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ABSTRACT  
 

Ancient iron formations hold important records of environmental conditions during the Precambrian 
Eons. Reconstructions of past oceanic systems require investigating modern ferruginous analogs to 
disentangle water column and diagenetic signals recorded in iron-bearing minerals. We analyzed oxygen, 
iron, and carbon isotopes in siderite, a ferrous carbonate phase commonly used as an environmental 
proxy, from a 100-m-long record spanning a one-million-year depositional history in ferruginous Lake 
Towuti, Indonesia. Combining bulk sediment and pore water geochemistry, we traced processes 

controlling siderite isotope signatures. We show that siderite oxygen isotope compositions (18O) reflect 

in-lake hydrological and depositional conditions. Low iron isotope values (56Fe) record water column 
oxygenation events over geological timescales, with minor diagenetic partitioning of Fe isotopes by 

microbial iron reduction after deposition. The carbon isotope compositions (13C) reflect incorporation of 
biogenic HCO3

- consistent with sediment organic matter remineralization lasting over ~200 ka years after 
burial. Positive δ13C excursions indicate increased biogenic production of methane that escaped the 
sediment during low lake levels. Diffusion across the sediment-water interface during initial formations 
of siderite tends to align the isotope signatures of bottom waters to those of pore waters. As microbial 
reduction of ferric iron and oxidation of organic matter proceed and saturate pore water conditions with 
respect to siderite, overgrowth on nuclei partially mutes the environmental signal inherited from past 
bottom waters over ~1 Ma. Because high depositional fluxes of ferric iron and organic matter in early 
oceans would have promoted similar microbial processes in ferruginous deposits prior to lithification, the 
environmental record contained in siderite grains can successively integrate depositional and early 
diagenetic signals over short geological timescales. 

INTRODUCTION 

The mineralogy of Precambrian iron formations has commonly been used to infer atmospheric and 
oceanic conditions on early Earth (Klein, 2005; Holland, 2006; Canfield et al., 2008; Poulton and 
Canfield, 2011; Swanner et al., 2020). These iron formations are comprised of a diverse array of iron-
bearing minerals including oxides, silicates and carbonates. Some of these minerals may form as pelagic 
precipitates (Poulton et al., 2004; Klein, 2005; Holland, 2006; Raiswell et al., 2011), but others are the 
products of early diagenetic recrystallization of primary ferric-ferrous iron (oxyhydr)oxides, as well as 
later-stage metamorphic reactions (Bekker et al., 2014; Halevy et al., 2017). Microbial Fe respiration, in 
particular, contributes to diagenesis in ferruginous sediments, and can drive formation of diagenetic iron 
carbonates that can be difficult to distinguish from primary precipitates (Johnson and Beard, 2008; 
Johnson et al., 2013; Posth et al., 2014; Vuillemin et al., 2019a). Formation of such diagenetic minerals 
(Ohmoto et al., 2004; Rosing et al., 2010; Kump et al., 2011; Bachan and Kump, 2015) can be spatially 
and temporally decoupled from contemporaneous ocean-atmosphere conditions (Anbar, 2004; Reinhard 
and Planavsky, 2011; Lyons et al., 2014). Due to the scarcity of ferruginous (Fe-rich, SO4-poor) 
environments on Earth today, studies distinguishing primary environmental signals related to water 
column authigenesis from secondary signals resulting from sediment early diagenesis remain scarce 
(Johnson et al., 2013; Posth et al., 2014; Swanner et al., 2020). 
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Ferruginous sediments have been deposited at the bottom of Lake Towuti on Sulawesi Island, Indonesia 
(Fig. 1A), over the last million years (Ma) or more (Russell et al., 2020). Ultramafic rocks and lateritic 
soils eroded from the catchment (Fig. 1B) supply these lakes with little sulfate but appreciable amounts of 
detrital iron (oxyhydr)oxides (Crowe et al., 2008a; Golightly, 2010; Hasberg et al., 2019; Morlock et al., 
2019). Modern Lake Towuti is permanently stratified with anoxic ferrous Fe-replete bottom waters (Fig. 
1C), thereby constituting a useful analog of the oxygen-depleted ferruginous conditions of the early 
oceans (Crowe et al., 2008b; Busigny et al., 2014). Siderite (FeCO3) is a major constituent of ancient iron 
formations (Ohmoto et al., 2004; Kump et al., 2011; Johnson et al., 2013) that can be found sporadically 
at high concentrations, up to 35 wt%, in Lake Towuti’s sediment (Figs. 2A-3A). This siderite-rich 
sediment makes it possible to characterize the processes and environmental conditions that influence 
siderite properties during formation and burial (Vuillemin et al., 2019a). Although the distribution of 
siderites down core results from in-lake environmental conditions and variable fluxes of ferric iron and 
organic matter (OM) to the sediment (Russell et al., 2020), it may further reflect redox changes at the 
sediment-water interface (SWI) as well as non-steady-state diagenesis during entombment (Vuillemin et 
al., 2019a, 2020). 

We attempt to disentangle the isotope signatures of siderites in Lake Towuti’s sediment that are inherited 
from past environmental conditions (Severmann et al., 2006, 2008; Wittkop et al., 2014) from those 
imprinted during early post-depositional processes (Mozley and Wersin, 1992; Johnson et al., 2013; Posth 
et al., 2014). We use isotope signatures presently recorded in siderites to infer hydrological changes in 
Lake Towuti, such as stratification events and lake level fluctuations, in relation to climatic cycles 
(Russell et al., 2020; Ulfers et al., 2021; Morlock et al., 2021), and trace the influence of the 
biogeochemistry (Vuillemin et al., 2016; Bauer et al., 2020) and geomicrobiology (Bray et al., 2017; 
Vuillemin et al., 2017, 2018; Friese et al., 2021) in these modern ferruginous sediments with detailed pore 
water geochemistry, bulk reactive iron and organic carbon. Based on combined siderite O-Fe-C isotopes, 
we reconstruct biotic and abiotic processes of fractionation controlling siderite isotope signatures arising 
from ~1 Ma of depositional history in Lake Towuti and exposure of the corresponding ferruginous 
sequence to microbial Fe reduction and OM oxidation. This allows assessment of the influence of early 
diagenetic processes versus paleoenvironmental conditions. We thereby aim to determine the validity of 
siderite as primary mineral indicator for Quaternary and Precambrian ferruginous aquatic conditions. 

STUDY SITE AND METHODS 

Drilling campaign and core processing 

The International Continental Scientific Drilling Program (ICDP) coring operations of the Towuti 
Drilling Project (TDP) were carried out from May to July 2015, using ICDP’s Deep Lakes Drilling 
System (Russell et al., 2016). Hole TDP-TOW15-1A (156 m water depth; hereafter TDP-1A) was drilled 
in May 2015 with a fluid contamination tracer (Friese et al., 2017) used to aid geomicrobiological 
sampling and analysis (Vuillemin et al., 2010; Kallmeyer, 2017). In total, 113 m of core were retrieved 
and sampled in the field under controlled conditions. Over 450 samples were taken immediately upon 
recovery and processed in the field for analyses of pore water chemistry and organic geochemistry. Core 
catchers were also packed into gas-tight aluminum foil bags flushed with nitrogen gas and heat-sealed to 
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keep them under anoxic conditions until mineral extraction in the home lab. In January 2016, the 
unsampled remainders of the core were split, scanned and imaged at the Limnological Research Center, 
Lacustrine Core Facility (LacCore), University of Minnesota, using a Geotek Geoscan-III with line-scan 
CCD cameras, described macroscopically and microscopically to determine their stratigraphy and 
composition (Russell et al., 2016, 2020; Ulfers et al., 2021), and then subsampled. 

Pore water analyses 

Pore water was extracted on site from whole round core sections (5 cm × 6.6 cm) in an anaerobic 
chamber after scraping off the rims with a sterile spatula. Rhizon samplers (Ejkelkamp, The Netherlands) 
were inserted into the soft sediment and pore water drained into a vacuum syringe. For denser sediment, 
we used a hydraulic press (Carver Inc., Wabash, United-States) and squeezed out the pore water as 
previously described (Vuillemin et al., 2020). Pore water was filtered through a sterile 0.2 μm Minisart 
syringe filter (Sartorius, Germany) and collected in a glass syringe pre-flushed with nitrogen. All core 
sections were checked for contamination that could potentially be caused during drilling operations. 
Samples from contaminated sections were identified by optical quantification of fluorescent particles of 
the artificial tracer added to the drilling mud, as described in (Friese et al., 2017), and discarded. 

Fe2+ concentrations were measured in the field using 1 mL of pore water with 100 μL of Ferrozine Iron 
Reagent (Sigma-Aldrich Chemie, Darmstadt, Germany) transferred to 1.5 mL disposable cuvettes (Brand 
GmbH, Wertheim, Germany) and measuring absorbance at 562 nm with a DR 3900 spectrophotometer 
(Hach, Düsseldorf, Germany). To determine pore water total Fe concentrations, 150 μL of hydroxylamine 
hydrochloride were added to 800 μL of the previous mixture, left to react 10 min to reduce all dissolved 
Fe3+, stabilized by adding 50 μL ammonium acetate and absorbance of the solution measured a second 
time (Stookey, 1970; Viollier et al., 2000). Pore water total Fe concentrations were found to be the same 
as Fe2+ concentrations, and thus Fe3+ is essentially absent from pore water. Detection limit of the method 
is 0.25 μM. Mn2+ concentrations were analyzed via spectrophotometry using 1 mL of pore water, as 
previously published (Jones et al., 2011), following the formaldoxime method (Brewer and Spencer, 

1971). Detection limit of the method is 0.02 M (Majestic et al., 2007). Concentrations of PO4
3- in pore 

water were measured by spectrophotometry. We aliquoted 0.5 mL pore water to 1.5 mL disposable 
cuvettes and added 80 µL color reagent consisting of ammonium molybdate containing ascorbic acid and 
antimony (Murphy and Riley, 1962). Absorbance was measured at 882 nm via spectrophotometry. 
Detection limit of the method is 0.05 µM. Pore water Na+, NH4

+, and Cl- concentrations were analyzed by 

normal and suppressed ion chromatography with an injected sample volume of 50 L, as previously 
described (Vuillemin et al., 2016). Based on a respective signal-to-noise ratio of 3 and 10, detection and 
quantification limits of the method calibrated on a multi-element standard are 5.8 and 35.0 μM for Na+, 
11.3 and 67.6 μM for NH4

+, and 5.7 and 16.2 μM for Cl-. All samples were measured in triplicates, with 
reproducibility within <5%. The pH and alkalinity were measured with a portable pH meter and 
colorimetric titration, respectively. Dissolved inorganic carbon (DIC) concentrations were calculated by 
solving the carbonate system using the pH and alkalinity profiles and borehole temperatures.  The 
complete pore water dataset, including all major cations and anions (Vuillemin A. et al., 2019b, 2021), 
was used to calculate mineral saturation indices (Table 1) based on pH, alkalinity, pore water 
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concentrations and borehole temperatures, using the PHREEQC v.3 software (Parkhurst and Appelo, 
2013). 

Pore water oxygen isotopes were measured via cavity ring-down spectroscopy, using a Picarro L1102-I 
isotopic water liquid analyzer (Picarro Inc., Santa Clara, United-States) at Brown University, calibrated 
against the Vienna Standard Mean Ocean Water (VSMOW) with two internal water samples measured 
every tenth sample to bracket the isotopic composition of the Towuti samples. Results that were initially 
reported as δ-values in per mil relative to VSMOW were recalculated to the international standard 
Vienna-Pee Dee Belemnite (V-PDB) (Coplen et al., 1983), applying the oxygen isotope fractionation 

factor (i.e. H2O-sid = 1.03033 at 33°C) between water and siderite (Carothers et al., 1988) using 
temperatures from 28° to 34°C as measured in the borehole TDP-TOW16-1B (Supplementary Fig. S1, 

Supplementary Table S1). As such they allow direct comparison between empirical 18O values measured 
on siderite crystals and those theoretically expected for siderites forming from modern pore water. 

For methane and carbon dioxide analysis, 2 cm3 of sediment were transferred on site inside an anaerobic 
chamber with a cutoff syringe into a 20 mL crimp vial, which was completely filled with saturated NaCl 
solution and stored at 4°C. For analysis of dissolved gases, 3 mL helium (He) was introduced to form a 

headspace. After 12 hours of equilibration, two aliquots of typically 200 L were taken from the 
headspace. One was used to determine the partial pressure of methane using a Thermo Finnigan Trace gas 
chromatograph (Thermo Fisher Scientific, Waltham, United-States) equipped with flame ionization 
detector (GC-FID), and the other one was used for carbon isotopic analysis of methane (δ13CH4) and 
carbon dioxide (δ13CO2) by isotope-ratio-monitoring gas chromatography/mass spectrometry (irm-
GC/MS) on a Trace GC Ultra gas chromatograph (Thermo Fisher Scientific) coupled to a continuous-
flow isotope ratio mass spectrometer (Delta V Plus, Thermo Fisher Scientific) as described in Friese et al. 

(2021). Results are reported as -values in per mil relative to V-PDB. 

Concentrations of volatile fatty acids (VFAs) in the pore water were measured by 2-dimensional ion 
chromatography mass spectrometry (2D IC-MS) (Glombitza et al., 2014). Measurements were performed 
with a Dionex ICS3000 ion chromatograph coupled to a Surveyor MSQ Plus mass spectrometer (both 
Thermo Fisher Scientific). The first chromatograph dimension separates the VFAs from other inorganic 
ions by trapping them on a concentrator column and subsequently separating them in the second 
chromatography dimension. To account for the low salinity of Lake Towuti‘s pore water (Glombitza et 
al., 2014), the retention time window of the eluent flow after the first column directed to the concentrator 
column was shifted by one minute to 3.5 - 8.5 min, compared to the original published method 
(Glombitza et al., 2014). Prior to analysis, pore water samples were filtered through disposable Acrodisc® 
13 mm IC syringe filters (pore size 0.2 µm) (Pall Corp., New York, United-States) rinsed with 10 mL 
ultrapure Milli-Q® water (Merck KGAA, Darmstadt, Germany) directly before use. The first 0.5 mL of 
pore water after filtration was discarded and the second 0.5 mL used for analysis. Quantification was 
achieved by a 3-point calibration with external standards containing a mixture of the analyzed VFAs at 
different concentrations (i.e. 200, 500 and 800 µg L-1). Blanks of pure Milli-Q® water were measured to 
correct for the small background deriving from trace amounts of VFAs accumulating in the trap column. 
Detection limits for the individual VFAs were all between 0.1 and 0.4 µM (i.e. formate: 0.37 µM, acetate: 
0.19 µM). 
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Sediment geochemical analyses 

Total organic carbon (TOC) concentrations and its carbon isotopic composition were measured on freeze-
dried bulk sediment treated in 20 mL 5% HCl at 50 ºC for 24 hours (Supplementary Fig. S2) as 

previously described (Vuillemin et al., 2020). Stable carbon isotopes of the bulk OM (13Corg) were 
analyzed from homogenized decalcified samples using an elemental analyzer (EuroVector, EuroEA, 
Thermo Fisher Scientific) linked to a continuous flow isotope-ratio mass spectrometer (Micromass 
Isoprime, Elementar GmbH, Langenselbold, Germany). Isotope ratios are reported as δ-values in per mil 
relative to V-PDB. TOC was back-calculated from the yield of CO2 after sample combustion to dry mass 
%. TOC was also determined as the difference between elemental analyzer (Total Carbon) and 
coulometric (Total Inorganic Carbon) analyses (Russell et al., 2020). Coulometric measurements were 
carried out at 60°C with H2SO4 and a reaction time of 20 min. Siderite concentrations in bulk sediments 
were calculated based on mineral carbon values (MinC %) obtained from previous Rock-Eval analyses 
(Ordoñez et al., 2019) and corrected according to published equations of linear regression (Jiang et al., 
2017). Results for siderite concentrations based on coulometric (Russell et al., 2020) and Rock-Eval 
(Ordoñez et al., 2019) analyses were consistent, with about 20% siderite in red clays at depth in the 
sediment succession. 

For reactive and total Fe sequential extraction, we processed 200 mg of sediment following the protocol 
described in Poulton and Canfield (2005). The highly reactive Fe pool is defined as the sum of carbonate-
associated Fe (acetate extractable Fe), hydrous Fe (oxyhydr)oxides including ferrihydrite and 
lepidocrocite (0.5 N HCl extractable Fe), ferric (oxyhydr)oxides including hematite and goethite 
(dithionite extractable Fe), and magnetite (Fe2+Fe2

3+O4) (oxalate extractable Fe). These reagents do not 
extract the Fe present in pyrite (Fe2+S2) (Henkel et al., 2016). The non-reactive Fe pool is defined as Fe 
contained in silicate minerals after removal of reactive phases (near boiling 6N HCl extractable Fe) 
(Bauer et al., 2020). Total Fe was obtained by summing up the highly reactive Fe pools and the non-
reactive Fe contained in silicate minerals. We acknowledge that sequential extraction procedures may not 
be fully adapted to tropical soils and derived sediments with high contents of Mn and Fe oxides (Silveira 
et al., 2006). To fully extract the recalcitrant crystalline fraction, total acid digestions (Leermakers et al., 
2019) may be required to avoid potentially underestimating the total Fe content of bulk sediment (Coward 
et al., 2017). Still, our protocol could dissolve >92% of the Fe from the PACS-2 international reference 
standard, ensuring high Fe yield from the samples. All Fe concentration measurements were performed 
using a Varian AA875 Flame Atomic Absorption Spectrophotometer (Varian, Palo Alto, United-States). 
Precision on triplicate measurements was 1.2% and our limit of detection was 1500 μg g-1 (0.15 wt % or 
~10 μmol cm-3). 

Ferrous mineral analyses 

Sampling for analyses of siderite was performed on core catchers and split cores, focusing on 51 intervals 

with increased siderite concentrations. To separate siderite, vivianite (Fe3[PO4]2 · 8 H2O) and magnetic 

minerals, we performed density separation on 60 mL of sediment as previously published (Vuillemin et 
al., 2019a, 2020). Isolated crystals of siderite and vivianite, and magnetic extracts were mounted on 12.7 
mm-diameter aluminum stubs and coated with 15 nm of gold using a Leica MED 020 BAL-TEC 
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metallizer. Imaging was processed on an Ultra 55 Plus Scanning electron microscope (SEM) (Carl Zeiss 
SMT, Oberkochen, Germany) equipped with an X-ray Energy Dispersive Spectroscopy (EDS) 
microanalysis system (UltraDry SDD detector, Thermo Fisher Scientific). 

X-ray diffraction (XRD) patterns were obtained for powdered siderites and vivianites extracts using a 
PANalytical Empyrean X-ray diffractometer (Eindhoven, The Netherlands), operating with a theta-theta 
goniometer at 40 kV and 40 mA and a PIXcel 3D detector. CuKα radiation was used with a step size from 
4.6 to 85° theta-theta at 1 min per step. The software packages AXS DIFFRACplus EVA and AXS Topas 
v. 4.2 were used to identify minerals and select peak references from the mineralogical database 
(Supplementary Fig. S3). 

Oxygen and carbon isotope analyses of siderites were carried out using an isotope-ratio mass 
spectrometer (Delta V Advantage, Thermo Fisher Scientific) linked to a Gasbench II (Thermo Fisher 
Scientific). Siderite crystals were previously separated from bulk sediment applying the density 
separation described above, and isolated crystals rinsed with deionized water, then with acetone and 
dried. Although potential OM inclusions in the crystals cannot be fully ruled out, this mineral extraction 
procedure should ensure minimal contamination with OM (Oehlerich et al., 2013; Lebeau et al., 2014). 
After automatic flushing of septum-capped boron silicate vials containing the siderite sample in helium 
atmosphere, 6 to 8 drops of 103% phosphoric acid were added to 0.26 ± 0.02 mg carbonate samples and 
left to react at 70°C for at least 48 h, which allows for quantitative digestion at that temperature 
(Fernandez et al., 2016). Oxygen and carbon isotope ratios are reported as δ-values in per mil. For initial 
calibration relative to V-PDB certified calcium carbonate standards (NBS18 and NBS19), and a lab-
internal reference (Solnhofen limestone) were used to scale-normalize isotope data. The δ18O values were 
corrected with respect to the different acid fractionation factors of calcite and siderite by subtracting 
0.97‰, which is the difference in phosphoric acid fractionation factors between the systems siderite-CO2 
(Rosenbaum and Sheppard, 1986) and calcite-CO2 (Swart et al., 1991) at 70°C (Supplementary Table S1). 

We applied an acid fractionation factor of CO2-siderite = 1.00971 for the reaction temperature of 70°C 
interpolated from data of Rosenbaum and Sheppard (1986). This value is in reasonable agreement with 

the one reported for sealed vessel digestion at that temperature (CO2-siderite = 1.01014) in a more recent 
study (Fernandez et al., 2016). Applying the Fernandez et al. (2016) equation just produces 0.37‰ more 
negative oxygen isotope ratios (Supplementary Table S2). 

Sample preparation and Fe isotope analyses of samples and reference materials were performed at the 
Helmholtz Laboratory for the Geochemistry of the Earth Surface (HELGES), GFZ Potsdam. For iron 
isotope analysis, samples (5-10 mg sediment crushed to <60 μM in an agate mortar, >90% siderite purity) 
were treated with 10% acetic acid for 24 hours at room temperature to dissolve siderite and avoid 
dissolution of potential silicate impurities (von Blanckenburg et al., 2008). Blanks and reference materials 
(USGS COQ-1 carbonatite, BHVO-2 basalt) were processed in parallel for quality control following 
published protocols (Schoenberg and von Blanckenburg, 2005; von Blanckenburg et al., 2008) involving 
separating Fe from all other elements by ion chromatography columns (DOWEX AG-X8 resin) prior to 
isotope analysis. Purity of sample solutions and quantitative recovery of iron after the column separation 
procedure was verified by inductively coupled plasma-optical emission spectrometry (ICP-OES, Varian 
720ES) analyses. The procedure blanks, measured by quadrupole ICP-MS (Thermo Fischer Scientific 
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iCAP-Qc), contained <10 ng Fe,  which is less than 0.01% of process sample Fe and is therefore 
considered insignificant. Fe isotope analysis was performed using a Neptune multi-collector (Thermo 
Fisher Scientific) inductively coupled plasma mass spectrometer equipped with a Neptune Plus Jet 
Interface Pump and a quartz-glass spray chamber (double pass cyclon-scott type, Thermo SIS) with a 100 
µL min-1 self-aspirating PFA nebulizer for sample introduction. Analyses were run in high mass 
resolution mode (m/Δm 5%, 95%, ca. 9000) and potential isobaric interferences were monitored and 
corrected at masses 52Cr and 60Ni. For mass bias correction, we used the sample-standard bracketing 
method with the international reference material IRMM-014 as standard. Measurements were repeated 2 
to 8 times in two independent sessions, and accuracy was verified by repeated analyses of reference 
materials (Supplementary Table S3) and comparison to published reference values (Dideriksen et al., 
2006; Craddock and Dauphas, 2011; Moeller et al., 2014; He et al., 2015). Isotope ratios (56Fe/54Fe and 
57Fe/54Fe) are reported as δ-values in per mil relative to IRMM-014 and are only discussed in terms of 
δ56Fe values. 

RESULTS 

Core lithology and bulk sediment 

The seismic profiling (Russell et al., 2016; Ulfers et al., 2021) revealed two major sedimentary units in 
Lake Towuti. Unit 1 consists of well-stratified sediment that extends from the SWI to a depth of 100 
meters below lake floor (mblf). Below 100 mblf, the stratigraphic sequence is essentially composed of 
shallow lacustrine, fluvial, deltaic and terrestrial sedimentary facies (Unit 2) and is not discussed here. A 
detailed description of the full stratigraphy is published elsewhere (Russell et al., 2020; Ulfers et al., 
2021). 

The succession at Site 1 is predominantly fine-grained with clay comprising 60-90% by volume. The 
composite sediment record mainly consists of alternating green and red clays, the latter containing 
variable siderite concentrations (Russell et al., 2016, 2020). Three major lithotypes can be distinguished 
in Unit 1 based on differences in color, structure, siderite and TOC content: Green clays, red clays, and 
diatomaceous ooze (Fig. 2A). Green clays are dark, thin to medium bedded, and have generally higher 
TOC concentrations (Ordoñez et al., 2019). Red clays are thin to medium bedded to mottled, and siderite 
occurs both finely dispersed in the sediment matrix and in discrete layers, lenses, and concretions (Russell 
et al., 2020). Laminated to massive diatomaceous oozes are found around 32 and 45 mblf. Vivianites are 
common between 20 and 50 mblf and mostly found in green clays in co-occurrence of the diatom oozes. 
Turbidites are relatively rare, but more common from 5 to 20 mblf, and from 55 to 70 mblf (Fig. 2A).  

Based on these lithotypes (Fig. 2A), three stratigraphic units were defined along the 100-m-long sediment 
sequence (i.e. Unit 1a to 1c). From top to bottom, Unit 1a contains low concentrations of ferrous minerals 
in the sediment (e.g. siderite, vivianite, magnetite) and corresponds with reducing conditions in the water 
column during the late Holocene. The subsequent interval displays relatively abundant siderite and 
magnetite in red clays that corresponds to a 10 to 30 m reduction in Lake Towuti's water level (Vogel et 
al., 2015) and closed-basin conditions (Costa et al., 2015) during the Late Glacial Maximum (LGM). Unit 
1b includes two 5-m thick beds of diatomaceous ooze (Fig. 2A) and vivianites. This interval displays 
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variations in colors from light brown to dark brown with grey-green transitions (Fig. 2B). Vivianite 
mottles and concretions are also sporadically present in the vicinity of turbidites and tephra between 50 
and 70 mblf. The siderites observed in the lower part of Unit 1b are much coarser-grained than those 
observed in Unit 1a. Unit 1c often consists of red clays with coarse-grained siderites, including large 
mottles and concretions. The very base of Unit 1c consists of a woody peat layer capped by a 1-m thick 
silt reflecting the transition to the shallow lacustrine, deltaic sedimentary facies composing Unit 2. 

The 14C dating results indicate an age of ~44.7 ka at 9.79 mblf, whereas those of 40Ar/39Ar on a tephra at 
72.95 mblf yielded an age of 797.3 ± 1.6 ka (Russell et al., 2020), implying much slower sedimentation 
rates in stratigraphic Unit 1b and 1c than in Unit 1a (Ulfers et al., 2021; Supplementary Fig. S4). The 
estimated age of ~1 Ma at the base of the sequence is broadly consistent with molecular clock estimates 
(Stelbrink et al., 2014) and formation of the Malili Lake basins 1.5 to 2 Ma ago (Watkinson and Hall, 
2017). Unit 1a to 1c are interpreted in terms of tectonic evolution of the lake basin, and in particular a 
gradual increase in accommodation space, and its influence on lake water depth, water column 
oxygenation, and sediment mineralogy (Russell et al., 2020; Morlock et al., 2021; Sheppard et al., 2021). 

Sedimentary OM is mainly autochthonous (Friese et al., 2021), albeit at low concentrations, with some 
contribution of fluvially-derived material (Morlock et al., 2019; Hasberg et al., 2019). TOC and siderite 
concentrations display opposite trends, with highest TOC concentrations found in diatom oozes and green 
clays (Fig. 3A). Siderite concentrations peak in red clays, with concretions becoming more abundant 
between 60 and 90 mblf. Total Fe concentrations in bulk sediment generally fluctuate between 12 and 15 
wt% throughout Unit 1a, with a steep increase to 25 wt% around 5 mblf within the interval corresponding 
to the LGM (Russell et al., 2014; Costa et al., 2015). Total Fe concentrations are highest from 50 to 60 
mblf, where turbidites are also more frequent. Reactive Fe concentrations vary between 5 and 15 wt% and 
are consistent with total Fe throughout the sequence. Intervals of increased deposition of reactive Fe 
occur at 5 and 60 mblf (Fig. 3A). 

Pore water geochemistry 

Cl- concentrations in pore water display an increase from 53 to 136 M around 8 mblf, and fluctuate 

between 60 and 200 M below, with generally higher values in the bottom core (Fig. 3B). In contrast, 

Na+ concentrations display a steep increase from 115 M at the SWI to 400 M around 8 mblf. 

Concentrations then regularly increase from 400 M at 12 mblf to 1000 M in the lowermost part of the 
core. The increase in Cl- and Na- concentrations roughly coincides with sediment deposited during the 
lake level drop during the LGM (Vogel et al., 2015; Costa et al., 2015). Concentrations of pore water Fe2+ 

are highly variable throughout the sedimentary sequence (17-278 M). Some of the intervals with highest 
dissolved Fe2+ values are found in the uppermost part of the record (1-4 mblf), around 15 mblf, and in 
bottom core sediment. In comparison, Mn2+ concentrations are much lower, displaying a single increase 

from 0.5 to 20 M between 10 and 20 mblf, and rapidly decrease reaching our detection limit (0.02 M) 
at 60 mblf. This 10-m-long interval displaying high Mn2+ and Fe2+ concentrations mostly consists of 
green clay (Fig. 3B). 

Pore water PO4
3- concentrations increase from zero at the SWI to 0.62 M at 7 mblf. Below this depth, 

concentrations decrease and remain low (< 0.4 M), with slightly higher values in sediment right above 
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the peat layer. Pore water NH4
+ concentrations increase gradually from 20 M at the SWI to 68 M at 1 

mblf, reaching 161 M at 6 mblf. Below this depth, values decrease to about 80 M and fluctuate. 

Formate concentrations in pore water increase rapidly in near-surface sediment, reaching 30 M at 0.8 

mblf. Below this depth, values drop to 5 M and fluctuate between 7 and 14 M in the remainder of the 
core (Fig. 3B). Pore water acetate concentrations vary within the upper 1 mblf, where they initially 

increase from 10 M to their maximal value of 38 M at 5 mblf, then decrease to 10 M at 20 mblf and 
fluctuate below. These different profiles are consistent with active processes of OM mineralization within 
the upper 20 mblf (Friese et al., 2021) and stepwise fermentation of labile substrates (Vuillemin et al., 
2014a). 

The temperature profile obtained on site via borehole logging (Ulfers et al., 2021) shows an overall 
increase from 28° to 33°C in the 100 m of Unit 1 (Supplementary Fig. S1). The pH of pore water 
increases from 6.8 in surface sediment to 7.6 at 8 mblf, and then oscillates between 7.0 and 7.5 down core 
(Fig. 5A). The highest pH values (i.e. 8.2 to 8.5) are found in sediment above the peat layer. Alkalinity 
[meq × L-1] in pore water constantly increases down core from 2.0 to 7.6 (Supplementary Fig. S1). Based 
on the previous two profiles, DIC was calculated by solving the carbonate system. At pH between 6.8 and 
8.5 and with increasing alkalinity, DIC accumulates in the pore water, mainly in the form of HCO3

- 
(Supplementary Fig. S1). 

Within the upper 20 mblf, both pore water DIC and methane concentrations consistently increase 
gradually from 2 to 5 mM with depth (Fig. 3B). Below this depth, DIC increases gradually, reaching 6 
mM at the bottom of the core, whereas methane concentrations fluctuate between 5 mM and 1 mM in 
green and red clays, respectively (Fig. 3B). Although potential depressurization during core retrieval 
could result in scattered values around 3 mM reflecting the solubility of methane under atmospheric 

pressure, this does not influence the 13C compositions of gases. 

Temperature, pH and isotope compositions of the water column 

Lake Towuti’s water column is weakly thermally stratified (i.e. 31–28°C), circumneutral (pH 8.4 to 7.2) 
(Bauer et al., 2020), and presently oxygen-depleted below 130 m depth (Figs. 1C, and 5A). The δ18O 
values measured over the 200 m of the water column display a variation of 0.5‰ against VSMOW, with 
a temperature decrease of 2.5°C from the lake surface (i.e. -5.08‰, 30.5°C) down to the SWI (i.e. -
4.64‰, 28°C). The most positive δ18O value (i.e. -4.15‰) is found in the oxycline (Fig. 5B, 
Supplementary Fig. S5). By analogy with nearby Lake Matano (Kuntz et al., 2015), the δ13C values 
expected for Lake Towuti’s water column show that values tend to be 13C-enriched at higher pH in 
surface waters (i.e. -6.5‰, pH 8.4) and depleted in the heavy isotope at lower pH in anoxic bottom waters 

(i.e. -7.7‰, pH: 7.3). The 13C values also tend to decrease in the vicinity of the oxycline (i.e.-8.0 to -
7.9‰). 

Isotope compositions in the sediment 

The δ13C values of the bulk OM are mostly around -30 to -33‰ throughout the sequence (Fig. 3C). An 
exception is the interval between 4 and 10 mblf, which was previously reported to correspond to the LGM 
(Russell et al., 2014; Costa et al., 2015). There, an important increase to the most 13C-enriched values (-
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21.2‰) of the record occurs. The most 13C-depleted values are observed in the vicinity of the 
diatomaceous oozes (-32.7 to -33.8‰), with two subsequent increases to -27.0 and -27.4‰ at 50 and 60 
mblf, respectively.  

The δ13C values of methane are -72.7‰ in uppermost sediment and increase to -66.3‰ at 25 mblf, depth 
after which they remain constant throughout the sediment sequence (Fig. 3C). These values are well in 
the range indicative of biogenic methane (Penger et al., 2012; Lecher et al., 2017). The δ13C values of 
DIC increase in parallel to those of methane, from -14.5‰ in the uppermost sediment to -13.2‰ at 10 
mblf, and remain constant throughout the remainder of the core (Figs. 4A-5B). These δ13C values for 
methane and DIC are consistent with the consumption of CO2 by hydrogenotrophic methanogens (Lecher 
et al., 2017; Friese et al., 2021) and mass balance during OM remineralization (Boehme et al., 1996). 

The δ13C values measured in siderite (Fig. 4A) highly fluctuate within the upper 20 mblf, varying from -
15.8‰ to close to -0.7‰ around 10 mblf. From 20 to 80 mblf, values scatter around -13‰ (i.e. -10.1 to -
14.5‰), the minimal δ13C value (-16.4‰) being at 53 mblf, but mostly remain in the same range as those 
measured on DIC. From 80 to 100 mblf, values quickly increase to about 3.8‰ in the sediment overlying 
the peat horizon. 

The modeled δ18O values of siderite (Fig. 4A) calculated from pore water oxygen isotopes (Fig. 5B) 
display minor variations around an average of -5.5‰ down core (Figs. 4A and 5C). In contrast, those 
actually measured in siderite crystals display considerable variations within the upper 20 mblf, with an 
initial increase from -4.5‰ in surficial sediments to -1.3‰ at 7 mblf, near the LGM interval, and a 
subsequent decrease to about -7.2‰ between 12 and 18 mblf in green clay. Below 20 mblf and 
throughout the lowermost part of the core, δ18O values fluctuate around -5‰, with two excursions (-3.3 
and -3.4‰) between 65 and 85 mblf (Figs. 4A and 5C). 

The δ56Fe values measured in siderites span a range from -0.2‰ to -0.7‰ and are highly variable along 
sediment depth (Fig. 4A). In Unit 1a, values decrease from -0.2‰ in surface sediment to -0.6‰ at 10 
mblf, then increase to -0.3‰ at 20 mblf, depth under which they co-vary with pore water Fe2+ and Mn2+ 
concentrations (Fig. 3B). The transition to Unit 1b is marked by the apparition and sporadic occurrence of 
vivianites (Fig. 2B) (Russell et al., 2020; Vuillemin et al., 2020), whose δ56Fe values are in between -0.4 
and -0.6‰. Minima for siderites are found around 55 and 70 mblf, whereas deeper in Unit 1c values are 
almost constant between -0.2 and -0.3‰. Overall, the δ56Fe profile obtained for both siderites and 
vivianites display four minima located in green clays around 10, 30, 50 and 70 mblf (Fig. 4A). 

Mineral analyses and imaging 

The SEM images document the existence and formation of diverse Fe2+-bearing phases (Fig. 6). SEM 
images reveal different habits for magnetite, such as framboids, nm-sized flake aggregates and highly 
dissolved residual crystals (Fig. 6A). Pelagic framboidal magnetites were previously observed in 

sediment traps in concomitance with 5 to 10 M euhedral monocrystals that were considered detrital in 
origin (Bauer et al., 2020). In deeper sediments, sources of magnetite are also multiple (e.g. detrital, 
volcanic, microbial precipitates) and display features of dissolution and precipitation that cannot be 
considered unequivocal biosignatures (Supplementary Fig. S6), but show that magnetite is exposed to 
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reductive dissolution during burial (Tamuntuan et al., 2015). EDS analysis on magnetic extracts 
(Supplementary Table S4) reveals the incorporation of trace elements (i.e. Cr, Ti, Ni, Mn) reflecting the 
likely presence of detrital phases derived from the ultramafic catchment (Fig. 6A), such as chromite 
(Fe2+Cr2

3+O4), wüstite (Fe2+O) and ulvöspinel (Fe2
2+Ti4+O4), whereas an increasing content of Ni2+ and 

Mn2+ could possibly reflect authigenic formation of magnetite in the water column and sediment 
(Vuillemin et al., 2019a; Bauer et al., 2020). 

SEM images from increasingly deep sediment samples show that siderites initially develop from micritic 
phases into mosaic crystals in the upper 15 mblf (Fig. 6B). With depth of burial, siderite forms and grows 
into stubby crystal morphologies, merging into large mosaic-type crystals through twinning and 
aggregation during diagenetic maturation (Vuillemin et al., 2019a). The siderites from deep sediments 
display denser aggregates and have little remaining pore space in contrast to those from surficial 
sediments that are smaller and porous (Supplementary Fig. S7). EDS analyses on siderites 
(Supplementary Table S5) show quantitative substitution of Fe2+ by Mn2+ in samples (Fig. 6B) from 
relatively shallow depths (<15 mblf), thereby revealing the presence of Mn-rich early growth phases or 
nuclei (Supplementary Fig. S7). Deeper samples show compositions that are close to the chemical 
formula of siderite, with limited substitution of Fe2+ by Ca2+ and Mg2+. 

SEM images of vivianite crystals show that this mineral grows from a tabular habit to rosette with the 
addition of blades around an initial central tabular template (Fig. 6C). EDS analyses (Supplementary 
Table S6) indicate that quantitative incorporation of Mn2+ occurs in early crystals of vivianite that likely 
enclose iron oxides during continuous crystal growth with depth of burial (Vuillemin et al., 2020). 

DISCUSSION 

Combined O-Fe-C isotope measurements in siderite have been used to assess syn-depositional and post-
depositional reactions that affect the rock and sediment record of ferruginous basins (Hangari et al., 1980; 
Heimann et al., 2010). These isotope compositions are taken as direct indicators of past aquatic conditions 
(Poulton et al., 2004; Klein, 2005; Holland, 2006), elseways early authigenic mineral formation and soft 
sediment diagenesis are thought to control the isotopic signatures of siderite (Raiswell et al., 2011; 
Johnson et al., 2013; Posth et al., 2014). 

For instance, the 18O variations in authigenic carbonates can record changes in salinity (Liu et al., 2009), 
temperature (Leng and Marshall, 2004) and water isotopic composition (Oehlerich et al., 2015). In 
lacustrine systems, the latter is largely controlled by water balance, i.e. the interplay between lake inflow 
and evaporation (Lamb et al., 2006; Mayr et al., 2007). However, microbially-mediated diagenetic 
processes also result in oxygen isotope fractionation towards lower δ18O values in carbonates, potentially 
due to organic carbon remineralization (Hangari et al., 1980; Heimann et al., 2010) and precipitation in 
disequilibrium ((Fronval et al., 1995; Watkins et al., 2013) that may overprint water column signals 
(Mortimer and Coleman, 1997; Teranes et al., 1999; Kuntz et al., 2015).  

Iron isotopes act as tracers of abiotic and microbially-mediated redox processes in aquatic systems and 
anoxic sediments (Busigny et al., 2014; McCoy et al., 2016). During abiotic oxidation at redox interfaces, 
equilibrium fractionation between aqueous Fe2+ and precipitated Fe3+ in ferruginous systems can amount 
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to 3‰. In contrast, kinetic Fe isotope fractionation (i.e. preferential precipitation of 54Fe relative to 56Fe) 
during microbial reduction releases Fe2+ with δ56Fe values up to 2‰ lower than the original ferric 
substrates (Icopini et al., 2004; Wiesli et al., 2004). Mixing of anoxic bottom waters and sediment early 
diagenesis can result in ferrous minerals with δ56Fe values between -0.8 and -0.2‰ lower than those of 
igneous rocks (Staubwasser et al., 2006; Tangalos et al., 2010). These are δ56Fe values one can initially 

expect of Towuti’s ultramafic catchment and related detrital sources (56Fe = +0.1 ± 0.1‰). These effects 
can be superimposed if Fe3+-bearing phases initially precipitated in equilibrium from a stratified 
ferruginous water column are buried and reduced in the anoxic sediment. As pore water becomes 
gradually saturated with dissolved Fe2+ (Jiang and Tosca, 2019), ferrous mineral phases start precipitating 
during early diagenesis (Severmann et al., 2006), which may compromise the preservation of the original 
environmental signatures from the time of deposition (Posth et al., 2014). 

Finally, the carbon isotope record from iron carbonates has been used to infer primary productivity 
(Lyons et al., 2014), rates of OM burial (Bachan and Kump, 2015) and oxidation (Kump et al., 2011) 
across the Precambrian Eons (Saltzman and Thomas, 2012). It can also be used to inform on geochemical 
conditions at the time of deposition (Raiswell et al., 2011; Wittkop et al., 2014), OM diagenetic pathways 
(Johnson et al., 2013) and post-depositional alteration of siderite phases (Ohmoto et al., 2004). In 
contrast, microbial respiration of OM with ferric iron in near-surface soft ferruginous sediment (Friese et 
al., 2021) can rapidly lead to pore water enrichment with biogenic HCO3

- and aqueous Fe2+, thereby 
reaching saturation with respect to siderite prior to lithification (Mortimer et al., 1997; Vuillemin et al., 
2019a). Because post-depositional growth of siderite crystals incorporates biogenic DIC from pore water, 
low δ13C values (ca. -15‰) reflect 12CO2 production by non-methanogenic fermentative bacteria (Kump 
et al., 2011). 

Here, we discuss individual and combined isotopic signatures of siderites in the context of Lake Towuti’s 
geological evolution and related processes covering ~1 Ma of depositional and diagenetic history and 
conclude on the use of siderite as an indicator for the ancient rock record. 

Oxygen isotopes: Past hydrological conditions and pore water influences 

Most siderites in Lake Towuti’s upper 20 m of sediment carry 18O values that strongly differ from those 

calculated from the pore water (Figs. 4A and 5C), implying that these 18O signatures could be inherited 

from variations in isotopic composition or temperature of the paleolake bottom waters. The 18O values 
measured in the modern water column appear negatively correlated with its temperature variations, 
suggesting that a 2.5°C cooling of bottom water results in water isotope composition that is 0.5‰ heavier 
than at the lake surface (Figs. 5A-5B). Molecular diffusion across the SWI implies that early siderite 
crystals (i.e. nuclei) grow and incorporate oxygen isotopes from pore water in equilibrium with bottom 
water isotopic compositions. Diffusion in lacustrine fine sediments usually reaches down to 0.7 to 1 mblf 
(Hesslein, 1980). Such sediment depth is consistent with the onset of carbonate mineral precipitation in 
the Fe3+ reductive zone (Furrer and Wehrli, 1996) which, in Lake Towuti, is restricted to the uppermost 
ferruginous sediment (Bauer et al., 2020) while still extending at very low reduction rates down to 4 mblf 
(Friese et al., 2021). A sedimentation rate of 21.9 cm ka-1 in the upper 1 mblf, documented by radiocarbon 
dating (Russell et al., 2014, 2020), implies that bottom and pore waters remain in isotopic equilibrium for 
about 4.5 ka after sediment deposition, but that oxygen isotopes equilibrate over longer time, potentially 
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due to diffusion by Brownian motion (Islam, 2004). In addition, ferruginous sediments are noticeably 
denser than siliciclastic sediments, which may result in higher compaction rates (Bjørlykke, 2015). This 
would further imply that early diagenetic processes relevant to shallow formation of siderite (Carrigan 
and Cameron, 1991) occur prior to the loss of pore water and related increase in dry-bulk density (Maier 
et al., 2013). 

From surface sediment down to 10 mblf (Figs. 4A and 5C), siderite 18O values (-4.4 to -1.3‰) are 
higher than those calculated from pore water δ18O compositions (-5.4 to -6.2‰). These relatively 18O-
enriched values coincide with higher δ13C values in organic carbon (Fig. 3C) representing increased 
contributions from in C4 grasses to the bulk OM (Russell et al., 2014; Wicaksono et al., 2015). During the 
LGM, an important lake level drop with hydrological closure (Vogel et al., 2015; Russell et al., 2014; 
Costa et al., 2015) contributed to evaporative 18O-enrichment of Lake Towuti’s water body. Although 
temperature-dependent fractionation has also been reported to account for the difference between 
modeled and measured δ18O values in biogenic siderites (Zhang et al., 2001), it is uncertain whether past 
atmospheric variations and regional cooling (Leng et al., 2006) could have affected the lake’s bottom 
water temperatures and 18O compositions during the LGM. Modern Lake Towuti is an open basin with a 
short residence time losing about 70% of water inputs through its outflow (i.e. Larona River). Ambient 
humidity is high, suppressing evaporation. Moreover, temperatures in the sediment increase down hole, 

with little variation in pore water 18O values (Figs. 5A-5B, Supplementary Fig. S1). Based on isotopic 
temperature scale (van Dijk et al., 2018) and water column profiles in modern Lake Towuti (Figs. 5A-

5B), bottom waters would have to be 11.5°C cooler than today to account for the 2.52‰ increase in 18O 

values measured in siderites (Fig. 5C), assuming that the 18O signal is attributed to temperature changes 
only. This would equal temperatures around 16°C in bottom waters during the LGM. Regional climate 
reconstructions for Sulawesi (Dam et al., 2001; Russell et al., 2014) report a wet climate ca. 35 ka ago, 
but dry conditions from 31 to 13 ka (Hope et al., 2001) followed by a moistening trend from the late 
glacial into the Holocene (Tierney et al., 2012). The monsoon seasonality on Sulawesi (Wicaksono et al., 
2015; Russell et al., 2020) further highlights the importance of evaporative enrichment to match the 
observed isotopic compositions (Fig. 5B). From November to May, the northeast monsoon delivers strong 
18O-depleted rainfall (-10 to-7‰) on Sulawesi, whereas reduced precipitation of the southwest monsoon 

during summer is isotopically heavier (-4 to -6‰) (Konecky et al., 2016). Thus, higher 18O values could 
signify decreased rainfall with a higher evaporation-to-inflow ratio (Mayr et al., 2007; Li et al., 2020), 
and further suggest that oxygen isotopes in siderites recorded hydrological conditions related to a closed 

basin with diminished northeast precipitations during the LGM. The present range of 18O values is 
similar to those reported for ancient and modern pedogenic siderites that recorded oxygen isotopic 
composition of past precipitations and groundwater (Driese et al., 2010; Ludvigson et al., 2013). In 
addition, Cl- concentrations in pore water, considered a reflection of paleolake salinities (Vuillemin et al., 
2014b), are consistent with increased evaporation in Lake Towuti during that period while excluding 
potential recharge with modern lake waters (Fig. 3B). The contrasting increase in Na+ concentrations with 
depth was interpreted as a result of clay alteration during diagenesis (Curtis, 1985).  

From 10 to 20 mblf, 18O values in siderites are the most negative of the profile (-7.2 to -6.9‰), which 
represents an interval of green clay corresponding with presumably much wetter conditions some 60 ka 

ago and likely a higher lake level (Russell et al., 2014). By analogy with the 18O values measured in 
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permanently stratified nearby Lake Matano (Katsev et al., 2010), an explanation would be an inflow-to-
evaporation ratio greater than today leading to a lake-level highstand with long-term stratification of the 
water column (Fig. 4B). Siderites forming in equilibrium with the present-day monimolimnion waters of 

Lake Matano (-6.5 to -7.0‰ to VSMOW) would theoretically show siderite 18O values around -7.5‰ 
(V-PDB), similar to our observations in Lake Towuti’s sediment during this interval (Carothers et al., 
1988; van Dijk et al., 2018). Under permanently stratified conditions, methane production also occurs in 
Lake Matano’s anoxic waters (Kuntz et al., 2015), suggesting that organic carbon remineralization and 
related changes in pH and DIC could promote disequilibrium precipitation (Fronval et al., 1995; Watkins 

et al., 2013) and influence the water column 18O signals (Hangari et al., 1980; Teranes et al., 1999; 
Heimann et al., 2010). Another effect of long-term stratification in Lake Matano is the accumulation of 
dissolved Fe2+ and Mn2+ in anoxic bottom waters (Crowe et al., 2008a; Katsev et al., 2010; Jones et al., 
2011; Bauer et al., 2020), which could further result in increased Fe2+ and Mn2+ concentrations in pore 
water after burial, as it is presently observed for Lake Towuti in this sediment interval (Fig. 3B). From 20 

to 60 mblf (Unit 1b), the siderite 18O values in Lake Towuti are also in better agreement with those 
calculated from pore waters (Figs. 4A and 5C). In the lowermost sediments (Unit 1c), variable 
hydrological conditions during the initial basin filling of Lake Towuti (Russell et al., 2020; Morlock et 
al., 2021) produced siderites with δ18O values fluctuating between -6.1 and -3.3‰. This sediment 
sequence also corresponds with an overall lower lake level, perhaps with a smaller drainage basin (Fig. 
7), related to the gradual tectonic and geomorphic formation of the lake (Watkinson and Hall, 2017; 
Russell et al., 2020). 

Our 18O measurements thus support previous lithostratigraphic observations, and suggest that Lake 

Towuti alternated between hydrologically open and closed configurations throughout its history. Our 18O 
analyses also confirm that siderites commonly form in surficial sediment under oxidizing depositional 
conditions that promote burial of reactive ferric iron (Vuillemin et al., 2019a, 2020). Oxidizing conditions 
at the SWI could either result from a regionally drier climate at Lake Towuti, with shorter monsoon and 
evaporative cooling of the lake inducing water column mixing and/or lower lake levels (Costa et al., 
2015; Russell et al., 2020). Alternatively, erosion of the lateritic catchment during wetter periods and 
sporadic turbiditic events likely increased lithogenic inputs of ferric iron to the lake deep basin 
(Tamuntuan et al., 2015; Vogel et al., 2015; Morlock et al., 2019).  

Altogether, siderites may initially record a signal arising from hydrological conditions, but OM 
remineralization in the sediment increases pore water DIC and, thereby, maintains saturation with respect 
to siderite (Table 1). Siderite overgrowth on nuclei incorporates pore water isotopes and results in 

relatively constant 18O values during diagenesis. We infer limited diagenetic maturation of siderite 
crystals in Unit 1a as siderite nuclei inherit the isotopic composition of past hydrological conditions and 
bottom waters during formation in surficial sediment, whereas, in Unit 1b and 1c, the mass added to 
growing crystals (Fig. 6B) may dominate the siderite nuclei’s isotope signals (Mortimer et al., 1997; 
Vuillemin et al., 2019a). We hypothesize that the volume ratio of rims to nuclei (Supplementary Fig. S5) 
follows a mass balance, during which precipitating most of the siderite from saturated pore water would 

align their respective 18O values (Figs. 4A and 5C) and mute the environmental signature through long-
term reaction with average pore water during burial. 
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Iron isotopes: Sources, water column stratification and reductive diagenesis 

In Lake Towuti, detrital minerals derived from lateritic soils (Hasberg et al., 2019; Morlock et al., 2019) 
and primary Fe-oxides formed at the oxycline (Bauer et al., 2020) experience reductive dissolution in the 
water column and surficial sediment (Tamuntuan et al., 2015; Sheppard et al., 2019, 2021). Continuous 
removal of one phase at the oxycline (i.e. Rayleigh processes) results in ferric iron precipitates that may 
display δ56Fe values up to 1-2‰ higher than the remaining aqueous Fe2+ (Bullen et al., 2001; Anbar, 
2004; Wiesli et al., 2004). On the contrary, mixing of anoxic bottom waters can produce ferric minerals 
with δ56Fe values between -0.8 and -0.2‰ lower than their detrital sources (Staubwasser et al., 2006; 
Tangalos et al., 2010). Thus, depositional fluxes in anoxic bottom waters have the potential to form 
isotopically light Fe3+ nanocrystalline phases (i.e. ferrihydrite-like phases) that precipitate in the sediment 
(Bullen et al., 2001; Severmann et al., 2008) as microbially reducible ferric iron (Crowe et al., 2007; Bray 
et al., 2017). The isotope fractionation takes place by either partially oxidizing the isotopically light Fe2+ 

dissolved in bottom waters or by extracting the isotopically heavy Fe3+ into magnetite (Bauer et al., 2018, 
2020). Because Lake Towuti’s sediments are depleted of highly reactive ferric phases (Fig. 3A) after only 

shallow depths of burial (Bauer et al., 2020; Friese et al., 2021), the 56Fe signatures of siderites are 
expected to reflect isotope variability between detrital and pelagic ferrihydrite-like phases (Severmann et 
al., 2008; Wu et al., 2019, references therein) and Fe2+ partitioning in equilibrium with pore water 
(Severmann et al., 2006). During early diagenesis, different ferrous phases can precipitate (Table 1) 
according to geochemical evolution of pore water (Staubwasser et al., 2006; Posth et al., 2014; Planavsky 
and Busigny, 2017; Vuillemin et al., 2020). 

The investigated 100-m-long sedimentary sequence consists largely of alternating dark green to reddish-
grey clays (Fig. 2A). SEM images document the existence and progressive growth of different diagenetic 
ferrous phases, including siderite, during burial (Figs. 6A-6C). In the absence of pyrite (sulfate < 20 μM) 
and only minor magnetite formation in Lake Towuti (Vuillemin et al., 2019a; Bauer et al., 2020), siderites 
and vivianites are the main Fe2+-bearing minerals to form (Figs. 6B-6C) which are mostly found in 
reddish and green clay, respectively. Although reddish clays contain evidence for oxidizing lacustrine 
conditions, they also contain abundant ferrous minerals relating to both pre- and post-depositional redox 
processes (Tamuntuan et al., 2015; Russell et al., 2020; Sheppard et al., 2021). In the upper 10 m of Unit 
1a, pore water Fe2+ concentrations rapidly increase below the SWI and drastically drop while δ56Fe values 
in siderites decrease from -0.2 to -0.6‰ (Figs. 3B and 4A). Since microbial Fe reduction is mostly active 
in the uppermost sediment (Bauer et al., 2020; Friese et al., 2021), this suggests kinetic Fe isotope 
fractionation followed by rapid and continuous incorporation of dissolved Fe2+ in siderites as pore water 
becomes saturated with DIC (Fig. 3B; Table 1). Pore water concentrations of formate, acetate, methane, 
NH4

+ and PO4
3- successively peak in sediment from 1 to 10 mblf (Fig. 3B). As the main products of OM 

mineralization, these pore water constituents demonstrate that biogenic DIC is actively produced during 
fermentation processes subsequent to Fe reduction. Ongoing OM fermentation further drives a gradual 
increase in alkalinity and raises the pH of pore water (Fig. 5A; Supplementary Fig. S1) resulting in steady 
siderite saturation (Table 1). Consistent with metal concentrations in surficial pore water (Fig. 3B), SEM 
elemental analyses show that siderites initially precipitate as Mn-rich nuclei and further develop in twins 
and aggregates during burial (Fig. 6B; Supplementary Fig. S7). 
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Transiting from Unit 1a to Unit 1b, sideritic beds are less common from 20 to 50 mblf, whereas vivianites 
are increasingly found from 20 to 70 mblf (Figs. 2A-2B). The first occurrence of vivianites coincides with 
a drastic decrease in pore water Mn2+, Fe2+ and PO4

3- concentrations (Fig. 3B), providing evidence for 
vivianite nucleation around 20 mblf (Vuillemin et al., 2020). The occurrence of vivianite crystals further 
questions redox conditions in Lake Towuti’s bottom waters at the time of deposition as oxic-anoxic 
transitions during periods of lake stratification provide the right conditions to form ferric phosphate 
precursors (Vuillemin et al., 2013; Heinrich et al., 2020). Moreover, the corresponding sediments display 
variations in colors (Fig. 2B) that we presently interpret as reflecting redox conditions at the SWI (Fig. 7). 
This vivianite-bearing interval coincides with high productivity of diatoms and likely diffusion of 
dissolved phosphate and ferrous iron across the SWI and their recycling in the lake (Russell et al., 2020; 
Vuillemin et al., 2020). In the sediment when sufficient PO4

3- is made available through microbial 
processes of OM degradation, and also sporadic tephra inputs (Russell et al., 2020; Vuillemin et al., 
2020), vivianite can nucleate and thereby act as an additional sink for the light Fe2+ isotope, exhibiting 

56Fe values as low as -0.6‰ (Fig. 4A). Along this interval, vivianite crystals develop from a tabular 
habit into rosette (Fig. 6C), with mottles and concretions between 40 and 70 mblf, indicating continued 
growth of vivianite at the expense of siderite after formation and during burial. 

Below 70 mblf (Unit 1c), siderite δ56Fe values increase in concomitance with pore water Fe2+ 
concentrations. On the one hand during Lake Towuti’s initial stage, subsidence exceeded sediment 
deposition (Fig. 7) due to active bounding between the Matano and Lawanopo normal faults (Watkinson 
and Hall, 2017). Rapid subsidence implies basin deepening and infilling with lateritic inputs (Morlock et 
al., 2019, 2021), limited reductive dissolution of iron oxides in a reduced and oxygenated water column 
(Sheppard et al., 2020), but substantial diagenetic growth of Fe minerals during burial (Sheppard et al., 
2021). On the other hand, continuous crystal growth (Fig. 6B) under saturated pore water conditions may 
result in strong isotopic zonation in the precipitated phases (Henkel et al., 2016) as the dissolved and 
residual Fe2+, which is depleted in 54Fe, is incorporated from the pore water into the rims of the growing 
crystals during later diagenesis. In the absence of additional data to constrain such mass balance effect on 

Fe isotopes, we suggest that these somewhat higher 56Fe values result from the isotopic composition of 
detrital ferric substrates deposited under oxic bottom water conditions (Henkel et al., 2018), their limited 
reactivity toward microbial reduction (Friese et al., 2021) and continuous siderite growth under saturated 
pore water conditions (Vuillemin et al., 2019a) during long-term burial. 

As for other 56Fe redox cycling signatures in the water column (Busigny et al., 2014; Camacho et al., 

2017) and below the SWI (Liu et al., 2015), the low 56Fe values of siderites (-0.2 to -0.7‰) and 
vivianites (-0.4 to -0.6‰) are consistent with kinetic isotope fractionation during microbial Fe3+ reduction 
under both laboratory (Icopini et al., 2004) and natural settings (Busigny et al., 2014). Assuming constant 
Fe isotope fractionation factor between siderite and pore water (Henkel et al., 2016), one possibility 
involves different concentrations of ferric-ferrous precipitates in the sediment whose low δ56Fe would be 
generated prior to deposition during partial redox reactions in bottom waters (Bullen et al., 2001; Anbar, 
2004). In this case, lowest δ56Fe values associated with green-red clay transitions would inform on the 
sporadic oxygenation of anoxic bottom waters, during which a higher flux of isotopically light 
ferrihydrite-like phases could reach the sediment (Scholz et al., 2011). As the main diagenetic end-
members, siderites and vivianites could partly reflect δ56Fe signatures inherited from the reductive 
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dissolution of these ferric precipitates (Sheppard et al., 2019; Bauer et al., 2020), but also result from Fe 
isotope fractionation and partitioning due to microbial reduction in Towuti’s sediment during early 
diagenesis (Severmann et al., 2006; Scholz et al., 2014). 

Carbon isotopes: OM mineralization, biogenic DIC and methane escape 

In modern Lake Towuti and Matano, stratification of the water body with OM remineralization in the 

water column results in an overall decrease in pH (Fig. 5A) and in the associated 13C values of DIC (Fig. 
5B), which revolve around -7.5‰ in bottom waters (Kuntz et al., 2015). Nevertheless in both lakes, 
siderite remains at near-saturation in anoxic bottom waters (Bauer et al., 2020). 

In the sediment of Lake Towuti, pore water DIC and methane concentrations (Fig. 3B) continuously 
increase with depth through the upper 20 mblf. The accumulation of methane implies that methanogenesis 
occurs over 200 ka, whereas increasing DIC concentrations indicate that the system is well buffered with 
respect to pH (i.e. 6.8 to 7.2) and alkalinity (Supplementary Fig. S1) and mainly present in the form of 
HCO3

-. OM remineralization causes rapid saturation in biogenic DIC with respect to siderite (Table 1), 
thereby initiating its precipitation from pore water at relatively shallow depth in reddish clay (Vuillemin 
et al., 2019a). VFA concentrations in pore water are further consistent with fermentation processes within 
the upper 15 mblf (Fig. 3B). VFAs, such as formate and acetate, are central intermediates of anaerobic 

metabolism and their isotope composition is presumed to cover a large range of 3C values due to 
microbial processes involved in their production and consumption (Heuer et al., 2006), and their final 
remineralization to H2, CO2, and methane (Glombitza et al., 2019; Friese et al., 2021). The rapid turnover 
of VFAs into H2 and CO2 with concomitant production of methane may in the short term produce very 
variable δ13C values of the DIC incorporated in siderites, and indeed siderite δ13C values display large 
variations in the upper 20 m of the sediment (Unit 1a). Elsewise according to mass balance during OM 
remineralization (Boehme et al., 1996), hydrogenotrophic production of biogenic methane from pore 
water 12CO2 enriches the residual DIC in the heavy isotope (Ogrinc et al., 2002; Heuer et al., 2009; 
Pohlman et al., 2009), resulting in more 13C-depleted values for methane (-72.7 to -63.9‰) than for CO2 
(-14.5 to -11.4‰) (Figs. 3C and 4A). 

Around 10 mblf, the excursion in siderite13C values (from -0.8 to -15.1‰) predates the lake level drop 
reported for the LGM (Costa et al., 2015; Vogel et al., 2015; Russell et al., 2020), during which siderite 

13C values fluctuate between -10.7 and -4.4‰. In the same depth interval, bulk OM (Fig. 3C) recorded 
inputs mainly derived from the surrounding rainforests (-32.3 to -31.5‰), whereas the increased presence 

of C4 grasses in the catchment during the LGM resulted in higher 13C values in bulk OM (-24.5 to -

21.2‰) between 3 and 8 mblf (Wicaksono et al., 2015). The 13C values of bulk OM and siderites do not 
covary (Supplementary Fig. S8), which indicates that the δ13C signal in siderites does not record the 
terrestrial and pelagic environmental processes that influence bulk OM. Another possibility is that, during 
lake-level lowstands and associated fluctuations in bottom waters and sedimentation rates, fermentative 
gases and dissolved Fe2+ would diffuse out of the sediment and, thereby, affect pore water saturation with 
respect to siderite in shallow sediment. This would variably deplete the light carbon isotopes from the 

DIC and result in fluctuating 13C values in siderite, with potential methane oxidation at the SWI (Cadeau 
et al., 2020). 
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From 12 to 60 mblf (~Unit 1b), siderite 13C values are almost identical to those of the dissolved CO2 (-
14.5 to -11.4‰), while VFA concentrations argue for constant decrease in fermentative activity with 
continuous accumulation of DIC and methane with sediment depth (Figs. 3B-4A). This suggests that 

siderite 13C compositions in this interval are primarily derived from biogenic CO2 controlled by 
methylotrophic (-72.7 to -68.8‰) and hydrogenotrophic (-65.4 to -67.3‰) methanogenesis that results in 
more 13C-depleted methane isotope composition than acetoclastic methanogenesis (Penger et al., 2012; 
Vuillemin et al., 2014a; Lecher et al., 2017). Sedimentation rates in this ~600 ka-long interval are also 
highly reduced (Fig. 7), which further implies that siderites, although forming in shallow sediments, 
incorporate DIC over longer time periods. Continuously saturated pore water conditions result in crystal 
overgrowth on nuclei (Fig. 6B) that partially mutes the pre-depositional signal and mainly records pore 
water conditions according to a mass balance (Boehme et al., 1996). Highest DIC concentrations are 
found above a peat layer at 100 mblf that marks the onset of a pelagic lacustrine regime (Fig. 7) 
transitioning from swamps (Unit 1c) to an early shallow lake system (Russell et al., 2020). Consistent 
with DIC upward diffusion, the overlying sedimentary red beds contain up to 40% siderite displaying 

progressively higher 13C values (-14.5 to 3.8‰) towards the basal peat layer (Figs. 2A and 3A). Under 
methanogenic conditions and methane degassing toward the surface, anoxic bottom waters and shallow 

sediment can accumulate isotopically heavy DIC and precipitate siderites with 13C values that are about 
+5 to +8‰ enriched in 13C compared to those formed in the sediment (Myrbo and Shapley, 2006; 
Wittkop et al., 2014). Because present-day conditions in Lake Towuti’s anoxic bottom waters are under 
saturation with respect to siderite (Bauer et al., 2020), these heavy 13C-enriched values of siderites are the 
likely result of increased methane production, and potential degassing, from the peaty sediment with 
incorporation of the residual 13C-enriched DIC at an early stage of burial (Cadeau et al., 2020). Similar 

positive 13C values were reported for siderites in link to biogenic decomposition of wood tar in Baltic 
Sea sediments (Hałas and Chlebowski, 2004), thereby supporting the present influence of the basal peat 
layer on Lake Towuti’s deepest siderites. 

Thus, we interpret the siderite δ13C signals as predominantly reflecting post-depositional processes, 
namely OM mineralization to methane and siderite precipitation with its carbon sourced from biogenic 
DIC (Fig. 4B) under saturated pore water conditions (Table 1). Because pore waters are saturated with 
respect to siderite throughout the sediment sequence, crystal growth continues and forms mosaic siderite 
aggregates on preexisting crystals (Fig. 6B). Linking diagenesis to lithostratigraphy, Unit 1a displays 
active OM remineralization processes across a sedimentary interval reflecting variable hydrological 
conditions. Unit 1b corresponds with low sedimentation rates and constant precipitation of siderites in 
chemical equilibrium overprinted by DIC-saturated pore waters, whereas Unit 1c reflects an initial 
reduced paleolake during which production and diffusion of fermentative gases out of the sediment led to 
the incorporation of isotopically heavy DIC sources into siderites (Fig. 7). 

Combined isotopes: Pre- and post-depositional signatures with extension to the rock record 

Our combined O-Fe-C isotope analyses on siderites (Figs. 4B and 5C) demonstrate that the δ18O values 
contain a mixed record of lake water temperatures and isotopic compositions, controlled by lake level 
fluctuations. Thus, siderites forming at an early stage of burial likely preserve signals from past climatic 
conditions in their nuclei. However, continuous growth on these pre-existing crystals implies 
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incorporation of pore water oxygen isotopes, with sector zoning (Dickson, 1991) and variable 
precipitation rates during sediment OM remineralization (Fronval et al., 1995). Such kinetic effects 
potentially result in disequilibrium precipitation (Watkins et al., 2013) which lessens applicability of their 
signatures as paleo-indicators (Johnson et al., 2013; Posth et al., 2014). Although the lowest δ56Fe values 
recorded in siderites may relate to periodic oxygenation of bottom waters and formation of isotopically 
light ferric precipitates, reductive dissolution of iron phases after deposition implies partition of light Fe2+ 
isotopes through pore water into variable Fe components in the sediment, with siderites and vivianites as 
end-members. The degree to which past lacustrine conditions are recorded in siderite Fe isotopic 
compositions or interwoven with post-depositional processes (Figs. 4B and 7) depends on redox 
conditions in bottom waters, the isotopic composition of the ferric substrates deposited, whereas 
subsequent diagenetic overprint relates to diffusion processes across the SWI, reactivity towards 
microbial Fe reduction and mass balance during overgrowth on nuclei (Supplementary Fig. S9). The δ13C 
values are principally determined by diagenetic pathways of OM degradation reflecting mass balance 

with incorporation of biogenic HCO3
- and associated carbon isotopes in siderite crystals. The heavy 13C 

values of siderites point to high rates of methanogenesis and consequent 13C-enrichment of the residual 
DIC pool. During low lake levels, sporadic methane degassing from the sediment could result in 
increased loss of the 12C isotope from the system and possible methane oxidation at the SWI 
(Supplementary Fig. S9). These processes are active throughout Unit 1a, indicating that OM 
mineralization continues at least ~200 ka after sediment deposition. In Unit 1b which encompasses 
perhaps ~600 ka, isotope signatures are interwoven due to reduced sedimentation rates and diffusion 
across the SWI. In Unit 1c (~800 ka – 1 Ma), fluvial inflows, lateritic ferric inputs, and methane excess 
production and diffusion apparently exert the final control on siderite isotope compositions (Fig. 7). As 
pore water conditions remain saturated with respect to siderite, continuous overgrowth during burial 
results in crystal coalescence and lithification of sideritic beds over ~1 Ma. 

The morphologies of siderite crystals in the deep sediment of Lake Towuti (Fig. 6B) display textural 
similarities to diagenetic siderites and ankerites (CaFe[CO3]2) described from Precambrian iron 
formations, as for instance rosettes (Köhler et al., 2013) and cemented spherules (Coleman, 1993). In 
contrast to primary pelagic precipitates (Konhauser et al., 2005), such spheroidal morphologies have been 
linked to depositional environments in which increased OM was buried along with iron oxides (Carrigan 
and Cameron, 1991; Winter and Knauth, 1992; Papineau et al., 2017). Considering ancient ferruginous 
systems, the relatively short-term environmental variations in Lake Towuti may be compared to shallow 
environments of the Meso- to Neoproterozoic Era in which siderite strata formed (Tang et al., 2018; 
Swanner et al., 2020). At the time, redox state in the oceans transitioned between euxinic and ferruginous, 
with likely short-lived suboxic and oxic conditions (Canfield et al., 2008). During the early 
Neoproterozoic, the redox chemistry of continental margins further evolved from widespread sulfide-
containing conditions to a global ferruginous state (Guilbaud et al., 2020), with dynamic oxygen levels in 
the corresponding water column (Planavsky et al., 2018; Tang et al., 2020). In this context, ancient iron 
formations such as Banded Iron Formations (Bekker et al., 2014) are considered to derive mostly from 
hydrothermal fluxes of particulate iron in deep basins (Tosca et al., 2019), whereas terrigenous sources of 
iron oxides deposited on passive continental margins (Pufahl et al., 2013; Bekker et al., 2014; Tang et al., 
2020) are more relevant to Lake Towuti as ferruginous analog (Friese et al., 2021). Factually, Lake 
Towuti is dominated by external iron inputs weathered from lateritic soils (Morlock et al., 2019). 
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Although particulate iron is partially reduced and dissolved in the water column (Sheppard et al., 2019; 
Bauer et al., 2020), Lake Towuti displays lesser amount of dissolved iron in its bottom waters (Fig. 1C) 
relative to past ferruginous margins (Canfield et al., 2018; Tang et al., 2018, 2020), nearby Lake Matano 
(Bauer et al., 2020) and other meromictic lakes studied as modern ferruginous analogs (Busigny et al., 
2016; Camacho et al., 2017; Lambrecht et al., 2018).  

The siderite 18O values from modern Lake Towuti were considered to act as a reliable recorder of past 
hydrological conditions (Ludvigson et al., 2013; van Dijk et al., 2018, 2020) during the LGM and more 
recent times. Either in marine or freshwater environments (Mozley and Wersin, 1992) and as long as they 
form close to the SWI (Winter and Knaut, 1992), siderites should inherit their isotope signatures from 
bottom water temperatures and isotopic compositions (Carrigan and Cameron, 1991). However, diffusion 
of solutes across the SWI into overlying waters, lasting pore water saturation with respect to siderite 
(Table 1) during sediment organic carbon remineralization (Hangari et al., 1980; Heimann et al., 2010) 
and variable precipitation rates with siderite overgrowth on nuclei (Vuillemin et al., 2019a) were 

considered multiple reasons for potential diagenetic overprint towards lighter 18O values. As such, the 

18O signatures of siderite cannot be extrapolated to ancient ferruginous systems in terms of 
photosynthetic productivity (Crockford et al., 2018) or low-oxygen atmosphere (Planavsky et al., 2020; 
Reinhard et al., 2020).  

In ancient iron formations, the lowest δ56Fe values reported for iron carbonates (-2‰) are thought to 
record a high benthic flux of aqueous Fe2+ produced during microbial reduction under low O2 conditions 
(Planavsky and Busigny, 2017). In comparison, near-zero and positive δ56Fe values of siderites in ancient 
rocks remain difficult to explain as their formation pathways may involve precipitation from distinct 
fluids (Wiesli et al., 2004), cation substitutions (Klein, 2005) and post-depositional diagenetic processes 
(Posth et al., 2014; Tosca et al., 2019) with partial to complete reduction of the reactive iron buried in the 
sediment (Heimann et al., 2010; Friese et al., 2021). Under limited capture of hydrothermal Fe isotopes as 
pyritic shales (Planavsky et al., 2012), water-column precipitates and sediment ferrous phases became the 
main sinks for the isotopically light Fe, which is similar to our present observations in Lake Towuti. We 
interpreted the mineralogical sequence of Lake Towuti as mostly reflecting variable inputs of detrital iron 
weathered from the catchment during wet and dry periods, the related lacustrine redox conditions and 
limited diagenetic overprint during deep burial (Morlock et al., 2021; Sheppard et al., 2021). This shows 
that the host rocks in the catchment exert initial controls on the formation and composition of the 
lithostratigraphy (Fig. 2). In addition, the sideritic layers above the peat layer and underlying deltaic 
facies (Figs. 2 and 7) are analogous to certain clay and blackband ironstones (Gibson et al., 1994; Taylor, 
2005; Akinlotan, 2017). As such, they may provide clues on depositional conditions and microbial 
processes (Vuillemin et al., 2016, 2018; Friese et al., 2021) that led to their formation during the 
Phanerozoic. 

Whether siderite layers can be used as a proxy for Proterozoic atmospheric CO2 (Ohmoto et al., 2014) or 
not (Gäb et al., 2017) is matter of debate (Heimann et al., 2010). The lack of a secular trend in the 

Precambrian 13C record is conventionally interpreted in terms of changing proportions of organic to 

inorganic carbon burial. It has also been proposed that the fairly stable carbon inputs and 13C values 
result from a high completeness of organic carbon oxidation (Daines et al., 2016; Canfield et al., 2018), 
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with periods of positive carbon isotope excursions reflecting abundant methane degassing to the 
atmosphere (Cadeau et al., 2020; Sauterey et al., 2020). However, the dynamics of carbon cycling in 
modern lakes are generally more productive with respect to ancient iron formations (Friese et al., 2021), 
and most of the recent work on Neoproterozoic and Precambrian environments points to very low 
productivity (Crockford et al., 2018; Guilbau et al., 2020). Iron formations in particular are known for 
having anomalously low TOC, which further suggests that DIC sources that resulted in most 13C-depleted 
siderites were either very different (Winter and Knaut, 1992; Ohmoto et al., 2004), or that OM was 
efficiently oxidized (Carrigan and Cameron, 1991; Canfield et al., 2018). 

In Lake Towuti, although siderites preferentially form in OM-poor sediments (Ordoňez et al., 2019), the 
relatively high TOC content fuels extensive methanogenesis in the sediment. Despite the burial of 
terrigenous reactive ferric oxides alongside a substantial pool of biogenic methane (Fig. 3), anaerobic 
oxidation of methane (AOM) was not observed (Vuillemin et al., 2018; Friese et al., 2021). The linear 

trend of constantly low 13C values (-13‰) reflects incorporation of biogenic DIC from pore water under 

reduced sedimentation rates that would promote diffusion across the SWI. Positive 13C excursions 
reflect siderite formation from a residual DIC pool in correlation with 12C-enriched biogenic methane, 
with potential escape from the sediment during periods of low lake level (Figs. 4B and 7). Moreover, the 
consistent 13C depletion in siderites of Unit 1b questions the degree to which methanogenesis is necessary 

to generate positive 13C excursions in carbonates (Meister and Reyes, 2019). In comparison, the 13C 
values of siderites above the basal peat layer (i.e. 3.77‰) support extensive methanogenesis, whereas the 

fluctuating 13C values in relatively shallow sediment of Unit 1a point to a closer coupling between OM 
remineralization and microbial Fe reduction (Heimann et al., 2010; Friese et al., 2021). 

CONCLUSIONS 

Our data show that, in ferruginous Lake Towuti, short environmental in-lake variations and early 
diagenesis at shallow depths of burial determine the combined O-Fe-C isotope signatures recorded by 
siderites, namely lake levels, redox conditions in bottom waters, sedimentation rates, diagenetic evolution 
of pore water geochemistry, and mass balance during OM remineralization as the main factors. Although 
the mineralogical features of siderites and their irregular distribution down core result from variability in 
depositional fluxes of ferric iron and OM to the SWI, the isotopic signatures of these siderites are 
dominantly influenced by dissimilatory reactions and sediment early diagenesis over water column 
processing at a relatively early stage of burial. Recording of pre-depositional versus post-depositional 
processes appears dependent on sedimentation rates as diffusion across the SWI tends to align the 

signatures of siderites either on those of the lake bottom or sediment pore waters. Strongly negative 13C 
values of siderite clearly reflect a carbon source provided by sustained OM remineralization in the 

sediment in the absence of AOM, whereas more positive 13C values indicate increased production of 
biogenic methane and its potential escape from the sediment during early burial. Finally, the influence of 
crystal overgrowth on nuclei over the ~1 Ma studied here requires further investigations in terms of 
oxygen and iron isotopes incorporation from pore water. The combined isotopic trends measured on 
siderites and the geochemical evolution of pore waters during burial allow placing constraints on the 
timescale of active diagenetic mineral growth, which is presently assessed to 200 ka and ~1 Ma for biotic 
and abiotic processes, respectively. 
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Because high depositional fluxes of ferric iron and OM in early oceans would have promoted microbial 
processes in ferruginous deposits prior to their lithification, microbial imprint of isotope signatures with 
overgrowth of siderite nuclei during shallow burial has to be taken into account in interpreting carbonate 
concretions and siderite strata from the ancient rock record. 
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Table 1. Modeled saturation indices based on pH, alkalinity, pore water concentrations of major 
ions and borehole temperatures. Siderite appears to be over saturation throughout the sedimentary 
sequence, whereas vivianite remains at near-saturation with sediment depth. Pore water saturation with 
respect to vivianite is reached around 20 mblf (Vuillemin et al., 2020). 

5 m depth Saturation 10 m depth Saturation 
talc/serpentine 1.43 siderite 1.00 

siderite 1.29 quartz 0.71 
quartz 0.71 vivianite -0.04 

vivianite -0.45 talc/serpentine -0.31 
calcite -0.68 calcite -0.83 

dolomite -0.77 aragonite -0.97 
aragonite -0.82 dolomite -1.27 
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SUPPLEMENTAL MATERIAL 

 

Content: 

- Supplementary Figure S1: Borehole temperatures with pore water alkalinity, pH, DIC and oxygen 
isotopes  

- Supplementary Figure S2: Treatment of bulk sediments and siderite for carbonate dissolution  

- Supplementary Figure S3: XRD spectra for siderite and vivianite extracts. 

- Supplementary Figure S4: Age model used for the calibration of the Unit 1 lacustrine sequence 

- Supplementary Figure S5: Temperature, O2 concentration and oxygen isotopes in the water column 

 - Supplementary Figure S6: SEM back-scatter images of magnetite extracts. 

- Supplementary Figure S7: TEM images and elemental mapping of siderite nuclei  

- Supplementary Figure S8: Scatter plots of siderite isotope compositions. 

- Supplementary Figure S9: Syn-depositional and post-depositional processes setting isotope signatures 

 

 

- Supplementary Table S1. Oxygen isotope fractionation factors between different phases and siderite. 

- Supplementary Table S2: Results of iron isotopes for data quality control. 

- Supplementary Table S3: Results of EDS analyses on magnetic extracts and corresponding SEM 
images. 

- Supplementary Table S4: Results of EDS analyses on siderite samples and corresponding SEM images. 

- Supplementary Table S5: Results of EDS analyses on vivianite samples and corresponding SEM 
images. 
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Supplementary Table S1. Oxygen isotope fractionation factors between different phases and 
siderite. 

Reference Phases Temperature Fractionation factor () 
Rosenbaum & Sheppard, 1986 
 
Equation used: 
103ln  = 6.84 × 105(1/T2) + 3.85 

CO2 - siderite 25°C 
50°C 
70°C 

100°C 
150°C

1.01163 
not measured 
1.009706 
1.00881 
1.00771 

Carothers et al., 1991 
 
 
 
 

Pore water to siderite 
Factor used: 1.03033 
T° range in Towuti: 28 to 33°C 
 

CO2 - siderite  
(phosphoric acid) 
 
 
 

H2O - siderite 
 
 
 
 
 

H2O - calcite 
 

natural 25°C 
synthetic 25°C 

natural 50°C 
synthetic 50°C 

 

33°C
56°C 

103°C 
150°C 
197°C 

 

102°C 
102°C

1.01165 
1.01175 
1.01079 
1.01075 
 

1.03033 
1.02640 
1.01893 
1.01322 
1.01067 
 

1.01750 
1.01740 

Swart et al., 1991 CO2 - calcite  
(phosphoric acid) 
 

LMC acid bath 
89.9°C 
81.0°C 
70.6°C 
59.7°C 
50.9°C 
25.0°C 

sealed vessel 
90.0°C 
75.0°C 
50.0°C 
35.0°C 
25.0°C 

PSU acid bath 
89.9°C 
81.0°C 
70.6°C 
59.7°C 
50.9°C 
25.0°C 

sealed vessel 
89.9°C 
81.0°C 
70.6°C 
59.7°C 
50.9°C 
25.0°C

 
1.00798 
1.00816 
1.00837 
1.00875 
1.00898 
1.00989 
 
1.00821 
1.00853 
1.00924 
1.00982 
1.01025 
 
1.00799 
1.00823 
1.00831 
1.00871 
1.00904 
1.00989 
 
1.00827 
1.00854 
1.00929 
1.00961 
1.01000 
1.01025 

Mortimer & Coleman, 1997 H2O - siderite 
 

Fe pure 30°C 
Fe pure 30°C 
Fe pure 30°C 
Fe pure 30°C 

1.0203 
1.0224 
1.0257 
1.0245 
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Fe pure 30°C 
Fe pure 30°C 
Fe pure 30°C 
Fe pure 30°C 
Fe pure 35°C 
Fe pure 25°C 
Fe pure 35°C 
Fe pure 40°C 

 

Mg/Ca 25°C 
Mg/Ca 30°C 
Mg/Ca 35°C 
Mg/Ca 35°C 

 

Mn 25°C 
Mn 30°C 
Mn 35°C 
Mn 35°C 
Mn 18°C 
Mn 25°C 
Mn 30°C 
Mn 35°C 
Mn 35°C 
Mn 40°C

1.0251 
1.0275 
1.0297 
1.0261 
1.0258 
1.0266 
1.0232 
1.0239 
 

1.0278 
1.0264 
1.0263 
1.0241 
 

1.0220 
1.0238 
1.0232 
1.0237 
1.0220 
1.0236 
1.0235 
1.0234 
1.0226 
1.0221 

Fernandez et al., 2016 CO2 - siderite sealed vessel 
70°C 

open vessel 
100°C

 
1.01014 ± 0.0002 
 
1.00983 ± 0.0002 
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