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Abstract: The Almadén mining district is known to be one of the richest mercury areas in the world.
Despite the high concentrations of this metal, this territory has well-established vegetation that
provides a wide range of mercury-tolerant plants that can be used as ecosystem services. This is
the case of some species of Cistus that grow wild and spontaneously as part of the natural flora of
Almadén. The objective of this study was to evaluate if there were differences between the absorption
and distribution of Hg of five species of the genus Cistus in spontaneous growth and to evaluate
their potential application in phytotechnologies. The work has been carried out with plant samples
collected under field conditions in the “Fuente del Jardinillo” located in the old mining area of
Almadén (Ciudad Real). The experimental plot was divided into three previously characterised
subplots to ensure that all the sampled plants had grown in similar soil conditions (pH, organic
matter content, EC, CEC, total Hg and available Hg). Additionally, the experiment was carried out in
triplicate. The results showed that despite the homogeneity of the soil, the absorption of Hg in the
aerial part of the plants showed significant differences related to Cistus species. The values in the
bioaccumulation of mercury in the aerial part were also different. Based on the uptake of mercury
by the plants sampled in this study, its potential use in phytotechnologies was established, classi-
fying them as phytoextractors (Cistus albidus, C. ladanifer and C. monspeliensis) and phytostabilisers
(C. crispus and C. salviifolius).

Keywords: phytoremediation; soil pollution; ecosystem services; Almadén; mercury;
intragenus; Cistus

1. Introduction

Almadén, located in the province of Ciudad Real (central Spain) is the largest mercury-
mining district in the world (Figure 1). It occupies an area of approximately 100 km2.
Almadén production accounted for more than 30% (285,000 tonnes) of the total global
mercury production [1,2]. The district has several mineral mercury deposits, predominantly
in the form of cinnabar (HgS), but elemental mercury (Hg0) and poorly soluble cations
(Hg2+) are also found [3,4]. Part of the current contamination of the area comes from its
atmospheric deposition, which is common in mining areas and a consequence of mining
and processing activity over centuries [5]. Mercury mining has been carried out for over
2000 years, ceasing in May 2002. Metallurgy and distillation activities were suspended in
Almadén in February 2004 [6].

This region can be regarded as one of the most mercury-affected in the globe because
of the extensive mining district. Mercury can be transported over long distances after being
emitted from the primary source because of atmospheric emissions, its dispersion and
transport by rivers [7–10]. At present, the closure of the Almadén mines raises the need
for a change of land use to maintain the region’s economic activity. Almadén also shows a
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particular landscape and an environment rich in natural resources of great environmental
importance that can be used to restore and guarantee the habitability of this area. In
addition, this knowledge will allow us to select the most appropriate techniques to restore
other contaminated areas where mercury is the main source of contamination.
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of the time [11]. Mercury occurs naturally and massively in the soil as HgS in the form of 
cinnabar and as an appreciable Hg2+ because of atmospheric deposition, the weathering 
of the lithological substrate, and, to a lesser extent, the decomposition of vegetation 
[9,12,13]. Once deposited in soil, mercury retention is controlled together with pH and 
other soil physicochemical properties, such as organic matter concentration, iron and 
manganese oxides, sulphur contents, redox and humidity, and clay minerals [14–16]. 

Generally, mercury is strongly bound to soil constituents because of its affinity for 
sulphur-containing functional groups present in the organic molecules of organic matter-
rich topsoil layers [17]. Since Hg is poorly available and mobile in soil due to the strong 
bonds, only small amounts of Hg are typically present in soil solution, and uncharged 
complexes constitute the predominant form of Hg (II) in solution. Due to their high spe-
cific surface area and reactivity, clay minerals play a very important role in mercury im-
mobilisation, especially in soils that are neutral and/or poor in organic matter. 

However, under certain conditions, the mobilisation of mercury can occur, e.g., in-
creased pH and chloride concentrations in the soil solution can improve the solubility of 
this element through complexation [18,19]. In acid soils, the formation of mercury 
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In the Almadén area, mine stockpiles and tailings represent a source of mercury to
nearby soils. Furthermore, they are relevant areas where mining and industrial activities
was carried out related to the extraction (i.e., open-pit mines) or treatment of the mineral
(furnaces and storage areas), some of them centuries old and representing the technology
of the time [11]. Mercury occurs naturally and massively in the soil as HgS in the form of
cinnabar and as an appreciable Hg2+ because of atmospheric deposition, the weathering of
the lithological substrate, and, to a lesser extent, the decomposition of vegetation [9,12,13].
Once deposited in soil, mercury retention is controlled together with pH and other soil
physicochemical properties, such as organic matter concentration, iron and manganese
oxides, sulphur contents, redox and humidity, and clay minerals [14–16].

Generally, mercury is strongly bound to soil constituents because of its affinity for
sulphur-containing functional groups present in the organic molecules of organic matter-
rich topsoil layers [17]. Since Hg is poorly available and mobile in soil due to the strong
bonds, only small amounts of Hg are typically present in soil solution, and uncharged
complexes constitute the predominant form of Hg (II) in solution. Due to their high
specific surface area and reactivity, clay minerals play a very important role in mercury
immobilisation, especially in soils that are neutral and/or poor in organic matter.

However, under certain conditions, the mobilisation of mercury can occur, e.g., in-
creased pH and chloride concentrations in the soil solution can improve the solubility of
this element through complexation [18,19]. In acid soils, the formation of mercury com-
plexes with soluble organic matter is also a major contributor to increased Hg solubility.
On the other hand, in neutral soils or soils with low organic matter concentration, solubility
would be dominated by Fe oxides and clay minerals, and Hg mobility would increase if
pH decreased. Only the fraction of Hg in solution (soluble fraction) is taken up by plants,
although this is in equilibrium with the fraction of Hg retained in soil constituents at a
lower strength [20].
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The natural geochemical anomalies that give rise to large mining areas, together with
the presence of large amounts of heavy metals in paragenetic association often support char-
acteristic plant species, which thrive in these heavy-metal-enriched environments through
adaptive strategies [21]. These may include the accumulation of these metals in unusually
high concentrations, at levels exceeding soil concentration levels. This particularity of
heavy-metal-tolerant and -accumulating plant species can be exploited for the remediation
of anthropogenically heavy metal contaminated soils, provided that suitable plant species
can be identified if they produce enough biomass.

Previous work carried out on the soil of the Almadén region [22] revealed mercury
concentrations in a range of 0.5–260 mg/kg. More recent studies [11,23–25] show a concen-
tration of mercury between 5 and 40,000 mg/kg. The concentrations depended on their
location with respect to the mining focus, and also, to the areas of mining and processing of
ore and mercury. The study area corresponds to an old mine which is part of an old mining
district composed of numerous mining exploitations.

The concentration of mercury measured in some plant species in the area [26] turned
out to be greater than 100 mg/kg and 1 mg/kg at 0.5 and 20 km from the mining area,
respectively. Subsequently, tests conducted at experimental sites in the Almadén mines
revealed mercury contents in plants ranging from below the detection limits of the technique
used to more than 100 mg/kg [23,24,26–28].

In view of the results, [11] focused their studies on knowing the behaviour of the soil-
plant system and, thus, determining the possible application of phytotechnologies in the
recovery of other contaminated ecosystems [11,28–31]. Phytotechnologies, considered bio-
logical soil treatment technologies, comprise various strategies such as phytostabilisation,
phytoextraction, rhizodegradation or phytostimulation, rhizofiltration, phytodegradation
or phytotransformation, phytovolatilisation and hydraulic control [32,33]. Furthermore,
phytotechnologies could be improved by adding soil amendments or could be combined
with other remediation techniques [34,35].

In this work, different physicochemical parameters have been evaluated to characterise
the soil from “Fuente del Jardinillo” (Almadén) and to determine its total mercury content.
At the same time, the potential of the five plant species of the genus Cistus (C. albidus,
C. crispus, C. ladanifer, C. monspeliensis and C. salviifolius) present in the study area for
their use in phytoextraction or phytostabilisation phytotechnologies has been studied
and compared.

This work delves into phytoextraction, which involves the use of plants to extract
contaminants from the soil and translocate them to the aerial parts, thus eliminating
them from the soil, and phytostabilisation, a technique in which plants are used to avoid
the bioavailability of toxic metals in the soil, reducing their mobility. The optimisation
of these techniques involves the correct selection of the plant species with the greatest
phytoremediation potential.

2. Materials and Methods
2.1. Plot Description

Previous work has thoroughly described the botanical categorisation of the vegetation
in the Almadén mining area [11], taking into account the different degrees of impact
of mining activities and evaluating the composition of the flora and soil of the mining
area. The study area in this work corresponds to the “Fuente del Jardinillo”. The area
(38◦45′35′′ N, 4◦45′51′′ W) is located on the southern side (25–30% slope) of the “Sierra
de Cordoneros” (Figure 1) where there are remains of a silicicolous holm oak forest (Pyro
bourgaeanae–Quercetum rotundifoliae) [36]. There are also formations of scrubland belonging
to the Genisto hirsutae–Cistetum ladaniferi community composed of a dense rose bush and
other shrubs and bushes typical of the holm oak formation in a Mediterranean climate.

This area is relatively small, about 1 Ha, with a homogeneous vegetable density where
five species of genus Cistus coexist: C. albidus, C. crispus, C. ladanifer, C. monspeliensis and
C. salviifolius. The coexistence of so many different species in such a small area makes it
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possible to compare intragenus homogeneity (Cistus) on the individual behaviour of each
species against mercury contamination as a tool to recover mercury-contaminated soils.

For the sampling to be as homogeneous as possible, the plot was delimited in such
a way that all the plant species were subjected to the same abiotic variables, as well as
perfectly mixed without following specific distribution patterns. In this way, a subplot of
200 × 60 m was selected, discarding the area of the slope most affected by erosion that
could cause biases in the sampling. Subsequently, this plot was divided into three subareas
(50 × 60 m), separated by 2-metre-wide safety channels (Figure 2).
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Figure 2. Experimental design to sample the “Fuente del Jardinillo” during the field experiment.

The sampling protocol and analysis are detailed and described by Millán et al., 2006 [11]. In
brief, plant species were collected in triplicate with one specimen for each subplot. Similarly,
in each subplot, 5 soil samples (2 kg each) were collected by introducing a cylinder with
dimensions of 25 cm depth and 20 cm diameter into the soil area below each plant species.
A total of 5 points per subplot were sampled, corresponding to a total of 15 samples in the
field experiment.

All plant samples correspond to the same season and had been exposed to mercury
during the same period to compare mercury uptake and distribution. The plant sampling
was performed considering that some of them are biannual and others are pluriannual,
and it was necessary to cut the part of the aerial part of the plant that corresponds to the
same exposition period. The conceptual map of the analysed samples, both soil and plant
samples, is shown in Table 1.

Table 1. Conceptual map of the soil and plant samples to be analysed in this experiment.

Species Plot Soil Sample Plant Sample

C. albidus
1 S_CA1 P_CA1
2 S_CA2 P_CA2
3 S_CA3 P_CA3

C. crispus
1 S_CC1 P_CC1
2 S_CC2 P_CC2
3 S_CC3 P_CC3

C. ladanifer
1 S_CL1 P_CL1
2 S_CL2 P_CL2
3 S_CL3 P_CL3

C. monspeliensis
1 S_CM1 P_CM1
2 S_CM2 P_CM2
3 S_CM3 P_CM3

C. salvifolius
1 S_CS1 P_CS1
2 S_CS2 P_CS2
3 S_CS3 P_CS3
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Once in the laboratory, plant samples were washed with Millipore water in an ultra-
sonic bath (Ultrasons-H SELECTA), subjecting the shoots and leaves to 4 cycles of 10 min
to remove any dust particles or debris that might be adhered to the plant surface [37]. The
samples were then left to air dry in paper envelopes and finally crushed.

The soil samples were air-dried, disaggregated, and sieved (<2 mm). In this frac-
tion, pH, cation exchange capacity (CEC) and electrical conductivity (EC) were measured
according to [38–40]. The fine soil fraction was oven dried (35 ◦C) for 48 h and ground
with an agate mortar to measure soil organic matter using the Walkley–Black method and
mercury concentration.

2.2. Measurement of Total Mercury Concentration in Soil and Plant

The total mercury content in soil and in the root and aerial part of plant species was
measured by atomic absorption spectrophotometry, with an Advanced Mercury Analyser
254 LECO analyser (LECO Company, Plzeň, Czeck Republic) according to [41]. This
equipment has a detection limit of 0.01 ng of Hg. This is an atomic absorption spectrometer
designed for the determination of mercury in solid and liquid samples without the need for
chemical pre-treatment or pre-concentration of the sample. The operation of the equipment
is based on the combustion of the sample in a furnace so that the mercury generated in
the gas phase is amalgamated in a gold trap. Additionally, sequential extraction was
determined. The sum of these fractions would correspond to what is readily available
to plants. Certified reference materials (CRM) were used to determine the accuracy and
precision of the measurements and validate the applied methods. These reference materials
are BCR-CRM 62 (olive leaves, 0.28 ± 0.02 mg kg−1 of Hg) and BCR-CRM 281 (ryegrass,
0.0205 ± 0.0019 mg kg−1 of Hg). The recovery percentage for the ten measurements was
102 ± 2% and 97.6 ± 0.5%, respectively.

2.3. Measurement of Soluble and Exchangeable Mercury Concentrations

Soil samples were subjected to the first two stages of the sequential extraction proce-
dure developed by CIEMAT specifically to study the distribution of mercury in Almadén
soils [42–44]. In this case, since the target is the soil–plant system, the fractions concerned
are the soluble and exchangeable fractions that correspond to what is potentially available
to the plant. The first stage is the extraction of the mercury soluble in water. For this
purpose, 0.5 g of sieved soil sample was mixed in plastic screw-capped centrifuge tubes
with 25 mL of Milli Q H2O. After one hour of orbital shaking at 180 rpm and at room
temperature, they were centrifuged for 15 min at 10,000 rpm. The supernatant was then
filtered through 0.45 µm pore-size filters. Finally, it was acidified with 0.1 mL of HNO3
Suprapur®, stored and refrigerated.

In the second step of the sequential extraction, the exchangeable mercury is determined
from the residue obtained in step 1, which was mixed with 20 mL of 1 M ammonium
chloride at pH 7.0 for 1 h at room temperature. After 15 min of centrifugation at 10,000 rpm,
the supernatant was filtered through 0.45 µm pore-size filters in 25 mL volumetric flasks.
The residue was washed with 3 mL of ultrapure H2O and centrifuged for 10 min at
10,000 rpm. The supernatant was filtered through 0.45 µm pore-size filters and combined
with the previous filtrate. It was then acidified with 0.5 mL of HNO3 Suprapur®, brought
up to 25 mL with ultrapure H2O, stored and refrigerated.

2.4. Statistical Analysis

IBM SPSS Statistic software version 26.0 was used for statistical analysis. Soil homo-
geneity and its influence on the percentage of organic matter, cation exchange capacity,
electrical conductivity and mercury concentration was assessed by applying a General
Linear Model (GLM) followed by a Duncan test, three blocks and five replicates per block.
The plant analysis has been made considering the interaction between mercury levels and
plant species. Additionally, Person’s correlation coefficient was obtained to measure the
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strength of association and the direction of the relationship between organic matter content
and cation exchange capacity, and electrical conductivity.

Data obtained from plant analysis (mercury concentration in aerial parts and bioac-
cumulation factors for the different species) were subjected to GLM and followed by a
Duncan post hoc test to assess the significance of the differences among species and soil
characteristics. Means were separated by using Duncan’s test.

Principal component analysis (PCA) was applied for investigating potential relation-
ships among the different soil parameters measured, including total mercury concentration
and its value in the different fractions, and Cistus species.

3. Results
3.1. Assessment of Plot Homogeneity Assumptions

Soils were chemically characterised to assess the homogeneity of the experimental
subplots. Table 2 shows the results of pH, organic matter content (OM), cation exchange
capacity (CEC) and electrical conductivity (EC) for each soil sampled under each plant
species measured in the experimental plots.

Table 2. Physicochemical characterisation of the soil in each for each subplot of the field experiment.
Different lowercase means significant differences among subplots (Duncan’s test, p < 0.05, mean ± SE,
n = 5). * Not applicable.

Soil Subplot pH OM
(%)

CEC
(cmol+/kg)

EC
(µS/cm)

SC_ 1 6.34 ± 0.98 a 2.12 ± 0.62a 9.73 ± 1.17 a 158 ± 18 a

SC_ 2 6.26 ± 0.08 a 2.66 ± 0.65 a 10.08 ± 2.01 a 158 ± 2 a

SC_ 3 6.60 ± 0.23 a 1.10 ± 0.78 a 5.94 ± 1.12 a 102 ± 8 b

ANOVA

F 1.39 2.036 2.352 3.754
Sig. 0.286 0.173 0.137 0.054

n.s. n.s. n.s. *

In view of the results, it can be stated that the pH is within the neutral range [36] and
homogeneous throughout the plot. Therefore, this parameter is not expected to influence
the plant species growing in the study area, as the differences between subplots are not
statistically significant. Considering the extent of the field experiment, as can be seen
in Figure 2, the pH data are very homogeneous, as can be seen in Table 2, which shows
a significance of 0.286 for the ANOVA test. In general, soil pH can significantly affect
vegetation growth and modify the availability of some essential elements for the plant.
This detrimental effect is evident in soils with extreme acidity or alkalinity, where available
nutrients can be drastically reduced. The soil used in this experiment ensures its suitability
to support plant life by being close to neutral. As the soil is closed to neutrality and is also
in oxidising conditions (well-oxygenated soils), mercury is mainly found in its mineral
form of cinnabar (HgS), which is not bioavailable to plant species [45].

Organic matter is a parameter of great importance because mercury is retained mainly
by organic matter due to its high affinity for sulfhydryl (-SH), carboxyl (-COOH) and
hydroxyl (-OH) groups in their deprotonated form [14]. The results are also detailed in
Table 2.

To corroborate the homogeneity of the “Fuente del Jardinillo” to the soil organic matter
content in the field experiment, the data per plot were subjected to a statistical analysis of
variance followed by Duncan’s test. There are no significant differences between the three
subplots as shown by the F-value, thus confirming the homogeneity of the area used in the
field experiment. Consequently, it can be indicated that the field experiment has similar
percentages of organic matter.
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Cation exchange capacity (CEC) is a soil’s ability to retain and release positive ions
in accordance with its clay and organic matter content. The results of the cation exchange
capacity measurement in this experiment are also shown in Table 2. The soil of this
experiment is known to have a loamy texture (clay content 18.13%; silt 29.04%; sand
52.83%) so the CEC is mainly determined by the organic matter content. Therefore, these
two variables (% OM-CEC) were subjected to a bivariate correlational analysis to find out
whether the two variables were related to each other and, if so, to determine the direction
of the relationship. The result of the analysis shows that OM (%)-CEC are 92% correlated
(Pearson correlation, 0.920 bilateral significance 0.000). This implies that as the organic
matter content of the soil increases, so does its cation exchange capacity. In any case, the
statistical study confirms that the CEC remained homogeneous in the entire plot used in
the field trial (Duncan’s test, Table 2) and that the values are within the range for loam soils
at pH > 6.0. (5–10 cmol +/kg). This parameter is homogeneous throughout the plot used in
the field trial, so no differences in Hg sorption capacity are expected. Consequently, the
absorption of Hg by the plant will not be affected, nor will the distribution of Hg in the
soil-plant system be altered.

Another parameter evaluated to assess soil homogeneity is electrical conductivity (EC),
which is an indicator of the total concentration of salts in the soil solution and provides
information on the soil salinity. The main cations present in the soil are Ca2+, Mg2+, Na+

and K+, and the main anions present in the soil are HCO3
2−, Cl−, SO4

2−, CO3
2− and

NO3
−. The interest of the parameter lies in the fact that the salinity of soil is decisive for the

development of plant life. In view of the results (Table 2), it can be stated that these soils
have a salinity within the normal range (0–200 µS/cm), which does not affect the vegetative
development of the species in the study area [46]. A high percentage of organic matter
in the soil increases its electrical conductivity, as shown by the high correlation between
the parameters OM and EC, which correlate by 78% (Pearson correlation, 0.779 bilateral
significance 0.001). The application of ANOVA to the data showed that there are significant
differences in the EC values for the three subplots (Duncan’s test, Table 2). However, the
values are below 200 µS/cm and are not expected to have any influence on the cultivated
plant or to drive one species to another [47].

3.2. Assessment of Mercury Concentration in Soil

The total concentration of mercury in the soil samples is given in Table 3. Despite being
one of the largest mining operations in the world, the total mercury concentration in the plot
used in this work is low compared to the values observed elsewhere in Almadén [11,25].
It should be noted that the mean mercury concentration for the “Fuente del Jardinillo”
(7.5 ± 1.8 mg/kg) is similar to the values found in previous work [11]. Again, the plot used
as a field experiment is homogeneous in terms of total mercury concentration in the soil, as
shown by the ANOVA tests (Table 3).

Table 3. Mercury concentration (total and fractionated) in soil samples in the selected sub-zones of
the field experiment. Different lowercase means significant differences among subplots (Duncan’s
test, p < 0.05, mean ± SE, n = 5).

Soil Subplot Hg Total Soil
(mg/kg)

Hg Soluble
(µg/kg)

Hg Exchangeable
(µg/kg)

Hg Available
(µg/kg)

SC_ 1 7.07 ± 3.91 a 5.68 ± 1.71 a 14.4 ± 6.5 a 22.0 ± 7.2 a

SC_ 2 4.56 ± 1.13 a 5.67 ± 2.43 a 13.8 ± 5.7 a 19.6 ± 5.5 a

SC_ 3 10.8 ± 6.2 a 14.9 ± 7.8 a 16.8 ± 8.4 a 31.0 ± 11.5 a

ANOVA

F 0.532 1.196 0.053 0.497
Sig. 0.600 0.336 0.949 0.620

n.s. n.s. n.s. n.s.
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The concentration of mercury in the soluble, exchangeable and potentially available
fractions are also given in Table 3. The mercury associated with the soluble fraction and
the interchangeable fractions is very low compared to the values obtained for the total
concentration of mercury in the soil. The data agree with the pH values measured on the
plots, which are in a range where mercury is poorly soluble and mostly stabilised in the
soil. Consequently, the soluble Hg/total Hg ratio in the plot will be very small, as will the
exchangeable Hg/total Hg ratio.

Furthermore, it was found that the mercury concentration in soil is, to some extent,
correlated with the mercury potentially available to plants. The fact that much of the
mercury is in the form of cinnabar, an insoluble form of mercury, makes the correlation less
than perfect.

3.3. Assessment of Mercury Concentration in Cistus Plants

In this work, an intragenus study was conducted to assess the mercury behaviour of
Cistus albidus, C. crispus, C. ladanifer, C. monspeliensis and C. salviifolius and to determine if
there were any differences between the species. The statistical study indicated that there
was no plot effect on total Hg concentration and the samples, so the soil was found to be
homogeneous. However, data were subjected to a second statistical treatment to check
whether there was an influence of the plant on the level of mercury in the soil where plants
are grown. Figures 3 and 4 show the average concentration of total and available mercury
measured for each rockrose species evaluated.
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Figure 3. Total mercury concentration (mg/Kg) in soil samples from different Cistus sampled in
“Fuente del Jardinillo” (Almadén, Spain). Distinct lowercase characters indicate statistically significant
differences among species (Duncan’s test, p < 0.05, mean ± SE, n = 9).

In the soil samples obtained under Cistus monspeliensis, these values increased sig-
nificantly to total Hg concentration in the soils sampled for the other species studied.
When compared to the fraction of available mercury, the differences are reduced for Cistus
monspeliensis and C. ladanifer.

Figure 5 shows the total mercury concentration extracted by the plants. Cistus albidus
showed the lowest values, and C. monspeliensis reached the highest, being significantly
different from each other. The remaining species, Cistus crispus, C. ladanifer and C. salviifolius
presented similar values without significant differences with C. albidus or C. monspeliensis.

To assess the mercury removal capacity of soils, the mercury concentration of each
of the five species was measured on the shoots. In addition, the bioaccumulation factor
was determined as the ratio of the total mercury concentration in the aerial part to the total
concentration in the soil, which has been denoted as "BACtotal". (Figure 6). Also, this factor
was calculated as the coefficient of the total mercury in the aerial part and the concentration
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in the available fraction (which is shown as the sum of Hg soluble and exchangeable in
Table 2), which will be referred to as BAC available (Figure 7).
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The effectiveness of phytoremediation can be evaluated using BAC total and BAC
available as indicators of mercury mobilisation by the plants because they relate the mercury
concentration (total or available) from the soil to the plant [39]. Both are represented in
Figures 6 and 7. Cistus ladanifer reached the highest values in both parameters. The value is
extremely high for the bioaccumulation factor related to available mercury (BACavai), and
the differences were even statistically significant according to Duncan’s tests. However, the
trend is different depending on whether BACtotal or BACavai is compared with the species.
In the case of BAC available values, Cistus ladanifer shows significant differences with all
the subgenera with the lowest value for C. crispus, but no significant differences among
C. albidus> C. monspeliensis> C. salviifolius. In case of T-BAC, C. ladanifer > C. salviifolius >
C. albidus > C. crispus, and the differences are only significant with C. monspeliensis, which
showed the lowest values.
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3.4. Principal Component Analysis

The analysis of the PCA (Figure 8) led to a reduction in the initial dimension of the
dataset of two components, which explains 68.54% of the data variation (PC1 41.90%; and
PC2 26.64% of the variance). The first component includes pH (92.7%), Hg soil total (93.2%),
Hg soluble (85.5%), Hg available (74.6%), Hg aerial part (74.1%) and BAC related to total
Hg (65.5%). The second component is associated with OM (75.8%), CEC (CIC) (75.5%), EC
(CE) (86.2%), Hg interchangeable (51.3%) and BAC related to available Hg (65.5%). The
PC1 value indicates that pH negatively affects the concentration of Hg in both the soil and
aerial part, while the organic matter, CEC and EC of soil positively affect the concentration
of Hg.

Through PCA analysis, it was also possible to obtain a clear separation of the studied
species, as shown in the PCA ordination diagram (Figure 9).

The PC1 and PCA2 (Figure 9) values have been very effective in separating Cistus mon-
speliensis from the other three species. It is positively correlated to mercury concentration
and negatively to soil characteristics. Similarly, Cistus ladanifer with high values of BCAtot
and BCAavai are clearly grouped on the same side as BCA but negatively correlated to
mercury concentration and soil characteristics. Finally, Cistus albidus, C. salviifolius and C.
crispus are scattered along PC1 and PC2.
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4. Discussion

The aim of this work was to assess the potential of the five plant species, Cistus albidus,
C. crispus, C. ladanifer, C. monspeliensis and C. salviifolius, that grow wild in “Fuente de
Jardinillo” (Almaden) to be used in phytotechnologies. Previous studies assumed that
the fraction of Hg potentially available to plants in the sampling area corresponded to
soluble and easily exchangeable mercury [35]. The soluble mercury concentration obtained
in the soil was 0.04 mg/kg, and the exchangeable mercury concentration in the soil was
0.29 mg/kg. Likewise, the analysis of mercury was carried out in the aerial part of the five
plant species of the genus Cistus native to the area: C. albidus (1.29 ± 0.10 mg/kg); C. crispus
(1.18 ± 0.12 mg/kg); C. ladanifer (0.79 ± 0.02 mg/kg); C. monspeliensis (0.87 ± 0.07 mg/kg)
and C. salviifolius (0.52 ± 0.03 mg/kg) [11]. The differences found in the concentration of
mercury in the aerial part of the different Cistus species suggest comparing the relationships
between Hg uptake and gender, especially when these plants grow in the same area and
under similar abiotic conditions.

Prior to plant sampling, the experimental field was characterised to select areas where
the soil properties were the same or at least statistically minimally different. The plot was
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divided into three zones where it was also possible to find at least three plants of each
species to have replicates for robust analysis. After analysing the soil physicochemical
parameters (pH, MO, CEC and EC), as well as the content of the different mercury fractions
(total and potentially available) in the soil, it was concluded that the “Fuente del Jardinillo”
plot can be considered homogeneous to achieve the objectives of this work. This implies
that the five species of Cistus sampled in this study have grown under the same abiotic
conditions. Consequently, they can be analysed and compared following the same criteria,
as they are considered as having grown in a single plot.

The genus Cistus is well-adapted to extreme environments and can grow naturally
in degraded environments without symptoms of toxicity [48]. The plants sampled in this
work did not show toxicity symptoms in the leaves and the mercury concentration was
like that found in a previous work [11], about 0.6–1.5 mg/kg DW, which points to a high
concentration of this element. These data also agree with previous results, in which the
concentration of total mercury (7.47± 2.47 mg/kg) is high compared to the values obtained
for the different mercury fractions in the soil as available (24.2 ± 4.89 µg/kg), exchangeable
(15.0 ± 3.84 µg/kg) or soluble (8.73 ± 2.93 µg/kg). Most of the total mercury is found as a
part of cinnabar (HgS), a form that is neither very soluble nor bioavailable to plants, so the
percentage of bioassimilable mercury, the key fraction for the present study, is very small.
Consequently, the fraction of Hg potentially available for the plant species studied is also
very small in relation to the values obtained for total mercury concentration in the soil.

It is noteworthy that although the plot was homogeneous in terms of mercury con-
centration for both the soil and its fractions, the soil samples where Cistus monspeliensis
had grown reached the highest values. In this case, the concentration of mercury is above
the soil mean, although only the value of total mercury is significant with respect to the
other species. This may indicate that either C. monspeliensis can grow in areas where the
metal concentration is higher, or that the plant is able to concentrate the metal in its root
zone without transferring it to the aerial part. Almadén vegetation has been described
as following four distinct patterns of Hg uptake [49]. Accordingly, C. monspeliensis has a
complex behaviour, in which there is no relationship between Hg plant and Hg soil [50].
Uptake occurs but in unexpected ways. This tendency has been corroborated by the PCA
included in this work.

The mercury concentration found by [49] in the aerial part of Cistus monspeliensis
is similar to that presented in this experiment. In any case, C. monspeliensis is strongly
recommended as a potential species for the reclamation of multi-element-polluted soils
under Mediterranean conditions due to its high tolerance and adaptability [51]. The
concentration of metals in shoots was below toxicity limits for domestic animals without
any sign of phytotoxicity symptoms. Furthermore, the biological accumulation coefficient is
not expected to reach hyperaccumulator values [52]. However, it is possible to consider this
species as a phytoextractive plant if the coefficient of biological accumulation is related to
the concentration of mercury in the available fraction since, in this case, the values reached
for this parameter are higher than 1.

Cistus ladanifer is commonly found in metalliferous soils in the Iberian Peninsula and
North Africa and exhibits a high potential to be used as a valuable tool in Mediterranean
areas of low agronomic interest [53]. C. ladanifer bioextracts are known to have a potential
role in the phytoremediation of trace-element-contaminated soils by phytoextraction or by
phytostabilisation, which explains the fact that this plant is widely found in soils rich in
metals [54]. Most studies concentrate on six significant trace elements, namely Cu, As, Mn,
Pb, Zn and Ni. Cistus ladanifer (bioaccumulation factors < 1) has been reported to serve as
an excluder for Cu, As, Pb and Ni. Consequently, these plants meet the requirements for
phytostabilisation; however, it is not recommended to use these areas for grazing because
the concentrations of these elements in the soil are all above the reference threshold, which
is relevant because animals also consume the soil together with the grass [55]. Previously,
the use of C. ladanifer has been also proposed in phytoremediation technologies such as the
phytoextraction of Cr, Mn and Zn [56]. The addition of amendments, such as biochar, leads
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to enhanced metal uptake in plant tissues without the reduction in biomass [57]. Resistance
may be related to the balance between the generation of reactive oxygen species and their
detoxification by CAT, POD and SOD, promoting the soluble and cell-wall-bound forms of
these enzymes. This process may represent in C. ladanifer plants a form of toxic elements
tolerance [58].

Hg uptake has been also evaluated in the Almadén area [49,50]. Following the criteria,
the authors included Cistus ladanifer in Type 2 plants, which means that after an initial linear
uptake, there is no increase in Hg in the plant. The concentration of mercury was similar
that found in this experiment. Hence, C. ladanifer is the species that showed the highest
phytoremediation potential by reaching the highest mean values of bioaccumulation factor
in relation to available mercury (150 ± 24). This species also had the highest biomass
compared to the other subgenera studied. In addition, the PCA showed a clear and
independent clustering from the other species.

Cistus salviifolius is a shrub that can adapt to a wide range of environmental stresses [59].
According to [60], C. salviifolius is considered suitable for the phytostabilisation of mining
waste in areas with semiarid characteristics. C. salviifolius translocated nutrients (Cu, Mn
and Zn) to the aerial parts and stored mainly the phytotoxic elements (As, Pb and Sb) in
roots. This species has also been identified in the Almadén district by [49] and [11] as
siliceous scrub, as have C. monspeliensis and C. crispus. According to [49], C. salviifolius does
not show a clear pattern for mercury unlike C. crispus, which follows a clear pattern. Initially,
C. crispus does not show an increase in Hg in the plant until a threshold is exceeded; above
this threshold, there is a linear relationship between Hg in the plant and Hg in the soil.

Cistus albidus has been suggested to be used in phytoremediation for phytostabilisation
in pyritic mine soils [61] and can tolerate high concentrations of metals but without a
bioaccumulation capacity [62]. In the case of mercury, C. albidus grows well in Almadén,
especially in Fuente del Jaramillo and was able to accumulate 1.29 ± 0.10 mg kg−1 in its
aerial part [11]. This pattern is not confirmed in this experiment.

For the use of plants in phytotechnologies, it would be interesting to determine how
much mercury each plant could accumulate in its aerial part per Ha, in order to evaluate
its phytoextractive capacity and the possibility of recovering mercury-contaminated soils.
If 1 kg of adult shrubby plants, such as Cistus albidus, C. ladanifer and C. monspeliensis, are
considered, by knowing the concentration of Hg they accumulate in the aerial part, the
amount of mercury retained by each species per kilo of a plant used can be determined.
C. ladanifer (0.40 mg/kg) and C. monspeliensis (0.60 mg/kg) have a similar phytoextractive
capacity and are different to Cistus albidus (0.21 mg/kg). These values are hypothetical
and calculated for very specific conditions. It is also important to note that the amount of
phytoextracted mercury depends mainly on the concentration of this pollutant available
in the soil, so action should be taken, as much as possible, to control and adapt the soil
environment to allow for suitable conditions and ensure that mercury is readily available
in the soil for the plant.

5. Conclusions

The district of Almadén (Ciudad Real) is an exceptional case of mercury concentration
because it is an area affected by the mining of this heavy metal for thousands of years.
This work has determined that the mean value of the total mercury concentration for the
“Fuente del Jardinillo” plot is 7.5 ± 1.8 mg/kg, a value in line with those reported by other
authors. [11] (5.0 ± 0.4 mg/kg). Most of the total mercury is found as a part of cinnabar
(HgS), a form that is neither soluble nor bioavailable to plants, and the percentage of
bioassimilable mercury is very small. Consequently, the fraction of Hg potentially available
to the plant species studied was found to be very small (3.9–66 µg/kg) in relation to the
values obtained for the total mercury content in the soil (1.3–35 mg/kg). The plot under
study can be considered unique and homogeneous, and therefore the five species of the
genus Cistus under study have developed under the same abiotic conditions.
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The species Cistus ladanifer and C. monspeliensis show a tendency to accumulate mer-
cury in the aerial part, so they could be considered phytoextractive species. On the other
hand, the species Cistus crispus, C. albidus and C. salviifolius have good perspectives to be
used as phytostabilisers.

From the results obtained, the species with the greatest phytoremediation potential is
Cistus ladanifer, with the highest mean values of bioaccumulation factor (85.5). Moreover,
as the species with the greatest potential size, it has a greater biomass than the other two
species, which means that its use can be optimised by minimising the number of specimens
to be planted.

This study has been carried out with a view of the future application of phytore-
mediation techniques in areas affected by mercury contamination other than Almadén.
Therefore, it is necessary to stress that due to the high natural mercury background, as well
as anthropogenic mining activities, Almadén is only being used as a test scenario, as it
does not make sense to apply phytotechnologies there. A future line of research would be
to study the behaviour of the same species when subjected to different soil conditions to
estimate whether the plant always behaves in the same way as it did in the plot at “Fuente
del Jardinillo”.
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