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Abstract Spontaneous colonization of mine tailing
dams by plants is a potential tool for phytostabilization
of such reservoirs. However, the physical and chemical
properties of each mine tailings deposit determine the
success of natural plant establishment. The plant
Baccharis linearis is the main native nanophanerophyte
species (evergreen sclerophyllous shrub) that naturally
colonizes abandoned copper tailings dams in arid to
semiarid north-central Chile. This study compare
growth of B. linearis against the physical and chemical
properties of a Technosol derived from copper mine
tailings. Five sites inside the deposit were selected based
on B. linearis vegetation density (VD), at two soil
sampling depths under the canopy of adult individuals.
Physical and chemical properties of tailings samples and
nutrient concentrations in tailings and plants were each
determined. Some morphological features of the plants
(roots and aerial parts) were also quantified. There were
significant differences in soil available water capacity
(AW) and relative density (Rd) at different VD. Sites
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with low AW and high Rd had lower nutrient concentrations and higher Zn content in tailings, decreased infection by arbuscular mycorrhizal fungi, and increased fine
root abundance and root hair length in individual plants.
In contrast, higher AW, which was positively correlated
with fine particles and organic matter content, had a
positive effect on vegetation coverage, increased N
and P contents in tailings, and increased N contents in
leaf tissues, even when available N and P levels in
tailings were low. Multiple constraints, such as low
AW, N, P, and B contents and high Zn concentrations
in the tailings restricted vegetation coverage, but no
phenotypic differences were observed between individuals. Thus, in order to promote dense coverage by
B. linearis, water retention in these tailings must be
improved by increasing colloidal particles (organic
and/or inorganic) contents, which have a positive effect
on colonization by this species.
Keywords Arbuscular mycorrhizal fungi . Baccharis
linearis . Plant–substrate interaction . Tailings properties

1 Introduction
Mineral processing comprises two principal steps: size
reduction to liberate the grains of valuable mineral from
gangue minerals and physical separation of the particles of
valuable minerals from the gangue to produce an enriched
portion, or concentrate, containing most of the valuable
minerals, and a discard, or tailings (Wills and Finch 2016).
Environmental sustainability remains a major issue, and
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Chile faces increasing tension between mining companies
and communities over land use, water use, and tailings
disposal (Simpson et al. 2014).
The mine tailings are produced at annual rates of
millions of Mg, and their storage facilities may cover
different landscapes in Chile, mainly concentrated in the
arid–semiarid north and central territory (1 Mg = 1 metric ton). From several active mining operations, a total
of 718 mine tailings were reported in 2015 and only
17% of these were active/associated with mining enterprises in current production (SERNAGEOMIN 2015).
Mining activities have adverse effects on the environment, e.g., long-term occupation of large tracts of
land. When mining wastes are not properly handled,
they represent a potential threat for the surrounding
ecosystems and public health in nearby communities,
which includes land degradation and a reduced soil
ability to support vegetation growth. Therefore, before
establishing a tailings dam, environmental impact and
land use studies must be carried out to assess and prevent potential threats, and once a dam building project
has been approved, several policies and regulations
involving the physicochemical and mechanical behavior
of mine wastes and their disposal must be observed
(Blight 2010).
At present, there are regulations concerning the closure of mining operations once the tailings dam is silted
up. These involve stabilization and remediation of the
mine tailings disposal sites through different strategies.
Some of these strategies involve the use of organisms,
such as bacteria, algae, and plants, under the generic
term bioremediation. Inside this category, mine tailings
stabilization with metal-, salt-, and drought-tolerant
plants’ long-term sequestering, extracting, or
hyperaccumulating metals are alternatives to consider
(Mendez and Maier 2008).
In order to carry out bioremediation of mine tailings
by plants, an understanding of colonization and plant
establishment in those constraining environments must
be acquired. Generally, vegetation in those environments grows in heterogeneous patches, which exhibit
low species diversity and a composition dominated by
annual and biennial herbs and grasses, with fewer
woody species (Shu et al. 2002). The colonization capacity of the species depends considerably on their seed
dispersal capacity (Young et al. 2013). Natural attenuation of contaminants can be accelerated by the role of
tolerant nurse plants, which can alter the near environment of beneficiary species, and this effect can be
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reached faster through plants that are prone to arbuscular
mycorrhizal infection, playing an important role in vegetal succession and in the restoration of damaged ecosystems (González-Chávez et al. 2009; Young et al.
2013; Cuevas et al. 2013).
Knowledge of the potential threat and the efficiency
of stabilization/remediation methods is still limited and
even non-existent at the moment. In particular, information is required concerning the physicochemical and
microbiological processes acting in the tailings. An
understanding of the processes occurring during natural
vegetation colonization and succession on mine tailings
is also a priority for the development of remediation
programs (Alday et al. 2011).
The aim of this study was therefore to assess the
natural attenuation caused by the plant Baccharis
linearis R. et P. in a Technosol developed from typical
copper tailings materials and its relationship to several
soil properties.

2 Material and Methods
2.1 Study Area and Sampling
The study was carried out on a Technosol developed on
the Tambillos tailings dam, which contains waste materials resulting from the extraction of copper and gold. The
tailings dam of 3.58 ha, which has been left undisturbed
for 45 years, is located in a piedmont position (30°11′S,
71°14′W; 205 m asl), within the province of Elqui and the
region of Coquimbo at northern Chile (Fig. 1).
The area is characterized by a semiarid subtropical
Mediterranean climate, where the precipitation-free period
is preceded by 9–11 months with a mean temperature of
12.0 °C (June to August) and 18.5 °C (October to March).
Mean annual rainfall is 107 mm, and mean annual potential evapotranspiration is 1337 mm (Montecinos et al.
2016). Sampling was performed in March 2010 in the
tailings dam, which has been naturally colonized with
Chilean romerillo (B. linearis R. et P.) as the dominant
species, forming a heterogeneous shrub cover.
Five sites were selected in the tailings dam, with the
vegetation density (VD) being the main selection criterion. VD was determined considering three levels (low,
medium, and high) of plant density in the dam, which
were associated to vegetation cover (VC) obtained from
a georeferenced and processed Landsat 7 image (UTM,
WGS84, 19S). Shrub and site polygons were mapped in
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Fig. 1 Location of the study site. Tambillo tailings dam in central Chile, Coquimbo Region

the satellite image and their area estimated using
ArcGIS 9.3 (Fig. 2). Two sites (2 and 4) were classified
as having low VD, two medium VD (1 and 5), and one
high VD (3). The high VD site had ∼50% VC, the
maximum value in the dam, while low VD sites had
∼20% VC.
At each of the five VD sites, three dominant adult
female B. linearis plants were chosen. Under the canopy
of each plant, soil samples were taken from two shallow
layers. The surface layer corresponds to a sandy substrate (0–13 cm on average) applied on the dam surface,
after closure. The second layer, 16-cm thick, is composed of the last flotation tailings deposit. After extraction, the samples were air-dried and sieved to 2 mm.
Samples of leaf tissues were taken from the apical
stem of adult plants and stored in paper bags at 4 °C. At
the same time, fine root samples were extracted from
each substrate layer described above and preserved in
50-mL Falcon tubes at 4 °C.

2.2 Analytical Methods
Bulk density (Bd) of the substrates was measured by the
core method, particle density (Pd) by the pycnometer
method, texture by the Bouyoucos hydrometer method,
and water retention at −33 and −1500 kPa through
pressure plates (Sandoval et al. 2012). Total porosity
index (f), void ratio (e), and available water content
(AW) were calculated.

From the observed maximum and minimum e values
found in the tailings (emax and emin, respectively), the
relative density (Rd) of the substrates as defined by Das
(2016) was obtained by:
Rd ¼

emax −e
emax −emin

So that Rd quantifies the state of compaction of
coarse soils between the loosest and densest possible
states.
Chemical analyses of the samples were performed
following standard methods (Sadzawka et al. 2006),
measuring electrical conductivity (EC) in saturation extracts, organic matter (OM) content by the wet digestion
method of Walkley-Black, pH in a 1:2.5 ratio
(soil/water), inorganic N by KCl extraction, distillation
and titration, and available P by the Olsen method. The
sulphate (SO4–S) content in the saturation extracts was
determined by turbidimetry analysis of BaSO4 and the
hot water B content by colorimetry with azomethine-H.
The exchangeable cations were extracted with 1 M
NH4OAc at pH 7, Ca and Mg by atomic absorption
spectrophotometry (AAS), and both Na and K by flame
photometry. Equivalent CaCO3 was determined using
manometry and the cation exchange capacity (CEC)
with NH4OAc percolation at pH 7, while available Fe,
Cu, Zn, and Mn were extracted with DTPA. Available
Mo was extracted with ammonium bicarbonate DTPA
(Hettiarachchi and Gupta 2008) and their content determined by AAS.
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Fig. 2 The Tambillos tailings dam and location of the five experimental sites with their respective vegetation coverage (VC) and their
classification into three levels of vegetation density (VD). Numbered polygons are the selected sites

Height and upper perimeter crown were measured in
the field on the bushes selected for soil sampling. Abundance of fine roots (AFR) of B. linearis was quantified
per unit area (1 cm 2 ) in pits. The percentage of
arbuscular mycorrhizal infection (AMFI) was determined by staining mycorrhizal chitin with 0.05%
tryptan blue and 50% glycerol (Koske and Gemma
1989) and quantified by the linear transect procedure
established by Giovannetti and Mosse (1980). Vesicles,
arbuscules, and intraradical spores or typical mycelia
inside the roots were included to quantify the presence
of AMFI in root fragments. In addition, root diameter
(RD) and root hair length (RHL) were measured by

ocular micrometre under a transmitting light microscope
(×40; Leica, Model DM500).
Leaf samples were washed with EDTA chelate solution (0.01 M) and dried in punched paper bags at 70 °C
for 24 h. Total concentrations of N, P, K, Ca, Mg, Cu,
Fe, Zn, Mn, Na, and B in plant tissues were determined
according to Sadzawka et al. (2007).
2.3 Statistical Analyses
The experiment had a completely randomized design,
with experimental units corresponding to sampling sites,
and three treatments corresponding to the low, medium,
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and high VD classes. Samples were taken from two
layers at different depths, and three replicates per experimental unit for each variable measured were included in
each case.
A descriptive statistical analysis of population data
was applied for all variables measured, and a transformation of data that presented non-normal distribution or
percentages was carried out in order to subsequently run
a one-way ANOVA test (p < 0.05) complemented with a
multiple range test of Tukey to assess differences between treatments. Besides, differences in soil physicochemical properties between layers were analysed by
Student’s t tests (p < 0.05).
Finally, several regressions between soil physicochemical properties were done, and a correlation matrix
was carried out between plant root parameters and soil
properties in order to understand the soil–plant relationships in this constrained medium.

3 Results and Discussion
Because of their fine textural characteristics, tailings
superficially resemble fine sandy or silty (forestry or
agricultural) soils, i.e., tailings do not have the properties
of these soils. Suitability of a tailings-derived Technosol
as a substrate for vegetation growth depends on its
(considerably variable) physical, chemical, and biological properties.
3.1 Physical Soil Properties
The clay content in tailings is lower than 10%
(Dimitrova and Yanful 2012; Favas et al. 2011; Qiu
and Sego 2001) and, in some locations, may constitute
more than 50% of solids (Wang et al. 2008). In our case,
soil texture was considerably different between surface
and subsurface layers, especially in terms of clay and
sand content, ranging on average between 4.8 to 60.3%
and 23.6 to 32.5%, respectively (Table 1). This difference is explained by the tasks performed during closing
of the dam, which are oriented to cover the slimes with
sand, causing a clear textural discontinuity. The particle
size analysis showed also a wide dispersion derived
from deposition of heterogeneous materials and revealed significant differences in the subsurface layer at
different VD sites, associated to proportions of clay and
sand. On the other hand, although assumed for gold
mine tailings (Vogel and Kasper 2002), clay fraction
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contains high amounts of sesquioxides such as Fe and
Al hydroxides, which form particles of size <0.002 mm
and thus contribute to the high clay content.
Bd was on average 1.42 Mg m−3 (Table 1), a value
characteristic of poorly structured substrates with low
organic matter contents. The minimum (1.10 Mg m−3)
and maximum (1.79 Mg m−3) values obtained are within
the range of variation found in tailings by Hossner and

Table 1 Comparison of different physical and chemical properties measured in two layers of the Tambillo mine tailings dam in
north-central Chile
Soil properties Units

Surface layer

Subsurface layer

Bd

Mg m−3

1.52 ± 0.22 b

1.33 ± 0.17 a

Pd

Mg m−3

2.99 ± 0.21

2.89 ± 0.15

Clay

%

4.76 ± 3.91 a

23.6 ± 21.9 b

Sand

%

60.27 ± 26.60 b

32.53 ± 26.57 a

Silt

%

34.98 ± 24.8

44.23 ± 13.95

AW

%

8.48 ± 8.90 a

18.24 ± 10.88 b

f

–

0.49 ± 0.05 a

0.54 ± 0.05 b

e

–

0.99 ± 0.19 a

1.19 ± 0.25 b

Rd

–

0.69 ± 0.20 b

0.47 ± 0.27 a

EC

dS m−1

4.80 ± 7.17

2.80 ± 0.88

ESP

%

14.36 ± 19.10

11.74 ± 9.92

pHwater (1:2.5) –

7.53 ± 0.30

7.26 ± 0.91

OM

%

0.28 ± 0.15

0.31 ± 0.34

CEC

cmolc kg−1 5.02 ± 1.96

5.59 ± 1.82

CaCO3

%

1.72 ± 2.29

2.48 ± 2.96

N

mg kg−1

0.39 ± 0.92

0.20 ± 0.40

POlsen

mg kg−1

3.92 ± 3.22 a

7.79 ± 6.35 b

SO4-S

mg kg−1

200.31 ± 220.90 210.52 ± 116.34

CaExch

cmolckg−1

22.02 ± 12.66

28.25 ± 12.57

MgExch

cmolckg−1

0.62 ± 0.87

1.15 ± 1.45

−1

KExch

cmolckg

0.15 ± 0.09

0.19 ± 0.17

NaExch

cmolckg−1

0.71 ± 0.95

0.69 ± 0.66

FeDTPA

mg kg−1

9.07 ± 6.17 a

21.80 ± 16.49 b

CuDTPA

mg kg−1

39.33 ± 29.56 a

67.73 ± 48.45 b

ZnDTPA

mg kg−1

60.45 ± 33.28 b

28.16 ± 26.12 a

−1

MnDTPA

mg kg

3.78 ± 2.88

5.90 ± 10.04

B

mg kg−1

0.28 ± 0.78

0.27 ± 0.53

Mo

mg kg−1

5.26 ± 3.60

8.11 ± 10.29

Values followed by different letters within rows differ significantly
between layers (Student’s t test; p < 0.05)
Bd bulk density, Pd particle density, AW available water, f total
porosity, e void ratio, Rd relative density, EC electrical conductivity, OM organic matter, CEC cation exchange capacity, ESP exchange sodium percentage
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Shahandeh (2006), but a significant decrease in Bd was
found in the subsurface layer at high VD (Table 2). A
common initial settled Bd may be 0.9 to 1.0 Mg m−3,
while after repeated cycles of deposition and exposure
Bd of 1.3 Mg m−3 or more may be achieved (Spitz and
Trudinger 2008).
Pd was on average 2.94 Mg m−3, with no significant
differences between sites or layers (Tables 1 and 2).
Dimitrova and Yanful (2012) obtained fairly similar
results (2.99 Mg m−3) for copper mine tailings, being

closely related to the dominant mineralogy of
technogenic components (Recio-Vazquez et al. 2011).
The index f (porosity or fractional volume not occupied
by solids) was 0.51, with low dispersion value (Table 1),
although significant differences in the subsurface layer
were observed, with increasing porosity at higher VD
(Table 2). It should be noted that f changes due to the
structure development and loads that soils undergo (Peth
et al. 2006), but a narrow range (0.42–0.59) is normally
reported (Stjernman Forsberg and Ledin 2003).

Table 2 Comparison of mean values of physical and chemical properties measured in two soil layers at sites with different vegetation
density (VD). Tambillo mine tailings dam in north-central Chile
Soil property Units

Surface layer

Subsurface layer

Low VD

Medium VD

High VD

Low VD

Medium VD

High VD
1.18 ± 0.10 a

Bd

Mg m−3

1.51 ± 0.22

1.54 ± 0.27

1.44 ± 0.19

1.44 ± 0.20 b

1.33 ± 0.13 ab

Pd

Mg m−3

2.96 ± 0.30

3.04 ± 0.20

2.97 ± 0.01

2.85 ± 0.20

2.91 ± 0.11

2.89 ± 0.12

Clay

%

4.96 ± 4.15

2.68 ± 0.73

7.83 ± 5.56

4.20 ± 1.26 a

28.86 ± 20.92 b

45.63 ± 16.00 b

Sand

%

61.88 ± 27.38

68.80 ± 21.65

43.40 ± 34.53

58.22 ± 18.79 b

20.44 ± 18.24 a

9.90 ± 8.78 a

Silt

%

33.16 ± 24.89

28.52 ± 21.06

48.77 ± 34.17

37.56 ± 18.42

50.74 ± 10.44

44.57 ± 7.31

AW

%

7.40 ± 6.80

6.36 ± 5.99

13.77 ± 15.92

6.40 ± 3.25 a

23.78 ± 6.74 b

28.77 ± 2.18 b

f

–

0.49 ± 0.03

0.50 ± 0.07

0.51 ± 0.06

0.50 ± 0.04 a

0.55 ± 0.04 ab

0.59 ± 0.04 b

e

–

0.97 ± 0.11

1.02 ± 0.30

1.09 ± 0.30

1.00 ± 0.15 a

1.21 ± 0.18 ab

1.45 ± 0.23 b

Rd

–

0.64 ± 0.15

0.58 ± 0.41

0.48 ± 0.41

0.75 ± 0.18 b

0.49 ± 0.22 ab

0.20 ± 0.28 a

EC

dS m−1

2.98 ± 1.71

2.82 ± 0.76

2.58 ± 0.50

2.22 ± 0.64

3.36 ± 1.04

2.80 ± 0.30
25.43 ± 3.34 b

ESP

%

13.44 ± 22.06

6.68 ± 6.60

28.69 ± 25.92

6.84 ± 5.49 a

8.42 ± 8.69 a

pHwater

–

7.61 ± 0.10

7.40 ± 0.42

7.63 ± 0.33

7.04 ± 1.34

7.28 ± 0.74

7.60 ± 0.10

OM

%

0.15 ± 0.11 a

0.31 ± 0.10 ab

0.45 ± 0.11 b

0.13 ± 0.12

0.32 ± 0.24

0.60 ± 0.59

CEC

cmolckg−1 4.10 ± 1.03

6.42 ± 2.28

4.17 ± 1.50

4.40 ± 1.61 a

6.96 ± 1.00 b

5.23 ± 2.05 ab

CaCO3

%

1.91 ± 3.15

1.51 ± 1.42

1.76 ± 2.71

1.51 ± 2.38

2.93 ± 3.42

3.37 ± 3. 71

N

mg kg−1

0.00 ± 0.00 a

0.20 ± 0.45 ab

1.33 ± 1.53 b

0.0 ± 0.0

0.21 ± 0.46

0.54 ± 0.49

POlsen

mg kg−1

4.40 ± 3.21

2.80 ± 2.05

5.33 ± 5.13

3.40 ± 3.29 a

8.60 ± 3.58 ab

14.00 ± 9.17 b

SO4–S

mg kg−1

413.97 ± 96.77 487.87 ± 119.36 780.70 ± 563.81 383.68 ± 133.77 502.32 ± 73.80

536.29 ± 68.93

CaExch

cmolckg−1 18.76 ± 15.12

27.64 ± 11.35

18.17 ± 10.92

19.58 ± 12.37 a

30.88 ± 8.63 ab

38.30 ± 11.72 b

MgExch

cmolckg−1 0.33 ± 0.33

0.64 ± 1.06

1.08 ± 1.24

0.24 ± 0.10 a

2.12 ± 1.92 b

1.04 ± 0.91 ab

KExch

cmolckg−1 0.33 ± 0.33 a

0.64 ± 1.06 ab

1.08 ± 1.24 b

0.08 ± 0.05

0.19 ± 0.03

0.36 ± 0.31

NaExch

cmolckg−1 0.55 ± 0.86

0.51 ± 0.63

1.32 ± 1.57

0.33 ± 0.30

0.64 ± 0.71

1.36 ± 0.68

FeDTPA

mg kg−1

7.30 ± 0.61

7.56 ± 3.16

14.54 ± 12.22

13.49 ± 18.20

28.95 ± 16.98

23.73 ± 9.26

CuDTPA

mg kg−1

32.50 ± 7.22

26.65 ± 5.19

71.85 ± 54.60

30.13 ± 22.26 a

80.90 ± 32.96 ab 108.42 ± 66.88 b

ZnDTPA

mg kg−1

63.50 ± 43.13

64.76 ± 32.45

48.18 ± 22.86

19.29 ± 34.07

43.28 ± 20.15

17.73 ± 5.36

MnDTPA

mg kg−1

2.80 ± 1.34

2.99 ± 2.24

6.72 ± 4.39

5.47 ± 7.18

8.35 ± 15.32

2.55 ± 0.33

B

mg kg−1

0.06 ± 0.05

0.07 ± 0.03

1.15 ± 1.79

0.03 ± 0.03 a

0.12 ± 0.11 ab

0.18 ± 0.13 b

Mo

mg kg−1

6.49 ± 3.45

3.71 ± 2.33

5.80 ± 5.74

3.70 ± 6.43

5.94 ± 4.27

19.09 ± 16.58

Values followed by different lower case letters within rows for each layer are significantly different (p < 0.05)
Bd bulk density, Pd particle density, AW available water, f porosity, e void ratio, Rd relative density, EC electrical conductivity, OM organic
matter, CEC cation exchange capacity, ESP exchange sodium percentage
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The void ratio (e) was between 0.84 and 1.32, being
lower in the surface layer and increasing with VC in the
subsurface layer (Table 2). On the other hand, the relative density (Rd) values suggested reduced densification
in the centre of the dam (Fig. 2, site 3) and indicated that
the surface layer is denser than the subsurface layer
(Table 1). According to Knnapett and Craig (2012)
and Das (2016), compared with coarse or granular soils,
the Rd of the subsurface layer would be classified as
medium dense (0.4–0.6/0.3–0.65), whereas the surface
layer can be considered dense (0.6–0.8/0.65–0.85).
The AW at studied tailings showed high standard
deviation (Table 1), with significant differences between
sampling layers, related to the textural discontinuities
observed. Besides, sites with medium and high VD had
higher AW in the subsurface layer than low VD sites
(Table 2). The value of AW depends on colloidal (organic and inorganic) content and eventually of soil
aggregation, then tailings have marginal water-holding
capacity. However, Hossner and Shahandeh (2006)
show a large range (0 to 35%), and Qiu and Sego
(2001) reported AW values of 22.0, 32.5, and, 22.0%
for coal, gold, and copper tailings, respectively.
3.2 Chemical Soil Properties
Although chemical composition of tailings depends on
the original ore mineralogy, extraction techniques, and
associated minerals (Hossner and Shahandeh 2006),
several particular characteristics are observed in each
deposit. Substrate pH ranged from 4.76 and 8.30, with a
mean value of 7.49. However, pH did not show significant differences between layers and VD sites (Tables 1
and 2). The mean value indicated that the substrates
were slightly alkaline, an effect associated mainly with
the presence of calcium carbonate and characteristic of
arid and semiarid zones. Ginocchio et al. (2008) classified tailings dams in Chile as neutral to slightly alkaline,
but Santibáñez et al. (2008) noted that the pH of tailings
is very variable and extreme.
The EC was on average 2.8 dS m−1 and the exchangeable sodium percentage (ESP) is 13.1%, which
allowed the substrates to be classified as slightly saline
and slightly sodic. No significant differences in EC
between strata and VD sites were observed, while ESP
showed higher values at high VD in the subsurface layer
(Tables 1 and 2). The observed values for both properties are related to the arid climate that characterizes the
area, with recurrent droughts (Pizarro et al. 2012). The
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OM content averaged 0.29%, and significant differences
were found in the surface layer between VD sites
(Table 2). Most tailings have fairly low OM values (Ye
et al. 2002; Li 2006; Ginocchio et al. 2008). At the same
time, the inorganic N content was very low, on average
0.3 mg kg−1, with significant differences between VD
sites in the surface layer (Table 2). Another tailings dam
in Mediterranean Chile has N values of up to 2 mg kg−1
(Santibáñez et al. 2008). However, all the above values
are far below the N sufficiency levels for agricultural
soils. What makes phytostabilization of mine tailings
more challenging are the intrinsic abiotic constraints
present in the wastes (Huang et al. 2012), but soil
properties that are inimical to establishment and propagation of plants in the tailings are deficiency of major
nutrients, low AW and OM and high EC (Ye et al. 2002;
Li 2006; Chiu et al. 2006; Conesa et al. 2006).
Mean available phosphorus values (POlsen) obtained
for the tailings (5.86 mg kg−1) can be considered low,
with values ranging from very low to medium (Jones
2003). There were significant differences between
layers (Table 1), with the subsurface layer having higher
POlsen values at higher VD (Table 2). As in the study of
Cano-Reséndiz et al. (2011), the POlsen levels in tailings
showed high variation. The average concentration of
sulphates (SO4–S) was 495.8 mg kg−1, which according
to the criteria proposed by Bashour and Sayegh (2007)
is extremely high. A critical range of 10–13 mg kg−1
SO4–S has commonly been reported for several crops
(Estefan et al. 2013).
The mean concentration of soluble B was 0.21 mg
kg−1, with high variation (Table 1) and significant differences between VD sites in the subsurface layer
(Table 2). The concentration of water-soluble B recorded by Cano-Reséndiz et al. (2011) in tailings was 10fold higher (2.6 mg kg−1) values than measured here,
being B levels obtained very low, except in the surface
layer at high VD, which displayed adequate levels
(Table 2). When soil B levels are less than 0.5 mg
kg−1, deficiency is likely to occur for most crops, but
when over 5 mg kg−1, toxicity may occur (Estefan et al.
2013). Paliewicz et al. (2015) report that B is distributed
heterogeneously within the tailings dam and correlates
positively with the fine grain-sized fraction, indicating
that adsorption onto silt–clay particles results in B build
up.
Considering the exchangeable cations, only K
showed significant differences between VD sites for
the surface layer, being present in higher concentrations
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at high VD, while Ca and Mg displayed higher concentrations in the subsurface layer at medium and high VD,
respectively (Table 2). In general, exchangeable cation
concentration values were higher than in other tailings
(Santibáñez et al. 2008; Favas et al. 2011; Boateng et al.
2012). According to criteria defined by Hazelton and
Murphy (2007), the Ca and Na concentrations in the
Tambillo tailings can be categorized as high and very
high, while the values of Mg and K are considered low
and very low, respectively. The domain of exchangeable
cations in soils regularly follows the order
Ca > Mg > K > Na, and deviations from this sequence
may cause problems with ionic imbalance for plants.
However, the order of the last two cations generally
varies in different mine tailings (Dold and Fontboté
2001; Paradelo et al. 2008; Favas et al. 2011). Indeed,
the sequence in our case was: Ca > > Na > > Mg ≥ K.
Characteristic of coarse-textured soils, a low CEC
range of values, was obtained displaying significant
differences in the subsurface layer at different VD
sites (Table 2). In general, CEC is judged to be low
to moderate in most tailings (Iglesia et al. 2006;
Paradelo et al. 2008) due basically to low contents
of organic and inorganic colloids. Thus, the addition
of organic amendments to tailings is a sustainable
management practice to improve physical and chemical soil constraints, recovering soil fertility, increasing water-holding capacity, and complexing pollutants, which diminishes their bioavailability but increases their mobility.
The ranges observed for Fe, Cu, Zn, and Mn were
quite wide (Table 1), with significant differences in Cu
concentration in the subsurface layer between VD sites
(Table 2). The observed concentrations of these cationic
microelements and their reported levels in other tailings
(Cano-Reséndiz et al. 2011; Broadley et al. 2007; Shu
et al. 2002) are classified as high for Fe, very high for Cu
and Zn, and medium for Mn. In several cases, their
levels were considerably higher than the maximum
thresholds mentioned by Jones (2003).
Mean Mo concentration was 6.69 mg kg−1, with high
standard deviation and no significant differences between VD sites (Tables 1 and 2). According to Kopsell
et al. (2015), the Mo content is relatively low in most
soils, with available concentrations of approximately
0.2 mg kg−1 and total concentrations of 2.0 mg kg−1.
Nevertheless, high levels of Mo have been found in soils
contaminated by mining activities (Turnlund and
Friberg 2007).
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3.3 Plant Tissues Analyses
The average height of the selected plants in the dam was
1.8 m, while some individuals were 2.5 m tall. This agrees
with the typical height for this species (0.4–3.0 m; Cuevas
et al. 2013). In contrast, we identified B. linearis plants
with a height <1 m in the surrounding area to the dam.
Root hair lengths (RHL, upper root hair length
(URHL), lower root hair length (LRHL)) and root diameters (RD, upper root diameter (URD), lower root
diameter (LRD)) averaged 0.29 and 0.49 mm, respectively, without high variation. No significant differences
in RHL were observed between VD sites (Table 3).
Bingham and Robinson (2003) recorded RHL values
that ranged from 0.08 to 1.50 mm in higher plants, and
the RHL values in this study fitted into that range.
Meanwhile, Fitter (2002) reported a range for RD of
0.50–1.00 mm, which can be considered very thick
roots. In terms of AMFI (upper arbuscular mycorrhizal
fungi infection (UAMFI), lower arbuscular mycorrhizal
fungi infection (LAMFI)), approximately 20% of the
root segments contained fungal structures, but the variation in values was very high (range 0–82%; Table 3). It
was possible to discriminate significant differences in
AMFI and RD between VD sites in the subsurface layer,
representing different levels of colonization between the
two layers. The degree of mycorrhizal colonization depends on multiple factors, including the species and
variety of plant, plant age, phenological stage, interaction with other mycorrhiza-forming species, and environmental conditions (Entry et al. 2002; Veresoglou and
Halley 2012). The mean value obtained in this study
was slightly below the average level obtained for other
species (Santos et al. 2001; Ghorbani et al. 2012).
Nutrient concentrations in plant tissues showed low
variations, and there were significant differences in the
concentrations of Mg, Fe, and B between VD sites
(Table 3). On the one hand, the results indicate that the
mean concentrations of N and P in the shrubs can be
classified as being in a critical range, while those of K,
Ca, Mg, and Cu are sufficient. On the other hand, the
contents of Na, Mn, Fe, Zn, and B can be considered
excessive to toxic, posing potential toxicity problems
for plants (Broadley et al. 2007; Kabata-Pendias 2011;
Estefan et al. 2013), although toxicity may not occur in
the case of metallophyte, tolerant or hyperaccumulator
species, or ecotypes.
Low average concentrations of N, P, and Mg in the
Technosol were reflected in critical levels of N and P
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Table 3 Comparison of mean values of morphological properties and total nutrient content in foliar tissues of Baccharis linearis growing at
sites with different vegetation density (VD). Tambillo mine tailings dam in north-central Chile
Plant properties

Units

Low VD

Medium VD

High VD

Plant height

m

1.48 ± 0.33

2.04 ± 0.31

1.90 ± 0.62

Plant circumference

m

6.34 ± 3.77

6.64 ± 2.19

6.40 ± 1.22

URD

mm

0.63 ± 0.38

0.50 ± 0.14

0.51 ± 0.11

LRD

mm

0.46 ± 0.15 ab

0.35 ± 0.08 a

0.56 ± 0.09 b

URHL

mm

0.33 ± 0.10

0.29 ± 0.07

0.35 ± 0.18

LRHL

mm

0.33 ± 0.18

0.25 ± 0.12

0.21 ± 0.03

UAMFI

%

10.60 ± 9.87

24.16 ± 26.24

39.90 ± 32.50

LAMFI

%

11.04 ± 12.00 a

47.78 ± 22.68 b

26.45 ± 20.65 ab

N

%

1.27 ± 0.35

1.16 ± 0.07

1.34 ± 0.06

P

%

0.10 ± 0.02

0.10 ± 0.01

0.12 ± 0.02

K

%

0.86 ± 0.18

1.20 ± 0.68

1.03 ± 0.32

Ca

%

1.17 ± 0.24

1.22 ± 0.20

1.09 ± 0.32

Mg

%

0.32 ± 0.05 a

0.46 ± 0.12 b

0.43 ± 0.06 ab

Na

g kg−1

6.00 ± 2.44

7.17 ± 5.18

4.72 ± 2.36

Fe

mg kg−1

456.40 ± 181.73 ab

529.20 ± 115.99 b

284.00 ± 61.02 a

Cu

mg kg−1

22.00 ± 8.86

23.60 ± 5.46

17.33 ± 3.21

Zn

mg kg−1

477.20 ± 129.69

417.60 ± 206.58

252.33 ± 33.01

Mn

mg kg−1

152.20 ± 24.79

161.80 ± 34.01

122.67 ± 44.09

B

mg kg−1

103.60 ± 31.86 a

83.40 ± 12.48 a

267.00 ± 105.40 b

Values followed by different lower case letters with rows are significantly different (p < 0.05)
URD upper root diameter, URHL upper root hair length, UAMFI upper arbuscular mycorrhizal fungi infection, LRD lower root diameter,
LRHL lower root hair length, LAMFI lower arbuscular mycorrhizal fungi infection

and a sufficient level for Mg in leaf tissues, while the
high contents of Fe, Zn, and Na in the tailings coincided
with excessive or toxic concentrations in leaf tissues.
The most abundant metal measured in the substrates was
Cu, showing sufficient levels in leaves, which potentially confirm the important bioaccumulation role of roots.
3.4 Relationships Between Properties

content increases the availability of macro- and microelements due to its role in mineral weathering, as demonstrated by significant increases in P, Mg, and Cu and
by the formation of hydrated minerals, such as some
forms of SO4–S (Dold and Fontboté 2001). An increase
in Rd causes a decrease in some elements, such as P and
Na, basically associated with a reduction in soil porosity
(Ziadi et al. 2013).

3.4.1 Physical Environment

3.4.2 Solubility of Elements

The AW, inversely associated to sand content of the
subsurface layer (Fig. 3), was near twice than the upper
layer (Table 1). Thus, particularly in arid and semiarid
areas, the suitability of substrates for remediation
through plant colonization increases with a better substrate water-holding capacity, as demonstrated here by
high VD in areas with higher AW values. The dynamics
of several nutrients are significantly associated with
integral properties of the physical environment of
Technosols, such as Rd and AW (Fig. 4). A rise in AW

The pH determines much of the solubility and availability
of nutrients for plants. At the Technosol studied here, this
relationship was evident as a negative correlation of Fe
and Mn to pH (Fig. 5), being explained by the precipitation into insoluble oxidized and anhydrous mineral forms
with increasing pH level (Kabata-Pendias 2011).
The OM content was correlated with the concentration
of several elements in the substrate (data not shown),
being explained by the high exchange capacity and
specific area of OM. Senesi and Loffredo (2005)
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Fig. 3 Available water capacity and relative density relationships to physical soil properties. 95% of confidence and prediction limits. SE
corresponds to the standard error

concluded that the distribution and speciation of metal
ions in soils are extremely complex and governed by
various reactions, including soil organic matter complexation. There were significant relationships between EC
and soluble B, Ca, Mg, and SO4–S, (Fig. 6), which
indicate that chemical composition of soluble sulphates
contribute to the higher salt concentration in these substrates. The correlation of soluble B to EC and its accumulation has been attributed to the weathering of Bcontaining minerals in arid soils (Goldberg and Su 2007).
3.4.3 Root–Soil Interaction
In general terms, complex behavior of the roots in the
substrate was observed as increased presence of living
roots in the upper layer and dead roots in the subsurface
layer. Contrary to what is expected, AFR and RHL in
the surface strata were positively correlated to sand
content, and these relationships resulted in a positive
correlation of AFR and RHL to Bd and a negative
correlation to f (Table 4). This must be interpreted as a

physiological response of B. linearis to water stress,
which resulted in increased seasonal growth of fine roots
to maximize the soil volume explored, because root
growth is crucial for N and water uptake in sandy soil
profiles (Liao et al. 2006). Besides, the textural discontinuity between layers would have resulted in anisotropic behavior of scarce precipitation water by hampering
vertical water flow into the subsurface layer, resulting in
preferential horizontal flow through the subsurface layer, increasing the water uptake opportunities for plants.
For much of the time, the main source of water in the
study area is condensation drops coming from frequent
fogs and mists, which are deposited on the surface and
have a short displacement path through down the sandy
surface layer.
In the surface layer, the AFR was inversely correlated with N and OM (Table 4). Tsay et al. (2011)
found the same relationship and attributed it to a
stimulating effect of N deficiency on development
of lateral roots. A decrease in pH was observed with
the proliferation of fine roots in the surface layer
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Fig. 4 Relationship between macro and micro nutrient content and available water capacity and relative density of the tailings material. 95%
of confidence and prediction limits. SE corresponds to the standard error

(Table 4), which according to Hinsinger et al. (2009)
can be explained by the excretion of exudates from

roots and soil microorganisms that modify the soil
pH, by up to 1–2 units.
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The AMFI was positively correlated to AW in the surface layer and negatively to sand content in both layers
(Table 4). Besides, some positive correlations were
found between the level of AMFI in roots and available

N, P, and Fe concentrations in the surface layer of the
dam (Table 4), while the concentrations of Zn and
exchangeable Mg in the surface layer showed negative
and positive correlations with AMFI, respectively. Chen
et al. (2007) demonstrated the important role of mycorrhizal fungus for plants capable of colonizing copper
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Fig. 6 Relationship between electrical conductivity and exchangeable cation content and concentrations of different compounds in the
tailings deposit. 95% of confidence and prediction limits. SE corresponds to the standard error
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Table 4 Pearson correlation coefficients between root parameters and soil properties on surface and subsurface layers of Tambillo tailings
pond, central Chile
Soil properties

UAFR

URD

URHL

UAMFI

LAFR

LRD

LRHL

Bd

0.64 **

0.02

0.83**

−0.36

−0.31

0.31

0.23

Pd

0.04

0.12

0.49

−0.36

0.23

0.25

0.63**

0.63**

LAMFI
−0.17
0.35

−0.68**

−0.73**

0.51*

0.31

−0.48*

Silt

−0.49

−0.41

−0.61*

0.70**

0.48*

−0.56**

−0.54*

0.37

Clay

−0.06

−0.14

−0.34

0.39

0.58**

−0.25

0.31

0.35

AW

−0.46

−0.28

−0.75**

0.72**

0.75**

−0.32

0.12

0.40

f

−0.86**

0.05

−0.83**

0.27

0.45*

−0.21

0.03

0.34

0.84**

−0.07

0.56**

−0.26

−0.19

Sand

Rd

0.53*

0.42

−0.43

0.17

0.20

pH

−0.55*

−0.13

−0.36

0.31

0.56**

−0.13

0.03

EC

−0.45

−0.59*

−0.41

0.19

0.36

−0.30

0.24

0.21

OM

−0.54*

−0.09

−0.44

0.38

0.51*

−0.49*

0.41

0.56**

CEC

−0.65**

0.07

−0.67**

0.71**

0.33

−0.79**

0.06

0.42

0.50*

CaCO3

−0.41

−0.31

−0.07

0.00

0.33

−0.16

0.51*

0.34

N

−0.68**

−0.22

−0.39

0.47*

0.21

−0.01

0.38

−0.02

POlsen

−0.39

−0.30

−0.36

0.56**

0.50*

0.09

0.13

0.11

SO4–S

−0.60*

−0.46

−0.67**

0.26

0.33

−0.45*

0.14

0.06

CaExch

0.12

−0.56*

−0.06

0.22

0.52*

−0.12

0.68**

0.17

MgExch

−0.04

−0.62*

−0.42

0.45*

0.60**

−0.18

0.27

NaExch

−0.58*

−0.22

−0.62*

0.51*

0.19

−0.22

0.24

−0.07

KExch

−0.61*

−0.50*

−0.74**

0.41

0.38

−0.09

−0.11

0.32

Fe

−0.11

−0.49

−0.31

0.43*

0.24

−0.55*

−0.04

0.06

Mn

−0.49

−0.59*

−0.31

0.24

−0.28

−0.15

−0.34

−0.31

0.46*

Zn

0.47

0.27

0.47

−0.57**

0.32

0.05

0.55*

0.23

Cu

−0.16

−0.16

−0.03

−0.03

0.51*

−0.34

0.55*

0.42

B

-0.27

−0.62**

−0.39

0.20

0.34

−0.32

0.02

0.00

Mo

−0.31

−0.06

0.01

−0.21

0.39

−0.09

0.60**

0.27

Bd bulk density, Pd particle density, AW available water, f porosity, Rd relative density, EC electrical conductivity, OM organic matter, CEC
cation exchange capacity, URD upper root diameter, URHL upper root hair length, UAMFI upper arbuscular mycorrhizal fungi infection,
LRD lower root diameter, LRHL lower root hair length, LAMFI lower arbuscular mycorrhizal fungi infection
*Significant correlation at p < 0.05; **Significant correlation at p < 0.01

tailings. It is well known that P is central for this
symbiosis, and plant roots emit chemical signals in
order to attract the fungus, which develops a
phosphate active transport system in soils with P
deficiency, explaining the positive correlation
observed. However, Giasson et al. (2008) and Novero
et al. (2009) point out that it can also improve the
absorption of other nutrients (N, K, S, B, Zn, Cu, Mn,
etc.) and can result in efficient Cu, Zn, Fe, and Mn
sequestration through glomalin production (GonzálezChávez et al. 2004; Chern et al. 2007; Cornejo et al.
2008; Vodnik et al. 2008). Several studies (Christie et al.
2004; Gucwa-Przepióra et al. 2007) have reported

inhibitory effects of very high levels of available Zn
on fungus colonization, which could explain the negative relationship found in the B. linearis plants (Table 4).
Gryndler et al. (1992) reported that high Mg levels
promoted the degree of root colonization by AMFI.
Vegetal colonization enhanced the pedogenesis of
these weakly developed soils. Technosol formation on
mined land has been recognized (IUSS Working Group
WRB 2015), resulting in many processes and interactions under local climatic conditions over long time
periods. However, the identification of processes and
thresholds controlling soil formation on tailings deposits
is essential to achieving rapid in situ remediation.

182 Page 14 of 17

Indeed, according to Parraga-Aguado et al. (2013),
edaphic niches with contrasting soil properties for plant
growth may promote the selective establishment of pioneer vegetation in mine tailings. Therefore, more studies are required to determine the relationships between
vegetation and the spatial variability of bio-physico–
chemical properties in tailings through an evaluation of
their temporal variation in both the short and long term.
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