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Abstract
Background and aims The high metal bioavailability
and the poor conditions of mine soils yield a low plant
biomass, limiting the application of phytoremediation
techniques. A greenhouse experiment was performed
to evaluate the effects of organic amendments on

metal stabilization and the potential of Brassica jun-
cea L. for phytostabilization in mine soils.
Methods Plants were grown in pots filled with soils
collected from two mine sites located in Central Spain
mixed with 0, 30 and 60 tha−1 of pine bark compost
and horse- and sheep-manure compost. Plant biomass
and metal concentrations in roots and shoots were
measured. Metal bioavailability was assessed using a
rhizosphere-based method (rhizo), which consists of a
mixture of low-molecular-weight organic acids to sim-
ulate root exudates.
Results Manure reduced metal concentrations in
shoots (10–50 % reduction of Cu and 40–80 % of
Zn in comparison with non-amended soils), biocon-
centration factor (10–50 % of Cu and 40–80 % of Zn)
and metal bioavailability in soil (40–50 % of Cu and
10–30 % of Zn) due to the high pH and the contribu-
tion of organic matter. Manure improved soil fertility
and was also able to increase plant biomass (5–20
times in shoots and 3–30 times in roots), which
resulted in a greater amount of metals removed from
soil and accumulated in roots (increase of 2–7 times of
Cu and Zn). Plants grown in pine bark treatments and
in non-amended soils showed a limited biomass and
high metal concentrations in shoots.
Conclusions The addition of manure could be effective
for the stabilization of metals and for enhancing the
phytostabilization ability of B. juncea in mine soils. In
this study, this species resulted to be a potential candi-
date for phytostabilization in combination with manure,
differing from previous results, in which B. juncea had
been recognized as a phytoextraction plant.
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Abbreviations
AAS Atomic absorption spectrophotometry
BCF Bioconcentration factor
E Soil of El Cuadron
E0 Non-amended El Cuadron soil
E30M El Cuadron soil mixed with 30 tha−1 of

manure
E60M El Cuadron soil mixed with 60 tha−1 of

manure
E30P El Cuadron soil mixed with 30 tha−1 of pine

bark
E60P El Cuadron soil mixed with 60 tha−1 of pine

bark
DTPA Diethylenetriaminepentaacetic acid
EDTA Ethylenediaminetetraacetic acid
G Soil of Garganta
G0 Non-amended Garganta soil
G30M Garganta soil mixed with 30 tha−1 of manure
G60M Garganta soil mixed with 60 tha−1 of manure
G30P Garganta soil mixed with 30 tha−1 of pine

bark
G60P Garganta soil mixed with 60 tha−1 of pine bark
M Horse- and sheep-manure
OXC Oxidizable organic carbon
P Pine bark
Rhizo Rhizosphere-based method
TF Translocation factor
TOC Total organic carbon

Introduction

Metal mining is an important source of trace metals in
the environment, resulting in considerable soil contam-
ination (Alloway 2010). The accumulation of these
metals can result in a decrease in soil microbial activity,
biodiversity and soil fertility; cause crop losses; and
even be detrimental to animal and human health through
the food chain (McLaughlin and Singh 1999; Vamerali
et al. 2010). Moreover, these soils often show low
fertility conditions, including poor physical structure,
unbalanced texture, high acidity, low cation exchange
capacity, low organic matter and nutrient contents,
which limit the establishment of vegetation and intensi-
fy erosion by rain and wind (Tordoff et al. 2000).

Appropriate techniques should be applied to reme-
diate contaminated mine soils, such as phytoremedia-
tion. One of these techniques is phytoextraction, in
which high biomass metal-accumulating plants and
soil amendments are used to transport and concentrate
metals from the soil into the above-ground shoots,
which are harvested using conventional agricultural
methods (Kumar et al. 1995; Wenzel 2009). Several
authors do not recommend phytoextraction as a suit-
able technique in the case of mine soils or other highly
metal polluted soils and they propose phytostabiliza-
tion as an alternative (Dickinson et al. 2009; Mendez
and Maier 2008). Phytostabilization involves the es-
tablishment of a plant cover on the contaminated sites
to reduce the mobility of contaminants within the
vadose zone through accumulation by roots or immo-
bilization within the rhizosphere. This process
includes transpiration and root growth that immobil-
izes contaminants by reducing leaching, controlling
erosion, creating an aerobic environment in the root-
zone, and adding organic matter to the substrate that
binds the contaminant (Bolan et al. 2011).

The high concentration of labile metals found in
mine soils are usually phytotoxic for plants, and the
poor conditions of these soils could lead to a low plant
yield, thereby limiting the establishment of the vege-
tation cover and the application of phytoremediation
techniques. Several amendments have been used to
stabilize metals in soils (Kumpiene et al. 2008). The
application of organic waste materials as soil amend-
ments can decrease the bioavailability of metals and
improve the fertility conditions of soil, allowing plant
survival and growth (Park et al. 2011). Moreover, this
increasing biomass could increase the accumulation of
metals in plant tissues (Lin et al. 2009), either in the
shoots, which is advantageous for phytoextraction, or
in the roots, which is better for phytostabilization.
Reduction of metal bioavailability by organic materi-
als is due to adsorption on solid surfaces and com-
plexation with humic substances. This adsorption
process depends upon the particular metal and soil
type involved, degree of humification of the organic
matter, content of metals and salts and the effects of
organic matter on the redox potential and soil pH
(Clemente et al. 2005; Shuman 1999; Walker et al.
2004). Phytostabilization of mine sites can be en-
hanced by using these organic waste materials as soil
amendments that immobilize metals combined with
plant species that are tolerant of high levels of
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contaminants and low-fertility soils or tailings (Bolan
et al. 2011; Clemente et al. 2012; Mendez et al. 2007;
Park et al. 2011).

A previous work (Pérez-Esteban et al. 2012) has
evaluated the effects of two organic materials, such as
horse- and sheep-manure compost and pine bark com-
post, with different pH levels and nutrient contents, on
soil properties. This work showed that they could be a
useful and cost-effective strategy for the restoration of
contaminated mine soils, but there is little information
about their suitability for metal phytostabilization us-
ing tolerant plants.

For this study, Indian mustard (Brassica juncea L.)
plants were selected, which is an oilseed crop tolerant
of the Mediterranean climate with relatively high bio-
mass production and capable of substantial metal ac-
cumulation in its above-ground parts. Several studies
have recognized this species as a plant suitable for
metal phytoextraction (Blaylock et al. 1997; Kumar
et al. 1995). However, more recent papers have con-
sidered that B. juncea is not such efficient plant for
phytoextraction in comparison with other species
grown in soils with low concentrations of available
metals (Chaney et al. 2007; Ishikawa et al. 2006).

The objectives of this study was to evaluate through a
greenhouse experiment: a) the effects of two organic
amendments (horse- and sheep-manure compost and
pine bark compost) on the stabilization of metals and
the phytostabilization capacity ofB. juncea plants, and b)
the potential of this species as a suitable candidate for
phytostabilization rather than phytoextraction in metal-
contaminated mine soils.

Materials and methods

Soil sampling and site description

Two mine soils from the Lozoya Valley, located in the
north of Madrid (Spain), were selected for analysis
during this study. The site location of the first soil is
the village of Garganta de los Montes (G), which is in
close proximity to a copper mine that was abandoned in
1965. The site location of the second soil is situated in El
Cuadron (E), which contains an old zinc blende mine
that was abandoned in 1862. Both soils have been
classified as Dystric Cambisols (Food and Agriculture
Organization of the United Nations 1990) and Dystrox-
erepts (Soil Survey Staff 1999). The vegetation of these

sites is mainly composed of Quercus pyrenaica, Frax-
inus angustifolia, wet and temperate grasslands and
tilled pastures (Pastor et al. 2007).

Soil samples were collected at these sites with a
stainless steel scoop within the top 20 cm from three
different points around the mine dumps, where the ores
were processed. Samples, which were composed of
natural soil and mine tailings deposited in the soil, were
air-dried and sieved to <2 mm for analysis. Table 1
shows the main properties of these soils (G and E).
Both of them were slightly acidic, loamy sand, and
poor in organic matter with low salinity and cation
exchange capacity (CEC). The total Cu and Cd con-
centrations of soil G exceeded the European Union
maximum permitted levels for agricultural soils that
receive sewage sludge at pH 6–7 (Cu 50–140, Zn 150–
300, Cd 1–3 mgkg−1, Pb 50–300 mgkg−1) (Council of
the European Communities 1986). The total Cu concen-
tration of soil E also exceeded the limits permitted by the
EU. According to the critical metal concentrations set by
Kabata-Pendias and Pendias (2001), the total Cu con-
centration was greater than the upper critical level (60–
125 mgkg−1) in both soils, showing a potential for
toxicity in plants. In contrast, Zn, Cd and Pb levels were
below the upper toxic level (Zn 70–400 mgkg−1, Cd 3–
8 mgkg−1 and Pb 100–400 mgkg−1).

Table 1 Properties of soils and organic amendments

Propertiesa Gb E M P

Clay (%) 3.1 3.3 ndc nd

Sand (%) 78.2 79.4 nd nd

pH 6.2 5.5 9.4 5.7

EC (dS m−1) 0.08 0.10 4.95 0.40

TOC (%) 0.88 1.39 27.2 45.8

CEC (cmolc kg
−1) 4.74 4.79 nd nd

C: N ratio 22 15 19 69

Total Cu (mg kg−1) 913 248 30.9 1.07

Total Zn (mg kg−1) 203 146 179 35.7

Total Cd (mg kg−1) 3.68 1.32 <dld <dl

Total Pb (mg kg−1) 87 75 69 98

aEC electrical conductivity; TOC total organic carbon; CEC
cation exchange capacity); Total Cu, Zn, Cd, and Pb, total metal
contents
b Soil: G Garganta soil; E El Cuadron soil; organic amendment:
M manure; P pine bark
c nd, not determined
d <dl, below detection limits (Cd<0.02 mgL−1 in the extracts)
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Organic amendments and preparation of mixtures

Two organic amendments were added to soils G
and E: mature compost made of horse (50 %) and
sheep (50 %) manure (M); mature compost made
of wood fibre (30 %), Sphagnum peat (20 %) and
pine bark (50 %) (P). Several properties of these
amendments are shown in Table 1. The manure
samples had high pH values, which could lead to
a lower metal availability in soil, and higher sa-
linity. This amendment also showed a lower C: N
ratio, which indicates a greater degree of stability
than the pine bark amendment. On the other hand,
the pine bark samples exhibited low pH values,
which can potentially increase metal solubility. A
more exhaustive description of these amendments
is showed in Pérez-Esteban et al. (2012).

Ten different treatments were prepared with mix-
tures of each soil with one of the amendments and the
doses applied were 0, 30, and 60 t of dry organic
matter per hectare of soil. The amount of amendment
mixed with soil in each treatment was calculated for a
soil volume of 30 cm depth from the moisture and
organic matter content of the amendment and the soil
density. Soil G was mixed with 28.4 g (30 tha−1) and
56.8 g (60 tha−1) of manure per kg of soil, and with
14.4 g (30 tha−1) and 28.8 g (60 tha−1) of pine bark
per kg of soil; soil E was mixed with 31.1 g (30 tha−1)
and 62.3 g (60 tha−1) of manure, and with 15.8
g (30 tha−1) and 31.5 g (60 tha−1) of pine bark per
kg of soil. Thus, treatments with the soil G were non-
amended soil (G0), soil with 30 tha−1 of manure
compost (G30M), soil with 60 tha−1 of manure
(G60M), soil with 30 tha−1 of pine bark compost
(G30P), and soil with 60 tha−1 of pine bark (G60P).
Treatments with the soil E were the same: E0, E30M,
E60M, E30P, and E60P, respectively. All mixtures
were well homogenized using a cement mixer.

Greenhouse experiment

Biomass and metal accumulation in shoots and
roots of B. juncea plants were measured in a green-
house experiment to evaluate the responses of
plants among the different treatments and the pos-
sible use of this species for phytostabilization rather
than for phytoextraction. This experiment was car-
ried out in the greenhouses of IMIDRA, Alcalá de
Henares, Madrid (Spain).

The seeds of B. juncea were supplied by the germ-
plasm bank collection of E.T.S.I. Agrónomos, Madrid
(Spain). Plants were grown in 0.7 L terra cotta-
coloured polyethylene pots filled with 700 g of soil
and amendment mixtures. The base of the pots was
covered with a fibreglass mesh and a 2–3 cm layer of
gravel. A total of 40 pots were prepared and placed in
a greenhouse with four replicates per treatment.

B. juncea seeds were stored 12 days at 3±2 °C and
7 days at 10–25 °C and were manually scarified to
promote germination. Eight seeds were sown in each
pot, and plants were harvested after flowering,
110 days after sowing (February 2008 to May 2008).

Plants were watered with a nutrient solution con-
taining 0.17 gL−1 Ca(NO3)2; 0.50 gL−1 KNO3; 0.16 g
L−1 H2PO4NH4, and 0.20 gL−1 NH4NO3 (pH=4.1;
EC=1.23 dS m−1). This solution was added manually
every one or 2 days (30–60 mL) to keep the water
content near to field capacity while avoiding leaching.
Temperature inside the greenhouse was automatically
controlled using natural ventilation (roof vents), shade
cloth and oil-fired air heaters (maximum temperature:
25–33 °C, minimum temperature: 6–9 °C inside the
greenhouse from February to May).

At harvest, surviving plants of each pot (up to eight
plants per pot) were cut at ground level and evaluated
together. Stems and leaves of each pot were separated
from inflorescences. Roots were rinsed with deionized
water, and roots and aerial organs were dried in an
oven at 65 °C for 48 h. The shoots and roots dry
weights were measured and the plant material was
ground and digested for the determination of metal
concentrations in roots and shoots (leaves, stems and
inflorescences were evaluated together).

The total amount of metals removed from the soil
and accumulated in plant tissues was calculated as the
product of shoot or root dry weight and their metal
concentration. Metal accumulation in plants is more
informative than metal concentration because it also
takes plant biomass into consideration.

The bioconcentration factor (BCF) and translocation
factor (TF) were also measured (Kachout et al. 2012;
McGrath and Zhao 2003). The BCF is defined as the
ratio of metal concentration in plant shoots to total metal
concentration in soil, as a measure of the ability of a
plant to take up and transport metals to the harvestable
aerial parts (BCF ¼ metal½ �shoots metal½ �soil

�
). The TF is

defined as the ability of plants to translocate metals from
the roots to the shoots and it was calculated by dividing
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the metal concentration in the shoots by the metal con-
centration in the roots (TF ¼ metal½ �shoots metal½ �roots

�
).

It should be taken into consideration that the root
washing method without using chelators or sonication
could have led to an important amount of metals
adhered to the root surfaces instead of accumulated
in the roots, which may affect metal concentrations of
root biomass.

Analytical methods

Soils, amendments and the prepared mixtures were
analysed for total organic carbon (TOC) by loss-on-
ignition (16 h at 400 °C for soils and 6 h at 450 °C for
amendments) and oxidizable organic carbon (OXC)
using a modified Walkley–Black procedure (Nelson
and Sommers 1996). Electrical conductivity (EC) and
pH were analysed in deionized water extracts (1:2.5
w/w for soils and mixtures; 1:5v/v for amendments).
CEC and exchangeable cations, such as Ca, Mg, and
K, were determined in soils using the barium chloride
method (Rhoades 1982). Texture was determined us-
ing the Bouyoucos hydrometer method (Day 1965).
Total N used for the calculation of C: N ratio was
determined by Kjeldahl digestion (Bremner 1996).

Total metal contents in soil samples were deter-
mined using microwave-assisted (SpeedWave 4, Ber-
ghof, Germany) acid digestion of soils with aqua regia
(International Standards Organization 1995). One
gram of air-dried ground sample was placed in a
Teflon vessel with 2.35 mL HNO3 (65 %) and 7 mL
HCl (37 %). The vessel was placed into the microwave
and the temperature was maintained at 190 °C for
25 min. After the vessel was cooled, the solution was
filtered and made up to 50 mL with deionized water.

Organic amendments were digested by weighing a
0.25 g sample and placing it in a vessel with 2 ml
HNO3 65 %, 6 ml HCl 37 % and 1 ml H2O2 30 % in
the microwave at 190º C for 25 min (US Environmen-
tal Protection Agency 1996). The solution was filtered
after cooling and diluted to 50 ml.

For plant samples, the digestion of 0.1–0.2 g of
ground dry matter (roots and shoots) was accom-
plished by a dry ashing procedure (Tüzen 2003) at
450 °C for 4 h, followed by dissolution of the ashes in
5 mL HNO3 (25 %v/v). Solutions were filtered and
made up to 10 mL. In many cases sample weight were
lower than 0.1 g because of the small amount of plant
material obtained.

The effects of plants and organic amendments on
metal bioavailability in soil were assessed using a
rhizosphere-based method, known as rhizo (Feng et
al. 2005a, b), which consists of extracting soil in a
cocktail of low-molecular-weight organic acids usual-
ly found in root exudates. This method was carried out
in initial soil samples and after the harvest of plants as
follows: 2 g of soil was mixed with 20 mL of a
combined organic acid solution of acetic, lactic, citric,
malic, and formic acids. The total concentration of
these organic acids was 0.01M, and their molar ratio
was 4:2:1:1:1. The mixture was shaken for 16 h,
centrifuged for 10 min and filtered. The rhizo method
can predict metal uptake by plants and available metal
concentrations in the soil better than other one-step
extraction procedures, like diethylenetriaminepenta-
acetic acid (DTPA) and ethylenediaminetetraacetic ac-
id (EDTA) extractions (Feng et al. 2005a, b; Vazquez
and Moreno 2008).

All metal concentrations in the extracts were deter-
mined by atomic absorption spectrophotometry (AAS)
(AAnalyst 400, PerkinElmer, Wellesley, MA). Cd and
Pb concentrations in the mixtures and plant extracts
were generally below the detection limits (<0.02 mg
L−1 for Cd and <0.2 mgL−1 for Pb), and therefore
these metals were not included in this study.

All analyses were performed in triplicate and values
were adjusted for oven-dried (overnight at 105 °C)
soil.

All reagents used were analytical grade or better.
Deionized water was used for all dilutions. All of the
plastic and glassware were soaked in 5%HNO3 solution
overnight and rinsed with distilled water prior to use.

Statistical analyses

Statistical treatments of the experimental data were
performed using SPSS 17.0 software (SPSS Inc., Chi-
cago, IL). The normal distribution of data was checked
using the Shapiro-Wilk’s test and the homogeneity of
variance was checked using the Levene’s test. If nec-
essary, the values were log transformed accordingly.
Means were compared through one-way ANOVA us-
ing Tukey’s test (P<0.05). Where only two means
were compared, significant differences were calculat-
ed from Student’s t-test (P<0.05). No plants of E30P
and only plants grown in one pot of G30P survived
until harvest, and therefore these dry weights and
metal concentrations were not included in the
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statistical analysis. Relationships between different
parameters were determined by Pearson’s correlation
coefficients (r) by a two-tailed test. Standard errors
(SEs) were calculated to determine the variability of
means between replicates.

Results

Soil properties and rhizo-extractable metals

Table 2 shows the characterization of the prepared
mixtures of soils with organic amendments. Both
amendments significantly increased OXC and EC in
both soils (P<0.05). The addition of increasing doses
of manure significantly raised the pH of both soils,
while the addition of pine bark reduced the pH values
(P<0.05). Doses of 60 tha−1 of manure caused a
significant increase in CEC (P<0.05) and this amend-
ment also significantly increased exchangeable cation
contents (Ca, Mg and K), which might improve plant
growth in these treatments. Pine bark amendment did
not achieve such significant increases.

Table 3 shows bioavailable Cu and Zn concentrations
extracted from soils at the beginning and at the end of
the experiment using the rhizo method (Table 3). There
was a higher extractable Cu concentration in soil G,
while extractable Znwas slightly higher in soil E despite
its lower total Zn concentration, probably due to its
lower pH. An increasing dose of manure amendment
significantly reduced extractable Cu either in the initial
or in the final samples (P<0.05). In both sampling
periods of the experiment, pine bark amendment also
significantly reduced Cu availability but to a lesser
extent than manure (P<0.05). Available Zn was signif-
icantly reduced with manure application only in the final
samples (P<0.05), which could have been due to the
high pH of this amendment or to the metal uptake by
roots or adsorption to roots after the experiment. The
addition of pine bark did not significantly affect Zn
availability either at the beginning of the experiment or
at the end.

In the final samples, Rhizo-extractable Cuwas strong-
ly and negatively correlated with OXC (r=−0.94,
P<0.01, n=9), but not with pH, while there was a strong
correlation between rhizo-extractable Zn and pH
(r=−0.87, P<0.01, n=30). Interestingly, available Zn
was not correlated with organic carbon. Given the low
CEC and the high proportion of sand-size particles of Ta
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these soils, no significant correlations were found be-
tween extractable metals and CEC, which was supposed
to be related to metal availability (Shuman 1999).

In many cases, rhizo-extractable Cu and Zn signif-
icantly increased after harvest of crops in comparison
with initial samples (P<0.05) (Table 3). It should be
noticed that pH significantly decreased and EC in-
creased (P<0.05) after the experiment (Table 3), prob-
ably due to the application of the nutrient solution,
which could have increased the extractable metal con-
centrations in soil.

Plant dry weight

Figure 1 shows the shoot and root dry weight of plants
grown in the different treatments. Manure treatments
achieved higher dry matter yields than those in pine
bark and non-amended treatments. Shoot and root dry
weight of plants grown in manure treatments was sig-
nificantly higher (P<0.05), but there were no significant
differences between the doses applied. Moreover, every
plant grown in manure mixtures presented flowering at
the end of the crop growth (Fig. 1) and did not display
chlorosis symptoms. Plants grown in pine bark mixtures
and in non-amended soils yielded a small biomass and
showed critical chlorosis symptoms. In every pot of

E30P plants and all but one pot of G30P plants, growth
was negligible; these treatments were therefore not in-
cluded in the statistical analyses.

The concentrations of exchangeable cations in soil
were strongly and positively correlated with B. juncea
shoot dry weight (r=0.96 forMg, r=0.93 for K, P<0.01,
r=0.75 for Ca, P<0.05, n=9), and root dry weight
(r=0.90 for Mg, r=0.87 for K, P<0.01, r=0.75 for Ca,
P<0.05, n=9). Additionally, dry weight was directly and
significantly correlated with pH (r=0.82 for shoots,
r=0.79 for roots, P<0.01, n=31).

Rhizo-extractable Zn was significantly and inverse-
ly correlated with plant dry weight (r=−0.64 for
shoots, r=−0.58 for roots, P<0.01, n=31). Rhizo-ex-
tractable Cu was inversely correlated with plant dry
weight in G treatments (r=−0.81 for shoots and roots,
P<0.01, n=17) and in E treatments (r=−0.71, P<0.01
for shoots, r=−0.63, P<0.05 for roots, n=15).

Metal concentrations in plants

Metal concentrations were measured in plant shoots
and roots (Fig. 2). Copper concentrations in plant
tissues were generally higher in soil G, where rhizo-
extractable Cu concentration was higher. Conversely,
there was more Zn content in plants grown in the soil

Table 3 Concentrations of metals in soil extracted by the rhizosphere-based method (rhizo), soil pH and electrical conductivity (EC) at
the beginning and at the end of the greenhouse experiment with Brassica juncea L. in the different treatments

Treatment Cu (mg kg−1) Zn (mg kg−1) pH EC (dS m−1)

Beginning End Beginning End Beginning End Beginning End

G0a 118cA±16 126cA±3.3 11.3aA±0.8 18.0cB±0.4 6.2bB±0.1 5.6bA±0.0 0.08aA±0.01 0.58bB±0.03

G30M 71.2abA±2.6 80.5aA±3.6 11.8aA±0.2 15.4bB±0.2 6.5cA±0.1 7.0cB±0.0 0.51cB±0.03 0.37aA±0.03

G60M 54.7aA±4.0 61.7aA±7.7 10.9aA±0.8 13.2aA±0.5 6.8dA±0.0 7.4 dB±0.1 0.94dB±0.01 0.64bA±0.03

G30P 88.1bc±0.7 108 10.6a±0.1 17.8 5.9a±0.0 5.4 0.11ab±0.00 0.71

G60P 81.5bA±3.7 101bB±3.0 10.6aA±0.3 17.9cB±0.4 5.6aB±0.0 5.3aA±0.0 0.17bA±0.00 0.69bB±0.04

E0 17.9cA±0.5 23.4dB±0.5 18.3bA±0.6 24.1bB±0.5 5.5bB±0.0 4.9aA±0.1 0.10aA±0.00 0.57aB±0.09

E30M 14.8abA±0.1 14.9bA±0.3 17.0abA±0.9 18.7aA±0.3 5.8cA±0.0 5.8bA±0.0 0.58cA±0.03 0.51aA±0.01

E60M 12.5aA±0.2 11.3aA±0.4 14.0aA±0.5 17.0aA±0.9 6.1dA±0.0 5.9bA±0.2 0.99dA±0.04 1.08bA±0.18

E30P 16.2bc±1.3 ndb 17.0ab±0.9 nd 5.4a±0.0 nd 0.16b±0.00 nd

E60P 16.5bcA±0.1 19.9cB±0.2 17.9bA±0.3 23.9bB±0.7 5.3aB±0.0 4.9aA±0.1 0.16bA±0.00 0.67abB±0.05

Mean±standard error, n=4, except for G30P at the end of the experiment (n=1, insufficient data for statistical analyses). Values within a
column followed by the same lower-case letter are not significantly different among treatments of the same soil (P<0.05). Values within
a row followed by the same capital letter are not significantly different between samples at the beginning and at the end of the
experiment for the same treatment and metal (P<0.05)
a Soil: G Garganta soil; E El Cuadron soil; organic amendment: M manure; P pine bark; application rate (t ha−1 ): 0, 30, and 60
b nd not determined because no plants of E30P survived until harvest
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E, which had a higher rhizo-extractable Zn concentra-
tion. The exception was roots of plants grown in G60P,
where the Zn concentration (14,429 mgkg−1) was ab-
normally high, probably due to high metal contamina-
tion, but also could be due to an error produced by the
small amount of root sample obtained in this treatment
(<0.02 g of root per pot). Metal concentrations in plants
were generally in the following order: Zn>Cu.

Copper and Zn concentrations in plants decreased
significantly with the application of manure amendment
in the same way as metal bioavailability (P<0.05). The
addition of pine bark increased shoot Zn concentration
(P<0.05) but had no effect on Cu content.

There were negative and strong correlations between
pH and Zn concentration in plant tissues (r=−0.90 for
shoots, r=−0.75 for roots, P<0.01, n=29). Copper
concentration was not so affected by pH but it was
strongly and inversely correlated with soil organic

carbon content (r=−0.78 for shoots, r=−0.89 for
roots, P<0.01, n=9). CEC did not show significant
correlations with metal concentrations in plants.

There was a significant relationship between metal
concentrations in plants and labile metal concentra-
tions in soil. Rhizo-extractable Cu concentrations in
soils were positively correlated with Cu concentra-
tions in plants (r=0.72 for shoots, r=0.84 for roots,
P<0.01, n=29). Zinc concentrations in plants also
presented a significant correlation with soil-available
Zn (r=0.92 for shoots, r=0.48 for roots, P<0.01, n=29).

Significant and negative correlations were found be-
tween dry weight and shoot Cu concentration (r=−0.64
for shoot dry weight, r=−0.60 for root dry weight,
P<0.01, n=29) and root Cu concentration (r=−0.75
for shoot dry weight, r=−0.74 for root dry weight,
P<0.01, n=29). The same relationships were observed
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between plant growth and shoot Zn concentration
(r=−0.65 for shoot dry weight, r=−0.61 for root dry
weight, P<0.01, n=30) and root Zn concentration
(r=−0.61 for shoot dry weight, r=−0.66 for root dry
weight, P<0.01, n=29).

Figure 3 shows the total amount of metals removed
from the soil and accumulated in plant tissues. In spite of
the lower concentrations of Cu and Zn in plants grown in
soils with manure amendment, the total metal accumula-
tion in shoots and roots was in most cases significantly
higher in these treatments due to the higher growth
reached in comparison with pine bark mixtures and
non-amended soils (P<0.05). Although in most cases
pine bark amendment increased metal concentrations
in plant tissues, this amendment did not significantly
increase metal accumulation in plants.

Table 4 shows the values of BCF and TF in the
different treatments. Copper BCF values were always
considerably lesser than 1. Zinc BCF values were
generally lower than 1, except for E0 and E60P, and
were considerably higher than Cu BCF values. Copper
TF was also considerably lower than 1, while Zn TF
was lower than or similar to 1. Metals BCF decreased
with the addition of manure and increased in pine bark
treatments (P<0.05). In contrast, metals TF increased
with the application of manure amendment (P<0.05).

Discussion

Effects of amendments on metal bioavailability in soil

Organic matter content and soil pH were the main
factors affecting adsorption sites of these soils and there-
fore metal bioavailability. The lower rhizo-extractable
Cu in manure treatments than in non-amended soils and
pine bark treatments and the strong and negative corre-
lation between rhizo-extractable Cu and OXC suggests
that the high pH and organic matter content provided by
this amendment reduced Cu mobility in soil. This metal
can be strongly bound to organic matter and forms both
soluble and insoluble complexes with organic com-
pounds (Bolan et al. 2003). Bolan et al. (2003) also
reported that the addition of manure compost increased
the adsorption and complexation of Cu by the soil.
Manure also reduced Zn mobility due to its high pH,
whereas pine bark increased it. Higher pH values in-
crease the surface charges of soil particles and therefore
metal retention in soil as it was shown by the negative
correlation between rhizo-extractable Zn and pH values.
Similar results were reported by other authors (Clemente
et al. 2005; Walker et al. 2004), who found that CaCl2-
extractable and DTPA-extractable metal concentrations
were closely and inversely related to soil pH (more so
for Zn than for Cu). On the other hand, the increasing
metal bioavailability after harvest of crops could be
explained by the low pH of the irrigation solution ap-
plied and by ion-exchange mechanisms due to the high
nutrient content of this solution (Lorenz et al. 1994).

Plant growth and metal tolerance

The improvement in soil fertility with manure amend-
ment could have increased plant biomass in its treat-
ments. Organic matter provided by manures acts as a
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nutrient pool, enhances nutrient cycling, increases
CEC and buffer capacity, and improves physical prop-
erties (Stewart et al. 2000). In this study, manure
amendments not only provided organic matter and a
more adequate pH to soil, but also increased CEC and
supplied a higher amount of nutrients as exchangeable
Mg, K, and Ca than pine bark compost. Safari Sine-
gani and Khalilikhah (2011) also found that sheep-
manure extract added to a calcareous mine soil stimu-
lated shoot and root biomass in Brassica napus. Other
works have reported that the addition of compost to
mine soils enhances plant growth (Clemente et al.
2012; Mendez et al. 2007).

On the other hand, pine bark and non-amended
treatments showed lower plant yield and chlorosis
symptoms, which were probably due to the low pH,
CEC and nutrient contents, such as exchangeable Ca,
Mg and K. Pine bark also possesses a lower N content
than manure (0.7 % in pine bark and 1.5 % in manure).
Tapia et al. (2010) also reported lower contents of N,
P, S, as well as other elements such as Mn, Cu and Zn,
in pine bark in comparison with spent mushroom
compost and pruning waste+biosolids. The low plant
biomass and the presence of chlorosis in these treat-
ments might be also due to the greater metal bioavail-
ability, especially of Zn, and therefore the higher metal
stress suffered by plants as it was shown by the

negative correlations between bioavailable metal con-
centrations in soil and metal concentrations in plant
tissues with plants dry weight. According to Kabata-
Pendias and Pendias (2001), shoot Zn concentration
was above the upper toxic level (400 mgkg−1) in
plants grown in E0 and E60P, where chlorosis symp-
toms were present. However, Cu concentrations were
below toxic levels (100 mgkg−1). Ebbs and Kochian
(1997) reported that exposure to high Zn in Brassica
spp. caused chlorosis in young leaves while Cu expo-
sure had little effect on chlorophyll levels in young
leaves. A previous study (Conesa et al. 2007) evalu-
ated plant biomass and chlorosis in plants grown in
acidic mine tailings soil treated with lime and fertilizer
(with N, P, K and Mg), reporting that toxicity symp-
toms in the untreated soil resulted from the combina-
tion of low pH, high SO4

2− and metal concentrations
but not from the lack of applied nutrients.

Metal accumulation in plant tissues

Changes in metal bioavailability in soil with the applica-
tion of the different amendments were reflected in the
metal concentrations in plant tissues. Organic matter
added by themanure amendment and its high pH reduced
metal bioavailability, thereby decreasing metal concen-
trations in plants. The negative correlations between pH

Table 4 Bioconcentration factor (BCF) and translocation factor (TF) of metals in Brassica juncea L. at the end of the experiment in the
different treatments

Treatment BCF TF

Cu Zn Cu Zn

G0a 0.04b±0.00 0.44b±0.03 0.06a±0.00 0.43ab±0.04

G30M 0.04ab±0.00 0.27ab±0.04 0.20bc±0.03 0.94b±0.25

G60M 0.03a±0.00 0.15a±0.00 0.27c±0.02 0.89b±0.08

G30P 0.08 0.74 0.13 0.39

G60P 0.08c±0.03 0.70c±0.06 0.15ab±0.05 0.01a±0.00

E0 0.10bc±0.01 3.34b±0.31 0.17a±0.02 0.26a±0.05

E30M 0.07ab±0.00 0.90b±0.06 0.24a±0.05 0.86b±0.05

E60M 0.05a±0.01 0.61a±0.05 0.26a±0.04 0.11a±0.01

E30P ndb nd nd nd

E60P 0.12c±0.01 4.63c±0.41 0.24a±0.05 1.09b±0.26

Mean±standard error, n=4, except for G30P at the end of the experiment (n=1, insufficient data for statistical analyses).
Values within a column followed by the same lower-case letter are not significantly different among treatments of the same
soil (P<0.05)
a Soil: G Garganta soil; E El Cuadron soil; organic amendment: M manure; P pine bark; application rate (t ha−1 ): 0, 30, and 60
b nd not determined because no plants of E30P survived until harvest
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and Zn concentrations in plants and between Cu concen-
trations and organic matter content were in agreement
with the results obtained by Clemente et al. (2005).

The strong and positive correlations between rhizo-
extractable metals and metal concentrations in plant
tissues suggest that the rhizo method could serve as an
efficient extraction procedure for the assessment of Cu
and Zn bioavailability in contaminated soils. Previous
works (Feng et al. 2005a, b; Vazquez and Moreno
2008) also obtained good correlations between rhizo-
extractable metal concentrations in soil and metal con-
centrations in tissues of other plants.

Copper concentrations in roots were always consid-
erably higher than the concentrations in the aerial
organs of plants, as it was reflected in the low TF
values, which might be due to the complexation and
sequestration of this metal in the vacuoles of the root
cells, making it unavailable for translocation to shoots
(Lasat et al. 2000). Zinc concentrations in shoots were
also generally lower than the root concentrations but
in some cases were similar or higher, resulting in
higher TF values and thereby showing a better trans-
location of this metal to the shoots. Gupta and Sinha
(2007) also reported that the concentrations of metals
in shoots of B. juncea grown in contaminated soil
were generally lower than in roots. Different results
were obtained by Clemente et al. (2005), reporting
higher Cu and Zn concentrations in leaves and stems
than in roots of B. juncea grown in contaminated soil.
Mendez and Maier (2008) suggested that plants which
show a BCF>1 and a TF>1 could be suitable for
phytoextraction, while plants with BCF and TF<1
should be used for phytostabilization. The results of
this study showed that B. juncea plants could be useful
for phytostabilization purposes rather than phytoex-
traction ones in sites contaminated with Cu and Zn.
These results differed from those reported in previous
works (Blaylock et al. 1997; Kumar et al. 1995). It
should be taken into consideration that the root wash-
ing method may have affected metal concentrations of
root biomass, resulting in a root adsorption mecha-
nism instead of a root accumulation and underestimat-
ing the TF ratio of this species.

The addition of manure amendment not only re-
duced the concentrations of metals in plant tissues, but
also increased the metal accumulation in their roots
due to the higher growth achieved and reduced the
BCF values in these plants. This amendment could
enhance the phytostabilization capacity of this species.

Conclusions

The application of horse- and sheep-manure compost
as a soil amendment resulted in a higher biomass
production and lower Cu and Zn concentrations in
plant shoots. This amendment not only reduced metal
bioavailability, but also improved soil fertility. More-
over, a larger amount of metal was removed from soils
and accumulated in plant roots when adding this
amendment given the higher plant growth. The appli-
cation of manure as a soil amendment could effective-
ly stabilize metals and enhance the phytostabilization
ability of B. juncea plants in mine soils. Pine bark
compost was expected to increase metal accumulation
in plants because of the higher metal concentrations
achieved in their tissues; however, our results show
that this amendment is not recommended to improve
phytostabilization ability of plants and to immobilize
metals in soil. Although B. juncea has been previously
identified as a possible candidate for phytoextraction,
this species resulted to be suitable for phytostabiliza-
tion in combination with manure amendment if the
study is focused on metal adsorption to roots.
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