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ABSTRACT
Naturally occurring sulfide rich deposits are common along the northern Baltic Sea coast
that when exposed to air, release large amounts of acid and metals into receiving water bodies.
This causes severe environmental implications for agriculture, forestry, and building of
infrastructure. In this study, we investigated the efficiency of ultrafine-grained calcium carbonate
and peat (both separately and in combination) to mitigate acid and metal release. The
experiments were carried out aerobically that mimicked summer conditions when the
groundwater level is low and acid sulfate soils are exposed to oxygen, and anaerobically that is
similar to autumn to spring conditions. The ultrafine-grained calcium carbonate dissipated well
in the soil and its effect alone and when mixed with peat raised the pH and reduced pyrite
dissolution while peat alone was similar to the controls and did not halt metal and acid release.
High throughput 16S rRNA gene sequencing identified populations most similar to characterized
acidophiles in the control and peat treated incubations while the acidophilic like populations
were altered in the calcium carbonate alone and calcium carbonate plus peat treated acid sulfate
soils. Coupled with the geochemistry data, it was suggested that the acidophiles were inactivated
by the high pH in the presence of calcium carbonate but catalyzed pyrite dissolution in the
controls and peat incubations. In conclusion, the anaerobic conditions during winter would likely
be sufficient to mitigate acid production and metal release from acid sulfate soils and in the
summer, treatment with calcium carbonate was the best mitigation method.

Keywords: Mitigation; Pyrite; Iron; 16S rRNA; Compositional PCA
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1. Introduction
Naturally occurring sulfide rich deposits cover over 17 million hectares of coastal areas.
These soils occur in North America, Europe, Asia, Africa, Australia, and Latin America
(Michael, 2013) and are common along the Finnish Baltic Sea coast. As long as they remain
anoxic, i.e. below the water table, these deposits are stable with a neutral pH and bound metals
(Boman et al., 2010; Nordmyr et al., 2006). However, when land uplift and artificial drainage for
uses such as agriculture, forestry, and building of infrastructure expose these sulfidic materials to
atmospheric oxygen, the iron sulfide minerals are rapidly oxidized. This process turns the sulfide
rich soils into acid sulfate (AS) soils and mobilizes large quantities of acidity and leachable toxic
metals (Boman et al., 2010; Nordmyr et al., 2006). The metals and acidity are leached from the
soil and ultimately transported to the surrounding waters where they cause severe environmental
problems such as ecotoxicological effects in aquatic organisms (Michael, 2013). AS soils can
furthermore have a considerable negative economic impact by causing concrete and steel
corrosion along with having poor geotechnical properties (Fanning et al., 2004). Due to these
negative effects, efficient remediation methods for AS soils are severely needed.
It is known that acidophilic microorganisms living in AS soils catalyze iron sulfide mineral
oxidation. However, very few studies regarding the microorganisms in AS soils have been
published. In Finland, the acidophilic microorganisms have been identified to be similar to ironand inorganic sulfur-oxidizing bacteria and archaea living in acidic environments such as acid
mine drainage as well as microbes living in Arctic soils (Wu et al., 2013; Wu et al., 2015).
Previous research has also found that treating AS soil from the oxidized horizon at 70-85 cm
with solutions of ultrafine-grained calcium carbonate (CaCO3) and calcium hydroxide (Ca(OH)2)
increases the pH of the soil and consequently, decreases the acid and metal discharge. However,
the treatments did not change the composition of the microbial population in the soil (Wu et al.,
2015) and it is still unknown if the resulting increase in pH inhibits microbial catalysis of the
iron sulfide minerals.
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The lack of observable changes in the 16S rRNA gene based microbial community after
treatment with basic CaCO3 and Ca(OH)2 is potentially due to the clay rich soil preserving
extracellular DNA (eDNA) as a result of the strong adsorptive binding of nucleic acids to clay
particles (Nielsen et al., 2006). In addition, the clay suppresses DNA degradation due to the
adsorption of DNases (Corinaldesi et al., 2008). Since the previous results by Wu et al. (2015)
were based on direct DNA extractions, there is a possibility that the co-extraction of both
intracellular DNA and eDNA resulted in an overestimation of the microbial diversity in the soil
and gave a misleading picture of the intact and potentially viable microbial populations (Dlott et
al., 2015).
An alternative strategy to mitigate iron sulfide oxidation is to deplete the AS environment of
oxygen and thereby, inhibit the aerobic acidophiles. Previous studies have shown that addition of
organic matter in the form of ground dry leaves into AS soil can promote sulfate reduction under
aerobic conditions (Michael et al., 2015). The subsequent anoxic conditions are suggested to
favor sulfate-reducing bacteria which re-alkalinize the AS soil and bind metals as insoluble
sulfides (Michael et al., 2015). In addition to stimulating sulfate reduction, organic matter also
functions as an antioxidant (Aeschbacher et al., 2012) and as it complexes dissolved ferrous iron
(Yu et al., 2015), it immobilizes dissolved metals in the AS soil. An abundant organic material in
northern wetlands is peat and one of its major intermediate breakdown products is acetate (Hines
and Duddleston, 2001). Since acetate has already been found to inhibit iron oxidation in
acidophilic microorganisms (Fang and Zhou, 2006), peat could be a good candidate for treatment
of AS soils.
The aim of the study was to screen the chemical and microbiological effects of ultrafinegrained CaCO3 and peat after incorporation with AS soil both separately and in a combination
under both aerobic and anaerobic laboratory conditions. To obtain a more comprehensive image
of the microbial population inhabiting the AS soil and the possible effect the treatments have,
microbial community DNA was extracted and the 16S rRNA gene sequenced both directly from
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the soil and indirectly by first separating intact cells from the soil prior to DNA extraction. To
our knowledge this is the first study to use compositional statistical data analysis for combined
geochemical and 16S rRNA gene sequencing data.

2. Materials and methods
2.1. Soil description and sampling
The used AS soil was taken from an untreated field in the Risöfladan experimental area,
Vaasa, Finland (63.045°N, 21.711°E). The parent sediment (>2 m below surface) contains 40%
clay and 0.9% total reducible sulfur (TRS) that decreases in the acidified zone (~1 m below
surface) to 33% and 0.2%, respectively (Nordmyr et al., 2006). Soils were collected by removing
the plow layer (0–50 cm) and then pushing polyethylene tubes (14.2 cm inner-diameter) into the
ground. The cores were dug up, sealed airtight, and stored at 4°C. At the time, samples from the
AS soil horizon were taken for estimation of dry weight (SFS-EN 12880) and loss on ignition of
dry mass (SFS-EN 12879) that were determined to be 65.3% and 4.8%, respectively.

2.2. CaCO3 and peat used for soil treatments
The technical grade CaCO3 was ultrafine-grained with a median particle diameter of 2.5 µm
(C2, Nordkalk Corporation, Finland). Previous analyses of the CaCO3 (Wu et al., 2015) verified
that it does not significantly contribute to metal and sulfur concentrations in the treated AS soils.
The peat was supplied by Vapo Oy, Finland and was dried before ultrafine-milling using a
Planetary Ball Mill PM 400 (Retsch GmbH, Germany) to a particle size ranging from 4 to 8 µm
in diameter.

2.3. Experimental procedure
To investigate the effect of ultrafine-grained CaCO3 and peat on AS soil, a modified method
from Michael et al. (2015) was used. In order to avoid oxygen exposure, preparation steps were
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performed inside an anaerobic tent (Aldrich® AtmosBag, Sigma-Aldrich) as confirmed with
resazurin. Treatments were conducted on three biological replicates, i.e. three different soil cores
taken several meters apart. Immediately before the incubations, the cores were cut at the AS soil
horizon (i.e. 75–90 cm), the top of the soil core was aseptically removed, and approximately 500
g of soil untouched by the polyethylene tube was placed in a sterile bowl for manual
homogenization. A sample for microbial zero time point (ZTP) analysis was taken from the
homogenized soil by completely filling a 50 mL sterile polypropylene tube with soil, sealing the
tube cap tightly, and storing it at 4°C until DNA was extracted the following day. The rest of the
homogenized soil was divided into separate bowls for each treatment and manually mixed with
1% (wt/wt) CaCO3, 1% (wt/wt) peat, or a 1% (wt/wt) mixture of equal parts CaCO3/peat per dry
weight soil. Untreated soil was used for control samples. To investigate the effect of the
treatments under anaerobic conditions, 15 g from the treated and untreated soil was placed into
separate 50 mL sterile tubes, completely filled with autoclaved MilliQ-ultrapure water, and
sealed. Aerobic samples were prepared in the same way but outside the anaerobic tent and
without the addition of water. The sample tubes were incubated for ten weeks at 10°C (Wu et al.,
2013) in the dark with the tube caps sealed tightly during the whole period. Anaerobic and
aerobic samples for geochemical analyses were prepared and incubated in the same way except
that three tubes per treatment and oxygen condition were prepared; one for starting point
analyses (0 w), one for five weeks of incubation (5 w), and one for ten weeks (10 w).

2.4. Geochemical analyses
Samples stored at –20°C in airtight tubes were thawed in N2-filled bags and then centrifuged
(2000 × g, 10 min) with deoxygenated MilliQ-ultrapure water (total 50 mL) and filtered (0.2
µm). The leachate was used for determination of pH (Hamilton Flatrode electrode), conductivity
(EC; Extech electrode), ferrous iron, and multi-element analysis. Ferrous iron was measured
according to Fadrus and Malý (1975). In brief, nitrilotriacetic acid (NTA) was added to suppress
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the interference from Fe(III), which has proved to result in stable and reproducible absorbances.
In order to compensate for the absorbance of the Fe(III)-NTA complex, the measurements were
blanked against a reference solution containing buffer and NTA but not 1,10-phenanthroline.
Absorbance was measured with a Hach 2010 spectrophotometer. Multi-element analysis was
conducted with ICP-OES on samples acidified with ultra-pure HNO3 (3 % vol/vol) at the
Laboratory of Analytical Chemistry, Åbo Akademi University. After separating the leachate
from the sample tubes, subsamples of the soil material were extracted for determination of TRS
as modified from Backlund et al. (2005) and Zhabina and Volkov (1978). Subsamples were
placed in 50 mL polypropylene centrifuge tubes (reaction vessels) and flushed with N2-gas for 1
min to create an anoxic environment. The reaction vessels were heated up to 60°C under
magnetic stirring whilst 12 mL of deoxygenated acidic Cr(II) solution was injected into the
vessels (prepared according to Burton et al., 2008). Any inorganic sulfides present were
dissolved into hydrogen sulfide (H2S) within 3 h (Sullivan et al., 2000) and carried over by a
flow of N2-gas to a collection vessel filled with an alkaline Zn(II) solution and precipitated as
Zn-sulfide. Iodometric titration was used to determine the TRS portion, consisting predominantly
of pyrite (FeS2) but possibly also small amounts of mackinawite (FeS1.0), greigite (FeS1.34), and
elemental sulfur (S0) (e.g. Boman et al., 2010).

2.5. DNA extraction from microbial communities
Two different DNA extraction methods were performed, a direct extraction from the soil
that also included eDNA bound to the soil particles plus an indirect DNA extraction that
distinguished between DNA from intact bacterial cells and eDNA (Alawi et al., 2014). The direct
DNA extraction was performed from 0.25 g soil with the PowerSoil DNA Isolation Kit (MoBio)
according to the manufacturer’s instructions. The indirect extraction was performed by weighing
8 g of soil into a 100 mL beaker with a magnetic stirring bar and 12 mL of sodium phosphate
buffer added (500 mM Na2HPO4, 500 mM NaH2PO4, pH 7.2; Hurt et al., 2014) to give a soil to
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buffer ratio of 1:1.5. For the anaerobic samples, the water phase was discarded and the sampling
tubes centrifuged for 3 min at 1600 × g before weighing the soil. The soil-buffer slurry was
stirred twice for 5 min at 250 rpm (Heidolph MR 3000 D) with 3 min cooling at 4°C in between.
The slurry was then transferred to a 50 mL sterile polypropylene centrifugation tube, vortexed
for 15 sec, and centrifuged for 15 min at 500 × g. The supernatant was decanted into a new 50
mL tube and 12 mL sodium phosphate buffer added to the pellet and the slurry transferred back
to the beaker and the procedure repeated twice more. The supernatants from the three
centrifugations were pooled and centrifuged for 15 min at 10 000 × g to separate the cells from
the eDNA containing supernatant. The supernatants were discarded and the pellets washed to
remove excess eDNA by re-suspension in 1 mL sodium phosphate buffer. After centrifugation
for 15 min at 10 000 × g, the supernatant was discarded and DNA was extracted from the cells
with the PowerSoil DNA Isolation Kit. Finally, DNA concentrations were quantified with a
Qubit fluorometer (Invitrogen).

2.6. Controls of DNA extractions
To determine if the indirect DNA extraction removed eDNA, soil pellets remaining after the
final centrifugation from three samples were centrifuged for 30 min at 1 900 × g to remove all
excess buffer containing eDNA. DNA from 0.25 g of the soil pellets were directly extracted
using the PowerSoil DNA Isolation Kit. In a second control it was attempted to hinder DNA
amplification of eDNA in the soil prior to the direct DNA extraction from the three ZTP samples
(Heise et al., 2016). Briefly, diluted soil samples (25 mg soil in 1 mL of sterile MilliQ-ultrapure
water) were treated with 130 µM propidium monoazide (PMA, Biotium) followed by 5 min light
activation with 460 nm blue LED (54W Par 38 E27, Epistar). After PMA treatment, the samples
were centrifuged for 2 min at 14 000 × g and the DNA in the soil pellet was extracted using the
PowerSoil DNA Isolation Kit. Soil samples without PMA addition were included and treated the
same way as the controls. PMA treatment according to the method described above was also
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performed on bacterial cells isolated with the indirect extraction method from the three ZTP
samples and diluted in 1 mL of sterile MilliQ-ultrapure water. Cell samples without PMA
addition were treated the same way as controls.

2.7. PCR, library preparation, Illumina sequencing, and bioinformatics
The V3-V5 region of the microbial 16S rRNA gene was amplified using primers 341F and
805R (Herlemann et al., 2011), followed by PCR amplification according to Hugerth et al.
(2014) for Illumina sequencing preparation. Samples were sequenced at the Science for Life
Laboratory, Sweden (www.scilifelab.se) on the Illumina platform according to Lindh et al.
(2015). Downstream analysis was conducted using the UPARSE pipeline (Edgar, 2013) with
annotations against SINA/SILVA database (SILVA 119; Quast et al., 2013). Finally, Explicet
2.10.5 (Robertson et al., 2013) was used for data interpretation and plotting. Phylogenetic trees
were prepared using Maximum Likelihood in MEGAN (Mitra et al., 2011). The nucleic acid
sequences are available with the NCBI BioProject accession number: PRJNA407753.

2.8. Statistical analyses
Geochemical and bacterial data in this study are reported as concentrations and percent
abundances, respectively. Hence, no single variable is free to vary separately from the rest of the
total composition, even if not all of the chemical elements or bacterial species are analyzed. A
change in one variable will automatically induce a change in at least one other variable.
Therefore, it is the ratios of the compositional parts that are of interest, not the changes within
the individual variables (Reimann et al., 2012) and this type of data is referred to as
compositional data. As opposed to traditional statistics that require a Euclidian geometry,
compositional data follow Aitchison geometry due to the inherent closed structure of the data
(Aitchison, 1986). Misleading results from applying traditional statistical analysis to
compositional data has been widely presented (Filzmoser et al., 2009; Otero et al., 2005; Wang
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et al., 2014, Gloor and Reid, 2016) as compositional data violate most of the assumptions
required for performing traditional ANOVA or MANOVA hypothesis testing based on Euclidian
metrics. In order to perform analysis of variance the raw data should first be transformed from
the simplex space to the Euclidian space. Even if this is done, the analysis of variance would be
hard to apply to this highly heteroscedastic and time dependent data. Instead, this study applied
an exploratory data analysis approach using compositional principal component analysis (PCA)
to study the effects of the different soil treatments (Aitchison, 1986; Egozcue et al., 2003).
Although the lack of quantifying the data with significance and correlation values is a drawback
(Gloor and Reid, 2016), compositional data analysis gives more accurate results for big and
complicated data sets with large variations between replicates.
The compositional data were transformed into a Euclidian space using the isometric logratio
(ilr) transform before PCA was applied. In order to interpret the result, the ilr-based principal
components have to be back-transformed to the simplex space where they can be presented with
their original variable names. After back-transforming, the results are presented as biplots
(Riemann et al., 2008) showing loadings and scores of two first principal components that reveal
the multivariate relations between the variables (geochemical elements or bacterial species) and
the samples analyzed. All calculations were performed using the ‘robCompositions’ package
(Templ et al., 2011) in R (version 3.1.3.; R Core Team, 2015) which allows the augmentation of
external non-compositional variables with compositional data and calculate PCA model and
biplots.

3. Results and discussion
3.1. Chemical changes in the aerobic and anaerobic soil incubations
Aerobic (Fig. 1A) and anaerobic (Fig. 2A) controls and treatments results were plotted
against sulfate concentration. The biological replicates showed large variations due to soils
providing gradients in chemical parameters. Despite this variation, trends in the data could be
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discerned. With exposure to atmospheric oxygen, the sulfate concentration and EC in the aerobic
controls increased with a concomitant decrease in pH and TRS (Fig. 1A). These changes were
due to dissolution of the TRS (Vera et al., 2013) followed by oxidation of the resulting inorganic
sulfur compounds to sulfate (Dopson and Johnson, 2012). The pH of <4 at all-time points were
comparable to soil measurements suggesting that the processes in the controls were similar to
those that occur naturally in the AS soils. In addition, the concentrations of several metals
including aluminum tended to increase with time, likely due to the dissolution of TRS and the
ensuing acidic leaching of soil minerals (Nordmyr et al., 2006). Almost all the available iron was
initially in the ferrous form as a result of abiotic pyrite oxidation. Finally, potassium
concentrations did not show any temporal trend, potentially due to the precipitation as jarosite
(Nordmyr et al., 2006). The pH in the aerobic CaCO3 and CaCO3/peat treatments was ~ 5 but
showed a slight decrease over time, suggesting these treatments inhibited TRS dissolution.
Despite that little TRS dissolution appeared to occur, the sulfate concentration increased with
time, as the anion exchange capacity decreases with an increase in pH (Brady and Weil, 2002) or
via jarosite dissolution (Wu et al., 2015). Also in agreement with the low degree of TRS
dissolution, the concentrations of total iron, aluminum, and lithium were low. In contrast, the
aerobic treatment solely with peat showed corresponding values to the aerobic control. The
compositional PCA analysis (Fig. 1B) showed the division of the treatments between the control
and the peat treatments to the right along with low pH and high aluminum concentrations. In
addition, the CaCO3 and CaCO3/peat treatments were to the left along with high pH and low
aluminum.
In the anaerobic controls, the sulfate concentration was relatively stable although TRS
decreased slightly over time (Fig. 2A). If true reducing conditions were present, the sulfate
concentration should decrease and TRS increase over time. However, the TRS concentrations
may have been too close to the detection limit to be able to show this. The pH values were <4 at
all-time points and decreased with time while several metals were stable or decreased during the
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incubation. Almost all the iron was in the ferrous form except in one replicate where potentially
anaerobic ferrous oxidation had occurred or sufficient oxygen was present for oxidation. The
sulfate concentration decreased in the anaerobic CaCO3 and CaCO3/peat treatments over time,
indicating that heterotrophic sulfate reducing bacteria were active (Grein et al., 2013). Except for
vanadium, metal concentrations were lower in the treatments compared to the anaerobic control.
Finally, the low concentration of total and ferrous iron in the two treatments was potentially due
to precipitation with sulfide from sulfate reduction (Johnson, 2014). As was the case for the
aerobic incubations, the peat treatment gave similar values to the control with the increase in
ferrous iron supporting that a true anaerobic milieu was maintained. Clustering of variables in
the compositional PCA plot (Fig. 2B) suggested a division of the treatments between the control
and the peat treatments to the left along with low pH and high aluminum concentrations and the
CaCO3 and CaCO3/peat treatments to the right along with high pH and low aluminum.

3.2. Influence of the DNA extraction method on microbial community structure
Bacterial DNA extraction from acidic clay soil is challenging as phosphate groups absorb
DNA (Pietramellara et al., 2001) and hydrogen bonding and/or electrostatic interactions absorb
bacteria to clay minerals (Cai et al., 2009). A separation method (Alawi et al., 2014) was
modified to suit the AS soil while being deemed mild enough not to damage intact cells. For
example, modifying the buffer concentration from Hurt et al. (2014) increased the bacterial cell
yield from the AS soil (data not shown). 16S rRNA gene sequencing showed no differences
between PMA treated and untreated ZTP indirect extractions (Morisita-Horn community
similarity index of 0.974 ± 0.019; Supplementary File 1), indicating these samples did not
contain significant amounts of eDNA. Although the soil was diluted, the 16S rRNA gene
sequencing also had no difference between PMA treated and untreated, directly extracted AS
soils (Morisita-Horn index of 0.964 ± 0.033; Supplementary File 2). Furthermore, the
dissimilarity between the direct and indirect DNA extractions suggested that a large amount of
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eDNA was included in the direct extractions (Supplementary Files 3 and 4). In agreement with
Heise et al. (2016), we concluded that indirect DNA extraction both excluded eDNA and was
most representative of the microbial community and these data are presented below.

3.3. Microbial community structure in the field (ZTP) AS soil samples
Analysis of the ZTP soil replicates suggested the dominant lineage aligned with the
Halanaerobiales order (average relative abundance from three replicates of 42%; Figs. 3 to 5 and
Supplementary File 4). These microbes are halophilic and obligate anaerobes that either ferment
or have a homoacetogenic metabolism. In addition, the ZTP samples contained an average
relative abundance of 7 % of operational taxonomic units (OTUs) that aligned with the acidtolerant Rhodanobacter genus (Green et al., 2012) that have been isolated from soil
environments and include the thiosulfate oxidizing species, R. thiooxidans (Lee et al., 2007).
Additionally, four OTUs aligned with the Acidimicrobiales order containing several acidophilic
species including from the ferrous iron and/or inorganic sulfur oxidizing Acidimicrobium and
Acidithiomicrobium genera (reviewed in Dopson, 2016). Two OTUs aligned with the acidtolerant genus Metallibacterium and had 98% similarity to Metallibacterium scheffleri that has
previously been enriched from AS soil (Wu et al., 2013). Finally, three OTUs were found to be
most similar to the acidophilic genera Acidithiobacillus and Ferrithrix (reviewed in Dopson,
2016). However, these acidophilic populations were most likely inactive as the ferrous iron
concentrations were low and negatively correlated with the Acidithiobacillus and
Acidimicrobiales (Fig. 5).

3.4. Effect of aerobic treatment on microbial community structure
The dominant populations in the aerobic controls after ten weeks incubation were 14 OTUs that
aligned with the Rhodanobacter genus (Figs. 3 to 5 and Supplementary File 4) that had an
average of 40% of the relative abundance in the three biological replicates. The next most
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abundant OTUs in the aerobic controls aligned with unclassified 16S rRNA gene sequences in
the Chloroflexi phylum (that were absent in the ZTP samples). The Chloroflexi phylum contains
a diverse assembly of species with varied metabolic lifestyles from e.g. environments rich in iron
(Kawaichi et al., 2013). Two OTUs in the aerobic control aligned with the acid-tolerant genus
Metallibacterium. In addition, two OTUs were most similar to subgroup 2 in the Acidobacteria
phylum identified from lava tube walls (Marshall Hathaway et al., 2014). A further four OTUs
were most similar to the Xanthomonadales order that contains the Rhodanobacter and
Metallibacterium genera mentioned above. Finally, one OTU in the aerobic control was 99%
similar to the acidophilic ferrous iron oxidizer, Thiomonas cuprina (reviewed in Dopson, 2016)
that had previously been identified from the Risöfladan experimental field AS soil (Wu et al.,
2015). The low pH in the soil likely enabled the acidophilic microorganisms (such as T. cuprina)
to catalyze pyrite dissolution, leading to an increase in ferrous iron and aluminum (and other
metals) leaching from the soil. Although members of the genus Acidithiobacillus thrive in acidic,
low temperature environments (Wu et al., 2013); under the conditions tested the acid-tolerant
genus Rhodanobacter outcompeted them.
Two of the most abundant OTUs in the aerobic CaCO3 and CaCO3/peat treatments were the
same unclassified Chloroflexi OTUs as in the aerobic controls (Figs. 3 to 5 and Supplementary
File 4). In the aerobic CaCO3 and CaCO3/peat treatments, the total relative abundance of bacteria
belonging to the Rhodanobacter genus had considerably decreased. These low abundances were
probably due to the high pH, as Rhodanobacter spp. are unable to outcompete other bacteria at
neutral pH values (Green et al., 2012). The total relative abundance of the two Metallibacterium
OTUs was similar to the aerobic control. Other abundant OTUs identified in the CaCO3
treatment aligned with the Acidimicrobiales, Halanaerobiales, Xanthomonadales, and
Ktedonobacterales orders. Similar results were observed for the CaCO3/peat treatment, with the
addition of OTUs most similar to the Pseudomonas and Achromobacter genera. Members of
these genera are frequently found from a wide variety of environments, including polluted milieu
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(Hong et al., 2017) and soil (Paul and Clark, 1996). Both Pseudomonas spp. and Achromobacter
spp. are known to grow at neutral pH values (Hong et al., 2017) and Pseudomonas spp. are
furthermore known for their metal absorption properties (Shanmuga Priya et al., 2016). Due to
the high pH it was surprising that four OTUs in the aerobic CaCO3 and CaCO3/peat treatments
were found to be most similar to the acidophilic genus Acidithiobacillus. Acidithiobacillus spp.
are typically found in acidic and metal contaminated environments (reviewed in Dopson, 2016)
but are known to tolerate neutral pH values where they can create microenvironments with their
optimal acidic pH (Mielke et al., 2003). However, the high relative abundance of
Acidithiobacillus spp. in these treatments could be misleading due to low total abundance of the
Rhodanobacter-like population compared to the other controls and treatments. Although
Acidithiobacillus species were present, they were likely inactive since they correlated positively
with TRS and pH and negatively with aluminum and ferrous iron.
As in the aerobic control, the dominant population in the aerobic peat treatment aligned with
the acid-tolerant genus Rhodanobacter with an average relative abundance of 48% (Figs. 3 to 5
and Supplementary File 4). Other abundant OTUs identified in the aerobic peat treatment aligned
with the Xanthomonadales order and Metallibacterium genus. One of the abundant OTUs was
only present in this treatment and was 97% similar to species in the Thermosporotrichaceae
family isolated from soil. Finally, an OTU with 99% similarity to T. cuprina was also identified
in the peat treatment. Since the pH was <4, the acidophilic T. cuprina-like population was likely
active as it correlated with increased sulfate, decreased TRS, and the concomitant increase in
ferrous iron and aluminum.

3.5. Effect of anaerobic treatment on microbial community structure
Populations from the genus Rhodanobacter also dominated the anaerobic control incubations
with an average relative abundance of 26% (Figs. 3 to 5 and Supplementary File 4). This agreed
with Green et al. (2012) that reported pH is the major growth limiting factor rather than oxygen.
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The next most abundant populations were the same unclassified Chloroflexi OTUs as identified
in the aerobic control and treatments. In addition, four of the most abundant OTUs aligned with
the order Xanthomonadales. Only one of the top 50 OTUs in the anaerobic control was found to
be most similar to an acidophilic population; i.e. the ferrous iron oxidizing genus Gallionella
(Fabisch et al., 2013). However, this species was not very active since the TRS and ferrous iron
only slightly decrease and the genus negatively correlated with aluminum (Fig. 2A & 5B). This
is not surprising since Gallionella sp. require oxygen to be active (Hallbeck and Pedersen, 2015).
A low relative abundance of an iron-reducing Rhodoferax-like population was also present and
iron reduction has been demonstrated in acidic environments (Küsel et al., 2008).
In the anaerobic CaCO3 and CaCO3/peat treatments the total average relative abundances of
bacteria belonging to the genus Rhodanobacter had decreased by half and by two thirds,
respectively compared to the anaerobic control (Figs. 3 to 5 and Supplementary File 4). The
unclassified Chloroflexi OTUs had a similar average relative abundance in the CaCO3 treatment
as in the anaerobic control, but in the CaCO3/peat treatment, these OTUs dominated. Other
abundant OTUs identified in the CaCO3 treatment aligned with the Acidimicrobiales,
Acidobacteria subgroup 2, Xanthomonadales, Ktedonobacterales, and Metallibacterium genus.
In the CaCO3/peat treatment, other abundant OTUs were most similar to the Acidobacteria
subgroup 2, Xanthomonadales, Actinomycetales, Ktedonobacterales, and Metallibacterium
genus. One OTU that was most similar to the ferrous iron-oxidizer Gallionella sp. from the
anaerobic control was also identified in the anaerobic CaCO3 and CaCO3/peat treatments.
Finally, an OTU most similar to the ferrous iron-oxidizer Ferritrophicum sp. previously found in
acidic environments (Fabisch et al., 2013) was identified in these treatments. As in the anaerobic
control, these iron-oxidizers did not seem to be active (Figs. 2A & 5B) and although the
geochemical analyses indicated sulfate reduction occurred in the CaCO3 and CaCO3/peat
treatments, no known sulfate reducing bacteria were identified.
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As for the anaerobic control, the dominant lineage in the anaerobic peat treatment aligned
with the acid-tolerant genus Rhodanobacter with a total relative abundance of 43%; Figs. 3 to 5
and Supplementary File 4). The other abundant OTUs were most similar found to Pseudomonas
sp., Achromobacter sp., unclassified Chloroflexi, Metallibacterium sp., Xanthomonadales, and
Ktedonobacterales.

4. Conclusions
The study investigated the efficacy of three substances for the mitigation of acid and metal
release from AS soils. The aerobic incubations mimic the dry summer when the acidophiles in
AS soil are likely to be most active. The low pH in the control soils enabled acidophiles, such as
T. cuprina, to catalyze pyrite oxidation (i.e. negatively correlate with TRS). Acidithiobacilluslike populations were also present in the aerobic calcium carbonate and calcium carbonate/peat
treatments, but they were likely inactive since they positively correlated with TRS while
negatively with aluminum and ferrous iron. In contrast, the aerobic treatment solely with peat
indicated that the peat per se was not a good candidate for mitigation of AS soils and that
calcium carbonate plus peat was the best summer mitigation strategy. The anaerobic incubations
mimic autumn to spring conditions, when the macropores are filled with water and
microorganisms have low activity and no oxidation of pyrite likely occurs. This was seen in this
study by no changes in pH, a relatively stable sulfate concentration, as well as stable or
decreasing aluminum concentrations. Coupled with the reduced activity of microbes in the boreal
winter, anaerobic conditions would likely be sufficient to mitigate acid production and metal
release from AS soils. However, when AS soils are used for agriculture and building of
infrastructure they will be exposed to atmospheric oxygen. Therefore, a mitigation strategy will
be needed to inactivate acidophilic microorganisms along with reducing acid and metal
discharge. In addition, since soluble aluminum is the main cause of fish kills (Hudd, 2000),
limiting its release is critical. Based on this study, such a mitigation strategy needs both to raise
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the pH and increase the organic material content in the soil (e.g. with peat) in order to change the
composition of the microbial population. This was best achieved by using ultrafine-grained
calcium carbonate that efficiently dissipated in the soil. The mitigation methods presented in this
paper are being evaluated under agricultural field conditions through precision treatments using
drainage pipes. The provided data will help decision bodies worldwide to enact efficient
mitigation strategies to safely exploit AS soils.
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Figure legends

Fig. 1. Chemical parameters at the 0, 5, and 10 week time points for replicates 1 (red), 2 (green),
and 3 (blue) with arrows depicting changes in concentration for the weeks (labelled 0 to 5 and 5
to 10; some values in replicate 1 are missing) for the aerobic control tubes plus the CaCO3,
CaCO3/peat, and peat treatments plotted against the sulfate concentration (A). Compositional
principle component analysis of the chemical parameters at the 0, 5, and 10 week time points for
the triplicate controls (C1, C2, and C3; green) plus the CaCO3 (Ca1, Ca2, and C3; orange),
CaCO3/peat (Ca-P1, Ca-P2, Ca-P3; blue), and peat (P1, P2, and P3; purple) treatments (B).

Fig. 2. Chemical parameters at the 0, 5, and 10 week time points for replicates 1 (red), 2 (green),
and 3 (blue) with arrows depicting changes in concentration for the weeks (labelled 0 to 5 and 5
to 10; some values in replicate 1 are missing) for the anaerobic control tubes plus the CaCO3,
CaCO3/peat, and peat treatments plotted against the sulfate concentration (A). Compositional
principle component analysis of the chemical parameters at the 0, 5, and 10 week time points for
the triplicate controls (C1, C2, and C3; green) plus the CaCO3 (Ca1, Ca2, and C3; orange),
CaCO3/peat (Ca-P1, Ca-P2, Ca-P3; blue), and peat (P1, P2, and P3; purple) treatments (B).

Fig. 3. Heat map of the OTUs in the ZTP as well as after ten weeks incubation in the different
treatments. Included are OTUs with greater than 1% in any of the samples. The scale bar
represents from 0 (white) to 20% (red) average relative abundance from the three biological
replicates.

Fig. 4. Maximum likelihood (unrooted) phylogenetic tree of the OTUs from the 16S rRNA gene
sequencing.
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Fig. 5. Compositional principle component analyses of the chemical and microbiological
parameters from the aerobic (A) and anaerobic (B) treatments. Compositional principle
component analysis of the chemical parameters at the 0, 5, and 10 week time points for the
triplicate controls (C1, C2, and C3; green) plus the CaCO3 (Ca1, Ca2, and C3; orange),
CaCO3/peat (Ca-P1, Ca-P2, Ca-P3; blue), and peat (P1, P2, and P3; purple) treatments (B).
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Supplemental File 1. Microbial community compositions in zero time point (ZTP, average of
three replicates) samples based on 16S rRNA gene sequencing of DNA extracted through
indirect extraction (IE) and propidium monoazide (PMA) treatment or no treatment (NO PMA).
The pie charts and stack bars show relative abundance of the total prokaryotic phyla and
operational taxonomic units (OTUs).
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Supplementary File 2. Microbial community compositions in tree zero time point (ZTP)
replicate samples based on 16S rRNA gene sequencing of DNA extracted through indirect
extraction (IE) and direct extraction without (DE – NO PMA) and with propidium monoazide
treatment (DE - PMA). The pie charts show relative abundance of the total prokaryotic phyla and
operational taxonomic units (OTUs).
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Supplementary File 3. Morisita-Horn community similarity index between direct and indirect DNA extractions from identical samples. Data are
averages ± standard deviation from three replicates.

Indirect extraction from aerobic samples

Direct extraction

Indirect extraction from anaerobic samples

ZTP

Control

CaCO3

CaCO3 + peat

Peat

0.331 ± 0.103

0.505 ± 0.409

0.531 ± 0.389

0.561 ± 0.164

0.513 ± 0.409

ZTP

Control

CaCO3

CaCO3 + peat

Peat

0.331 ± 0.103

0.265 ± 0.204

0.330 ± 0.231

0.275 ± 0.115

0.568 ± 0.423

from aerobic samples
Direct extraction
from anaerobic samples
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Supplementary File 4. Heat map of the dominant OTUs in the 16S rRNA gene sequencing. Only OTUs with a relative abundance of > 1.0% in at least
one of the samples have been included (DE = direct extraction, IE = indirect extraction).
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