biomonitoring can be done by collecting natural specimens, or by
exposing transplanted specimens for a given duration. The latter
option may provide more precise monitoring after validation and
calibration with other types of air monitors.

Several species of Tillandsias were tested as biomonitors of
metals and metalloids, volatile organic compounds and polycyclic
aromatic hydrocarbons. Most of these studies were conducted in
Latin America due to the widespread distribution of these plants,
their resistance to high hydric stress and desiccation (Bermudez
et al., 2009; Abril et al., 2014; Carreras et al., 2009; Figueiredo
et al., 2007; Isaac-Olivé et al., 2012; Martinez-Carrillo et al., 2010).
Tillandsia spp. use their epidermal trichomes to absorb atmospheric
water, minerals and organic nutrients (Martin et al., 2013). The
trichomes have a shield-like shape, formed by an axis (stem) con-
nected to the internal tissues, and by an external shield. Trapped
water and nutrients go through the shield cells, stem, and finally
reach the underlying mesophyll parenchyma along a symplasmic
route (Papini et al., 2010).

Several studies showed some correspondence between atmo-
spheric emissions or human activities and metal accumulation
in Tillandsia capillaris (Bermudez et al., 2009; Abril et al., 2014;
Wannaz et al., 2006; Goix et al., 2013) and T. usneoides (Martinez-
Carrillo et al., 2010). However, metal retention capacities and
accumulation kinetics varied among studies, species and chemi-
cal elements. Some studies reported that plants reached maximal
metal loads after a certain exposure time, ranging from a few
weeks to a few months (Martinez-Carrillo et al., 2010 and refs
therein). A decrease in metal content was observed in other cases
(Bermudez et al., 2009; Abril et al.,, 2014; Wannaz et al., 2006;
Bermudez and Pignata, 2011). In highly polluted areas, toxicity
symptoms were observed (Bermudez et al., 2009; Wannaz et al.,
2006, 2011, 2012), which may have potentially affected metal
accumulation. The fate of particles deposited on the plant surface
including possible chemical transformation, transfer to internal
parts of the plant, and excretion, may affect accumulation and the
efficiency of the plant as a biomonitor. Very little is known on these
aspects, except for Cs (Li et al., 2012) and Hg (Amado Filho et al.,
2002).

The aims of the present study were to: (i) evaluate the reli-
ability of T. capillaris versus passive filters for airborne metal(loid)s
contamination monitoring in an area impacted by mining, smelt-
ing and urban activities, (ii) study the influence of the seasonality
on metal(loid) accumulation, and (iii) gain insights on the fate
of trapped particles inside the plant. Samples were characterized
using a combination of chemical analyses, scanning transmission
microscopy coupled with energy dispersive spectrometry (SEM-
EDX), and X-ray absorption spectroscopy. For the latter technique,
As and Pb were chosen as target elements. Both are relevant for
safety issues and pathologies around the world (Jarup, 2003) and
specifically in this area of Oruro, the major mining city in Bolivia
(Fonturbel et al., 2011). Lead is a ubiquitous atmospheric contami-
nant, and the foliar uptake of Pb-rich particles was studied recently
(Schreck et al., 2014; Uzu et al., 2010; Uzu et al., 2014). Atmo-
spheric As contamination has been much less studied. However,
in Oruro, As concentrations reached 200 ng m~3 (Goix et al., 2011),
which is significantly above the regulation threshold of 5ngm=3.
In the environment, As exists predominantly in the +3 and +5 oxi-
dation states, present as arsenite (AsO33~) and arsenate (AsO43~)
oxyanions in aqueous solution, respectively. In contrast, Pb occurs
as a divalent cation in the environment and, to a lesser extent,
as elemental Pb in highly contaminated areas. From these differ-
ent chemical reactivities, different chemical transformations in the
atmosphere, bioaccumulation and transformation in the plant may
be expected.

This study was conducted in 2012 in Oruro (Bolivia) where air,
soil, plants and urban dust are significantly contaminated by a mix-
ture of metal(loid)s due to mining (polymetallic sulfides) and Sn
smelting activities (Goix et al., 2013; Fonttrbel et al., 2011; Goix
etal.,,2011; Ruiz-Castell et al.,2012; Van Damme et al., 2010; Miller
and Villarroel, 2011; Teran-Mita et al., 2013). Urban activities such
as residential and municipal combustion of fossil fuel and auto-
motive traffic also contribute. The kinetics of metal and metalloid
accumulation in T. capillaris and in passive filters exposed for five
months to various sources of contamination (mining, smelting and
urban activities) was studied. Elemental concentrations were com-
pared to natural specimens exposed to contaminants for several
years in the same area. The localization and speciation of the con-
taminants trapped in transplanted and natural plants and in the
filters were compared.

2. Materials and methods

2.1. Biological material and preparation of plants for
transplanting

T. capillaris individuals for transplanting and controls were
collected in May 2012 in a canyon in the vicinity of La Paz
(16°31’31.60”S; 68°03'36.43"W). This location is far from atmo-
spheric metal(loid) fallout, but has similar geographical and
meteorological conditions as the transplantation sites. Whole plant
samples were collected with plastic gloves to avoid contamina-
tion by metal(loid)s, as reported in previous active biomonitoring
studies using T. capillaris (Goix et al., 2013; Bermudez et al., 2009).
Three groups of three T. capillaris individuals were collected in the
same canyon but not transplanted: these were used as controls
without metal exposure due to transplantation and monitoring
experiments.

2.2. Transplantation, time-dependent sampling and collection of
natural specimens

The exposure experiment was performed in Oruro City
(17°58'S-67°60'W), in the Bolivian Altiplano region, in the Andean
Cordillera oriental, at an altitude of 3700 m above sea level, from
June to November 2012. According to Goix et al. (2011,2013),
weather conditions in this region are typical of the Bolivian Alti-
pano: semi-arid and cold (i.e., mean annual rainfall of 366 mm and
average temperature of about 12 °C). Two seasons can be differenti-
ated: a short wet season from November to January, accounting for
about 63% of annual rainfall, and a long dry and colder season from
February to October. The city of Oruro is well-known for its poly-
metallic mining activities and its large Sn smelter complex (Goix
et al., 2013). Previous studies reported that pollution sources and
air particulate matter (PM) levels vary in the different districts of
the city (Goix et al., 2011; Cadot et al., 2013). Thus, three zones of
interest were identified and used for time-dependent experiments:
(i) The San José district noted “Mine”, in the vicinity of the mine pro-
ducing, in decreasing order, approximately 30,000t of Zn, 10,000 t
of Sn, 2500t of Pb, 500 t of Sb, 130t of Agand W, 45t of Cuand 2.5t
of Au yearly (Instituto Nacional de Estadistica, 2010), (ii) The Vinto
district noted “Smelter”, where smelting activities and production of
Sb and Sn takes place, along with Bi, Ag and Pb produced as sec-
ondary elements, and (iii) Downtown Oruro, characterized by high
residential density, urban activities, traffic and a few industries,
with lower pollution levels (Goix et al., 2011).

T. capillaris plants were thus exposed in these three
zones (Fig. SI-1): Mine (17°57'38.88”S; 67°07'03.91"W),
Smelter (17°58'42.57"S; 67°03’02.11”"W) and Downtown Oruro
(17°58'08.36"”S; 67°07'03.91”"W). Plants were exposed in nylon
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mesh bags: three individuals per bag for a total of 50g of T.
capillaris per bag. Six bags were exposed in June in each zone,
using trunks or stakes with small plastic cable ties, at 3 m in height
to better catch air pollution. From July 2012 to December 2012,
a mesh bag was taken off on the 10th day of every month, and
used for the time-dependent analysis (plants were weighed before
and after the exposure period). In parallel to the experiment with
transplanted specimens, natural specimens were collected at the
Mine and Downtown sites. No natural specimens were found in the
smelter area. A washing procedure was used to remove adherent
particles present on the plant surfaces (Goix et al., 2013; Smodi3
et al., 2004). Each plant was placed in ultrapure water, sonicated
for 3 min and rinsed again. Then plants were dried at 40 °C for 48 h
and ground in an agate mortar in liquid N,. Ground plant samples
were then dried again for 48 h and stored in polyethylene vials
(Goix et al., 2013). Separate aliquots of plant samples were kept
fresh and prepared as frozen hydrated samples for XAS.

At each location, passive filters (Whatman, QMA, Quartz fiber)
of 14 x 9 cm? area were exposed next to the Tillandsia bags, at 3m
high, under the same conditions as the plants, and collected accord-
ing to the same protocol for time-dependent analyses. However,
passive filters were not washed before digestion or XAS analysis.

2.3. Determination of total metal(loid) concentrations in plants
and filters

The washed T. capillaris samples and non-washed filters from
the 5-month exposure experiment were digested and analyzed. For
each sample, 100 mg of T. capillaris or filter was precisely weighed
with a digital balance (precision of 10~ g) before acid digestion.
Samples were placed into pyrex liners with Teflon skirts and 1 mL
suprapur® H,0,, 3 mL bi-distilled HNO3 (15 N) added. The samples
were sonicated for 45 min and then incubated at 60 °C for 8 h. Then,
3 mL bi-distilled HNO3 (15N), 4 mL HCI and 0.3 mL 48% suprapur®
HF were added and the samples were heated at 60 °C for another 8 h.
Mixtures were then heated in a CEM Discover® microwave acceler-
ated reaction system (heating at 130 °C with 7 min ramp time, 1 min
hold time, heating at 160 °C with 5 min ramp time, 1 min hold time,
heating at 180°C with 5 min ramp time, 10 min hold time) before
evaporation in a clean fume-hood (72 h at 70 °C). Each microwave
mineralization run contained 10 samples, one blank and one cer-
tified reference material sample (BCR-482, lichen standard). After
complete evaporation, the remaining solid residue for each sample
was dissolved in 20 mL of a 10% HNO3/0.05% HF acidic mixture to
prevent Sn precipitation (Goix et al., 2013).

Metals and metalloids (Ag, As, Cd, Cr, Cs, Cu, Pb, Sb, Sn, U, W
and Zn) were measured with the Thermo-Finnigan Agilent® 7500ce
Inductively Coupled Plasma Mass Spectrometer (ICP-MS) using
an In-Re internal standard spike to correct data for instrumental
drifts and plasma fluctuations. Quality assurance and measurement
traceability were ensured by measuring five replicates of BCR-482
for T. capillaris and NIST SRM 1648 “Urban Particulate Matter” for
aerosols deposited on passive filters. The detection limits were
approximately 20, 2,0.1,1,7,4, 1,500, 5,0.1, 100 and 10ngg~! for
Ag, As, Cd, Cr, Cs, Cu, Pb, Sb, Sn, U, W and Zn, respectively. Recoveries
were expressed as the ratio of the measured to certified concentra-
tions: relative standard deviations (RSD%) were <5%, and relative
standard deviation on blanks replicates was <10%. Metal(loid) con-
centrations are expressed in dry weight (mg kg~1, DW). All certified
elements presented satisfying recoveries, in the 92.2-102.4% range
(92.2% for Cr and 102.4% for Ag) as already reported by Goix et al.
(2011, Table B1).

Total Hg concentrations in T. capillaris were determined by
atomic absorption spectrophotometry (Guédron et al., 2013) fol-
lowing catalytic decomposition and gold amalgamation with
an automatic mercury analyzer (Altec, AAS Model AMA 254).

The relative precision was +10% as determined from triplicate
measurements of certified reference materials (CRM). Concen-
trations obtained for repeated CRM analyses never exceeded
the published concentration range (0.090+0.012mgkg-! and
0.091 +0.008 mgkg~! for CRMs 7002, and MESS-3, respectively).
The detection limit, defined as three times the standard deviation
of the blank, was 0.005mgkg~1.

2.4. Morphological observations and identification of
metal-enriched particles using SEM-EDX

Environmental SEM-EDX measurements using a Jeol JSM
6360LV instrument equipped with a PGT Sahara EDX Silicon Drift
Detector (SDD) were carried out to investigate epiphyte mor-
phology, trichome conformation and elemental distribution of the
metal-enriched areas. Before analysis, T. capillaris plants were dried
and fixed on a carbon substrate without any further preparation.
The apparatus was operated in low-vacuum mode (~133Pa) at
25KkV. Observations were performed on plant fragments exposed
for 1 month (from June 10 to July 10) in the Smelter district (with
high contamination levels) and after a washing process.

2.5. Study of Pb and As speciation in T. capillaris using X-ray
absorption spectroscopy (XAS)

Samples investigated by XAS to assess As and Pb speciation
included slag particles from Vinto smelters, passive filters contain-
ing atmospheric particles, T. capillaris natural specimens collected
onsite, and transplanted specimens (Table SI-1 in Supporting Infor-
mation). For one sample (T. capillaris transplanted at the Smelter
site), spectra for both washed and unwashed plants were recorded
and compared. Filters were cut into 5-mm diameter discs, and
five were superimposed and placed in the XAS sample holder. The
plant and slag samples were ground and pressed into 5 mm diam-
eter pellets. Lead reference compounds included: metallic Pb, PbS,
PbSO4, a- and B—PbO, PbCO3, Pb0352, Pbg(OH)z(C03 )2, pyromor-
phite Pbs(PO4)3Cl (Sigma-Aldrich) and three metal sulfide samples
originating from the Oruro mine (Purchased from David H. Garske,
Tucson, USA). Based on X-ray diffraction, Oruro mine samples con-
tained mixed sulfides belonging to the sulfosalt family. The first
sample contained franckeite (Pbs;Sn3Sb,S14), the second franckeite
and jamesonite (PbyFeSbgS14), and the third one jamesonite and
andorite (PbAgSbsSg). The following solid sorbed and complexed
Pb species were also used as Pb standards: Pb sorbed onto fer-
rihydrite containing 2% weight Pb prepared at pH 7.3, Pb sorbed
onto birnessite containing 2% weight Pb prepared at pH 6.5 and
Pb pectin containing 0.8% weight Pb. Finally, aqueous Pb refer-
ence compounds included free Pb2* (20 mM Pb(NOs),, pH 4.0), Pb
citrate (10 mM Pb(NOj3),, 100 mM Na citrate, pH 5.4), and Pb malate
(10 mM Pb(NO3);, 100 mM Na malate, pH 5.0). Arsenic reference
compounds included arsenopyrite (FeAs!!S), As'll;S;, Aslll, 03, As!!
bound to glutathione (As"!-GSH) (Langner et al., 2012), AsY sorbed
on calcite, FeS, FeS,, goethite and ferrihydrite (Couture et al., 2013),
and monothio AsV and tetrathio AsV sorbed on FeS, FeS,, goethite
and ferrihydrite (Couture et al., 2013), and Na,HAsV0,. Lead and
As reference compounds were prepared as pellets diluted in BN or
not, or as frozen liquids after mixing with glycerol (20% in volume),
as described previously (Schreck et al., 2014).

XAS experiments were performed on beamline BM30B (FAME)
at the European Synchrotron Radiation Facility (ESRF, Grenoble,
France). The beamline was equipped with a Si(111) double crys-
tal monochromator, a 30-element solid state Canberra detector for
fluorescence mode and a diode for transmission mode. All spectra
were recorded using a He cryostat cooled at 10K. The XAS spec-
tra of Pb Lyj-edge and As K-edge were recorded in transmission
or fluorescence mode, depending on their concentration. Two to
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Fig. 1. Metal(loid) concentrations in transplanted T. capillaris as a function of the exposure time (in months). Vertical bars indicate rainfall (mm) during the same period.

six spectra of 45 min for Pb and 20 min for As were recorded for
each sample, and the beam was moved between each spectrum to
limit possible radiation damage. For spectra recorded in fluores-
cence mode, data from each detector channel were inspected for
glitches or dropouts before inclusion in the final average.

XAS data was extracted using ATHENA software (Ravel and
Newville, 2005). Pb and As XANES spectra were calibrated by taking
the inflection point of metallic Pb at 13035.0 eV and of Na;HAsYO4
at 11,873.4 eV, respectively. Principal component analysis (PCA)
was not used for Pb XANES and EXAFS spectra because the set of
spectra was too limited. These spectra were treated by linear com-
bination fits (LCFs) using up to three components from the list of
standard spectra cited above. Normalized As XANES spectra were
treated by PCA and LCFs of reference compound spectra. For all
LCFs, the quality of the fits was evaluated using the normalized

sum-squares residuals. For XANES spectra analysis, no Eg shift or
slope correction was allowed.

3. Results and discussion

3.1. Comparison of total metal(loid) concentrations in T.
capillaris and passive filters

The evolution of the metal(loid) concentrations in T. capil-
laris transplanted to and exposed at the three sites is shown
in Fig. 1. Overall metal concentrations decreased in the order:
Zn>Pb>Sn>Sb>As>Ag>Cd>Hg, regardless of the month. After
normalization with uranium (not shown), a similar pattern was
observed for T. capillaris exposed for a longer period in the same
area (Goix et al., 2013). The results showed that the sampling
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Fig. 2. Metal(loid) concentrations in passive filters as a function of the exposure time (in months), and rainfall (mm) during the same period.

location had a clear influence on the concentrations: Ag, Hg, Pb,
Sb, Sn, and Zn concentrations in plants from the Smelter area were
twice as high as those from the Mine and Downtown Oruro sam-
ples. This observation is consistent with PMo measurements. PMq
concentrations throughout the experiment were 65 pgm—3 in the
Smelter area compared to 31 wgm—3 and 35 wgm~3 in the Mine
and Downtown sites, respectively. These data confirm that the Sn
smelter has a major impact on atmospheric metal(loid) contami-
nation in the area.

For the Smelter area, the As, Cd and Sn concentrations increased
regularly from July to November. Mercury showed a sharp increase
from September to October, dropped for a month, and stabilized
in November. The absence of significant Hg accumulation at the
two other sites indicates that the smelter is the major source of Hg
in Oruro. Mercury could still have come from other sources such

as coal burning, traffic, Au-Hg amalgamation in the gold mines of
the region, and global deposition but are not likely to be relevant
at a six-month timescale. Mercury can be emitted as particulate
Hg (mainly Hg(Il) associated with particles) or in its gaseous form
(Hg(0)).In the present study, it was not possible to evaluate the pro-
portion of each one. The concentrations of Ag, Sb, Pb and Zn reached
a maximum in October and decreased slightly in November. Max-
imum levels of element incorporation in Tillandsia species vary
among studies. For example, Martinez-Carrillo et al. (2010) and
[saac-Olivé et al. (2012) found a maximum of accumulation after
6-10 weeks for T. Usneoides. Whereas, in the study of Bermudez
et al. (2009), focusing on three different species of Tillandsias,
the maximum accumulation was after six months. In the present
study, the decrease could not be attributed to plant growth since
this would have affected all elements. Fig. 2 shows the metal(loid)
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concentrations from the passive filters, as a function of the exposure
time (in months) and rainfall (mm), subjected to the same exposure
conditions in the Smelter area and during the same period (June to
November 2012). All the studied metals and metalloids increased
with time in the passive filters. Thus, these results suggest that
the decrease in Ag, Sb, Pb and Zn concentrations in Tillandsias in
November was not due to their decreased deposition from rainfall
cleaning up the air (Fig. 2).

A possible hypothesis is the preferential leaching of some ele-
ments present on the plant’s surface, possibly due to different types
of interactions between the particles or metals and the plants. The
leaching process can be an important factor leading to a decrease
in more soluble elements in the plant. However, as rainfall leach-
ing is a physical process, which should occur in exactly the same
manner in passive filters as in T. capillaris. Thus, the reduced metal
concentrations in plants could certainly be explained by some
changes in speciation and solubility of different metallic phases
after deposition on the plant surface in the wet periods. A seasonal
rain-washing effect was proposed in previous biomonitoring stud-
ies using Tillandsia species (Wannaz and Pignata, 2006; Bermudez
et al.,, 2009; Bermudez and Pignata, 2011; Abril et al., 2014). The
comparison between T. capillaris and the passive filters suggests
that atmospheric metal contaminants accumulate more linearly as
afunction of time in filters than plants, especially in wet periods. For
the plants and passive filters from the Mine and Downtown area, no
significant increases in metal(loid) concentrations were observed

in the five-month exposure. Thus, neither T. capillaris transplants
or passive filters are efficient monitors of moderate atmospheric
contamination for this time period.

3.2. Plant morphology and particle localization in T. capillaris

Fig. 3 shows SEM images of T. capillaris exposed to atmospheric
fallout and their associated EDX spectra. Typical trichome struc-
tures were observed (Fig. 3a). Metal(loid)-rich particles of various
shapes and sizes were observed on the plant surface. EDX analy-
ses showed high concentrations of Pb and Sn, plus other metals
including Cu, Fe, and Zn depending on the particles. Al, S and Si
were also present in some grains. On the basis of these analyses,
the major minerals appear to be metal oxides and sulfides, and alu-
minosilicates. Trapped particles could be observed by focusing on
the central shield with the disc cells after trichome aisle destruction
(Fig. 3b), suggesting that central disc cells could be a pathway for
the incorporation of metal particles in plants. The channel formed
by stalk cells between the central disc cells and the mesophyll cells,
which is used for absorption of water and macronutrients, could be
a pathway for metal uptake, as observed for Cs by Li et al. (2012).
SEM-EDX is not sensitive enough to detect diffuse metal concentra-
tions. Thus, to obtain further insights into the fate of metal(loid)s
in T. capillaris, the speciation of two Pb and As was studied in the
slag, in passive filters and in plants by XAS.
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Fig. 4. Pb Lj;-edge XANES (A) and EXAFS (B) spectra for Pb reference compounds and samples from Oruro (solid lines), and linear combination fits (dashed lines).

3.3. Pb and As speciation in T. capillaris and passive filters and
the possible mechanisms involved

Lead and As speciation was studied in passive filters, in T. capil-
laris samples transplanted in the Smelter area (natural specimens
were absent in this location) and T. capillaris growing naturally
in Mine and Downtown locations (the Pb content in transplanted
specimens was too low for XAS).

Fig. 4 shows the Pb Lj-edge XANES and EXAFS spectra for Pb
reference compounds including some mixed metal sulfides from
Oruro ore (franckeite, jamesonite and andorite, present as pure
phases or as mixtures), for the Smelter slags, for a passive filter
from the Smelter area, and for T. capillaris samples. The proportion
of Pb species in each sample was determined by LCFs of XANES
and EXAFS spectra (Fig. 4 and Fig. SI-2). LCF results obtained based
on the XANES and EXAFS data were consistent within 10% error.
Three families of Pb species were identified in the LCFs: (i) Pb sul-
fides (galena (PbS) and/or mixed metallic sulfides), (ii) a-PbO, and,
(iii) sorbed Pb and/or Pb-organic complexes. Fits of similar qual-
ity were obtained with either sorbed Pb or Pb-organic complexes,
which do not have a very distinctive EXAFS signature; hence these
species were merged in a single pool. The reference used as the
sorbant phase was ferrihydrite, a proxy for Pb sorbed on various
types of oxides and oxyhydroxides. Lead speciation in the Smelter
slags was fitted with a combination of a-PbO and sorbed and/or
Pb-organic acid complexes. The presence of Pb oxides in Smelter
slags was observed previously (Thiry et al., 2002; Ettler et al., 2005,
2006, 2009a,b). Other Pb species typical of slags, including PbS and
metallic Pb, were not observed here. These species may have been

altered during manipulation and stockpiling of the slag. Sorbed Pb
species and Pb sulfate-containing species may result from the alter-
ation of Pb oxides and sulfides and metallic Pb, generally trapped
in the glassy matrix. Lead-organic acid complexes are less likely
because of the low organic matter content in the slag. T. capillaris
and the passive filters from the Smelter area contained a mixture
of Pb sulfides (galena or mixed sulfides) and of sorbed Pb and/or
Pb-organic acid complexes.

Lead sulfides were observed in smelter samples only (filter and
plant samples exposed for five months). They likely come from
atmospheric fallout from the smelter. Smelters processing metal
sulfides generally emit a mixture of metal sulfides, sulfates, oxysul-
fates and oxides (Batonneau et al.,2004).In addition, these minerals
may have come from ore, manipulated close to the smelter. Indeed,
large amounts of ore are transported to the smelter from the San
José mine and from other mines in the country and manipulated
mechanically at the smelter. These operations generate significant
PM emissions into the atmosphere. The absence of Pb sulfides in
natural plants collected at the Mine and Downtown sites may sug-
gest their absence in PM in these areas, or their weathering over
time due to a longer exposure time. Based on their size, these spec-
imens have probably been exposed for several years. Secondary
species present in the passive filter (sorbed Pb) and in the plants
(sorbed Pb and/or Pb-organic complexes) may result from the oxi-
dation of primary minerals (Pb, PbS, PbO) and/or physiological
processes for Pb-organic complexes in the plant. Their proportion
was slightly higher in the passive filters than in the transplant from
the Smelter site (Table 1). This comparison suggests that plant-
trapped particles are more protected from weathering/oxidation
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Table 1
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Distribution of Pb species as determined by LCFs of Pb L;-edge XANES and EXAFS spectra.

Sample Location Date of collection Distribution of Pb species (in molar %)
Pb sulfides® a-PbO Sorbed and/or Sum NSS¢©
complexed Pb species®

Slags Smelter XANES 19 29 48 5.55E-01
EXAFS 25 85 110 1.76E-04

Passive filter Smelter Oct. XANES 30 70 100 2.09E-04
EXAFS 21 65 86 4.97E-01

T.c. transpl. Smelter Oct. XANES 46 54 100 1.85E-04

unwashed EXAFS 30 51 81 3.39E-01

T.c. transpl. Smelter Oct. XANES 42 58 100 1.40E-04
EXAFS 29 57 86 3.80E-01

T.c. nat. Downtown XANES 100 100 9.00E-05
XANES (froz. hydr.) 100 100 2.00E-04
EXAFS 65 65 3.03E-01

T.c. nat. Mine XANES 100 100 1.20E-04
EXAFS 61 61 3.75E-01

2 Including galena (PbS) and mixed sulfides.

b Fitted with Pb-organic acid and Pb-pectin complexes, and Pb sorbed on ferrihydrite.

¢ Normalized sum-squares residual NSS= Z(/Lexpmmem] — e )*(Mexperimental )* x 100 in the 13015-13110eV range for XANES, and

NSS="> "(XK2 experimental =XK1t/ (XK? experimental )2 x 100 in the 0-7 to 0-9 A~ range for EXAFS.

than particles trapped in the filter. Finally, Pb speciation did not
differ significantly between washed and unwashed plants. Thus,
rinsing with water did not significantly modify Pb-rich particles.
T. capillaris plants growing naturally in the vicinity of the Mine
and Downtown Oruro did not contain Pb sulfides, and only sorbed
and/or Pb-organic acid complexes were measured. Thus, sulfides
and oxides identified by SEM-EDX in T. capillaris did not represent
major Pb species, and secondary forms including sorbed Pb and/or
Pb-organic complexes were identified with EXAFS. These species

Illlllllllllllllllllllll
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may correspond to Pb-cell wall complexes, as observed for other
plant species exposed to Pb (Tian et al., 2010).

PCA could be used to interpret As speciation because a larger
set of samples was studied using As K-edge XANES spectroscopy
(Fig. 5, Table SI-1). The set of spectra was described by four com-
ponents (see Table SI-2 and Fig. SI-3). The following species were
correctly reconstructed using target transformation: As'!!S, As'!!, 03,
MTAsV=FeS, TTAsV=FeS, and various As¥ species (Fig. 5, Table SI-
3 in supporting information). The species MTAsV=FeS, TTAsV=FeS
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Fig. 5. Arsenic K-edge spectra for (A) the reference compounds (solid lines) and target transformation using four components (dashed lines) (the six spectra at the bottom
of the figure are not correctly reproduced), and (B) for Oruro samples (solid lines) and their linear combination fits (dashed lines).
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have relatively similar XANES signatures, although MTAsV=FeS has
a higher shoulder at 11,874 keV (Fig. 5). Thus, they were merged
as “TAsY=FeS” in the LCFs. Interestingly, arsenopyrite was not
identified as a component, although this species was identified in
minerals from the mine (data not shown). Likewise, As'!GSH, which
could have been indicative of a detoxification process in the plant,
could not be reconstructed.

LCFs were carried out using up to four components among these
species (Figs. 5 and 6 and Table SI-3). For some spectra, fits with and
without TAsV=FeS were obtained, so two distributions are shown
in Fig. 6. In the slag, the majority of As species were reduced (sulfide
or oxide) and it contained 10-30% AsV. All other samples (passive
filters and plants) contained a majority of oxidized As species.

Smelters are known to emit both As!!! and AsV species (Sanchez
de la Campa et al., 2008), whereas PM from other origins mostly
contains AsV (Godelitsas et al., 2011). The thio-AsY species was
possibly present in slag and passive filters exposed at the Down-
town and Mine sites, and it was clearly identified in passive
filters from Smelter and in all plant samples. This species can

result from the oxidative dissolution of As-bearing sulfide miner-
als (Suess and Planer-Friedrich, 2012). As! sulfide was detected
in plants whereas passive filters contained As!' oxide. Non-
hyperaccumulating species were previously reported to detoxify As
by chelation with thiol containing molecules such as phytochelatins
(Sarret et al., 2013; Zhao et al., 2009). In the present case, As""GSH,
which can be considered as a proxy for As!!l-thiol species, was not
detected in the plant samples. The fate of metal particles trapped
in T. capillaris and passive filters and their possible origin are sum-
marized in Fig. 7.

4. Conclusions

We monitored metal(oid) accumulation in passive filters and
transplanted T. capillaris at three sites in an urban mining area in
Bolivia for five months. Alinear increase in all metals and metalloids
was observed in the filters. The evolution of metal(oid) content in
T. capillaris was relatively consistent with that of the passive fil-
ters in the highly contaminated area, with the exception of Ag, Pb,
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Sn and Zn, which decreased in the fifth month. As rainfall leach-
ing is a physical process, occurring in exactly the same manner in
passive filters as in T. capillaris, this decrease suggests that binding
mechanisms by plants and filters are different for those elements.
This also suggests possible excretion by the plant, although further
studies would be needed to test this hypothesis. For the moderately
contaminated zone, the 5-month exposure time was not sufficient
for either plants or filters to accumulate contaminants. Thus, the
exposure time needs to be optimized at each site, and weather
conditions should be taken into account. Natural specimens were
two- to four-fold richer in metals and metalloids than transplants.
Although no calibration is possible for natural samples, they can be
used to get a rough idea of the contamination in a given area, and
to detect low contaminant levels. Evidence of chemical transfor-
mation was found for Pb and As in both plant samples and filters.
For Pb, primary species were progressively replaced by sorbed Pb
and/or cell wall complexes. Arsenic underwent oxidation from As!!
to AsV species, with the persistence of a minor fraction of As'!l sul-
fide in plants and As'! oxide in filters. The release of some metals
by the plant and the sorption of Pb to the cell walls could be related
to detoxification mechanisms, however more data are needed to
make further conclusions on this point.
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