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ABSTRACT 

The abandoned Kam Kotia Mine (Canada) is undergoing remediation. A geosynthetic clay-liner 

(GCL) cover system was installed in the Northern Impounded Tailings (NIT) area in 2008 to isolate 

acid-generating tailings from water and oxygen, and mitigate sulfide oxidation. The cover system 

includes a vegetated, uppermost soil layer, underlain by a granular protective layer (sand), a clay 

moisture-retaining layer, a GCL, a granular capillary-break material (cushion sand), and a crushed 

waste-rock capillary-break layer, installed above the tailings. The goal of this study was to 

characterize the microbiology of the covered tailings to assess the performance of the cover 

system for mitigating sulfide bio-oxidation. Tailings beneath the GCL were characterized by high 

sulfur and low carbon content. The bulk pH of the tailings pore water was circum-neutral (~5.5 

to 7.3). Total genomic DNA was extracted from 36 samples recovered from the constituent layers 

of the cover system and the underlying tailings, and was analysed in triplicates using high-

throughput amplicon sequencing of the 16S rRNA gene. Iron-oxidizing, sulfur-oxidizing, sulfate-

reducing, and aerobic heterotrophic microorganisms were enumerated using most probable 

number enumeration, which identified heterotrophs as the most numerous group of culturable 

microorganisms throughout the depth profile. Low relative abundances and viable counts of 

microorganisms that catalyze transformations of iron and sulfur in the covered tailings, 

compared to previous studies on unreclaimed tailings, indicate that sulfide oxidation rates have 

decreased due to the presence of the GCL. Characterization of the microbial community can 

provide a sensitive indicator for assessing the performance of remediation systems. 
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IMPORTANCE 

Mining activities are accompanied by significant environmental and financial liabilities, 

including the release of acid mine drainage (AMD). AMD is caused by accelerated chemical and 

biological oxidation of sulfide minerals in mine wastes, and is characterized by low pH and high 

concentrations of sulfate and metal(loid)s. Microorganisms assume important roles in the 

catalysis of redox reactions. Our research elucidates linkages among the biogeochemistry of 

mine wastes and remediation systems, and microbial community and activity. This study 

assesses the performance and utility of geosynthetic clay liner cover systems for management 

of acid-generating mine wastes. Analyses of the microbial communities in tailings isolated 

beneath an engineered cover system provide a better understanding of the complex 

biogeochemical processes involved in the redox cycling of key elements, contribute to the 

remediation of mine wastes, and provide a valuable tool for assessment of the effectiveness of 

the remediation system. 

 

INTRODUCTION 

Sulfidic ore deposits are an important source of base and precious metals, and other mined 

commodities. However, mining of sulfide ores generates sulfide-bearing mine wastes, including 

waste rock and mill tailings. Oxidation of sulfide minerals in mine wastes can occur via either 

direct or indirect mechanisms, with the primary oxidant being atmospheric O2 or Fe3+, 

respectively (1). Sulfide-mineral oxidation can lead to the generation of acid mine drainage 

(AMD), characterized by low pH and elevated concentrations of sulfate, iron, and metal(loid)s 

(e.g., reference 2). AMD generation can be catalyzed via the metabolic activity of autochthonous 
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microorganisms that catalyze dissimilatory oxido-reduction of sulfur and iron (3, 4). The 

microbiology of AMD-impacted systems has been thoroughly reviewed in previous studies (e.g., 

3-5). Numerous previous reports focused on microbial community composition in mill tailings 

using culture-dependent techniques, such as MPN enumerations (e.g., 6-9). Molecular methods 

have been used to identify cultured microorganisms in tailings samples (10, 11), and also as a 

culture-independent approach to describe microbial diversity (12-14). High-throughput amplicon 

sequencing of the 16S rRNA genes has been used to describe bacterial and archaeal communities 

(BACs) present in mine-waste environments (15-20). Culture-based approaches provide insights 

into physiological traits and metabolic potential present within environmental samples, whereas 

high-throughput, culture-independent microbial ecology techniques provide insights into the 

composition of the entire BAC. Relatively few studies (e.g., reference 21) to date have utilized 

both culture-based and high-throughput molecular techniques to characterize mill tailings.  

Bacteria that are widely distributed in AMD environments include acidophiles, characterized by 

pH optima < 3 and with optimal mesophilic growth temperatures ranging from 17 to 45 °C, 

belonging to the phyla Proteobacteria, Nitrospirae, Actinobacteria, Firmicutes, and Acidobacteria 

(5). Members of these taxa include (among others) chemolithoautotrophs that obtain energy 

primarily from iron, sulfur, or hydrogen metabolism, as well as mixotrophs and heterotrophs. The 

Archaea observed in mine wastes generally belong to the order Thermoplasmatales, and display 

exclusively organotrophic growth, except for members of Ferroplasmaceae, which also utilize 

iron (22). Microbial catalysis of redox reactions in mine-waste environments and microbiology of 

mine wastes has been extensively studied (e.g., 3, 23). However, most studies focus on AMD (3), 

and knowledge of the microbiology of solid mine wastes is relatively limited (23). 
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Sustainable mine-waste management practices are an increasingly important aspect of metal 

production in Canada. However, Canada is home to more than 10,000 abandoned mine sites (24), 

the legacy of which continues to impact local environments and communities. AMD can impact 

local groundwater systems and/or discharge directly into receiving surface water bodies (e.g., 

25). In Ontario alone, there are approximately 5,600 abandoned mines; the liability associated 

with management of abandoned mines represents a significant financial burden (26). Active 

treatment of impacted waters originating from mine wastes is costly, and in the context of 

abandoned mines, is not ideal for a long-term solution, while emplacement of (dry or wet) covers 

on tailings impoundments has been demonstrated to be a successful method of reducing AMD 

and metal leaching (25, 27-29). Cover systems and physical barriers are designed to mitigate the 

influx of water and atmospheric oxygen. Dry cover designs for tailings are numerous and site 

specific; they are constructed from locally-available solid materials, and can be single- or multi-

layered. Dry covers range from the direct establishment of native vegetation overtop of the 

wastes, to complex, composite covers (30). Materials used for dry covers include geotextiles, low-

sulfide waste rock, oxide wastes, organic wastes, clay, and soils (25). Low-permeability GCLs are 

increasingly incorporated into cover systems for a wide variety of hydraulic and gas-containment 

applications in mine-waste containment facilities (31, 32).   

Aqueous geochemistry of AMD is intrinsically linked to tailings mineralogy, geochemistry, 

microbiology, and hydrology. Rates of sulfide oxidation, and the mobility of associated 

metal(loid)s, are dependant on multiple (bio)geochemical processes. At present, relatively few 

studies have evaluated the impact of dry covers on mine-waste biogeochemistry, or the impact 

of microbiological diversity on the long-term geochemical stability of tailings. In addition, despite 
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increasing recognition of the impact of soil microbes on both AMD generation and below ground 

metabolic recovery, little is known regarding the complexity and functions of BACs in soils 

impacted by mine-waste disposal. The main aim of the present study was to provide a large-scale 

evaluation of the microbiology of tailings installed within the NIT at the Kam Kotia Mine, to 

elucidate the impact of GCL installation on sulfide oxidation and AMD generation. Diversity, 

taxonomic composition, and metabolic activities of BACs were determined, with a special focus 

on microorganisms anticipated to drive the geochemical evolution of mine-waste environments, 

including iron-oxidizing (IOM), sulfur-oxidizing (SOM), and sulfate-reducing bacteria (SRB). 

 

RESULTS 

Aqueous and solid-phase geochemistry 

The distinct reddish-brown color of the solid phase, and the presence of residual sulfide minerals, 

indicated that the upper layer (1.5 to 2.7 meters below ground surface; mbgs) of the covered 

tailings at Site 1 was oxidized or partially oxidized. Tailings at depth > 2.7 mbgs at Site 1, and at 

the other three sampling locations, were dark grey and sulfide minerals were visible. Selected 

physicochemical properties of the tailings samples used in this study are shown in Table 1. Within 

the tailings, pH values ranged from 5.5 to 7.3 (as compared to 7.0 to 7.8 within the cover system), 

and EH ranged from +208 to +339 mV (vs. +286 to +453 mV in the cover). Concentrations of 

soluble iron and dissolved sulfate were greater in the tailings pore-water samples compared to 

values in the cover system; maximum total Fe concentration detected in the tailings reached 1.76 

g L-1, but remained below detection limit in the cover material; maximum SO42- concentration in 

the tailings was 8.45 g L-1, as compared to 1.21 g L-1 in the cover. Total sulfur in solid samples was 
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much lower in the cover-system layers relative to the tailings, which were typically characterized 

by concentrations of 20-40 wt.% range (with the exception of Site 1, where S concentrations were 

< 0.15 wt.%). Total solid-phase carbon content was low in all tailings samples (maximum 0.6 

wt.%), and present mainly as inorganic C; mineralogical analysis confirmed the presence of calcite 

and dolomite in the unoxidized tailings. In the cover system, the highest carbon concentrations 

(~3.3 wt.%) were detected in the clay samples. Differences between most parameter means (pH, 

EH, dissolved SO42-, total solid-phase C, total solid-phase S) in the tailings and cover system were 

statistically significant (P < 0.05). 

Mean aqueous concentrations of transition metals other than Fe, including Ag, Cd, Co, Cr, Cu, 

and Ni, were generally < 110 μg L-1 in tailings pore-water samples, with the exception of Mn 

(mean concentration of 4.6 mg L-1) and Zn (0.95 mg L-1). Low Al concentrations were also 

observed (mean ~270 μg L-1) in tailings pore-water samples. Arsenic concentrations varied 

significantly across sites in the NIT; mean aqueous concentrations ranged from 0.01 mg L-1 at Site 

1, up to 11 mg L-1 at Site 4. Arsenic concentrations as high as 18 mg L-1 were measured in tailings 

pore water at a depth of 2.4 mbgs at Site 4. 

 

Enumeration of viable microorganisms 

Fig. 1A shows numbers of culturable microbial populations within each tested layer through the 

NIT profile at Site 1, determined by colony counting. Aerobic heterotrophs were the most 

abundant culturable microorganisms in both the cover and the underlying tailings. Heterotroph 

populations declined with depth, with the maximum value of 5.3 × 108 CFU g-1 observed at the 

surface, decreasing to relatively stable values of 104 CFU g-1 in the tailings. The numbers of aIOM 
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were approximately 102 MPN g-1, with a local minimum of 8 MPN g-1 in the rock cover layer, and 

two local maxima of 2.4 × 103 MPN g-1 in the cushion sand and top portion of the tailings. Viable 

populations of aSOM were lower compared to aIOM, and were typically observed at abundances 

of approximately 10 MPN g-1. At. ferrooxidans was identified by plating onto selective solid media 

(followed by PCR using 27F/1387R primers, Sanger sequencing and BLAST search) as the most 

numerous aIOM/aSOM in both cover and tailings samples. SRB numbers were low, ranging from 

0 to 93 MPN g-1, peaking in the cover layers below GCL. For comparison, relative abundances of 

aIOM/aSOM and SRB (determined by high-throughput sequencing) in samples collected at Site 1 

are shown in Fig 1B and 1C, respectively.   

 

Overview of 16S rRNA gene sequence data statistics 

Triplicate solid-phase samples from each layer were sequenced in the same sequencing run. All 

mean values in this section refer to samples resulting from pooling the triplicate samples (which 

contained > 10,000 sequences each). A total of 6,967,367 raw sequence reads were obtained, with a 

mean of 193,538 ± 10,595 reads per sample. About 8.4% of sequences were flagged as chimeric, 

and in total 18.6 % of reads were lost to quality trimming (e.g., removal of selected taxons). A 

total effective sequence number was 5,673,921 with 157,609 ± 13,192 reads per sample, and a 

mean of 1,119 ± 145 OTUs (operational taxonomic units; 97 % sequence similarity) per library 

(supplemental Table S1). The difference between mean OTU numbers in tailings (449 ± 76 OTUs 

per sample) and cover samples (1,655 ± 180 OTUs per sample) was highly significant (P < 0.01).  
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Taxonomy of entire BACs at Kam Kotia 

Prokaryotic taxonomy in the key components of the Kam Kotia NIT cover system was first 

established on the phylum level (Fig. 4). As expected, the layers of the cover system harboured a 

diverse range of bacterial and archaeal taxa, and were dominated by those widely distributed in 

most soil environments, such as the phyla Proteobacteria (mean ~34 % of total reads in the cover; 

the phylum contains among other members also sulfur- and/or iron-metabolizing 

Acidithiobacillus and Thiobacillus spp.), Actinobacteria (11.5 %; including also iron-metabolizing 

acidophiles), and Bacteroidetes (8.1 %). The BAC composition in the tailings beneath the cover 

system was characterized by community composition similar to the overlying cover system; 

however, the tailings samples typically contained higher relative abundances of sequences 

affiliated to the phyla Firmicutes (mean 12.4 % in tailings vs. 2.7 % in cover system, disregarding 

rock layer; including e.g., Sulfobacillus, Acidibacillus, Alicyclobacillus) and Euryarchaeota (3.1 % 

vs. 0.3 %; e.g., Ferroplasma), both of which include members that obtain energy through 

dissimilatory sulfur and iron metabolism. A proportion of the sequences present in our samples 

could only be assigned at the domain level (especially unclassified bacteria, mean ~5.0 % of total 

reads), indicating the presence of novel or unknown lineages.  

In total, 1,673 different genera were identified in the samples collected in the cover system and 

underlying tailings. Major genera (or higher taxa when identification to the genus level was not 

possible) are listed in supplemental Table S2. Sum of minor genera (< 0.5 % of total amplicons) 

accounted for 70.7 % of total reads. The detected prokaryotic genera use a wide range of 

metabolic strategies, and have been observed in a variety of diverse environments. Next to 

genera including species catalyzing oxido-reductions of Fe and S (described in detail in section 



 

10 
 

“Iron- and sulfur-metabolizing prokaryotic genera”), common soil bacteria (e.g., Actinobacteria 

accounting for 0.6 % of total reads), plant symbionts (Rhizobiales, 1.3 %), animal pathogens (e.g., 

Clostridiales, 0.33 %; Enterobacteriaceae, 0.13%), and others were among the most abundant 

taxa. 

 

Diversity of BACs at Kam Kotia 

High Good’s coverage (calculated for an OTU definition of 0.03), ranging from 93.8 to 99.8 % 

(supplemental Table S1), indicated that the samples represented the BACs within each layer of 

the cover system well. In order to assess how the entire BACs differed in one environment 

compared to another, BAC compositional heterogeneity (β-diversity) was examined. β-diversity 

provides insights into mechanisms that drive biodiversity changes, and its investigation is 

therefore especially important in ecological communities that are subjected to significant 

environmental disturbances. β-diversity between BACs at four sites at the NIT at the Kam Kotia 

Mine was investigated by 2D-NMDS (supplemental Fig. S1); good quality of the ordination is 

indicated by a low stress value (2D stress = 0.116). Point dispersions were tested for significance 

using the permutation test for homogeneity of multivariate dispersions (number of permutations 

= 1000), indicating the same "multivariate spread" among the groups (P > 0.05). Pairwise 

comparisons between sites are shown in supplemental Table S3. The null hypothesis of 

PERMANOVA was confirmed, and pairwise testing showed no significant differences among the 

four sites (P > 0.05; supplemental Table S4). Samples collected from each layer at the four 

different sites could thus be considered replicates for further processing.  
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The NIT at Kam Kotia Mine represents a very heterogeneous habitat, owing to the differing 

physicochemical conditions within the constituent layers of the cover system and the underlying 

tailings. Each layer of the cover system is characterized by different physicochemical properties, 

and, with the possible exception of the rock layer constructed from the waste rock, differ greatly 

from the tailings. Fig. 2 shows a 2D-NMDS plot comparing prokaryotic communities within each 

layer of the NIT Kam Kotia Mine profile. The Bray-Curtis statistic was used for comparing the BAC 

similarity; almost identical clustering was achieved with the Jaccard index (not shown). To test 

for statistical differences, PERMANOVA or ANOSIM (analysis of similarities) are often used. 

However, the assumption of similar dispersion in Fig. 2 was not met, as tested by the permutation 

test for homogeneity of multivariate dispersions (number of permutations = 1000). Pairwise 

comparisons between layers are shown in supplemental Table S5, which demonstrated 

significantly greater dispersion in tailings (P < 0.05) compared to the layers of the cover system.  

Although α- and β-diversity did not seem to be affected by increased metal(loid) concentrations 

and low pH regions in the tailings, significantly lower (P < 0.05) richness (number of OTUs; 

investigated by the Chao’s index; data not shown), was determined in the tailings samples 

compared to the cover system samples. The results indicate that even though a reduced number 

of genera can be expected in mill tailings, their even distribution might compensate for this 

difference.  

 

Relationships between BACs and geochemical variables 

Composition of prokaryotic populations in a specific environment is defined by many 

environmental parameters and variables.  A number of relationships between BACs in the Kam 
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Kotia tailings samples and selected physicochemical parameters were found, and are shown as 

NMDS plots in Fig. 3. Little clustering was observed in the pH plot (Fig. 3A). Greater clustering of 

points representing community compositions was observed among samples containing higher 

concentrations (within the experimental ranges) of total iron (Fig. 3B), sulfate (Fig. 3C), and 

carbon (Fig. 3D), and also among samples with lower sulfur content (Fig. 3E).  

 

Iron- and sulfur-metabolizing prokaryotic genera 

Fig. 5 shows proportions of total reads of genera that catalyze dissimilatory oxido-reduction of 

iron and sulfur in each layer of the NIT profile. Physiological characteristics of the detected sulfur- 

and/or iron-metabolizing genera are summarized in Table 2. In the tailings, relative abundances 

of IOM/SOM (Fig. 5A) and SRB (Fig. 5B) accounted for 5.72 ± 1.65 and 2.32 ± 0.50 % of total 

amplicons (mean ± s.d.; 95% confidence interval), respectively. Both values were significantly 

higher (P < 0.05) than the proportions of IOM/SOM and SRB in the cover system (disregarding 

the rock layer), where they accounted for 0.97 ± 0.12 and 0.41 ± 0.13 % of total amplicons (mean 

± s.d.; 95% confidence interval), respectively. The rock layer of the cover system is comprised of 

waste rock with similar chemical composition to the tailings; elevated relative abundances of 

iron- and sulfur-oxidizers were found within the waste-rock layer (mean ~7.84 % of total reads). 

 

DISCUSSION 

Bacteria inhabiting acidic waters and sediments associated with AMD belong primarily to the 

phyla Proteobacteria, Nitrospirae, Actinobacteria, Firmicutes, and Acidobacteria, and also 

Bacteriodetes are often detected. Archaea populating mine sites generally belong to 
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Euryarchaeota (5, 15-17, 33). Our taxonomic results at the phylum level corresponded well to the 

published findings. Cyanobacteria are a phylum of bacteria that obtain energy through 

photosynthesis. However, some Cyanobacteria can also live via organoheterotrophy (e.g., 34). 

Also chemolithotrophic metabolism has been reported in Cyanobacteria, although in the 

presence of light (35). These organisms accounted for 0.78 % of total reads in the NIT samples, 

and their activity could contribute to overall biogeochemical cycling of C, S and/or Fe in the 

system, by competing for organic carbon with heterotrophic sulfur- and/or iron-metabolizing 

species, as well as consuming short chain organic carbon compounds, which inhibit 

chemolithotrophs (36). Many studies investigating microbial populations in mill tailings have 

observed the predominance of typical leaching bacteria, such as Acidithiobacillus (At.), 

Leptospirillum, Sulfobacillus, or Ferroplasma, at abundances reaching tens of percent in un-

remediated tailings (e.g., 17, 18, 20, 33, 37). In our study, sulfur- and iron-oxidizing prokaryotes 

were detected with low abundances (their mean abundance in tailings reaching 5.72 %, 

determined by 16S rRNA gene amplicon sequencing). 

Acidophiles that include species that oxidize both substrates accounted for 2.21 % of total reads 

in the tailings samples, aIOM accounted for 2.56 %, and aSOM for 0.39%. The extremely 

acidophilic iron-oxidizers (and –reducers) Ferrithrix and Acidimicrobiia were the most abundant 

IOM in the tailings samples; their mean proportions of the total amplicons reached 1.13 and 0.89 

% of total reads, respectively. Another extremely acidophilic SOM/IOM present in the tailings 

were Acidithiobacillus spp. (0.71 %), Acidiferrobacteraceae (0.50 %) and Alicyclobacillus (0.44 %).  

The abovementioned iron- and/or sulfur-oxidizing bacteria are commonly found in acidic, sulfide 

mineral-bearing environments, and have also been identified in more neutral and alkaline pH 
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environments (3, 38, 39). Neutrophilic genera accounted for only 0.42% of total reads of sulfur- 

and iron-oxidizing genera, suggesting that the samples studied were highly dominated by 

acidophiles. Neutrophilic SOM were detected in the tailings samples, although at lower relative 

abundances (e.g., Thiobacillus 0.20 %); mean relative abundance of neutrophilic IOM was low (< 

0.04 %). The cover system (disregarding the rock layer) were host to similar sulfur- and/or iron-

oxidizing genera as the underlying tailings, although in lower proportions (Sulfuriferula 0.65 %, 

Acidimicrobiia 0.44 %, Thiobacillus 0.26 %; Table 2).   

Viable populations of aIOM, aSOM, SRB, and neutrophilic heterotrophs were enumerated using 

MPN. Apart from heterotrophs, numbers of cultured prokaryotes did not vary between the cover 

system and the tailings, which is consistent with the above hypothesis of low rates of sulfide 

oxidation in the underlying tailings. The observed numbers of acidophilic sulfur and iron oxidizers 

were lower than determined in similar studies; Benner et al. (8) reported 103 aSOM g-1 and 105 

aIOB g-1 in tailings from a Ni/Cu mine; Southam and Beveridge (6) 108 aIOM g-1 in pH-neutral 

tailings from a Cu mine; and Mendez et al. (21) around 104 both aIOM g-1 and aSOM g-1 in 

extremely and moderately acidic Pb/Zn tailings. Our acidophile enumerations were very similar 

to those in the study by Blowes et al. (7) in Au tailings, which were, however, reported to be 

dominated by sulfur-oxidizing neutrophiles. Lindsay et al. (9) observed dominance of nSOM in a 

sulfide-rich tailings deposit characterized by neutral drainage. Our sequence data suggested low 

relative abundance of nSOM (0.38 % of total reads) in comparison with aSOM (2.60 %, including 

acidophiles that are capable of utilizing both iron and sulfur), indicating dominance of acidophilic 

species in the Kam Kotia tailings. It has been postulated that acidophiles under bulk 

circumneutral-pH conditions can form acidic microenvironments at sulfide-mineral surfaces 
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through the formation of secondary Fe(III)-(oxy)hydroxide and Fe(III)-(oxy)hydroxysulfate phases 

that limit diffusive transport of oxidation products from sulfide-mineral surfaces and, therefore, 

increase Fe(III) solubility within close proximity of these surfaces (38, 40).  

The microbiology of Kam Kotia tailings and pore water chemistry prior to cover installation have 

been reported (41); Fortin et al. (41) enumerated aIOM and SRB in a 70 cm deep profile 

composed of oxidized and acidic (pH 2-4) tailings. Iron oxidizers were found in greatest 

abundance (i.e., 105 cells g-1) at the surface and shallow subsurface (0 to 15 cm) of the uncovered 

tailings, with lower abundances detected at depth (≤ 103 aIOB g-1). Elevated concentrations of 

dissolved Fe and SO42- (up to ~500 and ~700 mM, respectively) in the surface pore waters, as well 

as a near depletion of the pyrite content in the tailings, coincided with the abundance of 

acidophilic IOM. Fortin et al. (41) also detected the presence of SRB (maximum ~104 SRB g-1) 

predominantly in the lower portion of the tailings profile. A comparison of our MPN results with 

those obtained prior to cover installation (41) clearly indicate a decrease in the abundance of 

iron-oxidizing prokaryotes in the Kam Kotia tailings after construction of the engineered cover 

system. We hypothesize that the reduced abundance of SRB (≤ 93 MPN g-1) was due to lowered 

sulfide oxidation rates (and thus sulfate availability to serve as a substrate). Improved pore-water 

chemistry also indicated lower sulfide oxidation rates after the NIT was covered; maximum 

concentration of Fe decreased from ~500 to 31.5 mM, and SO42- from ~700 to 88.0 mM.  

Many microorganisms capable of oxidizing organic carbon, such as Bacillus, Pseudomonas, 

Acidiphilium, Enterobacter, Alicyclobacillus, Acinetobacter, and Sulfobacillus, are typically 

observed in mill tailings and mine-waste disposal areas (5, 23). Aerobic heterotrophs were 

abundant in the NIT cover system (especially in the surficial soil layer), and were also found in 
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significant numbers in the underlying tailings despite the generally low organic-carbon content. 

It has been reported that growth of both heterotrophs and SRB in tailings can be supported by 

dissolved organic carbon, such as exudates, lysates, and other compounds derived from 

autotrophic primary producers (42). The presence of viable aerobes beneath the cover system 

also suggests the existence of diverse microenvironments within the tailings. The counts of viable 

SRB, most of which are obligate anaerobes and highly sensitive to acidity, peaked in the anoxic 

environment immediately below the GCL. Gaseous O2 concentrations were determined above 

water table levels, using gas chromatography. Due to high water level at the site, oxygen data for 

most of the Site 1 (where the MPN enumerations were performed) depth profile are not 

available. However, dissolved oxygen values, corresponding to measured gaseous O2 

concentrations, dropped significantly below the GCL at Sites 3 to 5 (from 8.74 mg L-1 in the layers 

of the cover system above the GCL to 1.66 – 4.16 mg L-1 in the layers below the GCL), indicating 

the potential for development of anaerobic microenvironments where SRB could thrive. 

Sequencing results indicated greatest relative abundance of SRB in the underlying tailings, with 

Desulfosporosinus being the most abundant sulfate-reducing genus (0.5 % of total reads in the 

tailings). The culturable populations of SRB in the Kam Kotia tailings determined in this study 

were generally much less numerous than values for anoxic Cu/Zn tailings reported in literature, 

typically reaching abundances of 106 CFU g-1 dry weight (41; 43-45). Even higher maximum SRB 

numbers (109 CFU g-1 dry weight Cu/Zn tailings) were observed by Praharaj and Fortin (46). SRB 

populations in the uncovered Kam Kotia tailings determined by Fortin et al. (41) reached 104 cells 

g-1 of anoxic tailings, remaining lower than IOM. Both our MPN and sequence results suggest low 
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potential for sulfate reduction in the Kam Kotia covered tailings, probably due to competition for 

limited organic-carbon substrates between SRB and other heterotrophs. 

Although elevated relative abundances of the SOM/IOM and SRB (determined by sequencing) 

were observed in the underlying tailings compared to the NIT cover system, the MPN values did 

not differ between the two sample groups. This suggests that even though DNA levels were 

elevated in the tailings, a portion of the iron- and sulfur-metabolizing prokaryotes might have 

been metabolically inactive. Bias in the culture or DNA-based methodology should also be 

considered as a potential explanation for this finding. Interpretation of both sequence and MPN 

data requires caution, due to limitations specific to each technique. In case of MPN, growth and 

activity of the investigated groups of prokaryotes could be affected by different growth 

conditions in the laboratory, compared to the field. Detection of DNA by sequencing, on the other 

hand, does not reflect cell viability.  

Prokaryotic β-diversity within and among AMD sites change in response to geochemical 

conditions, with pH being a primary parameter driving these changes (15, 17, 33, 47). Decreasing 

microbial diversity with decreasing pH has been previously observed in mill tailings (17, 21). Other 

environmental factors which control BACs in mine wastes are temperature, DO (48), 

concentrations of dissolved metal(loid)s (17, 18) and sulfate, and total organic carbon (37). All 

samples collected in this study had circumneutral pH, and the BACs were therefore defined 

predominantly by substrate concentrations. 

Microorganisms play important roles in the catalysis of redox reactions and environmental 

geochemistry of mine wastes, and although a certain degree of caution with microbiological data 

interpretation is needed, the data obtained during this study can help elucidate linkages between 
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BAC composition and the biogeochemistry of mine-impacted environments. Analyses of BACs in 

these environments provide a better understanding of the complex microbially catalyzed 

processes involved in the redox cycling of Fe, C, S, and other key elements.  

 

CONCLUSION 

Nine years after a GCL cover was installed over acid-generating tailings in the North Impounded 

Tailings area at the Kam Kotia Mine, low relative abundances and low viable counts of iron and 

sulfur oxidizers were determined in the covered tailings. Although acidic drainage was reported 

prior to installation of the cover system (41), tailings pore-water samples collected through the 

present study were characterized by bulk circumneutral pH, and improved quality. Both our 

microbiological and geochemical results indicate that the remediation efforts have significantly 

lowered sulfide-oxidation rates in the acid-generating tailings. Our results also show that the 

sulfidic mill tailings are characterized by diverse bacterial communities, and geochemical 

parameters other than pH can impact controls on the composition of the microbial communities 

inhabiting acid-generating mine wastes. 

 

MATERIALS AND METHODS 

Site description 

The Kam Kotia Mine is located 24 km northwest of Timmins, Ontario, Canada (48°36' N 81037' 

W, Fig. 6A), and was the site of Cu (chalcopyrite CuFeS2), Zn (sphalerite (Zn, Fe)S), and secondary 

Ag and Au extraction from the early 1940’s until 1972. Six million tonnes of sulfide-rich tailings 

were generated, and were deposited without containment on 500 hectares of land, producing 
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AMD that severely impacted adjacent water bodies. The dominant acid-generating minerals are 

pyrite and minor amounts of chalcopyrite (49, 50). Near-surface tailings contained elevated 

concentrations of As, Cu, and Zn, and had a pH of ~2.5, which increased to pH 5 at depth (51). A 

five-phased plan of rehabilitation of the mine site was initiated in 2000, and includes construction 

and operation of a lime treatment plant, tailings and waste rock relocation and neutralization, 

construction of engineered covers over the AMD generating materials, and revegetation of the 

impacted lands. The tailings were relocated into two main containment cells (Fig. 6B, C), where 

distinct cover strategies – a monolayer water cover in the Northern Unimpounded Tailings (NUT) 

area, and a GCL cover in the NIT area – have been implemented to minimize AMD (49, 52). The 

GCL, consisting of bentonite clay between two layers of geotextile, was installed in 2008. The 

cover-system design is a layer configuration consisting from the tailings upwards of: crushed 

waste-rock capillary-break layer (thickness 0.3 m; in this document referred to as rock), granular 

capillary-break material (0.3 m; cushion sand), GCL, clay moisture-retaining layer (0.3 m; clay), 

granular protective layer (0.5 m; sand), and an organically-amended vegetated layer (0.1 m; soil). 

Relocation, lime amendment, and submergence of acid-generating mine wastes to minimize 

further sulfide oxidation have previously been shown to be effective for neutralizing the acidity 

and sequestering metals in oxidized mill tailings (53, 54). 

 

Excavation and core collection 

Five locations (Site 1 to 5) in the NIT area (Fig. 6C) were excavated layer-by-layer through the 

engineered cover system. Core samples were collected in September/October 2017, using a 

Pionjar hammer drill as described by Starr and Ingleton (55). Monitoring equipment for long-term 
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geochemical observations was installed, after which each excavated pit was infilled with the 

appropriate cover material. The GCL was then repaired using overlapping sections of new GCL 

material and bentonite clay. Aqueous samples for chemical analyses (described in Section 3.3) 

were collected at the time of solid sample collection. 

Bulk samples collected through the cover system (total thickness of which is ~1.5 m) and cored 

tailings samples were subjected to microbiological analyses. 

 

Enumeration of viable microorganisms  

Samples for MPN enumerations were taken at Site 1 (Fig. 6C). Bulk samples of each layer of the 

cover system were collected in triplicates (≥ 1 m apart), which were subsequently pooled into 

sterile 50 mL centrifuge tubes. Tailings were cored to a depth of 4.7 mbgs. The cores were cut 

into sections, and four 10 cm-long sections (representing 2.0 to 2.12, 2.56 to 2.67, 3.61 to 3.71, 

and 4.14 to 4.24 mbgs) were capped. Bulk and core subsamples were stored at 4 °C until 

processed in the laboratory within one week of collection. MPN technique (56, 57), a method 

providing quantitative data based on incidence after serial logarithmic dilutions (in this study 10 

to 1010 dilutions), was used to demonstrate metabolic potential via enumeration of different 

groups of culturable microorganisms. Cultivations in liquid media were performed in total 

volumes of 10 mL for each of five replicates for each sample. Plating onto solid medium was 

executed in duplicates. All cultivations were conducted at a laboratory temperature (~23 °C), 

without agitation. 

To enumerate acidophilic IOM (aIOM) and SOM (aSOM), 1 g of sample was added to each of 5 

replicate sterile test tubes, each containing 9.0 mL of autoclave-sterilized pH 2.0 (for aIOM) or 
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3.0 (for aSOM) basal-salt medium, supplemented with trace elements (58). IOM medium was 

supplemented with 20 mM ferrous iron (from 1 M 0.2 μm filter-sterilized stock solution of 

Fe2SO4.7H2O, pH = 2.0), and aSOM medium with approximately 2% (w/v) elemental sulfur 

(powder, sterilized at 105 °C for 30 min). Ferrous iron oxidation by aIOM was monitored using 

the Ferrozine colorimetric assay (59). Positive growth of aSOM was indicated by a 0.5 unit 

decrease in pH, determined using a pH electrode (Thermo Scientific Orion Star A321 pH portable 

meter, Thermo Fisher Scientific, USA). Samples of aSOM and aIOM enrichments in highest 

positive MPN dilutions were plated onto selective solid overlay media described by Johnson and 

Hallberg (60), FeSo and iFeo, respectively. Plates were incubated at room temperature for 10 

days, and selected sulfur- and iron-oxidizing isolates were identified by Sanger sequencing of 

their 16S rRNA genes, after PCR amplification with 27F/1387R primer pair. To enumerate SRB, a 

similar MPN protocol to that used by Gould et al. (61) to monitor iron-reducing bacteria, was 

applied. A modified Postgate C medium (pH ~7.5; reference 62), containing 2.92 g L-1 Na-lactate 

(60%) and 1.28 g L-1 Na-acetate, and supplemented with resazurin as an anaerobic indicator, was 

used. Serum bottles (20 mL) were incubated in an anaerobic chamber for 6 weeks, and regularly 

monitored for precipitation, indicating biogenic H2S production by sulfate reduction. To 

enumerate heterotrophs, samples (cover materials and tailings) were serially diluted in sterile 

deionized water, and plated in duplicate on R2A agar (Sigma Aldrich, USA; pH ~7.2). Colonies 

were counted after a five-day incubation period under aerobic conditions. 

 

High-throughput amplicon sequencing of the 16S rRNA genes 
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To analyse BAC diversity using high-throughput amplicon sequencing of the 16S rRNA genes, a 

second set of samples was collected at Sites 1 to 5. Both bulk samples of the cover-system 

materials and core samples of tailings were collected as described for MPN, and stored at -20 °C 

until they were processed in the laboratory. Cores were opened, subsampled into sterile 50 mL 

centrifuge tubes, and refrozen. Cores collected at Site 2, which contained only sand overlying 

peat/organic material, were not subjected to high-throughput sequencing. Table 3 summarizes 

the layer types and depths at which the microbial diversity was analyzed at each location. 

Genomic DNA was extracted in triplicates from bulk samples and core subsamples using the 

DNeasy PowerSoil Kit (Qiagen Inc., Germany), following the manufacturer’s protocol. DNA 

concentration and quality were determined using a NanoDrop® ND-1000 spectrophotometer 

(Thermo Fisher Scientific, USA) and Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, USA). 

Quality DNA was selected and stored at −20 °C prior to submission for sequencing by Metagenom 

Bio Inc. (Canada) using the modified universal primers 515R/806R to amplify a 291-bp region 

targeting the V4 region of 16S rRNA genes in a broad range of archaeal and bacterial phylotypes 

(63). After DNA amplification, an Illumina MiSeq sequencing of the amplicons was performed. 

The sequence data were analyzed using the Mothur program v.1.39.5, updated: 3/20/2017 (64), 

and the Mothur MiSeq Standard Operating Procedure (65; 

https://www.mothur.org/wiki/MiSeq_SOP) from 03/07/2018. Three out of 108 total samples 

which contained fewer than 10,000 sequences were removed, after which the triplicate samples 

were merged. Chimeric sequences were discarded based on predictions by vsearch using the Silva 

database for 16S rRNA gene sequences (release 132 for Mothur) as a reference. After splitting 

the sequences into bins and clustering within each bin, the sequences were clustered into OTUs 
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at a 97% similarity level by a de novo picking method. Taxonomic annotation of individual OTUs 

was based on Mothur-formatted version of the Silva database (release 132). Several taxa 

(unknown, mitochondria and eukaryotes) were not considered for further data analyses. 

Cyanobacteria, which are in the MiSeq SOP recommended to be removed, were included in 

further processing. To control variation resulting from an unequal number of sequences across 

samples, subsampling was performed for each sample after OTU generation at a rarefaction level 

based on the sample with the fewest number of sequences (24,652 sequences were detected in 

the tailings sample collected 1.8 mbgs at Site 4). 

To assess how well the samples represented the larger environments, Good’s coverages (66) 

were generated using Mothur (64). Distance matrix of the sequence data generated in Mothur 

was used to calculate Bray-Curtis dissimilarity matrices (67), which were further visualized using 

2D non-metric multidimensional scaling (2D-NMDS) in the software R. Unlike the Jaccard 

coefficient (68) which is a presence-absence index, the Bray–Curtis dissimilarity is used to 

quantify the compositional dissimilarity based on relative abundance of each OTU. Multivariate 

homogeneity of groups’ dispersions (R-vegan function betadisper) was used to statistically assess 

dispersions of the BAC within each tested layer along the NIT profile. When the assumption of 

same "multivariate spread" among groups was met, the pairwise PERMANOVA (permutational 

multivariate analysis of variance; R-vegan function adonis) was used to test for significant 

differences between groups. 

Taxonomy file generated in Mothur provided taxonomy for each layer of the cover system and 

several depths of tailings at each of the four investigated locations. The sequences were classified 

to the phylum level, and minor phyla with mean relative abundance < 1% were grouped, and 
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plotted together with major phyla (mean relative abundance > 1 %) for each layer of the cover 

system and underlying tailings. Proportions of SRB, IOM, SOM and IOM/SOM were obtained by 

screening the taxonomy file for prokaryotic genera (or in a few instances higher taxa when 

identification to the genus level was not possible) containing at least one species with the 

investigated metabolic trait. Again, relative abundances were averaged for each layer of the NIT 

system before plotting. 

 

Aqueous and solid-phase geochemistry 

Chemical analyses of tailings pore water and solid phase were performed. Field measurements 

were completed on unfiltered aqueous samples for pH, using an Orion Ross Ultra combination 

pH electrode, and redox potential (adjusted to be relative to a standard hydrogen electrode, EH 

values) using an Orion 9678 BN redox electrode, both coupled with an Orion pH/mV meter. Water 

samples were filtered (0.45 μm) and stored at 4°C before chemical analyses; major cations were 

analyzed using inductively coupled plasma-optical emission spectrometry (ICP-OES icap 6000, 

Thermo Scientific; EPA Method 6010C, 2000) for preserved samples (acidified with HNO3), and 

inductively coupled plasma-mass spectrometry (ICP-MS X Series II, Thermo Scientific; EPA 

Method 6020A, 1998). Major anions were analyzed using ion chromatography (Dionex IC-CO3 

system; EPA Method 300.0, 1993). Solid samples recovered from the NIT at the Kam Kotia Mine 

were analyzed for total carbon and total sulfur content using an ELTRA CS-2000 carbon/sulfur 

analyzer coupled with an induction furnace (CS800). 
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Data availability 

Illumina sequence data used in this study have been deposited in the European Nucleotide 

Archive (ENA; accession PRJEB33459). Sequence reads for 16S rRNA amplicons of isolated 

bacteria have been deposited in GenBank (accession numbers MN982233 and MN982234). 
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ABBREVIATIONS 

(a/n) IOM (acidophilic/neutrophilic) iron-oxidizing microorganisms 

(a/n) SOM  (acidophilic/neutrophilic) sulfur-oxidizing microorganisms 

ANOSIM analysis of similarities 

ANOVA analysis of variance 

BAC  bacterial and archaeal community  

GCL  geosynthetic clay liner 

ICP-MS  inductively coupled plasma-mass spectrometry 
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ICP-OES inductively coupled plasma-optical emission spectrometry 

mbgs  meters below ground surface 

MPN  most probable number 

NIT  Northern Impounded Tailings 

NUT  Northern Unimpounded Tailings 

OTU  operational taxonomic unit 

PERMANOVA permutational multivariate analysis of variance  

SRB  sulfate-reducing bacteria 

(2D-)NMDS  (two-dimensional) non-metric multidimensional scaling 
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Table 1. Selected physicochemical characteristics of the Kam Kotia tailings samples, determined 

in pore water or solid-phase samples (*). Legend: mbgs=meters below ground surface. 

Site Sample Depth 
(mbgs) pH EH 

(mV) 
Fe  

(g L-1) 
SO4

2-  
(g L-1) 

δ18O 
(‰) 

C* 
(wt.%) 

S* 
(wt.%) 

1 

soil 0.05 - - - - - - - 
sand 0.30 7.2 +326 0.00 0.00 -11.0 - - 
clay 0.75 - - - - - - - 

cushion sand 1.10 7.5 +453 0.00 1.15 -10.6 - - 
rock 1.30 - - - - - - - 

tailings 

2.00 - - - - - 0.28 0.09 
2.67 - - - - - 0.12 0.13 
3.18 5.5 +293 1.76 8.45 -11.8 0.31 0.11 
3.67 5.9 +232 0.49 5.69 -11.7 0.18 0.04 
4.24 6.2 +208 0.33 5.13 -11.1 - - 
4.68 - - - - - 0.27 0.05 

3 

soil 0.05 - - - - - - - 
sand 0.30 7.8 +326 0.00 0.01 -10.6 0.92 0.00 
clay 0.65 7.4 +363 0.00 0.00 -11.2 3.26 0.00 

cushion sand 0.95 7.3 +286 0.00 0.56 -10.0 1.47 0.01 
rock 1.40 - - - - - - - 

tailings 

2.16 6.8 +244 0.02 1.19 -10.8 0.08 20.81 
2.44 6.3 +297 0.18 1.65 -10.3 0.13 20.92 
3.25 - - - - - 0.61 5.20 
3.43 5.9 +258 - - - - - 

4 

soil 0.05 - - - - - - - 
sand 0.30 - - - - - 0.73 0.01 
clay 0.70 - - - - - 3.21 0.04 

cushion sand 1.00 7.5 +306 0.00 0.23 -11.0 - - 
rock 1.37 7.0 +406 0.00 1.21 -11.9 - - 

tailings 
1.80 6.8 +293 0.01 1.46 -10.7 0.06 26.06 
2.02 6.8 +253 0.03 1.37 -10.9 0.06 19.70 
2.47 6.3 +326 0.05 1.42 -12.1 0.05 30.02 

5 

soil 0.05 - - - - - - - 
sand 0.40 - - - - - - - 
clay 0.95 - - - - - - - 

cushion sand 1.25 - - - - - 0.13 0.00 
rock 1.75 - - - - - - - 

tailings 
1.97 - - - - - 0.06 33.72 
2.18 7.3 +339 0.00 1.78 -11.0 0.07 35.85 
2.56 - - - - - 0.06 24.93 
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Table 2. Metabolic traits of genera detected in the Kam Kotia tailings samples that are known to 

catalyze the dissimilatory oxido-reduction of iron and/or sulfur. ‘+’ indicates that at least one 

species of the genus has been reported to catalyze the dissimilatory reaction referred to. 

EA=extremely acidophilic, MA=moderately acidophilic, N=neutrophilic, A=alkaliphilic. Higher 

taxa that could not be identified on the genus level are marked with asterisks. 

Microorganism 

Mean % 
of total 

reads  in 
cover 

system 

Mean % 
of total 

reads  in 
tailings 

pH 
response 

Sulfur 
oxidation 

Iron 
oxidation 

Sulfate 
reduction 

Iron 
reduction1 

Acidimicrobiia* 0.44 0.89 EA   +   + 
Ferrithrix 0.07 1.13 EA   +   + 
Sulfuriferula 0.65 0.28 MA (& N) +       
Geobacter 0.44 0.41 N       + 
Desulfosporosinus 0.08 0.68 N & MA     + + 
Thiobacillus 0.26 0.20 N +       
Desulfitobacterium 0.02 0.54 N & MA     + + 
Acidithiobacillus 0.05 0.71 EA + +   + 
Desulfomonile 0.05 0.25 N & MA     + + 
Sulfurifustis 0.14 0.07 N +       
Desulfurivibrio 0.14 0.10 A     + + 
Acidithrix 0.05 0.22 EA & MA   +   + 
Alicyclobacillus 0.06 0.44 EA & MA + +   + 
Desulfobulbaceae* 0.08 0.05 N     + + 
Leptospirillum 0.14 0.06 EA   +     
Desulfuromonadales* 0.04 0.01 N     + + 
Ferrovum 0.02 0.13 EA   +   + 
Acidibacter 0.14 0.10 MA       + 
Sulfobacillus 0.02 0.20 EA + +   + 
Acidiferrobacteraceae* 0.05 0.50 EA + +   + 
Desulfobacca 0.04 0.09 N     + + 
Acidibacillus 0.04 0.19 EA + +   + 
Acidiphilium 0.04 0.11 EA +       
Desulfovibrio 0.03 0.03 N & MA     + + 
Desulfurispora 0.02 0.08 N     + + 
Gallionellaceae* 0.07 0.03 N (& MA)   +     
Acidimicrobiaceae* 0.01 0.04 EA   +   + 
Acidiferrobacter* 0.05 0.16 EA + +   + 
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Sulfuricellaceae* 0.04 <0.01 N +       
Desulfobacteraceae* 0.04 <0.01 N & MA     + + 
Ferroplasma 0.01 0.15 EA   +   + 
Desulfobacterales* 0.01 <0.01 N & MA     + + 
Desulfobulbus 0.02 0.15 N     + + 
Desulforhopalus 0.01 0.03 N     + + 
Desulfocapsa 0.03 <0.01 N     + + 
Sulfurimonas 0.01 0.03 N +       
Desulfovibrionales* 0.01 0.25 N & MA     + + 
Thiomonas 0.02 0.01 MA +       
Gallionella 0.02 0.01 N   +     
Ferribacterium 0.01 0.01 N       + 
Sulfuritalea 0.03 <0.01 N +       
Ferrimicrobium 0.01 0.08 EA   +   + 
Acidimicrobiales* <0.01 0.01 EA   +   + 
Desulfatiglans 0.01 <0.01 N     + + 
Desulfomicrobium 0.01 0.03 N     + + 
Desulfuromonas <0.01 0.03 N     + + 
Desulfovirga 0.01 <0.01 N     + + 
Sulfuricella 0.03 0.06 N +       
Sulfurirhabdus 0.01 <0.01 N +       
Sulfurospirillum <0.01 <0.01 N     (sulfur) + 
Sulfuricurvum 0.01 <0.01 N +       
Alicyclobacillaceae* <0.01 <0.01 EA & MA + +   + 
Acidicaldus 0.01 <0.01 EA +     + 
Ferrovibrio <0.01 <0.01 N   +     
Desulfatirhabdium 0.01 0.01 N     + + 
Desulfobacula 0.01 <0.01 N     + + 
Desulfonema <0.01 <0.01 N     + + 
Desulfoplanes <0.01 <0.01 N     + + 
Desulfovibrionaceae* <0.01 <0.01 N & MA     + + 
Sideroxydans 0.01 <0.01 N + +     
Ferritrophicum <0.01 <0.01 N (& MA)   +     
Thiovirga <0.01 0.01 N +       

1both direct and indirect 
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Table 3. Summary of types and depths of environmental samples collected from the NIT at the 

Kam Kotia Mine, in which the overall microbial diversity was assessed using high-throughput 

amplicon sequencing of the 16S rRNA gene. 

Sample type Depth (m) 
Site 1* Site 3 Site 4 Site 5 

soil 0.05 0.05 0.05 0.05 
sand 0.3 0.3 0.3 0.4 
clay 0.75 0.65 0.7 0.95 

cushion sand 1.1 0.95 1 1.25 
rock 1.3 1.4 1.37 1.75 

tailings 

2 2.16 1.8 1.97 
2.67 2.44 2.02 2.18 
3.18 3.25 2.47 2.56 
3.67 3.43 - - 
4.24 - - - 
4.68 - - - 

 

* Selected groups of viable microorganisms were also enumerated by the most probable number 

technique.  
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Fig. 1. A vertical profile for (●) heterotrophs, (●) sulfate-reducers (SRB), (●) acidophilic iron-

oxidizers (aIOM), and (●) acidophilic sulfur-oxidizers (aSOM) in solid samples taken from the NIT 

at the Kam Kotia Mine, determined by MPN. The data points represent means of triplicates for 

heterotrophs and SRB, and of five replicates for acidophiles. Legend: dashed line indicates single 

measure of pH. MPN data are compared to percentages of total reads of (    ) SOM/IOM, (     ) 

SOM, (      ) IOM, and (      ) SRB, as determined by high-throughput 16S rRNA amplicon sequencing 

of samples collected at Site 1.   
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Fig. 2. Two dimensional non-metric multidimensional scaling (2D-NMDS, stress = 0.116) plot of 

Bray-Curtis similarity matrices of microbial communities in (●) soil, (●) sand, (●) clay, (●) cushion 

sand, (●) rock layer of the NIT cover system, and (●) underlying tailings at the Kam Kotia Mine, 

determined by high-throughput amplicon sequencing. Points represent the composition of a 

community, and the distance between any two points represents the difference between those 

two communities.  
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Fig. 3. 2D-NMDS plots comparing similarities of microbial communities in tailings (based on Bray-

Curtis matrices) in dependence on (A) pH, concentrations of (B) Fe (g L-1), (C) SO42- (g L-1), (D) total 

C (wt.%), and (E) total S (wt.%), determined by high-throughput amplicon sequencing. Total C 

and S were determined in solid phases, other parameters in pore water samples. For used meta 

data see Table 1. Legend: (■) for better visualization, this value (1.764 g L-1) was not included in 

the color range. 
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Fig. 4. Percentages of total reads of dominant lineages (phylum level) in different layers of NIT 

cover system and underlying tailings at the Kam Kotia Mine, as determined by high-throughput 

16S rRNA amplicon sequencing. Minor phyla with relative abundance < 1% were grouped 

together.   
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Fig. 5. Percentages of total reads of microorganisms catalyzing dissimilatory (A) oxidation and (B) 

reduction of iron and sulfur in layers of the NIT cover system and underlying tailings at the Kam 

Kotia Mine, as determined by high-throughput amplicon sequencing. Most numerous bacterial 
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genera within each group are shown separately. Legend: IOM = iron-oxidizing, SOM = sulfur-

oxidizing, SOM/IOM = sulfur- and iron-oxidizing, and SRB = sulfate- and sulfur-reducing bacteria. 

For sample depths see Table 3. Physiological characteristics of the detected sulfur- and/or iron-

metabolizing genera are summarized in Table 2. 
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Fig. 6. (A) Location of Timmins, Ontario where the Kam Kotia Mine is located. (B) Site schematic 

of the Kam Kotia property. (C) Location of five sampling sites (1 to 5) within the Northern 

Impounded Tailings (NIT) area. 

 


