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• Straw supply induced reduction pro-
cesses and pH increase in submerged
sulfuric soils.

• Both reducing conditions and pH in-
crease contributed to dissolution of
jarosite.

• Fe3+ was partly reduced but SO4
2− re-

duction was little during 15-week incu-
bation.

• No sulfides, but FeIII oxyhydroxides and
Fe2+/Fe3+–organic matter associates
formed.

• Prior pH adjustment is not necessary for
remediation of a sandy sulfuric soil.
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Aeration ofwetland soils containing iron (Fe) sulfides can cause strong acidification due to the generation of large
amounts of sulfuric acid and formation of Fe oxyhydroxy sulfate phases such as jarosite. Remediation by re-
establishment of anoxic conditions promotes jarosite transformation to Fe oxyhydroxides and/or Fe sulfides,
but the driving conditions and mechanisms are largely unresolved. We investigated a sandy, jarosite-
containing soil (initial pH = 3.0, Eh ~600 mV) in a laboratory incubation experiment under submerged condi-
tions, either with or without wheat straw addition. Additionally, a model soil composed of synthesized jarosite
mixedwith quartz sandwas used. Eh and pH valuesweremonitoredweekly. Solution concentrations of total dis-
solved organic carbon, Fe, S, and K as well as proportions of Fe2+ and SO4

2− were analysed at the end of the ex-
periment. Sequential Fe extraction, X-ray diffraction, and Mössbauer spectroscopy were used to characterize
the mineral composition of the soils. Only when straw was added to natural and artificial sulfuric soils, the pH
increased up to 6.5, and Eh decreased to approx. 0 mV. The release of Fe (mainly Fe2+), K, and S (mainly
SO4

2−) into the soil solution indicated redox- and pH-induced dissolution of jarosite. Mineralogical analyses con-
firmed jarosite losses in both soils.While lepidocrocite formed in the natural sulfuric soil, goethite was formed in
the artificial sulfuric soil. Both soils showed also increases in non-sulfidized, probably organically associated
Fe2+/Fe3+, but no (re-)formation of Fe sulfides. Unlike Fe sulfides, the formed Fe oxyhydroxides are not prone
. Kölbl).
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to support re-acidification in the case of future aeration. Thus, inducingmoderately reductive conditions by con-
trolled supply of organic matter could be a promising way for remediation of soils and sediments acidified by
oxidation of sulfuric materials.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Wetland soils containing Fe sulfides are productive ecosystems but
pose amajor threat to the environmentwhen they fall dry, as for exam-
ple after drainage or during drought periods (Fanning et al., 2017;
Stirling et al., 2020). They are wide-spread throughout the world in
coastal and inland areas, e.g. in southern Australia (Fanning et al.,
2017). Upon aeration, oxidation of Fe sulfides (principally pyrite) causes
strong acidification when insufficient acid neutralising capacity is pres-
ent, the resulting soils are commonly referred to as acid sulfate soils
with sulfuric material (pH <4) or sulfuric soils (Fitzpatrick, 2013).
Some of the major environmental hazards associated with acidification
of soils and waters are aluminium toxicity, trace metal/metalloid mobi-
lization, and de-vegetation. Acidification can even result in the corro-
sion of concrete and steel infrastructure (see Karimian et al., 2018a,
and references therein). Oxidation of pyrite and subsequent acidifica-
tion is often accompanied by the formation of pale yellow masses of
jarosite (KFe3(SO4)2(OH)6), a common mineral in sulfuric soils and
acidic, sulfate-rich environments (Baron and Palmer, 1996). Jarosite is
a barrier to sulfuric soil remediation as it is only sparingly soluble and
buffers the soil at a pH of approximately 3.5 (e.g. Trueman et al.,
2020). Jarosite can incorporate various elements into its structure dur-
ing formation, and is an important scavenger for arsenic, antimony,
chromium, and lead in acid sulfate soils as well as environments af-
fected by acid mine drainage (Karimian et al., 2017; Johnston et al.,
2012; Welch et al., 2007).

A common approach to remediate sulfuric soils is re-submergence
(e.g. Fanning et al., 2017). After saturation and the re-establishment of
reducing conditions, sulfate-reducing bacteria (SRB) can induce re-
formation of Fe sulfide minerals (e.g. Johnston et al., 2009). Many of
these microorganisms are heterotrophic and require organic carbon
(OC) for growth and metabolism (Berner, 1984; Plugge et al., 2011).
Low pH (<4.5) can limit the activity of SRB, even after organic matter
(OM) addition (Yuan et al., 2015a). Therefore, the activity of SRB is
often limited by both: low pH and low availability of OC. The activity
of SRB can be promoted by proton consumption induced by Fe-
reducing bacteria (dos Santos Afonso and Stumm, 1992). Dissimilatory
Fe reduction can occur at low pH and is carried out by many types of
bacteria, using a wide range of electron donors. Naturally occurring
OM acts as electron donor for Fe-reducing bacteria (Lovley, 1995).
Once the pH increases tomore favourable levels (4.5–5), SRB communi-
ties become active and can further increase the pH (Coggon et al., 2012).
Thus, the addition of plant residues can activate a sequence of reducing
bacteria, resulting in a pH increase up to circumneutral levels during
submerged periods (Yuan et al., 2015a, 2015b; Jayalath et al., 2016a,
2016b; Kölbl et al., 2018). Pre-adjustment of the pH to values ≥4.5 can
accelerate soil remediation (e.g. Yuan et al., 2015a; Kölbl et al., 2018).

Large additions of undecomposed plant residues with high propor-
tions of polysaccharides has been shown to induce fast reduction pro-
cesses, and thus, rapid remediation of clayey as well as sandy sulfuric
soils (Kölbl et al., 2018, 2019). However, it is not well established as to
what extent the OC-mediated reduction causes dissolution of the Fe
oxyhydroxy sulfates, such as jarosite, which is formed during previous
aeration events. Jarosite is only stable between pH 3 and 4 (Zahrai
et al., 2013) and under sufficiently oxic conditions (Eh >400 mV;
Keene et al., 2010). A drop in Eh to a critical level and a concomitant
pH increase, e.g. due to activity of reducing bacteria in the presence of
available OM, may cause the dissolution of jarosite. It has been shown
that increasing amounts of added OM can induce jarosite dissolution,
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resulting in increased solution concentrations of Fe and sulfate under in-
undation (Chu et al., 2006). The presence of organic ligands has also
been shown to enhance the dissolution of jarosite (Trueman et al.,
2020). However, dissolution of jarositemay have unintended and unde-
sirable consequences, releasing acid and potentially toxic trace metals
into the environment (Welch et al., 2007).

Some studies investigated products of jarosite dissolution. The Fe
oxyhydroxides goethite (α-FeOOH) and lepidocrocite (γ-FeOOH) have
been identified as products of FeII-catalysed transformation (e.g. Jones
et al., 2009; Vithana et al., 2015; Bao et al., 2018), whereas mackinawite
(FeII sulfide) formed as mineral end product of jarosite sulfidization
(Johnston et al., 2012). Thus, to the best of our knowledge, the transfor-
mation of jarosite to Fe oxyhydroxides and/or Fe sulfides under reduc-
ing conditions induced by OM addition remains largely unresolved.
This is crucial for successful remediation of jarosite-containing soils
since the type of transformation products strongly affects potential acid-
ification and mobility of trace metals and metalloids. Well-defined lab-
oratory experiments addressing themechanisms and conditions driving
jarosite transformation can help to fill the knowledge gap.

The objective of this study was to track the fate of jarosite during
simulated remediation of a sandy acid sulfate soil with sulfuric material
in anoxic laboratory incubation experiments with detailed monitoring
of pH and redox conditions. We also used a synthesized jarosite mixed
with quartz sand as mineralogically well-defined model of the natural
sulfuric soil, allowing for precise tracking of jarosite-derived Fe without
interference of other co-occurring Fe-bearing minerals. This enables an
unbiased view to the transformation of jarosite under submerged con-
ditionwith OMaddition. Particular attentionwas paid to the dissolution
of jarosite and the potential (re-)formation of Fe sulfides after establish-
ing anoxic conditions. We assume that the supply of sufficient available
OM induces: (i) dissolution of jarosite due to reductive dissolution and
pH increase, (ii) Eh values low enough to reduce both the released Fe3+

and sulfate, and (iii) the (re-)formation of Fe sulfides. In addition,we as-
sume that (iv) the pre-adjustment of the pH to values ≥4.5 will acceler-
ate jarosite dissolution and sulfide formation.
2. Materials and methods

2.1. Sampling area

Samples of a sandy acid sulfate soil with sulfuric material were col-
lected in November 2017 from the Gillman site in the Barker Inlet estu-
ary (sandy marine deposits) close to Adelaide (South Australia). The
Gillman site is a former tidal wetland, which was covered with man-
grove woodland (Fitzpatrick et al., 2012). The Gillman area was
reclaimed from intertidal and supratidal areas in 1935 when a series
of bundwalls were constructed. The loss of tidal inundation caused low-
ering of the water table, and subsequent oxygen diffusion into
hypersulfidic material, which induced pyrite oxidation, resulting in pH
values ≤3 and the formation of sulfuric material (Poch et al., 2009;
Fitzpatrick et al., 2012;Michael et al., 2015). Pale yellow jarositemottles
formed along relict mangrove roots and pneumatophore channels. The
soil was classified as sulfuric soil in accordance with the Australian
acid sulfate soil classification (Fitzpatrick, 2013). According to the
Australian Soil Classification (Isbell and National Committee on Soils
and Terrain, 2016), the soil was classified as Peaty, Sulfuric, Hypersalic
Hydrosol, and as Salic Fluvisol (Hyperthionic, Drainic) according to
WRB identification keys (IUSS Working Group WRB, 2015).

http://creativecommons.org/licenses/by/4.0/
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Soil material was taken from a sandy soil horizon (pHH2O = 3.0) at
80–100 cm depth in a pit. We selected the deep subsoil layer in order
to avoid inputs of high amounts of fresh OM, and thus, allowing for
studying exclusively the impact of added OM sources. The soil material
was immediately dried in a fan-forced oven at 60 °C to suppress micro-
bial activity, sieved to <2 mm, and then shipped to Germany for analy-
sis. Basic soil properties are given in Table 1.

2.2. Synthesis of jarosite and preparation of an artificial sandy sulfuric soil

Potassium-jarosite was synthesized according to a slightly modified
method of Driscoll and Leinz (2005). Briefly, 25.8 g Fe2(SO4)3·nH2O
(Alfa Aesar, Germany)was dissolved in a 250-ml glass bottle containing
130 ml H2Odest. Next, 18.7 g of 45 wt% KOH solution (Sigma Aldrich,
Germany) was added. The glass bottle was tightly closed and the solu-
tion mixed thoroughly by hand shaking. The solution was placed in a
furnace and heated for 5 h at 140 °C. After cooling to room temperature,
the liquid phase was decanted and the precipitated K-jarosite was
washed twice by H2Odest adjusted to pH3 byHCl. After drying overnight
in an oven at 60 °C, the solid K-jarosite was weighed and stored dry for
further analyses.

Assuming that almost all Fe (total Fe, Table 1) of the natural sulfuric
soil can be attributed to jarosite, we prepared an artificial sulfuric soil by
mixing synthesized jarosite with quartz sand. We used 0.915 g g−1

quartz sand (0.1–0.315 μm, p.a., Carl Roth, Germany) and 0.060 g g−1

quartz powder (<0.063 μm,Carl Roth, Germany) to simulate the texture
of thenatural soil, and added0.025 g g−1 synthesized jarosite. Assuming
a share of Fe of 33.45 weight-% in the synthesized jarosite (KFe3(SO4)2
(OH)6), the resulting total Fe concentration of the soil mixture was
8.36mg g−1. The artificial soil had properties similar to those of the nat-
ural sulfuric soil (except for the OC concentration, Table 1). The sulfuric
soils are henceforth referred to as “natural soil” and “artificial soil”.

2.3. Incubation experiments

Samples of the natural and artificial sulfuric soil were prepared by
placing 25 g of dry mass into 250 ml incubation bottles. All samples
were adjusted to field capacity (determined in pre-experiments) and
pre-incubated for two weeks at 20 °C under oxic conditions to re-
establish conditions similar to those in the field. The bottles were aer-
ated weekly, and pH and Eh (combined pH and redox electrode, Hach
Lange GmbH, Germany) were determined. After two weeks of oxic
pre-incubation, the natural soil samples were submerged by adding
50 ml of degassed H2Odest under Ar atmosphere in an airtight glovebox
(pO2 ≤2%). Then, one set of samples received 320 mg ground wheat
straw (OC: 450 mg g−1, N: 2.5 mg g−1; details and chemical composi-
tion of OM are given in Kölbl et al. (2019)), while another set was incu-
bated without wheat straw. Half of the samples with andwithout straw
additionwere adjusted to pH 5.2 using 0.1MNaOH to establish optimal
conditions for SRB (Yuan et al., 2015a, 2015b) and to test if pH pre-
adjustment can be used to accelerate Fe- and sulfate-reduction pro-
cesses. The other half of the samples was incubated without pH
adjustment.
Table 1
Basic properties of the natural and artificial sulfuric soil (SD: standard deviation).

Sulfuric soil pHwater OC N

mg g−1 mg g−1

Mean SD Mean SD

Natural 3.0 3.57 0.19 0.22 0.04
Artificial 3.3 0.90b 0.10 0.22b 0.01

a Analysed by digestion with HF/HClO4 and subsequent Fe analysis with ICP-OES.
b OC and N concentration due to added soil solution: OC: 17.9 mg l−1; N: 4.4 mg l−1.
c Total Fe and S concentration calculated from addition of synthesized jarosite.
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The anoxic incubation of the artificial soil was set up the same way,
except for adding soil solution derived from the natural soil instead of
degassed H2Odest, to obtain a similar solution as for the natural soil.
The soil solution was prepared by adding degassed H2Odest to the natu-
ral soil at the same soil-to-solution ratio as in the incubation experi-
ment. After one week of anoxic incubation and settling of the soil
particles, the supernatant was sucked off in the glovebox, shaken, and
added to the artificial soil samples at 50 ml portions. An aliquot of the
soil solution was frozen at−20 °C for further analyses.

All anoxic incubations were conducted in the dark at 20 °C for
15 weeks. The treatments had four replicates; the initial OC concentra-
tions are summarized in Table 2. Once aweek, sampleswere shaken and
suspensions analysed for pH and Eh under Ar atmosphere as described
above. At the end of the experiment, the suspensions were transferred
into airtight centrifugation bottles and centrifuged for 10 min at
3000g. The supernatants were filtered in the glovebox through 0.45-
μm polyethersulfone membranes (Pall Corporation, USA), and then
stored at −20 °C. The settled soil material was freeze-dried. After
freeze-drying, one out of four replicates was divided into two distinct
fractions: the dark and fine (organo-rich) mineral layer settled on top
was carefully separated from the quartz-dominated bottom layer. This
separation was done to obtain a fine fraction enriched in Fe
oxyhydroxides, Fe oxyhydroxy sulfates or Fe sulfides but low in quartz.
All soil samples were stored in airtight vessels under Ar atmosphere
prior to analysis.

2.4. Elemental analysis of soil solution

Total concentrations of Fe, K, and S in the supernatants were mea-
sured by inductively coupled plasma optical emission spectroscopy
(ICP-OES) (Ultima 2, Horiba Ltd., Japan). Prior to the measurements,
the samples were acidified to pH <2 using 0.1 M HCl. Sulfate (SO4

2−)
wasmeasuredwith an ion chromatograph (DX120, Dionex Corporation,
USA), using an IonPac AS22 column. Dissolved Fe2+was determined by
reaction with ferrozine (modified after Stookey, 1970) in the glovebox
and subsequent photometric detection at 562 nm (Specord 210 plus,
Analytik Jena AG, Germany). Dissolved organic carbon (DOC) wasmea-
suredwith a TOC-analyser (Multi N/C 3100, Analytik Jena AG, Germany)
after acidification to pH <2 with 0.1 M HCl. Saturation indices for Fe
oxyhydroxides, Fe oxyhydroxy sulfates, and Fe sulfides were estimated
from element concentrations and pH/Eh properties of the soil solution
using Visual MINTEQ 3.1 (https://vminteq.lwr.kth.se).

2.5. Characterization of sulfuric soils before and after incubation

All bulk soil samples were analysed for OC by dry combustion at
950 °C using a Vario MAX cube elemental analyser (Elementar
Analysensysteme GmbH, Germany).

A modified version of the sequential wet chemical extraction proce-
dure suggested by Claff et al. (2010) was used to estimate several Fe
fractions in bulk natural and artificial soil samples: (1) exchangeable
(magnesium chloride-extractable), (2) acid-soluble (hydrochloric
acid), (3) crystalline oxide (dithionite-citrate-bicarbonate-extractable;
DCB), and (4) pyrite-bound (nitric acid-extractable) Fe. During the
Total Fe Total S Sand Silt clay

mg g−1 mg g−1 % % %

Mean SD Mean SD

8.31a 0.16 3.05a 0.02 92 6 2
8.36c 3.20c 92 7 1

https://vminteq.lwr.kth.se


Table 2
Soil organic carbon (OC) concentrations of natural and artificial soil treatments as well as
respective dissolved OC (DOC) concentrations before and after incubation (mean values
and standard deviation (SD) of four replicates). Different letters indicate significantly dif-
ferent mean values between treatments (p <0.05). OC values for treatments with wheat
straw addition before incubation were calculated (initial OC + amount of added OC)
and therefore have no standard deviation.

Before
incubation

After
incubation

Soil OC
mg g–1 soil

DOC
mg l–1

Soil OC
mg g–1 soil

DOC
mg l–1

Mean SD Mean SD Mean SD Mean SD

Natural soil
No straw 3.57 0.19 - 3.31b 0.08 16.6b 0.9
No Straw + pH adjustment 3.57 0.19 - 3.34b 0.57 22.3b 3.2
+ Straw⁎ 9.33 - 8.22a 0.40 42.4a 3.0
+ straw⁎ + pH adjustment 9.33 - 7.53a 1.06 39.8a 3.6
Artificial soil
No straw⁎⁎ - 17.9a 0.5 0.10b 0.01 4.7c 0.2
No straw⁎⁎+ pH adjustment - 17.9a 0.5 0.10b 0.02 4.3c 0.4
+ Straw⁎ 5.76 17.9a 0.5 4.94a 0.23 63.9a 17.9
+ Straw⁎ + pH adjustment 5.76 17.9a 0.5 5.19a 0.17 30.5b 3.5

⁎ OC andN concentrations of addedwheat straw: OC: 450mg g–1, N: 2.5mg g–1; details
and chemical composition of organic matter are given in Kölbl et al. (2019).
⁎⁎ OC and N concentration due to added soil solution: OC: 17.9 mg l–1, N: 4.4 mg l–1.
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first step, 2 g soil material was extracted by shaking in 40ml 1MMgCl2
solution for 1 h in a reciprocating shaker. After centrifugation (10 min,
3000 g), the supernatant was filtered through 0.45-μm syringe filters
(PTFE membrane filters, VWR International, Belgium). Thereafter,
40 ml 1 M HCl was added to the settled soil material and the sample
shaken for 4 h; the supernatant was extracted as described before. The
subsequent DCB extraction was carried out as outlined by Mehra and
Jackson (1960). Finally, 40 ml of 65% HNO3 was added, the samples
shaken for 2 h, and then, the supernatant was extracted as described
above. Concentrations of extracted Fe were determined by ICP-OES.

The mineral composition of one fine fraction of each treatment was
analysed on random powder samples using X-ray diffraction (XRD)
(D5005, Siemens AG, Germany) with Cu Kα-radiation (λ = 1.541 nm)
from 2 to 80°2θ in stepscan mode with 0.02°2θ-step size, fixed slits,
and 10 s counting time. We presented the range from 10 to 80°2Θ
which cover the signals of jarosite.

Mössbauer spectra of selected fine fractions after incubation with
andwithout strawadditionwere used to identify all Fe-containing com-
pounds. Samples weremeasured in transmission geometry with a stan-
dard electromechanical spectrometer using a sinusoidal velocity
waveform and a 25 mCi source of 57Co in rhodium. The 14.4-keV γ-
rays were detected with a Kr/CO2 proportional counter with single
channel analyser windows set on both the 14.4 keV photo peak and
the escape peak. In addition to the measurements at room temperature
(295 K), spectra were recorded at 4.2 K in a liquid He bath cryostat, and
measurements at about 150 K were performed with liquid nitrogen in
the heat radiation shield of the cryostat. During all measurements,
source and absorber were at the same temperature. The absorber thick-
ness was 150 mg cm−2 for all samples. The spectra were least squares
fitted with appropriate superpositions of Lorentzian lines for quadru-
pole doublets and magnetically split sextets. In some cases, broad mag-
netic patterns were approximated by Gaussian distributions of
hyperfine fields.

2.6. Statistical evaluation

Mean values between treatments were compared with ANOVA
using a Tukey procedure as post-hoc test. For all statistical tests, a signif-
icance level of 0.05 was used. All statistical analyses were carried out
using OriginPro 2019 (OriginLab Corporation, USA).
4

3. Results

3.1. pH and Eh

During the 14 days of oxic pre-incubation, pH values remained con-
stant at ~3.1 (natural soil), or increased slightly from 3.3 to 3.6 (artificial
soil). The Eh values varied between 580 and 600mV for the natural soil,
and were constant at ~650 mV for the artificial soil (Fig. 1).

After submergence, the treatments developed different pH and Eh
values. Addition of wheat straw induced a pH increase to 6.2 in artificial
and 6.5 in natural soil samples at the end of the incubation. Adjustment
of pH at the beginning of the anoxic phase accelerated the pH increase
but resulted in similar final pH values. The Eh values decreased after
wheat straw addition, reaching ~0 (natural soil) and 50 mV (artificial
soil) at the end of the incubation, irrespective of the pH adjustment.
Natural and artificial soils without straw addition had pH values of 3.5
and 4.0 and Eh values of 600 and 500 mV at the end of the incubation,
respectively. Adjustment of pH in samples without wheat straw addi-
tion resulted in slightly higher pH (~4.5) but similar Eh values
(500–600 mV) compared to non pH-adjusted samples.

3.2. Soil OC before and after incubation

In natural soil samples without wheat straw addition, the OC con-
centration decreased slightly from 3.6 to 3.3 mg g−1 after incubation
(Table 2), irrespective the pH adjustment. In natural soil samples with
straw addition, OC concentrations decreased from 9.3 to 8.2 mg g−1

without pH adjustment and to 7.5 mg g−1 with pH adjustment.
In the artificial soil, DOC equivalent to 0.9mgOC g−1was addedwith

the soil solution.Without straw addition, the soil OC concentration was
0.1mg g−1 after incubation.With straw addition, soil OC concentrations
decreased from ~5.8 to ~4.9 mg g−1, irrespective the pH adjustment.

3.3. Soil solution composition

Concentrations of DOCat the endof the incubations ranged from4 to
64 mg l−1 (Table 2). Lowest values were found in solutions without
straw addition (in artificial soil samples up to 5 mg l−1 and in natural
soil samples up to 22 mg l−1). The DOC concentrations in treatments
with straw addition were significantly higher and ranged between 31
and 64 mg l−1.

In treatments without straw addition, total Fe concentrations in the
soil solution were low (maximum values of 0.04 mmol l−1, Table 3). In
treatments with straw addition, Fe concentrations after anoxic incuba-
tion were higher, ranging from ~11.9 mmol l−1 (artificial soil) to
12.9mmol l−1 (natural soil). Due to their large variability, Fe concentra-
tionswere not significantly different between natural and artificial soils.
The proportion of Fe2+was ≥97% of the total Fe concentrations in all soil
solutions. Adjustment of pH at the beginning of the submerged incuba-
tion had only minor effects on the Fe release.

The initial K concentration in the soil solution was 0.8mmol l−1 and
did not change significantly after incubation of treatments without
straw addition. In treatments with straw addition, K concentrations in-
creased, ranging from 10mmol l l−1 (natural soil) to 13mmol l−1 (arti-
ficial soil), with 2.4 mmol l−1 being straw-derived. Pre-adjustment of
pH at the beginning of the anoxic incubation had no effect on dissolved
K concentrations.

Total S concentrations did also not change significantly after incuba-
tion of samples without straw addition, ranging from 3 mmol l−1 (arti-
ficial soil) to 5 mmol l−1 (natural soil). Incubation with straw addition
resulted in increased S concentrations of 21 mmol l−1 in artificial and
23mmol l−1 in natural soil. The share of SO4

2−-Swas 70% of the total dis-
solved S in the artificial and 80% in the natural soil. Adjustment of pH
had also no significant effect on dissolved S concentrations.

Congruent dissolution of jarosite (KFe3(SO4)2(OH)6) should lead to a
stoichiometric Fe:K:S molar ratio of 3:1:2 in solution. Addition of wheat



Fig. 1. Time course of pH and Eh values in natural and artificial soil during the incubation experiment. Data points show mean values ± standard deviations (n = 4).
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straw added K but no Fe and S to the soil solution (Table 3). Therefore,
the portion of straw-derived K was subtracted before calculating ele-
ment ratios in solution. The calculated averagemolar Fe:K:S ratios in so-
lution after incubation with straw, being 1.6:1:2.6 for the natural soil
and 1.2:1:2.1 for the artificial soil, did not accord with those expected
for congruent dissolution of jarosite.

3.4. Fe species before and after incubation

X-ray diffraction patterns of natural and artificial soils clearly re-
vealed the occurrence of jarosite before incubation (Fig. 2). Incubation
without strawaddition did not affect thepresence of jarosite. After incu-
bation with wheat straw, jarosite was no longer detectable by XRD in
Table 3
Concentrations of Fe, Fe2+, K, S, and SO4

2– in solutions of natural and artificial soil treatments at
(mean values and standard deviation (SD) of four replicates). Different letters indicate signific

Natural soil

Fe Fe2+ K S

mmol l–1 mmol l–1 mmol l–1 mmol l–1

Start of incubation
No Straw mean 0.01c 0.01c 0.81b 2.66b

SD 0.01 0.01 0.13 0.34
End of incubation
no straw mean 0.00c 0.00c 1.00b 4.68b

SD 0.00 0.00 0.24 0.25
no straw + pH mean 0.00c 0.01c 0.73b 4.99b

SD 0.00 0.01 0.25 0.13
+ straw mean 12.85a 12.42a 9.97a 23.17a

SD 0.71 0.45 0.68 1.84
+ straw + pH mean 11.57b 11.50b 9.94a 21.67a

SD 0.20 0.56 0.37 0.38
Straw-derived mean 0.00 0.00 2.44 0.00

SD 0.00 0.00 0.00 0.00
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the natural soil. In the artificial soil with straw addition, however,
jarosite was still detectable by XRD after incubation (Fig. 2).

The sequential extraction of natural and artificial soils before incuba-
tion revealed that most Fe was DCB-extractable, with 4.0 mg g−1 in the
natural soil and 4.9mgg−1 in the artificial soil (Fig. 3). Hydrochloric acid
extracted 1.4mg Fe g−1 from the natural and 1.9mg Fe g−1 from the ar-
tificial soil. All other extraction steps revealed very low Fe contents
(≤0.1mgg−1). Incubationwithout strawdidnot change the distribution
of Fe over fractions significantly. After incubation with straw, DCB-
extractable Fe was reduced by 57% in the natural soil and by 26% in
the artificial soil, whereas HCl-extractable Fe increased by 1.0 mg g−1

in natural and 0.4 mg g−1 in artificial soil. In addition, ~1.4 mg g−1 of
Fe was in the soil solution in the natural soil as well as artificial soil.
the start (after 1 week of anoxic incubation) and at the end of the incubation experiment
antly different mean values between treatments (p <0.05).

Artificial soil

SO4
2- Fe Fe2+ K S SO4

2-

mmol l–1 mmol l–1 mmol l–1 mmol l–1 mmol l–1 mmol l–1

1.02b 0.01b 0.01b 0.81b 2.66b 1.02b

8.39 0.01 0.01 0.13 0.34 8.39

3.78b 0.00b 0.04b 1.06b 2.61b 1.78b

0.20 0.00 0.04 0.32 0.17 0.10
3.63b 0.00b 0.00b 1.11b 3.06b 2.01b

0.53 0.00 0.00 0.29 0.27 0.19
17.89a 11.85a 11.66a 10.87a 19.47a 14.25a

2.27 2.22 2.14 1.37 2.71 2.39
18.67a 11.33a 11.17a 12.94a 21.35a 15.95a

1.39 2.83 2.51 1.41 3.76 2.09
0.00 0.00 0.00 2.44 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00

Image of Fig. 1


Fig. 2. Powder XRD patterns of natural and artificial soil treatments (fine fractions) before and after incubation (J = jarosite; Q = quartz; H = halite).
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Adjustment of pH before incubation had no significant effect on the dis-
tribution of Fe fractions.

The identification of different Fe phases with Mössbauer
spectroscopy is carried out by measuring the same sample at different
temperatures. Most Fe minerals that occur in soils (e.g. haematite, goe-
thite, jarosite) are represented in theMössbauer spectrum by a doublet
or theymagnetically order into a sextet. Highly crystalline FeIII minerals
form a sextet already at room temperature, while less crystalline FeIII

minerals require lowermeasurement temperatures. Those FeIII minerals
that have not ordered at a certain measurement temperature collec-
tively form a ferric doublet of unresolved Fe-bearing phases. At a mea-
surement temperature of 4.2 K, all Fe oxides have ordered into a
Fig. 3. Change of Fe fractions during incubation as revealed by sequential Fe extraction (bars sh
different between treatments (p < 0.05).
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sextet and the remaining ferric doublet represents FeIII in clay minerals
and/or in Fe–organic associations. The ferric doublets dominating the
Mössbauer spectra obtained at room temperature (supporting informa-
tion II) of the artificial soil incubated with and without straw addition
completely ordered into sextets at 4.2 K (Fig. 4a), indicating that the ar-
tificial soil contained neither FeIII in clay minerals nor in Fe–organic as-
sociations. In the artificial soil incubated without straw addition, the
sextets mainly represent jarosite (95%), with small amounts of goethite
(5%). No other Fe oxyhydroxides or Fe oxyhydroxy sulfate phases could
be identified. After incubating the artificial soil with added straw, 16% of
the initial total Fe were found in solution and 3% appeared as Fe2+

adsorbed on minerals or associated with OM (ferrous doublet in the
owmean values± standard deviation). Different letters indicate mean values significantly

Image of Fig. 2
Image of Fig. 3
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4.2 K spectrum; Winkler et al., 2018; Thompson et al., 2011). Seventy-
one percent of the initial total Fe remained as jarosite (sharp sextet in
the 4.2 K spectrum), while 9% of total Fe appeared as goethite, probably
poorly crystalline or nano-sized (see broad sextet at room temperature
and sextet in the 150 K spectrum (supporting information I and II). No
evidence of any newly formed Fe sulfides was found.

In the natural soil incubated without straw addition, the prominent
ferric doublet shown at room temperature (supporting information II)
has mainly ordered into ferric sextets at 4.2 K, representing jarosite
(85% of total Fe, Fig. 4b). There were no indications of any other Fe
oxyhydroxy sulfate phases. Thirteen percent of total Fe, however,
remained as ferric doublet at 4.2 K, thus representing FeIII in
phyllosilicates or Fe–organic associations. In natural soil incubated
with straw addition, the ferric doublet ordered into a sharp sextet
representing jarosite (23% of total Fe) and into a broad sextet,
representing an unresolved jarosite-lepidocrocite phase (26% of total
Fe). This is in contrast to the XRD result, which did not reveal the
presence of jarosite in this sample. The ferric doublet remaining at
4.2 K accounts for 22% of total Fe, which was distinctly more than in
the natural soil incubatedwithout strawaddition. Since formation of Fe-
III-containing phyllosilicates is unlikely during a 15-week incubation ex-
periment, that increase most likely represents FeIII in Fe–organic
associations. Nineteen percent of the initial total Fe in the natural soil
was found in solution after incubation with straw addition. The room
temperature Mössbauer spectra of the natural soil exhibited small fer-
rous doublets representing FeII in primary minerals or phyllosilicates
or Fe2+ adsorbed on mineral surfaces or OM (supporting information
a) ar�ficial soil

b) natural soil

Fig. 4.Mössbauer spectra of artificial (a) and natural (b) soil treatmentswith andwithout straw
in grey italics reflect the Fe distribution after incubation with straw, but without taking into ac
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II). That ferrous doublet accounted for 2% of total Fe in the natural soil
incubated without straw addition and for 6% in the respective soil incu-
bated with straw addition. In accordance with the increased amount of
dissolved Fe2+ in the natural soil with straw addition (Table 3), the
larger percentage of the ferrous doublet in that soil likely represents
Fe2+ adsorbed on minerals or OM. Again, sulfidic Fe was not detected.

4. Discussion

4.1. pH adjustment did not support remediation of a sandy sulfuric soil after
adding sufficient OC

The corresponding developments of pH and Eh values during incu-
bation indicate that the artificial sulfuric soil served well as a model
for the natural sulfuric soil. In both soils, the addition of wheat straw in-
duced increases in pH to pH >6.0 (Fig. 1), almost independent of any
initial pH adjustment. The Eh values decreased from ≥500 to ≤50 mV
at the end of the incubation, indicating microbial reduction processes.
This is supported by the OC consumption (Table 2): with straw, be-
tween 10 and 19% of the total soil OC was consumed during incubation,
whereas without straw addition, the OC consumption was lower
(approx. 6% of the soil OC in natural soil). Persistently high Eh
(≥500 mV) and low pH values (pH ≤4.5) indicate that no proton-
consuming microbial reduction occurred without straw addition. The
results are in good agreement with a former study of Kölbl et al.
(2019), showing that addition of OC as wheat straw resulted in rapid
changes of redox and pH values, accompanied by significant CO2 release
addition (fine fractions) after incubation. Spectrawere recorded at 4.2 K. Percentages given
count the amount of dissolved Fe.

Image of Fig. 4
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due to increasedmicrobial activity and higher bacterial abundance than
in treatments without straw addition.

The absence of recognizable effects of the prior pH adjustment on
final pH and Eh values suggests that neutralization of acidity is not nec-
essarily a prerequisite for the successful remediation of sandy sulfuric
soils by submergence in combination with addition of available OM
sources. This contrasts previous findings (e.g., Yuan et al., 2015a; Kölbl
et al., 2018) that showed the effectiveness of combined pH plus OC
treatments for remediation of clayey sulfuric soils. One possible expla-
nation could be that the sandy sulfuric soil has less stored acidity than
the clayey sulfuric soil. Another factor could be the amount of OC addi-
tion: It has not yet been tested whether there are different minimum
levels of OC additions for different types of sulfuric soils that would
make pHpre-adjustments unnecessary. Obviously, in this sandy sulfuric
soil, microbial reduction processes proceed without pH adjustment,
provided that added OC is sufficiently microbially available.

4.2. Redox processes caused by the addition of wheat straw induced disso-
lution of jarosite

The addition of wheat straw caused increased concentrations of Fe,
K, and S in solution of natural and artificial soil samples (Table 3) and
led to the complete loss of XRD-detectable jarosite in natural soil after
incubation (Fig. 2). This could be due tomicrobially mediated reduction
of jarosite aswell as the pH increase. The stability of jarosite is limited to
relatively oxidized (Eh>400mV) and acid (pH 3–4) conditions and dis-
solution rates increase outside this range (Trueman et al., 2020; Keene
et al., 2010; Gasharova et al., 2005; Baron and Palmer, 1996). Under in-
undation, Fe and/or sulfate-reducing bacteria can potentially utilize
both FeIII and SO4

2− in jarosite as electron acceptors (Coggon et al.,
2012), and thus, induce reductive dissolution (Chu et al., 2006). Such re-
ductive dissolution increases not only the concentrations of Fe2+, S, and
K, but also the pH in the soil solution by proton-consuming reactions of
reducing bacteria. In all treatments receiving straw, pH values ≥6 oc-
curred over a period of at least 10 weeks during the incubation experi-
ment. Since the stability of jarosite is generally limited to a narrow
pH 3–4 range (Keene et al., 2010; Zahrai et al., 2013), the circumneutral
pH likely contributed to the dissolution of jarosite. Thus, Fe3+, K, and
SO4

2− are released into the soil solution due to dissolution of jarosite
upon the increase in pH caused by reducing processes stimulated by or-
ganic substrate addition (Herzsprung et al., 2002; Bao et al., 2018).

The Fe, K, and S concentrations in solution did not reflect the stoi-
chiometric composition of jarosite. In natural soil, the molar S:K ratio
was greater than that of jarosite, indicating the occurrence of other sul-
fate minerals (such as gypsum or other S-bearing salts; Trueman et al.,
2020), which were not present in the artificial soil. Instead of the ex-
pected molar Fe:K ratio of 3:1, we observed noticeably lower ratios in
solution (Fe:K ratio ≤ 1.6:1) (Table 3), indicating precipitation of the re-
leased Fe in both natural and artificial soil. The Mössbauer data reveal
that the dissolution of jarosite was accompanied by formation of sec-
ondary Fe oxyhydroxides (goethite, lepidocrocite; Fig. 4a, b), which
will leave K and SO4

2− in the solution. In addition, Mössbauer data
show that released Fe3+ and Fe2+ may sorb on mineral surfaces, and
the formation of Fe–organic associates (probably Fe−OM co-
precipitates) is also likely to occur. High proportions of SO4

2−-S to total
S in the soil solution indicate that SO4

2− reduction was little during
15 weeks anoxic incubation. This is supported by a former study show-
ing that straw addition increased the total bacterial abundance, but not
the proportion of SRB in the total bacterial community (Kölbl et al.,
2019). On the one hand, this might be due to the energetic favourability
of FeIII versus SO4

2− reduction (Burton et al., 2007). On the other hand,
SRB prefer low-molecular weight organic compounds such as lactate,
formate, and acetate (Holmer and Storkholm, 2001; Blodau, 2006),
which were probably not sufficiently produced during straw decompo-
sition by Fe-reducing bacteria. Therefore, formation of Fe sulfides ap-
pears unlikely as long as jarosite and other FeIII forms are still present.
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4.3. Reductive dissolution of jarosite does not immediately lead to forma-
tion of Fe sulfides

Jarosite was not detected by XRD in the natural soil after anoxic in-
cubation with wheat straw but Mössbauer spectroscopy still revealed
its presence. We hypothesize a decrease in crystal size and amount ren-
dered jarosite undetectable by XRD. This is in accordance with studies
using imaging techniques, which demonstrated reduction in grain size
during alkaline dissolution of jarosite under oxic conditions
(Gasharova et al., 2005; Smith et al., 2006). Also, substantial changes
in jarosite morphology under reducing conditions via fragmentation
from extensive etching and pitting (Vithana et al., 2015) may have con-
tributed to decreased particle size.

Decreased particle size of jarosite would also explain the shift from
dominating proportions of DCB-soluble Fe before incubation to higher
proportions of HCl-soluble Fe after incubation with wheat straw
(Fig. 3). According to Claff et al. (2010), loss of DCB-soluble Fe indicates
loss of crystalline Fe oxide minerals, including jarosite. In turn, increas-
ing proportions of HCl-soluble Fe are indicative of increasing amounts of
labile metal sulfides (e.g., mackinawite, greigite), poorly crystalline or
nano-sized oxyhydroxides, and labile organic−metal complexes (Yu
et al., 2015).

Saturation indices (supporting information III) were calculated to
estimate if Fe oxyhydroxides, Fe sulfides, and Fe oxyhydroxy sulfates
are likely to dissolve or precipitate based on soil solution data. The re-
sults suggest thermodynamically favourable conditions for jarosite dis-
solution at the end of the incubations, even in the controls. However,
jarosite solubility, excluding microbial-mediated reductive dissolution,
is low at pH<4.5 (Trueman et al., 2020). The addition of OMaccelerates
the dissolution and increases Fe2+ concentrations in the solution, pre-
sumably via biotic Fe reduction. The improved conditions for jarosite
dissolution, and thus, increased Fe concentrations at circumneutral pH
and Eh between 0 and 50 mV in treatments with straw addition allow
for precipitation of Fe oxyhydroxides but obviously not formation of
Fe sulfides (supporting information III).

Mössbauer spectra confirmed jarosite losses after anoxic incubation
with wheat straw (Fig. 4a,b), and revealed no formation of Fe sulfides.
Instead, as predicted by the saturation indices, small amounts of proba-
bly poorly crystalline or nano-sized goethite were formed in the artifi-
cial soil, and lepidocrocite in the natural soil. Formation of goethite
and lepidocrocite under anoxic conditions is well documented and has
been attributed to Fe2+-catalysed transformation of less crystalline Fe
oxyhydroxides, such as ferrihydrite, to thermodynamically more stable
forms (Williams and Scherer, 2004; Pedersen et al., 2005; Vogelsang
et al., 2016; Karimian et al., 2018a, and references therein). Also, Fe
oxyhydroxy sulfate phases undergo Fe2+-catalysed transformation to
goethite and lepidocrocite under anoxic conditions and cirumneutral
pH (Burton et al., 2007; Jones et al., 2009; Vithana et al., 2015). More-
over, the formation of nano-sized goethite (diameters <100 nm) has
also been shown as result of alkaline dissolution of jarosite under oxic
conditions (Elwood Madden et al., 2012). Goethite crystals were ob-
served both associated with the surfaces of jarosite grains as well as in-
dependent particles. Such nano-sized mineral phases are hardly
detectable by XRD because they lack diffraction domains.

Vithana et al. (2015) showed that transformation of jarosite under
anoxic conditions in re-flooded sediments led to the formation of goe-
thite as well as lepidocrocite after 5 months of incubation. At low Eh
values and high activity of microbial reducers, dissolution of jarosite
could also promote the formation of Fe sulfides (Herzsprung et al.,
2002). The formation of nanoparticulate mackinawite as described by
Burton et al. (2007), however, only occurred after a biogeochemical re-
gime shift froman initial dominance of FeIII reduction to a co-occurrence
of both FeIII and SO4

2− reduction, i.e. when reduction of FeIII produced
similar energy yields as SO4

2− reduction. In our study, however, redox
potentials between 0 and 50 mV and high proportions of SO4

2− in the
soil solution indicate that redox processes were mainly controlled by
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the FeII–FeIII redox couple, with little to no sulfate reduction, and there-
fore formation of Fe sulfides was not supported. The absence of Fe sul-
fide formation may also be the result of fast immobilization of
released Fe2+ by sorption or co-precipitation with OM, as has been
shown for estuarine sediments (Yu et al., 2015).

The formation of Fe oxyhydroxides instead of Fe sulfides has several
implications and potential advantages for remediation of sulfuric soils
andmaterials. In acid mine drainage and acid sulfate soil environments,
potentially toxic trace elements, such as arsenic and antimony, can re-
side within the structure of jarosite and become released upon jarosite
dissolution. However, neoformed lepidocrocite and goethite may
immobilise these elements again, since they are strong scavengers for
both at circumneutral pH conditions (Karimian et al., 2017; Karimian
et al., 2018b). Thus, formation of lepidocrocite and goethite can reduce
the risk of arsenic and antimony. Further, Fe oxyhydroxides, unlike Fe
sulfides, are stable under oxic conditions and do not carry the risk of
renewed acidification in the case of future aeration. Therefore, slow
transformation of jarosite to Fe oxyhydroxides while avoiding sulfide
formation is desirable. This could be achieved by moderate addition of
OC, which favours the FeII–FeIII redox couple, while avoiding sulfate-
reducing conditions.

5. Conclusions

In contrast to previous studies and in contrast to our original expec-
tation, pHpre-adjustmentwasneither necessary for anoxic remediation
of the natural sandy sulfuric soil nor for its artificial analogue. As hy-
pothesized, sufficient addition of straw induced reduction processes
that consumed protons, leading to increased pH values and the dissolu-
tion of jarosite. In contrast to our assumptions, high proportions of SO4

2−

in the soil solution indicate that SO4
2− reduction was negligible during

the 15-week incubation under submerged conditions. Consequently,
and in contrast to our original assumption, formation of Fe sulfides did
not take place. Instead, we observed formation of nano-sized goethite
(in artificial soil), lepidocrocite (in natural soil), as well as Fe2+/Fe3+ ei-
ther sorbed to minerals or associated with OM. Since Fe oxyhydroxides,
unlike Fe sulfides, are not prone to support renewed acidification in the
case of future aeration, this result has important implications for the re-
mediation of sulfuric soils. We suggest addition of OC at amounts that
maintain redox conditions allowing transformation from jarosite to Fe
oxyhydroxides while avoiding sulfide formation.
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