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ABSTRACT

The mechanisms of siderite (FeCO3) nucleation from aqueous solution depend on the fluid
saturation state. In this study we investigate the effect of aqueous fluid saturation on the
nucleation pathway of siderite. Thereof, we performed a series of turbidity and batch
experiments. Turbidity measurements indicate that at low saturation indices (SI1<3.69), siderite
nucleation proceeds via the direct nucleation of crystalline siderite from the aqueous fluid. The
direct precipitation of crystalline siderite is confirmed by X-Ray diffraction (XRD) analysis. This
is the first study to report the direct nucleation of siderite at near-equilibrium conditions. At
higher saturation indices (SI>3.69), nucleation proceeds via the initial precipitation of

amorphous ferrous carbonate (AFC) followed by the nucleation and growth of crystalline



siderite. XRD spectra confirm the initial precipitation of AFC and its transformation to
crystalline siderite. Such differences in the nucleation mechanism likely affect both the reactivity
of the resulting siderite and its isotopic composition. Insight into the aqueous fluid saturation
state during siderite nucleation could thus be crucial for the accurate interpretation of the isotopic

signature in natural systems.

HIGHLIGHTS

e Siderite nucleation at conditions close to equilibrium follows a classical nucleation
pathway, with crystalline siderite nucleating directly from the aqueous solution.

e At high initial solution fluid saturation states, siderite precipitation proceeds via the initial
nucleation of amorphous ferrous carbonate phases followed by dehydration and
crystallization to siderite.

e Differences in siderite nucleation mechanisms can affect both the reactivity and the

isotopic signature of the synthesized material.

INTRODUCTION

Siderite (FeCO3) is the most common carbonate precipitate in iron bearing reduced
environments on the Earth’s surface and shallow subsurface (Fisher et al., 1998; Hangari et al.,
1980). Prior to the great oxygenation event, the abiotic nucleation and precipitation of siderite
was ubiquitous in oceans, as evidenced by the widespread occurrence of this mineral in the
geological record (Holland, 1972, 1984). Under the present oxygen rich atmosphere, the abiotic
precipitation of siderite is observed in a wide variety of naturally reduced, iron rich
environments, including lake sediments, peaty soils, swamps (McMillan and Schwertmann,

1998; Postma, 1983, 1982) and hydrothermal systems (Bouzenoune and Lécolle, 1997; Chovan



and Ozdin, 2003; Shikazono, 1977). Siderite has also been used to remediate acid mine waste
waters, as siderite dissolution facilitates the increase of pH of the waters, while simultaneously
scavenging mobile metals via the secondary precipitation of iron-oxy-hydroxides (Erdem et al.,
2004; Erdem and Ozverdi, 2005). Siderite can also form as a result of CO2 interaction with
basaltic rock during carbon capture and storage efforts at reduced conditions, thereby facilitating
CO> mineral storage (Matter et al., 2009; Snabjornsdottir et al., 2017). The widespread
occurrence of siderite in natural environments and the potential importance of siderite in
industrial processes have led to a growing number of studies investigating siderite nucleation and
growth mechanisms (Jiang and Tosca, 2019, 2020; Jimenez-Lopez and Romanek, 2004; Montes-
Hernandez and Renard, 2016).

Several studies describe the nucleation pathway of siderite in aqueous solutions containing
high Fe** and bicarbonate concentrations (Fe*" and HCO3™ concentration that exceed 100mM)
(Dideriksen et al., 2015; Jiang and Tosca, 2019, 2020; Jimenez-Lopez and Romanek, 2004), but
to date there are no studies investigating the nucleation pathway of siderite at close to
equilibrium conditions. At near-equilibrium conditions siderite can be supersaturated while the
nucleation of amorphous ferrous carbonates (AFC) is thermodynamically unfavorable. Far from
equilibrium, siderite nucleation proceeds via the initial nucleation of AFC, followed by its
dehydration and crystallization to form siderite (Dideriksen et al., 2015; Jiang and Tosca, 2019,
2020). For example, Dideriksen et al. (2015) investigated the precipitation of siderite at pH 6.6,
in aqueous solutions initially containing either 0.1M HCOs™ and 0.1M Fe**, or 0.1M COs> and
0.IM Fe?". They found that AFC nucleated in all their experiments, followed by siderite
precipitation. Montes-Hernandez and Renard (2016) traced the transformation of AFC to siderite

over time in a concentrated aqueous Fe?" slurry exposed to 50 bar COx(g) pressure. In these



experiments AFC crystallized to siderite, forming porous spherical crystals. Jiang and Tosca
(2019, 2020) and Jimenez-Lopez and Romanek (2004) constrained siderite growth kinetics on
synthesized siderite seed material. These growth experiments were performed at close to
equilibrium conditions, but the nucleation of their seed material was performed a far from
equilibrium conditions where the initial precipitation of AFC phases was favorable. To
synthesize their seed material, Jimenez-Lopez and Romanek (2004) mixed aqueous solutions
containing 150 mM HCOs and 150 mM Fe** in batches, while Jiang and Tosca (2019, 2020)
synthesized siderite by titrating an aqueous 1 M HCOs™ solution into an aqueous 100 mM Fe**
solution. Both studies observed the initial precipitation of an amorphous phase and Jimenez-
Lopez and Romanek (2004) noted that the morphology of their precipitated material
continuously changed over a year-long period, with the precipitates becoming increasingly more
crystalline and rhombohedral over time.

Although siderite synthesis at far from equilibrium conditions appropriately describes the
siderite nucleation mechanisms relevant to industrial applications, it likely does not provide a
model for siderite nucleation in natural environments, where aqueous fluids tend to be at close to
equilibrium conditions. Some insight into the nucleation and growth mechanisms of siderite can
be gained from past studies on calcite (Duckworth and Martin, 2004; Golubev et al., 2009;
Montes-Hernandez and Renard, 2016). Studies of calcite nucleation in the presence of citrate
reveal a multi-step nucleation mechanism that depends on the saturation state of the aqueous
solution (Montanari et al., 2017; Tobler et al., 2015). Calcite has been observed to nucleate
directly from aqueous solution at low saturation states, while at higher saturation states, calcite
crystallization is preceded by the formation of amorphous calcium carbonate (ACC) and vaterite

(Bots et al., 2012; Dietzel et al., 2020; Rodriguez-Blanco et al., 2011; Tobler et al., 2015, 2014).



Differences in nucleation mechanisms affect the morphology and crystallinity of the
precipitated phases, thereby affecting the reactivity of siderite in natural environments. Synthetic
siderite is notably more reactive than natural siderite (Guo et al., 2010). A difference in
nucleation mechanism at low versus high aqueous fluid saturation states could potentially
account for some of these observed differences. Hence, in this study we assess the effect of the
aqueous fluid saturation state on the nucleation rates and mechanisms of siderite through a series

of turbidity experiments and batch experiments.

2. METHODS
2.1. Thermodynamic calculations

The saturation indices and ion activation products of all experimental fluids, as well as the
dissolved carbon concentration in some experiments were computed with PHREEQC v.3
(Parkhurst and Appelo, 2013) together with its CarbFix database (Voigt et al., 2018). The ion
activation product is defined as the product of the measured aqueous activities of the reaction
products. For example, the ion activation product (/4P) of siderite is defined as:

IAP = ape2+acoz- Eq.1
where a represents the activity of the subscripted aqueous species. Note that in natural systems
the /4P of siderite can be affected by the activity of other species including Mg and Mn, which

can co-precipitate in the siderite structure. The saturation index (S7) is defined as:

SI = Log(i:l—P) Eq.2
sp

where K, represents the solubility constant of the mineral phase.

To assess the thermodynamic stability of potentially forming amorphous ferrous carbonates,

two amorphous ferrous carbonates (AFC), Fe(CO3)0.7(OH)o.s and Fe(CO3)osOH, were added to



the CarbFix database. The solubility constants of these phases were reported by Jiang and Tosca
(2019) and Dideriksen et al. (2015), respectively. Additionally, the mineral chukanovite
(Fe2CO3(OH)2) was added to the database, according to the solubility constant proposed by

Azoulay et al., (2012).

2.2 Turbidity experiments

Turbidity experiments were performed in a COY glovebox containing a 4% Ha, 10% CO; and
86% N: atmosphere. The addition of CO2 to the glovebox atmosphere allowed for higher
dissolved aqueous C concentrations, facilitating siderite precipitation. To prevent the oxidation
of the reactive aqueous solutions and precipitates, all materials and aqueous solutions were
equilibrated with the glovebox atmosphere for 48 hours to remove trace oxygen. Stock solutions
of aqueous 1.5 M NaHCOs3 (Sigma-Aldrich) and 1.5 M FeCl,e4H,O (Sigma-Aldrich, Reagent
Grade) were prepared with deoxygenated ultrapure water, following the method of Dideriksen et
al. (2015). Aqueous solutions containing equimolar concentrations of HCO3; and Fe?" ranging
from of 18-80 mM were prepared freshly at the start of each experiment. As the experimental
solutions of these experiments were prepared in direct contact with the glovebox atmosphere, the
dissolved aqueous C concentrations rapidly evolved over time to be in equilibrium with its
coexisting gas phase. To account for the exchange of aqueous C with the coexisting gas phase,
the aqueous C concentrations of the experiments were computed using PHREEQC v.3 (Parkhurst
and Appelo, 2013). Note that the final C concentrations in the reactive aqueous solutions were
higher than the Fe?" concentration due to C input from the glovebox atmosphere (see Table 1).

All experiments were performed at temperatures ranging between 22-23 °C. A detailed



description of the potential effect of such small temperatures variations on nucleation rates can
be found in appendix A.

Turbidity was measured in 5 mL polystyrene cuvettes (dimensions = 10x10x50 mm), which
were placed in a AvalLight-DH-S-BAL light source spectrophotometer fitted with an Ocean
Insight STS UV-Vis spectrometer and having a spot size of 25 um. After adding the initial
reactive aqueous solution to the cuvette, the cuvettes were sealed to prevent gas exchange with
the glovebox atmosphere and the absorbance was measured at 20 seconds intervals at a
wavelength of 420 nm. The reactive solution in the cuvette was constantly stirred at 300 rpm
using a magnetic stirring plate.

Nucleation rates and induction times were computed from the UV-Vis measurements using
the Johnson-Mehl-Avrami-Kolmogorov (JMAK) model (Avrami, 1940; Kolmogorov, 1937
William and Mehl, 1939), which is based on the Avrami equation:
a=1—e KkE=D)" Eq.3
where a represents the degree of the reaction, t denotes the elapsed time, & designates a reaction
constant, proportional to the nucleation rate, / refers to the induction time and » signifies the
Avrami constant. The Avrami constant equals n = 1+ d, where d represents the growth
dimensionality. In this study the degree of reaction was computed form the absorbance data, such
that the maximum absorbance in each experiment was normalized to 1. To identify how turbidity
is affected by the identity of the nucleating phase, solids were collected at preselected times,
corresponding to different stages in the absorption spectra for further analysis.

Solids were collected from the turbidity experiments by centrifuging the contents of each
cuvette in the glove box at 4000g and discarding the overlying fluid. The solids were then
washed three times by resuspending these in deoxygenated ethanol, centrifuging the samples and

discarding the overlying fluid. The resulting solids were stored in deoxygenated ethanol inside



the glovebox and dried just before analyses. X-ray diffraction (XRD) patterns of the solids were
obtained using a Bruker D8 Discover. The samples were mounted on a silicone plate, capped

with a polymer hemisphere and immediately measured. The spectra were background corrected
by subtracting the spectra of the polymer hemisphere. Samples for Scanning Electron
Microscopic (SEM) analysis were prepared in the glovebox and transported in a desiccator to

prevent oxygenation. The samples were imaged with an EVO MalO.

Table 1. Initial concentrations of Fe and calculated initial C concentrations at the onset of each
turbidity experiment. Also included are the calculated saturation states of the fluid phase with
respect to selected solids. The computed pH of the aqueous fluids is in close agreement to that
measured in the initial aqueous fluids in the batch experiments (Table 2). The superscript 1 and 2
represent the amorphous ferrous carbonate phases as defined by Dideriksen et al. (2015) and
Jiang and Tosca (2019): (Fe(CO3)0.7(OH)o6) and (Fe(CO3)o.s0H), respectively. The table also
shows the results of the fits of the turbidity data, using the JMAK model, an example of such a
fit can be found in Figure 2. The & and / values computed for the duplicate experiments are
provided in Table A.1.

Experimental pH  [Fe] [C] 14P 14P SI SI k r
Standard Standard

name mM) (mM) AFC' AFC? siderite chukanovite (min’) error k (min) error I

T-18 6.04 18.90 43.10 -2.78 0.877 2.78 -0.313 0.01567 5.76 2.96
1.13x10*

T-23 6.16 23.65 48.40 -2.47 1.18 3.08 0.296 0.03262 0.426 0.356
1.98x10*

T-28 6.25 28.16 53.47 -2.24 1.41 3.31 0.750 0.05635 2.44x10° 0
5.64x10% 16

T-35 6.32 35.39 58.85 -2.02 1.63 3.53 1.19 0.06172 4.33x10° 0
135x10°  ©

T-40 6.38 39.42 64.22 -1.87 1.79 3.69 1.51

T-50 6.43  49.60 69.38 -1.69 1.96 3.86 1.85

T-57 6.52 57.47 79.94 -1.47 2.18 4.08 2.30

* k-values are obtained from the JIMAK model, assuming n=4, using the second part of the fit
7 Induction times are obtained from the JMAK model, assuming n=1, using the initial part of the fit




2.3. Batch experiments

Further insight into siderite nucleation pathways was obtained from two series of batch
experiments. One series was performed in reactive aqueous fluids containing initial Fe?*" and C
concentrations of 35 mM and 57 mM respectively. This series is referred to as B-35. A second
series was performed in reactive aqueous fluids with initial Fe?" and total C concentrations of 57
mM and 80 mM respectively. This series is referred to as B-57. The aqueous solution
compositions and computed saturation indexes, with respect to selected phases during these
experiments, can be found in Tables 2 and 3. The ionic strength of the reactive aqueous fluid
phase was maintained at 0.15 Eq/kgs by adding reagent grade NaCl to these solutions, while the
pH depended on the initial aqueous C concentration. The reactive aqueous fluids were equally
divided into 60 mL Pyrex closed system reactors, which were then crimp sealed to prevent gas
exchange with the glovebox atmosphere. The aqueous solutions were continuously stirred at 250
rpm on a magnetic stir plate. At preselected times one reactor in each of the series was opened.
The particles were allowed to settle for 30 minutes prior to fluid sample collection to prevent
sampling of the precipitated particles. Reactive fluid samples were collected and filtered through
a 10 pm nylon syringe filter. Methods of solid sample collection and preparation for X-ray
diffraction (XRD) and Scanning Electron Microscope (SEM) analyses are the same as for the
turbidity experiments described above.

From the SEM images it appeared that the size of the formed solid clusters and particles
increased over time. To quantify the extent of particle growth, particle size was measured using
Imagel] software. For each sample, one image was selected in which 8-12 particles were

measured by visually defining the outer edges of each particle. An example of such



measurements is given in Figure A.2. After all measurements were complete, the average was
computed as well as the standard deviation (see Figures 3D & 4D).

Table 2. Compositions of reactive aqueous fluids sampled from the B-35 batch experiments. The
total dissolved carbon concentration, the /AP of the AFC phases, and the saturation index of
siderite and chukanovite, were computed using PHREEQC, assuming the aqueous fluid was in
equilibrium with the glovebox atmosphere. The superscript 1 and 2 represent the amorphous
ferrous carbonate phases as defined by Dideriksen et al. (2015) (Fe(CO3)0.7(OH)o.6) and Tosca et
al. (2019) (Fe(CO3)0.s0H) respectively.

Time (h) pH [Fe] (mM) [C] (mM) IAP AFC! IAP AFC? SI siderite SI chukanovite

0 6.37 3541 59.00 2.20 -2.44 3.59 1.35
16.5 6.31 18.31 63.25 1.88 -2.78 3.30 0.68
22.5 6.21 13.76 52.55 1.55 -3.09 2.96 0.05
39.7 6.18 13.18 52.08 1.49 -3.16 2.90 -0.09
64.0 6.1 11.70 50.87 1.30 -3.35 2.72 -0.48
87.6 6.13 11.16 46.37 1.30 -3.34 2.71 -0.44
111 6.11 11.35 48.54 1.29 -3.36 2.70 -0.48
140 6.12 8.98 36.87 1.14 -3.49 2.51 -0.74

Table 3. Compositions of reactive aqueous fluids sampled from the B-55 batch experiments. The
total dissolved C concentration, the /4P of the AFC phases, and the saturation index of the
siderite and chukanovite, were computed using PHREEQC, assuming the aqueous fluid was in
equilibrium with the glovebox atmosphere. The superscript 1 and 2 repsresent the amorphous
ferrous carbonate phases as defined by Dideriksen et al. (2015) (Fe(CO3)0.7(OH)o.6) and Tosca et
al. (2019) (Fe(CO3)0.50H) respectively.

Time (h) pH [Fe] (mM) [C] (mM) IAP AFC! IAP AFC? S1 siderite S1I chukanovite

0 6.53 57.72 80.38 2.68 -1.96 4.08 2.30
0.100 6.48 12.58 34.98 1.79 -2.79 3.10 0.65
0.500 6.39 11.01 32.95 1.58 -3.01 2.90 0.22
1.25 6.28 14.55 50.34 1.64 -2.99 3.03 0.25
6.10 6.22 16.59 62.09 1.66 -3.00 3.08 0.23
24.0 6.21 8.29 29.14 1.14 -3.45 2.47 -0.67
38.0 6.22 4.86 14.77 0.74 -3.80 1.98 -1.36
61.9 6.18 4.75 15.06 0.67 -3.87 1.92 -1.51
107 6.2 4.26 12.61 0.60 -3.92 1.83 -1.61
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2.4. Fe measurements
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Aqueous Fe?* concentrations were quantified using the colorimetric ferrozine method, following
a method adapted from Viollier et al., (2000). For this method two reagents were prepared: a
ferrozine reagent, containing 6.17 mM ferrozine in 4.14 M aqueous Na-acetate and a reducing
agent containing 1.4 M hydroxylamine-HCI in 2 M aqueous HCI. 2 mL of the aqueous sample or
calibration standard and 500 pL of ferrozine reagent was added to a 5 mL cuvette. The sample
absorbance was immediately measured at a wavelength of 562 nm via UV-Vis spectroscopy as
described in section 3.1. This first measurement quantifies the aqueous Fe?" concentration.
Directly after this measurement, 300 pL of the reducing agent was added to the sample/ferrozine
mixture in the cuvette. After 10-minutes the complete reduction of any Fe** in solution was
attained. The absorbance at 562 nm was then measured again to quantify the total Fe (Fe?"+Fe*")

concentration in the fluid. The standard deviation of repeated (RDS) measurements was 1.4%
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and the method allowed for aqueous Fe measurements in a concentration range of 0.05 to 2 mM

aqueous Fe?".

Figure 1. UV-Vis spectra of turbidity experiments measured at 420 nm. The labels correspond to
the experiment name given in Table 1. Note that as the initial reactive aqueous fluid

12



concentrations increase, the temporal evolution of the turbidity profile changes. An interpretation
on the mechanisms affecting the solution turbidity is provided in the figure.
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3. RESULTS AND DISCUSSION

3.1 Turbidity experiments

Figure 1 illustrates the temporal turbidity profiles of the reacted fluids for various experiments
performed in this study. The turbidity profiles are affected by the Fe** and C concentrations of
the initial reactive aqueous solutions. Such changes can be attributed to the nucleation rate, the
number of nuclei formed, and the nucleation sequence. The increase in slope and maximum
turbidity as the initial reactive fluid saturation index increases are interpreted to represent,
respectively, an increase in the nucleation rate and the number of nuclei formed (Montanari et
al., 2017; Tobler et al., 2014, 2015; Wang et al., 2012). The change in the temporal evolution of
the turbidity, observed for the T-18 to T-35 experiments, compared to T-40 to T-57 experiments

is attributed to a change in the nucleation sequence.

T T T T T T T T

0.2} 1 10+ ]
= Data
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v Model JMAK (User) _08r _
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= Reduced Chi-  1.26674E-4 = 04l Plot B
g R-Square (CO 0.94808 g K 0.06172 + 0.0013
9 Adj. R-Square 0.94771 E i 26.98625 * 0.296
£ - n 1£0
0.2} Reduced Chi-Sq  0.00314 b
R-Square (COD 0.9228
0.0 . Adj. R-Square 0.92256
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Figure 2. Representative fits of UV-Vis data collected from experiment T-35 (B). The plot on
the left shows the fit of the data collected during the initial part of the turbidity experiment (using
n=4), while the plot on the right shows the fit of the data collected during the latter part of the
turbidity experiment (using n=1). The fit on the left is used to compute the nucleation incubation
time (/), while the fit on the right is used to determine the rate constant (k).
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Changes in the nucleation rate as a function of initial reactive fluid saturation state can be
further quantified using the JMAK model, as described by Eq. 3. A representative example of a
fit of turbidity profile data fit to this equation is provided in Figure 2. The results summarized in
Table 1 confirm that the nucleation rate increases, while the induction time decreases, as the
initial reactor fluid Fe?" and C concentrations increase. Note that the initial part of the graph is
fitted using n=1, while the second part is fitted using n=4, suggesting that the initial nucleation is
dominated by three-dimensional nucleation, while the second part is dominated by crystal
growth, consistent with n=1. Significant differences in the incubation times and nucleation rates
are observed in duplicate measurements (see Figure A.3 and Table A.1). These differences could
result from the partial oxidation of aqueous Fe*" by trace oxygen. Partial Fe** oxidation provokes
the precipitation of Fe*'-hydroxides (Stumm and Lee, 1961), which could provide nucleation
surfaces for siderite. The formation of such surfaces could significantly reduce the siderite
nucleation barrier.

The changes in the turbidity profiles observed between the experiments performed in initial
fluids with relatively low Fe’" and C concentrations (experiments T-18 to T-35) compared to
those performed in fluids having higher concentrations indicate a change in the siderite
nucleation sequence. The gradual increase in the turbidity, observed in the experiments run with
lower initial fluid concentrations, corresponds to a classical nucleation pathway with crystalline
siderite precipitating directly from the aqueous solution. The formation of pre-nucleation clusters
prior to the nucleation of crystalline siderite cannot be excluded based on this data. Precipitation
of AFC phases is, however, thermodynamically unfavorable under these experimental conditions
(see Table 1). The nucleation of crystalline siderite is verified by the XRD spectrum of the

solids collected after 2 hours of reaction from experiment T-35 (Fig. 3B). SEM images, such as
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that shown in Fig. 3E, show this sample to consist of particles ranging from 281 to 319 nm in
size. The angular shapes of the particles are indicative of crystalline siderite.

The siderite nucleation sequence from the higher concentration initial reactive fluids is more
complex, as reflected by the temporal changes in the turbidity profile (Fig. 1). During the first
few seconds of these experiments, the turbidity increases rapidly. This is interpreted to stem
from the formation of amorphous iron carbonate (c.f. Tobler et al., 2015). XRD analyses of
solids collected after 2 minutes of reaction from in the T-57 batch experiments, confirm the
precipitation of an amorphous phase, although some chukanovite formed, as indicated by the
small diffraction peak at 33.39 260 (Fig. 4B). Equally, SEM images of this sample show that the
precipitated nano-sized particles have no evident angular morphology (Fig. 4E). After the rapid
initial increase in turbidity in this experiment, the turbidity decreased. Such a decrease has
previously been observed during multi-step calcite nucleation turbidity experiments and has been
attributed to the dehydration and recrystallization of the initially formed amorphous calcium
carbonate (ACC) (Bots et al., 2012; Tobler et al., 2015). As the Fe?*" and total C concentrations
of the reactive fluid decrease during an experiment, AFC precipitation becomes
thermodynamically unfavorable, yet crystalline siderite could nucleate. Montes-Hernandez and
Renard (2016) previously showed that the transformation of AFC to siderite can be attributed
both to the dehydration and the recrystallization of the AFC phase. In Figure 1, siderite
nucleation is evident from the increase in the turbidity after the initial turbidity decreases,
suggesting the formation of new nuclei, consistent with trends observed during -calcite
crystallization upon initial ACC formation (Montanari et al., 2017; Tobler et al., 2014).

Subsequent siderite growth leads to the settling of the formed particles, resulting in a decrease in

16



the measured turbidity (Fig. 1). The formation of crystalline siderite is confirmed by XRD
analyses of the solids collected after 2 hours from the T-57 turbidity experiments (Fig. 4B).

A number of past studies have reported the spontaneous nucleation of AFC from
concentrated-initial reactive fluids. Jiang and Tosca (2019) reported that spontaneous nucleation
of AFC occurs when the ion activation product (IAP) of Fe(CO3)os(OH) exceeds 2.20.
Dideriksen et al., (2015) reported that the for the spontaneous nucleation of the AFC phase,
Fe(CO03)0.7(OH)o.6, IAP values need to exceed -1.95. From the Table 1, it is apparent that at an
initial Fe*" concentration of >35.39 mM and C concentration of >59 mM, spontaneous AFC
nucleation is favorable as the Fe(CO3)o.7(OH)os IAP values are > -1.87, while at initial Fe?* and
C concentrations of <35.39 mM and < 58.85 mM respectively the spontaneous nucleation of

AFC is unfavorable.

3.2. Batch experiments

Further insight into the siderite nucleation can be obtained from the two series of batch
experiments performed in initial aqueous Fe** and C concentrations of 35.39 mM and 59 mM
(series B-35), and initial aqueous Fe*" and C concentrations of 57 mM and 80mM (series B-57).
Results of these experiments are shown in Figures 3 and 4.

In the batch experiments B-35, run with initial reactive fluids containing 35.39 mM Fe** and
57 mM C, chukanovite formed in addition to siderite, as shown by the XRD analyses of the
solids (Fig. 3B). Chukanovite formation has been reported to be favored over siderite nucleation
when the aqueous Fe?":C ratio is lower than the ideal 1:1 ratio for siderite and when the pH of
the solution is relatively high (Azoulay et al., 2012). At the onset of this experimental series both

conditions are met. Over time, the contribution of chukanovite to the XRD spectrum decreases,
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suggesting that the initially formed chukanovite recrystallizes to siderite. Alternatively, it is
possible that the relative contribution of chukanovite to the XRD pattern decreases as
chukanovite growth stagnates while siderite growth persists throughout the experiment. The
decreased contribution of the chukanovite to the total solid sample over time is consistent with
the thermodynamic stability of chukanovite in Fe-carbonate systems. The pH and Fe?*" and C
concentrations of the reactive fluids decrease over time during this batch experiment series as
siderite and chukanovite precipitates. By the end of the longest duration batch experiment of
series B-35, chukanovite is undersaturated (Table 2). Reactive fluid Fe** concentrations decrease
during the B-35 experiments while the grain size of the formed particles increases with time. The
increase in grain size over time during the early part of the experimental series (Fig. 3D) can be
attributed to Ostwald ripening, which facilitates the crystallization and growth of formed
particles to minimize the surface energy of the nuclei (Marqusee and Ross, 1984). Equally,
numerical studies on calcite, kaolinite and amorphous silica precipitation showed that particle
size depends on the saturation state of the reactive solutions (Fritz et al., 2013, 2009; Noguera et
al., 2015). When the saturation state of the solution is high, the rapid precipitation of small
particles is favorable, while at lower saturation states growth increasingly dominates over
nucleation. After 45 hours of reaction, the particle size in experimental series B-35 slowly
decreases. Such a decrease in the particle size of siderite has previously been observed by
Montes-Hernandez and Renard (2016), who attributed this observation to a decrease in the

porosity of their particles over time.
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Figure 3. Results of turbidity and batch experiments B-35 performed in initial aqueous fluids
containing 35.50 mM Fe?* and 58.85 mM aqueous C. (A) The turbidity profile of two duplicate
experiments, as previously shown in Figure 1. (B) XRD patterns of collected solids, where the 2h
solid sample was collected from the turbidity experiment, as indicated by the red color, while the
other spectra are those collected from the solids obtained from the B-35 batch experiments.
(C&D) Aqueous Fe concentrations and the particle sizes obtained from these batch experiments
over time. (E&F) SEM images of the solids collected after 2h from the turbity experiment and
after 139h from the batch experiment.

The morphology of the precipitated particles recovered from experiments B-35 ranges from
rhombohedral to spherical. Spherical growth of siderite has been observed by Jiang and Tosca

(2019, 2020) and Jimenez-Lopez and Romanek (2004). Spherical growth tends to occur at highly
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non-equilibrium conditions (Fletcher and Merino, 2001). As the aqueous Fe and C
concentrations decrease, rhombohedral siderite formation becomes favored, as observed in
Figure 3F. This variation in morphology is similar to that observed for calcite, where spherical
calcite forms prior to the formation of rhombohedral calcite (Tracy et al., 1998). Over time, the
spherical calcite recrystallizes to rhombohedral calcite. Equally, Jimenez-Lopez and Romanek
(2004) observed the continuous aging of siderite over a year long period, with siderite becoming
more rthombohedral over time.

Figure 5 indicates that in the B-35 samples collected after 17 hours some iron-oxy-hydroxides
formed, as suggested by the needle like particles in some of the images (Schwertmann and
Fischer, 1973; Fig. 5). Oxidation of a sub-set of this sample likely resulted from the presence of
trace oxygen in the sampling tubes during sample collection. Oxidation, therefore, did not affect
other samples nor did it result in oxidation of aqueous Fe* in the fluid samples. Solids collected
from the B-35 batch experiment that ran 17 hours turned brownish in color upon sample
collection, an indicator of sample oxidation (Dideriksen et al., 2015). Synthetic siderite is highly
sensitive to oxidation and a trace amount of O; in the glovebox could rapidly oxidize some of the
precipitated nuclei (Dideriksen et al., 2015).

Figure 4 and Table 3 show the results of the B-57 batch experiments. These batch experiments
were designed to provide further insight into the T-57 turbidity experiments. Note, however, that
in the turbidity experiments, the change in turbidity suggests that siderite nuclei form after
approximately 40 minutes, while in the batch experiments the first evidence of crystalline
siderite is found in the XRD spectra of solids collected after 6 hours. This difference could result
from the lower mixing rates in the batch experiments (see Fitchett and Tarbell, 1990; O’Grady et

al., 2007).
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The temporal evolution of the XRD analyses (Fig. 4B), particle size changes (Fig. 4D) and the
SEM images of the solids (Fig. 4F and 5) all confirm a multi-step nucleation sequence in the B-
57 experiments that differs from that of the B-35 experiments. The SEM images suggests that the
formation siderite proceeds via the initial precipitation of AFC, followed by dehydration and
recrystallization to siderite, thereby preserving the spherical shape of the AFC phases. The
rhombohedral growth patterns visible on top of the spherical particles are indicative for the
directional growth of siderite mesocrystals, as previously observed by Montes-Hernandez and
Renard (2016). XRD analyses indicate that chukanovite is more abundant in the B-57
experiments relative to the B-35 experiments (Fig. 3B & 4B). The abundance of this phase in the
solids is attributed to the higher initial pH of the B-57 reactive aqueous solutions.

Further differences in the morphology between the precipitates formed during the B-57
experiments compared to the B-35 experiments are evident from the SEM analysis (Fig. 3F, Fig.
4F & Fig. 5). In the B-57 experiments, the particles appear more spherical and radial growth
patterns are apparent (see Fig. 5). The dominance of radial growth patterns at higher initial Fe
and C concentration experiments suggests that radial growth dominates at far from equilibrium
conditions. Furthermore, Figure 4F shows that some particles look like shards or flakes, as
indicated by a star in this figure. From the XRD analyses, one might expect these shards to be
chukanovite, but previous studies found chukanovite grows in needle-like, acicular or fibrous
structures (Pandarinathan et al., 2014; Pekov et al., 2007). These shards could therefore have
formed as a result of templated growth on the glass reactor bottles. During the experiments, a
layer of precipitate formed on the glass walls, which was scraped off during sample collection.
Such templated growth has previously been observed during aragonite, calcite and lead sulfide

growth (Heywood and Mann, 1994). Alternatively, the morphology of this precipitate could
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result from sample preparation. Dideriksen et al. (2015) showed that siderite grains can be

crushed during sample preparation, leading to the formation of ‘shard’-like morphologies.
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Figure 4. Results of the T-55 and B-57 experiments. (A) The turbidity profile of two duplicate
samples. (B) XRD spectra of collected solids, where the 0.01h and 2h sample was collected from
the turbidity experiment, while the other spectra are of the solids collected from the batch
experiments. (C&D) show the aqueous Fe concentration and the particle size over time, obtained
from the batch experiments. (E&F) SEM images of the 0.01h sample collected from the turbity
experiment and the 139h sample collected from the batch experiment.
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Figure 5. SEM images of sample B-35 (Image A and B) and B-57 (Image C and D). The
samples in A and B were collected after 17 and 60 hours of reaction respectively. The samples in
C and D were collected after 6 and 60 hours of reaction respectively. Note that the particles
collected from the B-35 experiment are notably more rhombohedral compared to the those
collected from the B-57 experiment, which are more spherical. The difference in morphology is
interpreted to result from the difference in the saturation state of their respective reactive fluids.

3.3. Implications for natural siderite reactivity and isotopic signatures

From the batch and turbidity experiments it is evident that the initial reactive fluid saturation
state affects the siderite nucleation sequence, where crystalline siderite forms directly from
aqueous solution at lower supersaturation, while at higher supersaturation states precipitation

proceeds via the initial nucleation of AFC followed by its recrystallization and dehydration to
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form siderite (Montes-Hernandez and Renard, 2016). Such changes in the nucleation mechanism
can affect the reactivity of siderite as well as the isotopic signature of the precipitated material.
The reactivity and growth rates of minerals are proportional to the reactive surface area
available for the aqueous solution interaction (c.f. Gautier et al., 2001; Schott et al., 2012). The
number of active surface sites depends on the morphology and porosity of the formed mineral,
where minerals with a high degree of surface roughness and high porosity are more reactive
compared to minerals with relatively less surface roughness and comparatively little porosity
(c.f. Gautier et al., 2001; Schott et al., 2012). Nucleation at high solution saturation states is
characterized by the initial precipitation of AFC. This subsequently results in the formation of
spherical siderite, with a high degree of surface roughness and a porous structure (Jiang and
Tosca, 2019, 2020; Jimenez-Lopez and Romanek, 2004; Montes-Hernandez and Renard, 2016),
while precipitation of siderite at low saturation states is characterized by more rhombohedral
particles with lower surface roughness (Fig. 3F & 4F). This difference in morphology is most
apparent in the Figure 5, which indicates that after 60 h, the particles formed in the B-35
experiments are rhombohedral, while the precipitates in the experiment B-57 are spherical. The
rhombohedral particles formed during the B-35 experiment resemble natural siderite, which is
rhombohedral in shape and has smooth surfaces (c.f. Bénézeth et al., 2009). The high degree of
surface roughness and spherical morphology of synthetic siderite initially precipitated at high
degrees of supersaturation results a relatively high number of the actives surface sites. Hence,
siderite synthesized at high degrees of supersaturation is more reactive compared to natural
siderite or siderite synthesized at lower degrees of aqueous supersaturation. Guo et al. (2007,
2010) showed that synthetic siderite, synthesized from a highly supersaturated aqueous 1M Fe**

and 2M HCOs™ solution, is more affective at removing arsenic from contaminated solutions
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compared to natural siderite. Although synthetic siderite precipitated from highly supersaturated
solutions is more effective at remediating As contamination, the extrapolation of results obtained
for synthetic siderites to natural siderite environments could result in an overestimation of the
reactivity or growth rates of siderite in such systems. It might thus be more appropriate to study
the reactivity and growth rates of siderite nucleated at lower saturation states, more closely
resembling the siderite and aqueous conditions found in natural environments.

Differences in nucleation mechanism and mineral growth rates also need to be considered to
correctly interpret the isotopic signatures of siderite in geological records. The isotopic §'30 and
813C signatures recorded in siderite have been used to determine paleo depositional environments
and formation conditions (c.f. El Albani et al., 2001; Huggett et al., 2010; Matsumoto, 1989;
Mortimer and Coleman, 1997; Sapota et al., 2006). More recently, clumped isotope analyses on
siderite samples has been employed to determine the paleoclimate conditions during siderite
deposition (Fernandez et al., 2014). Mavromatis et al. (2013) and Purgstaller et al. (2016)
showed that in Mg-bearing calcite, the extent of isotopic fractionation depends on the nucleation
mechanism and mineral growth rate. The Mg and Ca isotope compositions are considerably
lighter in calcite crystallized via ACC, compared to calcite directly crystallized from aqueous
solution (Purgstaller et al., 2016). Equally, the 3'%0 values in Mg-rich calcite are affected by
their nucleation/growth pathway. The §'®0 fractionation between the reactive aqueous solution
and the precipitate is higher in Mg-calcites nucleated via an amorphous precursor compared Mg-
calcites that followed a classical nucleation pathway (Dietzel et al., 2020). The isotopic signature
of siderite could be similarly affected by differences the nucleation pathways and thus the degree
of aqueous fluid supersaturation. Hence, the accurate interpretation of isotopic §'*0 and §'3C

signatures requires insights in aqueous saturation states during the time of siderite formation.
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CONCLUSION

The nucleation sequence of siderite depends on the saturation state of siderite of its originating
aqueous solution. XRD analyses and turbidity measurements of experiments at initial siderite
saturation states >3.53 indicate that siderite crystalizes from initially precipitated AFC phases. In
initial solutions with a siderite S/ of <3.53, nucleation proceeds via the direct formation of
siderite from aqueous solution. This is the first study to report the direct nucleation of siderite
from aqueous solution. The difference in siderite nucleation sequence as a function of aqueous
saturation states likely affects both the reactivity of the synthesized material as well as the

isotopic signature of the precipitated siderite.
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