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ARTICLE INFO ABSTRACT

Associate editor: Elizabeth Herndon Jarosite, a prominent mineral in oxidised acid sulfate soil, is known to sorb and incorporate a variety of elements,
including Al. However, to understand the role that jarosite plays in regulating element cycles, it is crucial to
understand the stability and transformation pathways of jarosite in an acid sulfate soil under dynamic biogeo-
chemical conditions. In this study, we observed the transformation of unsubstituted jarosite and Al-substituted
jarosite, collectively referred to as ‘jarosite’, in an acid-sulfate rice paddy topsoil and subsoil from Thailand.
Jarosite was incubated in flooded paddy topsoils and subsoils for up to sixteen weeks, both in laboratory mes-
ocosms and in the field, using bags made of polyethylene terephthalate mesh. One set of mesh bags contained
jarosite that was not mixed with any other minerals, and referred to as ‘pure mineral’ incubations. Mineral
transformations occurred under the influence of the soil porewater only and were primarily followed by X-ray
diffraction analysis. A parallel set of mesh bags contained soil with °”Fe-labelled jarosite enrichment (Fe enriched
in soil by a factor of 1.3 but 57Fe enrichment factor of 12.5-13.6), which allowed jarosite transformation to occur
in close association with the soil matrix. Mineral transformations in % Fe-jarosite-enriched soil were followed
using %’Fe Mossbauer spectroscopy. In laboratory mesocosms and in the field, jarosite transformed most quickly
in topsoil, whereas jarosite underwent limited transformation in subsoils, especially in laboratory mesocosms
where Fe reduction was slow. The chemical environment around the jarosite affected the outcome of the
transformation processes. Crystalline Fe oxyhydroxides, such as goethite, dominated the products in mesh bags
where jarosite was not mixed with soil, whereas short-range-ordered or non-mineral Fe phases, such as Fe(II)
sorbed to mineral surfaces or complexed with organic ligands, were dominant transformation products of jarosite
when mixed in soil. Furthermore, Al substitution in jarosite caused contrasting effects in mesh bags containing
pure minerals or mineral-enriched soil. Aluminium substitution slowed the transformation of jarosite in pure
mineral mesh bags, but Al-substituted and unsubstituted jarosite showed similar transformation rates and
pathways when incubated as a mixture with soil. The contrasting rate of transformation in topsoil and subsoil,
the contrasting products of transformation in pure mineral mesh bags and > Fe-jarosite-enriched soil, and the
contrasting effect of Al substitution in pure mesh bags or jarosite-enriched soil, all demonstrate that the rate and
products of jarosite transformation are defined by a balance between competitive transformation pathways that
affect the transforming minerals.
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1. Introduction minerals, jarosite has the general formula AB3(TO4)2(OH)g with the A

site being dominated by K, the B site containing mostly Fe(III), and the T

Jarosite is a potassium-iron hydroxysulfate mineral commonly found
in acidic environments, such as acid sulfate soils (ASS) and acid mine
drainage environments. As a member of the alunite supergroup of
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site being occupied by S (Menchetti and Sabelli, 1976). Jarosite only
forms under oxic (Eh > +400 mV), acidic (pH ~2-4) conditions in the
presence of Fe(Ill) and SO4 (Van Breemen, 1982). Most prominently,

0016-7037/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).



A.R.C. Grigg et al.

jarosite occurs in ASS as pale yellow mottles (cm-scale regions within
the soil that are highly enriched in jarosite) that form soil coatings
within voids following the oxidation of pyrite (Poch et al., 2009; Van
Breemen, 1982). Jarosite mottles are indicative of acidic aqueous en-
vironments, and are a diagnostic feature of active acid sulfate horizons
in some soil taxonomy systems, including the thionic horizons of the
World Reference Base for Soil Resources (WRB) (IUSS Working Group
WRB, 2015, 2022), sulfuric horizons in the United States Department of
Agriculture (USDA) classification system (Soil Survey Staff, 2015), and
various soil series of the Central Plain region within the Thai soil clas-
sification system (Land Development Department, 2004).

Jarosite plays an important role as a scavenger of trace and major
elements in ASS, as well as in other natural and engineered systems.
Potentially toxic elements have been shown to associate with jarosite,
either structurally incorporated as oxyanions, such as AsO3 or CrOF~
(Karimian et al., 2018; Ryu and Kim, 2022), structurally incorporated as
cations, such as Na™, Sr?* or AI** (Grigg et al., 2024b; Stoffregen et al.,
2000; Welch et al., 2007), or associated with jarosite surfaces by sorp-
tion such as As or Sb (Karimian et al., 2023). In some situations, jarosite
formation is induced in industrial processes or for remediation of
contaminated soil to immobilise impurities or pollutants, such as Pb, S
and alkali metals (Dutrizac and Jambor, 2000; Karna et al., 2021). In
addition to its load of trace elements, jarosite may release acidity by the
hydrolysis of Fe(III) upon dissolution, which may present an environ-
mental hazard if released to the soil porewater (Vithana et al., 2013).
Since dissolution of jarosite can mobilise toxic elements (Welch et al.,
2007), the mobility and distribution of these elements in the soil profile
is dependent on the formation, stability and transformation pathways of
jarosite (Sukitprapanon et al., 2020).

The stability of jarosite in ASS remains a matter of debate (Sukit-
prapanon et al., 2020). Jarosite has a narrow thermodynamic stability
field in acid sulfate systems (Alpers et al., 1989; Van Breemen and
Harmsen, 1975), but it has been observed in oxidised ASS decades after
its initial formation (Trueman et al., 2020; Van Breemen and Harmsen,
1975). In well-mixed mineral suspensions, synthetic jarosite dissolves
slowly at low pH, with a minimum dissolution rate at pH 3.5, but
dissolution rates increase at higher pH, up to at least pH 10.9 (Elwood
Madden et al., 2012). Under anoxic conditions, Fe(II)-catalysed trans-
formation is not observed in batch experimental systems at pH < 4.0
(Karimian et al., 2018), but Fe(II)-catalysis has been shown to be a major
driver of jarosite transformation to goethite, lepidocrocite, magnetite
and green rust between pH 5.5 and 7.0 (Grigg et al., 2024a; Karimian
etal., 2017, 2018). In addition, sulfidation of jarosite occurs throughout
a wide pH range, from as low as pH 4.0 to at least pH 8.0 (Johnston et al.,
2012). Experiments that employ well-mixed mineral suspensions have
also been used to demonstrate that jarosite dissolution is accelerated in
the presence of pure cultures or consortia of sulfate-reducing bacteria
(SRB) at circumneutral pH (Gao et al., 2019; Ivarson and Hallberg,
1976) and Fe-reducing bacteria at low pH (pH 2.0 & 2.8; Bridge and
Johnson, 2000), circumneutral (Jones et al., 2006), and high pH values
(pH up to 8.0; Ouyang et al., 2014). Factors which affect the mineral
structure, such as the substitution, incorporation, or sorption of organic
and inorganic compounds, further influence the rate and pathway of
jarosite dissolution and transformation. For example, Al substitution for
Fe (Grigg et al., 2024a), oxyanion substitution for SO4 (Ryu and Kim,
2022) and sorption of Si and natural organic matter (Jones et al., 2009)
slow the rate of jarosite transformation, and change the balance of
lepidocrocite, ferrihydrite and goethite in the products.

Although experiments in well-mixed mineral suspensions have
highlighted key aspects of jarosite reactivity, these systems do not
replicate the complexity of porewater composition, pore-scale advective
or diffusive processes, direct interactions with organic and inorganic soil
components, and the influence of native soil biological communities.
Therefore, mixed suspension studies are complemented by observations
of in situ jarosite dynamics in ASS based on interpretation of the dis-
tribution (Sukitprapanon et al., 2016; Van Breemen and Harmsen, 1975)
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and morphology (Keene et al., 2010) of jarosite that is present in ASS
profiles. These field observations show that the stability of jarosite in
acid sulfate rice paddy soil depends on differences in the geochemical
conditions in each horizon and temporal differences in geochemical
conditions induced by flooding-draining cycles (Sukitprapanon et al.,
2016; Van Breemen and Harmsen, 1975). However, the rate and path-
ways of the transformations could not be assessed directly in the field
studies.

To bridge the gap between studies with well-mixed mineral sus-
pensions and in situ observations, there is increasing interest in exper-
iment methods that allow investigations of mineral transformation
under biogeochemical conditions that occur in soil. For example, a study
of jarosite in the environment, in which perforated plastic tubes were
used to incubate synthetic jarosite in acidic surface water and neutral
anoxic sediments in a catchment that drains ASS, showed that jarosite
partially transformed to goethite in one year (Vithana et al., 2015). The
result stood in contrast to the transformation of synthetic jarosite in
well-mixed mineral suspensions using environmentally relevant pH
(between 4 and 7) and ratios of Fe(II) to Fe(II), which typically trans-
form to goethite within hours or days (Grigg et al., 2024a; Jones et al.,
2009; Karimian et al., 2017, 2018). Novel methods that have been used
to follow the transformations of synthetic Fe (oxyhydr)oxides during
incubation in soils, such as mesh bags (Grigg et al., 2022; Nielsen et al.,
2014; Vogelsang et al., 2016), diffusive gels (Kraal et al., 2020), and 57Fe
isotopic labelling (Notini et al., 2023; Schulz et al., 2023), offer new
insights into the effect of close contact with soil on mineral trans-
formation processes. These studies have shown that transformation
processes take months or years in soil (Grigg et al., 2022; Kraal et al.,
2020; Nielsen et al., 2014; Notini et al., 2023; Schulz et al., 2023;
Vogelsang et al., 2016), which is longer than the transformation typi-
cally observed in well-mixed mineral suspensions with similar Fe(II)
concentrations and pH (Boland et al., 2013; Boland et al., 2014; Ped-
ersen et al., 2005; Tronc et al., 1992; Yang et al., 2010; Yee et al., 2006).

This study was designed to explore reasons for the persistence of
jarosite in ASS profiles that are subject to regular flooding-drainage
cycles, using incubation techniques that support investigations of the
effects of the soil matrix on the rate and pathway of Fe mineral trans-
formations. The aims were, firstly, to assess how the biogeochemical
conditions in porewater from typical ASS topsoils and subsoils affect the
rate and pathway of synthetic jarosite transformation, secondly, to
investigate the effect of direct proximity to the soil matrix on the rate
and pathway of jarosite transformation, and thirdly, to assess what effect
Al-for-Fe substitution of the synthetic jarosite has on the rate and
products of jarosite transformation when reacted with soil porewater
and within the complex matrix. The rates and pathways of synthetic
jarosite and Al-substituted jarosite transformation were measured dur-
ing lab and field incubation of two horizons of an acid sulfate rice paddy
soil from Chachoengsao province, Thailand. The results extend the
current understanding of jarosite reactivity that is based on mixed-
suspension systems (Grigg et al., 2024a) to laboratory-scale and field-
scale experiments involving incubation in soil, to show how the inter-
action of competing transformation pathways explains the Fe mineral
composition of ASS at different stages of its evolution due to dependence
of the transformation pathways on the soil environment.

2. Methods
2.1. Overview and soil preparation

The study was designed in two parts whereby identical synthetic
jarosite samples were incubated in a laboratory mesocosm experiment
using two soils collected from a rice paddy in Thailand, and directly in
the field in soils from the same profile horizons. The laboratory meso-
cosm experiment was carried out to maximise control, in terms of the
homogeneity of the incubation soil and the frequency of the porewater
sampling. The field experiment was conducted to confirm that the
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results of the laboratory mesocosm were relevant under field conditions.
The soil used in this study was a Hydragric Vertic Anthrosol in the WRB
classification system (IUSS Working Group WRB, 2015) belonging to the
Rangsit series in the Thai soil classification system (Land Development
Department, 2004), found at the Chachoengsao Rice Research Centre in
Chachoengsao province, Thailand (Grigg et al., 2024b). For the initial
investigation, a soil profile was excavated to 180 cm depth (Fig. S1)
during the dry season in February 2020 from which samples were
collected for laboratory mesocosm experiments and to prepare soil-
mineral mixtures (Section 2.2). Topsoil samples were collected from
the upper 30 cm to represent the most biogeochemically active layer,
above the plough pan. Subsoils were collected from 50 to 80 cm depth,
which lies immediately below the plough pan, but above the sulfide-
bearing layer, in the upper part of the jarosite-bearing layer. Soils
were sent to Switzerland, dried at 30 °C, and sieved to 2 mm. Soil
geochemical and textural composition are listed in Section S1.

2.2. Mineral sample preparation

The mineral samples were synthetic unsubstituted jarosite (hence-
forth unsubstituted jarosite) or synthetic Al-substituted jarosite
(henceforth Al-jarosite), collectively called ‘jarosite’. Unsubstituted
jarosite and Al-jarosite were both synthesised with natural-isotope-
abundance Fe and °’Fe-enrichment (henceforth called NAFe-jarosite
and %’Fe-jarosite, respectively), according to a hydrothermal method
previously described (Grigg et al., 2024b). Briefly, VAFe(0) powder
(10 pm metal powder, EMSURE analysis grade, Merck) or >’ Fe-enriched
Fe(0) powder (96.14 % 57Fe, Isoflex, USA) was dissolved in 2 M sulfuric
acid (95-97 % reagent grade, Sigma Aldrich), filtered with a 0.22 ym
nylon syringe filter and oxidised with excess HyO2 (35 %, Merck). To
synthesise Al-jarosite, 0.3 M AIK(SO4)2-12H>0 (supplied as salt, Nor-
mapur reagent grade, VWR) solution was mixed with the 0.9 M Fe(III)
solution to produce a final Al:Fe ratio of 3:7. The Fe or Fe-Al solutions
were adjusted to pH 2.5 with KOH (‘Pellets extra pure’, Merck), heated
to 140 °C for 5 h in a sealed Teflon vessel, then the precipitated solids
were decanted, rinsed, dried at 60 °C for 24 h and stored in amber glass
in a desiccator until use. To ensure chemical and structural purity,
synthesised jarosite samples were characterised by powder X-ray
diffraction (XRD) and samples were dissolved in 4 M HCl (Normatom,
VWR) for elemental composition analysis using inductively coupled
plasma with optical emission spectroscopy (ICP-OES, 5100, Agilent
Technologies) for Fe, S and Al or atomic absorbance spectroscopy (AAS,
240FS spectrometer, Agilent Technologies) at 766.5 nm with sample
atomisation in an air-acetylene flame for K. The Al-V*Fe-jarosite and
Al—57Fe—jarosite had Al/(Fe + Al) of 0.10 and 0.08, respectively
(Table S2). Further mineral properties are reported in Section S2.

The % Fe-jarosite-enriched soils were mixtures of 700 mg of topsoil or
subsoil, with sufficient > Fe-jarosite to ensure that the °’Fe signal
measured by Méssbauer spectroscopy was dominated by >’Fe that was
added in synthetic mineral additions to the soil (Notini et al., 2023).
Topsoils and subsoils naturally contain approximately 1.9 % (w/w) and
3.6 % (w/w) NAFe, respectively, and 57Fe comprises 2.119 % of NApe
(Taylor et al., 1992). Therefore, topsoil was spiked with 13 mg and
subsoils with 25 mg >’Fe-jarosite, which corresponded to a theoretical
total Fe enrichment of 29 % in unsubstituted-jarosite-enriched soil and
26 % in Al-jarosite-enriched soil. According to these calculations, be-
tween 92 % and 93 % of the %’Fe in the enriched soils was added as *”Fe-
jarosite. The measured °’Fe enrichment in samples, as prepared for in-
cubation, is reported in Table S5.

Mineral samples in both field and mesocosm experiments were
deployed in mesh bags made of polyethylene terephthalate (PETE) mesh
fabric with pore size of 51 um (Sefar, Switzerland) with approximate
internal dimensions of 30 x 10 x 2 mm when filled. The mesh fabric was
triple layered to minimise mineral loss and closed with a heat seal. Each
mesh bag contained either 100 mg of pure (meaning not mixed with soil)
NARe-jarosite, 713 mg of *’Fe-jarosite-enriched topsoil or 725 mg of
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57Fe-jarosite-enriched subsoil. Mesh bags were inserted into soils verti-
cally using 3D-printed sample holders, which were fixed to threaded
nylon rods for mesocosms and field topsoils, or acrylic rods via a Teflon-
tape-coated screw for field subsoils. Detail about the sample holder
design is described in Section S3 and design files are available for
download in the Supplementary dataset.

2.3. Laboratory mesocosm incubation experiment

Laboratory mesocosms were constructed from six plastic containers
with internal dimensions of 37.6 x 26.0 x 28.3 cm similar to those used
in Schulz et al. (2023). Each mesocosm contained 10 kg of oven-dry (30
°C) topsoil or subsoil, which was saturated with 6 L of ultra-pure water
(UPW, MilliQ, >18.2 MQ cm), such that the soils were fully submerged.
Air pockets were removed by agitating the soils before samples or
samplers were deployed. The wet soil had a depth of approximately 15
cm in the containers. The mesocosms were stored at 30 °C throughout
the incubation period and covered in plastic film to limit evaporation.
Evaporation was compensated by 300 mL additions of UPW after sam-
pling at six and twelve weeks.

Triplicate sets of the mineral samples described in Section 2.2 were
deployed in mesocosms to a depth of 10 cm, measured to the centroid of
the mesh bag. Samples were arranged to ensure that all replicate sam-
ples were incubated in different mesocosms (i.e., each mesocosm is
considered a complete replicate) and not located in the equivalent
location within replicate mesocosms (Fig. S3). Samples were removed
from the soil after four, eight or sixteen weeks and immediately closed in
a nitrogen-flushed tube for transport to the glovebox (MBRAUN; Ny
atmosphere). In the glovebox, the sample holders were cut open and the
mesh bags were removed. The mesh bags were dried over at least 24 h in
the glovebox atmosphere, before the contents were removed from the
mesh bags and gently crushed with mortar and pestle. All samples were
stored in the dark in a glovebox until analysed.

Porewater was extracted from mesocosms at selected time intervals
throughout the incubation period by suction through Rhizon samplers
(Rhizosphere Research, NL; model ‘flex’, 5 cm-long porous filter with
0.6 pm cut-off) which were pre-positioned in the centre of each meso-
cosm (Fig. S3). Porewater for dissolved organic carbon (DOC) analysis
was immediately filtered through a 0.45 pm nylon filter and then
acidified to pH 3-4 with concentrated HCl. Porewater for elemental
analysis using ICP-OES was filtered through a 0.22 pm nylon filter and
then acidified in 1 % HCI. For full porewater sampling details see Section
S5.2. Porewater analysis was accompanied by in situ measurement of
redox potential (glass probe with Pt electrode and Ag/AgCl (3 M KCl)
built-in reference) and pH (glass probe with Ag/AgCl electrode and 3 M
KCI). The probes were inserted into the soils to the depth of the mesh
bags, avoiding disturbance of Rhizons and mesh bags as much as
possible. Redox probes were left in situ overnight to equilibrate before
reading. The measurements were corrected according to the measure-
ment of a standard redox buffer (+220 mV; Mettler Toledo,
Switzerland), and converted to the standard hydrogen electrode refer-
ence (+205 mV for a 3 M KCl Ag/AgCl electrode at 30 °C). Probes for pH
measurement were calibrated before use and allowed to equilibrate in
situ for >1 h before the pH was read.

2.4. Field incubation experiment

The field experiment was undertaken in a flooded rice paddy during
the wet season, from mid-June until mid-October 2021. Due to ongoing
projects at the research centre, the profile where the soil was collected
was about 150 m from the field experiment location, in the adjacent
field. The part of the rice paddy used for the field study was not planted
with rice during the experimental season, to exclude the effect of plant
roots on the mineral transformation study. Floodwater during the
experimental season was supplied by rainfall and additional irrigation
water was not required to maintain flooded conditions. The experiment
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began approximately two weeks after rice was planted in the other parts
of the paddy and was completed before the end of the rice growing
season (sixteen weeks in total).

A set of pure and soil-mixed jarosite samples, identical to those used
in the mesocosm study, were deployed in the field in topsoils and sub-
soils at 15 cm and 70 cm depth, respectively. Samples were arranged
such that each array contained one set of triplicated samples. Within
each array, the corresponding samples from each triplicate were sys-
tematically placed to have a different location with reference to one
another, porewater sampling points and array boundaries (c.f. array
layouts in Fig. S4). Replicate sets of samples were extracted from the
field after eight, twelve and sixteen weeks of incubation. Once removed
from soil, the samples were immediately sealed under vacuum to limit
contact with air. Vacuum sealed sample bags were further sealed in
nitrogen-flushed aluminium bags on the same day, and then stored
frozen. Once returned to the laboratory, the samples were thawed in a
glovebox, then handled as described above for the mesocosm samples.

Porewater was sampled from 15 cm and 70 cm depth on the days
when mineral samples were deployed and collected. The porewater was
extracted using Rhizons (Rhizosphere research, NL; model ‘Macro-
Rhizons’, 9 cm-long porous filter with 0.15 pm cut-off) which were
positioned in the centre of each array of replicate samples on the day
when porewater was collected (Fig. S4). Porewater was stored in glass
vials, acidified to pH 3-4 with concentrated HCl, and frozen until ana-
lysed. The same solution was used for DOC analysis and trace and major
element analysis by inductively coupled plasma with mass spectroscopy
(ICP-MS; 8800 QQQ, Agilent Technologies). The pH was measured in
porewater that was extracted using the same Rhizons using a calibrated
glass electrode (3 M KCl Ag/AgCl). Redox measurements were taken
with Pt electrodes that were embedded into custom-built 70 cm-long
fibreglass probes at intervals of 4-5 cm with an external reference
electrode (saturated KCl Ag/AgCl; built by Paleo Terra, NL). Values were
recorded after overnight equilibration of the electrodes and converted to
the standard hydrogen electrode reference (+194 mV for a saturated KCl
Ag/AgCl electrode at 30 °C).

2.5. Analytical methods

Major and trace elemental composition of the porewater solutions
was determined by ICP-OES for porewater collected from mesocosms
and by ICP-MS for porewater collected in the field. Measurements of
DOC in porewater were carried out using a DIMATOC 2000 (Dimatec)
total organic carbon analyser. Diluted DOC samples were measured
under constant stirring to ensure uptake of any precipitates that formed
as a result of freezing and thawing the samples.

The Fe isotopic composition of enriched soils before and after the
incubation was measured using ICP-MS analysis of soil extraction solu-
tions. Approximately 150 mg of each %’Fe-jarosite-enriched soil sample
was digested in 10 mL of Aqua Regia (8 mL HCI and 2 mL HNO3) for 90
min at 120 °C (Schulz et al., 2023). Samples were diluted to 100 ppb Fe
for isotope analysis and the ICP-MS was operated in Hyo-Hs mode (Schulz
et al., 2023). The proportion of the >’Fe attributable to the jarosite
enrichment, >Fey,, was calculated by comparison to the natural
abundance of ’Fe as outlined in Section S6. Data are recorded for each
replicate mesh bag in Section S6 and reported as averages of the tripli-
cates in the text.

Powder XRD measurements (D8 Advance, Bruker) were performed on
all samples retrieved from pure mineral mesh bags (not >’ Fe-jarosite-
enriched soil) before and after incubation in soils. Samples were resus-
pended in ethanol, transferred onto polished Si wafers (711 cut, Sil’tronix
Silicon Technologies), and allowed to dry in place. Reacted mineral sam-
ples were prepared under anoxic conditions and were closed under anoxic
seal during the measurement using an airtight specimen holder with in-
built knife to block scattered radiation (Bruker: A100B109). The mineral
composition of the samples was determined by Rietveld quantitative phase
analysis (QPA) implemented in TOPAS software (Version 5, Bruker) using
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published crystallographic information files for reference minerals (see
Section S7) and an empirically mass-calibrated hkl (PONKCS) phase
(Scarlett and Madsen, 2006) for ferrihydrite (ThomasArrigo et al., 2018)
based on a previously synthesised 2-line ferrihydrite sample (Grigg et al.,
2022). Full details of the measurement, Rietveld fitting routine and
reference minerals are provided in Section S7. The results of the Rietveld
QPA are presented in the text as the average of triplicates, unless otherwise
stated.

The speciation of °’Fe in the solid samples was measured using 57Fe
Méssbauer spectroscopy. This spectroscopy is only sensitive to °’Fe in a
sample and provides information about the nuclear state of the atom,
which may be influenced by the chemical bonding environment and
therefore provides information about speciation (Byrne and Kappler,
2019). Mossbauer spectroscopy was performed on soils before and after
57Fe-jarosite enrichment, on a large selection of replicates retrieved
from the %’ Fe-jarosite-enriched soil mesh bags following incubation, and
in parallel to XRD analysis on a small selection of samples retrieved from
pure mineral mesh bags following incubation. In %’Fe-enriched soils,
Mossbauer analysis was used to trace the reaction pathways of the
synthetic minerals. In non->Fe-enriched soils, M6ssbauer spectroscopy
was used to characterise VAFe mineral phases and to identify XRD-
amorphous phases. All samples were measured at 5 K and 77 K. De-
tails of Mossbauer measurements, spectral fitting and phase interpreta-
tion are provided in Section S8.1. A summary of the phases that were fit
in Mossbauer spectra, including the abbreviations used in the text, is
provided in Table 1.

3. Results
3.1. Laboratory mesocosm

3.1.1. Geochemical conditions in laboratory mesocosms

Following the initial flooding of topsoils in laboratory mesocosms,
electron acceptors were rapidly consumed by microbial metabolic ac-
tivity. The Eh decreased from +238 + 31 mV to -33 & 18 mV within one
week and decreased to —193 + 10 mV by the end of the experiment,
corresponding to an increase of the pH from 4.6 to 6.5 (all errors are 1
standard deviation of the mean of measurements in replicate meso-
cosms, 1c; Fig. 1). Therefore, the conditions for microbial Fe reduction,
that is, Eh less than approximately +100 mV to +200 mV, depending on
the Fe speciation (Lacroix et al., 2023; Reddy et al., 1986), were
established within one week of flooding, allowing for Fe(Il) to be
released into porewater. The Fe concentration peaked at 4.2 + 0.5 mM
after two weeks and gradually declined until the end of the experiment
when the concentration was 1.2 + 0.1 mM (Fig. 1). In subsoils, the
chemical changes in the soil were less pronounced, indicating that the
microbial metabolic activity was lower. The pH was stable at 3.7
throughout the experiment, and the Eh decreased from +635 + 34 mV
to a minimum of +130 + 84 mV after two weeks (Fig. 1). Despite the
higher Fe content of subsoils compared with topsoils (Table S1), the
increase of the porewater Fe concentration in flooded subsoil meso-
cosms was slower than in topsoils mesocosms, reaching a maximum of
0.6 + 0.1 mM at the sixteen-week timepoint (Fig. 1).

3.1.2. Laboratory mesocosm incubation of mesh bags containing pure
unsubstituted and Al-substituted jarosite

The amount of jarosite remaining in pure-mineral mesh bags incu-
bated in mesocosms occurred in the order: Unsubstituted jarosite in
topsoil < Al-jarosite in topsoil < unsubstituted jarosite in subsoil < Al-
jarosite in subsoil. The amount of jarosite remaining in the sample is
indicative of the amount of jarosite transformation, although the
transformation may be underestimated if aqueous Fe was lost from the
mesh bags during the incubation. The XRD analysis shows that jarosite
in topsoil quickly transformed into goethite, whereas jarosite remained
dominant in subsoil incubations throughout the sixteen weeks (Fig. 2A-
D). All fits of XRD patterns included a PONKCS phase calibrated to 2-line
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Table 1
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Summary of components that were fit in Mossbauer spectra in this study. Each phase is presented alongside typical centre shift (CS), quadrupole shift or quadrupole
splitting (QS or ¢ for doublets or sextets, respectively) and hyperfine field (H) parameters, which were used to identify the phases in the fitted Mossbauer spectra.
‘Temp’ refers to the temperature at which the reference Mossbauer spectral parameters were collected. The phase abbreviations (D1 to D5 and S1 to S5) are used to
identify these phases throughout the text. Details about the interpretation are provided in Section S8 (Supplementary material). ® Average reported when reference

spectrum was fit with multiple components.

Fit component  Assigned Interpretation Typical parameters
colour CS (mm/s) QSore(mm/s) H(T) Temp  Ref.
x)
D1 (doublet) Fe(1I), doublet at 77 K: jarosite above blocking 0.48 1.21 N/A 77 Grigg et al. (2024b)
temperature.
D2a (doublet) - Fe(II), doublet at 5 K or 77 K: Adsorbed Fe(Il) or Fe 1.15-1.42 2.53-3.01 N/A 5 Chen and Thompson (2018, 2021);
(ID) in ferrous or mixed-valent minerals including Notini et al. (2023); Winkler et al.
phyllosilicates. (2018)
1.09-1.28 2.32-3.0 N/A 77 Chen et al. (2017); Winkler et al.
(2018)
D2b (doublet) - Fe(Il), doublet at 5 K and 77 K: interpreted as 1.35 3.2 N/A 5 Cuttler et al. (1990)
possibly part of green-rust-like mineral in
association with Sextet S4.
D3 (doublet) - Fe(III), doublet at 5 K and 77 K: Fe(III) in 0.47-0.52 0.54-0.73 N/A 77 Chen and Thompson (2021); Lee et al.
phyllosilicate clays or organic complexes. (2012); Winkler et al. (2018)
0.46-0.49 0.60-0.79 N/A 4.2 0r5 Chen and Thompson (2021); Notini
et al. (2023); Winkler et al. (2018)
0.5 0.5-0.8 N/A 77 OM-Fe(Ill): Goodman et al. (1991)
D4 (singlet) - Fe(ID), singlet at 5 K and 77 K: stoichiometric 0.49-0.51 0 N/A 5 Schroder et al. (2020)
mackinawite.
D5 (doublet) - Fe(1I), doublet at 77 K but not at 5 K: possibly - - N/A 77 No precedent
poorly crystalline Fe oxyhydroxides.
S1 (sextet) Fe(IID), sextet at 5 K; jarosite below blocking 0.49 -0.07 48.4 5 Grigg et al. (2024b)
temperature.
S2 (sextet) - Fe(IID), sextet at 5 K and 77 K: Fe oxyhydroxides,  0.47-0.49 —0.08--0.15 49.4-50.6 4.2or5 Gt: Notini et al. (2022); Wan et al.
mostly goethite and ferrihydrite. Contains rather (2017)
more goethite than ferrihydrite, or goethite with ~ 0.46-0.48 0.00-—0.03 48.4-49.1* 5 2-line Fh: Byrne and Kappler (2022);
higher crystallinity and purity, when fitted € and H Schulz et al. (2023); ThomasArrigo
are higher. et al. (2017)
Not reported Not reported 48.5 5 nm-Al-Gt: Murad and Schwertmann
(1983)
S3 (sextet) - Fe(ID), sextet at 5 K: FeS,_ 0.48 —0.02 27.8 4.2 Wan et al. (2017)
0.10-0.85 —0.2-0.08 7.4-20.2 5 Thiel et al. (2019)
S4 (sextet) - Fe(III), sextet at 5 K with large oy: possibly part of 0.47 -0.2 50.4 5 Cuttler et al. (1990)
green-rust-like mineral in association with doublet
D2b.
S5 (sextet) Collapsed feature N/A N/A N/A N/A N/A

ferrihydrite (reported in Table S8 and S9 and plotted in Fig. 2A-D).
However, the presence of ferrihydrite cannot be confirmed by XRD
analysis due to the limitations on the quantification of XRD-amorphous
phases (explained in Section S7.1) and small quantities of ferrihydrite
(<15 %) in the XRD QPA. The fitted ferrihydrite contributions were
between 5 % and 15 % and were not likely to have impacted the
interpretation of the relative abundance of the other fitted phases.
Mossbauer spectra of sixteen-week samples from all four treatments
(that is, unsubstituted and Al-jarosite in topsoil and subsoil) were pre-
dominantly consistent with mixtures of jarosite and goethite with minor
amounts of additional minerals including ferrihydrite (Fig. S15).

When unsubstituted jarosite was incubated in topsoil mesocosms,
complete transformation was observed within sixteen weeks with
goethite as the dominant product phase in the XRD QPA (Fig. 2). Jarosite
was not identified in the XRD patterns after 16 weeks (Fig. S7). Likewise,
Mossbauer spectra were dominated by a sextet with quadrupole shift (¢)
of —0.12 mm/s and hyperfine field (H) of 49.7 T at 5 K, consistent with
goethite and occupying 86 % of the sample (Table S10; c.f. phase S2 in
Table 1). Although a minor phase with parameters matching initial
unsubstituted jarosite was fit (Table S10), the Mossbauer features of
jarosite were not individually identifiable by characteristic peaks
(Fig. S15), and therefore the jarosite content may have been over-
estimated. An additional minor phase, without clear peaks and fitted as a
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collapsed feature at 5 K, presents as a ferrous doublet at 77 K with centre
shift (CS) of 1.06 mm/s and quadrupole splitting (QS) of 2.90 mm/s
(Table S10; c.f. phase D2a in Table 1), indicating the presence of a poorly
or non-crystalline Fe(II)-bearing phase.

The transformation of Al-jarosite proceeded more slowly than
unsubstituted jarosite in topsoil mesocosms, and more poorly crystalline
and XRD-amorphous phases were formed. After sixteen weeks, Al-
jarosite contributed to 45 % of the XRD QPA (Fig. 2B) and 46 % of the
Mossbauer spectrum collected at 5 K (Table S10). The dominant product
was goethite, comprising 43 % of the fitted XRD pattern (Fig. 2B).
Correspondingly, 44 % of the Mossbauer spectrum collected at 5 K was
fit as phase S2 with ¢ = —0.12 mm/s and H = 49.2 T likely indicating
that the phase was dominated by goethite (Table S10, c.f. phase S2 in
Table 1). Ferrihydrite could not be uniquely identified in the Mossbauer
spectra, but may form part of phase S2. Two minor phases were also
identified. Phase S3, with CS = 0.17 mm/s and H = 11.4 T, was fit in
spectra collected at 5 K, consistent with metastable Fe sulfides, denoted
as FeSy where X>1 (Table S10, c.f. phase S3 in Table 1). A further part of
the Mossbauer 5-K spectral area was identified as phase D2b, potentially
consistent with a green-rust like mineral (Cuttler et al., 1990).

In subsoils, jarosite remained the dominant phase during the in-
cubations. Unsubstituted jarosite accounted for 85 % of the XRD pat-
terns following sixteen weeks of incubation (Fig. 2C) along with 3 %
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Fig. 1. Time series plot of soil properties in laboratory microcosms and field
sites. Error bars indicate 16 of measurements of samples from triplicate meso-
cosm reactors (duplicate samples from triplicate mesocosms for Fe concentra-
tion). Panel A plots the Eh measured in situ in the soil, Panel B plots pH
measured in situ, Panel C plots DOC measured in porewater (error bars on
coloured plots indicate 1o of measurement replicates) and Panel D plots the
concentrations of Fe in porewater measured by ICP-OES.

goethite and a PONKCS ferrihydrite phase (Table S8). Similarly, in Al-
jarosite incubations, the Al-jarosite was the only crystalline mineral
identified in the XRD patterns, but a PONKCS ferrihydrite phase was also
included in the fit (Fig. 2D). In Mossbauer spectra, the initial unsub-
stituted jarosite phase contributed to 57 % of the 5-K spectrum of 16-
week incubated samples, while the Al-jarosite occupied 74 % of the
spectrum at 5 K (Table S10). Phase S2 in 5-K spectra, corresponding to
phase D5 in 77-K spectra, is likely due to short-range-ordered (SRO) Fe
oxyhydroxides. Phase S2 in spectra measured at 5 K (¢ = —0.06 and H =
48.2) was consistent with the presence of ferrihydrite (Byrne and Kap-
pler, 2022; Schulz et al., 2023; ThomasArrigo et al., 2017). A small area
was fit as phase S2 in Al-jarosite treatments (¢ = —0.08 and H = 47.0),
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likely also consistent with ferrihydrite (Byrne and Kappler, 2022; Schulz
et al., 2023; ThomasArrigo et al., 2017) or nano-crystalline Al-goethite
that magnetically orders below 77 K (Murad and Schwertmann, 1983).
The 5-K Mossbauer spectrum from Al-jarosite treatments contained a
ferrous doublet and a sextet, which have been assigned the phases D2b
and S4, as they resemble the phases observed in the Al-jarosite incu-
bation in topsoil. In contrast, disordered transformation products were
not detected in unsubstituted-jarosite treatments (Fig. S15).

3.1.3. Laboratory mesocosm incubation of mesh bags containing > Fe-
jarosite-enriched soil

As in pure-mineral mesh bags, jarosite with and without Al-
substitution occurred as a diminishing fraction of the Fe minerals in
the incubated jarosite-enriched soils. After 16 weeks of incubation,
unsubstituted jarosite and Al-jarosite explained 14 % and 13 % of the
S7Fe, respectively, in samples from topsoil mesocosms measured by
Mossbauer spectrometry at 77 K (mean of triplicates; Fig. 4 and
Table S12). In 16-week incubated subsoils, 46 % and 61 % of the 57Fe in
the 77-K spectra occurred as unsubstituted jarosite and Al-jarosite,
respectively (mean of triplicates; Fig. 4 and Table S12). The >’Fe pha-
ses in the samples following the incubation were dominated by poorly
crystalline or non-crystalline phases.

Among the mineral phases in the Mossbauer spectra of all jarosite-
enriched soil samples after incubation, two ferric phases were identi-
fied: phase D3, which presented as a doublet at 5 K, and phase S2, which
presented as a sextet at 5 K (Table 1). Phase D3 had CS between 0.34 and
0.54 mm/s and QS between 0.38 and 0.76 mm/s in all treatments after
sixteen weeks (5-K spectra; Table S12), which was similar to the CS of
0.46 mm/s and QS of 0.53 to 0.55 mm/s that were fit in the Fe(III)
doublet in the initial soil before 57Fe-jalrosite enrichment (Table S11).
The variation in the fitting parameters of phase D3 indicates that some
composition changes in this phase may have occurred during the incu-
bation. Phase S2 was predominantly found in subsoils and was not
identified or occupied < 10 % of the total spectral area in topsoils after
sixteen weeks of incubation. In subsoils, phase S2 had & between —0.06
and —0.14 mm/s and H > 49.3 T in most samples at 5 K, consistent with
goethite or 6-line ferrihydrite (Table S12, c.f. Table 1). The sextet was
more prominent in unsubstituted jarosite-enriched subsoil (26 % of
spectral area in sixteen-week incubated samples; Table S12) than in Al-
jarosite-enriched subsoil (only identified in one triplicate at 5 K in
sixteen-week incubated samples; Table S12). There was no consistent
difference between the size of the sextet at 5 K and 77 K that would have
indicated the presence of a phase that ordered between those tempera-
tures, such as 2-line ferrihydrite.

Ferrous phases were also a major component of Mossbauer spectra
from jarosite-enriched topsoils and present in some jarosite-enriched
subsoils. The spectra collected at 77 K were dominated by a ferrous
doublet, identified as phase D2a (see Table 1), which increased in area
throughout the incubation and reached up to 53 % of the total >’Fe in all
jarosite-enriched topsoils after sixteen weeks (compare Fig. 3A with
Fig. 3C and Fig. 3F). At 5 K, the size of phase D2a was smaller and was
compensated by the occurrence of phase S5. Phase S5 showed properties
similar to a ferrous phase previously observed in incubated paddy soils
that was attributed to Fe(II) sorbed to magnetically ordered Fe(III)
phases (Winkler et al., 2018). In some replicates, peaks that may have
been associated with an octet could be identified, but limitations with
the full static Hamiltonian (FSH) fitting routine, interaction with other
spectral peaks and poor crystallinity prevented the identification and
quantification of a ferrous mineral phase. The proportion that remained
as phase D2a at 5 K in topsoils had CS = ~1.3 and QS = 2.86-3.05 and
2.90-2.92 mmy/s for jarosite and Al-jarosite, respectively (Table S12),
consistent with Fe(II) that is sorbed to solid phases without long-range
crystal ordering, or in phyllosilicates (Chen et al., 2017; Notini et al.,
2023; Winkler et al., 2018).

The jarosite transformation must be analysed within the context of a
changing isotopic composition of the sample during the experiment
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(Section S6). The measured contribution of *’Fe from the mineral spike
decreased from 96 % to 38 % and 47 % for unsubstituted and Al-jarosite
in topsoil, respectively, and from 95 % to 85 % and 91 % for unsub-
stituted and Al-jarosite in subsoil, respectively, over the sixteen weeks
(Fig. 4 and Section S6). The change in the isotopic composition indicates
that 5’Fe was lost from the mesh bags during the incubation by disso-
lution of the jarosite and transport of dissolved Fe through the mesh,
similar to the process observed in Schulz et al. (2023). However, the
amount of ’Fe loss from the mesh bag that would have been necessary
to cause the observed shifts in the isotopic ratio was greater than the
observed change in the total Fe content of the samples (Table S7). The
difference indicated that some aqueous VAFe from the soil porewater
likely also entered the mesh bags during the incubation. The loss of °"Fe
from the mineral spike in the mesh bags would have increased the
prominence of °’Fe in the minerals from the natural soil minerals in the
Mossbauer spectra. Furthermore, a fraction of > Fe in the samples can be
attributed to the natural > Fe content of the reduced Fe in porewater that
formed mineral phases inside the mesh bag.

3.2. Field experiment

3.2.1. Geochemical conditions in the field

The geochemical conditions in field soils were more stable
throughout the experiment than those measured in laboratory meso-
cosms. Since sample deployment did not coincide with the initial
flooding of soils, reducing conditions had established in the rice paddy
topsoil once the experiment began, and the conditions prevailed
throughout the experiment (Fig. S5). In topsoils, the Eh was —175 + 30
mV at the beginning of the experiment, rising in the last four weeks to
+8 £ 6 mV (Fig. 1 and Fig. S5). The pH was 6.8 at the beginning and
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remained stable (Fig. 1). The Fe concentration in the topsoil was 0.8 +
0.2 mM at week zero, which was lower than the peak concentrations
observed in topsoil mesocosms and fell to 0.3 + 0.05 mM during the
experiment (Fig. 1). In subsoils, the redox conditions were established
before the beginning of the experiment. The average Eh in the subsoils
varied between +157 mV and +327 mV during the experiment, without
a discernible trend over time. While pH started at 6.5 and fell to 6.2 by
week 16 the pH remained higher than the pH observed in mesocosms
containing subsoil (Fig. 1 and Fig. S5). The Fe concentration in pore-
water was 0.1 + 0.1 mM throughout the experiment (Fig. 1).

3.2.2. Field incubation of mesh bags containing pure unsubstituted and Al-
substituted jarosite

Jarosite in pure-mineral mesh bags incubated in the field followed a
pattern of transformation similar to that observed in the mesocosms,
whereby fractions of remaining jarosite (untransformed, data from XRD)
after sixteen weeks increased in the order: unsubstituted jarosite in
topsoil < Al-jarosite in topsoil < unsubstituted jarosite in subsoil < Al-
jarosite in subsoil. As in the mesocosms, the XRD and Mossbauer anal-
ysis showed that jarosite was progressively replaced by goethite, while
some treatments contained poorly crystalline and/or XRD-amorphous
phases, including possible ferrihydrite. Larger variation can be
observed between replicates that were incubated in the field compared
with replicates in the mesocosms. The standard deviation (16) among
triplicate measurements of jarosite mineral proportion at each timepoint
was as high as 6.6 in the laboratory mesocosms (average 16 was 2.7), but
up to 45.5 in the field (average 16 was 12.1; cf. error bars in Fig. 2).

In topsoils, the transformation of unsubstituted jarosite proceeded
with comparable rates and products as measured in the mesocosms.
Jarosite was not observed in XRD patterns after eight weeks and the
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patterns collected after sixteen weeks were predominantly fit as goethite
(Table S9). Correspondingly, over 80 % of the 5-K and 77-K Mossbauer
spectra of combined replicates was fit as phase S2 with e = —0.12 mm/s,
consistent with goethite (Table S13). A collapsed feature accounted for
approximately 10 % and 14 % of the 5-K and 77-K spectral areas,
respectively (Table S10).

Aluminium-jarosite transformation in topsoil was initially faster in
the field than in mesocosms, but remaining Al-jarosite after sixteen
weeks was similar in both of the experiments. After sixteen weeks in
topsoil, Al-jarosite was almost entirely transformed and XRD patterns
were fit as 70 % goethite, with a ferrihydrite PONKCS phase included in
the fit (Fig. 2F and Table S9). The Mossbauer spectrum of combined
replicates after sixteen weeks was explained by the initial Al-jarosite
phase (27 % at 5 K) and phase S2 (46 % at 5 K), with € of —0.12 mm/s
and H of 49.4 T, predominantly consistent with goethite or 6-line ferri-
hydrite (c.f. Table 1 and Table S10). As in the mesocosm incubation of Al-
jarosite in topsoil, other minor phases that were observed in the
Mossbauer spectra were fit as a broad collapsed feature (Fig. S15).

In subsoils in the field, unsubstituted jarosite transformed more
quickly than in subsoil mesocosms. Jarosite accounted for 10 % of the
XRD patterns after sixteen weeks (Fig. 2G and Table S9), with the
remainder predominantly fit as goethite. Mossbauer spectroscopy was
not measured on this treatment due to the limited amount of sample
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material. In contrast, the transformation of Al-jarosite occurred at a
similar rate in field and mesocosms subsoils, except for a strong devia-
tion from the trend in a single replicate from the field. Al-jarosite
accounted for more than 92 % of the XRD-detectable mineral fraction
in two replicates from the field, consistent with the trend of slow
transformation observed after eight and twelve weeks (Fig. 2H and
Table S9). Likewise, 5-K Mossbauer spectra collected from the replicate
that was incubated in array 1 contained mostly jarosite but also con-
tained SRO Fe oxyhydroxides such as 2-line ferrihydrite, which was
observed as phase S2 with € of —0.08 mm/s and H of 48.2 T at 5 K, and
phase D5 at 77 K (c.f. Table 1 and Table S10).

In contrast to the trends observed in all other samples, one replicate
of the Al-jarosite that was incubated in subsoil for sixteen weeks (from
array 2 in Fig. S3) contained 0 % jarosite in XRD patterns, and was
replaced by 64 % goethite, 20 % XRD-amorphous mineral that was fit
using the 2-line ferrihydrite PONKCS phase and 13 % mackinawite
(Table S9). The Mossbauer spectra of the sample contained a singlet at
both 5 K and 77 K (phase D4, 10 % of spectral area at 5 K, Table S11),
consistent with stoichiometric mackinawite (Schroder et al., 2020). The
rest of the Mossbauer spectra were dominated by ferric phases, including
phase S2 with € = —0.13 mm/s at 5 K, consistent with goethite, and
phase D3 (data in Table S10 and phase interpretation in Table 1). The
presence of pyrite in the Mossbauer spectra cannot be ruled out, but
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pyrite normally presents a larger QS (approx. 0.6 mm/s) than the dou-
blets measured in these spectra (Ruecker et al., 2016; Wan et al., 2017).

3.2.3. Field incubation of mesh bags containing >’ Fe-jarosite-enriched soil

As in the mesocosms, Mossbauer measurements of jarosite-enriched
soil that were incubated in the field indicated that the amount of >’Fe
present as jarosite decreased with time, suggesting that jarosite trans-
formation was occurring during the field incubations. Although some
jarosite was fit in the 77-K Mossbauer spectra from all treatments at each
timepoint, there is no evidence of a jarosite sextet in the 5-K spectra of
samples collected from topsoils enriched in unsubstituted jarosite after
eight, twelve or sixteen weeks or enriched in Al-jarosite after sixteen
weeks (Figs. S20 and S21). After sixteen weeks of incubation, jarosite
explained 9 % of the 5-K Mossbauer spectra from unsubstituted-jarosite-
enriched subsoils (average of triplicates listed in Table S13) and was
only fit as a minor phase in one replicate of Al-jarosite-enriched subsoil.

An increase in ferric phases other than jarosite was observed in all
field-incubated samples. As in the mesocosms, there was an increase in
the area fit by phase D3 (see interpretation in Table 1). Sextet S2 was
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also a feature of Mossbauer spectra from > Fe-enriched soils that were
incubated in topsoils and subsoils in the field. In spectra of sixteen-week
incubated soils collected at 5 K, almost all sextets S2 had & between
—0.09 and —0.12 mm/s and H above 49.3 T (Table S13), which was
largely consistent with goethite (Notini et al., 2022; Wan et al., 2017) or
6-line ferrihydrite (Byrne and Kappler, 2022) but may also contain some
2-line ferrihydrite, especially in samples with large difference in the area
of phase S2 at 77 K and 5 K. The size of this phase S2 was larger in field-
incubated samples than mesocosm-incubated samples, was largest in the
subsoil, and grew more quickly than phase D3 over the course of the
sixteen weeks.

Iron(II) phases also formed a significant fraction of the 57Fe in the
jarosite-enriched soil incubated in both field topsoil and field subsoil.
Phase S3, interpreted as FeSy (see Table 1 and Section S8.1), was
observed in some replicates from Al-jarosite-enriched subsoil (area up to
6 %; Table S13). Furthermore, as in mesocosm topsoils, phase D2a was
fit in 77-K Mossbauer spectra, accounting for 29-68 % of >Fe in indi-
vidual replicates from subsoils (Table S13; compare Fig. 3A with Fig. 3J
and Fig. 3N) and 17-31 % of >’Fe in individual replicates from topsoils
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(Table S13; compare Fig. 3A with Fig. 3D and Fig. 3G). Some of the area
of phase D2 in 77-K spectra was transferred to a collapsed feature (phase
S5) in 5-K spectra.

As in the mesocosms, the change in the mineralogy over the sixteen-
week incubation may be partially explained by the loss of °”Fe from the
mesh bag by dissolution of the spiked jarosite and diffusive or convec-
tive transport out of the mesh bag and by ingress of V*Fe from soil into
the mesh bags (Table S5 and S6). Based on the measurement of the
isotopic ratios in the solution, the contribution of the initial mineral
spike to the total >Fe content of the jarosite-enriched soils was calcu-
lated to have decreased from 96 % to 72 % and 76 % for unsubstituted
and Al-substituted jarosite in topsoil, respectively and from 95 % to 87 %
and 69 % for unsubstituted and Al-substituted jarosite in subsoil,
respectively (Fig. 4 and data tables in Section S6).

4. Discussion

4.1. Porewater geochemistry influences the rate and products of jarosite
transformation

The mineral transformations that occurred in pure-mineral mesh
bags provide a direct indication of the effect of the porewater
geochemistry on the transformation of minerals, since the synthetic
minerals in pure-mineral mesh bags were exposed to porewater that
formed in the soil without being mixed with the solid matrix. Jarosite
transformed more quickly when exposed to porewater from topsoils
than porewater from subsoils in both laboratory mesocosm and field
incubations. Several differences in the geochemistry of topsoils and
subsoils could have contributed to the different rates of transformation.
Notably, topsoils were strongly redox active, with an Eh within the
range of Fe reduction within approximately one week in mesocosms,
and throughout the experiment in the field (Fig. 1). Jarosite trans-
formation is accelerated under reducing conditions, when Fe(II) in
mineral phases such as jarosite may be reduced and dissolved (Kolbl
et al., 2022; Kolbl et al., 2021). The onset and maintenance of reducing
conditions in soils likely depended on the amount of microbial meta-
bolism that could be sustained by the availability of organic matter in
the soil (Kolbl et al., 2022; Kolbl et al., 2021). Indeed, in our incubations,
the higher DOC observed in topsoils compared with subsoils was asso-
ciated with lower Eh in topsoils (Fig. 1). However, the transformation is
also affected by other geochemical changes that occur as the result of
microbial metabolism and the onset of reducing conditions.

The pH of the porewater was likely an important factor in the rate of
jarosite transformation in soil. In subsoil mesocosms, little jarosite
transformation was observed over sixteen weeks. The pH in subsoil (3.5
at week 16) was analogous to studies of jarosite in mixed suspensions
under acidic conditions, in which jarosite did not undergo any Fe(II)-
catalysed transformation within 24 h (pH 4.0, Karimian et al., 2018).
Longer-term mixed suspension studies have not been undertaken at this
PH, preventing a direct comparison of the transformation rates at low pH
over four months. In contrast, the elevated pH of the topsoil in meso-
cosms (6.5 by week 16) and the field (average 6.8 throughout the
experiment) may have promoted jarosite dissolution (Trueman et al.,
2020) and was consistent with a higher rate of Fe(II)-catalysed jarosite
transformation at circumneutral pH (Karimian et al., 2017, 2018). In the
field, the pH of the subsoil porewater was also significantly higher
(average pH of 6.3 throughout the experiment) than the pH of porewater
collected from subsoil mesocosms, which could have contributed to the
faster rate of jarosite transformation in subsoils from the field compared
to subsoils from the laboratory mesocosms.

The reductive dissolution of Fe minerals under low Eh conditions led
to the higher concentration of Fe(II) in porewater from topsoils
compared to subsoils. The higher Fe(II) concentration in porewater from
topsoil may have been another factor that accelerated the rate of jarosite
transformation. However, the transformation of unsubstituted and Al-
jarosite in both topsoil and subsoil was slower than observed in well-
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mixed mineral suspension experiments. For example, synthetic unsub-
stituted- and Al-jarosite samples, equivalent to those used in this soil
incubation study, were previously observed to transform completely
within 2-8 h when reacted as a well-mixed suspension in a circum-
neutral anoxic Fe(I) solution (Grigg et al., 2024a). The well-mixed
suspension contained Fe(I) concentrations of 5 mM, similar to the
maximum Fe(II) concentration of 4.2 mM in the porewater from topsoils
in the laboratory mesocosms in this study (Fig. 1; Grigg et al., 2024a).
The slower transformation of jarosite is consistent with a previous study
that measured jarosite transformation to goethite over the course of a
year under the influence of a chemically complex porewater matrix in a
creek sediment (Vithana et al., 2015).

It is possible that the slower transformation of jarosite was caused by
limited diffusion of Fe(II) into the mesh bags, and interactions between
the jarosite and other ions that simultaneously diffused into the mesh
bags. Iron diffusion is required for Fe(Il)-catalysed transformation pro-
cesses, as the lack of electron donors in the mesh bags likely limited the
in situ biologically driven reductive dissolution of Fe. In soil, precipi-
tation of Fe(I) minerals may have limited the Fe(II) available to diffuse
into the mesh bags. Furthermore, the pH and Eh of subsoils suggest that
some oxidation of Fe(Il) could have occurred, especially in oxic micro-
sites. Slower transformation of pure Fe minerals in soil incubations using
mesh bags has been previously observed in the case of ferrihydrite,
where diffusion limitations of Fe(Il) from soil surrounding the mesh bag
slowed the rate of mineral transformation in the core of the mesh bag
(Grigg et al., 2022). Mesh bags used in this study contained a fifth (w/w)
as much mineral as mesh bags from the ferrihydrite study (Grigg et al.,
2022) to minimise the effect of Fe(II) diffusion on the jarosite trans-
formation rate. The transformation of ferrihydrite in soil has also
demonstrated that Fe(Il)-catalysed transformation processes could be
inhibited by the adsorption of compounds such as PO4, SiO4 and DOC to
the surface binding sites of the minerals in the outer rim of the mesh bag
(Grigg et al., 2022). Similarly, sorption of Si and natural organic matter
to the surface of jarosite has been shown to inhibit mineral trans-
formation (Jones et al., 2009). Therefore, we expect that sorption of ions
to mineral surfaces inhibited the rate of jarosite transformation in this
study.

In addition to the rate of jarosite transformation, the transformation
products indicate how the porewater from ASS can influence the
transformation processes. Goethite was the dominant product of jarosite
transformation in pure-mineral mesh bags in both topsoil and subsoil,
while some ferrihydrite was present, especially in subsoil incubations
(Table S8 and S9). The prevalence of goethite among the transformation
products is consistent with long-standing interpretation of pedological
processes and Fe cycling in ASS (Van Breemen and Harmsen, 1975). The
absence of lepidocrocite among the products of the transformation,
apart from traces observed in isolated replicates, contrasted the
outcomes of jarosite transformation experiments in mixed-suspensions
containing Fe(Il) in a pH range from 4 to 7 (Grigg et al., 2024a; Kar-
imian et al., 2017, 2018). The absence could indicate that ions in the
porewater impeded lepidocrocite formation. Alternatively, limited
Fe(II) diffusion into the mesh bag may have lowered the ratio of Fe(II) to
Fe(IIl) at the mineral surfaces compared to conditions in a well-mixed
suspension, which was previously shown to reduce lepidocrocite
formation during the Fe(I)-catalysed transformation of ferrihydrite
(Hansel et al., 2005). Apart from the Fe oxyhydroxides, crystalline Fe
monosulfide (mackinawite) was observed in one replicate of Al-jarosite
incubated in subsoil in the field, and small amounts of FeSy were
observed in several pure-mineral and jarosite-enriched soil mesh bags.
These isolated occurrences of sulfide minerals demonstrate the
importance of geochemical heterogeneity on the sub-metre scale in
paddy systems and show that reduced S can increase the transformation
rates of jarosite and alter the transformation products of jarosite in soil.
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4.2. Soil-mineral contact promotes the formation of poorly crystalline and
non-crystalline products following reductive dissolution

In addition to the composition of porewater, the proximity of min-
erals to other components of the solid matrix may also alter the mineral
transformation processes (Schulz et al., 2023). Indeed, the products of
transformation differed significantly between incubations of pure min-
erals and jarosite-enriched soil, offering complementary insight into the
stability of jarosite in soil. Since the pure-mineral mesh bags initially
contained only jarosite, they simulate the relative mineralogical purity
of naturally occurring jarosite mottles in ASS. Therefore, the dominance
of Fe(I)-catalysed transformation processes in the pure-mineral mesh
bags may indicate that this process is favourable in naturally formed
jarosite mottles. However, the mesh bags were not designed to imitate
the porosity of natural mottles, and natural mottles could also contain
mineralogical impurities (Grigg et al., 2024b), direct interfaces with the
soil matrix outside the mottle (Poch et al., 2009; Van Breemen and
Harmsen, 1975), and possibly unique bacterial communities (Cahyani
et al., 2008). Therefore, mixing of the %’ Fe-jarosite with the soil matrix
provides an important alternative view of the transformation processes
that may occur in the soil, especially at the edges of jarosite mottles, or
where jarosite is mixed with other components of the soil matrix.

When synthetic minerals were separated from soil in pure-mineral
mesh bags, in both field and laboratory mesocosm experiments, the
products of jarosite transformation were largely consistent between XRD
and Mossbauer analyses, being dominated by goethite. Mossbauer
spectroscopy revealed only small amounts of poorly crystalline and non-
crystalline minerals alongside the dominant Fe oxyhydroxides. Firstly,
phase D2b and S4, together interpreted as possible green rust (see Sec-
tion S8.1), were identified in a small number of mesh bags. Secondly, the
occurrence of Fe sulfides other than mackinawite in Mossbauer spectra
indicate that sulfidation of jarosite was occurring in some samples where
mackinawite was not formed. The geochemical conditions of the in-
cubations were measured at one location for each array of sample rep-
licates, and not for individual replicates. Therefore, the porewater
measurements could not capture the spatial heterogeneity that corre-
sponded to the formation of either poorly crystalline FeSy or crystalline
mackinawite.

In contrast to the pure-mineral mesh bags, Fe oxyhydroxide products of
Fe(ID-catalysed jarosite transformation were not major phases in the
Mossbauer fits of incubated soil. The dominance of the ferrous doublet
(D2a, Figs. 3 and 4) indicated that reductive dissolution of jarosite led to a
release of Fe(I), which was adsorbed to mineral surfaces, was complexed
by organic matter, or formed ferrous or mixed-valence minerals in the
mesh bag (Chen and Thompson, 2018, 2021; Notini et al., 2023; Winkler
et al., 2018). The presence of these phases could indicate that reductive
dissolution of Fe(Ill) in jarosite was the dominant process of jarosite
transformation in topsoil mesocosms and all field soils. The bio-reduction
of Fe(IlI) within the jarosite structure may have been mediated by Fe-
reducing bacteria (Jones et al., 2006) when jarosite was incubated with
direct contact to the soil matrix. Although aqueous Fe(Il) catalyses the
transformation of Fe minerals, including jarosite, to secondary products,
such as Fe oxyhydroxides, by a process of oxidation of Fe(II) at the jarosite
mineral surface and with reduction of Fe(IIl) from the jarosite structure
(Grigg et al., 2024a), the products of this transformation were not major
phases in the Mossbauer spectra. The porewater from topsoils and subsoils
contained sufficient Fe(II) to catalyse some jarosite transformation (Grigg
et al., 2024a; Jones et al., 2009; Karimian et al., 2017, 2018) and the pH
was sufficiently high to allow Fe(II)-catalysed jarosite transformation in
some pure mineral mesh bags (Karimian et al., 2017, 2018). Furthermore,
native Fe oxyhydroxides in the soil could have been expected to accelerate
the formation of Fe oxyhydroxides by providing a template for mineral
growth from aqueous Fe(Il) (Liu et al., 2022; Notini et al., 2022). Iron
oxyhydroxides were minor phases in incubated soil for several reasons.
Firstly, Fe(Il) was stabilised by the soil matrix as adsorbed species or
ferrous or mixed-valent minerals and was fit as phase D2a (Table 1).
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Secondly, the reduction of natural-isotope-abundance Fe in native soil
minerals, which is dominated by >Fe, could have contributed to a dilution
of 5’Fe in product phases formed inside the mesh bags by the Fe(I)-
catalysed pathway (Notini et al., 2023).

In addition to the stabilisation of Fe(II) in the mesh bags, loss of 57Fe,
and possible inflow of VAFe from the soil, are evidenced by the
decreasing fraction of >’Fe measured in the digestions of soils from the
mesh bags. The loss of >’Fe from the mesh bags could have resulted in
the increased dominance of the initial phases in soil in the Mossbauer
signal if those native phases were more resistant to reduction than the
synthetic jarosite enrichment. Furthermore, the oxidation of %Fe(II) on
the surface of clays (Géhin et al., 2007), or exchange between 57Fe from
dissolved jarosite and Fe in clays (Neumann et al., 2015) could have
contributed to an increased >’ Fe signal of phases contained in the initial
soil. Indeed, this interpretation is supported by the increase in the area
of phase D3 during the incubation (Figs. 3 and 4). This phase has pa-
rameters similar to those measured in the initial soil attributed to Fe(III)
in clays or organic complexes (Chen and Thompson, 2021; Lee et al.,
2012; Notini et al., 2023; Winkler et al., 2018). Additionally, phase S2,
which also appeared in the initial soil (Fig. 3A and Fig. 3K), increased in
prominence during the incubation (compare Fig. 3B, 3E, 3H and 3L with
Fig. 3C-D, F-G, I-J, and M-N, respectively; Fig. 4).

Unlike the Mossbauer spectra from pure mineral mesh bags, the
Mossbauer spectra collected at 5 K from jarosite-enriched topsoil in-
cubations contain prominent collapsed features. The features are similar
to the transformation products of Fe oxyhydroxides in contact with a soil
matrix (Notini et al., 2023; Schulz et al., 2023), but the phases cannot be
clearly identified due to a lack of distinctive peaks and could include
various Fe species. In general, collapsed features at 5 K are indicative of
poorly crystalline or non-crystalline Fe compounds, either due to
inhibited crystal growth, high degrees of substitution for Fe in crystals or
organic complexation of Fe atoms (Chen and Thompson, 2021; Schulz
et al., 2023; Thompson et al., 2011; Winkler et al., 2018). Some of the
collapsed features follow the general form of a poorly-ordered octet,
which could be a poorly crystalline green-rust-like mineral based on an
octet fitting model (Notini et al., 2023), or Fe(II) sorbed to the surface of
magnetically ordered Fe mineral phases (Winkler et al., 2018). Green
rust is found in soils naturally (Feder et al., 2005), has formed following
incubation of ferrihydrite-enriched soils (Notini et al., 2023), and is a
known transformation product of jarosite (Karimian et al., 2017, 2018).
High Fe(I) concentrations are required to form green rust, which may
have been favoured in these samples due to slow diffusion of dissolved
species in the clay soil. Although considered a metastable product of
jarosite transformation (Karimian et al., 2017, 2018), green rust could
be stabilised in anoxic soil media (Feder et al., 2005). Other ferrous or
mixed-valence minerals that have low magnetic blocking temperatures
may also contribute to the signal although siderite and vivianite are not
likely to form in these soils. The fitting of collapsed features is discussed
in Section S8.1.

Whereas there was a substantial difference in the products formed in
pure-mineral and jarosite-enriched-soil mesh bags, corresponding large
differences in the rates of jarosite transformation were not observed.
Jarosite mixed with soil was transformed into secondary phases in 4-8
weeks in topsoil incubated in both mesocosms and field. In subsoil, the
transformation was incomplete in sixteen weeks in mesocosms, and
mostly transformed in the field. Considering that the contrasting prod-
ucts of transformation of jarosite in mesh bags containing pure mineral
and mineral-enriched soil strongly indicated that the transformation of
jarosite proceeded by different pathways, the similar transformation
rates are more likely to be coincidental than indicative of fundamental
similarities between the systems.

4.3. Aluminium substitution stabilises jarosite most strongly when in pure-
mineral mesh bags

In pure-mineral mesh bags, clear differences were observed in the
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rate of unsubstituted and Al-jarosite transformation, but Al had a smaller
effect on the rate of transformation in >’Fe-jarosite-enriched soil. More
Al-substituted jarosite than unsubstituted jarosite was present in pure-
mineral mesh bags after sixteen weeks, indicating that Al stabilised
jarosite against transformation in topsoils and subsoil, in both mesocosm
and field incubations. This is consistent with the effect of Al on the
jarosite transformation rate that was observed in mixed suspension ex-
periments, where the rate of Fe(Il)-catalysed transformation of unsub-
stituted jarosite was more than 2.5 times greater than jarosite with 8 %
Al-for-Fe substitution (Grigg et al., 2024a). However, once mixed with
soil, the rate of unsubstituted and Al-substituted jarosite transformation
was not clearly different from one another.

Although some lack of distinction between treatments may be
partially explained by the larger scatter in the results from mineral-
enriched soil samples, due to uncertainties in the fitting of Mossbauer
parameters, the trends in pure-mineral mesh bags were clearly not
replicated in the %”Fe-jarosite-enriched soils. It is likely that the different
effect of Al in the two incubation systems was due to the different
transformation processes that dominated in each system. Iron(II)-
catalysed transformation was likely a dominant process in the pure-
mineral mesh bags, whereas reductive dissolution was more dominant
in % Fe-jarosite-enriched soil. Just as Al has a larger effect on the rate of
Fe(I)-catalysed transformation of jarosite than the rate of hydrolysis
(Grigg et al., 2024a), the results of this study could indicate that Al also
has a small effect on the rates of reductive dissolution of jarosite.

Aluminium substitution of jarosite may also alter the products of
jarosite transformation (Grigg et al., 2024a). In XRD patterns of the
contents of pure-mineral mesh bags (Fig. 2), the amount of ferrihydrite
and goethite does not differ strongly between incubations of unsub-
stituted and Al-substituted jarosite. However, the minor products in
pure mineral mesh bags show a strong difference between Al treatments,
demonstrating that Al can stabilise or promote the growth of poorly
crystalline minerals. Effects of Al on the products of transformation was
not observed in mineral-soil mixed incubations, which could be due to
the presence of other ions in solution that could have diminished the
scale of any effect of Al on the product composition.

4.4. Laboratory mesocosm and field incubations produced comparable
results

Comparing the rate and products of transformation, the same general
trends were observed in the laboratory mesocosm and field incubations.
Jarosite transformation occurred at comparable rates and produced the
same dominant transformation products. Somewhat higher variability
between the mineralogy of triplicate samples from field incubations
compared to the laboratory mesocosm experiments was not sufficient to
alter the interpretation of the transformation experiment. Many differ-
ences in the minor products of transformation may be explained by
variability between the replicates.

The similarities between the results of the laboratory mesocosm and
field experiments under the conditions tested in this study suggest that the
design of the laboratory study was able to mimic the dominant processes
that influence jarosite transformation in an acid sulfate rice paddy field
from the Bangkok plain. Importantly, the exchange of porewater between
the incubated soil and mesh bags was a similar process in the laboratory
mesocosms and the field. This kind of exchange is not possible in small
microcosm experiments, where a build-up of Fe(Il) during the reductive
dissolution of the Fe mineral enrichment can promote the formation of
green-rust-like minerals (Notini et al., 2023). On the other hand, the clayey
soil texture may have limited diffusion and slowed Fe(II) loss from the
mesh bag in comparison to the amount of Fe(II) loss observed from the
transformation of ferrihydrite and lepidocrocite in sandy soils (Schulz
et al., 2023).

The most significant difference between the laboratory mesocosm
and field incubations was the rate of jarosite transformation in the
subsoil. Whereas almost no jarosite transformation occurred in the

139

Geochimica et Cosmochimica Acta 382 (2024) 128-141

mesocosm subsoil within sixteen weeks, substantial transformation of
jarosite occurred in the subsoils in the field. The faster transformation of
jarosite during the field incubation may have been due to the higher pH
in the field incubation (pH 6.2 — 6.5) than in the laboratory incubation
(pH 3.6 — 3.7). Furthermore, the increased rate of jarosite trans-
formation at 70 cm in the field, the formation of Fe(II) phases in
Mossbauer spectra of °”Fe-jarosite-enriched subsoils in the field, and the
similarity in the amount of Fe lost from mesh bags in topsoil and subsoil
due to reductive dissolution, suggest that Fe(II) reduction was sufficient
at 70 cm depth in the field to influence the jarosite transformation
processes. Indeed, measurements of the Fe concentration in porewater
showed that porewater from the field contained more Fe than porewater
from the mesocosms during the first eight weeks although the increasing
Fe in the porewater at the end of the laboratory incubations was not
associated with the formation of Fe(II) phases in Mossbauer spectra.

Visual inspection of the subsoils used for the field and lab experiment
indicated that the experiments were conducted in similar horizons.
Therefore, the differences may be caused by the treatment of the soil
prior to the incubation. Mesocosm soils were dried, homogenised and
reflooded, whereas the field soils retained their original structure and
redox state at the beginning of the experiment. The established Eh
values in the field were low enough to fall partially within the range of
reduction of Fe from some compounds (Fig. S5; Fiedler et al., 2007;
Reddy et al., 1986). By contrast, reducing conditions in the mesocosms
established slowly. This may have contributed to the higher Eh of the
subsoil mesocosms than the Eh of field subsoils, which had average Eh
values of +466 mV and +275 mV throughout the sixteen-week experi-
ment, respectively. A small difference between the microbial Fe reduc-
tion capacity of the field and mesocosm soils could have caused
substantial difference in the rate and products of the jarosite
transformation.

4.5. Implications

The stability of jarosite in soil is strongly influenced by the porewater
geochemistry, solid matrix composition and jarosite mineral character-
istics. Both mesocosms and field experiments showed that the products
of the jarosite transformation are strongly influenced by the balance
between competing transformation processes — reductive dissolution,
dissolution by hydrolysis and Fe(II)-catalysed transformation processes
— which are influenced by the properties of the reaction media and the
minerals themselves. In pure-mineral mesh bags, the dominance of
goethite among the transformation products is consistent with the Fe(II)-
catalysed transformation of jarosite (Grigg et al., 2024a). By contrast, in
the 5”Fe-jarosite-enriched soil mesh bags, reductive dissolution was the
dominant pathway of jarosite transformation, and poorly crystalline or
non-crystalline products were formed. This result demonstrates the po-
tential importance of Fe(Il) in organic complexes, Fe(II) sorbed to
mineral surfaces, or Fe(II) bound within SRO or poorly crystalline
minerals as products of jarosite transformation in soil. The prominence
of non-mineral, SRO or poorly crystalline Fe(II) minerals, and the sup-
pression or delay of crystalline Fe oxyhydroxide formation following
jarosite transformation, could have consequences for the mobility and
availability of major and trace elements, including nutrients and pol-
lutants that were previously bound to the jarosite phase and have an
affinity to Fe oxyhydroxides in soil.

In terms of transformation rate, the incubation of jarosite in both the
laboratory mesocosms and the field demonstrated that jarosite trans-
formation in paddy soil is up to three orders of magnitude slower than
previously observed in mixed suspension systems (Grigg et al., 2024a).
Therefore, jarosite may be stable in soils for longer than implied by
mixed suspension experiments that have been carried out previously.
Moreover, Al had a stronger effect on the transformation rate in samples
where Fe(II)-catalysed transformation dominated over reductive disso-
lution of jarosite, demonstrating the importance of the balance between
the competing transformation pathways in different soil environments



A.R.C. Grigg et al.

to understand the stability of jarosite in natural systems. Nonetheless,
synthetic jarosite minerals were substantially or entirely reacted within
the span of a single rice growing season (typically 3-5 months) when Fe
reducing conditions prevailed in the soil. Therefore, the environmental
effects of the jarosite transformation reactions are highly relevant on the
timescales of the redox fluctuation observed in rice paddy fields.

5. Conclusions

Jarosite is an abundant mineral in ASS, and the soil-based incubation
used in this study provides new information that explains the stability of
jarosite in ASS. The results demonstrate how the contrasting geochem-
ical conditions in topsoil and subsoil lead to different transformation
rates and products of jarosite. Furthermore, the experiments show that
the rate and products of transformation are a result of differing path-
ways of transformation that are dependent on the geochemical envi-
ronment of the jarosite undergoing transformation. While the structure
of the mineral itself, such as the degree of substitution of the jarosite by
Al, may affect the rate and products of the transformation, this is highly
dependent on the dominant transformation pathways. The results of this
study provide new understanding of the processes that influence the
stability of jarosite in oxidised ASS during cultivation, aging, or reha-
bilitation of the soil, and demonstrates the potential importance of
studying the specifics of jarosite transformations in ASS environments.
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