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Abstract

Fine-grained hypermonosulfidic sediments are widespread on the coastal

plains of the northern Baltic Sea that when drained, cause the formation and

dispersion of acid and toxic-metal species. In this study, a 30-month laboratory

oxidation experiment with such a sediment was performed in incubation cells.

To minimize or prevent acidification, limestone was applied in two grain sizes:

agricultural limestone with particles that were all <3.15 mm and half of them

<0.80 mm, and fine-grained limestone with a median grain size of 2.5 μm. The

amount of limestone applied corresponded to the theoretical acidity contained

in the sulfides, as well as four times that amount. Another treatment included

addition of peat to the low limestone dose to test its effects on immobilizing

sufhur and metals. The pH of the drainage water and solid phase decreased to

pH <4.0 in the control, and to pH <5.0 in the coarse-grained low-limestone

treatment, but remained near-neutral in the other treatments. Hence, the fine-

grained limestone effectively hindered acidity formation in contrast with the

coarse-grained limestone when applied in amounts corresponding to the

potential acidity held in the sulfides. The limestone treatments further overall

decreased the rate of pyrite oxidation, slowed down the movement of the oxi-

dation front, strongly minimized the formation of dissolved and solid-phase

labile Al, and caused formation of gypsum as well as more labile secondary

Fe(III) phases than corresponding Fe phases formed in the control. The lime-

stone and peat treatments also caused shifts in the 16S rRNA gene-based

microbial communities, where the control developed acidophilic iron and sul-

fur oxidizing communities that promoted acidity and metal release. Instead,

the limestone-treated unacidified incubations developed acid tolerance to neu-

trophilic communities of iron and sulfur oxidizers that promoted sulfate for-

mation without acidity release. The results showed that limestone treatments
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have several biogeochemical effects, and that using a fine-grained limestone as

amendment was favourable in terms of minimizing acidity formation and

metal release.
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1 | INTRODUCTION

Metastable iron sulfides, which are generally defined by
dissolution in acid and thus called ‘acid volatile sulfide’
(Rickard & Morse, 2005), are thermodynamically unsta-
ble relative to pyrite (FeS2), but despite this, can persist
in large quantities over geological time scales. Such a sit-
uation occurs on the coastal plains of the Gulf of Bothnia
where fine-grained sediments containing metastable iron
sulfides and/or pyrite cover up to 10,000 km2 in Finland
(Edén et al., 2023) and an area probably of similar size in
Sweden (Nyman et al., 2023). Although studies are few, it
seems like the most common situation is co-occurrence
of the minerals (Boman et al., 2008, 2010). These sedi-
ments were formed under reducing conditions in shallow
waters of the Baltic Sea during Holocene. Owing to iso-
static land uplift following the melting of the Weichselian
ice sheet in the late Pleistocene, they are now found in
the terrestrial landscape. The mineralogy and chemistry
of the metastable iron sulfides in these sediments are
poorly known, with the few existing analyses showing
disseminated fine-grained (<30 μm) crystals with an
average elemental composition of FeS1.1 indicative of a
mixture of mackinawite and greigite (Boman et al., 2008).
A possible reason as to why these minerals have been
preserved in large quantities is that a combination of low
availability of sulfate due to brackish water conditions
and high availability of Fe due to unusually high Fe con-
centrations in incoming rivers and creeks (Salminen
et al., 2005) result in aqueous and sedimentary settings
with high Fe to S ratios favouring monosulfides (Boesen
& Postma, 1988). This hypothesis is supported by the
strong dominance of acid-volatile sulfide relative to pyrite
along with a large pool of non-sulfidized Fe(II) in recent
estuarine sediments in the region (Yu et al., 2015).

Severe environmental problems arise when the sulfide-
rich sediments around the Gulf of Bothnia are artificially
drained and disturbed. This occurs via (i) large networks of
open and subsurface drains to allow for agricultural cultiva-
tion, (ii) excavation and removal during infrastructure and
urban development as the sediments have poor geotechnical
properties, and (iii) dredging in shallow water estuaries and
near coastal areas. The direct impact of these activities is the
formation of highly acidic soils, referred to as acid sulfate

soils, with typical far-reaching off-site environmental effects.
These effects include acidification and metal contamination
of surface waters (Edén et al., 1999; Joukainen & Yli-
Halla, 2003; Lindgren et al., 2022) with associated ecological
deterioration (Toivonen et al., 2020) and metal pollution of
estuarine settings (Åström et al., 2012; Nordmyr et al., 2008;
Yu, Turner, et al., 2024) as well as sea sediments (Virtasalo
et al., 2020). Attempts to neutralize the agricultural acid sul-
fate soils via various liming strategies (Åström et al., 2007;
Björkqvist & Weppling, 1987) and hydrological controls
(Bärlund et al., 2005; Österholm et al., 2015) have so far
more or less failed on a regional scale. Furthermore, a recent
example of liming of disposed dredged masses failed as the
pH dropped to 3.0 (Johnson et al., 2022). Laboratory-based
experiments measuring physicochemical variables before
and after a defined period of oxidation have provided some
insight into the general mechanisms of acidity formation
and metal release when these sediments are oxidized
(Åström & Björklund, 1997; Kronberg et al., 2024; Mattbäck
et al., 2022; Peltola & Åström, 2002). However, there is no
knowledge on how the formation of acidity and metal
release develops over time, and how liming in various
doses and grain sizes can prevent development of environ-
mentally unfriendly soil conditions.

Acidophilic microorganisms have long been known
to inhabit acid sulfate soil settings. For example, Wik-
lander et al. (1950) described that the sulfur oxidation

Highlights

• Fine-grained limestone effectively prevents
acidification of oxidizing hypermonosulfidic
sediment.

• Adding limestone to oxidizing hypermonosulfi-
dic sediment decelerate pyrite oxidation and
suppress the redox.

• Adding peat, in addition to limestone, to oxi-
dizing hypermonosulfidic sediment causes a
decline in pH and Fe retention.

• Maintenance of high pH hinders development
of acidophilic microbial taxa, but not neutro-
philic iron and sulfur oxidizers.
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reaction ‘is both of a chemical and biological nature’.
Later, Acidithiobacillus spp. were identified in these
soils (Arkesteyn, 1980) as well as Acidithiobacillus genus cell
numbers were shown to correlate to metal and acid discharge
from the soils (Niemela & Tuovinen, 1972). It is now known
that acidophiles are responsible for a major part of the oxida-
tion pathway whereby metal sulfides in acid sulfate soils are
converted to ferric-iron compounds and sulfuric acid. They
survive in acidic (Slonczewski et al., 2009), with an optimum
pH below 5 (for extreme acidophiles pH < 3), and metal-
laden conditions by a combination of biotic systems and abi-
otic complexation of the free metal by sulfate ions (Dopson
et al., 2014). In sulfidic sediments around the Gulf of Bothnia
that have been rapidly oxidized, extreme acidophiles such as
Acidocella andAcidithiobacillus spp. were identified in labora-
tory reactors (Wu et al., 2013) and Acidithiobacillus spp. and
other biomining-associated taxa in a field setting (Johnson
et al., 2022). In contrast, older and more established acid sul-
fate soils tend to be dominated by iron and sulfur oxidizing
moderate acidophiles like Gallionella and Sulfuricella
(Christel et al., 2019; Högfors-Rönnholm et al., 2022; Wu
et al., 2013). However, only a few studies have investigated
how the microbial community responds and develops in
pyrite and metastable iron-sulfide-containing sediments
brought into the oxidation zone and concomitantly limed in
order to keep the pH near neutral (Högfors-Rönnholm
et al., 2020, 2022). Furthermore, no studies focus on the plains
on the eastern side of the Gulf of Bothnia or changes as the
oxidation proceeds over an extended time. As previously
shown, extreme acidophiles would be expected under
unlimed conditions as severe acidity develops, but it is
unknown which species will contribute to sulfide oxidation
under limed conditionswhen the pH does not decrease.

The aim of this study was to determine the geochemi-
cal and microbial community evolution in a metastable
iron-sulfide-containing sediment in the Gulf of Bothnia
region when exposed to atmospheric oxygen in the labo-
ratory. The experiment was designed to replicate the con-
ditions that occur when these sediments are excavated
and disposed of on land during land-use management. It
included amendments in the form of various proportions
and grain sizes of limestone to prevent acidification, as
well as fine-grained peat to assess the impact of organic
matter on sulfur and metal retention.

2 | MATERIALS AND METHODS

2.1 | Sediment excavation and the five
treatments

A fine-grained (clay-silt) black sediment was excavated
from well below the groundwater table at a site on the

coastal plains in Western Finland (63.04067� N,
21.74248� E). The sediment was massive without macro-
pores and had very low hydraulic conductivity as defined
for a similar sediment at a nearby site (Salo et al., 2023).
The concentrations of total reduced sulfur (TRS) in three
samples of the sediment were 0.48%, 0.52%, and 0.54%
per dry weight (details in Section 3.1) and incubation
gave a pH of <4.0 (details in Section 3.3). The sediment is
thus defined as ‘hypermonosulfidic’ (Boman et al., 2023),
and is the term that will be used here for the sediment in
untreated and unoxidized form. Considering that one
mole of sulfide produces two moles of acidity and one
mole of CaCO3 produces two moles of alkalinity, a 1:1
molar ratio of these two substances is the theoretical
demand for neutralizing all sulfide-derived acidity by
CaCO3. For the lowest measured TRS value (0.48%), this
corresponded to 10 kg limestone per m3 of the wet sedi-
ment. This amount of limestone was thus the main treat-
ment option and included: (i) agricultural limestone
(CaCO3 with a Ca concentration of 37% and Mg concen-
trations of ≤2%) with particles that were all <3.15 mm,
and half of them <0.80 mm (Aito Kalsiitti ‘genuine
calcite’ by Nordkalk) referred to as L103.15 mm, (ii) fine-
grained limestone with a median grain size of 2.5 μm
(C2 quality by Nordkalk) referred to as L102.5 μm, and
(iii) L102.5 μm plus fine-grained peat (milled to <20 μm;
Vapo Fiber) referred to as PL102.5 μm. The peat had a bio-
degradation level of H1, which is the least decomposed
fraction according to the von Post scale (Andriesse, 1988).
It typically contains 95%–98% organic carbon and 2%–5%
inorganic carbon. The organic compounds include cellu-
lose, hemicellulose, lignin, humic and fulvic acids, as well
as extractives, waxes and resins. The non-organic content
is represented by the ash residue after combustion. The
peat was added due to its potential to bind released metals
(Eberle et al., 2021), and as it may also work as a protec-
tive layer that decreases the oxidation rate of hypersulfidic
materials (Nystrand et al., 2021). As not all limestone may
be activated in the neutralization process (Hadzic
et al., 2014) and the experiment was designed to ensure
that one set of treatments maintained a high pH through-
out the experiment (e.g., for determining outstanding
microbial and chemical questions), four times the required
theoretical limestone demand (40 kg/m3) was additionally
used and included the coarse-grained and fine-grained
limestone variant, referred to as L403.15 mm and L402.5 μm,
respectively.

2.2 | Experimental setup and procedure

In the laboratory, immediately following the sampling,
a mixer was used to homogenize 8 kg of the wet
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hypermonosulfidic sediment (taken as a composite from
the excavated sediment mass) with the required amount
of limestone and in one case peat. After 2 min in the
mixer, the sediment liquified, and after a further 2 min
of mixing a homogeneous mixture of sediment and
amendment was achieved. In the combined treatment
with limestone and peat, the limestone was mixed in
first. Thereafter, the sediment was placed into specially
designed incubation cells. These cells consisted of opa-
que high-density polyethylene (HDPE) open boxes with
a raised bottom in the form of a polypropylene (PP) grid
to allow water to drain and accumulate in the 8-mm
high space created. A drainage fabric between the sedi-
ment and the raised bottom stopped particles from
entering the drainage space. A polyurethane (PU) tube
in the drainage space was used for water sampling and
drainage. The five treatments plus a control (only
mixed) were prepared, all in triplicate, giving a set of
18 incubation cells that were randomized on a shelf to
reduce the effect of any spatial variations in evapora-
tion/temperature. The sediments were incubated at
ambient laboratory temperature (19–21�C) for
30 months starting on 2 December 2019 and ending on
24 May 2022. The cells containing the sediment were
irrigated with 1 L of ultrapure water once a week from
the start of the experiment until December 2020, corre-
sponding to a mean natural precipitation in the month
of June during the last 4 years. After December 2020,
the frequency of irrigation was halved (i.e., to biweekly)
as was the water sampling, which meant that through-
out the experiment an equal amount of water was added
before sampling, but during the latter half of the experi-
ment the period of possible evaporation was extended.
After every water sampling, the cells were completely
drained and thus dried out allowing cracks to be formed
and oxygen to enter. As would be the case in a natural
dredge spoil, water from subsequent irrigations followed
the formed macropores and accumulated at the bottom.
The sediment was in contact with the liquid phase through
capillary rise, and also a water level that increased with
every irrigation. Two cells were irrigated without sediment
and showed no measurable effect of the materials used in
the experiment.

2.3 | Drainage water

The added ultrapure water that had equilibrated with the
sediment and perhaps particularly with the macropore
surfaces (henceforth termed drainage water) was collected
from the PU tube approximately monthly during the first
year (December 2019–November 2020), and approximately
bimonthly thereafter. This gave a total of 23 sampling

occasions and for each, the volume of drained water was
registered. The amount of drained water volume varied
widely, in a pattern that was similar for all 18 incubation
cells with peaks from approximately the 6th to the 13th
month (June–November 2020), and from approximately
the 20th to the 27th month (June–December 2021)
(Figure 1c). This corresponded to more humid conditions
(and thus lower evaporation) in summer and autumn than
in winter and spring. The total volume of drained water
for the whole period was in ascending order: control
(median: 16.2 L) < L402.5 μm (19.4) < PL102.5 μm (19.6)
< L403.15 mm (20.1) < L103.15 mm (23.5) < L102.5 μm (27.8).

The pH and Eh were determined as described in SI1.
The concentrations of Fe, Al, Si, Ca, Mg, K and Na were
determined in filtered (0.45 μm) and acidified (HNO3;
pH < 1.8) samples by inductively coupled plasma (ICP)
optical emission spectroscopy (ICP-OES), and ICP mass
spectrometry (ICP-MS). Details of the analyses, including
analytical precision and limit of quantification (LOQ) are
given in Table SI1. The concentrations of SO4

2� and Cl�

were measured in filtered (0.45 μm) waters by ion chro-
matography (Dionex ICS 1100). The amounts of leached
SO4

2�, Cl�, Si and metals were calculated by multiplying
the concentration by water volume for each measure-
ment separately and cumulatively over the entire period.

2.4 | Solid phase

2.4.1 | Sampling

Ten samples of the hypermonosulfidic sediment were col-
lected prior to the application of the treatments. After
9 months, a small sample was taken by pressing a tube
from the top to the bottom of the sediment. This sample
thus represented the bulk of the sediment without con-
sideration of the degree of oxidation. During the experi-
ment, the hypermonosulfidic sediment developed
physically. An aggregate structure having entrapped
micropores and characterized by a greyish to brownish
colour had formed (referred to as ‘aggregates’), and gen-
erally, a frequently brownish-stained layer had developed
on top of the sediment and on crack surfaces (‘surface’).
Furthermore, within interiors, the black massive charac-
ter remained to various extent (‘residues’). The extent of
these residues was estimated based on visual assessment
made possible due to distinct differences in colour but
shall be seen as indicative. At month 25, a sample was
taken from each cell from the surface and aggregates,
and, additionally, the residue wherever it occurred. For
simplicity, and to make a distinction to the drainage
waters, the solid-phase samples collected at months 0, 9
and 25 were referred to as start, mid and end sampling/

4 of 23 KONONOVA ET AL.
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FIGURE 1 pH (a), Eh (b) the volume of water drained (c) and element concentrations (d-l) in water drained from the incubation cells

including the control and the five treatments. The graphs represent median of triplicate incubation cells. The x-axis values refer to the

month number after the start of the experiment in December 2019. Also shown (in c) is the change from weekly to biweekly watering and

the month names.
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samples, respectively. In addition, precipitates in the
form of clearly visible crystals formed on the surface were
picked by hand.

2.4.2 | pH, Eh, water content and LOI

The pH and Eh were determined as described in SI2. The
water content of the wet sediment was determined by
measuring the weight loss after drying at 105�C overnight
(SFS-EN 12880). Loss on ignition (LOI), a rough estimate
of the organic-matter concentration, was measured by
the weight loss after igniting the dry samples at 550�C for
2.5 h (SFS-EN 12879).

2.4.3 | Total concentrations of S and metals

The total concentrations S, Fe, Al, Na, K, Ca and Mg were
determined on freeze-dried samples by dissolution in a four-
acid (HClO4–HNO3–HF–HCl) solution (Hall, Vaive, Beer, &
Hoashi, 1996) followed by determination of S by ICP-OES
and metals by ICP-MS. The analytical precision was esti-
mated based on eight samples selected at random, prepared
in duplicate, and analysed independently and anonymously
(Gill, 1997). The precision was as follows: S 6.8%, Fe 1.8%, Al
2.1%, Ca 6.2%, Mg 3.8%, Na 2.7% and K 18%.

2.4.4 | Sulfur speciation

Sulfur speciation was performed according to a simplified
distillation-based method for sulfidic soil materials (Dal-
hem et al., 2021). Briefly, acid-volatile sulfides (AVS)
were extracted using 6 M HCl with 0.1 M ascorbic acid,
while hot, chromium-reducible sulfur (CRS) was
extracted using 3 M CrCl2 by heating at 60�C. AVS is
expected to dissolve minerals such as mackinawite and
greigite and CRS pyrite plus elemental sulfur. The sam-
ples for this analysis were stored frozen and freeze-dried
prior to analyses. All samples were run in duplicate, and
the average result is presented.

2.4.5 | Sequential chemical extraction of
metals

A three-step sequential chemical extraction (SCE) was
carried out and including successively: (i) sodium acetate
(CH3COONa, pH 5.00, 1 h) referred to as NaOAc, that is
specific for cations existing in solution, weakly bound
(sorbed) to particle surfaces and trapped in carbonates
(Lakanen & Erviö, 1971), (ii) tetrasodium pyrophosphate
(0.1 M Na4P2O7, alkaline conditions, 1 h) referred to as

TSPP that is specific for the labile organic component
including humic and fulvic substances (Hall, 1998; Hall,
Vaive, & MacLaurin, 1996); however, this reagent can to
some extent release inorganic Fe due to peptization and dis-
persion of finely divided ferruginous particles (Hall, 1998;
Jeanroy & Guillet, 1981), and (iii) hydroxylamine hydrochlo-
ride (0.25 M NH2OH�HCl in 0.25 M HCl, pH < 2, 2 h, 60�C)
referred to as HXL that specifically attacks poorly crystalline
Fe and Mn oxyhydroxides (Hall, 1998; Hall, Vaive, Beer, &
Hoashi, 1996) but also other acid-soluble minerals such as Al
hydroxides and metastable iron sulfides.

The extracted solutions from each step were analysed
for Fe, Al, Na, K, Ca and Mg by ICP-MS. The analytical
precision was estimated based on eight samples selected
at random, prepared in duplicate, and analysed indepen-
dently and anonymously (Gill, 1997). The results are pre-
sented in Table SI2. A residual fraction was determined
by difference: Residual fraction = Ctotal � (CNaOAc +

CTSPP + C HXL), where C stands for concentration.

2.4.6 | SEM-EDS, XRD and XAS

The precipitates (crytals) formed on the surface were
anlysed by Scanning Electron Microscopy with Energy
Dispersive x-ray Spectroscopy (SEM-EDS) and x-ray dif-
fraction (XRD). SEM micrographs of mineral powder
materials were obtained using a Hitachi FlexSEM 1000II
instrument with an acceleration voltage of 5 kV and a
working distance of 5 mm. EDS spectra were obtained
using an acceleration voltage of 20 kV and a working dis-
tance of 10 mm, applying Oxford Instruments AZtecOne
hardware and software on the Hitachi FlexSEM 1000II
instrument. For XRD, milled mineral powders were
packed in 0.8 mm borosilicate glass capillaries. The dif-
fraction patterns were recorded with a Bruker D8 Quest
ECO multifunctional diffractometer using MoKα radia-
tion with wavelength λ = 0.71073 Å, in PHI360 rotation
mode with exposure times of 120 s for all samples. Inte-
gration of the 3D patterns and mineral identification
were performed with DIFFRAC.EVA software, using the
ICDD powder pattern database. Additionally, a sample of
the surface of the control was analysed by Fe K-edge
x-ray absorption spectroscopy to determine the Fe miner-
alogy (SI3).

2.4.7 | Microbiology

Samples (approximately 30 g) were aseptically collected
with a sterile spoon, placed into a sterile 50 mL Falcon
tube, and stored at 4�C until extraction the following day.
DNA extractions, from 8 g of homogenized samples, fol-
lowed an indirect extraction method (Högfors-Rönnholm
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et al., 2018). Briefly, samples were washed thrice with a
sodium phosphate buffer to release intact cells from the sed-
iment. Those cells were concentrated via centrifugation into
a cell pellet, and the DNA from the resultant cell pellets
was then extracted using the DNeasy PowerLyzer PowerSoil
Kit (Qiagen) according to the manufacturer's instructions.
The V3-V4 region of the 16S rRNA gene sequence was PCR
amplified in a two-step technique to prepare a library and
then sequenced as previously described (Högfors-Rönnholm
et al., 2020). The first PCR amplification used the 341F and
805R primer pair (Herlemann et al., 2011), and the second
PCR attached unique Illumina sequencing tags to generate
the final amplicons (2 � 300 bp pair-end reads; Hugerth
et al., 2014). DNA quality and quantity were investigated
by agarose gel electrophoresis, Qubit 2.0 Fluorometer
(ThermoFisher), and Tapestation (Aligent # 4150). The
amplicons library was sequenced at the Science for Life
Laboratory, Sweden, on the Illumina MiSeq platform as
previously described (Högfors-Rönnholm et al., 2020).

Processing of the Illumina sequencing reads utilized
the Ampliseq pipeline v1.2 (Straub et al., 2020), which
incorporates QIIME2 (Bolyen et al., 2019) and DADA2
(Callahan et al., 2016), annotated against the SILVA data-
base v138.1 (Quast et al., 2012) as previously described
(Johnson et al., 2022). The 16S rRNA gene sequencing
data are compositional and therefore transformed for the
variance analysis due to these data being relative values
(Aitchison, 1982). Bioinformatic analyses were performed
in R v4.2.1 and Rstudio (R Core Team, 2019) using the
packages vegan (Oksanen et al., 2020) and tidyverse
(Wickham et al., 2019) with the full code available on
GitHub (see Data Availability Statement). Amplicon
sequence variant (ASV) counts were standardized accord-
ing to relative abundance by dividing an ASV's count by
the total number of counts within a sample (McMurdie &
Holmes, 2014). Alpha diversity was estimated using the
Shannon-Weaver index by taking the mean over replicates.
Statistical testing of the diversity between treatments was
performed using one-way ANOVA and post hoc Tukey's
HSD tests when correcting for multiple comparisons. Beta
diversity was estimated using the Bray–Curtis dissimilarity
index. A Redundancy Analyses (RDA) was performed to
identify the relationship between the microbial community
composition and environmental variables. The RDA models
were assessed using permutation tests with generated biplots
to visualize the influence of the explanatory variables.

2.4.8 | Summary of samples analysed

The main focus was on the start and end sampling, while
for the mid sampling only microbiology and some basic
geochemical variables were determined. TRS was not

determined for the surfaces as these were the outmost
layers facing the atmosphere and thus, sulfide-minerals
were not expected to be present. The SCE was carried out
under normal laboratory conditions. It was thus not
applied to the hypermonosulfidic sediment and the resi-
dues, as during the procedure there were risks of oxida-
tion of the TRS-pool in these materials, which in turn,
could have affected metal partitioning. Microbiology
analysis was not performed on the residues.

2.5 | Use of medians for triplicates and
samples analysed

Unless otherwise stated, the results of the triplicates of
the control and each of the five treatments were reported
as a median value.

3 | RESULTS AND DISCUSSION

3.1 | Character and representativeness
of the hypermonosulfidic sediment

The sediment had high pH (7.8–8.0; n = 3), relatively
high LOI values (5.3–5.8%; n = 3), consisted of approxi-
mately half of water by weight (48%; n = 3), and was
black (Munsell N0). The total concentrations of the stud-
ied elements (S, Fe, Al, Ca, Mg, K and Na) are given in
Table 1. The AVS concentrations (0.26–0.27; n = 3) were
similar to those of the CRS concentrations (0.21%–0.28%),
summing up to around half a percentage of TRS (median
0.52%, range 0.48%–0.54%). These physical and geochemi-
cal features are typical for this kind of fine-grained sedi-
ments occurring on the coastal plains in northern Europe
(Åström & Björklund, 1997; Boman et al., 2008).

3.2 | Oxidation of the hypermonosulfidic
sediment

In the aggregates of the control and all treatments by the
end sampling, the AVS fraction had been almost
completely lost (>97.5%) during the incubation (Table 2).
In contrast, the CRS fraction had decreased to a smaller
extent in the control (median 0.12%) and L103.15 mm

(0.09%) and was preserved in the other treatments
(medians 0.23%–0.27%). This pattern was correlated with
the solid-phase Eh that by the end sampling had reached
high values in the control (surface: 733 mV, aggregates:
697 mV), lower but still high values in L103.15 mm (sur-
face: 533 mV, aggregates: 452 mV), but values of only
292–333 mV for surface and 265–314 mV for aggregates in
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the other treatments (Figure 2b), representing moderately
reduced soil conditions (Kaurichev & Shishova, 1967). The
Eh in the drainage waters showed overall higher values, but
similar features as for the solid phase (Figures 1b and 2b).
Furthermore, residues did not exist for the control and
occurred in the treatments in estimated decreasing propor-
tions from PL102.5 μm (70%) > L102.5 μm (30%) > L402.5μm
(20%) = L103.15 mm (20%) > L403.15 mm (0%). The residues
had similar physical appearance (massive), colour, and con-
centrations of total S, AVS and CRS as the hypermonosulfi-
dic sediment (Table 2) and thus, had remained unoxidized.
Taken together, these features showed that the oxidation
became subdued when limestone was added, in particular
the fine-grained variant, but as basically the entire AVS
pool was oxidized in the aggregates (and in the control and
L103.15 mm additionally a large part of the CRS pool), proton
production had been extensive.

3.3 | pH response to oxidation and
treatments

The control drainage-water pH dropped rapidly
(Figure 1a) and ended around pH 3.5 both in the aqueous
and solid phases (Figures 1a and 2a), which are typical
values for this kind of sediment when oxidized under
field conditions (Johnson et al., 2022; Nyman et al., 2023;
Österholm & Åström, 2002). In L103.15 mm, the pH in the
drainage water dropped stepwise and ended at 4.3
(Figure 1a), and in the solid phase ended at similar
(slightly higher) values (Figure 2a). Consequently, addi-
tion of the coarse-grained limestone in amounts corre-
sponding to a theoretical 100% neutralization demand of
the potential acidity of all TRS caused the pH not to drop
to the typical sub-4.0 level but was unable to prevent a
drop to sub-5.0. In contrast, for L102.5 μm the pH of the
solid phase was maintained around 8.0 (Figure 2a) and
for the drainage water remained near neutral (Figure 1a).
There was thus a clear effect of the limestone grain size,
with the smaller size hindering a pH drop from near neu-
tral. Possible explanations and underlying mechanisms
are discussed in Section 3.7. Adding peat to the fine-
grained variant resulted in a moderate decrease in pH in
the drainage water towards the end (Figure 1a). For
L403.15 mm and L402.5 μm pH remained high throughout.

3.4 | Leaching of chloride: Mobilization
of trapped sea salts

The Cl� concentrations decreased over time in a similar
manner for the control and the treatments, starting with
high values in the beginning (508–768 mg/L) and finishing

with low values (≤10 mg/L) towards the end of the experi-
ment (Figure 1l). The cumulative amount of Cl� leached
was highest for L102.5 μm (3.2 g) and for the others smaller
and within a rather narrow range (PL102.5 μm 2.0 g, L402.5
μm 2.2 g, control 2.2 g, L403.15 mm 2.3 and L103.15 mm 2.5).
These values corresponded to a range of 530–830 mg/L of
initial Cl� concentrations in the pore water with an initial
volume of 3.84 L (48% of the weight of the 8000 g wet sedi-
ment). The similarity in values, regardless of residue
levels, indicated that Cl� had also been leached from the
residues. Consequently, the residues had not been exposed
to oxygen as its sulfide mineralogy was unaltered but was
susceptible to anion diffusion.

3.5 | Leaching of Na, K, Mg and Si: Sum
effects of various geochemical reactions

As for Cl�, the dissolved concentrations of Na decreased
during the incubation in a similar manner for the control
and all treatments, starting with high values at the begin-
ning (370–480 mg/L) and finishing with low values towards

FIGURE 2 Median pH (a) and median Eh (b) of the

hypermonosulfidic sediment (start), a bulk sample of the material

after 9 months (mid sampling), and in the aggregates and surface

after 25 months (end sampling).
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the end (10–38 mg/L) of the experiment (Figure 1i). In the
first measurement, the Na to Cl� ratio was typically 0.6–0.7
(w/w) and thus similar to that in seawater, indicating leach-
ing of pore-water (seawater derived) Na. Thereafter, the
ratio continuously increased reaching values >2.0 after
7 months. The excess Na was not explained by weathering
of Na-bearing silicates, as this certainly would have been
reflected in higher values for the control that was acidic
than for the near-neutral limestone treatments, which was
not the case. Instead, it was likely related to the exchange of
Na+ on mineral surfaces with protons and Al3+ in the con-
trol and Ca2+ in the limestone-treated sediments. In con-
trast, the leaching of Mg, K, and Si was lower in L403.15 mm,
L402.5 μm, L102.5 μm and PL102.5 μm than in L103.15 mm in
which it was lower than in the control (Figure 1h,j,k). This
suggested that the pH increase caused by the limestone
treatments slowed down the rate of weathering of silicates
such as mica, amphibole and K-feldspar that occur in the
sediments (Åström & Björklund, 1997).

3.6 | Fate of Fe, S, Ca and Al

For the control, which was oxidized throughout
(no residues), the amounts of Fe leached via the drainage
water represented only a very minor part (0.043%) of the
total Fe content in the sediment. For the treatments, even
less Fe was leached, corresponding to only around 1.0%
of that leached from the control (Table 1). Hence, the
vast majority of the Fe that was released during the oxi-
dation of sulfides and weathering of silicates (mica and
amphibole) remained in the sediment. In the control, a
characteristic feature of the total Fe solid-phase data was
the enrichment in the surface (Table 1). This showed that
Fe had migrated from aggregates to surfaces in the acidic
environment, most likely in the form of Fe2+ and subse-
quently, was precipitated on the surfaces as typically seen
also under field conditions in acid sulfate soils developed
on this sediment type (Yu, Luong, et al., 2024). The XAS
analyses suggested that the precipitation was in the form
of schwertmannite (mineral proportions obtained by lin-
ear combination fitting: hornblende 0.34%, illite 0.32%,
schwertmannite 0.31%), in line with this mineral making
up a significant part of the secondary Fe(III) pool on
crack surfaces of acid sulfate soils both in the boreal zone
(Yu et al., 2023) and elsewhere (Collins et al., 2010;
Fitzpatrick et al., 2017; Shahabi-Ghahfarokhi et al., 2022;
Vithana et al., 2015). In contrast, in the treatments, Fe
was not enriched in the surface (Table 1) but was more
extractable with HXL than in the control, that is, 0.75%–
0.81% as compared with 0.74% for the surface and 0.71%–
0.83% as compared with 0.59% for the aggregates
(Table 3). These HXL-extractable features suggested that

first, schwertmannite in the surface of the control was
only partially extracted with this reagent and thus con-
sisted (at least partly) of a more crystalline variant
(a relatively high Fe to S ratio) that requires a stronger
(i.e., 1 M) HXL extraction than was used (Chen
et al., 2022). Secondly, formation of ferrihydrite in the
treatments, a mineral that dissolves easily with the HXL
extractant, and is frequently seen in soils developed on
this kind of sediment (Yu, Luong, et al., 2024). This is fur-
ther in line with the typical stability fields of these min-
erals with schwertmannite forming under acidic sulfate-
rich conditions and ferrihydrite under near-neutral condi-
tions (Schoepfer & Burton, 2021; Zachara et al., 2002). Fur-
thermore, in the treatments as in the control, relatively
large amounts of Fe were extractable with NaOAc, ranging
from 0.16% to 0.24% (Table 3). Iron thus existed in rela-
tively large amounts also in an easily extractable form,
which may be susceptible to mobilization under changing
conditions. This may trigger abundant Fe leaching, which
is frequently seen from acid sulfate soils both in the hemi-
boreal zone (Shahabi-Ghahfarokhi et al., 2022) and else-
where (Enio et al., 2020; Sukitprapanon et al., 2018).

In contrast with Fe, sulfate was abundant in the
drainage water both from the control and treatments
(Figure 1d), with cumulative amounts (recalculated to S)
leached decreasing in the order L103.15 mm (10.5 g)
> control (8.5) > L102.5 μm (8.1) > L403.15 mm (6.4)
> L402.5 μm (6.1) and > PL102.5 μm (3.4). When calculat-
ing the S content initially contained in the aggregates
plus surfaces, that is excluding the residues where there
had been no oxidation of sulfide (and thus no leaching of
sulfate), the percentage of S lost via the drainage water
was overall relatively low but higher for the low-
limestone treatments (L103.15 mm 40%; L102.5 μm 36%,
PL102.5 μm 35%) than for the high-limestone treatments
(L402.5 μm 21%, L403.15 mm 20%) and the control (26%).
Although pyrite remained to various extents in the aggre-
gates, these relatively low percentages showed that part
of the formed sulfate had been retained in the sediment,
in particular when limestone was added in excess. The
explanation was found in the solid-phase data showing
substantial enrichment of total S in the surface both in
the control and treatments (Table 2). Consequently, in
the aggregates which had depleted S concentrations
(Table 2), following AVS oxidation (and for the control
and L103.15 mm also pyrite oxidation), sulfate had
migrated and was subsequently partly retained in the
surface.

The sulfate retention in the surface was due to forma-
tion of various sulfate minerals. In the control, the Fe
oxyhydroxysulfate mineral schwertmannite occurred.
This was consistent with this mineral forming under the
acidic conditions that rapidly developed in the control
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cells (Fitzpatrick et al., 2017; Schoepfer & Burton, 2021).
Furthermore, both gypsum and sanderite were identified
by XRD in precipitates picked from the surfaces (SI4).
This showed that sulfate was not only leached and
trapped by formation of oxhydroxysulfates, but also was
forming salts with both Ca and Mg. The source of these
metals were certainly Mg- and Ca-bearing aluminosili-
cates that exist in these sediments (Åström &
Björklund, 1997) and would have been susceptible
to weathering under the acidic conditions (Ezzaim
et al., 1999). For L103.15 mm, which became only weakly
acidic and had no Fe enrichment in the surface (Table 1),
formation of schwertmannite was unlikely, at least in sig-
nificant amounts. Instead, the precipitates on the surface
had, relative to the control, clearly higher atomic percent-
ages of Mg and S, and lower atomic percentages of Ca
(Table SI3). This was consistent with first, the XRD iden-
tification of Mg sulfates (caminite and sanderite) but also
gypsum; second, the SEM images showing an abundance
of Mg sulfates with pronounced elongated crystals and
good cleavage but very little gypsum flakes (Figure SI1,
Table SI3); and third, abundant leaching of Ca (highest
of all treatments) but relatively low leaching of Mg
(Figure 1h). These features may be due to Mg ions affect-
ing both the nucleation and growth of gypsum crystals.
By substituting for Ca in the gypsum lattice, Mg alters
the crystal structure and increases gypsum solubility
(Ben Ahmed et al., 2014). Hence, Mg-sulfate precipitation
was favoured in these cells. In contrast, for L102.5 μm that
had equally much limestone added as L103.15 mm, the pre-
cipitates picked from the surface were different. The
SEM-EDS analyses showed that the Ca concentrations
were strongly increased, whereas those of Mg strongly
decreased, consistent with the XRD analyses identifying
only gypsum (Figure SI2) and the SEM images showing
distinct gypsum plates (Figure SI1). These data indicated
that the near-neutral pH conditions and addition of fine-
grained limestone favoured Ca-sulfate over Mg-sulfate
precipitation (Uhlmann et al., 2004). In the treatment
where peat was added (PL102.5 μm), there was again a
change in the precipitates that looked like a loose, earthy
mass with rare needle-shaped crystals (Figure SI1) and
that had relatively low concentrations of Ca, Mg and
S. Instead, the C concentrations were strongly increased
(34%) indicating an abundance of organic compounds, in
line with the peat added to this treatment. The precipi-
tates from this treatment were further separated into
‘grey’ and ‘white’ for XRD analysis due to a noticeable
colour difference between the particles. The ‘grey’ frac-
tion included three different hydrated Mg sulfates: epso-
mite, hexahydrite and sanderite, while the ‘white’
fraction contained the less hydrated Mg sulfate kieserite
plus gypsum. The small amount of gypsum in these

precipitates can be attributed to the influence of the
organic compounds, as fulvic acid acts as an inhibitor in
the gypsum precipitation process affecting both the mor-
phology and size of the crystals (Xu et al., 2019). This
leads to the formation of thinner and shorter gypsum
crystals as compared with those formed in L102.5 μm

(Figure SI1). Additionally, at near-neutral pH, which this
treatment had, the electrostatic interactions between ful-
vic acids and gypsum intensify due to their opposite
charges that further inhibit gypsum precipitation (Xu
et al., 2019). Taken together, these data and features indi-
cated a high diversity in the formation of sulfate salts,
with no systematic difference between the treatments
and control. For the high-limestone treatments there was
no mineralogical data, but their low percentages of sul-
fate leaching indicated that when limestone was added in
excess, formation of sulfate salts was even more
favourable.

The total Ca concentration in the hypermonosulfidic
sediment was 1.33% (Table 1). In the residues of the treat-
ments the concentrations were increased (Table 1) to an
extent that corresponded to the added Ca as limestone.
This suggested that the limestone particles were pre-
served in the residues, in line with the unaltered sulfide
mineralogy and thus, no proton production within this
part of the sediment. The Ca concentrations were
decreased in the aggregates and elevated in the surface
both in the treatments and control, in a manner similar
to S (Table 1). For the treatments, this was explained by
carbonate dissolution by protons from sulfide oxidation
in the aggregates (such dissolution certainly occurred
also in the surface) with concomitant migration of Ca2+

that was partly retained in the surface. As the Ca in the
surface was dissolved by NaOAc in high levels (Table 3),
the retention occurred via formation of easily dissolved
phases, in line with the occurrence of gypsum in picked
precipitates (SI4). Like S, Ca was also abundant in the
drainage waters (Figure 1e), with the cumulative leach-
ing being higher for L103.15 mm and L102.5 μm (6.8 and
5.3 g, respectively) than L403.15 mm and L402.5 μm (4.4
and 3.7, respectively), and lowest for PL102.5 μm (2.3 g).
When comparing with the limestone content initially
contained in the aggregates plus surfaces (excluding the
residues where the limestone was intact), the percentage
of Ca lost via the drainage water corresponded to 36%,
32% and 31% for L103.15 mm, PL102.5 μm and L102.5 μm,
respectively, and 5% for both L403.15 mm and L402.5 μm.
These values were upper limits as it was likely that Ca
was also mobilized from inherent phases, which at least
under the acidic conditions in the control was quite large
(1.7 g). The relatively low percentages also for the low-
carbonate treatments was in line with unreleased acidity
(and thus unaffected carbonate) as all TRS was not
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dissolved plus the secondary Ca enrichment in the sur-
face. The highest leaching for L103.15 mm correlated with
this treatment having a higher proportion of oxidized
TRS than the other treatments (Table 2).

The cumulative leaching of Al via the drainage water
from the treatments (0.6–7 mg) was only a fraction of
that leached from the control (460 mg; Table 1;
Figure 1g), showing the well-established large effect of
pH on Al solubility (Cappuyns & Swennen, 2008;
Goodman et al., 2023). Furthermore, Al extracted with
NaOAc and TSPP were in the treatments decreased as
compared with the control (Table 3). This showed that
the pH neutralization by the limestone efficiently pre-
vented not only Al leaching via the drainage water, but
also build-up of a labile Al pool in the solid phase.

3.7 | Differences in the effects of various
limestone grain sizes

As presented above, when applied in amounts corre-
sponding to a theoretical 100% neutralization of all
potential TRS-derived acidity, the fine-grained lime-
stone variant prevented a pH drop from near-neutral
while with the coarse-grained variant pH dropped to
<5.0. The most obvious difference between these treat-
ments was that the coarse-grained particles have a
much smaller total surface area and thus, less likely to
react with protons produced by sulfide oxidation (Zhu
et al., 2023), and are more likely to become, to a large
extent, covered by secondary minerals that can cause
inactivation of the limestone grains (Caldeira
et al., 2003). Such inactivation very likely occurred in
particular via Fe coating, as there was minimal leach-
ing but high HXL-extractability of Fe (Table 3) suggest-
ing abundant formation of ferrihydrite that can easily
cause this coating. However, as compared with the
coarse-grained variant, the fine-grained variant resulted
in preservation of pyrite and maintained a lower Eh
value both in the solid phase (aggregates, surfaces) and
drainage waters (Figures 1b and 2b). Consequently, the
effect of the fine-grained variant may also have been to
slow down the oxidation. As shown in early work
(Warren, 1956), the addition of calcium carbonate to a
pyrite suspension drastically reduces the rate of pyrite
oxidation. Furthermore, Caldeira et al. (2003) show
that the oxide layer formed on pyrite particles in a
carbonate-rich environment is mainly ferrihydrite.
Therefore, a possible explanation for the preservation of
pyrite at high pH values in the L102.5 μm could be a
restricted contact between the sulfide and oxygen by a
layer of ferrihydrite. Ferrihydrite is not stable at lower
pH values, which could explain why the pyrite in

L103.15 mm was only partially preserved. Whichever
mechanism dominated, the effect of the fine-grained
variant was positive as it either prevents a drop in pH in
the long term or prolongs the acidity formation, thus
minimizing the risk of acute acid shocks.

3.8 | The effects of peat

In the treatment where peat was added to the fine-
grained limestone (10 kg/m3), the pH of the water
remained close to neutral until month 26, after which it
began to decline and reached a value of 5.1 at month
30 (Figure 1a). This pH drop was likely linked to the
decomposition of peat. This process leads to the forma-
tion of organic acids that contribute to acidification
(Saarinen et al., 2013) and is likely to form coatings on
the limestone grains thus reducing their neutralizing
capacity (Chan & Heenan, 1999; Shotyk, 1988). Further-
more, the cumulative leaching of Fe via the drainage
water was higher from the peat treatment than the other
treatments (Table 1) possibly due to formation of labile
iron-organic complexes (Yu et al., 2023). However, this
treatment stood out as having by far the highest estimated
proportion of residues (70% as compared with 0%–30% for
the other treatments and 0% for the control), which showed
that the peat significantly slowed down the movement of
the oxidation front. This may have been due to the con-
sumption of oxygen by organic matter decomposition, thus
preventing oxidation of AVS deep into the sediment.

3.9 | Microbiology

3.9.1 | 16S rRNA gene sequencing data

The Illumina 16S rRNA gene amplicon sequencing of the
57 samples gave a total of 9,113,104 Kreads that averaged
159,879 ± 48,754 Kreads per sample (minimum of 61,837
and maximum 306,826; Table SI5) of which 16.9% were
filtered out during the quality control steps. Sufficient
sequencing depth to identify the majority of microbial
taxa was supported by the asymptotic curves of the rare-
faction analysis (Figure SI3).

3.9.2 | 16S rRNA gene sequence-based
community diversity

ANOVA and Tukey's post hoc (Figure SI4) testing for
Shannon's alpha diversity showed no significant differ-
ences between treatments, sampling period, or material
sampled. However, the ANOVA of richness showed
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significance when comparing sampling periods (p ≤ 0.01)
and Tukey's post hoc testing showed significance for the
pairwise comparisons of control—end—aggregates com-
pared with L103.15 mm—mid—bulk (p = 0.01) and
control—end—aggregates compared with PL102.5 μm—
mid—bulk (p = 0.01). Finally, the ANOVA and Tukey's
post hoc tests of Pielou's evenness were insignificant.

The principal component analysis (PCA) of the
microbial sequences Bray–Curtis dissimilarity is pre-
sented in Figure 3 with 22% of the total variability
explained by the two axes. Along the first axis, the con-
trol end samples (aggregates and surface) were clearly
separated from the others, and along the second axis two
groupings were separated according to the sampling
period where one group consisted of the hypermonosulfi-
dic sediment and mid samples, and the second group of
the end samples (surface and aggregate). A redundancy
analysis (RDA) incorporating physiochemical variables
showed similar features but only explained 6.2% of the
microbial sequence data variability (Figure 4). Along the
first axis there was a separation of the hypermonosulfidic
sediment plus mid samples correlating with lower Eh
(redox) and dry weights for these than the end samples.
Along the second axis there was a general separation of
the control from the L103.5 mm and the rest correlating
with the variability in pH and Eh.

Despite insignificant differences in the Shannon's
diversity and Pielou's evenness, the PCA and RDA sug-
gested a deviation in the microbial communities as a result
of the liming treatments that was supported by the signifi-
cant differences in richness. In addition, there were differ-
ences in the taxa present as a result of the treatments.

3.9.3 | Microbial community composition

The 16S rRNA gene amplicon sequences of the top
20 most relative abundant taxa across all samples at the
phylum level (Figure SI5) were dominated by ASVs align-
ing to Proteobacteria (mean relative abundances across
all treatments 31.8%), Desulfobacterota (5.0%), Bacterio-
dota (3.4%), Chloroflexota (3.0%), Actinobacteriota (2.2%)
and Acidobacteriota (2.0%).

The hypermonosulfidic sediment (pH 7.9) had a high
relative abundance of the potential sulfur and sulfate
reducing (amalgamated as SRB) 34–128 family (29.1%
mean relative abundance; Figure 5) from the phylum
Caldatribacteriota (Dong et al., 2022), which is associated
with deep sea cold seep sediments (Parks et al., 2017).
This is in line with the sediment characteristics, includ-
ing presence of metastable iron sulfides and pyrite, a low
Eh, a marine source, and formed in a low-temperature

FIGURE 3 Unconstrained principal components analysis (PCA) showing Bray–Curtis dissimilarity of the 16S rRNA gene amplicon-based

microbial communities from the hypermonosulfidic sediment, the control, and the five treatment as well as the three sampling periods.
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FIGURE 4 Redundancy analysis (RDA) of the microbial communities and key physicochemical parameters of the hypermonosulfidic

sediment, the control, and the five treatments as well as the three sampling periods. LOI = loss on ignition generally representing

organic matter.

FIGURE 5 Stacked bar graphs of the microbial community composition at the family level consisting of the top 20 respective taxa with

‘Other’ depicting the remaining diversity to make 100%. All samples are biological triplicate averages.
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environment at 63� N. A second abundant population
found belonged to the moderately acidophilic and sulfur
oxidizing bacteria (SOB) Sulfuricellaceae (4.8%) genus
Sulfuricella. In addition, Gallionellaceae (3.6%) were pre-
sent that are mesophilic acid tolerant iron oxidizing bac-
teria (IOB) and SOB with genes coding for metal
resistance mechanisms (Högfors-Rönnholm et al., 2022)
and are known community members of acid sulfate soils
in southern Sweden (Johnson et al., 2024) and Finland
(Johnson et al., 2022). The populations further included
the mesophilic IOB Burkholderiaceae (2.3%) that encom-
passes the genera Acidovorax and Polaromonas (Fan
et al., 2021; Sun et al., 2020) and play a role in acid sul-
fate soils (Högfors-Rönnholm et al., 2022); the SRB
Desulfurivibrionaceae (1.7%) genus BM506 that is found
in Arctic cold, anoxic, hypersaline alkaline springs
(Magnuson et al., 2023) also likely reflecting the low tem-
perature site where the sediment was sampled; and the
SOB Halothiobacillaceae (1.0%) that grow at circumneu-
tral pH values in Canadian acid mine drainage environ-
ments (Whaley-Martin et al., 2019) in line with the high
pH and cold setting of the sediment. The remaining
‘Other’ populations composed 56%.

In the control mid sample (pH 6.5), the microbial
community had changed and was now dominated by the
SOB Halothiobacillaceae (30.7%). Further populations
with high relative abundance included the IOB and SOB
Gallionellaceae (13.9%), the SRB Desulfurivibrionaceae
(10.1%), and the iron-reducing Holophagaceae (5.6%)
(phylum Acidobacteriota, genus Geothrix; Coates, 1999).
In contrast, the 34–128 and Sulfuricellaceae decreased in
relative abundance (1.3% and 2.6%, respectively) com-
pared with the hypermonosulfidic sediment (Figure 5).
These changes were likely due to this sample including
both oxidized and reduced sediment materials that cer-
tainly had different pH and Eh values selecting for vari-
ous communities.

For the acidic control end sample (pH 3.3), the surface
material was devoid of Halothiobacillaceae and Desulfurivi-
brionaceae, which likely have a growth optimum at meso-
philic and circumneutral pH values (Magnuson et al., 2023;
Whaley-Martin et al., 2019). Furthermore, there were differ-
ences between the surface and aggregates, where the sur-
face had lower relative abundance of Gallionellaceae (1.6%
and 20.2%, respectively) and higher relative abundances of
Alicyclobacillaceae (22.9% and 0.6%, respectively). The latter
is an acidophilic SOB (Yi et al., 2023). As Fe2+ was shown
to migrate from the aggregates to the surfaces where the
Fe was precipitated, the dominating Gallionellaceae popu-
lation inside the aggregates likely acted as sulfur oxidizers
(Högfors-Rönnholm et al., 2022) and thereby, oxidized the
sulfur in the iron sulfides first although a lot of Fe2+ was
present. The reason for this is probably due to the fact that

S oxidizes at lower redox conditions than Fe
(Sposito, 2008), and is in contrast with studies on acido-
philic microorganisms in biomining environments where
ferrous iron is preferentially oxidized over sulfur (Liljeqvist
et al., 2013). In contrast, the growth of the Alicyclobacilla-
ceae population on the surfaces could have been stimu-
lated due to the high total S concentrations and may
further have been involved in the formation of secondary
minerals (Yi et al., 2023), such as schwertmannite identi-
fied in this sample. Furthermore, the acidophilic Baltobac-
teraceae had high relative abundances in both surface and
aggregates (8.1% and 8.4%). These three families have been
previously identified in Antarctic soils (Ji et al., 2021), acid
mine drainage environments (Williams et al., 2023), and
Swedish acid sulfate soils (Johnson et al., 2024) that once
again would have similar characteristics of low tempera-
ture. Furthermore, in the aggregates, there was a high rel-
ative abundance of Burkholderiaceae (Figure 5). Taken
together, these results suggested ongoing oxidation and
acidification, in agreement with a portion of the pyrite
pool remaining (Table 2) and substantial leaching of sul-
fate (Figure 1d) related to both pyrite and AVS oxidation.
Whereas the strong decrease in pH selected for acidophilic
taxa, there was a lack of higher relative abundances of taxa
frequently associated with acid sulfate soils of the colder
higher Nordic latitudes, such as Ktedonobacteraceae, and
showed instead taxa found in the warmer lower Nordic
latitudes, such as Gallionellaceae (Johnson et al., 2024).
This suggests a lower incubation temperature may have
partly selected other acidophilic taxa. The presence of
moderately acidophilic, acid tolerant, SOB and IOB popu-
lations in the near-neutral and anoxic hypermonosulfidic
sediment together with the notable increase of these popu-
lations during incubation suggested that they had the abil-
ity to rapidly increase in both abundance and metabolic
activity in response to environmental changes (Ling
et al., 2018), in this case an increase in oxygen availability,
a strong decrease in pH, and the incubation
temperature used.

For L103.15 mm treatment, there was a lack of high rela-
tive abundance of acidophilic communities. The pH of the
mid sample had dropped to 7.3 (Figure 2a), and in the
drainage water the sulfate concentrations were high
(Figure 1d), which was evidence of ongoing iron-sulfide
oxidation. It is likely that Fe oxidation was due to the
activity of the dominating Burkholderiaceae (36.0%), while
sulfur cycling was likely mediated by Desulfurivibriona-
ceae (11.1%), Gallionellaceae (10.3%) and Sulfuricellaceae
(8.9%). In the end samples, where the pH had decreased to
4.9 in the surface and to 5.5 in the aggregates (Figure 2a),
the acid-tolerant denitrifier, Rhodanobacteraceae (Green
et al., 2012), which are known community members of
acid sulfate soils (Högfors-Rönnholm et al., 2020; Johnson
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et al., 2022) and involved in thiosulfate oxidation (Hög-
fors-Rönnholm et al., 2022), dominated in the surface
(24.9%) and was also quite abundant in the aggregates
(7.8%). There were also high relative abundances of Gallio-
nellaceae (aggregates: 23.5% and surface: 9.5%) and Bur-
kholderiaceae (aggregates: 9.3% and surface: 6.2%).
Sulfuricellaceae relative abundances strongly decreased
(compared with the mid sample) at both the surface and
aggregates (0.4% and 3.6%, respectively) as did Desulfurivi-
brionaceae (0.2% and 2.3%, respectively) (Figure 5). The
decrease in relative abundance of these two SOBs corre-
lated with the decrease in pH in the samples; namely,
higher abundances at pH values >5 and negligible abun-
dances at pH values <5, which reflects the pH optima for
species in the Sulfuricellaceae (Hayakawa et al., 2021) and
Desulfurivibrionaceae (Magnuson et al., 2023) families. In
the aggregates, the dominance of the Gallionellaceae fam-
ily followed by lower relative abundances of a more mixed
community of IOBs, SOBs and SRBs suggested that sulfur
and iron cycling were ongoing. In the surface, in contrast,
Rhodanobacteraceae may have been involved in the sulfur
cycling. These features reflected the changing geochemical
environment in the L103.15 mm treatment over time, with a
decreasing soil pH both in surfaces and aggregates
(Figure 2), AVS being oxidized but pyrite partly remaining
in the aggregates (Table 2) and high sulfate concentrations
in the drainage waters (Figure 1d).

For L102.5 μm, PL102.5 μm, L403.15 mm and L402.5 μm,
which maintained a pH between 7.8 and 8.1 (Figure 2),
the developed microbial communities had many features
in common and were also similar to L103.15 mm with the
increasing relative abundances of IOB and SOBs and still
having some presence of SRBs. The end sampling showed
the greatest differences from the control and the mid
sampling. The L403.15 mm surface showed a dominance of
Sphingomonadaceae (21.4%) that is a mesophilic SOB
previously utilized in experiments to mobilize Cd con-
tamination (Wang et al., 2021), along with a more mixed
community of SOBs and IOBs. In the L403.15 mm aggregates,
Sphingomonadaceae occurred at only 0.7% and was
replaced with the IOB and SOB Gallionellaceae (14.5%),
the IOB Burkholderiaceae (15.9%), as well as the SOB
Desulfocapsaceae (0.6%) that has previously been identified
in Arctic marine sediments (Begmatov et al., 2021). The
dominance of these species in the aggregates indicated an
ongoing sulfur and iron oxidation at a neutral pH value
which can also be seen as a decrease in the AVS pool in the
aggregates and enrichment of sulfur in the surface (Table 2).
For L102.5 μm, L402.5 μm, and PL102.5 μm, the end-sample sur-
face communities were generally composed of the same
taxa. However, L102.5 μm was dominated by
Burkholderiaceae; PL102.5 μm by A4b (of phylum Chlor-
oflexota, class Anaerolineae, order SBR1031) that has

been identified in Swedish acid-sulfate soils (Johnson
et al., 2024); and L402.5 μm by Cyclobacteriaceae found
in the upper sediments of the Barents Sea, and may be
involved in methane, sulfur and nitrogen cycling (Beg-
matov et al., 2021), along with Gallionellaceae. The
Anaerolineae are known to be able to degrade cellulose
(Xia et al., 2016), and this could be the reason for the
dominance of the A4b family in the PL102.5 μm treatment,
whereas the A4b only showed negligible abundances in
the other treatments lacking a cellulose source (Figure 5).
The aggregate communities of these treatments showed
more community dissimilarity. L102.5 μm was dominated
by Gallionellaceae, Burkholderiaceae and Desulfurivibrio-
naceae; L402.5 μm was dominated by Gallionellaceae, Bur-
kholderiaceae and Sphingomonadaceae; and PL102.5 μm

was dominated by Burkholderiaceae and Desulfocapsa-
ceae. All these represent, however, communities with iron
and sulfur oxidizing capacities at neutral pH values, and
most of them were identified at lower relative abundances
in the hypermonosulfidic sediment, except for Sphingomo-
nadaceaea and Desulfoapsaceae that were identified also
in the L403.15 mm treatment. Sphingomonadaceaea was
only identified in the L403.15 mm and L402.5 μm treatments
that had the highest Ca concentrations in the surface and
aggregates of all treatments (Table 1). As Sphingomonada-
ceaea has been identified in drip water from limestone
caves (Marques et al., 2019), the high Ca concentration in
these treatments could be an indication as to why these
treatments were selected for this microbial community. In
conclusion, the acidity-neutralizing effects of the limestone
and availability of organic matter from the peat additions
on the microbial community inhibited the development of
extreme SOB and IOB acidophiles implicated in acidity
generation, such as Alicyclobacillaceae and Baltobactera-
ceae identified in the acidic control. However, the contin-
ued development of taxa capable of neutrophilic sulfur
and iron oxidation were not inhibited and thus facilitated
ongoing iron sulfide oxidation and sulfate leaching in spite
of high pH.

4 | CONCLUSIONS

Overall, the limestone treatments of the incubated hyper-
monosulfidic sediment decelerated pyrite oxidation, slo-
wed down the movement of the oxidation front (more
extensive residues), strongly minimized the formation of
dissolved and solid-phase labile Al, and caused formation
of gypsum as well as secondary Fe(III) phases more labile
(increased extractability with 0.25 M hydroxylamine
hydrochloride) than corresponding Fe phases formed in
the control. In terms of pH, applying limestone in doses
corresponding to the theoretical acidity produced by
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sulfide oxidation did not prevent a pH drop to sub-5.0
levels when a coarse-grained variant was used (particles
<3.15 mm, and half of them <0.80 mm), but kept the pH
near neutral when a fine-grained variant was used
(median grain size of 2.5 μm). This showed that decreas-
ing the grain size and thus, increasing the surface area of
the limestone particles was positive in terms of hindering
acidity formation. The severe decrease in pH in the con-
trol selected for acidophilic taxa, while the high pH in
the treatments was in congruence with the absence of
acidophiles along with the presence and high relative
abundances of both SOBs and IOBs. This showed that
microbial communities that developed within the lime-
stone treatments sustained iron-sulfide oxidation despite
the high pH, in line with the geochemical data showing a
nearly complete oxidation of the metastable iron sulfides,
but still with large pools of pyrite present.
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