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ABSTRACT

Jarosite is an abundant mineral in acidic environments, often found in acid sulfate soil (ASS) and acid-mine
drainage (AMD). As a store of Fe, K, S and acidity, and a scavenger for major and trace elements, jarosite
plays an important role in the biogeochemistry of acid sulfate environments. When ASS and AMD become anoxic,
reducing conditions can set in, producing conditions that are outside the thermodynamic stability field of jar-
osite. In this study, we investigated the transformation of synthetic and natural jarosite with various degrees of
Al-for-Fe substitution under circumneutral anoxic conditions in the presence of Fe(Il), to understand the rates
and pathways of jarosite and Al-jarosite transformation, the role of competing transformation pathways, the fate
of Al during transformation and the different reactivity of natural and synthetic Al-jarosite. Synthetic jarosite
(containing 0 %-7 % Al-for-Fe substitution) and a natural Al-substituted jarosite sample from an ASS in Thailand
were suspended in solutions of %’Fe(II) at pH 7 for 24 h under anoxic conditions. The chosen experimental
conditions mimic the Fe(II) concentrations and pH found in flooded ASS under reducing conditions. Changes in
mineral composition of the suspensions were determined by Rietveld analysis of X-ray diffraction patterns at six
time points. The fate of Al was determined by XRD, Raman spectroscopy and energy dispersive X-ray spec-
troscopy analysis of the jarosite and product minerals. Different transformation pathways that occurred simul-
taneously were traced by using ’Fe Mossbauer spectroscopy and aqueous Fe isotope composition. The analysis
showed that 7 % Al-for-Fe substitution in jarosite more than halved the mineral transformation rate compared to
unsubstituted jarosite, regardless of the Fe(II) concentrations. Indeed, 7 % Al-for-Fe substitution had a greater
effect on the transformation rate than an order-of-magnitude decrease in the Fe(II) concentrations in all Al-for-Fe
substitution treatments. The transformation products in all samples were goethite, lepidocrocite and ferrihydrite,
with minor amounts of magnetite forming from jarosite with no or low Al-for-Fe substitution reacted with high
Fe(II) concentrations. Lepidocrocite was the dominant product in reactors without aluminium, but lepidocrocite
was not strongly enriched in >Fe, suggesting that it may not have formed exclusively from Fe in solution during
the Fe(II)-catalysed transformation of other minerals. In high-Al systems, lepidocrocite appeared to be a sink for
Al, although its formation in Al-rich samples was suppressed. Natural jarosite reacted more than an order of
magnitude more slowly than the synthetic jarosite and Al-jarosite, indicating that the properties of the synthetic
jarosite do not completely account for the stability of natural jarosite under anoxic circumneutral conditions. The
results provide an important baseline for understanding the drivers of jarosite transformation or stability in ASS
and AMD.

1. Introduction

formed in acidic, sulfur- and oxygen-rich environments. Jarosite has the
general formula AB3(TO4)2(OH)e (Menchetti and Sabelli, 1976), where

Jarosite is a potassium-iron hydroxysulfate mineral that is commonly the B site contains mostly Fe>*. As a member of the alunite supergroup
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of minerals, Al is the most important substituent at the B site in jarosite
and a complete solid solution series exists between jarosite and alunite
(B site completely occupied by Al) according to Vegard’s law (Jones,
2017). The A site is most commonly occupied by K, Na*t, H30" or NHj,
but may also contain Ag", Ba*f, Bi®*, Ca*", Pb**, Rb™, Sr TIt, Th**
rare earth elements (REE) and others (Stoffregen et al., 2000; Welch
et al., 2007). The T site is mostly occupied by S, but also commonly
contains P> or As®* (Stoffregen et al., 2000). As a prominent product of
sulfuricisation (by sulfate reduction; Fanning, 1993), jarosite may be
diagnostic of oxidation processes occurring in acid sulfate soil (ASS),
acid mine drainage (AMD) and supergene pyrite deposits (Bigham and
Nordstrom, 2000). The occurrence of jarosite in other niche environ-
ments, such as hypersaline lakes (Alpers et al., 1992), Antarctic ice
(Baccolo et al., 2021), and the surface of Mars (Klingelhofer et al., 2004),
provides important information about the (geo)chemical history of
those environments. In hydrometallurgical industries, jarosite precipi-
tation is induced to remove undesirable impurities (Dutrizac and Jam-
bor, 2000).

In ASS and AMD, jarosite affects the mobility of Fe, S and other major
and trace elements, as well as the release of acidity. The stability of
jarosite may be critical to the immobilisation of toxic elements that are
incorporated into the jarosite structure, or sorbed to its surface, as these
elements may be mobilised during jarosite transformation and dissolu-
tion (Karimian et al., 2017, 2018; Ryu and Kim, 2022; Welch et al.,
2007). Structural jarosite incorporation of trace elements such as As, Cr,
Mo and Se (Kendall et al., 2013; Ryu and Kim, 2022), and sorption of Si
and organic compounds (Jones et al., 2009), have also been shown to
alter the rates and pathways of jarosite transformation. Although strong
links have been demonstrated between jarosite and the biogeochemical
cycling of numerous elements in soils, the effect of Al on jarosite stability
and the effect of jarosite on Al mobility are poorly understood in envi-
ronmental systems. Concentrations of Al in pore waters of ASS in
Thailand and Malaysia have been recorded up to 2.12 mM (Van Bree-
men, 1973) and as much as 23 % of readily available Al in an Australian
ASS was associated with Fe minerals (Yvanes-Giuliani et al., 2014).
Recently, jarosite that was isolated from ASS in Thailand was shown to
have at least 5 % Al-for-Fe substitution (Grigg et al., 2024), mirroring
observations of Al-for-Fe substitution in jarosite from other natural en-
vironments (Alpers et al., 1992; Johnston, 1977; Sanchez-Espana et al.,
2016) and in hydrometallurgical waste (Pappu et al., 2006). Since Al is
one of the primary causes of toxicity to plants and aquatic life in acid
sulfate systems (Ljung et al., 2009; Powell and Martens, 2005; Van
Breemen, 1973), the controls on its mobility need to be understood.
Moreover, Al substitution alters the structural properties of jarosite
(Grigg et al., 2024), which may affect rates and pathways of jarosite
transformation in soils.

Jarosite reactivity has been measured in laboratory mixed-
suspension systems that simulate various aspects of dynamic acid sul-
fate environments. Under oxic conditions, jarosite transformation occurs
over the course of several months in solutions with pH between 2 and 8
(Smith et al., 2006; Welch et al., 2008). Faster transformation occurs
under anoxic conditions in the presence of Fe(II) (Jones et al., 2009;
Karimian et al., 2017, 2018). For example, a study of jarosite in an
anoxic solution at pH 6.5 (buffered with 2-(N-morpholino)ethane-
sulfonic acid, commonly known as ‘MES’) and containing a ratio of Fe
(ID)-spike to mineral-Fe(IIl) (henceforth called ‘Fe(Il)-to-Fe(III) ratio’)
of 0.4 showed complete transformation within fewer than 7 days to 73.5
% lepidocrocite and 26.5 % ferrihydrite (Jones et al., 2009). The
transformation was inhibited in the presence of Si and organic matter
(Jones et al., 2009). Another study of synthetic As- and Sb-bearing jar-
osite transformation with Fe(II)-to-Fe(III) ratios between 0.045 and 0.9
in a solution at pH 7.0 (buffered with MES and 3-(N-morpholino)pro-
panesulfonic acid, commonly known as ‘MOPS’) showed rapid (<24h)
transformation to green rust, lepidocrocite and goethite in varying ratios
(Karimian et al., 2017). Increasing acidity slows the rate of Fe(Il)-
catalysed jarosite transformation (Karimian et al., 2018; Whitworth
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etal., 2020). At pH 5.5, with Fe(II)-to-Fe(III) ratio of 0.9, partial jarosite
transformation to goethite was observed after 24 h, and at pH 4 no
transformation occurred within 24 h (Karimian et al., 2018). Moreover,
at pH <4.5, in the presence of 0.25 mM Fe(II) and 10 mM NaySOy,
transformation of jarosite (2000 mg/L) was not observed in 70 days,
although up to 1.82 % of the atoms in the jarosite and Na-jarosite were
exchanged by Fe(II)-catalysed stable mineral recrystallisation (Whit-
worth et al., 2020). Together, these studies reveal several processes that
result in jarosite transformation, with the dominance of each being
dependent on the chemical composition of the suspension, including pH
and Fe(II) concentration, and element substitution in jarosite.

Building on previous studies of jarosite stability, we sought to
deconvolve the competing processes that cause jarosite transformation
under circumneutral anoxic conditions and consider the effect of cation
substitution (specifically Al-for-Fe substitution) on the Fe(Il)-catalysed
transformation of jarosite. Therefore, the objectives of our study were
to assess four novel aspects of the transformation of jarosite under
anoxic circumneutral conditions: (1) the effect of Fe and Al occupancy
on the stability and transformation pathways of jarosite-alunite group
minerals, (2) the fate of Al during the transformation of Al-jarosite, (3)
the relative dominance of competing pathways of jarosite trans-
formation, and (4) the difference in reactivity between synthetic and
natural jarosite. To achieve this, samples of synthetic jarosite, synthetic
Al-jarosite and natural jarosite were reacted with >Fe(Il) at pH 7.1 in
mixed-suspension batch experiments for twenty-four hours. The Fe(II)
concentration and circumneutral conditions in the reaction solution
were designed to mimic the Fe(II):Fe(IIl) ratios and pH typically found
in the porewater of some flooded acid sulfate topsoil under reducing
conditions (Burton et al., 2011; Karimian et al., 2017; Kolbl et al., 2017).
The transformation processes were observed by quantifying the changes
in the mineralogy and solution chemistry in the reactors over the course
of the experiments.

2. Methods
2.1. Mineral synthesis and collection of natural jarosite

Synthetic jarosite minerals with varying Al contents were syn-
thesised by a hydrothermal method (Driscoll and Leinz, 2005) that is
described in detail in Grigg et al. (2024). In brief, solutions of 0.9 M Fe
(Il1) were prepared by dissolution of Fe(0) (10 pm metal powder,
EMSURE analysis grade, Merck) in 2 M H2SO4 (95-95 % reagent grade,
Sigma Aldrich) followed by oxidation with excess HyO2 (35 %, Merck).
The Fe(III) solutions were mixed in appropriate ratios with a saturated
solution of AIK(SO4)2-12H0 (Normapur reagent grade, VWR), to pro-
duce solutions with Al/(Fe+Al) = 0 (from which unsubstituted jarosite
was synthesised), Al/(Fe+Al) = 0.05 (which produced 1 % Al-for-Fe
substitution in the synthesised jarosite, henceforth referred to as low-
Al jarosite) and Fe/(Fe+Al) = 0.3 (which produced 7 % Al-for-Fe sub-
stitution in the synthesised jarosite, henceforth referred to as high-Al
jarosite). Solutions were adjusted to pH 2.5 + 0.05 with KOH (pellets
extra pure, Merck) and heated to 140 °C for 5h. The precipitates were
rinsed with ultra-pure water (UPW; MilliQ, Millipore, >18.2 MQ-cm),
oven dried for 24 h at 60 °C, gently homogenised with a mortar and
pestle and stored in amber glass vials in a desiccator. The natural jarosite
used in this study was collected from jarosite nodules (regions of soil
that are highly enriched in jarosite) found between 68 and 135 cm depth
in an ASS profile in Chachoengsao province, Thailand. The profile was
sampled in February 2020 after the field had been drained for several
months. The jarosite-bearing soil samples were dried at 30 °C, and jar-
osite was hand-picked using a scalpel. Elemental and structural analysis
of the synthetic and natural jarosite used in this study are reported in
Section S1 and Grigg et al. (2024).
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2.2. Transformation experiment design

Jarosite transformation was investigated in triplicate mixed batch
reactors containing a suspension of natural jarosite, or synthetic
unsubstituted, low-Al or high-Al jarosite in an anoxic solution of 50 mM
MOPS buffer (pH 7.1) and 0 mM, 0.5 mM or 5 mM 57Fe(11) (henceforth
referred to as no-Fe(II), low-Fe(II) and high-Fe(II) treatments, respec-
tively). To set up the experiment, jarosite (85.6 mg, 86.6 mg, 91.9 mg
and 101 mg per vial for unsubstituted, low-Al, high-Al and natural jar-
osite, respectively) was weighed into 100 mL glass septum bottles
(henceforth ‘reactors’). The jarosite solid-to-solution ratio was varied to
ensure that each reactor contained the same Fe(II)-to-Fe(III) ratio. The
Fe(III) content of jarosite varied because of substitution for Fe or defi-
ciency at the B site (Grigg et al., 2024). The reactors were transferred to
a glove box (MBRAUN; Ny atmosphere, <1 ppm O3) >48 h before the
experiments began. The MOPS solution was added to each bottle one
hour (t = —1 h) before the addition of a >"Fe(II) spike (at t = 0). To
produce the no-Fe(II), low-Fe(Il) and high-Fe(II) treatments, O pL, 76 uL
or 760 uL, respectively, of a concentrated °’Fe solution was added,
which was calculated to bring the final volume of each reactor to 90 mL.
The concentrated >’ Fe(1) spike solution was produced by dissolution of
57Fe(0) powder (Isoflex, USA; certified 57Fe purity 96.14 %) in 2 M HClL
(NORMATOM, VWR), which was then filtered with a nylon syringe filter
to 0.22 pm and measured using inductively coupled plasma with optical
emission spectroscopy (ICP-OES) to determine the final Fe concentra-
tion. Jarosite masses and spike concentrations were chosen to produce a
ratio of 1:10 Fe(II):Fe(III) in low-Fe(II) treatments and 1:1 Fe(II):Fe(III)
in high-Fe(Il) treatments. The ratios are comparable to those used in
previous jarosite transformation experiments (up to 1:0.9 (Karimian
et al., 2017) and 1:2.5 (Jones et al., 2009)) and found in reflooded ASS
wetland (1:1.1 ratio of aqueous Fe(Il) in pore water to Fe(Ill) in
dithionate-extractable phases (Burton et al., 2011; Karimian et al.,
2017)). All reactors were capped with rubber stoppers, placed on an
orbital shaker and protected from light during the experiment.

Each reactor was sampled at 0.5, 1, 2, 4, 8 and 24 h after the
beginning of the experiment, except for no-Fe(Il) reactors which were
measured at 0, 1, 8 and 24 h. The high-Al high-Fe(I) reactors were
sampled at 51 h instead of 24 h, and so a separate experiment was run to
capture the 24-hour timepoint. Due to observably slower reaction ki-
netics, reactors containing natural jarosite were additionally sampled
after 7 days. At each sampling timepoint, reactors were manually shaken
to ensure homogeneous suspension of particles, then an aliquot of 10 mL
was poured into an open 10 mL syringe and filtered through a 0.22 ym
mixed cellulose ester (MCE) filter. After discarding the first millilitre of
the filtered solution, 4 mL was preserved in 1 % HCI (Normatom, VWR)
and stored at 4C until analysis. The solids were retained for later analysis
with powder X-ray diffraction (XRD) and Raman spectroscopy. All solids
were rinsed with UPW before being dried in the glove box atmosphere
on the MCE filter. Once dry, the mineral samples were scraped off the
filter paper and stored in the dark in the glove box. The triplicate solid
samples from each timepoint were combined, except for 1-hour samples,
for which individual replicates were measured to estimate variability. At
the 1-hour timepoint, in addition to the 10 mL filtration for XRD and
Raman spectroscopy analysis, an additional aliquot of approximately 45
mL per reaction vessel was filtered. The filtrate was discarded, but solids
were rinsed, dried and combined, as described above, for Mossbauer
spectroscopy and electron microscope (EM) analysis.

2.3. Analytical methods

Concentrations of Fe and S in filtered solutions were measured by
ICP-OES (5100, Agilent Technologies, USA). Concentrations of K were
measured by atomic absorption spectrometry (AAS, 240FS spectrom-
eter, Agilent Technologies, USA) at 766.5 nm with sample atomisation
in an air-acetylene flame. Isotopic ratios of Fe were measured by
inductively coupled plasma mass spectrometry (ICP-MS, 8800 triple
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quad, Agilent Technologies, USA). Samples for isotope analysis were
first measured for Fe concentration by ICP-OES, then diluted to 100 ppb
Fe and measured by ICP-MS in reaction cell mode with an Hj flow rate of
7 mL min . Iron isotopic composition was reported as the counts of the
57Fe divided by the sum of the counts of isotopes 54pe, S6Fe, 57Fe, and
58Fe (Schulz et al., 2022).

Selected samples were examined by scanning transmission electron
microscope (STEM, 2700Cs, Hitachi) and mapped by energy-dispersive
X-ray (EDX) spectroscopy (FEI Talos F200X S/TEM microscope). Both
analyses were carried out on the same samples, which were prepared by
resuspension of approximately 2 mg of mineral in UPW and drop
deposition onto 200-mesh Cu grids with holey carbon support film (SPI
supplies, USA). Reacted mineral samples were prepared for STEM
analysis in a glove box.

Powder XRD measurements from the transformation experiment
were performed on dried solid samples that were resuspended in
ethanol, transferred onto polished Si wafers (711 cut, Sil’tronix Silicon
Technologies, France), allowed to dry in place and closed under anoxic
seal. Samples were analysed in Bragg—Brentano geometry using Cu Ko
radiation (uggq = 1.540562 A, hxqn = 1.544398 A, 40 kV, 40 mA) and a
high-resolution energy-dispersive 1D detector (D8 Advance, Bruker,
USA; LYNXEYE detector). Measurements were taken between 10° and
70° 26 with a step size of 0.02° 20 and measurement time of 4 s/step.
Rietveld quantitative phase analysis was performed on TOPAS software
(Version 5, Bruker, USA), using previously published Crystallographic
Information Files (CIF) for jarosite (Inorganic Crystal Structure Data-
base, ICSD, no. 12107; Menchetti and Sabelli, 1976), goethite (ICSD no.
239321; Zepeda-Alarcon et al., 2014), lepidocrocite (ICSD no. 93948;
Zhukhlistov, 2001) and magnetite (ICSD no. 26410; Fleet, 1981) and
using a PONKCS (Scarlett and Madsen, 2006) phase calibration of syn-
thetic ferrihydrite (Grigg et al., 2022), as described by ThomasArrigo
et al. (2018). Calculations of mineral proportions, crystallite sizes and
unit cell dimensions are based on Rietveld fits of full X-ray diffracto-
grams except where the domain was explicitly restricted to particular
peaks.

Raman spectroscopic analysis (inVia 2 confocal Raman microscope,
Renishaw plc, UK) was performed following XRD analysis, using the
same samples without anoxic seal. Measurements used a 532 nm laser
(100 mW, Nd:YAG), 1800 I mm ™! grating and 50X objective with 0.5 %
laser power and spot size of 1.3 pm. Sample spectra are the average of
>1500 measurements taken for 8 s at different locations. Automatic
focusing (LiveTrackTM focus tracking; Renishaw plc, 2018, Renishaw
Technical Note no. TN214(EN)-01-A) was used to account for the rough
surface.

Mossbauer spectroscopy was performed on samples that were made
by combining approximately equal proportions of each triplicate
collected at the 1-hour timepoint. Samples were dried and sealed in
polyimide film tape (Kapton, 3M Company, USA) inside the glove box.
Spectra were collected on a WSS-10 spectrometer (WissEL GmbH, Ger-
many) in transmission using a >’ Co/Rh y-radiation source. A liquid-He
cryostat (Janis Research, USA) was used to cool samples to 4.2 K or
77 K throughout the measurements. Mossbauer spectral fitting
employed extended Voigt-based fitting (xVBF), implemented in Recoil
software (Lagarec and Rancourt, 1997; Rancourt and Ping, 1991). The
Lorentzian full width half maximum was set to 0.135 mm/s for all fits.
The velocity scale was calibrated to a measurement of a-Fe foil.

2.4. Modelling of >’Fe distribution

Isotopes of Fe were used to trace the dominant mineral trans-
formation pathways in the reactors. Initially, the Fe(II) in solution was
enriched in 57Fe, while the Fe(Ill) in jarosite had a natural isotope
abundance, containing 2.12 % %’Fe (Taylor et al., 1992). After the start
of the experiment, any enrichment or depletion of 57Fe in an Fe phase
relative to the initial Fe isotope signature in the solid or solution could
theoretically be caused by the flows of Fe atoms that occur during
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mineral transformation. Whereas the isotopic composition of Fe mineral
phases does not affect quantification by Rietveld fitting of XRD patterns,
Mossbauer spectroscopy is only sensitive to the 57-isotope of Fe. In
principle, the difference in the distribution of Fe between mineral phases
as estimated by XRD and Mossbauer spectroscopy could be indicative of
enrichment or depletion of °’Fe in those phases. To interpret the pro-
cesses that cause the enrichment or depletion of >’Fe in mineral phases,
a model was developed to calculate the rate of atom flow between
defined Fe pools according to a conceptual model of the reaction space.

To implement the atom-flow model, total Fe and >’Fe in the system
were initially allocated to one of five pools — jarosite, ferrihydrite,
goethite, lepidocrocite and dissolved/sorbed Fe — according to initial
experimental conditions. Then, the pools were linked by a set of hypo-
thetical transformation processes, which are described in Fig. 1. The
total Fe and *’Fe distribution in each pool was updated at discrete
timesteps of 0.02 h by calculation of atom flows using guessed pseudo
first-order rate constants (for justification see Section S7.1) for each
hypothetical transformation pathway. Following each model run, the
guessed rate constants were updated by a Monte-Carlo random walk
procedure coupled to minimisation of the total sum of squares (SST).
The SST was calculated at each of the six timesteps between predicted
and measured solution Fe concentration, Fe isotopic composition in
solution, and abundance of each of the four mineral phases considered.
Iron concentration, Fe isotopic composition and mineral abundance
were determined by ICP-OES, ICP-MS and XRD, respectively. Once the
optimum set of rate constants was established, which minimised the
SST, the isotopic composition of each Fe pool was calculated at the 1-
hour timepoint. The plausibility of the atom flow model was validated
by comparison of the expected > Fe distribution with >’Fe measurements
by 5’Fe Méssbauer spectroscopy and ICP-MS. For direct comparison,
measured Mossbauer spectra were compared to reconstructed spectra
that were calculated using the typical parameters for each Fe phase
(Table S2) and the %’Fe distribution that was predicted by the atom-flow
model. The modelling procedure is illustrated in Fig. 1 and full details
are provided in Section S7.
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3. Results
3.1. Solution chemistry

The concentration of Fe, S, K and Al in solution were monitored
throughout the experiment to observe the dynamics of the elements that
constitute jarosite and Al-jarosite during its transformation. In addition,
the isotopic composition of the Fe in solution was measured to monitor
Fe exchange between the solution and the solids. Increases in the
aluminium concentration in solution were not observed in no-Al, low-Al
or high-Al reactors (Fig. S1), consistent with the low solubility of Al at
circumneutral pH (Driscoll and Schecher, 1990). Increases in the solu-
tion S concentration were observed in all experiments, consistent with
jarosite dissolution, but occurred on top of a high S background due to
the S content of the MOPS buffer (Fig. S2). Changes in K concentration
and Fe isotopic composition could be quantified using pseudo-first-order
rate kinetic models, as described in Section S2.1 and S2.2, respectively
(Fig. 2). The pseudo-first-order rate coefficients are reported in Table 1.

The Fe concentration in solution did not reflect the trend of mineral
transformation or dissolution, as Fe was reincorporated into product
phases. A rapid decrease in the solution Fe concentration occurred after
the initial addition of Fe(II) (7-10 % in high-Fe(I) and 18-19 % in low-
Fe(II) reactors with synthetic jarosite after two hours; Fig. S3), likely due
to sorption of Fe(II) to mineral surfaces. The initial decrease in Fe con-
centration was slowest in suspensions of natural jarosite. Some further
decreases after the initial rapid decrease in high-Al high-Fe(II) reactors
occurred, likely due to the incorporation of Fe(II) into mixed-valent Fe
mineral phases, such as magnetite. The 5”Fe composition of the solution
approached a stable value equivalent to the total isotopic ratio of the
reaction system (see calculation in Section S2.2). The stable value was
reached at rates between 0.2 h™! and 3.5 h™! (natural jarosite with high-
Fe(II) and unsubstituted low-Fe(II), respectively; Table 1).

The concentration of K increased throughout the transformation
experiments, and approached a stable concentration within 24 h in re-
actors containing synthetic minerals and low- or high-Fe(II). In the hour
before the addition of Fe(II), the solution K concentration reached 0.31
+ 0.06 mM in reactors containing unsubstituted jarosite and 0.39 +
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Fig. 1. Flow chart showing the conceptual model of Fe transfer between pools in the reactors and the framework used to integrate measured data into the modelling
scheme. Red circled numbers indicate the order of processes in the modelling scheme. Note that the arrows within the conceptual reaction model indicate the di-

rection of Fe atom flow between pools.
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Fig. 2. Concentration of Fe, concentration of K and >’Fe composition of the dissolved Fe pool throughout the transformation experiment in the unsubstituted and
high-Al jarosite samples. The plotted curve for K concentration and Fe isotopic composition is a logarithmic function fit to the data points between 0.5 and 24 h. The
blue star indicates the theoretical Fe concentration at 0 h based on the concentration of the spike, and black dashed horizontal line indicates the theoretical isotopic
ratio of the solution when the system is fully mixed. Error bars are the standard deviation of measurements from three replicate reactors. Data for low-Al and natural
jarosite are presented in the Figs. S3, S4 and S5. Note: a discontinuous axis is used to display the sample in the high-Al high-Fe(II) reactor, which was collected at 51 h
(the high-Al high-Fe(II) 24-hour datapoint was collected in an independent experiment).

Table 1

Rates of jarosite reaction in XRD Rietveld fitting, K concentration increase in solution and Fe isotope exchange in solution. All rates are calculated assuming pseudo-
first-order kinetics and are derived from logarithmic fits of data points (proportion of XRD patterns fitted as jarosite, K concentration in solution and >’ Fe/"*'Fe in
solution, respectively), measured in units of h~! (Section S2.1, S2.2 and S4).

High Fe(II) spike Low Fe(Il) spike No Fe(II) spike
Jrs reaction K release Fe isotope exchange Jrs reaction ” K release Fe isotope exchange Jrs reaction K release Fe isotope exchange
Unsub 2.4 1.8 1.8 1.7 1.3 3.5 - 0.1 =
Low Al 2.6 1.1 1.8 1.0 0.9 2.9 . 0.1 —*
High Al 0.9 0.9 0.9 0.6 0.7 2.5 - 0.1 -
Natural 0.2 0.1 0.2 0.1 0.1 0.5 . — —

# The jarosite (Jrs) fit is plotted in Fig. S6 and is not derived from the same procedure as the fitting in Fig. 3.
" Not measured in the control experiments because the system was not spiked with >Fe.
" Trend not reliably fit with logarithmic function.

0.01 mM in reactors containing high-Al jarosite (Fig. S4). In the from 1:1 to 1:10, or to 0.9 h™! with an increase in the Al-for-Fe substi-
following 24 h, the K concentration in the no-Fe(Il) treatments tution of jarosite up to 7 %. The amount of jarosite remaining one hour
continued to increase with pseudo-first-order rate coefficients of 0.1 h! after Fe(I) addition provides a useful point of comparison: Jarosite
for reactors containing unsubstituted, low-Al and high-Al jarosite comprised 6 %, 14 %, 35 % and 43 % in the unsubstituted high-Fe(II),
(Table 1). The release of K before time = 0 indicated that jarosite unsubstituted low-Fe(II), high-Al high-Fe(II) and high-Al high-Fe(II)

dissolution began immediately upon suspension in the MOPS solution. reactors, respectively (Fig. S6).
However, K dissolution may occur more quickly than jarosite trans- Natural jarosite transformed more slowly than synthetic jarosite,
formation due to incongruous dissolution (Smith et al., 2006; Welch with pseudo-first-order rate coefficients of 0.2 h~'and 0.1 h™? for high
et al., 2007), and therefore the K dissolution rate was not used to and low Fe(I), respectively. Whereas synthetic jarosite was no longer
calculate jarosite transformation. Results of K release into solution are detected by XRD after 2 h in unsubstituted high-Fe(II) reactors and 8 h in
presented in Section S2.1. high-Al high-Fe(II) reactors, 28 % and 35 % of the initial natural jarosite
remained after 24 h in the high-Fe(II) and low-Fe(Il) reactors, respec-
3.2. Rates and products of mineral transformation tively (Fig. S6). After seven days in the high-Fe(II) treatment, natural

jarosite was detectable as a minor phase (approx. 1 %) of the sample
Rietveld fitting of XRD patterns (all fitting results in Fig. S6 and mineral composition (data not shown).

selected data in Fig. 3) revealed that lower Al-for-Fe substitution in Natural and synthetic jarosite also transformed in no-Fe(II) reactors,
jarosite and higher Fe(II) concentration were associated with faster but the rate was slower than in the reactors containing Fe(II) (Fig. S6).
jarosite transformation. Changes in the jarosite abundance in XRD pat- Without Fe(II), 11-15 % of the synthetic jarosite, and 5 % of the natural
terns were quantified (Table 1) using a pseudo-first-order rate model jarosite, transformed within 1 h. Therefore, between 85 % and 95 % of
described in Section S4. The maximum rate of jarosite reaction was 2.4 the initial jarosite was remaining in the reactors after the pre-
h! for the unsubstituted high-Fe(II) treatment. In contrast, the rate of equilibration period. By t = 24 h, 42-55 % of the synthetic jarosite
jarosite reaction fell to 1.7 h~! when the Fe(II):Fe(III) ratio was lowered had transformed, with high-Al jarosite transforming slowest. Further
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Fig. 3. Composition of the reaction vessels as measured by XRD and calculated by the atom-flow model. The plotted points indicate the fraction of Fe that was bound
in each mineral phase, calculated by Rietveld fitting of XRD patterns and adjusted to Fe fraction according to the theoretical Fe molar ratio in each mineral phase (see
Section §7.2). The results of Rietveld fitting for all reactors are plotted in Fig. S6. Samples from triplicates reactors were combined before analysis at all timepoints,
except after 1 h, where three replicates were measured individually, and the mean and standard deviation (1SD) are plotted. Lepidocrocite detected in one replicate
of unsubstituted-no-Fe(Il) reactor at 1 h has been omitted from the plot. Solid lines represent the best fit of the XRD measurements within the bounds of the atom-flow
model. The dashed lines represent the fraction of °’Fe in each mineral phase as calculated by the atom-flow model.

transformation of natural jarosite was not detectable between t = 0 and
t = 24 in no-Fe(II) reactors.

The products of jarosite transformation were ferrihydrite, lep-
idocrocite and goethite, with <20 % magnetite formed between the 8-
and 24-hour timepoints in unsubstituted high-Fe(II) and low-Al high-Fe
(ID) reactors (Fig. S6). A higher proportion of ferrihydrite in the products
was associated with greater Al substitution in jarosite and lower Fe(II)
concentrations. Indeed, ferrihydrite was the major product in no-Fe(II)
reactors (with some goethite <5 %) and comprised as much as 64 %
of the total mineral composition in the high-Al high-Fe(II) reactors.
Goethite was observed in all reactors with Fe(II) and reached as much as
46 % after 24 h in the high-Al high-Fe(II) reactors. Lepidocrocite was the
predominant transformation product of low-Al jarosite, which formed
up to 77 % of the total mineral after 24 h in unsubstituted low-Fe(II)
reactors (Fig. S6). Natural jarosite transformed into roughly similar
proportions of ferrihydrite, lepidocrocite and goethite.

3.3. Mineral properties during transformation

The shape, size and relative arrangement of synthetic jarosite and its
transformation products were investigated in partially transformed
jarosite samples, by analysing secondary electron (SE) images of mineral
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samples from unsubstituted high-Fe(II) (Fig. 4A-D) and high-Al high-Fe
(II) (Fig. 4E-F) reactors at t = 1 h. The primary particles largely corre-
sponded to the size (2-4 pm diameter) and spherical form of the initial
jarosite minerals (c.f. Fig. S17 and Fig. 4A & E). However, the primary
particles were covered in new crystal phases, some resembling the ‘frost-
like’ or ‘hedgehog-like’ coatings (e.g. Fig. 4A and 4E) and lepidocrocite
lathes (e.g. Fig. 4B) observed in previous studies (Johnston et al., 2012;
Smith et al., 2006; ThomasArrigo et al., 2019). Further examples of
lepidocrocite lathes were observed in Fig. 4C and S20. Ferrihydrite,
which usually takes the form of aggregations of smaller particles,
approx. 5 nm in diameter (Grigg et al., 2022; ThomasArrigo et al., 2019),
could explain some of the small particles in SE images (e.g Fig. 4D),
consistent with its detection by XRD among the transformation products
of jarosite. In reactors containing unsubstituted jarosite, the larger
crystals growing on the surface of the primary particles had platey form
(Fig. 4A & 4B), and the smaller crystals (approx. 50 nm length; Fig. 4A &
4B) had needle form, which may correspond to previously-identified
crystal forms of lepidocrocite and goethite, respectively (Grigg et al.,
2022).

Natural jarosite occurred in smaller particles than synthetic jarosite,
approximately 1 pm in diameter (Fig. S17). Furthermore, the SE images
(Fig. 4G & 4H and Fig. S22) and elemental distribution maps (Fig. 523)
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1-hour reacted 24-hour reacted
Unsub-high-Fe(ll) High-Al-high-Fe(ll) Natural

Fig. 4. Electron microscope images of reacted minerals. Panels A, B, C & D: Secondary electron (SE) images of unsubstituted jarosite, reacted with high Fe(I)
treatment for one hour. Panel B is taken from the region marked with a red box in panel A. Panel C is reproduced as Fig. S20 with selected angles measured. Panels E
and F: SE images of minerals sampled from a high-Al high-Fe(II) reactor at the one-hour timepoint. Panel G: An SE image of natural jarosite after 24 h of reaction with
high Fe(Il). Panel H: High-angle annular dark field image (HAADF) of the same particle shown in panel G. Additional SE/HAADF image pairs of reacted natural
jarosite samples are presented in Fig. S22. SE images of unreacted minerals are presented in Fig. S17.

collected on 24-hour reacted samples of natural jarosite revealed com- which were consistent with Fe oxyhydroxides. The aggregates were
plex mineral aggregates. A particle structure that was commonly further permeated by small Al- and Si- rich phases, consistent with clay
observed comprised K-, S- and Fe-rich spherical shells, which were or secondary Al mineral phases.
consistent with jarosite, and Fe-rich and K- and S- deficient interiors, Rietveld fitting of the XRD patterns showed that the unit cell size of
A. B.
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Fig. 5. Selected unit cell sizes for jarosite and products during the transformation reaction. Samples from replicate reactors were combined before analysis at all time
points, except for the 1-hour timepoint, when individual replicates were measured, and the mean and standard deviation (1SD) plotted as error bars. Full data sets
including measurements from all reactors and all unit cell dimensions are plotted in Figs. S7-S13.
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jarosite, lepidocrocite and goethite varied over the course of the
experiment (Fig. 5). The average size of the a dimension of the jarosite
unit cell, which is strongly affected by substitution at the B site (Grigg
et al., 2024), was initially smaller in Al-jarosite than unsubstituted jar-
osite. As Al-jarosite transformed, the a unit cell dimension of the
remaining Al-jarosite also decreased, particularly in the high-Al high-Fe
(ID) treatment (from 7.2977 A in the initial mineral sample to 7.2658 Aat
2 h; Fig. 5). By contrast, the unit cell was unchanged in unsubstituted
jarosite. The average lepidocrocite unit cell dimensions were constant in
reactors without Al (Fig. 5). The lepidocrocite that formed in high-Al
reactors initially had smaller a and ¢ dimensions than lepidocrocite
that formed in reactors containing low-Al or unsubstituted jarosite, but
within 2-4 h the unit cell of high-Al jarosite grew to resemble the unit
cell size of lepidocrocite formed in reactors containing low-Al or
unsubstituted jarosite (Fig. 5). The b dimension was not related to Al
content of the lepidocrocite. In goethite, the a, b and ¢ dimensions
changed over time after goethite formation (c dimension in Fig. 5 and all
dimensions in Figs. S11-S13). The effect is illustrated by the ¢ dimen-
sion, which decreased over time in all treatments, but was smallest after
24 h in high-Al reactors (from 3.0193 A after 0.5h to 3.0116 A at 24 h).

Although the crystallite sizes also differed according to the amount of
Al in the system, the temporal patterns were not associated with the Al
content. The largest differences were observed in lepidocrocite, which
showed prominent crystal growth in the [111] direction in reactors
containing unsubstituted and low-Al jarosite but did not preferentially
grow on any measured crystal plane in high-Al reactors. Details about
the mineral crystallite sizes are available in Section S3.3.

Some trends in mineral structure and substitution could be ascer-
tained by analysis of the location of Raman spectral peaks. Aluminium-
for-Fe substitution of jarosite is linked to the position of the Raman
spectral peak near 301 c¢m~! (O-Fe) and near 625 cm™! (v4(S04)) (Grigg
et al., 2024). The position of the jarosite O-Fe peak (Fig. S24) was not
interpreted due to interference from the spectrum of goethite (Grigg
et al., 2024). Changes of the v4(SO4) position in low-Al high-Fe(II) and
high-Al high-Fe(II) reactors are consistent with increasing Al content
over time (Fig. S25). A strong trend was also observed in the location of
the peak near 530 cm ™! (Fig. 526), which corresponds to the Raman
spectrum of lepidocrocite. The peak position was consistent over time in
unsubstituted jarosite samples and decreased over time in low-Al jar-
osite samples.

3.4. Mineral transformation processes

The distribution of >’Fe was used to trace which processes had led to
the observed mineral composition in the reactors. In a first analysis step,
the Mossbauer spectra collected at 4.2 K were fit with four phases
(Fig. S28 and Table S2), each with locked model parameters repre-
senting jarosite (Grigg et al., 2024), ferrihydrite (ThomasArrigo et al.,
2018), goethite (Notini et al., 2022) and lepidocrocite (Schulz et al.,
2023). The fits of spectra from reactors containing unsubstituted jarosite
were dominated by lepidocrocite (58 % and 61 % in low- and high-Fe(II)
reactors, respectively), with smaller areas attributable to ferrihydrite,
goethite and jarosite (Table S3). In the high-Al spectra, lepidocrocite
was less abundant (19 % and 25 % in low- and high-Fe(II) reactors,
respectively) whereas ferrihydrite and goethite were most abundant (up
to 43 % ferrihydrite in the high-Al high-Fe(II) reactor; Table S3). The
variability of the hyperfine characteristics of the minerals (see Table S5
for summary of variability reported in the literature) may have
contributed to a small misfit in Fig. S28 and affected the fitted areas of
each phase. Both spectra collected at 4.2 K and 77 K were also fitted with
floating parameters (Table S4). This approach provided the most effec-
tive analysis of spectra collected at 77 K. However, due to overlap of the
mineral phases in 4.2 K spectra and poor magnetic ordering of some
phases at 77 K, the identity of each fitted curve was difficult to interpret,
and each phase likely included parts of multiple minerals. The results of
the Mossbauer spectral fitting using floating parameters are described in
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Section S6.3.

To interpret which processes caused the observed differences be-
tween the >Fe distribution in the Mossbauer spectra and mineral dis-
tribution in XRD measurements, the measurements were analysed with
reference to a model of atom flow through a conceptual reaction space.
In high-Al reactors, the atom-flow model suggested that >’Fe was
enriched in goethite and lepidocrocite but depleted in ferrihydrite. The
atom-flow model produced reasonable agreement with the mineral
composition measured by XRD (Fig. 3) and the reconstructed Mossbauer
spectra generally agreed with the measured spectra (Fig. 6). The largest
difference was that calculated %”Fe content of the ferrihydrite was lower
than measured in the Mossbauer spectrum, coupled with a higher esti-
mation of the >’Fe in goethite and lepidocrocite. Ferrihydrite comprised
14 % and 27 % of the >’Fe in the reconstructed spectra of low-Fe(II) and
high-Fe(II) reactors, respectively, but 43 % and 34 % in the fitted
spectra, respectively (Table S3, Table S7 and Fig. S29). In reactors
containing unsubstituted jarosite, the fits of XRD measurements were
associated with higher residual error than fits from high-Al reactors
(Table S6). Notwithstanding the uncertainties inherent in fitting ferri-
hydrite in XRD patterns using the PONKCS method (see details in Sec-
tion S3.1; Aeppli et al., 2019; Schulz et al., 2022; ThomasArrigo et al.,
2018), the misfit between the measured and modelled total Fe distri-
bution occurred because there was rapid transformation of ferrihydrite
between 1 and 4 h after the addition of Fe(II) to reactors containing
unsubstituted jarosite, which could not be captured by the processes
defined in the conceptual model (Fig. 1). In addition, the reconstructed
Mossbauer spectra from reactors containing unsubstituted jarosite did
not effectively reproduce prominent features of the measured 4.2 K
Mossbauer spectra (Fig. 6). The difference between the reconstructed
and measured spectra were caused by the large proportion of Fe in
lepidocrocite calculated by the atom-flow model (84 % and 93 % of all
57Fe in low-Fe(1l) and high-Fe(II) rectors, respectively; Table S7), and
consequently small fractions of minerals with large hyperfine field (H),
particularly goethite (Table S2).

The differences between the reconstructed and measured Mossbauer
spectra indicated that some processes occurred in the reactors which
were not captured by the conceptual model. Some processes that were
excluded from the model, including formation of magnetite, Fe(I)-
catalysed recrystallisation of goethite (Joshi et al., 2022; Pedersen
et al., 2005; Williams and Scherer, 2004), Fe(Il)-catalysed recrystalli-
sation of ferrihydrite to lepidocrocite (Hansel et al., 2011), and forma-
tion of inhomogeneous mineral pools (Joshi et al., 2022); were
considered not to be the most likely causes of the misfits. The details of
these model design choices are discussed in Section S7.2. A summary of
the comparison between XRD-based measurement of Fe distribution,
fitting of Mossbauer spectra and °’Fe distribution calculated by the
atom-flow model are summarised in Fig. S29.

The *’Fe enrichment in each reactor gradually approached a steady
value as the Fe in solid and solution mixed throughout the course of the
experiment. After one hour, the >Fe composition of the solution was
furthest from its steady value in high-Al high-Fe(II) reactors where the

isotopic ratio at 1 h, L1 was 0.64, whereas the ratio after 24 h, | Fef",
was 0.46, and theoretlcally, the ratio in the total system, hm[ TFel Y was

0.48 (Fig. 2; calculations Section S2.2). The solution in the unsubstltuted
high-Fe(II) reactors approached a steady value at double the rate of the
F“l =0.56.
Isotopic ratios initially approached their steady value fastest in low-Fe
(I) reactors, as the aqueous Fe(Il) is a relatively small pool of Fe(Il) in
low-Fe(Il) systems that turns over more quickly. Note, the steady value
may not be the same as the system equilibrium when recalcitrant solid
phases are enriched or depleted in >’Fe. Indeed, the aqueous-phase
isotopic ratio briefly fell below the equilibrium at the 2-, 4- and 8-
hour timepoints, indicating that isotopic imbalances existed in low-Al
systems until at least 8 h. Overall, the isotope balance at the one-hour

high-Al reactor due to faster jarosite transformation, with L
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Fig. 6. Comparison of Mossbauer spectra, collected at 4.2 K, of unsubstituted
and high-Al synthetic jarosite before the transformation and mineral samples
following one hour of reaction in low-Fe(Il) or high-Fe(II) conditions. All
plotted data are normalised by the total fitted area. The solid black line is the
sum of the coloured regions, which represent a reconstruction of the spectrum
based on the relative area of each phase as calculated by the atom-flow model
(Fig. 3 and Table S7), and model spectral parameters for jarosite (Grigg et al.,
2024), ferrihydrite (ThomasArrigo et al., 2018), goethite (Notini et al., 2022),
and lepidocrocite (Schulz et al., 2023) (Table S2).
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timepoint was most suitable for assessing the reaction pathways in high-
Al reactors, due to the lower rate of isotope exchange.

4. Discussion
4.1. Effects of Al substitution on jarosite transformation rate and products

4.1.1. Effects on jarosite

The rate of jarosite transformation in the presence of Fe(II) was
strongly related to the initial mineral composition, whereby Al-for-Fe
substitution stabilised jarosite against transformation. Aluminium
slowed the transformation by almost a factor of three despite the
marginally lower crystallinity of the Al-substituted jarosite (crystallite
sizes of unsubstituted and high-Al jarosite were 95 nm and 88 nm,
respectively, Grigg et al., 2024). The result was consistent with previous
studies of Fe oxyhydroxides, which have shown that Al-for-Fe substi-
tution slows the Fe(Il)-catalysed transformation of ferrihydrite to
goethite, lepidocrocite and magnetite (Masue-Slowey et al., 2011), and
that Al-for-Fe substitution of goethite results in slower atom exchange
with aqueous Fe(II), Fe(II)-catalysed transformation and release of
incorporated trace elements (Frierdich et al., 2012; Latta et al., 2012).
Further, the effect of Al-for-Fe substitution on the rate of transformation
in the presence of Fe(II) was strong in comparison to changes in the Fe
(I) concentration in the system. An order-of-magnitude increase in the
Fe(II) concentration was associated with approximately a 50 % increase
in the rate of jarosite reaction in reactors containing unsubstituted and
high-Al jarosite, consistent with the previously reported 100 % increase
in jarosite reaction rate caused by a 20-times increase in Fe(II) con-
centration (Karimian et al., 2017), which mirror the effect of Fe(II) on
other Fe mineral phases (Grigg et al., 2022; Hansel et al., 2005).

In contrast to the transformation of jarosite in the presence of Fe(II),
the rate of decomposition by hydrolysis (in reactors without an Fe(II)
spike) was similar in unsubstituted and high-Al treatments. Whereas 42
% of the high-Al jarosite transformed within 24 h, 55 % of the unsub-
stituted jarosite transformed within the same period. The reaction in the
presence of Fe(II) may be dominated by Fe(Il)-catalysed transformation,
likely involving the conduction of electrons through the crystal structure
as observed for Fe oxyhydroxides such as ferrihydrite or goethite (Gorski
and Scherer, 2011), whereas hydrolysis is a surface reaction that may be
less influenced by the presence of Al in the mineral structure. End-
member alunite is known to dissolve at least two orders of magnitude
more slowly than jarosite, possibly due to the rate of exchange of water
with Fe or Al cations at the mineral surface (Miller et al., 2016), but the
magnitude of the effect in mineral containing both Fe and Al may be
much smaller.

As Al was not detected in solution, the fate of Al during the trans-
formation of Al-substituted jarosite depended on the solid phases. The
fate of Al could be followed by observing changes in the structural
characteristics of minerals over the course of the experiments. In high-Al
low-Fe(Il) and high-Al high-Fe(II) reactors, the decreasing size of the a
dimension of the jarosite unit cell (Fig. 5), and the shift of the jarosite
v4(SO4) Raman peak (Fig. S25) to lower wavenumbers, are both
consistent with progressively higher Al content in jarosite (Grigg et al.,
2024). By contrast, in reactors containing unsubstituted jarosite and
high-Al no-Fe(II) conditions, variation in jarosite unit cell dimensions
and v4(SO4) Raman peak position were not observed, indicating that the
average Al content of jarosite does not change during hydrolysis.
Aluminium may have been enriched in jarosite by an incongruous
dissolution mechanism, which has been observed for other metals
substituted in jarosite (Chen et al., 2021), and would be consistent with
the low solubility of AI(III) at circumneutral pH. It is possible that the Al
enrichment of the jarosite phase contributed to the slower rate of Al-
jarosite transformation compared with unsubstituted jarosite
transformation.
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4.1.2. Effects on the products of transformation

In reactors containing Al, lepidocrocite formation was hindered in
favour of goethite. A similar effect of Al on lepidocrocite formation was
previously observed during the aeration of solutions containing Fe(II)
and Al (Taylor and Schwertmann, 1978), and during transformation of
Al-substituted ferrihydrite (Hansel et al., 2011). As well as altering the
product composition, there is strong evidence that Al-for-Fe substitution
in lepidocrocite altered the structure and morphology of the lep-
idocrocite formed during Al-substituted jarosite transformation. At least
18.5 % Al-for-Fe substitution of lepidocrocite is possible (Liao et al.,
2020) and Al-substituted lepidocrocite has smaller crystallites (Poulton
et al., 2004), has a smaller unit cell in all three dimensions (Liao et al.,
2020; Schwertmann and Wolska, 1990) with the largest and most
consistent difference in a and ¢ dimensions (Liao et al., 2020). In our
high-Al reactors, lepidocrocite had a smaller crystallite size and unit cell
size in the a and ¢ dimensions than lepidocrocite that formed in reactors
containing unsubstituted jarosite throughout the experiment (Figs. 5
and S22). By applying the relationship between a and ¢ parameters and
Al substitution derived by Liao et al. (2020), samples of lepidocrocite
taken at 30 min may have contained 9.1 % or 9.5 % (based on a and c
parameter, respectively) Al-for-Fe substitution in the low-Fe(II) high-Al
reactors and 19.2 % or 17.6 % (based on a and ¢ parameter, respectively)
Al-for-Fe substitution in the high-Al high-Fe(II) reactors. Applying the
same calculation to reactors containing unsubstituted jarosite predicts
Al-for-Fe substitution between 0.5 % and 2.7 %, indicating a small
systemic difference between the measurements in this study and Liao
et al. (2020). Additional evidence of Al-for-Fe substitution in lep-
idocrocite is provided by measurements of crystal morphology and
crystallite size. Aluminium substitution of lepidocrocite is associated
with thinner, shorter and wider lath structures (Hansel et al., 2011; Liao
et al., 2020). In SE images of 1-hour reacted samples, platey minerals
that were attributable to lepidocrocite appeared to be smallest in high-Al
reactors (c.f. Fig. 4A and 4E). Furthermore, XRD analysis showed that
crystal growth was restricted in the [111] direction in high-Al reactors,
compared to the elongated crystals in the [11 1] direction that were able
to grow in reactors containing unsubstituted and low-Al jarosite.
Although the effect of Al on the Raman spectra of lepidocrocite is not
documented, larger wavenumbers generally correspond to higher Al
substitution in Fe minerals such as jarosite (Grigg et al., 2024) and
goethite (Liu et al., 2013) and therefore the trends observed in Raman
spectral peaks support the interpretation that lepidocrocite in high-Al
reactors was initially enriched in Al. The XRD- and Raman-based in-
dicators of Al substitution in lepidocrocite changed during the first 2-4 h
of reaction, which demonstrate temporal shifts in the average Al content
of lepidocrocite. The evolution could indicate that lepidocrocite
continued to react and release Al after its initial formation, or that the Al
incorporation into lepidocrocite reduced over time.

The unit cell parameters of goethite also provide evidence for Al
substitution. The b and ¢ dimensions of the goethite unit cell are linearly
correlated to Al-for-Fe substitution (Schulze, 1984). Therefore, the
smaller size of the b and ¢ dimensions of the goethite unit cell in our
high-Al systems (Figs. 5 and S12) may indicate that Al was incorporated
into goethite. By applying a previously derived correlation between the ¢
parameter and Al-for-Fe substitution (Schulze, 1984), the Al-for-Fe
substitution of goethite at the 24-hour timepoint could be estimated at
7.4 % in the high-Al high-Fe(II) reactors and 6.8 % in the high-Al low-Fe
(ID) reactors. However, the predicted Al content of —6.6 % and —0.6 % in
unsubstituted-jarosite reactors indicate that the measured c lengths of
the product goethite was larger than that of the former synthetic
goethite, and may not be directly applicable here (Schulze, 1984).
Although Raman spectral peak positions may also depend on Al sub-
stitution in goethite (Liu et al., 2013), spectral peaks associated with
goethite were either not strong enough to reliably fit in the mixed
reacted mineral spectra or were not easily distinguishable from the
peaks of other mineral phases (the peak near 242 cm™! is near a lep-
idocrocite peak, and the peak near 299 cm™! is near a jarosite peak).
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Temporal trends of goethite unit cell size and crystallite size from XRD
Rietveld analysis are similar in all reactors (Figs. S11-13 and S16) and
do not depend on the Al content of the reactors.

There was no direct evidence that Al substitution of ferrihydrite
occurred following transformation of Al-substituted jarosite. However,
ferrihydrite was a more abundant product of the transformation pro-
cesses in high-Al rectors. This may indicate that Al promoted the for-
mation of poorly crystalline products such as ferrihydrite, as suggested
by the higher k; and ks in the isotope model (Table S6), or that Al sta-
bilised the ferrihydrite against transformation (Taylor and Schwert-
mann, 1978).

4.2. Differences between synthetic and natural jarosite transformation

The transformation of natural jarosite proceeded more slowly than
the transformation of synthetic jarosite in reactors with comparable
solution composition. The Al-for-Fe substitution of the natural jarosite
was approximately 5 % (Grigg et al., 2024), which was most similar to
the Al content of the high-Al synthetic jarosite. However, other differ-
ences in the natural and synthetic jarosite crystal structures may explain
the difference. Natural jarosite had higher total B-site occupancy than
the synthetic jarosite, as evidenced by the higher blocking temperature
and larger quadrupole shift (¢) in Mossbauer spectra (Grigg et al., 2024),
which could have contributed to its stability. Furthermore, the synthetic
jarosite contained more A-site deficiencies that were likely filled by
hydronium (Grigg et al., 2024). Hydronium-jarosite dissolves faster than
K-jarosite (Gasharova et al., 2005), and may also be more reactive in our
experimental systems.

In additional to crystal composition, some difference between the
natural and synthetic jarosite reactivity may be explained by particle
morphology (Gasharova et al., 2005). The synthetic jarosite occurred as
spheres (Grigg et al., 2024). In contrast, the natural jarosite in this
experiment displayed octahedral and tabular form (Fig. S17; Grigg et al.,
2024), consistent with previously recorded natural jarosite (Mees and
Stoops, 2018). The morphology of natural jarosite could represent more
mature crystal forms that are resistant to transformation, or could
indicate that the jarosite formed as a pseudomorph of pyrite (Carson
et al., 1982). The 24-hour reacted natural jarosite retained a hexagonal
shape, but mineral products of the natural jarosite transformation were
observed inside the jarosite particles (Figs. 4G, 4H, S22 and S23).
Recrystallisation of the interior of natural jarosite particles stood in
direct contrast to the formation of secondary products on the exterior of
synthetic jarosite particles. The apparent growth of products in the
interior may be explained by jarosite transformation occurring on
crystal faces that preferentially lay perpendicular to the electron beam.
Analysis of elemental distribution by EDX did not indicate a surface
enrichment of compounds that could passivate the faces, such as Al, Si or
C compounds (Fig. S23). The stability of the crystal faces that remained
untransformed could account for the overall slower rate of natural jar-
osite transformation.

4.3. Pathways of mineral transformation

4.3.1. Sources of jarosite

Jarosite was initially composed of N*Fe, but recrystallisation of jar-
osite by atom exchange with aqueous >’Fe would have caused an in-
crease in the °’Fe content of jarosite. Indeed, there is some evidence that
57Fe-enriched jarosite formed in low-Fe(Il) reactors. The initial fraction
of the total °”Fe contained in jarosite in low-Fe(II) reactors was 18 %,
while only 14 % and 43 % of the initial jarosite remained after one hour
in unsubstituted low-Fe(II) and high-Al high-Fe(II) reactors, respec-
tively. Therefore, the theoretical proportion of >’Fe contained in the
remainder of the initial N*Fe-jarosite was 3 % and 8 % in reactors con-
taining unsubstituted and high-Al jarosite, respectively. By comparison
jarosite explained 11 % and 15 % of the 4.2 K Mossbauer spectra from
unsubstituted low-Fe(II) and high-Al high-Fe(II) reactors, respectively
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(Table S3), and similar amounts in the fits of 77 K spectra (Table S4).
Correspondingly, a non-zero rate of >’Fe-jarosite formation was calcu-
lated in the atom-flow model (rate coefficient kg in Table S6), showing
that jarosite recrystallisation was a slow process in comparison to the
dissolution or Fe(II)-catalysed transformation of jarosite in the high-Al
reactors, but faster than hydrolysis in the unsubstituted low-Fe(II) re-
actors (c.f. coefficients kg, k; and ky in Table S6). In the high-Fe(II) re-
actors, the evidence for jarosite recrystallisation was less clear, possibly
due to the higher rate of jarosite transformation to other minerals. In
unsubstituted high-Fe(Il) reactors, jarosite was absent from the
Mossbauer fits, and therefore the isotope composition of the jarosite
could not be analysed (Tables S3 and S4). In high-Al high-Fe(II) reactors,
process ko was fit as zero, indicating no formation of °’Fe-jarosite, and
less than 2 % of the spectrum was fit as jarosite, consistent with the
theoretical >’Fe content of the remaining initial V*Fe-jarosite.

4.3.2. Sources of ferrihydrite

Ferrihydrite is a poorly crystalline product of both the hydrolysis
reaction and Fe(II)-catalysed transformation of jarosite. In no-Fe(II) re-
actors, synthetic jarosite was converted to 43-58 % ferrihydrite by the
end of the experiment (t = 24 h), but faster ferrihydrite formation was
observed in the presence of Fe(I). Although the effect of hydrolysis was
masked by Fe(Il)-catalysed transformations in reactors containing Fe(II),
the atom-flow model was designed to deconvolute the processes (rate
coefficients k; and ks). The atom-flow model indicated that Fe(II)-
catalysed transformation was the only meaningful formation pathway
of ferrihydrite in the reactors containing unsubstituted jarosite and high
Fe(II), leading to a relative depletion of 57Fe. In high-Al low-Fe(Il) re-
actors, the rate of hydrolysis was greater than the rate of Fe(II)-catalysed
transformation (0.493 and 0.017 h™%, respectively; Table S6), which
also led to a relative depletion of 57Fe (14 % of >’Fe in solid phases at one
hour; Table S7). By contrast, the two transformation processes had
similar rates in the high-Al high-Fe(II) system (0.259 and 0.231 h’l,
respectively; Table S6), leading to a smaller relative depletion of ’Fe
(27 % of *’Fe in solid phases at one hour; Table S7). The amount of
ferrihydrite fit in the Mossbauer spectra from high-Al reactors (Table S3
and S4) was higher than that calculated by the atom-flow model, espe-
cially in the high-Al high-Fe(II) reactor. This could indicate that not all
atom flows were accounted for in the atom-flow model. The possibility
of a heterogeneous mixing model to explain the behaviour of ferrihy-
drite is discussed in Section S7.3.

4.3.3. Sources of goethite

The general form of the Mossbauer spectra from high-Fe(II) and low-
Fe(II) reactors were similar to one another, at both collection tempera-
tures and all Al contents (Fig. 6), emphasising the similarity of the jar-
osite reaction pathways that occurred despite the one-order-of-
magnitude difference in the Fe(II) concentration. The most notable
difference between the high-Fe(II) and low-Fe(II) Mossbauer spectra is
the size of the magnetically ordered (sextet) fraction at 77 K, which was
largely consistent with goethite (Larese-Casanova et al., 2010; Wan
et al., 2017). This phase comprised 19 % and 29 % of the spectrum in
unsubstituted low-Fe(II) and unsubstituted high-Fe(II) reactors, respec-
tively, and 9 % and 21 % of high-Al high-Fe(II) and high-Al high-Fe(II)
spectra, respectively (Table S4). These fits were broadly consistent with
the amount of goethite fit in the 4.2 K spectra using reference parameters
(Table S3). Moreover, the fits of Mossbauer spectra collected at 4.2 K
and 77 K contained larger proportions of goethite than was measured by
XRD (Fig. $29), suggesting that goethite was enriched in *’Fe due to
formation from Fe that was initially in solution.

In the high-Al reactors, the atom-flow model indicated that the Fe
(ID)-catalysed transformation of jarosite to goethite accounted for most
goethite formation, at a rate that increased with greater Fe(II) concen-
tration (coefficient k4 increased from 0.200 to 0.369 h’l; Table S6). The
atom-flow model indicated that Fe(II) also increased ferrihydrite and
lepidocrocite formation rates and contributed to their onward
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transformation to goethite. However, goethite formation from second-
ary mineral transformation was limited in comparison to the direct Fe
(ID)-catalysed transformation of jarosite to goethite (Table S6, coeffi-
cient k7, 0.011 — 0.028 h™!). The formation of goethite from jarosite,
ferrihydrite and lepidocrocite could have proceeded by a mechanism
similar to that previously proposed for the Fe(II)-catalysed trans-
formation of ferrihydrite, whereby reductive dissolution of Fe in the
transforming mineral is coupled to the oxidation of Fe(II) in solution to a
labile Fe(III) compound that nucleates goethite or lepidocrocite by a
process of oxolation or olation (Sheng et al., 2020). Higher Fe(II) con-
centrations were also associated with an increased fraction of goethite in
the products in unsubstituted, low-Al and high-Al systems, consistent
with the findings from previous studies of Fe(Il)-catalysed jarosite
transformation (Karimian et al., 2017), and also promoted trans-
formation of goethite to magnetite in reactors containing low-Al and
unsubstituted jarosite. The formation of goethite by the Fe(II)-catalysed
process is the major reason for the enrichment of °’Fe in the goethite
phase.

4.3.4. Sources of lepidocrocite

Fitting of both the XRD patterns and Mossbauer spectra collected at
4.2 K indicated that lepidocrocite was the major product of unsub-
stituted or low-Al jarosite transformation. Lepidocrocite may contain
57Fe due to the formation of lepidocrocite from Fe(Il) in solution, by Fe
(ID)-catalysed transformation of existing jarosite or by Fe(II)-catalysed
transformation of Fe oxyhydroxides. However, the isotope model pre-
dicted an enrichment of >Fe in the lepidocrocite phase that could not be
reconciled with the measured Mossbauer spectra (Fig. 6). Whereas the
isotope model predicted a lepidocrocite content of 84 % and 93 % in
unsubstituted low-Fe(II) and unsubstituted high-Fe(I) Mossbauer
spectra, respectively (Table S7), the fits of Mossbauer spectra collected
at 4.2 K fit 58 % and 61 % lepidocrocite, respectively (Table S3). By
comparison to the lepidocrocite fit in XRD patterns (60 % and 65 % in
unsubstituted low-Fe(II) and unsubstituted high-Fe(Il) XRD patterns,
respectively), the fraction of lepidocrocite in the Mossbauer spectra
represents no more than a modest enrichment of >’Fe. In high-Al re-
actors, Mossbauer spectra confirmed that lepidocrocite was a less sig-
nificant product of transformation than in reactors containing
unsubstituted jarosite. In these spectra, lepidocrocite was not abundant
enough to produce a peak distinct from the other Fe(III) magnetically
ordered phases in spectra collected at 4.2 K (Fig. 6). As in the
unsubstituted-jarosite reactors, lepidocrocite was predicted by the atom-
flow model to have a strong >’Fe enrichment. However, the proportion
of the 4.2 K Mossbauer spectrum fit as lepidocrocite was only marginally
more than the proportion of lepidocrocite in the XRD Rietveld fits
(Fig. $29).

The calculated >’Fe enrichment of lepidocrocite in the atom-flow
model is a direct result of its formation exclusively from atoms in the
solution. Therefore, lower °’Fe enrichment in lepidocrocite than calcu-
lated by the atom-flow model may indicate that some atoms in lep-
idocrocite did not come from the solution. Lepidocrocite may have
formed directly from NAFe in jarosite, perhaps during jarosite dissolu-
tion, or via rapid transformation of N*Fe-ferrihydrite by a pathway that
did not include Fe exchange with the solution. Direct transformation of
jarosite to lepidocrocite without oxidation of Fe(Il),q to form the lep-
idocrocite has been previously hypothesised in the presence of sulfide
(Johnston et al., 2012), but not definitively demonstrated. A large
enrichment of %’Fe in lepidocrocite would have the effect of diluting the
Mossbauer signals from the other phases, including the goethite, and
may explain the difference between the measured and reconstructed
Mossbauer spectra from reactors containing unsubstituted jarosite.

4.4. Implications

The rapid transformation of jarosite in this study was consistent with
the observed absence of jarosite in acid sulfate topsoils (Grigg et al.,
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2024; Van Breemen and Harmsen, 1975). In terms of Fe(II) concentra-
tion (Burton et al., 2011; Karimian et al., 2017) and pH (Kolbl et al.,
2017), the solution in the reactors was analogous to pore water from
some flooded acid sulfate topsoils. Therefore, the rate and pathways of
jarosite transformation in this study may be relevant to understand the
processes that drive jarosite transformation in the upper horizons of ASS
or in ASS horizons that are amended to promote reducing conditions.
Additionally, the results could be used to interpret the transformation of
jarosite additions to soil if the soils are amended to raise their pH, or the
transformation of jarosite from AMD during flows into less acidic wa-
terways. The outcomes of Fe(Il)-catalysed jarosite recrystallisation, and
balance between hydrolysis and Fe(II)-catalysed jarosite transformation,
could be significant to interpret jarosite dynamics in redox-active soils.
In particular, the abundance of lepidocrocite among the products of
jarosite transformation, the role of lepidocrocite as a sink for metal ions,
and the formation of lepidocrocite during jarosite hydrolysis in the
presence of Fe(Il) are phenomena that have not been previously
considered in the context of jarosite transformation. Lepidocrocite may
be a more stable phase than ferrihydrite in soil, and has unique trans-
formation behaviour in soils that are regularly flooded and drained
(Schulz et al., 2023).

Transformation of jarosite in the field may be dependent not only on
the soil conditions, but also on the characteristics of the jarosite particles
and crystal structure (Gasharova et al., 2005). The results of this study
provide insights into the important role that one factor, Al-for-Fe sub-
stitution, plays in regulating the rates and pathways of jarosite trans-
formation. In synthetic samples, Al-for-Fe substitution slowed jarosite
transformation and promoted the formation of goethite and ferrihydrite
over lepidocrocite. Although Fe(Il) increased the rate of jarosite trans-
formation by a factor of 80 % to 750 % above the rate of transformation
due to hydrolysis at circumneutral pH, the effect of 7 % Al substitution
on the transformation rate was larger than a one-order-of-magnitude
difference in the Fe(II) concentration. The effect of Al was most
strongly observed in Fe(II)-catalysed transformations, whereas Al has a
lesser effect on the rate of jarosite hydrolysis.

The effects of element substitution other than Al-for-Fe substitution,
and the effects of crystal morphology, were further illustrated by the
slow rate of natural jarosite transformation in comparison to the syn-
thetic jarosite, and different patterns of secondary mineral growth on the
natural jarosite particles. Understanding the role of ion substitution and
mineral morphology on stability under field conditions is critical to
predicting the impact of jarosite on the biogeochemistry of acid sulfate
environments, such as ASS, during its geochemical evolution.
Aluminium-for-Fe substitution should be considered as an important
factor leading to the stabilisation of jarosite in acid sulfate
environments.
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