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ABSTRACT

When reduced sulfidic parent sediments are oxidized, they become acid sulfate soils and discharge metal laden
acidic solutions that can damage the environment, infrastructure, and human health. Consequently, methods to
mitigate the effect of acid sulfate soils are a priority in affected areas. In this study, acid sulfate soil core samples,
consisting of a natural network of preferential-flow soil macropores with defined macropore surfaces and inner
cores of denser clay, were characterized and subjected to treatments with calcium carbonate and peat suspen-
sions, or combinations thereof. The effects on the geochemistry and microbial communities were examined on
both macropore surfaces and in inner cores. Although transport of treatment substances into the inner cores was
demonstrated, no substantial effects were found on the geochemistry and microbial community that consisted of
bacterial taxa commonly identified in acid mine drainage. In contrast, positive treatment effects were clearly
detected on macropore surfaces and the most promising mitigation effects were detected for treatments
combining calcium carbonate and peat suspensions. These treatments increased the pH of the macropore sur-
faces, added an electron donor in the form of peat, and significantly decreased the relative abundance of
acidophilic bacterial populations while shifting the microbial community towards species typically growing at
circumneutral pH values. These new environmental conditions were favorable for iron reduction that resulted in
a positive effect on permeate quality. The study presents novel data regarding the important differences between
acid sulfate soil macropore surfaces and inner cores, as well as their diverse biogeochemical characteristics. It
further establishes that the major oxidation-reduction processes occur at the macropore surfaces, and that the
combination treatment was the most effective at mitigating the negative environmental effects.

1. Introduction

termed an actual ‘acid sulfate soil’ (ASS), that is characterized by low pH
and the release of toxic metals including cadmium, nickel, and

Coastal areas in Finland are often characterized by fine-grained
Holocene marine sediments that form pH-neutral black soil material
(termed sulfidic soil material or ‘potential acid sulfate soil’ material;
PASS) with a high clay and sulfur content and very low hydraulic con-
ductivity. The PASS can become exposed to air and subsequently
oxidized due to drainage by post-glacial isostatic land uplift and/or
artificially for agricultural and infrastructure uses (Yli-Halla et al.,
2017). In consequence, it is converted into a sulfuric soil material, often
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aluminum (Wu et al., 2013). If these acidic, metal-laden waters reach
rivers and ultimately the Baltic Sea (Nordmyr et al., 2008; Roos and
Astrém, 2006), they can cause severe damage to the environment
(Sullivan et al., 2002) and are hazardous to human health (Hinwood
et al., 2006).

As PASS is drained, largely irreversible soil shrinkage occurs. This
leads to the formation of a permanent structure of cracks and other
macropores (e.g., Johnston et al., 2009) that are prerequisites for the
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rapid development of an ASS. The formed network of soil macropores
(consisting of interconnected cracks and tubular macropores) leads to a
preferential flow pattern with a high hydraulic conductivity and serves
as the basis for the very efficient drainage of these soils. It also allows
penetration of air into the soil that ultimately results in the trans-
formation of the metal (mainly iron) sulfide-rich PASS into ASS (John-
ston et al., 2009). As the sulfide oxidation proceeds, the produced
sulfuric acid lowers the pH and allows iron and sulfur oxidizing acido-
philes (optimum growth pH < 5) to become active and further catalyze
the transition from PASS to ASS by regenerating ferric iron and oxidizing
sulfur compounds to sulfuric acid (Wu et al., 2013). The importance of
the preferential-flow macropore surfaces is evident in that they are the
sites where a reactant such as oxygen is made available during dry pe-
riods and thus, promotes the microbiological processes. At these sur-
faces, reaction products and leached substances can either form
precipitates or enter a percolating water flow for further transport away
from the reaction sites and eventually exit the soil during wet seasons.
This cycle of introduction of reactants and removal of products drives
the decades-long process that eventually exhausts the sulfuric soil ma-
terial of oxidizable sulfides (Osterholm and Astr()m, 2004; Virtanen,
2015).

The soil material in a structured ASS consists of solid columnar
blocks of which the outer walls form surfaces of macropores. A macro-
pore surface is a highly porous and both physically and chemically a
highly heterogeneous environment with surfaces often lined with iron
oxyhydroxide and/or oxyhydroxysulfate minerals (Dent, 1986). The
solid blocks, the inner parts of which are called inner cores in this work,
consist of dense clay material. In a mature ASS in agricultural use, two
very different modes of transport can therefore be expected. Above or at
the drainage depth, a high hydraulic conductivity allows soil solution
and solutes to be quickly transported through the network of
preferential-flow macropores and further on to drainage channels
(Johnston et al., 2004). In contrast, a much slower mode of transport is
encountered in the inner cores. Here transport of solutes is by diffusion,
if the microstructure is water-filled, or by film boundary transport as
part of a rewetting process if the microstructure has dried out (Yong,
2003). Differences in the combined chemical and microbiological
characteristics between the boreal ASS inner core soil materials versus
the macropore surfaces, and the implications regarding acid and metal
release, have not been comprehensively investigated.

Attempts to mitigate the release of metal laden acidic waters from
ASS have focused on the introduction of chemicals to raise the pH in
order to inactivate acidophilic iron and sulfur oxidizing bacteria and/or
to provide a carbon and energy source to promote iron and sulfate
reducing microorganisms that generate e.g., sulfide to immobilize the
metals (Michael et al., 2015; Dang et al., 2016; Kolbl et al., 2018). These
studies include the addition of calcium carbonate suspensions utilizing a
subsurface drainage system and preferential-flow soil macropores to
reach far into a boreal ASS (Dalhem et al., 2019; Wu et al., 2015). These
treatments increase the drainage water pH and decrease metal leaching
for up to four years after treatment (Dalhem et al., 2019). Mixing dry
ultrafine-grained calcium carbonate into homogenized ASS further in-
activates acidophilic bacteria inhabiting the boreal ASS by increasing
the pH of the soil (Hogfors-Ronnholm et al., 2018a). Mixing both cal-
cium carbonate and an organic material in the form of peat into the
boreal ASS decreases metal and acid release, increases the overall mi-
crobial diversity of the soil, and reactivates an iron reducing bacterial
population (Hogfors-Ronnholm et al., 2020). However, how pumping a
mitigation suspension through the boreal ASS preferential-flow soil
macropores affects the diverse biogeochemical characteristics of the
macropore surfaces and inner cores separately has not been
investigated.

This study utilized laboratory column experiments to investigate the
biogeochemical characteristics of boreal ASS macropore surfaces and
inner cores and how different mitigation suspensions affect these soil
environments as well as the soil drainage water. The tested hypothesis

Applied Geochemistry 158 (2023) 105779

was that the exposed surfaces in the network of boreal ASS preferential-
flow macropores were the main sites for the chemical and microbio-
logical oxidation processes.

2. Materials and methods
2.1. Field site and soil sampling

The Risofladan experimental field is situated on the Baltic Sea coast
in Vaasa, western Finland (63°02'50" N, 21°42'42" E). The old marine
sediments of Risofladan were drained over 60 years ago and have since
developed into a typical clay-type, extensively cracked ASS (Fig. 1a)
with an organic matter content of approximately 5%
(Hogfors-Ronnholm et al., 2018a). Details of the study area and the soil
physicochemical parameters at the experimental field (the site is often
called Mustasaari) have been previously reported (Nordmyr et al., 2006;
Astrom et al., 2007; Boman et al., 2008; Wu et al., 2013) and the clas-
sification of the soil has been discussed by Joukainen and Yli-Halla
(2003). Soil core samples were collected from the field according to
Hogfors-Ronnholm et al. (2018a) when the groundwater table in the soil
was high. Briefly, polyethylene tubes were pushed into the ground by an
excavator (Fig. S1), lifted, sealed airtight, and stored at 4 °C until used in
the experiments.

2.2. Treatment substances and preparation of suspensions

The substances used in the ASS mitigation experiments were the
same as those used by Hogfors-Ronnholm et al. (2018a, 2020) and in
field studies by Dalhem et al. (2019). The suspensions must be stable and
therefore ultrafine-grained substances were used. They were: ‘C2’°, an
ultrafine-grained calcium carbonate (CaCO3) with a median particle
diameter of 2.5 pm (C2, Nordkalk Corporation); ‘EB’, an aqueous sus-
pension (Enrich Bio, Nordkalk Corporation) of 37% ultrafine-grained
CaCO3 with a median particle diameter of 0.3 pm that includes the
dispersing agent Alcoguard® H 5941 (4% per dry weight of CaCO3, Akzo
Nobel); ‘P’, a fine-grained peat of biodegradation level H1 (the least
biodegraded fraction according to the von Post scale (Andriesse, 1988))
with a median particle diameter of 20 pm and a typical organic content
of 95-98% (Vapo Fibers); *C2-P' refers to a treatment with C2 CaCO3
followed by a treatment with peat; and ‘EB-P’ refers to a treatment with
Enrich Bio CaCOs followed by a treatment with peat. The C2 product has
previously been tested for mitigation of ASS in a column experiment
(Wu et al., 2015) and in field experiments (Dalhem et al., 2019), while
the C2, Enrich Bio, and H1 peat products were investigated with ho-
mogenized ASS (Hogfors-Ronnholm et al., 2018a, 2020).

To avoid microbial contamination, the MilliQ-ultrapure water was
autoclaved, cooled to 10 °C in closed containers, and kept closed until
used. As a consequence of the autoclaving, the oxygen content of the
water was reduced by about 20% at the beginning of the experiments
and in unstirred containers the concentration was slowly restored by
diffusion throughout the experiment. For treatments with C2 and EB, 8
g L! CaCOs3 was suspended in 15 L water with stirring in an open
container. The P treatments used 4 g L™! peat for the suspensions,
likewise with stirring in an open container. The suspensions for the C2-P
and EB-P treatments were made separately with 4 g L™! CaCOzand 1 g
L7! peat in a similar manner. Pilot studies were used to determine
maximum concentrations without blocking the preferential-flow soil
macropores. In the case of combined treatments, the CaCO3 suspension
was applied before the peat suspension. For the control soil cores (‘C’),
only autoclaved MilliQ-ultrapure water was used. All suspensions were
prepared immediately before use in the experiments.

2.3. Experimental procedure

The experimental procedure was according to Wu et al. (2015) with
some modifications. Briefly, soil cores were cut at the oxidized soil layer
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Fig. 1. Photographs of the heterogenic and cracked structure of a boreal acid sulfate soil with macropores consisting of interconnected cracks, fissures, and tubular
pores and an inner core of denser clay. Images taken in the field (a) and from a split soil core (approximately 14 x 15 cm) treated with calcium carbonate sus-

pension (b).

at a depth of 70-85 cm below ground level that was rich in
preferential-flow soil macropores, the core was inserted into a rubber
membrane, and placed into the column. After filling the column with
water and applying an external pressure to prevent bypass flow between
the rubber membrane and the soil core, a diaphragm pump (Grundfos
DME or DDA) was used to pump from the bottom of filled 15-L
recently-open containers: (i) an initial flushing phase with approxi-
mately 10 L of unstirred autoclaved MilliQ-ultrapure water at a constant
flow of 100 mL h™; (ii) a treatment phase with approximately 10 L of
unstirred autoclaved MilliQ-ultrapure water for the control cores (C),
approximately 10 L of constantly stirred treatment suspension for single
treatment cores (C2, EB), approximately 10 L + 10 L of constantly stirred
treatment suspensions for combined treatments (C2-P, EB-P, where the
CaCOs suspension was applied before the peat suspension) at 50 mL h™!;
and (iii) a final flushing phase with approximately 10 L of unstirred
autoclaved MilliQ-ultrapure water at 50 mL h™!. The initial flushing
phase was used to remove accumulated oxidation reaction products
from the preferential-flow soil macropores before treatment and the
final flushing phase was used to mobilize the remaining suspension and
to reach a new steady state after treatment. All experiments were per-
formed in duplicates using separate soil cores and conducted at 10 °C
with pre-tempered water and treatment suspensions. This temperature is
the average temperature for the soil layer at 70-85 cm below ground
level (Wu et al., 2013) and has also been used in previous experiments
(Hogfors-Ronnholm et al., 2018a, 2020). Separate suspensions were
used for the two replicates (Fig. S2). After the final flushing phase, the
soil cores enclosed by the rubber membranes were removed from the
column apparatus, wrapped in aluminum foil, sealed tightly in plastic
bags to limit oxidation reactions, and incubated for 4 weeks at 10 °C in
the dark. The incubation was used to allow time for also relatively slow
processes, e.g., diffusion, to yield measurable effects of the treatments.

2.4. Permeate analyses

The permeate (i.e., the solution emanating from a soil core sample
during the experiment) represents drainage water under field conditions
and was analyzed during the experiment. Temperature, pH,
temperature-corrected (25 °C) conductivity (), and oxidation-reduction
potential (ORP) versus an Ag/AgCl/KCl (3.5 M) reference electrode
were measured using an YSI Professional Plus instrument (YSI Inc.) and
a flow-through cell (Quatro Cable Flow Cell, YSI Inc.). The measured

ORP values were converted to Eh, i.e., potentials versus the standard
hydrogen electrode (SHE), according to Eh = E (measured ORP) + E
(reference electrode vs SHE). Bates (1973) lists standard potentials for
the Ag/AgCl/KCl (3.5M) electrode at different temperatures and at 10 °C
it is Eh = E (measured ORP) + 215 mV. The presence of dissolved ox-
ygen in the measurements was likely not a concern as Nordstrom et al.
(1979) show that the Eh in stream waters saturated with dissolved ox-
ygen, in the presence of electroactive iron species, is determined by the
ferrous-ferric ratio. Sub-samples of permeates were collected twice a day
for multi-element analysis with inductively coupled plasma optical
emission spectrometry (ICP-OES) at Activation Laboratories LTD, Can-
ada and determination of sulfate concentrations by ion chromatography
(Dionex ICS 1100).

2.5. Treated soil core analyses

2.5.1. Sampling

The soil cores were split open by hand after the four-week incubation
(Fig. 1b) and macropore surfaces plus inner cores were sampled asep-
tically by carefully scraping surfaces and inner cores with a spatula. For
geochemical soil extract analyses, two tubes each of 15 g soil were taken
from the macropore surfaces and from the inner cores and stored at
—20 °C until analysis. For microbial community analyses, two 50 mL
tubes were half filled with soil taken from the macropore surfaces of
each soil core and two tubes from the inner cores. DNA was extracted
immediately after sampling (described below). Excess soil samples from
microbial analyses were used for estimation of dry weight (SFS-EN
12880). The remaining soil cores were stored at —20 °C with limited
access of air and used for energy dispersive x-ray fluorescence (XRF)
analysis.

2.5.2. Geochemical soil extract analyses

Soil samples were stored in 50 mL tubes filled with deoxygenated
MilliQ-ultrapure water at a sediment-water (wet weight) ratio of 1:2.5,
agitated with a Vortex for 1 h, and centrifuged (2000 g, 10 min). The
extract (25 mL) was filtered (0.2 pm) and divided into aliquots for the
analysis of conductivity, Fe?*, and SO4-S. pH was measured in the
remaining unfiltered undisturbed extract with a Hamilton Flatrode
electrode. Due to the risk of oxidation, Fe?* was immediately analyzed
using the 1,10-phenanthroline method based on Fadrus and Maly (1975)
and Hogfors-Ronnholm et al. (2018a). This method incorporates the use
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of NTA (nitrilotriacetic acid) for forming complexes with ferric iron and
thus stabilizing the balance between ferric and ferrous iron. Sulfur in the
extract was measured as SO4-S by ion chromatography by
Lounais-Suomen Vesi Oy, Turku, Finland. To account for dilution ef-
fects, the results were normalized against soil dry weight. The total
amount of Fe?™ and SO4-S in the extract were calculated by multiplying
the concentrations with the total amount of water (including pore
water) and thereafter normalized against soil dry weight. Conductivity
in the extract was corrected to represent the average extract/dry weight
ratio (5.0) assuming a linear relationship between conductivity and
dilution.

2.5.3. XRF analysis

Frozen samples from macropore surfaces and inner cores from each
soil core were analyzed under vacuum by macro-XRF analysis (EDX
3600H Alloy Analyzer, Skyray Instruments, USA). Macropore surface
areas covered with visible CaCO3 deposits (Fig. 1b) were avoided as
thick deposits would attenuate X-ray fluorescence from beneath the
calcite layer. As a reference, at least one inner core sample from each soil
core was prepared by cutting a piece of soil and analyzing immediately.
For each soil core, at least three analyses for each element on a mac-
ropore surface were performed. The matrix effect (de Vries and Vrebos,
2002) was eliminated by presenting the results in a semi-quantitative
manner as the relative increase (RI) defined as:

RI = (Cms - Cio)/Cic (€H)

where Cys is the concentration of a given element on the macropore
surface and Cj¢ is the average reference concentration of the same
element in all inner core samples. Average reference concentrations of
the inner core samples were used since the differences in composition
between the inner core samples were very low and most probably had a
random character.

For micro-XRF mapping, an M4 Tornado p-XRF (Bruker) was used to
analyze a cut surface across an untreated macropore surface. The X-ray
source was an Rh-tube at 50 kV, 600 mA, and no filter was used. Each
point was measured for 50 ms and comprised a full energy dispersive
spectrum that can be interpreted for qualitative and quantitative ana-
lyses. The sample chamber was set at 20 mbar pressure to facilitate
analysis of light elements Na, Mg, Al, and Si (low energy lines).

2.5.4. Microbial community analyses

Microbial cells were isolated from the macropore surface and inner
core samples according to an indirect DNA extraction method
(Hogfors-Ronnholm et al.,, 2018b). Partial 16S rRNA genes were
amplified, the amplicons sequenced on the Illumina MiSeq platform (2
x 300 bp), and the downstream bioinformatics analyzed as reported in
Hogfors-Ronnholm et al. (2018a). Data interpretation and plotting was
performed in R (v. 3.5.1; R Core Team, 2015) using the phyloseq
package (v. 1.20; McMurdie and Holmes, 2013) and the taxonomy was
assigned using the Silva NR database (Quast et al., 2013). The phylo-
genetic tree was constructed by FastTree (v. 2.1.8; Price et al., 2010) and
drawn using iTOL (v. 4.2.1).

2.6. Eh-pH diagrams

The Eh-pH predominance diagram (Fig. 2) for Fe species was drawn
using PhreePlot (http://www.phreeplot.org/). This software contains an
embedded version 3 of the PHREEQC software (Parkhurst and Appelo,
2013). Equilibrium constants were those provided in the wateq4f
database, dated 14 Feb. 2019, and supplied with the PhreePlot software.
For schwertmannite the log K value of 18 was used for the solubility of
the mean composition FegOg(OH)45(SO4)1.6 + 20.8HT — 8Fe +
1.6502_ + 12.84H,0 (Bigham et al., 1996). Concentrations of solution
species were average values measured in the drainage water from the
reference parts of the field described by Dalhem et al. (2019). The
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Fig. 2. Complete sets of recorded experimental pH and Eh results for the
control permeates plotted in a Eh-pH diagram. The figure is a predominance
diagram for the Fe species at 10 °C.

diagram is intended as a qualitative guidance only because of the esti-
mates involved as well as the uncertainties in thermodynamic and
structural information. The diagram is calculated for 10.0 °C, the tem-
perature used in the experiments.

2.7. Statistical analyses

Non-parametric Mann-Whitney U test was used to determine sig-
nificant differences (p < 0.05; IBM SPSS Statistics 25.0) in geochemical
soil extract data and relative microbial abundances between treatments
as well as between macropore surfaces and inner cores within the
treatments. Alpha diversity was calculated as the Shannon diversity
index. One-way ANOVA analysis followed by Tukey multiple compari-
son of means was used to determine significant differences (p < 0.05; R,
v. 3.5.1) in alpha diversity between the control and treatments as well as
between macropore surfaces and inner cores within the treatments. A
principal coordinate analysis (PCoA) plot of beta diversity was calcu-
lated using the weighted UniFrac metric. To analyze the combined
geochemical soil extract and 16S rRNA gene amplicon data, composi-
tional principal component analysis (cPCA) biplots (R, v. 3.5.1) were
used as previously described (Hogfors-Ronnholm et al., 2018a). Due to
experimental limitations resulting in two replicates for permeate mea-
surements, only comparative analyses were performed on these results.

2.8. Data availability

Nucleic acid sequences have the NCBI BioProject accession number:
PRJINA563865.

3. Results and discussion

3.1. Permeate characteristics and biogeochemical environment of control
boreal ASS

3.1.1. Permeates

The pH and Eh values of the control permeates were largely constant
during the experiment (Fig. 3a) and at the end of the experiment the pH
was 4.1-4.2 and the Eh 655-695 mV. The stable pH was probably due to
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Fig. 3. Changes in pH, temperature-corrected (to 25 °C) conductivity (), and oxidation-reduction potential (Eh) (versus SHE) in permeates during passing water and
suspensions of different substances through the soil core: a) MilliQ-ultrapure water; b) C2 CaCOj3 suspension; ¢) Enrich Bio CaCOj3 suspension; d) C2 CaCO3 and peat

suspension; e) Enrich Bio CaCO3 and peat suspension; and f) peat suspension.

the buffering influence of reaction 2 (Wu et al., 2015), here modified to
reflect a mean natural composition of schwertmannite
FegOg(OH)4.8(S04)1.6 (Bigham et al., 1996):

8KFe;(SO,),(OH)q = 3Fes05(OH), 5(SOs), , + 14.4H" + 8K* + 11.2S02"
+9.6H,0
2

The mean composition of schwertmannite was also used in the
construction of the Eh-pH diagram in Fig. 2. Plotting Eh versus pH in a
predominance diagram with respect to iron (Fig. 2), showed that the
boundary between regions of predominance for jarosite and schwert-
mannite occurred at a pH value of 4. This strongly suggested a solution
chemistry controlled by the relationship between the solution and two

solid phases, jarosite and schwertmannite, both shown to be present on
the macropore surfaces of the control soil core samples in a parallel
publication (Yu et al., 2023). The role of jarosite as a buffering substance
has been previously reported (Mosley et al., 2017; Trueman et al., 2020).
Even though the Eh of the system was likely a mixed potential
involving several redox couples in disequilibria, the stability of the Eh
indicates the presence of a redox poising capacity of the system (Grundl,
1994). As shown by Barcelona and Holm (1991), solids can contribute
significantly to a system’s redox poising capacity. Possible ferric species
participating in the stabilization of a high Eh at a pH of 4.1-4.2 could be
potassium jarosite and schwertmannite, the half-reactions being:

KFe;(SOy),(OH)s + 6H' +3e™ = 3Fe’" 42803 + K + 6H,0 3)
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FesO5(OH)SO, -+ 22H" + 8¢~ = 8Fe’" + SO, + 14H,0 @)

The presence of hydrogen ions in Eqgs (3) and (4) indicates a signif-
icant coupling between pH buffering and redox poising (Grundl, 1994).
Both jarosite (e.g., Chu et al., 2006; Keene et al., 2010; Kolbl et al., 2021)
and schwertmannite (e.g., Paikaray, 2021; Schoepfer and Burton, 2021)
can function as electron acceptors. Reaction products in the form of
Fe2+, K", and SO%_ were transported away by the percolating water flow
(Table 1; Fig. 4a). However, schwertmannite is stabilized, at least in the
short term, by adsorbing ions (Paikaray, 2021) that may accentuate the
short-term role of jarosite as an electron acceptor (see also discussion on
treatment effects below and results by Yu et al. (2023) where it is shown
that it is mainly jarosite that is affected by the treatments). There is some
accumulation of manganese on macropore surfaces (Table 2), but the
concentrations were close to the detection limit and consequently the
contribution of Mn to the Eh is likely minor. An important electron
donor was the significant quantities of organic matter in the soil.

The soil core samples used in this work came from an agricultural
field adjacent to the experimental field described by Dalhem et al.
(2019) and was from a layer just above the drainage depth. The per-
meates thus passed through a similar network of preferential-flow
macropores as the groundwater on its way to the subsurface drainage
pipes under field conditions. For comparison, spring and fall measure-
ments of the groundwater in the reference parts of the experimental field
during the years 2015-2022 show an average pH of 3.82 £ 0.09 and Eh
of 626.6 + 26.2 mV (Dalhem et al., 2019 and unpublished results). The
somewhat higher pH and Eh in the experiments described here was
likely a consequence of the continuous flushing out of acid and dissolved
reduced species.

During the experiment, the sulfate concentration decreased in the
control permeates as the ions were flushed out with the water (Fig. 4a).
The metal concentrations e.g., Al, Co, and Ni (Table 1) were highest in
the control permeates and were similar to those in a previous study with
a similar experimental setup (Wu et al., 2015). However, these metal
concentrations were diluted due to the constant water flow through the
preferential-flow macropores in these experiments and therefore much
lower than those found under field conditions (Dalhem et al., 2019).

3.1.2. Macropore surfaces

The pH values of control macropore surface extracts were uniform at
3.7-3.8 (Fig. 5a) while the conductivity varied between 105 and 184 pS
em™! (Fig. 5b). The former supported the hypothesis that pH was
strongly buffered by schwertmannite and jarosite as discussed above.
SO4-S in the control macropore surface extracts (Fig. 5c) showed a
median of 51 mg kg™! that is common for ASS (e.g., Osterholm and
Astrom, 2004). Dissolved Fe?* was below the detection limit (i.e., <0.2
mg kg™1) in the control macropore surface extracts (Fig. 5d), suggesting

Table 1
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that immobilized iron at the preferential-flow macropore surfaces
mainly occurred in the form of Fe3* species.

The macro-XRF analysis showed an enrichment of S and, to a lesser
degree Fe, on the control macropore surfaces (Table 2). This enrichment
effect of S was also seen in the micro-XRF (Fig. S3) analyses where S was
strongly enriched on control macropore surfaces together with Fe.
Furthermore, in the macro-XRF analysis, K was not notably depleted
despite having a similar mobility to the depleted Mg (Table 2). Thus, the
surface-enrichment patterns of S and Fe, and the lack of depletion of K,
strongly supported the hypothesis that these elements were largely
mobilized from inner cores but retained on macropore surfaces due to
formation of jarosite and other iron-sulfate minerals. The lower con-
centrations of Al and Si (Table 2), related to the (phyllo)silicates of the
soil, further suggested that the macropore surfaces were covered by a
layer of secondary material that lacks these elements but suppresses
their X-ray fluorescence from beneath. In a related publication, the
surface minerals were studied using chemical digestion methods as well
as XAS techniques concluding that surface layers were dominated by
schwertmannite and jarosite (Yu et al., 2023).

Data on extracted DNA, 16S rRNA gene reads, and operational
taxonomic units (OTUs; 97% similarity) from the amplicon sequencing
are provided in Table S1. All of the assigned 16S rRNA gene OTUs were
within the Bacteria domain and those populations with >1% relative
abundance represented eight phyla (Fig. S4). This matched the trend of
Archaea species having a generally higher optimal growth temperature.
However, it could also have been influenced by the known bias of the
PCR primers towards Bacteria (Hugerth et al., 2014) as Archaea have
been identified with metagenomics sequencing in boreal ASS
(Hogfors-Ronnholm et al., 2022). Similar to other ASS environments
(Stroud et al., 2014; Su et al., 2017), Proteobacteria (37-55% relative
abundance; Fig. S4) dominated the microbial community composition
on the control macropore surfaces. The most abundant OTUs aligned to
unassigned Gammaproteobacteria KF-JG30-C25 (22-49%; Figs. 6 and
7), recently identified in acid mine drainage (AMD; Arce-Rodriguez
et al, 2019) and in homogenized ASS and thought to have
sulfur-oxidizing capabilities (Hogfors-Ronnholm et al., 2020). OTUs
from the Ktedonobacteraceae family of phylum Chloroflexi were the
second most abundant (9-33%; Fig. 6; Fig. S4), which were most similar
to the uncultured JG30a-KF-32 identified from an Atacama Desert soil
(Fig. 7; Lynch et al., 2012). Other identified OTUs most similar to taxa
with known acidophilic and acid-tolerant species (Figs. 6 and 7)
included unassigned Acidimicrobiia (5-25%), Acidobacteraceae sub-
group 1 (4-6%), and Metallibacterium sp. of the Rhodanobacteraceae
family (0.1-2%) (Brown et al., 2011; Santofimia et al., 2013; Ziegler
et al., 2013).

Overall, the conditions on the control macropore surfaces reflected a
completely oxidized environment that was inhabited by acidophilic and

PH, oxidation-reduction potential Eh (versus SHE), conductivity (c), and the concentration of selected ions and elements in the permeates from the soil cores at the end
of the experiment. Abbreviations are replicate experiments according to C/1 & C/2, water only controls; C2/1 & C2/2, C2 CaCOj3 suspension; EB/1 & EB/2, Enrich Bio
CaCOj3 suspension; C2-P/1 & C2-P/2, C2 CaCO3 and peat suspension; EB-P/1 & EB-P/2, Enrich Bio CaCOj3 and peat suspension; and P/1 & P/2, peat suspension.

Soil core pH Eh [ S0%F S Al K Na Mn Mg Ca Fe Co Ni
mvV nS em™! mgL~! ngL7?

Cc/1 4.2 655 80 20.1 8 0.8 1.3 1.1 0.11 1.3 2.7 40 4 16
C/2 4.1 695 103 24.2 9 0.8 1.9 1.3 0.15 1.6 2.8 50 6 53
C2/1 7.0 533 208 31.8 12 <0.1 0.8 0.5 0.05 1.1 37.9 <10 2 6

C2/2 7.2 432 232 29.4 11 <0.1 1.2 0.7 0.05 1.1 41.6 <10 <2 <5
EB/1 5.9 492 171 47.8 18 0.1 1.2 2.3 0.06 1.2 26.7 <10 3 16
EB/2 6.7 396 267 50.5 18 <0.1 1.3 2.0 0.05 1.4 48.4 <10 <2 <5
C2-P/1 5.2 415 91 29.3 11 0.3 1.2 1.3 0.08 1.4 10 <10 3 10
C2-P/2 6.1 413 116 20.8 8 <0.1 0.8 0.7 0.03 0.8 16.9 <10 2 <5
EB-P/1 5.9 349 90 23.7 9 <0.1 1.3 0.8 0.06 0.9 12.8 <10 3 8

EB-P/2 4.9 501 86 25.3 3 0.1 0.4 0.3 0.02 0.3 3.1 <10 <2 6

P/1 4.6 478 77 24.9 9 0.6 1.6 1 0.1 1.7 4.7 20 4 21
P/2 4.3 642 75 20.0 7 0.7 1.5 0.7 0.08 1.1 3.1 30 4 13
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Fig. 4. Changes in concentration of sulfate ion (Cgo4) and concentration of potassium ion (Cx) in permeates during passing water and suspensions of different
substances through the soil core: a) MilliQ-ultrapure water; b) C2 CaCO3 suspension; ¢) Enrich Bio CaCO3 suspension; d) C2 CaCO3 and peat suspension; ) Enrich Bio

CaCO3 and peat suspension; and f) peat suspension.

acid-tolerant microorganisms equally well adapted to multiple envi-
ronmental stresses as those found in AMD environments (Baker and
Banfield, 2003) and in boreal ASS (Hogfors-Ronnholm et al., 2022). In
addition, these surfaces represent a pool of immobilized oxidation
products in direct contact with percolating pore water where pH and
redox conditions are governed by these compounds.

3.1.3. Inner cores

The pH of control inner core extracts was uniform at pH 3.7-3.8
(Fig. 5a) and the conductivity varied between 104 and 149 pS cm!
(Fig. 5b), with no significant difference (Mann-Whitney U test, p > 0.05)
to the control macropore surface extracts. The median value for SO4-S in
the control inner core extracts was slightly lower (median 42 mg kg™!)
although not significantly different (p > 0.05) than in the corresponding

macropore surface extracts (Fig. 5¢). The concentration of Fe?" in the
control inner core extracts was on average 0.5 mg kg™! (Fig. 5d) and
significantly higher (p < 0.05) than in control macropore surface ex-
tracts, indicating that inner cores served as a Fe2* source. As ferrous iron
diffuses towards a macropore surface it can be oxidized and included in
solid ferric iron phases on the surface or if conditions allow, it can be
taken up by pore water and transported away in a drainage flow,
contributing to the relatively high (in comparison to the treatments)
total Fe concentrations in the control permeate (Table 1).

No statistically significant difference was found in the microbial
alpha diversity when comparing control macropore surface samples
with inner core samples (one-way ANOVA plus Tukey posthoc test, p >
0.05; Fig. S5a) or in the beta diversity PcoA (Fig. S5b). The microbial
community composition in the control inner core samples was also
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Table 2
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Relative increase (RI) of elements on macropore surfaces compared to the same element in inner cores. Abbreviations are replicate experiments according to C/1 & C/
2, water only controls; C2/1 & C2/2, C2 CaCO3 suspension; EB/1 & EB/2, Enrich Bio CaCO3 suspension; C2-P/1 & C2-P/2, C2 CaCO3 and peat suspension; EB-P/1 &

EB-P/2, Enrich Bio CaCO3 and peat suspension; and P/1 & P/2, peat suspension.

Experiment Mg Al Si Mn S K Ca Fe

C/1 —0.95 —0.30 —0.30 0.00 26.13 —-0.05 —-0.07 0.65
C/2 —0.79 —0.31 —0.27 0.83 27.39 —-0.05 -0.18 2.10
Cc2/1 -0.23 -0.29 -0.26 0.30 20.17 -0.10 0.28 1.57
C2/2 —-0.30 —-0.39 —-0.34 0.34 3.73 —0.06 3.08 0.85
EB/1 -0.78 -0.16 —0.18 0.14 10.52 —-0.01 0.23 0.64
EB/2 -0.67 —0.20 -0.18 0.46 10.25 —0.04 0.68 1.71
C2-P/1 -0.67 -0.21 —0.15 0.30 8.17 0.07 0.12 0.74
C2-P/2 -0.72 -0.17 —0.20 0.34 11.06 —-0.02 0.20 1.15
EB-P/1 -0.90 -0.35 -0.39 0.21 32.62 —-0.21 —0.09 1.53
EB-P/2 —0.59 —0.14 -0.14 0.05 8.42 0.05 0.19 0.60
P/1 —0.55 —0.15 -0.11 0.09 8.08 0.01 —-0.01 0.45
P/2 —0.34 -0.12 —0.10 0.16 6.74 0.01 —0.04 0.51

@ RI = 0 means no change, RI > 0 means accumulation of the element on the surface, RI < 0 means depletion of the element on the surface.

a

8,0+
70+
- 6,0 +
[oF
50+

401

N2 R0 12 ARG R0 42 APNE RO 42 49 NP KO (2 APRD RO 12 PN RO 42 49
6

Cc2 EB C2-P EB-P P

3,0

SO,-S(mgkg”) o
= - N N
o [ o (&)
i~

[
o
|
t

K2 R0 42 AN X9 42 APND KO 2 A N2 KO 12 NG RO 12 (N R0 42 i9

C C2 EB C2-P EB-P P

600+
500+
400+
300+

o (uS cm™)

200+

100+

N2 R0 42 AP R0 42 4PN RO 42 19 RO RO 4P (9 NE RS P (ON

C Cc2 EB C2-P EB-P P

o}

Fe? (mg kg™)

K2 R0 (2 APND RO 42 APND RO 42 49 KD KO 12 ARG RO 2 AP R0 42 P

Cc C2 EB C2-P EB-P P

Fig. 5. pH (a), conductivity (c; b), SO4-S (c), and ferrous iron (d) in soil extracts of ASS control samples along with treated soil columns. The experiments were
carried out in duplicates with the x-axis abbreviations: C, water only controls; C2, C2 CaCO3 suspension; EB, Enrich Bio CaCO3 suspension; C2-P, C2 CaCO3 and peat
suspension; EB-P, Enrich Bio CaCO3 and peat suspension; and P, peat suspension. All analyses were carried out on duplicate samples from macropore surfaces (grey
bars) and inner cores (black bars) from replicate treatments, giving four measurements per treatment (1a, 1b; duplicate samples from replicate 1 and 2a, 2b; duplicate

samples from replicate 2).

dominated by Proteobacteria (53-69% relative abundance; Fig. 6),
especially by OTUs belonging to the unassigned Gammaproteobacteria
KF-JG30-C25 family (43-59%; Fig. 6). Other abundant OTUs were the
same as in the control macropore surface samples, such as OTUs from
the Ktedonobacteraceae family (6-30%), unassigned Acidimicrobiia
(8-12%), Acidobacteraceae, subgroup 1 (2-5%), and from the Rhoda-
nobacteraceae family (0.2-0.7%; Fig. 6).

Overall, the conditions in the control inner cores reflected a partially
oxidized environment and suggested that ASS inner cores gradually
leached sulfuric acid and ferrous iron to the environment, in part by way
of macropore surface solid phases, and in part by directly entering
percolating macropore flow.

3.2. Mitigation effects after treatment of boreal ASS

3.2.1. Permeates

After C2, EB, C2-P, and EB-P treatments, the permeates showed an
increased pH (likely due to H' ion consumption; Eq. (5)) and conduc-
tivity (Table 1, Fig. 3b—e).

CaCOs +2H" = Ca** + H,0 + CO, (5)

The slightly lesser pH increase in permeates from C2-P and EB-P
treatments compared to C2 and EB treatments (Table 1) likely re-
flected the lower CaCOs concentration in these treatment suspensions.
The decrease in permeate Eh in C2, EB, C2-P, and EB-P treatments
(Table 1, Fig. 3b-e) was similar to that found in drainage water from
fields treated with CaCOj3 suspensions (Dalhem et al., 2019). This
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Fig. 6. Microbial community structure (>1% relative abundance) on family level. Abbreviations are replicate experiments according to C, water only controls; C2,
C2 CaCO3 suspension; EB, Enrich Bio CaCOj3 suspension; C2-P, C2 CaCO3 and peat suspension; EB-P, Enrich Bio CaCO3 and peat suspension; and P, peat suspension.
All 16S rRNA gene amplicon sequencing was carried out on duplicate biological replicates from macropore surfaces and inner cores from replicate treatments, giving
four stacked bars per treatment (1a, 1b; duplicate samples from replicate 1 and 2a, 2b; duplicate samples from replicate 2).

treatment-induced drop in Eh indicated a change in the main redox
couple in the system. In fact, the pH increase brought about by C2, EB,
C2-P, and EB-P treatments most likely converted jarosite into a Fe(III)
oxyhydroxide such as lepidocrocite in treatments with CaCOs, and fer-
rihydrite in treatments involving peat (Vithana et al., 2015; Kolbl et al.,
2021; Yu et al., 2023):

KFe;(OH),(SO5), = 3FeOOH + K* + 2SO0 + 3H* (6)

The drop in Eh coincided with the elimination of jarosite from
macropore surfaces, but a possible casual connection remains to be
established.

The resulting Eh after treatments, 349-533 mV (Table 1), was below
the stability region of schwertmannite (Fig. 2), and the conclusion is that
schwertmannite remaining on the macropore surfaces was largely stable
both towards reduction and pH-induced transformation under the con-
ditions and timescale of these experiments. The treatments also brought
about a sharp decrease in iron in solution (Table 1). This may be due to
the pH increase, favoring the formation of ferric oxyhydroxides if a
suitable electron acceptor was available (assuming dissolved iron is
largely in the ferrous form and has to be oxidized before forming ferric
oxyhydroxide). However, as is discussed below regarding the macropore
surfaces, surface adsorption of Fe?" was clearly taking place. The P
treatment resulted in only a minor permeate pH increase but a decrease
in Eh in one replicate compared to the control permeates (Table 1,
Fig. 3f), suggested a possible reducing effect by the P treatment. The
SO7~ and K" concentrations, as well as the conductivity, in the

permeates from the C2, EB, C2-P, and EB-P treatments strongly
increased after the change from water to CaCOj3 suspension (Fig. 3b—e,
4b-e), indicating a mobilization of S0%~ and K. No increase in SOF~ and
K* concentrations or conductivity was seen after addition of peat in the
C2-P and EB-P treatments or in the P treatment (Fig. 3d-f, 4d-f). The
decrease in total Fe concentrations observed in the permeates after C2,
EB, C2-P, and EB-P treatments (Table 1) agreed with Eqs (2) and (6)), i.
e., iron was immobilized while sulfate was mobilized. Metal concen-
trations, e.g., Al, Mn, Co, and Ni also decreased in the permeates after
C2, EB, C2-P, and EB-P treatments (Table 1). The decrease in permeate
metal concentrations in the C2 and EB treatments was likely due to the
pH increase that decreased the solubility of metal hydroxides and car-
bonates (Palko and Weppling, 1994) and due to the adsorption of metal
ions onto minerals (e.g., calcite) that further decreased metal ion
mobility (Al et al., 2000). In the C2-P and EB-P treatments, the decrease
in permeate metal concentrations was most likely due to both the pH
increase and the metal retention capacity of the peat
(Hogfors-Ronnholm et al., 2018a, 2020). However, since the cation
exchange capacity of peat is considerably decreased at low pH (Puust-
jarvi and Robertson, 1975), the P treatment alone only affected the
permeate metal concentrations moderately, with a slight decrease in Fe
and Mn concentrations (Table 1).

Overall, the quality of the permeates was improved by the treat-
ments. After treatments containing only CaCO3, permeates showed pH
values close to neutral and low metal concentrations and Eh values were
low. After combined treatments with CaCO3 and peat, the increase in pH
was more moderate while Eh and metal concentrations were still low.
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Fig. 7. Maximum likelihood (unrooted) phylogenetic tree (100 x bootstrap) and heat map of reference sequences from the NCBI database along with OTUs (>5%
relative abundance) from the 16S rRNA gene sequencing. Abbreviations are replicate experiments according to C, water only controls; C2, C2 CaCO3 suspension; EB,
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replicate 1 and 2a, 2b; duplicate samples from replicate 2). Grey scale denotes percentage relative abundance of the OTUs and the scale bar gives the number of

substitutions per site.

Pure peat treatments had only a minor effect on pH, Eh, and metal
concentrations within the timescale of the experiments.

3.2.2. Macropore surfaces

Surfaces of preferential-flow macropores were directly accessible to
the flowing solutions/suspensions and treatment effects on both chem-
istry and microbiology were clearly detectable. After the experiments, it
was evident that both CaCO3 and peat particles readily adsorbed to the
macropore surfaces (Fig. 1b). The accessible surface area of the highly
porous and heterogeneous macropore surface may be larger for the
comparatively small CaCOj3 particle diameter (median 0.3 pm) used in
the EB treatment as compared to the C2 treatment (median particle
diameter 2.5 pm). The smaller particles may be able to reach otherwise
inaccessible parts in the form of micropores of the macropore surface.

After all treatments, there was a significant (Mann-Whitney U test; p
< 0.05) pH increase in macropore surface extracts to 7.3-7.4 for C2,
6.8-7.1 for EB, 5.8-7.4 for C2-P, 6.0-7.1 for EB-P, and pH 4.3-5.3 for P
as compared to the control macropore surface extracts (Fig. 5a). The
slightly lower extract pH seen in treatments involving EB as compared to
treatment involving C2, may be due to a much larger surface area and
thus, more jarosite/schwertmannite accessible to the EB suspension. The
acidification accompanying the SO4-S mobilization that follows jarosite
conversion to Fe(Ill) oxyhydroxide (Eq. (6)) may be responsible for this.
A pure P treatment raised the pH in the permeate and the macropore
surface extract above that of the peat suspension (pH 3.8) itself. A pH
increase was also observed in a long-term incubation experiment with

10

dried and milled common reed leaf mixed into ASS (Michael et al.,
2015). The EB, C2-P, and EB-P treatments showed a significant (p <
0.05) increase of SO4-S in macropore surface extracts (medians of 178,
84, and 188 mg kg !, respectively) compared to control macropore
surface extracts (Fig. 5c). The median SO4-S after C2 treatment was
higher (median of 97 mg kg ™), but not significantly different (p > 0.05)
from the untreated samples due to large within treatment variation
(Fig. 5¢). A similar SO4-S mobilization effect was seen when C2 and EB
were mixed with homogenized ASS (Hogfors-Ronnholm et al., 2018a,
2020). Once again, the smaller particle size may explain why treatments
with EB were much more efficient in mobilizing SO4-S than treatment
with C2. On the other hand, the P treatment showed a significant (p <
0.05) decrease of SO4-S in macropore surface extracts (median of 30 mg
kg~ 1) compared to control macropore surface extracts (Fig. 5¢). Signif-
icantly increased (p < 0.05) Fe?" concentrations were found in macro-
pore surface extracts after C2, EB, and C2-P treatments compared to
control macropore surface extracts (Fig. 5d). There was an indication
that EB-P and P treatments may increase Fe?" concentrations but the
difference was not statistically significant due to the large within
treatment variations (Fig. 5d). The mobilization of Fe?* in surface ex-
tracts was surprising. The macropore surface is an environment where
ferric iron is expected to dominate, as was the case in the control mac-
ropores. However, as ultrafine-grained CaCOs is adsorbed onto macro-
pore surfaces, ferrous iron will be scavenged from the pore water and
adsorbed and/or precipitated onto the CaCO3 particles (Al et al., 2000).
The effects of the C2, EB, C2-P, and EB-P treatments were also observed
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in the macro-XRF analysis of macropore surfaces (Table 2). There was a
decreased surface accumulation of S at the macropore surfaces,
compared to controls, while the Fe accumulation remained approxi-
mately the same. This is in agreement with the results by Yu et al.
(2023), where jarosite is shown to have been largely converted to lep-
idocrocite. The minor increase of calcium at the macropore surfaces
after C2, EB, C2-P, and EB-P treatments was probably due to some re-
sidual CaCO3 adsorption (even though areas without visible adsorption
were chosen for these analyses). On the other hand, in the P treatments
there was a decreased surface accumulation for both Fe and S (Table 2)
compared to the controls. This may reflect the electron-donating ca-
pacity of peat (Aeschbacher et al., 2012) in combination with a rela-
tively stable pH which contributed to some reductive dissolution of
ferric surface layers during the treatments thus mobilizing both S and Fe
(Egs (3) and (4)).

No statistically significant differences (p > 0.05) were found in the
microbial community alpha diversities when comparing macropore
surface samples of the C2 and EB treatments with control macropore
surface samples (Fig. S5a). In the beta diversity, only variation over the
second minor axis could be seen (Fig. S5b). On the macropore surfaces of
the C2 and EB treatments, Proteobacteria (29-63% relative abundance;
Fig. S4) and Chloroflexi (6-37% relative abundance) dominated the
relative community composition with the most abundant OTUs aligning
to KF-JG30-C25 (4-55%) and JG30a-KF-32 (2-36%; Fig. 6), respec-
tively. These relative abundances did not differ significantly (p > 0.05)
from the relative abundances of the same OTUs found in the macropore
surface samples of the control. Other OTUs found on control macropore
surfaces were also identified on the macropore surfaces of the C2 and EB
treatments, such as Metallibacterium sp. (0.1-44%), unassigned Acid-
imicrobiia (3-13% abundance), and the Acidobacteraceae, subgroup 1
(2-12%; Figs. 4 and 5). These relative abundances did not either differ
significantly (p > 0.05) from the relative abundances of the same OTUs
found on the control macropore surfaces, suggesting a similar microbial
composition on control and on C2 and EB treated macropore surfaces
although they were found to have diverse geochemical environments.

However, statistically significant differences (p < 0.05) were found
in the alpha diversities when comparing macropore surface samples of
the C2-P, EB-P, and P treatments with control macropore surface sam-
ples (Fig. S5a). In the beta diversity, variation over the first major axis
could also be seen (Fig. S5b) and the relative community composition on
the C2-P, EB-P and P treated macropore surfaces were dominated by
members of phylum Bacteroidetes (37-84% relative abundance; Fig. S4)
instead of Proteobacteria. In all macropore surface samples of the C2-P
and EB-P treatments, the relative abundances of the KF-JG30-C25 OTUs
were considerably decreased (3-26%) compared to the control macro-
pore surfaces (Fig. 6). However, this decrease was only significant (p <
0.05) in the EB-P treatment compared to the control. On the macropore
surfaces of the C2-P and EB-P treatments, Chitinophagaceae family
OTUs aligning to uncultured Sediminibacterium sp. (7-79%; Figs. 6 and 7;
Katsaveli et al., 2012), and Sphingobacteriaceae family OTUs, aligning
to uncultured Mucilaginibacter sp. (0.1-50%; Figs. 6 and 7) previously
identified in AMD in Svalbard (Garcia-Moyano et al., 2015) were
significantly increased (p < 0.05) compared to the control. A possible
explanation for the shift from a control macropore surface KF-JG30-C25
dominated community to a C2-P and EB-P macropore surface Sed-
iminibacterium sp. dominated community could be the latter species’
growth at neutral pH values utilizing the abundant organic acids in peat
as electron donors (Kang et al., 2014; Reddy and DeLaune, 2008)
coupled to the toxicity of pH values > 5 and organic acids to acidophiles
(Fang and Zhou, 2006; Hogfors-Ronnholm et al., 2018a). It should be
noted that the relative abundance of Chitinophagaceae and Sphingo-
bacteriaceae OTUs found in the peat were negligible (data not shown)
and that these species were also found in the control, C2, and EB
treatments suggested the peat itself was an unlikely source for these
OTUs. The conditions on the C2-P and EB-P macropore surfaces were
also favorable for other neutrophiles (microorganisms with a near
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neutral pH optimum for growth) such as OTUs from the Oxalobacter-
aceae (1-17% in C2-P and EB-P samples) and Pseudomonadaceae
(6-13% in EB-P samples) families (Fig. 6). The C2-P and EB-P treat-
ments of macropore surfaces were therefore sufficient to alter the mi-
crobial communities away from acidophiles likely to catalyze PASS
oxidation (Wu et al., 2013; Hogfors-Ronnholm et al., 2022). On the
macropore surfaces of the P treatments, Mucilaginibacter sp. (37-70%
relative abundance) of the Sphingobacteriaceae family and
KF-JG30-C25 group (19-45%) OTUs were dominant (Figs. 6 and 7). This
indicated that Mucilaginibacter sp., which are low temperature chemo-
organotrophic species that tolerate slightly acidic environments
(Mannisto et al., 2010), were able to utilize a carbon source in the peat
(Pankratov et al., 2007). Although the geochemical data indicated some
Fe3* reduction on the macropore surfaces of the P treatments, no known
iron-reducing bacteria could be identified. This was most likely because
the taxonomy assignment method used in this study was unable to assign
all OTUs on a species level.

The key driver that divided the macropore surface samples over the
first major axis in the cPCA biplot was the presence of peat (Fig. 8a). The
macropore control and P treatment surface samples were further sepa-
rated from the C2, EB, C2-P, and EB-P treated macropore surface sam-
ples over the second minor axis by pH, Fe?*, and conductivity links
directed towards the C2, EB, C2-P, and EB-P treated samples. C2-P and
EB-P treated macropore surface samples were furthermore separated
from P treated samples over the second minor axis by Sediminibacterium
sp. and Mucilaginibacter sp. links.

3.2.3. Inner cores

The treatments affected the macropore surfaces considerably, which
led to a difference between inner cores and macropore surfaces
regarding concentrations of e.g., H' and SO4-S (Fig. 5). These differ-
ences were not found in the untreated controls. As a result, steep con-
centration gradients between macropore surfaces and inner cores were
formed by the treatments, both directly and indirectly. Direct effects can
be e.g., the neutralization reaction in Eq. (5) establishing a pH gradient
and ion-exchange effects. Indirect effects are induced transformations
such as Eq. (6) where an equilibrium is massively disturbed by the
treatments. The new gradients may, at least temporarily, reverse the
direction of diffusional transport of some substances between inner
cores and macropore surfaces.

There was a moderate, but significant (p < 0.05) pH increase in inner
core extracts after all treatments compared to the control inner core
extracts (Fig. 5a) with pH 4.2-5.1 for C2, pH 4.1-5.0 for EB, 4.2-5.1 for
C2-P, 4.4-4.9 for EB-P, and 4.1-6.2 for P. However, in contrast to the
close agreement between macropore surface and inner core pH values in
the controls, the pH of C2, EB, C2-P, and EB-P treated macropore sur-
faces were significantly (p < 0.05) higher than the pH of corresponding
inner cores. No significant (p > 0.05) difference was found in pH be-
tween P treated macropore surfaces and inner cores (Fig. 5a). This
indicated that the CaCO3 component of the C2, EB, C2-P, and EB-P
treatments was able to initially increase the pH of the macropore sur-
faces considerably and secondarily moderately increase the pH of inner
cores. The effect on inner cores would be through diffusion, a much
slower process, and therefore moderate on the time scale of these
experiments.

The median values for SO4-S in all treated inner core extracts, except
for the C2 treatment, were significantly lower (p > 0.05) than in the
corresponding macropore surface extracts (Fig. 5c). However, the C2
treatment showed a significant (p < 0.05) increase of SO4-S (median 76
mg kg™1), while the EB treatment showed no significant increase of
S04-S (median 67 mg kg™ 1) in inner core extracts compared to control
inner core extracts (Fig. 5¢). The SO4-S in C2-P and EB-P treated inner
cores (median 29 and 19 mg kg™!, respectively) were not significantly
different compared to control inner cores. In contrast, the P treatment
showed a significant (p < 0.05) decrease of SO4-S in inner core extracts
(median 14 mg kg’l) compared to control inner core extracts (Fig. 5c).
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Fig. 8. Biplot from the compositional principal component analysis of the soil geochemical and microbiological parameters from a) macropore surface and b) inner
core control samples (C, red), macropore surface samples treated with CaCO3 suspension (C2, light blue), Enrich Bio CaCO3 suspension (EB, blue), C2 CaCO3 and peat
suspension (C2-P, light green), Enrich Bio CaCO3; and peat suspension (EB-P, green) and peat suspension (P, pink). All geochemical and microbiological analyses
were performed on duplicate samples from replicate treatments, resulting in four samples per treatment (1a, 1b; duplicate samples from replicate 1, and 2a, 2b;

duplicate samples from replicate 2).

As SO4-S was mobilized at the surfaces in treatments with CaCOs, the
direction of the diffusional transport of sulfur was likely temporarily
reversed due to the formed concentration gradient. This may explain the
increased SO4-S concentrations in the inner cores. Earlier work with
homogenized ASS (Hogfors-Ronnholm et al., 2018a, 2020) showed
S04-S mobilization in connection with C2, EB, and C2-P treatments. As
the major SO4-S mobilization effect in this work was seen in C2, EB,
C2-P, and EB-P treated macropore surface samples but less so in inner
core samples, the present study confirmed that the main source of the
mobilized SO4-S was the sulfur that had accumulated on the ASS mac-
ropore surfaces. This was in agreement with results of Yu et al. (2023)
showing the near-complete conversion of jarosite to Fe(IIl)
oxyhydroxide.

Interestingly, peat inhibited this phenomenon, and even contributed
to a decrease of SO4-S in inner cores of the P treatments. Presently it is
not possible to say whether the decrease in SO4~S was due to sulfate
reduction as, with the methods used in this study, no known sulfate
reducing bacteria could be identified in the soil from P treated inner
cores as discussed below. No statistically significant difference (p >
0.05) was found when comparing Fe?* concentrations in the C2, EB,
C2-P, EB-P, and P treated inner core extracts (Fig. 5d) to Fe®" concen-
trations in the control inner core extracts. Nor was a statistically sig-
nificant difference found in the Fe?* concentrations when comparing
C2, EB, C2-P, EB-P, and P treated inner core samples with corresponding
macropore surface samples.

No statistically significant differences were found in the microbial
alpha diversities when comparing C2, EB, C2-P, EB-P, and P treatment
inner core samples to control inner core samples (p > 0.05; Fig. S5a).
However, in the beta diversity biplot (Fig. S5b), variation over the first
major axis was observed and the relative community composition in the
EB-P and P treated inner cores were less dominated by members of
phylum Proteobacteria (26-73% relative abundance; Fig. S4) than in the
control and C2, EB, and C2-P treated inner cores (53-80%). A significant
difference was also found in the microbial alpha diversity when
comparing C2-P treated macropore surface samples with corresponding
inner core samples (p < 0.05; Fig. S5a). For the other treatments, no
significant difference (p > 0.05) in the microbial alpha diversity could be
found when comparing macropore surface samples to corresponding

12

inner core samples.

Just as on the macropore surfaces of the C2 and EB treatments, the
relative microbial community composition of C2 and EB treated inner
cores was dominated by OTUs aligning to the unassigned Gammapro-
teobacteria KF-JG30-C25 family (27-46%) and the JG30a-KF-32 from
the Ktedonobacteraceae family (6-22%; Fig. 6). These relative abun-
dances did not differ significantly (p > 0.05) from the relative abun-
dances of the same OTUs found in the control inner cores, which
indicated that the pH increase caused by the C2 and EB treatments
(Fig. 3a) had no substantial impact on the relative abundance of the KF-
JG30-C25 population inhabiting the macropore surfaces nor the inner
cores of the ASS. However, other dominating OTUs belonging to the
Oxalobacteraceae family (6-39%) and the Caulobacteraceae family
(2-8%; Fig. 6) were found in C2 and EB treated inner cores. These
relative abundances were significantly higher (p < 0.05) compared to
the relative abundances of the same OTUs found in the control inner
cores. The Oxalobacteraceae OTUs aligned most closely to taxa living in
pH neutral soils (Fig. 7; Garrity et al., 2015). Species of the Caulo-
bacteraceae family are chemo-organotrophs that can be found in a range
of habitats, e.g., in soil (Abraham et al., 2014). The relative microbial
community composition of the C2-P, EB-P, and P treated inner cores
were dominated by OTUs aligning to the unassigned KF-JG30-C25
family (7-72%) and the unassigned Acidimicrobiia (2-47%; Fig. 6).
The KF-JG30-C25 relative abundances in the EB-P and P treated inner
cores did not differ significantly (p > 0.05) from the relative abundances
found in the control inner cores. However, the KF-JG30-C25 relative
abundances were significantly higher (p < 0.05) in the C2-P treated
inner cores compared to the control inner cores. The relative abun-
dances of the Acidimicrobiia OTUs in the C2-P, EB-P and P treated inner
cores did not differ significantly (p > 0.05) from the relative abundances
found in the control inner cores. Other dominating OTUs belonging to
Mucilaginibacter sp. (0.3-41%) and Acidobacteraceae subgroup 1 (2-6%;
Figs. 5 and 6) were also found in the C2-P, EB-P, and P treated inner
cores. Although the P treatments decreased SO4-S leaching from inner
cores, no known sulfate reducing bacteria could be identified. This was
most likely because the taxonomy assignment method used in this study
was unable to assign all OTUs on a species level. The results from the
inner cores suggested that, although the pH increase in the samples did
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not affect the relative abundance of most abundant acidophilic bacterial
populations present, the low abundance populations were affected. It
can thereby be concluded that as in AMD environments (Kuang et al.,
2013), pH was highly important in structuring the overall boreal ASS
microbial community.

In the cPCA biplot, the inner core extract variables (i.e., pH, o, Fe2+,
and SO4-S) were close to the center of the biplot (Fig. 8b) indicating that
the geochemical environment was similar in all inner cores. The key
driver that divided the inner core samples over the first major axis in the
cPCA biplot was the presence of peat. The inner cores are not directly
accessible via macropores and instead transport into and out from the
inner cores is dominated by diffusion (Yong, 2003). It was therefore not
surprising that treatment effects on chemical species and populations of
microorganisms were mild at the time scale of this work. However, a
statistically significant pH increase in C2, EB, C2-P, EB-P, and P treated
inner core extracts showed that transport was indeed taking place. An
increase in SO4-S in inner core extracts with C2 and EB treatments
indicated that treatments mainly targeting macropore surfaces and
mobilizing SO4-S there, also affected inner cores. It was likely that
mobilized SO4-S diffused from the surface into the inner core. Peat had a
negative effect on SO4-S concentrations of inner core extracts, irre-
spective of whether SO4-S had been mobilized at the surface (C2-P and
EB-P treatments) or if SO4~S had been diminished at the surface (P
treatment).

These facts, in combination with a lack of mobilized SO4-S in the
permeate after a P treatment and evidence of a conversion of jarosite to
Fe(III) oxyhydroxide (which should mobilize SO4-S) shown by Yu et al.
(2023), point towards a possible sulfate reduction. However, as no
sulfate-reducing bacteria could be identified in this work, the exact
mechanism behind this reduction in SO4-S concentrations is presently
unknown.

4. Conclusions

This study presents novel data regarding the diverse biogeochemical
properties of macropore surfaces and inner cores of a boreal ASS. The
results highlight the all-important role of the macropore surface in a
mature ASS and in the control experiments showed a remarkable sta-
bility of both pH and Eh of the pore water. It is hypothesized that the
stability was provided by solid compounds on the macropore surfaces.
Future studies must provide estimates of the contribution to the pH
buffering capacity as well as the redox poising capacity of these
macropore-surface compounds. This information is of relevance espe-
cially in the planning of a remediation of acid sulfate soils by flooding,
treatment with alkaline amendments, and/or supplying electron donors
in the form of organic matter.

The main properties of ASS drain water are thus determined by the
macropore surfaces it has been in contact with. This leads to the
conclusion that methods aimed at mitigating the negative environ-
mental effects of ASS drainage must target the soil macropore surfaces.
In this work, it has been shown that macropore surfaces can be targeted
by passing a suspension of CaCOs and/or peat through the system of
preferential-flow macropores in the soil. Microbial community analysis
suggested a shift towards species typically growing at circumneutral pH
on the treated macropore surfaces but a largely unchanged community
within the soil inner cores.
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