
 
 
	

Geochem. Persp. Let. (2023) 28, 20–26 | https://doi.org/10.7185/geochemlet.2339  SI-1 

	

 
 
 
 

Authigenic minerals reflect microbial control on pore waters in a 
ferruginous analogue 

A. Vuillemin, M. Morlock, A. Paskin, L.G. Benning, C. Henny, 
J. Kallmeyer, J.M. Russell, H. Vogel 

	
 
Supplementary Information 
 
The Supplementary Information includes: 
 

Ø Supplementary Methods 
Ø Figures S-1 to S-8 
Ø Table S-1 
Ø Supplementary Information References 

 
Supplementary Methods 
 
Core recovery, water column profiles, gravity cores 
 
The oxygen concentration profile was collected on site using a submersible conductivity-temperature-depth probe (Sea-
Bird SBE-19, Sea-Bird Electronics). The Fe2+ concentration profile was obtained from water samples (Bauer et al., 
2020) collected using 5 L Niskin bottles (General Oceanics) attached in series and placed at depth using a commercial 
FCV 585 fish finder (Furuno Electric Co.). The upper 0.35 m of the sediment record corresponds to samples obtained 
via short gravity coring during pilot campaigns in November 2013 and 2014, and sampled as described in Vuillemin et 
al. (2016), whereas the 100-m-long sediment sequence comes from hydraulic cores obtained as part of the Towuti 
Drilling Project (TDP). 

The TDP coring operations were carried out from May to July 2015 using the International Continental 
Scientific Drilling Program (ICDP) Deep Lakes Drilling System (Russell et al., 2016). Hole TDP-1A (156 m water 
depth) was drilled in May 2015 with a fluid contamination tracer added to the drill mud prior to operations and used to 
aid geomicrobiological sampling and analysis. All core sections were checked for contamination and those containing 
the tracer were discarded (Friese et al., 2017). Samples were collected from TDP-1A cores immediately upon recovery 
and were subsequently cut from the core sections into 5 and 10 cm long whole round cores (WRC), 6.6 cm in diameter, 
immediately capped and transferred to an anaerobic chamber flushed with nitrogen to avoid oxidation during sample 
handling, and processed in the field for analyses of pore water chemistry, cell count and microbial DNA fingerprinting. 

In January 2016, the unsampled remainders of TDP-1A cores were split and scanned at the Limnological 
Research Center, Lacustrine Core Facility (LacCore), University of Minnesota, described macroscopically and 
microscopically to determine their stratigraphy and composition (Russell et al., 2016), then subsampled for dense 
mineral extraction (Vuillemin et al., 2019a). 
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Bulk analyses 
 
Total organic carbon (TOC) was determined as the difference between elemental analyser (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 and corrected according to published 
equations of linear regression (Ordoñez et al., 2019). Results for siderite concentrations based on coulometric and Rock-
Eval analyses were consistent, with about 20 % siderite in red clays at depth in the sediment succession. 

For iron speciation, a subsample of 500 mg of wet sediment from each core interval of both sediment cores was 
extracted in the field and immediately leached in 1 mL 0.5 N HCl, and Fe-speciation (FeII and FeIII) of the easily 
extractable Fe-phases was measured spectrophotometrically on site using a ferrozine assay (Viollier et al., 2000). For 
reactive and total Fe sequential extraction, the complete Fe-speciation protocol was performed on anoxically preserved 
and freeze-dried sediments milled to fine powders using an agate hand mortar and pestle. Sample masses of 200 mg of 
sediment were processed following the protocol described in (Poulton and Canfield, 2005). The highly reactive Fe pool 
is defined as the sum of hydrous Fe (oxyhydr)oxides including ferrihydrite and lepidocrocite (0.5 N HCl extractable Fe), 
carbonate-associated Fe (acetate extractable Fe), ferric (oxyhydr)oxides including hematite and goethite (dithionite 
extractable Fe), and magnetite (Fe2+Fe23+O4) (oxalate extractable Fe). These reagents do not extract the Fe present in 
pyrite (Fe2+S2) (Henkel et al., 2018). The non-reactive Fe pool is defined as Fe contained in silicate minerals after 
removal of reactive phases (near boiling 6 N HCl extractable Fe). Total Fe was obtained by summing up the highly 
reactive Fe pools and the non-reactive Fe contained in silicate minerals (Fig. S-1). The entire procedure is detailed in 
(Friese et al., 2021). 
 
 
Pore water sampling and geochemical analyses 
 
Pore water within the upper 10 m of TDP-1A cores was extracted using Rhizon Pore Water Samplers (Rhizosphere 
research products), directly inserted into the soft sediment. Below 10 m depth, we removed the more compact sediment 
samples from their liner and scraped off all potentially contaminated rims with a sterile spatula. The remaining sediment 
was transferred into an IODP-style titanium pore water extraction cylinder and placed on a two-column bench top 
laboratory hydraulic press (Carver Inc.). Pore water was filtered through a sterile 0.2 µm syringe filter and collected in 
a glass syringe pre-flushed with nitrogen. For anion analysis, 1 mL of pore water was transferred to a screw neck glass 
vial (VWR International) and stored at 4 °C until analysis. Alkalinity, pH, and Fe2+ concentrations were determined in 
the field via colourimetric titration, potentiometry and spectrophotometry, respectively. Major ions were analysed at 
GFZ Potsdam by ion chromatography. 

The pH was measured in the field with a portable pH metre (Thermo Scientific Orion, Star A321) calibrated at 
pH = 4, 7 and 10. We homogenised 2 mL of sediment in 2 mL of deionised water and measured the supernatant after 2 
min and calibrated our results based on standard reference materials, as commonly done for organic-rich soil samples 
(Black, 1973). Total alkalinity was measured via colourimetric titration on pore water samples. Dissolved inorganic 
carbon (DIC) concentrations were calculated by solving the carbonate system using the pH and alkalinity profiles and 
borehole temperatures (Jenkins and Moore, 1977). Dissolved Fe2+ concentrations were measured directly after pore 
water retrieval using 1 mL aliquots transferred to 1.6 mL Rotilabo single-use cells (Carl Roth) and stabilised by adding 
100 µL of Ferrozine Iron Reagent (Sigma-Aldrich Chemie). Absorbance of the coloured solution was measured at 562 
nm with a DR 3900 spectrophotometre (Hach). 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+, stabilised by adding 50 µL ammonium acetate and absorbance of the solution measured a second time (Viollier et 
al., 2000). Pore water total Fe concentrations were found to be the same as Fe2+ concentrations, and thus Fe3+ is absent 
in pore water. Detection limit of the method is 0.25 µM. Concentrations of Mn2+ were analysed via spectrophotometry 
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as previously published (Jones et al., 2011), following the formaldoxime method (Brewer and Spencer, 1971). 
Concentrations of PO4

3− in pore water were measured in the field by spectrophotometry. We aliquoted 0.5 mL pore 
water to 1.5 mL disposable cuvettes (Brand Gmbh) and added 80 µL colour reagent consisting of ammonium molybdate 
containing ascorbic acid and antimony. Absorbance was measured at 882 nm with a DR 3900 spectrophotometre (Hach). 
Detection limit of the method is 0.05 µM. Pore water Ca2+, Mg2+, SO4

2− and NH4
+ concentrations were analysed by 

normal and suppressed ion chromatography. Based on signal-to-noise ratios of 3 and 10, respective detection and 
quantification limits of the method calibrated on a multi-element standard are 8.3 and 38.5 µM for Ca2+, 9.6 and 44.6 
µM for Mg2+, 2.0 and 8.4 µM for SO4

2−, and 11.3 and 67.6 μM for NH4
+. All samples were measured in triplicates, with 

reproducibility better than 5 %. All procedures were previously published (Vuillemin et al., 2016, 2023). 
The concentrations of trace metals in pore water (i.e. As, Co) were measured via inductively coupled plasma 

mass spectrometry (ICP-MS). For this purpose, 100 µL of pore water sample were added to 10 mL of HNO3 2 % with 
10 µL of standard solution, mixed thoroughly, and then measured using a ThermoFischer HR-ICP-MS system. 
Concentrations of trace elements in pore water were calculated based on the standard spiked in the sample. 

Concentrations of formate, lactate, acetate, butyrate and propionate 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 spectrometre (both 
Thermo Scientific). The first chromatograph dimension separates the volatile fatty acids (VFAs) from other inorganic 
ions by trapping them on a concentrator column and subsequently separating them in the second chromatography 
dimension. Prior to analysis, pore water samples were filtered through disposable syringe filters (Acrodisc 13 mm IC, 
pore size 0.2 µm) rinsed with 10 mL ultrapure Milli-Q water directly before use. The first 0.5 mL of filtered pore water 
was discarded and the second 0.5 mL used for analysis. Quantification was achieved by a three-point calibration with 
external standards containing a mixture of the analysed VFAs at different concentrations (i.e. 200, 500 and 800 µg L−1). 
Detection limits for formate and acetate were 0.37 and 0.19 µM, respectively. For methane analysis, 2 cm3 of sediment 
were transferred on site inside the anaerobic chamber with a cut-off syringe to a 20 mL crimp vial filled with saturated 
NaCl solution and stored at 4 °C. For analysis, 3 mL helium (He) was introduced to form a headspace followed by 12 h 
equilibration. Methane concentration was determined by injecting 200 µL of the He headspace into a Thermo Finnigan 
Trace gas chromatograph (Thermo Fisher Scientific) equipped with a flame ionisation detector (Heuer et al., 2009). 

Potential sulfate reduction rates (pSRRs) were determined by sediment incubation (Kallmeyer et al., 2004) with 
radioactive 35SO4

2− using sterile glass plug mini-cores processed in triplicates (Friese et al., 2021). The microbially 
reduced inorganic sulfur species were separated using a cold chromium distillation (Kallmeyer et al., 2004) and 
radioactivity in the extracts quantified using Ultima Gold Scintillation Cocktail (Perkin Elmer, Waltham) and a Tri-Carb 
2500 TR liquid scintillation counter (Packard Instruments). 
 
 
XRF core-scanning elemental profiles on bulk sediment 
 
All cores used in the splice composite sequence covering the upper 100 m of sediments recovered from TDP Site 1 (106 
split-core sections) were scanned on a XRF core scanner (ITRAX, Cox Ltd., Sweden) equipped with a chromium anode 
X-ray tube (Cr-tube) set to 30	kV, 50	mA and 50	s integration time at 5	mm resolution. Measurements were repeated 
with a molybdenum anode X-ray tube (Mo-tube) with the same settings to resolve elements with high atomic numbers 
(Morlock et al., 2021). 

Sporadic event layers (tephra and turbidites) as well as intervals with low XRF performance and gaps related to 
uneven core surfaces were removed from the dataset during post-processing. The dataset was mathematically corrected 
via a multivariate log-ratio calibration (MCL) algorithm and data transformation (Weltje and Tjallingi, 2008) on the 
ItraXelerate software v. 2.4 (Bloemsma et al., 2012). This correction allows for the estimation of values in weight % 
[wt. %] for all elements measured through XRF. 
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Mineral extraction and SEM imaging 
 
In the field, core catchers were packed into gas-tight aluminum foil bags flushed with nitrogen gas and heat-sealed to 
keep them under anoxic conditions until mineral extraction. Minerals from core catcher sediments were extracted after 
3 months of storage, whereas siderite and vivianite crystals from split TDP-1A cores were extracted from sediment beds 
with macroscopic enrichment in these phases after 8 months of storage at LacCore. Siderite, millerite and vivianite 
crystals were retrieved via density separation and sorted by placing a neodymium magnet under the beaker and rinsing 
out the non-magnetic fraction with deionised water (Vuillemin et al., 2019a). 

Morphological investigation and elemental analysis of the dense mineral fractions obtained from a volume of 
50 mL of sediment were processed via scanning electron microscopy (SEM) coupled to energy dispersive X-ray 
spectroscopy (EDX). The samples were prepared by putting an extract of dense minerals or macroscopic crystals onto 
carbon coated disc which was glued onto SEM aluminum stubs. The samples were carbon coated (~20 nm layer) using 
a Leica EM ACE600 high-vacuum sputter coater. SEM analysis was performed on a Zeiss Ultra 55 Plus field SEM (for 
siderites) and on a FEI Quanta 3D FEG (for millerites) at a voltage of 20 kV acceleration voltage. Elemental composition 
of the imaged samples was determined based on SEM-EDX point and area analyses via Octane Elect detector from 
EDAX (Ametek Inc.). EDX data analysis and acquisition was performed on the EDAX-APEX EDX interface software 
(Ametek Inc.). 
 
 
Data accessibility 
 
The present scientific data are archived and publicly available from the PANGAEA® Data Publisher for Earth and 
Environmental Science (datasets #908080 and #934401) (Vuillemin et al., 2019b, 2021). 
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Supplementary Figures 
	
	

	
	
Figure S-1 Additional depth profiles for bulk iron and sequentially extracted iron phases. (a) Stratigraphy of site 
TDP-1A and reactive and total iron. (b) Separate and (c) cumulative plots for iron fractions sequentially extracted with 
solutions of 0.5	N HCl, sodium acetate adjusted to pH 4.5, sodium dithionite adjusted to pH 4.8, 0.2	M ammonium 
oxalate with 0.17	M oxalic acid adjusted to pH 3.2, and near boiling 6	N HCl. (d) Iron speciation was determined 
spectrophotometically. Note that FeIII within the 0.5 N HCl fraction was below detection, so that the reactive FeIII pool 
is entirely composed of the sodium dithionite (e.g., goethite, hematite) and ammonium oxalate (e.g., magnetite) fractions. 
(e) Close-up of the cumulative plot for sequentially extracted iron fractions (modified from Friese et al., 2021). 
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Figure S-2 Elemental EDX point analyses. The ternary plots show that millerites include minor Fe2+ traces (centre). 
Acanthite (ac) was also identified in deep sediments (see Fig. S-8). Siderites (left) substitute Mn2+ for Fe2+ in the initial 
growth phase, incorporating variable amount of Mg2+ but constant Ca2+ traces in crystal rims. Magnetites (right) show 
some indication of trace metal incorporation related to microbial reduction. Although trace elements (e.g., Ni, Mn, Ti 
and Cr) are common in magmatic magnetites, increased Mn and Ni contents potentially point to neoformation of 
magnetites in the water column (Bauer et al., 2020) and sediment (Vuillemin et al., 2019a). 
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Figure S-3 SEM images of millerites and corresponding points of EDX analyses. (a) Millerite crystals identified in 
dense fractions, sometime entangled with siderite or as inclusions in vivianites, and corresponding points of EDX 
analyses. Acanthite was identified in a sample from 91.6 mblf (see Fig. S-8). (b) Millerite dust contaminants (i.e. smelter 
particles) derived from Sorowako’s nickel mine smelter and corresponding points of EDX analyses. 
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Figure S-4 Optical images of sediment smear slides in natural and polarised light. The density of siderite and 
millerite crystals in the vicinity of micro-cracks in the sediment argue for secondary precipitation from pore water 
associated with the additional pore space accommodated during seismic events with (a–c) close-ups to millerite crystals. 
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Figure S-5 Depth profiles for bulk sediment, and pore water geochemistry. (Left to right) Stratigraphy of site TDP-
1A; XRF core-scanning profile for total S; pore water concentrations for SO4

2−, Ca2+, Mg2+, K+ and Na+. The outliers in 
pore water concentrations may be explained by sporadic tephra and dissolution of anhydrite (CaSO4) and sanidine 
(KAlSi3O8). An additional source of sulfate to the lake could result in sulfidisation of iron oxides (e.g., goethite, 
hematite) with subsequent release and diffusion of pore water Fe2+ and PO4

3− that would promote saturated conditions 
with respect to vivianite. Similarly, microbial acid-sulfate weathering of basaltic tephra could (trans)form ferric minerals, 
e.g., jarosite [(K, Na, H3O)Fe3+3(SO4)2(OH)6], to release sulfate (Sekerci and Balci, 2022). Stratigraphic units correspond 
to: (Unit 1c) lake initial stage with basin subsidence and regular riverine-deltaic inflows; (Unit 1b) a productive phase 
with low sedimentation rates; and (Unit 1a) hydrological changes and lake level fluctuations during the Late Pleistocene 
(Russell et al., 2020; Vuillemin et al., 2023). 
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Figure S-6 SEM images of siderites and corresponding points of EDX analyses. 
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Figure S-7 SEM images of vivianites and corresponding points of EDX analyses. 
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Figure S-8 SEM images of acanthite and corresponding points of EDX analyses. 
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Supplementary Table 
 
Table S-1 Modelled saturation indices based on pH, alkalinity, pore water concentrations of major ions and 
borehole temperatures. 
 

SUPPLEMENTARY TABLE S-1. MODELLED SATURATION INDICES 
5 m: zone 1 Saturation 10 m: zone 2 Saturation 35 m: zone 4 Saturation 
talc/serpentine 1.43 siderite 1.00 siderite 1.00 
siderite 1.29 quartz 0.71 quartz 0.71 
quartz 0.71 chalcedony 0.29 chalcedony 0.29 
chalcedony 0.29 vivianite -0.04 vivianite -0.04 
vivianite -0.45 talc/serpentine -0.31 talc/serpentine -0.31 
a SiO2 -0.54 a SiO2 -0.54 a SiO2 -0.54 
calcite -0.68 calcite -0.83 calcite -0.83 
dolomite -0.77 aragonite -0.97 aragonite -0.97 
aragonite -0.82 dolomite -1.27 dolomite -1.27 
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