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Abstract

Burial of large quantities of magnetite (Fe(II)Fe(Il[);O4) in iron formations (IFs) likely
contributed to the protracted oxidation of Earth’s surface during the Precambrian Eons.
Magnetite can form through a diversity of biological and abiotic pathways and its preservation in
IFs may thus be variably interpreted as the result of some combination of these processes. Such
interpretations thus give rise to divergent pictures of the Precambrian Earth system and models
for its evolution through time. New knowledge on the contribution of specific magnetite
formation pathways is, therefore, needed to accurately tether our conceptual and numerical
models to the geologic record. To constrain pathways of magnetite formation under ferruginous
conditions, we conducted geochemical and multi-method microspectroscopic analyses on
particles obtained from the water columns and sediments of ferruginous lakes Matano and
Towuti, in Indonesia. We find that biologically reactive Fe(III) mineral phases are entirely
reduced in the anoxic waters of both lakes, leading to the formation of primary authigenic
magnetite, directly in the water column. This water column magnetite often takes conspicuous
framboidal forms, which given the link to microbial Fe(Ill) reduction, may provide a biological
signature on early Earth and by extension, other planetary bodies. The consumption of more
biologically reactive forms of Fe(Ill) and the resulting delivery of primary magnetite to
underlying sediments controls sediment redox budgets and implies that primary magnetite
formation could have been a principal mode of Fe delivery to IFs. Combined, the removal of Fe
from Earth’s surface through magnetite biomineralization and subsequent burial in IFs, suggests
that seawater chemistry and the microbially mediated reactions that cause magnetite formation
played key roles in Earth system evolution and in setting the pace for planetary oxidation

through the Precambrian Eons.
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Highlights

* Magnetite forms raspberry-like, framboidal grains through microbial iron reduction in the

water column of two ferruginous lakes.
*  Water column magnetite formation is a principal source of Fe to underlying sediments.

* The formation of water column magnetite exerts a primary control on sediment redox

budgets.

* Water column magnetite formation likely contributed to IF deposition during the

Precambrian Eons.
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1.0 Introduction

Biogeochemical cycling of iron (Fe) and carbon (C) plays a key role in setting Earth’s
surface redox budgets and climate. Burial of reduced forms of C and Fe in marine sediments as
organic matter (OM) and ferrous Fe (Fe(Il))-bearing minerals, in particular, oxidize Earth’s
surface and represent quantitatively important net sources of oxygen to the modern atmosphere
(Berner, 2003; Claire et al., 2006; Holland, 2006). Oxidation of crust-derived Fe(II) to form
Fe(Il)-bearing minerals, by contrast, is a net sink for atmospheric oxygen (Holland, 1984;
Holland, 2002). The magnitudes of these sources and sinks are influenced by dynamics in
coupled C and Fe cycling, which can induce secular variation in Earth’s surface chemistry
(Catling and Claire, 2005; Holland, 2002, 2006; Kasting, 2013) and over geological timescales
this can lead to fundamentally different ocean-atmosphere redox states and climate systems

(Holland, 2002; Kasting, 2013).

During much of the Precambrian Eons, the ocean-atmosphere system was nearly oxygen-
free and rich in reduced chemical species (Fe(Il), H, and CHy) (Catling et al., 2001; Zerkle et al.,
2012). Widespread deposition of Fe minerals at this time formed sedimentary iron formations
(IFs) as the result of coupled C and Fe cycling in the oceans. Today these deposits contain vast
quantities of both ferric [Fe(Ill)] and ferrous [Fe(II)] iron, the ratio of which can vary
appreciably across IF facies leading to an overall mean iron redox state of 2.6 (Beukes and Klein,
1990; Klein, 2005). IF mineralogy, notably, is dominated by the mixed-valence oxide magnetite
(Fe*'Fe’*,0,) (Klein, 2005), and burial of magnetite in IFs played an important role as a sink for
Fe and in setting the redox state IFs with implications for evolution of the ocean-atmosphere
system (Holland, 1984; Holland, 2002; Johnson et al., 2008; Walker, 1984). The oxidation of
crustal Fe(Il) to form Fe(Ill) buried as magnetite in IFs represented a net oxidant sink for the
Earth’s surface, which would have ultimately led to the production of H; as the corresponding

sink for reduced equivalents (reaction 1);
3FeO + H20 -> FC304 + H2 (1)

Such H, production promotes planetary oxidation when H; is lost to space (Holland, 2002;
Kasting, 2013). The net effect of magnetite burial in IFs on Earth’s global redox budget is
represented by reaction (1) and is the same regardless of the pathway through which it forms.

The factors controlling magnetite formation and burial in IFs and the ultimate production of
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hydrogen, however, such as coupled C and Fe cycling directly in the oceans or diagenetic and
metamorphic reactions, can be very different. This has important implications for interpretations

of Precambrian seawater chemistry and biology, which we explore below.

The precise pathways for magnetite formation and ultimate burial in IFs remain poorly
constrained and thus models that aim to mechanistically link the deposition of IFs to the
evolution of Earth’s surface redox budgets remain uncertain. The provenance of magnetite in IFs
is contentious, but its formation is widely attributed to early diagenetic and or metamorphic
reactions (Johnson et al., 2008; Konhauser et al., 2005; Walker, 1984). Magnetites contained in
IFs exhibit low-grade metamorphic textures, implying recrystallization of primary IF mineral
assemblages and the overprinting of original fabrics (Karlin et al., 1987; Klein, 2005; Li et al.,
2013; Lovley, 1991). Many diagenetic and metamorphic models for magnetite formation suggest
primary Fe deposition as Fe(IIl) (oxyhydr)oxides (ferrihydrite, goethite) (Halama et al., 2016;
Klein, 2005) and mixed valence (oxyhydr)oxides (green rust) (Halevy et al., 2017; Koeksoy et
al., 2019; Zegeye et al., 2012), with later-stage diagenetic (reaction 2) and thermochemical
(reaction 3) reactions transforming these precursor phases to magnetite through reactions such

as;
Fe*" + 2Fe(OH); + 20H™ > Fe;04 + 4H,0 (2)
Fe,0; + Fe*" + H,0 > Fe;0,+ 2H" 3)

Notably, magnetite formation via reactions (2) and (3) is not necessarily the direct product of
coupled C and Fe cycling in the oceans. Thus magnetite formed in this way is decoupled from
the physicochemical and biological conditions and processes in the ocean-atmosphere system at
the time of magnetite formation and IF deposition. In contrast, precipitation and burial of
primary magnetite in IFs would directly link IF mineralogy to the principal water column

processes that cause IF deposition.

Precipitation of primary magnetite directly in the water column of the Precambrian
oceans may also have been possible, as magnetite forms in laboratory experiments as the product
of biological processes including magnetosome formation in magnetotactic bacteria (Amor et al.,
2015), anoxygenic Fe(Il) photosynthesis (Jiao et al., 2005) and Fe(III) respiration (Lovley, 1991;
Lovley et al., 1987). These processes were all likely widespread under ferruginous ocean

conditions (Halevy et al., 2017; Konhauser et al., 2005; Tosca et al., 2016; Zegeye et al., 2012).
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Magnetite formation through these processes occurs through the reaction of seawater Fe(II) and
Fe(IlT) (oxyhydr)oxides produced either through reaction with oxygen directly or through

anoxygenic photosynthesis with Fe(II) as the electron donor (reactions 4 and 5);
4Fe*" + HCO5 + 10H,0 > CH,0 + 4Fe(OH); + 7H" 4)
Fe*" + 2Fe(OH); + 20H > Fe;04 + 4H,0 (5)

The extent to which such processes lead to magnetite formation depends on the concentration of
Fe(Il) in seawater, production rate of Fe(Ill) (oxyhydr)oxides, and other physicochemical
parameters such pH, temperature and settling velocity, among others. The organic C produced
via anoxygenic photosynthesis (reaction 4), furthermore, may also become consumed in
anaerobic Fe(IIl) respiration (reaction 6) and fermentation (reaction 7) reactions that ultimately

fuel competing Fe mineralization pathways;
CH,O + 4Fe(OH); + 8H' - 4Fe*" + 8HCO5 + 3H,0 (6)
CH20 + Hzo > 2H2 + C02 (7)

For example, organic C not consumed by Fe(Ill) reduction may be channeled through
fermentation (reaction 7), producing dissolved inorganic carbon species (DIC). High
concentrations of DIC and Fe(Il) in turn tend to favor the formation of the reduced Fe-carbonate
mineral siderite over magnetite (Roh et al., 2003; Vuillemin et al., 2019). The organic C
consumed via reaction (7), furthermore, is not buried and also produces an equivalent 2 mol of

H,, increasing the reducing potential of Earth’s surface (Kasting, 2013).

The net effect on Earth’s redox budget is the same regardless of the locus of magnetite
formation (reaction 1), but in contrast to thermochemical and diagenetic modes of magnetite
formation (reactions 2 and 3), magnetite formed in the water column would be directly
controlled by and thus record primary information on the chemistry and ecology of ancient
seawater. Importantly, the formation of water column magnetite (reactions 4 and 5) would tend
to inhibit microbial Fe(IIl) reduction (reaction 6), as Fe(Ill) sequestered in magnetite is poorly
biologically reactive (Kostka and Nealson, 1995). At the same time, water column magnetite
formation would tend to channel organic C from respiration to hydrogen production through
fermentation (reaction 7). It would thus also implicate the processes responsible for magnetite

formation in controlling the deposition of IFs, their mineralogy, oxidation state and
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corresponding influences on Earth surface redox budgets. While low temperature magnetite
precipitation in modern soils and sediments is frequently observed (Karlin et al., 1987), primary
water column magnetite formation and its role in IF deposition and early Earth evolution is

seldom considered.

Modern ferruginous environments provide natural laboratories to examine processes
extensible to the Fe-rich Precambrian oceans (Crowe et al., 2008; Crowe et al., 2014b). To
investigate Fe-cycling and mineral formation under ferruginous conditions we conducted
experiments in, and collected samples from Lakes Matano and Towuti (herein referred to as LM
and LT) on Sulawesi Island, Indonesia. LM and LT are part of the interconnected Malili Lakes
system. The catchment basin surrounding the lakes is dominated by ultramafic rocks of ophiolitic
origins and weathering of these rocks has led to development of exceptionally Fe-rich lateritic
soils (Crowe et al., 2008; Russell et al., 2016). Heavy tropical rains deliver strong fluxes of Fe
(oxyhydr)oxides from these soils to the lakes, which exert an overwhelming influence on the
lakes’ biogeochemistry (Crowe et al., 2008; Zegeye et al., 2012). Both LM and LT are physically
and chemically stratified and characterized by persistently anoxic, Fe(II)-rich (~140 and ~10 uM
respectively), and virtually sulfate free (<5 pM) deep waters (Crowe et al., 2014b) (Fig. 1). We
combined geochemical and mineralogical analyses to evaluate Fe cycling and pelagic Fe mineral
formation in both LM and LT, revealing that water column Fe(III) reduction leads directly to the
formation of primary authigenic magnetite. This magnetite takes conspicuous morphologies and
comprises a major component of the primary Fe mineral assemblage exported to the underlying

sediments.

2.0 Materials and methods
2.1 Sample Collection

Sediment trap sampling was performed in May and June 2015. Sediment traps consisting
of four tubes (8 cm in diameter, 57 cm tall) were deployed at the specified depths in each lake
(Fig. 1). These sediment traps were deployed for 6.2 and 3.0 days in LM and LT, respectively.
During recovery, material recovered from half of the sediment traps retrieved from each depth (2
of 4 tubes) was immediately filtered onto glass-fiber filters (0.2 um) using a peristaltic pump,

with no exposure to the atmosphere. Filters were transferred directly to 15 ml falcon tubes
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containing 5 ml 0.5 N HCI. The other half of the sediment was quantitatively transferred, again
avoiding exposure to the atmosphere, into 12 ml Exetainers with no headspace.

Sediment and water samples were recovered from both lakes in years 2014 and 2015.
Water temperature, oxygen concentration, chlorophyll @, light intensity, and transmissometry
were determined in situ with a conductivity-temperature-depth probe (CTD; Sea-Bird, SBE-19;
Sea-Bird Electronics, Bellevue, WA, USA). All water samples were collected with 5 L (Niskin;
General Oceanics, Miami, FL, USA) bottles attached in series to a stainless-steel cable and a
hand-operated winch. The bottles were placed at depth to an accuracy of +1 m with the help of a
commercial fish finder (Furuno, FCV 585; Furuno Electric Co., Nishinomiya, Japan). Several
sediment cores (<0.5 m) were retrieved from both lakes using a gravity corer. Water column pH
was determined by inserting the pH electrode (ThermoScientific, Orion) into a Winkler bottle
free of air bubbles containing the water column sample. Sediment sampling took place at water
depths of 200 m in both lakes. The sites in both lakes are overlain by anoxic and Fe(II)-rich
(ferruginous) water. Short cores were sectioned in a N flushed glove bag at a resolution of 0.5,
1, and 2 cm resolution for the upper 1, 1-10, and below 10 cm, respectively. We measured
sediment porewater pH in the field by homogenizing 2 ml of sediment in 2 ml of deionized water
and measuring this slurry after 2 min. A sub sample of 0.5 g of sediment from each interval was
immediately extracted in 1 ml 0.5 N HCI (Lovley and Phillips, 1986b; Thamdrup et al., 1994),
and Fe-speciation on these easily extractable phases was measured spectrophotmetrically on site
using the ferrozine assay (Viollier et al., 2000). The residual sediment from each section was
preserved in N; flushed falcon tubes and sealed in N, flushed aluminum foil bags.

Short-core sediment Fe-speciation measurements were performed on anaerobically
preserved and freeze dried sediment samples following the method of (Poulton and Canfield,
2005). Sample masses of 100-200 mg of dry sediment were weighed into 15 ml centrifuge tubes,
and the sequential extraction scheme was followed as indicated in (Poulton and Canfield, 2005),
only substituting 0.5 M HCI in place of the hydroxylamine hydrochloride leach (Table 1). This
was done so that both Fe(Il) and Fe(Ill) could be determined in this reactive hydrous
(oxyhydr)oxide fraction. The highly reactive, “Fegr” pool is defined as the sum of carbonate-
associated Fe (Feac,, acetate), hydrous (oxyhydr)oxides including ferrihydrite and lepidocrocite
(Fenci, 0.5 N HCI extractable Fe), ferric (oxyhydr)oxides including hematite and goethite (Fepim,

dithionite extractable Fe), and magnetite (Feoy,, oxalate extractable Fe). The non reactive, “Fexr”
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pool is defined as Fe contained in silicate minerals (Fes;, near boiling 6 N HCI extractable Fe
after removal of reactive phases). Fe-speciation was also conducted on filtered sediment trap
material by applying each extraction directly to the filter within the 15 ml centrifuge tube. All Fe
concentration measurements were performed using a Flame Atomic Absorption
Spectrophotometer (Flame AAS). Precision on triplicate measurements was <1% (2SD) and our
limit of detection was ~0.1 pg g”'. Our extractions dissolved >92% of the Fe from the PACS-2

international reference standard.

2.2 Sample preparation

We prepared magnetic separates from the sediments of LM and LT for multi-method
spectroscopic analyses and to test the selectivity of the oxalate extraction. To accomplish this we
treated a sub-set of sediment samples with dithionite, to remove reducible Fe (oxyhydr)oxide
mineral phases (Poulton and Canfield, 2005) and make magnetite easier to visualize and image.
We then carefully and as quantitatively as possible, separated magnetic grains from the residual
sediment by hand using neodymium magnets. Sub-samples of both the magnetic extracts and
residual magnetite-free sediment were taken and stored under N, for spectroscopic and

geochemical analyses.

2.3 Fe flux calculations

To calculate water column Fe fluxes, area specific Fe sedimentation rates were
determined by dividing the concentration of Fe captured by the sediment trap in each
operationally defined mineral phase (mmol), by the area of the sediment trap (0.005 m?) and the
deployment time to yield Fe fluxes in units of mmol m™ yr'. In the deposited sediments, area
specific Fe accumulation rates were determined by multiplying volume specific Fe
concentrations (mmol m™) by previously determined sedimentation rates (0.0008 and 0.00019 m
yr'' in LM and LT, respectively, Crowe et al. (2008); Russell et al. (2016); Russell et al. (2014))
to yield sediment Fe accumulation rates in mmol m™ yr''. Deep-water diffusive Fe(II) gradients
in each lake were determined by multiplying Fe(II) concentration gradients with diffusivity
coefficients. Bottom water concentrations of Fe(IT) in LM and LT are 0.140 and 0.010 mmol 1",
respectively (Fig. 1), and these dissolved pools are quantitatively oxidized at the chemocline

(Fig. 1), driving upward diffusive fluxes of Fe(Il). We calculate Fe(Il) gradients as 1.5 and 0.6
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mM m™ in LM and LT, respectively (Fig. 1). Upward diffusional Fe(II) fluxes were estimated by
multiplying the Fe(II) gradients by the eddy diffusivity coefficient (0.1 and 0.6 m* d”' in LM and
LT respectively (Crowe et al., 2014a; Katsev et al., 2010)).

2.4 Saturation state calculations
Saturation indices were calculated for the relevant mineral species as:

SI = —log2t (5)

Ksp
where IAP is the ion activity product for the relevant mineral phase and Ky, is its corresponding
solubility product. Saturation indices greater than O indicate that water is supersaturated with
respect to the relevant mineral, whereas those less than 0 indicate that water is undersaturated
with respect to a given mineral phase (Fig. 1d). Solubility products for all mineral phases were
taken from the PHREEQC database (Parkhurst and Appelo, 1999). Mineral precipitation
reactions and solubility products are tabulated in (Table 2). Water column dissolved inorganic
carbon (DIC) concentrations were calculated based on charge balance using the concentration of
all major ions in solution (Crowe et al., 2008; Zegeye et al., 2012). Activity coefficients (y) for
the major ions in solution (y) were calculated with the Debye-Hiickel equation (6), which relates

ytozand[;

logy; = —0.5z2VI1  (6)

As vy is a function of the ionic strength of the lake waters (I), we calculated this using equation
(7);

I=>xmgz? (7)

where m; and z; are the molality and charge of each ion respectively. Water column dissolved
Fe(IIT) concentrations in LM and LT were calculated assuming equilibrium (S7 = 0) with either

goethite or ferrihydrite as the solubility controlling phase.

2.5 SEM Microscopy
Anoxically preserved water column and sediment samples were preserved using a 1%

osmium tetroxide solution buffered with 0.1 M PIPES at pH 6.8. Filters were rinsed gently with
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MQ water and then dried using an ethanol dehydration series. The filters were critical-point-
dried using a Samdri795 from Toosimis Research Corporation. Finally, the filters were attached
to a 12.5 mm stub and coated with 5 nm of iridium to ensure conductivity. The filters were
imaged on a Helios FIB-SEM (FEI, Helios NanoLab 650) equipped with field emission gun.
Fe(IIT) oxyhydroxides were confirmed through energy-dispersive X-ray spectroscopy (EDS) and
elemental compositions determined based on X-ray fluorescence at the relevant emission
energies for Fe, C and O. Multiple points were measured for each surface found. To verify that
the micro-chemical analyses of the SEM-EDS accurately differentiate magnetite from other Fe-
oxide phases, we analyzed two pure Fe-mineral standards; magnetite (Fe;O4) and goethite
(FeO(OH)). On each standard we collected over 10 distinct EDS spots and compiled their Fe:O
stoichiometries (Wt%). We then performed bootstrap resampling of the mean Fe:O compositions
for these standard minerals. We also obtained EDS spectra on framboids collected in the water
column and sediments of LM and LT (n = 17) and performed bootstrapped resampling of their

mean Fe:O values.

2.6 Raman Spectroscopy

Magnetically separated grains from LM sediment (section 2.2 above) were mounted in
epoxy, and polished using a micro-diamond paste. Raman spectroscopy was conducted using a
Horiba Ltd. XploRa Plus p-Raman spectrometer. Analyses were done using a green laser (A =
532 nm), which provided a power at the sample surface of 2.5 mW and were done using a 100x
objective focused down to a spot ~1 um in diameter. Spectral slit width was set at 100 um and
the confocal hole was kept at 300 um. Data were collected during three cycles of 30 s to optimize
the full width at half-maximum of resolved Raman bands, while minimizing possible effects of

heating or oxidation.

3.0 Results and Discussion
3.1 Fe-speciation

Canonically reactive Fe (Fengr; Table 1), which is thought to represent Fe-species reactive
towards anaerobic microbial respiration and chemical reduction (Canfield et al., 1992), is the

largest component (>90%) of the total Fe pool in suspended and deposited material from both
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LM and LT (Fig. 2, Table 3 and Table 4). Analyses of water column particles collected from
sediment traps deployed above and below each lake’s chemocline, as well as their bottom
sediments, reveal Fe mineral transformations that take place both during transport through the
water column and during early sediment diagenesis in the uppermost deposited sediments. The
speciation of Fe in sedimenting material from LM and LT is similar, and both shallow and deep
sediment traps capture Fe that is mostly in the reactive, Fegg, form (Fig. 2 and Table 3). This
Fenr is dominated by Fea, (operationally defined as siderite), Fe(Ill)uc (operationally defined as
ferrihydrite) and Fepin (operationally defined as goethite) extractable phases. In LM, these three
pools together account for 83% and 70% of the total particulate Fe recovered in the shallow and
deep traps, respectively, whereas in LT they account for 79% and 77% respectively (Fig 2, Table
3). These pools comprise Fe(Ill) mineral phases that are energetically favorable electron
acceptors for anaerobic microbial respiration under standard-state conditions (Stumm and
Morgan, 1988). The strong flux of Feyr thus provides an ample potential source of Fe(III), which
through microbial respiration can be converted to, and accumulate as, Fe(II) under anoxic

conditions.

The Fe(Ill)nc pool, traditionally thought to represent the form most easily accessed for
microbial respiration (Lovley and Phillips, 1986a), delivered to the lakes’ anoxic waters is
entirely reduced directly within the water column and is thus quantitatively converted to
dissolved Fe(Il) and Fe(Il)-bearing minerals (Table 3, Fig. 2). Dissolved Fe(Il) accumulates
within the water column of both lakes. Equilibrium speciation calculations reveal that waters
below the chemoclines in both LM and LT are supersaturated with respect to magnetite. Waters
in LT are undersaturated with respect to siderite and carbonate green rust, while waters in LM
are undersaturated with respect to green rust and moderately supersaturated with respect to
siderite (Fig. 1d). Comparing the speciation of Fe captured in the upper sediment traps and Fe
buried in the uppermost sediments reveals that reduction of a considerable fraction of the
Fe(Ill)uc pool takes place between theses sediment traps (Table 3). In LT, consumption of the
Fe(Il)uc1 pool occurs entirely between the bottom sediment trap and the sediment water
interface, and Fe(Ill)uc; is entirely absent from the underlying sediments. Due to this Fe(III)
reduction the deep sediments of LM and LT thus receive a negligible Fe(Il)gc;. Reduction of
Fe(III) in the water column is also commensurate with increases in the proportion of extractable

Fe(I) bearing phases, Feoxa and Feac,, which in the deep traps increases by over 27% in LM and
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44% in LT, relative to the upper sediment traps (Fig. 2, Table 3 and Table 4). The conclusions
drawn from these results, and in particular that Fe(Ill)yc is converted to Feox, (Fig. 2), however,
hinge on the selectivity of the extractions and their ability to the target specific mineral phases,
as designed. Notably, the oxalate leach is known to dissolve non-magnetite phases in some

environments (Slotznick et al., 2018) and so we explore oxalate selectivity in LM and LT below.

The oxalate extraction is highly selective for Feox, (i.e., magnetite) in sediment trap
material and deposited sediments from LM and LT, and this gives us confidence in our ability to
identify and quantify Feoy, (herein referred to as magnetite) in both sedimenting particulate
matter from the water column and deposited sediments. Geochemical and multi-method
spectroscopic analyses confirmed that magnetically separated grains are magnetite (Femagnetic,
Fig. 2, Fig. 3). After physical separation of magnetite grains using a magnet, we also leached the
residual non-magnetic material (Fenon Magneic, F1g. 2) with oxalate, recovering <0.1% (<0.8%
from deposited sediments) of the total Fe (Fenmor, Fig. 2), or less than 1% of the total oxalate
extractable Fe. This demonstrates that more than 99% of the Fe extracted with oxalate comes
from magnetite and less than 1% from the non-selective extraction of other phases. We thus
conclude that, while operationally defined, the oxalate extraction applied here is highly selective
for magnetite and yields precise and quantitative information on its abundance in sediment trap

material and deposited sediments.

3.2 Microscopy

We also confirmed the presence of magnetite in the water columns and sediments of LM
and LT using electron microscopic techniques and these analyses revealed different forms of
magnetite that can be attributed to both authigenic and detrital origins. In the deep sediment
traps, for example, we observed magnetite framboids (Fig. 3), which are clearly authigenic (Fig.
4), as well as irregularly shaped partly weathered grains of likely detrital provenance (Fig. 5).
Framboids are one of magnetite’s most enigmatic crystal forms and natural occurrences have
only been sporadically observed in ancient sedimentary rocks and meteorites (Itambi et al., 2010;
Kimura et al., 2013; Suk et al., 1990). Magnetite framboids also form in response to microbial
Fe(IIT) mineral reduction in laboratory experiments (J O'Loughlin et al., 2015). We note that

biogenic magnetite can take hollow spheroidal forms (Li et al., 2017), akin to the framboids of



402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432

magnetite observed in LM and LT. Magnetites with spherical morphologies are also
characteristic of magnetite produced during modern coal combustion (Goldhaber et al., 2004),
however, based on the sedimentation rates in LM and LT, framboidal magnetites recovered from
the deeper sediment intervals are thousands of years old, conclusively ruling out an
anthropogenic source. We did not observe framboidal magnetites in material recovered from
upper sediment traps, but they were ubiquitous in deposited sediments from both LM and LT
(Fig. 3, Fig. 4). Their lack from the upper sediment traps implies that they form under anoxic
conditions, as the likely result of microbial Fe(IlI) reduction (Fig. 4). Many of the framboids
appear to be hollow and detailed observations of framboid surfaces reveal that they are
comprised of aggregates of nano-scale euhedral, octahedral crystals — a common crystal habit of
magnetite (Fig. 3¢, e, f). Micro-chemical analyses confirmed that these crystal aggregates had the
3:4 Fe:O stoichiometry diagnostic of magnetite (Fig. 3g,h and Fig. 6). Raman microspectroscopy
yielded well-resolved reflections at wavenumbers (~310, ~450 - 490 and ~700 cm™), which
correspond to the primary E,, 7> and 4, vibrational modes that are diagnostic for magnetite
(Shebanova and Lazor, 2003) (Fig. 3h). Although the mechanisms causing framboid formation
remain largely unknown, pyrite of similar morphology is known to form at redox interfaces in
other stratified water columns (Wilkin and Barnes, 1997; Wilkin et al., 1996). SEM-EDS
analyses also reveal that at the 95% confidence interval, the composition of framboids from the
Malili lakes and the magnetite mineral standard are statistically indistinguishable (p value =
0.786) (Fig. 6). Consistent with the scarcity of sulfur in the Malili lakes system, furthermore, we
did not detect sulfur in any of our EDS analyses, further supporting a water column origin and
ruling out diagenetic pyrite oxidation as a mechanism for magnetite framboid formation (Suk et
al., 1990) in LM and LT. Collectively, our observations imply that magnetite formation,
including framboids, is the result of Fe(Ill)ic reduction, primarily in the water columns of LM
and LT.

Framboidal magnetites recovered from the anoxic water column are smaller (<10 pm in
diameter, Fig. 3) and their surface crystallites are more anhedral than their sedimentary
counterparts (Fig. 3 and Fig. 4). Both the sediment and water column framboids have pristine
euhedral octahedral crystals with well-defined faces at miller indices of 111, 110 (Fig. 3). The
water column framboid surfaces also display triangular crystals, indicative of octahedra, which

may be in early growth stages. The sedimentary population of magnetite in both lakes displays a
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wide range of sizes (20-50 um in diameter), and this range overlaps the size distribution of
framboids and other spherical Fe mineral structures observed in Precambrian IFs (Lougheed and

Mancuso, 1973) (Fig 4 and Fig. 5).

3.3 Magnetite formation, Fe(Ill) reduction, and Fe recycling

Comparisons of magnetite fluxes recorded in the water columns and sediments reveal that
most authigenic magnetite in LM and LT forms in the water column, with little modification in
the underlying sediments. Magnetite fluxes recorded in the lower sediment traps are 79% and
55% greater than in the upper sediment traps from LM and LT, respectively (Fig. 2 and Table 4).
This demonstrates magnetite formation directly within the water column, at depths between the
two sediment traps. In LT magnetite fluxes recorded in the upper sediments are also greater than
in lower sediment traps (Fig 2, Table 4), and this indicates further magnetite formation, likely in
the deep waters as well as within the very uppermost deposited sediments. Throughout the upper
45 cm of the LT sediments, however, the flux of magnetite is roughly constant (Fig. 2e) revealing
a lack of net magnetite formation or dissolution and implying that the primary source of
authigenic magnetite is the water column and that this magnetite is stable in the sediment. This
implies that, while magnetite contains Fe(IIl), it is not further reduced in the sediment. In LM,
we were unable to calculate sediment magnetite fluxes, as the lake’s steep bathymetry effectively
focuses detrital Fe (6 N HCI extractable lithogenic Fe phases, Fes; see Table 3) to the deeper
sediments, diluting authigenic Fe mineral phases. Our results thus reveal that water column
magnetite formation is the principal source of authigenic magnetite to the underlying sediments
in LT, and that once deposited magnetite is not subject to further Fe(IIl) reduction or other

diagenetic modification.

Magnetite formation in LM and LT is associated with Fe(IIl) reduction in the water
column and uppermost sediments and represents an important sink for the Fe(Il) produced.
Increases in the fluxes of magnetite below the chemoclines of LM and LT are commensurate
with the conversion of Fe(Ill)gr to Fe(Il)yr, which indicates Fe(Ill) reduction within this depth
interval. Between the upper and lower sediment traps, magnetite formation accounts for 16% and
24% of this Fe reduction, respectively (Table 4). In LT, there is continued conversion of
Fe(Ill)gr to Fe(I)ur in the anoxic waters between the lower sediment trap and uppermost

sediments and magnetite formation accounts for 31% of this (Table 4). Pelagic magnetite
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therefore represents a substantial sink for Fe(Il) resulting from the reduction of Fe(Ill)yr species

directly in the water columns of LM and LT.

The Fe(Il)nc delivered to the upper sediment trap of LT is entirely converted to
magnetite and Fe(Il)ac, in the water column and this implies that an appreciable fraction of the
Fe(Ill)uc delivered to the lake is preserved as magnetite in the sediments. We note that while the
Feaca fraction is canonically attributed to siderite, the deep waters of LT are modestly
undersaturated with respect to siderite, implying that the Fesc, fraction might represent other
highly reactive reduced Fe minerals, like poorly crystalline Fe(Il)-bearing clays (Jaisi et al.,
2008). The flux of Fe(Il)uc delivered to the upper sediment trap is 73 mmol m” yr', and this
compares with magnetite and Fe(Il)ac, fluxes of 29 and 52 mmol m” yr' in the uppermost
sediments, respectively (Table 4). The absence of Fe(Ill)gc; in these uppermost sediments
demonstrates that it is quantitatively reduced in the water column and uppermost sediments, as
noted above. Fepin fluxes are the same in the upper sediment trap and uppermost sediment
revealing a lack of conversion of Fe(Ill)yc to Fe(Ill)pim. Mass balance thus requires that the
consumption of Fe(Ill)ycr in the water column is entirely tied to the production of magnetite
(36%) and Feaca (64%). Given that 66% of Fe within stoichiometric magnetite is also Fe(Ill), this
indicates that 24% of the Fe(III) delivered to the upper sediment trap is ultimately preserved in
magnetite, revealing that water column magnetite formation exerts a primary control on the

redox state of the underlying ferruginous sediments in both lakes.

The accumulation of dissolved Fe(Il) in the water columns of LM and LT implies Fe
recycling with potential to support Fe dependent microbial metabolisms. To constrain rates of
conversion of the Fe(Ill)yc; pool to Fe(Il) and rates of recycling we compared diffusive Fe(II)
fluxes to the fluxes of Fe(Ill)nc delivered to the upper sediment traps. In LT the diffusional flux
of Fe(Il) is 130 mmol m* yr"' which, when divided by the delivery flux of Fe(III)uci (73 mmol
m® yr'") implies recycling of not more than 2 times. In LM the diffusional flux of Fe(Il) is 55
mmol m” yr' which, when divided by the delivery flux of Fe(Ill)uc (19 mmol m? yr') implies
recycling of not more than 3 times. Since Fe(Ill)c; is the primary source of dissolved Fe(II) and
much of this is converted to magnetite and Feac, the limited recycling implies that Fe dependent
microbial metabolisms are ultimately restricted by both the delivery flux of Fe(Ill)yc to the lake
and its conversion to secondary Fe(Il) bearing phases, which are ultimately removed through

sedimentation and burial.
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3.4 Implications

Our findings from LM and LT imply that pelagic magnetite formation can be an
important mode of Fe delivery to ferruginous sediments and by extension suggest that magnetite
derived from the Precambrian oceanic water column may have been a primary contributor to IF
deposition. Magnetite formation in lakes LM and LT is linked to water column reduction of
Fe(Il)uc) as the likely source of Fe(Il) in magnetite, and a similar process could thus be
envisioned for magnetite formation in the Precambrian oceans. IF magnetite textures are clearly
the result of secondary recrystallization and this obscures identification of primary mineral
phases (Bekker et al., 2010). Elemental compositions (Sun and Li, 2017), however, strongly
imply a primary seawater source for the relevant precursor phases. Furthermore, lateral
continuity in IF magnetite layers imply widespread deposition of these precursor phases directly

from the water column.

Formation of primary water column magnetite and its deposition in IFs would have been
directly influenced by seawater chemistry. In LM and LT, magnetite forms under high degrees of
supersaturation, at circumneutral pH, at <1 to 10s of uM Fe(Il), and at mM concentrations of
dissolved inorganic carbon (DIC) (Fig. 1 and Crowe et al. (2008)). Notably, these Fe(II)
concentrations are far lower than those thought to be required to induce magnetite formation in
laboratory experiments (J O'Loughlin et al., 2015; Lovley, 1991; Lovley et al., 1987). Conditions
similar to LM and LT, however, could be expected to support primary magnetite formation in the
Precambrian oceans and, indeed, such conditions are in line with current reconstructions of
Archean and Proterozoic seawater chemistry (Halevy et al., 2017). Our observation of primary
water column magnetite formation, even at modest Fe(Il) and relatively high DIC concentrations
in LM and LT thus reveals that the sedimentary flux of iron-bearing particles to the Precambrian
seafloor likely contained an appreciable fraction of magnetite. In LM and LT these conditions
also support the formation and deposition of an appreciable, though poorly defined Feaca
(canonically considered siderite) phase. Feaca precipitation in modern anoxic environments and
laboratory experiments typically requires high degrees of supersaturation (Bruno et al., 1992;
Jimenez-Lopez and Romanek, 2004; Roh et al., 2003). Previous modelling of the Precambrian

Fe cycle, however, suggests siderite may comprise an important fraction (up to 60%) of the
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sedimentary Fe sink even under close to equilibrium conditions (Slsigerite ~1)(Halevy et al.,
2017), similar to conditions observed in LM and LT. In addition to magnetite, therefore, other
possible primary phases like siderite, green rust (Halevy et al., 2017; Zegeye et al., 2012) and

greenalite (Tosca et al., 2016), may also have been important contributors to IFs.

Recognition of magnetite formation in the water columns of LM and LT informs models
of the Precambrian Earth system. Phase relations based on the mineralogy of IFs have been used
to place constraints on the possible role of different greenhouse gases in climate regulation at the
time of IF deposition (Reinhard and Planavsky, 2011; Rosing et al., 2010). Some reconstructions
suggest that the presence of magnetite in IFs reflects ocean conditions close to equilibrium with
respect to magnetite stability fields, which thus implies pCO, concentrations not much greater
than today (~400 ppm) (Rosing et al., 2010). Such low concentrations of greenhouse gases
would thus preclude greenhouse warming as a means to stabilize planetary temperatures during
the Precambrian Eons when the Sun’s luminosity was weaker (Rosing et al., 2010). This
observation, notably, contrasts with diagenetic models for IF magnetite, which allow for
conditions far from equilibrium with the ocean-atmosphere system (Reinhard and Planavsky,
2011) and yield model estimates for atmospheric CO, concentrations up to 100 times present
atmospheric levels (~40,000 ppm). Magnetite formation in LM and LT takes place in the water
column and under pCO; of -2.5 to -1.9 (~3000 to 10,000 ppmv) and this magnetite remains
diagenetically stable under such conditions. Our observations in LM and LT thus suggest that
magnetite could have formed in Precambrian oceans in equilibrium with an atmosphere that
contained pCO, much greater than today. Furthermore, the apparent stability of magnetite in LM
and LT implies that it would have been preserved in IF sediments, irrespective of similarly high
pCO,. Combined with other greenhouse gases, a ~10,000 ppmv CO; atmosphere falls short of,
but approaches, a composition that would support warming sufficient for a clement climate. We
note, however, both that our observation of magnetite stability is on relatively short (~1000 yr)
timescales, and that magnetite may form and remain stable under much higher pCO,. These

uncertainties should be worked out in follow-on research.

Our observation of pelagic magnetite formation supports the idea that the Fe isotopic
composition of IF magnetite captures signatures of water column Fe drawdown in response to
Fe(Il) oxidation (Busigny et al., 2014; Rouxel et al., 2005). Such water column Fe drawdown

leaves residual Fe(II) isotopically light, and minerals that sequester Fe(II) in such a concentration
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gradient record this light signal (Beard et al., 2003; Johnson et al., 2008; Rouxel et al., 2005).
Isotopically light magnetites were deposited in IFs from the Meso- to Neoarchean and have been
variably interpreted to reflect either water column Fe(Il) drawdown (Busigny et al., 2014;
Planavsky et al., 2009; Rouxel et al., 2005) or sedimentary diagenetic Fe(III) reduction (Johnson
et al., 2008). Our findings from LM and LT imply both that Fe reduction is mostly pelagic and
that magnetites form from Fe(IIl) reduction in the water column. This suggests that Fe(II)
drawdown in the water column of Precambrian oceans likely contributed to the Fe isotope

composition of IFs. This could be further tested through Fe isotope studies in LM and LT.

The export of magnetite from the water columns of LM and LT sets the redox state of the
underlying sediments and by extension implicates a role for coupled C and Fe cycling in setting
Earth’s surface redox budgets and the protracted oxidation of Earth’s surface throughout the
Precambrian Eons. Water column magnetite formation sequesters Fe(III) in a poorly biologically
reactive form (reaction 5), inhibiting Fe(IIl) reduction (reaction 6), and channeling organic C
into pathways that ultimately fuel H, and CH4 production via both biological and photochemical
reactions (ex., reaction 7) (Holland, 2002; Kasting, 2013; Ozaki et al., 2018). In LT, 23% of the
Fe(Ill)uc is converted to magnetite in association with microbial Fe(Ill) reduction. With global
fluxes of up to 40 Tmol yr' reactive Fe to the Precambrian oceans (Thompson et al., 2019), and a
similar fraction of conversion to magnetite, which is consistent with typical IF magnetite
contents (Klein and Beukes, 1989), we estimate that based on the Fe:C:H; stoichiometry of 4:1:2
reactions (5 and 7), organic C channeled into fermentation and methanogenesis could fuel
hydrogen fluxes of 4.6 Tmol yr'. This is nearly equivalent to twice the modern oxidant
production through organic carbon burial in marine sediments (Holland, 2002). Key parameters
that influence relevant Fe mineral formation like pH, DIC (linked to pCO, through the carbonate
system), Fe(Il) concentrations, and Fe(IIl) production and consumption rates, as well as likely
rates of microbial metabolism would thus influence H, production rates and ultimately planetary
oxidation rates.

In LM and LT, primary magnetites often form in conspicuous framboidal morphologies
(Fig. 3 and Fig. 4), which can thus be used to identify such primary magnetites in the rock
record. Hematite (Fe,Os), framboids of similar size and morphology have been observed in
multiple Precambrian IFs (Ahn and Buseck, 1990; Ayres, 1972; Lougheed and Mancuso, 1973).

Leading models of framboid formation rely on the ferromagnetic properties of the precursor Fe-
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phases that control framboid aggregation (Wilkin and Barnes, 1997), and thus it is unlikely that
the framboids observed in IFs were originally deposited as non-magnetic phases, such as
hematite. These hematite framboids, instead, have been attributed to post depositional oxidation
of precursor pyrite framboids with biogenic origins (Lougheed and Mancuso, 1973). The
oxidation of pyrite to magnetite, however, is accompanied by a significant molar volume
reduction of 60%, and thus the preservation of the framboid microstructure during oxidation is
unlikely (Wilkin and Barnes, 1997). At the same time, appreciable pyrite formation is not
expected in the Archean oceans due to low seawater sulfate concentrations (Crowe et al., 2014b;
Fakhraee et al., 2018). We alternatively suggest that the framboidal hematite grains found in IFs
were originally deposited as magnetite, and oxidized to hematite during subsequent diagenesis
and or metamorphism. Such a provenance is supported by our observations from LM and LT.
We also note that recrystallization of nano-magnetites to larger magnetite grains leads to textures
commonly observed in IFs and in laboratory experiments even under low-grade pressure and
temperature regimes (Li et al., 2013). There is thus ample evidence in support of the idea that
magnetites in IFs represent the likely post deposition alteration products of primary nanoscale
magnetite precipitates produced in response to pelagic microbial Fe respiration.

Beyond their likely contribution to terrestrial IFs, framboidal magnetites have also been
observed in meteorites. Our finding that magnetite framboids form in LM and LT in association
with microbial Fe(Ill) reduction and are preserved in their sediments, combined with
observations of magnetite framboid formation as the result of microbial Fe reduction in lab
experiments (J O'Loughlin et al., 2015), implies that magnetite framboids provide a relatively
stable biomarker diagnostic of microbial Fe respiration. Meteorite magnetite framboids may thus
be relicts of ancient extraterrestrial microbial Fe metabolisms. Ability to visually identify
framboids and, as we show here, determine their mineralogy through Raman microspectroscopy,
holds considerable promise for detecting such biosignatures from ancient ferruginous oceans on

Earth, or remotely on Mars and other terrestrial planets.

4.0 Conclusions
We find that in ferruginous Lakes Matano (LM) and Towuti (LT) in Indonesia that
magnetite forms directly in the water column. This magnetite is one of the major products of

microbial Fe(IIl) respiration and comprises an appreciable fraction of Fe exported to the
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underlying sediment, where it plays an important role in setting sediment redox state. These
authigenic magnetites often take conspicuous framboidal forms, which given their links to
microbial Fe(Ill) respiration may be diagnostic of this process and represent biosignatures. By
analogy to LM and LT, we argue that similar processes in Precambrian ferruginous oceans
would also have caused primary water column magnetite formation. We further argue that this
water column magnetite formation would have contributed to the deposition of IF, and like in
LM and LT, magnetite deposition would have controlled the redox state of IFs and thus also
influenced the evolution of Earth’s overall redox budget at this time. Observations that primary
magnetite forms directly in ferruginous water columns has important implications for the
interpretation of sedimentary mineralogical and isotopic features and for models of the

Precambrian Earth system, including climate.
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856  Figures and Tables

857
858  Table 1. Description of Fe speciation extractions. Reactive Fe (Feyr) refers to the sum of
859  Feaca, Fe(ID)uci, Fe(Il)ucy, Fepim, and Feoxa pools. Unreactive Fe (Fexr, Main Text) refers to the

860  Fegi pool.

Operationally defined Fe — mineral phases Extractant

1 M Na-acetate pH 4.5,
24 h (Poulton and Canfield, 2005)
0.5 M HCl,
1 h (Thamdrup et al., 1994)

Siderite, Feac,

Lepidocrocite, Ferrihydrite, Fe(II) and Fe(IIl)uc

0.35 M acetic acid/0.2 M Na-citrate Na-dithionite,
2 h (Poulton and Canfield, 2005)

Goethite, Hematite, Fepiy,

0.2 M ammonium oxalate/0.17 M oxalic acid,
Magnetite, Feox,
6 h (Poulton and Canfield, 2005)
Near boiling 6 M HCI,

24 h (Poulton and Canfield, 2005)

Silicate Fe, Feg;
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Table 2. Mineral reactions used to calculate saturation indices in Figure. 1.

Mineral Reaction K Database
Magnetite

Fe;0, + 8H = 2Fe” + Fe™ + 4H,0 2.53E+03 PHREEQC

Siderite

FeCO; = Fe™ + CO;™ 5.75E-11 PHREEQC
Goethite

FeOOH + 3H' = Fe™ + 2H,0 3.10E+00 PHREEQC

Ferrihydrite
Fe(OH); + 3H" =Fe” + 3H,0 1.55E+03 PHREEQC
Carbonate Green Rust
1.26E+39 PHREEQC

Feg(OH)12CO; + 13H" = 4Fe* + 2Fe’* + HCO; + 12H,0




899  Table 3. Water column Fe-speciation results.

Towuti (LT) 2015

Towuti (LT) 2015

110 m 160 m
Phase % of Ferot % of Ferot
Fenr 10 6
Feur 90 94
Fea 14 18
Fean) 71 77
Feaca 7 5
Fe(IDuci 4 11
Fe(Ill)uci 39 32
Fepim 33 41
Feoxam) 2 2
Feoxai 5 4
Fenon Magnetic 94 74
Femagnetic 6 25
FeéNon Magnetic Oxalate Extractable 0.5 1
Total Fe (ng) 436 740
Matano (LM) Matano (LM)
90 m 130 m
Phase % of Ferot % of Ferot
Fenr 7 6
Feur 93 94
Fea 29 41
Feqn 64 53
Feaca 24 23
Fe(IDuci 1 15
Fe(Dnc 17 8
Fepin 41 39
Feoxam) 3 3
Feoxai 6 6
FenonMagnetic 99 96
Femagnetic 0 4
FeNonMagnc(ic Oxalate Extractable 1 1
Total Fe (ng) 525 948

900

901



902 Table 4. Fe fluxes in the Malili lakes.

903

Sediment Trap Samples

Magnetite Flux

(mmol m? yr)

Feye, Flux

(mmol m? yr)

Fe(IlDyc

(mmol m? yr)

Total Feyp(IT) Flux

(mmol m? yr)

Total Feyp(I1) Flux

(mmol m? yr)

Magnetite Production

(mmol m? yr)

Fe(III) Reduction

(mmol m? yr)

Matano, 90 m 11 13 19 32 73
8 52
Matano, 130 m 19 15 16 84 107
Towuti, 110 m 13 28 73 26 145
7 30
Towuti, 160 m 20 47 101 56 245
Sediment Samples
Matano Core Top (0.25 cm) ND ND ND ND ND
ND ND
Matano Core Bottom (20 cm) ND ND ND ND ND
Towuti Core Top (0.25 cm) 29 52 0 84 89
0 31
Towuti Core Bottom (40 cm) 27 57 0 114 51
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Figure 1. Chemical and physical properties of LT (top panels) and LM (bottom panels).
The blue hexagons on the y-axes represent the sediment trap deployment depths in LT and LM,
110 and 160 m and 90 and 130 m respectively. a) Dissolved O, and Fe(II). b) Light transmission.
¢) pH. d) Mineral saturation indices. Closed black circles represent the SI for magnetite
calculated using Fe(Ill) concentrations assuming ferrihydrite saturation (Mgg). Open black
circles represent the SI for magnetite calculated using Fe(IIl) concentrations assuming goethite
saturation (Mgg). We note both lakes’ deep waters are oversaturated with respect to magnetite.
Closed brown circles represent the SI for siderite (Sid). Closed green circles represent the SI for

carbonate green rust (GR). See Table 2 for minerals reactions and solubility products.

Figure 2. Malili lake Fe-speciation and magnetite fluxes. a-d) Water column Fe-speciation
plots. Each operationally defined Fe-phase is normalized to the total Fe content of the sample.
FeMagnetic> F€Non Magnetic and Fenmog, refers to our sediment mass balance oxalate leaching tests. e)
Photographs of filtered sediment trap material from LM. We note the striking color difference of
material sedimenting above (shallow sediment trap, 90 m) and below (deep sediment trap, 130
m) the chemocline. f) Magnetite fluxes in the sediment traps and sediments in LM and LT. LT
core top samples come from the 0 — 0.5 cm sediment depth interval, whereas core bottom

samples from the 35 — 40 cm sediment depth interval.

Figure 3. Authigenic magnetite morphologies in the Malili lakes. a) Water column magnetite
framboid captured in the LM deep sediment trap. Orange arrow indicates EDS spot location and
corresponds to orange spectra in (g). b) Water column magnetite framboid captured in the LT
deep sediment trap. ¢) A close up image of the framboid surface from (a). d) Magnetite framboid
preserved in the LM sediment. Green arrow indicates EDS spot location and corresponds to
green spectra in (g). €) A close up image of the framboid surface from (b), displaying immature
magnetite octahedra. f) A close up image of the framboid surface from (a), displaying well-
formed euhedral magnetite octahedra with identifiable crystal faces (111). g) SEM-EDS spectra
of the framboids from (a) and (d). The orange and green arrows demarcate the EDS spot
locations and corresponding spectral curves with the same colors from (a) and (d) respectively.

Both framboids have Fe:O stoichiometry diagnostic of magnetite (see Fig. 6). h) Raman
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spectrum of sediment framboids from LM. Solid spectra correspond to 4 different framboids.
Grey triangles on the x-axis correspond to prominent spectral bands for magnetite (Cornell and
Schwertmann, 2003; Shebanova and Lazor, 2003). We observe diagnostic magnetite peaks at
wave numbers ~306, ~450 - 490, ~538 and ~668 (cm')(Shebanova and Lazor, 2003), with
second order scattering between 1200 — 1400 cm™. i) A close up image of the framboid surface

from (c), displaying nanoscale octahedral magnetite crystals.

Figure 4. Framboidal forms of magnetite in LM and LT sediment. We note that many of the

framboids appear to be hollow.

Figure S. Detrital magnetite morphologies in the LM and LT sediment. a) Octahedral crystal
with pervasive dissolution pits. b) Rounded subhedral crystals with pervasive dissolution pits,
grooves and surface etchings. ¢) Rounded euhedral octahedral crystal (dodecahedral face (211))
with surface etchings. d) Euhedral octaherdral crystal with surface etchings. e) Cracked and
broken euhedral crystal with pervasive surface dissolution pits. f) Rounded euhedral octahedral

crystal with truncations and surface etchings.

Figure 6. SEM-EDS statistical results. Plotted are histograms of the bootstrap resampled mean
values of Fe:O compositions (n = 10), for the pure mineral standards compared to the combined

water column and sediment magnetite framboid composition.
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