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Abstract:

Mine tailings are major sources of metals and rf@tl in the environment, making the
physical and geochemical stabilization of tailirgserious environmental challenge. With a
view to facilitate the development of covering viegien and of decreasing the mobility of Pb
in the acid tailings of a former Ag-Pb mine, laldorgt microcosm experiments were
performed to enable comparison of the effectiveresseveral treatments. Tailings were
mixed with 5 % by weight of ochre, an iron-rich @l produced during the treatment of a
coal mine water, and with cow manure (0, 0.15, d ar?6 by weight), either solely or in
combination. They were then submitted to weeklyenay over 84 days. All treatments
raised the pH values from 4 to values between 78add induced a strong decrease in the
total dissolved Pb concentration in the percolatirsger (from 13—-15 mg:t to less than 0.5
mg.L%). Several processes seemed to be involved in rtheobilization of Pb by the
amendments: precipitation as hydroxide, sulfatdyarzate and phosphate, and adsorption on
iron hydroxides. A transient increase was obsemvedoth Pb mobility and functional
microbial diversity with 1% and 2% manure, with @ak after 28 days of incubation. This
peak corresponded to an Average Well Color DevetgnfAWCD) in Biolog™ Ecoplates
increase from 0.5 to 0.8 with 1% manure and froft6.1.5 with 2% manure. However, at
the end of experiment, Pb immobilization was stteeged by 2% manure and microbial
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functional biodiversity fell back, with AWCD values 0.5 and 0.8 for 1 % and 2% manure,
respectively. Other toxic elements present in tikngs, namely As, Zn and Ba, were not
strongly mobilized by the treatments, although ecoanure slightly increased the leaching of
Ba and As, which maximum concentrations in theHeag water reached 65 pg-Ba and 9
ng.L* As. All amendments improved the growth of ryegrassich maximum dry biomass
ranged from 38 mg/microcosm without amendment t& bdg/microcosm with 0.15%
manure. The results provide key information abbetliogeochemical processes driving the
mobility of Pb, As, Zn and Ba in acid mine tailindaring the first 84 days following their

amendment with iron-rich ochre and manure.

Key words: mine tailings, metals, arsenic, amendments, irddeshydroxide, cow manure,

microbial processes
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I ntroduction

Mining activities have generated massive amountsotifl wastes throughout the world and
every year the sector continues to mobilize somex 3@ tons of rocks. Huge amounts of
solid waste, known as tailings, are produced whenvaluable fractions of these materials are
processed to extract the desired mining resoui2esdlas and Lawson, 2000). For example,
the extraction of metals such as Cu, Ni or Au candpce up to 1,000 tons of tailings for one
kilogram of pure element. These wastes are uss#ihed behind tailings dams close to the
extraction sites, often with inadequate managengspecially on older mining sites. Tailings
may contain large fractions of sulfide materialattare subject to oxidation when exposed to
air and water. Their leaching by rainwater ofteduices the mobilization of metals and
metalloids towards the surrounding environmentahgartments, including groundwater,
surface water, soils and sediments (Fuge et @23;1Paulson, 1997). Moreover, runoff water
can carry downstream metal-rich solid particlest they become soluble if the water

characteristics or redox conditions change.

Stabilization of mine tailings is facilitated by amdments that adsorb, complex or (co)-
precipitate inorganic pollutants (Kumpiene et @8D08) and metals and metalloids can be
rendered less mobile by amendment of tailings witfanic or inorganic materials. In general,
amendments not only decrease the leachability bfitaats but also stimulate plant growth,
and the resulting covering vegetation contributestabilizing tailing particles. Amendments
have the additional advantage of being inexpenana readily available in large quantities,
since they derive from agricultural or industrigtfroducts (Guo et al., 2006). Chemical and
inorganic amendments that have been used widelydaealkaline and phosphate materials
(Hooda and Alloway, 1996; Derome, 2000; Le Foresteal., 2017). Alkaline materials have
been shown to reduce the solubility of divalentateesuch as Pb and Cu by increasing pH
and phosphate materials to efficiently stabilize BBbionic exchange and precipitation of
pyromorphite-type minerals [BFPQy)sX; X =F, Cl, B or OH] (Mc Gowen et al., 2001;
Kumpiene et al., 2008). Organic amendments impr&sie agronomic properties and can
contribute to reduced mobility of metals by pH leuiiig (Zeng et al., 2011). A number of
organic materials have been tested as amendmensofioted soils: compost, municipal
biosolids, peat, chipped wood, composted sewagkgs|unanure (Basta and Sloan, 1999; Li
et al., 2000; Brown et al., 2003; Hattab et al.1%0 and biochars (Oustriere et al., 2016;
Lebrun et al., 2016; Lahori et al., 2017; Noriniagt 2019). However, while alcalinization

reduces the mobility of divalent metals, it mayoalsduce the mobilization of As, a toxic
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metalloid frequently present in mine tailings. A$ mcreases, the efficiency of the adsorption
of arsenate (As(V)) by iron oxides is reduced (Deind Hering, 2003). The difference in
chemical behavior between metal cations and oxarenisuch as As(V) must therefore be
taken into account in the initial choice of amendiseto stabilize mine tailings. An
alternative is amorphous iron hydroxide (ferrinyeglj which can be an effective sorbent for
both cation and anion pollutants (Kumpiene et 2008). In fact, Martin and Ruby (2003)
have observed efficient stabilization of both P &s in a smelter-contaminated soil by 5 %
ferrihydrite together with 0.5 % of calcium phosphalron oxides are produced as waste
materials, sometimes in huge amounts, during teatrirent of mine waters such as those
from coal mines. Doi et al. (2005) have shown tham-oxide rich sludge materials from
mining sites, containing 24 % to 62 % of total ir@ould be effective in stabilizing As in
polluted soils. Treatments not only decreasedAwsileachability but also reduced the uptake
of As by radishes planted in amended soils. Niektesl. (2011) showed a significant, long-
term decrease of As concentration in the pore wattea soil polluted by As and Cr and
amended with 5 % of an iron-rich water-treatmestde, mainly composed of ferrihydrite.
More recently, Olimah et al. (2015) tested fourfatént iron-rich wastes produced in mine
water treatment plants for the remediation of Alieped soils. Their results suggest that this
treatment is efficient in decreasing As mobilityvirter. However, the benefits in terms of
uptake of As by plants and plant growth were ngnificant. The prime focus of these
previous studies was As as the main target polludathe remediation strategy. In addition,
chemical data alone do not take account of thecesffef pollutants on the soil's habitat
function. The microbiological status of a soil, smered as an indicator of its potential to
sustain microbiological activity, can be used tcsess the effectiveness of chemical

stabilization of metals and metalloids by amendniBgtez de Mora et al., 2006).

The work reported here investigated the potentaland mechanisms of biogeochemical
stabilization of mine tailings of which the prinaippollutant was Pb, associated mainly with
As, Zn, and Ba. The tailings were amended with oridles from a coal mine water treatment
plant, combined or not with different doses of c{os taurus) manure to improve the
agronomic properties of the material. Laboratorgrotosm leaching experiments simulating
percolation of rainwater were designed to evaltia¢eefficiency of stabilization of the main

pollutants in relation to the biogeochemical eviolniof the amended tailings.
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Material and methods

Characteristics of the minetailings

Tailings samples were taken from the site of a fardg and Pb mine at Pontgibaud (Puy de
Doéme, France; 45°47'29"N 2°49'18"E) operating sirar@iquity but with a peak of activity
in the second half of the X century (Cottard, 2010). The mine is located imedium-
altitude mountainous area (altitude 750 m). Mirgdees (3 i) were recovered over a depth
of 0—60 cm from a mine waste dump, using a powevalh Residues were taken from seven
discrete zones within a 25°narea. The material was coarsely mixed with thevehand

transported to the laboratory for the stabilizatgsperiments.

The details on all characterization and analytmathods (detection limits, analytical quality
controls) are given in the chemical analysis sachelow and in the SM1. The grain size
distribution of the tailings was determined by \pebcessing sieving. Only 7 % (by weight)
of the material was less than 60 um, and that A&e% in the 315 um to 2 mm range. The
> 2 mm fraction represented 2 %, and the remaifmaction (15 %) was in the 60—-315 um
range. The pH of the tailings — consisting mainlyqoartz, orthoclase and phyllosilicate —
was 4.9 (measured in water according to ISO 103®pearing phases were detected by X-
ray diffraction (XRD): anglesite (PbSPand beudantite ((PbE&ASsO,)(SO,)(OH)s); a solid
solution between plumbojarosite, pure ;Sile, and segnitite, pure As@ole). Anglesite
and beudantite had already been detected in taifirogn the same mine district (Pascaud et
al., 2014). The concentrations of the main conestitsi were: 26,432 mg.RgPb, 265 mg.k§

Zn, 1,063 mg.kg Ba, 1,134 mg.k§ As, 820 mg kg P,Os, 1.5 % FeOs; 81 % SiQand 1.54
wt% SQ,. CaO and MgO concentrations were less than 1 %racteristics of organic matter
are given in Table 1. Standard leaching testinglemineralized water (ISO/TS 21268-2)
resulted in 19.6 mg:t Pb, 2.3.pg.I! As, and 0.17 mg.t Zn (Fe and Ba concentrations, were
below the detection limits, respectively 0.1 migand 10 pg.L).

Amendments

The ochre — iron oxide-hydroxide, mainly composédjaethite — was produced in a coal
mine water treatment plant in France, by cascadatiae and sedimentation of the iron
precipitates generated in a settling pond. Sampfesoncentrated sludge taken from the
settling pond were dried gently at 30 °C and theugd in a mortar and sieved at 100 pm.
The initial water content was 92 %. Size partigktribution before drying was analyzed with

a laser granulometer (Malvern); it showed 86.5 %paiticles smaller than 10 um, 98 %

5
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smaller than 89 um and 100% smaller than 200 pra. pErticle fraction most present was
the 2—6 um group. The pH in water (measured aacgrth ISO 10390) of the dried ochre
was 8.1. The concentrations of the main constituemre: 1.99 % C, 1.81 % H, 0.69 % S
0.66 % TOC, 1.39 % MinC, 261,232g.kg* Fe, 10.1 mg.k§ Pb, 505.7 mg.k§ As, 14,717
mg.kg> Zn and 69.8 mg.kj Ba. N was not detected. Standard leaching tesiing
demineralized water (ISO/TS 21268-2) resulted #rAg.L* Fe, 0.23 mg I Pb, 2.5 pg.I!
As, 44.1 mg.L* dissolved organic carbon (DOC) and 4.4 mygdissolved organic nitrogen
(DON) in the leachate. Zn was below the quantifazatimit, i.e. 0.01 mg.L%.

Cow manure was collected from a farm near Orlé&nange); its pH in water (measured
according to 1ISO 10390) was 9.9. The manure waidgently at 30°C, ground in a mortar
and sieved at 2 mm. The concentrations of the mamstituents were: 35.40 % C, 4.51 % H,
248 % N, 0.18 % S, 28.95 % TOC, 2.17% MinC, 2.8¢.ky’ Pb, 0.75 mg.kg As,
53.8 mg.kg Zn and 78.2 mg.kj Ba. Standard leaching testing (ISO/TS 21268-2)ega
0.33mg..* Pb, 7pg.l'! As, 0.33mg..' Zn, 0.27 mg.l' Ba, 1,130 mg.lX DOC and
131 mg.L* DON in the leachate.

Microcosm leaching experiments

Microcosms were prepared in 200 mL polystyrene gd&mm diameter) of which the
bottoms were perforated with a 0.9 mm needle, 18shior each pot. To retain soil particles
in the pots, a fine layer of glass wool was laithat bottom and covered with 10 tof clean
Fontainebleau sand. Both glass wool and sand weened prior to use in 10 % HNO

rinsed with demineralized water and dried befo® us

The pots were watered to simulate rainwater, altevidg being performed with Mont
Roucous mineral water (pH 5.85, 3.1 mgMa’, 2.4 mg.L* C&*, 0.5 mg.[* Mg?*, 2.0 mg.L
1'sQ?, 6.3 mg.L* HCO;, 3.0 mg.L* NOy).

Each microcosm contained 150 g of air-dried matesiaved at 2 mm. The different
amendment conditions tested were as follows: @sliwithout amendment (T); tailings +
5 wt% ochre (TO); tailings +5 wt% ochre + 0.15 wtSanure (TOM 0.15%)); tailings +5 wt%
ochre + 1 wt% manure (TOM 1%); tailings +5 wt% achr2 wt% manure (TOM 2%). These
proportions were chosen based on the results dinpnary tests in slurries, that were
performed to determine the minimum amendments carateons allowing immobilization of

both Pb and As (data not shown). The material &ohecondition was prepared by mixing the
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dry amendments with the tailings in a rotating @git for 2 hours. Nine microcosms of each

condition were then prepared.

For the first watering, 30 mL of water were sprewkicarefully onto the soil surface. Then,
72 h later, the microcosms were watered again 28tmL of water (solid/liquid ratio of 6).
The quantity of water added and draining out wasneged by weighing. Global aerobic non-
saturated conditions were maintained. Microcosmsewiacubated in a Plant Growth
Chamber (MEMMERT HPP750 IPP PLUS) at 25°C, in tlaekd with 80 % of air-water

saturation. The soils were never dried during iaticn.

Watering with 25 mL (solid/liquid ratio of 6) watevas then performed once a week. The
percolated water was filtered at 0.45 um. A sarmmas acidified with a drop of concentrated
HNO; for total As and Pb analyses. The remaining fidersolution was stored in a

refrigerator for complementary analyses.

Three microcosms of each of the amendment testittmmsl were sacrificed for analysis after
incubation periods of 7, 28, and 84 days. Whemitlegocosms were sacrificed, their contents
were carefully mixed in sterile bags with a spatta samples were taken to determine the
moisture and for biological and molecular analy®eS g of soil in sterile tubes stored at -20
°C). The remaining soil was stored at 5°C. Eacletimicrocosms were sacrificed, As, Ba, Pb

and Zn were analyzed in the percolated water.

Chemical analyses

The details on all analytical methods (detectiomth, analytical quality controls) are given in
SM1.

Metals and metalloids in the tailings were deteedinby ICP/AES (Ameteck Spectro
apparatus, Arcos model) after dissolution accordndlF X31-147. Sulfate concentration in
the tailings was determined as per NF ISO 11048alend metalloids in the ochre were
determined by ICP-MS (Agilent 8900-Triple Quad appas) after complete dissolution by
hydrofluoric acid attack (HN©®65 %, HCI 37 % and HF 40 %) (US-EPA 3052 method
modified). Metals and metalloids in the manure waeeermined by ICP-MS after complete
mineralization (heating at 600 °C for 3 h, followleg mineralization in 65 % HN{and 37 %
HCI) (US-EPA 3015A method).

Different chemical analyses were carried out ongletions from leaching tests and on the

filtered percolated water (0.45 um) from microcosws, Pb and Ba were analyzed by oven
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AAS (Varian AA220Z), and Zn by flame AAS (Varian 2&FS). pHs of percolated water
were measured. lon chromatography (IC), using a Pdfiessional IC Vario instrument
(Metrohm) equipped with conductivity detectors, waed to quantify major ions (LiNa',
NH,', K*, C&*, Mg®*, F, CI, NO,, Br, NOs, SO, PQ?). Anions were separated with a
Metrosep A Supp 16 ionic resin column (150 mm xm)nand cations with a Metrosep C6
(150 mm x 4 mm). Only certain ions were detectdd: B, NOy, SQ7, Li*, Na', NH,", K",
Cc&”*, Mg®*. DOC and DON concentrations were determined usifi@)C 5050/SSM 5000-A

elemental analyzer (Shimadzu).

Measurements of total carbon (C), nitrogen (N),rbgén (H) and sulfur (S) were obtained
using an elemental flash pyrolyser analyzer (F2800, Thermo Fischer Scientific). Total
organic carbon (TOC) and mineral carbon (MinC) waetermined by Rock-Eval pyrolysis
(Rock-Eval 6 Turbo, Vinci Technologies). The moistgontent of the samples was evaluated
according to NF ISO 11465.

Biological analyses

The functional diversity of soil microbial commues was assessed using Biolog™
Ecoplates community-level substrate utilizationagssThis method enables study of the
metabolic capability of soil microbial communitieés utilize a variety of individual carbon
sources, as well as of the communities' physioldgicoperties (Insam and Goberna, 2004).
Each Biolog™ Ecoplates contained three replicagdisnof 31 different carbon sources,
including carbohydrates, carboxylic acids, amindscamines, polymers, phenolic acids, and
a control. Soil samples were suspended in a (%id)rsterile saline solution (0.85 % w/v
NacCl), agitated (60 rpm) for 30 min at 25 °C, sated at 45 kHz twice for 20 s, and agitated
(60 rpm) again at 25 °C overnight. The soil susersswere then centrifuged at 3,000 x g for

10 min.

Triplicates of each treatment were pooled taking gQ of each triplicate, and resuspended in
17.4 mL of the sterile saline solution (0.85 % WaCl). Each Biolog™ Ecoplates well was
filled with 150 pL of the suspension. The Biolog™dplates were incubated at 25 °C and
color development in each well was recorded asabptiensity (OD) at 590 nm, according to
the protocols described by Garland (1997). The blaswe values of the samples were
monitored using an Omega SPECTROstar (BMG Labtaethjoplate spectrophotometer at
t=0 and 168 h (7 days). The well absorbance vahe¥se adjusted by subtracting the average

absorbance of the control well (water only) frore #ibsorbance measured at t=0. A well was

8
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considered as positive when OD590nm in well — ODBAGN the control well > 0.25.
Negative readings (OD < 0) were set to zero forsalbsequent analyses. The potential
metabolic diversity from the Biolog™ Ecoplates wasmluated by functional richness S,
expressed as the number of substrates used onpéateh (i.e. number of positive well
numbers); microbial activity was expressed accaydinthe Garland and Mills method (1991)
as Average Well Color Development (AWCD), as follovdWCD =x0Di/31, where ODi is
the optical density value for each well. The ShamWeaver index (H’) was calculated as
follows: H' = -XPi x InPi, where Pi is the ratio of activity forparticular carbon source
(ODi=0OD590nm in each well-OD590nm in the controlljveo the sum of activities on all
substrates3ODi).

As-transforming microorganisms were enumerated Hey Most Probable Number (MPN)
method, detailed in Thouin et al. (2016) for Agkidizing and in Thouin et al. (2018) for
As (V)-reducing bacteria, modified as follows: teight of soil dispersed in 10 mL of sterile

saline solution was 2.5 g instead of 0.25 g.

Total soil DNA was extracted in triplicate from @9f wet weight of each soil sample, using
the FastDNA SPIN Kit for soil (MP Biomedicals) according to theanufacturer’s protocol.
Extracted dsDNA was quantified by fluorimetry usm@uantus Fluorometer (Promega) with

the Promega Quantifluor®, per the manufacturecemenendation.

Bacterial communities were estimated by real-timargitative PCR using universal primer
sets 341F (5-CCTACGGGAGGCAGCAG-3) and 515R (5'-
ATTACCGCGGCTGCTGGCA-3'). Real-time quantitative P@Rs run in a CFX Connect
(BioRad) andwas performed in 20L reaction volumes containing 10 pL of 2x iIQSYBR
Green SuperMix (Bio-Rad), supplemented with 0.16 gfLeach primer (5¢mol.puL?),
0.2uL of T4 bacteriophage gene 32 Product (500 ng)uIMP Biomedicals), and gL of
template DNA (10 times dilution series of plasmithrglard of Pseudomonas putida
(KT2440) and environmental samples DNA). Positigatool Pseudomonas putida (KT2440)
guantified gene copy or water served as positive @egative controls, respectively. The
amplifications were carried out with the followingmperature profiles: step one heated to
95°C (3 min), followed by 35 cycles (30 s of demation at 95 °C, 30 s at the primers
specific annealing temperature (60 °C), 30 s of4etisngation at 72 °C and 30 s at 80 °C for
plate read). Finally, at the end of amplificati@anmelting curve analysis was performed by
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measurement of the SYBR Green signal intensitigtngua 0.5 °C temperature increment
every 10 s from 65 °C to 95 °C.

SEM observations

The structure and elemental composition materimhpdes were analyzed by scanning
electron microscopy (SEM) coupled with energy dispee X-ray spectroscopy (EDS) using a
TM 3000 (Hitachi) unit, operating at 15 kV acceterg voltage, coupled to a Swift ED 3000
X-Stream module (Hitachi). The samples were aiedirdeposited on a carbon adhesive and
directly analyzed. The acquisition time for EDSra@nalyses was 300 s and between 15 and
30 minutes for maps with a resolution of 512 x 3@8Xels. The AZtecEnergy Analyser
Software displays and interprets X-ray data to pl@waccurate and reliable analysis without
standard (Burgess et al., 2007).

Plant growth test

Plant growth tests were performed with rye-grdssigm perenne L.). The content of the
three replicates of microcosms sacrificed afted@@gs of experiment was pooled and then re-
distributed in three 200 mL polystyrene pots. Twedlolium perenne L. seeds were placed
onto the soil surface of each pot and the soilseweatered with 20 mL of Mont Roucous
mineral water. The pots were incubated in a phgtotf which the parameters were adjusted
as follows: 60 % air-water saturation, 16 h of tigivhite fluorescent light 500-600 pmas

1) at 25 °C alternating with 8 h of darkness at €3 The pots were watered each time surface
drying was observed. After 51 days of incubatitwe, htumber of surviving plants was counted
for each microcosm and plant biomass was evaluatfied plant drying (roots and shoots

separately).
Statistics

All statistical tests were conducted with R 3.Z8 Pevelopment Core Team, 2014). Inter-
species averages were used to analyze these dAl@VA and a post-hoc test for
homogeneity of variance were performed. Multiplenparisons were performed by a post-
hoc Tukey-HSD test at different levels, to compé#re five test microcosm conditions
between samples for a given duration (7, 28 or8&)Xwith 95 % confidence level. Different
letters in tables and in figures indicate the digant differences between samples according
to the test.
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To facilitate interpretation of the large datasat,multivariate statistical analysis was
performed by principal component analysis (PCA)li@ppto the data matrix formed by 23
variables, namely total metal and metalloid coneginns and major ions in the percolation
water, constituents of organic matter, pH, and mnesgs biological parameters of the five

amendment conditions tested, at 7, 28 and 84 days.

Results

Per colated water composition

In the non-amended tailings, the pH value was lod stable after 28 days (4.26 + 0.08;
n=13; SM.2). In the amended conditions, pH remairiede to neutral over the 84 days of the
experiment. pH values in TO, TOM 0.15%, TOM 1% diaM 2% were respectively 7.49 +
0.12, 7.67 £ 0.04, 7.46 £ 0.04 and 7.37 £ 0.06 &=3V1.2).

The ion composition of tailings percolation wateasvdominated by sulfate, potassium,
nitrate and sodium (SM.3). Microcosms with ochr®©(TTOM 0.15%, TOM 1%, and TOM
2%) were characterized by high concentrations dfatay nitrate, sodium, calcium and
magnesium, with respective values above 2'g40 mg.L}, 400 mg.*, 450 mg.L*, and
80 mg.L%. Percolation water from the pots containing manwes also characterized by
higher chloride, ammonium and potassium concentiati After 7 days, [d} [NH4'], and
[K*] in TOM 2% reached, respectively, 581.6 + 38.2Iflg.12.5 + 1.1 mg.L}, and 894.8 +
46.5 mg.L*

Total dissolved concentrations of As, Zn and Baendatermined respectively at 7, 28 and 84
days and every week for Pb for the five tested ttmms. Pb concentrations decreased
significantly, from 15 mg.L in the tailings to < 0.4 mg:Lin the amended samples (Fig. 1

and Fig. 2). While, for TO and TOM 0.15%, Pb concation always remained in the 50—

100 pg.L* range, in the presence of 1% and 2% manure, Pteotration increased to 300—

40 pg.I* during the first 28 days of the experiment. It thdetreased and even dropped
below the detection limit with 2% manure (Fig. 2).
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Figure 1. Total dissolved concentrations of Pb, As, Zn andrBie percolation water of the
five test-condition microcosms after 7, 28 and &%sdof experiment.. Multiple comparisons
were performed by a post-hoc Tukey-HSD test aehfit levels P < 0.05 (n=3), to compare
the five test microcosm conditions between samfdes given duration (7, 28 or 84 days)
with 95% confidence level. Different letters indieaignificant differences between samples

according to the test.

T: tailings without amendment. TO: tailings + 5%hoe TOM 0.15%: tailings + 5% ochre + 0.15% manure.
TOM 1%: tailings + 5% ochre + 1% manure. TOM 2%lings + 5% ochre + 2% manure. Error bars indicate
the standard error (n=3).

Zn concentrations decreased significantly in thegated water from amended tailings after
7 days (Fig. 1). However, later in the experimani] particularly for the TOM 1% and TOM
2% conditions, Zn concentrations tended to increAsavas not detectable in the percolation
water from the non-amended tailings (<0.5P),lwhereas with 1% and 2% of manure As
concentration was in all cases >0.5 |i'g.All the amendments induced a significant increase
in concentration of Ba in percolation water. MaximBa concentration, 67.6 + 4.39 ug,L
was observed in TOM 2% after 7 days, whereas &8mand 84 days of incubation, no

difference was observed between amended conditions.
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Figure 2: Temporal evolution of Pb total dissolved concermdrain the percolation water of
the five test-condition microcosms during experitn@n days, d). Error bars indicate the

standard error with n=3.
T: tailings without amendment. TO: tailings + 5%hoe TOM 0.15%: tailings + 5% ochre + 0.15% manure.
TOM 1%: tailings + 5% ochre + 1% manure. TOM 2%lirigs + 5% ochre + 2% manure.

Soil chemical and morpho-chemical characterization

Total C, TOC, MinC, total N, H and S in the soiltbg five test microcosm conditions at 7,
28 and 84 days were measured by elemental flaghyger analyzer and Rock-Eval pyrolysis
(Table 1). C and N contents were very low in théings throughout the experiment. S
content did not increase with the addition of oabwenanure. C, H, and N levels were higher
in the samples amended with manure, and increasgzbpionally with the proportion of

manure. These parameters did not evolve duringxtperiment.

Table 1: Concentrations of the main constituents of orgamatter analyzed in the five test-
condition microcosms at days 7, 28 and 84 (djfgsh pyrolyser analyzer aAdRock-Eval

6.

TOC: total organic carbon. MinC: mineral carbon.tdilings without amendment. TO: tailings + 5% axhr
TOM 0.15%: tailings + 5% ochre + 0.15% manure. TQM: tailings + 5% ochre + 1% manure. TOM 2%:
tailings + 5% ochre + 2% manure.

" T TO J%’;ﬂo TOM 1% TOM 2%
0d ce 0.05 0.16 0.20 0.53 1.22
H® 0.18 0.17 0.21 0.29 0.34
N ? 0.01 0.02 0.01 0.03 0.08
s® 0.56 0.59 0.56 0.76 0.76
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ToCc® 0.09 0.05 0.07 0.20 0.62

MinC " 0.04 0.13 0.17 0.44 0.44

d c® 0.05 0.20 0.53 0.66 0.69
H® 0.15 0.23 0.29 0.26 0.31

N @ 0.62 0.41 0.76 0.48 0.60

s® 0.01 0.01 0.03 0.04 0.04

TOC" 0.07 0.13 0.17 0.37 0.45

MinC " 0.04 0.12 0.13 0.29 0.32

28d ce 0.15 0.32 0.46 0.46 0.74
H® 0.22 0.30 0.25 0.25 0.30

N @ 0.01 0.02 0.03 0.03 0.05

s® 0.53 0.78 0.56 0.56 0.51

TOC" 0.09 0.16 0.17 0.27 0.44

MinC " 0.04 0.12 0.13 0.20 0.26

84d ce 0.03 0.22 0.34 0.60 0.66
H® 0.15 0.22 0.25 0.25 0.25

N @ 0.01 0.01 0.02 0.03 0.04

s® 0.54 0.41 0.51 0.43 0.33

TOC" 0.05 0.14 0.18 0.34 0.64

MinC " 0.03 0.12 0.16 0.22 0.21

359 Ochre and manure were first observed with SEM, deniify their micro-morphological
360 characteristics and chemistry. A selection of sasgtom the microcosms was studied in
361 detail: tailings +5% iron hydroxide (TO), tailing$% iron hydroxide +2% manure (TOM
362 2%) at 7 days (Fig. 3), 28 days and 84 days ofbatian. For these samples, the most
363  outstanding result was the high amount of Pb teidan hydroxides brought by the ochre, in
364 all TO and TOM conditions.
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Figure 3: SEM observations from TOM 2% at 7 days (a, b andd)) Elemental maps from
backscattered electron ima@®. Maps show small iron-rich particles, which wétb carriers
(targets (1) and (2)). White arrow show CaC@ithout Pb and red arrow show carbon
fragments. (e) EDS point analyses of two Pb-rictiigdas represented by the targets (1) and
(2). (The acquisition time for EDS point analysessVv800 s and 15 for maps).

In the tailings amended with ochre only (TO), tle& fsludge iron-rich particles larger than
10 um (less than 15 % of the mud according to #serl granulometer) did not fix Pb
efficiently (SM.4), unlike the vast majority of th&ludge particles (SM.4), smaller than
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10 pum, which contained on average 9 % Pb (Starldavihtion (SD) = 2.96; n = 15) and also
1.5 % of As (SD = 0.75; n = 15).

Locally, concentrations reached 12.6 % for Pb aBd?® for As (Fig. 3c and e, spectrum 1).
This sludge, rich in Pb and As, also contained.$24 and 2.6 % in the analyses presented in

Fig. 3e, and 3.5 % as an average of 15 point aes{D = 1.5; n = 15).

Carbon fragments identifiable with certainty as manparticles were not found in the
microcosm amended with manure, even in the micradasubated for 7 days only. Particles
evoked possible morphologies or textures of mafmagments (arrangements reminiscent of
alignments of cells in plant tissues) but contaimedy low amounts of carbon not allowing
direct comparison with intact manure. Neverthelésese pieces, enriched in phosphorus
compared to the other components (soil, ochre)ewmh in varied Pb-rich minerals also
containing S, P and As. The loosely packed aggltdirshown in Fig. 3 was a commonly
found situation, with carbonaceous matter mixeanately with iron-rich ochre and fine soill
particles. Carbon in such agglutinates reached 4&lly (Fig. 3d, red arrow), but the
distribution of Pb clearly matched with Fe.

Scarce Pb-Ca rich particles were present in migmsoamended with manure, even after 7
days of incubation. Ochre contained CaC€d-like particles that remained easily
recognizable in the TO and TOM samples but, untik@ Ca-rich particles, they did not

contain any trace of Pb, as shown in Fig. 3d (C@adnaps, white arrows).
Biological characterization

Total microbial biomass, measured by the total teysbrand DNA (Table 2), showed that the
addition of 2% of manure significantly increasec tmicrobial biomass present in the
microcosms after 7 and 28 days of incubation (p50.&ven if, overall, the data are not
significant, the addition of amendment induced anrease in the amount of dsDNA,
regardless of incubation time. However, after 8¢sdaf incubation, the TOM 1% and TOM

2% conditions showed a significantly higher micedliiiomass (p<0.05).

The proportion of bacteria in the microbial commyms expressed as 16S rDNA gene copies
(Table 2). Bacteria were significantly influencegdddition of 1% of cow manure in samples
after 7 days of incubation (p<0.05). The variationere not significant in the other
conditions, but amendments did tend to increaseatheunt of bacteria. After 28 days, the

amount of bacteria quantified increased with theoamb of amendment. After 84 days, all
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samples contained an equivalent amount of 16S rigBi#e copies, with the T sample having

more bacteria than at the beginning of the expearime

The abundance of As(lll)-oxidizing microbes in thalid phases after 84 days (Table 2),
tended to decrease with amendment, the decreasg bignificant for the highest manure
concentration (2%). Conversely, the abundance ¢¥)Aseducing microorganisms tended to
increase with the addition of amendments. Thisease was not significant for the conditions
with manure because of large differences between sdimples. However, a significant

increase was observed between the T and TO amendoratitions.

Table2: Total soil DNA, bacterial communities quantificaticand As(lll)-oxidizing and
As(V)-reducing bacteria enumerated by the Most BiotdNumber (MPN) method in the five
test-condition microcosms after 7, 28 and 84 ddyxperiment (d). Analysis of variance was
by post-hoc Tukey-HSD test at different levels POSQn=3). Different letters indicate the

differences between samples for a given time.
T: tailings without amendment. TO: tailings + 5%hoe TOM 0.15%: tailings + 5% ochre + 0.15% manure.
TOM 1%: tailings + 5% ochre + 1% manure. TOM 2%ings + 5% ochre + 2% manure.

TOM

0 0
T TO 0.15% TOM 1% TOM 2%
7d Total dsDNAng.dw soil* 298 b 497 b 1282 b 3687ab 9273 a
16S rDNAgene copies.g dw sdil 89E+6b 15E+7ab 1.6E+7ab 2.3E+7a 1.0E+7 ab
28d Total dsDNAng.dw soil* 123 b 558 b 1746 b 4722 b 13,485 a
16S rDNAgene copies.g dw sdil 42E+6¢c 1.0E+7bc 16E+7b 25E+7a 24E+7a
84 d Total dsDNAng.dw soit* 90 b 304 b 1100 b 5907 a 7396 a
16S rDNAgene copies.g dw sdil 1.1E+7a 25E+7a 75E+7a 19E+7a 2.3E+7a
MPN of As(ll)-oxidizing
microorganisms 1.7E+5a 1.3E+5ab 1.4E+4ab 1.9E+4ab 1.5E+4b
microorganisms.g dw soil
MPN of As(V)-reducing
microorganisms 12E+1b 59E+4a 14E+4ab 1.1E+4b 1.1E+4Db

microorganisms.§ dw soil

Average well color development (AWCD) and diversity of the microbial communitiesin

the solid phases

The ability of fast growing heterotrophs presenthe samples (mainly composed of rapid
growing gram-negative bacteria) to utilize differe@ substrates are presented with the
functional richness (S’), the AWCD calculated pebstrate and for the whole Biolog™
Ecoplates, and with the Shannon-Weaver diversitgxn(H’) (Fig. 4, SM.5). The AWCD is

an expression of the microbial activity in the sé&mgnd integrates cell density and diversity
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in substrate utilization, while H' expresses theedsity of the microbial communities and S’
the number of degraded compounds. The measuremér®s provide information about

microbial activities without providing any informah on the type of substrate used. The
community-level physiological profile (CLPP) demtmases changes in the structure and

function of microbial communities with the additiohamendments, and with time.

(a) 7d 28d 84d
AWCD Amide/amine Amide/amine Amide/amine
Polymer Amino acid
0.5 0.5
1.0 1.0
1.5 1.5
2.0 2.0
Phenolic ** 23 Carbohydrate
compound
Carboxylic acid Carboxylic acid Carboxylic acid
—o—T —=<TO a TOMO0.15% —<¢TOM 1% —=-TOM 2%
(b) 7d 28d 84d
TOM TOM TOM TOM TOM TOM TOM TOM TOM
T 710 0.15% 1% 2% T 710 0.15% 1% 2% T 710 0.15% 1% 2%
Average

; . w4 25 22 23 22 1325 26 21 29 1725 14 14 19
functional richness (S")

Average well color
development(AWCD)O'l 06 15 05 0.6 0.208 0.8 08 15 0507 05 05 0.8
Shannon-Weaver

) S . 29 33 33 32 32 2731 31 31 32 2832 27 29 3.0
diversity index (H")

Figure 4. (a) Radar diagrams of the bacterial average voddiraevelopment (AWCD) of all
classes of carbon substrates, identified by BiologBbPlates for the five test-condition
microcosms after 7, 28 and 84 days of experimenB)(n(b) Metabolic profiling of samples
using Biolog™ EcoPlates based on pattern of utibrabased on average functional richness
(S"), mean of AWCD, and Shannon-Weaver diversitgex (H') of substrates and on

functional diversity.

T: tailings without amendment. TO: tailings + 5%hoe TOM 0.15%: tailings + 5% ochre + 0.15% manure.
TOM 1%: tailings + 5% ochre + 1% manure. TOM 2%lirigs + 5% ochre + 2% manure.

Over time, only a few substrates supported the tira microbial communities, especially
those belonging to the carbohydrates and polymieesnical groups, while amides/amines
and phenolic compounds were not (or were only #iyldegraded by the bacteria that
catabolize the C-sources of the Biolog™ Ecoplatés. @, SM.5).
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After 7 days of incubation, the relative abundabased on AWCD for each substrate (Fig. 4,
SM.5) indicated quantitative differences in the aé81 carbon sources between the samples
without amendment and those amended with iron hydeosludge and cow manure. The
AWCDs of the tailings amended with iron hydroxidedaron hydroxide-cow manure were
greater than those of the tailings without amendmeérhese samples also showed the highest
values for functional richness S’ and Shannon diyeindex H'. This indicates a greater rate
of substrate utilization (catabolic potential) byetmicrobial community and a greater
functional diversity in the amended tailings tharthe non-amended tailings. Even though the
functional richness value for the TOM 0.15% sanvpdes not the highest, its Shannon-Weiner
diversity index and its AWCD value were the highfgetn amongst the amended samples.
After 28 days of incubation, TOM 2% differed frohretother samples with greater values for
S’, AWCD (for each substrate and for the whole 8ggM Ecoplates) and H’ (Fig. 4, SM.5).
The S’, AWCD, and H’ values were greater for theample at day 28 than at day 7. After 84
days of incubation, the AWCD (for each substrate fan the whole Biolog™ Ecoplates) had
decreased for all amended samples.

The CLPPs indicated by Biolog™ Ecoplates data waffected by amendment and by
incubation time. Again, the diversity parametersToincreased (Fig. 4, SM.5). The TO
sample appeared to have the greatest microbial cortyrievel substrate utilization diversity
with the highest S' and H' values. The TO samplesds out at this time step with
communities able to catabolize amides/amines. TW&CPE remained highest for the TOM

2% sample.
Phytotoxicity test

Ryegrass survival was improved by amendment budrgentration of 1% and 2% manure
tended to reduce plant germination (Fig. 5). Thghést survival rate for ryegrass was for the
TO and TOM 0.15% amended samples. The additiortlmfeoand cow manure contributed to
the development of roots, since the plants diddeeelop roots (or did so poorly) when they
grew on tailings without amendment. There wereignt differences in total plant biomass
between plants growing on tailings without amendnaerd the other samples (statistical data
not shown). TO and TOM 0.15% amendments favoredhdrigplant biomasses, while
TOM 1% and TOM 2% were least favorable for the d@weent of ryegrass shoots (Fig. 5).

19



Biomass mg Germination rate %

200 - 120
o af

160 op - —% L 100
120 S - |ab Al\" r 80
R P I L] 1 L [ 60

80 .T p l T . " E
J_ A L - 40

A
40 L 20
| . | b
0 . 1 B L o
T TO TOM 0.15% TOM 1% TOM 2%
476 E Roots biomass |:I Shoots biomass esmgums Germination rate

477  Figure 5. Germination rate (n=12) and average biomass drght€DW) of ryegrass (mg)
478  (n=3). Multiple comparisons were performed by atgms Tukey-HSD test at different levels
479 P < 0.05 (n=3), to compare the five microcosm cooas with a 95% confidence level.
480 Different letters indicate significant differencdsetween samples for each parameter
481 according to the test (capital letters for rootsniss, minuscule letters for shoots biomass

482  and Greek letters for germination rate).
483 T: tailings without amendment. TO: tailings + 5%hoe. TOM 0.15%: tailings + 5% ochre + 0.15% manure.
484  TOM 1%: tailings + 5% ochre + 1% manure. TOM 2%lings + 5% ochre + 2% manure

485 Discussion
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The tailings sample from the Pontgibaud mine usedHe experiment was characterized by
relatively high content of metals and metalloidstrwiPb, As and Ba at respectively
26,432 mg.kd; 1,134 mg.kg; and 1,063 mg.k§ These were higher contents than those
found in other tailings from the Pontgibaud minag€aud et al., 2014) but were of the same
order of magnitude as those from other former minehe Massif Central (Bodénan et al.,
2004; Courtin-Nomade et al., 2016). Tailings frdme fPontgibaud mine, like other mining
wastes, were acidic (pH=4) (SM.2) (Pascaud et@ll4), a condition that contributed to the
high mobility of Pb (Fig.6), with concentrationsaohing 14,000 pg:t in percolation water

in the microcosms (Fig. 2). Sulfates and Pb weeenttajor chemical species in solution. It
seems that these species solubility were contriletthe stability of anglesite and beudantite,
the Pb sulfates detected in the initial material.

(@) (b) T0-7d 4=l
Tfj;c‘l,f /’ TOM 0.15%-84d
l,(iim/ <K TOM 0.15%-7d
By
< © / TOM 0.15%-27d
o el
TOM 1%-27d__
: ﬁ " TOM 1%-1d
- S o & >
& o S TOM 2%-7d
/‘T-m /
- T-27d
T-84d TOM 1%-84d ~ TOM 2%-84d
7n
TOM 2%-27d
F160.36 % F160.36 %

Figure 6: Correlation circle (a) and principal component gsial (PCA) (b) applied to the data
matrix formed by 23 variables, namely: total metais metalloid (Pb, Zn, Ba, and As) concentrations
and major ions (Gl Br, NO;, SQ7, Li*, N&, NH,", K', C&*, Mg®") in the percolation water,
constituents of organic matter (TOC, MinC), pH, DNAantification, bacterial abundance (16S), and
parameters from Biolog™ EcoPlates (RF,H’) of the fiest-condition microcosms after 7, 28 and 84
days of experiment.

T: tailings without amendment. TO: tailings + 5%hoe TOM 0.15%: tailings + 5% ochre + 0.15% manure.

TOM 1%: tailings + 5% ochre + 1% manure. TOM 2%lings + 5% ochre + 2% manure

The tailings had low microbial biomass and bothrof@l functional richness and diversity
were poor. Moreover, the germination lodlium perenne L. was greatly inhibited by this
material. The characteristics of the tailings -yvew pH, low content of nutrients (organic
carbon content between 0.05 and 0.09 %) and séwverganic contamination — seemed to
contribute to their specific biological propertiésandry and Sherriff (2005) have shown that
microbial activities are limited by carbon availdli in this type of material, and that
revegetated areas can provide a source of orgaatiermThe current geochemical state of the

tailings limits the development of both microorgamiactivity and vegetation cover.
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Pb was the most concentrated pollutant in thentggliand in the pore water of this mine site.
Immobilization of Pb was the first aim of the amemahts. Phosphate amendments are often
used to reduce the mobility of Pb by ionic exchamage precipitation of pyromorphite
(Brown et al., 2005; Kumpiene et al., 2008). Suctemadments were not tested because of the
high As content of the tailings, phosphate beint ab compete with arsenate for sorption
sites (Manning and Goldberg, 1996; Darland anddapk 1997). However, the manure may
have introduced some phosphate that contributédaketprecipitation of a minor fraction of the
mobile As whereas, in our microcosms, Pb immolilimaseemed to be mainly linked to the
ochre amendment (Fig.6). The addition to soilsro ioxide-hydroxide wastes (ochres) from
water treatment facilities is known to induce imntiahtion of Pb as a result of pH increase
(Doi et al., 2005; Nielsen eat al., 2011; Olimahakt2015). In the experiment, the ochre
induced a rise in pH to neutral values in the amsdnchicrocosms. This phenomenon,
together with the efficient sorption capacity oktjute (Wu et al., 2003, Rahimi et al., 2015),
was beneficial for the stabilization of PREM observations of Pb associated with iron-rich
particles of ochre supported this hypothesis. iddep to evaluate the proportion of Pb
precipitation in the amended tailings, the geocltalPHREEQCi 3.0.6.7757 code was used
with the minteq.v4 thermodynamic database, by nattdyy the complete chemistry of the
percolation water (SM.6). Simulation performed wille data from the amended conditions
indicated no precipitation of Pb minerals. Howewehen Pb concentration was adjusted to
that of the non-amended tailings, the simulatioedmted the Pb hydroxide and Pb sulfate
precipitation. This phenomenon, made possible kyhilgh quantity of sulfate brought with
ochre, could also contribute to the immobilizatairPb, this hypothesis being in line with the
observation by SEM-EDS of relatively high S concatibns associated with Pb.

One process that may control soluble Ba is theipitaton of barite in the case of high
sulfate content (lppolito and Barbarick, 2006). TREIREEQC simulation sustained the
occurrence of this phenomenon with the additiomdire (SM.6). Also, barite had already
been detected in the Pontgibaud mine tailings @aket al., 2014). A second process was
linked to the presence of As, which favored thenfation of BaHAs@ and Ba(AsOy), (Lu
and Zhu, 2011).

Although all amendments induced a strong decraagthiconcentration in the water phase,
the evolution of Pb concentration differed with tbemposition of amendments. In the
presence of 1% and 2% manure, Pb concentratioeased during the first 28 days of the
experiment. It then decreased and even droppedvidie detection limit with 2% manure
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(Fig. 2). In parallel, the maximum of metabolic @atial for degradation of organic molecules
was observed after 28 days of incubation (Fig.M,53. These results suggest a relationship
between the dynamics of mobile Pb and the evolutibthe organic amendment. Previous
studies have shown that the solubility of Pb ig ainimum at pH 6, and that at higher pH
values soil organic matter is more soluble, indgcihe release of organo-Pb complexes
(Wang and Benoit, 1996; Sauvé et al., 1998). Type tof soluble complex may have been
produced in our manure-amended microcosms, asbibttyhad pH higher than 6 (between 7
and 8) and had the highest organic matter condemtréor this experiment. In addition to
these dissolved species, the formation of Pb-bgasolloids is expected in this pH range:
Klitzke et al. (2008) observed an increase of lmatltoidal and dissolved Pb when they raised
the pH of a highly polluted forest soil that washrin organic matter. The effect of pH on the
mobility of colloids is linked to the change of keurface charge, decreasing inter-particle
attraction. Colloidal soil minerals are mobilizeg bhanges in charges and stabilized by
organic coating. During the microcosm experimehg more mobile fraction of organic
matter from manure may have been released durs§rt 28 days of experiment, inducing
the mobilization of both Pb-organic molecule compke and organic-coated Pb colloids.
Bacterial activity may have contributed to thesecpsses through the biodegradation of
insoluble molecules with high molecular weightsoimhore soluble small metabolites. The
assumed kinetics of manure biodegradation in opeement fitted well with those observed
in previous laboratory studies: Bernal and Kirchmgh992) observed a maximum rate of
mineralization of pig manure in soil during thesfimonth of incubation, and Calderon et al.
(2005) showed that the maximum degradation ratwaf manures occurred during the first 8
weeks of contact with soil.

Immobilization of As by ochre in soils polluted WiAs has already been observed (Doi et al.,
2005; Nielsen eat al., 2011; Olimah et al. 201®wklver, the experiment described here was
able to show that ochre can simultaneously decr@ésend As leachability. As was not
greatly mobilized during the experiment, its corication in the percolated water always
remaining lower than the standard for drinking w#i® pg.LY). However, in every case, As
concentration was higher in the manure-amendediwonsl than in T and TO conditions
(Fig. 1). In parallel, the range of concentratidrAs(ll1)-oxidizing microorganisms tended to
be lower in the manure-amended microcosms. Prevétudies have shown that organic
matter can negatively influence microbial As(lIjidizing activities (Challan-Belval et al.,

2009; Bachate et al., 2012; Lescure et al. 2016¢. dbundance of As(V)-reducing organisms
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was highest in TO and TOM 0.15% manure, and ofdlme (lower) range in the other
conditions. The increase in pH appeared to stiraldadwth of microorganisms able to reduce
As(V). Taking into account that As(V) adsorption mon oxides is optimum at pHs lower
than 6, whereas As(lll) adsorption is favored atspibove 7, the evolution of As-
transforming communities with amendments was quitgtive in terms of As adsorption on
solid phases. Globally, the total number of As4farming microbes was higher in the
conditions without manure, i.e. when As was foumdower concentration in the percolating

water, suggesting that they were involved in biaipeonical processes favoring As stability.

Quantification of microorganisms by measuring tb&lt DNA and 16S rDNA gene copies
number showed that tailings without cow manure aod hydroxide sludge had lower
microbial biomass than tailings with amendment whet the time step. Similarly, microbial
diversity, evaluated by average functional richnéS§, AWCD and Shannon-Weaver
diversity index (H'), was lower for tailings withblamendment. These results are not
surprising since, typically, tailings are knownhave low diversity of microbial species and
functions and low microbial biomass and activithu§, Chen et al. (2005) considered that
microbial metabolic activity in tailings is lowehdn in soils. Tailings can therefore be
considered as an extreme and geochemically dynamviconment exerting a strong selection
pressure on microbial communities that are suitedttessful conditions and considered as
extremophiles, since the microorganisms rely onmibal energy from minerals in tailings
due to the lack of organic matter (Schimel et2007). Therefore, it is not surprising that the
microbial communities in this experiment stronglyetabolized complex and more

recalcitrant C sources such as Tween 80, Tweea-d¥;lodextrin, and glycogen.

Organic matter is a crucial component of the sorpgson complex that immobilizes toxic
metals and metalloids and increases the soil's cagpéo store and supply nutrients.
Increasing organic matter content of tailings bpm@ying cow manure may contribute to
increasing biomass and microbial activity. In thigeriment, after 7 days of incubation, the
cow manure and the ochre input provided the taslimgth more biomass and diverse
microbial communities. Microorganisms were thus vehoto respond rapidly to
environmental changes. The ability of the microlmammunities to use substrates seems to
have been increased by the ochre supply alones ivece was little or no difference between
the TO and TOM samples. Amendments may inducessinifthe soil microbial communities
(Pérez de Mora et al., 2006). In a long-term fiedtion study of a soil completely eroded and
with a very low organic matter content, Zhong et(2010) showed that amendment with
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manure led to shifts in C utilization patterns amcteased soil microbial functional diversity.
The differences in AWCD for each substrate obsenreday 7 between microcosms with or
without amendment may be partially due to nutriefits. major ions) brought by the
amendments and consumed by microorganisms. Howaweording to Bolan et al. (2017),
microbial diversity increases with increase in pH the tailings, as neutrophilic
microorganisms are more diverse than acidophiliesohe application of cow manure and
ochre increased pH and major ion content while avimg the carbon and hydrogen status of
the mine tailings, thus increasing the biomass mireorganisms and their activities. It has
already been shown that the C/N ratio of soil dlas an impact on microbial community

dynamics (Wang et al., 2015).

The greater richness and diversity of microbial oamities on day 28 for the TOM 2%
sample may be due to the higher percentage of ammmdof this sample. Thus, 2%
amendment led to a greater supply of major ionspmssibly of viable microorganisms. The
reduction in the activity of microorganisms ovené in the other amended microcosms may
be due to the decrease of nutrients availablelfemticroflora. This is in agreement with a
study on the composting of cow manure, the orgamatter contained in the manure being
gradually decomposed by microorganisms (Wang et 2018). The tailings without
amendments remained at the lowest community-leusdtsate utilization level.

Amendments should contribute to decreasing thelabilily of metals and metalloids and
should enhance microbial biomass and diversity tiey must also allow revegetation of the
tailings. This is why a test &folium perenne L. (perennial ryegrass) growth was conducted to
evaluate the effect of cow manure and ochre slumlyg¢he phytotoxicity of the tailings.
Ryegrass is one of the highest quality forage gsaasd its primary use is for pasturing cattle
and sheep. This herbaceous plant is also routussyg to investigate plant growth responses
(germination, root and shoot growth) to changingiremmental conditions (Gregory et al.,
2014). While ryegrass roots had serious difficulties irowing in the tailings without
amendments — probably because of acidity, toxmitynetals and metalloids and/or nutrient
deficiency — amendmengppeared to facilitate plant growth. However, rgsgrseemed to
prefer the test condition with 0.15% of cow manduirbis result highlights that an excess of
nutrients might not be beneficial, and that orgaartendment dose should be optimized for

the specific plant species selected for the rentiediatrategy.

Conclusion
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The results of the microcosm experiments indidageetfficiency of combining ochre and cow
manure amendments to greatly decrease Pb soluiniliigidic mine tailings while avoiding

any dramatic mobilization of other elements, nanfdy Zn and Ba. Stabilization of As-rich

mine tailings may be an interesting way to make of¢he sludge produced during the
treatment of the iron-containing coal mine wate&hort-term monitoring of the amended
tailings revealed a transient increase in bothdgHing and functional microbial diversity,

both phenomena linked to the maturation of mandmvever, 84 days after the amendment
event, Pb immobilization was strengthened by 2% ur@nwhereas the benefits of this
amendment on functional microbial biodiversity wepeatly attenuated. This latter result
shows that amendments alone are not sufficiemtdode an enduring improvement in the soil
microbial biodiversity necessary for the developmer its functions. However, the

amendments were shown to stimulate the growth eéjngss, and the colonization of tailings
by plants should contribute to improving their stare and functions. Further experiments
could throw light on the long-term biogeochemicablation of amendments in the context of
plant cover development. In addition, it will becessary to take account of on-site
management practices since, as the amendments Wwewgplied only at the surface of the
tailings dumps, there is a strong need to inveditjae evolution of the underlying material.
With future upscaling of the process in mind, tsisdy provides key information about the
biogeochemical processes that drive the dynamicgafanic pollutants in acidic mine

tailings amended with iron-rich ochre and organatter.
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Ochre from coal mine water treatment increases pH of acid tailings

Pb is stabilized and As is not mobilized in tailings by ochre and manure amendment
Manure induces mobilization of Pb for 35 days then its stabilization

Microbial functional biodiversity is transiently increased by amendment

Ochre favors short-term growth of ray-grass on tailings



