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Abstract

Organic amendments aided with revegetation are considered as a promising prevention approach in a
simultaneous physical (limitation of wind and water erosion) and chemical (acid neutralization and
metals/metalloids immobilization) stabilization for the reclamation of metal-contaminated tailings.
However, the inconsistency in the performance of different amendments that enhance plants growth
demonstrates that further studies are still required. To better select potential organic amendments and
identify future research avenues, this critical review makes a preliminary compilation of available
knowledge on organic amendments and their performance. To this end, data were collected from
review papers and case studies (0-5 y), with a particular focus on pore water quality and plant
phytostabilization abilities (plant self-sustaining, toxicity). The screening of the most promising
materials was then carried out according to whether metallic elements were mobilized/immobilized
from pore water through speciation change (not including microbial mediation), or sequestered into
rhizosphere or plant aboveground parts. Results showed that mixture of organic and inorganic materials
are more efficient than organics alone to reclaim slightly contaminated tailings. The most promising
amendments would be the combination of mature and composted animal manures with inorganic
materials (hydrated lime). However, fresh compost and biosolids could enhance the release of
metalloids in pore water and, possibly, in plants aerial parts. Finally, biochars could be efficient if
mixed with raw industrial organics (sewage sludge) but the appropriate vegetation to be used needs to
be evaluated. Further studies should focus on plant—vegetation—microbes interactions and the long term
stability of organic amendments (>10-20y).
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Introduction

Sulfide-bearing minerals in tailings are chemically instable, when exposed to weathering, and generate
low quality pore water and contaminated mine drainage which may adversely impact the surroundings
[1]. To prevent, limit or mitigate the environmental impacts, reclamation measures are required.
Prevention of acid mine drainage (AMD) generation is the main objective of reclamation approaches
that often involve the use of covers (water, organic/inorganic materials) with/without vegetation for a
control of water and/or oxygen access to the reactive waste [2]. However, in the case of weathered and
highly contaminated tailings, reduction of contaminants concentration from pore water may take time
with the use of covers [3]. In closed and abandoned mine sites, passive treatment is also used, but the
long-term performance is warranted by early implementation [4]. Alternatively, the use of organic
materials, as amendments, combined with revegetation (phytostabilization) seems a promising
stabilizing approach for the reclamation of metal-contaminated tailings. It offers the advantage of
simultaneous physical (limitation of wind and water erosion) and chemical stabilization (acid
neutralization, metals/metalloids immobilization). The mixing of tailings with organic amendments is
able to improve their physicochemical (water-holding, porosity, nutrition) and biological properties
(vegetation development, microbial proliferation) [5-7]. The phytostabilization, which consists of
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establishing vegetative covers on the surface of the amended tailings, is used to prevent direct exposure
to wind, water, human and animal contact, and to limit the mobility of contaminants through their
immobilization within the rhizosphere (rhizoremediation) or accumulation by roots [6, 8, 9]. However,
the vegetation should be tolerant to the presence of phytoavailable salts and metals in pore water [10].
In the same time, organic amendments can be a major source of contaminants (metallic elements,
pathogens microorganisms, toxins) and their performances regarding mobilization/immobilization of
metallic elements in pore water are variable depending on the type (fresh vs mature), source (industrial
vs raw), physicochemical properties, durability (decomposition rate), application mode (alone or in
mixture, dosage), tailings characteristics (highly contaminated vs slightly contaminated, fresh vs
weathered) as well as plant species [5-8, 11-13]. In the same time, plants, through root exudates, can
influence the physicochemical and microbial characteristics of soil and the redox conditions of the
rhizosphere [6]. Thereby, speciation of metallic elements in pore water and their bioavailability may
change after amendment and revegetation [5]. To better select appropriate materials and plant species
for the reclamation of metal-contaminated mine tailings, this critical review makes a preliminary
performance inventory of organic amendments and identifies future research needs for an efficient use.

Method

In order to achieve the objectives of this study, data compiled from review papers (10) and case studies
(54) were collected, with a particular focus on pore water quality and plant phytostabilization abilities.
Case studies involved laboratory [12, 14, 15], greenhouse [16—18], and field experiments [19-22]. Pore
water quality was monitored through the evolution of physicochemical parameters, including pH,
electrical conductivity (EC), oxydoreduction potential (ORP), water-holding capacity, cationic
exchange capacity (CEC), and concentrations of dissolved organic carbon (DOC), nutrients (Ca, Mg,
N, P, K), metals/metalloids (including trace elements- TEs) and organic matter (OM).
Phytostabilization failure or success is evaluated through plant aerial growth (comprising germination),
biomass production and bioaccumulation (metallic elements concentration in shoot/root tissues), as
well as mid-term evolution i.e. 0-5 y (plant self-sustaining, toxicity). Following data synthesis, the
sorting of the most promising organic amendments was undertaken depending on whether particular
metallic elements were mobilized/immobilized from pore water through speciation change (not
including microbial mediation), or sequestered into rhizosphere or plant aboveground parts.
Advantages and limits of organic amendments used for the reclamation of metal-contaminated mine
tailings were also recorded.

Results

Tailings are fine-grained (<2 mm) materials obtained after extraction of valuable metals/minerals from
metalliferous ores. They lack OM, nutrients, soil organisms, physical structure and have low hydraulic
conductivity [10, 16, 23, 24], which limit vegetation development. Tailings pore water can exhibit
extremely low to neutral pH and high EC, as well as slight to high concentrations of contaminants
(metallic elements) [16, 18, 22]. Organic material influences the evolution of physicochemical
characteristics of tailings and the speciation of metallic elements, which in its turn has impact on pore
water quality and plant development.

Physicochemical characteristics of tailings pore water after addition of organic amendments

Inventory of various organic amendments already tested for tailings reclamation includes
composts (green wastes, municipal solid waste, olive mill waste, sewage sludge, spent mushroom),
biosolids (sewage sludge, food wastes, sanitary wastes, anaerobic digestate), manures (cow, cattle, pig,
poultry), biochars (rice straw, hardwood, oak tree), slurry (pig, cattle) and peat [5—7]. They are used
alone, in mixture with organic amendments of the same/different sources [6, 17, 21, 25] or combined
with inorganic (alkaline) materials (hydrated lime/limestone, red mud, marble waste) [7, 12, 26-29].



Single organic amendments were generally found less effective to treat pore water relative to mixtures
[5, 30], but usually increased pore water pH [12, 17, 22, 31]. However, depending on the applied dose,
the pH of the organic amendments itself and the physicochemical characteristics of the tailings
(particularly when extremely acidic), the pore water pH hardly increased or even decreased [18, 32,
33]. Indeed, composted sewage sludge (pH 8.2) used alone at a lower dose (<10% dry weight), barely
increased the pH of extremely acidic tailings [18]. In addition, mixed compost (cattle manure+ green
waste, steer manure) +/- vegetation (grasses) would be efficient only for a very short term (6 months)
before acidification of the tailings occur [33]. Finally, the application of green agriculture wastes (plant
remains + strawberry substrate; pH 4.9-7.2) + rockwool or limestone (mixture dose of 30-75 t/ha),
showing low pH buffering and in a short period of time (=13 months) [32]. Peat (pH 5) can also entail
pH decrease [34]. Nevertheless, biochars or inorganic materials could provide additional alkalinity, i.e.
soil pH was found significantly higher and stable [17, 20, 31, 32]. In this sense, biochars, alone or with
raw organics, are advantageous due to their high pH (7.65-11.3). However, because of their high
content in ash, they could increase EC, depending on their source [6, 35, 36]. Hence, biochars
manufactured with wood and paper sludge yielded high EC, whereas lower EC was found for those
from manures (poultry, cow) and sewage sludge [36-38]. Composts and biosolids are the most common
employed amendments, but they could significantly increase the EC depending on their raw materials
[5, 15, 16, 27, 39]. Nonetheless, mature compost (e.g., solid olive mill-waste) would not alter pore
water EC [12, 22]. Biosolids, compost (green wastes, sewage sludge, solid olive-mill waste) +/-
inorganic materials and manures increased DOC [6, 20, 22, 27, 29], but not slurries (e.g., pig slurry)
[29]. The high DOC in tailings pore water would denote low proportion of humified OM in biosolids as
well as manures, indicating their fresh nature [27]. At the same time, biochars decreased pore water
DOC (down to 45%) when produced at more than 600°C [6, 31].

Organic amendments supply nutrients (N, P, and K), organic-C to sterile tailings. Compost (rabbit and
horse manure, pruning residue, seaweeds, and fruit wastes) +/- biochar and pig slurry increased total C
(TC)and N (TN) [17, 29], whereas industrial fertilizer + paper-mill sludge did not increase neither OM
or N and P of the tailings [40]. Pig manure and sewage sludge provided low organic-C and TN whereas
olive residues and pig slurry increased soil organic-C, dissolved N, K and P [25, 27, 29]. The use of
compost alone (mushroom, solid olive-mill waste) increased dissolved P, which concentration did not
change when the compost was combined with inorganic material (red mud derivative) [12, 21, 29]. An
increase in extractable P in pore water from compost (municipal green waste, organic waste, pine bark)
alone or mixed with peat may increase the risk of eutrophication [15]. Composts (solid olive-mill
waste, municipal solid waste), red mud, olive processing solid waste, sewage sludge, paper mill
residues also increased soluble K (up to 50- fold), and N (up to 94%) [12, 29, 34]. Biochars provided
low nutrients but could improve CEC and water holding capacity (biochars from pruning residues,
manures) [36]. Compost could increase also water holding capacity, CEC, and improve aeration of
mine tailings [8, 41].

The performance of organic amendments in mobilizing/immobilizing metallic elements is widely
variable depending on their nature and source, as well as tailings characteristics. Several factors that
could impact the mobility/immobility of metallic elements in tailings pore water were identified such
as the pH, EC, CEC, DOC, OM, nutrient content (N, P, K), metal concentrations as well as
humification degree. With respect to redox conditions, the mechanisms of metallic elements
immobilization during application of organic amendments and revegetation are sorption, complexation
and precipitation [5, 18]. The pH is the main factor affecting precipitation, while both OM and soil pH
affect adsorption site [5, 17]. For slightly acidic and neutral tailings, amendments containing 14% of
OM would be sufficient to reclaim slightly contaminated tailings [16]. Contents in humic acids, OM,
DOC and pH affect metals complexation [5]. Availability of Mn is influenced by both pH and ORP of
soil while Cu is mainly controlled by OM and is less pH-dependent relative to Cd and Zn [29].

Most of organic amendments mobilize metalloids (As, Sb, Se) depending on P, Fe, OM, DOC
concentrations, pH and redox condition [5, 6, 12, 22]. The mobilization of As by using various
composts was closely linked to soil pH, which threshold value for higher release started at pH more
than 6 [42]. Compost is advantageous to immobilize As, providing that tailings contain high Fe



concentrations (>14%) [22]. Indeed, less As mobilization was noted in tailings containing Fe
oxides/hydroxides due to their positive surface charge that could sorb negatively charged As [12].

The sewage sludge alone would not be effective to immobilize metals (Al, Cu, Mn and Pb) in oxidized
tailings [14]. Composted yard waste was suggested for Zn and Pb immobilizing in contaminated
tailings while composted cattle manure was rather used for Pb [43]. Chicken manure compost would
promote Cd speciation (soluble, extractable or residual) in soil at a moderate dose (54 t/ha) [44]. Due to
its content in hydroxyl, phosphoryl and phenolic functional groups, spent mushroom compost could
immobilize Cd, Pb, Cr by sorption [21]. Biosolids increased Cd and Zn concentrations in pore water
[45]. Biochars have been shown to be promising amendments due to their high efficiency in improving
physicochemical characteristics of mine tailings (e.g., pH, CEC), but their performance to
mobilize/immobilize metallic elements depends on their nature (feedstock and pyrolysis parameter) [7,
36]. Indeed, biochar made from rice, husk and bran would decreased pore water concentrations of Pb,
Cd and Zn, whereas straw char-biochar would increase Pb by up to 26% [46]. A combination of
biochar and green waste could immobilize Cd and Zn but not Cu and As [6, 47]. Biochar from fir tree +
manure reduce Cd and Zn concentrations in soil, which was not the case for biochar from fir tree alone
[35, 36]. Better treatment of metallic elements in tailings pore water was found when a mixture
between organic amendments (raw/industrial) or with inorganic materials was used. Compost and
calcium carbonate improved plant biomass (aerial and roots), for example bushes (e.g., Atriplex
halimus L.) [12, 22]. However, the reclamation of highly contaminated tailings with 40-100 t/ha of
compost + lime would increase shoot concentrations of As, Cu and Pb in herbs (e.g., Medicago sativa
L.) and Zn in shrubs (e.g., Cistus ladanifer L.) [18]. Compost combined with biochar could bind Cu
and limit mobility of Pb and Ni [17]. In the long term (= 20 y), a mixture of compost (preferably
mature)/biosolids (high quality i.e. low metallic elements concentrations) with inorganic materials
(lime or gypsum) could immobilize heavy metals (Cu, Cd, Zn and Pb) in tailings with low Fe and Al
concentrations [5, 12]. However, compost from green wastes, catering wastes, municipal solid wastes,
mixed with lime increased total As and Zn [42, 44].

Interaction between plants and evolution of soil pore water quality needs close appraisal since plants
survival is closely related to the mobilization/immobilization of metallic elements in the pore water.

Interactions of amended tailings and plants

Organic amendments enhanced chemical stability of tailings, and improved their physical
structure, and plant establishment [48]. Plant candidates should be native, metals/metalloids and
salinity tolerant [8, 12]. Noteworthy, the main objective of phytostabilization is the immobilization of
contaminants in plants roots instead of shoots. Plants absorb soil nutrients in pore water (in particular
mineral N and P) from tailings and organic amendments. They uptake bioavailable metals from soil
pore water, hence limiting metal leaching, thereby reducing indirectly pore water contamination [6,
21]. The stabilizing effect of plants on potential contaminants in tailings also includes water absorption
by roots, controlling erosion, increasing macropores in the root zone, and binding metals through root
exudates with the aid of OM from the organic amendments [6, 8, 16, 48, 49]. Amended tailings with
low compaction and bulk density promote root development [19]. A contradictory plant effect is the
possible acidification of the rhizosphere due to uptake of cations that could increase metals
concentration (often Zn) in soil pore water [17].

Depending on the type of organic amendments that changes tailings physicochemical properties and
metals speciation, shoot metals concentration (frequently Zn) in plants growing on amended tailings
might be significant, with respect to nutrients particularly N and P, DOC, organic acid contents, and
plant species [5, 6, 12, 27]. Amended tailings with high P would have a greater capacity to decrease
metal translocation from roots to shoots by the formation of insoluble metal-phosphate in the roots
[50]. However, desorption of As could be enhanced, increasing plant uptake due to site sorption
competition with P [6]. The C/N ratio of organic amendment and tailings mixtures controls N
availability to plants from OM mineralization. Low C/N ratios associated to biosolids and manures +
inorganic materials can improve soil fertility while olive residues and mature compost can increase
significantly the C/N (>30, translated to low N mineralization) and reduce plant aerial biomass [27, 41,



51, 52]. Plants can also influence C/N ratio (e.g. mustard increased it) [17]. Amended tailings with
biosolids, grape residues, olive mill residues, goat manure (alone or in mixture) having high DOC that
could form organo-metallic complexes might be unsuccessful for plant growth since the new formed
metal species could be adsorbed by plant roots, thus increasing phytotoxicity [27, 45]. DOC can often
mobilize Cd and Zn and Cu of soil pore water, thus exposing plants to toxicity risks [27, 45]. For
example, tailings amended with fresh organic amendments could contain considerable fulvic acid
which increases metals solubility and bioavailability to plants [27]. Limed tailings (e.g., before
compost application) would be an option to lessen metals availability, accelerate soil development and
achieve successful vegetation growth (Cistus ladanifer L., Medicago sativa L.) [18]. Animal manures
(cow, goat, pig, poultry) with low contents of metallic elements, mixed with inorganic materials, could
sustain plant growth and eventually decrease metal concentrations in shoots (e.g., Pb, Zn), especially
when applied for highly acidic and pyritic mine tailings reclamation [6, 25].

Dosage of organic amendments with/without inorganic amendments and plant effect could impact
redox condition of the tailings and, thus, metals speciation. A small amount of organic amendments
(organic-C <2% dry wt. in mixture) could be advantageous to create reducing environment, by
promoting SO, reduction in unoxidized tailings [53]. Biochars are promising organic amendments
because of their capacity to immobilize a wide variation of metallic elements (Cu, Cd, Pb, Ni, Zn, TI)
in tailings, except for As [20, 31, 35, 36, 55, 55]. The accumulation of metallic elements (e.g., As) in
shoots is reduced, depending on the type of the selected plant (e.g., Solanum lycopersicum L.) [47].
However, depending on the type of biochar (fir tree-biochar), higher metals concentration (Cd, Pb, Zn)
could be found in shoots (Anthyllis vulneraria, subsp. polyphylla (Dc.) Nyman, Noccaea rotundifolium
(L.) Moench subsp. cepaeifolium, Poa alpina L. subsp. alpina (L.) [35, 36]. A dosage of 1.5 % dry wt.
biochars (pruning residues, fir tree, manure + fir tree) would be enough to obtain satisfactory aerial
mass [35, 36]. The application of high doses (>10%) of raw hardwood biochars for the rehabilitation of
highly contaminated tailings could inhibit bioavailable metals/nutrients for plant uptake, especially
when combined with grass [20]. An optimal dose of 10% would exhibit greater grass growth in the
condition to be mixed with other organic amendments at a higher dose [20]. Recommended dose of
chicken manure compost was 54 t/ha and 90-200 t/ha for biosolids to limit Cd and Zn (>15 mg/kg) in
Triticum aestivum L. and Lolium perenne L. shoots during the reclamation of slight to moderately
contaminated tailings [15, 44, 45]. Addition of 20 t/ha of red mud alone or in combination with
compost (olive mill-waste) increased Mn and TI in shoots, especially Fe and Pb in Zygophyllum fabago
L. during reclamation of highly contaminated tailings [22]. Better biomass production could be
obtained with 5% dry wt. of compost (sewage sludge) + lime [18]. Pig manure could promote
microbial biomass and activity, and establishment of native vegetation, independently of the dose [25].

In summary, organic amendments can change metal speciation (soluble, extractable, residual,
insoluble) in soil to make them accessible or unavailable for plants according to the applied doses. A
classification of organic amendments is then necessary in order to accommodate the selected type
along with the appropriate plants for tailings reclamation.

Discussion

Application of organic amendments coupled to phytostabilization is site-specific and should be adapted
to the addressed contaminants in tailings (acidic/neutral, low/highly contaminated, metals/metalloids).
The selection criteria consider principally the capacity of organic amendments to mobilize/immobilize
metals according to their quality including contents in metals, nature (fresh vs mature), nutrients
(particularly N and P), OM, DOC, humification degree, the mode of application (alone or in mixture),
CIN ratio, dosage, and the appropriate type of vegetation. Even though biosolids and manures are the
two major sources of metals/metalloids among organic amendments [5], the use of animal manures
could be advantageous since the diversity of contaminants might be lower. Biosolids might contain
numerous metallic elements (e.g., Al, Fe, Cu, Mn, Zn, Ni, Cr, Pb in sewage sludge), whereas
contaminants encountered in manures only originate from additives in industrial animal diet (e.g., As to
prevent coccidiosis in poultry or Cu to treat weakness of dairy cattle) [5, 14].



Organic amendments alone would be appropriate for tailings reclamation in single metal contamination
rather than for multi-elements. Compost alone could be used to reclaim slightly acidic to neutral and
marginally contaminated tailings (at >15% dose) bud should be combined with woody plants (e.g.,
willow species) instead of grasses. However, the concern about using compost, as well as pig slurry, is
the leaching of As. Nonetheless, compost released lower As than pig slurry due to its low mineralisable
organic-C [56]. Biochar combusted at lower temperature (<500°C) and produced with a mixture of
manures and residues would be performant due to its high OM (~50%) and carbon contents [35, 36,
53]. Previous studies also reported that low pyrolysis temperature biochars (cottonseed hull combusted
at 350°C) contain high oxygen, available P, K, and Ca, and could immobilize Cu, Ni, Cd and Pb [5, 6,
49, 57]. Application of organic amendments in mixture, either between organic amendments or with
inorganic materials for an additional alkalinity, is recommended. Biochars would be more efficient
when combined with other raw organic amendments such as compost or aged manure for extremely
acidic and highly contaminated tailings reclamation [17]. A combination of fresh compost and
biosolids could increase contaminants input. Inorganic amendments, particularly limestone, are
advantageous as during OM mineralization, the liberation of CO, enhances CaCO; dissolution and
metal carbonates formation (e.g., ZnCO; and PbCO;) [58]. Limestone combined with organic
amendments also moderates the buffering of pH (and high OM contents) if used to reclaim slightly
acidic tailings, as well as its capacity to immobilize Mn by precipitation and complexation [18].
Biochar could also be used as alkaline material substitute but a high increase in pH could mobilize
metallic elements in tailings such as As (I11) [36]. Anaerobic and high quality biosolids mixed with
inorganic materials could be applied only for low Fe and Al contaminated tailings [8].

Mature and stable organic amendments, with a higher humification degree (thus low DOC) should be
used in order to obtain stable chelate, preventing metals transfer to shoots [27]. Thus, composted
organic amendments are suggested rather than raw ones because they have more stable OM, have
higher CEC, and limited spread of pathogens [51, 59]. For example, olive residues with a revegetation
would be beneficial providing it is composted, thus with lower phytotoxic organic compounds [27].
And yet, mature compost is preferred to immature one because the latter could still contain toxic
compounds and highly degradable OM, increasing DOC. Moreover, the decomposition of OM in raw,
or immature organic amendments would be in process until stabilization, decreasing oxygen
concentration and hence ORP in soil and create a reducing environment in soil [51]. Furthermore,
immature organic amendments could contain high amounts of organic acids, such as fulvic acids which
could act as chelating agents, entailing metals liberation in pore water [29, 36]. Nonetheless, the high
dissolved OM in immature organic amendments, particularly composts, would be an advantage for
microbial activity [60], but plant- soil-microbe interactions deserve further studies. Stable organic
materials contain recalcitrant organic-C but should be combined with other organic amendments source
of labile organic compounds in order to promote activation of microbial populations [13].

Biosolids would better provide nutrients followed by manures, compost, olive processing solid waste,
green wastes, peat and, finally, biochar. Higher OM could be found in peat, and then biosolids, manure,
olive processing olive solid waste, compost. Organic amendments with high DOC and P should be
carefully selected when reclaiming As-contaminated tailings. Balancing the mixture of C-rich (e.g.,
grape residues, olive residues) and N-rich organic amendments (e.g., manure, biosolids) should be
performed in order to ensure the optimal C/N ratio for an effective reclamation [27, 61]. The
recommended value to enhance soil fertility and plant persistence was a C/N ratio of 20-30 [27].
Selection of organic amendments doses must be done according to the tailings characteristics
(acidic/neutral, highly/slightly contaminated, fresh/oxidized) for an efficient reclamation [27, 33].
Around 10%g, of biochar could be optimal and should be lower than the accompanying organic
amendments dose to ensure plant development. The dose of alkaline materials could be calculated
according to the equivalent amount of CaCO; required for the neutralization of acidity during the
reclamation of extremely acidic tailings by using the method of Sobek et al. [62]. Addition of
limestone at a dose of 55-75 t/ha would increase the pH at around 4 for tailings having initial pH of 2
while a dose >100 t/ha would be necessary to increase the pH ~ 7 depending on the used alkaline
materials (marble waste, biochar, hydrated lime) [25, 32, 63].



Vegetation planted for tailings reclamation should be native and metallophytes (metal tolerant plants
not accumulating metals to root tissues) [8]. Among the plant species frequently selected for
phytostabilization are the type grass, such as Festuca rubra L. which has the capacity to translocate
low metals concentration from root to shoot [19]. Grass species should be used only for low
contaminated tailings or as a nurse crop [64]. For example, rye grass would not be a good candidate for
acidic and extremely contaminated tailings [29]. Woody species could be used for slight and
moderately contaminated tailings, but also to reclaim highly contaminated tailings; for example, Salix
Alba L. would be suitable vegetation for Pb stabilization [31]. Coniferous species (jack pine, black
spruce) would better survive to moderately saline condition (compost) than broadleaved trees [16].
Plant-tailings-microbes interactions should be considered in order to ensure long-term stabilization of
metal-contaminated tailings. Indeed, a better follow up of the reclamation performance would be
warranted with the evaluation of the enzymes, indicators for soil activity that could be released not only
by plant roots but also by microorganisms [25].

Conclusion

In summary, the preliminary inventory from this study showed the following: 1) mixing organic
amendments with inorganic materials, along with revegetation, was found successful for the
reclamation of slightly contaminated tailings. Using mature and composted organic amendments is
suggested (e.g., a combination of mature and composted animal manures with inorganic materials
might be the most promising option) ; 2) anaerobic and high quality biosolids (low concentration of
contaminants) mixed with inorganic materials could be applied only for low Fe and Al contaminated
tailings; 3) multi-element contaminated tailings could be remediated with blended industrial (e.g.,
biochar) and raw organic amendments but phytostabilization is still a challenge; and 4) mixtures of
compost and biosolids could mobilize mostly metalloids and might increase shoot metal concentrations
in plants; 5) almost all organic amendments increased leaching of metalloids (particularly As) in
tailings pore water. Future studies should then address the following research needs: 1) the evaluation
of the stability of organic amendments, 2) the combined effects of plant and amendment doses on metal
speciation and microorganisms communities in rhizosphere, and 3) the long-term (>10-20 vy)
monitoring of reclaimed tailings performance.
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