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Abstract

Field evidence has been scarce about soil (or ¢tschnh formation and direct
phytostabilization of base metal mine tailings unfleld conditions. The present study
evaluated key attributes of soil formation in weadd and neutral Cu-Pb-Zn tailings subject
to organic amendment (WC: woodchips) and colororatf pioneer native plant species
(mixed native woody and grass plant species) inbay@ar field trial under subtropical and
semi-arid climatic conditions. Key soil indicatars engineered soil formation process were
characterized, including organic carbon fracti@ggregation, microbial community and key
enzymatic activities. The majority (64-87 %) of tB€ was stabilized in microaggregate or
organo-mineral complexes in the amended tailingge [EBvels of OC and water soluble OC
were elevated by 2-3 folds across the treatmenth, tive highest level in the treatment of
WC and plant colonization (WC+P). Specifically, tMgC+P treatment increased the
proportion of water stable macroaggregates. Plamtiser contributed to the N rich organic
matter in the tailings, favouring organo-mineratenactions and organic stabilization.
Besides, the plants played a major role in boostmgrobial biomass and activities in the
treated tailings. WC and plants enhanced the ctstdrorganic carbon (OC) associated with
aggregates (e.g., physically protected OC), foromatif water-stable aggregates (e.g., micro
and macroaggregates), chemical buffering capaocgy.,( cation exchange capacity).
Microbial community and enzymatic activities wetscastimulated in the amended tailings.
The present results showed that the formation rdtfanal technosol was initiated in the eco-
engineered and weathered Cu-Pb-Zn tailings undeld ficonditions for direct
phytostabilization.
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Soil formation, Organic carbon fractions, microbtammunity, enzymes, Cu-Pb-Zn tailings
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1. Introduction

Sulfidic metal mine tailings inherently possess anajonstraints of hydrogeochemical instability

due to the presence of abundant reactive primangrais (e.g., sulphides) and physical compaction
due to fine and homogenous texture, without faviolerdasic physicochemical conditions for the
survival and colonization of even tolerant natidanp species (Huang et al., 2012). As a result,
direct phytostabilization of sulfidic metal mineilitags under field conditions has so far been
largely unsuccessful without substantial improveitmainphysical structure, and biogeochemical
capacity and functions (Ye et al., 2002; Mendez Wtader, 2007; Huang et al., 2012). Organic

amendments (OA) (e.g., municipal and industrialpbyducts, manures, biosolids) were used to
improve short-term plant establishment, (Romeralget2007; Meeinkuirt et al., 2013). However,

long-term growth and recruitment of revegetatednplapecies would require systematic

development and rehabilitation of soil attributesl gorocesses in the tailings towards those of
functional technosols (Huang et al., 2014; Li et aD15a; Zornoza et al., 2017). Conventional
revegetation approach for tailings is to apply gae barrier material (30-100cm) and a suitable
growth medium for plant establishment. The situ technology to eco-engineer tailings into

technosols would not only reduce costs relatedotarcéng and transporting large volumes of
external capping materials and/or soils, but aéstuce the environmental liability to surrounding

ecosystems. Sulfidic metal mine tailings (e.g., ®l-Zn, Fe ore) are mineralogicallly and

chemically different from natural soil, which areuam more abundant in primary minerals (e.g.,
pyrite, chalcopyrites) with unstable geochemistng anherent extreme toxicity (Li and Huang,

2015). Natural weathering of these primary minerakpecially pyrite is shown to be relatively

rapid even in arid area and controls the levelaaidlity and solubility of toxic metals and saline

ions (Gleisner and Herbert, 2002; Hayes et al.,120ivhich are fundamental causes for

WC: woodchips

OC: organic carbon

OA: organic amendments
MIM: Mount Isa Mines
TD5: Tailings dam 5
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phytotoxicity and rehabilitation failure (Callermé Courtney, 2015). After an extensive weathering
of sulfidic tailings over decades (>e.g., abouty@@rs) under semi-arid climatic conditions, the
relative hydro-geochemical stability resulted frdme oxidation and depletion of large amounts of
sulphides (<8 wt.%) compared to the freshly depdssulfidic tailings (>30 wt.%) (Forsyth, 2014),
providing the opportunity to rehabilitate physicatucture (e.g., water-stable aggregates) and soil
biological properties towards functional technosais the colonization of target plant communities
(Huang et al.,, 2012; Huang et al., 2014). In thdyephase of soil formation, water-stable
aggregates and microbial metabolic functions iatieh to organic matter decomposition would be
indicative of the initiation of soil formation irhé weathered tailings, in response to the eco-
engineering inputs, such as organic inputs andegoplant colonization.

Tailings contain very low levels of organic matterth little soil microbial abundance and diversity
and metabolic activities (Li et al., 2015b). Altlghu exogenous inputs of organic matter
significantly overcome physical compaction of thdings through bulking effects, it is necessary to
initiate and stimulate the formation of water-seabbgregates and intrinsic physical structure for
the formation of functional technosols. Aggregatioh tailing particles would be results of
integrated interactions of (geo)chemistry, mingggl@and biology in the eco-engineered tailings.
Soil formation from parent materials is substahtiahccelerated by the involvement of
microorganisms and plant roots in the natural sgdtems (Jenny, 1941). Our previous studies
showed that organic amendments and colonizatidolefant pioneer plant stimulated aggregation,
microbial abundance and organic carbon sequesirati®b-Zn tailings in glasshouse trials (Yuan
et al., 2016).

It is recognized that studies conducted under gtasse conditions had much more favourable
water and temperature conditions than those ifiele leading to improved survival and growth of
microorganisms and introduced plants. Field evideniceco-engineered soil formation in sulfidic
metal mine tailings has been scarce in literatiiis.necessary to investigate if the eco-engimggri

factors (such as organic amendments and pioneat gtawth) could also effectively stimulate

4
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physicochemical and biological changes in thertgdiunder field conditions, in order to develop
field-based eco-engineering methodology to stineulatsitu soil formation from tailings. This
would be a prerequisite to improving success otgstabilization of sulfidic tailings.

The present study aimed to characterize key inglisaif initial phase of soil formation, including
the properties of aggregates and associated orgamlmon contents, microbial biomass, and
activities of representative soil enzymes, in theatliered Cu-Pb-Zn tailings subject to organic
amendments and/or colonization of mixed native @avrplant species for 2.5 years under the field
conditions. We sampled a 2.5-year field trial elsshled in Northwest Queensland, Australia, under
subtropical (19-32 °C) and semi-arid climatic cdiatis (2800 mm annual pan evaporation and 464
mm average annual rainfall mainly in November-Fabyl In this field trial, molecular analysis
revealed a shift from lithotroph- to organotrophvdnance bacterial communities woodchips
(WC) amended Cu-Pb-Zn tailings with native vegetatover (Li et al., 2015a).

2. Materialsand methods

2.1 Experimental design and sampling

Background information regarding the location atlchatic conditions of experimental site were
previously described (Li et al., 2014). Brieflyethailings dam of Mount Isa Mines (MIM) (20.73

°S, 139.5 °E) is located in Northwest Queenslangstralia, under subtropical and semi-arid
climatic conditions. The rainfall and temperatuoaditions during field incubation were in the
appendices (Fig.Al).

The weathered and neutral Cu/Pb-Zn tailings weaweated in bulk from MIM Tailings dam 5
(TD5) (decommissioned), which were air-dried, cedghand mixed thoroughly before use. An
appropriate volume of the tailings was mixed wigsignated treatments: namely, control (tailings
only, TD5) and WC (ratio of organic carbon and agien, OC: N = 98) at the rate of 20 % (v/v)
(TD5+WC), which were loaded into intermediate bodintainers (1 x 1 x 1 m dimensiam)situ in

November 2009. Native plantslr{odia pungens, Acacia chisolmii, Ptilotus exaltatus) were
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sown/transplanted in the tailings with or withoutCWi.e., TD5+P, TD5+WC+P). There were 4
treatments in total: TD5, TD5+WC, TD5+P, and TD5+WRC with 3 replicates in each treatment.
Tailings and the amended/revegetated tailings feach replicate were sampled in April 2012 at O-
10 cm depth from the treatments described aboweh Eample consisted of a composite of 5 cores
taken randomly from the central area (about 5-10from the edge) of each container. The fresh
samples were sealed in plastic bags in the fieltl teemsported back to the laboratory in a cool
container and stored at 4°C for microbial analysighin 1 week after collection. For
physicochemical analyses, subsamples were dri¢éd &€ and sieved through 2 mm prior to use.
2.2 Physicochemical analysis

The pH and electrical conductivity (EC) (1:5 tags water) in water were measured by using a pH
electrode (TPS 900-P) and an EC electrode (TPS)2168€pectively. Cation exchange capacity
(CEC) was quantified using the silver thiourea mdtfRayment and Lyons, 2011). Water holding
capacity (WHC) was measured using the saturatiothade(Wang et al., 2003). Total elemental
concentrations (i.e., Cu, Pb, Zn, S, Fe) were detexd by means of inductively coupled plasma
optical emission spectroscopy (ICP-OES, Variangraftqua-regia digestion. A standard reference
soil material (SRM 2711a Montana soil, Nationaltimge of Standards, USA) was used to verify
the accuracy of element determinations with redeseranging from 90 + 10%. Water-soluble
organic carbon (WSOC) was extracted by shakinghfezsnples with deionized water at a ratio of
1: 2 (w/v) on an end-over-end shaker at 20 °C fdn &and determined using the dichromate
digestion method (Bremner and Jenkinson, 1960).c@unations of water-soluble elements (i.e.,
Cu, Pb, Zn, S) were analysed with ICP-OES aftekisigal g samples in 50 ml deionised water for
1h.

2.3 Aggregates separ ation and or ganic carbon fractionation

OC in the tailings was fractionated following thegedure as shown in Fig. 1 (Six et al., 2002). In
brief, 150 g of air-dried samples were submergeddionized water on a 250m sieve for 5

minutes to allow slaking of water-unstable aggregatvhich were separated through a nest of
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sieves (25@im and 53um) using wet sieving method. The sieving carrietdroanually by moving
the sieves up and down 3 cm at the rate of 50-tmf minutes. Fractions retained on each sieve
were gently back-washed into 500 ml polyethylengpevation containers and oven dried at 50-60
°C for 15 h. The mass of silt+clay particles (< 58) was calculated by the differences between
total mass of the sample used for fractionation taedaggregates collected. Mean weight diameter
(MWD) was calculated using the following equatierror! Refer ence source not found.):

MWD =Y. x; w; (Eq. 1)

wherex; is the mean diameter of any particular size rarfggggregates separated by sieviwgis

the weight of aggregates in that size range aadaidn of the total dry weight of the tailings used
and n is the number of aggregate classes separated.

Following initial separation, a 15 g sub-sampleracroaggregate (> 250n) and microaggregate
(53-250um) fractions were dispersed in 45ml 0.5 % sodiuxaheetaphosphate (Calgon) using a
mechanical end-over-end shaker for 15 h at a spe8d rpm at room temperature (22 + 1 °C). The
dispersed macroaggregate and microaggregate fractiere further separated by passing the
tailings through 53im sieve. The OC in the intra-macroaggregate pdatieuraction (> 53um)
(macro-iPOC) was regarded as unprotected OC itathiegs; and that in the intra- microaggregate
particulate fraction (> 53im) (micro-iPOC) was regarded as physically progo@C in the
tailings. The OC in intra-macroaggregate silt+ckagction (< 53 um) (macro-iMOC), intra-
microaggregate silt+clay fraction (< 58n) (micro-iMOC), and silt+clay particles (< 53m)
(oMOC) were all regarded as mineral associated dCQ).

Fig. 1

OC and N concentrations in tailings and each foastiwere determined by dry-combustion with a
LECO CNS-2000 analyzer (LECO Corporation, MI, US#der acid-removal of inorganic carbon
(You et al. 2014). There was a mean of 99.6 % mmassevery in aggregate dispersion and
fractionation procedure. Recovery of OC ranged fr8m5 to 115.3 % (mean, 104.1 %) in

macroaggregate dispersion and fractionation, ande from 84.7 to 109.2 % (mean, 96.9 %) in

7
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microaggregate dispersion and fractionation, raspdy. OC stock in each fraction was calculated
based on OC concentrations of each fraction and diazibution (%) of the fraction.

2.4 Microbial biomass, mineralization rates and enzyme assays

Microbial biomass carbon (MBC) in fresh samples dekermined using the chloroform fumigation
and extraction method. MBC was calculated as tliierdnce of OC between fumigated and
unfumigated samples with a conversion factge Ks 0.38 (Vance et al., 1987). Microbial biomass
nitrogen (MBN) was calculated as the differencenofthydrin nitrogen (Inubushi et al., 1991)
between fumigated and unfumigated samples, whichmuatiplied with a conversion factorgl as
0.54 (Joergensen, 1996).

The N mineralization rate was assessed using amaton method (Chen et al., 2004). In brief, 50
g fresh tailings samples were incubated aerobicatlp5 °C for 28 days. Water loss from the
tailings during incubation was adjusted with desewi water every two days. Subsamples were
taken at day 0 and 28 after commencing incubatimhextracted with 2M potassium chloride for
the analysis of mineral N (the sum of ammoniumogién (NH-N) and nitrate nitrogen (N&£N) in

the extract). The net mineralization rate was dated from the difference of mineral N in the
extracts of each incubated sample between day #8dag 0. Concentrations of NHN in the
extracts were measured with the indophenol bluéaae{Verdouw et al., 1978) and MN® with

the salicylic acid colorimetric method (Cataldo a&t, 1975). Activities of four enzymes were
measured in this study. Dehydrogenase activity waasured using the method of (Serra-Wittling
et al., 1995). Invertase activity was determineshgisucrose as the substrate (Frankeberger and
Johanson, 1983). Urease activity was determineld wita as a substrate for incubation (McGarity
and Myers, 1967). Neutral phosphatase activity amalysed by the disodium phenyl phosphate
method (Shen et al., 2006).

2.5 Statistical methods

Primary data processing was performed using Midt8sBxcel. One-way analysis of variance

(ANOVA) was carried out for significant treatmentfeets after normality check. Two-way

8
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ANOVA was carried out for test of significance tieteffects of organic amendments (OA) and
Plant. Means were compared using the least signifidifferences (LSD) test Bt= 0.05. Pearson
linear correlations between biogeochemical properind microbial properties in tailings were also
calculated. All statistical analyses were conductsinhg the SPSS software package (SPSS
Statistics 20.0, Chicago, IL, USA).

3. Results

3.1 Geochemical and physico-chemical conditions among treatments

The weathered Cu-Pb-Zn tailings represents a hathéticient in nutrients but high in levels of
soluble salts and total heavy metals, which wemvalknown tolerance thresholds. Specifically, the
levels of total N (TN) and water soluble nitrog&d3N) in the tailings TD5 were the lowest, which
were 0.11 g kg and 0.9 mg kg, respectively (Table 1). Tailings amended with e
with/without plant colonization (i.e., TD5+WC, TDBt+ TD5+WC+P) showed an overall
improvement of the levels of N. The N levels wererenthan tripled in all the amended tailings,
ranging from 0.34 to 0.43 g Rgwith the highest levels in the TD5+WC+P treatmdite levels of
WSN increased up to 3.1 mgkin TD5+WC. In the tailings with plant cover, (i.&D5+P and
TD5+WC+P), WSN increased by 5-fold (17.2 and 19@ky* respectively), compared to those in
TD5+WC (Table 1).

Despite of the high degree of weathering, the werath tailings contained high concentrations of
soluble salts (EC) and water-soluble S. Cu, Pb Amdregardless of treatments, perhaps due to
inadequeate leaching activities. However, the kweéwater soluble heavy metals (such as Cu and
Zn) were 1000-fold lower than their total levelsjedto the presence of circumneutral pH
conditions. The treatments did not significantlgid@ase pH in TD5+P and TD5+WC+P. In contrast,
EC levels in all the amended tailings (i.e., TD5+WKD5+P, TD5+WC+P) were significantly
elevated, compared to that in the control (tailimggy) (P < 0.001), possibly due to enhanced
dissolution of minerals and ion exchange. The kwélwater-soluble S and Cu in these amended

tailings were elevated to 2-3 folds of those in¢batrol (Table 1).
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In the tailings without treatments, microaggregatascounted for about 49.8 % and
macroaggregates only 11.2 % across the treatmBméstreatments of WC and plant growth (i.e.,
TD5+WC, TD5+P, TD5+WC+P) increased the proportioh roacroaggregates to 19-21%
(compared to 11% in the control) and MWD by 33-50Pable 1). The WHC was the lowest in the
control (TD5), but increased by 2-3% in all theatesl tailings® < 0.01).

Table 1

3.2 Organic carbon fractions

In the tailings without the eco-engineering inptitee TOC levels in the tailings were as low as 1.5
g kg* (Table 1). The WC with/without plant growth treamnts significantly elevated the TOC
levels by as much as 2-6 folds in the amended¢ml{including TD5+WC, TD5+P, TD5+WC+P)
(P < 0.05), with the highest in the TD5+WC+P. Wateluble organic carbon (WSOC) accounted
for only 1-2 % of the TOC in the treated tailing@mpared to as low as 5.1 mg’kim the TDS5,
WSOC levels were significantly increasdt< 0.05) in all the amended tailings, ranging fraénl

to 78.3 mg kg, with the highest in the TD5+WC+P. The majorityd®7 %) of the OC was
stabilized in microaggregate or organo-mineral clexgs in all the treatments (Fig. 2).

Specifically, the WC and plant treatments signifitha (P < 0.05) increased OC concentrations and
OC stocks in all the fractions, except for the @@Aacro-iMOC fraction of the WC treatment (i.e.,
TD5+WC) (Table 2). The OC concentrations associatgd the Macro-iPOC fraction increased
from 3.2 g kg in the controlto 11.7-13.8 g kg in the amended tailings, regardless of plant
colonization (including TD5+WC, TD5+P, TD5+WC+P)hd OC stock in Macro-iPOC fraction
increased from 0.19 g Kgin the control to 0.9-1.7 g Kgtailing, accounting for 22-36 % of TOC.
The physically protected OC in microaggregate (BHEOC) also increased significantly in all the
amended tailingsR < 0.001), regardless of plant growth. The concéotma of Micro-iPOC
increased from 2.3-3.7 g Rdn the controto 4.3-6.0 g kg in the amended tailings. Similarly, the
OC stock in Micro-iPOC fraction increased from 0g%g" in the control, to 1.42-1.45 g Kgn

the WC-amended tailings regardless of plant gro@wt., TD5+WC and TD5+WC+P). The
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physically protected OC accounted for 13-34 % a TOC in the amended tailings. The OC
concentrations in mineral associated fractions (#@aelOC, Micro-iMOC and iIMOC) increased
from 1.8 g kg'in the controto 3.1-9.1 g kg inthe amended tailings. The corresponding OC stock
was 1.1-2.0 g Kg (45-77 % of TOC) in the amended tailings, comparethat (0.6 g kg) in the
control.

In the bulk tailings, OC: N ratios ranged from :13.7 without significant differences among the
treatments (Table 1); but this ratio did vary dgseatmong different OC fractions (Table 2).
Specifically, in all the amended tailings (i.e., BNVC, TD5+P, TD5+WC+P), OC: N ratios were
highest in the Macro-iPOC (24.5-33.0) fraction,ldaled by Micro-iPOC (16.8-17.7) and the
lowest in MOC (4.1-6.3) (e.g., Macro-iIMOC, Micro-IDC). Furthermore, OC: N ratios in Macro-
IPOC fraction significantly increased to 24.5-380< 0.05) in the amended tailings, compared to
13.9 g kg-1 in the control. The ratios in physigaltotected OC (Micro-iPOC) elevated t016.8-17.7
(P < 0.05) in the amended tailings, compared to i.&he control. The OC: N ratios in Macro-
IMOC and Micro-iMOC in all the tailings were notfidirent.

Table 2

Fig. 2

3.3 Microbial propertiesaltered by WC and plant

Microbial biomass (MBC, MBN), microbial quotient @C: TOC), and net mineralization rate
were measured in the tailings samples collecteah ldferent treatments. MBC only accounted for
a small portion (0.5-1.4 %) of the TOC in all theatments. It was not surprised to have observed
the lowest the levels of MBC and MBN in the taikngiithout any treatments. Microbial biomass
(estimated from MBC and MBN) were stimulated sigrahtly in all the amended tailings,
particularly in the WC-amended tailings colonizeygl the mixed native plants (TD5+WC+P). A
similar trend of net N mineralization rates was edied among these treatments (Table 3). In
particular, compared to the control and WC-treatisiéire., TD5 and TD5+WC), tailings colonized

by the plants (regardless of WC amendment) wereactexrized by higher biomass, microbial
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quotient (MBC: TOC) and net N mineralization rateslicating the importance of root systems in
rehabilitating active microbial biomass (Table 3).

Table 3.

In the present study, selected enzymes were exdmweich are closely related to the energy
transfer (dehydrogenase) and element cycling psaesesf C (invertase), N (urease) and P (neutral
phosphatase) in the tailings (Fig. 3). Microbiabrhass was positively correlated to with these
enzyme activities (Table 4). Consistent with thengtated microbial biomass in the tailings with
plant colonization, the activities of dehydrogenasesertase and neutral phosphatase were
significantly elevated in these treatments (i.eD5F¥P and TD5+WC+P), with the highest in
TD5+WC+P. The urease activity was significantlyreased in the WC amended tailings with or
without plants (i.e., TD5+WC and TD5+WC+P), but att significant difference between
treatments with and without plants (i.e., TD5 asdlD5+P. Neutral phosphatase activity showed
no significant difference among the amended tasliige., TD5+WC, TD5+P, and TD5+WC+P).

Fig. 3

Table4.

4. Discussion

The present findings suggested that eco-engineanpgts (i.e., WC and plant introduction) did
accelerate the early phase of soil formation intraéand weathered Cu/Pb-Zn tailings under field
conditions. The eco-engineering inputs (i.e., ogamendment and plant colonization) increased
soil organic matter and N accumulation in the edatilings, stimulated aggregation and organo-
mineral interactions, and elevated microbial biosnasd enzymatic functions in the amended
tailings (i.e., TD5+WC, TD5+P, and TD5+WC+P), pautarly in those with combined organic
amendment (WC) and plant colonization. These wedicative of positive changes leading
towards of rehabilitation of soil structure and dtians, in response to the eco-engineering inputs
under field conditions, although the rates of aggt®n and carbon accumulation were lower than

those examined under the glasshouse condition (¥uah, 2016).
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In metal mine tailings deficient in organic matterganic carbon associated with aggregates and
minerals is an important indicator of the effectiges of eco-engineering practices and the inihatio
of early phase soil formation in tailings. SOC & nnly compositionally essential (e.g., for direct
physical effects of improving compaction) but fuooglly critical (e.g., organo-mineral
interactions and chemical buffering) within the ta of soil formation (Li et al., 2015a; Yuan et
al., 2016). The TOC levels were positively corretatvith the levels of N (including TN, WSN),
the water-stability of aggregates (WMD), hydraupooperties (WHC), ion buffering capacity
(CEC), microbial biomass (MBC, MBN) and activitiGset mineralization, enzymes). The rates of
OC stabilization (0.5 -1.0 g OC Rg/™") (sum of OC physically protected and mineral aisged) in

the amended tailings under field conditions wereney-10 folder than those reported in natural soil
during primary succession where development chdnuoaditions would be relatively quasi-
equilibrated without dynamic hydro-geochemical teaxs like in metal mine tailings (Anderson,
1977; Crews et al., 2001). As a result, the accatianl of OC in aggregates and mineral complexes
would be an integrated indicator demonstrating ¢aey sign of soil formation from the fine
textured tailings, in response to eco-engineempgts.

Both WC and introduction of native plants contrdaito the elevated OC availability to microbial
colonizers. In all the amended tailings (i.e., TBBE, TD5+P, and TD5+WC+P), there were
relatively higher proportions of OC in the unprdegtform (22-36%) (Macro-iPOC). The OC: N
ratios (24.5-33.0) (Table 2) in this fraction wekso significantly higher than the bulk tailings
(11.7-13.3) (Table 1) in the amended tailingsslassumed that the Macro-iPOC would be further
decomposed and stabilized in these amended tailbogsinuing to enhance the formation of water-
stable aggregates and overall physical propertigscnosols (Bruun et al., 2010).

It is widely accepted that recalcitrance, spati@cicessibility and organo-mineral interactions are
major mechanisms contributing to OC stabilizatiorsoils (von Lutzow et al. 2008). In the present
study, the majority of OC (64-77%) in the amendatings were protected in microaggregates or in

the form of organo-mineral complexes. The minesdoaiated OC (MOC) became increasing
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308

dominant in the amened tailings, accounting foi745% of TOC, This suggests that the increasing
organic matter from WC and their derivatives froetamposition would have promoted organo-
mineral interactions in the tailings (Yuan et 2D,16).

Organo-mineral interactions are the fundamentg sfeaggregation and OC stabilization in the
agricultural and natural soils (Kogel-Knabner et, &008; Monserie et al., 2009). Aggregate
formation is a critical process of technosol fonmatin tailings, which is essential to the
development of physical structure with sufficiedraulic properties to support root penetration
and water infiltration. In the present study, thereases in aggregate proportion and water-stabilit
were positively correlated with the levels of staled OC (Table 5) in the WC-amended tailings
with or without plants. From the evidence here, tt@mmbined effects of organic matter
decomposition driven by the addition of WC and reffects of colonizing plants and associated
microbial activities had initiated then situ organo-mineral interaction, aggregation and OC
stabilization under the subtropical and semi-aflichatic conditions. Further investigation may
focus on how to accelerate the rate of the strattdevelopment in the rooting profile of the
amended tailings.

The forms of organic matter seemed to have markgzhcts on the organo-mineral interaction,
aggregation and OC stabilization processes in #iengs. In the amended tailings, OC
concentrations were significantly higher in the eral associated fractions (i.e., Macro-iMOC and
Micro-iMOC) with plant cover (TD5+P and TD5+WC+Rpmpared to those without plants (i.e.,
TD5 and TD5+WC). The different OC stabilized witilings mineral particles among treatments
may be partially attributed to the different forntd OC entering into tailings and the
biogeochemical modification of organic compoundse Bdded WC was low in N (OC: N ratio of
98) with a slow decomposition rate in the tailingiice favourable OC: N ratios are required in soil
OC decomposition (Aber and Melillo, 1982). In aduht the low levels of available N in the WC
amended tailings was one of main negative factessilting in the low abundance of bacterial

community which was dominant with tolerant bactefgag., rubrobacter) (Li et al., 2014). In
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contrast, in the tailings with plant cover, rootudates and root biomass turnover would have
generated the mixture of labile OC and a range noélls molecular weight compounds (e.g.,
carbohydrates, carboxylic acids and amino acidshentailings (Lynch and Whipps, 1991). Due to
negative charges in organic molecules, these sutestamay readily interact with the mineral phase
(Jones and Brassington, 1998), which was expo#dalyundant reactive sites resulted from rapid
weathering processes in the tailings (Yuan e8fl4; Yuan et al., 2016).

Meanwhile, the root systems of the colonizing @aptesented a favourable hosting effect on
microbial communities as revealed by the increaseciobial biomass and associated organic
matter decomposition (Fig. 3). As decompositioncpaals, N is retained in the microbial products
(e.g., organic molecules and compounds) (Quideaal.et2000), facilitating interactions with
tailings mineral particles and the stabilizationr@fvant pools of OC in the form of organo-mineral
complexes. Functional groups of organic matter. (@lghatic or phenolic OH), aliphatic acid (e.g.,
citric acid, malic acid) and some proteinaceousanigg compounds (e.g., amines, ring-NH,
heterocyclic-N) in soil are likely to strongly bivdth minerals (e.g., Fe, Al, Mn oxides, edge sites
of phyllosilicates, allophane, imogolite, smectitesrmiculite, illite) to form resistant organo-
mineral complexes in the soil (Feng et al., 200&ullé Gonod et al., 2006; Kégel-Knabner et al.,
2008). Therefore, coupling with the introduction mdtive plants (e.g., tolerant acacia species)
which are tolerant of saline and low nutrient caiotis, organic amendments of active functional
groups and more favourable OC: N ratios would lefgpred to amend the weathered tailings for
accelerating soil formation.

Table5

The WC-amendment may have triggered enhanced digsolof secondary minerals already
formed and perhaps, further weathering of S-beamnirggral (e.qg., pyrite, chalcopyrite), resulted in
elevated levels of salts, S and Cu in the wateraektin the amended tailings, compared to the
tailings without any treatments (Table 1). The weatd and neutral Cu-Pb-Zn tailings were largely

depleted in reactive minerals (e.g., pyrite) witlretatively stable hydro-geochemistry (Forsyth,
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2014). Many metal mine tailings are rich in sulpbithinerals and it is a prerequisite of technosol
formation to weather most of these unstable prinmanyerals into geochemically and relatively
stable secondary minerals (Huang et al., 2012)o@nhand, microbial communities present in this
type of tailings are likely to be more diverse thhose in the extremely acid tailings (Mendez et al
2008). On the other hand, direct plant colonizattmuld be achieved in the highly weathered
sulfidic metal mine tailings (e.g., Cu, Pb-Zn tags) or tailings dominant by secondary minerals
(e.g, coal deposit, bauxite residues), which wdulther advance the progress and developmental
stage of technosol formation (Courtney et al., 204G8ot et al., 2014). Nevertheless, abundant
Thiobacillus sp., autotrophic sulphur oxidizers, remain in this thesaed tailings (Li et al., 2014). In
addition, heterotrophic bacterial community mayypd@me role in facilitating mineral weathering
processes (Pradhan et al.,, 2008). The induced atingeathering associated with organic
amendments in tailings has been reported in prevaiudies (Li et al., 2013). Although rapid
geochemical reactions may be unlikely in the extehg weathered tailings, further dissolution of
minerals in the tailings may have occurred in respao the treatments, leading to elevated salinity
in pore water. Introduced plants and microbes mayableast initially, stressed by the elevated
levels of salts and trace metals resulted from ecdd dissolution of mineral products formed from
the weathering process in the tailings, duringitiitgal stage of phytostabilization. This implidset
importance of leaching and surface transportaticsatts (e.g., sulphates) during seasonal rainfalls
which are important in natural soil formation (Stownn et al., 2011).

It is important to develop a diverse and functignmicrobial community to realize biogeochemical
functions (e.g., OM decomposition and nutrient mg) for sustaining the productivity of plant
communities (Harris, 2003). Previous studies hadecated that initially low microbial diversity in
non-vegetated tailings rapidly increased after fpetablishment and later succession (Alguacil et
al., 2011; Li et al., 2014), with significantly imgved microbial functions (decomposition, nutrient
cycling etc.) even with a relatively low plant coage in tailings (Moynahan et al., 2002). In the

present study, microbial biomass and biogeochenpoatesses were improved in the amended
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385

tailings with WC and/or growing plants, as indicatey the MBC and MBN and enzyme activities.
Specifically, the increased OC in the amendednigsliwould have provided energy and nutrients
for microbial colonizers, greatly stimulating demginent of heterotrophic bacteria and facilitating
the decomposition and element cycling processeshéntailings (Table 5). The presence of
surviving plants is an important factor to shifetmicrobial community in the tailings away from
the autotrophic dominant structure (Li et al., 2014

In general, after 2.5 years field incubation, theeaded tailings is still far away from natural soil
where the greatest TOC in TD5+WC+P was only 5§ (&gble 1), which is 10-50 % of those in
natural soils under similar climatic conditions r@iet al., 2002; Kihara et al., 2012). Besides,
bacterial communities in all the amended tailingsrevstill dominated by tolerant species and a
fungal community is hardly detected in these tgsifLi et al., 2014), with much less diverse than
communities that colonize in natural soils (Berg &malla, 2009). However, the current evidence
suggests that the combined approach with organitemend tolerant plant introduction can initiate
the process of soil formation towards the goaluoictional technosol, albeit at a slow rate under th
semi-arid climatic conditions.

5. Conclusions

This study suggested that the early soil formaitrositu could be initiated in neutral and weathered
Cu/Pb-Zn tailings by means of combined organic atmemt and introduction of tolerant native
plants under the subtropical and semi-arid climatinditions. The colonization of tolerant plants
played a particularly important role in OC stalation through aggregation and organo-mineral
interactions, which could be attributed to the tgeamicrobial biomass and N rich organic
compounds input.
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517 Tables

518 Table 1 Selective physicochemical properties inttéatments.

Treatments* pH EC CEC WHC TOC:N Aggregates
(mScm™)? (cmol* kg})® (%)° Macroaggregate  Microaggregate MWD(mm)'
(%) (%)

TD5 6.7(0.0) 3.4(0.3) 0.79(0.27% 19.2(1.2Y 13.7(2.4) 11.2(2.4) 49.8(4.0§ 0.21(0.03)
TD5+WC 6.7(0.1)  4.5(0.8) 1.66(0.419 21.8(0.7  13.3(2.9) 19.2(2.4) 31.1(1.5) 0.28(0.03)
TD5+P 6.4(0.1) 5.2(0.4) 4.52(0.314 22.1(0.4§  11.7(1.7) 19.1(2.8) 50.2(0.3) 0.30(0.03)
TD5+WC+P  6.5(0.0) 5.6(0.7) 4.48(0.43) 21.7(0.2§  13.3(2.2) 21.1(1.%) 51.3(2.1) 0.32(0.01y
Treatments Total (g kg") Water Soluble (mg K9

TOC* TN® Cu Pb Zn S C N S Cu Zn
TD5 1.5(0.0f 0.11(0.03) 1.1(0.1) 1.9(0.1) 4.1(0.3) 47(4) 91(6)5.1(2.0f  0.9(0.4} 238(125§  0.12(0.01) 18.4(2.3)
TD5+WC 4.3(0.4% 0.34(0.11y 1.0(0.1) 1.9(0.2) 3.9(0.4) 46(5) 88(4) 48.8(19.5) 3.1(0.2§ 601(1134 0.33(0.01§ 18.5(2.6)
TD5+P 4.7(0.2Y 0.40(0.04 1.0(0.1) 1.5(0.1) 3.5(0.6) 41(2) 83(5)26.1(1.9y 17.2(1.2) 706(73Y 0.45(0.06) 17.5(0.8)
TD5+WC+P 5.5(0.0 0.43(0.08) 1.0(0.0) 1.6(0.1) 3.7(0.4) 38(3) 94(8)78.3(2.4) 19.0(1.3) 710(92% 0.48(0.03) 17.2(0.3)

519 *TD5: TD5 tailing, TD5+WC: TD5 amended with woodpkj TD5+P: TD5 growing plants, TD5+WC+P: TD5 amehdéth woodchips and growing
520 plants.? Electrical conductivity” Cation exchangeable capacifywater holding capacity’ Total organic carborf Total nitrogen.f Mean weight
521 diameter? Standard error; Values are means with standard keragkets (n = 3); values labelled with lettersp, y ands’ within the column indicate

522 significant differences among treatments at the ellevof P < 0.05 (only labelled for selected parameters).
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523 'Table 2 OC concentrations and OC: N ratios of QiCtions in all the treatments.
Treatments* Macro-iPOC Micro-iPOC Macro-iMOC Micro-iMOC
oC OC: N oC OC: N oC OC:N oC OC: N
(9 kg (9 kg (9 kg (9 kg
TD5 3.2(0.3§ 13.9(5.7) | 1.8(0.1§ 7.3(1.1 | 2.3(0.4] 4.4(1.6Y | 3.7(0.4] 6.1(1.4f
TD5+WC 13.8(2.2)  33.0(6.6) | 6.0(0.1f 17.7(1.8Y | 3.1(0.5 4.1(0.9Y | 5.6(0.5) 5.3(0.2§
TD5+P 11.7(0.8)  27.2(3.4y | 4.3(0.3) 16.8(3.0§ | 8.3(1.8f 5.9(0.7§ | 7.2(0.2§ 6.3(1.4f
TD5+WC+P 12.5(1.0y  24.5(3.2) | 4.5(0.0§ 16.8(1.5) | 9.5(1.4% 5.5(0.6f | 7.9(0.4 5.8(0.95
524 *TD5:TD5 tailing, TD5+WC: TD5 amended with woodckip TD5+P: TD5 growing plants,
525 TD5+WC+P: TD5 amended with woodchips and growiranfs.
526 Macro-iPOC, intra-macroaggegate > 53 um particuld@e Micro-iPOC, intra-microaggregate > 53
527 um particulate OC; Macro-iMOC, intra-macroaggregaiaeral associated OC < 53 um fraction;
528 micro-iMOC, intra-micro-aggregate mineral assoda®C < 53 um fraction. Values are means (n
529 = 3) with standard error in brackets; values lagkNMith letters ‘a, b, ¢, d’ indicate significant
530 differences among the treatments at the lev® ©f0.05.
531
532 Table 3 Microbial biomass (MBC, MBN), microbial gient (MBC: TOC) and net mineralization
533 rate in all the treatments.
Treatments* MBC ? MBN ° MBC: TOC® Net mineralization rate
(mg kg™) (mgkg™) (%) (mg mineral N kg™ d™)
TD5 13.0(1.8§ 0.87(0.2% 0.86(0.13) 0.018(0.003)
TD5+WC 18.3(1.3§" 1.89(0.28) 0.43(0.14) 0.030(0.009Y
TD5+P 53.8(2.49 4.99(0.03) 1.00(0.045° 0.045(0.011)
TD5+WC+P 76.1(7.9) 6.20(0.93) 1.37(0.14) 0.039(0.010)
534 *Treatments: TD5 tailing, TD5+WC: TD5 amended witbodchips, TD5+P: TD5 growing plants,
535 TD5+WC+P: TD5 amended with woodchips and growingns.? microbial biomass carbof;
536 microbial biomass nitrogefi;total organic carbon. Values are means (n = 3) stiandard error in
537 brackets; values labelled with letters ‘a, b, c, iddicate significant differences among the
538 treatments at the level &< 0.05.
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539
540 Table 4 Pearson correlations among microbial biem@$BC and MBN) and activities (Net
541 mineralization, Dehydrogenase activity, Ureasevdgtilnvertase activity and Neutral phosphatase

542 activity) in all the treatments.

Microbial Net Dehydrogenase Urease Invertase Neutral
properties mineralization activity activity activity phosphatase

activity

MBC? 0.92** 0.77** 0.73** 0.93** 0.71*

M BN" 0.91* 0.78** 0.68* 0.96** 0.77*

543 2 microbial biomass carboRmicrobial biomass nitrogen.

544 = ** gnd * indicate significance of correlatia at the levels oP < 0.001,P < 0.01 and® < 0.05

545 respectively.

546 Table 5 Effects of experimental factors (i.e., W&nt) and their interactions on OC stocks in each

547 OC fractions in the tailings.

OC fractions* wcC Plant WC x Plant
F Sig. F Sig. F Sig.

TOC 65.19 0.000 202.49 0.000 52.85 0.000
Macro-iPOC 63.22 0.001 93.47 0.000 74.21 0.000
Micro-iPOC 24.37 0.002 121.95 0.000 6.95 0.030
Macro-iMOC 11.50 0.009 22.38 0.001 0.24 0.640
Micro-iMOC 0.00 0.952 310.38 0.000 0.05 0.824
MOC 0.00 0.985 6.42 0.035 2.74 0.137

548 *OC: organic carbon; WC: woodchips; TOC: total arigacarbon; Macro-iPOC, intra-

549 macroaggegate > 53 um particulate OC; Micro-iP@@atmicroaggregate > 53 um particulate
550 OC; Macro-iMOC, intra-macroaggregate mineral asged OC < 53 um fraction; micro-iIMOC,
551 intra-micro-aggregate mineral associated OC < 53raation; MOC: sum of Macro-iMOC, Micro-
552 iIMOC and mineral associated OC in <53 pum fraction.

553
554  Figurescaptions
555 Fig. 1. Organic carbon (OC) fractionation procedarthe tailings.
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Fig. 2 OC content as non-protected OC (Macro-iP@Gysically protected OC (Micro-iPOC) and
mineral associated OC in macroaggregate (Macro-ijiQfiicroaggregate (Micro-iMOC) and
silt+clay particles (0MOC) in all the treatmentgedtments include TD5: tailing, TD5+WC: TD5
amended with woodchips, TD5+P: TD5 growing plant®5+WC+P: TD5 amended with
woodchips and growing plants. Values are means3hwith standard error bar; the letters ‘a, b, c,
d’ above each OC fractions indicate significanfeténces among the treatments at the level of

0.05.

Fig. 3 Activities of dehydrogenase (a), ureaseiftygrtase (c) and neutral phosphatase (d) irhall t
treatments. Treatments include TDS5: tailing, TD5+HWID5 amended with woodchips, TD5+P:
TD5 growing plants, TD5+WC+P: TD5 amended with wda@s and growing plants. Values are
means (n = 3) with standard error bar; the lett@rd, c, d’ above the bars indicate significant

differences among the treatments at the level ©f0.05.
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Fig. 2 OC content as non-protected OC (Macro-iP@@Ysically protected OC (Micro-iPOC) and
mineral associated OC in macroaggregate (Macro-i)@roaggregate (Micro-iMOC) and
silt+clay particles (0MOC) in all the treatmentsedtments include TD5: tailing, TD5+WC: TD5
amended with woodchips, TD5+P: TD5 growing plam35+WC+P: TD5 amended with
woodchips and growing plants. Values are means3with standard error bar; the letters ‘a, lol’c,

above each OC fractions indicate significant déferes among the treatments at the level<©D.05.
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Fig. 3 Activities of dehydrogenase (a), ureaseiftygrtase (c) and neutral phosphatase (d) irhall t

treatments. Treatments include TD5: tailing, TD5+WO5 amended with woodchips, TD5+P: TD5
growing plants, TD5+WC+P: TD5 amended with woodshapd growing plants. Values are means
(n = 3) with standard error bar; the letters ‘ag,ld’ above the bars indicate significant differes

among the treatments at the levePof 0.05.



Plant growth and WC input initiated soil formation in weathered Cu-Pb-Zn tailings
The treatments increased water-stabl e aggregates and organic carbon stabilization
The treatments elevated microbia biomass and key enzymatic activitiesin the tailings

Combined woodchips and native plants were preferred to stimulate tailing-soil formation.



