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1  | INTRODUC TION

Carbonate minerals are one of the major components of the sedimen-
tary rock record. While the vast majority of carbonate rocks com-
prise the minerals calcite (CaCO3), aragonite (CaCO3), and dolomite 
(CaMg(CO3)2), other carbonate minerals, such as siderite (FeCO3) can 
also be common (Baker, Kassan, & Hamilton, 1995; Konhauser et al., 
2017). Siderite forms under certain unusual environmental conditions, 

often linked to changes in pH, changes in pCO2, or changes in micro-
bial metabolism (Dong, 2010; Konhauser, Newman, & Kappler, 2005; 
Van Lith, Warthmann, Vasconcelos, & McKenzie, 2003; Sanchez-
Roman et al., 2014; Sanchez-Roman, Puente-Sanchez, Parro, & Amils, 
2015; Xiouzhu, Unfei, & Huaiyan, 1996). In particular, the presence of 
siderite in the geological record has been used as an environmental 
indicator for conditions at Earth's surface (e.g., levels of atmospheric 
pCO2 and O2, redox conditions, and iron cycling) at various points in 
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Abstract
We employ complementary field and laboratory-based incubation techniques to ex-
plore the geochemical environment where siderite concretions are actively forming 
and growing, including solid-phase analysis of the sediment, concretion, and associ-
ated pore fluid chemistry. These recently formed siderite concretions allow us to 
explore the geochemical processes that lead to the formation of this less common 
carbonate mineral. We conclude that there are two phases of siderite concretion 
growth within the sediment, as there are distinct changes in the carbon isotopic com-
position and mineralogy across the concretions. Incubated sediment samples allow 
us to explore the stability of siderite over a range of geochemical conditions. Our 
incubation results suggest that the formation of siderite can be very rapid (about 
two weeks or within 400 hr) when there is a substantial source of iron, either from 
microbial iron reduction or from steel material; however, a source of dissolved iron 
is not enough to induce siderite precipitation. We suggest that sufficient alkalinity is 
the limiting factor for siderite precipitation during microbial iron reduction while the 
lack of dissolved iron is the limiting factor for siderite formation if microbial sulfate 
reduction is the dominant microbial metabolism. We show that siderite can form via 
heated transformation (at temperature 100°C for 48 hr) of calcite and monohydroc-
alcite seeds in the presence of dissolved iron. Our transformation experiments sug-
gest that the formation of siderite is promoted when carbonate seeds are present.
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Earth history, especially during the Archean Eon and Proterozoic Eon 
(Bachan & Kump, 2015; Canfield et al., 2018; Halevy, Alesker, Schuster, 
Popovitz-Biro, & Feldman, 2017; Holland, 2006; Konhauser et al., 
2017; Ohmoto, Watanabe, & Kumazawa, 2004; Planavsky et al., 2018).

The formation of siderite, however, requires very particular envi-
ronmental conditions. Siderite can only form under anoxic conditions 
due to the need for reduced, ferrous/dissolved or iron (Fe2+) to react 
with carbonate ion (CO3

2); dissolved iron is rapidly oxidized in the pres-
ence of oxygen (Bachan & Kump, 2015). The presence of hydrogen sul-
fide also precludes the formation of siderite because hydrogen sulfide 
reacts rapidly with dissolved iron to make iron monosulfide minerals 
and ultimately pyrite (Berner, 1981). However, the presence of dis-
solved iron is not the only factor needed to make siderite, the presence 
of dissolved inorganic carbon (DIC) is also needed. We note that often 
the measurement of DIC is not as straightforward as the measurement 
of alkalinity (or the solution's charge balance), which in many natural 
environments is largely carbonate alkalinity ([HCO3

-] + 2*[CO3
2-]). In 

this paper, we will refer exclusively to alkalinity, as a broad proxy for 
the amount of DIC available for siderite formation in a solution or in 
the natural environment.

In addition to a source of dissolved iron and a source of alka-
linity, to form siderite the pH needs to be between 6.0 and 7.2. A 
pH lower than 6 means carbonate precipitation will be significantly 
delayed, and if the pore fluid pH is greater than 7.2, precipitation of 
calcite or aragonite is favored (Roberts et al., 2013). The formation 
of siderite is often assumed to involve microbially mediated chemical 
reactions, such as bacterial iron reduction, that produce dissolved 
iron and generate alkalinity through the oxidation of organic car-
bon (Baumann, Birgel, Wargreich, & Peckmann, 2016; Van Lith et 
al., 2003; Roberts et al., 2013; Sel, Radha, Dideriksen, & Navrotsky, 
2012). However, bacterial iron reduction alone tends to push the pH 
of the pore fluid higher than 7.2 (Soetaert, Hofmann, Middleberg, 
Meysman, & Greenwood, 2007; Zeng & Tice, 2014), which means 
that for siderite to form, more is needed than simply local conditions 
that favor bacterial iron reduction.

Studies involving the microbially induced precipitation of siderite 
via anoxic incubation of sediment, that is, batch culture, are diffi-
cult because if the system progresses past bacterial iron reduction 
to microbial sulfate reduction, any dissolved iron will react with 
aqueous hydrogen sulfide and will no longer be available to make 
siderite. Microbially induced precipitation of siderite has been re-
ported using pure culture of Geobacter metallireducens, a bacterial 
iron reducer, in the laboratory (Mortimer, Coleman, & Rae, 1997). 
Zachara et al. (1998) also found that Shewanella putrefaciens, CN32, 
a bacterium that can reduce either iron or manganese oxides, was 
able to reduce iron oxides and lead to the precipitation of vivian-
ite and siderite. Replicating these in batch cultures with natural 
abundances of multiple microbial populations has been challenging. 
Furthermore, the nucleation pathway for siderite is unclear, for ex-
ample, whether there is a less stable carbonate precursor to sider-
ite such as amorphous calcium carbonate (ACC), amorphous iron (II) 
carbonate (AFC) (Dideriksen et al., 2015; Jiang & Tosca, 2019; Sel 
et al., 2012) or monohydrocalcite (MHC) and whether siderite (both 

nodular or laminated) is then made during the transformation of 
these precursors to stable phases in the presence of dissolved iron. 
Understanding this mechanism for siderite formation may provide 
insights as to how changes in fluid chemistry impact the formation 
of various carbonate polymorphs during non-classical nucleation 
in an iron-dominated system and what environmental or biological 
conditions can be indicated by the presence of nodular/spheroidal 
and laminated siderite in the geological record. We note that siderite 
concretions are rarely pure siderite and often contain a mixture of 
carbonate mineral phases including an abundant amount of siderite; 
similarly, the siderite concretions in this study are only dominantly 
siderite and contain varying amounts of other phases. Nonetheless, 
they are broadly referred to as “siderite concretions.”

Studies in a natural environment with modern siderite concre-
tions could be a good analog to explore the environmental conditions 
under which siderite concretions may nucleate and grow. Nucleation 
of siderite during sedimentary diagenesis has been suggested to be 
a key pathway for formation of siderite in both modern (Vuillemin et 
al., 2019; Wittkopp, Teranes, Lubenow, & Dean, 2014) and ancient 
(Heimann et al., 2010) environments. In these studies, siderite nucle-
ation in sediment influences the crystal morphology and conditions 
of growth. What is interesting is that if diagenetic siderite formation 
is the dominant pathway to form siderite concretions, then they may 
reflect conditions within the sediment column rather than condi-
tions related to the overall ocean–atmosphere system. Hence, study 
of the formation of siderite in the laboratory and in the natural en-
vironment will allow us to better understand both the occurrences 
of siderite and to infer the influence of diagenesis on laminated and 
nodular siderite in the modern and ancient environments.

While there are studies looking at crystal morphology and isoto-
pic composition of modern and ancient siderites (Abdul Hadi & Astin, 
1995; Allison & Pye, 1994; Baumann et al., 2016; Moore, Ferrell, & 
Aharon, 1992; Raiswell & Fisher, 2000; Wittkop et al., 2014), and 
separate studies trying to nucleate siderite biotically or abiotically 
in the laboratory (Köhler, Konhauser, Papineau, Bekker, & Kappler, 
2013; Mortimer, Galsworthy, Bittrell, Wilmot, & Newton, 2011; 
Mortimer & Coleman, 1997; Sanchez-Roman et al., 2015), there are 
few studies that couple the analysis of modern siderite to laboratory 
experiments trying to grow it. In the East Anglian salt marshes (par-
ticularly along the north Norfolk coast, in the salt marshes named 
Warham, Stiffkey, and Blakeney), there are large siderite concretions 
(up to 20  cm in diameter) found actively growing in the sediment 
(Figure 1). Despite some early studies exploring the mineralogy and 
solid-phase geochemistry of the siderite concretions in these salt 
marsh sediments, there has been less attention paid to the inter-
play between the microbes and aqueous geochemistry that leads to 
the precipitation of siderite (Allison & Pye, 1994; Coleman, Hedrick, 
Lovley, White, & Pye, 1993; Pye, 1984; Pye, Dickinson, Schiavon, 
Coleman, & Cox, 1990). Previous studies attribute the formation and 
growth of siderite concretions to high rates of “bacterial activity,’ 
high organic matter content, tidal pumping, and high sedimenta-
tion rate (Baumann et al., 2016; Coleman, 1993; Pye, 1984; Pye et 
al., 1990). In this study, we examine the mineralogy and elemental 
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distributions of siderite concretions collected from the East Anglian 
salt marsh sediment, particularly those of the Warham salt marshes, 
to better understand the geochemical conditions during concretion 
nucleation and subsequent growth. We couple this field-based work 
to laboratory incubation experiments where we try to understand 
the environmental conditions under which siderite may precipitate 
and if there are precursors to siderite formation, for example, other 
carbonate phases that may transform to siderite and what the nucle-
ation pathway might be. This study provides insight into the forma-
tion of siderite in marine environments (where sulfate is abundant) 
and may have important implications for paleoenvironmental inter-
pretations (such as ancient seawater chemistry and the plausible 
conditions to form marine siderite beds).

2  | SIDERITE STABILIT Y IN THE E A ST 
ANGLIAN SALT MARSH SEDIMENT

2.1 | Mineral saturation state in the sedimentary 
pore fluids

Here, we introduce the geochemical characteristics of the sedi-
ment and the distribution of concretions in the East Anglian salt 

marshes. Beneath the salt marsh platform, there are high concen-
trations of pore fluid dissolved iron (up to 5mM) (Hutchings et al., 
2019). The salt marsh sediment mainly comprises quartz, orthoclase, 
albite, kaolinite, and talc, as suggested by XRD analysis (Appendix 
S1). Across the salt marsh platform, which are transected by tidal 
creeks, there are also small ponds, known as “salt ponds” or “salt 
pans.” Two geochemically distinct sediment types are found beneath 
the salt ponds; the geochemistry of these two types of sediment 
has been reported extensively in previous publications (Antler, Mills, 
Hutchings, Redeker, & Turchyn, 2019; Hutchings et al., 2019; Mills, 
Antler, & Turchyn, 2016). One type of pond sediment has high pore 
fluid concentrations of aqueous hydrogen sulfide (up to 8mM), and 
the other type has high concentrations of aqueous dissolved iron (up 
to 2mM). Previous studies have explored the drivers behind the dif-
fering geochemical conditions (Antler et al., 2019; Hutchings et al., 
2019; Mills et al., 2016). Based on our field observations, the siderite 
concretions are found in various places throughout the salt marsh 
sediment, growing both beneath the salt marsh platform, near the 
edge of the tidal creeks, and occasionally in the dissolved iron-rich 
pond sediment.

Based on the previously published pore fluid profiles from 
the North Norfolk pond sediments, we can calculate the stability 
of various mineral phases as a first estimate of where siderite is 

F I G U R E  1   The location of East Anglian salt marshes along the coast of North Norfolk. Siderite concretions are found in sediment, ponds, 
and creeks of the Warham salt marsh. Sediment samples studied were collected from both Warham and Blakeney salt marshes
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supersaturated (Figure 2a, b redrew from Hutchings et al., 2019). 
To do this, we use PHREEQC (SIT database) to calculate the con-
centration of dissolved inorganic carbon (DIC) from the measured 
alkalinity and pH, and then use this to calculate the saturation index. 
This calculation suggests that the pore fluid in the iron-rich core is 
in equilibrium with respect to siderite and undersaturated with re-
spect to calcite, aragonite, and dolomite (Figure 2). In the sulfidic 
sediment, we calculate that the porewater is slightly undersaturated 
with respect to calcite, aragonite, and siderite, although dolomite 
and rhodochrosite are oversaturated. One of the interesting initial 
observations is that siderite is not supersaturated in either the iron-
rich or sulfide-rich pond sediment, suggesting that siderite concre-
tions may nucleate or grow in other parts of the salt marsh platform 
than beneath the salt ponds where they can be found.

3  | MATERIAL S AND METHODS

3.1 | Field sampling

All fresh siderite concretions were collected from the Warham salt 
marsh, found buried in the sediment in the vicinity of salt marsh 
ponds. Siderite concretions are also found in tidal creeks that bisect 
the salt marsh. Concretions were wrapped with mud in the field and 
sealed with polyethylene bags to minimize desiccation. In the labo-
ratory, concretions were cut in half (Figure 3), one half is used for 
analysis and the other half was refrigerated.

3.2 | Analysis of concretions

For mineralogical analysis, fresh concretions were ground to powder 
using agate mortar and pestle before X-ray diffraction (XRD). X-Ray 
fluorescence (XRF) was performed using an Avaatech X-ray fluores-
cence core scanner at the University of Cambridge in 1- to 4-mm 
measurement intervals to obtain semi-quantitative elemental data 
of concretions. XRF scanning was conducted at a 60-s scanning rate 
with energy level of 10 kV (no filter) for Ca, S, and 30 kV (Pd filter) 
for Fe and Sr. All mineralogical data for XRD were collected in Bragg-
Brentano geometry on a D8 Bruker diffractometer equipped with 
primary Gobbel mirrors for parallels Cu Kα X-rays and a Vantec posi-
tion sensitive linear detector. Collection conditions were 15–70° in 
2θ, 0.02 step size, 450 s/step, and divergence slits 0.6 mm. Rietveld 
refinements were performed with software Topas 4.1 (Coelho, 2007) 
to quantify the various mineral phases in the samples. Rietveld quan-
titative analysis is known to be unreliable for minor phases (<5 wt %). 
The accuracy is considered to be ± 1%–2% relative for major phases, 
while the estimated standard deviation (e.s.d.) from the Rietveld cal-
culation has no bearing on the accuracy or otherwise of the quantifi-
cation itself, it is merely related to the mathematical fit of the model 
(Madsen & Scarlett, 2008).

Bulk samples for carbon isotope analysis (δ13Ccarbonate) were 
drilled from the center to the edge of the concretion. Between 50 

and 200 micrograms of dried homogenized sample was transferred 
into exetainer vials and sealed with silicone rubber septa using a 
screw cap. The samples were flushed with chemically pure grade 
helium then acidified with 104% orthophosphoric acid, left to react 
for one hour at 70 ˚C, and then analyzed using a Thermo GasBench 
attached to a Thermo Delta V Advantage mass spectrometer in con-
tinuous flow mode. Each run of samples was accompanied by 10 
reference carbonates (Carrara Z) and two control samples (Fletton 
Clay). Carrara Z has been calibrated to VPDB using the international 
standard NBS19 (TS-Limestone). The results are reported with ref-
erence to the international standard VPDB, and the analytical preci-
sion is better than ± 0.08 ‰ for δ13C.

3.3 | Incubation experiment with pure Norfolk salt 
marsh sediment

Sediment was incubated in an experiment we have named “W” using 
fresh sediment samples from the salt marshes. The goal of the incu-
bation was to explore the evolution of aqueous chemistry and the 
precipitation of carbonate minerals in an environment that mimics 
the salt marsh subsurface sediment. In incubation experiment W, 
10 cm3 of the Warham sediment was used (Table 1). Four samples 
were set up which includes two replicates and two controls. Diluted 
seawater (50% seawater with 50% deionized water) was used as the 
medium to mimic the solution in the surface of the salt marsh ponds 
(Hutchings et al., 2019; Mills et al., 2016). Sodium acetate was added 
to the media to make up a concentration of approximately 10 mM; 
this is both the electron and carbon donors. Two steel balls (5 mm 
in diameter) and 0.4–0.5 g of wood were included in the incubated 
samples to serve as a nucleus for carbonate mineral precipitation. 
The steel balls and wood were buried in the sediment in both rep-
licates and one of the controls. The other control sample contained 
only the medium and a steel ball, without sediment, to examine how 
much iron is abiotically released into the solution from the steel 
ball. Then, the reaction vessels were sealed and degassed with 90% 
N2/10% CO2 mixed gas for 5  min. All control samples were auto-
claved twice to eliminate biological activities.

3.4 | Aqueous sample analysis

Aqueous samples were syringe filtered (0.2 µm), and pH was meas-
ured at 25°C on the NBS scale using an Orion 3 Star meter with 
ROSS micro-electrode (ORION 8,220 BNWP PerpHect ROSS—
platinum wire as a reference in iodine/potassium iodide solution, 
ROSS internal filling solution is 3M KCl). Alkalinity was titrated 
potentiometrically with 0.1 M of HCl using a Metrohm 848 Titrino 
plus with an error of 2.5%. The HCl used for titrations was stand-
ardized with certified reference material (CRM) 2.2298 mEq/L. The 
CRM batch #157 used was provided by A.G. Dickson of Scripps 
Institution of Oceanography (Dickson, Afghan, & Anderson, 2003). 
Dissolved iron in the samples was fixed by ferrozine solution 



     |  211LIN et al.

(C20H13N4NaO6S2H2O(s), MW = 510.48 g/mol) prior to quantification 
using an Aqua-mate Plus UV-Vis Spectrophotometer at λ = 562 nm 
(Stookey, 1970). Aqueous sulfide was fixed with 0.05  M zinc ac-
etate and spectrophotometrically measured using the methylene 
blue method at a wavelength of 670 nm (Cline, 1969). Samples for 

sulfate measurement were diluted 20 times before measured using 
ion chromatography on a Dionex ICS-5000+ HPIC (through an anion 
IonPac AS18 column using 31mM of potassium hydroxide as eluent). 
Calibration standards were prepared by dilution of OSIL Atlantic 
Seawater standard (2%–10%) solution.

F I G U R E  2   Geochemical data collected and previously published from the core of different types of ponds, red for iron rich pond and 
black for sulfidic pond. Pore-fluid profiles for (a) iron; (b) sulfide; (c) sulfate; (d) ionic strength; (e) dissolved inorganic carbon; (f) calcium; (g) 
SO4/Cl; (h) SIrhodochrosite; (i) SIaragonite; (j) SIcalcite; (k) SIdolomite; and (l) SIsiderite. Saturation indices (SI) of various minerals in the salt-
marsh. If SI < −0.2, the pore-fluid is undersaturated with respect to that particular mineral. While SI = −0.2 ≤ 0 ≥ 0.2, it means that the pore 
fluid is in equilibrium with that mineral. If SI > 0.2, this indicates that the pore fluid is oversaturated with respect to that mineral. Iron and 
sulfide concentration data (Figure 2a,b) were redrawn from previously published data in Hutchings et al. (2019)
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F I G U R E  3   Two carbonate/siderite concretions (O and N—N#1 and N#2 are opposite halves of the same concretion) with 
diameter ~ 15 cm were cut in half for mineralogical and geochemical analysis. For mineralogical analysis, different parts of the concretion 
(blue circle) were extracted manually and pulverized prior to analyzing by XRD. To examine the bulk geochemical composition across the 
concretions (12-mm dotted line box of A-A’ and B-B’—from N#2 and C-C’—from O#1), freshly cut samples were scanned by an Avaatech XRF 
core scanner
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3.5 | Transformation experiment

To investigate the transformation of calcite and MHC into siderite, 
MHC precipitated from previous pure culture incubation experi-
ments (Lin et al., 2018) was placed in different aqueous solutions 
of seawater and modified media (Table 2). Approximately 0.02 g of 
either or both MHC and calcite seeds (Sigma-Aldrich, ACS reagent, 
≥ 99.0%, powder—Lot #MKBP1684V, CAS: 471-34-1) was heated 
under different media in sealed bottles at 100°C for 48 hr (Liu et 
al., 2013; Munemoto & Fukushi, 2008). Control samples were run 
without either MHC or calcite seeds. For samples with dissolved iron 
in the modified media, the media was degassed with N2 for 10 min in 
a 5-ml vial. The solution was analyzed for pH, alkalinity, iron, major 
cations, and anions before and after the transformation experiment. 
Solid-phase samples were collected, dried, and analyzed for their 
morphology and mineralogy using SEM and XRD (mentioned above), 
respectively. The dried samples from both the incubation and trans-
formation experiments were analyzed by field emission scanning 

electron microscopy (FESEM—QEMSCAN 650F FEI) equipped with 
an energy dispersive X-ray (EDX) detector to determine the morphol-
ogy and chemical composition of the precipitates. The solid samples 
were placed on ultra-smooth carbon tape and sputter-coated with 
submicron layer (~10 nm) of carbon prior to SEM analysis.

4  | RESULTS

4.1 | Concretion mineralogy and geochemistry

Four out of five concretions collected from the Warham salt marsh 
nucleate around wood; one does not have a visible nucleus (which is 
not considered in this study). In this study, we selected two concre-
tions to be analyzed for their geochemistry (sample names O and N). 
The concretions are black in color when freshly opened. No clear 
inner core or outer core, or central laminations, can be seen in either 
of these concretions (O and N) (Figure 3). Laminations only become 

TA B L E  1   Summary of the materials and setup in incubation experiments W

Incubation samples
Sediment 
source Medium

Electron 
donors Gas Nucleation materials Note

Incubation experiment W

Replicate 1 Warham Diluted seawater Acetate 90% N2/10% CO2 Two steel balls, wood 50% strength seawater

Replicate 2 Warham Diluted seawater Acetate 90% N2/10% CO2 Two steel balls, wood 50% strength seawater

Killed control (with-
out sediment)

None Diluted seawater Acetate 90% N2/10% CO2 One steel ball 50% strength seawater

Killed control (with 
sediment)

Warham Diluted seawater Acetate 90% N2/10% CO2 Two steel balls, wood 50% strength seawater

TA B L E  2   Summary of the initial media and mineral seeds used in the transformation experiments. Samples with varying iron 
concentrations were labeled as medium in the initial and followed by the concentration of iron in millimolar. For example, MQ50 indicate 
the medium is MQ water with 50 mM of iron. SW denotes seawater as the medium. Samples MQ100–SW10 were incubated under anoxic 
condition to make sure ferrous iron is in its dissolved form. Initial CaCO3 with MHC/Calcite indicates that the initial media is incubated with 
MHC or calcite

Samples pH Alk (mEq/L) Ca2+ (mM) Mg2+(mM) Fe2+(mM) PO4
3-(µM) SO4

2-(mM) Mg/Ca Medium Initial CaCO3

MQ50* 3.02 1.780 <0.01 <0.01 50.55 - - - M.Medium MHC/Calcite

SW50* 3.65 1.625 10.80 55.36 53.64 - - 5.13 M.Medium MHC/Calcite

MQ100a 2.67 2.450 <0.01 <0.01 98.57 - B.D.L - M.Medium MHC/Calcite

MQ50b 3.02 8.278 <0.01 <0.01 50.63 - B.D.L - M.Medium MHC/Calcite

MQ25c 3.39 7.301 <0.01 <0.01 25.78 - B.D.L - M.Medium MHC/Calcite

MQ10d 7.20 13.283 <0.01 <0.01 11.03 - B.D.L - M.Medium MHC/Calcite

SW100e 2.97 3.979 10.41 53.12 105.04 - 22.07 5.10 M.Medium MHC/Calcite

SW50f 4.33 5.158 10.53 53.98 48.74 - 17.68 5.12 M.Medium MHC/Calcite

SW25g 5.20 6.503 10.49 52.91 23.67 - 23.68 5.04 M.Medium MHC/Calcite

SW10h 6.78 12.948 10.83 54.75 9.74 - - 5.05 M.Medium MHC/Calcite

Note: MHC/Calcite indicates that the initial CaCO3 seeds for transformation are MHC and calcite. Both MHC and calcite were incubated in separate 
vials. M.Medium is modified medium. B.D.L. indicates below detection limit.
*Samples incubated under oxic condition. 
a–d = modified MQ water. 
e–h = modified SW medium. 
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visible at the edge of sample N#2. After the concretion has been 
left open for a day, a black/dark colored region is visible toward the 
edge of the concretion, whereas a brown/reddish region surrounds 
the nucleus. The texture of the two concretions is different; O#1 is 
composed of visible sand-size grains, while N#1 and N#2 are mainly 
composed of very fine sand, not visible to the naked eye. Biological 
signatures such as roots and burrows are present in sample O#1. 
Our XRD analysis indicates the concretions largely comprise sider-
ite, quartz, high-magnesium calcite, orthoclase, albite, and small 
amount of pyrite (Table 3). Gypsum, greigite, and dolomite were 
also observed in parts of the concretions in much smaller quanti-
ties. Quartz is the dominant mineral (>50%); the remaining contains 

carbonate minerals such as siderite (6%–27%) and high-magnesium 
calcite (5%–47%).

The XRF results suggest that the iron content in both concretions is 
around an order of magnitude higher than the content of calcium or sul-
fur and two orders of magnitude higher than the content of strontium 
(Figure 4a,d). Iron content is particularly high in the middle of the con-
cretion but decreases toward the edge of the concretion, while the con-
tent of sulfur (without taking the wood material nucleus into account), 
calcium, and strontium is lowest at the center and increases toward the 
edge. This is also seen in sample O#1 (transect C–C’) where the calcium 
content drops significantly between 70 and 85 cm, corresponding to 
the reddish/brownish (sideritic) region of the concretion, whereas high 

F I G U R E  4   Elemental distribution along 
the cross sections of the concretions 
(a – f), where the x-axis is the length of 
concretions in centimeters. Photographs 
of the transect of A-A’ and B-B’ from 
concretion N#2 and C-C’ from concretion 
O#2 are shown in Figure 3. Note that 
higher resolution of scanning was done 
across transect C from concretion 
O#1
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calcium content is seen in the black (calcite) region (Figure 4f). When we 
cross plot the XRF data, we see a moderate correlation between calcium 
and strontium (R2 = 0.63) (Figure 5). Iron and sulfur are well correlated 
(R2 = 0.76) in both concretions excluding the wood. The correlation be-
tween iron and sulfur, however, drops dramatically (R2 = 0.37) when the 
wood nucleus is included. A weak correlation was found between iron 
and calcium (R2 = 0.023) (Figure 5). The final cross plot shows that the 
brown part of the concretion, closer to the center, is relatively enriched 
in iron but low in calcium, while the black part of the concretion, close 
to the outside, has a higher calcium content.

Only one half of the N concretion (N#2) was analyzed for its car-
bon isotopic composition. Two isotopically distinct regions are found 
in the N#2 concretion, the isotopically higher inner layer (mean δ13C-

carbonate = −4.8‰) and the isotopically lower outer layer (mean δ13Cca-

rbonate = −11.8‰) (Table 4).

4.2 | Incubation experiments with Norfolk sediment

In the incubation experiment, the replicate and control samples 
show a decrease in alkalinity in the first 50 hr. In the non-control 
samples, the alkalinity subsequently increases to a maximum of 

approximately 70  mEq/L before it decreases gradually or remains 
constant after 400  hr (Figure 6). The pH also increases over the 
course of the incubation experiments from 6.6 to 7.2. The dissolved 
(ferrous) iron concentration in the samples increases to 2 mM in the 
early stage of the incubation then decreases at 200–400 hr.

The sulfate concentration in the samples increases in the early 
stages of the incubation in both the replicate and control samples. The 
sulfate concentrations in the live samples started to decrease after 
200 hr; this coincides with a decrease in dissolved iron concentration 
(Figure 6). There is a substantial decrease in sulfate-to-chloride ratio 
at 400 hr. Sulfide concentrations are relatively low over the course 
of the incubation. Although the replicate vials start and finish with 
slightly different sulfate concentrations, the magnitude of change in 
sulfate concentration is similar. The decrease in sulfate concentra-
tion is accompanied by a concurrent decrease in alkalinity and in the 
concentration of calcium. The solution is initially undersaturated with 
respect to siderite. The dramatic increase in the SIsiderite corresponds 
to the increase in the concentration of dissolved iron and the increase 
in alkalinity. The SIsiderite then drops to near equilibrium at the onset 
of microbial sulfate reduction begins before it gradually increases 
to ~ 1.5 (Figure 6). The control samples have an SIsiderite close to equi-
librium throughout the experiment.

F I G U R E  5   Cross-plots with titanium normalized of the studied elements of concretion O#1

60

50

40

30

20

10

0

iT/a
C

6543210

Sr/Ti

(a)

 Brown material
 Wood material
 Black material

y = 0.0823x + 0.7226
          R

2
 = 0.63

24

22

20

18

16

14

12

10

8

6

4

2

0

S/
Ti

10008006004002000

Fe/Ti

(b)

 Brown material
 Wood material
 Black material

y = 23.038x + 48.433
          R

2
 = 0.37

500

400

300

200

100

0

iT/eF

50403020100

Ca/Ti

(c)
y = 1.8973x + 129.87
        R

2
 = 0.023

 Brown material
 Black material

TA B L E  4   Selected locations (C1–C8) of concretion N#2 with interval approximately 1–2 mm were drilled across from the center to the 
edge of the concretion for carbon isotope analysis. W1 is wood materials located at the center of the concretion; C9 was sampled near to the 
edge of the concretion with the darkest and extremely rigid material

Sampling point δ13Ccarb ‰ PDB
W1 -6.45
C1 -1.04
C2 -5.54
C3 -7.86
C4 -12.21
C5 -11.14
C6 -11.58
C7 -12.43
C8 -11.12
C9 -12.31
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We found a 1 – 2 mm thin layer of black precipitate around the 
steel ball in the incubated sample (in both replicates 1 and 2—re-
ferred as WR1, WR2) (Appendix S1). No precipitate was found on 
the steel balls of control samples. The black precipitate contains 
quartz and siderite (Figure 7). When we examined this precipitate 
under SEM, we note that 1 – 3 µm rhombohedral siderite crystals 
envelope the steel balls (Figure 8a,b). Elemental mapping shows that 
the siderite around the steel balls is rich in calcium (Figure 8c,d). The 
abundance of siderite is low in the surrounding sediment associated 
with WR1 and WR2 and is not detected by the XRD. However, during 
SEM examination of the bulk sediment we identify some dissemi-
nated siderite crystals (Figure 8e). The siderite crystals disseminated 

in the sediment have a trigonal crystal structure and lower calcium 
content, different to the one formed around the steel balls in the 
same samples WR1 and WR2. Despite the absence of a pyrite peak 
in the XRD pattern of the sediment, we also found framboidal pyrite 
disseminated in the sediment but in low quantity (Appendix S1).

4.3 | Transformation experiments

Our transformation experiments show that both MHC and calcite will 
transform to siderite when heated in media containing dissolved iron 
(Table 5 and Appendix S1). Our results suggest MHC transforms to 

F I G U R E  6   Incubation experiment 
W with plots showing (a) alkalinity; (b) 
pH; (c) iron; (d) sulfate; (e) sulfide; and (f) 
saturation index of siderite

F I G U R E  7   Powder X-ray diffraction pattern of the incubation samples (a) outer layer of steel ball; and (b) sediments after the incubation. 
Q = quartz; S = siderite; K = kaolinite; I = illite; C = calcite. The XRD analysis shows that siderite is only precipitated around steel balls. No 
siderite is found in the incubated sediment, only calcite
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siderite when the iron concentration in the media was over 40 mM. 
Calcite transforms to siderite in all samples with initial iron concentra-
tions of 10, 25, 50, and 100 mM (T40–T47) regardless of the medium 
salinity (MQ or seawater). The amount of siderite formed increases 
with iron concentration when either calcite or MHC is used in both MQ 
water and seawater. Universally in samples with MHC seeds, there was 
less siderite than in the samples with calcite seeds. No carbonate min-
eral precipitation was found in the seedless control samples (T56–T63) 
except some rust. The morphology of the formed siderite under SEM 
is large spherulitic aggregates (200 – 300 µm) of rhombohedral shape 

(Appendix S1). In the samples with calcite seeds, there is a far lower 
Fe/Ca ratio at the end of the experiment when the transformation is 
complete (less Fe remaining in solution) than in the samples with the 
MHC seeds, where the Fe/Ca is quite high (Figure 9).

5  | DISCUSSION

Our primary results are that the siderite concretions appear to have 
two phases of growth, as evidenced by the change in mineralogy 

F I G U R E  8   (a, b) Secondary electron images and backscatter electron images of siderite collected from the steel balls in WR1 and WR2; 
(c, d) figures in color show the elemental distribution for iron, calcium, oxygen, and aluminum from WR1 and WR2; (e) trigonal siderite found 
in replicate one of the WR1 and WR2 sediment. SEM image of pyrite found in the sediment is shown in Appendix S1
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within the concretion as well as the change in the carbon isotopic 
composition of the concretion. Our laboratory experiments suggest 
that we can form siderite in incubation experiments of the sediment 
when a steel ball nucleus is added, as well as through heated trans-
formation of pre-existing carbonate seeds, albeit in the presence of 
high concentrations of iron. In this discussion, we will first consider 
the microbially induced formation of siderite, and then, we summa-
rize and propose processes that lead to the formation of siderite con-
cretions in the East Anglian salt marsh sediments. We suggest that 
there may be an ideal condition/window (or “sweet spot”) for siderite 
growth that includes intermittent microbial sulfate reduction, which 
increases alkalinity and tempers the rise in pH, in a system dominated 
by bacterial iron reduction, generating an excess of dissolved iron.

5.1 | Siderite formation in the environment and 
under laboratory experiments

Throughout the salt marsh sediment, we note that siderite does not 
exceed saturation based on the concentration of DIC and dissolved 
iron in the sediment beneath the salt marsh ponds (Figure 2). This 
suggests that the concretions nucleate when the concentration of 
dissolved iron in the porewater is even higher than has been meas-
ured, perhaps in areas of the salt marsh platform where dissolved 
iron concentrations as much as three times higher have been previ-
ously reported (Hutchings et al., 2019). The concretions may then 
grow further in the majority of the salt marsh sediment where our 
calculations suggest the SIsiderite is closer to unity. The change in the 
δ13Ccarbonate of the siderite concretions reflects a change in the δ13C 
of the DIC pool from which the concretion is growing, also support-
ing the idea that the concretions may nucleate in one position in the 
salt marsh and grow further in another. The salt marsh platform is a 
dynamic sedimentary environment, and through sediment accumula-
tion and channel development, salt ponds can develop or become 
vegetated over a period of less than a decade. If we assume that 
there is low carbon isotope fractionation on the formation of sider-
ite, our data suggest that the δ13C of the DIC pool decreases by ~ 7‰ 
over the growth of the concretion. The δ13C of DIC in sedimentary 
pore fluids typically decreases due to the oxidation of organic car-
bon, which adds 12C-rich carbon to the pore fluid (Irwin, Curtis, & 
Coleman, 1977). Thus, this change in the δ13C of the concretion could 
reflect the depth of concretion growth, where the concretion nucle-
ates closer to the surface where the δ13C of the DIC is more similar 
to the overlying pond water (δ13CDIC  =  0‰), and then later grows 
deeper, where the δ13C of the DIC has evolved to a lower overall 
carbon isotope composition. Alternatively, if the depth of concre-
tion growth has not changed, then it could reflect a change the local 
amount of respired organic carbon or the intensity of local microbial 
activity. We also note that we cannot rule out possible contamina-
tion from organic carbon in the outer layer of the concretion. Organic 
carbon was not removed prior to analysis; therefore, it is possible 
that the outer layers of the concretion have more organic material 
contaminating the carbon isotopic analysis (δ13Corg = −25 to −30‰).Sa
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Many carbonate minerals precipitate via less stable carbonate 
mineral precursors (Blue et al., 2017; Jiang & Tosca, 2019; Lin et al., 
2018). Studies of the precipitation and transformation pathways for 
carbonate minerals allow us to understand how mineralization can 
be interpreted in the geological record, from the standpoint of the 
geochemistry and microimaging (Lin et al., 2018). Our transforma-
tion experiments suggest that siderite can form from either calcite or 
MHC (carbonate seeds) when there is the right pH, high iron concen-
tration, and elevated temperature (Table 5 and Appendix S1). Such 
transformation likely involves two different pathways. In the MHC-
seeded samples, we note a lesser decrease in the concentration of 
dissolved iron (84% less than in the calcite-seeded samples) and 
lesser increase in the concentration of calcium, which we suggest 
that the siderite in these samples may have formed via a pathway 
involving solid-state transformation or ionic replacement/substitu-
tion (Table 5, Figure 9). The transformation of MHC to siderite would 
include the incorporation/replacement of iron for calcium in the 
MHC lattice, yielding the observed asymmetrical siderite main peak 
(32˚ angle 2θ) with the peak shifted toward the left (lower 2θ) during 
XRD (Appendix S1). This peak shift toward the left in the XRD indi-
cates that the siderite incorporates a substantial proportion of ions 
larger than iron into the crystal lattice—where in this case, calcium 

is the most plausible due to the lower aqueous calcium concentra-
tion measured in the final media. The fact that calcite and aragonite 
are the dominant minerals formed in the MHC-seeded samples sug-
gests that a dehydration process (removing the lone water from the 
monohydrocalcite) dominates over this ionic replacement of iron for 
calcium, especially in solutions with low dissolved iron.

On the other hand, in the calcite-seeded samples, an average of 96% 
of dissolved iron is removed from the solution during the transformation 
(Figure 9). Morphological evidence suggests that siderite was formed 
via the dissolution of calcite and re-precipitation as siderite in the cal-
cite-seeded samples (Figure 10). The nucleation of siderite on calcite 
seeds possibly starts along the edge of the calcite (at high energy sites 
such as kinks and steps) and then grows (propagates) toward the middle 
of the calcite surface (Figure 10). This hints that calcite may be a better 
seed for siderite formation relative to MHC. Although the iron concentra-
tions in our experiments do not fall within a sensible range found in most 
surface environments, we think that such a transformation route is plau-
sible over a longer period (because of the slower kinetics). A similar ob-
servation has been reported where siderite nucleates and replaces calcite 
(and ferrihydrite) during hydrothermal carbonate mineralization (Köhler 
et al., 2013; Pearce, Timmes, Hough, & Cleverley, 2013). The nucleation 
of microcrystalline siderite on calcite forming a rim also has been docu-
mented in a peat marsh environment (McMillan & Schwertmann, 1998).

5.2 | Formation of siderite in laboratory incubation 
experiments

Our laboratory incubation experiments suggest that concurrent mi-
crobial iron reduction and microbial sulfate reduction start as soon 
as the incubation was initiated. Both bacterially mediated processes 
happening simultaneously suggest the microbial community in the 
East Anglian salt marsh sediments does not follow the conventional 
redox tower of microbial metabolism, where microbial sulfate re-
duction occurs when bacterial iron reduction ceases. However, 
at circumneutral pH, similar to the pH in these salt marshes, the 
redox tower is more complicated and bacterial iron reduction and 
microbial sulfate reduction converge on similar free energy yields 
(Bethke, Sanford, Kirk, Jin, & Flynn, 2011). It is also possible that the 
sulfate-reducing bacteria we used, Desulfovibrio desulfuricans, were 

F I G U R E  9   The Fe/Ca molar ratio of the aqueous solution 
collected after the transformation experiment. The x-axis is the 
initial iron concentration of the samples before transformation 
experiment. A higher Fe/Ca in the solution indicates more ferrous 
iron in the dissolved phase, while a lower Fe/Ca suggesting that 
more iron is removed from the solution via a dissolution and re-
precipitation process

F I G U R E  1 0   Morphological changes in the calcite seeds as siderite precipitated. (a) Original calcite seeds; (b) topotactic nucleation of 
siderite along the edge and some high energy sites (kinks, steps etc.) of the original calcite seeds; (c) growth of siderite enveloped the calcite 
seeds

(a) (b) (c)
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able to reduce iron, causing an inconsistent/ blending respiration of 
different electron acceptors (Fe and S) (Coleman et al., 1993). In the 
first 200 hr, the rate of dissolved iron production rate is 0.24 mM/
day. The increase in dissolved iron concentration in the killed control 
sample with the steel ball suggests the release of some dissolved 
iron from the steel ball. The decrease in iron concentration toward 
the end of the incubation (after 500  hr) could be due to the pre-
cipitation of iron oxides, as we saw ocher and reddish color precipi-
tates in the incubation vial (Figure 6). Microbial sulfate reduction 
also progresses; however, the process was partially masked by the 
simultaneous abiotic oxidation of sedimentary sulfide minerals, as 
evidenced by the increase in sulfate concentration in the killed con-
trol samples. The discrepancy in sulfate concentration between the 
live samples and killed control sample suggests a rate of microbial 
sulfate reduction of 0.6 mM/day. We suggest that abiotic oxidation 
of sulfide and microbial sulfate reduction coupled with active micro-
bial iron reduction result in the following equations (Equations 1 – 4):

1.	 Initially formed hydrogen sulfide is oxidized (by ferric iron or 
possibly trace amounts of oxygen) (Mortimer et al., 2011) and 
thus not be able to precipitate all dissolved iron in the system 
(Equations 1 and 2).

2.	 Local microbial sulfate reduction generates alkalinity which helps 
in increasing the ion activity product (specifically the concentra-
tion of carbonate ions) for siderite formation (Equations 1 and 3).

3.	 Active bacterial iron reduction increases the dissolved iron in the sys-
tem which also increase the ionic activity product (specifically the 
concentration of dissolved iron) favoring siderite precipitation (Eq. 4).

The above three criteria and Equations 1–4 result in an increase in the 
concentration of dissolved iron and in the solution alkalinity without 
the accumulation of sulfide in the system, thus favoring the formation 
of siderite. This hypothesis agrees with work done by Pye et al. (1990), 
where they conclude that the formation of authigenic siderite occurs in 
the zone of microbial sulfate reduction in the East Anglian—specifically 
Norfolk—salt marsh sediment.

We suggest our laboratory results, which build on the work of 
Pye et al. (1990), establish criteria for the formation of siderite in the 
East Anglian salt marsh. However, the fact that siderite concretions 
are not forming everywhere in the marsh and there is no formation 
of thick siderite bed/layer suggests that the reactions above are 

self-limiting, likely by the availability of dissolved iron and the pres-
ence and availability of a nucleus. In our incubation experiment, we 
found a thin layer of siderite precipitated around steel balls, and XRD 
analysis of the precipitates around steel ball shows asymmetrical 
siderite peaks, shifted toward lower 2θ, suggest the incorporation of 
calcium into the lattice of the siderite mineral, increasing the size of 
the unit cell and the crystal domain. We found that the formation of 
2 mm of siderite in our incubation requires a month, while another 
field study suggested it takes several months to form 10- to 40-µm 
siderite aggregates (Allison & Pye, 1994). Although the formation 
of siderite can be rapid (within weeks), the formation and growth 
of siderite concretions to a centimeter scale are time consuming 
(months to years) and the kinetics greatly depend on the degree of 
siderite saturation state (Allison & Pye, 1994; Baird, Sroka, Shabica, 
& Kuecher, 1986; Clements, Purnell, & Gabbott, 2018; Jiang & Tosca, 
2019; Pye et al., 1990; Woodland & Stenstrom, 1979).

In addition, the materials used to seed siderite are important. In our 
incubations, siderite forms on steel balls and not on wood materials, 
while an earlier study tried to precipitate siderite on a wider range of 
nuclei, including calcified arthropod cuticle, non-calcified arthropod 
cuticle, porous aragonite shell, porous calcite shell, non-porous calcite 
shell, soft-bodied carcasses, and woody stem material (Allison & Pye, 
1994). In that study, siderite was found only in the cavities of oyster 
shells and cuttlebones (both are aragonite). Field incubation experi-
ments were also reported in Pye et al. (1990), where they found that 
0.1- to 2-mm siderite was formed around phosphor bronze, galvanized 
steel, aluminum, and wood nuclei after six months buried in the East 
Anglian salt marsh sediment—specifically in the Warham salt marsh. 
No siderite precipitated on polycarbonate nuclei.

5.3 | Proposed formation of siderite concretion 
in the marsh

Combining the results from our field and laboratory incubation ex-
periments, we suggest that the formation of siderite concretions in 
the Norfolk salt marsh sediment begins in a microenvironment where 
there is a local source of dissolved iron and alkalinity but where the pH 
is not too high (pH < 7.2). Our incubation results suggest that bacte-
rial iron reduction alone does not generate enough alkalinity to drive 
siderite saturation and likely would drive the pH too high to make si-
derite anyway (Figure 6). We suggest that microbial sulfate reduction 
is needed to provide enough alkalinity for siderite precipitation; how-
ever, microbial sulfate reduction has to be maintained at a very low 
level to prevent the formation of iron-sulfide minerals (Eq. 5, 6).

In addition, dissolution of carbonate minerals such as calcite could 
also be a possible source for alkalinity as shown in the transformation 
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experiment. However, the Fe/Ca in the solution has to be poised at 
a very high ratio (Fe/Ca  >  0.2—Berner, 1970; Berner, 1981), which 
is similar to the Fe/Ca under the salt marsh platform vegetation 
(Fe/Ca = 0.4–0.6), but not under the salt marsh pond sediment (Fe/
Ca = 0.15–0.2—Hutchings et al., 2019). We therefore propose that 
the siderite concretion formation can be divided into a nucleation and 
maturation phase in a geochemically dynamic environment and that 
the East Anglian Salt marshes are a unique environment for siderite 
concretion formation. During the nucleation stage, bacteria (partic-
ularly iron reducing bacteria and at times sulfate-reducing bacteria) 
start to oxidize the available organic carbon using iron minerals or 
aqueous sulfate as the terminal electron acceptor. Precipitation of 
siderite happens when the saturation index of siderite is high and the 
pore fluid pH is between 6.0 and 7.2. It could be that trace amounts of 
microbial sulfate reduction, producing hydrogen sulfide which lowers 
pH, can counteract the high pH generated by only bacterial iron re-
duction and thus create the ideal conditions or “window” for siderite 
precipitation and concretion growth.

Our incubation experiments also hint that both bacterial iron and 
sulfate reduction are at work during the formation of siderite. Our ex-
periments suggest that when catalysts such as steel balls are present, 
carbonate mineralization can be very rapid (in 2 weeks) and therefore 
may occur at shallow depth in the marsh (~5 – 20 cm). The preserva-
tion of the nucleus in most of the concretions also suggests rapid ce-
mentation of siderite minerals within the sediment grains. Within the 
salt marsh environment, in particular, the brackish water dilutes the 
calcium and sulfate concentrations from seawater that helps favor su-
persaturation of iron carbonate minerals over calcium carbonate min-
erals and promotes the nucleation of siderite. This nucleation stage 
often cements the grains surrounding the nucleus, forming the inner 
core of a concretion. The precipitation of siderite in this inner layer 
depletes the concentration of dissolved iron, which may create a gra-
dient of decreasing iron concentrations away from the center of the 
concretion. This causes the Fe/Ca to decrease and ultimately toward 
the edge, impacting further growth of the siderite-rich inner core. The 
outer core becomes more calcite-rich when the pore fluid Fe/Ca ratio 
decreases and the precipitation of calcium carbonate is favored over 
iron carbonate. This leads to the maturation stage of the concretion.

During the maturation stage, the siderite concretion may be bur-
ied deeper in the marsh sediment. While in the surface of the East 
Anglian salt marsh, there is evidence for both bacterial iron reduc-
tion (high dissolved iron concentrations, rust precipitates near the 
surface) and microbial sulfate reduction (a black layer of iron mono-
sulfide minerals found near the surface of the pond sediment as well 
as beneath the rhizosphere), deeper in the marsh sediment, and both 
below the rhizosphere and deep in the pond sediment, there is only 
evidence for bacterial iron reduction and the concentration of DIC 
is low (Hutchings et al., 2019). This suggests that the concretions 
must nucleate high in the marsh but when they grow deeper, they 
may be undersaturated or just at saturation with respect to siderite, 
and calcite becomes the dominant mineral precipitate. The δ13CDIC 
previously reported for the salt marsh pore fluids are consistent with 
the δ13Ccarbonate in the concretion (δ13CDIC of iron-rich core is −7.0 

‰ PDB; sulfidic core was −13.3 ‰ PDB) (Antler et al., 2019; Pye et 
al., 1990). Thus, we conclude that the inner core of the concretion 
is rapidly cemented with mostly siderite, occurring where there is a 
mixture of bacterial iron reduction and weak microbial sulfate reduc-
tion. Our proposed formation pathway, involving locally enhanced 
alkalinity derived from microbial sulfate reduction, however, is very 
different from the formation of laminated and disseminated siderite 
in most lacustrine and marine depositional environments (Heimann 
et al., 2010; Krylov et al., 2008; Mozley & Wersin, 1992; Vuillemin et 
al., 2019; Wittkop et al., 2014). Therefore, it should be noted that the 
formation pathway here is not universal.

6  | CONCLUSIONS

In conclusion, siderite concretions in the East Anglian salt marsh 
form under active bacterial iron reduction with limited microbial 
sulfate reduction. Our incubation experiments suggest that bacte-
rial sulfate reduction is needed for the formation of siderite as high 
alkalinity is required to maintain supersaturation of siderite in the 
pore fluid. The 2-mm-thick siderite precipitates around the steel 
ball in the incubated sediment suggest that alkalinity is the limit-
ing factor for siderite minerals to precipitate during bacterial iron 
reduction while iron is the limiting factor when sulfate reduction 
begins. Without the increased alkalinity and the presence of effec-
tive nucleus, the formation of siderite is unlikely (or delayed) even 
there is high concentration of iron available. Our suggestion about 
the requirement of microbial sulfate reduction in siderite forma-
tion, however, is largely restricted to marine environments and is 
not universal. Several studies have reported the formation of sider-
ite concretions without any evidence of microbial sulfate reduction 
(Köhler, Konhauser, & Kappler, 2010; Krylov et al., 2008).

The formation of siderite and other carbonate minerals via meta-
stable MHC can occur at high temperatures, suggesting the poten-
tial of MHC as precursor/intermediate for the formation of other 
anhydrous phase carbonate minerals via the ionic replacement/
substitution route. In contrast, the formation of siderite via calcite 
follows a different crystallization pathway—that of dissolution and 
subsequent precipitation. Our transformation experiments suggest 
that the dissolution of calcium carbonate minerals (particularly cal-
cite) could act as a source for alkalinity to form siderite. In addition, 
we found that the presence of carbonate seeds serves as an effec-
tive nucleation site/precursor for siderite formation. Such a finding 
could be useful to explain the occurrence of discrete sideritic spots/
layers in banded iron formations.

The lack of pyrite and the presence of disseminated siderite in 
the incubated sediment suggest the heterogeneity of localized geo-
chemistry within the sediment. This could partly explain the occur-
rence of siderite concretion only in certain microenvironment of the 
marsh. A Goldilocks point between the degree of iron and sulfate 
reduction need to be determined in order to make siderite in the 
marsh sediment. A follow-up experiment with systematic controls 
is required to fully understand the mechanism of siderite formation.
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