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Siderite (FeCO3) is often assumed to precipitate from dissimilatory reduction of Fe-
(oxyhydr)oxides, but geochemical and mineralogical analyses from ferruginous
(anoxic, Fe-rich) Canyon Lake, USA, suggest Fe-carbonate represents a direct early
precipitate unrelated to substantial oxide burial. X-ray absorption near edge structure
(XANES) spectroscopy of sediment trap materials and an anoxic sediment core
indicated a mixture of Fe(II) and Fe(III) in water column particulates and ferruginous
surface sediments, while all Mn phases were reduced. About 60 cm below the
sediment–water interface, Fe-Mn carbonates were detected by X-ray diffraction
and XANES, while Fe extended X-ray absorption fine structure (EXAFS) spectra were
best fit with combinations of a biogenic Fe-oxyhydroxide (“Bio Fe”), greigite, and sid-

erite. Sediment Fe speciation indicates a large pool of reduced Fe with a minor component of oxides. Although we found no
evidence of significant carbonate phases above or below the 60 cm horizon, equilibrium modelling indicates siderite supersatu-
ration throughout surface sediment porewater, with pH as the primary control on supersaturation. We conclude that delivery of
wildfire ash to sediments increased pH, initiating siderite precipitation from ferruginous porewater.
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Introduction

Siderite (FeCO3) occurs in sediments throughout Earth’s history
(Ohmoto et al., 2004) and is a common component in
Precambrian iron formations (IFs; Konhauser et al., 2017).
Despite the diversity of environments in which siderite occurs,
two mechanisms are generally considered to drive its formation:
1) direct precipitation from an anoxic and iron-enriched (ferru-
ginous) fluid; and 2) as a diagenetic product derived from reduc-
tion of primary iron (oxyhydr)oxides coupled tomicrobial organic
carbon remineralisation (Heimann et al., 2010). While dissimila-
tory reduction of reactive iron (oxyhydr)oxides, such as ferrihy-
drite, may explain the negative C-isotopic composition and
textures of many lacustrine siderite occurrences (Vuillemin et al.,
2019), the textures and C-isotope signatures of well-preserved
Precambrian IFs are also consistent with precipitation from fer-
ruginous seawater (Beukes et al., 1990; Siahi et al., 2020; Riding
et al., 2022), perhaps under a strong hydrothermal influence
(Jiang and Tosca, 2019).

To constrain the conditions that govern natural siderite
precipitation, we examined iron (Fe) and manganese (Mn)
phases in water column particulates and recent sediments from
ferruginous Canyon Lake (CL) in Michigan, USA. Modern
ferruginous lakes serve as analogue systems, informing

our understanding of biogeochemical dynamics in anoxic
Precambrian oceans (Swanner et al., 2020). Canyon Lake is an
ideal site to investigate these processes, as its ferruginous bottom
waters are poised near siderite supersaturation, and its water
column has been chemically stable for at least the last 80 years
(Lambrecht et al., 2018). Found in a boreal shield setting,
groundwater supplies the small CL basin with dissolved iron,
and its water column chemistry and methane cycling embed
processes similar to those thought to have dominated
Precambrian oceans (Lambrecht et al., 2020).

Methods

Multiparameter sondes were used to determine CL water col-
umn properties in 2018 and 2019, and water samples for cation
and anion analysis were collected in May 2018, following stan-
dard procedures. A sediment freeze core was collected in
February 2018, and sediment traps were deployed in 2019.
Samples for iron speciation, XANES, and EXAFS were collected,
processed under an N2 atmosphere and stored anoxically
until analysis. See Supplementary Information for Site
Description, Methods, and full Results.
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Results and Discussion

Iron and manganese phases in ferruginous waters. Centroid
energies for Fe XANES pre-edge peaks from sediment trap
material from 7.5, 15 and 20mwere∼7114 eV (Figs. 1, S-3), con-
sistent with a mixture of Fe(II) and Fe(III). Best fits from linear
combination fitting of Fe extended X-ray absorption fine struc-
ture (EXAFS) spectra for the sediment trap samples included,
in order of contribution to fits, a biogenic Fe-oxyhydroxide
(“Bio Fe”; Toner et al., 2009), siderite, magnetite (Hansel et al.,
2005), green rust, and greigite. However, the quality of these fits
was low, likely due to the limited amount of sample producing
spectra with low signal to noise, or the presence of poorly crys-
talline phases. The main Mn K-edge peak energy in sediment
trap samples (∼6552 eV) was consistent with Mn(II) rather than
Mn(III) or Mn(IV) (∼6558 eV), indicating that Mn-oxides are not
present in the water column (Fig. 1).

Sediment geochemistry and mineralogy. The sediments
contain a large pool of highly reactive Fe (FeHR; average
3.59 ± 0.52wt.%), with the FeHR pool dominated by unsulfidised
Fe(II) phases (Fe(II)unsulf), with a generally low concentration of
poorly crystalline ferric (oxyhydr)oxide phases, such as ferrihy-
drite (Feox1). The remaining Fe phases, comprising crystalline
Fe (oxyhydr)oxides (Feox2), magnetite (Femag) and pyrite (Fepy),
were less significant throughout the core (Fig. 2; Table S-1).

Calculations using porewater dissolved inorganic carbon
(DIC) and the solute chemistry of the deepest CL waters show
siderite to be supersaturated throughout the porewater (Fig. 2).
A sensitivity analysis adding additional dissolved Fe or DIC
raised the saturation index only slightly; the most significant
increase in siderite saturation scenarios came from increasing

pH from 6.8 (the assumed porewater value) to 7.5 (Fig. 2), con-
sistent with observations from ferruginous porewaters, where
alkalinity increases due to organic carbon remineralisation
(Vuillemin et al., 2023).

Siderite was detected by XRD, with primary and secon-
dary peaks observed at 31.62° and 52° 2θ (Fig. 3). A semi-
quantitative ratio of siderite to quartz (Isid/Iqtz) suggests siderite
is concentratedmid-core (∼60 cm), despite being supersaturated
throughout the porewaters. SEM images from this interval
detected<5 μmglobular clumpswith both dumbbell and spheri-
cal egg-shaped siderite morphologies that are consistent with
growth in an organic matrix (Dupraz et al., 2009); a few crystals
also exhibited rhomb-like shapes. All observed crystal forms
were consistent with siderite crystals grown in lab experiments
(e.g., Jiang and Tosca, 2019; Lin et al., 2019) or observed in
lacustrine settings (Wittkop et al., 2014). Pre-edge peak fitting
of sediment Fe XANES indicated predominantly Fe(II) (see
Supplementary Information). Iron EXAFS of sediments were
best fit by combinations of Bio Fe and siderite, with siderite hav-
ing the greatest fit contribution (20.8 %) at 64 cm. Manganese
XANES spectra were consistent with rhodochrosite (MnCO3,
which forms solid solutions with siderite) in samples from 64
and 110 cm.

Primary iron phases in Canyon Lake. Despite the highly
reducing nature of the CL water column and sediments,
some Feox1 persists in the sediment core. XANES spectra are
consistent with the presence of mixed Fe(II)-Fe(III) phases
(see Supplementary Information), perhaps green rust, which
has been found in other ferruginous settings (Zegeye et al.,
2012). While authigenic magnetite has also been shown to be
an early precipitate in ferruginous settings (Bauer et al., 2020),

Figure 1 Geochemical and mineralogical characteristics of water column solutes and solid phases. (a) Dissolved solutes in the CL water
column. Theoxycline (decrease in dissolved oxygen) occurs between7 and12m, and the chemocline (increase in dissolved Fe) occurs between
17 and 19 m. Sediment traps were deployed at 7.5, 15 and 22 m. (b) Sediment trap Fe XANES analyses. Pre-edge centroid energies are
∼7114 eV, consistent with a mixture of Fe(II) and Fe(III). (c) Sediment trap Mn K-edge XANES analyses. Peaks have lower energy
(∼6552 eV) compared to Mn-oxides (∼6558 eV), consistent with Mn(II) minerals.
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the concentrations in our extractions were very low (Fig. 2),
and magnetite was not conclusively detected by EXAFS or
XRD. Our EXAFS results suggest greigite is present in the sedi-
ments, but Fe extractions imply that this mixed-valence sulfide is
a minor component of the FeHR pool (i.e. low concentrations of
Fe sulfides), suggesting that the EXAFS analysis is highly sensi-
tive to the presence of sulfides, or is perhaps interfered

with by an unknown phase. Sulfide abundance is limited by
the small sulfate reservoir in the water column available for
reduction (Lambrecht et al., 2018), though a contribution from
an organic sulfur reservoir cannot be ruled out (e.g., Phillips et al.,
2023).

The persistence of reduced Mn phases throughout the CL
water column and sediments (Figs. 1 and 2) underscores the

Figure 2 Bulk sediment and porewater geochemistry for the CL sediment core. (a) Porosity and organic carbon content of the sediments.
The high organic carbon content of the sediments contributes to their high porosity. (b) Bulk sediment Fe andMn content showing peaks at
∼60 cmdepth,which correspond to the presence of siderite (Fig. 3). (c) Iron speciation analysis demonstrating thatmuchof the sediment Fe is
contained in the Fe(II)unsulf pool. (d) Porewater dissolved inorganic carbon (DIC) concentration and isotope composition, showing a positive
δ13C signature consistent with the mass balance of depleted carbon lost to methane. (e) Siderite saturation index (SI), which assumes the
Fe concentration (1.689 mmol/L) and pH (6.8) of deepest ferruginous water and measured porewater DIC values. Sensitivity scenarios were
based on doubling DIC and Fe concentrations, and increasing pH to 7.5.

Figure 3 Sediment Fe phases. (a) Example XRD scans showing the emergence of siderite in mid-core depths (57.5 and 63.5 cm scans;
Q= quartz peaks, S= siderite peaks). (b) Relative XRD intensity of the siderite peak normalised to the quartz peak (Isid/Iqtz), showing an
increase in siderite abundance mid-core. (c) Sediment Fe EXAFS spectra fit with linear contribution, showing values for Bio Fe, greigite,
and siderite, with the greatest contribution (20 %) of siderite to fits in the 64 cm samples (Table S-5a). (d) Sediment Mn XANES dominated
by reducedMn(II), and the emergence of a distinctive double-peak of rhodochrosite in the 64 and 110 cm samples. (e, f) Example SEM images
of twinned sphere and dumbbell crystal morphologies from the siderite-enriched interval, consistent with experimental precipitates of the
mineral.
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limited ability of this system to oxidise the large reservoir of Fe
and Mn from the ferruginous portion of the water column. The
dominance of reducedMnphases in sediment trapmaterials per-
haps points to an external source of reduced solutes—in this case,
groundwater input to the lake (Lambrecht et al., 2018). Thus,
Fe(III) delivery to CL sediments is limited, likely in the form of
a poorly ordered Fe-(oxyhydr)oxide (Bio Fe), potentially supple-
mented by small quantities of greigite and/or green rust; a small
component of Fe(III) may be added through detrital phases.

Controls on siderite occurrence. Although equilibrium
modelling indicates siderite supersaturation throughout CL pore-
waters, carbonate minerals were only confirmed in one relatively
restricted horizon, suggesting an inhibiting factor in the remaining
intervals. The relatively slow kinetics of siderite precipitation,
especially in the cold (∼5 °C) bottom waters of CL, is a likely con-
straint; hence, a metastable precursor to siderite, such as green
rust, may precipitate first. Carbonate green rust is closely associ-
ated with diagenetic siderite precipitation (Vuillemin et al., 2019),
and has been previously identified in the sediment traps from fer-
ruginous Lake Matano (Zegeye et al., 2012). Green rust ages to
siderite in laboratory experiments (Halevy et al., 2017), but the
mechanisms which govern this transformation are not well
understood (e.g., Wiesli et al., 2004), though pH is an important
control on its behavior (e.g., Guilbaud et al., 2013). Although green
rust potentially plays a role in the CL system, we were not able to
conclusively identify it in this study.

The organic carbon-rich CL sediments also create an envi-
ronment that inhibits carbonate precipitation. Over longer time-
scales, porewater alkalinity and pH are known to increase due to
continued OM fermentation (Vuillemin et al., 2023), but organic
substrates may both inhibit and promote carbonate precipita-
tion, dependent on the composition of functional groups, and
the pH of the environment (Dupraz et al., 2009). In CL sedi-
ments, intense fermentation (Lambrecht et al., 2020) likely con-
tributes to the inhibition of siderite precipitation by adding CO2

to the pore fluids, buffering against significant increases in pH.

The appearance of crystalline siderite (XRD-detectable)
∼60 cm below the ferruginous sediment–water interface sug-
gests a precipitation barrier was overcome in this horizon, likely
by an environmental change. While porewater diffusion
smoothes the concentration profiles of solutes, diagenetic
siderite precipitation may occur episodically due to environmen-
tal changes, such as lake level fluctuations (e.g., Vuillemin et al.,
2023). However, CL has been stably stratified at least since the
late 1930s (Lambrecht et al., 2018), implying that climate-driven
changes in lake mixing (e.g., drought) were an unlikely influence
in the interval where siderite occurs (see Supplementary
Information). Wildfires are a more likely influence, as both his-
torical accounts and tree ring records indicate that significant
fires occurred in the forests surrounding CL as recently as the
early 1900s (Muzika et al., 2015). Calcium carbonate is a known
product of wood combustion, and wildfire mineral ash is known
to increase environmental pH in a variety of contexts (e.g., Brito
et al., 2021).

Mineral ash deposition would stimulate an increase in
porewater pH and deliver CaCO3 to sediments. These changes
would catalyse siderite precipitation by enhancing sorbtion of
Fe and Mn ions to ash particles (Brito et al., 2021), increasing
the activity of CO3

2− (Fig. 4), and providing nucleation sites for
crystal growth, overcomingkinetic barriers to siderite precipitation
(Jiang andTosca, 2019; Lin et al., 2019). The increase in abundance
of bulk Fe and Mn in the siderite layer (Fig. 2) is consistent with a
sorbtive process, and an ash layer may have resulted in reduced
sediment porosity in the same interval, impeding porewater flow,
leading to a localised increase in solute concentrations, further

enhancing mineral precipitation potential. These observations
suggest that the siderite layer in Canyon Lake sediments derives
from a combination of depositional (ashfall, sorbtion) and diage-
netic (post-depositional crystal growth) processes.

We cannot eliminate the possibility that another process,
such as an overturn of lake stratification, drove enhanced Fe(III)
delivery to CL sediments in the past, but it seems unlikely. Lake
overturn would presumably be accompanied by oxidation of the
CL’s large isotopically lightmethane reservoir, which is inconsis-
tent with our carbon isotope data. The association betweenmin-
eral ashfall and sidertite precipitation we suggest is testable with
high-resolution sediment chronology, advanced microscopy
(e.g., TEM), and/or charcoal analysis.

The pronounced influence of pH on siderite precipitation
is linked to the dependence of siderite saturation on the concen-
tration of the CO3

2− ion (Fig. 4). Carbonate equilibrium dictates
that [CO3

2−] scales linearly with total DIC but nonlinearly with
[Hþ], due to the presence of a quadratic term (Supplementary
Information). Hence, changing the pH by 1 unit has a stronger
effect than a more substantial change in DIC. In CL porewaters
where organic carbon remineralisation buffers Hþ fluctuations
by increasing alkalinity (and consumption of Hþ by acetogens
and methanogens), an external agent (i.e. mineral ash) is
required to drive more substantial pH changes.

The detection of rhodochrosite by XANES in the same
horizon where XRD indicates siderite illustrates the hetero-
geneous nature of carbonate precipitation in CL. Lacustrine
siderites are commonly Mn-substituted (Swanner et al., 2020),
possibly linked to the more readily reducible nature of Mn-
oxides relative to Fe-(oxyhydr)oxides (Vuillemin et al., 2019).
However, the lack of anMn-oxide flux in CL suggests that a fun-
damental control on precipitation governs this occurrence of
Mn-siderite, with competition from nucleation inhibitors (e.g.,
Mg(II); Vuillemin et al., 2019) or the differential solubilities of
Ca-Mn-Fe carbonates (e.g.,Wittkop et al., 2020) offering poten-
tial explanations. Thus, the occurrence of Mn-rich siderite in the
geologic record (e.g., Siahi et al, 2020; Swanner et al., 2020) may
be interpreted to reflect passive incorporation of dissolved Mn
into the crystal structure, rather than reduction of Mn-oxides.

Biogeochemical Implications. Although siderite occurs in
sediments throughout the geologic record, direct precipitation
from Fe-enriched anoxic fluids is thought to be rare due to the
slow kinetics of siderite precipitation (Jiang and Tosca, 2019).
Modern process studies in oxygenated surface environments
tend to encounter siderite only in early diagenetic settings
(e.g., Lin et al., 2019). Hence it is often assumed that siderite pre-
cipitates following the deposition of an Fe-(oxyhydr)oxide pre-
cursor such as ferrihydrite, which is subsequently reduced in
the sediments throughmicrobial respiration, providing both dis-
solved Fe and the alkalinity needed to precipitate carbonate
phases (Heimann et al., 2010). However, our observations are
not consistent with this traditional model, as the sediment Fe
reservoir in CL is dominated by Fe(II) phases occurring below
a persistently ferruginous water column.

While Fe-(oxyhydr)oxides are often invoked as precursors
for Precambrian IF deposition (e.g.,Konhauser et al., 2017), recent
work has focused on the role of Fe-silicates in IF genesis (e.g.,
Hinz et al., 2021). In CL, direct precipitation of siderite below a
ferruginous water column represents a significant Fe burial path-
way that does not require precursor Fe-(oxyhydr)oxides or
silicates. Hence, our work demonstrates that the presence of sid-
erite in sediments should be carefully consideredwhen interpret-
ing past redox conditions, as direct precipitation pathways imply
much lower oxygen levels at the sediment-water interface than
diagenetic pathways involving Fe-(oxyhydr)oxide reduction.
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Multiple studies highlight the importance of pH in
governing both Fe-carbonate and Fe-silicate systems (Halevy
et al., 2017; Jiang and Tosca, 2019; Hinz et al., 2021), as well
as the evolution of stable phases from green rust precursors
(Zegeye et al., 2012). Could subtle variations in seawater silica
concentration and pH have generated the silicate-carbonate
banding observed in many Precambrian IFs (e.g., James et al.,
1968; Beukes et al., 1990)? A growing body of evidence supports
this possibility, but additional experiments are needed to evalu-
ate the role of pH changes and the presence of nucleation
substrates in the direct precipitation of siderite (and associated
Mn-carbonate).

In ancient seas, the role of wildfire ash in CL may have
been played by processes that introduce calcium carbonate to
more acidic ferruginous waters, including transgression over
previously deposited carbonates, turbidites, or crystals settling
from whiting events (e.g., Morse et al., 2003). The novel link
between wildfire ash and enhanced siderite precipitation iden-
tified here may also imply a new pathway for enhancing carbon
sequestration in methane-rich, ferruginous environments that
appear to be widespread in boreal shield settings and postglacial
lakes (Schiff et al., 2017).
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