
lable at ScienceDirect

Journal of Environmental Management xxx (2016) 1e7
Contents lists avai
Journal of Environmental Management

journal homepage: www.elsevier .com/locate/ jenvman
Research article
The role of native lichens in the biomonitoring of gaseous mercury at
contaminated sites

Miguel A. L�opez Berdonces a, Pablo L. Higueras a, *, Mercedes Fern�andez-Pascual b,
Ana M. Borreguero c, Manuel Carmona c

a Department of Geological and Mining Engineering, Institute for Applied Geology, University of Castilla-La Mancha, Plaza Manuel Meca, 1, 13400, Almad�en,
Ciudad Real, Spain
b Department of Plant Protection, Institute of Agricultural Sciences (ICA), CSIC, Serrano 115-bis, 28006, Madrid, Spain
c Department of Chemical Engineering, Institute of Chemical and Environmental Technology, University of Castilla-La Mancha, Avda. de Camilo Jos�e Cela s/n,
13071, Ciudad Real, Spain
a r t i c l e i n f o

Article history:
Received 16 February 2016
Received in revised form
19 April 2016
Accepted 23 April 2016
Available online xxx

Keywords:
Native lichens
Biomonitoring
Mercury
Chlor-alkali
Ramalina
Xanthoria
* Corresponding author.
E-mail address: pablo.higueras@uclm.es (P.L. Higu

http://dx.doi.org/10.1016/j.jenvman.2016.04.047
0301-4797/© 2016 Elsevier Ltd. All rights reserved.

Please cite this article in press as: L�opez
contaminated sites, Journal of Environment
a b s t r a c t

Contamination by atmospheric mercury has been assessed in two different areas from Spain (Las Cuevas,
Ciudad Real and Flix, Tarragona) using lichens as biomonitors. The relationship established between
mercury contents in the soils and the gaseous mercury (GM) was also observed. It was found that the GM
is highest in the vicinity of the source and it is dispersed depending on of the distance to the source and
the wind directions. The mercury concentration in the gas phase in Flix was higher than that found in Las
Cuevas and also higher than the value that the US EPA recommended. The mercury bioaccumulation in
the native lichens from genders Ramalina and Xanthoriawere used as biomonitors for absorbing mercury
in Las Cuevas and Flix, respectively. The mercury uptake by Ramalina was higher than the amount
accumulated by Xanthoria, a difference that was mainly due to the lichen characteristics. The content of
mercury in lichens in relation to the mercury in gas was fitted by a Freundlich type equation, indicating
that the equilibrium between both phases was established. Besides, transplanted Ramalina lichen in Las
Cuevas allowed to obtain the kinetic of mercury uptake. A kinetic model of first order based on the
equilibrium was proposed and the mass transfer constants for each sampling station were estimated. As
it was expected, these values increased with the predominant wind flow direction.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Mercury is one of the less abundant elements on earth but one
of the most eco-toxic pollutants due to its high capacity of accu-
mulation in living organism and its persistence in the environment
(Munteanu and Munteanu, 2007). As a pollutant, Hg is emitted to
the atmosphere from anthropogenic or natural processes. Natural
sources are volcanoes, soil erosion and oceans, whereas anthro-
pogenic ones include all the emissions derived from human activ-
ities such as: fossil fuel consumption, gold mining activities,
chemical industry, paints, paper mills, metal or cement production,
insecticides and fungicides (Grangeon et al., 2012; Scerbo et al.,
1999). It can be found in the atmosphere predominantly in its
elemental gaseous form Hg0 (>90e99%) (Kono and Tomiyasu,
eras).

Berdonces, M.A., et al., The
al Management (2016), http:
2009), being the other forms, reactive gaseous mercury RGM and
mercury bound to particles (Hg-p). Hg0 can react with oxidants (eg.
O3) oxidizing it and transforming it to Hg(II), which is rapidly
deposited locally in the same way than Hg-p by wet or dry de-
positions, whereas Hg0 is only affected by dry depositions
(Grangeon et al., 2012; Fern�andez et al., 2000). Soluble RGM or Hg-
p in water is transformed into different organic species and mainly
methylmercury (CH3Hgþ), an extremely toxic compound that is
bioaccumulated by fish (Lodenius, 2013; Carmona et al., 2013).
Therefore, the measurement of mercury dispersion and concen-
tration has become a matter of concern in most of the developed
countries and important efforts has been employed in this field
(European Commission, 2010).

Mercury monitoring can be performed by technical collectors or
by living organisms (biomonitoring). Monitoring of atmospheric
mercury on the basis of direct instrumental measurements is easy
and reliable, and a great number of studies deal with this question
(García-S�anchez et al., 2006; Gosar et al., 1997; Higueras et al.,
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2014; Kim et al., 2006; Southworth et al., 2004; Zhu et al., 2011).
However, instrumental measurements require instrumental avail-
ability during longtime spans in order to study the temporal and/or
geographic distribution of the pollutant. Mercury biomonitoring
present many advantages such as the possibility of long-term
monitoring without spreading high cost equipment. Also, it gives
more accurate information of the spatial mercury distribution, their
effective surface is considerably larger than those from technical
ones, detect most of the mercury species and indicate the changes
in the ecosystems (Lodenius, 2013; Bergamaschi et al., 2007).

Lichens are often used for biomonitoring in the environment
because they pick up nutrients directly from air, retaining a large
amount of trace elements (Agnan et al., 2015; Balarama et al., 2003;
Conti and Cecchetti, 2001; Garty, 2001; Giordano et al., 2005). They
are specially used for mercury measurements due to their sensi-
tivity to estimate its biological effects for supplying information
about atmospheric mercury and also on its reaction products in a
quick and inexpensive way (Davies and Notcutt, 1996; Bargagli and
Barghigiani, 1991; Bargagli et al., 2002; Grangeon et al., 2012; Loppi
et al., 1997; Loppi and Bonini, 2000; Loppi, 2000; Ikingura et al.,
2006). Lichens are able of direct accumulation of elements from
the atmosphere in their tissues and on their whole external surface
(Scerbo et al., 1999). On the other hand, the use of transplanted
lichens (Kauppi, 1976; Loppi et al., 1998; Nannoni et al., 2015) may
offer better possibilities, including the one of electing the moni-
toring sites, and carrying out surveys with specific duration.

In previous works, L�opez-Berdonces (2009) and Esbrí et al.
(2015) offer some data on the usage of these organisms for the
Almad�en mercury mining district (AMMD) (South Central Spain),
where Las Cuevas is located, and for the surroundings of the Flix
chlor-alkali plant, respectively. Our study examines the possibilities
of usage of lichens as a tool to assess the atmospheric mercury
contamination associated to both natural and anthropogenic
sources of this pollutant.

The main objective of this study was to set a methodology for a
general mercury monitoring for different mercury sources, based in
the analysis of contents of this element in native lichens present in
the Las Cuevas and in Flix area. These data were used in order to
find the equilibrium relationship between the GM and the mercury
into the lichen. Besides, kinetic of mercury uptake was also checked
in Las Cuevas area and a model based on the equilibrium was
established. To accomplish this general objective, the following
partial objectives were considered:

i) Analyses of the gas and soil mercury concentrations in the
studied areas.

ii) Characterization of a real distribution of mercury bio-
accumulated in native lichens.

iii) Study of the influence of the mercury source in the lichens
mercury bioaccumulation, comparing the results from the
Las Cuevas and Flix areas.

iv) Development of the kinetic model of mercury accumulation
by lichens in the Las Cuevas area using transplanted lichens
from non-contaminated areas.
Fig. 1. Sampling map for the survey carried out in Las Cuevas area. Red asterisk cor-
responds to the main Hg source: the mercury storage center. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
2. Study areas

Almad�en mining district is located in central part of Iberian
Peninsula, 300 Km south west of Madrid. The area is part of the
“Meseta Sur”, which has aMediterranean climatewith hot summers
and cold winters; with an annual average of precipitations of
400 mm. The average temperature ranges from 1 to 8 �C in January
to 17e31 �C in July. Almad�en mining district is considered as one of
the most important mercury deposits in the world (Saup�e, 1990;
Please cite this article in press as: L�opez Berdonces, M.A., et al., The
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Hern�andez et al., 1999). Ferrara et al. (1998), Higueras et al.
(2006) and Llanos et al. (2010) documented mercury presence in
the local and regional atmosphere, based on instrumental mea-
surements. One of the most significant mercury sources of this area
is the Las Cuevas complex, due to the presence of an important
mercury storage center and the fact that this area is constituted by
an old mercury mine and two dumps. Higueras et al. (1999) and
Llanos et al. (2010) describe extensively this area from the
geological and environmental points of view, respectively.

The second study area is the Flix area. It is located in Tarragona
province, northeast Spain. In this area, the contaminated soils and
the chlor-alkali plant (CAP), located very close to the Flix urban
area, are important sources for gaseous mercury. Esbrí et al. (2015)
studied this area and found very high levels of mercury as an at-
mospheric pollutant and also in local soils. It is important to point
out that CAPs represent approximately a 2% of the total anthropo-
genic mercury emitted to the atmosphere. The mercury form
emitted from these plants is elemental mercury that escapes from
the cathode in electrolytic cells that produce chlorine and caustic
soda from NaCl (Grangeon et al., 2012).

3. Material and methods

3.1. Samples collection and preparation

In this work, mechanical collectors and lichens have been used
for mercury monitoring in air and soil, obtaining samples from
2007 to 2012. Both collection methods for gas or solid samples, are
described in the Subsections 3.1.1 and 3.1.2 and the maps showing
the sampling locations for Las Cuevas and Flix are shown in Figs. 1
and 2, respectively.

3.1.1. Mercury gas measurement
Mercury gas samples were collected and analyzed by using a

LUMEX RA-915þ. This equipment gives a measurement of mercury
gas per second. The analyses were performed during 120 s/day, 3
days per week. Reported values are the average for each sampling
station during the studied period. The MG was measured at a
role of native lichens in the biomonitoring of gaseous mercury at
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Fig. 2. Sampling map for the survey carried out in the Flix area. The red asterisk
corresponds to the location of the chlor-alkali plant. The Flix urban area is also indi-
cated. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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height of 1.5 m, which is considered to be the reference value for
the human exposition to the contaminant by inhalation. This
technology and the corresponding methodology has been widely
probed and described (Esbrí et al., 2015).

3.1.2. Sampling procedure of mercury in soil
Three soil samples per year were collected in the same sampling

stations that the air measurements, taking out the soils up to a
depth of 30 cm after eliminating the external 5 cm. Collected
samples were immediately stored in hermetic plastic bags. Before
analysis, the soil samples were dried at room temperature and
further disaggregated and sieved with a mesh size of 2 mm. Re-
ported values correspond to the average of the collected samples in
the studied period. For mercury quantification, samples between
20 and 30 mg were calcined into a pyrolytic chamber RP-91C at
800 �C, and the vaporized mercury was driven to the LUMEX
equipment and measured at a l ¼ 254 nm.

3.1.3. Biomonitoring of mercury concentration
For Las Cuevas survey, the lichen Ramalina was selected as

bioindicator. The use of this specie for atmospheric metals moni-
toring has been previously described by several authors
(Branquinho et al., 1999; Bermudez et al., 2009; Cercasov et al.,
2002; Gonz�alez et al., 1996 and Walther et al., 1990). Samples
within 1e2 gwere takenwith tweezers from branches of acorn tree
(Quercus rotundifolia) at a height of 1.5e2.0 m, Lichens were further
stored in paper bags and kept refrigerated until the analysis.

Besides, the kinetic of mercury accumulation of the Ramalina
lichenwas studied by transplanting Ramalina from a clean area, Los
Montes de Toledo (Toledo, South-Central Spain). 7 lichens were
transplanted per each specific sampling station close to that of the
native one. The total sample was obtained from all transplanted
lichens following the above procedure. Samples were taken at
different moments: 10, 45 and 92 days. These sampling periods
were selected in order to obtain stable measurements and to give
the lichens time enough to recover from the stress caused by
transportation and sowing (Kono and Tomiyasu, 2009).

At Flix area, the used lichen specie was the Xanthoria parietina
Please cite this article in press as: L�opez Berdonces, M.A., et al., The
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Thalli. This is, as Ramalina, an epiphyte lichen extensively used in
monitoring of atmospheric metallic pollutants (Cuny et al., 2004;
Gür and Yaprak, 2011; Loppi et al., 2006; Scerbo et al., 2002;
Vannini et al., 2014). Therefore, it was sampled, also from trees
and shrub vegetation, using the same methodology as for Las
Cuevas survey.

Before analysis, lichens samples were frozen and further
lyophilized in a Telstar cryodos-50 equipment in order to achieve a
complete water removal. The mercury in lichens was analyzed
three times by using the LUMEX equipment provided with a py-
rolytic chamber.

3.2. Samples analysis

The analytical technique used for solid samples (soil and li-
chens) was the atomic absorption spectrometry with Zeeman effect
and high frequency modulation (ZAAS-HFM), using a Lumex RA-
915þ device with RP-91C pyrolitical attachment (Sholupov et al.,
2004). This is a widely used technique to analyze total mercury
concentration in geological and biological samples (Amor�os et al.,
2014; Verestiuc et al., 2015) in a wide range of concentrations
and detection limits of 0.5 ng kg�1 (geological samples) and
2 ng kg�1 (biological samples).

In order to check the validity of the procedure, we ran analytical
tests (Standard Addition Method, using the NIST 2710, NIST 2711,
and BCR 146R standards; see below) on single (lichens) and com-
posite (lichens plus a known amount of a standard) samples. The
results showed that background correction effectively inhibited any
major distortion (e.g., plant: Eleocharis palustris (L.) Roemer &
Schultes: n¼ 4 runs, variation on Hg concentration¼ 0.3%). Quality
control at the laboratory was accomplished by analyzing replicated
samples to check precision, whereas accuracy was obtained by
using certified standards: (SRM) NIST 2710, (SRM) NIST 2711, and
BCR 146R.

4. Results

4.1. Mercury concentration in air and soil

As commented above, two sites with different mercury sources
were evaluated: the Las Cuevas and the Flix areas. The main goal
was checking the biomonitoring capacity of lichens for different
mercury sources. Fig. 3 shows the GM concentration as function of
the location coordinates.

Three maximum concentration of mercury can be observed
(Fig. 3a), which correspond with the location of mercury storage
center and two old mine dumps. The highest GM value is found in
the mercury storage center (110 ng m�3), which is related with the
handling of mercury that evaporates during the filling of the mer-
cury containers for further selling. This value is smaller than that
recommended by the US EPA as a human health risk for long term
exposition (300 ng m�3) (US EPA, 2007). The rest of the area pre-
sents a stable emission or dispersion pattern of GM with values
within 20e40 ng m�3. The Flix area (Fig. 3b) shows two GM peaks
in the vicinity of the chlor-alkali plant: the concentrations in these
points are higher than 1500 ng m�3, which considerably overpass
the US EPA (2007) recommended limit. GM concentrations sharply
decrease from the chlor-alkali plant to the town area, to reach
mercury concentration close to cero to the East of this. According to
these mercury values in the atmosphere, it is possible to say that
the Flix area is more contaminated for mercury than the mining
area of Las Cuevas in Almad�en.

The relationship between the GM and mercury contents in the
soils are represented by curves that are concave upward in shape
for both areas (Fig. 4).
role of native lichens in the biomonitoring of gaseous mercury at
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Fig. 3. Mercury concentration in air. a) Las Cuevas area; b) Flix area.

Fig. 4. Relationship between mercury in air and soils. a) Las Cuevas area, b) Flix area.
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According to Fig. 4, for low values of the GM concentration, the
mercury in soils is practically neglected but once the inflection
point is reached, the concentration in the soil sharply grows up.
These inflections points for Las Cuevas and Flix correspond to 60
and 1000 ng m�3 and 153 and 1080 ng g�1, in air and soil respec-
tively. Hence, the mercury vapor is more easily released from the
soils in Flix than from soils in Las Cuevas, because soils from Las
Cuevas, containing 2500 ng g�1, are able to emit only 75 ng m�3,
whereas soils in Flix, having the same concentration, emit 20 times
that value. This could be related with the differences in the char-
acteristics of both soils since Las Cuevas is constituted mainly by
natural contaminated soils while the soils in Flix are contaminated
from the mercury emitted by the CAP. Important variations in the
mercury vaporization from different soils were observed by During
et al. (2009) and they also attributed these differences to the soils
Please cite this article in press as: L�opez Berdonces, M.A., et al., The
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characteristics (pore size distribution, substrate type, surface type,
Hg concentration, etc).

4.2. Mercury concentration in native lichens in the studied areas

The distribution of bioaccumulated mercury concentrations in
native lichens were studied by using the lichens Ramalina and
Xanthoria for the Las Cuevas and the Flix areas, respectively. These
data were analyzed versus the mercury concentration in air (Fig. 5),
being the GM for each lichen sampling site obtained from the
matrix data of Fig. 3.

As expected, the closer to the source, the higher the mercury
concentration in the lichens. On the other hand, the values of
mercury concentration in Xanthoria lichens are similar to those
found by Grangeon et al. (2012) when studying the same lichen also
in the surroundings of a CAP in Grenoble (France) and those re-
ported by Balarama et al. (2003) when using the Parmelia sulcata
lichen in the vicinity of a mercury thermometer-making factory
situated in a southern state of India.

The mercury concentration in Ramalina lichens increase sharply
with the mercury in gas, while the mercury concentration in Xan-
thoria ones is directly proportional to GM (Fig. 5).

Additionally, the tendency of the mercury concentration in li-
chens (qL) versus the mercury gas concentration (GM) was fitted to
a potential equation. This behavior was also observed in other li-
chens such as the Lepisorus thunbergianus (Kono and Tomiyasu,
role of native lichens in the biomonitoring of gaseous mercury at
//dx.doi.org/10.1016/j.jenvman.2016.04.047



Fig. 5. Relationship between mercury in air and bioaccumulated mercury in the native
lichens: (ο) Las Cuevas area; (-) Flix area.
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2009). Considering that the mercury in lichens reaches an equi-
librium with the mercury in air, this can be described by a
Freundlich equation (Equation (1)), indicating that lichens behave
as a solid having good characteristic for being used in adsorption
processes with unlimited sorption sites (Chern and Chien, 2002;
Freundlich and Heller, 1939).

qL¼ kF$GM
n (1)

where kF is the Freundlich constant and n is a parameter that define
the lichen heterogeneity.

Fitting parameters qL and n for the systems GM and mercury in
the lichens from Las Cuevas and Flix are shown in Table 1.

The value of n higher than one for the adsorption of Ramalina
lichen confirms that its mercury uptake is strongly dependent on
GM concentration while the n value of Xanthoria lichen equal to
one, indicates that qL is proportional to the atmospheric mercury
concentration.

The difference in the qL-GM equilibrium of the studied cases
could be due to the tissues and morphological differences between
the studied lichens and also to the forms of mercury that are
emitted in both of these regions. Attending to the GM concentra-
tion, it was expected that the lichen Xanthoria located in Flix loaded
a larger amount of mercury than Ramalina from Las Cuevas; since
the higher the GM concentration, the higher the final mercury
uptake in lichens (Vannini et al., 2014). Balarama et al., 2003
studied the speciation of the mercury uptake by the lichen Par-
melia sulcata from an elemental mercury source and found that
from a total of mercury of 8 mg kg�1 in the lichen, only 0.1 mg kg�1

was elemental mercury. These results indicate that lichens convert
the Hg0 into inorganic form Hg2þ. As commented above, the chlor-
alkali of Flix emits Hg0, although some oxidants present in the re-
gion could convert part of it to reactive mercury (Fern�andez et al.,
2000). In the same way, the mercury emitted in Las Cuevas, an
area with a low concentration of oxidants to transform the Hg0 to
Table 1
Freundlich parameter values for the equilibrium of mercury in both phases solid (in
lichens) and gas in both areas.

Area kF (ngg�1) (m3 ng�1)n n

Las Cuevas 6.7169$10�5 4.75
Flix 5.5416 1.00

Please cite this article in press as: L�opez Berdonces, M.A., et al., The
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Hg(II), is mainly elemental mercury or Hg-p. Hence, in both areas
Hg0 is the most predominant species, indicating that the huge
difference observed in the mercury uptake for the studied lichens
must be related with the lichen characteristics.
4.3. Mercury concentration in transplanted lichens in Las Cuevas
area

Fig. 6 shows several examples of the kinetics of mercury bio-
accumulation in the Ramalina lichens in the Las Cuevas area, plot-
ting the ratio between the lichen mercury concentrations at each
time (qt) and its initial mercury concentration (q0L ) respect to the
sowing time.

As can be observed, this kinetics follow straight lines whose
slopes are dependent on the sampling station. Vannini et al. (2014)
found the same linear increasewith time for the mercury uptake by
three different lichens (Pseudevernia furfucacea, Xanthoria parie-
tina and Evernia prunastri). They presented a model in which the
mercury in lichens is only dependent on the gaseous mercury
concentration previous to reach the lichen saturation. Nevertheless,
the observed saturation for long exposure time is not considered in
the proposed model. This saturationwas also observed in this work
using the native lichens. Hence, a boundary condition taking into
account the established equilibrium between lichen and GM must
be considered.

In this way, the accumulation of mercury into the lichen was
fitted to a first order kinetic model, depending on the previous
established equilibrium between the qL and MG. This mercury
accumulation in the lichen can be described as follows:

dðmL$qtÞ
dt

¼ kl$a$ðqL � qtÞ$mL (2)

where mL is the mass of lichen (g), qt is lichen the mercury con-
centration for a specific time (ng g�1), kl is the overall mass transfer
rate coefficient based on the gas phase resistance (m day�1), and a
is the lichen mass transfer area exposed to the air per lichen gram
(m2 m�3 g�1).

kl and a are constants dependent on the lichen and sampling
station. Taking into account that only one lichen specie is used, both
constants can be joined in only one, named kla which will only
depend on the sampling station. Integrating Equation (2), the
following expression is obtained:
Fig. 6. Kinetic curves for the different sampling stations of the Ramalina lichen in Las
Cuevas area.

role of native lichens in the biomonitoring of gaseous mercury at
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qt
qL

¼
�
1� e�klat

�
þ q0L

qL
$e�klat (3)

Values of kla are represented as function of the specific co-
ordinates of longitude and latitude of the Las Cuevas area.

These constants are independent on the mercury concentration
in the gas phase, being mainly dependent on the atmospheric
conditions such as wind speed, temperature, humidity and pre-
cipitation. The highest values appear in the zone of predominant
wind flow (south-west), becoming the mercury uptake by lichens
the result of the convective regimen (Fig. 7).

It is possible to observe that the storage mercury center and the
dumps present a low wind influence, being the mercury uptake by
lichens located in this region controlled by the equilibrium, in
agreement with the highest concentration in the gas phase. Thus,
this biomonitoring system could be explained by the theory of mass
transfer phenomena.
5. Conclusions

Atmospheric mercury concentrations in Las Cuevas are smaller
than the recommended US EPA value whereas this value is over-
passed in Flix, what mainly occurs in the vicinity of the chlor-alkali
plant. Concave upward curves were obtained comparing the mer-
cury concentration in air and soil in both areas, observing that for
lower values of soils concentrations the GM is practically neglected.
Once the inflection point is reached, the GM sharply grows up. It
was found that mercury was more easily released from the soil in
Flix than soils Las Cuevas and can bemainly attributed to the source
nature.

The performed studies by using native lichens Ramalina and
Xanthoria in Las Cuevas and Flix, respectively, showed that Ram-
alina is able to accumulate larger amounts of mercury than Xan-
thoria. It was also found that the content of mercury in lichens in
respect to the mercury in gas followed a Freundlich type equation,
indicating that the equilibrium between both phases was
established.

Transplanted Ramalina lichens in Las Cuevas allowed to obtain
the kinetic of mercury uptake. A kinetic model of first order based
on the equilibriumwas proposed and themass transfer constant for
each sampling station were calculated. As it was expected, these
values increased in the predominant wind flow direction. Hence,
Fig. 7. Values of the mass-transfer coefficient in Las Cuevas area.

Please cite this article in press as: L�opez Berdonces, M.A., et al., The
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lichens can be considered as good biomonitors for studies in
contaminated regions with elemental traces.
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