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Abstract: In Chile, there are several abandoned mine tailing impoundments near population centers
that need to be remediated. In this study, the ability of Oxalis gigantea, Cistanthe grandiflora, and
Puya berteroniana to remove Zn, Ni, and Cr from mine tailings was evaluated. The plants’ removal
efficiency, bioconcentration, and translocation factors regarding these metals were determined to
assess the ability of certain endemic species from Northern and Central Chile to extract or stabilize
metals. After a period of seven months, the chemical analysis of plants and tailings, together with the
statistical treatment of data, indicated the inability of all the species to translocate Ni, Cr, or Zn with a
translocation factor lower than one. The results showed the stabilizing character of Oxalis gigantea,
Puya berteroniana, and Cistanthe grandiflora for Zn, with a bioconcentration factor close to 1.2 in all
cases, and the same ability of the latter two species for Cr, with a bioconcentration factor of 1.5 in the
case of Cistanthe grandiflora and 1.7 for Puya berteroniana. Finally, a removal efficiency of 9.3% was
obtained with Cistanthe grandiflora for Cr and 15% for Ni; values lower than 6.4% were obtained for
Zn in all cases. Improvements in the process should be sought to enhance the performance of these
species for the accumulation of the target metals.

Keywords: mine tailings; endemic plants; metals

1. Introduction

Mining activities are carried out in the northern and central zones of Chile. For a long
time, due to the lack of regulations, mine tailings were stored without major environmental
consideration; therefore, at present, several hills of these residues without owners are
located near population centers. The tailings are made up of fine-grain material and
a variable content of water, which facilitate the occurrence of chemical reactions, the
dissolution of toxic substances, and the generation of sulfuric acid, with the inherent risk of
soil and groundwater contamination [1,2]. This holds special relevance for Chile, where
there are 173 abandoned mine tailing impoundments, and nearly 40 of these have unknown
owners [3]. Many of these impoundments are located between the Region of Tarapacéd and
the Region of Valparaiso in the vicinity of towns, which is further worsened by the fact that
Chile has no standards for soil pollution [3].

One major point of concern for environmental and public health is contamination by
mining activities [1], where the negative effects of heavy metal contamination have been
observed in the surrounding water, soil, and air environments of the mine sites [4-6]. In
the case of abandoned mine tailing impoundments, negative environmental impacts have
been identified, including an increase in the concentration of metals in agricultural soils,
sediments, animals, human beings, and plants [7-15]. Among the various heavy metals,
chromium (Cr) is widely present in soils, with an average concentration of 60 mg kg’1 [16].
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Chromium is a nonessential element for plants, and it produces toxic effects in most of
them at 5 mg kg ™!, with a normal concentration in plants being less than 1 mg kg ! [17].
In the case of zinc (Zn), it is an essential nutrient for plants, with a maximum value in soils
for residential use of 200 mg kg ! [18]. For crops, the required Zn concentration is between
15 and 20 mg kg ! dry weight [19,20]. Finally, nickel (Ni) is an essential micronutrient for
plants with a normal concentration between 0.05 and 10 mg kg~! dry weight; at higher
concentrations, it becomes toxic for plants [21]. In soils, the Dutch Environmental Standard
indicates a background Ni concentration of 35 mg kg ™! as being acceptable [18]. The
limits reported by the WHO for Zn, Cr, and Ni as permissible in plants are 0.60 mg kg~ !,
1.30 mg kg !, and 10 mg kg, respectively [22].

Phytoremediation is an alternative bioremediation technique that employs plants to
recover soil or a water source without adverse effects on the environment [23]. Among the
known technologies developed in recent decades, such as physicochemical and thermal
processes, phytoremediation has emerged as a cost-effective remediation technology [24,25].
The main mechanisms of phytoremediation include phytoextraction and phytostabilization,
both of which were assessed in the present study; the former has exhibited high efficiency
and comprises a reduction in the concentrations of pollutants in the soil through their
uptake by harvestable parts of the plant, while phytostabilization restricts the pollutants
to the area close to the roots, halting their movement [23,26-28]. Plants that accumulate
high concentrations of pollutants are called hyperaccumulators. In the case of heavy
metals, hyperaccumulator plants contain a concentration higher than 1000 mg g~! of Ni,
Cu, Pb, Cr, or Co; 10,000 mg g_1 in the case of Zn or Mn; or up to 100 mg g_1 of Cd
and other rare metals [29]. Until today, approximately 721 hyperaccumulator species
have been discovered, most of which hyperaccumulate Ni and Zn and belong to the
Brassicaceae family [30]. In the case of Zn, some species, mainly located in metalliferous
soils in Europe, can accumulate concentrations higher than 10,000 mg kg~! dry weight,
most of them belonging to the Brassicaceae and Crassulaceae families [30,31]. In the case of
Cr, the maximum concentration values have also been found in species of the Brassicaceae
family [32].

The phytoremediation studies of inorganic pollutants with native flora are limited;
most of the latest research has been performed with flora from Eurasia and South Amer-
ica [24]. The work of Chandra et al. [33] obtained translocation factors higher than 20
and 3 with Argemone Mexicana and Rumex dentatus, respectively, for Zn. The same study
showed a TF = 10.45 for Ni with Tinospora cordifolia. In the case of Rumex dentatus and
Saccharum munja, a BCF >1 was obtained for Zn, Cu, and Ni. Jeleni et al. [34] assessed
the use of Aristida congesta (native) to phytoremediate alkaline mine tailings in Namibia,
obtaining promising results for Cr, Ni, and Zn, and classified it as a hyperaccumulator for
Cr. Another promising species is Solanum nigrum L., a species native to Eurasia, which has
been considered as an ideal phytoremediator for several metals due to its high tolerance
and easy adaptation to different conditions [35,36]. In Chile, the endemic species Adesmia
atacamensis has been suggested as an excluder of Zn (translocation factor TF < 1), where
the enrichment of tailings with additives might be associated with an improvement in
its phytostabilization character for Zn [37]. In another study in Chile, conducted by Lam
et al. [38], Schinus molle (native) and Prosopis tamarugo (endemic) showed some features of
a Zn accumulation, while Atriplex nummularia (introduced) was the most promising Zn
accumulator.

In the present study, plants from Northern and Central Chile were used; these plant
species were selected due to their adaptation to a similar area as where the tailings were
sampled, their ornamental value, price, and low water requirements. The aim of this work
was to assess the ability of three endemic species: Oxalis gigantea, Cistanthe grandiflora,
and Puya berteroniana to uptake Zn, Ni, and/or Cr to remediate tailings by extraction or
stabilization and, thus, complement the little information that exists on the use of Chilean
endemic species for phytoremediation purposes. To evaluate them, ex situ experiments
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phytoextraction

were carried out for seven months, and after the growing period, the translocation and
bioconcentration factors were calculated together with their removal efficiency.

2. Materials and Methods
2.1. Plant Species

Endemic species from 0.7 to 3 m in height that easily adapt to the climate of the area,
as self-sustaining plant formations with ornamental value, were used. Moreover, the plant
species were chosen considering their water requirements, predominantly for the northern
and central zones of Chile. The species selected have not been used in previous studies of
phytoremediation, and they are as follows:

o Oxalis gigantea Barnéoud, commonly called Churqui or Churco. It is a very common
endemic Chilean shrub belonging to the Oxalidaceae family. This species can be found
between the regions of Antofagasta and Coquimbo.

o  Cistanthe grandiflora, a succulent plant, commonly called Pata de guanaco or Doquilla,
is a perennial species endemic to Chile. It can be found frequently between the regions
of Antofagasta and Nuble, and it belongs to the Portulacaceae family.

e  Puya berteroniana is an endemic Chilean shrub from the Bromeliaceae family. This
species grows between the regions of Coquimbo and Maule. It is commonly called
Chagual or Magiiey, and it has excellent ornamental value.

Oxalis gigantea Barnéoud is hardy to the United States Department of Agriculture
(USDA) Zones 10 and 11, while Cistanthe grandiflora and Puya berteroniana are hardy to
USDA Zone 9 [39,40].

All plants were acquired from a garden center of native and endemic flora. The
experimental setup is shown in Figure 1.
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Figure 1. (a) Schematic representation of phytoextraction and phytostabilization; (b) experimental
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setup for phytoremediation pot experiments: five triplicates for each species. From these experiments,
the translocation factor, bioconcentration factor, and removal efficiency were calculated.
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The plants were transplanted to pots with 1440 g of tailings with an initial height
of 10 cm. The depth of the tailings in the pot was 20 cm in all cases. The nutrients were
incorporated through periodic application of a foliar organic stimulant (made of marine
algae Ascophyllum nodosum) with the following concentrations: N: 0.1% w/w, K: 3.0% w/w,
As: <0.5mg kg !, Cd: <0.5 mg kg~ !, Pb: <1 mg kg~!, and Hg: <0.5 mg kg ~!. Tap water
and foliar stimulant were provided weekly in spray form; no leaching was collected from
pots as they did not have holes.

The experiments were carried out ex situ for seven months, and the plants were
maintained outdoors at the Universidad Técnica Federico Santa Maria, where climatic
conditions such as Cabildo prevail (the mine tailing impoundment location).

2.2. Tailing Samples

Paste tailing samples from the copper mine held by Compaiiia Minera Las Cenizas
in Cabildo, Region of Valparaiso, Chile, with coordinates 32°28'16.1” S, 71°05'00.2” W,
were used in the present study. This mining company processed copper sulfide and
oxide minerals.

After sampling, the tailings were dried in a laboratory oven at 105 °C to achieve a
constant mass; then, they were ground in a hammer mill, sieved through a mesh (ASTM
No. 18), and homogenized. The pH was measured using the U.S. Environmental Protection
Agency Method 9045D [41]. The content of the oxidized compounds was obtained from
Servicio Nacional de Geologia y Mineria de Chile [3]. The elemental composition was
measured with inductively coupled atomic emission spectroscopy (ICP-OES), Perkin Elmer
ICP Optima 2000DV, with a detection limit between 0.005 and 0.01 ppm, depending upon
the element. Table 1 presents the pH, granulometric characteristics, and composition of
the tailings.

Table 1. pH value, granulometric composition, and composition of the tailings.

Parameter Value + Standard Deviation
Specific gravity 278 £0.25
pH 7.30 +£0.10
Solid concentration (weight %) 82.00 £ 1
Granulometry dsy micrometers 0.046 £ 0.001
Electric conductivity (dS m~! at 25 °C) 32.20 +£0.10
Cu mg kg~! dry weight 1582.22 + 7831
Mo mg kg1 dry weight 3.86 + 0.17
Pb mg kg~! dry weight 228.15 +£2.79
Zn mg kg~! dry weight 869.80 + 31.54
Ni mg kg~! dry weight 94.64 4 2.57
Cr mg kg~ ! dry weight 154.63 + 5.41
Cd mg kg~! dry weight Under detection limit
Calcium percentage as oxide, CaO% w/w 9.92 +£0.32
Magnesium percentage as oxide, MgO% w/w 5.56 £+ 0.27
Manganese percentage as oxide, MnO% w/w 0.26 £ 0.01
Sodium percentage as oxide, Na,O% w/w 2.63+0.11
Potassium percentage as oxide, KoO% w/w 224 +0.12
Phosphorous percentage as oxide, P,O5% w/w 0.23 +0.01

2.3. Sample Preparation and ICP-OES Measurements

After the growth period, the plants were carefully removed from the pots; then, the
roots were separated from the stems and leaves, called the aerial parts in the remainder
of the paper, and both parts were washed with abundant tap water, distilled water, and
finally deionized water to eliminate all tailing remnants. The excess water was removed
with paper tissue. Stems and leaves were separated from roots, and each part was prepared
separately. The parts of the plants were divided into small pieces, placed in waxed paper
envelopes, and dried in a laboratory oven at 45 °C until they achieved a constant mass.
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Finally, they were pulverized and homogenized, and representative samples were taken
using the quartering method. Each plant was individually prepared. The aerial parts and
roots of each plant were digested separately using 0.200 g dry weight. Each sample was
placed in a Teflon vial with 2 mL of concentrated H,O, and 8 mL of concentrated HNOjs.
A 4-h predigestion was carried out before the digestion in an Ethos Easy microwave. The
program used in the microwave consisted of three stages: (1) a linear increase from room
temperature to 180 °C for 10 min, (2) a plateau for 10 min, and (3) a linear decrease in
temperature for 10 min. When the samples cooled, they were placed in a 25-mL volumetric
flask and filled with deionized water to the calibration line.

In the case of the tailings, the total mass of each pot was dried at 105 °C until a
constant mass was achieved, followed by sieving through a mesh and homogenization.
The quartering method was used to take representative samples. The digestion procedure
was the same as for the plants but using a 0.06 g dry weight.

Five plants from each species were analyzed. From each plant, the total mass of the
stem and leaves was dried, ground, and homogenized. The quartering method was used
to take three representative samples. In the case of the roots, the procedure was the same.
All samples were measured in triplicate.

The concentrations of the elements under study were measured by inductively coupled
atomic emission spectroscopy (ICP-OES).

2.4. Theory/Calculations

To assess the phytoremediation potential, translocation and bioconcentration factors
were used. The translocation factor (TF) allows for the evaluation of the ability of the
plant to translocate contaminants from roots to stems and leaves, such that when the
plant presents a TF > 1 it can be considered an accumulator, while a TF < 1 is indicative
that the plant is an excluder. In the same way, the bioconcentration factor (BCF) gives
information about the plant’s ability to accumulate the target element, and a BCF >1
indicates the potential success of the phytoremediation technique. Those species that
stabilize a metal present a BCF > 1 and a TF < 1 [42-44], and they are potentially useful for
phytostabilization. Moreover, the removal efficiency (RE) allows us to assess the decrease
in the concentration of the target element in the tailings.

TF values were calculated for different species and metals with Equation (1).

Metal concentration in stern and leaves
BCF = — 1)
Metal concentration in roots

The bioconcentration factor (BCF) was obtained for the roots using Equation (2) [39,44-47].

Metal concentration in roots

BCF= Initial concentration of metal in tailing @)
The removal efficiency (RE) was calculated with Equation (3),
(c:—c)
RE = ~——% x100% 3)

1
where C; and C; were the initial and final concentrations of the element in the tailings.
To compare the metal concentration in the roots or aerial parts, a one-way analysis of
variance (ANOVA) was performed with a significance level of p < 0.05 for the comparison
of means. Then, a Tukey test was carried out to compare the different species.

3. Results
3.1. Concentration of Metals in Tailings

After seven months, the tailings and plants were analyzed. The initial and final
concentrations of elements in the tailings are shown in Table 2.
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Table 2. Initial and final concentrations of elements in tailings + standard deviation.

Element Concentration mg kg~1 Dry Weight + Standard Deviation
Initial Tailings Final Tailings
Oxalis gigantea Cistanthe grandiflora Puya berteroniana
Zn 869.80 £ 31.54 832.17 £+ 32.67 828.96 £ 25.67 803.88 £+ 37.89
Ni 94.64 £ 2.57 87.98 £ 3.32 80.93 £ 2.89 83.27 £+ 4.06
Cr 154.63 £ 5.41 142.79 £ 6.52 140.25 £ 5.98 141.83 + 4.87
3.2. Concentration of Metals in Plants and Control Samples
Control samples consisted of the species studied planted in pots (without holes) with
unpolluted soil. They were analyzed before and after the growth period. The concentrations
of Cr, Ni, and Zn are presented in Table 3.
Table 3. The initial and final concentrations of Cr, Ni, and Zn in the control samples =+ standard deviation.
Element Concentration mg kg—1 Dry Weight + Standard Deviation
Oxalis gigantea Cistanthe grandiflora Puya berteroniana
Cr stems and leaves t =0 <d.l <d.l <dl
Cr stems and leaves t = tgnq) 0.01 £ 0.00 0.01 £ 0.00 <d.l
Crrootst=0 0.01 £ 0.00 <d.1 <d.l
Cr roots t = tgna 0.01 + 0.00 <d.l <d.l
Ni stems and leaves t =0 1.85 £ 0.08 6.12 +0.28 5.76 + 0.08
Ni stems and leaves t = tgn,) 2.01 £ 0.06 6.25 + 0.19 6.76 +£ 0.12
Nirootst=0 2.55 £ 0.10 414 £0.52 1.97 £0.05
Ni roots t = tfi 2.85 + 0.07 4.56 £ 047 1.81 £ 0.05
Zn stems and leaves t =0 13.39 £ 0.45 28.79 £ 0.60 2410 +£0.95
Zn stems and leaves t = tgn, 13.25 + 0.55 32.55 £0.42 23.55 £0.88
Znrootst=0 16.82 + 0.50 16.12 + 0.09 17.96 + 0.88
Zn roots t = tgp, 17.76 £ 0.61 17.65 £ 0.08 18.33 £ 0.95

<d.l: below the detection limit.
The initial concentrations of Cr, Ni, and Zn were measured in the roots and aerial parts
of the plants before the beginning of the experiments. The values of the mean concentrations

and standard deviation (SD) are presented in Table 4.

Table 4. The initial concentrations of Cr, Ni, and Zn in plants + standard deviation.

Element Concentration mg kg—1 Dry Weight + Standard Deviation
Oxalis gigantea Cistanthe grandiflora Puya berteroniana
Cr stems and leaves <d.1 <d.l <d.l
Cr roots 0.14 £ 0.00 <d.l <d.l
Ni stems and leaves 1.98 + 0.09 6.32 £ 0.30 5.53 £ 0.06
Ni roots 2.86 £ 0.09 3.80 £ 0.45 1.97 +0.07
Zn stems and leaves 13.97 £ 0.50 28.24 + 0.65 2475 +1.10
Zn roots 16.79 + 0.47 16.44 + 0.09 18.25 + 0.90

<d.l: below the detection limit.

As observed in Table 4, the plants had no detectable Cr concentrations, and the levels
of Ni and Zn were normal for plants.

The final concentration of elements was determined in the roots and aerial parts. The
results, presented as the mean concentrations and standard deviation, are presented in
Figure 2. No plants died before the end of the experiments.
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Figure 2. Metal content in studied plant species. Values are mean =+ standard deviation. (a) Cr
in stems and leaves, and roots; (b) Ni in stems and leaves, and roots; (c) Zn in stems and leaves,
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and roots.

In the comparison between species, for aerial parts, one-way ANOVA and the Tukey
test indicated statistically significant differences between species in all cases. In the case of
the root analysis, no statistically significant differences were obtained for Zn. The results of
the Tukey test are presented in Table 5.

It can be observed from Figure 2 that the concentration of Cr in the aerial parts was
greater than or close to 80 mg kg~ ! in all samples of Cistanthe grandiflora, decreasing
by half in the case of Oxalis gigantea, and close to 20 mg kg~! in the case of Puya bert-
eroniana; therefore, all these values far exceeded the concentration of 5 mg kg’l, which
has been indicated as the value that marks the beginning of toxicity [17]. The ability to
accumulate Cr in the aerial parts decreased by 50% successively as follows: Cistanthe gran-
diflora > Oxalis gigantea > Puya berteroniana. Additionally, Cr in the roots largely exceeded
the concentration in the aerial parts, where Puya berteroniana accumulated a concentra-
tion close to 240 mg kg !, followed by Cistanthe grandiflora with a mean concentration of
200 mg kg~ 1.

Nickel in the roots and aerial parts showed the same trend as Cr in the different species;
thus, the greatest accumulation in the aerial parts was 20 mg kg ! for Cistanthe grandiflora
and 86 mg kg~ ! in Puya berteroniana in the case of the roots. It should be noted that all
concentrations determined in plants in the case of Ni were over the lower limit of toxicity
for Ni (12.4 mg kg~ 1) [21].
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Table 5. ANOVA and Tukey test results for Cr, Ni, and Zn.
Cr Stems and Leaves Sum of Squares df Mean Square F p-Value E. crit
Between groups 9457.54 2 4728.77 1115.96 2.34 x 10714 3.89
Within groups 50.87 12 4.24
Total 9508.41 14
mean Std. error g-stat lower upper p-value
Oxalis gigantea Puya berteroniana 34.62 0.92 37.60 31.15 38.10 <0.05
Oxalis gigantea Cistanthe grandiflora 26.71 0.92 29.01 23.24 30.19 <0.05
Puya berteroniana Cistanthe grandiflora 61.34 0.92 66.62 57.86 64.81 <0.05
Cr roots Sum of groups df Mean square F p-value F. crit
Between groups 39,951.43 2 19,975.71 338.42 1.44 x 10712 3.89
Within groups 429.27 12 35.77
Total 40,380,70
mean Std. error g-stat lower upper p-value
Ouxalis gigantea Puya berteroniana 90.47 2.67 33.83 80.36 100.57 <0.05
Oxalis gigantea Cistanthe grandiflora 121.70 2.67 45.97 111.60 131.79 <0.05
Puya berteroniana Cistanthe grandiflora 31.22 2.67 11.67 21.13 41.31 <0.05
Ni stems and leaves Sum of squares af Mean square F p-value F. crit
Between groups 411.61 2 205.81 819.49 1.47 x 10734 3.89
Within groups 3.01 12 0.25
Total 14
Mean Std. error g-stat Lower Upper p-value
Oxalis gigantea Puya berteroniana 2.75 0.22 12.27 1.90 3.60 <0.05
Oxalis gigantea Cistanthe grandiflora 9.48 0.22 42.30 8.63 10.32 <0.05
Puya berteroniana Cistanthe grandiflora 12.23 0.22 54.57 11.38 13.07 <0.05
Ni roots Sum of squares daf Mean square F p-value F. crit
Between groups 4459.05 2 3229.53 1061.87 3.15 x 10714 3.89
Within groups 36.50 12 3.04
Total 6495.55 14
Mean Std. error q-stat Lower Upper p-value
Oxalis gigantea Puya berteroniana 18.21 0.78 23.36 15.27 21.16 <0.05
Oxalis gigantea Cistanthe grandiflora 50.20 0.78 64.37 47.26 53.14 <0.05
Puya berteroniana Cistanthe grandiflora 31.99 0.78 41.01 29.04 34.93 <0.05
Zn stems and leaves Sum of squares daf Mean square F p-value F. crit
Between groups 9457.54 2 4728.77 1115.60 2.34 x 10714 3.89
Within groups 50.86 12 4.24
Total 9508.41 14
Mean Std. error g-stat Lower Upper p-value
Oxalis gigantea Puya berteroniana 83.87 3.16 26.52 71.94 95.79 <0.05
Oxalis gigantea Cistanthe grandiflora 95.45 3.16 30.19 83.52 107.238 <0.05
Puya berteroniana Cistanthe grandiflora 11.59 3.16 3.67 —0.34 23.52 0.06
Zn roots Sum of squares daf Mean square F p-value F. crit
Between groups 2118.66 2 1059.33 4.41 0.04 3.89
Within groups 2880.03 12 240.00
Total 4998.69 14
Mean Std. error g-stat Lower Upper p-value
Onxalis gigantea Puya berteroniana 2.31 6.93 0.33 —23.83 28.44 0.97
Oxalis gigantea Cistanthe grandiflora 26.28 6.93 3.79 0.14 52.43 0.05
Puya berteroniana Cistanthe grandiflora 23.98 6.93 3.46 —2.16 50.12 0.07

In the case of Zn, the accumulated concentrations in roots did display not significant
differences. In the case of the aerial parts, significant differences were presented between
Oxalis Gigantea/Puya berteroniana and Oxalis gigantea/ Cistanthe grandiflora. We observed
a mean concentration in roots of around 950 mg kg~!, while in the aerial parts, Cistanthe
grandiflora and Puya berteroniana accumulated 600 mg kg~! of Zn. Oxalis gigantea presented
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a lower concentration of 510 mg kg~ !. Both values surpassed the normal value of Zn in
plants (crops).

3.3. Phytoremediation Factors and Removal Efficiency

To analyze the ability of the species to extract or stabilize the target metals, TF and
BCF were calculated after the growth period. The results are presented in Figure 3.

m Oxalis gigantea M Cistanthe grandifiora ® Puya berteroniana  Oxalis gigantea W Cistanthe grandifiora ® Puya berteroniana
0.7 1.8
1.6
0.6
1.4
0> 12
0.4
o o 1.0
03 © 08
0.6
0.2
0.4
. Nl HES i
0.0 0.0
Cr Ni Zn Cr Ni Zn

(@) (b)

Figure 3. Phytoremediation factors + standard deviation for Ni, Zn, and Cr in all studied species.
(a) Translocation factor; (b) bioconcentration factor.

Based on Figure 3, it can be observed that none of the species presented a TF > 1;
therefore, all lack the ability to translocate Ni, Zn, or Cr from the roots to the aerial
parts. However, the three studied species, Oxalis gigantea, Cistanthe grandiflora, and Puya
berteroniana, can stabilize Zn with a BCF higher than 1, and the latter two have the potential
for Cr phytostabilization with a BCF of around 1.4 and 1.7, respectively.

The species Puya berteroniana presented better features for Cr, Ni, and Zn stabilization
followed by Cisthante grandiflora.

Figure 4 shows the removal efficiency for Cr, Ni, and Zn for each species. In the
case of Cr and Zn, the highest removal efficiency was obtained with Puya berteroniana
(10% and 6.4%, respectively), while for Ni, the highest efficiency was achieved with Cis-
tanthe grandiflora (15%). The lowest efficiencies were obtained with Oxalis gigantea for all
studied metals.
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Among the species that were studied, Cistanthe grandiflora and Puya berteroniana were
shown to be chromium and nickel stabilizers, with a removal efficiency higher than 10%.

4. Discussion

The mining industry in Chile is highly developed; however, for many years, it did not
take responsibility for its environmental effects. In Chile, there is no legislation relative
to pollutants in soils; for that reason, the Dutch Environmental Standard was used for
comparison [48], and according to this, the intervention values for Zn and Ni are 720 and
100 mg kg~! dry weight. They are not indicated for Cr [48], but Srivastava et al. [16]
indicated an acceptable level in soils for human health and the environment of 64 mg kg~ !.
The lack of regulations produced a high number of abandoned tailings in Northern and
Central Chile. The problems generated by these environmental liabilities are deepening due
to the limited resources of the municipalities that must take charge of these residues, which
imposes the need to develop an economic, easy, and environmentally friendly technology
to remediate the tailings. In 2019, the Chilean government detected 37 abandoned tailing
impoundments with a potential risk for nearby towns, which constitutes less than 25% of
the total abandoned impoundments and 5% of the total impoundments [3,49].

Moreover, tailings are not a nutritive medium, they have a poor water-holding capacity,
and they are normally exposed to severe environmental conditions [45].

It is a well-known fact that using native or endemic species increases the chance
that a phytoremediation process will be successfully implemented. This success lies in the
establishment of a plant community, of species that adapt easily to local conditions, with the
ability to remove the pollutants of interest [15,24]. Plant stress is increased when plants are
exposed to a lack of nutrients and organic matter or large variations in temperature [15,45].
For the above, to carry out a phytoremediation process in tailings successfully, the use of
native or endemic flora is considered essential. This research focused on the assessment of
the ability of certain endemic species of the zone where mining activities are carried out to
remove Cr, Zn, and Ni, considering that the most important pollutants in tailings are Cu,
Cr, Ni, Zn, Pb, As, Cd, and Hg [50].

The selection of the species was based on their fast growth, good ornamental value,
low price, and low water requirements. The latter is essential due to the existing water
scarcity in the main mining areas and the drought experienced in the country.

4.1. Presence of Metals in the Original Tailings

As can be seen from Table 2, the initial concentration of Zn in the tailings exceeded the
values indicated by the Dutch Environmental Standards. In the case of Ni, the initial level
was very close to the intervention value, and, finally, levels of Cr in the original samples did
not only exceed the indicated value for intervention but doubled it. Unfortunately, in Chile,
there are several abandoned tailings close to rivers and population centers; nevertheless,
it is not possible to label this pollution, because there is no legislation regarding soil
pollution [3].

The initial concentrations of Ni and Zn were higher in the roots than in the aerial parts
in the case of Oxalis gigantea in all samples; however, in the case of Cistanthe grandiflora and
Puya berteroniana, the trend was reversed. Chromium was below the detection limit of the
instrument in most samples. All concentrations in the plants were within normal values.

Control samples were maintained over the complete period of growth, and they were
analyzed before and after this period, showing no significant differences in Cr, Ni, and Zn.
The above indicates that the increase in the final concentrations of the target elements is
only due to the effect of the elements contained in the tailings.

4.2. Efficiency of the Phytoremediation Process

There have been a few studies carried out with tailings in Chile under climatic condi-
tions similar to those found in the central and northern zones. One of these studies was
carried out by Lam et al. [39], who studied the phytoremediation of Cu, Fe, Mn, Pb, Zn,
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and Cd. From this study, carried out over one year of growth, they observed a reduced
performance by three species (Prosopis tamarugo, Schinus molle, and Atriplex nummularia) in
tailings without amendments, obtaining, in all cases, an improvement when a mixture with
CaCOs + compost or CaCOs3 + compost + mycorrhizal fungi was used. None of these species
exhibited the ability to stabilize the metals, but the last two showed high translocation fac-
tors for Zn, with a removal efficiency of 40 and 60%, respectively. The species used by Lam
et al. [39] can reach several meters in height; the first two are trees, and the latter is a large
shrub. In the case of the present study, all species can reach three meters as a maximum
height; they showed a slight stabilizing character for Zn with removal efficiencies lower
than 10%. None of them presented a translocation factor higher than 1, evidencing their
poor performance regarding the phytoextraction of Zn and the rest of the target elements.

In the case of Ni, there is a lack of studies with endemic Chilean species. In other
countries, there are native species with the ability to phytoremediate Ni, with a high
capacity to bioaccumulate it. In the work of Wu et al. [15], several native Chinese plants
were assessed for soil phytoremediation, and the authors obtained a TF > 1 with Polygonum
capitanum and promising results for the phytoextraction of Ni with Miscanthus floridulus,
Conyza canadensis, and Rubus setchuenensis. The concentration of Ni accumulated in the
roots and aerial parts was similar to that obtained in this study. Jeleni et al. [33] used
Avristida congesta, a native grass of Namibia, to phytoremediate tailings, obtaining a mean
concentration in roots of 50 mg kg ! and in aerial parts close to 25 mg kg~!. The pH of the
tailings used by Jeleni et al. [33] was 1.5 points more alkaline than the tailings in the present
study. Comparing the concentrations, Puya berteroniana achieved a higher accumulation in
the roots; however, the performance of all species was inferior in the case of the aerial parts.
The removal efficiency for Ni with Cistanthe grandiflora was 15%, and the efficiencies for the
other two species were very close to this value. However, only Puya berteroniana showed a
BCF close to 1, and none of the species studied presented a TF higher than 1 for Ni.

For Cr, promising results were obtained using Puya berteroniana and Cistanthe gran-
diflora to stabilize this metal, but the removal efficiencies were close to 10% for seven
months of growth. Considering the limited budget of the municipalities in charge of these
liabilities, the extraction and incineration of the plants are a very unlikely alternative; thus,
stabilization becomes an economic alternative to reduce the mobility of the metal and the
possibility of leaching. Similar studies with Chilean native or endemic flora were not found;
however, Manikandan et al. [51] screened several native species for the phytoremediation
of Cr from soil contaminated by tannery effluent. The species Acacia auriculiformis was cata-
loged as a hyperaccumulator of Cr. In addition, other species, Dalbergia sisso and Thespesia
populnea, concentrated large quantities of this element without falling into this category.
Translocation and bioconcentration factors were not calculated; hence, it is not possible
to compare these with the present study. Based on the concentrations in roots, a value of
200 mg kg~ ! was exceeded with Puya berteroniana and Cistanthe grandiflora, but very low
concentrations were achieved in the aerial parts < 20 and 75 mg kg, respectively. The
work of Manikandan et al. [51] indicated concentrations in the roots close to 10,000 mg kg’l
and 5000 mg kg~ in the aerial parts with Acacia auriculiformis and 36,000 mg kg~! in the
roots and 1500 mg kg~ ! in the aerial parts in the case of Albizzia lebbeck. However, only a
few Cr hyperaccumulator species have been found up to now. Other species recognized for
the phytoremediation of Cr are Plunchea indica, Cynodon dactylon, Phragmites australis, Typha
angustifolia, Pterocarpus indicus, and Jatropha curcas [52]. No endemic Chilean species has
been cataloged as a hyperaccumulator of Cr.

All the removal efficiencies were calculated using the mean value; however, in the case
of Cr and Zn, some results were inconclusive. The analysis of the results and the discussion
was mainly focused on the chemical analysis of the aerial parts and roots. Technically,
a mass balance would solve this problem; however, in this case, due to the fine roots of
the plants, the complete biomass could not be fully recovered from the tailings. Among
the species studied, Puya berteroniana presented the best performance to stabilize Cr and
Zn. Regarding the latter, future research will be focused on the use of nanoparticles and
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chemical chelators to improve the mobility of metallic ions and/or the ability of these
species to concentrate the elements of interest; moreover, the use of different mixtures of
amendments and compost will be explored, and the rate of accumulation of each metal and
each species will be determined.

5. Conclusions

In this study, the ability of three plant species—Cistanthe grandiflora, Puya beteroniana,
and Oxalis gigantea—to extract or stabilize Cr, Ni, and Zn was assessed. These endemic
Chilean species belong to families not traditionally considered in the phytoremediation
of contaminated substrates, and they were selected based on their adaptation to extreme
conditions, low water requirements, ornamental value, availability, and low cost.

Among the species studied, Cistanthe grandiflora and Puya berteroniana can accumulate
Cr and Zn but not translocate them, showing their potential to phytostabilize these elements,
obtaining a bioconcentration factor for Zn close to 1.2 for both species, 1.5 in the case of
Cistanthe grandiflora for Cr, and 1.7 for Puya berteroniana for the same metal. Oxalis gigantea
only showed the ability to concentrate Zn in the roots, with a BCF close to 1.2, similar to
the value obtained with the other species. In the case of Ni, its bioconcentration factor was
under 1 in all species.

Promising results were obtained only in the case of Cr and Zn with Puya berteroniana
and Cistanthe grandiflora, but their removal efficiencies were low, not exceeding 10.0% and
6.4%, respectively. Additional work should be conducted to improve the performance of
these species in order to make them a real alternative for the phytostabilization of tailings.
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