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Abstract This work shows the results obtained on a copper
mine tailing in the Antofagasta Region, Chile. The tailing was
classified as saline-sodic with high concentrations of metals,
especially Cu and Fe, with pH 8.4. Our objectives were to (1)
compare the physicochemical properties of the tailing with sur-
rounding soils of the mine under study, and (2) evaluate the effect
of two amendments (CaCOj; and compost) and their mixtures on
Cu®*, Mn, Fe, Zn, Mg®", and K" and Ca**, SO,*", NO; , and
PO4* leaching. The data obtained were submitted to variance
and covariance analysis. The results from the comparison be-
tween both substrates showed that in general, the tailing present-
ed greater content of metals. Regarding tailing leaching, pH,
electrical conductivity (EC), and concentration of the elements
of interest were measured. The statistical analysis showed that
Cu”" leaching and immobilization of Fe occurred to the greatest
extent with compost. The EC decreased throughout the experi-
ment with irrigation and increased upon treatment with compost.
The major interactions found among the chemical parameters
were (1) tailings without treatment, Cu®'/Fe and NO3_/SO42_;
(2) tailings treated with CaCO5, Cu®*/K"; (3) tailings treated with
compost, NO; /SO, 2 and EC/Cu*"; and (4) tailings treated with
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both amendments, EC/Fe and Cu®"/Fe. The ANOVA showed
that the number of irrigations and the amendments statistically
significantly affected the copper mobility and the organic amend-
ment significantly influenced the iron mobility.

Keywords Copper mine tailings - Leaching columns -
Mobility - Heavy metals - Amendments

Introduction

Mining is the principal economic activity in Chile, and the
Atacama Desert in northern Chile is one of the most important
copper mining regions in the world. Because of the large min-
eral deposits, located mainly in the Antofagasta Region, large
amounts of investments are planned in the coming years.
According to the National Mining Society of Chile, mining
investment in the Antofagasta Region to 2016 is projected at
US$30 billion. Mining is also responsible for significant en-
vironmental damage, such as air pollution caused by particu-
late matter, toxic air emissions from foundries, and pollution
and depletion of surface and groundwater resources (Kitula
2006; Coelho et al. 2007).

When mining operations come to an end, large volumes of
solid wastes are stored in the mine. These wastes, known as
mine tailings, are composed mainly of fine-grained mineral
particles with high concentrations of heavy metals (As, Cd,
Cu, Fe, Hg, Pb, Zn, etc.) and pH values in the strongly acidic
to alkaline range (Krzaklewski and Pietrzykowski 2002;
Mendez and Maier 2008). Historically, tailings in Chile were
abandoned without proper management, due to a lack of ade-
quate legislation. Current Chilean mining legislation requires
that tailings be physically and chemically stabilized. Mining
companies are now required to have a closure plan to ensure
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the stability of tailing landfills to safeguard the surrounding
environment and the health of the local population.

This work was carried out in a copper mine tailing in the
Antofagasta Region, one of the driest zones in the world. The
tailing was classified as saline-sodic, with low Ca and high Na
and SO427 contents; high concentrations of metals such as Cu,
Fe, and Al; and pH 8.4. The tailing under study presents high
concentrations of SO,> and sulfides, which can generate sul-
furic acid by oxidation and irrigation. The effects on the tail-
ings of the two chosen amendments, CaCO3 and commercial
compost, were evaluated using the undisturbed soil columns.

Two endemic species, Adesmia atacamensis and Cistanthe
salsoloides, were found in the area surrounding the tailing.
The results of this work may help to identify the effect of
amendments with a potential for phytoremediation in subse-
quent studies. The substrate-amendment-chemical species in-
teraction was evaluated to determine the mobility and bio-
availability of chemical species. In this context, the main ob-
jectives of this work were to (1) evaluate the effect of two
amendments (CaCO5; and compost) and their mixtures on
the mobility and bioavailability of specific elements, using
column leaching experiments and (2) compare the physical
and chemical properties of the surrounding soil and the tailing
under study as a preliminary evaluation for potential
phytoremediation using endemic species.

Material and methods
Copper mine tailing samples

This study was conducted in the Antofagasta Region of Chile,
in the Atacama Desert. This region is characterized by high
levels of solar radiation, high saline concentrations in the soil,
extremely high daytime temperatures, and a wide day-night
temperature range. Some areas of the Atacama Desert have
zero recorded rainfall in 400 years. In general, rainfall occurs
every 100 years. All of these conditions produce scarce veg-
etation. Samples were collected from a copper mine tailing
site located at latitude 24° 9’ 58.33” S and longitude 69° 2’
33.36"” W at an altitude of 3200 m.a.s.l. The terraces where the
tailings are located have high concentrations of heavy metals
such as Cu, Cd, Fe, Zn, Mn, and Pb, because the tailings are
generated in the process of sulfide concentration. The approx-
imate total area of the terrace is 10,000 m* (135 x 77 m?). This
site was used as a tailing dump from 1995 to 2006.

To collect the samples, the terrace was divided into a grid of
15 mx 7 m, covering an internal area of 6615 m?, to create 80
equidistant sampling points, as shown in Fig. 1. Due to the
rough terrain and to facilitate sample collection, the profiles
corresponding to external points of the terrace were not con-
sidered. For the 80 internal points, intensity of magnetic sus-
ceptibility was measured at the surface (depth 0—10 cm) using
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Fig. 1 Graphical representation of the 80 equidistant sampling points

a magnetometer AGM2900. This property was used to esti-
mate the points with larger metal concentrations (Durza et al.
1993). According to this criterion, 33 sample points were
selected.

For the selected points, four undisturbed cylindrical sam-
ples of 0.05-m diameter and 0.1-m depth were collected at
three depths (0-10, 10-20, and 20-30 cm), obtaining 1 kg
of soil at each depth level (see Fig. 1). As preliminary field-
work, the soil profile characteristics were determined using
the Munsell Soil Color Chart (Color, Munsell 2009). The soil
color profile was measured for each depth of the sample point.
Those sample points in which the contiguous depths presented
the same color were considered homogeneous; therefore, only
one of them was selected for the physicochemical analysis.
With the application of this methodology, a total of 57 samples
were analyzed (see Fig. 2). On the other hand, ten samples at a
depth of 20 cm were collected from the surrounding soil. The
measured parameters included Fe, Mn, Cu, Zn, Pb, Cd, Cr, Al,
Mo, As, B, K*, Na", Mg2+, Ca*", Cr, SO427, pH, water sat-
uration, and electrical conductivity (EC) of the soil.

Sample analysis

Substrate samples of about 1 kg were collected, properly la-
beled and packed in polyethylene bags. They were oven-dried
at 40 °C until reaching a constant weight (Fellet et al. 2007;
Marchiol et al. 2007). Rocks, stones, and any other extraneous
materials were removed, and the remaining particles were
reduced in size with a mortar and pestle. Particles were then
screened with a 2-mm sieve (US N° 10 mesh), which is the
standard particle size for most soil testing methods (Fellet
et al. 2007; Clemente et al. 2008).

Bioavailable Fe, Mn, Zn, Cr, Cu, Cd, and Pb contents were
measured by an atomic absorption spectrophotometer after
extraction using a diethylenetriaminepentaacetic acid
(DTPA) solution (Lindsay and Norvell 1978). These metals
were extracted by shaking 0.01 kg of oven-dried soil for 2 h in
20 mL of 0.005 MDTPA. The filtrate was analyzed for Fe,
Mn, Zn, Cr, Cu, Cd, and Pb by AAS. The analysis for As was
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Fig. 2 Location of soil sample points and their depth

carried out separately by hydride generation atomic absorp-
tion spectrometry (HG-AAS). Hydride was generated using a
Perkin-Elmer 100 FIAS system (Hartley et al. 2004). All so-
lutions were filtered with Whatman GF/C fiberglass filter
paper.

Boron was extracted (Bingham 1982; Watson 1998) by
boiling 0.025 kg of oven-dried soil under reflux with 50 mL
0of 0.01 M CacCl, for 5 min in fiber digestion equipment. The
samples were cooled and then filtered through a 0.45-pum
PTFE, and the filtrate was acidified and analyzed by induc-
tively coupled plasma—atomic emission spectroscopy
(ICP-AES, Fassel and Kniseley 1974; Dahlquist and Knoll
1978). Aluminum was extracted from the tailing using potas-
sium chloride (1 M, 1:10 w/v tailing: extractant ratio, 30-min
shaking). Aluminum in the filtrate was measured by induc-
tively coupled plasma—atomic emission spectroscopy
(ICP-AES, Blakemore et al. 1972; Westerman 1990).
Molybdenum was analyzed by inductively coupled plasma—
atomic emission spectrometry after partial digestion with
HCI-H,0, leach and DIBK extract (Briggs 1996).

Chloride and SO4*  anions (Nieto and Frankenberger
1985a, b) and K*, Na", Ca*", and Mg2+ cations (Nieto and
Frankenberger 1985b; Basta and Tabatabai 1985) were deter-
mined by ionic chromatography (Metrohm 861-CompactIC).
The pH was measured potentiometrically from the saturated
paste extract (SPE) using a pH meter. This method involves
saturating the material with water and subsequently extracting
the liquid phase under partial vacuum. Electrical conductivity
was measured in the saturated paste extract with a conductiv-
ity cell (Rhoades et al. 1989). Water saturation percentage was
calculated as the sum of the water added and that initially
present in the field, expressed on an oven-dry basis.

Amendments and doses

The tailing under study had low Ca®' concentration
(=300 mg kg '), with high levels of metal sulfides, such as

pyrite and sulfide wastes, and H,SO, is produced by oxidation
and irrigation. It is expected that H,SO, reacts with CaCO;
and produces gypsum, which has the same effect as the direct
application of gypsum, but with the potential advantage of
inhibiting the toxic effects of H,SO,4 on plant development.
Application of gypsum is a common recommendation as a
source of calcium to replace exchangeable sodium and to re-
duce alkalinity and improve physical and chemical properties
of the soil (Choudhary et al. 2004).

Based on the above discussions, CaCO5; was chosen as the
inorganic amendment. CaCO3; was obtained from eggshells,
which are a rich source of mineral salts, mainly calcium car-
bonate that makes up about 94 % of the shell, with small
amounts of magnesium carbonate, calcium phosphate, and oth-
er organic matters including protein (Murakami et al. 2007). Ca
replaces Na and this way Na can be eliminated as sodium
sulfate (Ortiz et al. 2014) through the following reaction:

Clay—Na + CaSO4—clay—Ca + Na,SO4

Lower levels of exchangeable sodium imply reduction of
hydrolysis of clay to form hydroxides and, therefore, reduced
pH. The objective was to reach pH values in the suitable range
for the development of most plant species (7.5-7.8).

The addition of commercial compost to mine tailings has
been shown to enhance plant growth in greenhouse trials
(Schippers et al. 2000; Schroeder et al. 2005). Furthermore,
compost helps prevent soil erosion and contributes to water
and nutrient retention (Roongtanakiat et al. 2008).

The dose of organic amendment was calculated by the
method of Hirzel (2010), which is based on the apparent den-
sity of the soil, soil organic matter content, and the moisture
level of the amendment. The dose was calculated by Egs. (1)
and (2):

_ OM, x AD x SD

M 1
OM. 0.33 (1)

where OMy is the dose of organic matter (ton ha '), OM, is the
percentage of organic matter added, AD is the soil apparent
density (g cm ), SD is the sample depth (cm), and 0.33 is the
estimated efficiency of net organic matter discharge in the soil.

OM, % 10,000

OAD = 2
OADOM X (100_HOAD) ( )

where OAD is the dose of organic amendment (ton ha™*), 10,
000 is a conversion factor, OADgy, is the percentage of organic
matter in the amendment, and Hpap is the percentage of mois-
ture content in the amendment. The result provided by this
method is a dose of 96.97 kg m™>.

The dose of inorganic amendment was determined by the
method of Sobek et al. (1978), which theoretically estimates
the maximum acidity and the neutralization potential as a re-
sult of providing the amount of CaCO; required to neutralize
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concentrations of total sulfur and sulfates that can produce
sulfuric acid when in contact with water. The net neutraliza-
tion potential was calculated by the following equation:

NNP = Neutralization Potential (N P)—Acid Potential(AP)
(3)

The neutralization potential is obtained by sequential addi-
tions of hydrochloric acid to the sample to measure pH after 2,
22, and 24 h. The final result indicates the mass of CaCO;
present per ton of tailings (Lizarraga 2008). Acid potential is
calculated by Eq. (4)

PA = 3 1 25 (STata[_SsulﬁlteS) (4)

where Stota and Ssyifates are the percentages of total sulfur and
sulfur as sulfates in the soil, respectively, and 31.25 represents
the necessary stoichiometric amount of CaCO; to neutralize
the sulfur. The acid potential is expressed in kilograms re-
quired of CaCOjs per ton of tailings. The estimated amount
of eggshells by this method was 0.0405 kg kg

Column leaching experimental design

The design consisted of four treatments in duplicate using
leaching columns: tailings without treatment (treatment A),
tailings treated with CaCO; (treatment B), tailings treated
with commercial compost (treatment C), and tailings treat-
ed with both amendments (treatment D). Columns were
irrigated ten times for 3 weeks with 100 mL/irrigation,
and leachates were collected after each irrigation. Twelve
parameters of leachate were measured (Ca*', Cu*', Fe,
K*, Mn, Zn, PO,>", NO;~, SO,*, NH,", pH, and EC)
in duplicate for each irrigation time. These parameters
were chosen as they presented greater concentrations in
the tailings.

Undisturbed soil columns were taken directly from mine
tailings. The tool used to collect undisturbed soil columns was
made of transparent methacrylate and was 0.6 m in length,
with an interior diameter of 0.095 m. The height of the undis-
turbed soil column was 0.3 m. The remaining 0.3 m was used
to add the amendments, the propylene bed, and the necessary
filters and to collect leachates. Each column contained approx-
imately 2.75 kg of tailings. The dimensions and components
of the columns designed for this work are shown in Fig. 3.

For the irrigation phase, the columns were filled with
water via burettes. The characteristics of the water used
are presented in Table 1. The water contained significant
amounts of suspended solids, making filtration necessary to
avoid obstructions in the burettes. Leachates were collected
in a chamber at the bottom part of the columns. The con-
figuration and flow diagram of the eight leaching columns
are shown in Fig. 4.
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Fig. 3 Design of the experimental columns
Statistical analysis

The data obtained were analyzed by two methods: (i) analysis
of variance and (ii) analysis of covariance. A two-way
ANOVA with two variables is provided: (1) number of irriga-
tions and (2) amendment type. The mathematical model used
to analyze the data through an ANOVA is represented by the
following equation (Diaz 2009).

Yiu = p+ I + Od; + L4; + (10A),, + (11A),,
+(0A14) ;, + (10414),; + eju (5)

where Y is each of the measured parameters in the leachates
(pH, EC, and concentrations), x the mean contribution of all
the parameters, /; the effect of the number of irrigations, O4;
the effect of the organic amendment, /4, the effect of the
inorganic amendment, (/ OA4),; the effect of the
irrigation-organic amendment interaction, (/ [4);, the effect

Table 1 Chemical

characteristics of the Parameter Value

irrigation water
Cu®* 0.12mg L™
Mn 101 mg L™
Fe 00mgL™"
Zn 0.02 mg L™
S0, 75 mg L™
NH," 021 mg L™
PO, 84 mg L™
Mg>" 30 mg L™
K 34 mg L™
pH 75
EC 1.82dSm™
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of the irrigation-inorganic amendment interaction, (OA4 1A);
the effect of the organic amendment-inorganic amendment
interaction, (I OA IA);; the effect of the irrigation-organic
amendment-inorganic amendment interaction, and e;;; the ef-
fect of random error. To develop the analysis, several hypoth-
eses were taken into account:

Ho:py=p Ho:poyy =, Ho: gy = pe
Hyooppi#pe  Hys pog# e Hit ppy# pe

Ho: H(104)ij = He Ho : Rrayik = He
Hy: N(]OA)iﬂﬁ He Hi: PJ(HA)[ﬂi He

Ho : ji(OAIA) y = pt,  Ho : p(I0AIA),; = p,
Hy: (OAIAjI.k;é te Hi: p(IOAIA);# p,

To simplify the analysis, four levels were considered for
irrigation: (i) initial irrigation or number 1, (ii) irrigation num-
ber 4, (iii) irrigation number 7, and (iv) irrigation number 10.
With this, it was possible to measure the tendencies of the
effects of the different irrigations on the measured parameters.
Therefore, four of the ten measured irrigations were consid-
ered. For the amendments, two levels were considered: pres-
ence and absence. Moreover, the results of the two replicates
were taken into account to determine error. The analysis was
carried out considering a confidence interval of at least 95 %.
The ANOVA was developed with a MS Excel template creat-
ed for this kind of two-factor analysis.

The objective of the analysis of covariance was to establish
the possible relationships between two parameters measured
in the leachates. This study was developed separately for all
the treatments; for example, the Cu-pH relationship was

analyzed four times (treatments A, B, C, and D). The basis
of this analysis is the calculation of the Pearson correlation
coefficient.

Results and discussions
Comparison of tailings and surrounding soil

The tailings and surrounding soil were compared to identify
the main differences and to select the parameters for analysis
for our work. Table 2 presents the statistical summary of the
analysis of the tailings divided by depths. Table 3 shows the
statistical summary of the parameters measured in the sur-
rounding soil. The comparative analysis of parameters be-
tween the tailings and the surrounding soil is described below.

Aluminum

The concentration of Al in the tailings was twice as high as in
the surrounding soil. Nevertheless, there was no risk of toxic-
ity because aluminum becomes toxic in soils with pH below
5.0 (Plaster 2000) and the pH levels in the tailings and soil
were above this level.

Arsenic

The concentration of As was higher in the surrounding soil
(21.69 mg/kg) than in the tailings (average value of the three
depths 3.663 mg/kg); this is explained by the concentration of
As in sulfide ores, which is lower than that of surrounding
sites due to the mineralogy of the ores.

Boron

As with arsenic, the surrounding soil presented higher concen-
trations of B. This element can be a problem in arid regions
with low precipitation since rainwater regulates the amount of
B in the soil. In addition, the concentration of B in irrigation
water must be controlled to avoid excessive levels of this
element (Reid 2010).

Cadmium

The maximum value of Cd in the surrounding soil was
0.5993 mg/kg, which was lower than the levels in the three
column depths. Cadmium concentrations need to be con-
trolled because Cd can affect the plant growth (Sanita Di
Toppi and Gabbrielll 1999; Benavides et al. 2005) and harm-
ful to the environment.
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Table 2 Descriptive statistics of chemical parameters of the tailing used in this study at different depths: 0-10, 1020, and 20-30 cm

Parameter Depth 0-10 cm Depth 10-20 cm Depth 20-30 cm

Mean SD Min Max Mean SD Min Max Mean SD Min Max
Al (mg kg™ 23841 - 23841 23841 19313 1630.9 18052 21155 22855 - 22855 22855
As (mg kg ™) 3.627 - 3.627 3.627 3.216 0.488 2.830 3.764 4.145 - 4.145 4.145
B (mg kg ') 64.1 - 64.1 64.1 87.4 5.79 83.7 94.1 57.3 - 57.3 57.3
Ca (mg kg™ 279.7 25.41 250.1 2933 231.8 8.50 163.7 285.6 233.7 7.23 1752 285.1
Cd (mg kg ") 1.339 0.912 0.099 2.596 1.283 0.669 0.599 2.298 1.936 0.962 0.698 3.900
CI™ (mg kg™ 8774 3927.2 2746 9826 7696 1728.6 2161 10001 7849 2802 2578 9611
Cr(mg kg™ 2.894 - 2.894 2.894 8.869 2.583 5.887 10.38 5.898 - 5.898 5.898
Cu (mg kg_l) 10571 1942.3 1008 14426 12061 2483 8231 16296 11080 2327.1 8181 14171
EC(dSm™) 37.50 10.39 14.30 39.90 27.60 9.23 16.40 40.10 38.10 12.03 15.30 39.60
Fe (mg kg ") 35488 2889.2 31278 41923 34021 3307.9 19236 40489 3479 51439 23457 41652
K (mg kg ") 18.04 - 18.04 18.04 59.30 8.38 52.05 68.47 45.04 - 45.04 45.04
Mg (mg kg ") 106.6 60.19 4578 126.5 68.52 11.35 30.13 99.2 485.5 6.12 25.81 123.0
Mn (mg kg ) 322.8 76.125 215.8 441.9 341.6 69.4 2274 4454 381.2 77.7 264.9 467.8
Mo (mg kg ) 133.7 - 133.7 133.7 85.39 10.99 78.12 98.04 59.98 - 59.98 59.98
Na (mg kg ") 3270.1 1017.08 1639 6086 24842 12575 1732 4441 3180.5 12084 1950 5976
Pb (mg kg ") 75.65 - 75.65 75.65 182.4 345 146.6 2154 107.3 - 107.3 107.3
pH 8.27 0.232 8.23 8.52 8.39 0.16 8.27 8.45 8.40 0.14 8.25 8.47
Sat. water (%) 64.9 1.37 63.1 68.4 68.5 2.8 63.1 74.0 65.9 1.1 63.3 67.3
SO (mgkg ") 33826  703.34 2459 3939 3303.6  907.9 2780.1 4439 3720 2557.5 1638 4441
Zn (mg kg ") 296.7 7.23 287.2 3023 300.4 9.33 108.6 301.9 3429 1.83 288.6 306.6

Mean average value, SD standard deviation, Min minimum value, Max maximum value

Calcium

Calcium affects soil acidity (Giesler et al. 1998). It is generally
added to the soil as gypsum to recover sodic-saline and sodic
soils (Marschner 1995). Calcium accumulates in the surface
layer of tailings (0—10 cm). We found the concentration in the
tailings higher than in the surrounding soils (pH ~8 versus pH
~6.6 in the soils).

Chloride

Chlorine is an essential micronutrient for plants, generally
present as chloride ions (CI) (Marschner 1995). The concen-
tration in the tailings was several orders of magnitude greater
than in the soil.

Chromium

Chromium concentrations in the second depth (10-20 cm) and
the soil were quite similar. However, pH in tailings tends to be
alkaline so that chromium become highly mobile (Zalidis
et al. 1999) and can take the form of hexavalent Cr, which is
assumed to be extremely toxic for the environment (Marsh
and Mcinerney 2001).

@ Springer

Copper

The concentration of Cu in the tailings was 30 times as high as
in the surrounding soil. Copper is an important micronutrient
for plants, since it is part of some metalloenzymes and proteins
involved in electron transport and redox reactions (Cervantes
and Gutierrez-Corona 1994).

Electrical conductivity

Electrical conductivity is an important parameter to know the
properties of the soil and water, as it is an indicator of salinity.
An increase in salinity implies greater mobility of metals
(Garcia et al. 2009). The soil had a mean EC value of
8.23 dS m ', while in the tailings values ranged between
23.6and42.1dSm™".

Iron

Iron concentrations were higher in the tailings. Iron is an
essential micronutrient for plants, but it is important to
know the level of oxidation since Fe is toxic when the ions
are bivalent (Bornemisza 1982).
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Table 3  Descriptive statistics of chemical parameters of the
surrounding soil

Parameter Mean SD Min Max
Al (mg kg™ 10115 1364.6 8410 11640
As (mg kg ™) 21.69 2.243 18.25 24.15
B (mg kg ") 70.5 39.04 25.9 125
Ca(mg kg™ 105.85 3243 78.84 157.50
Cd (mg kg™ 0.3789 0.1785 0.1994 0.5993
CI'(mg kg ") 399.04 253.69 144.68 714.50
Cr(mg kg 7.574 2.417 4.078 10.830
Cu (mg kg ) 395.1 141.4 283.8 6384
EC(dSm™) 8.23 3.87 4.57 14.00
Fe (mg kg ') 19954 2133.8 17325 22175
K (mg kg™ 14.851 8.634 6.957 26.250
Mg (mg kg!) 20.22 3.53 16.09 23.75
Mn (mg kg ) 773.3 128.2 661.2 987.2
Mo (mg kg ") 11.004 5.701 3282 18.540
Na (mg kg ") 210.49 144.64 77.64 423.90
Pb (mg kg ") 49.44 9.09 37.26 56.74
pH 6.60 0.254 6.18 6.84
Water sat. (%) 254 5.39 20.7 33.8
S0,% (mg kg™ 567.4 140.4 425.0 744.8
Zn (mg kg ") 97.57 11.76 82.47 114.70

Mean average value, SD standard deviation, Min minimum value, Max
maximum value

Potassium

Potassium is one of the principal nutrients for plants, together
with N and P. Nevertheless, there is a shortage of K in many
regions of the world (Dobermann et al. 1998; Smaling 1998;
Wang et al. 2008; Liu et al. 2009). The highest K concentra-
tions in the tailings were located in the second depth.
Therefore, if phytoremediation is applied, it is not necessary
to add amendments with high concentrations of K. Mobility of
K can be influenced by the degrees of leaching and soil ad-
sorption (Johnston et al. 1993; Liao et al. 2013).

Magnesium

The concentrations of Mg measured in the tailings were 11
times as high as in the soil. It is important to evaluate the
behavior of Mg since an excess of this element can affect
the mobility of potassium (Jalali 2008) and also induces P
availability (Shariatmadari and Mermut 1999).

Manganese

Manganese is an essential trace element for plant growth.
The concentrations were higher in the surrounding soil than
in the tailings.

Molybdenum

Molybdenum is a required micronutrient for plants and ani-
mals (Sequi 1973; O’Connor et al. 2001). As expected, con-
centrations in the tailings were higher than in the soil. For
alkaline soils like the tailings under study, Mo is related to
Ca (Essington 1990).

Sodium

The presence of Na in soils is very important because high
concentrations can be toxic for plants (Delvaux 1995; Vargas
and Rodriguez 2000). Soils in arid climates like northern
Chile are rich in salinity and sodicity (Suarez 2001; Qadir
et al. 2006, 2007). As expected, the concentrations in the
tailings were several times as high as in the surrounding soil,
since the tailings were classified as extremely sodic.

Lead

The Pb concentration in the tailings was almost three times as
high as in the soil. It is very important to monitor the presence
of Pb, given the potential risk to the environment and human
health (Hettiarachchi et al. 2000; Yang et al. 2001).

Zinc

The maximum concentration of Zn was located in the lowest
layer, while the surrounding soil presented smaller quantities.
In alkaline soils like that of the tailings, Zn is absorbed in
higher proportion by the soil (Alloway 2008).

Sulfates

Sulfates have the opposite effect of carbonates, acidifying the
soil (Urbano 2001). In the tailings, the mean level was
3500 mg/kg, while the surrounding soil had lower concentra-
tions, with a mean value of 567.4 mg/kg.

Water saturation

As expected, the water saturation was higher in the tailings
than in the surrounding soil, which is normal for the arid
climate of the Antofagasta Region.

pH

Most metals tend to be more available with low pH, with
the exception of V, As, Mo, Se, and Cr, which are more
available with basic pH. Most metals are less mobile under
basic conditions because they precipitate as hydroxides
(Cappuyns and Swennen 2008). The tailings presented
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alkaline characteristics (pH ~8.4), while the surrounding
soil was slightly acidic (pH =6.6).

Analysis of leachate

The results of heavy metals, pH, and EC in leachate are pre-
sented in Figs. 5, 6, 7, 8, 9, 10, and 11 depending on the
number of irrigations.

pH

(i) Number of irrigations, I: as shown in Fig. 5, no definite
tendency was observed, given that pH values varied in
most experiments. However, by the seventh irrigation,
pH values began to stabilize in treatments C and D, while
they decreased in treatment B.

(ii) Organic amendment, OA: pH values were higher in the
treatments with the organic amendment C and D than in
the other treatments, with the exception of treatment A

after the fourth and fifth irrigations. This result is in line
with that of Odlare et al. (2008), where the increase in pH
was explained by the release of ammonia.

(iii)) Number of irrigations-inorganic amendment interaction,
I TA: pH values of treatments A (control treatment) and
B were similar, although treatment B presented less var-
iability. The maximum value was reached by the sev-
enth irrigation, after which pH started to decrease grad-
ually. For the control treatment, once the maximum val-
ue was reached, a clear tendency could not be observed.
As a result, the addition of the amendment avoided a
sharp decrease in pH.

(iv) Number of irrigations-organic amendment interaction, I
OA: as noted above, treatments with organic amend-
ments presented the highest pH values. The pH values
were highly variable, ranging from the minimum values
after the fifth irrigation to the maximum value after the
seventh irrigation.

(v) Number of irrigations-organic amendment-inorganic
amendment interaction, I OA IA: pH values for treat-
ment D were slightly lower than for the organic amend-
ment treatment (C). The behavior during the first irriga-
tion was more irregular than the other treatments, while
after the fifth irrigation, the pH level stabilized around
8.1.

Electrical conductivity

(i) Number of irrigations, I: as shown in Fig. 6, EC
decreased in a linear manner throughout the experi-
ment, which was expected as salts are extracted from
the soils with irrigation.
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Replicates Average pH Values

Number of irrigations

4 TreatmentA M TreatmentB TreatmentC X Treatment D

Fig. 5 Effect of treatments and irrigations on pH from leachate collected

(i1) Inorganic amendment, [A: leaching from the treatments
with inorganic amendment (B) presented lower EC
values than the other treatments. This is inconsistent with
the hypotheses that salts in soils are easily removed as
sodium sulfate through leaching when calcium carbonate
is added.

(iii) Organic amendment, OA: leaching in treatments C and
D presented the highest EC values. Treatment C showed
the most significant decrease in this parameter (approx-
imately 15 dS m™' throughout the experiment), while
the other treatments show similar decreases. The com-
post used as organic amendment enhanced porosity in
contrast to the other amendment, resulting in a more
effective wash and consequently a more pronounced
decrease in EC.

(iv) Inorganic amendment-organic amendment interaction,
IA OA: as noted above, treatment C (only the organic
amendment) presented the highest level of EC, while the
presence of the inorganic amendment reduced the vari-
ations in EC.

Copper
(i) Number of irrigations, I: the concentration of Cu®" de-
creases over the course of the four treatments. This can be

explained by the initially high levels of salinity in the

35

30

Replicates Average EC [dS/m]

1 2 3 4 5 6 7 8 9 10
Number of Irrigations

4 Treatment A M TreatmentB 4 TreatmentC X TreatmentD

Fig. 6 Effect of treatments and irrigations on EC from leachate collected
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Fig. 7 Effect of treatments and irrigations on Cu®" concentrations from
leachate collected

tailings, which was reduced, along with copper mobility,
by the number of irrigations (Fig. 7).

(ii) Organic amendment, OA: the two treatments based on
organic amendment presented the highest concentrations
in the leachate. Copper mobility did not decrease with
the presence of organic matter, but rather increased, as
was reported by Sawhney et al. (1994) and Kaschl et al.
(2002).

Organic matter can react with metals to form
charge-transfer complexes and chelates that can move eas-
ily throughout the profile. The formation of organometallic
compounds facilitates solubility, availability, and dispersion.
The stability constants of chelates formed by organic matter
and metals in the order of Cu>Fe=Al>Mn=Co>Zn. The
maximum amount of any metal that can be bound is ap-
proximately the number of carboxyl groups of the chelating
agent (Alloway 1995).

Iron

(i) Number of irrigations: as noted above with Cu, the con-
centration of Fe decreased in all the treatments due to

Replicates Average Fe Cocentration
[mg/L]

Number of Irrigations

4 TreatmentA M Treatment B TreatmentC X Treatment D

Fig. 8 Effect of treatments and irrigations on Fe concentrations from
leachate collected

Replicates Average Mn Cocentration

Number of Irrigations

#® Treatment A M TreatmentB TreatmentC X Treatment D

Fig. 9 Effect of treatments and irrigations on Mn concentrations from
leachate collected

irrigation, the decrease in treatment A being the most
pronounced (Fig. 8).

(i) Inorganic amendment, IA: the concentrations of Fe in
leachate from treatment B (only inorganic amendment)
were lower than from treatment A (only tailings), which
can be explained by the addition of calcium carbonate
since this element is less mobile and available in calcar-
eous and alkaline soils (Arizmendi et al. 2011).

(iii) Organic amendment, OA: for treatment C, the concen-
trations were lower than for treatments A and B.
Acevedo et al. (2004) reported that Fe is retained in
aerobic conditions and precipitates as Fe;O3.nH,0 if
the soil pH is higher than 3.5.

(iv) Inorganic amendment-organic amendment interac-
tion, IA OA: treatment A presented higher concen-
trations of Fe than treatment C. Both the addition

of organic and inorganic amendments immobilized
Fe in the soil, indicating a synergistic effect of the
two amendments.

(v) Number of irrigations-inorganic amendment-organic
amendment interactions, I IA OA: treatment D pre-
sented a more uniform tendency of decreasing Fe
concentrations than the other treatments. In addition
to the synergistic effect of the amendments, the
reduction in salinity due to irrigation washing out
the soil must be taken into account.

400

[mg/L]

50

1 2 3 4 5 6 7 8 9 10
Number of Irrigations

Replicates Average Ca Cocentration

@ TreatmentA M TreatmentB TreatmentC X Treatment D

Fig. 10 Effect of treatments and irrigations on Ca>" concentrations from
leachate collected

@ Springer



—_
—_
Nel
—_
(=)

Environ Sci Pollut Res (2016) 23:11901-11915

90 —

* —
—n >~
L I
70 \
9

_a
N
10

Replicates Average K* Cocentration [mg/L]

2 3 4 5 6 7 8
Number of Irrigations

& TreatmentA M Treatment B TreatmentC X TreatmentD - - Highest Measurable Value

Fig. 11 Effect of treatments and irrigations on K concentrations from
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Manganese

As shown in Fig. 9, Mn concentrations in treatments C and D
were higher than in treatment A. However, this result contra-
dicts those of Fassbender and Roldan (1973), who found that
Mn adsorption increases with the presence of organic matter.
Furthermore, the alkaline characteristics of the tailings result
in Mn taking the form of tetravalent Mn, with low mobility
and bioavailability.

Calcium

(i) The number of irrigations: the concentration of Ca®" in-
creased slightly in all the treatments except treatment A
(Fig. 10) which was unexpected since Ca”" is usually
related to EC.

(i) Organic amendment, OA: concentrations measured in

leaching from treatment C were lower than for treatment
A. The addition of the organic amendment increased the
cation-exchange capacity of the soils, stimulating greater
Ca”" retention.

(iii)) Number of irrigations-inorganic amendment interaction,
T TA: the concentration of Ca®" in treatment B increased
with irrigation and the addition of inorganic amend-
ment, which was expected.

(iv) Number of irrigations-inorganic amendment-organic
amendment interaction, I IA OA: the behavior of treat-
ments C and D was similar, but the leaching concentra-
tions were slightly higher in treatment D, which could
have been due to the inorganic amendment.

Potassium
(i) Number of irrigations, I: as shown in Fig. 11, K levels

decreased in treatments A and B, but increased in treat-
ment B after the last irrigation.

@ Springer

(i) Organic amendment, OA: concentrations in leachate
from treatments with the organic amendments are be-
yond the detection limit. Comparing this to the mean
values of the other treatments (125 mg/L) reveals a clear
effect of the organic amendment on the concentration of
K"

(iii)) Number of irrigations-inorganic amendment interaction,
ITA: the concentrations of treatments A and B were very
similar until after the last irrigation, when the concentra-
tion of potassium increased in treatment B and de-
creased sharply in treatment A.

Zinc and magnesium

The measurements of Zn and Mg were beyond the detection
range of our equipment, in the case of Zn below (0.01 mg/L)
and in the case of Mg above (150 mg/L) the detection limits.
Consequently, no statistical analysis was made for these
elements.

The low concentration of zinc was due to the alkaline char-
acter of the tailings and the addition of calcium carbonate as an
inorganic amendment. The high concentration of Mg can be
explained by the high cation-exchange capacity and the
amendments employed.

Analysis of variance

The analysis of variance, at a significance level of 5 %, pro-
vided the following findings. The number of irrigations and
the inorganic amendment and the organic amendment signif-
icantly affected EC, with p values of 0, 0.014, and 0.01, re-
spectively. The concentration of copper is significantly affect-
ed by the number of irrigations, the inorganic amendment, the
organic amendment, and the interaction between the two
amendments, providing p values of 0, 0.006, 0, and 0.014,
respectively. The organic amendment affected the concentra-
tions of Mn (p value of 0.003) and Fe (0.046). The effects of
the inorganic amendment, the organic amendment, and the
interaction between them were found for sulfate concentra-
tions in leachate, with p values of 0.001, 0.002, and 0.001
respectively. No statistical evidence was found for the influ-
ence of the number of irrigations and the application of the
amendments for the remaining parameters.

Analysis of covariance

The results of the analysis of covariance are presented to
evaluate the interactions among the physicochemical pa-
rameters for the four treatments. The criterion to define
significant relationship among the parameters was a
Pearson coefficient greater than or equal to an absolute
value of 0.80. Tables 4, 5, 6, and, 7 show the results of



Environ Sci Pollut Res (2016) 23:11901-11915

11911

Table 4  Pearson correlation matrix for treatment A

Variable Correlations
pH EC Ccu*" Mn Fe PO, NO;~ Zn S04~ Ca*" NH," K"
pH 1.00
EC 0.12 1.00
cu** -0.35 (0.81) 1.00
Mn -0.10 (0.85) (0.88) 1.00
Fe -0.34 0.63 (0.89) 0.66 1.00
PO, 0.47 (0.86) 0.45 0.60 0.30 1.00
NO;~ -0.56 (-0.80)  —0.41 -0.70  -023 (—0.88) 1.00
Zn 0.61 0.25 -0.21 -0.01 -0.25 0.66 -0.54 1.00
SO 0.54 0.75 0.30 0.60 0.10 (0.86) (-0.96)  0.50 1.00
Ca*" -0.24 0.47 0.37 0.41 0.17 0.27 -0.23 -0.19 0.29 1.00
NH," -029  —040 -0.19 —0.58 -0.01 -0.51 0.72 -0.41 -0.63 -0.28 1.00
K" 0.28 (0.82) 0.58 0.53 0.58 0.73 —0.63 021 0.61 0.51 -0.16 1.00

Correlations greater than an absolute value of 0.80 are shown in parentheses

the analysis of covariance, using the Pearson coefficient,
for all the treatments.

pH

The analysis of covariance for treatments A, B, and C
showed no significant relationship between pH and any
measured parameter. However, there was a directly pro-
portional relationship between pH and NO;  concentra-
tion in treatment D. This result is in line with that pro-
vided by Kemmitt et al. (2005), who stated that when pH
decreases, nitrate leaching is reduced.

Table 5 Pearson correlation matrix for treatment B

Electrical conductivity

The analysis of covariance identified several parameters as
significantly related to EC for treatment A. A directly propor-
tional relationship was found with the concentrations of Cu”",
Mn, NO;~, PO,*", SO,*, and K". Acosta et al. (2011) and
Zhao et al. (2013) determined that the mobilities of Cu and Mn
are affected by soil salinity. For treatment B, a direct propor-
tional relationship was found between EC and Cu®" and PO,*~
concentrations. For treatment C, a direct proportional relation-
ship was identified with the concentrations of Cu®" and PO,
Regarding treatment D, a directly proportional relationship
was found for the concentrations of Cu?" and Fe. The

Variable Correlations
pH EC Cu*" Mn Fe PO, NO;~ Zn S04 Ca* NH," K"
pH 1.00
EC -0.53 1.00
Cu** -0.30 (0.83) 1.00
Mn 0.40 -0.06 -0.13 1.00
Fe -0.66 0.66 0.54 -0.10 1.00
PO, -0.30 (0.82) 0.75 -0.07 0.51 1.00
NO;~ 0.15 -0.65 -0.47 -0.31 -0.47 -0.37 1.00
Zn 0.19 0.46 0.41 031 0.14 0.76 -0.18 1.00
SO, -0.20 0.78 0.43 0.22 0.32 0.76 -0.51 0.73 1.00
Ca** -0.07 -0.56 (-0.81) -0.14 -0.25 -0.55 0.40 -0.56 -0.33 1.00
NH," 031 -0.36 -0.20 0.47 -0.01 -0.23 -0.19 -0.24 -0.42 0.15 1.00
K -0.44 0.78 0.91) -0.11 0.59 0.67 -0.33 0.23 0.34 -0.57 -0.12 1.00

Correlations greater than an absolute value of 0.80 are shown in parentheses
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Table 6 Pearson correlation matrix for treatment C

Variable Correlations
pH EC Ccu** Mn Fe PO, NO;~ Zn S04 Ca* NH," K"
pH 1.00
EC -0.12 1.00
cu** -0.09 (0.88) 1.00
Mn 027 -0.18 -0.08 1.00
Fe -0.23 0.51 0.17 -0.05 1.00
PO, -0.07 (0.85) (0.85) -0.02 0.26 1.00
NO;~ 0.01 -0.08 -0.31 0.32 0.17 -0.02 1.00
Zn 0.13 -0.43 -0.44 0.47 -0.31 -0.16 0.42 1.00
SO 0.01 -0.08 -0.31 0.32 0.17 -0.02 (1.00) 0.42 1.00
Cca** -0.13 -0.69 -0.66 0.30 -0.50 -0.64 0.35 0.36 0.35 1.00
NH," 0.13 -0.56 -0.32 -0.01 -0.38 -0.32 -0.26 -0.25 -0.26 0.26 1.00
K* 0.69 -0.33 -0.33 0.42 -0.17 -0.44 -0.19 0.29 -0.19 0.20 -0.06 1.00

Correlations greater than an absolute value of 0.80 are shown in parentheses

application of amendments significantly affected the types of
ions present, with a direct effect on EC.

Copper

The analysis of covariance of treatment A provided an
opportunity to identified directly proportional relation-
ships between the concentrations of Cu®?‘/Fe and
Cu®*/Mn, which can be explained due to the effect of the
salinity of the soil on metal mobility. The cations associ-
ated with the salts can replace heavy metals in adsorption
sites. For treatment B, directly proportional relationships

Table 7  Pearson correlation matrix for treatment D

were found between EC and the concentration of K'.
Furthermore, an inversely proportional relationship with
the concentration of Ca*" was defined, which could be
explained by the following reaction (Ponizovsky et al.
2007)

CaCO; + Cu* T >CuCO; + Ca**

For treatment C, a directly proportional relationship
was found between EC and PO, concentrations. Chen
et al. (2003) reported the same relationship. For treat-
ment D, a directly proportional relationship between EC
and Fe was identified.

Variable Correlations
pH EC Cu*" Mn Fe PO, NO5~ Zn S0.% Ca*" NH," K"
pH 1.00
EC 0.12 1.00
Cu** 0.10 (0.83) 1.00
Mn 0.38 -031 0.10 1.00
Fe 0.12 0.91) (0.89) -0.19 1.00
PO, 0.16 0.70 0.52 -0.39 0.53 1.00
NO;~ 0.74 -0.08 0.12 0.51 0.10 -0.07 1.00
Zn -0.58 -0.16 -0.15 -0.32 0.03 -0.09 -0.21 1.00
SO, -0.01 0.10 -0.17 -0.54 0.01 -0.17 0.00 -0.04 1.00
Ca** 0.30 -0.48 -0.16 0.49 -0.37 -0.35 0.42 -0.37 -0.07 1.00
NH," -0.29 0.10 0.16 -0.26 0.09 -0.07 -0.41 -0.35 0.18 0.17 1.00
K -0.05 -031 -0.34 -0.29 -0.39 0.36 0.05 0.00 -0.05 0.15 0.08 1.00

Correlations greater than an absolute value of 0.80 are shown in parentheses
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Iron

The analysis of covariance for the treatment A showed a
direct proportional relationship between the concentrations
of Fe and Cu®", which can be explained by reduced soil
salinity owing to irrigation. No significant relationships were
found between the concentration of Fe and any measured
parameters for treatments B and C. A direct relationship
with EC and Cu®" was identified for treatment D.

Manganese

For treatment A, the analysis of covariance found a direct
proportional relationship between Mn-EC, Mn-Cu*", and
Mn-Fe due to the effect of salinity on metal mobility. No
significant relationships were found between manganese con-
centrations and the measured parameters in treatments B, C,
and D.

Calcium

The analysis of covariance for treatment A identified a direct
proportional relationship with the concentration of K. For
treatment B, inverse proportional relationships were found
with Ca®"-EC and Ca?"-Cu®*. The same relationship with
the concentration of Cu®" was obtained for treatment C. No
significant relationships were found for treatment D.

Potassium

The analysis of covariance of treatments A and B identified
direct proportional relationships between K*-EC, K*-Cu*",
K*-PO,>", and K'-Ca®" concentrations. Zhang et al. (2009)
reported the relationship between the concentration of K and
EC. No significant relationships were found for treatments C
and D.

Conclusions

The physicochemical properties of the tailings, such as con-
centrations of metals, pH, and EC, were analyzed and com-
pared to those of the surrounding soil. Metal concentrations
were higher in the tailings than in the soil, with the exception
of As, Mn, and B. The greatest differences in concentrations
were for Cu, Fe, and Mg. Due to the salinity of the tailings,
Cu, Fe, and Mn can be expected to be highly mobile. On the
other hand, because pH is alkaline, aluminum concentrations
are unlikely to be toxic to plants, but can stimulate the mobil-
ity of other toxic metals, such as Cr.

With respect to the effect of the amendments on the leach-
ates collected underneath the columns, Cu®" was found in sig-
nificantly higher concentrations than in the control.

Calculations of concentrations showed that the concentration
in average of Cu®" in tailing treated with CaCO;, tailing treated
with compost, and tailing treated with both amendments were
0.93, 2.22, and 2.63 mg/L, respectively, compared to 0.51 mg/
L. In contrast, Fe was found in significantly lower concentra-
tions than in the control, in average adding CaCOj3 or compost
or both amendments were 0.12, 0.03, and 0.04 mg/L, respec-
tively, compared to 0.21 mg/L. This indicated that the mobility
of Fe decreased in the leachate and the bioavailability of Cu**
increased due to effects of the amendments.

Leachates from tailings amended with compost showed a
slight increase in the pH in the range of 7.8 to 8.2. These
leachates presented the highest EC values. Moreover, EC
tended to decrease with the number of irrigations. The leach-
ates from tailings amended with CaCO; showed the lowest
EC values. The ANOVA, at a significance level of 5 %,
showed that the number of irrigations and the amendments
had a significant influence on EC. The inorganic amendment
was the least effective treatment in eliminating salts.
Therefore, this amendment is not useful for decreasing salinity
in tailings.

To determine the interaction among the parameters mea-
sured, a criterion of Pearson coefficient greater or equal than
an absolute value of 0.80 was employed. Direct proportional
relationships between EC-Cu®*, EC-Mn, EC-PO,>", EC-K",
Cu*'-Mn, Cu**-Fe, and PO,*"-SO,>~ were found, while in-
verse relationships between EC-NO; PO437—NO37, and
NO; -S0,*" were identified. The relationship between EC
and metals stimulates the mobility of PO437, Mn, K, and
Cu?". With the application of CaCOj; or compost, a positive
relationship between EC-Cu*" and EC-PO,>~ was found;
however, the application of both amendments showed a direct
relationship between EC-Cu?®", EC-Fe, and Cu®*-Fe.
Moreover, direct relationships between Cu®*-PO,*~ and
NO; -SO4> were observed in the tailing treated with organic
amendment. Regarding the tailing treated with CaCO;, from
the results provided by the correlation matrix, it can be ob-
served that the mobility of Cu?", PO4>~, and K" increased with
the increase of EC.

Acknowledgments This study was carried out in the framework of a
CORFO-INNOVA project (08CMO01-05), titled “Integrated development
of magneto-chemical technologies and phytotechnologies applied to the
remediation of heavy metals in mining environmental liability
development”.

References

Acevedo O, Ortiz E, Cruz M, Cruz E (2004) El papel de 6xidos de hierro
en suelos. Terra Latinoamericana 22(4):485-497

Acosta J, Jansen B, Kalbitz K, Faz A, Martinez-Martinez S (2011)
Salinity increases mobility of heavy metals in soils. Chemosphere
85:1318-1324

@ Springer



11914

Environ Sci Pollut Res (2016) 23:11901-11915

Alloway BJ (1995) Heavy metals in soils. Blackie Academic and
Professional, UK

Alloway BJ (2008) Zinc in soils and crop nutrition. International Zinc
Association, Bruselas

Arizmendi N, Rivera P, De La Cruz F, Castro B, De La Garza F (2011)
Lixiviacion de hierro quelatado en suelos calcareos. Terra
Latinoamericana 29(3):231-237

Basta NF, Tabatabai M (1985) Determination of exchangeable bases in
soils by ion chromatography. Soil Sci Soc Am J 49:84-89

Benavides M, Gallego S, Tomaro M (2005) Cadmium toxicity in plants.
Braz J Plant Physiol 17:21-34

Bingham FT (1982) Boron. In: Page AL (ed) Methods of soil analysis.
Part 2: chemical and microbiological properties, 2nd edn. American
Society of Agronomy, WI, pp 431-448

Blakemore LC, Searle PL, Daly BK (1972) Methods for chemical anal-
ysis of soils. New Zealand, NZ DSIR. (NZ Soil Bureau Scientific
Report 10 A, p. A9.1)

Bornemisza E (1982) Introduccion a la quimica de suelos. OEA,
Washington, DC

Briggs PH (1996) Forty elements by inductively coupled plasma-atomic
emission spectrometry. In: Arbogast BF (ed) Analytical methods
manual for the Mineral Resource Surveys Program, U.S.
Geological Survey: U.S. Geological Survey Open-File Report 96—
525, pp 77-94

Cappuyns V, Swennen R (2008) The application of pHgy, leaching tests to
assess the pH-dependent release of trace metals from soils, sedi-
ments and waste materials. ] Hazard Mater 158:185-195

Cervantes C, Gutierrez-Corona F (1994) Copper resistance mechanisms
in bacteria and fungi. FEMS Microbiol Rev 14:121-137

Chen Y, Zhu G, Tian G, Chen H (2003) Phosphorus and copper leaching
from dredged sediment applied on a sandy loam soil: column study.
Chemosphere 53:1179-1187

Choudhary OP, Josan AS, Bajwa MS, Kapur ML (2004) Effect of
sustained sodic and saline-sodic irrigation and application of gyp-
sum and farmyard manure on yield and quality of sugarcane under
semi-arid conditions. Field Crop Res 87(2):103-116

Clemente R, Dickinson NM, Lepp NW (2008) Mobility of metals and
metalloids in a multi-element contaminated soil 20 years after ces-
sation of the pollution source activity. Environ Pollut 155:254-261

Coelho P, Silva S, Roma-Torres J, Costa C, Henriques A, Teixeira J,
Gomes M, Mayan O (2007) Health impact of living near an aban-
doned mine- case study: Jales Mines. Int ] Hyg Environ Health 210:
399402

Color, Munsell (2009) Geological rock-color chart. Geological Society of
America, USA

Dahlquist RL, Knoll JW (1978) Inductively coupled plasma-atomic emis-
sion spectrometry: analysis of biological materials and soils for ma-
jor trace, and ultra-trace elements. Appl Spectrosc 32:1-30, ICP:
ARL (Fisons) Model 3560 ICP-AES

Delvaux B (1995) Soils. In: Gowen D (ed) Bananas and plantains.
Chapman and Hall, Glasgow, pp 230-257

Diaz A (2009) Disefo estadistico de experimentos, 2nd edn. Universidad
de Antioquia, Colombia

Dobermann A, Cassman K, Mamaril C, Sheehy J (1998) Management of
phosphorus, potassium, and sulfur in intensive, irrigated lowland
rice. Field Crop Res 56:113-138

Durza O, Gregor T, Antalova S (1993) The effect of the heavy metals soil
contamination on magnetic susceptibility. Acta Univ Carol Geol 37:
135-143

Essington M (1990) Calcium molybdate solubility in spent oil shale and a
preliminary evaluation of the association constants for the formation
of CaMo0O4(aq), KM004-(aq), and NaMoO4-(aq). Environ Sci
Technol 24:214-220

Fassbender H, Roldan J (1973) Forma y equilibrios del manganeso en
suelos de América Central. Turrialba 23:30-36

@ Springer

Fassel VA, Kniseley RN (1974) Inductively coupled plasma optical emis-
sion spectroscopy. Anal Chem 46(13):1110A-1120A

Fellet G, Marchiol L, Perosa D, Zerbi G (2007) The application of
phytoremediation technology in a soil contaminated by pyrite cin-
ders. Ecol Eng 3(1):207-214

Garcia I, Diez M, Martin F, Simén M, Dorronsoro C (2009) Mobility of
arsenic and heavy metals in a sandy-loam textured and carbonated
soil. Pedosphere 19:166—175

Giesler R, Hogberg M, Hogberg P (1998) Soil chemistry and plants in
Fennoscandian boreal forest as exemplified by a local gradient.
Ecology 79:119-137

Hartley W, Edwards R, Lepp NW (2004) Arsenic and heavy metal mo-
bility in iron oxide amended contaminated soils as evaluated by
short- and long-term leaching tests. Environ Pollut 131:495-504

Hettiarachchi G, Pierzynski G, Ransom M (2000) In situ stabilization of
soil lead using phosphorus and manganese oxide. Environ Sci
Technol 34:4614-4619

Hirzel J (2010) Uso de enmiendas organicas en frutales de hoja caduca:
consideraciones técnicas y dosificaciones. Revista Fruticola
Copefrut SA, Obtencion de la fruta de calidad 2:42—48

Jalali M (2008) Effect of sodium and magnesium on kinetics of potassium
release in some calcareous soils of western Iran. Geoderma 145:
207-215

Johnston A, Goulding D, Mercer E (1993) Potassium leaching from a
sandy soil. International Potash Institute, Horgen

Kaschl A, Volker Romheld V, Chen Y (2002) The influence of soluble
organic matter from municipal solid waste compost on trace metal
leaching in calcareous soils. Sci Total Environ 291:45-57

Kemmitt S, Wright D, Jones D (2005) Soil acidification used as a man-
agement strategy to reduce nitrate losses from agricultural land. Soil
Biol Biochem 37:867-875

Kitula AGN (2006) The environmental and socio-economic impacts of
mining on local livelihoods in Tanzania: a case study of Geita
District. J Clean Prod 14:405-414

Krzaklewski W, Pietrzykowski M (2002) Selected physico-chemical
properties of zinc and lead ore tailings and their biological
stabilisation. Water Air Soil Pollut 141:125-142

Liao Y, Zheng S, Nie J, Xie J, Lu Y, Qin X (2013) Long-term effect of
fertilizer and rice straw on mineral composition and potassium ad-
sorption in a reddish paddy soil. J Integr Agric 12(4):694-710

Lindsay WL, Norvell WA (1978) Development of a DTPA soil test for
zinc, iron, manganese, and copper. Soil Sci Soc Am J 42(3):421-
428

Liu X, Zhang W, Zhang M, Ficklin D, Wang F (2009) Spatio-temporal
variations of soil nutrients by an altered land tenure system in China.
Geoderma 152:23-34

Lizarraga L (2008) Afectacion de una presa de Jales de Sulfuros Masivos
a la Hidrogeoquimica de los escurrimientos Superficiales Aledaiios.
Universidad Nacional Auténoma de México. pp 64, 65, 174-178

Marchiol L, Fellet G, Perosa D, Zerbi G (2007) Removal of trace metals
by Sorghum bicolor and Helianthus annuus in a site polluted by
industrial wastes: a field experience. Plant Physiol Biochem 45:
379-387

Marschner H (1995) Mineral nutrition of higher plants. Academic Press,
London

Marsh T, Mcinerney M (2001) Relationship of hydrogen bioavailability
to chromate reduction in aquifer sediments. Appl Environ Microbiol
67:1517-1521

Mendez MO, Maier RM (2008) Phytostabilization of mine tailings in arid
and semiarid environments—an emerging remediation technology.
Environ Health Perspect 116:278-283

Murakami FS, Rodrigues PO, Campos CMTD, Silva MAS (2007)
Physicochemical study of CaCO; from egg shells. Food Sci
Technol (Campinas) 27(3):658—662

Nieto KF, Frankenberger WT (1985a) Single ion chromatography. I.
Analysis of inorganic anions in soils. Soil Sci Soc Am J 49:587-592



Environ Sci Pollut Res (2016) 23:11901-11915

11915

Nieto KF, Frankenberger WT (1985b) Single ion chromatography. II.
Analysis of ammonium, alkali metals, and alkaline earth cations in
soils. Soil Sci Soc Am J 49:592-596

O’Connor G, Brobst R, Chaney R, Kincaid R, Mcdowell L, Pierzynski G,
Rubin A, Van Riper G (2001) A modified risk assessment to estab-
lish molybdenum standards for land application of biosolids. J
Environ Qual 30:1490-1507

Odlare M, Pell M, Svensson K (2008) Changes in soil chemical and
microbiological properties during 4 years of application of various
organic residues. Waste Manag 28:1246-1253

Ortiz PR, Banda JIM, Encinia FB, Tovar CZ (2014) Rehabilitacion de
suelos salino-sodicos: estudio de caso en el distrito de riego 086,
Jiménez, Tamaulipas, México. Terra Latinoamericana 32(3):211—
220

Plaster E (2000) La Ciencia del Suelo y su Manejo. Editorial Paraninfo

Ponizovsky A, Allen H, Ackerman A (2007) Copper activity in soil
solutions of calcareous soils. Environ Pollut 145:1-6

Qadir M, Noble A, Schubert S, Thomas R, Arslan A (2006) Sodicity-
induced land degradation and its sustainable management: problems
and prospects. Land Degrad Dev 17:661-676

Qadir M, Oster J, Schubert S, Noble A, Sahrawat K (2007)
Phytoremediation of sodic and saline-sodic soils. Adv Agron 96:
197-247

Reid R (2010) Can we really increase yields by making crop plants
tolerant to boron toxicity? Plant Sci 178:9-11

Rhoades JD, Manteghi NA, Shouse PJ, Alves WJ (1989) Estimating soil
salinity from saturated soil-paste electrical conductivity. Soil Sci Soc
Am J 53:428-433

Roongtanakiat N, Osotsapar Y, Yindiram C (2008) Effects of soil amend-
ment on growth and heavy metals content in vetiver grown on iron
ore tailings. Kasetsart J Nat Sci 42:397-406

Sanita Di Toppi L, Gabbrielll R (1999) Response to cadmium in higher
plants. Environ Exp Bot 41:105-130

Sawhney B, Bugbee G, Stilwell D (1994) Leachability of heavy metals
from growth media containing source-separated municipal solid
waste compost. J Environ Qual 23:718-722

Schippers A, Jozsa PG, Sand W, Kovacs ZM, Jelea M (2000)
Microbiological pyrite oxidation in a mine tailings heap and its
relevance to the death of vegetation. Geomicrobiol J 17:151-162

Schroeder K, Rufaut CG, Smith C, Mains D, Craw D (2005) Rapid plant-
cover establishment on gold mine tailings in southern New Zealand:
glasshouse screening trials. Int J Phytorem 7:307-322

Sequi P (1973) Molybdenum in earth. Agrochimica 17:119—140

Shariatmadari H, Mermut AR (1999) Magnesium-and silicon-induced
phosphate desorption in smectite—, palygorskite—, and sepiolite—cal-
cite systems. Soil Sci Soc Am J 63(5):1167-1173

Smaling EMA (1998) Nutrient balances as indicators of productivity and
sustainability in sub-Saharan African agriculture. Agric Ecosyst
Environ 71(1-3):283

Sobek AA, Schuller WA, Freeman JR, Smith RM (1978) Field and lab-
oratory methods applicable to overburdens and mine soils (EPA-
600/2-78-054). U. S. Government Printing Office, Washington, DC

Suarez D (2001) Sodic soil reclamation: modeling and field study. Aust J
Soil Res 39:1225-1246

Urbano P (2001) Tratado de Fitotecnia General. Ediciones Mundi-Prensa

Vargas G, Rodriguez A (2000) Influencia de las aguas de riego en los
procesos de salinizacion y sodificacion de suelos en cultivos de
platanos y tomates (I. Canarias). Boletin de la Sociedad Espaiiola
de la Ciencia del Suelo 7:129-136

Wang H, Huang B, Shi X, Darilek J, Yu D, Sun W, Zhao Y, Chang Q,
Oborn T (2008) Major nutrient balances in small-scale vegetable
farming systems in peri-urban areas in China. Nutr Cycl
Agroecosyst 81:203-218

Watson ME (1998) Boron: recommended chemical soil test procedures
for the North Central Region. Research Publication No. 221.
Missouri Agricultural Experiment Station SB 1001:45-48

Westerman RL (1990) Soil testing and plant analysis. Soil Science of
America Book Series 3rd edn

Yang J, Mosby D, Casteel S, Blancher R (2001) Lead immobilization
using phosphoric acid in a smelter-contaminated urban soil. Environ
Sci Technol 35:3553-3559

Zalidis G, Barbayarinis N, Matsi T (1999) Forms and distribution of
heavy metals in soils of the Axios Delta of Northern Greece. Soil
Sci Plant Anal 30(5-6):817-827

Zhang F, Tiyip T, Ding J, Taft G, He Q (2009) The effects of the chemical
components of soil salinity on electrical conductivity in the Region
of the Delta Oasis of Weigan and Kuqa Rivers, China. Agric Sci
China 8(8):985-993

Zhao S, Feng C, Wang D, Liu Y, Shen Z (2013) Salinity increases the
mobility of Cd, Cu, Mn, and Pb in the sediments of Yangtze Estuary:
relative role of sediments properties and metal speciation.
Chemosphere 91:977-984

@ Springer



	Evaluation of metal mobility from copper mine tailings in northern Chile
	Abstract
	Introduction
	Material and methods
	Copper mine tailing samples
	Sample analysis
	Amendments and doses
	Column leaching experimental design
	Statistical analysis

	Results and discussions
	Comparison of tailings and surrounding soil
	Aluminum
	Arsenic
	Boron
	Cadmium
	Calcium
	Chloride
	Chromium
	Copper
	Electrical conductivity
	Iron
	Potassium
	Magnesium
	Manganese
	Molybdenum
	Sodium
	Lead
	Zinc
	Sulfates
	Water saturation
	pH

	Analysis of leachate
	pH
	Electrical conductivity
	Copper
	Iron
	Manganese
	Calcium
	Potassium
	Zinc and magnesium

	Analysis of variance
	Analysis of covariance
	pH
	Electrical conductivity
	Copper
	Iron
	Manganese
	Calcium
	Potassium


	Conclusions
	References


