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Abstract Although mercury (Hg) mining in the
Almadén district ceased in May 2002, the conse-
quences of 2000 years of mining in the district has
resulted in the dissemination of Hg into the sur-
rounding environment where it poses an evident
risk to biota and human health. This risk needs to
be properly evaluated. The uptake of Hg has been
found to be plant-specific. To establish the differ-
ent manners in which plants absorb Hg, we carried
out a survey of Hg levels in the soils and plants in
the most representative habitats of this Mediter-
ranean area and found that the Hg concentrations
varied greatly and were dependent on the sample
being tested (0.13-2,695 pg g~' Hg). For example,
the root samples had concentrations ranging from
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0.06 (Oenanthe crocata, Rumex induratus) to 1095
(Polypogon monspeliensis) pg g”' Hg, while in the
leaf samples, the range was from 0.16 (Cyperus
longus) to 1278 (Polypogon monspeliensis) ng g
Hg. There are four well-differentiated patterns of
Hg uptake: (1) the rate of uptake is constant,
independent of Hg concentration in the soil (e.g.,
Pistacia lentiscus, Quercus rotundifolia); (2) after
an initial linear relationship between uptake and
soil concentration, no further increase in Hgpjant
is observed (e.g., Asparagus acutifolius, Cistus
ladanifer); (3) no increase in uptake is recorded
until a threshold is surpassed, and thereafter a
linear relationship between Hgpjan and Hggg is
established (e.g., Rumex bucephalophorus, Cistus
crispus); (4) there is no relationship between
Hgpiane and Hggi (e.g., Oenanthe crocata and
Cistus monspeliensis). Overall, the Hg concentra-
tions found in plants from the Almadén district
clearly reflect the importance of contamination
processes throughout the study region.

Keywords Biotypes - Mediterranean region -
Mercury bioaccumulation - Plant uptake -
Toxicity levels - ZAAS-HMF

Introduction

All plants accumulate metals at trace element
levels (<1000 pg g™'), but some plant species are
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known for their ability to accumulate extremely
high levels of metals, in some cases exceeding
10,000 pg g' [e.g., Minuartia verna: 11,400 pg g~
lead (Pb); Thiaspi caerulescens: 43,710 pug g zinc
(Zn)] (Reeves, Baker, & Brooks, 1995). These
plants can be used for the phytoextraction of
metals from contaminated land on abandoned
mining sites and districts (Chaney et al., 1995;
Reeves et al., 1995; Cobbett, 2003).

The accumulation of mercury (Hg) in terrestrial
plants has been reported to be related to both the
concentration of the element in the soil and to the
plant species (Crowder, 1991). Some studies have
shown that plant uptake of Hg from the soil may be
limited by the roots, which then function as a bar-
rier between the plant and the element in the soil
(Patra & Sharma, 2000; Boening, 2000), although
Schwesig & Krebs (2003) suggested that this
mechanism may only operate on highly polluted
soils. However, the uptake of Hg by the plant
cannot be regarded as being entirely related to the
soil concentrations because there is also a contin-
uous exchange of Hg between the atmosphere and
the vegetation (Lodenius, Tulisalo, & Soltanpour-
Gargari, 2003). There are relationships between
the Hg absorbed by the canopy from the atmo-
sphere (Hguumos), the Hg-enriched litterfall, and
subsequent soil Hg enrichment. The deposition of
Hg compounds onto the foliage occurs mainly by
gaseous dry deposition and is closely linked to the
transpiration of plants. The litterfall of mature
trees has also been identified as a dominant path-
way of total Hg deposition in forested catchments
(Schwesig & Krebs, 2003). In addition to these
pathways, we must also consider the reintroduction
of Hg into the foliar system via the volatilization of
Hg" from the soil (Patra & Sharma, 2000).

The toxic effects of Hg in plants differ
according to the route of absorption (Patra &
Sharma, 2000). Mercury affects both the light and
dark reactions of photosynthesis and water
transport through cell membranes. Another
problem related to Hg in the plant-soil system is
its incorporation into the human food chain,
through the consumption of contaminated plants
and animals (Loredo, Ordoéiiez, Gallego, Baldo,
& Garcia-Iglesias, 1999).

We here present the results of a preliminary
phytogeochemical study of 53 plant taxa from the
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largest natural Hg accumulation site on Earth: the
Almadén mining district, Spain (Fig. 1). The dis-
trict is well known for widespread high levels of
Hg in the air, water, soil, and stream sediments
(Berzas Nevado, Garcia Bermejo, & Rodriguez
Martin-Doimeadios, 2003; Higueras, Oyarzun,
Biester, Lillo, & Lorenzo 2003, Higueras et al.,
2006; Gray, Hines, Higueras, Adatto, & Lasorsa,
2004). Our study is an update and a regional
extension of previous studies (Hildebrand et al.,
1980; Millan et al., 2004) to include the great
variety of habitats present in the mining district.

Study area

The Almadén district in Central Spain (Higueras
et al., 2000a, b) (Fig. 1) has produced one third of
the total world production of Hg (Higueras et al.,
2003, 2006). The district encompasses a series of
Hg mineral deposits having in common a simple
mineralogy dominated by cinnabar (HgS) and a
minor component, pyrite (FeS;). Almadén, the
main mine of the district, has been active from
Roman times to the present day, with almost no
interruptions, except those caused by mining
disasters (floods, fires) or external factors (wars).
The Hg distribution in soils of the district reveals
the existence of high to extremely high Hg con-
centrations (up to 8889 pg g') (Higueras et al.,
2003), whereas concentrations in stream sedi-
ments and waters reach up to 16,000 ug g and
11,200 ng 17!, respectively (Higueras et al., 2006).
High concentrations of methylmercury, the most
toxic form of mercury, have been detected in
calcines (up to 3100 ng g™'), sediments (0.32-
82 ng g!), and waters (0.040-30 ng1™") (Gray
et al., 2004).

The district is located within the so-called
Meseta Sur (the Spanish southern mesa), which
has a semi-continental Mediterranean climate
with contrasting seasonal variations in mean
temperatures: 6-8°C (winter) and 26-28°C (sum-
mer). The rainfall is concentrated in late autumn
and early spring, with an annual total of 500-
700 mm. The district is located within a region
morphologically characterized by WNW trending
valleys and sierras, within a landscape ranging in
altitude between 200 and 1000 m a.s.L
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Fig. 1 Location map of the Almadén district, including
mines, metallurgical sites, and sampling locations. Mean
concentrations of Hg for all plant taxa (roots and aerial

The soils of the district are mainly entisols,
inceptisols, and alfisols, with a localized devel-
opment of anthrosols (Soil Survey Staff, 1999). As
shown by previous studies (Higueras et al., 2003)
the Almadén soils are smectite-poor (main min-
erals: illite-pyrophyllite-chlorite-kaolinite), which
severely reduces the possibility of cation
exchange and increases the availability of metals
from the inorganic matrix, leaving the organic
matter as the sole agent for metal retention
(Alloway, 2004).

The natural potential vegetation of the Alma-
dén district corresponds to Quercus rotundifolia
Lam. forest (Rivas-Martinez, 1987). The typical
man-modified landscape from Central Spain
constitutes the so-called dehesa, in which the ini-
tial evergreen oak forest, (Q. rotundifolia or
Q. suber L.) is reduced to isolated groups of trees
in a landscape dominated by perennial and
annual grasses. Some of the wild plants of the
Central Iberian Peninsula (Tardio, Pascual, &
Morales, 2005) are edible (Asparagus acutifolius

Almodévar del Campo

parts) and soils are shown in boxes (data in pg g~' Hg).
Abbreviations correspond to the project’s internal data
management

L., Nasturtium officinale R. Br., Scolymus hispa-
nicus L., Quercus rotundifolia, etc.) and com-
monly consumed by the rural population or used
for medical properties (Marrubium vulgare L.,
Mentha pulegium L., etc.)

Materials and methods
Experimental design and procedure

Samples of soils and plants were collected in three
areas (Fig. 1): (1) the Almadén district, including
highly polluted areas such as the Almadén, El
Entredicho, Almadenejos, and Las Cuevas mine
areas, and also sites with medium and low
mercury contents east of El Entredicho; (2) the
Fontanosas-Saceruela area, including sites with
background levels of Hg in soil 20-50 km north-
east of the Almadén district; (3) the San Quintin
area, where Hg recovery tests were carried out at
its flotation plant in 1987 and where, for this
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purpose, cinnabar ore was transported from
Almadén and stockpiled for later treatment. Two
field campaigns were carried out during the
growing seasons (spring to autumn).

Soil and plant collection and management

Soils and plants were collected, ensuring that
about one third of the total samples collected
were in potentially contaminated areas. The soil
samples (~1.5 kg) were collected from several
sites in each locality, stored in plastic bags, and
sieved in the laboratory. Given the type of soils
(entisols, inceptisols, alfisols and anthrosols), we
concentrated our efforts on the A horizon
(20-30 cm depth).

Fifty-three plant taxa were studied. Plants were
named using the standard regional flora designa-
tions (Castroviejo et al., 1986-2005; Valdés,
Talavera, & Fernandez-Galiano, 1987), plant life
forms (biotypes) are according to the classifica-
tion of Pignatti (1982), and habitats are defined as
their characteristic plant-community following
Rivas-Martinez, Fernandez-Gonzalez, Loidi,
Lousd, & Penas (2001). At least three replicates
for each plant were collected at each sampling
site. The plant organs were separated in the lab-
oratory (roots, stems, leaves, flowers, and seeds),
thoroughly cleaned with distilled water to avoid
contamination, and kept in a dry and Hg-free
environment until analysis.

Analytical methods

The total Hg content of the air-dried plant samples
and soils was analyzed with a Lumex RA-915+
analyzer (Lumex, Arlington, Va.), a highly versa-
tile instrument that is based on Zeeman atomic
absorption spectrometry, with high-frequency
modulation of light polarization (ZAAS-HFM)
(Sholupov & Ganeyev, 1995). The application of
Zeeman background correction and a multipath
analytical cell provide a high selectivity and sen-
sitivity to the measurements. The RP-91C (pyro-
lysis) attachment provides the capacity to measure
Hg in solid samples. This attachment was used for
the analyses of soils and dried plants at the labo-
ratories of the Almadén School of Mines. The
underlying principle is that total Hg in the samples
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is converted from a bound state to the atomic state
by thermal decomposition in a two-section atom-
izer. As a first step, the sample is vaporized and the
Hg compounds partly decomposed. This is fol-
lowed by heating to 800°C, at which point the Hg
compounds become fully decomposed, whereas
organic compounds and carbon particles are cata-
lytically transformed to carbon dioxide and water.
The detection limits of total Hg are 0.5 pug kg™
(soils) and 2 pg kg™ (plants).

The detection of Hg by direct atomic absorp-
tion is complicated in samples with a complex
matrix (plants, soils) because of the presence of
organic compounds. However, the use of the
background correction in the Zeeman atomic
absorption mercury spectrometer RA-915+ over-
comes the problem. 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 (leaves) and composite (leaves plus a
known amount of a standard) samples. The results
showed that background correction effectively
inhibited any major distortion (e.g., plant: Eleo-
charis palustris (L.) Roemer & Schultes: n=4 runs,
variation on Hg concentration = 0.3%). Quality
control at the laboratory was accomplished by
analyzing replicate samples to check precision
(see Table 1), whereas accuracy was obtained by
using certified standards: (SRM) NIST 2710,
(SRM) NIST 2711, and BCR 146R.

Vegetation

Table 2 shows the main plant communities iden-
tified in the area. The dehesa, an agro-silvo-pas-
toral system, is the most extensive landscape in the
territory. It is an open evergreen oak woodland
(Quercus rotundifolia) on a perennial grasslands
of Poa bulbosa L. The shrublands are much
extended in areas not used as pastures, and they
commonly include Pistacia lentiscus L., Cistus
ladanifer L., Genista hirsuta Vahl, Cistus crispus
L., Cistus salvifolius L., Cistus monspeliensis L.,
and Helichrysum stoechas (L.) Moench. The
streams of the area have riparian forests consisting
mainly of Fraxinus angustifolia Vahl., Salix sal-
viifolia Brot., and Tamarix gallica L. The prickly
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Table 2 Plant community types identified in the Almadén district

Community structure and environment

Representative species

Evergreen oak forest
Silicicolous scrubland

Dwarf perennial grassland induced
by adequate sheep pasture

Riparian scarcely flooded forest

Riparian shrubland

Floodplain shrubland

Prickly shrubland on wet soils

Meso-Eutrophic water-plant vegetation

Water margin forb

Mediterranean rush

Annual grassland on seasonal pools

Rupestrian scrubland

Dwarf annual grassland

Subnitrophilous scrubland
Perennial forbs and grasses on roadsides
Sub-rupicolous and nitrophilous vegetation

Quercus rotundifolia, Juniperus oxycedrus

Lavandula stoechas, Genista hirsuta, Cistus monspeliensis,
Cistus crispus, Cistus salviifolius

Poa bulbosa, Trifolium subterraneum

Fraxinus angustifolia, Populus nigra
Salix salviifolia, Salix purpurea, Tamarix gallica
Securinega tinctorea, Rubus ulmifolius
Crategus monogyna, Rubus ulmifolius
Ranunculus saniculifolius, Callitriche stagnalis, Callitriche brutia
Oenanthe crocata, Cyperus longus
Scirpus holoschoenus, Mentha suaveolens
Polypogon monspeliensis, Polypogon maritimus, Juncus hybridus
Rumex induratus, Phagnalon saxatile
Hordeum murinum subsp. Leporinum, Vulpia ciliata,
Vulpia geniculata, Trisetaria panicea
Marrubium vulgare, Urtica urens
Dittrichia graveolens, Piptatherum miliaceum
Sonchus tenerrimus

shrubs of the wet areas are characterized by
Crataegus monogyna Jacq. and Rubus ulmifolius
Schott. The riverbeds host water-plant communi-
ties dominated by Ranunculus saniculifolius Viv.
The water margins are colonized by forb com-
munities of Oenanthe crocata L. and Cyperus
longus L. Rush communities are dominated by the
Mediterranean rush Scirpus holoschoenus L.
Seasonal pools that dry up in late spring are flo-
ristically characterized by Polypogon monspeli-
ensis L. or by Juncus hybridus Brot. Also, the
territory presents screes where the vegetation is
characterized by the shrub Rumex induratus Boiss
& Reuter. Ephemeral plant communities of
Rumex bucephalophorus L. develop on sandy-
loam soils. Other noteworthy vegetation is that
related with disturbed areas such as the subni-
trophilous and therophytic grass Hordeum muri-
num L. subsp. leporinum (Link) Arcang. and the
nitrophilous tall herb communities characterized
by Marrubium vulgare L., Carduus tenuiflorus
Curtis and Dittrichia graveolens L.

Results and discussion
The soil samples taken from the study area display

a wide range of Hg concentrations, from 0.13 to
2695 ug g ' Hg (Table 1). The background con-

centrations (0.13 ug g! Hg) are extremely
anomalous when compared to baseline levels for
soils, which are generally within the range 0.01-
0.03 ug g' Hg (Senesi, Baldassare, Senesi, &
Radina, 1999) (this range being 0.05-0.3 pg g in
agricultural soils; Alloway, 2004). They are, how-
ever, comparable to those found in soils from
other mines or districts of Spain, such as Mieres,
where Hg concentrations have been found to be in
the range 1.7-29,304 pg g~! Hg (Loredo, Ordéiiez,
Gallego, Baldo, & Garcia-Iglesias 1999; Fernan-
dez-Martinez, Loredo, Ordofiez, & Rucandio
2005), or the Azogue valley, with 61,400 pg g~
Hg (Viladevall, Font, & Navarro, 1999). The areas
subjected to intensive mining and/or metallurgical
activities in the Almadén district (El Entredicho,
Almadenejos) display the highest concentrations
of Hg in both soils and plants. Surprisingly, the
San Quintin decommissioned Pb-Zn mine, which
only received a few truckloads of cinnabar from
Almadén in 1987, shows very high Hg levels in
plants and soils. The flotation of cinnabar at the
San Quintin concentration plant proved to be
ineffective and, therefore, most of the ore from
Almadén remained on the mine site without later
removal. On the contrary, the areas devoid of
mining and/or metallurgical activities (away from
the district and the San Quintin property)
proved to be less contaminated. However, we use
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Fig. 2 Mercury in plant organs versus Hg in the soil samples taken from the Almadén district

‘less-contaminated’ here in the context of relative
levels and not absolute values: the Hg levels
measured in these localities are still well above
baseline concentrations. For example, the soils
from the Fontanosas-Saceruela area have a mean
of 0.80 pg g! Hg, which is approximately 27- to
80-fold higher than the baseline levels for soils
(Senesi et al., 1999).

Mercury concentrations in the studied plant
taxa were extremely variable (Fig. 2). For exam-
ple, roots were found to have concentrations of
0.06 (Oenanthe crocata, Rumex induratus) to 1095
(Polypogon monspeliensis) ug g* Hg, whereas in
leaves, the concentrations ranged from 0.16
(Cyperus longus) to 1278 (Polypogon monspeli-
ensis) ug ¢! Hg (Table 1). The response of plants
to the high soil Hg concentrations varied, as ex-
pected, with taxon and organ. As a general rule,
plant stems contained the lowest concentrations
of Hg, whereas the highest levels were found in
either roots or leaves (Table 1). To study the

@ Springer

relationships between Hg concentrations in soils
and plants we tested the working hypothesis that
the Hg accumulated by a plant is largely related
to amount of Hg present in the soil (Boening,
2000); that is, Hgpian=f(Hgsoi1). We found that the
Almadén plant taxa can be grouped into four
Hg-accumulating types (Fig. 3). In type 1, Hgpjan
increases with increasing Hg,;, a strict case of
Hgplan=f(Hgsoi1). The best plant representatives
of this type of relationship are Pistacia lentiscus
and Quercus rotundifolia. Type 2 plants have a
more complex behavior: after an initial linear
relationship, no increase in Hgpn is observed.
Type 2 plants include Asparagus acutifolius and
Cistus ladanifer. Type 3 plants initially show no
increase in Hgpjane until a threshold is surpassed;
above this threshold, a linear relationship be-
tween Hgpjane and Hggoi exists. Plants that follow
this behavior pattern include Cistus crispus and
Rumex bucephalophorus. Type 4 plants are by far
the most common, and they are characterized by
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Fig. 3 Mercury accumulation types in the Almadén district and associated plant taxa

the absence of any relationship between Hgpjan

and Hgg.i. Type 4 plants include Cistus mons-

peliensis and Oenanthe crocata.

Kovalevski (1987) established that about 95%
of plant species and their organs have varying

degrees of resistance to the uptake of elements
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present in large concentrations in the root zone.
He subsequently classified plants in the following
categories: (1) no barrier present, unlimited up-
take; (2) practically no barrier present, allowing
uptake to accumulate up to 100-fold the local
background; (3) barrier present, limiting uptake
to tenfold the local background; (4) background
barrier present, preventing uptake beyond sub-
strate background concentration. Our types 1 and
2 match Kovalevski’s first two categories; how-
ever, types 3 and 4 depart from his classification.
Type 3 plants (Fig. 3) are interesting because it
appears that a certain Hg,; concentration
threshold must be surpassed before the plant
starts accumulating Hg. Type 4 behavior is com-
plex (Fig. 3) because uptake occurs, but in an
unpredictable manner.

There is also a differential accumulation of Hg
in the different parts of the plants (Fig. 2). For
example, taxa such as Carduus tenuiflorus,
Polypogon maritimus, or Rubus ulmifolius accu-
mulate more Hg in the roots than in the leaves,
whereas other species, such as Helichrysum stoe-
chas, Mentha pulegium, or Rumex induratus, have
the opposite behavior (Table 1). Nevertheless, in
most cases, no clear tendencies of Hg accumula-
tion are observed in either roots or leaves
(Fig. 2). Since the concentration in the substrate
is the dominant factor controlling the emission of
Hg (Gustin et al.,, 2000), a naturally enriched
realm, such as the Almadén district, is bound to
be an important source of Hg,,.s. Large con-
centrations of Hg in ore deposits ( >1,000 pg g~
Hg) generate important anomalies of Hguimos
(Gustin, 2003). Atmospheric Hg may utilize two
main pathways in the Almadén district: (1) it may
go directly to the plants via foliar uptake of Hg’;
(2) it may be reintroduced to the soils where Hg
can be deposited as Hg?*, either by the direct
deposition of emitted Hg** or from conversion of
emitted Hg” to Hg®" through ozone-mediated
processes (USEPA, 1997). The photolysis of
inorganic Hg?* to Hg" at the soil surface may in
turn contribute significantly to the re-emission of
Hg gas to the atmosphere (Scholtz, Van Heyst, &
Schroeder, 2003) and, therefore, to the plants. We
propose that factors other than that of soil
contents may be playing an active role in the Hg
cycle at Almadén, such as extremely high con-
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centrations of Hg,ymes. It is known that plants do
absorb Hg,imos via leaves (Patra & Sharma, 2000;
Lodenius, Tulisalo, & Soltanpour-Gargari, 2003);
however, do all plants have the same capacity for
Hg,imos intake? Plant species do display con-
trasting behaviors: for example, Hg, o5 intake by
leaves of gramineous species such as Avena byz-
antina C Koch, Hordeum vulgare L. and Triticum
aestivum L. is fivefold larger than that of corn
(Zea mays L.) or sorghum (Sorghum sp.). This
variation could be attributed to a differential
internal resistance to Hg,umes binding (Patra &
Sharma, 2000). Thus, it would appear that varia-
tions in Hg uptake do depend on a large number
of factors, including Hg contents in the soil and
atmosphere, the plant species and organs, and
season. Additionally, uptake must be strongly
influenced by temperature and light, which are
key factors governing the rates of Hg emissions
from the soil to the atmosphere (Gustin et al.,
2002; Scholtz et al., 2003). This variety of factors
and plant responses to Hg uptake may help to
explain why the behavior observed in the Alma-
dén plants is so different (types 1-4) (Fig. 3). In
addition, we must also bear in mind that the lar-
ger the number of studied taxa, the more complex
the answers will be. Fifty-three different plant
taxa from a variety of plant habitats and com-
munities are bound to generate contrasting
behaviors.

Conclusions

Plants sampled from the Almadén district were
found to have moderate to very high concentra-
tions of Hg (0.03-1,278 ug g Hg) in both the
roots and aerial parts, thus reflecting the high
concentration of this element in the soils of this
area. Higher Hg concentrations in the roots,
stems, and leaves were found in Polypogon
monspeliensis (1095, 710, and 1278 ug g' Hg,
respectively) sampled from seasonally flooded
aquatic environments. Conversely, lower con-
centrations were found in the roots of Allium sp.
(0.06 ug g' Hg), stems of Pistacia lentiscus
(0.03 ug g Hg), and the leaves of Rumex indu-
ratus (0.12 pg g' Hg). Four main patterns of
mercury uptake by plants were detected: (1)
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constant uptake, independent of Hg concentra-
tion in the soils; (2) no further increase in Hgpjan
(flat behavior) after an initial linear relationship
between uptake and soil concentration; (3) no
increase in the uptake of Hg is recorded until a
threshold is surpassed, and thereafter a linear
relationship between Hgppane and Hgg is estab-
lished; (4) no relationship between Hgpjane and

Hgsoil-
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