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The study evaluated the efficacy of organic- and hard-rock mine waste type materials on aided phytostabilization of Cu mine
tailings under semiarid Mediterranean conditions in order to promote integrated waste management practices at local levels and
to rehabilitate large-scale (from 300 to 3,000 ha) postoperative tailings storage facilities (TSFs). A field trial with 13 treatments was
established on a TSF to test the efficacy of six waste-type locally available amendments (grape and olive residues, biosolids, goat
manure, sediments from irrigation canals, and rubble from Cu-oxide lixiviation piles) during early phases of site rehabilitation.
Results showed that, even though an interesting range of waste-type materials were tested, biosolids (100 tha™! dry weight, d.w.)
and grape residues (200 tha™! d.w.), either alone or mixed, were the most suitable organic amendments when incorporated into
tailings to a depth of 20 cm. Incorporation of both rubble from Cu-oxide lixiviation piles and goat manure into upper tailings also
had effective results. All these treatments improved chemical and microbiological properties of tailings and lead to a significant
increase in plant yield after three years from trial establishment. Longer-term evaluations are, however required to evaluate self
sustainability of created systems without further incorporation of amendments.

1. Introduction [7]. Abandonment of postoperative TSFs under semiarid
Mediterranean climatic conditions, such as in north-central
Chile, led to complete water evaporation from upper tail-

ings [7]. Without proper closure management, this fine,

Copper mining operations may adversely affect the environ-
ment due to deposition of large volumes of a number of

hard-rock waste materials in nearby areas, such as sterile
rocks, smelter slags, smelter dust, and tailings, among others.
When sulfide copper ores are concentrated by flotation,
approximately 80% of total wastes are tailings, which still
contain a concentration of metals (i.e., Cu, Zn, Mo, Ni, Pb,
Cd) and metalloids (i.e., As) that may pose environmental
risks after inadequate deposition and management [1-6].
Currently, tailings are deposited in artificial dumps,
or tailings storage facilities (TSFs), where fine solid par-
ticles (tailing sands) are separated from water by gravity

homogenous, and noncohesive material is left exposed to
physical and chemical environmental forces [1, 8], causing
erosion by wind. Deposition of metal/metalloid-rich tailings
into nearby soils and surface waters may pose risks to
human health, agricultural activities, and wildlife [3, 9,
10]. Depending on tailings mineralogy (i.e., content of
indigenous iron-/sulfur-oxidizing bacteria [11, 12]), and
geographic location, acid mine drainage and lixiviation of
metals may also occur with some secondary environmental
impacts on surface and ground waters [7].



After a long period since abandonment, postoperative
TSFs are generally devoid of vegetation or covered with a
rather scarce vegetation cover [13—-15]. Spontaneous plant
colonization of TSFs is a very slow process as mine tailings
are usually characterized by bad drainage, compactation,
absence of organic matter and nitrogen, neutral to low pH [7,
14, 16], and limited soil-type microbiota to make energy and
nutrients of litter available to plants [10]. Additionally, under
semiarid climatic conditions, these problems are exacerbated
by the builtup of salinity, as a high proportion of rainfall
and the water contained in TSFs undergo evaporation rather
than infiltration [7, 13]. Therefore, physical and chemical
characteristics of mine tailings, among other factors, interact
to almost completely suppress seed germination, plant
growth, and microbial activity [10, 17].

Aided phytostabilization is recognized as a potentially
cost-effective and ecologically sound approach to contain-
ment of metal-polluted soils and mine tailings [5, 15, 18-
20]. Their primary objectives are to reduce the mobility,
ecotoxicity, and dispersion of metals/metalloids through
the environment [5, 15, 19, 20]. This technique requires
both incorporation of adequate inorganic and/or organic
amendments to topsoils and revegetation with adequate
plant species (i.e., metal tolerant plants, likely with an
excluder phenotype) for immobilizing metals/metalloids in
the rhizospheric zone and providing erosion control and
wildlife habitat [2-5, 5-22]. Use of native plants is a focus
of this technology because they often demonstrate tolerance
to local environmental conditions and provide a foundation
for natural ecological succession. However, success of aided
phytostabilization on mine tailings also depends on the rapid
improvement of most, if not all, limiting physical and chemi-
cal factors of the substrate for proper plant establishment and
growth, including the establishment of proper soil microbial
activity [16, 23-25]. Microbial activity is fundamental for
the biochemical cycling of carbon, nitrogen, and phosphorus
and the processes of organic matter turnover [26], and thus
for achieving self-sustainable ecosystems [27].

Establishment of a vegetation cover helps to control
erosion and provide organic matter in the substrate, increas-
ing substrate aggregation and sequestration of pollutants
[5, 15]. Most of these functions can be induced through
proper application of amendments into mine tailings, such
as organic and/or inorganic materials. In general, inor-
ganic amendments improve either physical characteristics
of tailings, such as compactation and drainage, or some
limited chemical characteristics, such as pH and excessive
soluble metal levels [25, 28-30]. Organic amendments
improve physical characteristics of tailings, mitigate their
metal toxicity, inoculate them with soil microorganisms,
and incorporate required macronutrients and organic matter
(5, 15, 25, 27, 28, 31-33].

Even though aided phytostabilization has been effec-
tively used on metal-enriched soils and hard-rock mine
wasted, such as TSFs, particularly in temperate areas (i.e.,
(10, 23, 24, 34, 35]), its use on postoperative TSFs of north-
central Chile represent a new challenge. On one hand,
postoperative TSFs being generated by large-scale copper
mine operations in Chile have larger surface areas than the

Applied and Environmental Soil Science

ones generated in other mining countries (range of 300 to
3,000 ha); therefore, local availability of very large amounts
of proper amendments is by far a more limiting aspect for
application of the technology than in other copper mining
countries. This represents an opportunity for generating
alternative disposal areas for other massive wastes that
cannot be largely applied on croplands (i.e., agrowastes,
biosolids, hard-rock mine wastes); however, their efficacy
to improve physical, chemical, and biological properties of
tailings have to be evaluated. On the other hand, experiences
of aided phytostabilization on TSFs mainly gained in tem-
perate climates (i.e., Canada) may not be directly applied
to TSFs located in semiarid regions, such as north-central
Chile. For example, organic covers (approx. 50 cm depth)
made with biosolids and/or other organic wastes generated
by cellulose-producing plants or agricultural activities have
been effectively used on aided phytostabilization programs
on TSFs in temperate areas (i.e., [10, 23, 24, 34, 35]), but
they are inadequate under Mediterranean semiarid climate
type conditions as salinization of organic covers strongly
limit plant establishment and growth (i.e., [5, 25, 36,
37]). Therefore, alternative management options, such as
incorporation into upper tailings, have to be evaluated.

The main objective of the present study was to assess
the efficacy of a range of locally available organic and hard-
rock mine waste-type materials on aided phytostabilization
of postoperative copper TSFs under semiarid Mediterranean
climate type conditions, with emphasis on chemical and
biological parameters. The use of locally available wastes as
tailing amendments, through promotion of integrated waste
management practices at local level, was prioritized in order
to achieve the large volumes that will be required by the large-
scale copper mine operations in north-central Chile. Plant
yield, metal uptake and translocation to aerial tissues, and
the evolution of a number of microbiological and chemical
parameters of the substrate were assessed.

2. Materials and Methods

2.1. Study Site. The study was conducted at La Cocinera
TSF (6.7 ha; 6.618.700 N-291.300E) owned by the Ovalle
copper mining plant of ENAMI. This postoperative and
dried TSF is located in north-central Chile, Coquimbo
Region, in an area under semiarid Mediterranean climate
type conditions. Annual rainfall in the area averages 237 mm,
concentrated during April to September (Autumn-Winter).
The dry season extends from October to May. During this
period the water balance is negative, resulting in a soil
moisture deficit. Mean temperature of the warmest month
(January) and the coldest month (July) are 23°C and 7°C,
respectively [36].

Tailings of La Cocinera TSF are characterized by a
clay loam texture, slightly alkaline pH (7.98), elevated
electric conductivity (EC, 5.62mSm™"), very low organic
matter (0.48%) and available N-P contents, low cation-
exchange capacity (CEC, 6.28 meq 100mg™!), and very
high concentrations of sulphate (2,912 mgL™!), total cop-
per (4,393mgkg™!, dry weight basis (d.w.)), total zinc
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TaBLE 1: Experimental treatments and description of amendments
and doses used on the field trial established at La Cocinera tailings
storage facility, north-central Chile.

Treatment Amendment Dose
Control, C — —
RM Rubble from lixiviation piles 1000 t ha™!
Manure (goat) 108 tha!
Rubble 1000 tha™!
RMS Manure 108 tha™!
Sediment of irrigation canals Layer of 5cm
Bl Biosolids 100tha™!
B2 Biosolids 200 tha™!
Gl Grape residues 89tha!
G2 Grape residues 200 tha™!
01 Olive residues 91 tha™!
02 Olive residues 200 tha™!
GB Grape residues 131tha™!
Biosolids 20tha™!
oM Grape residues 91tha™!
Manure 70tha™!
OB Olive residues 135tha™!
Biosolids 19tha™!
oM Olive residues 96tha!
Manure 67 tha™!

(1,619 mgkg™" d.w.), total iron (87,094 mgkg~' d.w.), and
total calcium (35,504 mgkg™! d.w.; [15]). The existing liter-
ature [38, 39] describes the local soils as clay loam in texture,
from colluvial and alluvial origin, neither saline (EC of
2.29mS m™!) nor sodic, with organic matter content around
1.5-2.8%, pH of 7.42, and CEC of 13.27 meq 100 mg~!. Even
though, some physical and chemical characteristics of study
tailings are similar to local soils, such as texture and pH, most
of the others need to be improved in order to support a native
plant cover. Therefore, the main emphasis of the present
study was to evaluate the efficacy of selected amendments
to improve limiting chemical and biological parameters of
tailings.

2.2. Experimental Design. A 2,400 m? field trial (60 m long
X 40 m wide) was conducted at La Cocinera TSF to evaluate
some biological and chemical endpoints of mine tailings
amended with several local available organic and inorganic
residues for a total of 12 treatment plots and a control
(no amended tailings) plot (Table 1); each treatment was
replicated three times. Selected amendments were discarded
rubble from Cu-oxide lixiviation piles (R), available at the
same mine operation; goat manure (M) from nearby cattle
yards; sediments from the cleaning process of local irrigation
canals (S); air-dried biosolids (B) from a municipal water
treatment plant; solid pressing grape residues (G) from
a spirit (pisco) producing plant; solid olive mill residues
(O) from an olive oil producing plant. General properties
of selected amendments are given in Table 2, and details

(amendment types and doses) of experimental treatments
are shown in Table 1. Application rates of organic residues
were either decided according to available information in the
literature for hard-rock wastes or metal-polluted degraded
soils, when added alone (i.e., [40]), or with a target of 5%
OM and a C: N ratio of 30 in amended tailings when added
in mixtures of C-rich (i.e., grape residues, olive residues)
and N-rich organic residues (i.e., biosolids, manure (i.e.,
[24])). Application rate of discarded rubble from Cu-oxide
lixiviation piles was decided with a preliminary laboratory
evaluation to change tailings texture from loam, to sandy
loam while sediments from irrigation canals were used
according to their availability. Amendments were mixed
on the upper layer of tailings (0-20cm depth) with a
gasoline-operated rototiller, to avoid salinization problems
in amended tailings; the exception was sediment from
irrigation canals which were applied on top of tailings,
as we considered them equivalent to preserved topsoils
used as top covers on mine rehabilitation (i.e., [1, 13]).
The experimental layout was a complete randomized block
design.

On March 2006, each experimental plot (5 X 5m) was
first amended and then seeded with 800g of perennial
ryegrass (Lolium perenne var Nui) and 38 g of a mixture of
local grasses/herbs previously collected from either nearby
wild areas and from a grass population (Polypogon australis)
spontaneously established in a restricted area of the same
TSE, following the methodology of Gold et al. [41]. This
represents a seeding rate of 335kgha™!, a value higher than
the range of 20 to 120 kg ha™! recommended for remediation
of metal-contaminated soils of hard-rock wastes (i.e., [42—
44]), but conservative considering that no information about
metal tolerance of the species was available. The study area
was wire-mesh fenced, and all grazing from domestic and
wild herbivores was excluded; wind-breakers were built in
two sides of the perimeter in order to reduce wind erosion.
An irrigation system was established in the site with spray
sprinklers located in the center of every experimental plot
to assure plant establishment and development in the early
stages. Irrigation was kept from March to November, during
three consecutive years (2006 to 2008), to complement
natural winter precipitations; irrigation water was obtained
from a nearby stream.

2.3. Substrate Sampling and Analysis. Substrate samples were
collected from all experimental plots at the time of addition
of amendments (March 2006) and after two (March 2008)
years, using a manual stainless steel soil auger. Each plot
sample consisted of two bulked subsamples (25 cm? cores)
randomly collected at 0-20 cm depth. A composite sample
was made from mixing both subsamples which were placed
in a hermetically sealed plastic bags, homogenized in the
field at collection time, and stored at 4°C in the dark until
their transportation to the laboratory. Roots were manually
removed from all samples prior analyses and processing in
the laboratory. Plot samples were divided into two aliquots;
one was used for microbial analyses, and the other was used
for chemical characterization as described below.
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TaBLE 2: General properties of selected organic and inorganic amendments for aided phytostabilization of Cu-sulfidic tailings under semiarid

Mediterranean climate conditions.

Amendment Bulk density pH  SOC EC Sulphate Total metal (mg/kg) TotalP Total K Total N Total C C:N
(g/mL) (water) (%) (mS/cm) (mg/L) Cu Zn Fe (mg/kg) (mg/kg) (%) (%)
Biosolids (B) 0.36 6.20 81 7.04 600 483 525 5493 9780 6638 7.4 46.9 6.3
Grape residues (G) 0.45 5.64 94 1.94 201 31 21 937 2800 24500 2.9 56.8 19.6
Olive residues (O) 0.41 5.71 95 2.91 1.25 16 11 2076 800 10500 1.0 543 53.8
Goat Manure (M) 0.32 7.92 71 12.18 642 46 58 8517 4100 29700 2.5 40.1 16.2
Sediments (S) 1.12 691  0.36 4.20 1386 333 177 n.d. 700 3400 0.12 0.02 0.2
Rubble (R) 1.70 528 0.23 5.55 3454 7412 510 n.d. 1300 1500 0.01 0.32 320

2.3.1. Substrate Analysis (Bulk and Pore Water). Compos-
ite samples were made mixing replicated plots for each
experimental treatment, as substrates underwent several
analyses (bulk, pore water, field capacity at 100%, etc.).
Substrate samples were air dried and sieved (<2 mm) before
analytical determinations. The total percentage of the sample
corresponding to the soil whose particle size was greater
than 2 mm was registered (retained by the sieve), and the
fraction less than 2 mm was determined by granulometry
using the method of Bouyoucos [40]. The pH and electrical
conductivity (EC) were measured in a 1 : 1 substrate to water
solution using a glass electrode. Soil organic carbon (SOC)
was determined by the Walkey and Black wet dichromate
oxidation method [40]. Cation exchange capacity (CEC)
and total N and Cu were determined according to protocols
of the USDA [40] and US EPA [45], respectively. In the
case of total Cu determinations in bulk substrate samples,
every digestion batch included one blank sample, one
standard reference material (SRM) sample (Loam-B, catalog
CRM-LO-B; High-Purity Standard, Charleston, SC, USA),
one duplicate sample, and one quality-control sample for
the quality-assurance and quality-control criteria. Digested
samples were analyzed for total Cu contents by flame atomic
absorption spectrometry (FAAS, AAnalyst 300; Perkin-
Elmer). Background nonatomic absorption was corrected
with a deuterium continuous lamp. The atomic absorption
analytical device was housed in a class 1000 clean-room
laboratory, and the loading of the autosampler tray was
done in a class 100 laminar flow cabinet. The calibration
standard was prepared with high-purity (>18 MQcm™)
deionized water and acidified with HNO3 Suprapur (Merck)
to 0.2%. For performance control of the atomic absorption
spectrometer, a certified multielement standard was used
(Spectrascant Certified, Teknolab). The quality-assurance
and quality-control criteria were satisfied when the measured
parameter of the standard reference material (Loam-B,
catalog no. CRM-LO-B; High-Purity Standard, USA) and
the quality-control sample (a previously characterized soil
sample with a known concentration of metals) differed by no
more than 5%. Available N, P, K contents were determined
according to Sadzawka et al. [46].

To assess the chemical evolution of substrates under
different treatments, 35 mL of pore-water samples were taken
from each experimental substrate using Rhizon soil pore-
water samplers (Rhizosphere Research Products, Wagenin-
gen, The Netherlands), following the method described in

Vulkan et al. [47]. Substrate pore-water samples were kept
in acid-washed polyethylene plastic vials (50 mL), and then a
subsample was acidified with HNOj; suprapur (Merck) and
analyzed for total dissolved Cu (method SW-486 of US EPA
[45]) by Inductively Coupled Plasma-Mass Spectrometry
(ICP-MS; Perkin Elmer ELAN6100 with auto sampler). The
other subsample was acidified with H;POj3 suprapur (Merck)
and analyzed for dissolved organic carbon (DOC; method
415.1 of US EPA [48]), using an Apollo 9000 TOC analyzer
(Tekmar-Dohrmann, USA).

2.3.2. Microbial Analysis. Substrate aliquots for microbial
analysis were kept in hermetically sealed plastic bags, as
collected in the field, and stored at 4°C in the dark until their
microbiological analysis. Basal respiration was determined
by placing 50g of each substrate sample at 70% of field
capacity in a 0.5L air-tight sealed jar along with 10 mL
of 1N NaOH, followed by incubation for 28 days in
the dark at 28°C. The C-CO; evolution was periodically
determined by titration [49]. Basal respiration rate was
calculated based on cumulative CO, evolution over the 28
days period. Microbial biomass C (MBC) was determined
by the chloroform fumigation extraction method [50]. This
parameter results from the difference between fumigated and
nonfumigated samples, corrected with the K pc value of
0.45 [51]. The microbial metabolic quotient was calculated
as basal respiration (ug C-CO, h™!) per mg of microbial
biomass C according to Anderson and Domsch [52].

2.4. Plant Sampling and Analysis. Aboveground plant
biomass was determined at each experimental plot by
clipping vegetation at ground level in three randomly placed
quadrats (0.35m x 0.35m or 0.12m?) by the end of
September 2006 and 2008, after seed production in grasses
and at the mid growing season of herbs. Plant biomass of
each experimental plot was harvested, placed in a preweighed
paper bag, and transported to the laboratory where they
were washed with tap water and deionized water in order
to eliminate external contamination. Shoots were then dried
in a forced air oven at 60°C and weighed after 3 d to obtain
the aerial dry biomass. Plant tissues were ground to powder
in an agate ball mill and digested with HNOs;—HF-H,O,
in a microwave oven (Milestone 1200; Milestone Microwave
System, Monroe, Conn, USA). Copper content in shoots
was determined by ICP-MS (Perkin Elmer ELAN 6100 with
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TaBLE 3: Texture of experimental substrates (bulk) at the time of establishment of the field assay (year 1, 2006), at a depth of 0-20 cm. Codes

of treatments follow Table 1.

Texture (%)

Particles >2,000 ym

Treatment Texture type*

<2um 2 ym-50 um 50 4m-2,000 ym (%)
C 14 42 44 Loam 11
RM 13 33 54 Loam 39
RMS 12 25 63 Sandy loam 39
Bl 12 43 45 Loam 21
B2 20 43 37 Loam 38
Gl 16 44 40 Loam 15
G2 19 40 41 Loam 19
01 9 37 54 Loam 8
02 11 30 59 Sandy Loam 18
GB 21 42 37 Loam 15
GM 15 37 47 Loam 20
OB 11 50 39 Silt Loam 19
OM 18 40 42 Loam 17

* According to the soil textural classification chart of the US Department of Agriculture.

an auto sampler) according to methods SW-486 [45]. Every
digestion batch included one blank sample, one SRM sample
(1573a tomato leaves; National Institute of Standards and
Technology, Gaithersburg, Md, USA), one duplicate sample,
and one quality-control sample for the quality-assurance and
quality-control criteria. The quality-assurance and quality-
control criteria were satisfied when the measured parameter
of the standard reference material (1573a tomato leaves) and
the quality-control sample differed by no more than 5%.

2.5. Statistical Analysis. Significance of plant and microbial
response variables due to experimental treatments were
tested by one- (treatment) or two-way (treatment and time)
analysis of variance followed by the LSD Fisher test when
required. Normality and homogeneity of variances were
checked with the Shapiro-Wilks and Levene tests, respec-
tively; logarithmic transformations were used when required.
Simple lineal regressions and Pearson’s correlation analyses
were used to determine correlations among variables (i.e.,
substrates). Statistical analyses were conducted using the
software InfoStat [53].

3. Results

3.1. Substrate Properties. Tailings at the experimental site
have loam texture, according to the soil textural classification
of the USDA (Table 3). In general, addition of amendments,
either alone or in mixtures, did not modify the percentage of
particle size distribution below 2,000 ym, hence maintaining
the loam texture. Exceptions were RMS, O2, and OB
treatments (Table 3); RMS treatment had the same sandy
loam texture of pure sediments, as they were applied at the
soil surface without incorporation. Slight changes in soil
texture detected in the other two treatments (O2 and OB)
may be only explained by typical variations of tailings texture
[7]. When the coarse fraction is considered (>2,000 ym),
higher percentages (among 1.4 to 3.5 times higher) are,

in general, found for amended tailings when compared to
control tailings (Table 3). Increases were higher for B than
for G and O, and they showed to be dose dependent, as most
of the OM incorporated into experimental plots was retained
on the sieve. As expected, the highest values of coarse particle
fraction (>2,000pum) were found on plots where rubble
from Cu-lixiviation piles was incorporated (Table 3), as this
material has 68% of particles >2,000 ym.

At the beginning of the assay (year 1 or 2006), addition
of amendments improved most chemical (i.e., CEC, SOC,
and DOC) and nutritional (i.e., N, P) properties of tailings
(Tables 3 and 4). Biosolids and grape residues, either alone
or mixed with other materials, produced the more marked
changes in chemical and nutritional properties of tailings,
particularly in terms of CEC, SOC, and available N-P-
K concentrations, when compared to control (Table 4).
Olive residues mainly improved SOC of tailings in a dose-
dependent form (Table 4). However, all organic amendments
contained soluble salts, and their addition into tailings
increased EC with respect to control (5.3mScm™!), up to
26.4mS cm™!, particularly when applied in high doses; this
effect was more pronounced with biosolids (Table 4) but also
occurred after addition of high dosages (200 tha™!) of grape
and olive residues.

The carbon to nitrogen ratio largely varied among
treatments and generally decreased with addition of organic
amendments, particularly in the case of biosolids and
manure as these are N-rich materials (Table 4). Incorpora-
tion of amendments into tailings did not change or slightly
reduced total Cu concentrations in the substrate, thus having
no or minor dilution effects. The exception was treatment G2
with addition of 200 tha™! of grape residues which reduced
1.8 times total Cu (Table 4). The pH of substrates only varied
from slightly to moderately alkaline values, in the range of
7.40 to 8.20, and it almost did not vary with time (Table 4).

By the end of the experiment (year 3 or 2008), CEC,
SOC, available N-P-K, and C:N ratio markedly decreased
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TaBLE 4: Evolution of chemical properties of experimental substrates (bulk) from the time of establishment of the field assay (year 1, 2006)
and after 2 years (year 3, 2008), at a depth of 0-20 cm. Codes of treatments follow Table 1.

Treatment pH EC CEC SOC Navailable Pvailable Kavailable C:N ratio Total Cu

(mScm™!) (meq 100g™") (%) (mgkg™") (mgkg™") (mgkg™") (mgkg™")

YI Y3 Y1 Y3 Y1 Y3 YI Y3 Y1 Y3 Y1 Y3 Y1 Y3 Y1 Y3 Y1 Y3
C 8.0 80 53 7.4 3,7 5.8 20 0.7 9 Bdl 8 8 142 73  56.6 6.7 6248 6140
RM 7.6 79 9.1 11.9 18,1 7.8 33 15 14 13 139 53 2821 826 12.7 7.9 6445 6604
RMS 74 7.8 5.9 6.9 21,5 9.7 26 1.2 35 11 42 25 469 269 18.7 9.0 4910 5728
Bl 8.1 80 13,5 15.0 9,3 4.9 2.0 1.1 480 425 287 47 616 232 10.8 4.3 4655 5876
B2 7.8 7.7 264 196 31,5 7.0 50 1.3 984 814 993 87 2127 404 6.4 49 4013 4839
Gl 8.2 79 8.9 7.5 12,6 4.9 25 14 24 9 54 13 1264 155 483 9.1 6506 6879
G2 7.6 80 12.0 8.9 24,0 8.2 34 2.0 180 6 269 40 4727 422 8.5 7.3 3394 5208
01 8.1 80 8.5 6.5 6,5 5.8 24 1.1 5 Bdl 15 8 713 81 283 144 8588 7369
02 7.8 80 10.2 7.9 8,4 5.6 58 1.6 26 Bdl 16 1464 188 37.3 12.8 6739 5215
GB 8.0 81 120 93 15,5 4.5 33 1.3 444 32 269 41 1850 295 21.2 9.1 7163 5928
GM 8.2 80 13.1 8.7 23,6 6.3 48 1.7 207 22 175 33 3088 333 91.8 7.4 7391 7353
OB 7.8 80 9.7 6.6 7,3 10.0 44 1.5 178 Bdl 77 16 885 102 234 12.6 5856 6178
OM 8.0 82 14,5 10.8 36,5 8.0 51 1.1 24 Bdl 84 20 3055 512 199 6.4 5857 5317

Y1: year 1; Y3: year 3; EC: electrical conductivity; CEC: cation exchange capacity; SOC: soil organic carbon; Bld: below detection limit.

TasLE 5: Evolution of the concentration of dissolved organic carbon
(DOC) and total dissolved Cu in the pore water of substrates from
the time of establishment of the field assay (year 1 or 2006) and after
2 years (year 3 or 2008). Codes of treatments follow Table 1.

Treatment DOC (mgL™1) Cu (mgL™t)
Y1 Y3 Y1 Y3
C 11 29 0.04 0.17
RM 542 795 4.52 0.06
RMS 218 148 1.22 4.01
Bl 2412 274 29.12 0.57
B2 3048 600 116.92 1.13
Gl 202 72 2.81 0.11
G2 523 113 8.24 0.05
01 310 57 0.69 0.65
02 831 138 2.28 0.51
GB 516 253 5.63 1.24
GM 780 190 7.79 1.00
OB 813 243 28.04 0.40
oM 918 165 6.96 2.44

Y1: year 15 Y3: year 3.

in all treatments, but in all cases values were higher than
control plots (Table 4). Even though available N tended
to decrease with time, minor reductions were detected on
biosolids-amended plots when compared to other organic
amendments (Table 4). Total Cu concentrations in the
substrate did not show relevant variations with time while
EC values either slightly decreased or increased with time
(Table 4).

Dissolved organic carbon in pore water was very low
in tailings (control plots), but it increased by 1 to 2 orders
of magnitude with incorporation of amendments (Table 5).

Specifically, DOC reached highest values in those plots where
only biosolids were added (B1 and B2). In general, DOC val-
ues decreased with time, but they were more marked in some
treatments, such as B1 and B2 (Table 5). Total dissolved Cu
in pore water of substrates increased from 17 to 2,923 times
with addition of amendments when compared to control
plots (Table 5). Biosolids amended plots showed the higher
increases reaching concentrations of 29.1 and 116.9 mgL™!
in treatments B1 and B2, respectively (Table 5). However, Cu
concentrations in pore water markedly decreased with time,
reaching values quite alike among treatments after three years
(Table 5). During the first year of the study, a positive and
significant relation between DOC and total dissolved Cu in
pore water was found (R?> = 0.75, P < 0.05), but by the third
year this relation was not significant (R* = 0.01, P < 0.73).

3.2. Plant Responses. Figure 1 shows the variation of aerial
plant biomass (dry weight basis, d.w.) among experimental
treatments with time, while Table 6 shows variation of Cu
content in shoots. A two-way ANOVA for aerial plant
biomass indicated significant differences among experimen-
tal treatments (F = 7.08, P < 0.05), year since amendments
addition (F = 51.07, P < 0.05), and the interaction among
these factors (F = 7.46, P < 0.05). Control plots showed
very low aerial biomass production (4.5 to 5 g m~2 dry weight
basis (d.w.)), irrespective of the year (Figure 1). During the
first growing season, aerial plant biomass strongly varied
among treatments, being higher on treatments RMS and G1
(19 and 11gm=2 d.w., resp.) and null or very limited on
treatments with addition of biosolids (0 to 0.3gm™2 d.w.;
Figure 1); all other treatments showed an aerial biomass
production that ranged from 2.5 to 7.8gm~? d.w. Plant
biomass tended to increase with time on most treatments
(Figure 1). However, after three years, the highest increase
in aerial plant biomass production occurred on treatment
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TaBLE 6: Evolution of the concentration of copper in aerial plant
biomass (mean =+ standard deviation, n = 3) from the time of
establishment of the field assay (year 1 or 2006) and after 2
years (year 3 or 2008). Codes of treatments follow Table 1. Values
followed by the same letter are not significantly different at P < 0.05

according to a two-way ANOVA and LSD Fisher test.

Cu in shoot (mgkg™1)

Treatment

Y1 Y3
C 237 + 120.3%¢ 203 + 19.6%¢
RM 310 + 215.7bd 390 +433.4%de
RMS 90 + 8.3 270 + 217.0b<d
Bl 826 + 480.6° 207 + 90.5%¢
B2 — 144 + 40.9%
Gl 189 + 69.87b¢ 345 + 268.8bcde
G2 231 + 114.9%b¢ 187 + 48.43b¢
01 559 + 428.9¢ —
02 507 + 493.24 280 + 202.4%
GB 427 + 274.4% 154 + 31.5%®
GM 316 + 293,3bcde 180 + 35.4ab¢
OB 235 + 104.92b¢ 207 + 94.27b¢
oM 275 + 83.4bd 312 + 162.8bcde

Y1: year 1; Y3: year 3.

TaBLE 7: Evolution of metabolic quotient (mean =+ standard
deviation, n = 3) in experimental substrates (0-20 cm) from the
time of establishment of the field assay (year 1 or 2006) and after
2 years (year 3 or 2008). Codes of treatments follow Table 1. Values
in the same column followed by the same letter are not significantly
different at P < 0.05 according to ANOVA.

Metabolic quotient (ug C-CO, mg Cbio ' h™1)

Treatment
Y1 Y3

C 5.0 + 0.75 4.0 + 0.83*
RM 3.0 + 0.50° 2.0 + 0.62°
RMS 3.0 = 0.35° 1.6 +0.71°
Bl 6.9 + 0.68° 0.6 + 0.51¢
B2 7.5+ 0.714 0.9 + 0.77°
Gl 3.2 +0.51° 2.8 + 0.684
G2 3.4 + 0.65" 1.2 + 0.80b¢
01 7.1 +0.92¢ 4.7 + 1.03
02 7.5 + 1.094 4.8 +0.922
GB 3.9 + 0.71b¢ 1.6 + 0.73P
GM 3.7 + 0.78b¢ 1.2 + 0.50b¢
OB 3.6 = 0.80° 1.8 +0.62°
oM 4.7 + 0.85% 2.9 +0.75°

Y1: year 1; Y3: year 3; Cbio: microbial biomass C.

B1 (480 gm~2, d.w.), followed by treatments B2 (283 gm™2
d.w.) and RM (112gm~2 d.w.). On the contrary, treatments
O1 and O2, with addition of olive residues had marked
reductions in aerial production, reaching values of only 0.1
to 0.2 gm~2 d.w. (Figure 1).

A two-way ANOVA for Cu concentration in shoots indi-
cated significant differences among experimental treatments
(F = 2.33, P < 0.05), year since amendments addition

1000 -

d 1
abcd bed . abced
100 1 abc

Shoot biomass (g/m?, d.w.)
- IS
-+

a

3225238585353
Figure 1: Evolution of plant aerial biomass (dry weight basis:
d.w.; log 10 scale) in experimental treatments (mean + standard
deviation, n = 3) from the time of establishment of the field assay
(year 1 or 2006 in black columns) and after 2 years (year 3 or 2008
in white columns). Codes of treatments follow Table 1. Same letters
indicate no significant differences at P < 0.05 according to a two-
way ANOVA and LSD Fisher test.

(F = 7.34, P < 0.05), and the interaction among these
factors (F = 3.52, P < 0.05). Plants in control plots
reached mean values of 203237 mg Cukg™! in aerial tissues
with no significant variation among years (Table 6). During
the first year, all other treatments did not show significant
differences in Cu concentrations in shoots (i.e., RM, RMS,
G1, G2, OB, OM) or showed significant increases (B1, O1,
02, GB) when compared to control plots. The maximum
Cu concentrations in shoots occurred in treatment Bl
(826 mg Cukg™), followed by treatments O1, O2, and GB
that showed values that ranged from 427 to 559 mgkg™!. In
most treatments, Cu contents in shoots remained the same or
significantly decreased with time (Table 6). Specifically, Cu
contents in shoots of plants in treatments B1, O2, and GB
were reduced from 2 to 4 times with time (Table 6). With
the exception of control and treatments with olive residues
addition (O1 and O2), no visual metal toxicity symptoms
(i.e., redness and chlorotic leaves, stunted plants) were,
however, detected on field plants. Furthermore, biomass
production increased with time in most treatments as shown
above (Figure 1), with exception of control and treatments
with olive residues, thus indicating no metal phytotoxicity of
most amended substrates.

3.3. Microbiological Properties. Results of microbiological
parameters are given in Figure 2 (accumulated basal res-
piration), Figure3 (biomass C), and Table7 (metabolic
quotient). Values of both microbial basal respiration (MBR;
Figure 2) and microbial biomass C (MBC; Figure 3) were low
and constant in time in control plots, while the metabolic
quotient (Table 7) was higher and constant in time in control
plots when compared to experimental treatments.

Two-way ANOVAs for MBR and MBC indicated in both
cases significant differences among experimental treatments,
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TaBLE 8: Tables of two-way analysis of variance for microbial accumulated basal respiration and microbial biomass C (mean =+ standard
deviation, n = 3) in experimental substrates (0—20 cm) from the time of establishment of the field assay (year 1 or 2006) and after 2 years

(year 3 or 2008).

Parameter Source of variation Degrees of freedom Mean squares F P
Basal respiration Model 25 105727 152.2 <0.01
Treatment 12 57253 82.4 <0.01
Year 1 1352296 1947.2 <0.01
Treatment X Year 12 50320 72.5 <0.01
Error 52 695
Biomass C Model 25 55094 253.9 <0.01
Treatment 12 23278 107.3 <0.01
Year 1 819816 3779.4 <0.01
Treatment X Year 12 23183 106.9 <0.01
Error 52 217

TaBLE 9: Pearson’s correlation coefficients between plant aerial
biomass and several microbial and chemical (bulk and pore water)
properties of experimental substrates (n = 39).

Variable Plant aerial biomass
DOC -0.20

SOC 0.54

EC 0.47
Microbial basal respiration 0.55
Metabolic quotient —-0.65

Cu concentration in pore water 0.51
Microbial biomass C 0.60

Cu concentration in shoots —0.42

DOC: dissolved organic carbon; SOC: soil organic carbon; EC: electric
conductivity.

year since amendments addition, and the interaction among
these factors (Table 8). At the beginning of the assay (year 1
or 2006), both MBR and MBC significantly increased with
addition of all amendments (Figures 2 and 3). Increase in
MBR was higher in treatments RM, G2, OB, and OM (from
16 to 32 times) and lower in treatment O1 (5 times) with
respect to control. In the case of MBC, increase was higher in
treatments G2, OB, B2, and RMS (from 24 to 32 times) with
respect to control; furthermore, for both parameters and all
organic amendments used (B, G, O), the increase was dose
dependent. MBR and MBC tended to decreased with time
in all treatments, MBR showing more marked reductions
than MBC (Figures 2 and 3). After three years, BMR values
of all treatments reached values similar to control plots,
with the exception of treatment GM that showed values 2
times higher than control plots (Figure 2). In the case of
MBC, even though this parameter decreased in time to values
similar to control plots, treatments B2, O1, and O2 remained
significantly higher than control plots, reaching values up to
3.5 times higher than control (Figure 3). A significant simple
lineal regression existed among MBR and MBC (R?* = 0.37,
F = 21.7, P < 0.05) during the first year of the assay, but
this disappeared after three years (R2 = 0.09, F = 3.8, P =
0.0577) of experimentation. Finally, the metabolic quotient

800 1
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600 1

500 1

400 -

300 1

200 -

100 A

(=}
I

Accumulated basal respirantion (mg C-CO,/100 g)

FIGURE 2: Evolution of accumulated basal respiration (28 days;
mean + standard deviation, n = 3) in experimental substrates from
the time of establishment of the field assay (year 1 or 2006 in black
columns) and after 2 years (year 3 or 2008 in white columns). Codes
of treatments follow Table 1. Same letters indicate no significant
differences at P < 0.05 according to a two-way ANOVA and LSD
Fisher test.

tended to decrease with time (Table 7). The highest values
were recorded in treatments Ol and O2 for both years of
evaluation. Treatments B1 and B2 showed high values in year
1, similar to treatments O1 and O2, but markedly decreased
on the following years, reaching the lowest values in year 3
(Table 7).

3.4. Correlation between Biological and Chemical Parameters
of Substrates. Pearson’s correlations between all soil prop-
erties (bulk and pore water) and plant-related parameters
were calculated. The most relevant are shown in Table 9.
The strength of the associations was interpreted according
to the Hopkins’ correlation classification [54]: insubstantial
(0.0-0.1), low (0.1-0.3), moderate (0.3-0.5), high (0.5-0.7),
very high (0.7-0.9), and nearly perfect (0.9-1.0). Correla-
tion analysis of plant aerial biomass showed high positive
relationship with SOC, MBR, and Cu concentration in pore
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F1GURE 3: Evolution of microbial biomass carbon (MBC; mean +
standard deviation, n = 3) in experimental substrates from the
time of establishment of the field assay (year 1 or 2006 in black
columns) and after 2 years (year 3 or 2008 in white columns). Codes
of treatments follow Table 1. Same letters indicate no significant
differences at P < 0.05 according to a two-way ANOVA and LSD
Fisher test.

water; a very high negative relationship with metabolic quo-
tient; a very high positive relationship with MBC; a moderate
negative relationship with Cu concentration in shoots.

4. Discussion

4.1. Substrates Properties. Soils are generally classified as
saline when they have EC values higher than 4 mScm™!
[55]. Under this guideline, all treatments were moderately
to strongly saline, even after three years since establishment,
and even though organic amendments were incorporated
into tailings (mixed). Secondary salinisation of substrates,
due to application of organic residues, can be a major
constraint in aided phytostabilization strategies, particularly
under semiarid environments where evapotranspiration
exceeds infiltration of water due to scarce rain events (e.g.,
[56]). For example, Lombard et al. [37] found that a
composted biosolid-treated calcareous soil increased EC by
21 and 41% above the control soil when applied at rates of
only 14tha™! and 44.5tha™!, respectively, in an area with
semiarid climate. The increase in EC was expected because
biosolids are high in complex mixtures of soluble salts [37].
Salinisation of tailings (increased EC) by amendments may
be limiting for plant establishment and growth, but it would
be compensated by high CEC of organic amendments (with
the exception of olive residues) and discarded rubble from
lixiviation piles. In semiarid climates, salinity is usually
combined with high soil pH (alkalinity), because of CaCO3
enrichment in the uppermost soil layers; hence calcareous
soils are common; in the case of the experimental area, pH of
substrates only ranged from slightly to moderately alkaline,
but Ca content of tailings is high (1.5%). Although the
effect of pH on the activity of soil microorganisms has been
reported [57, 58], variations in soil pH in the present study
do not seem to be sufficiently great to establish differences in

the biological activity since no correlation between MBC and
pH was found.

The average SOC in mine tailings of semiarid areas of
north-central Chile is only about 0.23% [39]. This might
predict low or lack of microbiological activity. Indeed,
indigenous microbial communities associated with mine
tailings often show limited density and diversity, relative
to undisturbed sites [11, 59], and mainly correspond to
iron-/sulfur-oxidizing bacteria [12]. However, SOC reached
a value of 2% in La Cocinera TSE. Most of the SOC in
tailings probably comes from flotation reagents used for
the copper concentration process in the flotation plant. The
level of SOC of all organically amended tailings increased
noticeably with respect to control during the first year,
in agreement with literature (i.e., [31]), but it decreased
along the third year of the experiment, probably due to
mineralization of easily degradable materials added [60];
however, in all cases, it remained above that of con-
trol plots and thus assuring microbial activity and plant
growth. This may be also attributed to the presence of the
plant cover developed after amendments application, with
organic inputs such as root exudates and plant remains
compensating C losses through mineralization, and due to
the exhaustion of the labile organic C and the increase
of the recalcitrant fraction of C, which is less prone to
mineralization [61, 62]. For example, Miiller da Silva et al.
[27] found beneficial changes in ecosystem functioning, such
as enhanced biological cycling of nutrients, in Eucalyptus
plantations where biosolids were incorporated into degraded
soils; as a result of increased plant biomass production, due
to improved OM and nutrient soil levels, higher transfers of
these components to the litter and subsequently to the soil
were measured; if litter degradation is adequate, then self-
sustainability of the system may be reached with no need
of further additions of amendments, particularly for plant
formations adapted to nutrient-poor soils like in semiarid
areas. Furthermore, the slow release of nutrients contained
within the biosolids and other organic amendments, when
compared to chemical fertilizers [63], makes it possible to
restore soil nutrient stocks throughout the development
cycle of revegetated areas. Longer-term evaluations of the
experimental plots established in the present study, in terms
of OM and nutrients cycling among other parameters, are
thus required for better conclusions.

Addition of organic amendments decreased C:N ratio
of tailings, hence improving fertility of substrate; however, a
large variation in this parameter existed among treatments,
as locally available organic amendments have different N
concentrations. For example, biosolids have large N concen-
trations (7.4%), while grape and olive residues have much
lower concentrations (2.9% and 1%, resp.). Variations in
C:N ratio determine different effects on microbiological
processes and therefore in N availability to plants, not only
in the short term but also in the long term (i.e., [24, 64]). For
example, the decrease of this ratio to recommended values of
20 to 30 means that N is mineralized and thus available for
soil microorganisms and plant roots [65]. However, very low
(<20) C:N ratios may generate excessive N mineralization
with consequent lixiviation of nitrates to groundwater and
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release of ammonia [27, 66] and CO, to the atmosphere
[67], thus restricting seed germination and early stages of
plant development [27, 66]. This effect may have occurred on
biosolids-amended tailings, particularly when elevate doses
were applied (treatment B2), as no seed germination was
observed during the first year (data not given). On the other
hand, elevated values of this ratio (>30) indicate low N
concentrations, which is a less favorable condition for soil
microbial activity and plant development; this last situation
is further limiting if the main C forms of the material
are recalcitrant (i.e., lignin), which is resistant to microbial
degradation [68]. In this case, N is sequestered into soil
microorganisms and not available for plant root uptake [69].
For example, addition of olive residues resulted in elevated
C:N rates (>28), and it remained high after three years. A
shortage of N, due to the low content of this element in olive
residues, may have occurred after three years thus explaining
the marked reduction in aerial biomass production under
these treatments (O1 and O2); mixture of olive residues with
other N-rich materials, such as biosolids and goat manure,
allowed longer-term N availability, and thus sustained aerial
plant biomass production in time should be possible without
further additions to maintain adequate fertility.

The organic amendments increased the initial level of
DOC, an effect which was still present at the third year
but with much reduced concentrations. The high content of
low molecular weight organic acids in biosolids and olive
residues at dressing time, such as fulvic acids, may pose
a metal toxicity risk for plants due to their capability for
increasing metal solubility and bioavailability in the substrate
solution (e.g., [31, 32, 70, 71]). Metal cations, such as
Cu?*, are complexed by DOC, and these soluble organo-
metallic complexes can be readily absorbed by plant roots
[31, 32, 72-75] and/or leached into deep substrate layers
[76]. Indeed, higher copper contents have been detected in
shoots of grasses and some trees growing on biosolids-mixed
tailings [25] and soils [31, 32, 77]. This phenomenon was
detected in the present study in both biosolids and olive
residues amended tailings, particularly during the first year.
A decrease in the concentration of soluble metals would
be expected on the longer term, as detected in the present
study, once the mineralization of labile organic matter
in biosolids or other organic materials leads to stabilized
organic matter, as it has been shown by Al-Wabel et al.
[78].

4.2. Biological Properties. The establishment of a vegetation
cover on mine tailings located in semiarid Mediterranean
climates is fundamental to protect these sites against erosive
processes and for in situ immobilization of metals in the
substrate; at the same time, it contributes to increase the
soil organic matter content. In addition, a plant cover and
particularly, the builtup of plant rhizosphere will influence
the biological quality of the substrate by favoring the soil
microbial activity and phytostabilization of these sites. On
the other hand, soil microbiota is a key component to
assure nutrient cycling for plant availability and long-term
sustainability.
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Application of amendments on mine tailings under
semiarid Mediterranean climatic conditions improved the
biological properties of original substrate. Organic amend-
ments also favored plant growth which protect substrate
from natural forces (i.e., wind and rain) and contribute to
phytostabilization. The species used in the present study were
able to survive in the tailings, but growth measured as dry
aerial biomass largely varied among treatments. Biosolids
inhibited seed germination (data not shown) and showed
to be limiting for plant establishment and growth at the
beginning of the assay, irrespective of application dose (100
and 200 t ha™!). This may be result of the high salinity of this
material, but also due to the large concentration of DOC
which mobilized Cu into soil pore water thus posing Cu
toxicity risks to plants. However, at the end of the assay,
these treatments showed the highest plant yields, maybe as
a result of salt and DOC leaching through the profile due
to irrigation and natural precipitation, as it has been shown
in other field studies where biosolids were used as organic
amendments for mine tailings (e.g., [25, 56]). Furthermore,
temporal changes in C: N ratio of organic-amended tailings
may also affect plant establishment and productivity as
demonstrated by Brown et al. [64]. They demonstrated that
increasing the C: N ratio of organic amendments added to
mine tailings to >20:1 increased plant species richness and
growth, thus affecting native plant restoration.

Olive residues allowed plant establishment but they
were inadequate for sustained plant growth, showing poor
yield of biomass after three years; however, they improved
microbial properties (MSR and MBC) of tailings even
after three years since plot establishment. One explanation
of this result may be based on the presence of phenolic
compounds, which are toxic [79, 80]. The organic matter of
olive residues mainly consists of oil, polysaccharides, sugars,
polyphenols, polyalcohols, proteins, organic acids (i.e., acetic
and formic acid), phenols, lipids, and tannins, some of them
known to be toxic to plants [70] or biorecalcitrant [79,
81]. However, inorganic constituents at the concentration
levels found in olive residues are not toxic. In fact, it
has been proved that they may potentially act as a good
source of plant nutrients [82-84]. According to this, the
use of composted olive residues is suggested as when olive
residues undergo through a proper biodegradation process,
like composting, the toxic organic compounds are broken
down, and remaining components of these residues are
suitable as good source of plant and microbial nutrients
[84]. Other explanation may be the low N fertility of this
material as discussed above, as when olive residues were
mixed with biosolids and goat manure (N-rich sources),
plant biomass increased 59% with respect to control. Thus
it is not advisable to apply directly olive residues to mine
tailings for phytostabilization. Several treatments showed to
be adequate for plant establishment and growth in the short
term, besides of improving microbiological properties of
tailings (e.g., RM, B1, B2, OB). These treatments showed the
highest biomass yield, MSR, and MBC; however, plots have
to be evaluated in the longer term for better conclusions.

The negative correlation between qCO, and plant aerial
biomass found in the present study reflects environmental
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stress probably as a result of phytotoxicity effects from
some organic amendments mentioned above, like olive
residues and biosolids. Treatments which had the higher
plant biomass yield showed the lower qCO, values. On
the other hand, a positive correlation was found between
MBC and plant aerial biomass, confirming the usefulness of
MBC as an indicator of changes in vegetation. These results
suggest that qCO, and MBC constitute sensitive indicators of
plant growth and thus for phytostabilization progress [85].
The present study showed that herbaceous/grass species can
grow in a wide range of metal concentrations (Cu, Zn, and
Fe) in mine tailings. Zinc and Cu are essential for normal
plant growth and development at low concentrations [86]
and play important roles in several metabolic processes in
plants. However, excess Cu and Zn in soil may retard plant
growth [87, 88]. Kabata-Pendias and Pendias [89] reported
that total fractions in soil equal to 70 to 400 mgkg™"! of Zn
and 60 to 125 mgkg™! of Cu are toxic to plants. The metal
contents in the substrates studied greatly exceeded these
ranges.

With regard to metal accumulation in shoots, it has been
stated in the literature that organic amendments that contain
a high proportion of humified OM (i.e., compost) can
decrease the mobility of some metals due to the formation
of stable chelates [90, 91]. However, the residues used in
the present study were not stabilized at the beginning of the
assay, and the humified OM could have been low, as shown
by elevated DOC levels in pore water. Instead, they might
facilitate metal transport in substrate by acting as carriers
through formation of metal-organic complexes [92], at least
in the short term. As a result, Cu contents in shoots were
alike or slightly higher than in control plots. However, the
concentration of metals in shoots tended to decrease with
time in most treatments, suggesting that an immobilization
process is taking place, probably because of organic matter
(OM) stabilization. Shoot copper concentrations found in all
treatments were well above critical concentrations described
in plants and the maximum tolerable level in animals [88,
89, 93]. Nevertheless, it is important to state some relevant
aspects. First, critical concentrations of copper have been
defined for sensitive plants, normally represented by crops
and vegetables (i.e., [88, 89, 93]); in the present study,
local adapted plants were used, which may be more tolerant
to elevated copper levels in aerial tissues. Second, some
researchers have reported that part of the metals found in
shoots might be adhered onto stem and leaves surface and
are not absorbed into the internal structures of the plant,
suggesting that total metal content in shoots is overesti-
mated (e.g. [87, 94, 95]). This external contamination may
exist even after standard washing protocols, particularly in
xerophytic plants of semiarid environments as trichomes
and glands are common morphological structures on leaves
adapted to drought (i.e., [96]). Finally, the maximum
tolerable level of copper in animals assumes that animal
has no other feed or forage source, which is not the case,
because these sites are not destined for grazing. Thus,
the high concentration of copper in shoots reported in
the present study does not necessarily imply risk for food
webs.
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5. Conclusions

Aided phytostabilization based on the use of local amend-
ments and plant sources is a feasible field-scale technology
for large-scale postoperative Cu-sulfidic mine TSF under
semiarid Mediterranean climate conditions. A broad range of
organic- and hard-rock mine wastes showed to be adequate
for improving chemical and biological properties of tailings.
However, selection of adequate local available amendments
and management options for long-term release of limiting
conditions of tailings for microbial and plant establishment
and development are key aspects.

Biosolids, grape residues, and goat manure, either alone
or in mixtures, are adequate organic materials for improving
chemical and biological properties of tailings; however, high
doses should be avoided (=200 ton ha™! d.w.), particularly in
the case of biosolids, as salinization, ammonia volatilization,
and Cu mobilization into pore water may secondary occur
with consequent limiting conditions for plant establishment.
Even though biosolids are useful organic amendments to
speed up the builtup of plant biomass and restore microbial
properties of Cu-sulfidic mine tailings, lixiviation of excess
salts and DOC during early stages of aided phytostabilization
is required in order to get proper plant establishment and
growth.

Olive residues are adequate materials for restoring micro-
bial properties of tailings, but their low N fertility and high
content of phytotoxic compounds made it inadequate to
sustain plant development in the long term. Their mixture
with N-rich materials, such as biosolids and manure, would
be a better management option for these applications;
furthermore, preliminary composting may be another alter-
native, particularly to eliminate the compounds responsible
of phytotoxicity, but this needs to be further evaluated.

Discarded rubble from copper-oxide lixiviation piles
can be a useful amendment for tailings, but it needs to be
mixed with organic amendments (i.e., manure) to assure
microbial inoculation of tailings and improvement of
nutritional properties that may limit plant establishment
and grow. Furthermore, general chemical characteristics of
rubble and tailings where it will be incorporated should be
first evaluated in order to determine its efficacy and define
specific management options (i.e., pH management).

Local grass/herb species are appropriate for aided phy-
tostabilization of abandoned and postoperative TSF under
semiarid Mediterranean climate conditions, as they rapidly
build up a continuous plant cover, but high Cu concentra-
tions found in shoots may increase the potential risk of metal
transfer to the food chain, an aspect that should be further
evaluated, considering background metal contents in wild
plants.
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