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ABSTRACT 7 

Assisted natural remediation (ANR) of an acid soil contaminated by As, Cd, Cu, Zn and 8 

Pb was carried out in a field experiment using three organic amendments. Twelve plots 9 

were arranged in a completely randomized block design with four treatments and three 10 

replicates per treatment. The treatments were: NA (unamended control), SL (sugar beet 11 

lime), BC (biosolid compost) and LESL (71% leonardeite (LE) plus 29% SL). 12 

Amended plots received two doses (DO2) of each amendment: one in 2002 and another 13 

in 2003. Afterwards plots were divided in half, and one subplot received another two 14 

doses of the same amendments (DO4) in 2005 and 2006. In 2011 the amended soil´s pH 15 

values were greater than in NA soils, with SL showing the higher pH. Total organic 16 

carbon (TOC) was also greater in amended than in NA soils, greater following organic 17 

amendments, and greater in DO4 than in DO2. Amendments reduced the concentration 18 

of 0.01 M CaCl2 extractable Cd, Cu and Zn especially in the SL treatment. Plant cover 19 

of colonizing vegetation was enhanced by amendments, but was independent of doses. 20 

Changes in soil characteristics from 2003 to 2011 showed that the first amendment 21 

application of DO2 caused a high differentiation between all the treatments and NA. 22 

After the second application of DO2 pH and TOC continued slowly increasing. 23 

Subsequent doses (DO4) caused differences only in organic treatments. Plant cover 24 

increased over time in all the treatments including NA. Results show the slow and 25 

steady natural remediation (NR) of this soil can be enhanced by amendment application 26 

(ANR). 27 

Key Words: Amendments, CaCl2-extractions, Soil contamination, Spontaneous 28 

vegetation, Trace elements 29 

 30 

INTRODUCTION 31 

 There are many remediation techniques for organic contaminated soils, but 32 

relatively few of them are applicable to trace element contaminated soils. This is due to 33 



 

 

the fact that to trace elements cannot be degraded and are relatively immobile; therefore, 1 

it is not possible to use many of the low cost options developed for organic 2 

contaminants to remove trace element contaminants (Adriano et al., 2004; Vangronsveld 3 

et al., 2009). 4 

 Sustainable strategies based on the utilization of plants and/or soil additives in 5 

situ have been used to remediate trace element contaminated soils by reducing the 6 

bioavailability of residual contaminants (Adriano et al., 2004; Kumpiene et al., 2008). 7 

Trace elements can be retained in soil by sorption, precipitation and complexation 8 

reactions that take place naturally in soils and reduce the mobility and bioavailability of 9 

those elements. This process is called “natural remediation” (NR). The use of some 10 

wastes and byproducts as amendments can enhance this process, giving rise to the so-11 

called Assisted Natural Remediation (ANR) technique, which contrasts with most of the 12 

classic remediation techniques that drastically alter soil properties (Adriano et al., 2004). 13 

The use of amendments in soil reclamation also fulfills two other objectives: i) to 14 

reduce waste disposal and revalue wastes by recycling organic matter and nutrients, and 15 

ii) to restore soil quality (Lombi et al., 2002a; Lombi et al., 2002b).  16 

The remediation goals of classical remediation techniques recognize for most 17 

guidelines are typically the reduction of the total contaminant concentration, while for 18 

ANR the goal is the reduction of the bioavailability of contaminants 19 

(inactivation/stabilization). In order to gain wide acceptance, ANR must have a strong 20 

theoretical background, be demonstrated in the laboratory, and be successful in field 21 

experiments. The first two have been largely demonstrated, but results from field-scale 22 

validations are relatively scarce. The main objective of field experiments is the 23 

evaluation of sustainability (durability) that is crucial for the acceptance of the of the 24 

inactivation/stabilization strategies, since it is difficult to make long-term stability 25 

predictions based on short-term laboratory tests (Vangronsveld et al., 2000; Kumpiene 26 

et al., 2008). This is especially important when using organic amendments because of 27 

the possible changes in the solubility and stability of trace element-organic matter 28 

complexes. The effectiveness of trace element stabilization in contaminated soils is 29 

usually assessed over several weeks or months, and only a few treatments have been 30 

evaluated after several years. Therefore more information from long time scale field 31 

experiments is needed (Pérez de Mora et al., 2007; Vangronsveld y col., 2000, 2009). 32 

Such studies should consider the effect of the ANR on: i) the physico-chemical 33 

properties of soil, with particular emphasis on trace element concentrations (total and 34 



 

 

bioavailable), and ii) the development of a vegetation cover and the uptake and 1 

accumulation of trace elements by plants (Adriano et al., 2004; Madejón et al., 2006a; 2 

Vangronsveld et al., 2009). Moreover, it is necessary to verify the adequacy and the 3 

effect of different types of amendments, appropriate application doses, and the 4 

persistence of amendment effects over time (Madejón et al. 2010; Pérez de Mora et al., 5 

2007). 6 

 The present study deals with the use of ANR in a soil moderately contaminated 7 

by trace elements. The main objective is the evaluation of the effect of the applications 8 

of three amendments 8 years after the first application; however, the rate of change of 9 

some chemical properties is studied during the whole experimental period.  10 

Through this 8-year field study we are attempting to: i) help in future 11 

remediation of similar contaminated areas, and ii) study the differences between NR and 12 

ANR over time. This aspect is very important due to the cost (although much lower than 13 

other remediation techniques) of ANR compared to NR. 14 

 15 

MATERIAL AND METHODS 16 

Study area 17 

 The study was conducted in an experimental field area (“El Vicario”) that was 18 

affected by the toxic Aznalcóllar mine spill (Grimalt et al., 1999). The site is located on 19 

the right bank of the Guadiamar river (latitude N 37° 26′ 21″, longitude W 06° 12′ 59″), 20 

10 km downstream from the Aznalcóllar mine in southern Spain. The only remediation 21 

work carried out at this site was the initial removal of the sludge together with a layer of 22 

underlying topsoil. The soil from this area is clay loam (21.1% clay, 29.1% silt and 49.8% 23 

sand) classified as Typic Xerofluvent (USDA Soil Survey Staff, 2010). Characteristics 24 

of this soil at 0-15 cm depth before the remediation are shown in Table I. The area has a 25 

semi-arid Mediterranean climate that shows a complex pattern of spatial and seasonal 26 

variability, with wide and unpredictable rainfall fluctuations from year to year 27 

(Martínez-Casasnovas et al., 2002). Average annual temperature is 19 °C (min. 9 °C in 28 

January, max. 27 °C in July) and annual average rainfall is 484 mm (Madejón et al., 29 

2010). 30 

 31 

 32 



 

 

Table I. Mean values (±SD) of some characteristics of the soil and the amendments. 1 

 Soil SL BC LE 
pH 3.86±1.32 9.04±0.08 6.93±0.03 6.08±0.07 

Moisture (%) - 25 45 28 

TOC (%)a 0.92±0.16 6.70±1.55 19.5±1.2 28.9±0.39 

Kjeldhal-N (%)a 0.90±0.10 0.98±0.04 1.31±0.06 1.17±0.02 

P (%)a 0.42±0.08 0.51±0.06 1.24±0.02 0.04±0.001 

K (%)a 2.30±0.40 0.53±0.05 0.93±0.02 3.97±0.08 

As (mg kg-1) a 211±103 1.63±0.34 5.63±1.48 34.9±3.46 

Cd (mg kg-1)a 4.44±1.16 0.43±0.15 0.73±0.40 0.83±0.11 

Cu (mg kg-1) a 119±27 51.0±8.20 121±6 28.2±2.40 

Mn (mg kg-1) a 645±25 297±10 257±25 66.2±1.41 

Pb (mg kg-1) a 471±216 39.2±6.7 137±26 22.0±2.33 

Zn (mg kg-1) a 381±136 138±31 258±18 64.5±1.06 
adw basis ; SL, sugar beet lime; BC, biosolid compost; LE, leonerdite. 2 
 3 

Experimental design 4 

 Three amendments (two organic and one inorganic) were used. The two organic 5 

amendments were biosolid compost (BC) and leonardite (LE), a low grade coal rich in 6 

humic acids. The inorganic amendment was sugar beet lime (SL), a residual material 7 

from the sugar beet manufacturing process with 70-80% (dry basis) of CaCO3. 8 

Characteristics of the amendments are described in Table I. The field experimental area 9 

(20×50 m) was divided into 12 plots (7×8 m each), with a margin of 1 m (long) and 2 m 10 

(wide) between plots (Figure 1). The experiment was set up in October 2002. 11 

Treatments were an unamended control (NA), SL applied at rate of 30 Mg ha-1 yr-1, BC 12 

at a rate of 30 Mg ha-1 yr-1, and LESL, which consisted of 25 Mg ha-1 yr-1 of LE plus 10 13 

Mg ha-1 yr-1 of SL (Table II). The application rates (fresh wt basis) were of the same 14 

magnitude as those applied to other areas affected by the spill within the Guadiamar 15 

Green Corridor (Antón Pacheco et al., 2001) and were below the maximum permitted 16 

limits for annual trace element loading established by the European Union (Directive 17 

86/278/EEC) (CEC, 1986). Amendments were applied for two consecutive years 18 

(October 2002 and October 2003) and incorporated into the top 15 cm of soil using a 19 

rotary tiller. Non-amended plots were tilled in an identical manner (Madejón et al., 20 

2006a). In October 2005, each plot of SL, BC and LESL treatments was divided in half 21 



 

 

(subplots). One half remained unamended in the following years (receiving only the 1 

initial two doses; designated as DO2; SL2, BC2 and LESL2), whereas the other half 2 

received another two amendment doses: one in October 2005 and one in October 2006 3 

(designated as DO4; SL4, BC4 and LESL4) (Madejón et al. 2010). A summary of the 4 

experimental design is in Table II. The experiment was carried out in a randomized 5 

complete block design with three replicates per treatment (Figure 1).  6 

 7 

Fig. 1 8 

Figure 1: Distribution of the treatments and soil sampling locations in the experimental 9 
plot. 10 

Table II. Summary of the treatments. 11 
Treatment   October 

2002 
October 

2003 
October 

2005 
Octobe 
2006r 

NA   nil nil nil nil 

SL 
SL2 DO2 x x nil nil 
SL4 DO4 x x x x 

BC 
BC2 DO2 y y nil nil 
BC4 DO4 y y y y 

LESL 
LESL2 DO2 z z nil nil 
LESL4 DO4 z z z z 

x, 30 Mg ha-1 of sugar beet lime (SL); y, 30 Mg ha-1 of biosolid compost (BC); z, 12 
25 Mg ha-1 of leonardite (LE) plus 10 Mg ha-1 of sugar beet lime (SL) 13 

 14 
Soil and plant sampling and analysis 15 

 Soil samples were collected in March 2011 at two depths (0–15 and 15–30 cm) 16 

from 84 locations (four locations per subplot). The four samples collected from within 17 

one subplot were mixed to make a composite sample for each subplot. Soil samples 18 

were air-dried, crushed and sieved (< 2 mm). Prior to determination of pseudo-total 19 

trace element concentrations, sieved soil samples were ground in an agate mortar and 20 

sieved to < 60 μm.  21 

 Soil pH values were measured in 1 M KCl at a 1:2.5, (soil dry mass/ solution 22 

volume) ratio, after shaking for 1 h. Total organic carbon (TOC) was analyzed by 23 

dichromate oxidation and titration with ferrous ammonium sulphate (Walkley and Black, 24 

1934) using a G20 compact titrator meter. Pseudo-total trace element concentrations of 25 

soil samples (< 60 μm) were determined after aqua regia digestion in a microwave oven. 26 

We use the term “pseudo-total” concentrations for the aqua regia digestion, because it 27 

does not completely destroy silicates, and thus small quantities of silicate mineral-28 

bound elements are not measured by this technique. Residual elements bound to silicate 29 



 

 

minerals are considered unimportant for the estimating the mobility, the maximum 1 

plant-available, or the ground-water accessible quantities of these elements in 2 

anthropogenic contaminated soils. Soil CaCl2-extractable trace element concentrations 3 

were determined in 0.01 M CaCl2 at a 1:10 (soil mass/solution volume) ratio, after 4 

shaking for 3 h (Houba et al., 1996). 5 

 Plant sampling was carried out in June 2011 at the same sites where soils were 6 

sampled. Before plant sampling, plant cover was estimated using a 30 x 30 quadrant 7 

that was randomly placed at three locations within each subplot (Cox 1999).  Cynodon 8 

dactylon (L.) Pers, one of the dominant species of grass that existed in all plots, was 9 

sampled by clipping individual plant shoots at ground level. Plant material was washed 10 

for 15 s with 0.1 M HCl solution, followed by 10 s with distilled water, and then oven 11 

dried at 70 °C. Dried plant material was ground and passed through a 500-µm stainless-12 

steel sieve. Plant trace elements were extracted by wet oxidation with concentrated 13 

HNO3 in a microwave digester. 14 

 Trace element concentrations in plant and soil digests and soil CaCl2 extracts 15 

were measured by coupled plasma optical emission using a Varian ICP 720-ES 16 

(simultaneous ICP-OES with axially viewed plasma). The accuracy and precision of the 17 

method for soil samples were assessed using a reference material (BCR-143R trace 18 

elements in a sewage sludge amended soil). The recovery rates were: Cd 100%, Cu 19 

102%, Pb 96% and Zn 94% (recovery of As was not assessed using a certified reference 20 

material). The accuracy and precision of the method for plant material were also 21 

assessed using reference materials. The recovery rates were: Cd 110%, Cu 96%, Pb 22 

95.4%, and Zn 114% in INCT-TL-1 (Polish Certified Reference Material for multi-23 

element trace analysis, tea leaves), and As 98.5%, Cd 86.0%, Cu 98.3%, Pb 108% and 24 

Zn 96.8% in WEPAL (Sample ID 124, Lucerne/Medicago sativa). 25 

 26 

Statistical analyses 27 

 The statistical analysis was carried out using the software package SPSS 15.0 for 28 

Windows. Mean and standard deviation (SD) or standard error (SE) were determined 29 

for all data. Normality of the data was tested prior to analysis. The data was analyzed by 30 

one way ANOVA, considering the treatment as the independent variable. Statistically 31 

significant differences among treatment means were identified using Tukey’s test 32 

(p<0.05); however, homogeneity of variances was also tested. If it did not pass the test, 33 

the Games-Howell significance test was used instead of the Tukey’s test. Pearson’s 34 



 

 

coefficient correlation analysis was performed to determine the relationship between 1 

different parameters at two significant levels (p<0.01 and p<0.05). 2 

 Principle component analysis (PCA) was carried out for the independent 3 

variables of the different treatment plots, using software package SPSS 15.0 for 4 

Windows. Sun ray plots (SRP) (Dilly and Blume, 1998; Moreno et al., 2009) were 5 

constructed to compare graphically the mean values of the different variables measured 6 

in each treatment plot at each soil layer. The star shape and integrated area for each 7 

treatment allow a visual and statistical comparison of the multivariate data. The 8 

integrated area of the plot for each treatment was measured using the measuring tools of 9 

Adobe® Acrobat® 9 (Adobe Systems Incorporated, CA, USA) (Moreno et al., 2011). 10 

 11 

RESULTS AND DISCUSSION 12 

Soil pH and total organic carbon concentration  13 

 In general, in 2011, 8 years after the first amendment application, all amended 14 

plots showed mean pH values at the soil upper layer (0-15 cm) higher than in NA, 15 

although differences were not always significant (Table III). Mean values of pH follow 16 

the trend: SL>BC>LESL>>NA. Treatment SL2 significantly increased pH values by 3.6 17 

units compared to NA. Treatments BC2 and LESL2 also increased the soil pH, 1.9 and 18 

1.3 units, respectively, although the differences were not significant compared to NA. 19 

Successive amendment applications (DO4) had no significant effect in any of the 20 

treatments compared to DO2. 21 

 Soil amendments also increased pH in the lower soil layer (15-30 cm) but to a 22 

lesser extent than in the upper layer. In this layer only SL2 treatment significantly 23 

increased pH values by ca. 2.5 units. In none of the three treatments were changes in pH 24 

attributable to the additional two amendment doses (DO4, Table III). 25 

 26 



 

9 

 

Table III. Effect of amendments on soil characteristics at two soil depths (0-15cm and 15-30 cm) in 2011, 8 y after initial treatment application. 1 

Treatment 
upper layer (0-15 cm) 

   pseudo-total, mg kg-1 CaCl2-extractable, mg kg-1 
 pH TOC, %  As Cd Cu Pb Zn Cd Cu Zn 

NA 3.22±0.16c 0.96±0.04c  250±50 1.2±0.2 180±10 600±140 360±48  0.29±0.003a 2.33±1.39 42.4±7.5a 
SL2 6.85±0.04a 1.43±0.05ba  180±49 2.1±0.4 165±8 350±91 550±73  0.02±0.002b 0.55±0.10 0.34±0.15b 
SL4 6.62±0.07ab 1.26±0.04ba  170±61 2.3±0.7 180±22 400±110 600±124  0.01±0.002b 0.45±0.18 0.17±0.03b 
BC2 5.15±0.47abc 1.58±0.01b  200±42 1.7±0.3 180±22 430±52 460±72  0.10±0.06ab 0.25±0.002 10.6±7.1ab 
BC4 6.00±0.42ab 1.78±0.10ab  200±17 2.3±0.6 190±21 410±46 600±150  0.04±0.02ab 0.32±0.005 1.60±1.05b 

LESL2 4.55±0.92bc 1.63±0.15b  180±54 1.5±0.3 180±22 500±160 380±68  0.19±0.12ab 0.79±0.59 25.2±17.2ab 
LESL4 5.38±0.30bc 2.19±0.21a  230±28 1.4±0.2 169±9 600±93 400±58  0.05±0.02ab 0.24±0.06 3.48±1.96b 
P-value  0.001 0.000  0.810 0.427 0.968 0.587 0.282 0.014 0.205 0.010 
df=20    nsd nsd nsd nsd nsd  nsd  

Treatment 
lower layer (15-30 cm) 

   pseudo-total, mg kg-1 CaCl2-extractable, mg kg-1 
 pH TOC, %  As Cd Cu Pb Zn Cd Cu Zn 

NA 3.43±0.22b 0.70±0.14  110±39 1.1±0.2 120±28 260±85 330±36  0.24±0.04a 1.47±1.30 33.9±7.0a 
SL2 5.98±0.70a 0.73±0.01  50±14 0.6±0.2 100±24 130±29 260±19  0.03±0.01b 0.11±0.03 3.36±2.85b 
SL4 5.35±0.63ab 0.75±0.02  50±14 0.5±0.2 100±17 120±23 220±24  0.05±0.02b 0.22±0.11 3.09±1.46b 
BC2 4.72±0.71ab 0.81±0.07  73±3.4 1.2±0.3 130±29 165±8 380±75  0.11±0.04ab 0.16±0.07 12.0±5.5ab 
BC4 4.78±0.09ab 0.68±0.02  42±6.8 1.1±0.1 100±13 120±11 330±34  0.11±0.01ab 0.11±0.01 14.9±2.7ab 

LESL2 4.04±0.58ab 0.73±0.03  49±9 1.0±0.1 140±28 130±14 310±26  0.16±0.08ab 0.95±0.84 21.9±8.2ab 
LESL4 3.17±0.18b 0.76±0.09  120±52 0.6±0.1 120±28 290±99 250±27  0.18±0.02ab 1.78±1.33 20.5±1.2ab 
P-value  0.015 0.893  0.230 0.079 0.836 0.147 0.111  0.018 .0554 0.06 
(df=20)  nsd  nsd nsd nsd nsd nsd   nsd  

Backgrounda  18.3 0.33 30.9 38.2 109     
Within a soil layer, values in each column with the same letter do not differ significantly according to Tukey’s test (p<0.05). df, degree of freedom; nsd, non-2 
significant differences. 3 
aThe trace element background concentrations in the Guadiamar valley soils was nearly constant throughout the profile (Cabrera et al., 1999) 4 
 5 
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 Our results show that after eight years, SL was the most effective treatment to 1 

increase soil pH values both at 0-15 and 15-30 cm (Table III). This result is related to 2 

SL high contents of CaCO3 (70-80%) that neutralizes soil acidity. Dissolved Ca2+ 3 

(Mg2+) substitutes Al ions in the exchangeable complex of the soil and increases pH 4 

values (Brady and Weil, 2002; Bohn et al., 1979). 5 

At this field site, the first two applications of amendments were sufficient to 6 

cause substantial changes in soil pH, and the pH change was relatively stable for several 7 

years (Fig 2a). The first two additions of SL (DO2) raised soil pH of the upper layer to 8 

close to neutral and that these values were maintained for at least eight years without 9 

any further amendment application. A second application dose of SL (DO4) had no 10 

significant effect on soil pH, as was reported by Madejón et al. (2010) which did not 11 

find significant differences between pH for DO2 and DO4 treatments in 2006 and 2007. 12 

The observed pH decrease from 2007 to 2011 was not significant for SL2 (F=4.141, 13 

p=0.130) and significant for SL4 (F=4.395, p=0.006).  14 

 15 

Fig. 2 16 

Figure 2. Temporal changes in soil pH and CaCl2-extractable Cd, Cu and Zn 17 
concentrations (mg kg-1) for each treatment at 0-15 and 15-30 cm depth from 2003 to 18 
2011. Asterisks correspond to average in the plots (48 sampling points) in 2002 before 19 
the starting the experiment. Bars represent standard error. 20 

Within the 15-30 cm soil layer, the pH changes produced by the application of 21 

SL were similar to those in the upper layer, but smaller in magnitude (Fig 2b). The 22 

increase observed from 2007 to 2011 was not significant for SL2 (F=0.349, p=0.669) or 23 

for SL4 (F=1.119, p=0.736). 24 

 Organic amendments also increased soil pH. The temporal changes in soil pH in 25 

BC and LESL follow a similar pattern to SL (Fig. 2a); however, the first application of 26 

organic amendments BC and LESL (DO2) was less effective than SL in increasing soil 27 

pH in the upper soil layer. Further applications (DO4) of BC and LESL continued 28 

increasing pH, as reported Madejón et al. (2010), for 2006 and 2007 samples (Table III 29 

and Fig. 2a). 30 

A number of different mechanisms have been proposed to explain the liming 31 

effect of organic residues. These include proton consumption during decarboxylation of 32 

organic acid anions which occurs as plant residues decompose, proton consumption by 33 



 

 

functional groups associated with organic material, and specific adsorption of organic 1 

molecules by ligand exchange with the release of OH− ions. Another important factor is 2 

the formation of Al insoluble solid- and aqueous-phase complexes with organic matter, 3 

inhibiting Al hydrolysis and decreasing production of protons (Hoyt and Turner, 1975; 4 

Mokolobate and Haynes, 2002; Naramabuye and Haynes, 2006; Wong and Swift, 5 

1995). However, protons released by soil microorganisms during mineralization of 6 

organic matter can slightly acidify the soil, restricting the alkalinising potential of 7 

organic amendment.  8 

In these organic amended soils (BC and LESL), pH values at the upper layer 9 

decreased from 2007 to 2011, even at DO4, although differences were not significant 10 

(BC4 F=0.700, p= 0.698; LESL4 F=0.066, p=0.099). In the case of deeper soils (15-30 11 

cm), pH values in 2011 were similar to, or slightly higher than in 2007, although 12 

differences were not significant for either dose (BC2 F=0.00 p=0.515; LESL2 F=1.780, 13 

p=0.780; BC4 F=1.547, p= 0.878; LESL4 F= 0.308, p=0.079). 14 

 Compared with NA soils, where pH of the soil did not increase with time, it 15 

could be concluded that amendment application, mainly SL, is an effective and 16 

sustainable approach to increase soil pH values in the long-term, even after more than 8 17 

years, but the effectiveness and durability is different for each amendment. 18 

 Eight years after the application of the first amendments (2011), TOC increased 19 

in all the organically amended plots, especially in the surface soil layer (Table 1). The 20 

organic treatments BC and LESL raised TOC more than the inorganic treatment SL, 21 

both in DO2 and DO4. The trend of the increase in TOC was LESL>BC>SL>NA. For 22 

DO2, the TOC increases in BC2 and LESL2 were significant compared to NA. A 23 

second application of these organic amendments (DO4) caused further increases of 24 

TOC: BC4>BC2; LESL4>LESL2. No significant effect of treatments was observed in 25 

the 15-30 cm layer (Table III). 26 

 27 

Soil trace element concentrations 28 

 No significant differences in pseudo-total As, Cd, Cu, Pb and Zn concentrations 29 

were found in 2011 among the treatments at either of the two depths (Table III). 30 

Concentrations at each depth were similar in all treatments irrespective of the kind of 31 

amendment applied and of the amendment doses. Pseudo-total trace element 32 

concentrations were much higher than the background values of the Guadiamar valley 33 



 

 

soils reported by Cabrera et al. (1999) (Table III). In a previous study (Madejón et al., 1 

2010), both theoretical model and experimental results demonstrated that the rates of 2 

application of amendments were not large enough to increase trace element contents of 3 

the soil, especially considering the low concentrations of these elements in the 4 

amendments.  5 

 Extraction with 0.01 M CaCl2 is a method to estimate available trace elements in 6 

soil (Kabata-Pendias, 2004). In all treatments, concentrations of CaCl2-extractable As 7 

and Pb were below the detection limits of the method (0.01 mg L-1; 0.1 mg kg-1; Table 8 

III), suggesting low solubility of these elements. Concentrations of CaCl2-extractable 9 

Cd, Cu, and Zn concentrations were lower in amended plots than in NA, especially in 10 

the upper layer. The most efficient amendment for lowering extractable Cd and Zn 11 

concentrations was SL, with significant differences between NA and SL plots in both 12 

soil layers. The efficiency of the amendments in lowering Cd and Zn concentration was: 13 

SL>BC>LESL. In the case of Cu, no significant differences were found in either of the 14 

layers.  15 

 For treatments BC and LESL repeated applications of amendments (DO4) to the 16 

soil reduced significantly the concentration of Cd and Zn in CaCl2 extracts compared to 17 

DO2 in the upper soil layer. However, no significant differences were found between 18 

SL2 and SL4 in either of the soil layers for any of the elements, indicating that a second 19 

application (DO4) did not further reduce the size of the extractable pool of trace 20 

elements (DO2) (Table III). No significant differences were found for DO2 and DO4 in 21 

the deeper soil layer. 22 

 The formation of insoluble and stable complexes between OM and trace 23 

elements, together with absorption of trace elements by organic colloids, contributes to 24 

the reduction of trace element availability in soil and may partially explain the effects of 25 

the amendments on trace element solubility. However, Table IV shows that the 26 

concentrations of trace elements extractable with 0.01M CaCl2 were significantly and 27 

negatively correlated with pH, demonstrating that soil pH has a significant influence on 28 

trace element solubility (Madejón et al., 2010; Pérez de Mora et al., 2011). These results 29 

suggest that control of soil acidity was the mechanism by which amendments improved 30 

soil quality parameters in the acidic soil, since it led to a soil pH increase and to trace 31 

element immobilization (Alburquerque et al., 2011). 32 

 33 
 34 
 35 



 

 

 1 
Table IV. Person´s correlation coefficients for relationships among plant cover (Plt 2 
Cov), soil pH, and CaCl2-extractable trace element concentrations in the two soil layers 3 
(0-15 and 15-30 cm) in 2011.  4 

 Upper layer (0-15cm) 
Variable Plt Cov pH CaCl2-Cd CaCl2-Cu CaCl2-Zn 
Plt Cov 1 0.711** -0.755** -0.863** -0.853** 

pH  1 -0.918** -0.556** -0.897** 
CaCl2-Cd   1 0.592** 0.970** 
CaCl2-Cu    1 0.747** 
CaCl2-Zn     1 

      
 Lower layer (15-30cm) 

Variable Plt Cov pH CaCl2-Cd CaCl2-Cu CaCl2-Zn 
Plt Cov 1 0.577** -0.624** -0.788** -0.665** 

pH  1 -0.834** -0.567** -0.805** 
CaCl2-Cd   1  0.969** 
CaCl2-Cu    1 0.467* 
CaCl2-Zn     1 

*p<0.05, **p<0.01 (n=21). Plt Cov: plant cover. 5 

 6 

During the eight years of field measurements, temporal changes in the 7 

concentrations of CaCl2-extractable Cd, Cu and Zn for DO2 at 0-15 cm followed similar 8 

trends (Fig. 2c, e and g): i) the first amendment application (in 2002) resulted in a 9 

significant decrease of the concentrations compared to the corresponding concentration 10 

in NA (values measured in 2003); ii) the second application (in 2003) again produced a 11 

significant decrease in the concentrations of trace elements (values measured in 2004) 12 

(Madejón et al., 2009). Afterwards, the concentrations of trace elements continued 13 

decreasing more slowly in all the treatments up to 2011 (Madejón et al., 2010). It is 14 

interesting to note the observed decrease of extractable trace element concentrations in 15 

the NA plots, which is a sign of natural remediation. For DO4, the amendment 16 

applications in 2005 and 2006 resulted in further significant decreases in the 17 

concentrations of these elements in BC and LESL subplots, but not in SL subplots 18 

(Madejón et al., 2010). As in DO2 treatments, trace element concentrations continued 19 

decreasing until 2011. 20 

At 15-30 cm, temporal changes in CaCl2-extractable trace element 21 

concentrations were more subdued than in the surface soil layer (Fig. 2d, f and h). For 22 

example, the decrease in the concentrations of Cd, Cu and Zn after the second dose 23 

applications (DO2, 2003 and 2004) were less noticeable than in the upper layer, with the 24 

greatest differences occurring for Cd, Cu and Zn in SL and for Cd and Zn in BC 25 



 

 

(Madejón et al., 2009). Subsequently, all the subplots of treatment DO2 showed a slow 1 

decrease in the concentrations of Cu and Zn up to 2011. Treatment DO4 caused only 2 

small differences compared to DO2 in the concentrations of soluble Cd, Cu and Zn 3 

(Madejón et al., 2010). 4 

 Sun Ray plot (SRP) diagrams obtained for the concentration of CaCl2-5 

extractable Cd, Cu and Zn in each subplot, provide an integrated view of the effects of 6 

amendment treatments on trace element concentrations and remediation success (Fig 3). 7 

The shape and the surface area of the triangles are characteristics of each treatment: the 8 

smaller triangle reflects the higher remediation. Plots from treatment NA are the most 9 

contaminated, while plots from treatment SL are the most remediated. The integrated 10 

area (IA) measured and the relative surface area (RSA) of each triangle compared to the 11 

surface area of the NA treatment (RSA = IATreatment/IANA) can be calculated and 12 

considered as an index of soil remediation. Values of RSA decrease with increasing 13 

remediation (Fig. 3). The trend of the values of RSA at the upper soil layer was: 14 

LESL2>BC2>LESL4>BC4>SL2>SL4. From this trend it can be inferred that sugar beet 15 

lime (SL) is the most effective amendment to reduce mobile trace elements in the soil. 16 

Also, Fig. 3 shows that DO4 dose was more effective than DO2, further reducing trace 17 

elements availability. In the deeper soil layer, values of RSA for each treatment were 18 

smaller than in the corresponding upper layer. The trend indicates that the amendment 19 

efficiency in reducing trace element mobility was: SL>BC>LESL, and that dose DO2 20 

was slightly more effective than DO4 (Fig. 3).  21 

 22 

Fig. 3 23 

Figure 3. Sun ray plots of soil contamination (represented by Cd, Cu and Zn CaCl2-24 

extractable concentrations). Relative surface area (RSA) of the sun ray plots is shown 25 

for each treatment. 26 

 27 

Plant Cover estimation and wild grass shoot trace element concentrations 28 

 By 2011, colonization of plots by vegetation was enhanced by amendment 29 

application (Table V). However, due to high variability of the values in some of the 30 

treated plots, ANOVA did not show any significant differences for vegetation cover. The 31 

lowest cover was found in NA plots and the highest in those treated with SL2 and BC4. 32 

Differences between doses DO2 and DO4 were also not significant. 33 

 34 



 

 

Table V. Effects of soil amendments on plant cover and trace element concentrations in 1 
shoots of Cynodon dactylon in 2011.  2 

Treatment Plant Cover As Cd Cu Pb Zn 
 %±SE mg kg-1±SE 

NA(n=7)a 58±20 0.8±0.2 0.10±0.02ab 5.4±0.2 0.8±0.3 80±14ab
SL2(n=6) 97±3 0.6±0.1 0.05±0.03a 4.9±0.1 0.5±0.2 49± 4a 
SL4(n=6) 88±6 0.7±0.1 0.07±0.02ab 5.8±0.1 0.8±0.2 58±7ab 
BC2(n=4) 92±6 0.7±0.1 0.14±0.03ab 5.4±0.1 0.3±0.1 102±6b 
BC4(n=4) 98±2 0.5±0.2 0.10±0.03ab 6.3±0.2 0.3±0.1 90±17ab

LESL2(n=7) 78±17 1.1±0.3 0.16±0.02b 5.8±0.3 1.7±0.6 78±5ab 
LESL4(n=3) 85± 8 0.7±0.4 0.10±0.02ab 4.6±0.4 1.0±0.6 64±6ab 

df 20 36 36 36 36 36 
p-value 0.159  0.477 0.011 0.313 0.162 .012 

 nsd nsd  nsd nsd  

Normal rangesb  0.01-1 0.1-1 3-20 2-5 15-150 
anumber of plants analysed 3 
bNormal ranges in plants (Chaney, 1989). 4 
Values in each column with the same letter do not differ significantly according to 5 
Tukey’s test (p<0.05). nsd, non-significant differences. 6 

 7 

 Concentrations of As, Cd, Cu, Pb and Zn in Cynodon dactylon were within the 8 

normal range for plants even in NA soils (Table V). Significant differences due to 9 

amendments were only found for Cd and Zn. Interestingly, the highest concentrations of 10 

As, Cd, and Pb values were found in the LESL2 treatment. 11 

 Our results showed that the application of organic and inorganic amendments to 12 

the soil had a positive effect on plant growth as shown by data on plant cover (Table V), 13 

and by the significant and positive correlations of plant cover with pH values in both 14 

soil layers (Table V). Significant negative correlations of plant cover with 0.01 M 15 

CaCl2-extractable Cd, Cu and Zn were also observed (Table IV). Repeated additions of 16 

amendments may thus improve soil properties for colonization and growth of trace 17 

element-tolerant plants. A well-developed vegetation cover may reduce wind- and 18 

water-assisted deposition of contaminated dust on non-contaminated areas and 19 

vegetation, decreasing uptake of trace elements by biota (Bargagli, 1998). These results 20 

reinforce the necessity of amendment addition. Table V shows that in 2011 NA plots had 21 

the lowest plant cover (58%), however this value represents an increase compared to 22 

values reported previously by Pérez de Mora et al., (2011): <5% in 2006, 40% in 2008. 23 

Amendment plots had plant cover percentages of 78-98% in 2011 and in all cases these 24 

values had increased from 2006 to 2011, as can be seen in Pérez de Mora et al. (2011) 25 

who report the percentage of vegetation cover in 2006 as 45% for SL2 and SL4, 37% 26 



 

 

and 32% for BC2 and BC4, and 21% and 23% for LESL2 and LESL4. In the case of 1 

amended plots these increases indicate the improvement of the soil quality state with 2 

time due to the amendments. In the case of non-amended plots (NA) this increase 3 

reflects the natural remediation of this soil.  4 

 Previous work in the same plots showed that two amendment incorporations 5 

(DO2) can significantly reduce trace element accumulation in above-ground vegetation 6 

in the short-term (Burgos et al., 2006; Madejón et al., 2006b). Those results support the 7 

necessity of ANR instead of NR for this type of soils. Data from the present study 8 

further supports the durability and sustainability of this approach in the long-term — 9 

after more than 8 y (Table V). It is known that trace element uptake by plants grown in 10 

the same soil becomes less efficient as availability diminishes with successive 11 

extractions each growing season (McGrath et al., 2002). In general, concentrations of 12 

trace elements in plant material were much lower than those reported for the same 13 

species in other remediated areas (Madejón et al., 2006b; Madejón et al., 2002) or in 14 

different plant species in the same area (Pérez de Mora et al., 2011). After 8 y, trace 15 

element concentrations in vegetation growing in NA were similar to those in amended 16 

soils; however, for at least 6 y from the beginning of the experiment, vegetation in NA 17 

soils showed values that could be toxic for animals, while in the remediated soils the 18 

risk was lower soon after the addition of the amendments (Madejón et al., 2006a; Pérez 19 

de Mora et al., 2011). 20 

 21 

Principal component analysis of the results 22 

 Principal component analysis (PCA) allows simplification of data complexity by 23 

reducing the number of variable orthogonal factors, thus facilitating the visualization of 24 

meaningful correlations (Guillén et al., 2012; Jolliffe, 2002). The PCA of the results of 25 

soil upper layer (0-15 cm) and plant cover in 2011 (Table VI), showed that the first two 26 

components accounted for 87.1% (PC1 72.8%; PC2 14.3%) of the total variance. The 27 

first component (PC1) was mainly associated with the concentration of trace elements 28 

extracted with CaCl2 (variable loadings: -0.93 for Cd, -0.83 Cu and -0.98 Zn), plant 29 

cover (variable loading 0.91) and soil pH (variable loading 0.89). The second 30 

component (PC2) was mainly positively associated with TOC (variable loading 0.80). 31 

Fig. 4 shows the plot of the factor scores of the two PCA’s. Despite the high variability 32 

of the results, from this plot it may be inferred that the application of the different 33 



 

 

amendments gives rise to differences in the soil variables studied. This allows the 1 

grouping of the replicates of each treatment and assessment of the efficiency of the 2 

different amendments used in this experiment. All the treatments give rise to values of 3 

PC1 greater than NA – which indicates an increase of pH, reduction of the CaCl2-4 

extractable trace elements, and an increase of the plant cover compared to NA. On the 5 

other hand, PC2 is related with the organic matter of the soil – all the organic 6 

amendments have PC2 values greater than the inorganic amendment SL.  7 

 8 

Table VI. Principal components analysis (PCA) variable loading on the two first 9 
principal components of the different studied variables (Plt Cov: plant cover, pH, TOC: 10 
total organic carbon, CaCl2-Cd, Cu and Zn). 11 

Variable PC1 PC2 
Plt Cov 0.911 0.025 

pH 0.886 -0.298
TOC 0.504 0.799 
Cd -0.926 0.236 
Cu -0.826 -0.230
Zn -0.978 0.136 

Explained Variance (%) 72.8 14.3 
 12 

Fig. 4 13 

Figure 4. Principal components analysis (PCA) of the different studied variables (Plt 14 
Cov, pH, TOC, CaCl2-Cd, Cu and Zn) based on ordination of the treatments by the two 15 
first principal components. Big symbols with the name of treatments are the centroids of 16 
each treatment (coordinates of mean values of the PC1 and PC2 scores of each 17 
treatment). 18 

 19 

CONCLUSIONS 20 

Soils contaminated by trace elements undergo a natural remediation that increases with 21 

time. Amendments enhance natural remediation. At 0-15 cm soil depths, sugar beet lime 22 

(SL) — a CaCO3-rich material — was the most efficient amendment for increasing soil 23 

pH and reducing the concentration of Cd, Cu and Zn in the soil solution. Sugar beet 24 

lime (SL) maintained its efficiency six years after ceasing the application with two 25 

consecutive applications. No further effects were observed after the application of 26 

another two doses of SL. Two consecutives doses of organic amendments (BC and 27 

LESL) increased soil pH and the content of soil organic matter. The applications of 28 

another two doses of BC and LESL improved the positive soil response. At 15-30 cm 29 

depth the changes caused by amendments were similar to those in the upper layer, but 30 



 

 

smaller in magnitude. Amendment applications enhanced the colonization of soil by 1 

vegetation from the surrounding areas. 2 

 Assisted natural remediation proved to be a successful and reliable technique for 3 

remediation of a trace-element contaminated soil at a field scale with minimum 4 

maintenance. However a monitoring program of the soils and vegetation in the middle- 5 

and long-term should be designed to ensure trace element stabilization in the soil and to 6 

monitor trace elements concentrations in plants. This is especially important when using 7 

organic amendments because of the possible changes in the solubility and stability of 8 

the trace element-organic matter associations. 9 

 10 
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